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Background: Gene transfer using a nanoparticle vector is a promising new approach for 

the safe delivery of therapeutic genes in human disease. The Tat peptide-decorated gelatin-

siloxane (Tat-GS) nanoparticle has been demonstrated to be biocompatible as a vector, and to 

have enhanced gene transfection efficiency compared with the commercial reagent. This study 

investigated whether intracisternal administration of Tat-GS nanoparticles carrying the calcitonin 

gene-related peptide (CGRP) gene can attenuate cerebral vasospasm and improve neurological 

outcomes in a rat model of subarachnoid hemorrhage.

Method: A series of gelatin-siloxane nanoparticles with controlled size and surface charge was 

synthesized by a two-step sol-gel process, and then modified with the Tat peptide. The efficiency 

of Tat-GS nanoparticle-mediated gene transfer of pLXSN-CGRP was investigated in vitro using 

brain capillary endothelial cells and in vivo using a double-hemorrhage rat model. For in vivo 

analysis, we delivered Tat-GS nanoparticles encapsulating pLXSN-CGRP intracisternally using 

a double-hemorrhage rat model.

Results: In vitro, Tat-GS nanoparticles encapsulating pLXSN-CGRP showed 1.71 times higher 

sustained CGRP expression in endothelial cells than gelatin-siloxane nanoparticles encapsulating 

pLXSN-CGRP, and 6.92 times higher CGRP expression than naked pLXSN-CGRP. However, 

there were no significant differences in pLXSN-CGRP entrapment efficiency and cellular 

uptake between the Tat-GS nanoparticles and gelatin-siloxane nanoparticles. On day 7 of the 

in vivo experiment, the data indicated better neurological outcomes and reduced vasospasm in 

the subarachnoid hemorrhage group that received Tat-GS nanoparticles encapsulating pLXSN-

CGRP than in the group receiving Tat-GS nanoparticles encapsulating pLXSN alone because 

of enhanced vasodilatory CGRP expression in cerebrospinal fluid.

Conclusion: Overexpression of CGRP attenuated vasospasm and improved neurological 

outcomes in an experimental rat model of subarachnoid hemorrhage. Tat-GS nanoparticle-

mediated CGRP gene delivery could be an innovative strategy for treatment of cerebral 

vasospasm after subarachnoid hemorrhage.
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Introduction
Cerebral vasospasm is the delayed narrowing of large capacitance arteries at the base 

of the brain after subarachnoid hemorrhage, and is the leading cause of mortality 

and disability in patients who have suffered this type of hemorrhage. Vasospasm 

typically occurs 3–5 days after subarachnoid hemorrhage, with maximal narrowing 

at 7–10 days and a gradual resolution over 2–3 weeks.1 Current therapeutic options 

include oral administration of nimodipine (a calcium antagonist), hypervolemia-

hemodilution-hypertension therapy, and intracranial angioplasty. However, because 
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of the multiple and complex mechanisms of vasospasm, 

no effective clinical method for prevention has yet been 

demonstrated. Gene therapy targeted at the level of cellular 

gene expression represents a new approach to the treatment 

of cerebrovascular disease, which may hold great potential 

for the treatment of cerebral vasospasm.

Calcitonin gene-related peptide (CGRP) is a potent 

arterial and venous vasodilator, which has shown 

encouraging results in the prevention of vasospasm after 

subarachnoid hemorrhage in clinical therapy. CGRP 

interacts with the CGRP
1
 receptor on endothelial and 

smooth muscle cells and stimulates adenylate cyclase to 

produce cAMP via endothelium-dependent or endothelium-

independent signaling pathways, leading to vascular 

relaxation.2 It has been reported that injecting recombinant 

adenovirus encoding the prepro-CGRP gene into the 

cisterna magna is effective in the prevention of vasospasm 

after subarachnoid hemorrhage in rabbits and dogs.3,4 In 

both animal studies, histologically and angiographically 

determined end points were used, but neither study reported 

the neurological outcomes for the animals, which is a 

limitation found in many studies involving animal models 

of subarachnoid hemorrhage.5 Further, the inflammatory 

and immune responses, which are the most serious problems 

caused by administration of recombinant adenovirus 

into intracerebrospinal fluid,6,7 would prevent use of this 

approach in patients.

Nanoparticles as vectors have been the focus of extensive 

research in gene delivery and expression because of their low 

toxicity, biodegradability, and biocompatibility.8–10 Because 

nanoparticles cannot integrate into the host genome, they 

do not have toxicity or provoke an immune response, and 

would be expected to have a short-term action. The period of 

risk of vasospasm is 2–3 weeks at the most, so nanoparticles 

would be advantageous and useful in the treatment of this 

condition which requires only transient gene expression. 

