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ABSTRACT: The lipopolyplex, a multicomponent nonviral gene
carrier, generally demonstrates superior colloidal stability, reduced
cytotoxicity, and high transfection efficiency. In this study, a new
concept, photochemical reaction-induced transfection, using photo-
sensitizer (PS)-loaded lipopolyplexes was applied, which led to
enhanced transfection and cytotoxic effects by photoexcitation of
the photosensitizer. Hypericin, a hydrophobic photosensitizer, was
encapsulated in the lipid bilayer of liposomes. The preformed
nanosized hypericin liposomes enclosed the linear polyethyleni-
mine (lPEI)/pDNA polyplexes, resulting in the formation of
hypericin lipopolyplexes (Hy-LPP). The diameters of Hy-LPP
containing 50 nM hypericin and 0.25 μg of pDNA were 185.6 ±
7.74 nm and 230.2 ± 4.60 nm, respectively, measured by dynamic
light scattering (DLS) and atomic force microscopy (AFM). Gel electrophoresis confirmed the encapsulation of hypericin and
pDNA in lipopolyplexes. Furthermore, in vitro irradiation of intracellular Hy-LPP at radiant exposures of 200, 600, and 1000 mJ/cm2

was evaluated. It demonstrated 60- to 75-fold higher in vitro luciferase expression than that in nonirradiated cells. The lactate
dehydrogenase (LDH) assay supported that reduced transfection was a consequence of photocytotoxicity. The developed
photosensitizer-loaded lipopolyplexes improved the transfection efficiency of an exogenous gene or induced photocytotoxicity;
however, the frontier lies in the applied photochemical dose. The light-triggered photoexcitation of intracellular hypericin resulted in
the generation of reactive oxygen species (ROS), leading to photoselective transfection in HepG2 cells. It was concluded that the
two codelivered therapeutics resulted in enhanced transfection and a photodynamic effect by tuning the applied photochemical dose.
KEYWORDS: lipopolyplexes, photosensitizer, co-encapsulation, light-sensitive transfection, gene delivery

1. INTRODUCTION
Various biogenic macromolecules are currently under develop-
ment for therapeutic purposes, with some already approved for
use as vaccines and anticancer treatments. Among these,
oligonucleotides (ODNs), DNA and mRNA, ribozymes,
peptide nucleic acids, and siRNA have demonstrated
significant therapeutic potential.1−4 However, achieving gene
delivery at the target site is highly challenging because of the
physicochemical properties of these biogenic macromolecules,
such as their large size, negative surface charge, and aqueous or
enzymatic instability.5 Photochemical internalization (PCI) is a
promising method for improving drug and gene delivery in
many diseases, including solid tumors.6 First developed in
1999, the PCI technique is used to enhance the release of
macromolecules, including peptides, protein toxins, genes, and
small molecules via a photochemical reaction of a photo-
sensitizer (PS) from endosomes and lysosomes within targeted
cancer cells, allowing them to reach the cytosol where they can
exert their therapeutic effects more effectively.1,7 When
irradiated at a specific wavelength, the PS absorbs energy,

undergoes excitation, and releases reactive oxygen species
(ROS) via a type I or type II photoreaction while returning to
the ground state. If the generated ROS do not provoke cell
damage in the form of photodynamic therapy (PDT), they
enhance the cytosolic release of therapeutics from endosomes
and lysosomes.8,9 This light-triggered ROS generation in the
intracellular compartments has attracted intense interest
because of its tissue- or organ-specific gene delivery through
localized laser treatment. Although it improves the effective-
ness and safety of the procedure, only a few macromolecules
such as gelonin, the p53 gene with glucosylated PEI, and the
nuclear-localizing sequence-peptide (NLS-peptide)/plasmid
complex have been studied for in vivo efficacy. Recently,
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accelerated gene knockdown by RNA interference was
reported in an in vivo murine melanoma model, demonstrating
the enormous clinical potential of this system.10,11 It
emphasizes that the in vivo application of PCI for nucleic
acids has remained limited because of the lack of a suitable
delivery platform.6,12 Earlier, PCI technology involved pretreat-
ment with free PS followed by the addition of a complex
illumination process. A clinical study involving the PCI
method reported the pretreatment with the free photo-
sensitizer TPCS2a, Amphinex, as a prerequisite for the
photosensitizer to localize in intracellular vesicles before the
illumination process.13,14 A correct wavelength, optimal radiant
exposure, PS concentration, presence of molecular oxygen, and
the interval between administration and illumination (i.e., cell
incubation interval) are tunable factors for efficient PCI.15

Hypericin, a natural PS found in Hypericum perforatum L.,
exhibits excellent photodynamic properties, i.e., a high singlet
oxygen quantum yield upon illumination along with minimal
dark toxicity.15−17 Recently, photosensitizers have been
codelivered with therapeutic oligonucleotides for greater
efficiency. A phase I clinical study with fimaVacc, a peptide-
and protein-based vaccine formulated with fimaporfin, a
photosensitizing compound, strongly enhanced both cellular
and humoral immune responses and improved the antitumor
effect in mouse models.18 The impact of codelivered hypericin
for PCI of a nucleic acid to potentiate the in vitro transfection
efficiency of the nonviral vector has not been investigated until
now.
Lipopolyplexes are well-established nonviral carriers for the

in vivo delivery of genetic materials. We have developed
lipopolyplexes incorporating linear polyethylenimine (lPEI, 22
kDa) and pDNA, which demonstrated higher transfection
efficiency than polyplexes.19,20 With recent developments in
nonviral gene delivery systems, the surface modification of
nanocarriers by polyethylene glycol (PEG) has attracted
attention because it reduces the uptake by the in vivo
reticuloendothelial system (RES). However, PEGylation of the
nanocarrier prolongs its circulation time and interferes with its
cellular uptake and endosomal escape capabilities (also known
as the PEG dilemma). The emergence of suitable photo-
chemical internalization for a multicellular tumor like advanced
hepatocellular carcinoma is desirable.21,22 Hereby, the co-
encapsulation of hypericin and pDNA in the nanocarrier is
proposed to deliver the photosensitizer and nucleic acid in
cancer cells simultaneously.23,24 This work focuses on the
preparation of hypericin lipopolyplexes (Hy-LPP) to improve
the transfection efficiency upon irradiation of hepatocellular
carcinoma cells (HepG2) at λ587 nm (also known as the “light
after” strategy).

