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Pdot nanoparticle enhance the photodynamic effect by efficient FRET to the photosensitizer.

Thus, production of singlet oxygen is increased and causes irreversible damage to cancer cells.

Abstract

A new type of nanoparticles, Pdots, and a new methodology of photosensitization are
developed to achieve a more efficient photodynamic effect in aqueous solutions and in cells.
Pdots are nano-sized particles, composed of conjugated chromophoric polymers coated with
PEGylated phospholipids. They exhibit good aqueous colloidal properties, a broad absorption
band and a strong and narrow emission band. We show that these characteristics improve
biological photosensitization, which is employed in photodynamic therapy of cancer.
Amphiphilic photosensitizers such as Rose Bengal partition, non-covalently but with a high
affinity, into the amphiphilic coating of the Pdots, without necessitating covalent attachment.
At this close contact, very efficient fluorescence resonance energy transfer (FRET) occurs
between the Pdot donor and the sensitizer acceptor. The Pdots serve as broad-band collectors
of light, which is funneled, via energy transfer, to the photosensitizer. Therefore, energy
transfer from them can additively assist to the activity of the acceptor’s of energy. The energy
transfer mechanism, strong uptake of the Pdot-sensitizer dyads by MCF-7 adenocarcinoma
cells and their enhanced photosensitized killing are demonstrated.
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INTRODUCTION

The employment of various types of nanoparticles is
revolutionizing biological and medical sciences. Among the
important nanostructures that have found use in biology and
medicine one can list quantum dots (QDs),'? nanoparticles of
gold, silicon, silica, metal oxides and several forms of carbon.>*
Nanoparticles are used as carriers and drug-delivery vehicles,
as biosensors, as imaging tools and as markers, in which their
intrinsic chemical and optical properties are employed for
analytical and diagnostic purposes.

Photodynamic therapy (PDT) is a novel method for treating
solid tumors. It employs photosensitizer molecules, mainly
tetrapyrrole derivatives, which have two important attributes:
preferential uptake by solid tumors and efficient production,
upon light absorption, of the electronically excited molecular
oxygen, singlet oxygen, and other reactive oxygen species.
Singlet oxygen 1is highly cytotoxic, causing oxidative
destruction of the cells in which it has been generated. The
clinical protocol involves intravenous injection or topical
application of the sensitizer, followed by illumination with light
that is absorbed by the sensitizer, either superficially or
endoscopically through optical fibers for tumors in internal
organs. Illumination also elicits the sensitizer's fluorescence,
which is used to mark the tumor and its borders. Because of the
preferential uptake of photosensitizers by malignant tissue and
because the illumination is local, no harmful side effects are
observed. PDT has been used for treatment of skin, lung, breast,
bladder and other tumors and has also been applied to eliminate
viruses and bacteria.>'?

We suggest a novel approach that is based on employing a
relatively new nanoparticle, Pdot, which has hitherto not been
used in cellular PDT. Pdots are composed of chromophoric
organic homo-polymers. They are a fascinating new type of
nanostructure, with many potential applications, whose
applications have started to be pursued. Their use, mainly as
biological markers, was pioneered by McNeill."*!* They can be
processed quite easily using simple methodologies, by mixing
them with various amphiphilic molecules, such as PEGylated
phospholipids'® or a PEGylated polystyrene backbone,'
forming by sonication, or by just mixing, very stable colloidal
particles in water. When such particles are formed, the
hydrophobic lipid or polystyrene backbone is most likely
embedded and entangled with the chromophoric polymer,
which is in the core of the Pdot, while the hydrophilic PEG-
chains extend outside, into the aqueous phase. The stabilizing
polymer thus forms a biocompatible coating shell, which
endows the particles with water solubility that can be tuned by
the structure of the copolymer, and it also enables
functionalization of the Pdots. This coating forms a nano-sized
environment into which small amphiphilic molecules, such as
photosensitizers, might partition and intercalate. Unlike QDs,
Pdots do not exhibit size-dependent absorption and emission
bands, and in contrast with QDs, are non-toxic.

The most important advantage that we foresee for this
application arises from the following attribute. When a
photosensitizer is in close contact with a nanoparticle, such as
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Pdot, that exhibits broad and strong absorption in the visible
range, if the particle's brightness is high and the overlap
between its emission spectrum and the sensitizer’s absorption
spectrum is good, then at close proximity, resonance non-
radiative energy transfer from the particle to the sensitizer can
turn into a big improvement.'” The particle will absorb over a
broad range and will funnel and transduce the absorbed energy
to the sensitizer. The nanoparticles will thus bring about that a
broader spectral range, beyond the sensitizer's own narrow, and
in many cases, weak absorption, could be utilized for the
photochemical reaction. Pdots would thus serve as a tool to
perform two aims: to load and carry active photosensitizers for
treatment and tumor demarcation in PDT, but mainly to
enhance their activity by serving as a light-collecting antenna.
This will overcome the sensitizer's marginal intrinsic light
absorption in the far red range, which is the practical spectral
range for use in tissues. FRET from the nanoparticle donor will
occur in addition to the sensitizer's intrinsic direct absorption,
so it will undoubtedly enhance the efficiency of the
photochemical reaction that underlies PDT.

