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ABSTRACT: Singlet oxygen (1O2) generated upon photo-
stimulation of photosensitizer molecules is a highly reactive
specie which is utilized in photodynamic therapy. Recent
studies have shown that semiconductor nanoparticles can be
used as donors in fluorescence resonance energy transfer
(FRET) process to excite attached photosensitizer molecules.
In these studies, their unique properties, such as low nanoscale
size, long-term photostability, wide broad absorbance band,
large absorption cross section, and narrow and tunable
emission bands were used to provide advantages over the
traditional methods to produce singlet oxygen. Previous studies that achieved this goal, however, showed some limitations, such
as low FRET efficiency, poor colloidal stability, nonspecific interactions, and/or complex preparation procedure. In this work, we
developed and characterized a novel system of semiconductor quantum rods (QRs) and the photosensitizer meso-
tetra(hydroxyphenyl) chlorin (mTHPC), as a model system that produces singlet oxygen without these limitations. A simple
two-step preparation method is shown; Hydrophobic CdSe/CdS QRs are solubilized in aqueous solutions by encapsulation with
lecithin and PEGylated phospholipid (PEG−PL) of two lipid lengths: PEG350 or PEG2000. Then, the hydrophobic photosensitizer
mTHPC, was intercalated into the new amphiphilic PEG−PL coating of the QR, providing a strong attachment to the
nanoparticle without covalent linkage. These PEGylated QR (eQR)−mTHPC nanocomposites show efficient FRET processes
upon light stimulation of the QR component which results in efficient production of singlet oxygen. The results demonstrate the
potential for future use of this concept in photodynamic therapy schemes.

KEYWORDS: quantum rods, photosensitizer, fluorescence resonance energy transfer, nanocomposites, singlet oxygen,
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■ INTRODUCTION

Photodynamic therapy (PDT) is currently an approved FDA
therapy for cancer. It takes advantage of the interaction
between light, a photosensitizing agent, and oxygen to initiate
selective destruction of a target tissue by localized generation of
cytotoxic singlet oxygen.1−8 The photophysical process of
singlet oxygen generation during PDT involves a photo-
sensitizer, mostly tetrapyrrole derivatives, such as porphyrins
and chlorins, that have a suitable wavelength at which it can be
excited from S0 to S1, following which the excitation energy is
transduced by intersystem crossing to excite oxygen to singlet
oxygen (1O2).

5−8

meso-Tetra(hydroxyphenyl) chlorin (mTHPC), is a second
generation photosensitizer which is currently considered the
most potent and clinically used photosensitizer.1,9−13 mTHPC
has a high quantum yield of singlet oxygen generation.
However, like most photosensitizers, it has poor solubility in
water, which leads to its aggregation in aqueous solutions and
to rapid disappearance of its photochemical activity. Moreover,
mTHPC has two main narrow absorbance bands and a small
absorption cross section, which requires intense illumination in

very specific wavelengths in order to achieve singlet oxygen
generation.
Semiconductor nanoparticles (SC-NPs) have attracted great

interest over the past few years, and were used in various
biomedical applications ranging from imaging, sensing, and
drug delivery to light stimulation of neurons.14−21 For example,
semiconductor quantum dots (QDs) conjugated to delivery
agents were used to stain cancer cells both in vitro and in
animal models.14−17 SC-NPs can present unique photophysical
characteristics, such as size tunable emission, large absorption
cross section, wide absorbance band, long-term photostability,
and high fluorescence quantum yields.22−27 These properties
make them ideal to be used as donors in fluorescence
resonance energy transfer (FRET). This fact did not go
without notice, stimulating researchers to explore combination
of SC-NPs with photosensitizers for use in PDT.
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Burda and co-workers presented SC-NPs as potential PDT
agents.28 They linked CdSe QDs to silicon phthalocyanine PC
4 (PC4) and determined a 77% FRET efficiency. Although
QD-PC4 conjugates showed excellent ability to generate singlet
oxygen, it worked only in organic solutions, and thus was not
suitable for biological applications. Follow up works have
shown the ability to use additional nanocomposites of QDs and
photosensitizers to produce singlet oxygen, some of them
producing it also in aqueous environments.28−36 These works
proved the advantages in the use of QD−photosensitizer
nanocomposites for PDT, confirming the ability to induce
apoptosis in cancer cells, while presenting long-term photo-
stability and higher light sensitivity.
Beyond this progress, the different systems that were

