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Owing to the existence of the blood—brain barrier (BBB), most treatments cannot achieve significant effects
on gliomas. In this study, synergistic multitarget Ang-TAT-FeszO4-pDNA-(ss)373 lipid-polymer hybrid
nanoparticles (LPNPs) were designed to penetrate the BBB and deliver therapeutic genes to glioma cells.
The basic material of the nanoparticles was PCLz750-5s-PEG7500-55-PCL3z750, and is called (ss)373 herein.
(ss)373 NPs, FesO4 magnetic nanoparticles (MNPs), DOTAP, and DSPE-PEG-MAL formed the basic
structure of LPNPs by self-assembly. The FesO4 MNPs were wrapped in (ss)373 NPs to implement
magnetic targeting. Then, the Angiopep-2 peptide (Ang) and transactivator of transcription (TAT) were
coupled with DSPE-PEG-MAL. Both can enhance BBB penetration and tumor targeting. Finally, the
pDNA was compressed on DOTAP to form the complete gene delivery system. The results indicated that
the Ang-TAT-FezO4-pDNA-(ss)373 LPNPs were 302.33 nm in size. In addition, their zeta potential was
4.66 mV, and they had good biocompatibility. The optimal nanoparticles/pDNA ratio was 5 : 1, as shown
by gel retardation assay. In this characterization, compared with other LPNPs, the modified single Ang or
without the addition of the FesO4 MNPs, the penetration efficiency of the BBB model formed by
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The gene delivery system includes a viral vector and non-viral
vector.* Various viral vectors have been proven to be able to
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Glioma is a kind of malignant tumor derived from the glial
tissue of the central nervous system, which grows invasively and
is highly aggressive." The treatment of glioma is a comprehen-
sive treatment based on surgical resection; however, the recur-
rence and metastasis after surgery remain difficult and
intractable for clinical treatment.” Currently, there is an urgent
need for further treatment to eliminate the residual tumor cells,
and achieve a better therapeutic effect in the long term. Gene
therapy has been considered a therapeutic method with high
potential and promise for glioma treatment. The two important
factors for implementing gene therapy successfully are pene-
trating the blood-brain barrier (BBB) efficiently, and achieving
gene transfection of the glioma cells effectively.® In order to
achieve these two aims, we designed and synthetized the Ang-
TAT-Fe;0,-DOTAP-(ss)373 lipid-polymer hybrid nanoparticle
(LPNPs) as the gene delivery system.
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deliver genes into the central nervous system cells with large
capacity and high efficiency. However, their application is
limited owing to their biological specificity, such as immuno-
genicity and toxicity. By contrast, non-viral vectors with low
immunogenicity and relative safety have attracted extensive
attention.>® However, the disadvantages of non-viral vectors are
poorer brain targeting and lower transfection efficiency for
therapy of central nervous system diseases.’

To improve brain targeting, the penetration efficiency of the
BBB should be improved first. The BBB mainly comprises the
brain capillary endothelial cells and other different types of
cells, like pericytes and astrocytes, that also contribute to the
formation of the BBB.*® The main function of the BBB is the
separation of the blood circulation system from the brain
tissue, prevention of harmful substances from entering the
brain, and providing a relatively stable internal environment for
the brain tissue to maintain its normal function.'” While the
BBB restricts harmful substances from entering the brain, it is
also a barrier for gene delivery.'* There is currently no safe and
efficient method to circumvent the BBB, and work directly in the
brain.”” Several studies have shown that cell-penetrating
peptides (CPPs), protein engineering, and magnetic targeting
can effectively penetrate the BBB."*™**

RSC Adv, 2020, 10, 41471-41481 | 41471


http://crossmark.crossref.org/dialog/?doi=10.1039/d0ra07161g&domain=pdf&date_stamp=2020-11-12
http://orcid.org/0000-0003-1130-7115
http://orcid.org/0000-0003-2401-3001
http://orcid.org/0000-0003-1857-8444
http://orcid.org/0000-0001-5944-0930
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0ra07161g
https://rsc.66557.net/en/journals/journal/RA
https://rsc.66557.net/en/journals/journal/RA?issueid=RA010068

Open Access Article. Published on 13 November 2020. Downloaded on 7/24/2025 2:19:50 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Advances

Receptor-mediated endocytosis plays an important role in
BBB penetration. Receptor-mediated transporters are highly
expressed in brain capillary endothelial cells, including the
insulin receptor, transferrin receptor protein 1, and low-density
lipoprotein receptor-related protein 1.** They can be used as
targets for active brain-targeted gene therapy. Angiopep-2
peptide (Ang), an active target molecule with high affinity for
lipoprotein receptor-related protein 1, has been proven to
significantly improve the ability of nano-carriers to penetrate
the BBB. It exhibits a much higher BBB transcytosis efficacy
than transferrin and aprotinin.'””** CPPs can penetrate the
plasma membrane and the nucleus of almost any live cells.?**
As a kind of CPP, the transactivator of transcription (TAT)
peptide has shown fast endosomal or lysosomal escape and
quick nuclear localization, and can easily penetrate through
biofilm barriers like the BBB.?*** TAT and Ang can bind to DSPE-
PEG,000-MAL with the cysteine structure through the MAL
molecule group. Magnetic nanoparticles (MNPs) are increas-
ingly used in brain-targeted therapy. In particular, Fe;0, MNPs
exhibit promising tumor targeting ability under magnetic
fields,**?* and exert a brilliant magnetic resonance imaging
performance in a noninvasive manner.*”

Previous studies, which focused more on single or double
target molecules, did not focus on multiple brain-targeted gene
delivery systems like in this study.*®** Considering the intro-
duction of additional target molecules, Fe;O, MNPs in partic-
ular, the size and instability of the nanoparticles will increase.*
The aim of this study was to improve the brain targeting of the
gene delivery system, while maintaining the stability of the
carrier and the particle size being within the safe range.

