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Liposomes are an effective gene and/or drug delivery system,
widely used in biomedical applications including gene therapy
and chemotherapy. Here, we designed a photo-responsive lipo-
some (lipVP) loaded with a photosensitizer verteporfin (VP).
This photosensitizer is clinically approved for photodynamic
therapy (PDT). LipVP was employed as a DNA carrier for pitu-
itary adenylyl cyclase-activating polypeptide (PACAP) receptor
1 (PACIR) gene knockdown in PC12 cells. This has been done
by incorporating PACIR antisense oligonucleotides inside the
lipVP cavity. Cells that have taken up the lipVP were exposed to
light from a UV light source. As a result of this exposure,
reactive oxygen species (ROS) were generated from VP, desta-
bilizing the endolysosomal membranes and enhancing the lipo-
somal release of antisense DNA into the cytoplasm. Endolyso-
somal escape of DNA was documented at different time points
based on quantitative analysis of colocalization between fluo-
rescently labeled DNA and endosomes and lysosomes. The
released antisense oligonucleotides were found to silence
PACIR mRNA. The efficiency of this photo-induced gene
silencing was demonstrated by a 74% * 5% decrease in
PACIR fluorescence intensity. Following the light-induced
DNA transfer into cells, cell differentiation with exposure to
two kinds of PACAP peptides was observed to determine the
cell phenotypic change after PACIR gene knockdown.

INTRODUCTION

Gene delivery and gene therapy rely on effective exogenous nucleic
acids transfer into cells.' Due to the high transfection efficiency, viral
carriers are a commonly used method of gene delivery.>” However,
the development and application of viral carriers is hindered by a
range of limitations including toxin production, limited size of trans-
genic DNA, packaging difficulties, and the risk of recombination.* To
overcome these limitations, synthetic non-viral gene delivery systems,
in particular, nanomaterial-based systems, have been extensively
studied and developed.f”7 Among these nanomaterials, liposomes,
especially including cationic lipid components, have attracted signif-
icant interests as a drug and/or gene delivery vehicle since the
1980s.” ' Up-to-date, various types of liposomes have been clinically
used to improve the efficacy and biodistribution of drugs, including
cancer therapeutics.' "'
the application of liposomal carriers to various gene-targeting strate-

In recent years, a number of studies reported
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gies in cancer gene therapy.”” '® For example, Mendonga et al.'”
applied transferrin receptor-targeted liposomes encapsulating anti-
sense oligodeoxynucleotides (asODNs) and small interference RNA
(siRNA) into the treatment of chronic myeloid leukemia. Wu
et al.'® demonstrated liposome-based synergetic treatment of insulin
promoter-thymidine kinase gene therapy followed by ganciclovir
pharmacotherapy, resulting in efficient ablation of the tumor size in
mice. Therefore, liposomes can serve as an efficient technique for tar-
geted gene transfer in cancer gene therapy.

Passive liposomal delivery is challenging due to biological extracel-
lular and intracellular barriers such as enzyme degradation, pH
change, and endolysosomal lysis.'” In order to overcome these
barriers and enhance the efficacy of liposome-mediated gene and/
or drug delivery, various strategies have been employed to develop
active liposomes whose bilayer can be destabilized by using external
stimuli, including temperature,lg’lo 4,15 spe-
cific enzymes,”>*® magnetic field,”” >’ and photo irradiation
including UV light.**** Light is especially attractive as a triggering
modality because it can be applied remotely with high spatiotem-
poral precision, while light parameters such as wavelength, power
density, and illumination time can be adjusted to control the release
platform.®® In recent years, enhanced cytoplasmic delivery of macro-
molecular compounds by photochemical disruption of the endolyso-
somal membrane, referred to as photochemical internalization

21-23
pH, ultrasoun

(PCI),’® has been actively investigated in the context of gene deliv-
ery, including siRNA, peptide nucleic acids (PNAs), and plasmid
DNA (pDNA),”” and pharmacotherapy.’”®** For example, Park
et al.’ demonstrated endolysosomal escape of the therapeutic p53
gene carried by polymer-gene complex after illumination with a
671 nm laser. Here, we used a similar strategy to deliver a gene to
silence one of the pituitary adenylyl cyclase-activating polypeptide
(PACAP) receptors.
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Figure 1. Schematic Diagram
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PACAP is a member of the vasoactive intestinal polypeptide (VIP)-
glucagon-growth hormone releasing factor-secretin superfamily,
and it has two amidated forms: PACAP-38 and PACAP-27."’ Broadly
expressed in nerve cells, PACAP is a pleiotropic growth factor,
affecting differentiation, proliferation, and maturation of most neural
and non-neural cell types.** PACAP also plays a role in cancer cell
proliferation.”® It induces cell proliferation in small lung cancer cells
and neuroblastoma cells,*>*” but it inhibits cell growth of lung cancer
and breast cancer.***° Additionally, PACAP is an important neuro-
peptide that plays a vital role in the regulation of hypertension.”' The
PACAP-specific cell membrane receptors include the PACI, vasoac-
tive intestinal peptide receptor (VPAC)1, and VPAC2. Among these
receptors, PACAP receptor 1 (PACIR) has the highest affinity for
PACAP at physiological concentrations.”” Because PC12 cells only
express PACIR, this cell line was a good model to investigate the
impact of PACIR knockdown.> PC12 cells, a clonal cell line derived
from a pheochromocytoma of the rat adrenal medulla, were used as
the in vitro model for assessing differentiation and neurite growth
because they can be stimulated for neurite outgrowth by the nerve
growth factor (NGF).>* PACAP, acting as a neurotransmitter, also in-
duces PC12 cell differentiation, via a different signaling pathway from
NGE.”

