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Background: PEI is currently the most used non-viral gene carrier and the transfection
efficiency is closely related to the molecular weight; however, the prominent problem is that
the cytotoxicity increased with the molecular weight.

Methods: A novel redox responsive biodegradable diselenide cross-linked polymer (dPSP)
was designed to enhance gene expression. ICG-pEGFP-TRAIL/dPSP nanoparticles with high
drug loading are prepared, which have redox sensitivity and plasmid protection. The trans-
fection efficiency of dPSP nanoparticle was evaluated in vitro.

Results: The plasmid was compressed by 100% at the N/P ratio of 16, and the particle size
was less than 100 nm. When explored onto high concentrations of GSH/H,0,, dPSP4
degraded into small molecular weight cationic substances with low cytotoxicity rapidly.
Singlet oxygen ('05,) was produced when indocyanine green (ICG) was irradiated by near-
infrared laser irradiation (NIR) to promote oxidative degradation of dPSP4 nanoparticles.
Under the stimulation of NIR 808 and redox agent, the particle size and PDI of ICG-pDNA
/dPSP nanoparticle increased significantly.

Conclusion: Compared with gene therapy alone, co-transportation of dPSP4 nanoparticle
with ICG and pEGFP-TRAIL had better antitumor effect. Diselenide-crosslinked polysper-
mine had a promising prospect on gene delivery and preparation of multifunctional anti-
tumor carrier.

Keywords: diselenide, polyspermine, biodegradable, gene delivery, single-line oxygen

Introduction
PEI was successfully used by Behr for gene therapy in 1995 firstly and now has
been widely used in gene delivery.! As a gold standard for gene delivery vector,
the high proton sponge effect and transfection efficiency of PEI (25 KDa) have
been confirmed, however, the material toxicity is also a major drawback.*
Strong gene compression, effective intracellular transportation, and strong endo/
lysosomal escaping are the three characters of an ideal gene carrier. High-level
concentration of GSH, reactive oxygen (ROS) and ATP is accumulated in the
microenvironment of tumor cells, which lead to low pH, besides, multiple
enzymes are also distributed there.*® Compared with normal cells, in addition to
producing high concentrations of glutathione, cancer cells produce high concen-
trations of ROS due to DNA changes,

chronic inflammation and cell
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proliferation,”®  which now has
attention.”'® High concentrations of GSH and ROS are

tumor microenvironment activatable agents, so GSH or

attracted  great

ROS-triggered vectors have been constructed.'"'? Based
on this, disulfides'*'° 16-18

polymers responsive to redox signals in tumor cells are

and diselenides cross-linked

prepared, which can be used for controlled release and

targeted delivery, thereby improving efficacy. ROS-

sensitive groups such as thioethers,'*°

21-23

phenylboronic

acid-based compounds,

24,25

tellurium-containing
compounds, thioketals,”® and selenium-containing
compounds?’ >’ have been studied.

Spermine (SP), like histidine, has a proton buffering
effect, which can cause endosomal rupture and promote
gene transfection.’®>! Spermine, a small polyamine mole-
cule with fully agglutinated genes in sperm, is an endogenous
substance of human body, safe and non-toxic, but has a weak
ability to agglutinate genes. In order to improve transfection
efficiency and reduce toxicity, cationic polymers bridged by
redox sensitive bonds were designed and synthesized.>**
The small molecular weight PEI bridged by disulfide bonds
to deliver RNA or DNA, which reduces the cytotoxicity of
large molecular weight PEI and improves transfection
efficiency.’**> Disulfides-containing polymers are rapidly
degraded under the stimulation of tumor cells and are stable

3436,37 Selenium,

in the extracellular environment.
anecessary nutrient, has great potential value in biomaterials
due to its high sensitivity for GSH and H,0,.*****° The
similarity between selenium and sulfur is manifested in
atomic size, electronegativity and accessible oxidation
state.*' The bond lengths of the disulfide and diselenide are
206 and 232 pm, respectively.?®**** The bond energy of
S-C (272 kJ/mol) and S-S (240 kJ/mol) are stronger than
that of Se-C (244 kJ/mol) and Se-Se (172 kJ/mol), which
results in selenium compounds more easily oxidized and
sensitive than sulfur compounds.?®?%4%44%> Since diselenide
is more sensitive to GSH and ROS, diselenyl-containing
polymers may have dual redox responses.”?’ Utilizing the
redox reactivity of dienyl ether, the dienyl ether structure is
introduced into the polymer chain to achieve drug encapsula-
tion and controlled release.’®***® Based on this, the
researchers are committed to designing and synthesizing
diselenides crosslinked polymers as gene victors to improve
transfection efficiency.?”***6**-5! Photodynamics is that the
photosensitizer will produce single-line oxygen to directly
kill tumor cells under the infrared light.>> ICG has been

approved by the US Food and Drug Administration, has

significant near-infrared (NIR) optical properties, and is
safe and non-toxic.>*>*

In this paper, a high molecular weight polymer dPSPs was
prepared by cross-linking endogenous spermine through ROS/
GSH-sensitive cross-linking agent (-Se-Se-). Polymers (dPSPs
and PSP) were synthesized from Michael addition reactions of
spermine to a reducible selenocystamine bisacrylamide or
irreversible N, N-methylenebisacrylamide linker. Compared
with small molecules of spermine, dPSPs are characterized by
complete DNA compression, low toxicity and excellent proton
buffering capacity. The dPSP nanoparticles formed with DNA
protect nucleic acids from degradation until the high concen-
tration of GSH/ROS successfully triggers the release of DNA
in the intracellular cytoplasmic compartment. The structure of
the polymer was characterized by nuclear magnetic resonance
(**CNMR and 'H NMR), infrared spectroscopy (FT-IR) and
gel permeation chromatography (GPC). The feasibility of
dPSPs as a gene carrier was evaluated by comparing the
relative polymerization degree, proton sponge effect, ROS/
GSH sensitivity, cytotoxicity, and ability to compress DNA
of each polymer. The formation of nanoparticles was analyzed
by dynamic light scattering and gel electrophoresis. The active
oxygen produced by ICG under-infrared radiation can not only
kill tumors® but also promote the degradation of dPSP4.
Therefore, ICG and pDNA co-transport nanoparticles were
prepared to investigate the ability of dPSP as a gene delivery
vehicle to deliver DNA (Figure 1). The redox sensitivity of
ICG-DNA/dPSP nanoparticles was further evaluated by com-
paring the particle size, PDI, ICG and DNA release ability of
ICG-DNA/dPSP nanoparticles under near-infrared light and
GSH/H,0.. The ability of singlet oxygen generation and anti-
tumor of ICG-pEGFP-TRAIL/dPSP4 nanoparticle were stu-
died in vitro. Co-localized uptake of ICG and YOYO-1-DNA
was used to evaluate the ability of co-transportation in vitro.
After NIR 808 irradiation, the transfection results of ICG-
pEGFP-TRAIL (TRAIL, TNF related apoptosis-inducing
ligand) loaded nanoparticles in 4T1 cells were evaluated by
flow cytometry (FCM) and confocal microscopy (CLMS). All
the research results prove that the ICG and DNA co-transport
nanoparticle combined with infrared light irradiation can sig-
nificantly improve the anti-tumor effect and gene expression.