EXPERIMENTAL
Materials
We employed the conjugated polymer  poly[(9,9-

dioctylfluorenyl-2,7-diyl)-alt-co-(1,4-benzo-{2,1°,3 }-
thiadiazole)] (ADS133YE, nicknamed PF; MW 15 000 — 200
000), purchased from American Dye Source (Quebec, Canada),
for the preparation of Pdots. The following phospholipids were
purchased from Avanti Polar Lipids (Alabaster, AL, USA): 1,2-
dipalmitoyl-sn-glycero-3-phosphoethanolamine-N-[methoxy
(polyethyleneglycol)-350] (PEGs;so-PE), 1,2-dipalmitoyl-sn-
glycero-3-phosphoethanolamine-N-[methoxy
(polyethyleneglycol)-2000] (PEGygg-PE), 1,2-dipalmitoyl-sn-
glycero-3-phosphoethanolamine-N-
[methoxy(polyethyleneglycol)-5000] (PEGsy-PE) and 1,2-
dipalmitoyl-sn-glycero-3-phosphocholine (DPPC). Rose Bengal
(RB) was obtained from BDH Merck Ltd., Poole, Dorset, UK
and RB methyl ester (RBME) was from Spectra Group Limited,
Inc., Millbury, OH. The singlet oxygen chemical quencher 9,
10-dimethylanthracene (DMA) was purchased from Sigma-
Aldrich (St. Louis, MO). Tetrahydrofuran was from Bio-Lab
(Jerusalem, Israel) and dichloromethane was from Carlo Erba
Reagents (Rodano, Italy), both were of analytical grade.
Propidium iodide (PI) was from MBL (Nagoya, Japan).

Preparation of Pdots

1 mg of the conjugated polymer PF was placed in 20 mL of
dichloromethane and was stirred for 48 hours to maximize its
solubilization. The solution was transferred through a 0.2 pm
membrane filter. 4, 10 or 21 mg of PEG;so-PE, PEG;g0o-PE or
PEGs000-PE, respectively, and 5 mg of DPPC were added, in
order to obtain Pdots which differ in their shell’s composition.
The solution was stirred for 10 minutes and was then added to
25 mL of doubly-distilled water, under constant stirring. After
sonication of the solution for 20 min by a Ti-probe sonicator
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(MSE Soniprep 150, Crawley, UK) at 4°C it became
homogeneous. The solution was paper-filtered immediately and
centrifuged for 30 min at 2500 rpm. At this step the solution
separated into two phases, an upper aqueous phase and a lower
organic phase, which was discarded. To determine the Pdot’s
concentration in the aqueous suspension, we measured the
amount of material that was lost along the procedure of
preparation at each step. The yield of the preparation was 23%.
The concentration of the Pdots’ dye material in the final
aqueous suspension was 0.0123 mg/mL.

Size distribution of Pdots was determined by dynamic light
scattering (DLS). Analyses were performed with a Cordouan
Vasco particle size analyzer set at 25°C, with a probing laser
wavelength of 657 nm and a static detector set at an angle of
135° from the incident beam. The laser intensity was set to
56%, 47% and 80% of the maximal power (65 mW) for PF-
PEG350, PF-PEG2000 and PF-PEG5000, respectively. The
correlator parameters, i.e. time interval and number of channels,
were set to 9 us and 400, respectively for PF-PEG350, 8 us and
300 for PF-PEG2000, 10 us and 400 for PF-PEG5000 Pdots.
All acquisitions were made in multi-acquisition mode on 100
measurements with a time step of 50- 60 s. The particle size
distribution was calculated using a Padé— Laplace model, to
take into account the nanoparticles’ polydispersity. In order to
have statistical information on size dispersion of the samples,
the NanoQTM software of VASCO was operated in the multi-
acquisition mode with each correlogram acquisition processed
by the Padé- Laplace inversion algorithm.

Another size characterization was made by Atomic Force
Microscopy (AFM). One drop of the nanoparticles Pdots
dispersion was placed on a freshly cleaved silica wafer
substrate. After evaporation of the water, the surface was
scanned with the AFM’s probe. AFM measurements and
imaging were carried out using an ICON scanning probe
microscope (Bruker AXS, Santa Barbara, CA). All images were
obtained using the ScanAsyst mode with a single SNL (Sharp
Nitride Lever) probe (force constant of 0.12-0.48 N/m, Bruker,
Camarillo, CA). The resonance frequency of this cantilever was
approximately 40-75 kHz. The scan angle was maintained at 0°.
The aspect ratio was 1:1 and image resolution was 1024
samples/line for PF-PEG350 and PF-PEG5000 Pdots and 384
samples/line for PF-PEG2000, respectively. Before analysis of
the images, the 1st ordering “flatting” function was applied to
each image. The dimensions of the PF Pdots were determined
by an analysis of the height image using the NanoScop
Software.

