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Objective: Traumatic brain injury (TBI) is a serious health problem with few available 
treatment options. Rh-erythropoietin (rh-EPO) is a potential therapeutic drug for TBI, but it 
cannot cross the blood–brain barrier (BBB) directly. In this regard, a novel strategy to deliver 
rh-EPO for enhanced TBI treatment is via the development of Tween 80 modified albumin 
nanoparticles using electrostatic spray technology.
Methods: The rh-EPO loaded Tween 80 modified albumin nanoparticles (rh-EPO-Tw- 
ABNPs) were prepared by electrostatic spray technology, while the process parameters 
were optimized via a single factor design. Investigation of physicochemical properties, 
bioactivity and stability of rh-EPO-Tw-ABNPs was carried out. The in vitro release and 
biocompatibility with nerve cells were also analyzed. The in vivo brain targeting efficiency, 
brain edema relieving effect and the expression of aquaporin 4 (AQP4) and glial fibrillary 
acidic protein (GFAP) in the brain were evaluated in TBI model rats.
Results: The particle size of optimal rh-EPO-Tw-ABNPs was about 438 ± 45 nm, with a 
zeta potential of −25.42 ± 0.8 mv. The average drug loading ratio of rh-EPO-Tw-ABNPs was 
21.3± 3.7 IU/mg with a relative bioactivity of 91.6 ± 4.1%. The in vitro release of rh-EPO 
from the nanoparticles was rather slow, while neither the blank Tw-ABNPs nor rh-EPO-Tw- 
ABNPs exhibited toxicity on the microglia cells. Furthermore, in vivo experiments indicated 
that the rh-EPO-Tw-ABNPs could enhance the distribution of EPO in the brain and relieve 
brain edema more effectively. Moreover, compared with an rh-EPO injection, the rh-EPO- 
Tw-ABNPs could increase the AQP4 level but reduced GFAP expression in the brain with 
more efficiency.
Conclusion: The rh-EPO-Tw-ABNPs could enhance the transport of rh-EPO into the brain 
with superior therapeutic effect for TBI.
Keywords: traumatic brain injury, rh-erythropoietin, Tween 80 modified albumin 
nanoparticle, electrostatic spray technology

Introduction
Traumatic brain injury (TBI) is usually induced by external forces with an annual 
impact on approximately 2.5 million Americans.1 TBI can cause serious damage to 
brain tissue, for example parenchymal injury, cerebral hemorrhage and axonal shear, 
which in turn culminate in a high mortality and disability rate, with the survivors often 
suffering from physical, cognitive and psychosocial dysfunction.2–4 Unfortunately, an 
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effective treatment for TBI is still lacking. Various animal 
TBI models have been designed, viz., the control cortical 
impact (CCI) model, fluid percussion injury (FPI), penetrat-
ing ballistic-like brain injury (PBBI), and weight drop mod-
els (the Feeney weight-drop and Marmarou weight-drop 
models).3,5 The Feeney weight-drop model is a classical 
method to establish a rat TBI model. According to the animal 
spinal cord injury model, Feeney designed a free-falling 
brain injury device, and successfully established a focal 
brain injury model by using a heavy object falling directly 
from a certain height to impact the animal head.6 It was 
widely used in the establishment of TBI animal models 
because of its simplicity, good control and quantification as 
well as the closeness of injury mechanism to human TBI.7,8

Erythropoietin (EPO) is an endogenous hormone pro-
duced by stress under hypoxic conditions and a major reg-
ulatory factor that controls red blood cell production,9–11 

wherein it may increase oxygen delivery and reduce brain 
damage.12,13 Preclinical experiments have confirmed that 
recombinant human erythropoietin (rh-EPO) can protect 
nerves, resist apoptosis, promote vascular regeneration, and 
reduce cerebral edema,14 which have been widely studied in 
cases of stroke, cerebral ischemia, and TBI. However, rh- 
EPO is a large glycosylated protein which cannot cross the 
blood–brain barrier (BBB) directly as the transport of drugs 
across BBB requires specific vector transport or internaliza-
tion that has a saturation point.15 In addition, the required 
concentration of rh-EPO to effectively protect the brain from 
injury is high, but the amount of rh-EPO that reaches the 
brain through systemic administration is limited, making it 
difficult to meet the treatment requirement. Some researchers 
have found that nanotechnology could enhance transport of 
drugs and increase the distribution of drugs in an injured 
brain area by passing usual BBB routes.16,17 Chen et al. 
showed that an rh-EPO nano preparation was 10 times 
more effective as a neuroprotector in rat hypoxic and cerebral 
ischemic models than an ordinary rh-EPO dosage form.18 Per 
our extensive search, few studies have used rh-EPO nano 
preparation to treat TBI.

