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Abstract: Brain ischemia/reperfusion (I/R) injury (BI/RI) is a leading cause of death and 

disability worldwide. However, the outcome of pharmacotherapy for BI/RI remains unsatisfac-

tory. Innovative approaches for enhancing drug sensitivity and recovering neuronal activity in 

BI/RI treatment are urgently needed. The purpose of this study was to evaluate the protective 

effects of tumor necrosis factor (TNF)-α-loaded poly(ethylene glycol)-b-(poly(ethylenediamine 

l-glutamate)-g-poly(l-lysine)) (TNF-α/PEG-b-(PELG-g-PLL)) nanoparticles on BI/RI. The par-

ticle size of PEG-b-(PELG-g-PLL) and the loading and release rates of TNF-α were determined. 

The nanoparticle cytotoxicity was evaluated in vitro using rat cortical neurons. Sprague Dawley 

rats were preconditioned with free TNF-α or TNF-α/PEG-b-(PELG-g-PLL) polyplexes and 

then subjected to 2 hours ischemia and 22 hours reperfusion. Brain edema was assessed using 

the brain edema ratio, and the antioxidative activity was assessed by measuring the superoxide 

dismutase (SOD) activity and the malondialdehyde (MDA) content in the brain tissue. We 

further estimated the inflammatory activity and apoptosis level by determining the levels of 

interleukin-4 (IL-4), IL-6, IL-8, IL-10, and nitric oxide (NO), as well as the expression of glial 

fibrillary acidic protein (GFAP), intercellular adhesion molecule-1 (ICAM-1), and cysteine 

aspartase-3 (caspase-3), in the brain tissue. We provide evidence that TNF-α preconditioning 

attenuated the oxidative stress injury, the inflammatory activity, and the apoptosis level in I/R-

induced cerebral injury, while the application of block copolymer PEG-b-(PELG-g-PLL) as a 

potential TNF-α nanocarrier with sustained release significantly enhanced the bioavailability 

of TNF-α. We propose that the block copolymer PEG-b-(PELG-g-PLL) may function as a 

potent nanocarrier for augmenting BI/RI pharmacotherapy, with unprecedented clinical benefits. 

Further studies are needed to better clarify the underlying mechanisms.

Keywords: PEG-b-(PELG-g-PLL), TNF-α, ischemia/reperfusion, brain

Introduction
The number of people who experience cerebral ischemic stroke or stroke-related 

permanent brain damage is increasing worldwide.1 Brain ischemia/reperfusion (I/R) 

injury (BI/RI) is a common, major life-threatening complication resulting from several 

clinical diseases that seriously harm human health.2 Inflammatory response, oxidative 

stress, and apoptosis have been reported to contribute to the pathogenesis of BI/RI.2–4 

Perturbation of blood flow by transient ischemia and reperfusion damages brain 

structures and component cells, including neurons and glial cells, through hypoxia, 

production of ROS and promotion of inflammation.1,5

Proinflammatory cytokines, such as ICAM-1 and GFAP, are marker proteins of 

astrocytes, which are often used for identifying astrocytes and are considered targets 
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that reflect the activity of astrocytes. These cytokines have 

