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ABSTRACT

Development of controllable and non-toxic gene transfection systems is a core issue in gene therapy.
Photochemical internalization, an innovative strategy in cytosolic release, provides us with an opportunity to
develop a light-inducible gene delivery system. In this study, a novel photochemical internalization (PCI)-
mediated gene delivery system was synthesized by surface modification of polyamidoamine (PAMAM)
dendrimers via 5,10,15-tri(4-acetamidophenyl)-20-mono(4-carboxyl-phenyl)porphyrin (TAMCPP) conju-
gated to the generation 4 PAMAM dendrimer (G4). This water-soluble PAMAM-TAMCPP conjugate was
characterized for cell viability, phototoxicity, DNA complexation, and in vitro transfection activity. The results
show that TAMCPP conjugation did not increase the cytotoxicity of the PAMAM dendrimer below 20 uM, but
significantly induced cell death after suitable irradiation. Under almost non-toxic G4-TAMCPP-mediated PCI
treatment, the expression of green fluorescent protein determined by flow cytometry could be markedly
enhanced in HeLa cells. Therefore, the G4-TAMCPP conjugate had an inducible and effective gene transfection

activity, and showed considerable potential as a bimodal biomaterial for PCI-mediated gene therapy.

Crown Copyright © 2008 Published by Elsevier B.V. All rights reserved.

1. Introduction

Gene therapy is a promising strategy to deliver desired gene into
target cells for the treatment of genetic deficiencies. Viral vectors
have been applied in gene delivery because of their high transfec-
tion efficacy. However, their safety concerns, including mutagenesis
and immunogenicity, affect their broad application in the clinic
[1,2]. Non-viral carriers, such as cationic polymer, have been
developed as an alternative delivery strategy with less immuno-
genicity and lower cost [3,4]. Among these non-viral vectors,
polyamidoamine (PAMAM) dendrimer, a novel and unique synthetic
macromolecule with a 3-dimensional highly branched structure, is
widely used in gene delivery [5,6]. The capability of PAMAM
dendrimers to transfect cells appears to depend on the generation
and number of primary amino groups on the surface of the polymer.
However, generation-dependent cytotoxicity of PAMAM dendri-
mers has been shown in previous studies [7,8]. Thus, the develop-
ment of PAMAM dendrimers with low generation, low toxicity, and
high transfection efficiency is an important area of research in
dendrimer-based gene delivery.

Many studies have demonstrated that surface modification by
hydrophobic moieties, such as fluorescent dyes and amino acids, affect

* Corresponding author. Tel.: +886 4 22840411x409; fax: +886 4 22367269.
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the oligonucleotide or gene transfection activity of PAMAM dendri-
mers [9,10]. Although an enhanced activity can be observed with these
systems, the transfection process cannot be controlled by a designed
switch. Conjugating an appropriate amount of functionalized hydro-
phobic molecules to the PAMAM dendrimer to trigger the transfection
process and elevate its transfection activity may provide a powerful
tool for gene therapy.

Photodynamic therapy (PDT) is a photochemical process for
producing localized tissue necrosis, which involves the activation of
a photosensitizing drug in the target tissue with light of a specific
wavelength matched to an absorption peak of the photosensitiser in
the presence of molecular oxygen [11]. It is a recognized therapeutic
modality, which has regulatory approval for the treatment of a variety
of human pre-malignant and malignant diseases. Photochemical
internalization (PCI), a specific branch of PDT, is a novel technology
utilized for the site-specific release of macromolecules within cells.
The mechanism of PCI is based on the breakdown of the endosomal/
lysosomal membranes by photoactivation of photosensitizers that
localize on the membranes of these organelles [12]. The PCI strategy
has been utilized to release macromolecules such as toxins, DNA
delivered as a complex with cationic polymers or incorporated in
adenovirus or adeno-associated virus, dendrimer-doxorubicin con-
jugates, peptide nucleic acids, and bleomycin, from endocytic vesicles
to the cytosol [13-19]. Furthermore, PCI can reverse the adriamycin-
resistance of breast cancer cells [20].
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To develop an inducible and low toxic vector, we used a generation
4 PAMAM dendrimer as a gene carrier, and implemented the PCI
strategy by conjugating a hydrophobic porphyrin to facilitate its
cytosolic release and improve the transfection activity. The cytotoxi-
city, phototoxicity, and efficacy of the resulting complex were
evaluated using HeLa cells as a model, and using the MTT assay and
transfection experiments. Our results show that the gene transfection
activity of the PAMAM-porphyrin conjugate can be controlled by
irradiation under non-toxic conditions, and can be considered as a
novel PCl-mediated gene delivery system.