Albumin has attracted widespread attention as a drug 
delivery system owing to its advantages of no immune 
response, good biocompatibility and biodegradability. 
Albumin-paclitaxel nanoparticle (Abraxane®) was approved 
by the US FDA in 2005. Nanoparticles have also been used 
as the vehicle to deliver drugs into the brain.19 Besides, 
Tween 80 is an amphiphilic non-ionic surfactant which has 
been proven to promote drugs to cross the BBB via low 
density lipoprotein (LDL)-mediated endocytosis.20–23

Conventional albumin micro/nanoparticle preparation 
technologies, such as emulsification, high-pressure homo-
genization and nab-techniques, usually have thermogen-
esis or require chemical cross-linkage, which negatively 
affect the stability of protein drugs. Electrostatic spray is a 
method of atomizing liquid or polymer solution through 
electrostatic force.24,25 It has been widely used in materials 
science, tissue engineering and other fields, wherein there 
are preliminary developments in the pharmaceutical field 
that can achieve direct and continuous preparation of drug- 
loaded microspheres26,27 (Figure 1). Compared with other 
methods, the advent of electrostatic spray technology has 
been advantageous especially due to its simple one step 
formation and avoidance of heat and organic solution, 
making it ideal for protein drugs.28

Herein, we sought to develop rh-EPO loaded Tween 80 
modified albumin nanoparticles (rh-EPO-Tw-ABNPs) as a 
new strategy to improve its TBI therapeutic effect. We first 
applied the electrostatic spray technology in fabricating 
the albumin nanoparticles and optimized the formulation 
process. The characteristics of the rh-EPO-Tw-ABNPs 
were investigated, while the biocompatibility of the carrier 
and biological activity of the protein drug were detected. 
The in vivo brain targeting efficiency and brain edema 
relieving effect were evaluated in the rat using the 
Feeney weight-drop model.

Materials and Methods
Bovine serum albumin was purchased from Nanjing Assistant 
Research Biotechnology Co., Ltd (Nanjing, China). Tween 80 
was bought from Sinopharm Chemical Reagent Co., Ltd 
(Shanghai, China). The Rh-EPO was obtained from Harbin 
Pharmaceutical Group Bioengineering Co., Ltd (Harbin, 
China). ELISA kits were supplied by Yubo Biological 
Technology Co., Ltd (Shanghai, China). Microglia cells 
(BFN60805942) and astroglia (BFN213825) were procured 
from Qingqi Biological Technology Co., Ltd (Shanghai, 
China). Motor neurocytes (HopCell-MN-24) were provided 
by Hopstem Biotechnology LLC (Zhejiang, China).

Method
Preparation of rh-EPO-Tw-ABNPs
Bovine serum albumin (200 mg) and polyethylene oxide 
(PEO, average MV 300000, 20 mg) were dissolved in 9 
mL of double distilled water (DD water) under magnetic 
stirring. Then, rh-EPO (6000 IU) and 1 mL of Tween 80 
were added to obtain a transparent solution with 
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temperature controlled below 4 °C. The mixed solution 
was added into a 10 mL syringe and sprayed by a 30G gun 
onto the foil receiving board. The temperature of the 
machine was set at 0 °C, while the humidity was set to 
20%. The powder on the foil was collected to obtain rh- 
EPO-Tw-ABNPs.

Optimization of Processing Parameters
Effect of Voltage
The rh-EPO-Tw-ABNPs were fabricated under different 
voltages (20, 24 and 28 kv), while the optimized voltage 
was selected according to the particle size which was 
determined via dynamic light-scattering method (DLS, 
90puls PALS, Brookhaven, USA).

Effect of Flow Rate
Flow rate is an important parameter that affects the mor-
phology. The different flow rates (0.5 mL/h and 1 mL/h) 
were investigated to prepare the nanoparticles. Also, the 
morphology was observed and used as the evaluation 
index. Rh-EPO-Tw-ABNPs were installed on the sample 
table with conductive tape. Before measurement, the sur-
face of the tape was coated with gold before observing the 
samples via scanning electron microscopy (SEM) (S-4800 
Ⅱ FESEM, Hitachi High-Technologies, Japan).