been previously found to be major contributors of BI/RI.6–10 

Studies show that the expression of the apoptosis-related 

protein caspase-3 is elevated in BI/RI.6,11 Various pharma-

cotherapies for BI/RI have been developed, such as the col-

laborative application of ligustrazine and borneol, inhalation 

of water electrolysis-derived hydrogen, lithium injection, 

or administration of safranal nanoemulsion, mitochondrial 

division inhibitor-1, and nanoliposomal cyclosporin A.12–17 

However, the outcome of BI/RI treatment remains unsat-

isfactory despite these pharmacotherapies. It is generally 

accepted that TNF-α is an inflammatory cytokine involved 

in systemic inflammation and is one of the cytokines that 

make up the acute phase reaction.18 It is produced chiefly by 

activated macrophages, neutrophils, mast cells, eosinophils, 

and neurons. TNF-α can mediate the ischemic tolerance in 

human stroke, whereby TNF-α aids in the preservation of 

mitochondrial membrane integrity, thereby blocking the 

onset of apoptosis.19–21 Research shows that TNF-α can 

prevent the death/apoptosis of neurons by a mechanism 

involving activation of transcription factor NF-κB, which 

induces the expression of Mn-SOD and Bcl-2.22–24 The phar-

macokinetics of TNF-α is characterized by an extremely short 

half-life (15–30 min) and low bioavailability.25,26 Reports 

have concluded that it is difficult to control the dose of TNF-α 

preconditioning for treatment of BI/RI, and a large dose of 

TNF-α can result in significant side effects, including shock 

and death.27–30

Therefore, innovative approaches to the screening of 

more effective strategies for enhancing drug sensitivity and 

brain function in the treatment of BI/RI are highly desir-

able. To overcome the limitation of TNF-α in therapeutic 

application, in this study, we developed a PEG-b-(PELG-g-

PLL) polyplex as a TNF-α nanocarrier, composed of a linear 

PEG block polymer and a brush-like PLL block polymer, 

wherein the positively charged PLL brush block polymer 

combines with the negatively charged TNF-α through elec-

trostatic interactions, so that the circulation life of TNF-α 

in vivo can be enhanced. We attempted to investigate the 

sustained pharmacological effects of TNF-α/PEG-b-(PELG-

g-PLL) particles in protecting the brain against I/R-induced 

cerebral injury.

Materials and methods
Materials
Regenerated cellulose membrane tubings (MWCO, 100 kDa, 

3.5 kDa and 7 kDa) were purchased from Union Carbide 

(Danbury, CT, USA). Rat recombinant TNF-α and rabbit 

IgG antibodies to the proteins GFAP, ICAM-1 and caspase-3 

were from Sigma-Aldrich (St Louis, MO, USA). Antioxida-

tive activity assay kit and inflammatory factors kit were from 

Roche Diagnostics (Mannheim, Germany). Other organic 

chemicals were from Aladdin (Shanghai, China).

Preparation of Peg-b-(Pelg-g-Pll)
Preparation of PEG-b-(PELG-g-PLL) was performed as 

previously described.31 Briefly, PEG-b-PBLG was synthe-

sized by the ring-opening polymerization of BLG-NCA 

with PEG-NH
2
 monomethyl ether as the macroinitiator, 

followed by aminolysis with ethylenediamine to obtain 

PEG-b-PELG. PEG-b-PELG was used as the macroinitiator 

to initiate the ring-opening polymerization of ZLL-NCA to 

yield PEG-b-(PELG-g-PZLL). The benzyl groups of PZLL 

were then digested in the presence of HBr to obtain PEG-

b-(PELG-g-PLL).

Purification of the synthesized nanocopolymers was 

performed as previously described.31 Briefly, 1) the reaction 

mixture of PEG-b-PBLG was stirred at 40°C for 3 days and 

then dialyzed for 3 days (MWCO, 7 kDa); 2) the reaction 

mixture of PEG-b-PELG was stirred at 40°C for 2 days and 

then dialyzed for 3 days (MWCO, 3.5 kDa); 3) the reaction 

mixture of PEG-b-(PELG-g-PZLL) was stirred at 40°C 

for 3 days and then dialyzed for 3 days (MWCO, 7 kDa); 

and 4) the reaction mixture of PEG-b-(PELG-g-PLL) was 

dialyzed for 5 days (MWCO, 3.5 kDa). The aforementioned 

copolymers were obtained by freeze-drying using a vacuum 

freeze-dryer (SYHX, Beijing, China) (input–output mass 

ratio, 67.15%; purity, $95.0%) and then characterized by 
1H-NMR spectroscopy (Varian, Walnut Creek, CA, USA), 

gel permeation chromatography (GPC) (Shimadzu, Tokyo, 

Japan), FTIR spectroscopy (Nicolet; Thermo Electron 

Scientific Instruments Corporation, Madison, WI, USA), 

TEM (Jeol, Tokyo, Japan), and particle size/zeta potential 

determination (Zetasizer Nano ZS; Malvern Instruments, 

Malvern, UK).31

cytotoxicity assay in vitro
To assess the cytotoxic effects of PEG-b-(PELG-g-PLL) 

and TNF-α/PEG-b-(PELG-g-PLL), an MTT colorimetric 

assay was performed.31,32 Rat cortical neural cells (obtained 

from embryonic day 18 embryos and incubated for 2 weeks) 

were seeded at a density of 5×103 cells per well in a 96-well 

poly-d-lysine-coated plate.33 The cells were treated with a 

concentration gradient of PEG-b-(PELG-g-PLL) or TNF-α/

PEG-b-(PELG-g-PLL) diluted with saline (0.9%), and the 

cells were then cultured for an additional 24 h at 37°C. To 
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determine cell viability, a 20 μL MTT solution was added to 

each well and incubated for 2 h, and subsequently, the wells 

were treated with ethanol–dimethyl sulfoxide solution (1:1, 

100 μL) to solubilize the dark blue crystals of MTT forma-

zan completely (~20 min). The absorbance or OD of each 

well at 570 nm was measured on a microplate multimode 

reader (Turner Biosystems, Sunnyvale, CA, USA). The blank 

control was taken from wells without cells, which were also 

cultured with the MTT solution. Cells incubated in the wells 

without polymers were used as a negative control. PEG-b-

(PELG-g-PLL) and TNF-α/PEG-b-(PELG-g-PLL) were 

used as potential cytotoxicity samples. The percentage of 

relative cell viability was calculated by comparing the values 

of treated cells with those of untreated cells, calculated as 

(OD
sample

 - OD
blank

)/(OD
cells

 - OD
blank

) ×100%.

