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ABSTRACT: Photodynamic therapy (PDT) is a promising therapeutic modality for cancer. However, current protocols using
bare drugs suﬀer from several limitations that impede its beneﬁcial clinical eﬀects. Here, we introduce a new approach for an
eﬃcient PDT treatment. It involves conjugating a PDT agent, meso-tetrahydroxyphenylchlorin (mTHPC) photosensitizer, to
gold nanoparticles (AuNPs) that serve as carriers for the drug. AuNPs have a number of characteristics that make them highly
suitable to function as drug carriers: they are biocompatible, serve as biomarkers, and function as contrast agents in vitro and in
vivo. We synthesized AuNPs and covalently conjugated the mTHPC drug molecules through a linker. The resultant functional
complex, AuNP−mTHPC, is a stable, soluble compound. SH-SY5Y human neuroblastoma cells were incubated with the
complex, showing possible administration of higher doses of drug when conjugated to the AuNPs. Then cells were irradiated with
a laser beam at 650 nm to mimic the PDT procedure. Our study shows higher rates of cell death in cells incubated with the
AuNP−mTHPC complex compared to the incubation with the free drug. Using the new complex may form the basis for a better
PDT strategy for a wide range of cancers.
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1. INTRODUCTION
Photodynamic therapy (PDT) is a selective, clinicallyrecognized approach for the treatment of solid malignant
tumors. PDT is considered to be a minimally invasive and
nontoxic therapy.1 The classical procedure involves a systemic
administration of photosensitizers,2 followed by a local
(superﬁcial or endoscopic) illumination at the aﬀected sites
by a laser beam with a speciﬁc wavelength that excites the
photosensitizer, causing it to emit ﬂuorescence at a speciﬁc
wavelength. This ﬂuorescence can be used to mark the tumor
and its margins. When photoirradiation is performed in the
presence of oxygen, the photosensitizer molecules, which are in
their triplet excited state, couple with oxygen molecules at their
ground state and generate singlet oxygen molecules (1O2).3
These singlet oxygen species are highly reactive and very
cytotoxic,4,5 known to cause tumor (or its vasculature)
detriment.6,7 The treatment of malignant tumors by PDT has
several advantages over other treatment approaches like
chemotherapy or radiotherapy, because of a favorable safety
proﬁle that allows repeated dosing without limitations of the
total dose.8
© 2018 American Chemical Society

In the last 20 years, several photosensitizers have been
developed and characterized.9 These photosensitizers diﬀer in
their tumor accumulation, cellular localization, and the required
typical wavelength for activation.10−14 Some of the photosensitizers have received regulatory approval for clinical use.15
One of them is the meso-tetrahydroxyphenylchlorin (mTHPC)
photosensitizer known also as “Temoporﬁn” (proprietary name
“Foscan”) that was approved for the treatment of nonmelanoma skin cancers by the EMA in 2001.16,17 mTHPC is
a second-generation photosensitizer; it is activated by a 650 nm
laser beam, unlike the ﬁrst-generation porphyrin photosensitizers that are activated at 405 nm,18 allowing deeper
penetration into tissues Additionally, compared to other
photosensitizers, the mTHPC has a relatively longer lifetime
in the triplet state,19−23 which allows higher production of the
necessary singlet oxygen for PDT treatment. mTHPC also has
the unique property of accumulating in solid tumors to a far
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greater extent than in normal tissues.24 Therefore, relatively
lower doses of mTHPC are required for eﬀective PDT.
Some PDT protocols have been approved; however, the
method still suﬀers from several limitations, impeding its
beneﬁcial outcomes. mTHPC accumulates favorably in tumor
tissues, and yet, since the photosensitizer drug accumulation is
passive, the selectivity level is suboptimal, requiring administration of multiple high doses. The density of solid tumors
and the surrounding necrotic tissue limit the accessibility of the
photosensitizing drug into the malignant tissue, thus impairing
PDT.25 Furthermore, like most photosensitizers, it has poor
water solubility, which leads to rapid aggregation in aqueous
solutions and to less eﬀective photochemical activity.26 To
overcome these constrains, the development of means for
targeted delivery of photosensitizers is essential for improving
the selectivity and eﬃcacy of the PDT.
Nanoparticles have been accepted in the past decade as
having great potential for use as targeted drug delivery agents
for anticancerous treatment,27−29 for example, porous silicon
(PSi) nanoparticles,30 polymer carriers (Pdots),31 quantum
dots (QDs),32 and more. Among several studies of nanoparticle
preparations, gold nanoparticles (AuNPs)33 were found to have
unique physical and chemical properties. These allow their use
for measurements by surface plasmon resonance (SPR) or
computed tomography (CT) imaging.34 The chemical properties of AuNPs allow for binding functional groups such as
amines or thiols to their surface for biomedical applications.35−37 AuNPs provide a relatively long circulation time;
they are nontoxic and biocompatible.38 One of the fundamental
principles of targeted drug delivery into cancerous tissue is
based on the enhanced permeability and retention (EPR)
eﬀect. The hyperpermeable tumor vasculature allows the entry
of large particles including proteins, liposomes, micelles, and
other soluble particles that are large enough to avoid renal
clearance.39 AuNPs can serve as nanocarriers for active
molecules conjugated as cargo on their surface and exhibit
improved delivery for biomarkers, imaging, and tracing agents
in vivo.40−43
In this study, we exploited the unique EPR eﬀect as a new
research avenue for targeted drug delivery, retainment, and
stabilization of its activity. For these purposes, we conjugated
the mTHPC photosensitizer molecules to AuNPs to obtain an
AuNP−mTHPC complex. This conjugation was designed to
achieve an eﬀective complex that will serve as a drug delivery
vehicle and improve the photodynamic therapeutic eﬀect. It
was further meant to achieve longer exposure with lower doses,
as complexation to AuNPs is known to stabilize the conjugated
molecules and to elongate circulation lifetime of the
complex.44,45 These designed nanoparticles, after reaching the
diseased sites in vivo, can be monitored either ﬂuorescently or
by CT.46
In this article, we present the characterization of the AuNP−
mTHPC complex and demonstrate that the complex forms a
stable and uniformly active drug compound, which is several
folds less toxic than the free photosensitizer drug and the cell
viability after PDT treatment.

