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The integration of photothermal therapy (PTT) with gene therapy (GT) in a single nanoscale platform demon-
strates great potential in cancer therapy. Porous iron oxide nanoagents (PIONs) are widely used as magnetic
nanoagents in the drug delivery field and also serve as a photothermal nanoagent for photothermal therapy.
However, the therapeutic efficacy of PIONs-mediated GT has not been studied. The long noncoding RNA
(IncRNA) CRYBG3 (LNC CRYBG3), a IncRNA induced by heavy ion irradiation in lung cancer cells, has been
reported to directly bind to globular actin (G-actin) and cause degradation of cytoskeleton and blocking of
cytokinesis, thus indicating its potential for use in GT by simulating the effect of heavy ion irradiation and
functioning as an antitumor drug. In the present study, we investigated the possibility of combining PIONs-
mediated PTT and LNC CRYBG3-mediated GT to destroy non-small cell lung cancer (NSCLC) cells both in vitro
and in vivo. The combination therapy showed a high cancer cell killing efficacy, and the cure rate was better than
that achieved using PTT or GT alone. Moreover, as a type of magnetic nanoagent, PIONs can be used for magnetic
resonance imaging (MRI) and photoacoustic imaging (PAI) both in vitro and in vivo. These findings indicate that
the new combination therapy has high potential for cancer treatment.

1. Introduction

Nanoagents are a type of nanomaterials that are widely used in
biological research to deliver drugs [1-4], and one of such nanoagents is
porous iron oxide nanoagents (PIONs). PIONs are used as a vehicle
because of their specific magnetic and photothermal properties [5-10].
Near infrared (NIR) laser-induced photothermal therapy (PTT), a mini-
mally invasive therapy, has received increasing attention in recent years
because of its specific lesion destruction feature and favorable biosafety
[11]. As a NIR laser-absorbing nanoagent, PIONs can kill cancer cells by
transforming NIR laser energy into heat energy and deliver drugs into
tumor cells under the guidance of magnetic resonance imaging (MRI).
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PTT can also induce an anti-tumor immune response, which is beneficial
in clinical treatment [12-15]. However, during the process of PTT, the
heat energy not only kills cancer cells but also induces side effects on the
adjacent normal tissues [9,16,17]. According to a recent study, the
combination of PTT and other adjuvant therapies can increase treatment
efficacy and decrease the side effects [18-24]. Because PIONs are
magnetic nanomaterials, they have the potential to be guided to tumor
tissues by a magnetic field and can be used for MRI [25-27], which is
very important and useful in clinical treatment. (see Scheme 1)

Gene therapy (GT) is a new type of cancer therapy. In the past
decade, clinicians have used biomolecules such as siRNA/shRNA to
modulate gene expression [28-32]. However, recently, molecular
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targeted therapy has been facing challenges such as increasing drug
resistance due to the development of compensatory mechanisms of the
targeted pathways in cancer cells [33,34]. In our previous studies, the
long noncoding RNA (IncRNA) CRYBG3 (LNC CRYBG3), a IncRNA
induced by heavy ion irradiation in lung cancer cells, was shown to
depolymerize the actin cytoskeleton, induce cell death, inhibit tumor
progression, and decrease the invasiveness of lung cancer cells [35,36].
The actin cytoskeleton is essential for cell proliferation and growth,
especially for cell division by maintaining the spatial structure of cells
and helping in molecule transport in the cytoplasm and cell junction
formation. Actin is the main protein of the microfilament cytoskeleton
and a key factor of contractile ring formation during the middle stage of
metamitosis. These findings indicated that LNC CRYBG3 may be a po-
tential therapeutic target for GT.

Base on the above, we investigated the possibility of combining
PIONs-mediated PTT and LNC CRYBG3-mediated GT to destroy non-
small cell lung cancer cells (A549). For this purpose, plasmid
pcDNA3.1-LNC CRYBG3 was constructed and delivered to A549 cells
through PIONs to overexpress LNC CRYBG3. A549 cells were then
exposed to NIR laser. The results showed that PIONs could effectively
carry pcDNA3.1-LNC CRYBG3 into cancer cells and that LNC CRYBG3
was successfully overexpressed in lung cancer cells. In the combina-
tional therapy, on one side, the heat generated by PIONs after NIR
irradiation can increase the release efficiency of pcDNA3.1-LNC
CRYBG3 into tumor tissues. Moreover, the heat generated during the
photothermal conversion can ablate tumor tissues noninvasively by
heating the tissues locally above 42 °C, while keeping the surrounding
tissues from hyperpyrexia [37-40]. On the other side, in response to
heavy ion irradiation, LNC CRYBG3 can overexpress in tumor cells to
degrade the actin cytoskeleton and cause cell apoptosis [35,36], which
simulates the tumor-killing effect of heavy ion irradiation but does not
cause side effects of radiotherapy. Photothermal ablation and cytotox-
icity of LNC CRYBG3 functioned together and showed synergistic cancer
inhibitory effect.

