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Abstract

The current clinical mainstays for cancer treatment, namely, surgical resection, chemotherapy and
radiotherapy, can cause significant trauma, systemic toxicity, and functional/cosmetic debilitation
of tissue, especially if repetitive treatment becomes necessary due to tumor recurrence. Hence
there is significant clinical interest in alternate treatment strategies like photodynamic therapy
(PDT) which can effectively and selectively eradicate tumors and can be safely repeated if needed.
We have previously demonstrated that the second-generation photosensitizer Pc 4 can be
formulated within polymeric micelles, and these micelles can be specifically targeted to EGFR-
overexpressing cancer cells using GE11 peptide ligands, to enhance cell-specific Pc 4 delivery and
internalization. In the current study, we report on the in vitro optimization of the EGFR-targeting,
Pc 4 loading of the micellar nanoformulation, along with optimization of the corresponding
photoirradiation conditions to maximize Pc 4 delivery, internalization and subsequent PDT-
induced cytotoxicity in EGFR-overexpressing cells in vitro. In our studies, absorption and
fluorescence spectroscopy were used to monitor the cell-specific uptake of the GE11-decorated Pc
4-loaded micelles and the cytotoxic singlet oxygen production from the micelle-encapsulated Pc 4,
to determine the optimum ligand density and Pc 4 loading. It was found that the micelle
formulations bearing 10 mole% of GE11-modified polymer component resulted in the highest
cellular uptake in EGFR-overexpressing A431 cells within the shortest incubation periods. Also,
the loading of ~50 g Pc 4 per mg of polymer in these micellar formulations resulted in the
highest levels of singlet oxygen production. When formulations bearing these optimized
parameters were tested in vitro on A431 cells for PDT effect, a formulation dose containing 400
nM Pc 4 and photoirradiation duration of 400 seconds at a fluence of 200 mJ/cm? yielded close to
100% cell death.
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Supporting Information: The focus of this manuscript was to determine the targeting, drug-loading and photo-irradiation parameters
that maximize PDT effect on EGFR-overexpressing model A431 cell lines in culture exposed to a Pc 4 nanoformulation in EGFR-
targeted micelles, in vitro, to be able to establish an initial metric of targeted PDT conditions for subsequent in vivo studies. In our
previous report we have already established the efficacy of GE11-decorated Pc 4-loaded micelles to deliver Pc 4 to EGFR-
overexpressing A431 cells, by comparing against two negative control conditions: GE11-decorated Pc 4-loaded micelles incubated
with low-EGFR MCF-7 cells and undecorated Pc 4-loaded micelles incubated with high-EGFR A431 cells 23. In both negative
control conditions, the uptake of the micelles happened at much longer incubation times due to passive processes in the in vitro set-up.
Hence in the current manuscript, we have presented data focused more on optimizing the conditions for the targeted PDT scenario
with GE11-decorated Pc 4-loaded micelles on A431 cells, and have provided the data of the ‘control conditions’ only in supporting
information. Representative data from the control groups is available in the supporting information section, free of charge, via the
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Introduction

Photodynamic therapy (PDT) is a novel treatment strategy with significant promise in
several diseases including cancer, age-related macular degeneration and psoriasis. PDT
involves the activation of a photosensitizer (PS) drug by appropriate wavelength of light
which ultimately leads to generation of cytotoxic reactive oxygen species (ROS, e.g., singlet
oxygen) from molecular oxygen via various energy transfer pathways 12, In the absence of
photoirradiation, the PS itself is nontoxic, which is a significant advantage when compared
to chemotherapy agents. Additionally, the activating light (often visible or near infra-red) is
non-ionizing and therefore produces minimal tissue damage by itself, which is a significant
advantage compared to radiotherapy. It is only through the drug-light-oxygen combination
that PDT becomes cytotoxic. Hence, harnessing this effect through targeted delivery of the
PS to the cancer tissue, followed by tumor region-specific light irradiation provides a way of
dual selectivity for effective tumor eradication without harmful side-effects on neighboring
healthy tissues 3-°.