Materials and Methods

Materials and Cells

2,2'-diselenobisethanaminen (97%), N, N-methylenebisacry-
lamide (97%) and spermine (98%) were purchased from
ENERGY (Shanghai, China); pCMV-Luc, pEGFP-Tnfsf10
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Figure | Schematic diagram of the self-assembly of diselenide cross-liked polyspermine and DNA into nanoparticle and its internalization process in the intracellular environment.
After ICG-DNA/dPSP4 nanoparticles were absorbed into cell endosomes through endocytosis, and then achieved endosomal escape due to the “proton sponge effect” of the
spermine part of the polymer. ICG could generate single-line oxygen under near-infrared light to promote the oxidative degradation of the diselenide in dPSP. At the same time,
under the stimulation of high ROS and GSH in tumor cells, nanoparticles can quickly release DNA and promote the effective expression of exogenous genes.

(39-291),4T1 cells and NIH/3T3 cells were obtained from the
Feng Hui Bios (Changsha, China); glutathione, Lyso-Track™
Red, 4',6-Diamidino-2-Phenylindole (DAPI), Thiazolyl Blue
Tetrazolium Bromide (MTT), fetal bovine serum (FBS)
(Gibco) and RPMI 1640 (Gibco) were purchased from Mei
Lun Bios (Dalian, China). All the chemicals used in the experi-
ment were from commercial sources and can be used without
purification.

Synthesis of Redox Diselenide-Containing

Polyethyleneimine (dPSP)
Firstly, 2, 2'-diselenylbisphenyldiamine (0.05 mol, 10.6
g) was dissolved in a three-necked flask with 60 mL of

water. Secondly, after the solution was cooled to 0-5°C
in an ice-water bath, NaOH aqueous solution (0.4 mol,
20 mL) and acryloyl chloride dichloromethane solution
(0.2 mol, 10 mL) were added simultaneously. Finally,
after stirring in an ice water bath for 1.5 h, the
temperature was raised to room temperature and the
reaction was carried out overnight. The reaction solu-
tion was extracted with dichloromethane and then
removed under reduced pressure. The product was
washed repeatedly with water, and the crude product
of selenocystamine bisacrylamide (SCBA) was col-
lected. The crude product was further purified and
crystallized.
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Pure product was vacuum-dried and analysed by NMR
(Bruker AVANCE-600) and FT-IR (Bruker, Switzerland).
The yield of selenocystamine bisacrylamide was approxi-
mately 70%.

'H-NMR (SCBA, 400MHz, DMSO): &: 6.21, 6.07, 5.58
(dd, 6H, J=1.6, 6.8, 11.2 Hz, -CH,=CH,), 6: 3.42 (t, 4H, -
CH,-NH-), &: 2.82 (m, 4H, -CH,-Se-). ">*C-NMR (SCBA,
600MHz, DMSO): &: 165.88(-CO-), &: 131.59, 126.59
(-C=CH,), &: 38.37, (-CH,-NH-), &: 37.50, (-CH,-Se-).
SCBA (KBr): 3252.4 cm™' (-NH-, stretching), 3066.7 cm ™'
(-CH=, stretching), 2954.3, 2872.9 cm ™' (-CH-, stretching),
1667.6 cm '(-CO-, 15543  cm '(-C-N-,
stretching).

stretching),

Briefly, 0.8 g of spermine was dissolved in 30 mL of
a 10% methanol aqueous solution and added to a three-
necked flask equipped with a condenser. Under the protec-
tion of nitrogen, selenocystamine bisacrylamide was
slowly added dropwise to the reaction solution and reacted
at 50°C. The dPSPs with different molecular weights were
obtained by adjusting the molar ratio of reactants and
reaction time. Before the reaction solution gelled, excess
amine was added to terminate the reaction. After the reac-
tion was terminated, the reaction solution was diluted with
20 mL of water and adjusted to pH 4 with 10 M HCI, and
then dialyzed (MWCO: 3500) to remove unreacted sper-
mine. Finally, the purified dPSP was obtained by lyophi-
lizing the dialysate and stored at —20°C. The product was
subsequently analyzed by NMR and FT-IR. The yields of
dPSP1, dPSP2, dPSP3 and dPSP4 were about 70%, 60%,
55% and 45%, respectively.

"H-NMR (Spermine, 400MHz, D,0): &: 2.62 (t, 4H, -
CH,-NH,), 8: 2.55(m, 8H, -CH,-NH-), &: 1.59 (quint, 4H, -
CH,-CH,-NH-), &: 1.47 (quint, 4H, -CH,-CH,-CH,-NH-).
3C-NMR (Spermine, 600MHz, D,0): &: 41.62 (-CH,-NH,)
, 6:49.13, 51.41 (-CH,-NH-), 6: 34.50, 29.34 (-CH,-CH,-
CH,-NH-). Spermine (KBr): 3348.0 cm ' (-NH-, stretch-
ing), 29279 cm', 28569 cm '(-CH,-, stretching),
1592.0 cm™" (-C-N-, stretching). "H-NMR(dPSP, 400MHz,
D,0):8: 3.48 (m, 4H, -CH,-NH-CO-), &: 3.07 (t, 4H, -CH>-
Se-), 8: 2.92-2.82 (m, 16H, -CH,-NH-), 6: 1.75-1.58 (m,
4H, -NH-CH,-CH,-CH,-CH,-NH-).  '>C-NMR(dPSP,
600MHz, D,0): &: 164.53 (-CO-), &: 44.77-47.33 (8C, -
CH,-NH-), &: 37.62 (-CH,-Se-), 8: 36.52-37.57 (2C, -CH,-
NH-), &: 23.37-27.13 (6C, -CH,-CH,-). dPSP (KBr):
34229 cm™' (-NH-, stretching), 2926.6, 2853.2 cm '
(-CHy-, stretching), 1630.5 cm™' (-CO-,
1562.9 cm™' (-C-N-, stretching).