2. Materials and methods
2.1. Materials

Generation 4 polyamidoamine (PAMAM) dendrimer was pur-
chased from Aldrich Chemical Company, Inc. (Milwaukee, WI) and all
other chemicals were from Sigma Chemical Co. (St. Louis, MO).

2.2. Synthesis of meso-substituted porphyrins and PAMAM-porphyrin
conjugate

5,10,15-tri(4-acetamidophenyl)-20-mono(4-carboxyl-phenyl)por-
phyrin (TAMCPP) was synthesized from a binary mixture of aldehydes
and pyrrole using a modification of the Alder-Longo method as
showed in Scheme 1 [21]. "H NMR (400 MHz, D6-DMSO): & (ppm) 8.86
(pyrrole, s, 6H); 8.81 (pyrrole, s, 2H); 8.38 (benzoic acid, d, J=6.8 Hz,
2H); 8.23 (benzoic acid, d, J=8.4 Hz, 2H); 8.12 (aniline, d, J=7.6 Hz,
6H); 8.04 (aniline, d, J=7.6 Hz, 6H); 2.21 (NH(C=0)CH3, s, 9H).

In order to conjugate TAMCPP to the PAMAM dendrimer,
TAMCPP was first activated by dicyclohexylcarbodiimide (DCC)
and N-hydroxysuccinimide (NHS) and yielded the desired TAMCPP-
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NHS. PAMAM dendrimer-TAMCPP conjugates (G4-TAMCPP) were
prepared by reacting G4 PAMAM dendrimers with TAMCPP-NHS.
After 48 h at room temperature, the reaction mixtures were
dialyzed for another 48 h using a molecular weight cut-off
(MWCO) of 10,000 membranes successively against hydrochloric
acid/aqueous/methanol solution (0.5/49.5/50). The red conjugate
solutions were further concentrated under reduced pressure at
35 °C and the resulting solutions were frozen in liquid nitrogen and
lyophilized to obtain the conjugate.

The conjugate was characterized using thin layer chromatography
(TLC) and the degree of porphyrin conjugated to PAMAM dendrimer
was estimated as 12% (w/w) by a Cary 50 spectrophotometer (Varian
Inc., Palo Alto, CA, USA) using the soret molar extinction coefficients of
TAMCPP (loge ~5.62 at 420 nm). The lipophilic and hydrophilic
properties of G4-TAMCPP were characterized by the partition
coefficient Py =C, [ C of the compound between the two immiscible
solvents n-octanol (0) and water (w) [22]. The morphology of G4-
TAMCPP was observed by transmission electron microscopy (TEM)
(Hitachi H-7500) operating at 120 kV.

2.3. Cell lines and culture conditions

Human cervical epithelioid carcinoma (HeLa) cells were main-
tained in a humidified 5% CO, incubator at 37 °C in DMEM (Gibco BRL,
Gaithersburg, MD) supplemented with 10% heat-activated fetal bovine
serum (FBS) (Gibco BRL, Gaithersburg, MD) and 1% antibiotics
(Antibiotic-Antimycotic, Gibco BRL, Gaithersburg, MD, USA).
2.4. Cellular uptake of photosensitizing agents

Cellular uptake of TAMCPP or G4-TAMCPP was measured by
fluorometry. Cells (1.5x10°) were incubated with one of the