In a previous study, gelatin-siloxane (GS) nanoparticles 

with a controlled size and surface charge were synthesized 

using a two-step sol-gel process and decorated with HIV-

derived Tat peptide-decorated gelatin-siloxane (Tat-GS) 

nanoparticles via sulfhydryl groups, and we hypothesized 

that these nanoparticles would be biocompatible as vectors 

and could enhance gene transfection efficiency compared 

with that of the commercial reagent, Lipofectamine™.11,12 

However, it had not been investigated whether Tat-GS 

nanoparticle-mediated CGRP gene delivery could achieve 

satisfactory prevention of vasospasm and improve the 

neurological outcome.

In this study, we investigated whether Tat-GS nanoparticles 

loaded with the CGRP gene can reduce vasospasm and 

improve the neurological outcome in a rat model of 

subarachnoid hemorrhage. Tat-GS nanoparticle-mediated 

CGRP gene delivery is an innovative strategy for the 

treatment of vasospasm after subarachnoid hemorrhage.

Materials and methods
Cell culture
An hCMEC/D3 endothelial cell line derived from the human 

brain was obtained from Beina Chuanglian Biotechnology 

Research Institute (Beijing, People’s Republic of China) and 

cultured in RPMI-1640  medium supplemented with 10% 

fetal bovine serum and 1% penicillin-streptomycin. The 

cells were routinely maintained as stationary cultures in Petri 

dishes, and incubated at 37°C in a controlled environment 

with 5% CO
2
.

Construction of plasmid DNA
Rat CGRP cDNA was amplified by polymerase chain reaction 

and then inserted into the expression plasmid vector pLXSN 

(pLXSN-CGRP). pDNA (pLXSN and pLXSN-CGRP) was 

propagated in Escherichia coli DH5α and purified using 

a TIANprep Midi Plasmid kit (Tiangen Biotech Co, Ltd, 

Beijing, People’s Republic of China). Purity and concentration 

were confirmed by measuring absorbance at 260 nm and 

280 nm on a DU 800 spectrophotometer (Beckman Coulter 

Inc, Fullerton, CA, USA) and by agarose gel electrophoresis.

Preparation of nanoparticles
GS and Tat-GS nanoparticles were prepared according 

to previously reported methods.11,13 Briefly, 0.2  g of 

3-glycidoxypropyl-trimethoxysilane (Acros Organics, Fair 

Lawn, NJ, USA) was added to 1% gelatin solution in HCl 

(pH 3.0) at 60°C with stirring for 30 minutes. Next, 0.08 g of 

3-aminopropyl-trimethoxysilane (Acros Organics) was added 

into the above solution. Continuous stirring for 7–10 hours 

at 60°C produced a milky emulsion. The resulting GS 

nanoparticles were then obtained by centrifugation (13,000 rpm, 

20°C, 20 minutes) and ultrasonic washing three times with 

deionized water. A sulfhydryl group was then introduced onto 

the surfaces of the GS nanoparticles using N-succinimidyl-

3-(2-pyridyldithio) propionate (Pierce Biotechnology Inc, 

Rockford, IL, USA). Tat peptide (KYGRRRQRRKKRGC, 

Chinese Peptide Company, Hangzhou, People’s Republic of 

China) with a free sulfhydryl group at the end of the strand 

was subsequently coupled to the nanoparticles via a disulfide 

bond at a Tat to GS nanoparticle ratio of 1.58  µmol/g. 
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Tat-GS nanoparticles were finally obtained by centrifugation 

(20 minutes, 20°C, 13,000 rpm) and washing three times with 

deionized water.

Preparation of nanoparticle-pDNA 
complexes
Nanoparticles encapsulating pDNA (GS NP-pDNA and 

Tat-GS NP-pDNA) were prepared by electrostatic interaction. 

Nanoparticle suspensions were mixed with pDNA solution 

at a nanoparticle to pDNA weight ratio of 100:1, followed 

by 30  seconds of vortexing and one hour of incubation. 

Centrifugation (13,000 rpm, 20°C, 20 minutes) and ultrasonic 

washing three times with deionized water yielded the purified 

nanocomplexes. The GS NP-pDNA complexes and Tat-GS 

NP-pDNA complexes were redispersed in deionized water 

and stored at −4°C for the following experiments.