In this study, we demonstrated PACIR gene knockdown by light-trig-
gerable liposomes and the effect of PACAP on PC12 cell differentia-
tion following PACAP gene silencing. To prepare the liposomes,
we chose 1, 2-dioleoyl-sn-glycero-3-phosphocholine (DOPC) as a
neutral lipid®® and 1, 2-di-(9Z-octadecenoyl)-3-trimethylammo-
nium-propane (DOTAP) as a cationic lipid. The latter can enhance

somes.”® VP was used to generate a sufficient
amount of reactive oxygen species (ROS) for
destabilization of the liposomal and endolysoso-
mal membranes under light illumination.””*
Figure 1 illustrates the mechanism on asODN
release from the endosomes and lysosomes by
ROS. In particular, we quantitatively explain
the endolysosomal escape process through sub-
cellular colocalization analysis based on the
released profiles of DNA molecules and endo-
somes and lysosomes. asODN molecules were then released from
the endolysosomal compartments into the cytoplasm and silenced
the PACIR mRNA. To examine the response of PC12 cells to PACAP
stimulation after gene silencing, we quantified the neurite outgrowth
of cells treated with PACAP-27 and PACAP-38, respectively. For
comparison, NGF was also added to the PC12 cells with the silenced
PACIR gene, and subsequent neurite outgrowth was assessed.

RESULTS

Characterization of Liposome Samples

The transmission electron microscopy (TEM) images of as-prepared
lipVP exhibit fairly spherical liposome shapes with a size around
200 nm (Figure 2A). We determined the average sizes of lipVP-
asODN complexes with different N/P ratios by the dynamic light
scattering (DLS) method, ranging from 119.6 + 0.6 nm to 121.7 +
0.3 nm (Figure 2B). The polydispersity index (PDI) values decreased
slightly from 0.204 + 0.0036 to 0.178 + 0.001 with an increased N/P
charge ratio. The PDI values of nanoparticle suspension ranging from
0.1 to 0.25 indicate a narrow size distribution, and the value higher
than 0.5 indicates a wide size distribution.”' Therefore, our PDI values
indicated that as-prepared lipVP-asODN complexes were dispersed
homogeneously with a relatively narrow size distribution. To obtain
lipVP/asODN with an optimal N/P ratio used in this study, we con-
ducted agarose gel retardation assays. The results shown in Figure 2C
indicate that less DNA was detected with an increased N/P ratio.
When the value of N/P ratio reached 25:1, free DNA could not be de-
tected in the agarose gel. This finding suggests that the maximal
amount of DNA molecules was loaded into the liposomes at an
N/P ratio of 25:1. Additionally, the zeta potential of lipVP/asODN
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Figure 2. Characterizations of lipVP and lipVP-asODN
Complexes
(A) A representative TEM image of lipVP; inset is the lipVP
0.2 size distribution histogram. Scale bar, 0.1 um. (B) Average
sizes and PDI of different lipVP-asODN complexes with
different N/P ratios. The measurements of each were
conducted in triplicates, *p < 0.05, **p < 0.01 (t test)
compared with the lipVP group. n = 3. (C) DNA agarose gel
0 { electrophoresis pattern of different lipVP-asODN com-
25 %' plexes at different N/P ratios. Lane 1, 10 bp DNA ladder
NP ratio only; lane 2, pure asODN only; lanes 37, the N/P ratio = 1,
5, 10, 15, 20, and 25:1, respectively. (D) Zeta potential of
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with varying N/P ratios was also measured. As shown in Figure 2D,
the zeta potential of the complexes increases with increasing N/P ra-
tio. This increasing zeta potential enhances the cellular uptake of lipo-
some-formulated DNA compared with free DNA molecules. The VP
absorption peak at 700 nm was shifted to a shorter wavelength when
loaded inside liposomes compared with VP alone (Figure S1), while
the fluorescence spectrum of VP loaded inside liposomes was not
obviously changed compared with pure VP (Figure S2). This indicates
that VP was encapsulated in the liposomes. We also estimated the
amount of VP loaded inside liposomes, which was approximately
143 + 0.36 pg/mL.

Cellular Uptake of lipVP and Release of asODN under UV Light
lllumination

Figure S3 shows the cellular uptake of lipVP with different incubation
times (0.5, 1, 2, and 3 hr). After 2 and 3 hr incubation, higher red
fluorescence signal from VP surrounding the nuclei (stained in blue
color) was observed compared with cells treated for 0.5 and 1 hr.
Therefore, we chose 2 hr incubation time in this study.