Another problem to be solved is the improvement of the
transfection efficiency of glioma cells. Therefore, PCL3;50-Ss-
PEG;500-58-PCL350, which is abbreviated as (ss)373, was chosen
as the basic material, and was used to form the basic structure
of the LPNPs by self-assembly with DOTAP and DSPE-PEG-MAL.
Considering that the low loading rate of pDNA is one of the
reasons for the low transfection efficiency, it is necessary to
increase the pDNA loading rate as much as possible. (ss)373 NPs
have amphiphilicity, which indicates the hydrophobic core
constituted by polycaprolactone (PCL) and hydrophilic shell
constituted by polyethylene glycol (PEG). The hydrophobic core
can carry Fe;0, MNPs, and the hydrophilic shell can connect
with DOTAP and DSPE-PEG-MAL efficiently. DOTAP with the
positive charge can compress pDNA with the negative charge,
and this may increase the loading rate of pDNA.*

Another reason for the low transfection efficiency is that the
vector cannot completely decompose and release enough pDNA
in glioma cells. The reduction in the sensitivity of LPNPs may
solve this problem. The concentration of glutathione in the
cytosol, mitochondria, and cell nucleus is 100 to 1000 times
higher than that in the extracellular fluids and circulation,* and
with a higher concentration in glioma cells.**> The high
concentration of glutathione in glioma cells can cause a reduc-
tive cleavage of the disulfide-linked PEG shell in (ss)373 NPs,
and then decompose the whole LPNPs associated with the rapid
release of the encapsulated contents.*® The dissociation of
LPNPs in glioma cells can completely release the pDNA, which
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may further increase the transfection efficiency of the glioma
cells.

In this study, we focused on the construction and application
of multiple brain-targeted Ang-TAT-Fe;0,-pDNA-(ss)373 LPNPs.
Compared with other single or double molecule brain-targeted
gene delivery systems, the multiple brain-targeted magnetic
LPNPs may have better ability to penetrate the BBB and trans-
fect glioma cells.

Experimental section
Materials

Py-sS-PEG500-5s-P;, was purchased from Biomatrik Inc. (Zhe-
jiang, China). e-Hexanolipid was purchased from Sigma-Aldrich
Co. (St Louis, MO, USA). 1,2-Dioleoyl-3-trimethylammonium-
propane (DOTAP) and 1,2-distearoyl-sn-glycero-3-phosphoetha-
nolamine-N [maleimide (poly(ethylene glycol)-2000)] (DSPE-
PEG,000-MAL) were purchased from Nanocs Biological Tech-
nology (Beijing, China). Oleic acid-modified Fe;0, MNPs were
synthesized by Xi'an Ruixi Biological Technology Co., Ltd.
(Xi'an, China). Cell-penetrating peptide (TAT) with terminal
cysteine (98%, YGRKKRRQRRRC) and Angiopep-2 peptide (Ang)
with terminal cysteine (95%, TFFYGGSRGKRNNFKTEEYC) were
synthesized by China Peptides Co., Ltd. (Shanghai, China). The
plasmid DNA (pEGFP-C1) was provided by Hailing Zhang,
a professor from the Institute of Medical Biology Chinese
Academy of Medical Sciences. Tryptone and yeast extract were
purchased from the OXOID Biological Technology Company
(Shanghai, China). The Genopure Plasmid Maxi Kit was
purchased from Shanghai Roche Pharmaceuticals Limited
(Shanghai, China). 6x DNA loading buffer and 50x TAE were
purchased from Solarbio Life Sciences Company (Beijing,
China). The cy5-labeling kit for pDNA was obtained from Mirus
Bio (Madison, WI, USA).

Preparation of Ang-TAT-Fe;0,4-pDNA-(ss)373 LPNPs

Preparation of PCL;;50-5S-PEG7500-5S-PCL3750[(55)373]. Py-ss-
PEG/500-55-Py (2 g) was weighed and dissolved fully in 4 mL
dimethyl sulfoxide, and then 50 pL mercaptoethanol and 40 pL
acetic acid were added. Magnetic stirring was performed on the
resulting solution at 35 °C for 24 h. Next, the resulting solution
was transferred to a dialysis bag (MWCO 8000-10 000) and
placed in distilled water for 24 h. After freeze-drying, HO-ss-
PEG;500-ss-OH was obtained as a pure white powder product.