suggested still presented some limitations such as, poor
colloidal stability and/or relatively low FRET efficiency in
biological solutions, pH = 7.4 buffers with strong ionic strength.
The major reason for these limitations is nonideal SC-NP
surface coating, such as bifunctional ligands (e.g., thiolate
ligands)14,37 or polymers14,37−41 that increases the distance of
the photosensitizer from the emitting core and/or not
providing significant steric stability to the NP. Moreover,
some of the used surface coatings were shown to cause
nonspecific interactions between NPs and cells.42

In this study, we propose a new SC-NP−photosensitizer
nanocomposites for singlet oxygen production which is based
on hydrophobic semiconductor quantum rods (QR) covered
with PEG-Phospholipids (eQR) and mTHPC intercalated into
the resulting amphiphilic coating (see Figure 1a). We
characterize the size and morphology of the eQR and present
efficient FRET between the eQR and mTHPC, which results in
efficient singlet oxygen generation in aqueous solutions. This

signifies the potential for future application of such
architectures also in PDT schemes.

■ MATERIALS AND METHODS
The phospholipids: 1,2-dipalmitoyl-sn-glycero-3-phospho-ethanol-
amine-N-[methoxy(polyethylene glycol)-2000] and 1,2-dipalmitoyl-
sn-glycero-3-phosphoethanolamine-N-[methoxy (polyethylene glycol)-
350] (PEG2000 and PEG350) were purchased from Avanti Polar Lipids
(Alabaster, Alabama, U.S.A.). meso-Tetra (hydroxyphenyl) chlorin
(mTHPC) was obtained from Prof. Mathias O. Senge, SFI
Tetrapyrrole Laboratory, University of Dublin, Ireland. The singlet
oxygen chemical quencher 9,10-dimethylanthracene (DMA), hexane
and L-α-phosphatidylcholine (L-α-lecithin), from frozen egg yolk, were
purchased from Sigma-Aldrich (St. Louis, Missouri, U.S.A.). Solvents
such as THF, DMF, and chloroform were purchased from Alfa Aesar
(Ward Hill, Massachusetts, U.S.A.).

Nanoparticles Synthesis. CdSe/CdS core/shell seeded nanorods
were synthesized following a previously described protocol based on a
seeded growth approach.43 Briefly, CdSe seeds were synthesized by
fast injection of selenium dissolved in trioctylphosphine (TOP)
solution into a four-neck flask containing CdO in trioctylphosphine
oxide (TOPO) and n-octadecylphosphonic acid (ODPA) at 350 °C
under an argon atmosphere. The crude solution was then washed to
remove excess ligands. Seed concentration was calculated based on
absorption measurements and was mixed with elemental sulfur
dissolved in TOP. Then the CdSe seeds and sulfur in TOP solution
was rapidly injected into a four-neck flask containing TOPO, ODPA,
CdO, and hexylphosphonic acid at 360 °C. After cooling, the crude
solution was dissolved in toluene, and methanol was added to
precipitate the NPs and remove excess precursors and ligands.

Spectroscopic Measurements. Absorbance spectra were meas-
ured with a Shimadzu (Kyoto, Japan) UV-2501PC UV−visible
spectrophotometer. The fluorescence intensity, excitation and
emission spectra, anisotropy, and time-drive kinetic measurements
were all measured with a Cary Eclipse fluorimeter, model 1.12 (Agilent
Technologies, Santa Clara, California, U.S.A.) equipped with a
polarizer accessory. Fluorescence lifetime measurements were carried