2. EXPERIMENTAL SECTION
2.1. Materials. Linear polyethylenimine (lPEI; 22 kDa ) was

purchased from Polysciences (Eppelheim, Germany). The lPEI
solution (1 mg/mL) was prepared by diluting it in ultrapure water
and then adjusting to pH 7.0. 1,2-Dipalmitoyl-sn-glycero-3-phospho-
choline (DPPC) and 1,2-distearoyl-sn-glycero-3-phosphoethanol-
amine-N-[methoxy (polyethylene glycol) 2000] (DSPE-PEG2000)
were purchased from Lipoid GmbH (Ludwigshafen, Germany). Stock
solutions of lipids were prepared in a mixture of chloroform:methanol
(2:1, v/v) and stored at 4 °C. Hypericin and SYBR DNA stains were
purchased from Thermo Fisher Scientific (Karlsruhe, Germany). A
stock solution of hypericin was prepared in methanol and stored at 4
°C. 3-(4,5-dimethylthiazol-2yl)-2,5-diphenyltetrazolium bromide
(MTT) and 2′,7′-dichlorodihydrofluorescein diacetate (H2DCFDA)

were obtained from Sigma-Aldrich Chemie GmbH (Taufkirchen,
Germany). The Bright-Glo Luciferase Assay System for detecting
luciferase expression was purchased from Promega (Mannheim,
Germany). The plasmids used for this work, pCMV-Luc and pCMV-
GFP, were purchased from Plasmid Factory (Bielefeld, Germany).

2.2. Cell Culture and Harvesting Methods. The HepG2 cell
line was purchased from the American Type Culture Collection
(ATCC, HB-8065, Manassas). HepG2 cell lines were cultivated at 37
°C and 7% CO2 under humid conditions in Roswell Park Memorial
Institute (RPMI-1640) medium (Biochrom, Berlin, Germany)
supplemented with 10% fetal calf serum (FCS) (PAA Laboratories,
Cölbe, Germany). No antibiotics were used in the cell culture
medium. Cells were grown as monolayers and passaged upon reaching
80% confluency.

2.3. Preparation of Hypericin Liposomes (HyLs). Hypericin
liposomes (HyLs) were prepared using an ethanol injection method.
Briefly, a homogeneous mixture of lipids and hypericin, having a
definite concentration as shown in Table 1, was evaporated at 40 ± 2

°C under vacuum using a rotary evaporator (Laborota 4000,
Heidolph Instruments, Schwabach, Germany). The resultant photo-
sensitizer-loaded lipid film was dissolved in 200 μL of a ethanol:water
mixture (9:1 v/v) and then instilled in HEPES buffer (20 mM, pH
7.4). HyLs were formed by continuous stirring using a magnetic
stirrer. The remaining ethanol was evaporated using a rotary
evaporator at 60 °C and 175 mbar, and aqueous buffer was added
to obtain 100 μg/mL HyLs. The formulations were evaluated for their
average particle size, ζ-potential, encapsulation efficiency (EE), and
storage stability.

2.4. Preparation of Hypericin Lipopolyplexes (Hy-LPP). Hy-
LPP were prepared using polyplexes at an N/P ratio of 10 and HyLs
(50−500 nM hypericin) at different lipid:lPEI mass ratios using a
method described elsewhere.20 Briefly, linear polyethylenimine (lPEI)
was added to pDNA, mixed, and incubated at room temperature for
20 min. Then, an appropriate amount of HyL was added to the
polyplexes at different lipid:lPEI mass ratios and further incubated at
room temperature for 1 h.

2.5. Physicochemical Characterization. 2.5.1. Encapsulation
Efficiency. The free hypericin from the hypericin liposome dispersion
was separated by gel filtration chromatography on a PD-10 column
(GE Healthcare Life Sciences).16 The eluent was monitored by
measuring the hypericin absorbance at λmax = 590 nm using a UV/vis-
spectrophotometer (Thermo Scientific Multiskan GO Microplate
Spectrophotometer). The fraction containing HyL was collected and
quantified. The percentage encapsulation efficiency (EE) was
calculated using eq 1.

% EE
amount of hypericin in seperated liposomes

total amount of hypericin added into liposomes
100%= ×

(1)
2.5.2. Average Particle Size and ζ-Potential. The particle size

(hydrodynamic diameter), size distribution, and ζ-potential were
determined by dynamic light scattering (DLS) and electrophoretic
light scattering (ELS) using a Zetasizer Nano ZS (Malvern Panalytical

Table 1. Particle Size (Hydrodynamic Diameter),
Polydispersity Index (PDI), and ζ-Potential of Hypericin
Liposomes Composed of DPPC:CH:DSPE-PEG2000
(84:15:1)

hypericin
concentration

(nM)
average particle
size (nm ± SD) ζ-potential (mV ± SD) PDI (±SD)

115.5 ± 9.22 −14.3 ± 2.60 0.19 ± 0.01
50 nM 187.8 ± 14.01 −19.4 ± 2.17 0.17 ± 0.01
100 nM 177.4 ± 12.30 −18.7 ± 1.18 0.25 ± 0.02
200 nM 196.5 ± 10.21 −18.9 ± 3.32 0.26 ± 0.04
500 nM 229.0 ± 8.20 −25.6 ± 2.74 0.21 ± 0.02
1 μM 198.5 ± 6.26 −31.2 ± 5.60 0.23 ± 0.02
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GmbH, Kassel, Germany).25 The samples were diluted 1:9 (v/v) with
ultrapure water and placed in a cuvette at 25 °C. A 4 mW HeNe laser
at 633 nm was used as a light source to illuminate the sample particles
within the cuvette. The scattered light was detected at an angle of
173°. The ζ-potential was determined at a scattering angle of 17° by
measuring electrophoretic mobility using laser Doppler velocimetry
on the same instrument. The results were calculated using data from
three independent samples.

2.5.3. Atomic Force Microscopy (AFM). Atomic force microscopy
was performed using a NanoWizard 3 NanoScience AFM (JPK
Instruments/Bruker, Berlin, Germany). Imaging of empty liposomes
(ELs), HyLs, and Hy-LPP was performed in AC mode in the air with
a scanning area of 1 μm × 1 μm (512 × 512 pixels).26 20 μL of the
sample was deposited onto a freshly cleaved silicon wafer glued onto a
microscopic glass slide and incubated for 20 min to allow particle
adsorption. A commercial AFM cantilever HQ:NSC14 AI BS
(MikroMasch, Wetzlar, Germany) with a length of 125 μm, a
resonance frequency of 160 kHz, and a force constant of 5 N/m was
used for the measurements. Raw images were processed using JPK
data processing software. A polynomial fit was subtracted from each
scan line to flatten the images, and minor noise was corrected by
applying a Gaussian low-pass filter.

