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Background and Objective: One of many limitations
for cancer gene therapy is the inability of the therapeutic
gene to transfect a sufficient number of tumor cells.
Photochemical internalization (PCI) is a photodynamic
therapy-based approach for improving the delivery of
macromolecules and genes into the cell cytosol. The utility
of PCI for the delivery of the GFP reporter gene on the
same plasmid as a tumor suppressor gene (PTEN) was
investigated in monolayers of U251 human glioma cells
and muticell U87 glioma spheroids.
Materials and Methods: U251 monolayers or U87 sphe-
roids were incubated in AlPcS2a and non-viral vector poly-
plexes for 18 hours. In all cases, light treatment was
performed with a diode laser at a wavelength of 670 nm.
The non-viral transfection agents, branched polyethyleni-
mine (bPEI), or protamine sulfate (PS), were used with
the plasmid constructs GFP/PTEN or GFP.
Results: PS/GFP polyplexes were much less toxic to the
glioma cells compared to bPEI/GFP polyplexes but were
highly inefficient at gene transfection if used alone. PCI
resulted in a 5- to 10-fold increase in GFP protein expres-
sion compared to controls. PCI-bPEI/PTEN or PCI-PS/
PTEN transfection of either U251 monolayers or U87
spheroids significantly inhibited their growth. but had no
effect on MCF-7 cells containing a wild-type PTEN gene.
In addition PCI-GFP transfection of gliomas cells had no
effect on their growth pattern.
Conclusions: Collectively, the results suggest that
AlPcS2a-mediated PCI can be used to enhance cell growth
inhibition via transfection of tumor suppressor genes in
glioma cells containing mutant PTEN genes. Lasers Surg.
Med. � 2012 Wiley Periodicals, Inc.
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INTRODUCTION

Glioblastoma multiforme (GBM) is the most deadly
form of astrocytoma, which accounts for more than 60% of
all primary malignant brain tumors [1]. Patients diag-
nosed with GBM have an average survival time of 12–14

months, and fewer than 3% are living 5 years after diag-
nosis. Despite advances in surgery, chemotherapy, and
radiotherapy, the outcomes of patients with GBM have
not significantly improved [2–5]. An important hallmark
of GBM is the loss of heterozygosity on chromosome 10q.
The PTEN gene, a phosphatase and tensin homolog, locat-
ed in this region has been identified as a putative tumor
suppressor gene [6,7]. The PTEN gene, has been mapped
to chromosome 10q23.3, and is absent or mutated in ma-
jority of GBM [8–11]. Various functional studies of PTEN,
including in vivo animal experimental model systems,
have demonstrated that it plays a significant role in in-
ducing G1 cell cycle arrest, apoptosis, and cell adhesion, mi-
gration, and differentiation [12–14]. A simplified graphic
representation of the PTEN/PI3K/Akt signaling pathway is
shown in Figure 1. Clearly, glioma is an attractive target
for developing novel therapeutic approaches utilizing gene
therapy. One, of many limitations for cancer gene thera-
py, is the inability of the therapeutic gene to transfect a
sufficient number of tumor cells. In order for cells to take
up and utilize macromolecules such as plasmid DNA the
use of viral or non-viral gene delivery carriers is essential.
Although viral vectors have been employed in many stud-
ies and several clinical protocols, non-viral gene carriers
offer several advantages including reduced safety con-
cerns [15,16]. Unfortunately many non-viral carriers, like
the cationic polymer polyethylenimine (PEI) are relatively
toxic and not well suited for in vivo use while biodegrad-
able biologically available polymers, such as protamine,
are much less efficient in gene transfer experiments
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compared with viral systems [17–20]. Methods to increase
the transfection efficiency of biological gene vectors are
therefore of interest.