stretching),

Polymer Characterizations
Proton Buffering Capacity
The proton buffering capacity of the polymer can be deter-
mined by acid-base titration.’®>” Briefly, 2 mg of dPSPs
was dissolved in 5 mL of 150 mM NaCl (0.4 mg/mL). The
pH of polymer solution was first titrated to the initial 10.0
with NaOH and then to 3.0 with 0.1 M HCI. After stirring
thoroughly, leave at room temperature for 3min. The change
of pH value with the volume of HCI solution added can be
measured by a pH meter. Spermine and 150 mM NaCl
solution were used as positive control and negative control,
respectively. The percentage of protonated amine groups
from pH 7.4 to 5.1 is the buffer capacity and is calculated
using the following formula:**-®

Buffering capacity (%)=(AVyuc1X0.1M)/Nx100%

Here AVyc is the volume of HCI solution (0.1 M)
required to lower the pH from 7.4 to 5.1, and N is the total
moles of protonable amine in dPSPs and spermine.

GPC Analysis

According to the previously reported method, the molecu-
lar weight and polydispersity of dPSPs (M,/W,) were
determined by GPC.**® Sodium acetate buffer (0.3
M NaAc, pH 4.4) was used as the mobile phase, poly-
ethylene glycol (PEG) was used as the standard, and the
flow rate was 1 mL/min to determine the molecular weight
of the polymer. The biodegradability of polymer was also
determined by GPC analysis.

In vitro Cytotoxicity Assays of dPSPs
NIH/3T3 cells and 4T1 cells were seeded in 96-well plates
at a density of 5 x 10* cells/well to analyze the cytotoxi-
city of the dPSPs at four polymerization degrees. After
cells were incubated with polymer for 24 hours, 10 pL of
MTT (concentration of 5 mg/mL) were added to each well
of the 96-well plate and the incubated at 37°C for another
4 h to form formazan dye. Then, 200 pL of DMSO was
used to dissolve formazan in each well and shaken at room
temperature for 15 minutes. Cells that only received fresh
medium were the negative control group, and PEI-
containing medium were the positive control group. The
percentage of cell viability of dPSPs-treated cells relative
to untreated cells is the final result (in 100% viability). The
following formula represents the relative cell viability:
Cell Viability (%)=A490 (treatedy/A490 (untreated)100%
Here A4gp (weateqy 1S the absorbance of each well and
A4o0 (untreated) 18 the absorbance of the negative control well.
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Nanoparticles Characterizations
Preparation of dPSP Nanoparticles

Positively charged dPSPs can compress DNA to form
regular-sized nanoparticles. Briefly, the nanoparticles
were prepared by combining aqueous solutions of polyca-
tions (dPSP1, dPSP2, dPSP3 and dPSP4) with equal
volumes of DNA (100 pg/mL) at various N/P (dPSP
nitrogen/DNA phosphate) ratios. Incubate for 30 min
before the analysis, and the nanoparticles were all freshly
prepared.

ICG-pDNA/dPSP nanoparticle was prepared as
described above, as shown in Figure 1. ICG-pDNA/dPSP
nanoparticles were prepared in four steps by mixing ICG
and DNA solution, vortexing with an equal volume of
polymer, incubating at room temperature for 30 minutes,

and centrifuging to remove free ICG.

Electrophoretic Mobility Shift Assay

The DNA condensation capability was examined by gel
electrophoresis. One percent agarose gel electrophoresis
was prepared to analyze the mobility of DNA/dPSPs nano-
particles with different N/P ratios. The dPSPs nanoparti-
cles containing 1 pg DNA were prepared, mixed with the
loading buffer at 5:1, run at 85 V for 45 min, and observed
with Mini Gel (SAGECREATION, China).

Particle Size and Zeta Potential Measurements

The dPSP4 nanoparticle or PSP nanoparticle loaded with
5 ug DNA was prepared as above. The effect of N/P ratio
on the particle size and zeta potential of the nanoparticle
was investigated by dynamic light scattering (DLS)
(Zetasizer Nano ZS90 (Malvern Instruments, U.K.)).
Under redox conditions, the changes in particle size and
PDI of dPSP or PSP nanoparticles were measured to
evaluate the biodegradability of nanoparticles. ICG-DNA
/dPSP4 nanoparticle was incubated with PBS containing
GSH/H,0, at 37°C or under infrared light for different
times to determine the Z-averaged diameter and PDI.

Transmission Electron Microscopy (TEM)

The morphological characteristics of the nanoparticles
formed by dPSPs of four molecular weights were observed
and imaged using TEM with JEM-1200EX (Tokyo,
Japan). The nanoparticle solution was dropped onto a 200-
mesh carbon-coated copper grid and simmered for 8 min at

room temperature.

DNA Release Ability Assay

ICG-pDNA/dPSP4 nanoparticles were collected in small
EP tubes and incubated with PBS containing different
redox agents or under certain laser at 37°C to study
DNA release. After taking out samples, each sample was
irradiated with specific laser (0.5W/cm?, 1.5W/cm?® and
2.5W/cm?) for 2 minutes to study the effect of laser
irradiation on the release rate. As for monitoring the
redox-triggered drug release, six kinds of PBS containing
a certain amount of GSH or H,O, were added into the
drug-loaded nanoparticles solutions. The ability of nano-
particles to release DNA was evaluated using a dye-
exclusion technique with PicoGreen™°' According to
the manufacturer’s instructions, 100 pulL of the release
solution was mixed with the diluted PicoGreen dsDNA
reagent (LIFE IL BIO) at intervals. After the mixed solu-
tion was incubated in dark for 8 minutes, the fluorescence
intensity was measured by a multi-mode microplate reader
TECAN 200 at a standard fluorescence wavelength (lex =
480 nm, Aem = 520 nm). The relative fluorescence was
calculated as the ratio of the fluorescence of the release
medium to the fluorescence induced by the free DNA. The
fluorescence of PicoGreen™™ incubated with blank PBS
was used as a blank control. All the release experiments
data were measured at least six times for drawing figures.

ICG Release Ability Assay

ICG-loaded nanoparticles were placed in a dialysis bag
(MW: 12,000 Da) and incubated in PBS containing redox
agents to quantitatively determine the release profile of
ICG. The 500 pL release solution was taken out at fixed
points, and the same volume of fresh release medium was
replenished. The concentration of ICG in the release med-
ium was determined by UV absorption spectrophotometer,
and the cumulative release percentage was calculated.