Based on the above rationale, for efficient PDT of cancers, it is necessary to ensure delivery
of the PS selectively to the cancer cells, and also ensure that the delivered drug can produce
sufficient ROS upon photoactivation to render significant killing of the cancer cells. In the
context of cancer cell-specific delivery of the PS, the ‘targeted nanomedicine’ approach
provides immense advantage. In this approach the drug is packaged within bioengineered
nanoparticulate vehicles that can accumulate within the tumor tissue through the passive
mechanisms of enhanced permeation and retention (EPR) and can then be further
internalized within the cancer cells through the active mechanisms of receptor-mediated
endocytosis 8. During the past decade this approach has revolutionized the delivery of
chemotherapeutic agents to cancer, as evident from the clinical approval and application of
nanoformulations like Doxil®, DuanoXome®, Onco-TCS®, Myocet®, Transdrug® and
Abraxane®, and ongoing advanced phase clinical studies with several others 7. Driven by
the success of the nanomedicine approaches in cancer chemotherapeutics, similar
approaches are being explored in cancer PDT, as evident from recent research efforts in (a)
formulation of various PS in different nanovehicles, and (b) investigation of cell-selective
delivery of the PS-loaded vehicles using receptor-targeted antibodies, saccharides, aptamers,
peptides, etc. decorated on the nanovehicle surface 820, In our research, we are studying
PDT for cancer with a second-generation PS, the silicon phthalocyanine Pc 4, which is
photoactivated at the tissue-penetrating wavelength of ~675 nm 21, Recently we have
demonstrated the feasibility of formulating Pc 4 in polyethylene glycol-co-polycaprolactone
(PEG-PCL)-based polymeric micelles (<100 nm in diameter) and actively targeting the Pc
4-loaded micelles using surface-conjugated peptide ligands to Epidermal Growth Factor
Receptor (EGFR)-overexpressing model cancer cells (A431 epidermoid carcinoma cells) to
render EGFR-mediated rapid internalization for enhanced Pc 4 delivery 2223, Although
these studies have established the viability of a nanomedicine strategy for Pc 4-based PDT
of EGFR-overexpressing cancers, it is further necessary to optimize the density of EGFR-
targeting ligands on the micelle surface, the extent of Pc 4 loaded within the polymeric
micelles, and the appropriate photoirradiation parameters (fluence, fluence rate, and timing
of photoirradiation) that maximize the targeted Pc 4-PDT induced killing of the cells in vitro
(Figure 1). These optimized parameters can then be used for future investigations in
appropriate in vivo models. To this end, here we report on the in vitro optimization of our
micelle-based EGFR-targeted Pc 4-PDT strategy.
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Experimental Section

Materials

Cell Culture

The EGFR-targeting GE11 peptide, YHWYGYTPQNVI, was custom synthesized by
Abgent Inc. (San Diego, CA), with the addition of a cysteine residue on the N-terminus to
yield a final sequence of CYHWYGYTPQNVI. The cysteine allows for a thioether-
mediated conjugation to the maleimide-terminated PEG block of the PEG-PCL copolymer
that forms the micellar nanoformulation. The polymer synthesis, GE11 conjugation and
subsequent micelle fabrication have been described previously 23. The structures and
molecular weights of mPEG-PCL, Mal-PEG-PCL and peptide functionalized PEG-PCL
have been confirmed by IH NMR and MALDI-TOF mass spectroscopy and have been
reported previously 2223, For analysis of the level of cytotoxic singlet oxygen production by
the micelle-encapsulated Pc 4 upon photoirradiation, Singlet Oxygen Sensor Green (SOSG)
was purchased from Invitrogen (Carlsbad, CA). A light-emitting diode array (EFOS,
Mississauga, ONT, Canada) was used for photoirradiation at a fluence of 200 mJ/cm?
(Amax= 675 nm; width of output peak at half maximum 24 nm). For post-PDT cell viability
analysis, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) was
purchased from Sigma Aldrich (St. Louis, MO). Pc 4 was donated by the laboratory of Dr.
Malcolm Kenney in the CWRU Department of Chemistry.