Characterization of nanoparticles
Integration of the Tat peptide into the GS nanoparticles 

was confirmed by spectrofluorimetric quantitative analysis. 

For fluorescence measurements, FITC-labeled Tat peptide 

was used in the synthesis processing. The supernatant of 

the resulting FITC-Tat-GS nanoparticle suspension was 

collected by centrifugation (13,000 rpm, 20°C, 20 minutes). 

Next, the FITC-Tat-GS nanoparticles were redispersed 

in deionized water and the supernatant was analyzed 

using a fluorescence spectrophotometer (Hitachi 650–10s, 

Toyokawa, Japan). The excitation and emission wavelengths 

were 490 nm and 520 nm, respectively. Observation of the 

GS and Tat-GS nanoparticles was done using a transmission 

electron microscope (2100 HC, JEOL, Tokyo, Japan) at an 

operating voltage of 200 kV in bright-field mode. Dilute 

suspensions of nanoparticles in water were dropped onto a 

copper grid and then air-dried for analysis by transmission 

electron microscopy. The mean diameter and zeta potential 

of the nanoparticles were measured using a dynamic light 

scattering detector (Nano-ZS Zetasizer, Malvern Instruments, 

Worcestershire, UK).

Gel retardation assay
The entrapment efficiency of pLXSN-CGRP incorporated 

into nanoparticles was evaluated by gel electrophoresis. First, 

10 µL of nanocomplexes (GS nanoparticles encapsulating 

pLXSN-CGRP and Tat-GS nanoparticles encapsulating 

pLXSN-CGRP 2.5  mg/mL) were mixed with 2  µL of 

6×  loading buffer and loaded onto 1% agarose gel with 

ethidium bromide 500  ng/mL, then run with Tris-acetate 

buffer at 150 V for 45 minutes. pLXSN-CGRP retardation 

was observed by irradiation using a molecular imaging device 

(Gel Doc XR, Bio-Rad, Mississauga, ON, Canada).

MTT assay
The in vitro cytotoxicity of GS and Tat-GS nanoparticles 

was analyzed by MTT assay. The hCMEC/D3 cells were 

seeded at a density of 1  ×  105 cells/well in polystyrene 

96-well culture plates, and incubated at 5% CO
2
 and 37°C 

for 24 hours to enable cell attachment. After removing the 

culture medium, 100 µL of serum-free RPMI-1640 medium 

containing the GS or Tat-GS nanoparticles (at concentrations 

of 100 µg/mL, 300 µg/mL, and 500 µg/mL) was added to 

each well. Cells treated with medium only served as a 

negative control group. After 24  hours of coincubation, 

the medium was replaced with 20  µL of MTT solution 

(5  mg/mL in phosphate-buffered solution) and cultured 

for a further 4  hours. At the end of the assay, the MTT 

solution was removed and 100 µL of dimethylsulfoxide was 

added to dissolve the formazan crystals that had formed. 

The plate was incubated for an additional 30  minutes 

before determination at 570 nm in a spectrophotometric 

microplate reader (Bio-Tek ELX800, Winooski, VT, USA). 

All experiments were repeated five times, and the relative 

cell viability (%) was expressed as a percentage relative to 

the control cells.

Cellular uptake
For flow cytometry analysis, a 0.1  mg/mL solution of 

pLXSN-CGRP was mixed with a 0.1  mg/mL aqueous 

solution of propidium iodide (PI) at a volume ratio of 1:0.7, 

and maintained at room temperature protected from light 

for 20 minutes. Single-staining NP-pDNA complexes were 

then prepared by mixing PI-labeled pLXSN-CGRP with 

the nanoparticles, following preparation of the NP-pDNA 

complexes. The hCMEC/D3 cells were first seeded in six-

well plates at 2 × 105 cells/well and incubated overnight with 

5% CO
2
 at 37°C. After washing three times with phosphate-

buffered saline, the cells were incubated with different 

single-staining materials (naked PI-labeled pLXSN-CGRP, 

PI-labeled GS NP-pLXSN-CGRP, and PI-labeled Tat-GS 

NP-pLXSN-CGRP) in serum-free RPMI-1640 medium for 

11 hours. At the end of this time, the samples were washed 

twice with phosphate-buffered saline. Adherent hCMEC/

D3 cells were trypsinized to detach from the Petri dish, and 

subsequently resuspended in ice-cold phosphate-buffered 

saline. The fluorescent cells bearing PI-labeled complexes 

were then measured from 20,000 cells using an Epics XL 

flow cytometer (Beckman Coulter) in the FL3 channel. 
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Data analysis was performed using Epics XL flow cytometer 

software, and analytical gates were chosen as 1% of control 

cells falling within the positive region.