2.5.4. Transmission Electron Microscopy (TEM). The structure of
the formulation was analyzed via transmission electron microscopy
(TEM), as described elsewhere.27 Briefly, 6 μL of liposomes (50 μg/
mL) was placed on mesh carbon grids, and the excess of the
formulation was removed by filter paper. A drop of a 2% (w/v)
aqueous solution of uranyl acetate was added and the sample was left
in contact with the sample for 5 min. The sample was dried at room
temperature and imaged with TEM operating at an accelerating
voltage of 300 kV (TEM JEOL 3010, 300 kV).

2.5.5. Gel Retardation Assay. Agarose gel electrophoresis was
performed to optimize the N/P ratio for lPEI/pDNA (polyplexes).28

Briefly, 1% agarose gel containing SYBR DNA stain was prepared in
TAE buffer (1×). The wells were cast on a gel using an 8-well comb.
Different polyplexes containing 0.5 μg of pDNA were added to each 5
mm lane along with loading buffer containing cyan/orange dye
(Invitrogen, Thermo Fischer Scientific). The gel was electrophoresed
at +80 V for 1 h. DNA migration was observed under a UV
transilluminator (BioDoc Analyze, Biometra) and compared with
controls, which were free pDNA and DNA ladder (TrackIt DNA
ladder, Invitrogen Thermo Fischer Scientific).

2.5.6. SYBR Quenching Assay. The intercalation of pDNA into
polyplexes and hypericin lipopolyplexes was assessed using the SYBR
quenching assay. In this method, Hy-LPP was prepared and incubated
with 15 μL of SYBR solution (1×) in a white opaque bottom 96-well
plate and incubated in the dark for 10 min followed by observation of
the emitted fluorescence at excitation/emission wavelengths of 485/
520 nm using a microplate reader (FLUOStar Optima, BMG Labtech
GmbH, Offenburg, Germany). The relative quenching was calculated
using eq 2.

F
F F
F F

100%r
obs d

o d
= ×

(2)

where Fr is the relative fluorescence, Fobs is the observed fluorescence,
Fd is the fluorescence of the SYBR DNA dye, and Fo is the initial
fluorescence of free nucleic acid.

2.5.7. Photostability. Twenty-five microliters of hypericin lip-
opolyplexes containing 0.5 μg of pDNA and different hypericin
concentrations (50−500 nM) were prepared. Each formulation was
irradiated (λirr = 587 nm) at a dose of 600 mJ/cm2. Each formulation
was irradiated and lysed using the lysis buffer as a control group.29

The nonlysed and lysed formulations were electrophoresed using
agarose gel, as described in Section 2.5.5. For lysis of the formulation,
10 μL of 0.1% SDS was added to hypericin lipopolyplexes and
vortexed for 2 min, followed by incubation for 15 min before loading
into the gel.

2.6. Cell Culture Experiments. 2.6.1. Cell Viability. Cell viability
was determined using the MTT assay, as described elsewhere with

slight modifications.30 10,000 cells/well were seeded and incubated
for 24 h, followed by treatment with hypericin formulations for 4 h
and exposure to light. For the irradiation experiments, a prototype
low-power light-emitting diode (λirr = 587 nm; Lumundus, Eisenach,
Germany), custom-made to irradiate 96-well plates, providing an
irradiance of 27 W/m2 at 587 nm, was used. The cells were exposed
to different radiant exposures, i.e., 200, 400, 600, and 1000 mJ/cm2.
All of the well plates were incubated for 24 h. MTT assay was
performed as previously described. Briefly, the medium was aspirated,
and the cells were treated with 0.5 mg/mL MTT reagent in RPMI
medium (1:10). The cells were incubated for 4 h, followed by
replacement of the MTT reagent with DMSO to solubilize the
formazan crystals. The plates were shaken for 15 min at 150 rpm, and
the absorbance was measured at 570 nm. The cells treated with 0.1%
Triton-X100 served as positive controls. The experiment was
performed in triplicate, and the average was considered as the mean
absorbance ± SD.

2.6.2. Phototransfection. Briefly, hepatocellular carcinoma cells
(HepG2, ATCC HB-8065) were seeded at a cell density of 10,000
cells/well in a sterile 96-well microtiter plate with an opaque bottom.
The cells were transfected with free plasmids, polyplexes, lip-
opolyplexes, and hypericin lipopolyplexes. All formulations were
prepared at an optimized ratio (N/P = 10 and lipid:lPEI mass ratio =
0.45) containing 0.25 μg of pCMV-Luc. The cells were incubated
with the formulations in 75 μL fresh cell culture medium for 2 h. After
incubation, the plates were irradiated (λirr = 587 nm) with 200, 600,
and 1000 mJ/cm2 or kept in the dark as the control. The wells were
then filled with the remaining 25 μL of medium and incubated for 48
h before the subsequent assay. 100 μL of Bright-Glo luciferase assay
reagent was added to the culture medium. The plate was shaken for 2
min at 200 rpm for complete lysis, followed by immediate
luminescence measurement with a microplate reader (FLUOStar
Optima, BMG Labtech GmbH). The cells were transfected in
triplicate in each group, and the mean luminescence value ± SD was
considered.

2.6.3. Photocytotoxicity. Cytotoxicity was studied upstream to
evaluate transfection efficiency using a lactate dehydrogenase (LDH)
Roche Kit. The cells were transfected and irradiated, as described in
Section 2.6.2. After 48 h of incubation, 100 μL of the cell culture
medium from the assay plates was carefully transferred to a 96-well
plate with an optically transparent bottom. Further, 100 μL of freshly
prepared LDH assay buffer containing WST-1, a substrate of lactate
dehydrogenase, was added, and the mixture was incubated for 30 min
at room temperature. The absorbance of the orange complex formed
by the reaction was measured at 485 nm using a microplate reader
(FLUOStar Optima, BMG Labtech GmbH). The cells treated with 10
μL of cell lysis solution were used as positive controls. The
experiment was carried out in triplicate, and the mean absorbance
± SD was considered. The percentage cytotoxicity was calculated
using eq 3.