Quantitative Determination of '02

The singlet oxygen fluorescence probe (SOSG) was used
to characterize the 'O, produced by ICG and ICG-DNA
/dPSP4 under infrared light irradiation. ICG-DNA/dPSP4
or free ICG was mixed with the degassed SOSG solution
and irradiated with NIR 808 nm at power of 1.5 W/cm? for
10 min to produce 'O,. Every 1 min, the fluorescence
intensity of SOSG at 530 nm under excitation at 490 nm
was recorded.

International Journal of Nanomedicine 2020:15
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Cytotoxicity of ICG-pEGFP-TRAIL/dPSP4

Nanoparticle

Two nanoparticles containing 2.5 pg/mL pEGFP-TRAIL
or ICG-pEGFP-TRAIL (ICG 0.3 pg/mL) were prepared.
4T1 cells were incubated with 100 pL of fresh medium
containing free ICG or nanoparticle for 4 hours. After
replacing the drug-containing medium with complete med-
ium, some cells were irradiated with a laser at power of
1.5 W/em? for 3 min, and then incubated for another 44
hours. MTT assay was used to determine the cytotoxicity,
and the effects of laser irradiation and non-irradiation on
cell survival rate were compared.

Cell Uptake and Intracellular

Colocalization
The cellular uptake of YOYO-1-DNA can be observed with
FCM and CLSM (YOYO-1 Aex = 491 nm, Aem = 509 nm).
4T1 cells were seeded into 24-well plates at a density of 1 x
10° cells peer well and incubated at 37°C for 24 h in a 5%
CO, atmosphere. A part of the cells was replaced with fresh
medium containing ICG-DNA/dPSP4 or ICG-DNA/PSP
nanoparticles and continuously cultured for 1 hour or
4 hours (ICG Aex=780 nm, Aem=840 nm). The other part
was placed in a fresh medium containing YOYO-1-DNA-
loaded nanoparticles for different time periods (1 hour and
4 hours) and then labeled with LysoTrackerTM Red for
40 minutes. After removing the medium, the cells were
carefully rinsed three times with PBS and then fixed with
4% paraformaldehyde solution. The cells were washed twice
with PBS, stained with DAPI for 8 minutes, washed again
and then checked by CLSM for fluorescence intensity.

4T1 cells were seeded into 6-well plates at a density of
1x10° cells/well and incubated for 24 hours at 37°C, then
naked YOYO-1-DNA or DNA-loaded nanoparticles were
added and incubated for 1 or 4 hours. The cells were triple
washed repeatedly with ice PBS, then digested with tryp-
sin without phenolphthalein and collected into EP tubes,
centrifuged at 800 rpm for 3 minutes, resuspended with
0.5 mL PBS containing 1% serum, and finally checked by
FCM using a FAC scanner.

Transfection Studies

Luciferase Assay

The pCMV-Luc reporter plasmid was used to evaluate the
transfection ability of dPSP4 nanoparticles in 4T1 cells
in vitro. Logarithmic 4T1 cells were seeded in a 6-well
plate at 4.0x10° cells/well, and the transfection efficiency

of nanoparticles with a N/P ratio of 1 to 32 (DNA con-
centration of 1 pg/mL) was investigated. When the cells
grew to 80% confluence, rinsed with 1xPBS, added med-
ium containing DNA-loaded nanoparticles or free DNA,
and incubated for 4 hours. Subsequently, the culture was
continued with serum-containing fresh medium for 44
hours, the cells were washed repeatedly with 1xPBS,
and finally treated with cell lysate. Luciferase quantifica-
tion was performed using the luciferase reporter gene
detection substrate kit-firefly. The total protein in the
lysate was measured by the BCA protein kit (Meilun),
and the luciferase gene expression was quantitatively ana-
lyzed using a luciferase reporter assay substrate kit-firefly
(Beyotime).

Confocal Microscopy

In order to evaluate the effect of infrared light on the
transfection efficiency of dPSP4 and PSP nanoparticles,
4TI cells were seeded at a density of 1x10* cells/well into
a 24-well plate and cultured for 24 h at 37°C. The ICG-
pEGFP-TRAIL/dPSP4 ICG-pEGFP-TRAIL/PSP
nanoparticles with an N/P ratio of 16 were prepared.

and

After 4T1 cells grew to about 80% confluence, the original
medium was replaced with FBS-free medium containing
nanoparticles (0.2 pg pEGFP-TRAIL/well and 0.1pg ICG/
well). After incubating for 4 hours, the medium of all cells
was replaced with fresh medium and some cells received
NIR808 irradiation at 1.5W/cm? for 3 minutes, and then
incubated at 37°C for another 24 h. The intensity of green
fluorescence in each group was observed by CLSM.

Flow Cytometry

4T1 cells were seeded in a 6-well plate at a density of 1 x
10° cells/well and incubated at 37°C until 80% the cells
fused. Firstly, cells were cultured in medium containing
naked pEGFP-TRAIL or ICG-pEGFP-TRAIL-loaded
nanoparticles for 4 hours, then washed with PBS for 3
times and replaced with fresh medium. The cells were
irradiated with NIR 808 irradiation at power density of
1.5 w/em® and cultured for 24 hours. The expression of
green fluorescent protein and the number of positive cells
was checked by FCM.

Hemolytic Study of pDNA/dPSP4

Nanoparticle

Briefly, PEI 25 KDa and dPSP4 were, respectively, diluted
into different centrifuge tubes at the same ratio, and an
equal volume of 1.2% red blood cell suspension was added
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for incubation at 37°C. After 4 h, the erythrocyte suspen-
sion was centrifuged, the absorbance at 545 nm was mea-
sured, and the hemolysis ratio was calculated. PBS was
used as negative control.

Statistical Analysis
The data were statistically analyzed by ANOVA and
expressed as mean standard deviation (SD).