PIONs

NIR S

NIR
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2. Experimental section
2.1. Materials

All reagents involved in our experiment were used directly [11].
Polyacrylamide (PAM), ferric chloride, urea, trisodium citrate dihy-
drate, absolute ethanol, monobasic potassium phosphate, disodium
phosphate dodecahydrate, and dimethyl sulfoxide (DMSO) were of
analytically pure grade. All of the above reagents were purchased from
Shanghai Chemical Reagents Co., Ltd (Shanghai, China). Plasmid over-
expressing LNC CRYBG3 (pcDNA3.1-LNC CRYBG3) was designed and
synthesized by Shanghai Sangon Corporation (Shanghai, China). Cell
Counting Kit-8 (CCK-8) was purchased from Beyotime Biotechnology
Corporation (Shanghai, China). The Lipofectamine™ 3000 (Lipo3000)
Transfection Reagent (Invitrogen, Thermo Fisher Scientific, NC, USA)
was used for plasmid transfection. All aqueous solutions were prepared
using 18.2 MQecm purified water obtained from a Milli-Q water puri-
fication system (Millipore, Bedford, MA, USA).

2.2. Preparation of PIONs

PIONs were prepared according to a modified protocol [11]. Spe-
cifically, 2.6 g ferric chloride, 3.6 g urea, and 9.4 g sodium citrate were
mixed with 380 mL of deionized water and stirred with a glass rod for 30
min. Subsequently, 2.0 g of PAM was slowly added under vigorous
stirring, and the stirring was continued until PAM was completely dis-
solved. Transferring 190 mL of the resultant solution to a 200 mL
autoclave lined with Teflon and kept at 200 °C for 12 h. The resultant
product was then collected by centrifugation and washed several times
with absolute ethanol and ultrapure water alternately.

2.3. Photothermal properity test of PIONs

The photothermal conversion efficiency () of PIONs was calculated
according to Roper’s method and the following formulation [41].

Tourr) — QuisV/I(1 — 10745%%)] )}

n= [AS(Tinax —

binucleated cells

cell apoptosis

Scheme 1. Schematic illustration of using PIONs loaded with pcDNA3.1-LNC CRYBG3 nano-complexes (PIONs@pDNA NCs) as a photoporation nanoplatform for

photothermal therapy and gene therapy.
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In formula (1), h is the thermal conductivity coefficient; S is the laser
irradiation area; Tp,x is the maximum equilibrium temperature (42 °C);
Tsurr is the surrounding ambient temperature (25.1 °C); Qgis is the
thermal dissipation value of the solvent and container (quartz cell or
Eppendorf (EP) tube) (148.8 mW); I represents the laser irradiation
current (1.35 A); and A808 represents the absorbance of PIONs (200 pg/
mL) at a wavelength of 808 nm (0.9174). The value of hS is derived from
Equation (2):

@

In formula (2), the m; represents the mass of PIONs (1.0014 mg); cy20
is the heat capacity of deionized water (4.2 J/g); and 7 is the thermal
conductivity of the system. The value of z; is calculated according to
Equations (3) and (4) as follows:

hS = m,'CHgo/’CS

t = — 1, In(0) 3

0= (T = Tsur)(Tinax — Tsurr) @

2.4. Cell culture

Non-small cell lung cancer cells (A549) and normal human bronchial
epithelium cells (BEAS-2B) were purchased from American Type Culture
Collection (Rockville, MD, USA). A549 cells were cultured in Roswell
Park Memorial Institute (RPMI) 1640 medium (Gibco, Grand Island, NY,
USA) supplemented with 10 % fetal bovine serum (FBS), 1 % penicillin
sodium, and 100 pg/mL streptomycin. BEAS-2B cells were cultured in
Dulbecco’s Modified Eagle’s Medium (DMEM) (Gibco) containing 10 %
FBS, 1 % penicillin sodium and 100 pg/mL streptomycin. All the cell
lines were incubated in a 37 °C incubator (Thermo Fisher Scientific, NC,
USA) with 5 % (v/v) CO,. Trypsin was used to detach cells from the
culture dish when they have grown to appropriate confluence. Then cells
were collected by centrifugation at 1000 rpm for 5 min, and resuspended
in a fresh culture medium to end the digestion before further treatment.

