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Introduction
During the past decades, several modalities and approaches 
have been used for the delivery of certain biomolecules to 
the target organs.1 One of the challenges in this area is the 
existence of natural barriers inside the body restricting 

the easy access of certain molecules to the target sites.2 
The brain provides an impermeable interface namely the 
blood-brain barrier (BBB) which substantially limits the 
entrance of hazardous agents, bioactive molecules from 
the blood to the nervous system.3,4 In this regard, gene 
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Abstract
Introduction: Blood-brain barrier with strictly 
controlled activity participates in a coordinated 
transfer of bioactive molecules from the blood to 
the brain. Among different delivery approaches, 
gene delivery is touted as a promising strategy for 
the treatment of several nervous system disorders. 
The transfer of exogenous genetic elements is 
limited by the paucity of suitable carriers. As a 
correlate, designing high-efficiency biocarriers 
for gene delivery is challenging. This study aimed 
to deliver pEGFP-N1 plasmid into the brain 
parenchyma using CDX-modified chitosan (CS) 
nanoparticles (NPs). 
Methods: Herein, we attached CDX, a 16 amino acids peptide, to the CS polymer using bifunctional 
polyethylene glycol (PEG) formulated with sodium tripolyphosphate (TPP), by ionic gelation 
method. Developed NPs and their nanocomplexes with pEGFP-N1 (CS-PEG-CDX/pEGFP) were 
characterized using DLS, NMR, FTIR, and TEM analyses. For in vitro assays, a rat C6 glioma 
cell line was used for cell internalization efficiency. The biodistribution and brain localization 
of nanocomplexes were studied in a mouse model after intraperitoneal injection using in vivo 
imaging and fluorescent microscopy. 
Results: Our results showed that CS-PEG-CDX/pEGFP NPs were uptaken by glioma cells in a 
dose-dependent manner. In vivo imaging revealed successful entry into the brain parenchyma 
indicated with the expression of green fluorescent protein (GFP) as a reporter protein. However, 
the biodistribution of developed NPs was also evident in other organs especially the spleen, liver, 
heart, and kidneys.
Conclusion: Based on our results, CS-PEG-CDX NPs can provide a safe and effective nanocarrier 
for brain gene delivery into the central nervous system (CNS). 
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Materials and Methods
Materials
Plasmid pEGFP-N1 (Clontech, Palo Alto, CA, USA) 
was purified using QIAGEN Plasmid Mega Kit (Qiagen 
GmbH, Hilden, Germany). Cysteine terminated CDX 
peptide was purchased from Biomatic Co. (Wilmington, 
USA) with a purity percentage of 99%. Bifunctional PEG 
(NHS-PEG-MAL, MW 2000) was purchased from Nanocs 
Inc. (Boston, USA). Fluorescein was purchased from 
Molecular Probes (Eugene, Oregon, United States). The 
drug Fingolimod was purchased from (AdooQ Bioscience, 
Centerstone Plaza, Irvine, USA). Other purchased 
materials were as follows: CS (Chitolytic, 17 Carlaw Ave, 
Toronto, ON M4M 2R7, Canada), Acetic acid (Sigma–
Aldrich, St. Louis, Missouri, USA), cell culture flasks 
and plates (SPL, Geumgang-ro, Pocheon-si, Gyeonggi-
do, Korea), tripolyphosphate (TPP) (Sigma–Aldrich, St. 
Louis, Missouri, USA), cellulose dialysis bag (cut off 12-14 
kDa) (Sigma–Aldrich, St. Louis, Missouri, USA), agarose 
powder (Bio-Rad, Hercules, California, USA), SYBR™ 
Green (Thermo Fisher, Waltham, Massachusetts, USA), 
TNBSA assay (Thermo Fisher, Waltham, Massachusetts, 
USA), Ellman reagent (Thermo Fisher, Waltham, 
Massachusetts, USA), DMEM/HG cell medium (Sigma–
Aldrich, St. Louis, Missouri, USA), fetal bovine serum 
(Gibco™, Thermo Fisher, Waltham, Massachusetts, 
USA), Pen-Strep, and Trypsin-EDTA (Sigma–Aldrich, St. 
Louis, Missouri, USA).
 