DCC,NHS
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Scheme 1. Schematic representation of TAMCPP and G4-TAMCPP conjugate synthesis.
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Fig. 1. TLC analysis (A) and absorption spectrum (B) of TAMCPP, PAMAM dendrimer and
G4-TAMCPP conjugate. (A) Lane 1, PAMAM dendrimer; lane 2, TAMCPP; lane 3, G4-
TAMCPP; lane 4, G4+TAMCPP mixture.

photosensitizers at different concentration for 24 h. After washing,
cells were incubated with 1% SDS for 24 h at 37 °C. Cell lysates were
collected and measured using a Cary Eclipse fluorescence spectro-
photometer (Varian Inc., Palo Alto, CA, USA). Data were obtained from
at least 3 independent experiments.

2.5. Treatment of TAMCPP and G4-TAMCPP by photodynamic therapy
(PDT)

Cells were seeded into 96-well plates at a density of 3000 cells per
well and cultured for 24 h. To determine the cytotoxicity of the
TAMCPP and G4-TAMCPP conjugates, cells were incubated in medium
containing different concentrations of TAMCPP or G4-TAMCPP con-
jugates for 24 h, washed, and then subjected to cell toxicity assays as
described below.

To determine the cytotoxicity of TAMCPP-PDT, the cells were
incubated with TAMCPP or G4-TAMCPP in 5-fold serial dilutions
from 50 uM to 0.4 uM for 24 h at 37 °C, washed, immediately
exposed to different doses of light (1.4 or 2.8 J/cm?), and then
evaluated in cell toxicity assays. After the addition of TAMCPP or
G4-TAMCPP, all the procedures were carried out in subdued light.
The light source for activating TAMCPP was supplied by PCI Biotech
(LumiSource®, Oslo, Norway) and consisted of a bank of 4
fluorescent tubes (Osram 18W/67) emitting in the spectral region
of 390-450 nm with the highest intensity at about 420 nm. The
total fluence rate was 7 mW/cm?.

2.6. Intracellular localization of the TAMCPP and G4-TAMCPP conjugates

Cells were plated on glass coverslips in 35-mm dishes the day
before the experiment. After growing overnight, cells were exposed to
TAMCPP and G4-TAMCPP compounds at 4 pM for 24 h. Cells were
washed with PBS and examined directly or after co-staining with
100 nM LysoTracker Green (DND-26, Molecular Probes Inc, Leiden, The
Netherlands) for 45 min at 37 °C, and then examined with a confocal
microscope (Aex=488 nm; SP5 Spectral Confocal System; Leica,
Nussloch, Germany). Fluorescence of the organelle probes was
detected with an emission filter of 500-520 nm, and porphyrins
fluorescence was detected with an emission filter of 640-660 nm.

2.7. Cytotoxicity assay

Twenty-four hours after treatments, cytotoxicity was determined
by using the MTT assay [23] and the results were read using a scanning
multiwell ELISA reader (Microplate Autoreader EL311, Bio-Tek Instru-
ments Inc., Winooski, VT, USA).

2.8. Agarose gel electrophoresis studies

The gel retardation assay was performed as follows. Polymer
solutions were added to the enhanced green fluorescent protein
(EGFP) plasmid DNA (pDNA, 4.7 kb, Becton Dickinson, CA) solutions
with the same volume at various [G4-TAMCPP]/[pDNA] charge ratios,
shortly vortexed and incubated at room temperature overnight before
use. The formation of complexes was analyzed by electrophoresis in
0.8% agarose gel and stained by ethidium bromide (EtBr) [10].