2.5. Plasmid load and release

First, 5 mg of PIONs was dissolved in double-distilled water (ddH20)
at the concentration of 2.5 mg/mL and ultrasonically dispersed for
approximately 10 min. The pcDNA3.1-LNC CRYBG3 was then dissolved
in 2 mL of the prepared PIONs aqueous solution, and the mixture was
then placed in a constant temperature incubator at 37 °C for 24 h to
reach equilibrium. Subsequently, the PIONs@pDNA NCs were collected
with a magnet and washed twice with phosphate-buffered saline (PBS)
to remove free pDNA. All the supernatants were collected, and the
amount of pDNA in the supernatant was measured by UV-vis-NIR
spectroscopy with an absorption peak at 480 nm. The difference be-
tween the added amount of pDNA and the remaining amount was
calculated to determine the amount of pDNA loaded into the PIONs.

To determine the pDNA loading -capacity (PLC), 1.0 mg
PIONs@pDNA NCs was dispersed in 1.0 mL neutral PBS (pH 7.4). The
supernatant was collected with a magnet at different time points under
the condition of slight shaking. We also conducted laser-triggered
release studies of plasmids. The PIONs@pDNA NCs dispersed in PBS
(pH 5.0) were treated with intermittent lasers; the continuous irradia-
tion time was 10 min, and the laser power density was 1 W/cm?. The
same method was used to determine the pDNA loading efficiency (PLE)
of PIONs. PLC and PLE were calculated using the following formulas (1)
and (2):

PLC (wt. %) = weight of loaded pDNA / total weight of PIONs@pDNA NCs
x 100% €y

PLE (%) = weight of loaded pDNA / weight of added pDNA x 100%  (2)

159

Bioactive Materials 9 (2022) 157-167
2.6. Cytotoxicity assay

Cytotoxicity of PIONs was evaluated by the CCK-8 assay. Briefly,
A549 cells were seeded onto a 96-well plate at the density of 1 x 10*
cells per well and grew overnight. Subsequently, the old culture medium
was removed and a fresh culture medium with different concentrations
(25, 50, 100, 150, 200, and 250 pg/mL) of PIONs was added into the
plate. Then the cells were incubated at 37 °C for 24 h. The CCK-8 reagent
was then directly added to the medium. After 2 h incubation at 37 °C,
the absorbance was recorded at 450 nm by a multifunctional microplate
reader (BioTek Instruments, VT, USA).

2.7. qRT-PCR

The total RNA was extracted from cells using TRIzol reagent (Invi-
trogen, CA, USA). The PrimeScript RT Reagent Kit (Takara Shuzo Co.,
Kusatsu, Shiga, Japan) was used to reverse-transcribe total mRNA, and
SYBR Green qPCR Master Mix (Life Technologies, Grand Island, NY,
USA) was used for cDNA amplification. Real-time PCR was performed
with a Vii7A system (Life Technologies) using the following program:
initiation at 95 °C for 10 min, 45 thermal cycles each at 95 °C for 15 s
and at 60 °C for 20 s, and final extension at 72 °C for 15 min. All the data
were analyzed with the C(t) value comparison method. The expression
level of LNC CRYBG3 was normalized to that of glyceraldehyde-3-
phosphate dehydrogenase (GAPDH). The primer sets used in the
experiment are listed in Table S1.

2.8. Western blot

A549 cells were seeded in 60 mm cell culture dishes and treated with
NIR, PIONs or PIONs@pDNA as mentioned in above experiment. The
cells’ protein was collected using RIPA lysing buffer (Beyotime,
Shanghai, China) and determined by using BCA Protein Assay Kit
(Beyotime, Shanghai, China). The 10 % SDS-PAGE gels were used to
separate the proteins and 0.22 pm polyvinylidene fluoride (PVDF)
membrane (Millipore, Bedford, MA, USA) was used for protein trans-
ferration. F/G-actin Western blot was performed by using the G-actin/F-
actin In Vivo Assay Kit (Cytoskeleton, Inc. DENVER, USA). The jaspla-
kinolide (Cayman Chemical Compan, Czech Republic Cayman Europe,
Estonia) is a macrocyclic peptide come from sponge Jaspis johnstoni,
which can induce actin to polymerize into microfilaments (F-actin) [42].

2.9. Immunofluorescence

Immunofluorescence staining was used to measure the cytoskeleton
change. A549 cells were seeded in a 6-well plate with 13 mm glass slides
at the density of 1 x 10° cells per well and grew overnight. Subse-
quently, the old culture medium was removed and a fresh culture me-
dium with PIONs, PIONs@pDNA, or pDNA (Lipo3000) was added to the
plate respectively. Then the cells were exposed to NIR (1 W/cm?) for 10
min and incubated at 37 °C for 24 h. After incubation, the slides with
cells were fixed with 4 % paraformaldehyde. The nucleus was stained
with DAPI and cytoskeleton protein was stained with phalloidin. The
laser scanning confocal microscope was used to take images. The per-
centage of binucleated cells was determined according to binucleated
cells’ number in every 200 cells. Phalloidin was purchased from
FCMACS Biotech Co. Ltd (Nanjing, China) and used for cytoskeleton
staining.

