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Abstract

DNA and porphyrin based therapeutics are important for anti-cancer treatment. The present
studies demonstrate single-stranded DNA (ssDNA) assembles with meso-tetra-4-pyridyl porphine
(MTP) forming porphyrin:DNA nano-complexes (PDN) that are stable in aqueous solution under
physiologically relevant conditions and undergo dissociation with DNA release in hydrophobic
environments, including cell membranes. PDN formation is DNA-dependent with the ratio of
porphyrin:DNA being approximately two DNA nucleobases per porphyrin. PDN produce reactive
oxygen species (ROS) in a light-dependent manner under conditions that favor nano-complex
dissociation in the presence of hydrophobic solvents. PDN induce light-dependent cytotoxicity in
vitro and anti-tumor activity towards bladder cancer xenografts in vivo. Light-dependent, PDN-
mediated cell death results from ROS-mediated localized membrane damage due to lipid
peroxidation with mass spectrometry indicating the generation of the lipid peroxidation products
9- and 13-hydroxy octadecanoic acid. Our results demonstrate that PDN have properties useful for
therapeutic applications, including cancer treatment.
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Background

Porphyrins are a group of compounds containing the porphin ring structure that is important
in biology and medicine and that has recently been studied for their propensity to form nano-
materials, 12 including nanotubes? through non-covalent chemistry. The principal driving
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force for porphyrin self-assembly is hydrophobic interactions? resulting in vertical stacking
of porphyrins in aqueous solutions in a pH-dependent manner.>-6 Previous studies
demonstrating nanoparticle assembly of porphyrins were conducted in pure water and self-
assembly was optimal at acidic pH, limiting potential biological applications.>® Porphyrin
assembly has been shown to be modulated by biological molecules, such as poly-glutamic
acid,” however these complexes also have limited stability under physiologically relevant
conditions. The preparation of porphyrin-containing nanostructures that are stable under
biologically relevant conditions, but that dissociate in a predicable manner could be useful
for drug delivery, photodynamic therapy (PDT),8-12 and other biologically relevant
processes.13

The present studies focus on developing porphyrin:DNA nanoparticles (PDN) that are stable
under physiological conditions of pH, salt, and temperature and that have potential use for
PDT as well as in nucleic acid delivery. In principle, hydrophobic stacking and hydrogen
bonding interactions between appropriately modified porphyrins and DNA (or RNA)
nucleobases could provide an additional interaction complementary to porphyrin
aggregation potentially resulting in production of porphyrin:DNA nanoparticles (PDN) that
have both the light-mediated cell killing properties of porphyrin photosensitizers (PS) and
the capacity to deliver a nucleic acid payload with therapeutic utility. Our studies utilize
meso-tetra-4-pyridyl porphin (MTP) interacting with the single-stranded DNA (ssSDNA)
(GT)gp. In the absence of DNA, MTP forms amorphous aggregates in aqueous solution
under physiological conditions, although acidification of the solution (< pH 3.0) dissociates
the aggregates and re-generates non-complexed porphyrin. The pyridyl groups of MTP have
the potential to base stack and/or form hydrogen bonds with nucleobases of DNA at
physiological pH and the phosphodiester backbone of DNA may confer aqueous solubility
to the complex. We demonstrate that unlike previous porphyrin:DNA complexes,14-18 the
PDN developed with this approach form discrete porphyrin:-DNA nanoparticles that are of
the appropriate size for drug-delivery applications via the enhanced permeability and
retention (EPR) effect1920 and that readily dissociate upon cell internalization to deliver a
therapeutic payload.

The PDN prepared by self-assembly of MTP and ssDNA have the potential to be highly
effective agents for cancer treatment. We demonstrate that PDN are capable of exerting
light-dependent cytotoxicity towards bladder cancer cells both in tissue culture models and
invivo. The light-dependent cytotoxicity of PDN occurs with generation of the lipid
oxidation products 9- and 13-hydroxy octadecanoic acid (HODE) and with damage to the
integrity of the plasma membrane consistent with generation of singlet oxygen via a type Il
photochemical reaction.2! PDN initially associate with the plasma membrane and are
internalized into endocytic vesicles where free DNA and porphyrin may release, recovering
the functionality of the constituent materials while leaving no extraneous carrier that may
impart systemic toxicities. Importantly, localized PDN-treatment combined with light-
activation significantly reduced tumor volumes in vivo.