2.9. Photochemical transfection

For the preparation of dendrimer-plasmid DNA polyplexes, the
EGFP plasmid DNA (2 pg) dissolved in 20 mM Tris-HCl buffer was
mixed with the G4-TAMCPP conjugates dissolved in distilled water.
The mixed solution was added to serum-free DMEM to a final volume
of 100 pL, and then incubated for 20 min at room temperature to allow
formation of a polyplex with a given ratio of G4-TAMCPP primary
amino groups to DNA phosphate (N/P ratio) [10]. The HeLa cells were
seeded in 35-mm petri dishes the day before transfection. Cells were
washed with PBS and then covered with fresh DMEM (1.5 mL). After
20-minute incubation, 0.4 mL of fresh DMEM was added to the mixed
polyplex solution, and the polyplex solution was added gently to the
cells and incubated at 37 °C for 24 h. Cells were rinsed with PBS,
covered with 1 mL of PBS, irradiated for 200 or 400 s [LumiSource®
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Fig. 2. Dose-dependent cellular uptake after 24 h incubation in HeLa cells. (n=3).
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Fig. 3. Comparative intracellular localization of compounds with LysoTracker Green: Confocal laser scanning microscopy studies (CLSM). (A)-(C) and (D)—(F) show the intracellular

localization of TAMCPP and G4-TAMCPP, respectively.

(peak wavelength 435 nm, 7 mW/cm?)], and incubated at 37 °C for
another 48 h. The qualitative analysis of EGFP expression upon
transfection in Hela cells was evaluated by flow cytometry (FACS
caliber, Becton Dickinson, USA) equipped with an argon 488 laser [24]
and fluorescence microscopy (Zeiss, Axiophot 2 Microscope,
Germany).

2.10. Stability assay of lysosomal membrane

HeLa cells were grown on glass slides in 35-mm petri dishes,
incubated for 24 h with TAMCPP or G4-TAMCPP at 4 uM and then
irradiated with LumiSource® for 200 s or 400 s. One hour after
irradiation, cultures were incubated with 500 nM acridine orange
(AO) for 15 min before being sequentially imaged using filter cubes
that captured red (AO in an acidic pH environment) and green
fluorescence (AO in a neutral pH environment). AO was a metachro-
matic fluorophore and a lysosomotropic base (pKa=10.3), which
became charged (AOH") and retained by proton trapping within acidic
compartments, mainly secondary lysosomes (pH 4.5-5.5). When
normal cells were excited by blue light, highly concentrated lysosomal
AO emitted an intense red fluorescence, while nuclei and cytosol
showed weak diffuse green fluorescence [25,26]. In this experiment,
digital images were captured with fluorescence microscope system
(Zeiss, Axiophot 2 Microscope, Germany).

3. Results
3.1. Characterization of G4-TAMCPP conjugate

The photosensitizer TAMCPP was conjugated to the surface amine
of the PAMAM dendrimer, and then was dialyzed. Conjugation was
confirmed by measuring the fluorescence intensity and by TLC
analysis and infrared spectrometer [9,10]. As shown in Fig. 1AA, G4-
TAMCPP conjugate remained almost immobile at the origin, while
unreacted TAMCPP migrated close to the solvent front, as observed
under long wavelength UV light. The infrared spectra also showed that
the peaks of OH and COO" stretch of TAMCPP observed at 3397 cm™!
and 1672 cm™ ! disappeared after PAMAM dendrimer conjugation (G4-
TAMCPP), thereby demonstrating the formation of the covalent bond
between PAMAM dendrimers and TAMCPP molecules (see Supple-
mentary data).

The absorption spectra of TAMCPP and G4-TAMCPP in DMSO are
shown in Fig. 1B. After conjugating to the PAMAM dendrimer, the
absorption peak of TAMCPP did not significantly shift, with a typical

high-intensity soret band near 420 nm (loge ~5.62 for TAMCPP) and a
low intensity Q band between 500 and 700 nm. The conjugated
porphyrin to the PAMAM dendrimer was also determined by UV-VIS
spectrophotometer using 420 nm for porphyrin absorbance. Our
result showed that four porphyrins were covalently attached to one
G4 PAMAM dendrimer.