% cytotoxcity
OD (transfected cells) OD (non transfectected cells)

OD (lysed cells) OD (non transfectected cells)

100%

485 485

485 485
=

[ ]
[ ]

× (3)

2.6.4. Cellular Uptake with F-Actin Staining. HepG2 cells were
seeded in 24-well plates containing coverslips and incubated overnight
to reach the required confluence. The next day, cells were treated with
free hypericin (free Hy) dissolved in DMSO, hypericin liposomes
(HyLs), and hypericin lipopolyplexes (Hy-LPPs) at a final
concentration of 3 μM. After different time intervals (1, 2, 4, 6, and
24 h), cells were washed twice with PBS buffer and fixed with 4%
paraformaldehyde for 15 min. Following fixation, the cells were
washed twice and permeabilized with 0.1% Triton-X100. The cells
were washed again with chilled PBS buffer before being incubated
with Phalloidin 488 for 30 min. Then, the cells were washed again
with PBS buffer and stained with DAPI for 15 min. Finally, the
coverslips were mounted onto glass slides using FluoroSave and
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observed using a confocal laser scanning microscope (Zeiss LSM700,
Carl Zeiss Microscopy GmbH, Jena, Germany). DAPI, Hy, and

Phalloidin 488 (F-actin staining) were excited using 405, 488, and 555
nm lasers, respectively. The emission of DAPI and Phalloidin 488 was

Scheme 1. Preparation of Hypericin Lipopolyplexesa

alPEI in HEPES buffer was added to a pDNA aliquot and incubated for 20 min. The preformed hypericin liposomes were added to the polyplexes
and incubated for 60 min. The hypericin liposomes prepared using the ethanol injection method contained different hypericin concentrations. The
figure was partly generated using Servier Medical Art, provided by Servier, licensed under a Creative Commons Attribution 3.0 unported license.

Figure 1. (A) UV/vis absorbance spectra of 1 μM free hypericin dissolved in methanol, hypericin liposomes (1 μM hypericin), and empty
liposomes in 10 nM HEPES buffer. (B) Effect of storage at +4 °C for 30 days on the average particle size and ζ-potential of hypericin liposomes.
The data are shown as the mean ± SD (n = 3). TEM images of (C) empty liposomes and (D) hypericin liposomes (200 nM hypericin). Scale bars
represent 200 nm.
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detected using 490 and 555 nm short-pass filters, respectively. Hy was
detected with a 560 nm long-pass filter.

2.6.5. Assessment of Cellular Distribution after Irradiation.
Briefly, 24-well plates containing sterile coverslips were seeded at a
cell density of 80,000 cells/well and incubated overnight. Hypericin
lipopolyplexes containing 1 μg of pDNA and 50 nM hypericin were
incubated for 2 h. Afterward, the cells were irradiated at 200, 600, and
1000 mJ/cm2, and the effects of irradiation were assessed. The cells
were then washed with PBS and fixed with 4% paraformaldehyde at
room temperature for 15 min. The cells were counterstained with
DAPI (0.6 μg/mL) in the dark at room temperature for 20 min. The
coverslips were mounted on slides using FluorSave. The cells were
observed using a confocal laser scanning microscope (Zeiss LSM700,
Carl Zeiss Microscopy GmbH, Jena, Germany) at excitation and
emission wavelengths of 590 and 620 nm for hypericin and 358 and
461 nm for DAPI visualization.

2.6.6. Detection of Cellular ROS Generation after Irradiation.
The cell-permeant nonfluorescent reagent 2′,7′-dichlorodihydrofluor-
escein acetate (DCFDA) was used for the measurement of cellular
reactive oxygen species, where on intracellular oxidation, it was
converted to green fluorescent DCF (2′,7′-dichlorfluorescein).31
Briefly, 20,000 cells/well were incubated at 37 °C overnight. After
incubation, the cells were treated with 25 μL of hypericin
lipopolyplexes containing 0.25 μg of pCMV-Luc per well, and 75
μL of RPMI medium was added and incubated for 2 h. The cells were
further washed and incubated for 45 min in a phenol red-free medium
containing 10 μM DCFDA. After incubation, the cells were washed
again and irradiated with 200, 600, and 1000 mJ/cm2 or kept in the
dark as a control. For quantitative assessment, 125 μL of cell culture
lysis reagent was added, and the cells were vortexed for 10 min. The
cell lysates were measured at excitation/emission wavelengths of 485/
520 nm for the green fluorescence of 2′7′-dichlorofluorescein
(DCFH) using a microplate reader (FLUOStar Optima, BMG
Labtech GmbH). The cells with “no treatment” and those treated
with 50 μM tert-butyl hydroperoxide (TBHP) were used as negative
and positive controls, respectively. The experiment was carried out in

triplicate, and the mean fluorescence ± SD was considered. For
qualitative assessment, after irradiation, the cells were washed and
fixed using 4% paraformaldehyde, and the green fluorescence of
DCFH was visualized. The cells were observed under a fluorescence
microscope (CKX53 Olympus) with a B-excitation fluorescence
mirror unit.

2.7. Statistical Analysis. All quantitative data are shown as the
mean ± SD from at least three parallel groups. p values were
determined by Student’s t-test or two-way ANOVA (analysis of
variance). Probability values of p ≤ 0.05 (*), p ≤ 0.01 (**), p ≤ 0.001
(***), and p ≤ 0.0001 (****) were considered statistically
significant.

3. RESULTS AND DISCUSSION
3.1. Assessment of Liposome Formation. The co-

encapsulation of a lower payload of a hydrophobic photo-
sensitizer (hypericin) and nucleic acid (pDNA) was performed
using a two-step approach (Scheme 1). The initial results
showed an unimodal size distribution for empty liposomes
(ELs). The dilution of ethanol with an aqueous buffer and
ethanol evaporation favors the immediate formation of
multilamellar liposomes.31 The solvent ratio of ethanol to
the aqueous medium during mixing was optimized to 25% (v/
v). It was observed that the liposome size was dependent on
the volumetric ratios of the two phases.32,33 The average
particle size and ζ-potential of DPPC:CH:DSPE-PEG2000
(84:15:1) ELs, determined by dynamic light scattering, were
115.5 ± 9.22 nm and −14.3 ± 2.60 mV, respectively. The
polydispersity index (PDI = 0.19) confirmed that the prepared
liposomes had the advantage of monomodal size distribution.34

Because of PEG shielding, the slipping plane over ELs moved
further away from the liposome surface, favoring a negative ζ-
potential.34