Results and Discussion
Characterization of

Diselenide-Containing Polyspermine

The dPSPs were synthesized by SP and SCBA through
Michael addition reaction (Figure 2). The viscosity of the
reaction solution was observed, the reaction was termi-
nated with more than 10% of amine monomer before
gelation. The acrylamide functional group is completely
consumed, and the characteristic peak between 8 = 5.6 and
6.2 (-CH = CH,) no longer exists (data not shown) (Figure
3A); there is no 6 = 131.6 and 126.6 [- CH = CH,] (Figure
3B), which proves that the acrylamide functional group of
SCBA is completely consumed; 6 = 164.63 [-C = O]
amide bond carbonyl peak indicates the presence of
SCBA in the polymer. From the infrared spectroscopy
data (Figure 3C), it can be seen that -CONH retractable
vibration occurs, and -C = CH, tensile vibration disap-
pears, thus verifying the formation of polymer dPSP.

o

I~

Acryloyl chloride

Se
HoN ~g¢” ™~ NH, +

2,2'-diselenoisethanmine

(o)

N, N'-Bis (acryloyl) selenocystamine

H
H N NH,
\)J\N/\/se\se/\/Nj]/\ —f— HZN/\/\H/\/\/ N
H (0]

The molecular weight of dPSP was determined by
GPC. As the molar ratio of spermine to SCBA and the
time of the crosslinking reaction increased, the My, and M,,
of the product and the polydispersity increased accord-
ingly. It was found that all copolymers have different
molecular weights varying from 4500 to 21,800 Da
(Table 1). It is worth noting that these dPSPs have con-
siderable polydispersity (My/M,, = 1.36-2.33). The M,,
and PDI of dPSP4 are significantly larger than those of
the other three polymers, indicated that the degree of
polymerization is uneven. The synthesis of dPSP is
a classic Michelson addition reaction, and the degree of
polymerization of the reaction is related to the molar ratio
of the reactants and the reaction time. Theoretically, the
molar ratio of the crosslinker to the monomer spermine is
1:1; in actual experiments, the reaction will form a gel
after 12 hours. The degree of polymerization of the poly-
mer synthesized by the addition reaction is related to the
crosslinking agent and the crosslinking time. The greater
the amount of crosslinking agent, the greater the molecular
weight of the polymer formed. On the premise that the
crosslinking agent remains unchanged, as the reaction time
increases, the degree of polymerization of the polymer
also increases. When the molar ratio is 1:4, the reaction
is carried out for 12 hours to obtain a low molecular
weight polymer with small molecular weight and good
water solubility. After the reaction is continued for
48 hours, the viscosity of the reaction solution increases

NaOH
0C

CH,CI, /

50C, N,

>
CH,;OH

spermine

o
H H H
H H n

o
SP-SeSe-SP(dPSP)

Figure 2 Synthesis of diselenide-containing poly(spermine)s (dPSPs).
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M H,O, (F). Cell viabilities of 4T1 (G) and NIH/3T3 cells (H).

and a large molecular weight product is obtained. When
the molar ratio is 1:2, after 48 hours of reaction, the
reaction solution is very viscous and gelatinized, and poly-
mers of different molecular weights can be obtained by
controlling the reaction time.

Although the larger the molecular weight, the stronger
the ability to compress the plasmid. But there are some
reasons why we choose dPSP4 as the best. Firstly, as the
time of crosslinking is prolonged, dPSP will gelatinize and
is not suitable for use as a cationic carrier. Secondly, the
gelled dPSP (higher molecular weight) is insoluble and
cannot compress DNA. Finally, it is reported that PEI 25
KDa is the standard for traditional cationic gene carriers,
and the molecular weight of dPSP4 is equivalent to that of
PEI 25 KDa. Because molecular weight is related to

transfection efficiency, dPSP4 of the four dPSPs might
have higher gene transfection efficiency.

According to the “proton sponge” hypothesis, an essen-
tial property of cationic polymers is buffering capacity,
which enhances gene expression by promoting the endo-
somal escaping of the nanocomposite.”** The buffering
capacity of spermine and dPSPs were measured in 150
mM NaCl solution by acid-base titration. The dPSPs with
22-38% amine groups protonation showed better buffering
capacity in the endosomal-lysosomal pH range (7.4-5.1).
As shown in Figure 3D, spermine showed a relatively flat
slope in the titration curve, and its buffering is 30% (Table
1). The buffering capacity of dPSP4 is 38%, higher than
others (dPSP2 22%, dPSP3 25% and dPSP1 28%). These
results indicated that in addition to the molecular weight,
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Table | Physical Characteristics of Diselenide Cross-Linked
Polyspermines (dPSPs)

Sample ID

dPSPI dPSP2 | dPSP3 dPSP4
Reaction molar ratio 1:4 1:4 12 1:2
Reaction time(h) 12 36 24 48
M.,.(KDa)? 45 8.2 1.2 21.8
M,(KDa)* 33 5.1 6.1 9.4
PDI? 1.36 1.61 1.83 233
Buffering capacity(%)°® | 28 22 25 38

Notes: “The weight average molecular weight (M,,), number average molecular
weight (M,)) and polydispersity (PDI, M,/M,) of the polymer are determined by
GPC; Defined as the percentage of basic amino atoms that becomes protonated in
the pH range 5.1-7.4.

the primary, secondary and tertiary amine groups on poly-
mer also play a key role on the buffering capacity. The
molecular weights of dPSP1, dPSP2 and dPSP3 increase
with the increase of diselenide bonds, the density of dis-
elenide bonds increases, and the density of amino groups
decreases, so their buffering capacity is lower than sper-
mine. When the degree of polymerization is not too large,
the density of amino groups is the dominant factor, so the
proton buffering capacity of low molecular weight poly-
mers will be lower than that of the monomer spermine.
The reason why the buffering capacity of SP is superior to
dPSP1, dPSP2 and dPSP3 is that the amino density of
dPSPs decreases after the introduction of diselenide.

The impact of the increased molecular weight of
dPSP4 is much greater than the increase of the diselenide
bond, so its buffering capacity is greater than that of
spermine.

To study the biodegradability of the polymer, after
incubating for 1 hour with 1XPBS containing 0.5 mM
GSH or 10 uM H,0,, the polymer was analyzed by
GPC. Briefly, 20 mg dPSP was incubated with 2 mL of
PBS containing GSH/H,O,, and then 200 pL of solution
was taken out every other 10 minutes for GPC analysis,
PEG was selected as a standard. For the redox-response
study, GPC analysis was performed and the degradation
curves of dPSPs treated with GSH/H,0O, are shown in
Figure 3E and F. The degradation ability of novel cationic
polymer is essential for both cytotoxicity and gene expres-
sion efficiency. Due to its unique character, the Se-Se bond
can be oxidized into selenic acid (-SeOOH) by an oxidiz-
ing agent (such as H,O,) or reduced into selenol (-SeH) by
a reducing agent (such as GSH).>*®* High molecular
weight dPSPs degraded rapidly into spermine monomer

and oligomer after GSH/H,0, incubation. Changes on the
M,, of dPSPs in the simulating the intracellular environ-
ment testify the feasibility of cationic polymer delivery
genes. It can be rapidly degraded under 0.5 mM GSH or
10 uM H,O,, which is applicative for tumor cell, for that
the concentration of GSH and H,O, in tumor cells can
reach the mmol level.”**