In vitro transduction of endothelial cells
For the transgene expression measurements, 2  ×  105 

hCMEC/D3 cells were seeded per well in triplicate for each 

sample in six-well plates. After 24  hours of culture, the 

cells were washed twice with phosphate-buffered saline, 

and 1  mL of serum-free RPMI-1640  medium containing 

an appropriate volume of transduction solution from the 

different experimental groups (naked pLXSN-CGRP, GS 

NP-pLXSN-CGRP, Tat-GS NP-pLXSN-CGRP) was added 

to the corresponding set of wells.

After transfection for up to 11  hours, the wells were 

replenished with complete RPMI-1640 medium containing 

10% fetal bovine serum and grown at 37°C in a 5% CO
2
 

incubator. For experiments where CGRP transgenes were used, 

the conditioned medium was collected at regular intervals 

for 10 days and stored at −20°C for CGRP enzyme-linked 

immunosorbent assay (Shanghai Westang Bio-Tech Co, 

Ltd, Shanghai, People’s Republic of China) analysis follow-

ing the manufacturer’s protocol. The conditioned medium 

released from transduced hCMEC/D3  cells after 48  hours 

was used for the biological assays of the CGRP released.

In vivo experiments in subarachnoid 
hemorrhage rat model
Fifty male Sprague-Dawley rats weighing 280–330 g were 

randomly assigned to one of four groups, ie, normal controls 

(without subarachnoid hemorrhage, n  =  5), subarachnoid 

hemorrhage  + vehicle (phosphate-buffered saline only 

as a nanoparticle-free control, n  =  15), subarachnoid 

hemorrhage  + Tat-GS NP-pLXSN-CGRP (n  =  15), and 

subarachnoid hemorrhage + Tat-GS NP-pLXSN (n = 15). 

The double-hemorrhage rat model was induced according 

to a minimally invasive protocol.14 All procedures were in 

compliance with the protocols evaluated and approved by 

the Chinese National Science and Technology Committee 

guidelines.

The rats were anesthetized by intraperitoneal administration 

of midazolam 1  mg/kg and ketamine 100  mg/kg. Next, 

0.2  mL of arterial blood was taken from the tail artery. 

Following intra-arterial blood collection, the animals were 

fixed in the prone position with the head flexed 90 degrees 

to horizontal and the cisterna magna was punctured with a 

27-gauge needle. After withdrawal of 0.1 mL of cerebrospinal 

fluid, 0.25  mL of autologous blood was infused into the 

cisterna magna by microinjection pump over a 60-second 

period on days 0 and 2. The animals were then kept in a 

head-down position until awaking from anesthesia to ensure 

wide subarachnoid distribution of the arterial blood. On day 

3, 0.1 mL of Tat-GS NP-pLXSN-CGRP (1 mg/mL), Tat-GS 

NP-pLXSN (1 mg/mL), or phosphate-buffered saline was 

administered into the cisterna magna of the corresponding 

group, after which the rats were placed in the head-down 

position for 30 minutes. On day 7, the cerebrospinal fluid 

was collected from the cisterna magna of each group and 

analyzed by enzyme-linked immunosorbent assay for 

rat CGRP according to the manufacturer’s instructions 

(Shanghai Westang Bio-Tech Co, Ltd). All the animals in 

the first group were sacrificed without being subjected to 

subarachnoid hemorrhage as a normal control group for 

histological study.

Neurological evaluation after 
subarachnoid hemorrhage
Neurological scoring was performed daily on each animal 

after subarachnoid hemorrhage. The scoring system (score 

range 0–48, 0 = best score and 48 = worst score) was based 

on assessment of four different functions (general status, 

simple motor, complex motor, and sensory), as described 

elsewhere.15 These four assessments were summed into one 

score. An investigator blinded to group assignment did the 

evaluation.

Morphometric studies
After collection of cerebrospinal fluid on day 7, the rats were 

perfused via a cardiac catheter with 100 mL of phosphate-

buffered saline 0.1 mol/L (pH 7.4) followed by 200 mL of 

paraformaldehyde 4% at a perfusion pressure of 120 cm H
2
O. 