Spectroscopic Measurements

Absorption spectra were recorded on a Shimadzu (Kyoto,
Japan) UV-2501PC UV-visible spectrophotometer.
Fluorescence excitation and emission spectra and fluorescence
time-drive measurements were performed on a Perkin-Elmer
LS-50B digital fluorimeter (Norwalk, CT).

All samples had small absorbance, <0.05, at the fluorescence
excitation wavelength, to obtain a linear dependence of
fluorescence intensity on concentration. Resolution of
fluorescence spectra into two Lorentzian-shaped bands was
accomplished by a non-linear routine (Origin, Microcal
Software, Northampton, MA).

The appropriate concentration of Rose Bengal's and Rose
Bengal methyl ester's stock suspension for these experiments
was 0.1 mM in water:THF (9:1 v:v).

Fluorescence decays were measured at 25°C on a home-built
system, which employs time-correlated single photon counting.

This journal is © The Royal Society of Chemistry 2012
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The excitation source has a picosecond mode-locked
Ti:sapphire laser (Tsunami, Spectra-Physics, Santa Clara, CA)
pumped by a high-power diode laser (MilleniaXsJ, Spectra-
Physics). The second harmonic, generated by the GWU,
Spectra Physics, frequency doubler, was used for excitation at
445 nm. Emission was collected at 531 nm and focused at the
photocathode of a micro channel plate (MCP, Hammamatsu
3809U-50) biased at -3200 V. Photon-counting was achieved
with a Becker and Hickl plate (model 630). The responses of
the system yielded a pulse width of 35 ps. Life-time analyses
were done by the Marquardt nonlinear least-squares method.

Singlet Oxygen Quantum Yield

We prepared aqueous suspensions of Pdots at concentrations
ranges of 1.64-10%- 0.003 mg/mL and 5 uM 9,10-
dimethylanthracene (DMA). The florescent DMA molecule is
used as a singlet oxygen chemical trap, since it reacts
selectively and rapidly with it to form the non-fluorescent 9,10-
endoperoxide (DMAO,)."® A diode-pumped solid state laser
(Ningbo Lasever Inc., Ningbo, China) beam at 473 nm, whose
radiation wavelength is within the Pdots’ absorption band, was
chosen. The laser’s power was measured with a Nova power
meter (Ophir, Jerusalem, Israel). The photo-production rate of
excited photosensitizer molecules, in molar concentration units
per second, ki, is given by the following equation:

0.98 -P(1—10(-abs'L))

Equation 1
Ngv

kpho =

P is the laser power, in mW, abs is the absorbance at the laser’s
wavelength, L is the length of the laser beam path inside the
sample (in cm), N, is the number of Einstein units (1 Einstein =
6.023x10% photons) of light energy per second per watt of light
at the illumination wavelength and V is the sample’s volume
(mL). The factor 0.98 corrects for light reflection at the
air/sample interface. The diminishing fluorescence intensity of
DMA was measured in a time-drive mode while,
simultaneously, the laser irradiated the sample along the
cuvette's long axis, perpendicular to the fluorimeter's excitation
and emission direction, and its light was absorbed by the Pdots.
The sample was stirred magnetically throughout the
illumination, to obtain uniform exposure of the whole sample to
the light. The fluorescence traces of DMA were fitted to
exponential decays by a least-squares fitting (Origin, Microcal
Software, Northampton, MA).

The values for singlet oxygen QY were determined by
statistically averaging at least three independent measurements.
The weighted average, p, of several measurements, each
yielding a result xi and possessing a measurement error c;, was
calculated using the formula:'®

SXi/o})
Y1/ 0?)

~ 1

2
H /e

Equation 2 0,

=

The uncertainty of the calculated average, o, is also given in
Equation 2.

Cell Culture

MCF-7 human breast adenocarcinoma cells were obtained from
American Type Culture Collection (ATCC, Manassas, USA)
and were grown on tissue culture plates (Greiner, Stroudwater,
UK) in Dulbecco’s Modified Eagle Medium (Sigma-Aldrich,
St. Louis MO, US). The medium was enriched with 10% fetal
bovine serum, 2 mM L-glutamine and penicillin (0.1 mg/mL)
(Biological Industries, Beit-Haemek, Israel). The cells were
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incubated at 37°C in a humidified atmosphere with 5%
C0O,/95% air and were sub-cultured twice a week.