Figure 1. (a) Illustration of eQR−mTHPC nanocomposite system for 1O2 production. Excitation of the semiconductor, results in FRET from the
CdSe core to the mTHPC molecules intercalated to the PEG−PL coating, which results in singlet oxygen production. (b) Normalized absorbance
and emission spectra of CdSe/CdS QRs in hexane (black and red curves, respectively) and mTHPC in THF (blue and green). The graph
emphasizes the larger absorption cross section of QRs in comparison to mTHPC, and the good spectral overlap between QRs emission and mTHPC
absorption. (c) TEM image showing good size distribution of QRs, 32 ± 2 nm in length and 6 ± 0.5 in diameter.
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out using a fluorescence spectrometer (Edinburgh Instruments
FLS920) after irradiating the sample 475 ± 5 nm. Fluorescence QY
values were measured using the Hamamatsu absolute photo-
luminescence quantum yield spectrometer C11347 quanturus.
Preparations of eQR. Colloidal suspension of PEG−PL coated

QR was produced by modification of previously described method.44

For encapsulation of 1.25 mg/mL eQR, 0.5 mg QR in hexane was
mixed with 1.42 mg lecithin solution in chloroform and 1.39 mg
PEG350 or 3.56 mg PEG2000. The molar ratio of PEG2000 or −PEG350 to
lecithin was 40% and 60%, respectively.44 The mixture was dispensed
into a 20 mL scintillation vial and was subjected to a stream of blowing
nitrogen until all the solution had evaporated (40−60 min), forming a
dry layer at the bottom of the vial. Finally, 400 μL of distilled water
was added, and the sample was vortexed for few seconds.
Binding Kinetics. Kinetic experiments were performed by adding

8 μM mTHPC to eQR (50 μg/mL). The mTHPC’s fluorescence
intensity increased while keeping the solution agitated on a shaker for
10−12 h until it reached an equilibrium point.
Binding Constants. The binding constant, Kb, was calculated

using a titration method.45 Solutions containing 8 μM mTHPC and
increased concentrations of eQR dissolved in phosphate buffer saline
(PBS), were prepared. The samples were excited at 633 nm and
emission spectra were measured from 643 to 700 nm. Then the
maximal intensities (F) were plotted against the eQR concentration
(L), and the results were fitted to eq 1 (Origin, Microcal Software,
Northampton, Massachusetts, U.S.A.).
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where Finit and Fcomp are the initial fluorescence intensity of the
mTHPC without eQR, and the fluorescence obtained asymptotically at
complete binding, respectively. Kb is obtained in units of (μg/mL)−1.
Preparation of eQR−mTHPC Nanocomposites. In order to

expedite the intercalation of the mTHPC to the eQR, for FRET and
1O2 generation measurements, a slightly modified procedure was used
in which the encapsulation of the QR and intercalation of the
photosensitizer to the PEG−PL coating is performed concomitantly. A
mixture of phospholipids, PEG phospholipids, QR, and mTHPC, were
all dissolved in chloroform. Then the chloroform was evaporated with
a gentle stream of nitrogen, forming a dry film (60 min). PBS was
added, and the solution was vortexed for few seconds.
FRET Measurements. A known approach of steady-state emission

measurement was used, exciting the QR (donor) and detecting the
light emitted by the donor and the acceptor (mTHPC); when FRET
occurs, the donor emission decreases, and the decay time shortens. A
series of vials were prepared with increasing quantities of mTHPC (0−
8 μM), and a constant concentration of eQR (6.5 μg/mL). Steady
state measurements were performed using excitation at 580 nm.
Fluorescence lifetime measurements were performed using 475 nm as
the excitation wavelength, and the emission decay was followed at 620
nm (Donor’s only). Kinetic time-resolved FRET experiments were
performed by adding 8 μM mTHPC to eQR350 and eQR2000, while
keeping the solution agitated on a shaker for 24 h. FRET efficiencies
were calculated using the ratio between the fluorescence intensities
and the decay lifetime of the donor in presence and absence of the
acceptor46 (FDA and FD, and τDA and τD, respectively).
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Singlet Oxygen Generation Efficiency Measurements.
Samples were prepared concomitantly by adding 8 μM mTHPC, 13
μg QR, 40% PEG−PL, and 60% phospholipid molar ratio, evaporated
under nitrogen, and dissolved in 2 mL PBS, as described above. The
irradiation sources for photosensitization measurements of eQR,
eQR−mTHPC nanocomposites were measured using 473 and 650 nm
laser diode (Lasever Inc. Ningbo, China). The laser beam was
transferred to the top of the sample cuvette in the fluorimeter with an
optical diverging lens (LC1582-A, D = 25.4 mm, F = −75 mm
ThorLabs Newton, New Jersey, U.S.A.) to obtain uniform irradiation