Effect of Receiving Distance
The receiving distance is an important parameter that 
affects the morphology and directly influences the unifor-
mity of nanoparticles. We examined the impact of different 
receiving distances (15, 20 and 25 cm) with SEM to 
determine the optimal receiving distance.

Characterization of rh-EPO-Tw-ABNPs
Particle Size, Zeta Potential and Morphology
Dynamic light-scattering (DLS) method was used to deter-
mine the particle size and zeta potential of rh-EPO-Tw- 
ABNPs. Briefly, rh-EPO-Tw-ABNPs (2 mg) were put into 
20 mL DD water to obtain the suspension. The particle 
size and zeta potential were determined by 90Plus PALS 
particle size analyzer (Brookhaven, USA). A drop of rh- 
EPO-Tw-ABNPs sample (500 μg/mL) was put on a copper 
grid and then stained with 2% phosphotungstic acid. The 
morphology was observed with transmission electron 
microscopy (TEM) (Tecnai 12, Philips, Holland).

Bioactivity, Drug Loading Efficiency and Stability 
Study
An appropriate amount of rh-EPO-Tw-ABNPs (5 mg) was 
dissolved in DD water (100 mL) prior to the detection of 
the bioactivity and content of rh-EPO via an ELISA kit. 
The drug loading ratio was calculated by the following 

Figure 1 The Schematic diagram of the electrostatic spray technology.
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equation: Drug loading ratio= Wrh-EPO/WS, where Wrh-EPO 

was the IU of rh-EPO detected in nanoparticles, WS was 
the weight of nanoparticles. The rh-EPO-Tw-ABNPs were 
stored at −4 °C and an appropriate amount of samples 
were withdrawn at different time points (0, 24, 48, 72 
and 96 h) to determine the particle size and bioactivity.

In vitro Release
Specific amounts of rh-EPO-Tw-ABNPs and rh-EPO 
injection (containing 500 IU of rh-EPO) were accordingly 
transferred into the dialysis bag (MW 200 KD, MD55- 
200000-01), and were put into 500 mL of pH 7.4 PBS, 
under stirring at 37 °C. Aliquots (1 mL) of samples were 
withdrawn at the scheduled time and the same volume of the 
release medium was supplemented at the same time. The 
concentration of rh-EPO in the released medium was deter-
mined using an ELISA kit and the cumulative release curves 
were drawn.

Safety Evaluation
Cell Cultures
All the cells were cultured in Dulbecco’s Modified Eagle’s 
Medium-HG (DMEM-HG; Gibco, Carlsbad, CA, USA) 
supplemented with fetal bovine serum (FBS, 10% v/v; 
Gibco), penicillin (100 U/mL) and streptomycin (100 μg/ 
mL). Next, the cells were cultured in an incubator 
(Thermo Electron Corporation) operating at 37 °C under 
5% CO2. The use of the cells was approved by the Jiangsu 
University Ethics Committee.

The safety of the fabricated nanoparticles was evalu-
ated on three kinds of cells. Briefly, the microglia cells, 
motor neurocyte and astroglia were seeded in 6-well plates 
at a density of 1×104 cells/well for 24 h, respectively. 
After that, the culture medium was removed and replaced 
with the medium containing rh-EPO-Tw-ABNPs or blank- 
Tw-ABNPs, respectively. After 48 h of incubation, the 
cells’ morphologies were observed under inverted optical 
microscope (ECLIPSE Ti-E, Nikon Corporation, Japan).

Brain Targeting Efficiency
Construction of Animal Models
All the experimental protocols were approved by Jiangsu 
University Ethics Committee for Animal Experimentation 
following the principles of laboratory and animal care of 
the University (UJS-IACUC-AP-2020040222).

Male Sprague-Dawley (SD) rats (6∼8 weeks old, 
220∼250 g) were obtained from Jiangsu University 
Animal Center (Zhenjiang, China) and were fasted for 12 

h with unrestricted access to water ad libitum prior to the 
experiment.