Synthesis of CS derivatives
Preparation of CS-PEG-CDX polymers 
To prepare the CS solution, 3 mg low molecular weight 
CS, ranging 50–150 kDa, were dispersed in 1% acetic 
acid and stirred continuously for 2 hours followed by 
incubation at 4˚C overnight. For covalent attachment 
of NHS-PEG2000-MAL (in 10 M excess) to CS polymers, 
pH was adjusted to 6 using 1 M NaOH. The reaction was 
preceded for 3 hours at room temperature. Then, the pH 
of the solution was adjusted to 7 and stirred overnight 
under similar conditions to obtain CS-PEG conjugates. 
To eliminate unreacted PEG molecules, we used a 
cellulose dialysis bag (cut off 12-14 kDa). In this phase, 
the N-hydroxysuccinimide (NHS) groups of bifunctional 
PEG reacted with NH2 groups on the CS polymer 
backbone. For the best reactivity of NHS groups and the 
instability of NHS esters at higher pH, we adjusted the 
reaction pH to 7-9. While this value was set to about 6.5 
to 7.5 for the maleimide (MAL) groups and 6.5 for the CS 
polymers. The pH of peptide binding to CS reaction was 
about 7. We then added cysteine-terminated CDX peptide 
in a 1:1 molar ratio (CDX: PEG), and the solution was 
stirred for the next 12 hours. Again, the cellulose dialysis 
bag (cut off 12-14 kD) was used for discharging unreacted 
CDX. Finally, CS-PEG-CDX polymers were used for the 
synthesis of CDX-modified CS NPs. 

delivery is one of the available approaches to the transfer 
of exogenous genetic elements into the brain parenchyma. 
This approach per se is a powerful tool to achieve apparent 
therapeutic effects stand-alone or in combination with 
modalities.5 Since 1989, more than 1400 clinical trials 
have been performed around gene therapy whereas very 
limited numbers are approved by the Food and Drug 
Administration (FDA).1,2,6 The success and efficiency 
of gene therapy correlate with vector features.7 Despite 
encouraging results achieved by viral-based vectors, the 
stimulation of immune response, fusion possibility with 
wild-type viruses, spontaneous mutations, and the very 
high cost of engineered viral vector production are serious 
concerns.8 As a matter of fact, the selection of certain 
administration routes is another bottleneck in the field. 
For instance, most current gene vectors are administrated 
via craniotomy or direct intracerebral injection, which 
are highly invasive and have topical effects.9 Considering 
the involvement of different brain regions during most 
pathologies, the gene delivery system should be capable of 
widespread distribution throughout the central nervous 
system (CNS) post-systemic administration.10,11 During 
the recent two decades, researchers have focused on the 
development of targeted non-viral vectors to circumvent 
the above-mentioned drawbacks. 

Chitosan (CS) is a biodegradable, biocompatible, and 
non-immunogenic polymer derived from chitin. Owing 
to its cationic nature, CS is commonly used as a promising 
non-viral vector for gene delivery purposes.12,13 Generally, 
the formation of highly stable polyplexes between 
negatively charged genetic materials (e.g., pDNA=plasmid 
DNA) and cationic structures like CS is electrostatically 
achievable.14 Of note, inherent lysosomal escape occurs 
during BBB transfer of several bioactive molecules. As a 
correlate, receptor-mediated transcytosis (RMT) systems 
are the best option for brain-targeted gene delivery.15 To 
date, different types of ligands like transferrin, leptin-
derived peptides, angiopep-2, platelet endothelial cell 
adhesion molecule-1 (PECAM), and SRL peptides have 
been used for gene delivery into the brain parenchyma.16-18 
CDX is a 16-amino acid peptide sequence isolated from 
snake venom known as candoxin. This peptide can 
identify the α7 subunit of acetylcholine nicotinic receptors 
(nAchR) on the surface of brain capillary endothelial 
cells.19-22 Commensurate with these descriptions, CDX 
has been used for the release of drugs into the brain alone 
or combined with other peptides (e.g., RGD) for dual 
targeting purposes.23-25  