2.10. Flow cytometry

Flow Cytometry assay was used to detect the apoptosis rates of cells.
A549 cells were seeded in a 6-well plate at the density of 2 x 10° cells
per well and grew overnight. Subsequently, the old culture medium was
removed and the fresh culture medium with PIONs, PIONs@pDNA, or
pDNA (Lipo3000) was added to the plate respectively. Then cells were
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exposed to NIR (1 W/cm?) for 10 min and incubated at 37 °C for 24 h.
After incubation, all cells were collected and centrifuged at 1000 rpm for
5 min. Then the supernatant was discarded and cells were resuspended
with binding buffer. The apoptosis rates of cells were analyzed by flow
cytometry using an Annexin V-Alexa Fluor® 647/PI/Apoptosis detec-
tion kit (cat. no. FMSAV647-100, FCMACS Biotech Co. Ltd., Nanjing,
China) according to the manufacturer’s protocol.

2.11. Lysosomal escape test of PIONs

A549 cells were seeded onto 35 mm glass bottom dishes at a density
of 8 x 10* cells/dish and cultured at 37 °C until the cell confluency
reached 50-60 %. Then replace the old culture medium with 1 mL of
fresh medium containing Cy5.5-labeled PIONs (PIONs-Cy5.5). The
concentration of PIONs was set as 200 pg/mL. Nuclei and lysosomes
were stained with DAPI (1 pg/mL) and LysoTracker Red (1 pM) dyes
respectively and incubated at 37 °C incubator for 30 min. Intracellular
distribution of PIONs-Cy5.5 was analyzed with laser scanning confocal
microscope (Olympus FV1200, Tokyo, Japan). LysoTracter Red probe
was purched form KeyGEN Biotech (Nanjing, China).

2.12. Animal experiments

Male BALB/c nude mice (6-8 weeks, 18-22 g) were purchased from
Shanghai SLAC Laboratory Animal Co., Ltd. and were raised in specific
pathogen-free (SPF) animal rooms. The animal experimental protocols
were reviewed and approved by the Institutional Animal Care and Use
Committee, Soochow University.

The PIONs were dispersed in an agarose gel and solidified at room
temperature. Different concentrations of PIONs were tested by a pho-
toacoustic (PA) imaging machine and then uniformly dispersed. For in
vivo imaging, the tumor was injected with PBS (25 pL) or PIONs solution
(25 pL, 1 mg/mL) and immediately imaged with the PA scan machine.
The same approach was used to test the MR imaging property of PIONs.

A549 cells were seeded onto several 100-mm culture dishes and then
harvested. Next, 5 x 10° cells were injected subcutaneously into the
flanks of the 6-week-old male nude mice. After 3 weeks, all mice showed
the development of subcutaneous solid tumors with a volume of
approximately 50 mm?. Each mouse developed two points of solid tu-
mors. All 24 nude mice were randomly divided into 6 groups, with 4
mice in each group, and were subjected to six treatments as follows:
Control, PIONs, PIONs@pDNA, NIR, PIONs + NIR, and PIONs@pDNA +
NIR. Twenty-five micrograms of PIONs was injected into each solid
tumor of the PIONs and PIONs + NIR groups. Twenty-five micrograms of
PIONs/pDNA (w/w = 25) was injected into each solid tumor of the
PIONs@pDNA and PIONs@pDNA + NIR groups. Tumors in the NIR,
PIONSs + NIR, and PIONs@pDNA + NIR groups were treated with an NIR
laser (808 nm, 1 W/cm?) for 5 min every two days after the injection.
Subsequently, the tumor volumes of all mice were measured every two
days by using a caliper for 23 days. Tumor volume was calculated using
the formula (3):

3)

Where a is the length and b is the width of the solid tumor. All the tumor
volume data were normalized with that of the control group. After 23
days, all mice were sacrificed, and the tumors were stored in formalin
after weighing. The tumor tissues were embedded into paraffin sections,
and immunohistochemical analysis, hematoxylin and eosin (H&E)
staining, and immunofluorescence staining were performed. TUNEL dye
was purchased from Beyotime Biotechnology Corporation (Shanghai,
China) and used for apoptotic cells immunofluorescence staining in
tumor tissues.