Human epidermoid carcinoma A431 cells (American Type Culture Collection) were grown
in Dulbecco's modified Eagle's medium (Fisher Scientific, Inc.) supplemented with 10%
fetal bovine serum, penicillin (50 units/mL) and streptomycin (50 ug/mL). All cultures were
maintained in a humidified atmosphere of 5% CO, in a 37 °C incubator. In all experiments,
70-85% confluent cultures were used. These cells are reported to have EGFR expression of
2-2.5 x 108 receptors/cell 24,

Optimization of ligand density on micelle surface to maximize cell targeting and extent of
internalization of the targeted micelles

In an invitro set up, where nanovehicles are incubated with cells in the culture medium, the
nanoparticles can be internalized within cells even in the absence of ligand-based active
receptor targeting mechanisms, through non-specific membrane processes (e.g., membrane
fusion, fluid-phase pinocytosis, etc.) over long periods of incubation 2°. However, when
specific receptor-targeting ligands are present on the nanoparticle surface, receptor-mediated
endocytotic mechanisms can accelerate the internalization of the nanoparticles226, In such
scenarios, the cell-targeting efficacy and subsequent receptor-mediated internalization are
dependent on nanoparticle size and shape, surface-density of ligands and availability of
target receptors 27. In our previous work, we have demonstrated that surface-decoration of
Pc 4-loaded polymeric micelles with EGFR-targeting GE11 peptides is a feasible way to
achieve rapid internalization and targeted uptake of Pc 4 in EGFR-overexpressing A431
cells 23, Building on this work, in the current studies we aimed to determine the optimum
GE11 modification density that allows maximum uptake of the Pc 4-loaded micelles in
A431 cells within minimum incubation periods. For this, micelles were prepared bearing
ligand-modified polymer component (GE11-PEG-PCL) at 5, 10 and 20 mole %, and the Pc
4-loading in the micelles was maintained at 70 pug per mg of polymer to allow for Pc 4
fluorescence (Aem = 675 NM) to be used to assess extent of micelle uptake in cells. The
micelles were incubated in aqueous suspension with 85% confluent A431 cells for 30 min, 2
hrs, 6 hrs and 24 hrs. At the end of each incubation period the medium was removed, the
cells were gently washed to removed loosely-bound micelles, and the cellular internalization
of micelles was assessed by monitoring Pc 4 fluorescence within the cells using a Carl Zeiss
Axio Observer D1 Inverted Epifluorescence Microscope (Carl Zeiss, Oberkochen,
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Germany) fitted with a dichromatic filter cube (bandpass Aeyx = 630-649 nm; bandpass hem =
650-690 nm).

Optimization of Pc 4 loading in micelles to maximize singlet oxygen production upon
photoirradiation

Conventional nanovehicle-based delivery of chemotherapeutic agents (e.g., doxorubicin or
paclitaxel) usually aims for maximizing the drug loading within nanoparticles which in turn
can maximize the intratumoral/intracellular drug dose within tolerated ranges to render
maximal cell-killing 28-31, However, in the case of PS loading in nanovehicles for targeted
delivery and PDT, excessive PS encapsulation within the nanoparticles can lead to PS
aggregation, which in turn reduces their photodynamic efficacy due to mutual quenching of
the photo-activating energy among the PS molecules instead of being used for ROS
formation. Hence, it is necessary to determine the optimum loading of PS in the
nanovehicles that allows for efficient delivery without compromising the photodynamic
efficacy of the formulation. Based on this rationale, in the current studies we aimed to
determine the optimum Pc 4:polymer ratio in our micelle-encapsulated Pc 4 formulation that
renders the maximum level of singlet oxygen (the major cytotoxic ROS component in PDT)
production without affecting micelle stability. For these studies we used the fluorescent
probe Singlet Oxygen Sensor Green (SOSG), which is weakly fluorescent until it binds
irreversibly to singlet oxygen to yield a strong green fluorescence (Amax = 525 nm)