So far, this is the first report which shows CDX-
modified CS nanoparticles (NPs) for in vivo gene delivery 
purposes. Here, we aimed to evaluate the potency of CDX-
modified CS NPs (CS-PEG-CDX) and their combination 
with pEGFP-N1 (CS-PEG-CDX/pEGFP) in the delivery 
of certain genetic elements into the brain in in-vivo 
conditions. 
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Preparation of CDX-modified CS NPs 
The ionic gelation method was used for the synthesis of 
CDX-modified CS NPs. Briefly, the TPP was separately 
prepared by dissolving in 3 mL of distilled water (TPP-to-
CS ratio was 1:5 w/w) and slowly added into the polymer 
solution at 900 rpm stirring speed. The cloudy solution 
was stirred for 2 hours to yield a homogeneous solution.
Preparation of CS-PEG-CDX/pEGFPN1 polyplexes
Considering the electrostatic interactions of cationic NPs 
with the negatively charged plasmid, the pH of the CS-
PEG-CDX solution was set to 6.5. In this pH, unoccupied 
NPs amine (NH2) groups were protonated and changed 
into NH3

+. Finally, 5 µL of pEGFPN1 was mixed with 12 
µL of the pH-adjusted CS-PEG-CDX NPs solution. Values 
such as zeta potential, morphology, and real size of NPs 
measured by transmission electron microscopy (TEM), 
and nanocomplexes formation and stability are shown 
in Figure 3A-D, while the hydrodynamic diameter of 
NPs and nanocomplexes, and their polydispersity index 
(PDI) measured by dynamic light scattering (DLS) are 
respectively shown in Table 1. 

Electrophoresis of CS-PEG-CDX/pEGFP nanocomplex
Different ratios of NP/plasmid (N/P; mol/mol) were 
prepared as follows: 1: 20, 1: 10, 1: 5, 5: 1, 10: 1, and 20: 1. 
Thereafter, the stability and mobility of synthesized CS-
PEG-CDX/pEGFPN1 complexes were evaluated in 0.7% 
agarose gel electrophoresis. Electrophoresis was carried 
out for 30 minutes under 100 V/cm and the bands were 
visualized and recorded using the Gel Doc system. 

Characterization of synthesized polymers and NPs 
NMR, FTIR, DLS, and zeta sizer were used to measure 
the physicochemical characteristics of the synthesized 
NPs. To analyze NMR, CS-PEG-MAL and CS-PEG-CDX 
solutions were initially turned into powder and dissolved 
in D2O. The solutions were further analyzed in an NMR 
system (Bruker Avance II 400 MHz spectrometer). The 
exact amount of PEG and Cys-CDX substitution on the 
polymer constructs was estimated using TNBSA and 
Ellman's reagent assays, respectively. Size and the zeta 
potential of NPs were studied using the DLS method 
and Zeta Plus Analyzer (Zetasizer Nano ZS, Malvern; 
UK). The peaks related to CS-PEG and CS-PEG-CDX 

polymers were confirmed by FTIR (Spectrum™ 100 
Optica system). Data were separately collected in the form 
of the spectrum ranging from 500 to 4000 cm-1 for each 
CS, PEG, CDX, CS-PEG, and CS-PEG-CDX polymers. 
After the completion of NMR, FTIR, DLS, and zeta sizer 
analyses, the size and morphology of the NPs, as well as 
NP–gene complex, were visualized using TEM (Digital 
Instrument Inc., Santa Barbara, USA).

Degree of substitution (DS)
Quantifying free amine groups: TNBSA assay
To quantify the unmodified free amine groups on the 
CS polymer, we used a TNBSA assay.26 The mixture of 
CS with NHS-PEG-maleimide was dialyzed through 
a cellulose dialysis bag (cutoff 12-14 kDa). Afterward, 
the filtered solution was freeze-dried. One milligram of 
CS-PEG powder was quantified based on the TNBSA 
reagent protocol.26 The DS of PEG on CS was calculated 
using a standard curve (R2 = 0.9959) using 8 different 
concentrations of unmodified CS according to the 
following equation:

DS amine = [(C - CP)/C] × 100% (1)
where “C” and “CP” stand for amine group contents in 

CS and CS-PEG polymers, respectively.
Quantifying free sulfhydryl groups: Ellman’s assay
To determine the number of free cysteine terminates 
in the CS-PEG-CDX solution, we performed Ellman’s 
assay.26 In brief, the reaction buffer containing 0.1 M 
sodium phosphate and 1 mM ethylenediaminetetraacetic 
acid (EDTA) was prepared at pH 8.0. Two hundred and 
fifty microliter of sample solution was added to a test 
tube containing a mix of 50 µL Ellman’s reagent and 2.5 
mL reaction buffer. Then, the mixture was incubated at 
37°C for 15 minutes, and the absorbance was measured 
at 412 nm. Data were compared to a standard curve 
prepared based on different serial dilutions of cysteine 
hydrochloride monohydrate (n=8 and R2 = 0.9743). The 
free sulfhydryl group content was quantified according to 
the following equation:

DS thiol = [(T - CPT)/T] × 100%,(2)
Where “T” and “CPT” stand for sulfhydryl group contents 
in CDX peptide and CS-PEG-CDX polymer, respectively.