The entire brain was removed immediately from each rat and 

post-fixed in 4% paraformaldehyde for 24 hours. A sample 

of the basilar artery was removed from the brain along with 

the surrounding tissue and stored in 4% paraformaldehyde 

at 4°C. Pieces of basilar artery were dehydrated in graded 

ethanol, embedded in paraffin, cut into sections 4 µm thick 

using a manual rotary microtome (Leica RM2125, Leica 

Microsystems, Wetzlar, Germany) and stained with hema-

toxylin and eosin for light microscopy study. Morphometric 

determinations of luminal perimeter and vessel wall thickness 

were made using an Image-Pro Plus analysis system attached 

to a light microscope (SZ51, Olympus Corporation, Tokyo, 

Japan). The luminal perimeter was measured by tracing the 

entire luminal surface of the intima. Vessel wall thicknesses 

were determined by making four measurements of each artery 
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that extended from the luminal surface of the intima to the 

outer limits of the media, and did not include the adventitia.16 

These four measurements were averaged into one score.

Statistical analysis
All data are presented as the mean ± standard deviation. 

The Statistical Package for the Social Sciences version 

13.0 (SPSS Inc, Chicago, IL, USA) was used for statistical 

analysis of the data. The measurements were statistically 

evaluated using one-way analysis of variance followed by 

the Bonferroni-Dunn post hoc test. A value of P , 0.05 was 

considered to be statistically significant.

Results
Characterization of nanoparticles
The strategy used for synthesis of the Tat-GS nanoparticles 

developed here is shown in Scheme 1. GS nanoparticles 

were prepared using a conventional sol-gel procedure with 

a 3-glycidoxypropyl-trimethoxysilane and gelatin solution. 

The N-succinimidyl-3-(2-pyridyldithio) propionate reagents 

are a unique group of amine-reactive and sulfhydryl-reactive 

heterobifunctional crosslinkers. Here they were used to 

form amine-to-sulfhydryl crosslinks among primary amine-

containing GS nanoparticles and a sulfhydryl-containing 

Tat peptide. Finally, the Tat peptide (KYGRRRQRRKKRGC) 

was attached to the GS nanoparticles via a disulfide bond.

The fluorescence emission spectrum shows an obvious 

fluorescence absorption peak for the FITC-Tat-GS 

nanoparticle suspension at 520 nm, but a weak fluorescence 

absorption peak for the first supernatant and nearly no 

fluorescence absorption peak for the second supernatant 

at 520  nm (Figure  1). The GS nanoparticles were not 

fluorescent, and the fluorescence absorption peak at 520 nm 

represents the FITC-labeled Tat peptide, indicating that 

the Tat peptide was successfully integrated onto the GS 

nanoparticles. Transmission electron microscopy shows 

that both the GS and Tat-GS nanoparticles were irregular, 

spherical, and well dispersed (Figure 2). The nanoparticles 

were characterized by measuring the particle size and zeta 

potential (Figure 3). The sizes of the GS nanoparticles and 

Tat-GS nanoparticles were 169 ± 7  nm and 172 ± 5  nm, 

respectively. Zeta potential measurement showed the charge 

values of the GS nanoparticles and Tat-GS nanoparticles to 

be 25.79 ± 2.46 mV and 36.28 ± 2.74 mV, respectively.

pLXSN-CGRP encapsulation
The entrapment efficiency of the nanoparticles containing 

pLXSN-CGRP was evaluated using agarose gel electrophoresis. 
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Scheme 1 Synthesis of gelatin-siloxane nanoparticles coated with Tat peptide.
Abbreviations: APTMS, 3-aminopropyltrimethoxysilane; Tat-GS, Tat peptide-decorated gelatin-siloxane; NPs, nanoparticles.
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clearly shifted to the right compared with the naked PI-labeled 

pLXSN-CGRP group. Figure 6B shows significant uptake 

of PI-labeled GS NP-pLXSN-CGRP (62.97% ± 4.54%) and 

PI-labeled Tat-GS NP-pLXSN-CGRP (65.60% ± 5.14%) by 

hCMEC/D3 cells compared with the naked PI-labeled pLXSN-

CGRP group (1.82% ± 0.13%). There was no statistically 

significant difference between the values for the GS group 

and the Tat-GS group (P  .  0.05), and neither value was 

significantly higher than that in the control group (P , 0.01).

Induction of CGRP expression in vitro
To confirm the ability of the pLXSN-CGRP nanoparticle 

complex to express the rat CGRP transgene, and to perform 
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Figure 1 Fluorescence emission spectrum of FITC-Tat-GS nanoparticles excited at 
a wavelength of 490 nm. 
Abbreviations: FITC, fluorescein isothiocyanate; NPs, nanoparticles; Tat-GS, Tat 
peptide-decorated gelatin-siloxane.