along the sample cuvette. The laser beam passes the sample cuvette
through the long axis, perpendicularly to the excitation and emission
channels directions of the fluorimeter. The intensity of the laser beam
(3−6 mW) was measured, before and after the measurements, with a
laser powermeter (model PD2-A, Ophir, Jerusalem, Israel). To
measure the production yield of singlet oxygen, we employed 9,10-
dimethylanthracene (DMA, 2 μM final concentration) as a chemical
target that photo-oxidized rapidly by singlet oxygen. The irradiation
initiated only after reaching the binding equilibrium of the
hydrophobic DMA which intercalate into the lipid-PEG coating. The
DMA was excited at 376 nm, and the decreasing fluorescence intensity
at 405 nm was monitored over time. To evaluate the singlet oxygen
generation efficiency, φΔ, the following equations were used,47 where
DMA concentration (T) as a function of time (t) is given by the
following:

φ
= + × × − × −Δ − − ×T T

k
A eln ln (1 10 ) ( 1)

s

k t
0

OD s
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where T0 is the initial DMA concentration, A is the power of the laser,
ks is the decay rate of the sensitizer’s concentration, due to self-
destruction, and OD is the optical density of the solution in the laser
diode excitation wavelength. For measuring the QR singlet oxygen
production yield, since the sensitizer is stable, eq 3 evolves into the
usual formula (see Supporting Information, SI, for further details also
on error analysis):

= × φ− × × × ×ΔT T e A t
0

(OD 2.3) (4)

Electron Microscopy. The size and morphology of the
synthesized QR were assessed by TEM (Tecnai G2 Spirit Twin T-
12), HR-TEM (JEOL−TEM 2100 (LaB6)) and EDS−Thermo-Fisher,
Si-Dry detector, equipped with Noron six software. The size and
morphology of the coated particles (eQR350 and eQR2000) were
assessed by HRSEM−STEM (Magellan 400, FEI), at an accelerating
voltage of 5 and 25 kV, with current of 0.2- 0.8 nA; using detector
STEM II, mode: bright field.

Anisotropy Measurements. Continuous illumination with
monochromatic polarized light was used to excite our photo-
sensitizer−mTHPC system which is embedded into the lipid−PEG
micelles. The anisotropy is an indication of the rotational freedom of
the molecule in the viscous medium, the PEG−PL coating in our case.
Steady state anisotropy (r0) was measured for mTHPC in glycerol as
control, and for mTHPC embedded in the eQR350 and eQR2000.

■ RESULTS AND DISCUSSION
CdSe/CdS seeded nanorods (QRs) were chosen as the SC-NP
model system, which could ultimately be replaced in a more
biocompatible SC-NP. The rod geometry of the SC-NPs, that
was not examined so far for singlet oxygen production was
proven to show advantages over the QDs geometry in different
applications;18,48,49 They have a larger extinction coefficient,
making them more light sensitive, they present higher
fluorescent quantum yield, due to lower reabsorption and
significantly reduced FRET interactions with neighboring QR,
they have larger surface area which allows their conjugation to
multiple molecules, for example, both delivery agents and
photosensitizers, etc. Moreover, QRs show similar and even
better FRET efficiency to conjugated dyes in comparison to
QDs, depending the geometry of the seed.49

Figure 1b presents the absorption and emission spectra (red
and black curve, respectively) and Figure 1c presents
transmission electron micrograph (TEM) of the QR. The
dimensions of the nanorods are 32 ± 2 nm in length and 6 ±
0.5 nm in diameter. High resolution TEM and energy-
dispersive X-ray spectroscopy (EDS) were also used and
confirmed the CdSe/CdS structure (SI). The QR show lower
absorption beyond 480 nm, attributed mostly to the CdSe seed,