Volume = a x b® x /6
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2.13. Statistical analysis

The data were obtained from triplicate experiments and presented as
mean + standard deviation (SD). All the data were analyzed by Stu-
dent’s t-test, and the differences between the test and control groups
were considered to be significant at *p < 0.05 and very significant at **p
< 0.01 and ***p < 0.001.

3. Results and discussion
3.1. Synthesis and characterization of PIONs

To investigate the chemical and physical properties of the nano-
agents used in our study, the multifunctional PIONs were prepared ac-
cording to a modified procedure [43-46], and their properties were
determined by several experiments. High-resolution scanning electron
microscopy (SEM) micrographs showed that the diameter of PIONs
particles was approximately 190 nm (Fig. 1A). In addition, the dynamic
light scattering (DLS) technology was used to measure the hydrody-
namic diameter distribution of PIONs, and the results show that the
PIONs have a stable diameter distribution. (Fig. S1). Besides, the ab-
sorption peak of this nanoagent was below approximately 420 nm UV
irradiation (Fig. 1C). As shown in Fig. 1B, the magnetic experiment
confirmed that this nanomaterial has superparamagnetic property and
can be attracted by a magnetic field. As shown in Fig. S2, The photo-
thermal property of PIONs was also tested, and the results indicated that
PIONs have high photothermal conversion efficiency (1 = 33.8 %). It
could increase the medium temperature from 25 °C to 42 °C in 10 min at
the concentration of 200 pg/mL (Fig. 1D and E). The photothermal
conversion ability increased with the concentration of PIONs, and they
showed stability following repeated laser stimulations (Fig. 1F). All
these data indicate that PIONs have both excellent photothermal prop-
erties and magnetic properties and can be potentially used in clinical
diagnosis and treatment.

3.2. Biocompatibility and PTT efficacy of PIONs in vitro and in vivo

The biocompatibility of PIONs, which should be evaluated before the
experiments, was determined by the CCK-8 assay. Therefore, we firstly
investigated the cytotoxicity of PIONs toward A549 cells. A549 cells
were incubated with PIONs for 24 h. The cell viability of A549 cells was
still >80 % even at a high concentration (250 pg/mL) of PIONSs; this
indicated that PIONs showed no significant cytotoxicity toward A549
cells at the tested concentrations (Fig. 2A). However, in the NIR-treated
group, the cell viability decreased significantly with the increase in
PIONs concentration (Fig. 2A). These results showed that PIONs have
less cytotoxic effect on A549 cells and can be used in PTT. We also tested
the biocompatibility of PIONs for BEAS-2B cells (Fig. S3), and the results
were similar to those obtained for A549 cells.

To combine PTT with GT, plasmid pcDNA3.1-LNC CRYBG3 was
constructed and loaded into PIONs. As shown in Fig. 2D, the release rate
of the pDNA was measured in PBS with different pH values at room
temperature, and the results indicate that the pDNA release rate in acid
solvent was a little higher than that in the neutral solvent, which is
beneficial to the release of pDNA in the acid tumor environment. As
shown in Fig. 2C, the pDNA release from PIONs@pDNA NCs increased
when they were exposed to the NIR laser, the release rate of the pDNA
was measured using a UV spectrophotometer. The results indicated that
the NIR laser can promote pDNA release as compared to natural release.

As NIR laser irradiation was found to promote the separation of
pDNA3.1-LNC CRYBG3 from PIONs, we tested the inhibitory effect of
PTT combined with GT on the viability of tumor cells. As shown in
Fig. 2B, PTT or GT alone could not decrease the viability of cancer cells
significantly when the concentration of PIONs was 150 pg/mL. The
overexpression of LNC CRYBG3 in A549 cells was verified by qRT-PCR
(Figs. S4 and S5). For the PIONs@pDNA group, less than 20 % of
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Fig. 1. Characterization of PIONs. (A) High-resolution SEM micrographs show that the PIONs particles adopt a mesoporous morphology with a diameter of 190
nm. Scale bar = 200 nm. (B) Magnetic properties of PIONs. (C) UV absorbance curve of PIONs from 300 nm to 1000 nm. (D) Thermal imaging pictures of PIONs at
different concentrations in water under 808 nm laser (1 W/cm?) irradiation for 10 min. (E) Photothermal heating curves of (D). (F) Heating of a suspension of PIONs
in PBS for four laser on/off cycles with an 808 nm NIR laser (1 W/cm?). The data are shown as mean + SD. The error bar is derived from triplicate measurements.

#*4p < 0,001, **p < 0.01, *p < 0.05.