signal 3233, The intensity of the green fluorescence can be correlated to the level of singlet
oxygen production. A working solution of SOSG was prepared as per the company's
instructions. Micelle formulations of Pc 4 were prepared by keeping the Pc 4 concentration
fixed at 1 uM and varying the PEG-PCL concentration from 0-100 mg/ml in 8 mg
increments. This resulted in corresponding drug:polymer ratios of 0-180 jug Pc 4 per mg
polymer. Samples were then exposed to Pc 4-activating photoirradiation using a light-
emitting diode array (EFOS, Mississauga, ONT, Canada) at a fluence of 200 mJ/cm? (\=675
nm) for 200 seconds at room temperature. Pre- and post-photoirradiation, the fluorescence
emission spectra of SOSG (Aexcitation = 470 nm) were recorded to correlate and compare
levels of singlet oxygen production for each micelle formulation. Because SOSG can be a
very weak PS by itself, appropriate controls were used to determine baseline values and
ensure accurate results. After assessing the singlet oxygen production upon photoirradiation
of the formulations themselves, the SOSG assay was further used to confirm singlet oxygen
production within A431 cells upon photoirradiation. For this, A431 cells were plated in 6-
well plates at 2x10° cells/well. This study was done using the optimum drug:polymer ratio
that yielded the highest singlet oxygen fluorescence as found through the previous
experiments. After growing to 85% confluence, cells were incubated overnight with 1 pM
micelle encapsulated Pc 4. The next day, the medium was removed from all wells and cells
were washed twice with PBS to remove any residual micelles that were not taken up by the
cells. It has been shown previously that SOSG binds to serum proteins, preventing cellular
uptake 33, Therefore, we diluted the SOSG solution in Hank's Balanced Salt Solution
(HBSS) and exposed the cells to 1 M SOSG for 2 hours. Controls included cells incubated
with only SOSG, cells incubated with only Pc 4 and cells incubated with neither. Two hours
following SOSG uptake, the cells were photoirradiated as previously. ‘Dark’ controls were
shielded from ambient light. Brightfield images of cells, as well as images of SOSG
emission were taken using a Zeiss Axio Observer D.1 inverted fluorescence microscope, and
overlaid to assess SOSG fluorescence in cells.

Optimization of total Pc 4 dose and photoirradiation parameters to maximize cell killing in
vitro

Invitro PDT efficacy of the optimized nanoparticle formulation with and without EGFR-
targeting was evaluated using a standard MTT assay. A431 cells were plated in 96-well flat-
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bottomed plates at a density of 2 x104 cells per well. Cells were incubated with nontargeted
or targeted (bearing optimum ligand decoration component as determined by previous
studies) Pc 4-loaded micelles (bearing optimum Pc 4 loading as determined by previous
studies), with final effective Pc 4 concentrations of 200, 400 or 800 nM. Separate plates
were prepared for testing ‘dark toxicity’ and different irradiation times (200-600 seconds).
We selected 200 seconds as the shortest irradiation period because it has been demonstrated
previously to induce maximum cell death in vitro with 250 nM free Pc 4 34. In our Pc 4-PDT
studies, we have used 200 nM Pc 4 as the minimum dose and hence, we rationalize that 200
seconds of photoirradiation would be appropriate for the initial photoirradiation duration.
PDT plates were photoirradiated as above while dark controls were shielded from ambient
light. Plates were then incubated at 37 °C to for 24 hours followed by incubation with MTT
for four hours at 37 °C to allow for conversion of MTT to purple formazan by live cells.
Formazan was quantified by absorption at 540 nm on a microplate reader (BioTek,
Winooski, Vermont) and the measurements for treated cells were normalized to that of
controls to report cell viability.

Data Analysis

Results

Where applicable, statistical analyses were performed using Minitab (Minitab, State
College, Pennsylvania). Analyses of variance (ANOVA) were used to analyze the data from
MTT assays. Significance was reported for p<0.05.

Optimization of ligand density

The inherent fluorescence of Pc 4 (Aey = 675 nm) within the A431 cells was used to assess
and compare the cellular internalization of the Pc 4-loaded micelles bearing varying surface
densities of EGFR-targeted GE11 peptides. Figure 2A-L shows representative fluorescence
images of the A431 cells incubated with the various micelle formulations for 30 minutes, 2
hours, 6 hours or 24 hours. At the shortest incubation time of 30 minutes, it is apparent that
the micelle formulation bearing 10 mole% peptide component resulted in much enhanced
intracellular delivery of Pc 4, compared to the other two formulations. This trend in cellular
uptake appears to continue up to the 24 hour incubation time-point that we tested, as shown
in Figure 2J-L. The results are further confirmed by the quantitative analysis of Pc 4 uptake
shown in Figure 2M. These data suggest that, with a high level of target receptor expression
on the cell surface, the optimum ligand density on the delivery vehicle is the primary factor
influencing the cellular uptake while uptake due to non-specific processes such as
membrane fusion and pinocytosis may contribute more with increasing incubation time.