encapsulation and release of TNF-α in 
Peg-b-(Pelg-g-Pll)
To evaluate the encapsulation of TNF-α by PEG-b-(PELG-

g-PLL), a given volume of TNF-α (0.2 mg/mL) in PB 

(0.01 mmol/L, pH 7.4) was mixed with PEG-b-(PELG-g-

PLL) in PB. After 30 min, the mixed solution was transferred 

to a dialysis tubing (MWCO, 100 kDa) and dialyzed against 

0.1 mol/L PB under sink conditions. The dialysis of free 

TNF-α in PB was performed under the same conditions to 

serve as controls. When the free TNF-α in the control experi-

ment was completely dialyzed, the quantification of TNF-α 

in the outer dialysate of the polymer solution was measured 

using ELISA according to the manufacturer’s instructions. 

The TNF-α/PEG-b-(PELG-g-PLL) copolymers were char-

acterized using a nanoparticle size analyzer and TEM.31

TNF-α release from TNF-α/PEG-b-(PELG-g-PLL) 

was measured using dialysis method (MWCO, 100 kDa) at 

room temperature with a TNF-α/polymer complex solution 

(5 mL) against PB (0.1 mol/L, 100 mL, pH 7.4). At set time 

intervals, a given volume of release medium was withdrawn 

and replenished with an equal volume of fresh release 

medium.31 Finally, the released TNF-α was quantified by 

ELISA according to the manufacturer’s instructions (Roche, 

Berlin, Germany).

Blood TNF-α concentration evaluation
TNF-α (1 μg/kg body weight [bw]) or TNF-α/PEG- 

b-(PELG-g-PLL) (10.92 μg/kg bw, containing 1 μg/kg 

TNF-α) was administered by cisterna magna injection to 

Sprague Dawley male rats (180–200 g). The blood (0.2 mL) 

was collected from the tail vein at specified time intervals 

and then centrifuged at 4°C at 3,600× g for 15 min to harvest 

the serum. The concentration of TNF-α in rat blood was 

measured using a double-antibody sandwich ELISA kit.

animal models
Sprague Dawley male rats (180–200 g) were generally 

anesthetized by intraperitoneal injection with 2% (w/w) pen-

tobarbital sodium (2.5 mL/kg bw). A total of 100 Sprague 

Dawley rats were randomized into 5 equal groups: 1) sham-

operated group (Sham group), wherein rats were only treated 

with separation of the bilateral common carotid arteries; 

2) I/R group, wherein I/R was achieved by clamping the 

bilateral common carotid arteries for 2 h, followed by 22 h 

reperfusion; 3) PEG-b-(PELG-g-PLL) + I/R group (P group), 

wherein PEG-b-(PELG-g-PLL) (9.92 μg/kg bw [based on 

loading capacity of copolymer], dissolved in 2 μL of saline) 

was administered via a single-dose injection into the cisterna 

magna at 48 h prior to the I/R procedure; 4) TNF-α + I/R group 

(TNF-α group), wherein TNF-α (1 μg/kg bw, dissolved in  

2 μL of saline) was administered via a single-dose injection 

into the cisterna magna at 48 h prior to the I/R procedure; 

and 5) TNF-α/PEG-b-(PELG-g-PLL) + I/R group (TNF-α/P 

group), wherein the TNF-α/polymer complexes (10.92 μg/kg 

bw [containing 1 μg/kg TNF-α, based on loading capacity of 

copolymer], dissolved in 2 μL of saline) were administered 

via a single-dose injection into the cisterna magna at 48 h 

prior to the I/R procedure. The CBF was measured with a 

transcranial Doppler (Kejin, Nanjing, China). A greater than 

90% reduction in the CBF of the bilateral common carotid 

arteries and internal carotid arteries was confirmed during the 

vessel occlusion before reperfusion. The rectal temperature 

was also monitored with a digital thermometer and maintained 

at 36.5°C–37.5°C during the surgical procedure and up to 22 h 

after reperfusion. Finally, all rats were sacrificed by decapi-

tation. A total of 10 whole brains per group were removed 

to weigh the wet brain and then placed in a vacuum-drying 

oven at 80°C until constant weight (W, in grams; ~48 h). The 

remaining 10 whole brain tissues in each group were homog-

enized in ice-cold normal saline and then centrifuged at 4°C at 

3,600× g for 15 min to harvest the supernatant. The supernatant 

was stored at -80°C for molecular biological detections.