Feeney weight-drop model was established on male 
Sprague-Dawley rats as reported in the literature.7,8 

Briefly, the rats were anesthetized with pentobarbital 
sodium (50 mg/kg). Then, the animals were placed in the 
prone position while the head and limbs were fixed on the 
operating table, before the scalp was shaved. After routine 
iodophor disinfection, the scalp was cut along the median 
line before the periosteum was peeled off, and the left 
parietal bone exposed. A round bone window with a 
diameter of about 5 mm was drilled out at 1.5 mm behind 
the left coronal suture and 2.5 mm beside the median line 
to keep the dura mater intact. A circular steel plate pad 
(4.5 mm in diameter and 3.5 mm in thickness) was placed 
outside the dura mater. A 20 g steel weight was impacted 
on the steel plate pad along the sleeve from a height of 30 
cm, causing local cerebral contusion and laceration in the 
parietal lobe. Next, the bone window was closed with bone 
wax, while the scalp was sutured. The injured rats were 
fed in the original cage after waking up. The rats in the 
sham-operated control group received the same operation, 
but no injury was caused by hitting the bar.

Brain Targeting Efficiency of rh-EPO-Tw-ABNPs
The accumulation levels of rh-EPO in the brain were 
detected with Western blotting to evaluate the targeting 
efficiency of the Tween 80 modified albumin nanoparti-
cles. Briefly, TBI model rats were operated on as above 
and divided into 4 groups (n=5, each group): sham-oper-
ated, TBI+ saline, TBI+ rh-EPO solution and TBI+ rh- 
EPO-Tw-ABNPs groups. The rats in the saline, rh-EPO 
solution or rh-EPO-Tw-ABNPs groups were i.p. adminis-
tered (5000 IU/kg) 30 min after TBI impact. Twenty-four 
hours later, the rats were sacrificed after anesthesia and the 
brain was harvested. Then, the supernatant was aspirated 
after the brain issue was homogenized and centrifuged 
(2000 g, 10 min). Next, the proteins were extracted using 
RIPA buffer. Afterwards, the BCA kit was applied to 
detect the total protein concentration. An aliquot of each 
sample was mixed with 10% sodium dodecyl sulfate-poly-
acrylamide gel electrophoresis (SDS-PAGE) loading buf-
fer and transferred to polyvinylidene difluoride (PVDF) 
membrane via wet rotation method. Next, the PVDF mem-
branes were blocked with 5% skimmed milk at room 
temperature for 1 h. Subsequently, the membrane was 
incubated overnight with rabbit anti-human antibodies 
comprising of B-actin (1:1000), EPO at 4 °C. The goat 
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anti-rabbit IgG (1:1000, Sigma) marked by HRP was 
added to the PVDF membranes and incubated for 1 h at 
room temperature, followed by washing three times with 
PBS. Then, quantitative analysis was conducted via Image 
J image processing software.

Brain Edema Relieving Study
The brain edema relieving effects of rh-EPO formulations 
were detected in the TBI model. The TBI model and dose 
regimen were the same as stated above. The rats were 
sacrificed after 24 h of rh-EPO administration, while the 
brain was rapidly removed and divided along the midline. 
Then, the wet weight of ipsilateral hemisphere was taken 
immediately, following drying at 65 °C for 72 h to obtain 
dry weight. The brain water content was calculated using 
the following equation: brain water content (%) = (wet 
weight-dry weight)/wet weight × 100%.

The time and dose effect of the rh-EPO nanoparticles 
on edema relieving were further evaluated. Briefly, the 
TBI model rats were randomly divided into three groups 
(n=15, each group) which were administered with saline, 
or rh-EPO nanoparticles (2500 and 5000 IU/kg), respec-
tively. Five rats in each group were sacrificed at different 
time points (12, 24 and 36 h) after TBI, and their brain 
water contents were detected as stated above.

Expressions of Aquaporin 4 (AQP4) and 
Glial Fibrillary Acidic Protein in Brain 
(GFAP)
The expressions of AQP4 and GFAP in brain were eval-
uated by Western blot analysis and immunohistochemical 
(IHM) study. The TBI model and dose regimen were the 
same as described above. Twenty–four hours after the 
administration, the mice were sacrificed after anesthesia 
and the brain was harvested. The Western blot analysis 
was performed as stated above, except that the membrane 
was incubated with rabbit anti-human antibodies compris-
ing AQP4 and GFAP at 4 °C. The quantitative analysis 
was conducted by Image J image processing software.