ACS Applied Materials & Interfaces Research Article

DOI: 10.1021/acsami.5b04318
ACS Appl. Mater. Interfaces 2015, 7, 21107−21114

21109

http://pubs.acs.org/doi/suppl/10.1021/acsami.5b04318/suppl_file/am5b04318_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.5b04318/suppl_file/am5b04318_si_001.pdf
http://dx.doi.org/10.1021/acsami.5b04318


with a sharp rise at 480 nm, resulting from the significant
additional absorption of the CdS rod. The emission peak of the
QRs is at 629 nm and their measured fluorescence quantum
yield is 50% in hexane.
Characterization of the PEGylated Nanoparticles. The

QRs were synthesized in organic solvents; therefore, to
solubilize the hydrophobic QRs in aqueous solution, we
encapsulated the nanoparticles into micelles consisting of
polyethylene glycol−phospholipids (PEG−PL) using modifi-
cation of previously described methods.44 This method was
chosen trying to solve the limitations of the QDs’ surface
coatings used so far for PDT. For example, this technique is
known to produce water-soluble nanocomposites with higher
colloidal stability than ligand exchange with thiolated ligands.
Moreover, using this surface coating we utilize the known PEG
advantages to increase NPs biocompatibility and minimize
nonspecific interactions with cells and biological mole-
cules.42,50,51

The QRs were coated with a mixture of lecithin with two
lengths of PEG−PL: either PEG350 or PEG2000composed of 7
and 44 ethylene glycol monomers, respectively. The encapsu-
lated QRs (eQR350 and eQR2000) presented identical emission
and excitation spectra to those before the encapsulation. The
fluorescence quantum yield in aqueous solution was 54.5%.
This emphasizes the advantage of the encapsulation method,
since the traditional ligand exchange techniques to render SC-
NPs soluble in aqueous solutions, usually resulting in significant
decreases in their fluorescence quantum yield.
For defining the size of the encapsulated QRs, we used

STEM measurements with a low voltage. The average size of
the eQR350 and eQR2000 was 36/9.5 and 42/16 nm, respectively
(Figure 2). Therefore, the coating diameters, which are the
length of the entangled PEG chains, are approximately, 2 and 5
nm. The calculated lengths of stretched PEG350 and PEG2000

chains are 2.9 and 17 nm. Therefore, the measured lengths of

the PEG chains are shorter than the calculated ones, indicating
as expected that the PEG chains are folded.
The encapsulation transforms the hydrophobic QR to a

colloidal solution of PEG−lipid coated QR in water. Every
single QR is trapped in a micelle in a way that the lipid embeds
the hydrophobic QR as the amphiphilic PEG chains extend
outward in the aqueous medium. Hydrophobic small molecules
can easily penetrate into the micelle by noncovalent
interactions. This was exploited to achieve close proximity to
the photosensitizer molecules, which is of great importance to
allow an efficient FRET process without compromising on the
colloidal stability. This is in comparison to polymer surface
coatings, which usually increase NP colloidal stability, while
increasing the distance of the conjugated molecules from the
semiconductor surface.
The hydrophobic mTHPC, which is a powerful, clinically