Preparation of porphyrin:DNA nanoparticles

Meso-tetra-4-pyridyl porphine (MTP; ~0.25 mg — Frontier Scientific) was suspended in 5
mL 20 mM Phosphate Buffer (pH 7.4) containing 5 nmol (0.025 mg/mL) d(GT),g and
sonicated in a bath sonicator for 1.5 h with temperature maintained at 5-7 °C. A second
addition of MTP (~0.25 mg) was followed by an additional 1 h sonication, followed by
addition of 5 nmol DNA and further sonication for 1 h. The mixture was then centrifuged
and filtered with membrane filter tube (Amicon Ultra, MWCO 100 KDa) to remove any free
DNA. The resulting brownish-yellow aqueous suspension was used for subsequent studies.
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The porphyrin:DNA ratio for PDN (~19:1) was calculated by acid dissolution of the
nanoparticle followed by spectrophotometric determination.

Biophysical characterization of PDN

UV-Vis spectra were collected under ambient conditions using a DU800 UV-Vis
spectrophotometer (Beckman Coulter). Fluorescence spectra were acquired using a Perkin-
Elmer-F1000 fluorometer with excitation at 420 nm and emission scanned over the range
550-900 nm. Transmission electron microscopy (TEM) images of PDN were acquired using
a FEI Thcnai-Spirit TEM. TEM images were analyzed and the distribution of PDN length
and diameter was determined using Matlab software. Dynamic light scattering (DLS) was
performed under ambient conditions using a Malvern Zetasizer nano series ZEN-1600 in
particle size and measurement mode. Each sample was read for 60 s using a 442.0 Kcps
count rate. Data were analyzed using Malvern software.

Hydrophobicity-dependent DNA release and endosomal uptake of PDN

PDN were prepared as a suspension in 20 mM phosphate buffer (250 pg/mL) which was
then diluted to 15 pg/mL in 20 mM phosphate buffer mixture containing either 0%, 20% or
40% acetonitrile. The desired pH was obtained by adding concentrated HCI or NaOH. The
pH of all mixtures was further confirmed using a pH meter after addition of all components.
After addition of all components, mixtures were incubated at room temperature overnight
followed by filtration through membrane filter tubes (Amicon Ultra; 100KDa MWCO). 25
pL of each filtrate including a 2.5 uM d(GT),q standard was then analyzed by
polyacrylamide gel electrophoresis (15% native gel in TBE buffer, pH 7.4, 50 mA for 90
min). The gel was stained using Syber Gold solution and scanned using a Typhoon FLA
9500. The image of the gel was analyzed with Image Quant 5.2 software. The pH- and
hydrophobicity-dependent DNA dissociation was also quantified by investigating
absorbance of the filtrates at 260 nm. The concentration of DNA filtrates was quantified
using the absorbance of a solution of 1.275 pM d(GT),q as standard that represents the total
DNA content of PDN (calculated from PDN concentration with ratiometric quantification).

Endocytosis-mediated cellular uptake of PDN was evaluated by co-localization with FITC-
labeled dextran. Human bladder cancer cells (ATCC 5637) were cultured in sterile chamber
slides and treated with complete media containing PDN (2 pg/mL) and FITC-labeled
dextran (1 mg/mL), then incubated overnight at 37 °C, and, next morning, washed with
sterile PBS and imaged using a Zeiss Axiovert LSM-510 microscope. PDN were excited
using the 633 nm laser and emission was collected with the 650 nm long-pass filter set.
FITC-labeled dextran was excited using the 488 nm argon laser and emission collected with
505-530 nm bandpass filter set. DIC images of cells were collected in a separate channel for
overlay. The co-localization analysis was done using LSM 510 software (Carl Zeiss).

Tissue culture cytotoxicity and apoptosis assays

Human bladder cancer cells (ATCC 5637) were cultured in complete media (RPMI + 10%
FBS). The cells were then treated with complete media containing nanoparticle at final
concentrations of 0, 1, 2, 5 ung/mL followed by incubation overnight then washed with PBS.
One of two plates was then exposed to 420 nm blue light (Trophy Skin Blue MD) at a power
density of 2.3 pW/cm? for 10 min followed by incubation for 24 h. Cell viability was
assessed using the CellTiter 96 Proliferation Assay reagent (Promega) following the
manufacturer’s instructions. Apoptosis was assessed using the Caspase Glo 3/7 assay
(Promega) with similar procedures except PDN concentration was evaluated at 0 or 2 pg/
mL. Luminescence was measured using GENios (TECAN) microplate reader. Each set of
data (net absorbance) was expressed as a percentage, considering the no treatment group as
100%.
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Light-dependent membrane damage by PDN