The DNA release test was first performed in test tubes with carboxy-
fluorescein (FAM)-labeled DNA molecules encapsulated in the lipVP
platform, as shown in Figure S4. FAM is a fluorescent dye that self-
quenches at high concentration.” This allows the detection of its
release from the liposomes to the surrounding medium by moni-
toring the increase of FAM fluorescence.”’ Following light illumina-
tion, the FAM fluorescence intensity increases compared with the
control without light treatment. The extent of this decrease was found
to be related to the illumination period. However, an increase in the
fluorescence signal was not observed when the same FAM-labeled
DNA molecules were encapsulated into the liposomes without VP,
as shown in the inset of Figure S4. Our results indicate that FAM-
labeled DNA molecules were released from lipVP following light illu-
mination. However, in liposomes without VP, the DNA molecules
have not been released even when triggered by a light source. In order
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to assess whether the light-induced ROS will

damage the DNA, which is encapsulated into

the lipVP compartment, the gel retardation assay
was also carried out. As shown in Figure S5, the clear bands of DNA
released from liposomes with 2, 4, 6, and 8 min of UV illumination
can be observed, suggesting that ROS induced by light illumination
did not significantly affect the entrapped DNA.

Having confirmed the ROS generation from lipVP under light illumi-
nation in a test tube, we evaluated intracellular ROS generation by us-
ing 2/, 7’-dichlorofluorescein (DCF) diacetate (DCF-DA) assay where
nonfluorescent DCF-DA can be oxidized by ROS to produce highly
fluorescent DCF. As shown in Figure S6, the fluorescence intensity
of DCF increased with light illumination time, indicating that a higher
amount of ROS was generated from lipVP. Additionally, we assessed
the in vitro DNA release profile by irradiating cells with the UV light
(365 nm, 1.25 mW/cm?). As shown in Figure 3, an enhanced green
signal from FAM was clearly observed after light illumination
compared with the control sample without light treatment, with the
maximum intensity achieved at 6 min illumination. Our results indi-
cated that the increased ROS production resulted in more damage to
endolysosomal membranes, and enhanced the release of DNA mole-
cules from the endolysosomal compartments.

Quantitative Analysis of Endolysosomal Escape of asODN after
Light lllumination

Subcellular distribution and endosomal escape of asODN from light-
triggered lipVP was analyzed by using confocal laser scanning micro-
scopy (CLSM) (Figure 4). After 1 hr incubation, FAM-labeled asODN
was internalized in cells, which was confirmed by a green signal
observed around the nucleus (Figure 4B). After 2 hr incubation, co-
localization between the green signal from fluorescent asODN and
red signal from the endosomes and lysosomes labeled by LysoTracker
was clearly observed, indicating the entrapment of lipVP-asODN
inside the endosomes and lysosomes (Figure 4C). Without light irra-
diation, some asODN molecules were able to escape from the endo-
somes and lysosomes, but most of them were still located inside the
organelles after 4 hr incubation (Figure 4D). However, following
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Figure 3. Light-Enhanced DNA Release in Cells
(A-E) CLSM images of FAM-labeled DNA release
after 2 hr incubation with lipVP-asODN and photo-
irradiation for different periods: (A) 0, B) 1, (C) 2,
(D) 4, and (E) 6 min. (F) The amount of released DNA
molecules during photoirradiation (in relative fluores-
cence units [RFU]; *p < 0.01, **p < 0.001 [t test];
n = 3 compared with the group without light treat-
ment). Blue color indicates the nuclei stained with
Hoechst 33342, and green color represents the FAM-
labeled DNA.

tive correlation, 1 indicating a positive correla-
tion, and 0 standing for no correlation. As
shown in the inset table in Figure 5E, the PCC
value was 0.305 after 2 hr incubation. However,
it decreased to —0.036 after light illumination,
consistent with the asODN release from endo-

4 min light irradiation after 2 hr incubation, most asODN molecules
escaped outside the endosomes and lysosomes after a further 2 hr in-
cubation, which was demonstrated by the green signal from asODN
and almost no colocalization observed in Figure 4E. The light-trig-
gered escape of asODN was also confirmed by the analysis of coloc-
alization between the fluorescently labeled endosomes and lysosomes
and fluorescent asODN molecules by using Image] (Figure 5). Coloc-
alization was quantified using the Costes approach,’* Mander’s coef-
and Pearson’s correlation coefficient (PCC).°® Based on the
Costes approach, a white overlay of the green signal from asODN and
red signal from LysoTracker indicates the colocalization between
asODN and endosomes and lysosomes. Figures 5A-5D show the
Costes maps of Figures 5B-5E, respectively. Initially, the lipVP-
asODN complexes were internalized into the cells and most of
them had not reached the lysosomes. After 1 hr incubation, the white
area was almost negligible (Figure 5A), indicating that asODN was
not located within endolysosomal compartments. As the endocytosis
process continued, after a 2 hr incubation time, a large white area was
observed (Figure 5B), suggesting that most lipVP-asODN nanopar-
ticles were internalized into the endosomes and lysosomes. Even after
4 hr incubation, some white spots were still observed, indicating the
lipVP-asODN complexes were still entrapped in the endolysosomal
compartments (Figure 5C). However, in a scenario of light illumina-
tion, at the same time point (4 hr incubation time), almost no white
color was observed, suggesting that most lipVP-asODN molecules
were then released from endolysosomal compartments into the
cytoplasm (Figure 5D).