Table 1. The size distribution and zeta potential of CS-derived polymers and NPs

Formulation
Size (nm)

Zeta potential (mV)
DLS TEM

CS NP 80 50 +28.2

CS-PEG NP 120.3 NA -1.76

CS-PEG-CDX NP 162.4 70 0.91

CS-PEG-CDX:pEGFP-N1 
N:P ratio

5:1 283.8 NA -23.0

10:1 174.6 120 -16.9

20:1 391.7 NA -14.2
CS; chitosan, NP; nanoparticle, NA; not assessed.
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Cell culture and expansion protocol
Rat C6 glioma cells were purchased from the National 
Cell Bank of Iran (NCBI Code: C575; Tehran; Iran). The 
cells were cultured in high-glucose content Dulbecco's 
Modified Eagle Medium (DMEM/HG). The medium was 
supplemented with 10% fetal bovine serum (FBS), and 
1% Pen-Strep solution. Cells were maintained at 37˚C in 
a humidified incubator with 5% CO2. Cells were passaged 
at 70-80% confluence using 0.25% Trypsin-EDTA. Rat 
C6 glioma cells at passages 3-6 were used for different 
analyses. 

Measuring CS-PEG-CDX/pEGFP uptake by C6 glioma 
cells can express high levels of α7 subunit of nAchR.27 The 
ethidium bromide (EtBr)-labeled pEGFP solution was 
used to prepare NPs by the same method as the above-
mentioned. To this end, C6 glioma cells were seeded at 
an initial density of 2 ×104 cells/well in 24-well plates 
and allowed to reach 70-80% confluence. Then, different 
concentrations (5, 10, 20, and 40 ppm) of EtBr-labeled 
pEGFP/CS-PEG-CDX nano-complexes were added to the 
culture medium and maintained for 3 hours at standard 
condition.28,29 To avoid the possible effects of the protein 
corona, cells were incubated with EtBr-labeled pEGFP/
CS-PEG-CDX nano-complexes in a culture medium 
containing 2% FBS. After completion of the incubation 
period, the supernatant was removed, and cells were 
washed with phosphate-buffered saline (PBS) three 
times. The number and intensity of fluorescent cells were 
checked by fluorescence microscopy (Olympus, Osaka, 
Japan).

In vivo imaging analysis
Around 4–5-week-old male Balb/c mice (n=6), weighing 
20–25 g were purchased from Razi Vaccine and Serum 
Research Institute (Karaj, Iran). The animal was kept in 
standard cages with unrestricted access to food and water 
under standard 12-hour light/dark cycles. Animals were 
treated according to the Guide for the Care and Use of 
Laboratory Animals (NIH, 1986), and all phases of this 
study were approved by the Local Ethics Committee 
of Tabriz University of Medical Sciences. To assess the 
BBB transfer of EtBr-labeled pEGFP/CS-PEG-CDX into 
the brain, polyplexes containing pEGFP (10:1, CS-PEG-
CDX to DNA, w/w) with a dose of 50 µg DNA/mice were 
injected intraperitoneally once a day for 5 consecutive 
days. After this period, the mice were imaged using CRi 
Maestro (Fluorescence) Imaging (Kodak Fx Pro, New 
York, USA).18

Measuring gene expression using fluorescence imaging ex 
vivo
The mice were humanely euthanized using an overdose 
of Xylazine and Ketamine. Then, brain samples were 
maintained in OCT for 24 hours at -20oC. For fluorescent 
imaging, 20-µm thick sections were prepared from 

samples embedded in OCT using Cryostat (Leica, CM 
1900, Wetzlar, Germany). For nuclear staining, slides were 
stained with 300 nM DAPI. After two-time PBS washes, 
the slides were visualized using fluorescence microscopy. 