Localized membrane damage of PDN upon blue light irradiation was evaluated using
confocal microscopy to detect calcein-AM retention, a cytoplasm-localizing fluorescent dye.
Cells were cultured in each of two sterile chamber slides and treated with complete media
containing PDN (0 or 2 pg/mL), incubated overnight at 37 °C, washed with PBS followed
by addition of Calcein-AM (Invitrogen) at final concentration 2.5 1M, and incubated for 15
min at 37 °C. One of the two chamber slides was then exposed to 420 nm blue light for 10
min. Confocal microscopy was performed as mentioned in the FITC-dextran experiment.

Light-dependent ROS generation and membrane lipid peroxidation by PDN

PDN suspension was prepared in 20 mM phosphate buffer (pH 7.4) as described above to a
final concentration of 250 pg/mL. Acetonitrile buffer mixture was prepared by adding
appropriate amount of 100 mM sodium phosphate and acetonitrile with water. PDN
suspension was added to the mixture (5 pg/mL) followed by addition of the dye C11 Bodipy
to final concentration 20 1M in a 96 well black flat bottom plate (Costar). Mixtures were
prepared in triplicates in two plates. One of the plates was then exposed to the blue light for
2 min immediately followed by scanning with Tecan-Safire-11 microplate reader in
fluorescence detection mode with 480 nm excitation and 500-800 nm emission. Slit opening
was set to 10 nm, and reading was average for 5 actuations.

Membrane lipid peroxidation upon blue light irradiation of cancer cells treated with PDN
was evaluated using confocal microscopy detecting a membrane localizable fluorescent dye
(C11-Bodipy). Microscopy was performed as described for confocal microscopy
experiments including an additional channel for detecting non-oxidized dye, excited with a
543 nm He-Ne laser and emission was collected using 565-615 bandpass filter.

Detection of light-dependent membrane damage by PDN

PDN-mediated membrane damage upon blue light irradiation was detected by Transmission
Election Microscopy (TEM). Cell culture and PDN treatment, including blue light
irradiation, were performed in 6-well clear bottom plates (Costar) following the same
procedure as for the in vitro cytotoxicity assay with the PDN concentration 0 or 2 pg/mL.
Cells were fixed with 2.5% glutaraldehyde and treated with 2% osmium tetroxide, then
dehydrated gradually followed by embedding in the resin and sectioning for TEM
investigation.

Antitumor activity of PDN

All animal experiments were performed in accordance with protocols approved by the Wake
Forest School of Medicine Animal Care and Use Committee. Six week old female nude
mice were ordered from NCI. Tumor xenografts were generated by subcutaneous injection
of 1.5 x 10% human bladder cancer cells suspended in 200 pL of 1:1 PBS/Matrigel (BD
bioscience) in both flanks of 10 female nude mice. Mice were used for experimental
procedures 3 weeks following inoculation with tumor cells, after tumor size had reached
approximately 75 mm3. Each of 10 mice was injected with 100 pL of 250 pg/mL PDN
suspension in one flank and 100 pL saline in the other flank. Approximately 12 h later,
tumors on both flanks of 6 mice were irradiated with a blue beam of 420 nm for 3 min. The
source laser for these studies was a Mira 900 (Coherent Inc., Santa Clara, CA), a mode-
locked femtosecond Ti:Sapphire laser. The pulses were approximately 90 femtoseconds at a
wavelength of 840 nm with an average power of 600 mW. The beam was transmitted
directly into the tumor using a multimode optical fiber (SFS105/125Y, Thorlabs Inc.,
Newton, NJ). The output power at the final end of the fiber was 100 mW. The remaining
four mice were treated identically but were not exposed to the laser. The laser irradiation
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was performed every 5th day for a total of five doses. Tumor sizes were measured using
calipers and tumor volumes were calculated using the formula xy? n/6 (where x and y are
the long and short diameters of the tumor, respectively). The tumors were analyzed as four
independent groups: i) no treatment; ii) light-only; iii) PDN-only; iv) PDN + light. Relative
tumor volumes (V/V,) were graphed vs. time (where V is the present tumor volume and V
was the tumor volume when treatment started). Repeated measures mixed models were fit to
compare tumor volumes between groups. In these models, animals were treated as random
effects and group (four-levels) and time (days) were treated as fixed-effects. The group-by-
time interaction was examined to determine whether the rate of change in tumor volume
differed over time among the four groups. All statistical analyses were performed using SAS
9.1

Histopathological analysis of tumor tissue

Results

At the conclusion of the study animals were sacrificed and tumors were excised and placed
in 4% paraformaldehyde solution overnight at ambient temperature. The following day,
tumors were embedded in molten paraffin and thin sections were prepared from different
layers of tumors and placed on glass slides followed by H&E staining.