65
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Based on the Costes colocalization analysis, the PCC value was also
evaluated. The PCC ranges from —1 to 1, with —1 indicating a nega-

lysosomal compartments. For comparison pur-
poses, the control experiments were also con-
ducted where the cells were incubated only
with lipVP-asODN for 4 hr but without light
treatment. In this case, the PCC value was 0.023, which indicated
that some asODN molecules were still colocalized with lysosomes.

2 4 6
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Furthermore, Mander’s coefficient, varying from 0 to 1, was calcu-
lated to determine the fraction of two overlapping channels. As
shown in the inset table and the stack columns in Figure 5E, M2
was only 0.385 after light illumination compared with control cells
without light illumination (M2 = 0.988), indicating that the DNA
molecules escaped from endosomes and lysosomes after light
treatment.

Additionally, the intensity correlation analysis (ICA) was also con-
ducted by using the ImageJ plugin, JACoP Li,*” as shown in Figure S7.
In this figure the covariance of both channels is shown as the x value,
and the intensity distribution of current channel is represented as the
y value. The pixels scattered on the left side of the x = 0 line reflect the
absence of colocalization or inversely correlated intensities, whereas
those situated on the right side of the x = 0 line represent colocaliza-
tion. These approaches present clear evidences of the dynamic pro-
cess of light-enhanced endolysosomal escape.

PAC1R Gene Interference with Light-Triggered lipVP-asODN

To evaluate the expression level of the PACIR protein following
gene interference, the fluorescence intensity of stained PACIR
protein was measured with a microplate reader. In this case, a
reduced fluorescence signal indicates higher silencing efficiency.
As shown in Figure 6, the fluorescence signal decreased to a
different extent with increased illumination time, with an approx-
imately 2.5 times decrease achieved under 4 min illumination
compared with control cells without light treatment. After 6 min

Molecular Therapy: Nucleic Acids Vol. 7 June 2017 369


http://www.moleculartherapy.org

Molecular Therapy: Nucleic Acids

Without UV (9))
irradiation
A 0 min 60 min 120 min 240 min
I I® ©
Addition of lipVP/asODN CLSM CLSM uv ® CLSM
complexes imaging imaging irradiation imaging

uoneqnaul 3sod y |

uoijeqnoui }sod

Figure 4. Light-Enhanced Endolysosomal Escape

FAM-labeled DNA Endol/lysosomes Merge

uoneqnaul jsod y g

uoneqnaui jsod y ¢

(A) A time course showing the time points of transfection, photoirradiation, and CLSM imaging. (B-E) CLSM images of colocalization between the FAM-tagged DNA (green
channel) and endosomes and lysosomes (LysoTracker, red channel); (B and C) images taken after 1 hr (B) and 2 hr (C) incubation with lipVP-asODN complexes (without light
illumination); (D) images taken after 4 hrincubation with lipVP-asODN complexes (without light illumination); and (E) images taken after 4 hr incubation with lipVP-asODN and

light illumination, which was done at 2 hr incubation time.

illumination, the remaining fluorescence did not change in a statis-
tically significant fashion. These results are consistent with the
DNA release profile under UV illumination shown in Figure 3.
In addition, for comparison, free asODN molecules were delivered
into the PC12 cells and UV light was then applied to cells under the
same experimental conditions. As shown in Figure 6G, the fluores-
cence intensity of PACIR remained unchanged with increased illu-
mination time, indicating that an efficient gene knockdown was not
triggered in this situation.

Assessment of Cell Differentiation after PAC1R Gene
Interference

As the positive control of cell differentiation, a polypeptide, NGF, was
also used to treat PC12 cells after the PACIR gene knockdown. As
shown in Figure 7, for control cells without light irradiation, at day
2 after addition of NGF, the PACAP-38 and PACAP-27 cells ex-
hibited a high degree of differentiation (65% + 16%, 62% + 7%,
and 56% * 5%, respectively) with many long neurites spreading out
of the cells (Figure S7). On day 4, a higher percentage of neurite
outgrowth was observed (83% + 4%, 72% + 10%, and 66% + 11%,
respectively). For cells treated with 4 min light illumination, the
PACIR gene was silenced, but only to some extent, resulting in a

370 Molecular Therapy: Nucleic Acids Vol. 7 June 2017

limited effect of PACAP on cell differentiation. Only 32% + 5%
(PACAP-27-treated groups) and 31% + 9% (PACAP-38-treated
groups) of cells showed an obvious neurite outgrowth at day 4 after
PACAP treatment (Figure 7). We clarify that the siRNA molecules
against PACIR were not involved in this study. By contrast, the ac-
tion of NGF on neurite outgrowth was not significantly affected by
light illumination, with approximately 82% of cells in the NGF-
treated groups at day 4 still exhibiting a high degree of cell differen-
tiation (Figure 7). The corresponding morphologies of cell differenti-
ation after light illumination are shown in Figures S9 and S10. These
results suggested that the PACAP-dependent signaling pathway of
neurite growth was interfered with to a different extent when the
expression of receptor PACIR was inhibited by gene silencing; on
the other hand, NGF still played its role in neurite growth even
when PACIR was silenced.