Photochemical internalization (PCI) is a technique that
utilizes the photochemical properties of photodynamic
therapy (PDT) for the enhanced delivery of macromole-
cules into the cell cytosol. These macromolecules lack the
ability to naturally permeate intracellular barriers such
as the plasma and endocytic membranes [21,22]. The con-
cept of PCI is based on using photosensitizers that localize
in the membranes of endocytic vesicles. Upon illumina-
tion the photosensitizers react with oxygen causing mem-
brane rupture releasing the trapped macromolecules into
the cell cytosol, avoiding lysosomal degradation. There-
fore, PCI which is a physical targeting technique, has
been used in combination with adenovirus transfection in-
troducing up to 20-fold increase in transgene expression
in photochemically treated cells [23]. PCI has also been
used to increase gene transfection with non-viral gene
carriers [24,25]. The aim of the present research was
designed to evaluate the effects of PCI on protamine
sulfate (PS) or PEI-mediated wild-type PTEN gene resto-
ration in PTEN mutated U87 and U251 human glioma
cells.

MATERIALS AND METHODS

Cell Lines and Plasmid Construct

The PTEN mutated glioblastoma cell line U87and the
breast tumor PTEN-wild type MCF-7 were obtained from

the American Type Culture Collection (Manassas, VA). The
U251 cell line originally obtained from the Department of
Neuro-Oncology, The University of Texas M.D. Anderson
Cancer Center. Both glioma lines have been demonstrat-
ed to have a mutated PTEN gene caused by sequence
insertions or deletions resulting in frameshifts [26]. The
tumor cells were grown as monolayers in DMEM medium
(Invitrogen Corp., Carlsbad, CA) with 10% heat-inactivated
fetal bovine serum (FBS), 50 mM HEPES buffer (pH 7.4),
penicillin (100 U/ml), and streptomycin (100 mg/ml) at
378C and 5% CO2. Two different plasmids, one coding for
GFP and one encoding for both PTEN and GFP reporter
gene (PTEN-GFP) were used in all transfection experi-
ments. Both pcDNA3-EGFP plasmid (Addgene plasmid
13031, submitted by Dr. Doug Golenbock, University
of Massachusetts) and PTEN-GFP plasmid (Addgene
plasmid 13039, submitted by Dr. Alonzo Ross, University
of Massachusetts) were purchased from Addgene (Cam-
bridge, MA) transformed in Escherichia coli strain of
DH5alpha. The stab culture received was streaked onto
Ampicillin (100 mg/ml) containing Miller’s LB agar (1.5%)
for 24 hours to isolate single colony. A single colony was
dispersed into Ampicillin containing Miller’s LB Broth for
6 hours as preculture, followed by overnight expansion to
desired volume. Bacteria cultures were collected at expo-
nential growth phase and centrifuged at volume of 45 ml
per tube at 7,000 rpm (Beckman J2-21 centrifuge with
JA-20 rotor) for 30 minutes at 48C. Bacteria pellets
were stored at �208C until ready to use. Plasmids were
isolated with QIAGEN MidiKit in the ratio of 1 column
per tube of bacteria pellet according to the manufacturer’s
instruction. Plasmid DNA concentrations were measur-
ed with a spectrophotometer (Nanodrop 1000 Therma
Scientific, Wilmington, DE).

Gene Carriers-Branched Polyethylenimine (bPEI),
Protamine Sulfate (PS)

bPEI, MW 25,000, (Sigma, St. Louis, MO) was used in
all experiments. bPEI/DNA polyplexes were formed as
follows. bPEI (6.5 mg) (Sigma–Aldrich, St. Louis, MO) was
dispersed in 13 ml of deionized (DI) water and 5 mg of
pDNA (plasmid DNA) was dispersed in 12 ml of DI water
at pH of 8. pDNA was first added into microtubes along
with 75 ml of Hank’s Buffer (without calcium) and bPEI
was drop-wise added. Resulting polyplexes were vortexed
for at least 10 seconds and left undisturbed at room tem-
perature for 15 minutes before use. A N/P ratio of the
bPEI/DNA polyplexes of 5:1 was used in all experiments.
PS/DNA polyplexes were formed as follows. Twenty
microgram of pDNA was dispersed in 500 ml of DI water
(Nuclease-free water Fisher) 400 mg of PS (Sigma–Aldrich)
was dissolved in 500 ml of DI water. pDNA in water was
drop-wise added to PS solution while vortexing. Resulting
polyplex was left undisturbed for 30 minutes and refriger-
ated prior to use for efficient complexing. The size and
surface charge of the prepared polyplex cores were char-
acterized by dynamic light scattering and zeta-potential
analysis (Malvern Instrument). A N/P ratio of the
PS/DNA polyplexes of 10:1 was used in all experiments.