Biophysical properties of porphyrin:DNA nanoparticles

Meso-tetra-4-pyridyl porphine (MTP — Figure 1, A) is soluble in aqueous solution only at
acidic pH (< 5.5) and forms aggregates in solution near physiological pH. Sonication of
MTP in the presence of single-stranded DNA at pH 7.4, however, permitted recovery of
discrete, nano-sized particles composed of both porphyrin and DNA (porphyrin:DNA
nanoparticles — PDN; Figure 1, B). Production of nanoparticles (Figure S1, Supporting
Information) was DNA-dependent and the ratio of porphyrin to DNA (d(GT),q) was
determined to be ~19:1 (mol/mol) or about two DNA nucleobases per MTP based upon the
UV absorbances calculated from the acid-dissolved nanoparticles (Table S1 and Figure S2,
Supporting Information). The size and shape of the PDN were investigated using
transmission electron microscopy (TEM — Figure 1, C) and the hydrodynamic properties of
PDN were investigated using dynamic light scattering (DLS — Figure 1, D). TEM images
revealed irregular shaped particles with average length and diameter ~60 nm (Figure S3,
Supporting Information) while DLS revealed PDN in aqueous solution had an average
hydrodynamic radius of ~295 nm (Figure 1, D).

PDN were characterized by UV-Vis, fluorescence, and Raman spectroscopies to determine
to what extent the context of the PDN complex altered the electronic properties of the
constituent porphyrin and DNA. UV-Vis spectra for PDN revealed the absorbance at 260
nm from the DNA was little changed relative to free DNA while the Soret (S0->S2) band??
was slightly red-shifted and broadened for PDN relative to MTP (Figure 2, A). The Q band
(S0->S1)23 at 535 nm was also enhanced and sharpened for the PDN relative to the free
porphyrin. Fluorescence spectra for PDN with excitation at 420 nm showed that the
emission maxima at 660 and 725 nm for the MTP monomer were substantially quenched for
PDN with emission maxima reduced ~25-fold (Figure 2, B). Raman spectra (457.9
absorption; Figure 2, C) revealed two sharp peaks at 1360 and 1555 cm™~1 for PDN similar to
resonances assigned previously to (vixg - xg) + (XB — H)) and (v(xq - Ny + 8(xp - H)) for
tetrasulfonated tetraphenyl porphyrin (TSSP) upon electrode binding,24 consistent with
surface-enhancement of Raman spectra for MTP in the context of PDN. Together, the
spectroscopic properties reveal an altered electronic structure for MTP in the context of
PDN that is consistent with 7 — 1 stacking of porphyrins with DNA nucleobases
contributing significantly to PDN assembly.

Nanomedicine. Author manuscript; available in PMC 2014 March 08.
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Hydrophobicity-dependent DNA release and endosomal uptake of PDN

The stability of PDN as a function of pH and solvent hydrophobicity was investigated to
gain insight into the nature of forces promoting complex stability. PDN stability at
physiologically-relevant pH is mainly dependent on hydrophobic interactions (Figure 3, A
and B and S4, S5, Supporting Information). Acidification of PDN to pH 5.1 may also
enhance its dissociation process, as indicated by small amount of DNA release, due to
pyridyl nitrogen protonation. Approximately 70% of total DNA was released upon PDN
dissociation in 20% and 40% acetonitrile solution; while pH 5.1 and 11.4 induced ~7% of
total DNA release in the 100% aqueous environment (Figure 3, A and B) and no DNA
release was observed in pH 7.4 at 100% aqueous environment. However in vitro
acidification of PDN to pH 3.0 or below leads to complete PDN dissociation immediately
due to full protonation of the porphyrin molecules including central pyrrol rings.2>26 While
the hydrophobicity-dependence of PDN dissociation is consistent with disruption of
hydrophobic base stacking between DNA and MTP, the DNA release from PDN was
favored by increasing hydrophobicity of the solvent system by acetonitrile addition (Figure
3, Aand B and S4, Supporting Information). Thus, the data are consistent with 7 — 7t
stacking between DNA nucleobases and pyridyl side chains of MTP significantly
contributing to PDN stability. The hydrophobicity-dependence of PDN dissociation in vitro
caused us to investigate to what extent PDN dissociate in hydrophobic environments in vivo.
Significantly, hydrophobic environment of plasma membrane potentially promotes PDN
disassembly by dynamic hydrophobic interactions (Figure S5, Supporting Information).27:28