compliance with ethical standards
Sprague Dawley rats were obtained from the Laboratory Ani-

mal Unit of Shantou University Medical College (Shantou, 

China). All the animal experiments were carried out in accor-

dance with the rules of the IACUC and the research protocol 

was approved by the Ethics Committee for the Use of Animal 

Subjects of Shantou University Medical College.
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assessment of brain edema after I/r
The intensity of brain edema (the so-called brain water 

content), calculated as an edema ratio (%) = (W
w
 - W

d
)/

W
w
 ×100%, was used to assess I/R-induced brain injury, in 

which W
w
 was the wet weight of the brain (in grams) and W

d
 

was the dry weight of the brain (grams).

Measurement of the antioxidative activity 
in the rat brain tissue
The antioxidative activity was detected from the activity 

of SOD and the MDA content in the rat brain tissue. SOD 

activity and MDA content were measured at 550 nm and 

532 nm following the xanthine oxidase and thiobarbituric 

acid method (Roche).34,35

elIsa study
The levels of IL-4, IL-6, IL-8, IL-10, and NO in the brain 

tissue of different groups after reperfusion were measured 

with the double-antibody sandwich ELISA kits according to 

the manufacturer’s instructions.

Western blot analysis
Western blot analysis was conducted following previous 

reports.36–38 The rat brain tissue was homogenized in pro-

tein lysate buffer. The homogenate was subjected to 10% 

SDS-PAGE and then electrophoretically transferred to a 

nitrocellulose membrane. After blocking with 5% skim milk 

in TBST for 1 h, the membrane was incubated with primary 

antibody (against active GFAP, ICAM-1, and caspase-3) 

at 4°C overnight and subsequently treated with alkaline 

phosphatase-conjugated secondary antibodies. GFAP, 

ICAM-1, and caspase-3 were developed using BCIP/NBT. 

Blots were stained with anti-β-actin antibody, and the quan-

tification of proteins was normalized based on β-actin band 

density. The antigen–antibody products were detected with 

Thermo Scientific Super Signal West Pico Chemiluminescent 

Substrate (Thermo Scientific, Waltham, MA, USA). The 

results were analyzed with a FluorChem™ system (Alpha 

Innotech, San Leandro, CA, USA).

statistical analysis
All measurements were carried out in triplicate. Data were 

expressed as the mean ± standard deviation and analyzed 

by analysis of variance with post hoc testing. Microsoft 

Excel 2013 database and the SPSS 19.0 software were used 

to record and analyze all the data. A P-value ,0.05 was 

considered statistically significant.

Results
synthesis of Peg-b-(Pelg-g-Pll)
The block copolymer PEG-b-(PELG-g-PLL) was composed 

of a linear PEG block and a brush-like PLL block, wherein the 

molecular weight of the PEG block was 5 kDa, the degree of 

polymerization of PELG brush backbone was 50, and the 

degree of polymerization of PLL brush side chain was 3. 

The synthesis route and structure of PEG-b-(PELG-g-PLL) 

are demonstrated in Figure 1.

Figure 1 synthesis route and structure of linear-brush block copolymer Peg-b-(Pelg-g-Pll).
Note: m and n represent the degree of polymerization.
Abbreviations: Peg-Nh2, poly(ethylene glycol) amine; Blg, γ-benzyl l-glutamate; DMF, N,N-dimethylformamide; Peg-b-PBlg, poly(ethylene glycol)-b-poly(γ-benzyl 
l-glutamate); 2-hP, 2-hydroxypyridine; Peg-b-Pelg, poly(ethylene glycol)-b-poly(ethylenediamine l-glutamate); Blg-Nca, γ-benzyl l-glutamate-N-carboxyanhydride; 
Peg-b-(Pelg-g-PZll), poly(ethylene glycol)-b-(poly(ethylenediamine l-glutamate)-g-poly(ε-benzyoxycarbonyl-l-lysine)); Peg-b-(Pelg-g-Pll), poly(ethylene glycol)-b-
(poly(ethylenediamine l-glutamate)-g-poly(l-lysine)).
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characterization of TNF-α/Peg-b- 
(Pelg-g-Pll)
The molecular weight of PEG-b-(PELG-g-PLL) obtained 