Figure 2 Transmission electron microscopic images of (A) gelatin-siloxane nano- 
particles and (B) Tat-gelatin-siloxane nanoparticles.

As shown in Figure 4, naked plasmid (pLXSN-CGRP) moved 

to its normal position, but plasmids complexed with GS 

nanoparticles and Tat-GS nanoparticles were completely 

retarded in the walls without any band in the corresponding 

position. pLXSN-CGRP was encapsulated into nanoparticles 

with a high entrapment efficiency of approximately 100%. 

There was no difference in entrapment efficiency between 

the GS and Tat-GS nanoparticles.

Cellular compatibility
Cytotoxicity associated with the GS and Tat-GS nanoparticles 

was measured using the MTT assay. As shown in 

Figure 5, the viability of hCMEC/D3 cells treated with GS 

nanoparticles for 24 hours was 91.57%, 88.77%, and 85.87% 

at nanoparticle concentrations of 100 µg/mL, 300 µg/mL, 

and 500 µg/mL, respectively. Viability of cells treated with 

Tat-GS nanoparticles was 81.33%, 79.93%, and 74.88%, 

respectively. The viability of hCMEC/D3  cells treated 

with Tat-GS nanoparticles, under the same conditions, was 

less than that of the cells treated with GS nanoparticles. 

Nevertheless, both the as-synthesized nanoparticles had quite 

low cytotoxicity at a concentration of 100 µg/mL.

Cellular uptake of nanoparticles
Flow cytometry analysis was used to evaluate whether 

plasmid pLXSN-CGRP loaded into the nanoparticles could be 

internalized by hCMEC/D3 cells and for quantitative assessment 

of plasmid-containing hCMEC/D3 cells in vitro. As shown in 

Figure 6A, the peak values of fluorescence curves obtained for 

hCMEC/D3 cells transfected with PI-labeled GS NP-pLXSN-

CGRP and PI-labeled Tat-GS NP-pLXSN-CGRP were  
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Tat-GS GS ND M bp
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1000

Figure 4 Gel electrophoresis assay of NP-pLXSN-CGRP complexes.
Abbreviations: bp, base pairs; M, DL 5000 DNA marker; ND, naked DNA 
(pLXSN-CGRP); GS, gelatin-siloxane nanoparticles; Tat-GS, Tat peptide-decorated 
gelatin-siloxane nanoparticles.
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Figure 5 Normalized dose-response for cell viability of GS and Tat-GS nanoparticles 
by MTT assay.
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the quantitative assessment of the protein by enzyme-linked 

immunosorbent assay, hCMEC/D3  cells were transduced 

with naked pLXSN-CGRP, GS NP-pLXSN-CGRP, and 

Tat-GS NP-pLXSN-CGRP. The data shown in Figure  7A 

demonstrate that the Tat-GS NP-pLXSN-CGRP group 

had the highest CGRP expression (40.25 ± 5.52  ng/105 

cells) 72 hours following transduction compared with the 

naked pLXSN-CGRP group (5.82 ± 1.97 ng/105 cells) and 

GS NP-pLXSN-CGRP group (23.57 ± 3.93 ng/105 cells). 

There was a significant difference between the three groups. 

As shown in Figure 7B, the CGRP release profile for cells 

transduced with Tat-GS NP-pLXSN-CGRP showed rapid 

expression of the CGRP transgene, which peaked on day 4 

(48.49 ± 4.23 ng/105 cells), then gradually decreased with 

time, as observed in the 10-day analysis.

Intracisternal delivery of CGRP 
transgene in vivo
To confirm and quantify rat CGRP expression in vivo, 

cerebrospinal fluid obtained on day 7 from each group was 

measured by CGRP enzyme-linked immunosorbent assay. 

As shown in Figure 8, the untreated rats with subarachnoid 

hemorrhage showed decreased CGRP expression in cerebro-

spinal fluid (23.82 ± 1.28 ng/L) compared with normal rats 

(27.68 ± 0.67 ng/L). However, the Tat-GS NP-pLXSN-CGRP 

group expressed significantly more protein in cerebrospinal 

fluid (35.40 ± 1.36 ng/L) than the Tat-GS NP-pLXSN group 

(23.10 ± 1.63 ng/L) and the subarachnoid hemorrhage group.
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Neurological evaluation following 
subarachnoid hemorrhage
This experiment investigated whether intracisternal 

administration of Tat-GS NP-mediated gene therapy resulted 

in improved neurological outcome. A comprehensive 

neurological scoring system was administered three times 

daily in each rat. As shown in Figure 9, the mean neurological 

score on day 7 for the Tat-GS NP-pLXSN-CGRP-treated 

group (10.67 ± 1.16) was significantly lower than that for the 

Tat-GS NP-pLXSN-treated group (22.33 ± 2.08; P , 0.001) 

and the subarachnoid hemorrhage group (20.67 ± 1.16; 

P , 0.001). Further, no statistically significant differences 

were found between the Tat-GS NP-pLXSN-treated group 

and the subarachnoid hemorrhage group (P . 0.05).