Endosomal uptake of PDN was demonstrated by co-localization of PDN with endosome-
localizing FITC-dextran complex.2%-31 Co-localization data showed approximately 45% of
the PDN gets internalized by endocytosis (overlap coefficient ~0.7)3233 (Figure 3, C). While
about half of the PDN undergoes endocytosis, a significant fraction remains associated with
the cell membrane as demonstrated by the co-localization of PDN with membrane localizing
dye Bodipy in a circular peripheral pattern (Figure S6, supporting Information). Endosomes
are acidic in nature and may promote PDN dissociation upon cellular internalization in
addition to interactions with the hydrophobic lipid membrane. Increased acidity, associated
with the tumor microenvironment raises the possibility that PDN may dissociate in tumor
tissue. We performed confocal microscopy experiments with fluorescently-(6-FAM-)
labeled DNA and evaluated DNA release upon PDN dissociation (Figure S5, Supporting
Information). Confocal microscopy analysis demonstrated DNA dissociation with a co-
localization coefficient 0.083 indicating less than 10% of total DNA co-localizes with
porphyrin.

Light-dependent cytotoxicity of PDN

The cytotoxicity of PDN towards human bladder cancer cells was evaluated to determine to
what extent these nano-sized complexes are cytotoxic towards malignant cells in a light-
dependent manner (Figure 4 and Figures S8-S10, Supporting Information). ROS resulting
from PDN dissociation upon interacting with the plasma membrane could, upon light
stimulation, result in lipid peroxidation producing subsequent loss of membrane integrity
and cell death (Figure 4, A). Cell viability assays demonstrated PDN are cytotoxic to bladder
cancer cells in a light-dependent manner (Figure 4, B). Interestingly, the light-dependent
cytotoxicity of PDN towards bladder cancer cells is relatively independent of PDN
concentration consistent with a threshold level of membrane damage inducing cell death.
The light-dependent cytotoxicity of PDN was accompanied by only a slight increase in
apoptosis (Figure 4, C), with little DNA damage (Figure S14, Supporting Information) and
no effect of z-VVAD rescue consistent with cell death being predominantly non-apoptotic.
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To gain further insight into the nature of cell death, bladder cancer cells were pre-treated
with the cytoplasm-localizing dye calcein-AM and the effects of PDN and light on calcein
retention were investigated. Treatment with PDN and light resulted in dye efflux for nearly
all cells (Figure 4, D) while treatment with PDN-only or light-only did not stimulate dye
efflux (Figure 4, D). The results indicate cell death is accompanied by a loss of membrane
integrity. Interestingly, the free radical scavenger N-acetyl cysteine (NAC) could not rescue
cells from the light-mediated cytotoxicity of PDN (Figure S10, Supporting Information).
The results are consistent with PDN exerting localized cell damage that is not affected by
the REDOX state of the cell.

In vitro heating and ROS production of PDN

Porphyrins are widely used for PDT34 in which absorbed light is used for production of
cytotoxic ROS. The UV-Vis spectra for PDN indicated UV/Vis absorption was attenuated
by ~2 fold relative to the same concentration of free MTP (Figure 2, A) while fluorescence
for the PDN complex is quenched by ~25 fold (Figure 2, B) consistent with absorbed light
being dissipated as heat and/or used for ROS production. The time- and concentration-
dependence for heating of aqueous solutions of PDN was evaluated to determine whether
temperature increases of a magnitude required for cell-killing could be induced (Figure S7,
Supporting Information). PDN are not efficient transducers of heat although measurable
temperature increases were detected upon photo-stimulation.