Figure 2. (A) DNA migration assay using agarose gel-electrophoresis to evaluate the degree of complexation of lPEI/pDNA polyplexes. The
polyplexes were prepared with an N/P ratio of 2−10 and compared with free DNA, (B) fluorescence quenching assay for polyplexes at an N/P
ratio of 8−14, and (C) fluorescence quenching assay for hypericin lipopolyplexes (Hy-LPP) at lipid:PEI mass ratios between 0.3 and 0.6 and
hypericin concentrations from 50 to 500 nM. Data are shown as mean ± SD (n = 3).
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3.2. Physicochemical Characterization of Hypericin
Formulations. HyLs were characterized using UV/vis
spectroscopy, dynamic light scattering, and transmission
electron microscopy. HyL prepared with tunable hypericin
concentration under the given experimental conditions showed
encapsulation efficiency of up to 80.2 ± 5.2% for 1 μM
hypericin loading concentration. The UV/vis spectrum showed
a bathochromic shift in the absorbance of HyL compared to
that of 1 μM free hypericin in methanol (Figure 1A).
Hypericin, incorporated into a thin phospholipid film (as
described in Section 2), remains entrapped inside the lipid
milieus during liposome formation because of its hydro-
phobicity.16,35 Furthermore, the applied temperature was
above the phase transition temperature of the lipid mixture,
adding to the assumption that the hypericin molecules are
incorporated deep inside the bilayer.36 The encapsulation
causes a shift in the absorbance of the cargo.30,37 The effects of
the hypericin loading concentration on the hydrodynamic
diameter were investigated with hypericin concentrations
ranging from 50 nM to 1 μM using dynamic light scattering
(Table 1). Encapsulation of hypericin up to 500 nM increased
the average particle diameter to 229.0 ± 8.20 nm. However,
incorporating a higher hypericin concentration (1 μM)
decreased the particle diameter to 198.5 ± 6.26 nm, which
was still higher than the ELs’ diameter. The negative surface
charge on HyLs increased from −14.3 ± 2.60 mV to −31.2 ±
5.60 mV, which can be attributed to the encapsulation
hypericin.37 The polydispersity index of HyL was between
0.17 and 0.26, indicating a homogeneous monomodal
distribution that underlines their stability.
Storage stability demonstrated a negligible change in the

average size and ζ-potential (Figure 1B). Cholesterol mainly
favored the structural stability and rigidity of the lipid bilayer,
whereas the distal PEG tails on the surface of the formulation
prevented particle aggregation.24,38−40 These results were
confirmed using a microscopic imaging technique. TEM
images of the as-prepared EL and HyL (200 nM hypericin)
exhibited homogeneous samples with spherical shapes and
diameters of 100−20 nm and 160−190 nm, respecexperitively
(Figure 1C,D).

3.3. Characterization of Hypericin Lipopolyplexes.
Cationic polymer/pDNA complexes were examined using

different approaches focusing on the binding affinity and
complex integrity. It was observed that as the polymer
concentration increased, free DNA migration was inhibited
during gel electrophoresis (Figure 2A). In particular, for
polyplexes lPEI/pDNA at an N/P ratio of 10, DNA migration
was significantly reduced in an agarose bed, emphasizing the
formation of complexes that entrap pDNA.28 However, DLS
analysis of lPEI/pDNA complexes showed broad size
distributions (PDI ≥ 0.2) and might be related to incomplete
condensation of DNA (Table S1).40 Similarly, the fluorescence
quenching assay showed 50% reduced fluorescence of SYBR
intercalating dye with polyplexes at an N/P ratio 10 (Figure
2B).19 Furthermore, the condensation efficiency of polyplexes
with HyLs showed that Hy-LPP showed fluorescence
quenching below 30% for all formulations containing >100
mM Hyp compared to free pDNA (Figure 2C). Based on these
results, we can conclude that the hypericin concentration
influenced fluorescence quenching at low lipid/PEI mass
ratios, which was reduced by increasing the ratio. The reduced
fluorescence suggested that Hy-LPP had a higher nucleic acid
condensation ability than polyplexes, indicating that the HyLs
shield the polyplexes.18,41

3.4. Physicochemical Characterization of Hypericin
Lipopolyplexes. After pDNA encapsulation was confirmed,
the particle sizes and ζ-potentials of the polyplexes and
lipopolyplexes were determined using dynamic light scattering
(Figure 3A). Polyplexes (N/P ratio = 10) and lipopolyplexes
(N/P ratio = 10; lipid/PEI mass ratio = 0.45) showed
minimum average particle sizes of 185.6 ± 7.74 nm and 242.1
± 10.4 nm, respectively, and ζ-potentials of +11.2 ± 1.49 mV
and +6.8 ± 5.70 mV, respectively. The densities of positive
charges surrounding the polyplexes were reduced because of
the complexation with the liposomes.42,43 The results agreed
with a study by Rezaee et al., who reported that lipopolyplex
condensation of nucleic acids occurs at a lower C/P ratio
(carrier/pDNA ratio) compared to that of the corresponding
lipoplexes (lipid:pDNA complexes).43 Hy-LPP possessed a
mean hydrodynamic diameter between 230.2 ± 4.6 nm and
396.1 ± 6.9 nm and a slightly positive ζ-potential (Figure 3B).
The incorporation of hypericin slightly increased the average
particle size of Hy-LPP compared to LPP, although the change
was independent of the hypericin concentration. HyL

Figure 3. Average particle size and ζ-potential of (A) lipopolyplexes (LPP) prepared at a lipid:PEI mass ratio between 0.3 and 0.6 using empty
liposomes and compared with polyplexes (PP) (N/P ratio = 10) and (B) hypericin lipopolyplexes (Hy-LPP) prepared using hypericin liposomes at
a N/P ratio of 10 and lipid:PEI mass ratio of 0.45 and compared with LPP (0.45). Data are shown as mean ± SD (n = 3).
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formulations showed a reduced positive charge of polyplexes,
confirming nucleic acid encapsulation.42

Atomic force microscopy was performed to examine the
surface morphologies and particle diameters of EL, HyL, and
Hy-LPP. These formulations were distinct, round, and well-
shaped vesicles (Figure 4A−C). AFM diameters for EL, HyL,
and Hy-LPP were 102.7 ± 2.98 nm, 214.8 ± 10.32 nm, and
226.8 ± 9.78 nm, respectively. The similarity between the
hydrodynamic particle size and particle diameter measured by
AFM confirmed the reproducibility of the method.
All in all, the physicochemical characterization of the

formulations proved that Hy-LPP fulfilled the requisites that
a gene carrier for intravenous administration of nucleic acids
should have, e.g., the high encapsulation efficiency, small mean
diameter, and overall positive surface charge.40

3.5. Cell Viability. 3.5.1. Evaluation of Hypericin
Liposomes for Cell Viability. Under dark conditions, the
cells incubated with HyLs containing 50−500 nM hypericin
showed maximum cell viability. It was observed that the cell
viability remained at ∼80% for the nonirradiated cells. The
results agreed with the hypericin’s dark toxicity in Caco2 (IC50
= 2.5 μM), SW480 (IC50 = 5 μM), and HCT116 (IC50 = 2.5
μM).37 Furthermore, HyL-treated cells were exposed to yellow
light (λ587) with increasing radiation exposures. A concen-
tration-dependent decrease in cell viability was evident in the

cells upon irradiation (Figure 5A). Cell viability was reduced in
irradiated cells; however, a higher radiant exposure was
necessary using 50 nM hypericin compared to 500 nM
hypericin. Cells treated with EL were considered as controls.
HyLs incubated in nonirradiated cells were observed to be
nontoxic until they reached their effective dose of IC50 = 2.5
μM (Table S2). The results also emphasize a considerable
reduction in cell viability at radiant exposures of 200 mJ/cm2

(p < 0.01) and 1000 mJ/cm2 (p < 0.001). As irradiation
fluency increases, the effective dose of hypericin-induced
cytotoxicity (IC50 values) reduces exponentially.