Fig. 1. Graphic representation of the Pten/PI3K/Akt signal-

ing pathway. PTEN has major implication in PI3 kinase

(PI3K) signal transduction pathway and negatively controls

PI3K phosphorylation. PTEN is implicated in cell cycle

progression and cell death control through inhibition of

PI3K-Akt signal transduction pathway and in the control of

cell migration and spreading through its interaction with

focal adhesion kinase (FAK).
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PCI-Mediated Gene Transfection

Both cell monolayers and multitumor cell spheroids
were transfected in a similar manner. Photosensitizer
AlPcS2a (1 mg/ml) and bPEI or PS/GFP or PTEN-GFP
polyplexes were added to the cell cultures for 18 hours,
followed by a triple wash. The cells were incubated for
4 hours in fresh medium to allow some of the photosensi-
tizer to leach from the cell membrane. Light treatment
at 670 nm at various fluence levels at a fluence rate of
5 mW/cm2 was administered from a diode laser (High
Power Devices, North Brunswick, NJ). Light was coupled
into a 200-mm diameter optical fiber containing a micro-
lens at the output end. Controls consisted of cultures that
contained bPEI or PS/GFP plasmids but were not exposed
to light (dark controls).

PCI–GFP Transfection of Glioma Cells

U251 cells were cultured in 35-mm imaging dishes
(FluoroDish, World Precision Instruments, Sarasota, FL)
at 200,000 cells/well and allowed to grow overnight. PCI
GFP transfection was carried out as described to a fluence
level of 0.5 J/cm2 employing PTEN-GFP polyplexes.
Following transfection the cells were incubated for an
additional 24 hours and visualized using an inverted
Zeiss laser-scanning microscope (LSM 410; Carl Zeiss,
Jena, Germany). This system allows the differential
visualization of cell nuclei using confocal and two-photon
microscopy up to a depth of 100 mm with a field of view of
600 � 600 mm2.

Glioma Cell Growth Gene Treatment and Viability
Assays

Two techniques were used for treatment and for assess-
ing the results of gene transfection. The 3-(4,5-
dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-
sulfophenyl)-2H-tetrazolium (MTS; Promega, Madison,
WI), was used to determine cell viability after treatment.
For this, eight wells (in 96-well flat bottomed plates) for
each set of treatment conditions were seeded with U251
or MCF-7 cells at a density of 5,000 cells/well and incubat-
ed for 24 hours prior to experimentation. Cells were only
plated into every fourth well in the 12-well rows to reduce
spill over light from the treated to the untreated cultures.
Photosensitizer and GFP or PTEN-GFP polyplexes in
DNA concentrations ranging from 0.5 to 2 mg/ml were
then added and handled as described above. Light treat-
ment at fluence levels of 0, 0.5, 0.75, or 1.5 J/cm2 at
5 mW/cm2 was administered through an opaque mask
that only admitted light to one 8-well column at a time.
Controls consisted of cultures that contained bPEI or
PS/DNA plasmids but were not exposed to light (dark con-
trols). Following transfection, incubation was continued
for 48 hours after each treatment, at which point the
culture medium was replaced with fresh clear buffer
containing MTS reagents and incubated for a further
2 hours. The optical density was read using an ELx800uv
Universal Microplate Reader (Bio-Tek Instruments, Inc.,
Winooski, VT).