Statistical analysis 
Experimental results are expressed as means ± SD. 
Statistical analysis was carried out by SPSS software (ver. 
17.0; IBM; USA) using the general linear model and 
Tukey’s post hoc test. P < 0.05 was considered statistically 
significant.

Results 
Characterization of CS derived NPs
FTIR results
The mechanism of synthesis of CDX-modified CS/
pEGFP-N1 nanocomplexes is illustrated in Fig 1. 

FTIR spectroscopy was used to characterize the covalent 
attachment of reaction components to each other. Fig. 
2A-E depicts the characteristic spectra of functional 
groups and bonds in CS, NHS-PEG2000-MAL, CDX, CS-
PEG, and CS-PEG-CDX. The characteristic peak of CS 
at 3441 cm-1 is related to the overlapping tensile vibration 
of N-H and O-H (Fig. 2B). The peak at 2879 and 1111 
cm-1 are associated with the traction of C=O and C-H that 
appeared after the binding of PEG. These peaks appeared 
strongly in grafted materials compared to the CS polymer. 
Another characteristic peak of PEG, 1728 cm-1, is related 
to C-O-C tensile vibration and can also be associated 
with esterification (Fig. 2C and 2E). An increase in the 
vibration of the alkyl was observed at 1072 cm-1, which 
represents the tensile vibrations of the C-O bond of the 
glucosamine ring. The peak at 1580 cm-1 indicates the 
N-H bond of the primary amines of CS polymer, in which 
the amide I peak was removed after the binding of PEG. 
The tensile vibrations of the glycoside C-O-C linkage are 
observed at 896 cm-1 and the CH2 flexural bond at 1420 
cm-1 (Fig. 2B). 

The peak at 1240 cm-1 is related to the binding of the 
thiol peptide group to the maleimide group of the PEG 
molecule (Fig. 2A).30, 31 Two characteristic peaks of 
the attached peptide at 1645 cm-1 and 1565 cm-1 were 
associated with amide I and amide II bands, respectively.32 
Finally, the electrostatic interactions between the amine 
groups of CS and the oxygen group of TPP were shown 
at 1215 cm-1 (Fig. 2E).33 We evaluated also the created 
characteristic peaks after the reaction of CS, bifunctional 
PEG, and CDX peptide with each other using 1HNMR 
(Supplementary data).

Consistent with FTIR and NMR data, the TNBSA and 
Ellman assays confirmed the concise attachment of PEG 
and peptide molecules to the CS polymeric backbone. The 
measured concentration of free amines with TNBSA assay 
for CS, CS-PEG, and CS-PEG-CDX were 468.56, 132.01, 
and 94.79 μM, respectively. These data show that the 



Targeted gene delivery to the brain

BioImpacts, 2023, 13(2), 133-144 137

degree of amine substitution was approximately %71.82. 
Following the reaction of the CDX with the CS-PEG 
solution, all CDX contents were attached to the PEG MAL 
groups in the CS-PEG polymer structure. These findings 
are in agreement with the zeta potential of prepared NPs, 
in which the zeta potential of CS, CS-PEG, and CS-PEG-
CDX NPs reached +28, -1.76, and +0.9mV, respectively 
(Table 1, Fig. 3C).

Size, zeta potential, and morphology results
The chemical formation of NPs was performed in a self-
assembly manner, in which the complex was formed by 
adding TPP as an ionic cross-linker. Generally, the CS-
PEG-CDX/TPP ratio, stirring speed, and TPP adding 
speed have a crucial effect on the size and zeta potential of 
synthesized CS-based NPs. In this regard, we used various 
CS-PEG-CDX: TPP ratios ranging from 1:1 to 5:1 w/w, 

Fig. 1. Schematic representation of CS-PEG-CDX/pEFGN1 nanocomplexes preparation methods. The important steps of synthesis have been illustrated 
schematically.

Fig. 2. FTIR spectrum of (A) CDX peptide, (B) CS polymer, (C) NHS-PEG2000-MAL, (D) CS NP, and (E) CS-PEG-CDX polymer. FTIR: using KBr disc.
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with different stirring speeds, and the TPP adding speed. 
Our results showed that the best ratio of CS-PEG-CDX: 
TPP and stirring speed for CS-PEG-CDX NP synthesis are 
5:1 w/w and 1000 rpm, respectively (Table 2).