Cellular Cytotoxicity Assay

A series of cell viability tests under various treatments were per-
formed to estimate the potential toxicity effect on cells. To verify
the potential light toxicity, we illuminated the cells with UV light
from 0 to 6 min. As shown in Figure 8, the cell viability was not
changed significantly compared with the controls (without the
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Figure 5. Co-localization Analysis with ImageJ
Costes’ Approach

UV treatment). We further assessed the toxicity of pure liposomes
and the impact of both lipVP and light irradiation simultaneously.
The liposomes at both higher (55.5 ng/mL) and lower concentra-
tion (5.55 pg/mL) did not significantly affect cell viability, even
under photoirradiation for different time periods. On the other
hand, the lipVP showed increased cytotoxicity under longer illu-
mination time. After 6 min illumination, about 19% and 17% of
cells were killed by lipVP at higher (55.5 ng/mL) and lower con-
centration (5.55 pg/mL), respectively (Figure 8). These results sug-
gested that cytotoxicity induced by both lipVP and UV exposure
could be attributed to light-triggered ROS generation from VP.
However, more than 80% of total cells were still alive in all tests,
indicating the photo-triggered liposomes (or lipVP) are relatively
biocompatible.

DISCUSSION

Non-viral gene vectors have recently attracted significant research in-
terests because of their advantages for gene therapy including low
toxicity of materials, cost-effectiveness, and ease of production and
usage, compared with the viral vectors with inherent risks for clinical
applications.**® The goal of this study was to develop a facile nano-
particle-based gene delivery system capable of being triggered with
light to enable a higher level of control of gene release and interfer-
ence. To this end, we developed a non-viral gene vector, based on en-
gineered liposomes incorporating VP inside a liposomal bilayer and
asODN inside a middle cavity. VP has a broad absorption band be-
tween 300 and 500 nm with one absorption peak at 350 nm, which
can be activated to generate ROS with a UV light source. Considering
the toxic effects of UV light on DNA molecules, we paid particular
attention to the UV wavelength and power density used in this study.
DNA easily absorbs UVB radiation (280-315 nm), compared with
UVA (315-400 nm), while the UVA band causes sunburn on human
% The UV wavelength we used falls into the UVA region, where
DNA molecules have almost no absorbance.”” Additionally, a low-po-
wer density (1.25 mW/ cm?) and limited illumination time (no longer
than 6 min) were also used to further minimize light toxicity. This is
supported by Besaratinia’s work,”" which demonstrated that UVA

skin.
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the highest UV dose with 6 min irradiation
was calculated to be 0.45 J/ cm?, which was lower
than the dose mentioned above. Therefore, the
safety issues related to the use of UV light in this study do not appear
to be significant.

The endocytic pathway is one of the vital mechanisms of cellular
uptake of nanoparticles. This pathway is regulated by a series of endo-
somes from early endosomes to late endosomes that mature and fuse
with the intracellular organelles, lysosomes.”* After internalization of
the delivery vehicles through the endocytic pathway, most of the ve-
hicles are entrapped in endosomes and lysosomes where the enzy-
matic degradation usually takes place, resulting in deactivation of
functional compounds before release or targeting other organelles.’
Therefore, endolysosomal escape of the vectors-DNA complexes is
the main challenge for efficient gene transfection.”” To overcome
the issue of endolysosomal entrapment, we herein assessed the ability
of ROS for endolysosomal damage. We first evaluated ROS genera-
tion from VP triggered by light in a test tube and at a cellular level
by, respectively, conducting the FAM-labeled DNA release assay
and the DCF-DA assay. Both enhanced FAM and DCF fluorescence
was a clear indicator of light-triggered ROS production. After having
confirmed that the ROS generation can be triggered, we further char-
acterized the ROS-induced endolysosomal escape of asODN by
confocal microscopy. This escape was demonstrated by documenting
the illumination-induced change in the cells: the previously colocal-
ized green fluorescence of asODN and red signal of LysoTracker
became clearly separated after light illumination. We quantified this
effect by using three different quantitative methods: the Costes
approach, Mander’s coefficient, and PCC. Taken together, these
data demonstrated the enhanced endolysosomal escape induced
by ROS.

To assess whether ROS-induced gene release can enhance the efficacy
of gene knockdown, we evaluated the PACIR protein level after gene
silencing by comparing the effects of asODN loaded inside the lipo-
somes incorporating VP and free asODN molecules. After light trig-
gering, a decreased PACIR level was clearly observed when cells were
treated with lipVP-asODN, compared with free asODN molecules.
Such enhancement of the gene knockdown was further confirmed
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Figure 6. Immunofluorescence
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(A-F) Representative CLSM images of indirect immunofluorescence staining of PAC1R in control cells without any treatment (A) and light-treated cells with different illu-
mination times: 0 (B), 1 (C), 2 (D), 4 (E), and 6 min (F). (G) The relative PAC1R fluorescence intensity measured in cells treated with free DNA molecules (black squares) and
lipVP-DNA (red circles) and light illumination. Data are presented as mean + SD. n = 3. *p < 0.05, **p < 0.01 (t test) compared with groups treated with DNA molecules at the

same light irradiation time.

by the neurite-inducing activity of PACAP in treated PC12 cells,
where a limited neurite outgrowth was an indicator of the response
to PACIR gene knockdown achieved by using lipVP-asODN.