Long-Term Survival Was Studied Using a
Clonogenicity Assay

U251 cells were cultured in 35-mm dishes at
100,000 cells/well and allowed to grow overnight, followed
by PCI transfection as described. Following irradiation,
cells were washed with PBS, harvested by trypsinization,
resuspended in MEM supplemented with serum, counted,
and plated into 60-mm dishes per experimental group at
100–200 cells/dish. Cells were allowed to grow for 11–14
days whereupon they were stained with 0.5% crystal vio-
let in 95% ethanol. Colonies containing more than 50 cells
were scored as survivors. The number of colonies was nor-
malized to a control group consisting of cells incubated in
photosensitizer (dark control) but receiving no light treat-
ment. All experiments were performed in quintuplicate
and results are a combination of at least four separate
experiments.

Multitumor Spheroid Generation and Transfection

Spheroids were formed by a modification of the centrifu-
gation method [27,28]. 2.5 � 103 U87 cells in 200 ml of
culture medium per well were alloquated into the wells of
ultra-low attachment surface 96-well round-bottomed
plates (Corning Inc., Corning, NY). The plates were cen-
trifuged at 1,000g for 10 minutes. Immediately following
centrifugation the tumor cells formed into a disk shape.
The plates were maintained at 378C in a 7.5% CO2 incu-
bator for 48 hours to allow them to take on the usual
three-dimensional spheroid form. Spheroids were formed
in every fourth well in each of the 12-well rows and PCI
gene transfection performed as previously described for
the cell monolayers. Determination of spheroid size was
carried out by averaging two measured perpendicular
diameters of each spheroid using a microscope with a cali-
brated eyepiece micrometer and their volume calculated
mathematically assuming a perfect sphere. Typically,
8–16 spheroids were followed in three individual trials for
up to 21 days of incubation. Spheroid growth was moni-
tored for an additional 2 weeks. Culture medium was
changed every third day.

Statistical Analysis

Experimental data were analyzed using one-way
ANalysis Of VAriance (ANOVA) using an Excel spread-
sheet at the significance level P < 0.05 and presented as
mean with standard error unless otherwise noted.

RESULTS

Since PCI is optimal with a light fluence level that
allows 70–80% survival, we performed AlPcS2a PDT at
increasing light doses. Live/dead assay of U251 following
PDT is shown in Figure 2a and b for 0 and 0.75 J/cm2,
respectively. Fluence levels of 1.5 J/cm2 proved highly
toxic killing more than 80% of the cells. Fluence level of
0.5–0.75 J/cm2 seemed optimal.

Toxcicity of bPEI and PS DNA Polyplexes

To determine the direct toxicity of the two types of gene
carriers used here, 5,000 U251 cells/well in a 96-well
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plate were incubated in media (200 ml/well) containing
either bPEI/GFP or PS/GFP polyplexes at various concen-
trations for 18 hours, followed by replacement with fresh
media. After incubation for an additional 48 hours at
378C, cytotoxicity was determined by conventional MTS
assay. If not complexed with a plasmid, bPEI proved very
toxic at all of the concentrations tested in contrast to PS
(data not shown). Even when complexed with plasmid,
bPEI was clearly of a much greater toxicity compared to
PS polyplexes (Fig. 3).

Effects of PCI on GFP Transfection with bPEI/PS
DNA Polyplexes

In order to optimize the various parameters for effective
PCI-mediated gene transfection, experiments were car-
ried out on U251 monolayers employing the PTEN-GFP
plasmid with either PS or bPEI gene carriers. Various
PEI/DNA (N/P) ratios and concentrations of bPEI were
investigated as the delivery carrier and a N/P ratio of 5:1
proved optimal at a plasmid concentration of 1 mg/ml.
Fluorescent microscopy of U251 monolayers showed a
clear increase in GFP positive cells employing either gene
carrier with the addition of PCI treatment and a 10-fold
increase in transfection rate for PS/GFP could be demon-
strated (Fig. 4a). PCI increased the number of GFP posi-
tive cells from 15% to 27% for bPEI/GFP and from 3% to
37% for PS/GFP, respectively (Fig. 4b), which is compara-
ble to virus vectors.