relevant, frequently used photosensitizer, was chosen for our
model system. The main absorbance peaks of mTHPC are at
420 and 650 nm and its emission peak in THF is located at 652
nm (Figure 1b). When examining the absorption coverage of
both eQR and mTHPC in the same concentration and in the
whole region between 320 and 800 nm, the integrated eQR
spectrum is larger by more than 2 orders of magnitude in
comparison to mTHPC (The molar extinctions of QR and
mTHPC in the visible spectral range differ by 2 orders of
magnitude. For example, the molar extinction coefficients at
420 nm, wherein the most significant peaks of mTHPC are ε =
1.59 × 107 M−1cm−1 vs ε = 1.44 × 105 M−1cm−1 for QR and
mTHPC, respectively). This great difference is emphasized in
Figure 1b, signifying the ability of SC-NP−photosensitizer
nanocomposites to increase the light sensitivity of photo-
sensitizer based systems for singlet oxygen production. Using a
noncoherent white light will exploit both the high light
harvesting capability of the QR in the visible light region and
the mTHPC’s excellent singlet oxygen production efficiency,
and thus will undoubtedly enhance the efficiency of the
photochemical reaction that underlies PDT. Figure 1b also
illustrates the good overlap that exists between the eQR
emission and the excitation spectrum of mTHPC, which is a
fundamental requirement for efficient FRET. We calculated the
overlap integral (J) and the Forster radius (Ro), for the two
PEG chain lengths (SI). J(λ) for eQR350 and eQR2000 is (6.3 ±
1.4) × 10−14 M−1·cm3. The evaluated R0 obtained for eQR350−
mTHPC and eQR2000−mTHPC, is 4.3 ± 0.1 nm. This
evaluated R0 is a consequence of the good spectral overlap
and the CdSe/CdS QR high fluorescence quantum yield of the
donor in water (54.5%).

Binding Constants. The binding constant (Kb) between
mTHPC and the eQRs was measured by a titration method.40

Solutions with increased concentrations of eQR were mixed
with 8 μM mTHPC, and emission spectra were measured after
excitation of eQRs. An enhancement in the mTHPC emission
maxima was observed as a function of eQRs concentration
(Figure 3). The Kb constants were then extracted by fitting eq 1
to the results. The calculated Kb constant for eQR350 and
eQR2000 is 2.6 ± 0.6 (nM)−1, indicating the achievement of
strong noncovalent binding between mTHPC and the eQR.
These results also allow extraction of the eQR concentration
required to achieve 50% binding of 8 μM mTHPC. The
concentration is 1/Kb = 0.4 ± 0.1 nM for eQR350 and eQR2000.

FRET Efficiency. The intercalation of the mTHPC to the
eQR afforded indirect excitation of mTHPC by FRET.
Excitation of solutions containing eQR mixed with increased

Figure 2. STEM images of eQR: (a,b) The measured length and width
of eQR350. (c,d) The measured length and width of eQR2000. The
synthesized nanorod sizes were increased by coating diameters of 2
and 5 nm for eQR350 and eQR2000, respectively.
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concentrations of mTHPC at 580 nm resulted in increased
emission of mTHPC (Figure 4a). Excitation in 580 nm is not
optimal for eQRs; however, it is convenient for the study of
FRET in our system, since mTHPC has no absorption in this
wavelength. Excellent FRET efficiencies, up to 94%, were
estimated for both PEG2000 and PEG350 coated QR-mTHPC
nanocomposites (Figure 4b). As far as we know, this is one of
the highest FRET efficiencies demonstrated so far for SC-NP−
photosensitizer nanocomposites in aqueous solutions. We
assume that the high efficiencies derive from the good spectral
overlap, donor’s high fluorescence quantum yield, and the close
proximity between the QR and the mTHPC, as achieved using
our PEGylation route.
Lifetime Measurements. Another confirmation for these

observations was realized using lifetime measurements. Samples
were excited at 580 nm, and emission was detected at 620 nm

where the mTHPC has minimal emission. In the presence of
mTHPC, a drastic shortening of the decay time is observed
(Figure 4c, red and black versus green and blue). The effective
decay lifetimes (⟨τ⟩), the times required to reach to 1/e of the
initial signal, are summarized in Table 1, and confirm the

assumed FRET mechanism. The effective lifetimes with and
without mTHPC were then used for calculating FRET
efficiency for eQR350−mTHPC and eQR2000−mTHPC nano-
composites eq 2, presenting high quantum yields of 95% and
92%, similar to those presented using the fluorescence values.
Kinetic time-resolved FRET experiments were also per-

formed. The decay times were measured in several time points
following the addition of the mTHPC photosensitizer, showing
shortening lifetimes with time due to the accumulation of
mTHPC molecules into the eQR coating. The results are
consistent with increasing concentrations of mTHPC in the
steady state fluorescence FRET experiment (Figure 4a). The
effective lifetimes ⟨τ⟩ are presented in Table 2.