PACAP-induced differentiation of PC12 cells is generally investigated
by either measuring the levels of signaling molecules involved in this
processor or inhibiting the action of PACAP and its receptor with
synthetic antagonists, including PACAP6-27 and PACAP6-38.”*7°
However our light-triggered liposomal delivery platform incorpo-
rating VP provided another useful strategy to interfere with
PACAP-induced cell differentiation. This method also has the poten-
tial to be applicable to studies on PACAP/PACIR-mediated signaling
pathways in the brain tissues.”
to cell experiments only in this study, they will be able to be used in
in vivo applications by surface modification with polyethyleneglycol
(PEG) or cell-penetrating peptides (CCPs). PEG can dramatically
extend the circulation time of liposomes and allow conjugation of li-
posomes with targeting ligands for a specific organelle target. CCPs
will increase the delivery efficiency of gene’” or drug’® to the brain
by passing the brain-blood barrier.””

Although our liposomes were applied

Apart from its neurotrophic action in PC12 cells, PACAP is also
involved in many biological activities and regulations, including car-
diovascular control,*” psychiatric disorders, and stress responses.S“ 81
Although the exact mechanisms of PACAP-dependent regulation
remain unclear, PACAP has the potential to be a therapeutic target
for the treatment of the above disorders. Our approach, therefore,
potentially offers another effective strategy for efficient gene therapy
by delivering light-triggered liposomes incorporating PACAP gene

and VP. It should be mentioned that our strategy has been designed
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to be compatible with future clinical translation. The materials used in
this study, such as VP and lipids, are clinically used in PDT treatment
of tumors.

In summary, our light-responsive delivery strategy was able to achieve
enhanced endosome and lysosome escape and the PACIR gene silencing.
Such light-triggered liposomes would be able to achieve spatiotemporal
control of gene release, potentially offering a non-viral gene delivery plat-
form for efficient gene therapy. Therapeutic agents such as siRNA or
DNA would be able to be delivered and released in a more controllable
way by taking advantage of such a vector model in combination with

light.
MATERIALS AND METHODS

This project has obtained research ethics approval from the Institu-
tional Biosafety Committee (IBC), Macquarie University.

Materials

Lipids (DOTAP: catalog no. 890890; DOPC: catalog no. 850375) were
purchased from Avanti Polar Lipids. DMEM (catalog no. 11965-092),
fetal bovine serum (FBS; catalog no. 10437-028), trypsin (catalog no.
15400054), LysoTracker (catalog no. L7528), Hoechst 33342 (catalog
no. H3570), PBS (catalog no. 10010023) solution, Hank’s balanced
salt solution (HBSS; catalog no. 14175145), 4-(2-hydroxyethyl)-1-pi-
perazineethanesulfonic acid (HEPES; catalog no. 14185052) buffer,
and Opti-MEM (catalog no. 31985070) solution were purchased
from Thermo Fisher. Uranyl acetate (catalog no. 73943), paraformal-
dehyde (catalog no. P6148), chloroform (catalog no. 372978), Flu-
oromount aqueous mounting medium (catalog no. F4680), and 2/,
7'-dichlorofluorescein diacetate (DCF-DA) (catalog no. D6883)
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were purchased from Sigma-Aldrich. asODN with 3’ end modified by
6-carboxyfluorescein (FAM) was purchased from IDT Tech. We used
the sequence 5'TGGTGCTTCCCAGCCACTAT3-6-FAM. Goat
anti-PACIR primary antibody (catalog no. sczsc-15964) and donkey
anti-goat IgG-FITC secondary antibody (catalog no. sczsc-2024) were
purchased from Santa Cruz Biotechnology. PACAP-27 (catalog no.
05-23-2151) and PACAP-38 (catalog no. 05-23-2150) were pur-
chased from Merck Millipore Pty.