Cell death is mediated by oxidation of membrane lipids causing localized damage

The light-dependent cytotoxic mechanism of PDN was further investigated using confocal
microscopy, TEM, and mass spectrometry to determine if physical damage to the plasma
membrane and endosomal compartments were important for PDN-mediated cell death
(Figure 5 and Figure S11-13, Supporting Information). The nature of the observed
membrane damage was investigated using the fluorescent membrane-localizing dye
Bodipy32:36 to visualize the occurrence of oxidized lipids in the plasma membrane of
bladder cancer cells treated with PDN and light (Figure 5, A). The dye undergoes a change
in absorbance from red to green upon oxidation. The results demonstrate that treatment of
bladder cancer cells with PDN and light, but not light-only, resulted in increased levels of
oxidized lipids as indicated by the elevated level of green fluorescence (Figure 5, A). The
ROS production by PDN upon light stimulation was further confirmed in vitro.
Experimental results evidenced for PDN mediated C11-Bodipy oxidation occurred
selectively in a light-dependent manner in solvent systems that favored PDN dissociation
such as the presence of acetonitrile (Figure 5, B). TEM images revealed PDN were
associated with the plasma membrane and internalized, likely in endosomes, and that
substantial membrane damage and vacuole formation was observed proximal to
nanoparticles in a light-dependent manner (Figure 5, C and S11, Supporting Information).
Localized membrane damage, caused by PDN/light mediated oxidation, leads to necrotic
cell death.37:38 The presence of oxidized lipids in the plasma membrane was investigated
further using mass spectrometry. Mass spectrometry confirmed that elevated levels of 9-
HODE and 13-HODE, products resulting from lipid peroxidation,3? occurred selectively in
cells treated with PDN and light (Figure S12, S13). Together, these results indicate cell
death following treatment with PDN and light occurred from localized membrane damage
leading to a loss of plasma membrane integrity.

PDN display light-dependent antitumor activity in vivo

The light-dependent cytotoxicity of PDN towards bladder cancer cells in tissue culture
invites the question of whether PDN can be used for light-dependent reduction or
eradication of tumors in vivo. To address this question, we formed xenograft tumors

Nanomedicine. Author manuscript; available in PMC 2014 March 08.
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bilaterally on the flanks of nude mice (Figure 6, A and Figure S15, Supporting Information).
Initial tumor volumes were ~75 mm3 and there was no difference among the treatment
groups at baseline. Tumors were treated by direct injection of either PDN or a saline
solution. The tumor groups were further divided into light-treated and mock-treated groups
to create four groups: i) no treatment; ii) light-only; iii) PDN-only; iv) PDN + light. Light
treatment was achieved by inserting a fiber-optic cable into the tumor followed by treatment
with 420 nm laser light for 3 min. Tumors that were not light-treated underwent a similar
number of identical procedures introducing the fiber-optic cable without light exposure. The
time-dependence of tumor growth and regression is shown in Figure 6, B. Beginning around
day 20 tumors treated with either light or PDN + light displayed tumor regression while the
untreated tumors began to display more rapid growth. Tumors treated with PDN and light
displayed significant tumor regression that was superior to no treatment or treatment with
PDN-only beginning on day 20 and achieving statistical significance at day 30 and
persisting until the conclusion of the study (P < 0.05). Tumor regression following treatment
with PDN and light was significantly greater than for light-only beginning on day 40 and
achieving statistical significance at day 49 and persisting until completion of the study (P <
0.05). The results demonstrate that PDN display light-dependent anti-tumor activity in vivo.

Histopathological analysis of tumor tissue following treatment with PDN

At the conclusion of the in vivo study, tumor tissue was removed from sacrificed mice and
sectioned for morphologic evaluation. In all study groups, sections showed subcutaneous
tumoral deposits comprised of urothelial carcinoma with high-grade cytology and partial
keratinization. Tumor tissue from mice in the control group that received neither
nanoparticle nor light showed only subcutaneous tumoral deposits. Polarization revealed no
polarizable nanoparticles (Figure 6, C and Figure S16, Supporting Information) and there
was minimal fibrosis, chronic inflammation, or reparative changes. Tumor tissue from mice
treated with light-only revealed similar features as those mice in the control group. For mice
in both the PDN-only and the PDN/light groups, polarization revealed the presence of nano-
particles confirming the persistence of PDN at the site of injection for several weeks
allowing multiple exposures from single administered dose (Figure 6, C and Figure S16,
Supporting Information). For the PDN-only group, tumor was absent in areas where
nanoparticle was present demonstrating PDN having a native mild tumor abortive effect
even in the absence of light. For the PDN/light group, tumor was also absent in the areas
where nanoparticle was present with marked fibrosis, chronic inflammation, and reparative
changes. This supports a potent tumor abortive effect likely enhanced by light excitation; a
result which already accentuates the native anti-tumor activity of PDN. Some areas of tumor
not displaying polarizable nanoparticles, however, showed tumor re-growth consistent with
incomplete penetration of nanoparticles. Another advantage appears that the range of killing
activity is confined to zones around PDN deposition, allowing for precise margins with this
therapeutic approach.