HO-ss-PEG;500-ss-OH (1 g) and purified e-hexanolipid
monomer (1 g) were added to a polystyrene tube. The &-hex-
anolipid monomer was completely mixed with HO-ss-PEG7500-
ss-OH in the oven at 50-60 °C. A drop of the catalyst stannous
caprylate was added to the reaction system, then vacuumed for
5 min, and filled with nitrogen for 5 min. This process was
repeated thrice. Finally, the polymerization tube was sealed
under the protection of nitrogen and reacted for 24 h in an oil
bath at 100 °C. At the end of the reaction, the resulting solution
was dissolved in 5-10 mL dichloromethane, and then poured
into 250 mL anhydrous ether. After extraction and precipitation,
the pure white product was purified thrice and dried in vacuum

This journal is © The Royal Society of Chemistry 2020
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at 350 °C. Finally, the pure white granular product, PCL350-5s-
PEG;500-5s-PCL3750, Was obtained, and the product was charac-
terized by "H NMR and Gel Permeation Chromatography (GPC)
spectrum. PCLj3;50-SS-PEG;500-SS-PCL3550 is abbreviated to (ss)
373 according to the first digit of the molecular weight of each
group and the special disulfide bond structure linking each
molecular group.

Preparation of Fe;0,-DOTAP-(ss)373 LPNPs. According to
the appropriate proportions from our previous experiment®*
and the pre-experiment, 20 mg (ss)373 NPs, 1.02 mg DOTAP,
0.8 mg DSPE-PEG,0-MAL, and 100 pL oleic acid-modified
Fe;0, MNPs were dissolved in dichloromethane, and were
fully mixed in an eggplant flask (5 mL). Then, the eggplant flask
was installed on a rotary evaporation apparatus (Eyela N-1001,
Rikakikai Co., Ltd., Tokyo, Japan) and the bottom of the flask
was in contact with a water bath device, which was heated to
37 °C, rotated, and evaporated at 120 rpm and 580 kPa for 15-
20 min. After the liquid in the eggplant flask evaporated
completely, the rotary evaporation apparatus was attached to
a vacuum system for drying to continue for 1 h. Next, the
eggplant flask was removed to a dryer overnight. Sterile PBS
(Gibco, Carlsbad, CA, USA) was added to the eggplant flask, and
the resulting solution was hydrated at 65 °C for 5 h. Under the
conditions of an ice bath, ultrasound was performed with
a 5 mm probe for 10 min. Then, the reaction products were
dialyzed with 500 mL PBS for 2 h, and the dialysate was changed
thrice during dialysis. Eventually, (ss)373 NPs, DOTAP, DSPE-
PEG,00-MAL, and Fe;O, MNPs formed the LPNPs (DOTAP-
Fe;0,-(ss)373 LPNPs) by self-assembly. Other control groups
followed the same process, except for the addition of the oleic
acid-modified Fe;0, MNPs, and the DOTAP-(ss)373 LPNPs were
finally prepared.

Preparation of Ang-TAT-Fe;0,-DOTAP-(ss)373 LPNPs.
According to the previous study, the appropriate addition mole
ratio of Ang : TAT is 1-2 : 1.>® Ang-cys (0.6 mg) and TAT-cys (0.4
mg) (mole ratio = 1 : 1) were dissolved and mixed well in PBS
containing the prepared DOTAP-Fe;0,4-(ss)373 LPNPs, and the
resulting solution was allowed to react completely at 4 °C for
12 h. Then, the reaction products were dialyzed with PBS for 2 h,
and the dialysate was changed thrice during dialysis. Eventu-
ally, the Ang-TAT-Fe;0,-DOTAP-(ss)373 LPNPs were prepared.

In the other control groups, the prepared DOTAP-(ss)373
LPNPs were modified with either Ang or both Ang and TAT. By
adding only 0.6 mg Ang-cys, 0.6 mg Ang-cys and 0.4 mg TAT-cys,
and neither of them, the Ang-DOTAP-(ss)373 LPNPs, Ang-TAT-
DOTAP-(ss)373 LPNPs, and DOTAP-(ss)373 LPNPs were ob-
tained, respectively. Subsequently, the process was the same as
that followed for the preparation of the Ang-TAT-Fe;0,-DOTAP-
(ss)373 LPNPs.

Preparation and characterization of Ang-TAT-Fe;O,-pDNA-
(ss)373 LPNPs. Ang-TAT-Fe;0,-DOTAP-(ss)373 LPNPs were
gently mixed with pDNA in different N/P ratios, including
25:1,5:1,10:1, and 20:1, and were fully complexed by
shaking at 20 °C for 30 min.*® Then, the carrier was dialyzed
with 500 mL PBS for 2 h, and the dialysate was changed thrice
during dialysis. Eventually, the different N/P ratios of the Ang-
TAT-Fe;0,-pDNA-(ss)373 LPNPs were prepared. The prepared
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systems were directly analyzed qualitatively by agarose-gel
electrophoresis (Tanon 1600/1600R, Ewell Bio-Technology Co.,
Ltd., Guangzhou, China) to determine the optimal N/P ratio.
The N/P ratio = 5 : 1 was chosen for subsequent experiments.

We used two fluorescent strategies to detect the position of
PDNA in the LPNPs and cells. One was using Cy5 to label pDNA,
which directly carried fluorescent molecules, and the labeling
process was consistent with the description available in the
literature.*® Another was to use pEGFP-C1 as the reporter gene
and GFP as the fluorescent tracer to measure the gene trans-
fection efficiency of the C6 cells. Ang-TAT-Fe;0,-pDNA-(ss)373
LPNPs were prepared using Cy5-labeled pDNA and pEGFP-C1
with the N/P ratio of 5:1, which was also suitable for the
control groups, including pDNA-(ss)373 LPNPs, Ang-pDNA-(ss)
373 LPNPs, and Ang-TAT-pDNA-(ss)373 LPNPs.