PTEN Restoration Inhibition of Proliferation and
Colony Formation of Glioblastoma Cells

Cell growth inhibition following PTEN gene transfer
was investigated in U251 glioma cells transfected using
bPEI/PTEN or PS/PTEN polyplexes, either alone or com-
bined with PCI. Plasmids encoding, respectively, the GFP
gene alone and GFP/PTEN were used in these experi-
ments. Cell growth inhibition following PTEN-GFP or
GFP gene transfection was investigated using the MTS

Fig. 2. Live dead assay of U251 cell monolayers following AlPcS2a PDT at 0J (a) and

0.75 J/cm2 (b). The cells were stained using a combination of Hoechst 33342 and Ethidium

Homodimer 1 and were visualized using an inverted Zeiss laser-scanning microscope

Simultaneously detected blue and red emissions were isolated by using BP 390–465 IR and

BP 565–615 IR band pass filters, respectively. Fluorescent images were pseudo-colored blue

and red. Live: blue cells, dead: red cells. c: AlPcS2a-mediated PDT at increasing fluence

levels. MTS assay 24 hours following light treatment. The results are shown as a percentage

of dark controls � SE (dark control ¼ 100%) (c).

Fig. 3. U251 cell viability (MTS assay) for increasing concen-

trations of bPEI/GFP or PS/GFP polyplexes. The results

show the average of eight replicate cultures repeated two

times.
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assay. Figure 5 shows the results of the MTS assay per-
formed 48 hours following light treatment. The results
are presented as a percentage of dark or PDT controls
that received no plasmids respectively. In the absence of
light treatment, no significant inhibition in cell growth
(P > 0.05) was observed in the PS/PTEN groups at all of
the DNA concentrations tested (Fig. 5a). Growth inhibi-
tion in the absence of light was seen only at the highest
bPEI/PTEN concentration (Fig. 5c). In contrast, following
light treatment significant growth inhibition (P < 0.001)
was observed for PTEN gene transfection at DNA concen-
trations of 1 or 2 mg/ml for both PS and bPEI. As can
be seen from Figure 5b no significant inhibition of cell
growth was observed for the PS/GFP transfection both in
the absence or presence of light treatment. Similar results
were obtained using the bPEI/GFP polyplex (Fig. 5d).

Clonogenicity Assay

Anchorage-dependent colony formation is an important
phenotype of malignant cells, correlating with their
tumorgenicity, and invasive potentials. Clonogenic sur-
vival assays using either PS or bPEI gene carriers on
U251 cells demonstrated that PCI enhanced PTEN resto-
ration significantly inhibited colony size and number com-
pared to control cultures that received no light (Table 1).
In the absence of light treatment (0J), significant growth
inhibition was seen only with bPEI as gene carrier but
not with PS.
In order to ascertain the effects of PCI-mediated PTEN

transfection into cells known to have wild-type PTEN,
similar monolayer experiments employing the MTS assay
were performed with the breast tumor cell line MCF-7
and the gene carrier polyplex PS/PTEN-GFP. As can be
seen from Figure 6, in contrast to the significant inhibitory

effects of PCI-mediated PTEN transfection into U251
glioma cells, a slight stimulatory effect on cell viability
was observed at all DNA concentrations evaluated.

PTEN Inhibition of U87 Tumor Spheroids Growth

U87 glioma spheroids were incubated for 18 hours with
the PS/PTEN-GFP (DNA concentration 4 mg/ml) together
with AlPcS2a, and following 4-hour incubation in fresh
medium, treated with 1.5 J of laser light. Control sphe-
roids received the same incubation but received no light.
The dramatic effects of PCI are shown in the Two-photon
micrograph (Fig. 7). No GFP producing cells were evident
in the dark controls as opposed to the light treated cul-
tures where GFP positive cells were clearly evident both
at the periphery and deep within the spheroid.