An IMH study was conducted to observe the expression 
levels of AQP4 and GFAP in the brain . Streptomyces avidin 
peroxidase linkage method was used to test the chemical 
staining of brain tissue. The brain tissue was cut into sections 
(4 μm), dewaxed with xylene and hydrated with gradient 
ethanol. The sections were immersed in 0.1 M citrate buffer 
solution for 12 min before addition to 3% H2O2 solution to 
remove endogenous peroxygenase for 10 min. After the non- 

specific antigen was blocked by normal goat serum, AQP4 or 
GFAP polyclonal antibody (1:200) was added, and incubated 
overnight at 4 °C. The slices were rinsed with PBS solution 
three times. Next, the film was dripped with polymer and 
incubated at 37 °C for 20 min. After washing by PBS three 
times, goat anti rabbit IgG labeled with horseradish perox-
idase (1:500) was added and incubated at 37 °C for 25 min, 
followed by PBS washing sequence. Afterwards, DAB solu-
tion was added to develop color for 10 min, and was re-dyed 
with hematoxylin, dehydrated and sealed, before it was 
finally observed under a Nikon Eclipse E600 microscope 
(Nikon Co., Tokyo, Japan).

Hematoxylin and Eosin (H&E) Evaluation
The TBI model and dose regimen were the same as stated 
above. The mice were sacrificed 24 h after administration 
and the brains were harvested. The brains were fixed in 
4% POM solution at 4 °C for 24 h, prior to washing with 
PBS. Next, the fixed brains were embedded in paraffin. 
The average section thickness of 5 μm was histologically 
evaluated with H&E staining. Then, the images of histo-
pathological examination were observed under a Nikon 
fluorescence microscope (Nikon, Tokyo, Japan).

Statistical Analysis
Statistical differences between means were determined by 
SPSS using the Student’s t-test, where p<0.05 was considered 
statistically significant. Values are reported as mean ± SD.

Results and Discussion
Preparation of rh-EPO-Tw-ABNPs and 
Parameter Optimizations
Electrostatic spray technology is usually used to fabricate 
polymer materials. This technology has not been used to 
prepare albumin nanoparticles because albumin lacks elas-
ticity and ductility. Accordingly, PEO was added to 
increase spheroidization. The voltage, flow rate and 
receiving distance were important parameters in electro-
static spray, which had relatively high influence on the 
morphology, particle size and uniformity of the fabricated 
nanoparticles.29

Voltage
As shown in Table 1, the particle size of the nanoparticles 
decreased as the voltage increased, while particles prepared 
with 28 kv had a relatively smaller size. It is likely that the 
higher voltage may result in small droplets, thereby leading 
to a smaller particle size.30 It was speculated that the voltage 
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directly affects the traction force of the spindle droplet in the 
electrostatic spray. The higher the traction force, the smaller 
the size of the droplet.31 At high voltage, the droplet mode is 
better than the spray mode, as it could accelerate the droplet 
formation speed and make the droplet size smaller.32 

However, when the voltage was too high, the sprayed dro-
plet was difficult to solidify and then sprayed as a liquid. 
Due to this, 28 kv voltage was selected.

Flow Rate
The influence of the flow rate on the morphology of the 
particles is shown in Figure 2. The particles sprayed at 0.5 
mL/h displayed a round shape without obvious adhesion 
(Figure 2A). However, the particles sprayed at 1 mL/h showed 
a significant agglomeration phenomenon (Figure 2B). Flow 
rate is another important parameter that affects the morphol-
ogy of microspheres. When the flow rate was faster than the 
volatilization rate, the solvent might not volatilize from the 
droplet in time, wherein it may lead to agglomeration.33 

Meanwhile, when the flow rate was too low, the preparation 
process may take too much time, which might affect product 
efficiency.34 Therefore, the flow rate of 0.5 mL/h was selected.