The zeta potential of CS NPs was +28 mV. This value is 
due to the presence of numerous amine groups on the CS 
surface. However, the addition of PEG into the CS NP’s 
structure reduced the zeta potential to -1.76 mV, indicating 
the successful reaction of PEG with CS amine groups (Fig. 
3C). Finally, the zeta potential of CS-PEG-CDX was +0.9 
mV, which is due to the positive charge of CDX peptide 
at physiological pH (about +2 mV). It is noteworthy to 
mention that the final positive charge of synthesized NPs 

is a vital factor in compacting plasmids. DLS data showed 
that the average hydrodynamic diameter of the CS, CS-
PEG, and CS-PEG-CDX NPs is around 73.34, 97.52, and 
123 nm, respectively. The real size and morphology of 
the NPs were also checked using TEM (Fig. 3A-C). Our 
results showed that the morphology of synthesized NPs 
is spherical. The mean size of CS, CS-PEG-CDX, and CS-
PEG-CDX/pEGFP NPs is around 50, 70, and 120 nm, 
respectively (Table 1, Fig. 3A-C).

The agarose gel electrophoresis is widely used to evaluate 
the stability of synthesized NPs like CS-PEG-CDX/pEGFP 
complexes (Fig. 3B). In this regard, we labeled the pEGFP 
plasmid with EtBr, and different ratios of N/P were 

Table 2. Optimizing the CS-PEG-CDX: TPP ratio and stirrer speed

CS-PEG-CDX:TPP ratio Speed (RPM) Size (nm) PDI
1:1 1000 316.5 0.237
2:1 1000 204.1 0.440
3:1 1000 190 0.215
4:1 1000 107 0.181
5:1 1000 78.75 0.292
5:1 750 170.9 0.376
5:1 500 276.0 0.237

RPM; Round per minute, CS; Chitosan, CDX; Candoxin derived 14 amino acids sequence, TPP; Sodium tripolyphosphate, PDI; Poly dispersity index, 
PEG; Poly ethylene glycol. 

Fig. 3. (A) TEM image of CS NPs (scale bar: 50 nm), (B) CS-PEG-CDX NPs (scale bar: 50 nm), and (C) CS-PEG-CDX/pEGFP nanocomplexes (scale bar: 
120 nm). (D) Agarose gel electrophoresis. The stability of nano-complex in electromagnetic field and enzyme degradation increased by an increase in the 
concentration of NPs to plasmid (lanes 7-10). (E) Zeta potential of CS, CS-PEG, and CS-PEG-CDX NPs is touted as successful attachment of PEG and CDX 
to the structure of NPs. Agarose gel concentration: 0.7%, Electrophoresis time: 30 minutes, Electrophoresis voltage: 100 V/cm.
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prepared. The complexes were electrophoresed on 0.7% 
agarose gel at different N/P ratios (1: 20-20: 1). Our results 
showed that the N/P ratio at 5:1 and higher ratios have 
good stability and appropriate molecular weights. The N/P 
ratio of 10:1 was selected for subsequent in vivo analysis 
based on the proper size and appropriate zeta potential. 
Moreover, in Fig. 3B (lanes 4, and 7), it is well shown that 
the plasmid shows different resistance behavior in the 
presence and absence of DNAse I. Thus, this maintained 
stability in the presence of the enzyme indicates the 
enzymatic stability of the synthesized nanocomplexes in 
the biological environment, which is a crucial factor for a 
proper gene delivery system.

In-vitro uptake of CS-PEG-CDX/pEGFP by C6 glioma 
cells 
The cellular uptake of CS-PEG-CDX/pEGFP 
nanocomplexes was analyzed in the rat C6 glioma cell 
line using a fluorescence microscope. To evaluate the 
internalization efficiency, the cells were imaged 3 hours 
after treatment with different concentrations (5, 10, 20, 
and 40 ppm) of EtBr-labeled CS-PEG-CDX/pEGFP 
nanocomplexes. As shown in Fig. 4, the cellular uptake of 

CS-PEG-CDX/pEGFP nanocomplexes was intensified by 
increasing the concentration of nanocomplex from 5 ppm 
(Fig. 4A-C) up to 40 ppm (Fig. 4J-L), indicating a dose-
dependent uptake of the synthesized nanocomplexes. 