44 At 600 mJ/
cm2, a significantly reduced hypericin dose (IC50 = 202 nM)
was reported. Moreover, the cells treated with HyL (200 nM
hypericin) exhibited cell viabilities of around 80% (for values
≤400 mJ/cm2) and 50% (for values ≥600 mJ/cm2) with lower
and higher radiant exposures, respectively. The results
suggested that the degree of cytotoxicity of hypericin in
HepG2 cells might be associated with the extent of intracellular
photochemical reactions.45 It was reported from our group that
hypericin liposome formulations showed cytotoxic effects at
IC50 237 nM with SKOV-3 cells at 2.1 J/cm2 and IC50 90.8 nM
with MDA-MB-231 cells at 1.6 J/cm2.16,30 An effective IC50
value of hypericin depends on the cellular internalization of
hypericin, which is solely determined by the physicochemical

Figure 4. AFM micrographs to visualize the structure and surface morphology of DPPC:CH-DSPE:PEG2000 liposomes scanned in the amplitude
mode at 1 μm × 1 μm (A) empty liposomes, (B) hypericin liposomes (200 nM hypericin), and (C) hypericin lipopolyplexes (50 nM hypericin and
0.5 μg of pDNA). Scale bars represent 200 nm. The height of the cross-sectional profile of respective formulations (right column).
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characteristics of the hypericin formulation and the type of cell
line.37

These results suggest that it is possible to apply a lower
radiant exposure to significantly reduce cell viability if a higher
hypericin concentration is used. However, increasing the
radiant exposure and hypericin concentration did not improve
this effect.

3.5.2. Evaluation of Hypericin Lipopolyplexes for Cell
Viability. The multicomponent hypericin lipopolyplexes
containing different hypericin concentrations (50−500 nM
hypericin) and a constant concentration of pDNA were
evaluated in nonirradiated and irradiated cells (Figure 5B).
Under dark conditions, the viability of cells treated with
polyplexes was reduced to 75.0 ± 2.5%, while LPP showed
higher cell viability. It was evident that the internalization of
polyplexes led to PEI-mediated cytotoxicity.46 The cell damage
caused by polyplexes was reduced by LPP and Hy-LPP
formulations.18,19 In comparison with nonirradiated cells, the
cells exposed to 600 mJ/cm2 exhibited negligible reduction,
while the strongest reduction in cell viability was observed at
1000 mJ/cm2. The cell death observed with hypericin
treatment and irradiation at a higher radiant exposure was
interpreted as a hypericin-induced photodynamic effect.
Further, evaluation of the right balance between radiant
exposure and hypericin concentration is essential since, in the
end, this balance enhances the carrier’s transfection efficiency.
The cells incubated with Hy-LPP (≤100 nM hypericin) and
irradiated with a radiant exposure of ≤600 mJ/cm2 did not
exhibit retarded cell viability. Cell death was observed using a
higher photochemical dose (radiant exposure and hypericin
concentration). This interpretation harmonized with findings
that the light energy required to induce PCI is much lower
than that required to induce PDT in cancer cells.47 Hence,
200, 600, and 1000 mJ/cm2 were selected for evaluating
phototransfection using hypericin lipopolyplexes (50−500 nM
hypericin) in HepG2 cells.

3.6. In Vitro Transfection Experiments. The proof-of-
concept for improved transfection using the PCI technique is
based on the simultaneous intracellular delivery of macro-
molecules and photosensitizers incorporated into one nano-
carrier. The irradiation was performed with a standard “light
after” protocol at a 2 h post-transfection interval. It has been
reported elsewhere that the relative effect of light treatment
decreases with longer post-transfection incubation time (4 h)
in the “light after” protocol.48

3.6.1. Phototransfection. Cells were incubated with hyper-
icin lipopolyplexes (50−500 nM hypericin) followed by post-
transfection irradiation at 200, 600, and 1000 mJ/cm2 fluence
rates. Cells transfected with free pDNA, polyplexes, and
lipopolyplexes in the dark were considered as controls (Figure
6A). It was observed that PCI significantly improved the
transfection efficiency of lPEI/pDNA complexes when
irradiation was applied at 600 mJ/cm2. lPEI demonstrates
the “proton sponge effect” because the pK values of its amino
group are close to the intracellular endosomal pH. Upon
exposure to light, this synergistic effect is attributed to PCI
accelerating “the buffering capacity” of the lPEI. lPEI protects
nucleic acids from in vitro photodegradation. SYBR quenching
and gel electrophoresis assay results supported the assumption
that lPEI protects the nucleic acid from in vitro photo-
degradation.38,49 It was reported elsewhere that the PCI effect
on the lipid-based nonviral carrier depends on the
formulation’s structure for the transfection regimen.48

Further, 0.25 μg of pCMV-Luc was codelivered with 50−
500 nM hypericin using Hy-LPP, and the transfection
efficiency was compared with that of lipopolyplexes. When
the transfected cells were exposed to 200 mJ/cm2, transfection
was hindered only for the formulation with 500 nM hypericin.
A substantial increase in transfection efficiency has been
reported for cells irradiated at a concentration of 600 mJ/cm2.
These results suggest a photoselective transfection induced by
a photochemical reaction initiated by the excitation of the
delivered photosensitizer. The photoselective transfection of