3.2. Cell uptake and intracellular localization of TAMCPP and G4-TAMCPP

Fig. 2 shows the uptake of TAMCPP and G4-TAMCPP by Hela cells
as a function of the concentration of the photosensitizers. At the
concentration of 0.4 uM or 0.8 MV, there was no significant difference
in the cellular uptake of TAMCPP and G4-TAMCPP conjugates. Cellular
uptake of TAMCPP was significantly higher than that of G4-TAMCPP at
4 uM or 20 pM (2-fold), probably due to the hydrophobic property of
TAMCPP, which caused more permeation and accumulation in the
cells [27]. Differently from the TAMCPP, which can diffuse across the
cell membrane and enter cells, G4-TAMCPP might be taken by cells via
endocytosis [5,6]. After cellular endocytosis, G4-TAMCPP was
entrapped presumably in the endosomes/lysosomes, which can be
confirmed by confocal microscopy. As shown in Fig. 3, the fluorescence
pattern of G4-TAMCPP (red) was almost co-localized with LysoTracker
(green) in Hela cells. However, TAMCPP was co-localized with
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Fig. 4. Cytotoxicity and photocytoxicity of TAMCPP and G4-TAMCPP conjugate. Cells
were incubated for 24 h at 37 °C w/o or w/irradiation (n=4).
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Fig. 5. Estimation of lysosome disruption capability of 4 uM G4-TAMCPP conjugate. After
24 hincubation of G4-TAMCPP, cells were irradiated with LumiSource® for 200 s (B) and
400 s (C). After 1 h, the cells were stained with acridine orange for 15 min and measured
by fluorescence microscope. (A) is the control without irradiation.

lysosomes, and was considered to accumulate not only in lysosomes
but also in other organelles in the cytosol.

3.3. Cytotoxicity and phototoxicity

The dose-dependent cytotoxicity and phototoxicity of the photo-
sensitizing agents in HeLa cells is shown in Fig. 4. Without irradiation,
more than 94% of the cells survived after 20 uM TAMCPP or G4-
TAMCPP incubation. However, TAMCPP and G4-TAMCPP induced cell
toxicity at 50 uM (23% and 36% cell survival, respectively). For
photodynamic therapy, there was no significant toxicity of TAMCPP or
GA-TAMCPP at 0.4 uM with 1.4 or 2.8 J/cm? light dose. Photoinduced
cytotoxicity was observed with G4-TAMCPP at 4 pM (more than 98%
cell death), whereas 51% the cells survived TAMCPP incubation with
1.4 J/cm? light dose. The phototoxicity of TAMCPP was greater with a
higher light dose. At 0.8 1M, 16% of the cells were killed by TAMCPP
with the light dose of 2.8 J/cm?, but most of the cells were still viable
with the light dose of 1.4 J/cm?. Similarly to TAMCPP, cell toxicity
induced by G4-TAMCPP increased from 25% to 36% with an increasing
light dose. Obviously, 0.4 uM G4-TAMCPP with 1.4 or 2.8 J/cm? light
dose was non-toxic (Fig. 4), and was further evaluated for photo-
chemical transfection.

3.4. Photochemical disruption of the endosomal/lysosomal membrane

To assess whether G4-TAMCPP conjugates could disrupt the
endosomal/lysosomal membrane and could help gene escape from
the lysosomes after irradiation, AO was utilized as a marker to trace
the integrity of the endosomes/lysosomes. As shown in Fig. 5A, acidic
organelles (endosomes/lysosomes) of cells treated with G4-TAMCPP
could be stained by AO without light (red spots). After irradiation, the
red spots decreased with a 1.4 J/cm? light dose (Fig. 5B) and almost
disappeared with a 2.8 Jjcm? light dose (Fig. 5C). These results
demonstrated that the endocytozed G4-TAMCPP, which accumulated
in the endosomes/lysosomes, could destabilize the endosomal/

G4-TAMCPP/pDNA

DNAalone
G4-TAMCPP
0.25M

0.5M1
0.75M1

=z T T
— N <

Fig. 6. Gel retardation assay for G4-TAMCPP. 2 ug pDNA was mixed with G4-TAMCPP
conjugate according to the present charge ratios and then analyzed by electrophoresis
with EtBr staining.

lysosomal membranes and cause a rapid loss of AO staining of acidic
organelles after irradiation.