To ascertain the effects of PCI-PTEN transfection,
on the growth and development of U87 spheroids experi-
ments were performed consisting of four groups: (1) un-
treated control, (2) AlPcS2a-PDT, (3) PS/PTEN-GFP, and
(4) AlPcS2a-PCI PS/PTEN-GFP. 1.5 J/cm2 radiant expo-
sure and 1 mg/ml AlPcS2a were used in all experiments.
Similar to the monolayer results light doses representing
80–90% spheroid survival (1.5 J/cm2) was used in order to
optimize the PCI effect. Figure 8 shows the average
spheroid volume as a percentage of untreated controls
measured after a 2-week period, from a starting diameter
of 400 mm at treatment. PTEN-GFP DNA concentration
of 2 and 4 mg/ml were used. Three identical experiments
were performed with 16 spheroids in each group per ex-
periment. As seen in the figure, the average volume of
both the PDT and PS/PTEN-treatment groups was not
significantly different from control levels. In contrast,
the average volume of the PCI-PS/PTEN transfected

Fig. 4. Fluorescent microscopy of GFP production. (a) Effects of PCI on GFP reporter gene

transfection with bPEI or PS polyplexes on monolayers of U251 cells. DNA complexed with

bPEI, N/P ratio 5:1, DNA concentration 1 mg/ml, PCI light treatment 0.5 J/cm2. b: Percent-

age transfected cells; number GFP positive/total cell count.

GLIOMA CELL GROWTH INHIBITION 5



spheroids were significantly reduced (P < 0.05) at both
DNA concentrations.

DISCUSSION

The mechanisms leading to GBM development are not
well understood but animal studies support the hypothe-
sis that inactivation or mutations of tumor suppressor
genes in neural stem cells (NSC), transforming them to
tumor stem cells (TSC), is required and sufficient to
induce glial cancers [29]. The ability to enhance the non-

viral insertion of functioning suppressor genes into glio-
ma cells by PCI, formed the basis of the study presented
here. The aim of PCI in this context is the site-specific
restoration of normal suppressor gene expression in limit-
ed areas of the brain. This would lead to the growth inhi-
bition of the nests of tumor cells or migrating TSCs
sequestered in the margins of the resection cavity follow-
ing surgical removal of bulk tumor, while minimizing
damage to the surrounding brain tissue. The rapid atten-
uation of light in the brain limits the efficacy of PCI to the

TABLE 1. Inhibition of U251 Colony Formation by PCI-PTEN Protamine Sulfate (PS) or bPEI Polyplexes as

Gene Carrier

PTEN polyplexes concentration PCI dark control PCI 0.5 J/cm2 PCI 0.75 J/cm2

None 100 � 8.3a 86 � 6.7 72 � 7.1

PS 1.0 mg/ml 98 � 7.1 27 � 1.9b 23 � 1.8b

PS 2.0 mg/ml 91 � 8.2 21 � 1.8b 16 � 1.2b

bPEI 1.0 mg/ml 80 � 6.3 45 � 3.9b 36 � 2.6b

bPEI 2.0 mg/ml 63 � 4.7b 28 � 1.9b 18 � 1.4b

PS, protamine sulfate; bPEI, branched polyethylenimine.
aAverage value � SE as a % of non-treated dark control.
bSignificant inhibition compared to control.