Preparation of Pure Liposomes, Lipoplexes, and lipVP-DNA
Complexes

For the synthesis of pure liposomes, 500 pL of chloroform
solution containing DOTAP and DOPC with a molar ratio of 1:1
(DOTAP 2.33 mg, DOPC 2.96 mg) was evaporated under argon
gas stream, forming a thin lipid film at the bottom of a glass test
tube. The lipid film was subsequently hydrated by adding 1 mL of
HEPES buffer (40 mM [pH 7.4]) to the glass test tube, followed by
vigorous stirring until the suspension was homogenized. For prepar-
ing liposomes loaded with asODN (lipoplexes), 1 mL of HEPES buffer
containing asODN with varying concentration was added to the lipid
film, followed by vigorous stirring for 10 min. After 24 hr aging, the
lipoplex suspension was sonicated for 5 min, followed by extrusion 11
times in a mini-extruder (Avanti Polar Lipids) with two 1.0 mL glass
syringes at 37°C. The pore size of the polycarbonate membrane
(Avanti Polar Lipids) was 200 nm. When preparing lipVP-DNA com-
plexes, DOTAP, DOPC, and VP were mixed in 500 L of chloroform
with a molar ratio (DOTAP:DOPC:verteporfin) of 1:0.94:0.06.5* The
lipid film was formed after evaporation of organic solvent by using the
same procedure as described above. asODN molecules with varying

Figure 7. Cell Differentiation

The assessment of differentiation inPC12 cells induced by
NGF and PACAP with and without light illumination; the
control groups are cells only without any treatments. Cells
growing at least a neurite with length no less than the
cell body diameter were counted in five selective images.
*p < 0.05, *p < 0.01 (two-way analysis of variance with
Fisher’s least significant difference [LSD]). n = 5. Inset
images illustrate the PC12 cell differentiation stimulated
with NGF or PACAP peptides; white arrows indicate the
outspread neurites.

Undifferentiated cells

Cell differentiation

amounts (moles of the amine groups of cationic
polymers to those of the phosphate ones of
DNA [N/P] ratios ranging from 1:1 to 25:1)
were used to hydrate the lipid film by using
the method described above.*” The complexes
were freshly prepared before further use.

Characterization

For TEM imaging, liposome samples were pre-
pared by placing a drop of liposome suspension
onto a copper grid and air-dried, followed by
negative staining with 2% (w/v) uranyl acetate.®*
The samples were then imaged under a TEM with an acceleration
voltage of 100 kV (Philips CM 10). Images were captured with
an Olympus Megaview G10 camera and processed with iTEM soft-
ware. The zeta potential and size distribution of liposome samples
were determined by DLS using a Zetasizer 3000HSA (Malvern Instru-
ments). Each sample was measured in triplicate after 2 min balance at
25°C, and data were collected as mean + SD. The absorption and fluo-
rescence spectra of lipVP, pure liposomes, and pure VP were measured
with a UV-VIS spectrometer (Cary 5000; Varian) and a Fluorolog-
Tau3 System (HORIBA Scientific) with 425 nm Xe lamp excitation,
respectively. To determine the encapsulation efficiency of VP loaded
inside of liposomes, we added Triton X-100 (0.1%) to as-prepared lipo-
some solution, resulting in VP release. The VP fluorescence (excitation/
emission [ex/em]: 425 nm/690 nm) was recorded on a Fluorolog-Tau-3
system and compared with the corresponding VP standard curve. For
the agarose gel (1.2%) assay of lipVP-asODN complexes with different
N/P ratios, electrophoresis was carried out at 90 V for 45 min.

2d4d

Cell Culture

The PC12 cell line was purchased from ATCC. DMEM supplemented
with 10% FBS and 1% antibiotic-antimycotic was used as the culture
medium. The cells were grown at 37°C in the humid atmosphere with
5% CO,. When cells reached about 90% confluence, they were de-
tached with trypsin and transferred into Petri dishes or well plates
for different experimental purposes. For confocal microscopy imag-
ing, glass coverslips with 12 mm diameter were placed at the bottom
of each well in a 24-well plate; cells (5 x 10*/well) were then seeded
onto the bottom of each well. For light irradiation experiments, the
cells were cultured in a well plate or glass-bottom Petri dish and
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Figure 8. Cytotoxicity

In vitro toxicity assays of pure liposomes (Liposomes-1
and Liposomes-2), lipVP (LipVP-1 and LipVP-2), and light
illumination on PC12 cells at 24 hr after treatment. The
concentration of Liposomes-2 and LipVP-2 was 5.55 and
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55.5 pug/mL, respectively. *p < 0.05, **p < 0.01 (t test)
compared with the control cells in each group at the same
photoirradiation time.

bated with 500 pL of the Opti-MEM solution
containing lipVP (5.55 pg/mL). After 2 hr incu-
bation at 37°C, the medium was removed and the
cells were washed with 500 pL of 1x HBSS solu-
tion three times. A total of 200 pL of 1x HBSS
containing DCF-DA (25 uM) was subsequently
added to the cells, followed by incubation for
30 min at 37°C, while protected from light. After
incubation, the cells were illuminated by UV

LS NN

illuminated with UV light (365 nm, 1.25 mW/cm?) from a UV-LED
source (Nichia) at various time points for 1, 2, 4, and 6 min,
respectively.