Discussion

The present studies demonstrate that discrete nano-sized particles can be obtained from non-
covalent assembly of MTP and DNA under controlled conditions. Discrete nanoparticles do
not form from MTP in the absence of DNA indicating DNA: porphyrin interactions are
critical for PDN assembly. The ratio of porphyrin to DNA in PDN (~19:1) (mol/mol) is
consistent with two nucleobases from each DNA 40-mer interacting with each porphyrin.
Thus, approximately half the pyridyl side chains in each MTP (Figure 1, A) may be engaged
in interactions with DNA nucleobases (Figure 1, B). The spectroscopic results are consistent
with 7 — 7 stacking between pyridyl side chains and DNA nucleobases as being a principal
driving force for nanoparticle assembly.4%41 PDN display quenching of porphyrin
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fluorescence and increased intensity and sharpness for Raman spectra similar to that
observed upon surface-enhancement for free porphyrins. Dissociation of PDN was favored
in the hydrophobic solvent system, consistent with PDN stability result from w — 7 stacking
between PDN and DNA with aqueous solubility conferred by the phosphodiester backbone
of DNA.#243 The nature of PDN disassembly in the hydrophobic environment, releasing the
DNA component, could be significant for DNA-based therapeutics delivery upon PDN
dissociation in the hydrophobic milieu of cell membrane.

We have demonstrated that PDN cause cell death predominantly via localized membrane
damage resulting in necrosis. While conventional photosensitizers can induce membrane
damage upon light stimulation, a variety of other cellular organelles, including the
mitochondria,** are also potential sites for PDT-induced damage. Our studies demonstrate
PDN localize to the plasma membrane (Figure S6, Supporting Information) and also
undergo internalization via endocytosis (Figure 3, C). Upon interaction with cellular
components the fluorescence of FAM-labeled DNA dissociates from porphyrin fluorescence
(Figure S5, Supporting Information) consistent with PDN disassembly in the hydrophobic
environment of cell membranes or vesicles. Photo-mediated damage by porphyrin results in
loss of plasma membrane integrity and vacuole formation (Figure 4, D and C and S11,
Supporting Information). The plasma membrane damage is caused by lipid oxidation
(Figure 5, Aand C and S11, Supporting Information) and specifically generation of the
oxidized fatty acids 9-HODE and 13-HODE (Figure S12, S13, Supporting Information).

Importantly, PDN/light treatment of bladder cancer xenografts resulted in significant
reduction in tumor volumes in vivo (Figure 6, A and B). Histopathological analysis of tumor
tissue revealed, PDN/light displayed strong tumorpathic properties and elicited
inflammatory and reparative changes associated with an immune response (Figure 6, C and
S16, Supporting Information). No tumor tissue was identified in regions where PDN were
localized indicating PDN/light treatment exerts powerful anti-tumor effects with very tight
margins. Although mild anti-tumor activity was observed in case of PDN-only treatment
probably due to basal level ROS production and immune response,*>46 this mild anti-tumor
effect is not likely to be sufficient for the treatment of aggressively growing tumors in
advanced cases.#’48 These results indicate PDN/light may be highly effective for cancer
treatment in humans. Localized retention of the PDN provides the opportunity for multiple
light exposures as required to eliminate remaining or re-growing malignant tissue. However,
the concern of uniform delivery of PDN needs to be addressed to achieve a significant
overall anti-tumor effect.

The present studies demonstrate the potential application of PDN for treatment of solid
tumors via intra-tumoral injection.%-51 However, in future studies, cancer cell specific
DNA or RNA aptamers®23 could be conjugated to the PDN for molecular targeting upon
systemic injection. PDN could be developed as multi-modality nanoparticles®* by replacing
the presently used d(GT),o with cytotoxic DNA like FAUMP[10]°° thus DNA-release may
contribute to the overall therapeutic response. Presently performed experiments indicated
PDN readily dissociate upon cellular internalization as a consequence of the hydrophaobic
environment in the cell membrane releasing DNA payload. However detailed, time-
dependent DNA dissociation kinetics should be examined in future studies. Dissociated
therapeutic nucleic acid, if used, may exert additional anti-tumor activity providing a
therapeutic advantage not realizable using conventional photosensitizers or nanoparticles
that do not include a DNA component. Importantly, PDN are biocompatible and elicited no
apparent morbidity upon in vivo administration.6:57
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Figure 1.