Fig. 5. Effects of PCI on growth of U251 cell monolayers. Eighteen-hour incubation with

photosensitizer and polyplexes. Light treatment fluence level 0.5 J/cm2. a: PS/PTEN-GFP,

(b) PS/GFP, (c) bPEI/PTEN-GFP, and (d) bPEI/GFP. MTS assay 48 hours post-light

treatment. Values are average percentages of non-treated controls.
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margins surrounding the resection cavity and should lead
to minimal side effects since the effect is localized to the
irradiated area. This is a blessing to normal cells but a
limitation of light-based therapies in general.
In well over 1,000 publications, the first from 1997 [7],

the function and mechanism of the PTEN gene, not only
in inducing cell cycle arrest and programming apoptosis,
but also in other aspects of cell physiology including the
regulation of cell adhesion, migration, and infiltration has
been examined in great detail (for review see [12]). In
light of this detailed previous documentation we have not

reexamined the various mechanisms by which PTEN
exerts its effects, but have concentrated on the ability of
PCI to specifically enhance its suppressor function in cell
monolayers and spheroid growth assays. The results of
the experiments presented here could demonstrate that
PCI significantly enhanced non-viral gene transfection
using protamine as gene carrier based on increased re-
porter gene expression. More importantly PCI-enhanced
transfection of PS/PTEN polyplexes, into both PTEN mu-
tant cell lines U251 and U87 spheroids, greatly inhibited
their growth potential compared to conventional bPEI
transfection alone. PCI-PTEN transfection significantly
inhibited both the growth of U251 monolayers and their
transforming ability to produce secondary colonies
(Table 1), as well as significantly inhibiting the growth of
U87 multi cell tumor spheroids. The inhibitory effects of
PCI enhanced PTEN transfection was specific since PCI
increased transfection of the neutral GFP gene, had no
effect on cell growth. Successful gene therapy for cancer is
dependent upon the specificity of the treatment to be
aimed at the neoplastic cells, while proving neutral
towards normal cells. The results of transfecting cells con-
taining endogenous wild-type PTEN (MCF-7) with exoge-
nous wild-type PTEN with and without PCI clearly
indicated that this was the case. In fact a low level stimu-
latory effect on MCF-7 cell viability was observed. This
might be due to the presence of protamine, which was
used as a gene carrier in these experiments. Despite its
low transfection efficiency it is nuclear protein that helps
DNA packaging in sperm cells and has been reported to
act as a transfection accelerator for gene delivery [30,31].

Polycations, such as PEI, exert weak base properties
resulting in a proton–sponge effect facilitating endosomal
release. This ability is dependent on PEI concentration

Fig. 6. Effects of PCI on growth of MCF-7 cell monolayers.

Eighteen-hour incubation with photosensitizer and polyplexes,

PS/PTEN-GFP. Light treatment fluence level 0.5 J/cm2; DNA

concentration as shown. MTS assay 48-hour post-light

treatment. Values are averaged percentages of non-treated

controls.

Fig. 7. Two photon micrograph of GFP transfected U87 spheroids. PS/PTEN-GFP DNA

concentration 4 mg/ml. a: The spheroids receiving no light showed only a faint auto

fluorescence. b: PCI light treatment 1.5 J/cm2 showed greatly enhanced GFP production.

Spheroid diameter 400 mm. Images were acquired at a depth of approximately 100 mm. The

field of view for images was 600 � 600 mm2.
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and N/P ratios. However, as seen in Figure 5, PEI dis-
plays only moderate endosomolytic activity since gene
transfection was clearly enhanced by PCI. Although bPEI
is an effective transfection agent, it is more toxic than PS
and is not well suited for in vivo applications. In agree-
ment with the results reported here protamine/DNA
polyplexes alone have been reported to have relatively
low-transfection efficiency [19,32]. In contrast PCI of
PS/DNA polyplexes demonstrated a dramatic increase in
transfection rate for the reporter GFP gene as well as
significantly inhibiting glioma cell growth at optimum
PS/DNA concentrations (Figs. 4 and 5). Some possible rea-
sons of this finding may lie in the strong hydrophilicity of
protamine, which makes it difficult to cross cell mem-
branes, inhibiting endosomal escape. It has previously
been shown that PS polyplexes enter cells in similar
amounts compared to bPEI [32]. The difference in trans-
fection efficiency between these two gene carriers is most
probably due to increased endosomal escape by bPEI/
DNA polyplexes. Since PCI greatly enhances endosomal
escape, the dramatic effects of PCI shown in Figure 5 for
PS/DNA polyplexes support this interpretation. PCI tech-
nology has previously been demonstrated to successfully
facilitate the release of macromolecules entrapped in cyto-
plasmic vesicles by destroying the cytoplasmic membrane
[33–35]. The cytotoxic effect of PCI of PTEN gene was
stronger than expected from the fraction of cells express-
ing GFP, even when taking the PDT effect into account.
PCI of PTEN plasmid/PS resulted in 77% cell kill
(Table 1) while only 35% of the cells expressed GFP
(Fig. 4). This larger than expected toxic response is likely
from differential expression of the two genes (GFP and