Flow Cytometric Analyses of Pdots’ Uptake and Cellular
Integrity

MCF-7 cells were incubated in serum-free DMEM medium
with Pdots for up to 4 hours. The cells were then washed twice
with filtered PBS and collected in the dark. Their fluorescence
intensity in cells was measured by flow cytometry (FACS,
Beckman Coulter Inc., CA, USA) with laser excitation at 488
nm and emission filtered at 530 nm, with 30 nm band width.
Cell viability was monitored following photosensitization by
either 3-10° mg/mL Pdots only, or by 75 nM RB only, or by
both 75nM RB and Pdots. Cells were washed twice with
filtered PBS and re-suspended in 1 mL filtered PBS with 1 uM
propidium iodide, a DNA-intercalating dye that is used to stain
permeable cells, and collected in the dark. PI's fluorescence
was measured in 10* cells per sample by FACS, with excitation
at 488 nm and emission filtered at 620 nm, with 30 nm band
width.

Cellular fluorescence was captured and photographed using an
ImageStream™ high-resolution imaging flow cytometer (Amnis,
Co., Seattle, WA). Approximately 5,000 cell samples were
excited using a 488 nm and 561 nm lasers (200 mW). The
images that were made per each cell were collected in the
bright field (420-480nm), CH2 (480-560 nm) and CH3 (560-
595nm) emission modes. Following the flow cytometry image
capture, samples were gated to produce populations of captured
single-cell images of living cells that were in focus. Brightness
and contrast for the green and orange fluorescence intensities
were adjusted similarly for each channel in the samples. The
two images obtained from the two emission modes were used to
quantify the co-localization of two probes, Pdot and RB, in a
defined region. A co-localization parameter can thus be used to
assess whether the two different "targets" are located in the
same area of the cell or very near to one another, which
indicates the FRET phenomena. The values for the cell analyses
were determined by statistically averaging of three experiments.

Electron Microscopy

Cells were harvested, washed with PBS and attached to 10 mm
cover slips coated with poly-L-lysine 0.1% for 1 hour. Fixation
of samples was performed according to a modification of the
triple fixation GTGO method for scanning electron microscopy
(SEM): the samples were fixed with 2.5% glutaraldehyde in

4| J. Name., 2012, 00, 1-3

phosphate buffer, followed by post-fixation in 2% OsO,. The
third fixative was 2% tannic acid-guanidine hydrochloride.
After fixation, the cells were dehydrated in graded ethanol
solutions, and then the ethanol was exchanged for Freon 113-tf
using graded solutions. The samples were then air-dried, gold-
coated, and examined using an FEI Quanta 200FEG scanning
electron microscope.”

RESULTS AND DISCUSSION

The aim of this paper is to probe the possibility of using Pdots
as broad-band light collectors, which transfer the absorbed
energy by a resonance mechanism to a nearby photosensitizer
molecule. Attempts were made to employ quantum dots as
transducers of energy to photosensitizers. A successful covalent
conjugation to quantum dots (QDs) was reported by Tsai et al.”!
McNeill et al. reported intra-particulate energy transfer from
the conjugated polymer to tetraphenyl porphyrin that was doped
into the particle in its preparation, and exhibited strong one-
and two-photon absorption.”? The current paper reports on
'attaching' photosensitizers to Pdots, without necessitating
covalent binding, which could be a big advantage in the
employment of these particles, since the same batch of Pdots
could be used to attach different amphiphilic or lipophilic
molecules. We report the very efficient energy transfer and
photosensitized cancer cell-killing that were obtained by this
approach.

Absorption and Emission Spectra

The absorption and fluorescence spectra of Pdots, composed of
the PF polymer, Rose Bengal and Rose Bengal methyl ester in
aqueous solution as well as dyads made of Pdots with either RB
or RBME are also shown in Figurela and Figure 1b
respectively. It can be seen that the combination of Pdots with
RB or RBME exhibits broad and strong absorption in the
visible range.

We chose RB, which has been studied for its efficient
photosensitization efficiency,”** as a sensitizer. The main
absorption bands of RB and RBME have maxima at 547 nm
and 555 nm, respectively. Pdots composed of PF with a coating
surface consisting of PEG350 exhibit an emission maximum at
538 nm. Pdots with other PEGylated coatings had almost
identical spectra. Thus, a good overlap exists between the
Pdots’ fluorescence spectrum and the absorption spectra of RB
or RBME, seen in Figure 1c, as required for efficient FRET.

This journal is © The Royal Society of Chemistry 2012
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fluorescence spectrum of PF-PEG350 Pdots and the absorption spectra of RB (upper panel) and RBME (lower panel). (d) Fluorescence of 1.2-10™
mg/mL PF-PEG350 Pdots with increasing concentration of RB, 0-4 UM (Aex=460 nm).