3.5. Evaluation of complex formation with pDNA

One prerequisite for the usefulness of polycationic gene carriers is
to efficiently form polymer/DNA complexes, a process that can be
confirmed by retardation of DNA mobility in agarose gel electrophor-
esis. PAMAM dendrimers could efficiently form complexes with pDNA
through electrostatic interaction between the protonated primary
amines of the dendrimers and negatively charged phosphate groups
on the pDNA. It was found that the G4-TAMCPP conjugate was able to
retard DNA mobility in gels; however, retardation was complete only
when an equivalence or an excess of dendrimer amino groups was
present (Fig. 6).

3.6. Photochemical transfection of G4-TAMCPP conjugates

To evaluate the transfection efficiency of the dendrimer/pDNA
polyplex with or without irradiation at non-toxic conditions, G4-
TAMCPP at 0.4 tM was used with the light dose of 1.4 or 2.8 J/cm? light
dose. Fig. 7 shows the cell viability and photochemical transfection
efficiency of the dendrimer/pDNA polyplex in Hela cells. Without
irradiation, less than 3.5% of the cells were transfected by G4-TAMCPP
conjugate, similarly to that observed with the G4 PAMAM dendrimer
in a previous report [7]. After 24 h incubation, G4-TAMCPP/pDNA
polyplex were almost co-localized with LysoTracker (green) (data not
shown). Surprising, G4-TAMCPP conjugate resulted in the transfection
of 12.6% and 26.7% of the cells using a 1.4 and 2.8 J/cm? of light dose,
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Fig. 7. Cell viability (line) and light-triggered transfection efficiency (column) of
polyplex (dendrimer: 0.4 uM) with different light doses (n=3).
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respectively. Compared with G4-TAMCPP conjugate alone, the
transfection efficiency was improved more than 9.5-fold with a
2.8 ]/cm? light dose of irradiation, which represented almost twice the
efficiency of the SuperFect commercial kit. It is of note that the
photochemical transfection of G4-TAMCPP/pDNA polyplex with a
2.8 J/cm? light dose left more than 93% of the cells viable (Fig. 7).
Therefore, irradiation can be a “switch” to control gene transfection in
this system.

4. Discussion

There has been a substantial interest in the use of polycationic
materials to deliver plasmid DNA, antisense oligonucleotides, and
small interfering RNA [7,28,29]. While high transfection efficiency has
been reported in a number of cases, toxicity of these non-viral vectors
is an important problem [30]. Besides, controllable gene transfection
is another interesting technique to be developed for biomedical
application. In this study, a non-toxic, controllable gene delivery
system was developed using PAMAM dendrimer-porphyrin conju-
gates with suitable light irradiation.

PAMAM dendrimer is a well-known cationic polymer containing
amino groups with weak base properties that can possess the capacity
to buffer pH in the endosomes/lysosomes. Recently, Sonawane et al.
demonstrated that the average pH in endosomes/lysosomes contain-
ing G6 fractured PAMAM dendrimer decreased slowly from 7.2 to 5.9
over 60 min and increased to 6.5 at 75 min in Chinese hamster ovary-
K1 cells and the buffering capacity of PAMAM dendrimer was
attributed to proton sponge effects [31]. Results from our lab showed
that the endosomal/lysosomal pH was buffered by G4 PAMAM
dendrimer and was remained at 6.8 over 12 h in Ca9-22 cells [32].
Even after 48 h incubation, G4 PAMAM dendrimer was still entrapped
into endosomes/lysosomes that may cause the inefficient transfection
[7,31,33,34]. Thus, the capacity of pH buffering of cationic polymer in
endosome/lysosomes is not the only reason to achieve higher
transfection efficiency. Recently, surface conjugation to low genera-
tion of PAMAM dendrimer surface by hydrophobic moieties may be a
strategy to improve the inefficient transfection property. Yoo et al.
reported that the delivery of antisense oligonucleotides can be
enhanced by fluorophore-conjugated PAMAM dendrimers because
the relative hydrophobicity of fluor molecules can enhance endo-
somes/lysosomes disruption although this mechanism remains
unclear [9]. Similarly, the transfection efficiency of PAMAM dendrimer
also can be improved by hydrophobic amino acid conjugation [10]. In
this study, hydrophobic porphyrin porphyrin-conjugated G4 PAMAM
dendrimer shows an unapparent improvement in AO-stained acidic
organelles loss or gene transfection, which can be further enhanced
conspicuously by irradiation. This controllable gene delivery was
supposed as PCI effects.