Receiving Distance
In the electrostatic spray process, the receiving distance 
directly affects the electric field intensity, and then influ-
ences the atomization degree and the flying time of the 
droplet.35 On the other hand, the larger receiving distance 
can provide enough time for the jet to be fully stretched, 
which is also conducive to the evaporation of solvent, so as 
to reduce the particle size. Meanwhile, an increase in the 
receiving distance usually reduces the electric field strength, 
which weakens the droplet atomization, thus increasing the 
particle size.36 As shown in Figure 3, the diameter of the 
microspheres with a 20 cm (Figure 3A) receiving distance 
was more uniform than those of 25 cm (Figure 3B). The 
shorter receiving distance of 15 cm was also investigated, 
however, the solvent could not volatilize in time while the 
sprayed droplet could not solidify under 15 cm of receiving 
distance. Possibly, the smaller receiving distance may affect 
the flight time of the jet under the strong electric field, 
resulting in insufficient time for the formation of the droplet, 
or the solvent of the droplet cannot be completely volati-
lized, culminating in serious agglomeration of the particles. 
Therefore, the receiving distance was determined as 20 cm.

In summary, the optimized electrostatic spraying para-
meters were as follows: voltage of 28 kv, flow rate of 
0.5 mL/h, and receiving distance of 20 cm.

Table 1 Particle Size and Zeta Potential of rh-EPO-Tw-ABNPs 
Prepared at Different Voltages (Mean ± SD, n=3)

Voltages Lognormal 
Median Diam. 
By Number 
(nm)

Polydispersity Zeta 
Potential 
(mv)

20kV 637 ± 48 0.302 ± 0.021 −28.81 ± 3.11

24kV 562 ± 31 0.270 ± 0.042 −21.45 ± 2.52

28kV 458 ± 29 0.245 ± 0.039 −24.92 ± 3.84

Figure 2 SEM photograph of rh-EPO-Tw-ABNPs prepared by different flow rates (A) 0.5 mL/h; (B) 1 mL/h.
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Characterization of rh-EPO-Tw-ABNPs
The TEM showed that rh-EPO-Tw-ABNPs prepared via opti-
mized formulation had a round shape with a particle size of 
450 nm, as shown in Figure 4A. This was close to the result of 
DLS with a particle size of 438±45 nm and the zeta potential 
of −25.42±0.8 mv. The isoelectric point of the albumin was 
about 4.5, therein, the albumin nanoparticle was negatively 
charged under physiological conditions.37 As displayed in a 
SEM photograph, most of the particles were spherical without 
obvious adhesion, however, formation of some large particles 
might have been due to voltage fluctuation in the initial stage 
(Figure 4B). The average drug loading ratio of rh-EPO-Tw- 

ABNPs was 21.3± 3.7 IU/mg with the relative bioactivity 
being 91.6 ± 4.1%, which indicated that the preparation pro-
cess was mild and had very little influence on the bioactivity 
of the protein drug. The rh-EPO-Tw-ABNPs exhibited poten-
tial stability in 96 h. Thus, no significant change in the particle 
size and protein bioactivity was observed during the investi-
gation period (Figure 4C).

In vitro Release Study
It can be observed from Figure 4D that the release of rh-EPO 
injection was very quick, thus reaching 80% at 20 min, while 
that of rh-EPO-Tw-ABNPs was nearly 65%. Moreover, the 

Figure 3 SEM photograph of rh-EPO-Tw-ABNPs prepared by different acceptance distances (A) 20 cm; (B) 25 cm.

Figure 4 (A) TEM and DLS photographs of rh-EPO-Tw-ABNPs. (B) SEM photograph of rh-EPO-Tw-ABNPs. (C) The stability of rh-EPO-Tw-ABNPs. (D) In vitro release of 
rh-EPO injection and rh-EPO-Tw-ABNPs in PBS medium. (E) Photographs of the microglia cells, motor neurocyte and astroglia treated with culture medium (control), blank- 
Tw-ABNPs and rh-EPO-Tw-ABNPs, respectively.
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cumulative release of rh-EPO injection reached approxi-
mately 100% at about 50 min. While the release of rh-EPO 
from the nanoparticles was rather slow, a complete release 
was attained at about 120 min. The results indicated that the 
albumin nanoparticles exhibited a slow-release effect. The 
surface modification of albumin on nanoparticles can also 
enhance the sustained release of the drug.

Safety Evaluation on Nerve Cells
As displayed in Figure 4E, compared with the control group, 
the brain and neuron cells, including the microglia cells, motor 
neurocyte and astroglia, that were treated with the fabricated 
nanoparticles with or without drug exhibited good morphol-
ogy, which means the brain and nerve cells could maintain 
good condition after treatment with blank vehicle or rh-EPO- 
Tw-ABNPs. In recent years, the biocompatibility of nanopar-
ticles with microglia has been widely studied, amidst serving 
as a sensitive marker to evaluate the toxicity of exogenous 
toxicants.38,39 The results indicated that rh-EPO-Tw-ABNPs 
had no toxicity on the brain and nerve cells.