A549 cells were killed without NIR laser irradiation when the PIONs
concentration was 150 pg/mL. Approximately 80 % of cells were still
alive when they were irradiated with NIR laser alone at the same PIONs
concentration. As shown in Fig. S4, the expression of LNC CRYBG3 in the
PIONs@pDNA group was approximately 7 times than that of the control
group, but the cell viability of the PIONs@pDNA group did not decrease
significantly; this implied that LNC CRYBG3 overexpression at such level
did not dramatically suppress cell viability. The suppressive effect
became significant only when the overexpression level reached over 100
times, as observed in the pDNA (Lipo3000) group. However, the cell
viability of PIONs@pDNA + NIR group decreased to 30 %. This indicates
that the combination therapy of PTT and GT can significantly decrease
cell viability.

The combination curative effect index (CCEI) between the pDNA-
mediated GT and PIONs-mediated PTT was calculated according to
the following formula (4); the results indicate synergism (CI < 1),
additivity (CI = 1), or antagonism (CI > 1) between the two individual
therapies:

161

CI = DwICX-a + DP/ICX-p 4

o represent PIONs and p represent pDNA; ICX-o and ICX-f are con-
centrations at which the cell growth inhibition rate reaches X when the
two complexes are used alone, and Da and Df are the concentrations of
the two complexes when the cell growth rate reaches X if they work
together.

The cell viability assay based on the CCK-8 reagent was evaluated as
follows:

PTT: the 50 % inhibition rate of cell viability was reached when
PIONSs were used at the concentration of 450 pg per 1 x 105 A549 cells.
In the combination therapy, the concentration of PIONs was 300 pg per
1 x 10° A549 cells.

GT: the 50 % inhibition rate of cell viability was reached when pDNA
was used at the concentration of 1 pg per 1 x 10° A549 cells. In the
combination therapy, the concentration of pDNA was 0.8 ug per 1 x 10°
A549 cells.
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Fig. 2. Biocompatibility and PTT efficacy of PIONs in vitro and in vivo. (A) Cell viability of A549 cells treated with different concentrations of PIONs with or
without 808 nm laser irradiation (1 W/cm?) for 10 min. (B) Cell viability of A549 cells treated with PIONs or PIONs@pDNA with or without 808 nm laser irradiation
(1 W/cm?, 10 min). (C) pDNA release profile in PBS (pH = 5.0) with intermittent NIR laser irradiation (808 nm, 1 W/cm?). (D) Cumulative plasmid release profile for
PIONs@pDNA measured in PBS (pH = 7.4 or 5.0) at room temperature. (E) Photothermal imaging after injecting PIONs (1 mg/kg) into subcutaneous tumors. (F) is
the temperature curve of (E). The tumor was exposed to NIR laser irradiation (808 nm, 1 W/cm?) for 5 min. The data are expressed as mean + standard deviation
(SD). The error bar is derived from triplicate measurements. ***p < 0.001, **p < 0.01, *p < 0.05.

According to formula (4):
CI = 450/300 + 1/0.8 =2.75 > 1

This implies that the combination therapy exhibits better inhibitory
effect for A549 cells.

Although we tested the photothermal ability of PIONs in vitro, the
photothermal effect in live animals may be different. To evaluate this
aspect, subcutaneous tumors in nude mice were exposed to NIR laser (1
W/ cmz, 808 nm) for 5 min after PIONSs or PBS injection, and the thermal
imaging camera was used to record the temperature change of the tumor
tissues. We then injected PIONs (25 pL, 1 mg/mL) or PBS (25 pL) into the
subcutaneous tumors. Five minutes later, the photothermal images were
captured in the same way as mentioned above. The photothermal im-
aging results indicated that PIONs show photothermal conversion
function when exposed to NIR light (Fig. 2E). The local temperature of
the tumor increased from 35 °C to 45 °C in 5 min (Fig. 2F).

3.3. Gene therapy basing on LNC CRYBG3 combined with PTT induced
apoptosis of A549 cells in vitro

LNC CRYBG3 has been shown to directly bind to G-actin to inhibit its
polymerization and formation of contractile rings, resulting in M-phase
cell cycle arrest [47], failure of cytokinesis, and cell death. In the present
study, we overexpressed LNC CRYBG3 in A549 cells by using the
pcDNA3.1-LNC CRYBG3 plasmid. We then used flow cytometry to
measure cell apoptosis and found that the apoptosis rate in the combi-
nation treatment group increased significantly as compared to that in
the single treatment groups (Fig. 3A and B). The western blotting
experiment also showed that the expression of apoptotic protein Bax and
cleaved-caspased3 was increased, while caspase3 and anti-apoptosis
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protein Bcl-2 was decreased after combination treatment (Fig. S6).
The results showed that LNC CRYBG3-induced cell apoptosis was
significantly aggravated by PIONs and NIR.