Figure S1 shows results from DLS measurements of the
particles' size distribution by number and by intensity for PF-
PEG350, PF-PEG2000 and PF-PEG5000 Pdots. Distribution by
numbers is preferred, because the presentation of distribution
by intensity gives a much higher weight to very large particles,
even if they consist a small minority of the total population,® as
seen in Figure S1. The distributions showed two main size
populations in each case. For PF-PEG350 Pdots, nearly 98% of
particles have sizes in the range 30.9-124 nm and the mean size
is 46%1.8 nm, whereas 2% have mean size of 307.4+53 nm. For
PF-PEG2000 Pdots, 52% of particles have sizes in the range
62-158 nm and the mean size is 107+8 nm, whereas 48% have
mean size of 399+1 nm and for PF-PEG5000 Pdots, 98% of
particles have sizes in the range 48-91 nm and the mean size is
75+4 nm, whereas 2% have mean size of 378+37 nm. One
should notice that if the PEG chains were fully stretched the
difference between the diameters would have been bigger than
those observed here. This indicates that the chains form a thick
layer of PEG chains wrapping the core of the Pdots.

This journal is © The Royal Society of Chemistry 2013

The morphology and size of the Pdots can be also characterized
by Atomic Force Microscopy. Figure S2 shows images of PF-
PEG350, PF-PEG2000 and PF-PEG5000. The closely spherical
shape of these Pdots can be seen in the figure. The average
diameter for PF-PEG350, PF-PEG2000 and PF-PEG5000 are
43%9, 77+0.3 and 60+0.15 nm, respectively.

The fluorescence quantum yields of the Pdots were determined
by reference to thodamine 590, whose yield in ethanol is 0.94.%
The calculated fluorescence quantum yields were 0.31, 0.30
and 0.29 for PF-PEG350, PF-PEG2000 and PF-PEG5000,
respectively.

FRET Efficiency

We measured the efficiency of FRET,”>' E, by monitoring the
donor’s (Pdot) steady-state emission intensity, I, as well as its
emission decay time, T, when alone and when in the presence of
the RB or RBME sensitizers, serving as acceptors, using
Equation 3.

J. Name., 2013, 00, 1-3 | 5
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r is the distance between the donor and acceptor transition
dipoles and R, is the characteristic Forster distance for the
specific pair of donor and acceptor. Ry depends on J, the
overlap integral of emission and absorption spectra of the donor
and acceptor, respectively, on 7, the dipole orientation factor,
on n, the refractive index of the medium, and on Q,, the
fluorescence quantum yield of the donor in the absence of the
acceptor, as described in Equation 4.%

ID_A=1_
Ip D

Equation 3 E=1-

Equation 4 RS =879-1075-x2-n"*-Qy-J

Equation 5 J= [fpQ) g4 -A*dA

Where fp(A) is the normalized, dimensionless, donor emission
spectrum and g4()) is the acceptor’s molar extinction coefficient
expressed in units of Mcm'and A is the wavelength in
nanometers. Ry is expressed in this equation in lc’Xngstroms.33
We calculated for each donor-acceptor pair, the overlap integral
which is shown in Figure lc, using Equation 5. For example,
for the PF-PEG350 Pdot:RB dyad (upper panel) it is 8.55-107"
M ecm?®, while for the same Pdot with RBME (lower panel) it
amounts to 3.26-10"* Mcm®. The R, that we obtained were
6.06 nm and 5.16 nm, respectively. These relatively high
values, which are a consequence of the good spectral overlap
as can be seen in Figure lc, enable efficient resonance energy
transfer even at higher donor-acceptor distances.

The analysis of fluorescence time-resolved FRET experiments
is based on curve fitting methods. These methods yield the
theoretical decay curve best fitted to the experimentally
recorded fluorescence decay curves. We obtained the average
fluorescence life-time, <t>, of Pdots with different shell
compositions. The average life-time of the samples was
determined from multiexponential analysis of the emission
decay: <t> = Xa;T;, where a; and t; are the relative amplitude

and the life-time of the i decay component respectively (Table
1). The quality of the fits of the experimental and calculated
curves is judged by the minimization to the x> values.

Sample o © © <> X
(ns)
(a1) (a2) (as) "
1.56 0.74 0.16
PF-PEG350 0.88 1.15
(0.31) (0.49) (0.2)
2.10 0.51 0.14
PF-PEG2000 0.51 0.97
(0.09) (0.49) (0.41)
1.25 0.55 0.08
PF-PEG5000 0.71 1.01
(0.36) (0.42) (0.22)
Table 1. Emission decay parameters for PF Pdots with different shell

compositions. Measurements of the fluorescence life-time were
performed using 445 nm excitation. The emission was recorded at 531
nm. <t> is the average (amplitude-weighted) life-time of the PF Pdot
donors PF-PEF350, PF-PEG2000 and PF-PEG5000, respectively. (Errors
in T, a;, and in the average life-times are + 10% and + 1% of the
presented values).