Digscrete porphyrin:DNA nanoparticles (PDN) form upon sonication of MTP porphyrin with
ssSDNA. (A) Structure of the MTP porphyrin used for these studies. (B) Molecular model of
PDN nano-complex showing both porphyrin-porphyrin and porphyrin:DNA interactions.
(C) TEM image of PDN nanoparticles. (D) DLS analysis of PDN hydrodynamic radius
distribution.
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Figure2.

Spectroscopic characterization of PDN reveals the physical properties of the porphyrin are
altered in the PDN complex. (A) Absorbance spectra for PDN (blue), MTP monomer
(green), DNA (red), and phosphate buffer (black). (B) Fluorescence spectra for MTP
monomer (green), PDN (blue), DNA (black), and 5% acetic acid (magenta). (C) Raman
spectrum for PDN.
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Figure 3.

PDN-disassembly as a function of pH and solvent hydrophobicity. (A) 15% native
polyacrylamide gel electrophoresis of DNA filtrates released upon incubation at pH 7.4,
11.4, 5.1 and at 20%, 40% acetonitrile containing mixture. A solution of 2.5 uM d(GT)yq
was included as standard. (B) Representative graphs of 260 nm UV absorbance of DNA
filtrates as mentioned above. A solution of 1.275 pM d(GT),o was included as
representative of total DNA content of the PDN suspension calculated from ratiometric
quantification. (C) Confocal microscopy images evaluating endosomal uptake of PDN. Cells
were co-treated with PDN (magenta; left) and FITC labeled dextran (green; middle).
Endosomal PDN uptake was demonstrated by colocalization both fluorescence in overlay
with DIC image of the cell (right).
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Figure4.

PDN are cytotoxic to bladder cancer cells via localized damage to the plasma membrane as a
consequence of light-activated oxidation of membrane lipids. (A) Depiction of a cancer cell
with PDN localized to the plasma membrane and with light (hv) irradiation; inset displays
an enlargement of the lipid bilayer of the plasma membrane with a PDN complex
internalized in the membrane and shows further structures for the 9-HODE and 13-HODE
lipid peroxidation products detected by mass spectrometry following PDN/light treatment.
The green efflux reflects loss of calcein-AM dye resulting from membrane damage. (B)
Cytotoxicity assay results showing PDN/light reduces bladder cancer viability. (C)
Apoptosis assay results showing PDN-mediated cell death is predominantly non-apoptotic.
(D) Confocal microscopy images displaying overlay of calcein-AM (green) fluorescence on
DIC images for bladder cancer cells following treatment with (left — right) no-treatment,
light-only, PDN-only, PDN/light. Treatment with PDN/light resulted in efflux of calcein-
AM.
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Figureb5.

PDN/Light treatment results in oxidation of plasma membrane lipids and localized
membrane damage. (A) Confocal microscopy images displaying free porphyrin (left —
magenta), oxidized membrane lipids detected with Bodipy (center — green), and non-
oxidized membrane lipids detected with Bodipy (right-red). The top panels are from bladder
cancer cells treated with PDN/light while the bottom panels are from light-only cells. (B)
Representative fluorescence spectrum of dye c11 bodipy in presence of PDN + light (red);
PDN (green); light only (blue) and control (black) with excitation 480 nm in pH 7.4 in 75%
ACN + 25% aqueous solution mixture. (C) TEM images of bladder cancer cells treated with
PDN/light (top-left), PDN-only (top-right), light-only (bottom-left), and no-treatment
(bottom-right).
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Figure6.

PDN/light treatment displays significant anti-tumor activity in vivo. (A) Representative
tumors from the four treatment groups at day 0 (top row — prior to any treatment), day 1
(2nd row — after initial treatments), day 25 (3rd row — at the conclusion of light treatment),
and day 55 (bottom row — end of study). The left mouse, left flank (L, L) received no
treatment; the left mouse, right flank (L-R) received PDN-only. The right mouse, left flank
(R, L) received PDN/light and the right mouse, right flank (R, R) received light-only. (B)
Plot of relative volumes for bladder cancer xenografts over time following treatment with
PDN/light (red), light-only (green), PDN-only (blue), no treatment (black). (C)
Histopathological analysis of tumor tissue. Polarization detection as part of histological
analysis for PDN in tissues excised from animals at the conclusion of the study receiving the
following treatments: (top-left) — PDN/light; (top-right) — light-only; (bottom-left) — PDN-
only; (bottom-right) — no treatment.
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