from 1H-NMR (31.3 kDa) was greater than the value from 

the GPC measurement (20.8 kDa), possibly because of the 

smaller hydrodynamic volumes of brush polymers compared 

with linear polymers. The TNF-α/polymer complex was visu-

alized using TEM. The TNF-α/polymer complex was fur-

ther characterized with granulometry. The TNF-α/polymer 

complex presented a spherical structure with a diameter 

of ~83 nm. The mean diameters of the block copolymer PEG-

b-(PELG-g-PLL) and TNF-α/polymer complex were ~7 nm 

and ~26 nm, respectively. The larger diameter observed by 

TEM might be due to the aggregation of the complex during 

the drying process. The zeta potential (at pH 7.4 at 25°C) 

was 27.4 mV (PEG-b-(PELG-g-PLL)) and 21.1 mV (TNF-α/

PEG-b-(PELG-g-PLL)). The higher positive charge of the 

polymer and the lower positive charge of the TNF-α/polymer 

were due to the presence of the brush-like PLL amino groups 

and the electrostatic neutralizations between PLL and TNF-α, 

respectively (Table 1, Figure 2).

encapsulation of TNF-α in and release of 
TNF-α from Peg-b-(Pelg-g-Pll)
TNF-α was efficiently entrapped by the block copolymer 

PEG-b-(PELG-g-PLL) at physiological pH (pH 7.4) via 

electrostatic interactions between the positively charged PLL 

and the negatively charged TNF-α (the isoelectric point of 

TNF-α is ~3.9) (Figure 2). TNF-α was mixed with PEG-b-

(PELG-g-PLL) at a mass ratio of 1:5 and dialyzed (MWCO, 

100 kDa) against PB solution (pH 7.4, 0.01 mmol/L). 

The loading capacity of TNF-α in PEG-b-(PELG-g-PLL) 

was expressed as the mass ratio (m
TNF-α/m

polymer
) of encap-

sulated TNF-α to polymer host and was determined to 

be ~10.08% (Table 1).

In vitro release of TNF-α from PEG-b-(PELG-g-PLL) 

was performed using dialysis (MWCO, 100 kDa). PEG-b-

(PELG-g-PLL) entrapped TNF-α with negligible release in 

a releasing medium of 0.01 mol/L PB solution. When the 

concentration of PB was increased to 0.1 mol/L (close to 

physiological ionic strength), sustained release of TNF-α 

was observed, with 28.94% of TNF-α released over a 

period of 2 h, 50.24% of TNF-α released over a period of 

3 days, and 69.16% of TNF-α released over a period of 

7 days (Figure 2).

Blood TNF-α concentration
After a single cisterna magna injection at a dose of 1 μg/kg bw, 

the plasma concentration of TNF-α in Sprague Dawley rats of 

the TNF-α group rapidly reached a maximum concentration 

(C
max

) (415.3 ng/mL) at 2 h (time of maximum concentration, 

T
max

) and declined to baseline values within 10 h. It reached 

a maximum value of 92.34 ng/mL in the TNF-α/polymer 

group at 6 h and declined to baseline values within 7 days 

of administration. These results showed that the release of 

TNF-α in TNF-α/polymer group was substantially sustained 

compared with that in the TNF-α group (Figure 2).

cell viability
The cytotoxicity of the block copolymer PEG-b-(PELG-g-

PLL) and TNF-α/PEG-b-(PELG-g-PLL) on neuronal cells 

was monitored within 24 h of culturing. The results indi-

cated that the block copolymer PEG-b-(PELG-g-PLL) was 

noncytotoxic at the concentrations of #0.5 μg/mL (P.0.05). 

At the concentration of .0.5 μg/mL, the block copolymer 

exhibited a low cytotoxicity against neuronal cells and 

high relative cell viability (minimum mean was ~85.5%), 

even when administered at a maximum dose of 1.0 μg/mL 

(P,0.05) (Figure 3).