MTT method was used to detect the effect of cationic
polymer on cell viability. As shown in Figure 3G and H,
the cytotoxicity of the four dPSPs was very low, which
was safe enough for gene delivery. The survival rate of
PEI was less than 50% at the concentration of 30 pg/mL.
When the concentration was 200 pg/mL, the relative via-
bility of largest molecular weight dPSP4 to 3T3 cells was
75%, and that of 4T1 cells was 80%. Compared with the
similar molar weight of PEI, dPSP is less cytotoxic. As
a traditional cationic polymer, PEI has a higher total
charge number and charge density than dPSP. PEI cannot
be degraded into small non-toxic molecules in tumor cells,
so it has considerable cytotoxicity. According to reports,
the charge density and molecular weight of cationic poly-
mers had a greater effect on cell survival than the total
charge.®® The difference of cytotoxicity caused by four
biodegradable polymers is acceptable, mainly due to the
effect of redox environment on the molecular weight of
dPSPs. Due to the low molecular weight and low charge of
dPSP degradation products, its cytotoxicity was very low.
The high cytotoxicity of traditional cationic materials ser-
iously impaired the efficiency of gene delivery, but dPSPs
could be degraded into small molecular weight non-toxic
spermine in the tumor microenvironment, which might
greatly improve the efficiency of gene delivery.

Characterization of Nanoparticles

The ability of cationic polymers to compress DNA into
nanoparticles is the primary prerequisite for successful
gene delivery.”® As shown in Figure 4A, agarose gel
electrophoresis was used to detect the ability of polyca-
tions to compress DNA. Agarose gel results revealed that
dPSP1, dPSP2, dPSP3 and dPSP4 exhibited excellent
DNA compression ability. When the N/P ratio was
greater than 2, DNA migration was completely blocked.
The ability of dPSP to agglutinate DNA increased with
the increasing of molecular weight (dPSP4>dPSP3>
dPSP2> dPSP1). These results suggested that dPSPs has
outstanding ability to condense DNA, which is consistent
with previous research results that small-molecule catio-
nic compounds cannot effectively compress genes, but
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cross-linking into high molecular weight polymers can
effectively compress genes.35

Comprehensive characterization of dPSPs suggested that
dPSP4 is the most promising DNA delivery vector. Firstly,
dPSP4 has the best proton sponge, which can achieve the
escape of endosomes to ensure effective gene transfection.
Secondly, dPSP4 has the strongest ability to compress plas-
mids, which is the most essential part of gene delivery.

For gene loaded nano-delivery system, particle size and
zeta potential are the main factors affecting gene distribu-
tion and transfection.> When the increase of N/P ratio, the
size of the nanoparticle increases firstly and then decreases
(Figure 4B), and the zeta potential transforms from nega-
tive to positive (Figure 4C). When the N/P ratio is 1, since
the negative charge of DNA is greater than that of the
cationic material, the nanoparticle is negatively charged
and z-averaged size is about 178 nm. As the N/P ratio
increases, the potential begins to decrease and the particle
size increases, because nanoparticles aggregate and grow
at a potential of almost zero, with a maximum particle size
greater than 300 nm. The effective endocytosis of

nanoparticles requires a particle size less than 200 nm.
When the N/P ratio is greater than 8, four nanoparticles
can meet the requirements. It is found that when the N/P
ratio is 16, the zeta potential of dPSP/pDNA nanoparticle
is 18.9-25.9 mV, indicating that the N/P ratio with
a significant influence on the zeta potential. TEM images
showed that dPSPs nanoparticles were smooth and sphe-
rical, with the increasing of molecular weight, the particle
size gradually decreased at the N/P ratio of 16 (Figure
4D). The particle size of dPSP4/pDNA was about 80 nm
when N/P was 16, and the potential was greater than 15
mV, which satisfied the requirements of gene delivery for
the vector. Based on the results mentioned above, dPSP4
was selected for subsequent research. The PSP was
selected as the control for that both its molecular weight
and the synthetic method were similar to dPSP4.

Evaluation of Biodegradability of

Nanoparticles
Nanoparticles were incubated in PBS containing various
concentrations of GSH/H,0, at 37°C to detect the redox
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sensitivity. Nanoparticles were prepared according to the
previous method, and nanoparticles with N/P ratio of 16
were subjected to the redox-sensitivity experiments. ICG-
DNA/dPSP nanoparticles were incubated for 1 h under
NIR 808 irradiation or GSH/H,0,, and then the two nano-
particles were incubated for 24 h. The changes of the
particle size and PDI with time were monitored by DLS.
Before reaching the targeted site for endocytosis, the sta-
bility of the nanoparticles is an important guarantee for
gene expression.’® As shown in Figure 5A and B, after
incubated in PBS, dPSP4 nanoparticles showed quite good
stability. But under the irradiation of NIR 808, the particle
size and PDI of nanoparticle increased rapidly. The possi-
ble reason was that ICG-DNA/dPSP4 generates single-line
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treated with high GSH/H,0,, ICG-DNA/dPSP4 nanopar-
ticles quickly aggregated into a particle close to size
900 mm at 60 min, while ICG-DNA/dPSP4 nanoparticles
only grew from about 100 nm to 600 nm after incubation
with moderate GSH/H,O,. The ICG-DNA/dPSP4 nano-
still
GSH/H,O, (normal tissue level). The averaged-size and

particles showed excellent stability at low
PDI of dPSP4 nanoparticles increased about 3 and 5 times
at high GSH levels after 24 h, respectively, while showed
little change at low GSH levels (Figure 5C and D). After
irradiated by infrared light, the particle size and PDI of
PSP nanoparticles were consistent with incubated in PBS
after 24 hours. The ICG-DNA/dPSP4 nanoparticles
showed obvious redox-sensitivity compared with ICG-
DNA/PSP nanoparticles. Therefore, dPSP4 nanoparticles
might have outstanding endo/lysosomal escape ability. The
results showed that the ICG-loaded dPSP4 nanoparticles
exhibited the same biodegradability as the GSH/H,O,
stimulation under the irradiation of NIR80S.