Cellular Uptake of Liposomes and Endolysosomal Escape with a
Light Trigger

Before incubation with the lipVP suspension, the cells (5 x 10*/well)
were seeded onto 12 mm diameter glass coverslips placed at the bottom
of each well in a 24-well plate. After reaching 70% confluence, the cells
were incubated with 500 puL of Opti-MEM solution containing lipVP
(5.55 pg/mL) for different periods. To observe the cellular uptake of
lipVP, we washed the cells three times by using the PBS solution (1x
[pH 7.4]), fixed with 2% paraformaldehyde for 10 min at 37°C, and
stained with Hoechst 33342 (5 pg/mL) for 15 min at 37°C. For the
assessment of light-triggered endolysosomal escape of asODN mole-
cules from the liposomes, incubation with lipVP samples and light irra-
diation were sequentially carried out as per the schedule shown in Fig-
ure 4A. For the staining of endosomes and lysosomes, LysoTracker
(50 nM) was added into the cell culture medium 1 hr before the cell fix-
ation. After cell staining and fixation, each coverslip with fixed cells was
washed by the PBS solution (1x [pH 7.4]) three times and transferred
onto a glass slide with a drop of the mounting medium. The glass slide
was then imaged using a Leica SP2 CLSM system. A violet laser oper-
ating at 405 nm and an argon laser at 496 and 570 nm were used for the
excitation of VP, FAM-labeled asODN, and LysoTracker, respectively.
The fluorescence emission was measured at 700 + 25 nm for VP, 525 +
25 nm for FAM, and 590 + 10 nm for LysoTracker.

Detection of Cellular ROS Generation Using DCF-DA

The cells (5 x 10*/well) were attached to Petri dishes and incubated at
37°C for 24 hr. After removing culture medium, the cells were incu-
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light for different time periods. After light irradi-
ation, the DCF-DA solution was removed from
the cells. The cells were further imaged using a
Leica SP2 CLSM system. For comparison, the
control cells were incubated with 100 pL of the Opti-MEM solution
containing H,O, at different concentrations (1, 10, and 100 uM) for
2 hr followed by addition of DCF-DA and CLSM imaging. For the
determination of ROS, cells were cultivated in 96-well plates, instead
of Petri dishes, followed by the same procedure as described above. Af-
ter treatment, the DCF fluorescence intensity was measured using a
FLUOstar Galaxy multi-mode microplate reader (BMG LABTECH
Pty) with the 485/520 nm excitation/emission filter.

Cell Transfection and Immunofluorescence Staining of PAC1R

A total of 500 pL of the Opti-MEM solution containing lipVP-asODN
(charge ratio N/P = 25, with 1 ng of asODN) was added to the cells in
each well in a 24-well plate. After 2 hr incubation, the Opti-MEM me-
dium was removed and the cells were washed with PBS three times, fol-
lowed by incubation with a fresh culture medium (containing 10% FBS)
for 24 hr. The cells were subsequently fixed with 2% paraformaldehyde
for 10 min at 37°C and incubated with 0.1% Triton X-100 for another
10 min to achieve permeabilization, followed by 30 min blocking by us-
ing 5% BSA atambient temperature. The cells were then incubated with
goat anti-PACIR primary antibody (1:50 dilution in PBS) for 90 min,
followed by incubation with donkey anti-goat IgG secondary antibody
conjugated with FITC (1:100 dilution in PBS) for 30 min at 37°C. The
PACIR fluorescence intensity was measured using a microplate reader
with the 485/520 nm excitation/emission filter. The corresponding
fluorescence images were obtained using a CLSM system with excita-
tion at 496 nm and emission at 525 + 25 nm.

NGF, PACAP-27, and PACAP-38 Stimulation for Neurite
Outgrowth

After the treatment with liposomes and light irradiation, the cells
were incubated with 100 puL of the Opti-MEM medium containing
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NGF (50 ng/mL), PACAP-27 (10 nM), and PACAP-38 (10 nM),
respectively. For comparison, the control groups were treated
with same liposome samples but without light illumination. Cellular
morphology analysis was performed based on the phase-contrast mi-
croscopy images taken under a microscope (Nikon Eclipse Ts100) at
2 and 4 days following the light treatment. Quantitative analysis based
on light microscopy was used to assess the differentiation of PC12
cells.®” We chose five images in each group to count the number of
differentiated cells growing at least one neurite with length no less
than a cell body diameter and to calculate their percentage.

Cell Viability after Treatment of Liposome Samples

The cells (1 x 10*/well) were seeded into 96-well plates and cultured
for 24 hr at 37°C. When cells reached 70% confluence, the previous
medium was removed and the Opti-MEM solution containing pure
liposomes and lipVP with different concentrations were, respec-
tively, added to the cells. After 2 hr of incubation with different lipo-
some samples, the cells were washed with PBS three times to re-
move unbound liposomes. A fresh medium was then added to the
cells, followed by another 24 hr incubation. For the light irradiation
alone, the cells were exposed to UV light (365 nm, 1.25 mW/cm?)
for 1, 2, 4, and 6 min, respectively. After light treatment, the fresh
medium was added to the cells for another 24 hr incubation. The
toxicity of the liposome samples and UV light in PC12 cells was as-
sessed by the MTS test (Promega), as per manufacturer’s instruc-
tions, and the results were compared with control cells without
any treatment. Cell viability was then calculated as a percentage
of the absorbance in treated cells compared with the untreated
controls.

Statistical Analysis

All quantitative data were shown as mean + SD, n > 3, and the Stu-
dent’s t test was conducted between two sets of data. All data analysis
and plotting were performed with OriginPro 8.5 software.
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