The mean diameters and zeta potential of the Ang-TAT-
Fe;0,-pDNA-(ss)373 LPNPs and control groups were measured
using Zetasizer (Nano-ZS, Malvern instruments Ltd., Malvern,
UK). The storage stability of the different modified LPNPs was
determined by measuring the size change at 4 °C for 7 days. The
work stability of the different modified LPNPs was determined
by measuring the size change at 37 °C with the addition of ECM
(Gibco, Carlsbad, CA, USA) supplemented with 10% FBS (Gibco,
Carlsbad, CA, USA) for 48 h. The particle morphology was
detected by AFM (Multimode 8, Veeco Instruments, Santa Bar-
bara, CA, USA). A CLSM (LSM 710, Carl Zeiss Meditec AG, Gena,
Germany) was used to observe the location of the Cy5-labled
PDNA in the Ang-TAT-Fe;0,-pDNA-(ss)373 LPNPs.

Cell culture

Human brain microvascular endothelial (hCMEC/D3) cells
(Thermo Fisher Scientific Company, Waltham, MA, USA) were
cultured in ECM supplemented with 10% FBS. C6 Glioma (C6)
cells (ACTT, Zhongyuan Ltd, Beijing, China) were cultured in
DMEM/F12 medium (Gibco, Carlsbad, CA, USA) containing
10% FBS. All cells were cultured at 37 °C.

The cytotoxicity was evaluated by MTS assay.’” Briefly,
hCMEC/D3 and C6 cells were separately seeded in two 96-well
plates at a density of 5 x 10 cells per well, and incubated at
37 °C for 24 h. Then, Ang-TAT-Fe;0,-pDNA-(ss)373 LPNPs were
diluted with PBS (pH 7.4) to 50 ug mL ™", 100 pg mL™ ", 150 pg
mL™", 200 ug mL~", 300 ug mL~ ', and 400 pg mL~'. Each
concentration of the Ang-TAT-Fe;O,-pDNA-(ss)373 LPNPs was
added to six wells of each 96-well plate. Two additional groups
were set as the control. One was a blank control group that only
had the ECM and incubated cells without LPNPs; the other was
the negative control group that only had the ECM and the
LPNPs without incubated cells. After processing, the two 96-well
plates were incubated at 37 °C for 24 h. Then, the MTS reagent
(20 puL) was added to each well and incubated at 37 °C for 2 h in
the dark. The plate was read at 490 nm using a microplate
reader (Bio-Rad, Hercules, CA, USA) to identify the cytotoxicity
of the different modified LPNPs. In the pre-experiment, we
determined that the appropriate concentration of pDNA was 0.4
pug mL~" (12-well plate). The corresponding concentration of

Ang-TAT-Fe;0,-pDNA-(ss)373 LPNPs was calculated as
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approximately 150 pg mL ™", and this concentration was used
for the entire study.

Preparation of monolayer cell BBB model in vitro and
measurement of penetration rate

A Transwell plate and hCMEC/D3 cells were used to establish
the monolayer cell BBB model in vitro. The second or third
generation passage hCMEC/D3 cells were placed at a density of
4 x 10° per well in the upper chambers of a Transwell 3460
(Corning, USA) plate. ECM medium was added to the lower
chambers of Transwell plate. The medium was changed every
day, and the Transwell plate was placed in an incubator at 37 °C.
The transendothelial electric resistance (TEER) value of the BBB
model was detected using Millicell ERS (MERS00001, Millipore,
MA, USA). When the TEER value reached above 100 Q cm® and
was stabilized, the actin-tracker Green and DAPI were used for
staining in the well. The formation of tight connections
between the hCMEC/D3 cells was observed by CLSM to deter-
mine whether the BBB model was successfully constructed. We
also detected the TEER value of the Ang-TAT-Fe;0,-pDNA-(ss)
373 LPNPs at the concentration of 150 pg mL™ ", and the TEER
value of the other different modified LPNPs in the control
groups before and after penetrating the BBB under a magnetic
field. The aim was to identify whether the carriers themselves
would destroy the BBB structure. With the concentration of Ang-
TAT-Fe;0,-pDNA-(ss)373 LPNPs at 150 pug mL™', the BBB
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penetration rates of the different modified LPNPs were deter-
mined by observing the fluorescence intensity of the Cy5-labled
PDNA using a fluorescence spectrophotometer (FL 6500, Per-
kinElmer, MA, USA).

Preparation of the glioma model in vitro and measurement of
the transfection rate of C6 cells after BBB penetration

C6 cells were seeded at a density of 4 x 10> cells per well in the
lower chamber of a Transwell plate (70-80% confluence). The
hCMEC/D3 cells, which had reached the criteria of the BBB
model mentioned above, were placed in the upper chamber. To
the upper chamber of the Transwell plate, a 2 pg per well
mixture was added that contained 150 pg mL ™" Ang-TAT-Fe;0,-
PDNA-(ss)373 LPNPs and DMEM/F12 medium. The magnet was
placed at the bottom of the plate, and the cells were cultivated
for 24 h. After processing, the expression of GFP was observed in
the different groups, which had penetrated the BBB model to
transfect the C6 cells using CLSM, and the transfection rates of
the different modified LPNPs were analyzed using flow cytom-
etry (BD FACS Calibur, BD Biosciences, CA, USA).