PTEN) carried by the same vector. Further experiments
are ongoing to pinpoint these mechanisms.
Multi-cell tumor spheroids represent a useful in vitro

bridge between monolayer cell culture and animal models.
In comparison to monolayer cultures, a significant advan-
tage of tumor spheroids is that their micro-environment
more closely mimics the in vivo situation and therefore,
concentrations of nutritients and oxygen, gene expression
and the biological behavior of the cells are likely similar
to that encountered in tumor cells in situ. In addition,
cells within spheroids have an expression pattern of adhe-
sion molecules that mimics the in vivo situation and pro-
duce an extracellular matrix. Since the PCI results
obtained on monolayer cultures demonstrated superior
transfection efficacy of PS over bPEI as a transfection
agent and PS is relatively non-toxic compared to bPEI,
U87 MTS experiments where therefore carried out
using PS exclusively as gene carrier. In many studies of
the effects of gene therapy on cancer, gene transfer was
achieved employing stable models using viral (or non-
viral) vectors and subsequent selection of stable cell
clones or animal models. Most gene transfer techniques
yield transient gene expression, which would limit their
therapeutic application since in vivo no selection of stable
transfectants would occur. The ability of iterative therapy
with a low toxicity gene carrier like PS activated by PCI
would therefore constitute a considerable advantage.
Repetitive treatment protocols employing viral vectors
are usually ineffective due to immunological response to
the viral carrier.
In addition to absence or mutation of the PTEN gene,

another hallmark of GBM is an increased expression of
both vascular endothelial growth factor (VEGF) and epi-
dermal growth factor receptor (EGFR). In recent studies,
stable doxycycline-regulated or Lipofectamine-induced
expression of wild-type PTEN in U251 GBM cells reduced
proliferation, arrested the cell cycle at G0/G1 stage, and
promoted apoptosis via inhibition of PIK/AKT signaling
pathways [36,37]. In addition these authors reported that
combined gene therapy, using up regulation of wild-type
PTEN reconstruct and VEGF or EGFR siRNA knock
down, could demonstrate increased inhibition of tumor
growth both in vitro and in vivo compared to PTEN recon-
struction alone. PCI has been shown to enhance siRNA-
mediated silencing of EGFR in the human epidermoid
carcinoma cell line A431 compared to siRNA therapy
alone [34]. We are presently exploring PCI enhanced com-
bined PTEN/EGFR siRNA gene transfection as a poten-
tial therapy modality for glioma.
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Fig. 8. Inhibition of U-87 spheroid growth by PCI-mediated

transfection of PS/PTEN-GFP gene. Average volume growth

measured as a percentage of control spheroids following

2 weeks of incubation time post-treatment. PS/PTEN–GFP

polyplexes at 2 or 4 mg/ml. Light treatment, 1 mg/ml AlPcS2a

incubation for 18 hours. Wavelength of 670 nm: radiant

exposure of 1.5 J/cm2; irradiance of 5 mW/cm2. Each data

point represents the mean of three experiments (16 spheroids

per trial). Error bars denote standard errors. �� Significant

(P < 0.05) compared to non-PCI treated PS/PTEN-GFP

transfection.
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