Morphometric results
Figure  10A–D shows light microscopic pictures of the 

basilar arteries from the control group and the subarachnoid 

hemorrhage group. Different degrees of vasospasm were 

observed in both the treated and untreated subarachnoid 

hemorrhage rats, including luminal narrowing, increased 

wall thickness, and corrugation of the internal elastic lamina 

in the basilar arteries. Meanwhile, all the subarachnoid 

hemorrhage rats, including those treated with Tat-GS 

NP-pLXSN or Tat-GS NP-pLXSN-CGRP, developed 

morphometric vasospasm as shown by the quantitative bar 

graphs in Figure  10E and F. The mean perimeters of the 

basilar arteries, as a percentage of that measured in the normal 

control group, were 56% ± 4%, 51% ± 6%, and 74% ± 7%, 

for the subarachnoid hemorrhage, Tat-GS NP-pLXSN, and 

Tat-GS NP-pLXSN-CGRP groups, respectively. Compared 

with the subarachnoid hemorrhage group, the Tat-GS 

NP-pLXSN-CGRP group showed a significant increase in the 

luminal perimeter of the basilar artery (P , 0.001), but the 

Tat-GS NP-pLXSN group did not (P . 0.05). Corresponding 

measurements of wall thickness were 248% ± 13%, 
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269% ± 20%, and 193% ± 14%, respectively. However, while 

the 193% ± 14% wall thickness in the Tat-GS NP-pLXSN-

CGRP group represented a significant change from the 

subarachnoid hemorrhage group, the 269% ± 20% wall 

thickness in the Tat-GS NP-pLXSN group did not.

Discussion
Steady progress in experimental gene therapy for cerebral 

vasospasm has been made over the past decade. However, 

inflammatory and immune responses to virus vectors are still 

major obstacles to effective gene therapy for vasospasm after 
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second injection of blood, the time course of overexpression 

of CGRP may coincide with the onset of vasospasm. After 

performing the therapeutic experiments in vivo, we compared 

and confirmed superior expression of the Tat-GS nanoparticle 

delivery systems by measuring CGRP expression levels in 

cerebrospinal fluid (Figure 8). The data show that a single 

injection of Tat-GS NP-pLXSN-CGRP enabled continuous 

production and accumulation of CGRP in cerebrospinal fluid, 

with a vasodilatory effect.

Over the last decade, although many genes have been 

used for experimental gene therapy in vasospasm, and 

some have been considered to be useful, researchers finally 

concluded that CGRP gene transfer might be one of the most 

promising.23–27 Previous researchers have studied the effect 

of CGRP gene therapy in the treatment of cerebrovascular 

disease. A study by Toyoda et al reported that the therapeutic 

effect of CGRP overexpression in a single blood injection 

rabbit model was prevention of cerebral vasospasm.4 Further, 

a study using a double-hemorrhage dog model demonstrated 

that application of adenovirus-mediated gene transfer of 

CGRP attenuated cerebral vasospasm after subarachnoid 

hemorrhage.3 Our study using Tat-GS nanoparticles also 

had positive results, clearly improving neurological scores 

(Figure 9) and demonstrating a significant increase in vessel 

perimeters and a corresponding decrease in wall thickness of 

the basilar artery (Figure 10). This amelioration of cerebral 

vasospasm and the associated behavioral outcome may 

result from the fact that CGRP protects tissue from injury in 

addition to having a vasodilatory effect on cerebral vessels. 

There is also evidence for a protective role of endogenous 

CGRP from a pig model of myocardial infarction,28 possibly 

via protection of microvascular endothelial cells,29 and that 

CGRP is a potent microvascular vasodilator, regulating 

microvascular blood flow and increasing tissue perfusion to 

protect tissue from injury. This is consistent with the results 

of our study, which demonstrated a consistent reduction 

in histologically determined vasospasm and an improved 

functional outcome.