Brain edema ratio
The brain edema ratio in the I/R group was significantly 

higher than that in the sham-operated group (P,0.01). Pre-

treatment with TNF-α prior to I/R significantly decreased 

the brain edema ratio (P,0.05). TNF-α/PEG-b-(PELG- 

g-PLL) polyplexes significantly reduced the brain edema 

ratio compared to free TNF-α (P,0.05) (Figure 4).

sOD activity and MDa content in the 
brain tissue
Cerebral I/R resulted in reduced SOD activity and increased 

MDA content in the brain tissue. Administration of TNF-α 

Table 1 Particle size, TeM size, molecular weight, PDI, loading capacity, and zeta potential of Peg-b-(Pelg-g-Pll)

Sample Particle size, nm TEM size, nm Mn, kDa/1H-NMR Mn, kDa/GPC PDI Loading capacity, % Zeta potential, mV

Polymer 7 Na 31.3 20.8 2.07 Na 27.4
TNF-α/polymer 26 83 Na Na Na 10.08 21.1

Abbreviations: TNF-α, tumor necrosis factor-α; Peg-b-(Pelg-g-Pll), poly(ethylene glycol)-b-(poly(ethylenediamine l-glutamate)-g-poly(l-lysine)); TeM, transmission 
electron microscopy; Mn, number-average molecular weight; kDa, kilodalton; 1h-NMr, 1h-nuclear magnetic resonance; gPc, gel permeation chromatography; 
PDI, polydispersity index; Na, not applicable.

www.dovepress.com
www.dovepress.com
www.dovepress.com


International Journal of Nanomedicine 2017:12submit your manuscript | www.dovepress.com

Dovepress 

Dovepress

2248

Xu et al

increased the activity of SOD and reduced the level of MDA, 

compared with the results in the I/R group (P,0.05). Further-

more, preconditioning with TNF-α/PEG-b-(PELG-g-PLL) 

polyplexes significantly improved SOD activity and reduced 

MDA content, compared to preconditioning with free TNF-α 

(P,0.05) (Figure 5).

levels of Il-4, Il-6, Il-8, Il-10, and NO in 
the brain tissue
BI/RI led to increased levels of IL-4, IL-6, IL-8, IL-10, 

and NO in the brain tissue. After administration of TNF-α, 

increased levels of IL-4 and IL-10 (anti-inflammatory fac-

tors) and decreased levels of IL-6, IL-8 (proinflammatory 

factors), and NO were observed compared with those in 

the I/R group (P,0.05). Similarly, TNF-α/PEG-b-(PELG-

g-PLL) polyplexes were more effective compared to free 

TNF-α (P,0.05) (Figure 5).

expression of gFaP, IcaM-1, and 
caspase-3 in the brain tissue
The expression levels of GFAP, ICAM-1, and caspase-3 in 

the brain tissue of the I/R group were significantly higher than 

those in the sham-operated group (P,0.01). Administration 

of TNF-α significantly downregulated the expression of 

GFAP, ICAM-1, and caspase-3 in the brain tissue compared 

with that in the I/R group (P,0.05). Similarly, TNF-α/PEG-

b-(PELG-g-PLL) polyplexes enhanced the effects compared 

to free TNF-α (P,0.05) (Figure 6).

α

α

α

α α

Figure 2 characterization of Peg-b-(Pelg-g-Pll) and TNF-α/Peg-b-(Pelg-g-Pll) complexes.
Notes: (A) TeM image of TNF-α/Peg-b-(Pelg-g-Pll) complexes. (B) The hydrodynamic diameter (Dh) of block copolymer Peg-b-(Pelg-g-Pll). (C) The hydrodynamic 
diameter (Dh) of TNF-α/Peg-b-(Pelg-g-Pll) complexes. The mean diameter of polymer and TNF-α/polymer was ~7 nm and ~26 nm. (D) encapsulation of TNF-α by the 
block copolymer Peg-b-(Pelg-g-Pll). (E) Cumulative release profile of TNF-α from TNF-α/Peg-b-(Pelg-g-Pll) complexes (n=5). Data are expressed as mean ± sD. 
TNF-α was released in a sustained manner from the nanocarrier over 7 days. (F) Blood TNF-α concentration after injection of TNF-α and TNF-α/Peg-b-(Pelg-g-Pll) 
complexes in rats (n=5). Data are expressed as mean ± sD. Parameters: 415.3 ng/ml (Cmax), 2 h (Tmax), and 10 h (baseline) for TNF-α group; and 92.34 ng/ml (Cmax), 6 h (Tmax), 
and 7 days (baseline) for TNF-α/P group. The release of TNF-α in the TNF-α/P group was substantially sustained compared with that in TNF-α group.
Abbreviations: TNF-α, tumor necrosis factor-α; P, polymer; Peg-b-(Pelg-g-Pll), poly(ethylene glycol)-b-(poly(ethylenediamine l-glutamate)-g-poly(l-lysine)); TeM, 
transmission electron microscopy; sD, standard deviation.
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α

Figure 3 The relative cellular viability of rat neuronal cells cultured with different concentrations of Peg-b-(Pelg-g-Pll) and TNF-α/Peg-b-(Pelg-g-Pll) (n=5).
Notes: Data are expressed as mean ± sD. The block copolymer exhibited low cytotoxicity against neuronal cells and high relative cell viability (minimum mean was ~85.5%), 
even when administered at a maximum dose of 1.0 μg/ml. *P,0.05, **P,0.01 vs relative cell viability at a concentration of 0 μg/ml.
Abbreviations: TNF-α, tumor necrosis factor-α; P, polymer; Peg-b-(Pelg-g-Pll), poly(ethylene glycol)-b-(poly(ethylenediamine l-glutamate)-g-poly(l-lysine)); sD, standard 
deviation.