Figure 3. Fluorescence intensity of mTHPC at 654 nm, as a function
of eQR concentrations. The binding constants extracted from these
curves indicate the achievement of strong noncovalent binding
between eQR and the mTHPC.

Figure 4. (a) The change in the fluorescence intensities of eQR2000 and mTHPC upon addition of mTHPC due to FRET. The emission of the eQR
is reduced, whereas that is of mTHPC is increased. (b) Energy transfer efficiency for both types of coated QR as a function of mTHPC
concentration. The FRET efficiency is increased with mTHPC concentrations until a maximal efficiency of almost 1 is achieved. (c) Fluorescence
lifetime measurements with and without mTHPC (eQR−mTHPC PEGylated concomitantly) showing significant shortening of the eQRs in the
presence of mTHPC. (d) Kinetic fluorescence lifetime measurements with eQR350 reveal that the eQRs lifetime is shortening with time upon
addition of mTHPC.

Table 1. Effective Decay Lifetime (⟨τ⟩) for eQR and eQR−
mTHPC Nanocomposites PEGylated Concomitantlya

PEGn ⟨τ⟩ [nsec]

PEG350 eQR 13.1 ± 0.1
eQR−mTHPC 0.7 ± 0.1

PEG2000 eQR 12.6 ± 0.1
eQR−mTHPC 1 ± 0.1

aThe table demonstrates the shortening of the effective lifetime in the
presence of mTHPC which confirm the assumed FRET process,
between the eQR and mTHPC. ⟨τ⟩ refers to the time required to
reach to 1/e of the initial signal.
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Singlet Oxygen Quantum Yield. Proving an efficient
FRET process, we then continued to examine the efficiency of
singlet oxygen generation. Kinetic measurements of singlet
oxygen production were done by monitoring the fluorescence
decay of the sensing molecule DMA (Figure 5). The quantum
yield of the singlet oxygen production was then calculated for
each measurement, and the results are summarized in Table 3.

The first set of measurements were detection of singlet
oxygen formation in the presence of eQR alone during
excitation at 473 nm (Figure 5 black curve, Table 3, row 1).
These results exhibit higher photosensitization efficiency for the
eQR2000 than the eQR350. The results are explainable on the
basis of 1O2’s diffusion in different thicknesses of the PEG−PL
layers, PEG2000 or PEG350. Singlet oxygen is generated by the
QR and diffuses through the PEG−PL coating. When the
chemical target used is DMA, the probability of 1O2 to react
with the delocalized target is higher if the diffusion path of the
oxygen originates from a deeper location within the
membrane.52 Therefore, the extended time 1O2 stays in the

PEG2000 layer in comparison to PEG350 results in higher
photosensitization efficiency.
The mTHPC self-singlet oxygen efficiency was measured by

excitation of the eQR−mTHPC nanocomposites at 650 nm,
which matches the mTHPC absorbance spectrum where eQR
has no absorption at all. A higher photosensitization efficiency
is given for mTHPC when it penetrates into the eQR350 PEG−
PL layer compared to eQR2000 (Figure 5 red curve, Table 3,
row 2). These apparently contradicting findings are explainable
when measuring the anisotropy of mTHPC in both types of
nanocomposites.
The steady state anisotropy measured for mTHPC in

glycerol, as control, is 0.27 and for mTHPC embedded in the
eQR350 and eQR2000 are 0.17 and 0.08, respectively. The
anisotropy is an indication of the rotational freedom of the
molecule in the viscous medium, the PEG−PL coating in our
case. The lower anisotropy measured for mTHPC molecules
embedded in eQR2000 in comparison to eQR350 indicates higher
rotational freedom in the PEG2000−PL layer. This facilitates
internal conversion as a competing process and, therefore,
lower photosensitization efficiency of mTHPC embedded in
eQR2000.
The singlet oxygen generation efficiency for eQR−mTHPC