PCI is an interesting strategy to improve the cytosolic release of
macromolecules from the endosomes/lysosomes in a light-inducible
manner. In the previous studies, asymmetric photosensitizers, such as
AlPcS2a and TPPS2a, were effective in PCl-induced delivery because
these photosensitizers prefer plasma membrane localization via
hydrophobic-hydrophobic interactions [35,36]. However, these
photosensitizers could re-localize to other organelles, thereby
increasing phototoxicity, an important issue that needed to be
considered for further PCI applications [36-38]. Besides, most gene
vectors and photosensitizers need to be administrated separately in
PCl-enhanced gene delivery systems because of limitations of the
carrier capability of these photosensitizers. Therefore, the develop-
ment of a potential gene carrier with low phototoxic and controllable
properties for effective PCI-mediated gene delivery is a challenge in
biomaterial sciences. The synthesized G4-TAMCPP conjugate in this
study processes the potential to be a controllable non-viral vector. Our
results show that the G4-TAMCPP conjugate was uptaken by Hela
cells and accumulated in endosomes/lysosomes compartments via the

endocytotic pathway. The punctate pattern exhibited by AO-stained
acidic organelles was significantly reduced after irradiation that may
due to the destabilization of endosomal/lysosomal membranes
(Fig. 5). Not only nanoparticle-based photosensitizers, the lysosomal
targeting photosensitizer, like N-aspartyl chlorin e6 (NPe6), exhibited
the similar AO-staining pattern after irradiation [26]. Therefore, this
photochemical reaction may release the entrapped pDNA from the
endosome/lysosome to the cystosol and activate the gene transfection
process.

Of note, almost non-toxic transfection was achieved using 0.4 uM
G4-TAMCPP plus irradiation, representing an important achievement
(Fig. 7). With non-toxic light doses, G4-TAMCPP still reveals effective
at expressing EGFP in Hela cells. G4-TAMCPP plus a 2.8 J/cm? light
dose had greater transfection efficiency than the other nanocarriers as
well as SuperFect-pDNA complexes or other treatments [39-41]. The
phototoxicity is lower than with other membrane-accumulated
photosensitizers, such as AlPcS2a or TPPS2a, which may due to the
localization of G4-TAMCPP in the endosomes/lysosomes. Moreover,
because the electrostatic forces play a dominant role in the affinity and
dissociation of DNA to/from cationic polymer, the dissociation of
polyplex can occur by the intracellular polyion [42]. The PAMAM
dendrimer might also be degraded after being taken up by the cells,
which would result in a gradual reduction in positive charge density
and a consequential change in the electrostatic interactions between
DNA and PAMAM, and facilitate the dissociation of DNA from the
polyplex [43]. Consequently, G4-TAMCPP may be dissociated from
pDNA in endosomes/lysosomes and translocated to the endosomal/
lysosomal membranes because of the relatively hydrophobicity of the
porphyrin on the PAMAM dendrimer surface, which may also prevent
photochemical damage to the pDNA and cause more efficient
transfection [37]. Therefore, porphyrin-conjugated PAMAM dendri-
mer plus suited irradiation is an almost non-toxic and light-inducible
effective gene delivery strategy. Based on these results, in vivo gene
transfection studies by porphyrin-conjugated PAMAM dendrimer
with light irradiation should be encouraged.

5. Conclusion

In this study, we have shown that PAMAM dendrimers conjugated
with porphyrin is a potential gene carrier. Effective gene transfection
can be controlled by light-induced endosomes/lysosomes disruption,
which may cause the entrapped gene to be released into the cytosol.
Moreover, this procedure seems to be safe (low toxicity) and therefore
is a satisfactory alternative photoinducible non-viral gene delivery
strategy for the future in vivo development of PCl-medicated gene
delivery system.
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