α α

α α

Figure 4 gross observation of brain edema and edema ratio of rat brains (n=10).
Notes: Data are expressed as mean ± sD. TNF-α/polymer significantly reduced brain edema ratio compared to free TNF-α. *P,0.01 vs sham-operated group; #P,0.05 vs 
I/r group; **P,0.05 vs TNF-α group.
Abbreviations: I/r, ischemia/reperfusion; TNF-α, tumor necrosis factor-α; P, polymer; sD, standard deviation.
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Discussion
In our previous work,31 we reported the design of PEG-b-

(PELG-g-PLL) as a potential insulin nanocarrier to prolong 

the in vivo half-life of insulin. This is the first study to 

demonstrate that preconditioning with TNF-α and TNF-α/

PEG-b-(PELG-g-PLL) is capable of attenuating brain I/R-

induced cerebral injury. The block copolymer is composed 

of a linear PEG block polymer and a brush-like PLL block 

polymer. At pH 7.4, the positively charged PLL brush block 

polymer combines with the negatively charged TNF-α 

through electrostatic interactions. The loaded TNF-α can be 

released in a sustained manner; thus, the bioavailability of 

free TNF-α is significantly improved. TNF-α, a well-known 

proinflammatory cytokine present in neurons and the glia, is 

involved in physiological and pathophysiological processes 

of the brain.23,33,37,38 TNF-α acts as an effector molecule in 

brain development and is often involved in different signaling 

pathways to elicit the activation of macrophages and glial 

cells for neurotoxin production and to initiate the apoptosis/

death process in neurons.39–41 Until now, the overall role of 

αα αα

αα αα

αα αα

Figure 5 The levels of sOD, MDa, Il-4, Il-6, Il-8, Il-10, and NO in the rat brain tissue (n=10).
Notes: (A) sOD; (B) MDa; (C) Il-4; (D) Il-6; (E) Il-8 and Il-10; (F) NO. Data are expressed as mean ± sD. Preconditioning with TNF-α/P or TNF-α significantly improved 
sOD activity and levels of Il-4 and Il-10, in addition to decreasing the levels of MDa, Il-6, Il-8, and NO, in the brain tissue. TNF-α/P was more effective compared to free 
TNF-α. *P,0.01 vs sham-operated group; #P,0.05 vs I/r group; **P,0.05 vs TNF-α group.
Abbreviations: I/r, ischemia/reperfusion; TNF-α, tumor necrosis factor-α; P, polymer; sOD, superoxide dismutase; MDa, malondialdehyde; Il, interleukin; NO, nitric oxide.
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TNF-α has been constantly debated, and there are few studies 

focusing on the application of TNF-α-loaded nanocarriers for 

the treatment of BI/RI. In the current study, we delineated 

an important neuroprotective role of TNF-α, through TNF-

α-loaded nanocarrier preconditioning, in BI/RI.

Reperfusion of ischemic tissues is often associated 

with inflammatory microvascular injury, particularly due 

to increased permeability of capillaries and arterioles that 

leads to an increase of diffusion and fluid filtration across 

the tissues.42 Previous studies have determined that cere-

bral ischemic stroke can result in BBB breakdown and 

increase in injury volume and edema by activation of the 

inflammation and immune system. Substances produced 

by immune responses (such as inflammatory mediators) 