Figure 5. Cell viability of HepG2 cells incubated with hypericin formulations followed by irradiation with different radiant exposures. (A) % Cell
viability of cells treated with empty liposomes (EL) and hypericin liposomes (HyL) (50 nM to 1 μM hypericin); (B) cell viability of cells treated
with polyplex (PP), lipopolyplex (LPP), and hypericin lipopolyplexes (Hy-LPP) prepared at a lipid:PEI mass ratio of 0.45 using HyLs (50−500 nM
hypericin). Cells treated with 0.1% Triton-X100 were considered positive controls, and untreated cells were considered as controls. The cells kept
under dark conditions were considered negative controls for the respective formulation. Data are shown as mean ± SD (n = 3). Probability values
of p ≤ 0.05 (*), p ≤ 0.01 (**), p ≤ 0.001 (***), and p ≤ 0.0001 (****) were considered statistically significant.
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Hy-LPP (600 mJ/cm2) increased 60- to 75-fold compared with
that in nonirradiated cells. Additionally, the transfection
enhancement in the irradiated cells by Hy-LPP was
approximately 2-fold higher than that by LPP. Irradiation at

1000 mJ/cm2 decreased the transfection efficiency below the
respective value of the dark control. These results suggest that
there could be multiple reasons for the low transfection
efficiency of nonirradiated cells. However, the most likely

Figure 6. (A) Bright-glow luciferase assay to determine transfection efficiency. Hypericin lipopolyplexes were transfected and exposed to irradiation
at 200, 600, and 1000 mJ/cm2 using an LED with wavelength λ587. The cells kept in the dark were used as positive controls for the respective
formulation. Data are shown as mean ± SD (n = 3). Probability values of p ≤ 0.0001 (****) are considered statistically significant. (B)
Cytotoxicity determined by LDH assay. Hypericin lipopolyplexes were transfected and exposed to irradiation at 200, 600, and 1000 mJ/cm2 using
an LED with wavelength λ587. The assays were multiplexed using a cytotoxicity assay upstream of the luciferase assay. The cells kept in the dark
were used as positive controls for the respective formulations. Data are shown as mean ± SD (n = 3). Probability values of p ≤ 0.001 (***) and p ≤
0.0001 (****) are considered statistically significant. (C) Cellular distribution of hypericin lipopolyplexes encapsulating 1 μg of pDNA and 50 nM
hypericin. The cells were incubated with the formulation for 2 h at 37 °C and irradiated with different radiant exposures: 200, 600, and 1000 mJ/
cm2. Each formulation contained 1 μg of pDNA and 50 nM hypericin. DAPI-stained nuclei are colored blue, and hypericin in the cytoplasm is
colored red. Scale bars are 20 μm.

ACS Applied Materials & Interfaces www.acsami.org Research Article

https://doi.org/10.1021/acsami.4c10438
ACS Appl. Mater. Interfaces 2024, 16, 43416−43429

43424

https://pubs.acs.org/doi/10.1021/acsami.4c10438?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.4c10438?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.4c10438?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.4c10438?fig=fig6&ref=pdf
www.acsami.org?ref=pdf
https://doi.org/10.1021/acsami.4c10438?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


Figure 7. (A) Visualization of the green fluorescence of DCFH using an Olympus microscope. Scale bars represent 50 μm. (B) Reactive oxygen
spices (ROS) generation in HepG2 cells transfected with polyplexes, lipopolyplexes, and hypericin lipopolyplexes (50 nM hypericin) and irradiated
at different radiant exposures (200, 600, and 1000 mJ/cm2) quantified by measuring DCFH using a FLUOstar Optima multiplate reader. Cells
treated with TBHP (50 μM) were considered as positive control, and cells without treatment were considered as negative control. Data are shown
as mean ± SD (n = 3). (C, D) Photostability of pDNA in hypericin lipopolyplexes (50−500 nM hypericin) after irradiation. The samples contain
0.25 μg pDNA in each sample and 50 nM (S1), 100 nM (S2), 200 nM (S3), and 500 nM (S4) hypericin. Each formulation was irradiated at 600
mJ/cm2 using an LED with a wavelength λ587 followed by electrophoresis. (C) Irradiated and nonlysed formulations and (D) irradiated and lysed
formulations. The results are compared with those obtained using free DNA and a DNA ladder as controls.
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reason could be poor internalization because of the steric
hindrance by the PEG chain on the surface of the carrier or
poor endosomal escape.38 The results strongly suggest that the
reduced transfection efficiency exhibited in irradiated cells by
the respective formulations was due to an excessive photo-
chemical dose. This effect can be attributed to increased
photocytotoxicity.24 Conversely, the elevated transfection upon
irradiation at 600 mJ/cm2 (an optimal radiant exposure)
resulted in an adequate photochemical dose that induces a
photochemical reaction without significantly compromising
cell viability.1,50 The photochemical reaction leads to cell
membrane disruption because of lipid peroxidation by 1O2
generation, while PS without irradiation does not induce any
membrane disruption.29,51

3.6.2. Photocytotoxicity. The cytotoxicity of cells trans-
fected with PP, LPP, and Hy-LPP was assessed and is
displayed in Figure 6B. The nonirradiated cells incubated with
Hy-LPP containing 50−500 nM hypericin demonstrated
negligible cytotoxicity, indicating suitable biocompatibility of
the formulation, which is essential for its application as a gene
delivery system. At 600 mJ/cm2, cytotoxicity increased to 30%
for Hy-LPP (Hy ≤ 100 nM). However, irradiation of treated
cells at 1000 mJ/cm2 significantly boosted the cytotoxic effect
(p < 0.0001). Relocalization of the photosensitizer during light
exposure has previously been described for other amphiphilic
photosensitizers, and their second location sites have been
proposed to play an important role in cytotoxicity.17,52 It was
reported that >100 nM hypericin showed 70% cytotoxicity to
HepG2 cells at 1000 mJ/cm2. These results were attributed to
the photodynamic activity of hypericin at the applied
photochemical dose. A synergistic antitumor therapy can be
proposed for hypericin lipopolyplexes containing siRNA as a
therapeutic gene. The hypericin-induced photodynamic effect
and efficient knockdown of the gene of interest upon
photoselective transfection in the remaining viable cells were
predicted.
Finding the appropriate parameters with these complex

formulations to maximize phototransfection and minimize
photocytotoxicity is even more difficult in in vivo studies.
Nevertheless, recent research has demonstrated the potential
and selectivity of PCI. Suzuki et al. prepared polymer−lipid
nanoparticles (PLNs) and effectively encapsulated TPPS2a
and TNFα siRNA. They demonstrated increased cytokine
silencing after irradiation because of PCI-mediated endo-
somal/lysosomal escape, preventing psoriatic plaque formation
in hairless mice.53 Zhang et al. codelivered a photoactivatable
Pt(IV) prodrug and siRNA. After irradiation of the xenograft
mice model, the prodrug was activated, and an endosomal/
lysosomal escape was induced, leading to successful down-
regulation and reduced tumor weight.54