The concentration of ROS/GSH in tumor cells is sub-
stantially higher than extracellular levels. It was known
that ICG-DNA/dPSP4 nanoparticles can produce single-
line oxygen under the irradiation of infrared light, and the
structure of dPSP4 was easily destroyed at high
GSH/H,0, levels. It was initially predicted that the drug
release behavior of nanoparticles corresponded to changes
in polymers (Figure 1). Figure SE shows that at higher
GSH levels, about 100% of the DNA of dPSP4 nanopar-
ticles was released at 24 h, which was five times the value
at low GSH levels, demonstrating the dPSP4 nanoparticles
very sensitive to GSH. The DNA release behavior of
dPSP4 nanoparticles at high H,O, levels was similar to
that from dPSP4 nanoparticles at high GSH surroundings.
As shown in Figure 5F, at high H,O, concentration,
approximately 85 wt% of DNA in dPSP4 nanoparticles
was released, which was 3 times that of low H,0, levels,
indicating that the dPSP4 nanoparticles were also effective
and sensitive to ROS. However, almost 20 wt% or 25 wt%
of DNA was released from PSP nanoparticles at high H,O,
/GSH levels in 24 h. The DNA release of PSP polymer at
low H,0,/GSH levels was similar to that at high H,O,
/GSH levels (in Figure 51 and J). As shown in Figure 5G,
after explored onto infrared light irradiation, dPSP4 nano-
particle quickly releases DNA, with the increasing of
infrared light power, the release behavior was also accel-
erated. Under infrared light, the release rate of PSP nano-
particles was still very slow, less than 35% at 24 h, but
slightly faster than PBS (Figure 5K). The release result of

ICG is shown in Figure 5SH and L. The release rate of PSP
nanoparticles was less than 30% under H,O,/GSH, while
that of dPSP nanoparticles was 80%, which was much
higher than PSP nanoparticles. The results showed that
ICG-DNA/dPSP4 nanoparticle was more sensitive to
infrared light and H,O,/GSH, while PSP was insensitive.
In the simulated tumor microenvironment, dPSP4 nano-
particles can release DNA and ICG quickly, which plays
an essential role for efficient gene delivery.

Generation of Singlet Oxygen in

Nanoparticles

The results of the singlet oxygen generation ability of ICG
in dPSP4 nanoparticles are shown in Figure 6A. Free ICG
continuously produced singlet oxygen, with the extension
of NIR illumination time, the fluorescence intensity of
SOSG gradually increased. The SOSG fluorescence inten-
sity of ICG-DNA/dPSP4 nanoparticle was 7.9 times that
of free ICG. The possible reason was that ICG was
unstable in aqueous solution and was easy to be quenched,
while nanoparticle had a protective effect on ICG, and
ICG would not be quenched before light irradiation.
Furthermore, even if the ICG aqueous solution was satu-
rated with oxygen, the dPSP4 nanoparticle might carry
a large amount of oxygen. Singlet oxygen is the lowest
excited state of molecular oxygen and is the main cyto-
toxic ROS produced. When the photosensitizer is irra-
diated with laser light, it transfers energy to molecular
oxygen to produce singlet oxygen, causing oxidative
stress, which can cause apoptosis or necrosis of target
tissue cells.

Cytotoxicity of ICG-pEGFP-TRAIL/dPSP4

Nanoparticle

The results of degradation experiments and release experi-
ments showed that dPSP4 was a redox-sensitive polymer.
ICG was added as a photosensitizer to the carrier to prepare
ICG-pEGFP-TRAIL nanoparticles to increase the level of
ROS and trigger drug release. It was known that under laser
irradiation, ICG could produce high concentration of singlet
oxygen to kill tumor cells. Singlet oxygen ('0,) is a general
term for the paramagnetic state of molecular oxygen. It
belongs to active oxygen and is the excited state of ordinary
oxygen (°0,). Singlet oxygen has strong active oxygen
radicals and cytotoxic effects. The cell membrane and mito-
chondria are most sensitive to it. It can interact with a variety
of biological macromolecules in the cell and cause damage
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to the cell membrane system by binding with molecules. As
shown in Figure 6B, free ICG had almost no toxicity without
infrared light irradiation, but ICG generated cytotoxic singlet
oxygen under infrared light irradiation, which reduced the
cell survival rate. Without infrared light irradiation, there
was no difference in cell survival rate between ICG-pEGFP-
TRAIL/PSP and pEGFP-TRAIL/PSP group. However,
under infrared light irradiation, ICG-pEGFP-TRAIL/PSP
was higher cytotoxicity than pEGFP-TRAIL/PSP group.
The cell survival rate of the pEGFP-TRAIL/dPSP4 group
was lower than that of the PSP group. The ICG-pEGFP-
TRAIL/dPSP4 group had the lowest cell survival rate under
infrared light irradiation. This was because the ROS pro-
duced by ICG can not only promote the apoptosis of tumor
cells but also promote the degradation of dPSP4 to increase
the expression of TRAIL protein.

Cellular Uptake

The cell uptake of ICG-pDNA nanoparticles was investi-
gated by CLSM and FCM. As shown in Figure 6C, the
fluorescence intensity of the two groups of nanoparticles
increased significantly over time, and the red and green
fluorescence coincided, indicating that the nanoparticles
can co-transport ICG and DNA. The uptake results of ICG-
pDNA/dPSP4 nanoparticles showed that PSP and dPSP4
could be easily taken up by 4T1 cells, and the absorption

efficiency between PSP and dPSP4 was slightly different.
As shown in Figure 7A, the proportion of positive cells in
the PSP and dPSP4 nanoparticle groups was significantly
higher than that in the naked pDNA group, indicating effec-
tive cell uptake after 1 h or 4 h of incubation, which was
consistent with CLSM data. After incubating the cells with
nanoparticles for 4 hours, the proportion of positive cells in
the experimental group (PSP and dPSP4) was 87.65% and
91.25%, respectively, while the proportion of positive cells
in naked pDNA was 15.05% (Figure 7B). The uptake of
dPSP4 and PSP was time dependent, and the uptake at 4
hours was significantly stronger than that at 1 hour, while
the uptake of naked DNA did not change significantly.

The CLSM and FCM results indicated that PSP and dPSP4
nanoparticles-mediated DNA delivery promotes cell uptake
through positive charge and achieves endosome escape
through the “proton sponge effect”. Cell uptake results indi-
cated that polyspermine (with or without diselenides) can be
used as a carrier for ICG and DNA co-transportation, which
can quickly and efficiently deliver drugs to cells.