are able to cross the BBB and affect central nervous system 

function.43–45 These data indicate that cytokines often cross 

the BBB with relatively high efficacy. IL-4 can promote 

activation of type 2 macrophages, which is usually coupled 

with secretion of IL-10, which in turn results in diminution 

of pathological inflammation.46 Conversely, IL-6 and IL-8 act 

as proinflammatory cytokines during tissue injury, leading 

to inflammation.47 Oxidative stress, reflecting a disturbance 

between the systemic manifestation of ROS and the ability 

of a biological system to detoxify the reactive intermediates, 

β

α α

α α

β

β

α α

β

α α

β

α α

β

α α

Figure 6 expression of gFaP, IcaM-1, and caspase-3 in the rat brain tissue (n=10).
Notes: (A) gFaP protein expression; (B) IcaM-1 protein expression; (C) caspase-3 protein expression. Data are expressed as mean ± sD. administration of TNF-α 
significantly downregulated the expression of GFAP, ICAM-1, and caspase-3 in the brain tissue. TNF-α/P enhanced the effects compared to free TNF-α. *P,0.01 vs sham-
operated group; #P,0.05 vs I/r group; **P,0.05 vs TNF-α group.
Abbreviations: I/r, ischemia/reperfusion; TNF-α, tumor necrosis factor-α; P, polymer; GFAP, glial fibrillary acidic protein; ICAM-1, intercellular adhesion molecule-1; 
caspase-3, cysteine aspartase-3; kDa, kilodalton.
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can trigger cell apoptosis, cell death, and even cell necrosis. 

SOD is an important antioxidant defense protein in nearly 

all living cells, whereby it can catalyze the conversion of 

the superoxide radical into molecular oxygen or hydrogen 

peroxide. The results described in this study demonstrate 

that the increased levels of cerebral I/R-induced oxidative 

stress and inflammation were significantly inhibited by the 

upregulation of SOD, IL-4, and IL-10 and by the down-

regulation of MDA, IL-6, IL-8, and NO after pretreatment 

with TNF-α or TNF-α/PEG-b-(PELG-g-PLL) polyplexes. 

Therefore, TNF-α/PEG-b-(PELG-g-PLL) may potentially 

be useful in the treatment of I/R-induced cerebral injury 

through its ability to modulate the oxidative stress status and 

inflammation cascades.

ICAM-1, an endothelial- and leukocyte-associated trans-

membrane protein, can stabilize cell–cell interactions and 

facilitate leukocyte–endothelial transmigration.48 ICAM-1 

can produce proinflammatory effects, such as recruitment 

of inflammatory leukocytes by signaling cascades involv-

ing a number of kinases. A high level of ICAM-1 in acute 

cerebral ischemia patients has been linked to an increased 

risk of mortality.49,50 Therefore, ICAM-1 can be considered 

an indicator of inflammation in brain ischemic shock patients. 

ICAM-1 and GFAP contribute to the inflammatory process 

by facilitating the adhesion of monocytes to endothelial 

cells. Exposure to local cerebral ischemia induces protein 

expression of ICAM-1 and GFAP.37,51 Our data reveal that 

the expression levels of ICAM-1 and GFAP after I/R-induced 

cerebral injury were remarkably increased, while they were 

depressed after pretreatment with TNF-α or TNF-α/PEG-

b-(PELG-g-PLL). TNF-α or TNF-α/PEG-b-(PELG-g-PLL) 

pretreatment had a neuroprotective effect against BI/RI, and 

this effect was related to the inhibition of oxidative stress, 

inflammation, and apoptosis via reduction in both the expres-

sion of ICAM-1, GFAP, and caspase-3 and the levels of IL-6, 

IL-8, NO, and MDA, as well as increases in SOD activity and 

the levels of IL-4 and IL-10. The TNF-α nanocarrier PEG-

b-(PELG-g-PLL) exhibited a powerful capacity to enhance 

the bioactivity of TNF-α.

The results of this study indicate that oxidative stress, 

depletion of antioxidant defense, and increased lipid peroxida-

tion are of critical importance in the pathogenesis of BI/RI. 

The encapsulation of TNF-α in the block copolymer PEG-

b-(PELG-g-PLL) can prolong the in vivo circulation time of 

TNF-α and enhance its bioavailability. This suggests that 

utilization of the block copolymer PEG-b-(PELG-g-PLL) as a 

TNF-α nanocarrier can improve the protective effect of TNF-α 

in BI/RI compared to preconditioning with free TNF-α.

Conclusion
Preconditioning with TNF-α/PEG-b-(PELG-g-PLL) demon-

strated a protective effect against cerebral I/R injury through 

reducing brain damage, decreasing the levels of IL-6, IL-8, 

NO, and MDA, decreasing the expression of ICAM-1, GFAP, 

and caspase-3, and increasing the levels of IL-4, IL-10, and 

SOD. The use of the block copolymer PEG-b-(PELG-g-PLL) 

as a TNF-α nanocarrier significantly improved this protec-

tive effect as a result of sustained release and prolonged the 

in vivo circulation time, thus enhancing the bioactivity of 

TNF-α. Detailed studies are currently under way to explore 

the underlying mechanisms of the protective effect of TNF-α/

PEG-b-(PELG-g-PLL) polyplexes in BI/RI.
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