Brain Targeting Efficiency of rh-EPO-Tw- 
ABNPs
Western blot analysis was used to determine the EPO level in 
the brain after different treatments. The EPO band could be 
observed clearly in sham-operated and TBI+ saline groups and 
the EPO level of TBI groups was lower than the sham-oper-
ated group (Figure 5A and B), which indicated that EPO was 
endogenously distributed in the brain, while the EPO level in 
the brain would be lowered when TBI occurred. Meanwhile, 
the EPO levels in TBI model rats treated with rh-EPO solution 
or rh-EPO-Tw-ABNPs increased significantly. Notably, the 
TBI model rats in the rh-EPO-Tw-ABNPs group exhibited 
higher EPO level in comparison with the rh-EPO solution. 
Previous research suggested that coating Tween 80 on nano-
particles resulted in increased amounts of drugs crossing the 
BBB.40 The results indicated that rh-EPO-Tw-ABNPs could 
enhance the transport of rh-EPO across the BBB and improve 
the brain targeting efficiency of the protein drug.

Brain Edema Relieving
As indicated in Figure 5C, the TBI model was successfully 
constructed with the brain water content of rats increasing 
substantially. The TBI-saline group displayed the highest 
brain water content with the sham-operated groups exhibiting 
the lowest. The changes of brain water content represented the 
condition of brain edema. According to the literature, edema 

may cause cerebellar hernia, decrease cerebellar blood flow, 
and accelerate apoptosis of neurons, as well as further aggra-
vate the nerve injury after TBI, but rh-EPO effectively relieved 
brain edema.41 Consistent with existing literature, both rh-EPO 
solution and rh-EPO-Tw-ABNPs groups showed the effect on 
reducing the brain water content of TBI rats, while rh-EPO- 
Tw-ABNPs possessed the most efficient effect. Collectively, 
these observations indicated that rh-EPO-Tw-ABNPs could 
relieve brain edema more effectively which may be mainly 
attributed to the enhanced transport of rh-EPO by the nanopar-
ticles to the brain. The dose and time effect of the rh-EPO-Tw- 
ABNPs on brain edema relieving were further evaluated. As 
presented in Figure 5D, the high dose group (5000 IU/kg) 
showed significantly decreased brain water content compared 
with the low dose group at 12, 24 and 36 h post-TBI. This 
indicated that the edema relieving effect could enhance the 
concentration of the rh-EPO nanoparticles raised. According to 
existing literature, 5000 IU/kg had already been proven as an 
effective dose in the models of central nervous system (CNS) 
injuries,42,43 in addition, the safety concerns of the rh-EPO may 
be elevated if the dose were too high. In this case, the higher 
dose was not considered in our study. The water content of the 
TBI model rats was over 80% at 36 h after trauma. As the 
literature reports, diffuse brain edema can be detected as early 
as the first hour post-injury, and may constantly increase at 
least for 3 days in TBI rats.41,44 Rh-EPO-Tw-ABNPs treatment 
decreased the brain water content of the TBI rats for almost 
36 h, which indicated that the nanoparticles had a sustained 
effect on relieving the edema.

The Expressions of AQP4 and GFAP in 
the Brain
AQP4 is a water-channel protein expressed in the brain, pre-
dominantly in astrocyte foot processes surrounding capillaries, 
which plays a significant role in maintaining brain water 
homeostasis.45,46 In comparison with the sham-operated 
group, it could be seen from the Western blot and IMH results 
that AQP4 level of peri-lesional areas was decreased when 
TBI occurred (Figure 5A, B and E). Moreover, the AQP4 level 
in the brain of TBI model rats treated with rh-EPO solution or 
rh-EPO-Tw-ABNPs rose again, especially in the rh-EPO-Tw- 
ABNPs group. There are different opinions about the change 
in the AQP4 level of TBI model animals. Sun et al. observed 
that AQP4 expression was upregulated after traumatic brain 
injury,47 however, Ke et al. reported that AQP4 expression 
was downregulated.48 According to some reports, the AQP4- 
deficient mice are less prone to develop cytotoxic edema, but 
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tend to develop vasogenic edema.49,50 In our study, we found 
that the level of AQP4 expression level decreased under the 
TBI condition. However, the rh-EPO could recover the AQP4 
levels, while the rh-EPO-Tw-ABNPs may further increase the 
AQP4 level mainly by enhancing the transport of rh-EPO 
through the Tween 80 modified nanoparticles. We speculated 
that the rh-EPO formulation could relieve brain edema by 
reducing vasogenic edema.