Optimization of Singlet Oxygen Formation

With Pc 4 amount fixed at 1 pM while varying the polymer amount for micelle formulation
(hence varying the drug:polymer ratio), it was found that SOSG emission increases with
polymer concentration until the ratio reaches approximately 50 pg per mg of polymer and
then it decreases at higher ratios. This is evident from the representative SOSG fluorescence
intensity spectra shown in Figure 3A and the Pc 4-loading versus SOSG fluorescence
intensity correlation data shown in Figure 3B. The enhancement in SOSG fluorescence
intensity upon appropriate photoirradiation of the micelle formulation is reflective of
enhanced production of singlet oxygen. Hence 1 pM Pc 4 encapsulated in ~14 mg/mL PEG-
PCL polymer (i.e., ~50 pg of Pc 4 per mg of polymer) seems to be the optimum loading
threshold at which the Pc 4 exists in sufficiently un-aggregated form within the micelles so
as to allow maximum photodynamic reactivity with molecular oxygen to produce singlet
oxygen. If the polymer concentration is further increased beyond 14 mg/mL, the
photodynamic reactivity of the loaded Pc 4 seems to decrease possibly due to dynamic
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perturbations in the micellar system at excessive polymer concentration (e.g., aggregation of
micelles themselves, chain exchange between micelles, morphological transformations in
micelle shapes, etc.).

Confirmation of Singlet Oxygen Production within cells in vitro

Figure 4 shows representative microscopy images of SOSG fluorescence (singlet oxygen
production) in A431 cells incubated with free Pc 4 (Figure 4D1-D2) or the optimized
micellar formulation of Pc 4 (Figure 4E1-E2), and in absence or presence of
photoirradiation. Little or no green fluorescence was observed without photoirradiation,
possibly due to the inherent weak fluorescence of the native SOSG, confirming that the Pc 4
formulation in micelles does not produce singlet oxygen unless activated by light (minimum
dark toxicity). In contrast, upon appropriate photoirradiation, the SOSG-relevant green
fluorescence in the A431 cells is significantly enhanced, suggesting a high level of
production of singlet oxygen production. These results establish that the optimum Pc 4
loading in micelles of 50 jug per mg of polymer and internalization of these micelles within
target cells allow for enhanced photodynamic reactivity of Pc 4 with intracellular molecular
oxygen upon photoirradiation to produce cytotoxic singlet oxygen.

Optimization of Drug Dose and Photoirradiation Parameters

Figure 5 shows results of the cell viability assays when incubated with the optimized EGFR-
targeted micelle-encapsulated Pc 4 formulation at total doses of 200, 400 and 800 nM Pc 4.
As evident from the data, dark conditions (no photoirradiation) confer little cytotoxicity,
while even 200 seconds of photoirradiation leads to significant cell death (p<0.001). The
highest extent of cell death occurred following 400 seconds of photoirradiation and
subsequent increase of light dose to 600 seconds did not enhance this effect. Similarly, it
was found that increasing the Pc 4 concentration from 200 to 400 nM and maintaining 400
seconds of photo-irradiation resulted in significant increase of cell death, but further
enhancement of cell death in vitro was not observed when the Pc 4 dose was increased to
800 nM or photoirradiation duration was increased beyond 400 seconds. This suggests that
the optimum dose of 400 nM of Pc 4 delivered via EGFR-targeted polymeric micelles can
achieve maximum possible cell death in vitro for our target A-431 cells, when activated with
the optimum photoirradiation duration of 400 seconds.