In the presence of increasing concentrations of the acceptor RB
or RBME, a drastic shortening of the decay time is observed.
We show the time-resolved experiment for the PF-PEG350
Pdot with increasing concentrations of RB (see Figure S3). The
average decay time of the Pdot reduces from 0.88 nsec to 0.17
nsec at higher concentration of RB. This fact confirms the
energy transfer process from PF Pdot to RB. All average decay
times of PF Pdots with different shell compositions upon
addition of RB or RBME due to time-resolved measurements
are shown in Figure 2.

a b c
B o o
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Fig. 2

2 3
[RB], [RBME] (uM)

[RB] , [RBME] (uM)

Change in the averaged fluorescence life-time decay of Pdots with different shell compositions upon addition of Rose Bengal (RB) or

Rose Bengal methyl ester (RBME). (a) 4.1-10” mg/mL PF-PEG350, (b) 2.1-10" mg/mL PF-PEG2000 and (d) 1.1-10” mg/mL PF-PEG5000 Pdots. (Aex=
445 nm, Aem= 531 nm). The curves depict the trend of the fluorescence life-time decrease.

As can see, FRET is efficient even at low concentration as 0.1
uM of RB or RBME. Based on the fluorescence life-time
measurements, as shown in Figure 2, and using Equation 3, the
FRET efficiencies for the Pdot-RB and Pdot-RBME dyads were
calculated, and the results for the PF-PEG350 Pdots are shown
in Figure 3.

6 | J. Name., 2012, 00, 1-3
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Fig. 3 Efficiency of fluorescence resonance energy transfer. The

efficiency curves depict the trend of the increase in energy transfer
from 1.2:10* mg/mL PF-PEG350 Pdots to Rose Bengal, employing the
donor’s fluorescence intensity (m) and from 4.110° mg/mL PF-PEG350
Pdot to Rose Bengal (@) and to Rose Bengal methyl ester (A ) obtained
from the donor’s fluorescence decay times.

For steady state measurements of FRET, the fluorescence
spectra of the PF-Pdots in aqueous suspensions were measured
while the RB photosensitizer was added at increasing
concentrations. We show as an example, in Figure 1d, the
emission spectra of PF-PEG350 Pdots, upon titration with
increasing concentrations of RB. The Pdots’ fluorescence
intensity is seen to decrease and, simultaneously, RB’s
fluorescence intensity increases, as a consequence of FRET.
The absorbance of RB at the excitation wavelength that we
used is minimal, thus no direct excitation of RB was achieved
under these conditions and no fluorescence intensity was
discovered. The fluorescence spectra were resolved into two
emission bands with Lorentzian shapes, and the calculated
FRET efficiencies are shown in Figure 3.

Very high energy transfer efficiencies (>60%) are obtained
even at a 1 uM concentration of the acceptor, as evident from
the donor’s steady state fluorescence intensities as well as from
its fluorescence decay time. This is explainable on the good
spectral overlap that is necessary for FRET, which is
manifested in the relatively high Ry. It is born out in practice
probably by the close contact between donor and acceptor,
because the latter is brought to close proximity by its
intercalation into the thin enveloping PEGylated layer around
the Pdots. This also explains the higher FRET efficiency that is
obtained with the PEG350 coating (Figure 2a). The lipophilic
coating environment is thinner than the other PEG's length and
the sensitizer that is intercalated into it is located closer to the
core of the polymeric dye.

Relative Singlet Oxygen Quantum Yields

To measure the production yield of singlet oxygen by direct
excitation of the photosensitizer or via FRET from the Pdots,
we employed DMA as a chemical target that is peroxidized by
singlet oxygen, whereby its fluorescence is diminished. We
measured, in a time-drive mode, the kinetics of the decrease of
DMA'’s fluorescence intensity with the presence of PF Pdots,
which consist of different shell compositions and when they are
with the acceptor RB or RBME (Figure S4), while a 473 nm
laser beam irradiates the sample and drives the photochemical
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process. The fluorescence intensity decay was fitted to an
exponential equation:
Equation 6 Ipma = Ae Kpmat

Where Ipya is the fluorescence intensity of the DMA, kpya is
the rate constant of DMA's peroxidation during time, t. The
quantum yields of singlet oxygen’s production are proportional
to kpma, after being normalized by kp,,, of Equation 1 (see
materials and methods), which is the rate of production of
excited photosensitizer molecules, Equation 7. The following
Figure 4 gives the relative quantum yields of singlet oxygen by
the sensitizers when intercalate into the Pdots.

Equation 7 D paot (1:‘21\::)19(1 .
o
1.2 = RB
] e RBME
1.0
. ]
O 0.84 }
ON ]
- 0.6+
o
= 1
& 0.4
e
0.2- t "
0.0

PF-PEG350 PF-PEG2000 PF-PEG5000
Pdots

Fig. 4 Relative singlet oxygen quantum yields. Enhancement of
singlet oxygen production by Pdots-RBME dyad compare to Pdots-RB
dyads. (£ calculated from at least three independent measurements).

As can be seen in Figure 4, the generation of singlet oxygen of
Pdots-RBME is significantly increased, compared to that of
Pdots-RB. The data in the figure also indicate that the best
singlet oxygen production via FRET is achieved, for both
sensitizers, with Pdots of PF-PEG350. We attribute this to the
thinner envelope of PEGylated lipids that surround the core of
the Pdot, which brings the sensitizer to a closer proximity to the
organic chromophoric polymer, thus enhancing FRET. RBME
being more hydrophobic than RB, partitions deeper into the
PEGylated shell of the Pdot and locate closer to the Pdot's core,
which leads to more efficient FRET between them.