Fluorescent Imaging
In vivo imaging analysis
For evaluating the efficiency of synthesized nano-
complexes to reach the brain, the EtBr-labeled pEGFP/
CS–PEG–CDX and EtBr-labeled pEGFP/CS (10:1, NPs 
to the plasmid, w/w) nano-complexes were injected 
intraperitoneally at a dose of 50 μg DNA per mouse once 
a day for 5 consecutive days. The total volume injection 
was 200 μl per day.18 To assess the biodistribution 
nanocomplexes, different organs including the heart, 
spleen, kidneys, and liver were sampled along with the 
brain. As shown in Fig. 5A, EtBr-labeled pEGFP can be 
seen in the brain of the animal that received EtBr-labeled 
pEGFP/CS–PEG–CDX compared to the control group. 
The biodistribution of NPs in vital organs like the liver, 
spleen, heart, and kidneys was also evident in which the 
spleen was the main target for EtBr-labeled pEGFP/PEG–
CDX (Fig. 5B). 

Fig. 4. Cellular internalization of EtBr-labeled CS–PEG–CDX/pEGFP nanocomplexes in the concentration of 5 (A-C), 10 (D-F), 20 (G-I), and 40 ppm (J-L) by 
C6 glioma cells, in a concentration-dependent manner. Red: Ethidium bromide, Blue: Hoechst. Scale bar 100 µm.
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Distribution and GFP expression in the brain
To ascertain the presence of synthesized nanocomplexes 
in the brain tissue, we checked the red fluorescence of 
EtBr-labeled nanocomplexes in the mice brain slices using 
a fluorescent microscope (n=3). Our results showed that 
the EtBr-labeled pEGFP/CS-PEG-CDX nanocomplexes 
were efficiently transfected into the cells and expressed 
across the brain parenchyma (Fig. 6). 

Discussion 
Given the unique features of CS, including biocompatibility, 
biodegradability, and mucous attachment, CS-based NPs 
are one of the promising tools for drug and gene delivery.34 
However these NPs suffer from some deficiencies, especially 
in biological environments. The most important of them 
is their instability in the physiological pH because of their 
ionic interactions with TPP. It was shown that in pH above 
7.4, the protonation of TPP causes the dissociation of CS 
polymer from TPP and results in NPs' rapid degradation.35 
In alignment with those findings, our results showed that 
unmodified CS NPs synthesized using the ionic gelation 
method were stable in the RPMI media with pH 7.4 only 
for 4 hours. While after modification with bifunctional 
PEG and CDX peptide, this time increased to around 72 
hours (data was not shown). The possible reason behind 
this enhanced stability might be the more condensation 
of the CS polymers due to interactions among added 
molecules to the NP structure. Based on our multi-

step characterization, CS NPs, CS-PEG-CDX polymer, 
and CS-PEG-CDX NPs were successfully synthesized. 
Further, physicochemical properties of developed NPs 
like their size and zeta potential are under 100 nm, which 
are proper features for a nano-drug delivery system 
(NDDS).36 Our findings established that in the case of 
functionalized-CS NPs, preparation of polymers, CDX-
PEG-CS polymer is the best strategy compared to surface 
modification after the synthesis of CS NPs. Furthermore, 
the physicochemical properties of CDX modified Cs NPs 
complex with pEGFP-N1 confirmed that in the N/P ratio 
of 10:1, the aforementioned features, condensation, and 
their stability against DNAse are in the suitable range for 
in vivo study.18,37 Among different routes for NP entrance 
to the brain, including adsorption-mediated endocytosis 
(AME), carrier-mediated endocytosis (CME), and RMT, 
the latter one is a more suitable route for intact delivery of 
cargo to the brain parenchyma.38,39 Hence, using the ligands 
which initiate this biological process is the best option for 
drug/gene delivery to the brain. Up to now, there have 
been some ligands discovered with the aforementioned 
capability, such as Angiopep-2,40 SRL peptide,18 Leptin-
derived peptides,41 and CDX peptide.25 CDX is a 16-amino 
acid peptide sequence isolated from snake venom known 
as Candoxin.42 This peptide can identify the α7 subunit 
of nAchR on the surface of brain capillary endothelial 
cells.19-22 It has been shown that this receptor is highly 
expressed on the brain capillary endothelial cells with a 