Discussion

In cancer nanomedicine, it is critical to optimize the formulation parameters and the therapy
conditions that can ensure maximum cell-killing. Often research reports are shown to simply
demonstrate feasibility of targeted delivery and cytotoxic effects on various cancer cell lines
in vitro and tumor models in vivo, without further determining the optimum targeting and
therapy parameters that maximize the therapeutic effect. From a practical perspective, lack
of such information is an important barrier towards translating such nanomedicine
technologies into clinical application. These considerations are even more important in
treatment modalities like PDT, in which multiple factors of targeting, drug loading and light
dose need to be optimized in tandem for achieving dual selectivity of tumor-targeted
delivery of a PS and tumor-focused photoirradiation for maximum therapeutic efficacy. We
have previously demonstrated the feasibility of encapsulating Pc 4 in block-copolymer based
micelles and targeting this formulation to EGFR-overexpressing cancer cells by decorating
the micelle surface with EGFR-targeting peptide ligands. To further build on this work and
establish Pc 4-PDT strategies for various EGFR-overexpressing cancers, it is necessary to
optimize the targeting ligand decoration density and the Pc 4-loading extent of the micelles,
as well as, the incubation dose and photoirradiation conditions that lead to maximum cell-
killing in vitro. This would help identify the candidate formulation and corresponding PDT
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conditions that can be subsequently investigated in vivo in appropriate EGFR-
overexpressing xenograft models.

As evident from our results in vitro, the EGFR-mediated cell-targeting and internalization
efficacy of the micelles seem to be maximum at a micelle formulation bearing 10 mole%
EGFR-targeting GE11 peptide-bearing polymer component in the micelles, as this
formulation resulted in maximum internalization within a short (< 2 hrs) period of time. For
our studies, at the end of the various incubation periods we thoroughly washed the cell
cultures to remove possible loosely-bound micelles from the cell surface, added fresh media
and then carried out direct imaging of cell-associated Pc 4 or carried out appropriate photo-
irradiation for PDT. In these studies we did not differentiate between vehicles that may have
been tightly bound to the cell membrane versus those that are already internalized, because
achieving enhanced levels of either scenarios results in ultimate enhanced cell death upon
photoirradiation, albeit through different molecular mechanisms 336, Research has shown
that the reactive oxygen species can diffuse ~0.02 pm during its lifetime in a biological
environment and hence we rationalize that photo-activated Pc 4 from both cell surface-
bound micelles and internalized micelles can induce PDT effects 37. While the increase in
cellular targeting and internalization in going from micelles bearing 5 mol% ligand
components to that bearing 10 mol% ligand components can be rationalized by higher extent
of EGFR-specific interactions of the micelles, it is interesting to find that increasing the
ligand-bearing component further to 20 mole% does not result in a further increase of
targeting and internalization. In fact, this resulted in an apparent decrease in targeting and
internalization in our in vitro experimental conditions. This is in accordance with the
theoretical findings of nanomedicine design optimization reported by Wang et al., which
reports that increasing the number of ligand decorations on a nanoparticle surface does not
necessarily guarantee a corresponding increase in receptor targeting (and internalization in
the case of receptors which undergo endocytosis), due to possible entropic barriers
associated with the conformational changes that a ligandte-thered random coil polymer (e.g.,
PEG in our case) and heterogeneously distributed receptors (e.g., EGFRs on a non-planar
cell surface) may possess 38, It is also to be noted that for the cell-targeted assays with the
GE11-modified micelles, the intracellular fluorescence at short time periods (up to 6 hrs)
appears punctate while after longer time periods (e.g., 24 hrs) the fluorescence seems to be
distributed more homogenously throughout the cytoplasm. This may be indicative of the fact
that at the shorter incubation periods the internalized micelles (hence Pc 4 fluorescence) are
within the endosomal spaces in the cells, while over time the endosomal/lysosomal acidic
environment may degrade and disassemble the micelles, resulting in release and distribution/
partitioning of the hydrophobic Pc 4 into intracellular organelle membranes (e.g.,
mitochondria, Golgi, ER, etc.).