We chose to continue the cellular studies with RB, being
reasonably water-soluble so that aggregation phenomena will
be avoided in cells’ suspensions.

Uptake of Pdots by MCF-7 Cells

Following the examination of basic spectroscopic properties of
the Pdot-sensitizer dyads and the energy transfer process
between them in aqueous solutions, we studied the uptake of
the dyads by MCF-7 breast cancer cells. The uptake is naturally
a prerequisite for their photobiological activity. Our purpose
was to examine the extent of cell penetration by these particles
and to probe the photodamage to cells as a result of
photosensitization, which occurred by FRET. Figure 5 shows
white-light and fluorescence microscopy pictures of PF-
PEG350 and PF-PEG2000 Pdots.

J. Name., 2012, 00, 1-3 | 7
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Fig. 5

Fluorescence and white-light composed micrographs of
Pdots taken up by MCF-7 cancer cells. (a) Control cells (b) Cells with
PF-PEG350 Pdots (c) Cells with PF-PEG2000 Pdots. The cells were
incubated with the Pdots for 4 hours, at 37°C.

The PF-PEG350 Pdots enter the cells much better than PF-
PEG2000 Pdots, and are distributed in the intracellular
cytoplasm. The reason for the difference between the extent of
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uptake of the two types of Pdots could arise either from the
PEG2000 forming larger, bulkier, particles or from the more
PEGylated coating being endowed with higher water solubility.
For a quantitative assessment, MCF-7 cells were incubated with
the Pdots and the intracellular fluorescence intensity was
measured by flow cytometry, FACS. We show in Figure 6a, the
uptake of PF-PEG350 Pdots by the cells, as a function of the
duration of incubation, at 37°C and 4°C. The comparison of
uptake at these two temperatures points to the strong
involvement of endocytosis, rather than passive diffusion, in the
uptake of these nanoparticles by the cells. Endocytosis is an
efficient process at 37°C and is drastically slowed down at 4°C,
as is seen to occur here, with minimal increase in the cellular
fluorescence intensity, even after 3 hours of incubation.

O
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Fig. 6

Pdots' penetration into cells and the cells’ damage caused by illumination (473 nm, 0.0015 J/cm?) in the presence of Pdots, RB and

Pdot-RB dyad. (a) Intracellular Pdots fluorescence intensity upon incubation of cells with PF-PEG350 Pdots in serum-free DMEM medium, at 37°C
(blue) and 4°C (red). (b) Normalized integrated FACS fluorescence intensity of propidium iodide as an indicator of damage to MCF-7 cells by PF-
PEG350 Pdots particles, by RB and by Pdot-RB dyad in the absence of light. (c) The progress of damage by the dyads after 1,2 and 4 hours of

illumination and (d) Damage after 4 hours of illumination at 473 nm.

Cell Viability under photosensitization with Pdot-sensitizer
dyads

The principal aim of this study was the evaluation of the
photodynamic damage to cancer cells that can be achieved by
FRET-assisted photosensitization.

Panels b and c of Figure 6 show the photodamage that is
inflicted to cells, following photosensitization with RB alone or
with PF-PEG350 Pdots or Pdots-RB dyads. The damage was
measured by uptake of the viability stain propidium iodide,
using FACS cytometry. Figure 6b shows the viability of the
cells under dark conditions (without illumination, blue) and it
indicates that no noticeable toxicity was caused by either RB
alone, by Pdots alone, or by their dyads compared to the same
samples while were illuminated in a 473 nm for up to 4 hours
(red). See also Figure S5, the histograms show samples without
illumination (left side) compared to samples that involve
illumination for 4 hours (right side). One can see a noticeable
damage that was inflicted by the dyad only (Figure S5d, right
side), where the peaks (PI fluorescence) in the histogram are
different in their height and location than the peaks in the
histograms in the left side. In Figure S5d with illumination, the
averaged fluorescence intensity of the left peak is 10° which is
10 times greater of PI fluorescence than in other histograms.
This evidence shows that more cells are damaged and started
their apoptosis. Figure 6¢ shows the progress of damage to the