3.7. Intracellular Effect of Irradiation. For the
implementation of photochemical internalization, the formu-
lation should meet three essential requirements in addition to a
small diameter and biocompatibility: (i) cellular internalization
of the formulation,15 (ii) photochemical reaction in the cells
upon irradiation at suboptimal radiant exposure,12 and (iii)
photostability of the delivered gene upon irradiation of the
photosensitizer with a suboptimal radiant exposure.27

3.7.1. Cellular Uptake and Distribution. The seeded
HepG2 cells were treated with free hypericin (free Hy)
dissolved in DMSO, HyLs, and Hy-LPPs for 1, 2, 4, 6, and 24
h, and cellular uptake was evaluated by counterstaining with
DAPI and Phalloidin 488 (F-actin staining) and capturing

CLSM images (see Section 1.1 in the Supporting Information).
Whereas free Hy accumulated in the cell membrane of the cells
and its fluorescence covered an area similar to that of F-actin
staining after all incubation times, the fluorescence of HyLs
and Hy-LPPs was restricted to smaller spots inside the cells,
hinting at endosomal/lysosomal uptake (see Figures S1−S5 in
the Supporting Information). The uptake or the amount and
intensity of the spots increased during incubation; however,
these high concentrations and incubation times led to
significant cytotoxicity when irradiated. Thus, lower concen-
trations and limited incubation times are required to assess the
endosomal/lysosomal escape and cellular distribution.
The cells were incubated with Hy-LPP (50 nM hypericin)

for 2 h, followed by irradiation at 200, 600, and 1000 mJ/cm2

or under dark conditions. The red fluorescence of internalized
hypericin was promptly analyzed by confocal laser scanning
microscopy (Figure 6C). The nonirradiated cells exhibited
clump-like fluorescence areas and insufficient intracellular
distribution, suggesting insufficient ROS generation. Similar
results were obtained after irradiation at 200 and 1000 mJ/cm2,
with the latter possibly causing excess ROS generation leading
to high phototoxicity. Using only 600 mJ/cm2 resulted in a
distinct red fluorescence throughout the cytoplasm. The
change in the distribution of Hy-LPP was attributed to an
improved endosomal/lysosomal escape.10,52 It seems that the
photochemical reaction was sufficient enough to disrupt the
endosomal/lysosomal membrane.55,56

3.7.2. Intracellular Reactive Oxygen Species. Intracellular
reactive oxygen species (ROS) were measured using DCFH-
DA staining. The resultant intracellular DCFH emits
detectable green fluorescence proportional to the amount of
ROS produced by photochemical reactions with hypericin.
ROS generation was quantified using a microplate reader
(Figure 7B). The relative fluorescence units measured in the
different cells showed a pattern: nonirradiated cells incubated
with PP and LPP < nonirradiated cells incubated with Hy-LPP
< irradiated cells incubated with Hy-LPP < TBHP treated cells.
It was observed that Hy-LPP showed significantly higher
fluorescence intensity (3-fold increase) at 600 and 1000 mJ/
cm2 compared to nonirradiated cells. Photoexcitation of
internalized hypericin (50 nM) induced intracellular ROS
generation.30,44 Further, visualization of the cells treated with a
similar treatment proved that the results were consistent with
the quantitative results (Figure 7A). For Hy-LPP, the
fluorescence in cells irradiated at 1000 mJ/cm2 was more
potent than that in cells irradiated with a lower radiant
exposure. ROS production was dependent on the intensity of
the exposed photochemical dose.45,57 Interestingly, both
evaluations showed ROS generation in cells treated with
polyplexes and lipopolyplexes at higher radiant exposure,
presumably caused by an augmented intracellular concen-
tration of polycationic lPEI.58 The elevated ROS production at
1000 mJ/cm2 showed a round cellular structure, which could
be attributed to the cytotoxic effect of hypericin. Cytotoxicity
and ROS quantification confirmed that excess hypericin might
photochemically damage organelles such as mitochondria or
endoplasmic reticulum after endosomal/lysosomal escape.10,45

It was rationalized that 600 mJ/cm2 (a suitable suboptimal
radiant exposure) does not cause cell death but facilitates
cellular distribution and transfection efficiency because of
minimum ROS generation. The results are promising and
support the idea of site-specific gene delivery using
irradiation.59,60
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3.8. Photostability of Genes in Hypericin Lipopoly-
plexes. A nonviral carrier must have the crucial characteristic
of segregating the photosensitizer and genetic material. Hence,
assessing the photodegradation of the delivered nucleic acids
by agarose gel electrophoresis is important. Hy-LPP for-
mulations containing 50, 100, 200, and 500 nM hypericin were
irradiated at 600 mJ/cm2 and electrophoresed. No DNA bands
were observed on the agarose bed (Figure 7C). In contrast,
DNA migration was observed when the Hy-LPP formulations
were lysed after irradiation (Figure 7D). It was interpreted that
lPEI protects the nucleic acids.29,61 Thus, partitioning of the
nucleic acid and photosensitizer inside the formulation was
proven. The low radiant exposure, as mentioned above, has no
safety-relevant issues and thus has a clinical significance.56

4. CONCLUSIONS
The instability, low payload, and inefficient transfection of
standard DNA delivery systems limit their application in gene
therapy. Hypericin lipopolyplexes are promising, efficient
nonviral gene carriers that can overcome these barriers. The
formulation consisted of a core compartment encapsulating
therapeutic pDNA that protected it from enzymatic degrada-
tion. Successful encapsulation of hypericin into the phospho-
lipid layer of the liposome formulation eliminates its negative
interactions with the biological compartment and the photo-
cytotoxicity of the free photosensitizer. The hypericin
lipopolyplexes exhibited reduced size, positive surface charge,
and higher encapsulation efficiency for nucleic acids and
photosensitizer, demonstrating the photostability of the
delivered genetic material. Upon irradiation at 600 mJ/cm2,
hypericin at concentrations ≤200 nM effectively increased the
luciferase expression in HepG2 cells. The results emphasize
that combining the photosensitizer concentration and radiant
exposure determines the balance between transfection
efficiency and cytotoxicity. Enhanced transfection was
attributed to increased intracellular ROS generation and
endosomal/lysosomal escape. Thus, lipopolyplexes are valuable
for application as light-sensitive gene delivery systems.
Therefore, the synergistic effect of the developed nanocarrier
holds potential for anticancer gene therapy of hepatocellular
carcinoma. Further experiments in xenograft models will
elucidate the selectivity and capability of this “light after”
strategy.
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(36) de Morais, F. A.; Gonçalves, R. S.; Vilsinski, B. H.; de Oliveira,
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