Statistical analysis

All data are presented as the mean + standard deviation (SD).
The differences among the different modified LPNPs were
analysed by one-way analysis of variance (ANOVA) using SPSS

mercaptoethanol HO‘S’S‘I\/\ m S/S*OH

acetic acid
HO-SS-PEG509-SS-OH

0 0
s-CL
H,{D\/V\)L}OAS‘&[./\O/I\/\S/S\/\O{J\/\/\/O\]\H
Sn(Oct), 32.89 17045 3289
PCL 3750-SS-PEG7509-SS-PCL 3759
I L A
T T T T T ™ T T
70 60 50 40 3.0 20 1.0 00
Chemical shift (ppm)

Fig. 1 (A) Synthesis of PClL3z750-55-PEG7500-55-PCLz750; (B) H NMR spectrum of PClLz750-55-PEG7500-55-PCLz750.
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Fig. 2 (A) Schematic diagram of the preparation of Ang-TAT-FezO4-(ss)373 lipid-polymer hybrid nanoparticles (LPNPs). (B) Atomic force

microscope image of Ang-TAT-FezO4-(ss)373 LPNPs. (C) Stability of LPNPs with different modifications stored at 4 °C dissolved in phosphate-
buffered saline. (D) Stability of LPNPs with different modifications stored at 37 °C dissolved in endothelial cell medium with 10% fetal bovine

serum.

23.0. P-value <0.05 was considered to be significant, and P-value
<0.01 was considered as highly significant.

Results

The preparation and characterization of PCL3,5¢-SS-PEG;5¢¢-
ss-PCL;50 [(s5)373]

As shown in Fig. 1A, the reduction-sensitive material disulfide-
bridged triblock copolymer poly(e-caprolactone)s,so-ss-
poly(ethylene glycol);s00-ss-poly(e-caprolactone)s;so(PCL350-SS-
PEG;500-88-PCL3750) was synthesized by ring-opening polymerization
of e-CL initiated by HO-ss-PEGy50,-5s-OH using Sn(Oct), as a catalyst.
The product was characterized by "H NMR. The "H NMR spectrum
was recorded, and is shown in Fig. 1B. The peak at 3.63 ppm was
assigned to the methylene protons of -OCH,CH,- in the PEG units.
Furthermore, the peaks at 1.40, 1.64, 2.30 and 4.04 ppm were
assigned to the methylene protons of
—CH,CH,CH, —, — CH,CH,CH, —, — COCH, —, — OCH,—
in the PCL units, respectively. In addition, the number average
molecular weight (M,,) based on "H NMR was 13 442. Besides, the
Gel Permeation Chromatography (GPC) spectrum reported that the
M, was 19 844, and the weight average molecular weight (M,,) was
30 116. These results indicated that the copolymer was synthesized
successfully.

Structure and characterization of Ang-TAT-Fe;0,-pDNA-(ss)
373 LPNPs

A schematic diagram of Ang-TAT-Fe;0,-pDNA-(ss)373 LPNPs is
shown in Fig. 2A. PCL;3;5¢-5S-PEG7500-S5-PCL375, Was success-
fully synthesized, and is named (ss)373 NPs herein. DOTAP,
DSPE-PEG,0-MAL, and (ss)373 NPs formed the basic structure
of LPNPs by self-assembly, which had a hydrophobic core and
hydrophilic shell. The PCL groups of (ss)373 NPs constructed
the hydrophobic core, and the Fe;0, MNPs were wrapped in the
hydrophobic core to achieve the effect for magnetic targeting.
The PEG groups of the (ss)373 NPs formed the hydrophilic shell,
which was separated from the hydrophobic core by disulfide
bonds. Then, TAT-cys and Ang-cys were coupled with the MAL
molecule group of DSPE-PEG,p0-MAL. Finally, pDNA was
compressed on the positively charged DOTAP to form
a complete gene delivery system.

The morphology of the Ang-TAT-Fe;0,-pDNA-(ss)373 LPNPs
was characterized using atomic force microscopy (AFM). Fig. 2B
indicates that the Ang-TAT-Fe;0,-pDNA-(ss)373 LPNPs showed
a well-formed spherical shape. As shown in Table 1, the average
particle size of the (ss)373 NPs, pDNA-(ss)373 LPNPs, Ang-
PDNA-(ss)373 LPNPs, and Ang-TAT-pDNA-(ss)373 LPNPs was
84.55 nm, 181.00 nm, 193.00 nm, and 199.33 nm, respectively.

Table 1 Size distribution (nm) and zeta potential (mV) of LPNPs with different modifications. Data represent mean + SD, n = 4

Polydispersity
Formulation Size (nm) Zeta potential (mV) index (PDI)
(ss)373 84.55 + 0.27 —11.73 £ 0.37 0.28 + 0.03
pDNA-(ss)373 181.00 £+ 3.74 6.00 = 0.10 0.28 &+ 0.02
Ang-pDNA-(ss)373 193.00 + 0.82 8.36 =+ 0.22 0.27 £ 0.03
Ang-TAT-pDNA-(ss)373 199.33 + 1.70 9.07 + 0.24 0.23 £ 0.02
Ang-TAT-Fe;0,-pDNA-(ss)373 302.33 + 3.68 4.66 + 0.15 0.13 + 0.02

This journal is © The Royal Society of Chemistry 2020
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Fig. 3 (A) Gel retardation assay of the Ang-TAT-FezO4-pDNA-(ss)373
lipid-polymer hybrid nanoparticles (LPNPs) at different N/P ratios. (B)
Laser scanning confocal microscopy image of Ang-TAT-FezO4-(Cy5)
pDNA-(ss)373 LPNPs.