GFAP is the main monofilament protein in astrocytes, a 
specific cytoskeletal protein unique to the CNS, and a marker 
protein of astrocytes.51 GFAP can maintain the morphology 
and function of astrocytes, regulate cell forming, maintain 
the blood–brain barrier, and produce and release neuro-
trophic factors.52,53 It was inferred that the severity of brain 
injury was positively correlated with GFAP level, that is, the 
higher the GFAP level, the more serious the brain damage. 
Pertinently, GFAP has been used to assess brain damage 
following TBI.54 The increased expression of GFAP was 
observed in the TBI group in comparison with the sham- 
operated batch in our study. This result is consistent with 
previous research which suggested that TBI may lead to 
reactive astrogliosis that was characterized by the rapid 
synthesis of GFAP.55 Meanwhile, the GFAP levels of rh- 
EPO solution and rh-EPO-Tw-ABMPs groups declined, 

suggesting that EPO could reduce the expression of GFAP. 
Furthermore, the rh-EPO-Tw-ABMPs group could reduce 
the GAFP almost to the normal level, thus exhibiting the 
best therapeutic effect.

H&E
As presented in Figure 6A, the brain tissue of the sham- 
operated group had no damage focus with complete cortical 
nerve structure, large number of cells, rich cytoplasm and 
obvious nucleolus. However, as shown in Figure 6B, the rats 
in the TBI saline group had cortical structure incomplete, 
apparent edema, sparse nerve cells, smaller cell volume, 
widened cell gap, pyknosis nucleus, and non-obvious nucleo-
lus, while cell necrosis was seen in the injury site. Compared 
with the trauma model group, the injury of neurons in rh-EPO 
solution group recovered while the tissue edema was reduced 
(Figure 6C). In the rh-EPO-Tw-ABNPs group, the injury of 
neurons decreased more significantly, amid the morphology 
and necrosis of cells being good and reduced respectively, 
while a large number of new proliferation cells appeared 
around the trauma (Figure 6D). These results suggest that the 
inclusion of rh-EPO into albumin nanoparticles modified by 
Tween 80 may increase the protective effect of rh-EPO on TBI 
model rats’ injury.

Figure 5 (A) Western blotting of EPO, AQP4, GFAP, and β-actin treated with sham operation, TBI+ saline, TBI+ rh-EPO solution, TBI+ rh-EPO-Tw-ABNPs. (B) Quality 
analysis of Western blotting by Image J. (*P<0.05, **P<0.01, compared with sham group). (C) The brain water content of the rats treated with sham operation, TBI+ saline, 
TBI+ rh-EPO solution, TBI+ rh-EPO-Tw-ABNPs. (*P<0.05, **P<0.01, and ***P<0.005, compared with sham group). (D) The brain water content of TBI rats at 12, 24, 36 h 
after administration with saline, or rh-EPO-Tw-ABNPs (2500 IU/kg or 5000 IU/kg), respectively. (*P<0.05, **P<0.01, and ***P<0.005, compared with saline treated group). 
(E) Immunohistochemical image of AQP4 and GFAP in brain tissue section treated with different operations.
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Conclusion
In the present study, a novel rh-EPO-Tw-ABNPs was devel-
oped through the application of electrostatic spray technol-
ogy. The rh-EPO-Tw-ABNPs prepared via optimized 
formulation exhibited good morphology and ideal particle 
size, indicating that the electrostatic spray is a potential 
technology for preparing the protein drug with advantages 
and feasibility. Furthermore, electrostatic spray technology 
had few effects on the bioactivity of the protein drug. More 
importantly, the rh-EPO-Tw-ABNPs could enhance the 
transport of the rh-EPO into the brain, and relieve TBI 
symptoms effectively. Therefore, rh-EPO-Tw-ABNPs 
could serve as a promising formulation for TBI treatment.
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