It has been reported that polymeric micelles without specific receptor targeting can still get
internalized within cells through membrane-mediated endocytotic and fluid-phase pinocytic
mechanisms depending on long incubation periods and micelle concentration, and in such
cases micelle disassembly and subsequent drug dispersion throughout the cytoplasm can
occur with equilibrium being reached between 16-24 hours 3%-42, Hence at some longer
incubation time point, micelles (and micellar payload) may be in the cell membrane,
endosomal/lysosomal domain and distributed in cytoplasm. There was a significant
difference in cell-associated Pc 4 fluorescence in our studies for the various GE11-decorated
micelles incubated with the A431 cells at shorter time periods, and the differences seemed to
decrease over longer incubation period. We have interpreted this observation as receptor-
mediated uptake occurring predominantly at shorter incubation period (hence bigger
difference in uptake based on ligand density), while both receptor-mediated and passive
endocytotic uptake occurring at longer incubation period (hence the passive uptake process
reducing the fluorescence difference to some extent). It is possible that the some of the
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micelles uptaken through receptor-mediated mechanisms in earlier time periods have
already undergone endosomal/lysosomal degradation by the 24 hr time point resulting in
heterogenous distribution of the Pc 4 within the cell, along with the Pc 4 internalized
through the passive endocytotic uptake of micelles. These cumulative effects possibly result
in comparable fluorescence intensity for all ligand concentration. However, our quantitative
analysis still shows that for the cells incubated with the 10 mol% ligand decorated micelles,
cell-associated Pc 4 fluorescence is still statistically higher than the other mol% decorations,
even at 24 hr. We rationalize this by the possibility that the receptor-mediated uptake for the
10 mol% ligand-decorated ligands is higher in the cells through the earlier time periods and
the passive endocytotic uptake is comparable for all mol% ligand decorations. So the
cumulative Pc 4 uptake for the cells incubated with the 10 mol% ligand-decorated micelles
is still higher than the other groups.

Our results also indicate that for loading of a PS within micelles, there is an optimum
loading capacity (mass of drug per unit mass of polymer). It may be possible to physically
increase the loading capacity beyond this value (i.e., more drug per unit mass of polymer),
but then the drug may be too aggregated within the micelle core to allow maximum
photodynamic interaction with molecular oxygen, due to mutual quenching of activating
energy by the PS molecules. On the other hand, using a polymer amount higher than the
optimal threshold does not necessarily lead to further enhancement of the dis-aggregated
state of the photosensitizer (hence, further enhanced photodynamic reaction capability) but
may actually destabilize the micellar assembly state of the polymers due to dynamic
macromolecular morphological interactions. Stability of micelles involves (a)
thermodynamic stability and (b) kinetic stability 43, Thermodynamic stability is rendered by
using polymer concentrations at or above CMC. In such situations, the polymer will exist
both as micelles and as single chains, with thermodynamic equilibrium between them.
Kinetic stability, on the other hand, is dependent on the rate of unimer (single chain)
exchange between the micellar assembly and the existent single chains 43. This rate will be
influenced if the concentration of polymer is varied, and the macromolecular exchange
perturbations will also potentially affect the drug distribution in the micelles, since the drug
is associated with the hydrophobic block of the amphiphilic chain undergoing dynamic
exchange and assembly. It has also been reported in the literature that at polymer
concentration much higher than CMC, inter-micellar aggregation can occur, which can also
in effect cause aggregation of the photosensitizer drug resulting in a reduction of
photodynamic efficacy 3944, Hence, once the optimum loading capacity is reached to ensure
sufficiently disaggregated state of the photosensitizer within the micelles and allow for
maximum singlet oxygen production upon photoirradiation, further addition of polymers
may affect the kinetic stability, even if the concentrations are above the CMC (hence in
thermodynamic stability range). In our studies, the optimum drug loading was found to be
~50 pg of Pc 4 per mg of PEG-PCL polymer. It is to be noted that this optimum loading is
specific for this drug and this polymer system; changing the drug or changing the molecular
weight or chemistry of the polymer would require investigation of other corresponding
optimized loading conditions for maximum photodynamic efficacy.