Intracellular Localization of

YOYO-1-pDNA Loaded Nanoparticles
To study the subcellular localization of YOYO-1-pDNA/
dPSP4 nanoparticles, intracellular co-localization experiments
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analysis of cell uptake (B). Confocal images of 4T 1 cells after incubating with pPDNA/dPSP4, the endolysosomes were stained Lyso-Track'™ Red (red) (C). Scale bar = 20 um.
Statistically significant differences are indicated by asterisks (**p< 0.01 and ***p<0.005).

were performed using LysoTracker™ Red and DAPIL As
shown in Figure 7C, the intracellular distribution of YOYO-
1-pDNA further illustrated that the delivery process of the two
nanoparticles after cell uptake was different. After 4 hours of
incubation of 4T1 cells with the nanoparticles, high levels of
intracellular ROS/GSH increased lysosome escape of the
dPSP4 nanoparticle group, which was not observed in the
PSP control. Under the stimulation of high GSH/ROS in
tumor cells, the diselenides in dPSP4 structure were broken,
and the affinity with pDNA was reduced, thereby improving
the lysosomal escape of gene. Higher GSH/ROS levels in
tumor cells would ensure that sufficient pDNA is released
into the cytoplasm in the dPSP4 group, but not in the PSP
group. Cell uptake results indicated that the release of pDNA/
dPSP4 nanoparticles in the cells was time dependent.
Although both PSP and dPSP4 could guarantee sufficient
cellular uptake, the lysosomal escape phenomenon of the
two groups was significantly different. The dPSP4 containing
redox-sensitive diselenides was quickly degraded into non-
toxic small molecules in tumor cells and releases plasmids.
PSP was non-degradable, highly toxic and could not quickly

and completely release plasmids. Therefore, dPSP4 might
have a higher gene transfection efficiency compared to PSP.

Transfection Efficiency of dPSP4

Nanoparticles in vitro

To evaluate the transfection efficiency of dPSP4 nanoparti-
cles, the expression of two reporter genes (pEGFP-TRAIL
and pCMV-Luc) were detected in 4T1 cells. As shown in
Figure 8A, there was a significant difference in luciferase
gene expression between nanoparticles with and without
biodegradable diselenides. The expression of luciferase
increased with the increase of N/P ratio. The reason was
that the greater the N/P ratio, the nanoparticles prepared
were of greater positive charge, smaller particle size and
more condensed plasmid. This was consistent with the results
of the in vitro properties investigation of nanoparticles above.
The expression of luciferase gene in 4T1 cells showed that
dPSP4 had relatively efficient luciferase expression, and its
expression efficiency was significantly improved compared
to PSP. The transfection efficiency reached its maximum
when the N/P ratio was 16, and then gradually decreased.
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According to the above experimental results, the opti-
mal N/P ratio of 16 was selected for subsequent experi-
ments. As shown in Figure 8D, the expression of green
fluorescent protein in the dPSP4 group was significantly
enhanced after infrared light irradiation, which was sig-
nificantly stronger than the group without infrared light
irradiation. However, the intensity of green fluorescence
was almost the same in the PSP group with or without
infrared light.

The reason why the green fluorescence intensity of the
dPSP4 group was significantly stronger than that of the
PSP group was that dPSP4 containing diselenide was
easily destroyed under redox stimulation. The high con-
centration of ROS/GSH in tumor cells and the singlet

oxygen produced by ICG under infrared light irradiation
accelerated the decomposition of diselenides.

The percentage of EGFP positive cells and the average
fluorescence value was measured by flow cytometry. As
shown in Figure 8B and C, the transfection result of
dPSP4 was obviously stronger than that of PSP. When
irradiated by infrared light, the transfection efficiency of
dPSP4 was 70.9%, while that of PSP was only 29.0%. In
the absence of infrared light, the transfection efficiency of
dPSP was 55.3%, while that of PSP was only 26.4%. For
dPSP4 nanoparticles, the number of positive cells was
about 2.45 times that of PSP (NIR8O0S irradiation) and
2.09 times that of PSP (no infrared light), which was
consistent with the CLSM results. These results indicated
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that dPSP4 was an excellent non-viral gene vector, which
was stable under normal physiological environment, while
was completely degraded in tumor cells environment.
Under the irradiation of infrared light, singlet oxygen
generated by dPSP nanoparticles combined with photosen-
sitizer accelerated gene release and improved transfection
efficiency.

Hemolytic Analysis of pPDNA/dPSP4

Nanoparticle

The blood compatibility of the carrier is an indicator of the
safety of the gene carrier, which is particularly important for
subsequent in vivo experiments. As shown in Figure 8E
and F, the hemolysis rate of PEI and dPSP increased with
the increase of sample concentration and incubation time.
The reason of the result is that as time increases, the degree
of reaction with serum proteins increases, causing more
serious hemolysis effects. With the increase of sample con-
centration, the possibility of reaction between sample and
red blood cells was increased, and the hemolysist is also
improved. After 24 hours of incubation, the hemolysis rate
of 100 pg/mL of PEI was 3.89 times that of dPSP. The
charge density of cleavable dPSP is lower than that of
PEI, and the electrostatic reaction between positive and
negative phospholipids is weaker than that of PEI, thereby
improving the safety and efficiency of the gene transfection.

Conclusions

In summary, we successfully prepared a diselenides-
bridged cationic polymers as a gene vector with controlled
release in tumor cells. The diselenides were easily broken,
which endowed the nanoparticles stronger redox sensitivity.
In addition, dPSPs showed good biocompatibility and non-
toxicity to both normal cells and tumor cells. Nanoparticles
loaded with photosensitizer can not only promote tumor
apoptosis but also improve gene expression. Compared
with ICG, ICG-pEGFP-TRAIL/dPSP4 nanoparticles pro-
duce more singlet oxygen, which can kill tumor cells
directly and promote the dissociation of diselenides. The
ICG-pDNA/dPSP4 nanoparticle had stronger redox sensi-
tivity and faster release profile of pPDNA and ICG when
compared with the PSP nanoparticle under simulated tumor
cell condition. The cytotoxicity, uptake and transfection of
dPSP4 nanoparticles were evaluated in vitro, which showed
sufficient cell uptake rates, successful lysosomal escape,
high luciferase and pEGFP-TRAIL expression. The trans-
fection results of ICG-pEGFP-TRAIL/dPSP4 nanoparticle

revealed that the co-transportation nanoparticle delivery
system combined with laser irradiation can significantly
improve gene expression. In summary, the preparation of
redox stimulus-responsive dPSP4 nanoparticles highlights
the promising prospect of dPSP polymers in design of safe,
stable, and intelligent gene vectors for anti-tumor.
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