The PDI values of those formulations all demonstrated a fairly
homogeneous distribution. The average particle size of the Ang-
TAT-Fe;0,-pDNA-(ss)373 LPNPs increased to 302.33 nm,
demonstrating the successful encapsulation of the Fe;0, MNPs.
The average zeta potential of (ss)373 NPs, pDNA-(ss)373 LPNPs,
Ang-pDNA-(ss)373 LPNPs, and Ang-TAT-pDNA-(ss)373 LPNPs
was —11.73 mV, 6.00 mV, 8.36 mV, and 9.07 mV, respectively.
Owing to the influence of Fe;0,, the average zeta potential of
Ang-TAT-Fe;0,-pDNA-(ss)373 LPNPs was decreased to 4.66 mV.
Fig. 2C shows that the different modified LPNPs were able to
maintain the size for up to 7 days at almost a constant level at
4 °C in phosphate-buffered saline (PBS). Fig. 2D shows that the
different modified LPNPs were able to maintain stability for at
least 2 days at 37 °C in endothelial cell medium (ECM) sup-
plemented with 10% fetal bovine serum (FBS).

Determination of the optimal nanoparticles/pDNA (N/P) ratio

Based on the results of the gel retardation assay, when the N/P
ratio is >5: 1, the entrapped pDNA can remain in the wells
(Fig. 3A). Considering the improvement in the encapsulation
rate, the N/P ratio = 5:1 was chosen for application in the
entire study. As shown in Fig. 3B, as observed by laser scanning
confocal microscopy (CLSM), the Cy5-labled pDNA was con-
nected tightly with the carrier, and still maintained a stable
spherical shape.

>
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Cytotoxicity of Ang-TAT-Fe;04-pDNA-(ss)373 LPNPs in vitro

The cytotoxicity of the Ang-TAT-Fe;0,-pDNA-(ss)373 LPNPs at
a series of concentrations was evaluated in hCMEC/D3 and C6
cells using MTS reagent kits. As shown in Fig. 4, although the
concentration of Ang-TAT-Fe;O,-pDNA-(ss)373 LPNPs reached
400 pg mL ', the cell viability of both hCMEC/D3 and C6 cells
was more than 95% at 2 h and 24 h, and there was no significant
difference between the two time periods. According to the
results of the pre-experiment, the appropriate concentration of
pPDNA was 0.4 ug mL ™" (12-well plate) and the corresponding
concentration of Ang-TAT-Fe;O,-pDNA-(ss)373 LPNPs was
calculated as approximately 150 pg mL ™", which indicated that
there is no apparent cytotoxicity of the gene delivery system
toward C6 and hCMEC/D3 cells. The Ang-TAT-Fe;0,-pDNA-(ss)
373 LPNPs at the concentration of 150 pg mL ™" were used in all
experiments in this study.

BBB penetration rate of Ang-TAT-Fe;0,-pDNA-(ss)373 LPNPs

Fig. 5A shows the in vitro monolayer BBB model formed by
hCMEC/D3 cells to identify the BBB penetration efficiency of
different modified LPNPs. The trans-endothelial electrical
resistance (TEER) value of the BBB model was detected to
ascertain whether the hCMEC/D3 cells had formed the BBB
structure successfully. As shown in Fig. 5B, the TEER value in
this study tended to be stable on the fourth day and exceeded
130 Q cm®. Moreover, as shown in Fig. 5C, the CLSM images of
hCMEC/D3 cells stained with actin-tracker Green and DAPI
further confirmed the formation of tight junctions. After
different modified LPNPs had penetrated the BBB model, its
TEER value was also detected. As shown in Fig. 5D, there was no
significant change, which indicates that the different modified
LPNPs had almost no damage on the integrity of the BBB model.
Fig. 5E shows the BBB penetration rate of different modified
LPNPs analyzed semi-quantitatively at 2 h, 6 h, 12 h, and 24 h
with the magnet under the Transwell plate. The concentration
of Ang-TAT-Fe;O4-pDNA-(ss)373 LPNPs was 150 ug mL ™', and
the pDNA was labeled by the Cy5 molecule in this experiment.
The BBB penetration rate of pDNA-(ss)373 LPNPs, Ang-pDNA-

[ 2h
I 24h

C6 cells

Survival rates (%)
3

04
0.0 50 100 150 200 300 400
Concentration of nanoparticles (pg/mL)

(A) Survival rates of hCMEC/D3 cells cultured with different concentrations of Ang-TAT-FezO4-pDNA-(ss)373 lipid-polymer hybrid

nanoparticles (LPNPs) at 2 h/24 h. (B) Survival rates of C6 cells cultured with different concentrations of Ang-TAT-FezO4-pDNA-(ss)373 LPNPs at

2 h/24 h. All data are represented as the mean + SD (n = 5).
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Fig. 5 (A) Schematic diagram of the BBB model constructed by the monolayer hCMEC/D3 cells in vitro [the model was placed on a magnetic

field]. (B) Trend of trans-endothelial electrical resistance (TEER) values of the constructed BBB model with time. (C) Laser scanning confocal
microscopy images of the actin-tracker Green- and DAPI-stained BBB model (scale bar = 20 um). (D) TEER value changes in the BBB model after
treatment with lipid-polymer hybrid nanoparticles (LPNPs) with different modifications. (E) Mean relative transport rate of LPNPs with different
modifications in the BBB model. [Magnet placed under the BBB model.] All data are represented as mean + SD (n = 3); *P < 0.05 versus Ang-TAT-

Fe3O4—pDNA—(SS)373.