8 | J. Name., 2012, 00, 1-3

cells as the illumination is prolonged (see also Figure S6).
Figure 6d shows the enhancement in the photodamage effect
when FRET is involved in transducing light energy from the
Pdot to the sensitizer. For estimating the cell damage we use the
gating on histogram of cells stained with PI and the appeared
percentage represent the dead cells population. As can be seen
in this figure, as the illumination is prolonged the percentage of
the dead cells population is higher. Almost 6 times higher for 4
hours illumination compared to 1 hour of illumination at the
same conditions, in average 50% compared to 8.5%
respectively. To induce FRET from Pdots to RB molecules the
intracellular fluorescence was measured using an ImageStream,
a high-resolution imaging flow cytometer. As can see in Figure
7, we used laser lines at 488 nm, to excite Pdots, and 561 nm, to
excite RB. The fluorescence was collected in CH2, emission
bandwidth of Pdot's fluorescence and CH3, emission bandwidth
of RB's fluorescence. Cells containing Pdots (ex: 488nm) have
a strong fluorescence at wavelengths of 480-560 nm (CH2) and
a weak fluorescence at wavelengths of 560-595 nm (CH3). But
when cells contain Pdot-RB dyads (ex: 488 nm) there is a
strong emission at CH3 and FRET is induced compared to cells
contain Pdot-RB dyad (ex: 561 nm). The results shown in this
figure were quantified automatically by the ImageStream flow
cytometer over the whole population of thousands of cells. The
data of the mean fluorescence intensities is seen in Table S1.
The effect of FRET is seen in the boldface value in the table.

This journal is © The Royal Society of Chemistry 2012
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Cellular fluorescence of MCF-7 cells with PF-PEG350 Pdots, with RB and with Pdot-RB dyad. Each cell is represented by a row of four

images. From left to right: bright field, CH2 (green fluorescence 480-560 nm which represents the Pdot's emission), CH3 (orange fluorescence
560-595 nm which represents the RB's emission) and FRET (represented by the co-localization) with the two excitation wavelengths shown on

the left.

To evaluate the stability of the dyads, fluorescence spectra of
the Pdot-RB complex in biological DMEM media containing
serum were measured for 4 hours, which is the longest duration
of the process of photosensitization. These spectra showed a
good stability without any release of the RB from the Pdot-RB
dyad complex. In addition, for demonstrating the stability of the
materials in cells, they were incubated with cells for 24 hours
and measured by the ImageStream flow cytometer. In Figure S6
we show the cellular fluorescence which is captured by CH2
and CH3 when the excitation was at 488 nm. They show good
emission of both materials in the cells, which indicates the
presence of the dyads and the induced FRET, which is
represented by the co-localization (seen in the right column),
even after this long incubation in cells. The E-SEM pictures in

Figure 8 show representative cells that were treated with PF-
PEG350 Pdot and Rose Bengal and which were illuminated for
1, 2 and 4 hours. As can seen, prolonging the illumination time
increases the damage that is caused to the cells.

Fig. 8
after PDT treatment of (b) 1 hour, (c) 2 hours and (d) 4 hours.

This journal is © The Royal Society of Chemistry 2013

E-SEM pictures of MCF-7 cells. (a) Cells without treatment, which represent the control cells and cells with PF-PEG350 Pdot-RB dyads
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CONCLUSIONS

Pdot nanoparticles are prepared from semiconducting -
conjugated chromophoric polymers, and by mixing them with
PEGylated phospholipids they can be made water dispersible,
forming stable colloids in aqueous media. The PEGylated
moieties that cover the Pdot form a nano-phase into which
amphiphilic molecules can partition. These aqueous Pdot
solutions are very stable for months and exhibit a very good
fluorescence and absorbance. We show in this paper that the
photosensitizers Rose Bengal and Rose Bengal methyl ester
partition very efficiently into the coating of the Pdots. The close
contact and the good overlap between the Pdots’ emission band
and RB’s absorption band facilitate efficient energy transfer
from the Pdots to the photosensitizers. The production of
singlet oxygen, the active oxygen species that is involved in the
photodynamic action, is enhanced in a homogeneous aqueous
solution. It is also enhanced in the process of photodynamic
damaging of MCF-7 cells, which take up the Pdots by an
endocytotic mechanism. Therefore, the convenient, non-
covalent attachment of photosensitizer molecules to Pdots
enables a more efficient use of the light’s bandwidth, since light
can be used not only at the usually red absorption band of the
photosensitizer, but rather the whole spectral range that is
covered by the broad absorption band of the Pdots becomes
available for the photobiological process by employing a non-
coherent, broad-band light source. Indeed, shorter wavelengths
will penetrate less into live tissue, but one can only gain from
absorption of light by the chromophoric polymers, that have a
higher optical cross-section, and that will transfer energy, by
FRET, to the sensitizer. Surely, despite the fact that the QY of
the photosensitizers is almost maximal, the possibility to
transduce energy from the Pdots is greater due to the integrate
cross-section of the Pdots. The absorption by these Pdots can
even be carried out by broad-band, non-coherent light sources.
At the same time, direct illumination of the sensitizer which is
in the dyad can be achieved in parallel with the FRET
mechanism, as is done by a usual photosensitization protocol.
Thus, the two pathways can function in parallel. This study
demonstrates that Pdots have a bright prospect not only in
cellular labeling, imaging, tracking and sensing,*” but also in
the field of biological photosensitization. Undoubtedly, further
research will result in major improvements in this technique.
When the technique has been fully developed and evaluated, it
will surely play an important role in the management of
photodynamic therapy.
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