Fig. 5. Ex vivo imaging of major organs of the mice was treated with EtBr-labeled CS/pEGFP (control) and EtBr-labeled CS–PEG–CDX/pEGFP nanocomplexes. 
Images were taken 48 h after IP injection of NPs. (A) Organs image (Left), The fluorescent merged images of the same organs (Right). (B) Semi-quantitative 
fluorescence intensity of the brain and different organs. P value ≤0.05, (n=3, M1-3).
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very high affinity to the CDX peptide and fast transcytosis 
ability.25 

Moreover, as mentioned earlier, the C6 glioma cell 
line overexpressed α7 nAchRs. An increase in the 
fluorescence intensity in the present study is due to 
the high cellular internalization of nanocomplexes 
into the rat C6 glioma cells via α7 nAchRs, in a dose-
dependent manner. Therefore, CS-PEG-CDX/pEGFP 
nanocomplexes are promising agents for the dual-
targeting of glioma. Interestingly, it has been shown that 
the α7 nAChRs are involved in proliferation, migration,43 
tumor formation,44 and resistance to apoptosis 
induced by different therapeutics.45,46 According to the 
abovementioned evidence, our developed CS-PEG-
CDX/pEGFP nanocomplexes are suitable candidates 
for the dual-targeting of glioma.47,48 On the other hand, 
our results showed an interesting outcome, in which the 
spleen has trapped most of the nanocomplexes in the in 
vivo study. It seems that the synthesized nanocomplexes 
were captured by the spleen due to the high levels of IgM 
adsorbed to the CDX segment of nanocomplexes. It has 

been shown that the positive net charge of CDX peptide 
is the main reason for IgM attachment to this peptide.49 
Different studies have shown that IgM-dependent 
fast removal of NPs is completely associated with the 
activation of the spleen marginal zone B lymphocytes 
controlled by type 2 T helpers.50 Commensurate with 
the comments, we proposed that the same mechanism 
contributed to the splenic accumulation of EtBr-labeled 
pEGFP/CS-PEG-CDX nanocomplexes. Given that 
homomeric α7 nAChRs are abundantly expressed in the 
CNS and spinal cord,51 and they exert neuroprotection 
activity in microglia,52 and astrocytes,53,54 by reducing 
the pro-inflammatory cytokines, they can be considered 
as a promising choice for treating neuroinflammatory 
diseases.55 In this regard, it was suggested that α7 nAchRs 
have a vital role in the proliferation and viability of 
glutamatergic synapses in the hippocampus,56 a site in 
the brain which is responsible for memory formation 
and consolidation. Consistent with these data, the pivotal 
role of α7 nAchRs deficiency in developing a cognitive 
related disease, especially Alzheimer's disease (AD) has 

Fig. 6. The qualitative evaluation of EtBr-labeled CS-PEG-CDX/pEGFP NPs and gene expression in vivo. Profile of labeled pDNA distribution and GFP gene 
expression in brains of Balb/c mice treated with EtBr-labeled CS/pEGFP (I-IV) and CS–PEG–CDX/pEGFP (n=3) nano-complexes 48 h after last i.p. injection 
(V-XXXII). Frozen sections (thickness of 20 µm) of the striatum (V-VIII), ventricle (IX-XII), substantia nigra (XIII-XVI), cortical layer (XVII-XX), brain stem (XXI-
XXIV), basal ganglia (XXV-XXVIII), and hippocampus (XXIX-XXXII) were observed by fluorescent microscopy. The sections were stained with 300 nM DAPI 
for 10 min at room temperature. Green: GFP. Blue: DAPI. Red: EtBr. Original magnification: 100.
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been established.57,58 Concerning our findings (Fig. 6), we 
proposed that the currently synthesized nanocomplexes 
could be used for gene therapy for CNS-related cancers 
and neurodegenerative diseases.

Conclusion
For the first time, developed CDX modified CS NPs were 
demonstrated to be efficient for brain-targeting gene 
delivery in vivo conditions. The qualitative experiments 
proved by in vivo imaging system and fluorescent 
microscopy showed that CS–PEG–CDX/pEGFP-N1 
are capable of crossing the BBB and reach the brain 
parenchyma. Based on the importance of nAchR function 
in the pathology of glioma and AD, we believe that CS-
PEG-CDX NPs have a promising potential for efficient 
noninvasive targeting gene delivery to mentioned diseases.
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