In our preclinical study of this novel Tat-GS nanoparticle 

vector, we characterized the nanocomplex, optimized the 

in vitro gene delivery protocol used in a previous study, 

and evaluated its therapeutic potential using a double-

hemorrhage rat model. Further work needs to be done 

to develop strategies for targeting appropriate tissue and 

regulating gene expression, which will augment the efficacy 

of gene transfer. This may be achieved by using a specific 

promoter sequence or functionalizing the surface of the 

nanoparticle with targeting ligands to prevent expression 

subarachnoid hemorrhage. Nonviral vectors, especially the 

nanoparticle vector with its low immunogenicity and good 

biocompatibility, have been reported to have beneficial 

effects in gene delivery in vitro and in vivo.10,17 In this 

paper, we report application of a vasodilator gene carried 

by nanoparticles for the potential treatment of cerebral 

vasospasm. For this, we developed a Tat peptide-decorated 

GS nanoparticle carrying CGRP and investigated its potential 

for transducing endothelial cells and eventually inducing 

efficient therapeutic vasodilation and neuroprotection. 

Figures  1–3 confirm successful formation of Tat-GS 

nanoparticles using transmission electron microscopy, 

particle size, zeta potential, and quantitative analysis with 

spectrofluorimetry.

Our data reveal that the efficiency of gene transfer can be 

significantly enhanced by Tat-GS nanoparticles (Figure 7A), 

although there were no significant differences in pLXSN-

CGRP entrapment efficiency and cellular uptake between 

Tat-GS nanoparticles and GS nanoparticles (Figures  4 

and 6). It is likely that the duration of cell incubation with the 

nanocomplexes is long enough for both NP-pLXSN-CGRP 

complexes to adhere to the cell surface and then internalize 

into the cell. Therefore, Tat-GS and GS nanoparticles have 

parallel efficiency in terms of cellular uptake. The Tat peptide 

is characterized by a linear sequence of 13 amino acids which 

carries a transmembrane signal and a nuclear localization 

signal.18,19 Membrane penetration is driven primarily by ionic 

interaction between the cationic charges of the Tat peptide 

and the anionic charges of the phospholipid heads in the 

biomembrane. Therefore, the Tat peptide is used extensively 

for mediating intracellular delivery of many different types 

of cargos,20 including GS nanoparticles.13

The early literature indicated that internalized Tat-GS 

nanoparticles might first be trapped in endosomes, and 

then escape from endocytic vesicles via membrane fusion 

or a proton sponge effect.11,21 Because of the effect of the 

nuclear localization signal in the Tat peptide, pLXSN-CGRP 

loaded into Tat-GS nanoparticles can be transferred into the 

nucleus, so that the pLXSN-CGRP can be protected until its 

entry into the nucleus and then be released from the Tat-GS 

nanoparticles for efficient gene transfection. In vitro analysis 

showed that cells transduced by Tat-GS nanoparticles can 

express their transgene for at least ten days and reach a 

peak on day 4 (Figure 7B). In the rat model of subarachnoid 

hemorrhage, vasospasm usually peaks approximately 5 days 

after the second injection of blood.14,16,22 Therefore, when 

injecting Tat-GS NP-pLXSN-CGRP into the cisterna magna 

in rats with subarachnoid hemorrhage one day following the 
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at nonspecific sites.30–32 In addition to exploring the 

pharmacodynamics of nanocomplexes, the pharmacokinetics 

of the vector and any potential adverse reactions caused by 

overexpression of the CGRP gene must also be clarified.33

However, some limitations remain. Long-term 

neurocognitive deficits are often seen in patients with 

vasospasm in clinical practice, so integrating the long-term 

tasks of learning and memory into our neurological scoring 

system might further improve the clinical relevance of this 

study.34 Further, given that there are documented anatomical 

differences between the cerebral arteries of the rat and those 

of humans,35–37 our experimental model of subarachnoid 

hemorrhage in rats does not fully replicate vasospasm after 

subarachnoid hemorrhage in humans. Further studies using 

larger or even primate models of vasospasm are needed to 

address this limitation.

Conclusion
This study demonstrates the unique potential of Tat-GS 

nanoparticles in gene delivery and suggests a potential role 

for these nanoparticles in treating cerebral vasospasm. Our 

data show that loading of the CGRP gene into Tat-GS nano-

particles can attenuate vasospasm after subarachnoid hemor-

rhage and improve the neurological outcome. In addition to 

its vasodilatory effect in the cerebral vessels, CGRP may also 

act as a neuroprotective agent. Use of the CGRP gene and 

Tat-GS nanoparticles is a safe and effective gene delivery 

system for the treatment of cerebral vasospasm.
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