Following the establishment of optimum ligand density and optimum Pc 4 loading
parameters, it was necessary to determine if these optimum conditions resulted in maximum
cell-killing upon photoirradiation in vitro, and thereby establish the corresponding PDT
efficacy. Our Pc 4-PDT assays showed significant cell killing, even with the shortest (200
sec) photoirradiation. As the photoirradiation was increased to 400 sec, a significant increase
in cell death was observed, but further increase to 600 sec did not further increase cell death.
Regarding drug formulation dosage, a statistical difference in cell death was observed
between cells incubated with 400 nM Pc 4 compared to the lower dosage of 200 nM Pc 4,
for fixed photoirradiation time. However, the increase to 800 nM Pc 4 did not cause
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additional cell death. This may imply that in translation in vivo, a lower amount of PS may
allow sufficient PDT effect, provided the drug is effectively targeted to the tumor (e.g.,
EGFR-targeting in our case) and the tumor is effectively photoirradiated for an appropriate
extent of time. We would like to point out that the EGFR-targeted Pc 4 nanoformulation
dose and the photoirradiation conditions that exhibited the highest level of cell-killing in
vitro, are specific to the particular cell line and the particular nanovehicle platform used in
our studies. For a different cell line and for a different targeted nanoformulation strategy, the
optimum conditions can be similarly determined in vitro. Furthermore, the formulations
parameters and photoirradiation conditions that show maximum cell-killing in vitro are to be
additionally validated by appropriate clonogenic assays, to ensure tumor eradication
potential in vivo. It is also to be noted that in vitro the ‘tissue penetration depth’ of the
photoactivating light is not a limiting factor, whereas in vivo, proper delivery of light will be
another critical factor to be optimized, in addition to using the optimum fluence and fluence
rate. In this context, PS like Pc 4 that are photoactivated by red to near infra-red
wavelengths provide significant advantage since these wavelengths have high tissue
penetration compared to those photoactivated at shorter wavelengths. Also, in vivo the
availability of sufficient molecular oxygen can be an additional limiting factor for tumors
with regions of hypoxia. We are currently carrying out studies using 3D spheroids which
will provide important insight regarding additional parameters relevant to in vivo PDT,
namely, diffusion of the nanovehicles and light penetration 4246, Nonetheless, optimizing
the targeting, drug formulation and photoirradiation conditions in vitro provides important
insight about the appropriate candidate formulation and PDT strategy that can be further
tested in vivo.

Conclusion

We have established the optimal in vitro nanoformulation parameters and photoirradiation
conditions for maximizing cell killing in targeted Pc 4-PDT of EGFR-overexpressing
cancers. This study demonstrates that EGFR-targeted Pc 4-loaded polymeric micelles with a
ligand-bearing polymer composition of 10 mole% percent and Pc 4-loading of ~50p.g/mg of
PEG-PCL polymer maximizes the killing of EGFR-overexpressing A431 cells at an
effective formulation dose of 400 nM Pc 4 and a minimum effective photoirradiation
duration of 400 sec.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Optimization strategies to enhance the efficacy of nanomedicine-based cell-targeted PDT

strategy.
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Figure 2.

Representative fluorescence images (A-L) comparing the Pc 4 uptake in A431 cells at
various incubation time periods when delivered via EGFR-targeted micelles bearing
different mole percentages of GE11 peptide incorporation; (M) shows quantitative data for
the Pc 4 fluorescence in these cells for the various targeted nanoformulations at the different
incubation periods; all levels of significance are for p < 0.05 for the different formulations at
each timepoint.
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Figure 3.

(A) Representative fluorescence emission spectra of SOSG in solution with either free Pc 4
or Pc 4-nanoformulations of different loading extents, with or without photoirradiation; only
three representative loading values are shown for convenience; the loading capacity of
around 50 pg of Pc 4 per mg of polymer showed maximum SOSG fluorescence upon
photoirradiation. (B) Plot of peak SOSG fluorescence intensity versus loading capacity (ug
of Pc 4 per mg of polymer) showing maximum intensity (hence maximum singlet oxygen
production) for formulations having about 50 pg Pc 4 per mg of polymer.
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Figure4.

Representative images of A431 cells when incubated with free Pc 4 (D1-D2) versus Pc 4
nanoformulation (E1-E2) formulations with (light) or without (dark) photoirradiation;
appropriate controls consisted of cells without any Pc 4 or SOSG (A1-A2), cells with SOSG
only (B1-B2) and cells with free Pc 4 only (C1-C2); significantly enhanced singlet oxygen
production was observed for cells incubated with Pc 4-NP and SOSG; (M) shows
guantitative data of SOSG fluorescence intensity in the cells for the various test and control
samples.
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Figure5.

A431 cell response to PDT with various doses of Pc 4 delivered via micelles bearing 10
mole% EGFR-targeted ligands (the optimum targeting ligand parameter) and 50 pg Pc 4 per
mg of polymer loading (the optimum loading parameter), with various irradiation times
using 200 mJ/cm? fluence.
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