(ss)373 LPNPs, Ang-TAT-pDNA-(ss)373 LPNPs, and Ang-TAT-
Fe;0,-pDNA-(ss)373 LPNPs was 0.44%, 0.63%, 1.02%, and
1.55%, respectively, at 2 h. The accumulated BBB penetration
rate of pDNA-(ss)373 LPNPs, Ang-pDNA-(ss)373 LPNPs, Ang-
TAT-pDNA-(ss)373 LPNPs, and Ang-TAT-Fe;O,-pDNA-(ss)373
LPNPs was 22.00%, 23.35%, 27.22%, and 29.69% respectively,
in a total of 24 h. Compared with the others, the Ang-TAT-Fe;0,-
PDNA-(ss)373 LPNPs showed a significant difference in pene-
trating the BBB (P < 0.05), and the penetration rate increased
with prolonged incubation.

In vitro experiment for transfection of C6 cells through BBB

Fig. 6A shows the multiple targeting model constructed using
hCMEC/D3 and C6 cells, which was designed to detect the

This journal is © The Royal Society of Chemistry 2020

transfection of C6 cells through the BBB in vitro. The C6 cells
were seeded in the lower chamber of Transwell plates. The
hCMEC/D3 cells, which had reached the criteria of the BBB
model mentioned above, were placed in the upper chamber.
The magnet was placed under the Transwell plate to exert
a magnetic targeting effect. Using pEGFP-C1 as the reporter
gene, the green fluorescent protein (GFP) was expressed after
successfully transfecting the C6 cells. GFP was used as a tracer
to detect the transfection of C6 cells. The CLSM images in
Fig. 6B show the transfection of Cé6 cells with the different
modified LPNPs after 24 h. The concentration of Ang-TAT-
Fe;0,-pDNA-(ss)373 LPNPs was 150 pg mL~". There was almost
no GFP expression in the free pEGFP-C1 group. With the addi-
tion of target molecules, the GFP expression increased

RSC Adv, 2020, 10, 41471-41481 | 41477
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(A) Schematic diagram of the multiple target model constructed using monolayer h\CMEC/D3 and C6 cells [the model was placed on the

magnetic field]. (B) Fluorescent images of free pDNA and lipid-polymer hybrid nanoparticles (LPNPs) with different modifications to transfect the
C6 cells through the multiple target model under laser scanning confocal microscopy after 24 h (scale bar = 20 um). (C) Ability of free pEGFP-C1
and LPNPs with different modifications to transfect C6 cells through the BBB model measured by flow cytometer after 24 h. (D) Transfer capacity
of free pDNA and LPNPs with different modifications to transfect C6 cells through the BBB model. **P < 0.001. a: Free pDNA; b: pDNA-(ss)373; c:
Ang-pDNA-(ss)373; d: Ang-TAT-pDNA-(ss)373; e: Ang-TAT-FezO4-pDNA-(ss)373.

gradually. The maximum GFP expression was achieved in the
pPEGFP-C1 loaded with the Ang-TAT-Fe;0,-(ss)373 LPNPs group.
The flow cytometry results are shown in Fig. 6C. The trans-
fection rate of C6 cells with free pDNA, pDNA-(ss)373 LPNPs,
Ang-pDNA-(ss)373 LPNPs, Ang-TAT-pDNA-(ss)373 LPNPs, and
Ang-TAT-Fe;0,-pDNA-(ss)373 LPNPs was 0.143%, 1.51%,
5.20%, 8.23%, and 14.6% at 24 h, respectively. Fig. 6D shows the
processed data, which illustrates that compared with free
PEGFP-C1, the transfection rate of pEGFP-C1 loaded with the
different modified LPNPs was improved gradually. The trans-
fection efficiency of the C6 cells with Ang-TAT-Fe;0,-pDNA-(ss)

41478 | RSC Adv,, 2020, 10, 41471-41481

373 LPNPs was the highest, reaching 14.6% with significant
differences from that of other LPNPs at all detected time points
(P < 0.001). With the addition of target molecules, the trans-
fection efficiency of C6 treated with different modified LPNPs
was significantly different (P < 0.001).