via FRET process was measured by excitation of the eQR−
mTHPC nanocomposite at 473 nm that matches mainly the
eQR absorbance spectrum (Figure 5 blue curve, Table 3, row
3). Faster decay is seen in comparison to excitation of eQRs
alone (black curve). The results emphasize the singlet oxygen
production by the eQR−mTHPC nanocomposite via FRET on
levels compared to the production upon direct irradiation of
mTHPC alone.
The similarity of 1O2 generation efficiencies was seen for

both eQR350−mTHPC and eQR2000−mTHPC nanocompo-
sites. This can be explained considering the two opposite
contributions that are described above, the dwell time of 1O2
and the anisotropy of mTHPC in both layers.

■ CONCLUSIONS
In this paper, we present and characterize novel encapsulated
QR−photosensitizers nanocomposites for efficient singlet
oxygen production. Strong non-covalent binding was demon-
strated between hydrophobic CdSe/CdS seeded QR encapsu-
lated by PEG−PL and lecithin and hydrophobic mTHPC
molecules. For both eQR350−mTHPC and eQR2000−mTHPC
nanocomposites an enormous FRET efficiency was observed
(94%). This indicates that in parallel to the known achievement
of very good colloidal stability in physiological solutions using
this encapsulation technique and the minimization of non-
specific interaction with biological molecules and cells realized
by the PEG, the method suggested here also allows for
achieving excellent FRET efficiencies. This was contributed to
the use of SC-NP with rod geometry, the maintenances of large
fluorescent quantum yield after the phase transfer and the
ability of the mTHPC to penetrate deep into the PEG−PL
coating close to the QR surface.
The high FRET efficiency of the nanocomposite eQR−

mTHPC indicates the possibility for overall use of the wide
light bandwidth of the eQR via FRET, in parallel to the ability
to directly excite the mTHPC. This kind of approach may bring
a more efficient generation of singlet oxygen by the
nanocomposite than by the mTHPC alone.
Comparison between eQR350−mTHPC nanocomposites to

eQR2000−mTHPC nanocomposites has shown similar results in

Table 2. Effective Decay Lifetime (<τ>) for eQR-mTHPC
Nanocomposites Measured during Sensitizer’s Intercalation
to the eQR Coatinga

eQR time ⟨τ⟩ [nsec]

eQR350 0 h 10.5 ± 0.1
5 min 6.1 ± 0.1
10 h 3.9 ± 0.1
24 h 2.4 ± 0.1

eQR2000 0 h 11.9 ± 0.1
5 min 8.5 ± 0.1
10 h 7.6 ± 0.1
24 h 5.3 ± 0.1

aThe table shows the kinetics of the process and proves the shortening
of the effective lifetime results from the FRET process and not from
the presence of mTHPC in the solution. ⟨τ⟩ refers to the time required
to reach to 1/e of the initial signal.

Figure 5. DMA fluorescence disappearance as a result of singlet
oxygen generation following excitation of eQR at 473 nm (black),
mTHPC in eQR−mTHPC composite at Ex650 nm (red) and eQR−
mTHPC at 473 nm (blue).

Table 3. Singlet Oxygen Generation Efficienciesa

φΔ/PEGn PEG2000 PEG350

φΔ eQR (473 nm) 0.32 ± 0.02 0.15 ± 0.01
φΔ eQR−mTHPC(650 nm) 0.8 ± 0.02 1 ± 0.04
φΔ eQR−mTHPC(473 nm) 0.79 ± 0.02 0.75 ± 0.02

aThe results are relative to the highest efficiency evaluated.
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the fluorescence and FRET parameters and in the 1O2
generation efficiencies; however, the sizes of the particles are
smaller for eQR350 compared to eQR2000. For further
investigation in cells, one should consider using the smallest
particles which will penetrate more easily into cells.
This introduction of photochemical, colloidally stable, and

efficient singlet oxygen producing systems, together with the
ability to utilize other SC-NPs properties to add functionalities
to the nanocomposites, such as for imaging, delivery, etc., will
hopefully yield in the development of a better toolkit for cancer
therapy.
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