F-actin is the main component of the cytoskeleton and its polymer-
ization from G-actin is a dynamic process. In Fig. 3C, Western blot
analysis shows the F-actin to G-actin ratio decreased when LNC CRYBG3
was delivered into A549 cells, which means the polymerization of F-
actin by G-actin was suppressed by LNC CRYBG3. Jasplakinolide was
used to promote the F-actin assembly to be a positive control. As shown
in Fig. 3D, A549 cells in the PIONs and PIONs + NIR groups exhibited
normal cell cytoskeleton structure as demonstrated by phalloidin
staining; this suggested that PIONs do not affect the morphology of cell
cytoskeleton. We then measured the percentage of binucleated cells and
found that the percentage of these cells increased more significantly in
the combination treatment groups as compared to that in the single
treatment groups (Fig. 3G). We also noted that the delivery of pDNA into
cells through PIONs caused high degradation of cell cytoskeleton.
Moreover, NIR treatment aggravated the degradation of cell cytoskel-
eton induced by LNC CRYBGS3.

As shown in Fig. 3E, F, H and I, the lysosomal escape capability of
PIONs facilitated by NIR laser was observed under laser scanning
confocal microscope. The lysosome of A549 cells was stained with
LysoTracker Red and the nucleus was stained with DAPI. The overlay of
red and green fluorescence indicated that the PIONs-Cy5.5 were located
in lysosomes and the separation of green and red fluorescence indicated
that the PIONs-Cy5.5 escaped from lysosomes to cytoplasm. In the
control group, the PIONs-Cy5.5 was captured by lysosomes after 2 h
incubation with little releasement. Relatively, when treated with NIR
(808 nm, 1 W/cm?) for 10 min, the releasement of PIONs from lyso-
somes increased obviously post irradiation. These data illustrate that the
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Fig. 3. PIONs mediated cell apoptosis, cytoskeleton depolymerization and lysosomal escape under NIR irradiation. (A) Apoptotic cells caused by LNC
CRYBG3 and PTT. (B) The apoptosis rate in (A) increased significantly in the combination treatment. (C) F-actin and G-actin protein levels in the A549 cells in
different groups. (D) LNC CRYBG3 overexpression influenced the normal structure of the cytoskeleton of A549 cells as demonstrated by phalloidin staining. Scale bar
= 50 pm. (E) Laser scanning confocal microscope images of A549 cells incubated with PIONs-Cy5.5 (200 pg/mL) for 2 h. Scale bar = 50 ym. (F) Laser scanning
confocal microscope images of A549 cells incubated with PIONs-Cy5.5 (200 pg/mL) for 2 h after 10 min NIR (808 nm, 1 W/cm?) irradiation. A549 cells were
incubated with PIONs-Cy5.5 (200 pg/mL) for 2 h and then exposed to the NIR irradiation (1 W/cm?) for 5 min and the laser scanning confocal microscope images
were taken at different time points post irradiation. Scale bar = 50 pm. (G) The percentage of binucleated cells was also increased following the combination
treatment. (H) The quantitive data of (E). (I) Quantitive data of (F). Nuclei of cells were stained by 4’,6-diamidino-2-phenylindole (DAPI) and lysosomes were stained
with LysoTracker Red. PIONs were labeled with Cy5.5. The data are expressed as mean =+ standard deviation (SD). The error bar is derived from triplicate mea-
surements. ***p < 0.001, **p < 0.01, *p < 0.05. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of
this article.)

NIR laser can promote lysosomal escape of PIONs in A549 cells, thus for PA imaging. In the in vitro tests, the MRI signal showed a linear
enhance the expression of LNC CRYBGS3. relationship with the concentration of PIONs (Fig. 4B and D). The
relaxation rate (ry) of PIONs was approximately 257.1 mM ' s~! ac-
cording to our calculations. This implied that PIONs have a good ability
to be imaged by MRI and can be used in clinical diagnosis. Thus, the
combination of PA imaging technology and MRI can overcome the
problem of insufficient resolution to a certain extent, which is a current
research hotspot [50,54].

We then tested the imaging ability of PIONs in vivo to investigate
whether this nanoagent can be used in clinical diagnosis. The PA ma-
chine was also used to acquire the PA signal in vivo. PIONs (25 pL, 1 mg/
mL) were injected into the tumor tissues of mice before PA scanning.
Before and after the injection, the mice were anesthetized with gaseous
ether and scanned in the PA machine. The PA image shows that the
PIONSs could be detected in vivo even at a low concentration (Fig. 4E and
S8). The same approach was used to test the MR imaging ability of
PIONSs in vitro. The MR image also showed that PIONs could be detected,