Discussion

Currently, it is urgent to improve the therapeutic effect of
glioma, and gene therapy may be a potential and promising
therapeutic method. Two key points to achieve glioma gene

This journal is © The Royal Society of Chemistry 2020
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therapy are to increase the BBB penetration efficiency and the
transfection efficiency of glioma cells. We designed and
synthesized Ang-TAT-Fe;0,-pDNA-(ss)373 LPNPs in this study
to partially solve the two issues. The Ang-TAT-Fe;0,-pDNA-(ss)
373 LPNPs showed greater efficiency of BBB penetration and
glioma cells transfection in vitro. In this study, three methods
were used to improve the targeting of the gene to the brain,
namely, the introduction of Ang, TAT, and Fe;O,. Previous
studies have introduced either or both Ang and TAT, which
achieved good effects in BBB penetration.'>***® When the ratio
of Ang : TAT is 1-2 : 1, relatively high targeting and low cyto-
toxicity can be obtained.*® Magnetic targeting is also a popular
brain targeting method.***' Our research integrated the above
three targeting methods to greatly improve the penetration
efficiency of the BBB under an external magnetic field.
However, with the introduction of Fe;O,, the size of the
LPNPs also expanded. The mean diameter of the Ang-TAT-Fe;0,4-
PDNA-(ss)373 LPNPs increased to 302.33 nm. In this study, the
result of the cytotoxicity assay showed that this particle size did
not cause any apparent damage to the hCMEC/D3 and C6 cells.
Moreover, excellent stability plays an important role in the long-
term storage and normal exertion of functions. The Ang-TAT-
Fe;0,-pDNA-(ss)373 LPNPs with this size were able to sustain at
least 48 h without aggregation and decomposition under
working conditions, as well as under 4 °C storage conditions.
This result was similar to that reported by the other studies with
a particle size greater than 300 nm, which was still within a safe
range and did not cause damage to the brain cells.**** Therefore,
Ang-TAT-Fe;0,-pDNA-(ss)373 LPNPs with a diameter of approx-
imately 302.33 nm might safely and effectively penetrate the
BBB, and enter glioma cells to achieve gene transfection in vitro.
The average zeta potential of the Ang-TAT-Fe;0,-pDNA-(ss)
373 LPNPs was around 4.66 mV, which made them easier to
approach the negatively charged membrane of the brain capil-
lary endothelial cells.*>** The reason the Ang-TAT-Fe;O,4-pDNA-
(ss)373 LPNPs possessed a positive zeta potential was that
DOTAP and DSPE-PEG,y-MAL are cationic liposomes, espe-
cially DOTAP, which can contribute to the whole lipid formu-
lation to present a positive zeta potential.***” The positively
charged DOTAP also allows it to connect tightly with the nega-
tive charge of pDNA.** Both TAT and Ang-2 have a positive
charge. When they were used as a modification, the zeta
potential increased positively.*>*® The zeta potential of Fe;0,
MNPs will change with different pH values. In this study, the pH
value of the PBS buffer was 7.45, which was used to measure the
zeta potential. At this pH value, the Fe;0, MNPs show negative
zeta potential and can neutralize parts of the positive charges.>
Preparing the BBB model successfully is essential for iden-
tifying the BBB penetration rate. In this study, the BBB model
was established using a monolayer of hCMEC/D3 cells. The
formation of the BBB structure was determined by two
methods: by measuring the TEER value of the BBB model and
observing the stained hCMEC/D3 cells with CLSM. It is gener-
ally considered that BBB in mammalian systems show high
TEER values, well above 1000 Q cm?. However, it is difficult to
achieve the TEER value above 1000 Q cm” in vitro, especially in
cell lines compared with that in primary culture. The

This journal is © The Royal Society of Chemistry 2020
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monolayers that are formed by hCMEC/D3 cells develop only
a low to medium level TEER (around 30-50 Q cm?) under static
culture conditions, according to various reports.>> The TEER
value in this study exceeded 130 Q cm® and maintained
stability. Previous studies have shown that the BBB structure is
formed under this TEER value.**** It has also been reported that
a higher TEER value can be obtained by co-culturing with other
cells, such as astrocytes, which can increase the TEER value to
approximately 40 Q cm>3® The successful release of pDNA by the
gene delivery system in glioma cells is very important to
improve gene transfection. In order to improve the gene
transfection efficiency, the reduction-sensitive material (ss)373
NPs with disulfide bonds was selected. Previous studies have
proven that the dissociation of carriers containing disulfide
bonds increases in glioma cells.***” Disulfide bonds were
introduced based on multi-targeting, so that the gene delivery
system can decompose relatively specifically in C6 cells with
a high concentration of glutathione. Through analyzing the flow
cytometry results and CLSM images with GFP as the tracer, the
introduction of disulfide bonds that can improve the trans-
fection efficiency of C6 cells was confirmed. According to the
results of this study, the mechanism of LPNPs penetrating the
BBB should be receptor-mediated endocytosis. However, we did
not perform the relevant experiments for further confirmation.
In this experiment, the types of cells were relatively simple; only
the most typically used hCMEC/D3 cells and C6 glioma cells
were selected, and the results were not compared with those of
other cell lines. In the follow-up studies, we will verify the
effectiveness of the Ang-TAT-Fe;0,-pDNA-(ss)373 LPNPs-loaded
therapeutic gene for glioma treatment through animal experi-
ments, and further clarify the mechanism of BBB penetration.

Conclusions

To summarize, gene therapy is currently considered a prom-
ising approach for glioma treatment. The Ang-TAT-Fe;O,-
PDNA-(ss)373 LPNPs designed and synthesized in this study are
a multi-targeting gene delivery system with several advantages,
such as high BBB penetration efficiency, low toxicity, stability,
and high transfection efficiency. These advantages may provide
new opportunities for the therapeutic gene to penetrate the BBB
to treat brain diseases.
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