3.4. Imaging property of PIONs in vitro and in vivo

The distribution of most nanomaterials with photothermal properties
can be detected by PA imaging [48,49], which can serve as a comple-
mentary tool for MRI with insufficient resolution [50-53]. To further
test the diagnosis and treatment potential of PIONSs in clinical applica-
tion, we used three different approaches to measure the imaging prop-
erty of PIONs both in vivo and in vitro. First, we used a PA imaging
machine to obtain the PA signal of PIONSs in vitro. As shown in Fig. 4A
and C and S7, the PA signal increased linearly with the increase of PIONs
concentration under different wavelengths. The results indicated that
PIONSs have an excellent and stable PA imaging ability. For application
in clinical diagnosis, we also tested the magnetic resonance imaging
property of PIONSs in vivo, and the results were similar to those obtained
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Fig. 4. Imaging Property of PIONs in
vitro and in vivo. (A) PA imaging and
(B) MR imaging of PIONs at different
concentrations. (C) The PA signal curve
of PIONs at different concentrations in
(A) shows a linear relation. (D) The 1/
T2 of PIONSs at different concentrations
in (B) shows a linear relation, and the
relaxation rate r, = 257.1 mM~! s}
means an excellent MRI imaging ability.
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0.01, *p < 0.05.
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and the signal was quite higher than that before injection (Fig. 4F and
S9). All these data indicated that PIONs have an excellent imaging
ability in both in vivo and in vitro conditions; this implied that they have
the potential to be used as a clinical contrast agent in the future.

3.5. Combination of PTT and GT inhibits tumor growth significantly in
vivo

To further investigate the in vivo efficacy of the combination therapy,
nude mice with transplanted tumors of approximately 50 mm® derived
from A549 cells were randomly divided into six groups and subcuta-
neously injected with PBS, PIONs, or PIONs@pDNA at the dose of 1 mg/
kg PIONs or 1 mg/kg PIONs@pDNA (pDNA/PIONs = 1/5), followed
with or without 5 min NIR laser irradiation (808 nm, 1 W/cmz) post-
injection (Fig. 5A). The tumor growth was almost completely sup-
pressed in the group treated with PIONs@pDNA + NIR irradiation
(Fig. 5B and C). In contrast, the PIONs, PIONs@pDNA, and NIR groups
did not show a significant antitumor effect. The bodyweight of mice in
the different groups did not show a dramatic change in the experimental
duration of 23 days (Fig. 5D). The blood routine test and H&E stain of
main organs of combination therapy treated mice also showed no
obvious change compared to the control group. (Figs. S10 and S11).
These results suggested that combination therapy has few side effects on
the whole body. The volume and weight of the dissected tumors were
most significantly reduced in the combination therapy group (Fig. 5B
and E). We used phalloidin staining to determine cytoskeletal changes in
cells (Fig. 5F) and the TUNEL immunofluorescence staining to deter-
mine the apoptosis rate of tumor cells (Fig. 5G). The results indicated
that the combination treatment caused more cell apoptosis than that
observed in the other groups; moreover, the cytoskeleton morphology
was also most apparently changed in the combination treatment group.

PBS
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Compared to the control group, the PIONs@pDNA + NIR group showed
more apparent damage and inflammation as observed in H&E staining
images of tumors (Fig. 5G). Ki-67 staining suggested downregulation of
the cell proliferation level in the combination treatment group as
compared to that in the control group (Fig. 5G). All these data indicated
that the combination therapy had higher tumor inhibition efficiency
through induction of cell apoptosis.

4. Conclusion

Heavy ion irradiation is receiving increasing attention in the field of
radiotherapy, and it is considered as the most ideal radiation therapy in
the 21st century. However, the high cost of this therapy limits its
widespread clinical application. Moreover, the possible side effects due
to the high linear energy transfer (LET) radiation deposited in normal
tissues raise concerns about the safety of this therapy [55-57]. In our
previous study, we found that LNC CRYBG3 was upregulated in lung
cancer cells when exposed to both X-rays and carbon ion radiation, but
the upregulation following X-ray exposure was not as markedly as that
following carbon ion radiation. Further investigations showed that the
upregulation of LNC CRYBGS3 can alter the cytoskeleton by interacting
with G-actin, thereby causing failure of cell mitosis through inhibition of
contractile ring formation. Finally, the double-nucleated cells were
committed to apoptosis because of genomic instability [35,36]. Thus,
LNC CRYBGS3 shows clinical potential as a tumor inhibitory molecule to
simulate the effect of heavy ion irradiation therapy. LNC CRYBG3,
however, cannot target tumor tissues specifically. PIONs have been used
as a delivery platform for chemotherapeutic drugs in some research
studies. In the present study, we investigated for the first time the po-
tential of PIONSs to deliver tumor-suppressive IncRNA for gene therapy.
The use of PIONs can make good use of its PTT property because of the
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