Laboratory, University of Dublin, Ireland. Anthracene-9,10-dipropionic acid (ADPA), as a singlet oxygen chemical quencher, was
purchased from Sigma-Aldrich (St. Louis, U.S.A.). Solvents such as
EtOH and dimethylformamide (DMF) were purchased from Alfa
Aesar (Ward Hill, MA, U.S.A.).
2.2. Preparation and Characterization of AuNP−mTHPC
Conjugates. Synthesis of AuNPs was performed according to the
Turkevich et al. method.47 HAuCl4·3H2O (0.004 g) was dissolved in
20 mL of double-distilled water (DDW), stirred, and boiled. While still
boiling, 2 mL of 38.8 mM sodium citrate was added (sodium citrate is
used here as the reducing and capping agent). After about 10 min the
solution became deep red in color, and 5 μL of 3-mercaptopropionic
acid was added for an additional 7 min. As the solution boils, DDW
was added as needed to keep the total volume of the solution near 22
mL. Heating of the ﬁnal solution was stopped but stirring was
maintained until room temperature was reached, resulting in the
formation of AuNPs functionalized with mercaptopropionic acid
capping. The solution was dialyzed for 24 h. The obtained AuNPs
solution was used for the conjugation of mTHPC photosensitizer
molecules to AuNP. This conjugation was through esteriﬁcation
procedure and included a preparation of 5 mg/mL mTHPC stock
solution in ethanol. The initial Au nanoparticles solution was removed
from the dialysis and the pH was tuned to 12. This basic solution was
stirred and heated up to 80 °C for 150 min. At 50 °C, some drops of
mTHPC solution (prepared earlier) were added at a constant rate.
The pH during the procedure was maintianed in the ranged of about
∼9−10. After heating, the solution was removed and dialyzed with
DDW in basic pH for 3 days. The obtained solution was brown-red in
color.
To measure the concentration, inductively coupled plasma-optical
emission spectrometry elemental analyses were performed using a
FHX22 MultiView plasma (SOP, EOP).
The structure and size of the nanoparticles were investigated using
TEM (transmission electron microscope): JEOL 1400 at 120 kV,
JEOL JEM-2100 (LaB6) at 200 kV, and Hitachi HF3300 for highresolution transmission electron microscopy (HRTEM) imaging.
Dynamic light scattering (DLS) for hydrodynamic average diameter
and zeta potential measurements were performed using a Zetasizer
Nano-ZS (Malvern Instruments Ltd., UK) employing a nominal 5 mW
He−Ne laser (operating wavelength: 633 nm, 20 °C, triplicate
measurements) and disposable DTS1060C-Cleare ξ cells (ddH2O, 25
°C).
2.3. Spectroscopic Measurements. Absorption spectra were
recorded on a Shimadzu (Kyoto, Japan) UV-2501PC UV−visible
spectrophotometer. The emission spectra and ﬂuorescence time-drive
measurements were performed by a PerkinElmer 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 nonlinear routine (Origin, Microcal Software,
Northampton, MA).
2.4. Singlet Oxygen Quantum Yield. We prepared suspensions
of free mTHPC and conjugated mTHPC (part of the Au−mTHPC
complex) in ethanol at concentrations of 1.25 and 2 μM mTHPC,
respectively. These solutions contained 5 μM ADPA from prepared
stock solution in DMF. The ﬂuorescent ADPA molecule is used as a
chemical trap of singlet oxygen since it reacts selectively and rapidly
with it to form the nonﬂuorescent 9,10-endoperoxide (ADPAO2).48
For the interaction with singlet oxygen the rate constant is ∼1 × 10−8
M−1·s−1 (in water).49 A diode-pumped solid-state laser beam (Ningbo
Lasever Inc., Ningbo, China) at 650 nm, whose radiation wavelength is
within the mTHPC’s absorption band, was chosen. The constancy of
the laser power during the experiments was measured with a Nova
power meter (Ophir, Jerusalem, Israel). The photoproduction rate of
excited photosensitizer molecules, in molar concentration units per
second, kpho, is given by the following equation:

2. EXPERIMENTAL SECTION
2.1. Materials. Citric acid trisodium salt dehydrate, 99% pure, and
3-mercaptopropionic acid were purchased from ACROS ORGANICS.
Hydrogen tetrachloroaurate(III) hydrate (99.9% Au) was purchased
from System Chemicals. meso-Tetrahydroxyphenylchlorin (mTHPC)
was obtained from Prof. Mathias O. Senge, SFI Tetrapyrrole

k pho =
2320

0.98P(1 − 10(−abs·L))
NAV

(1)
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to the medium and incubated for 5 h at 37 °C. Absorbance was
measured at 450 nm (630 nm background) using a spectrophotometer
(BioTek Synergy4, Vermont USA). All viability measurements were
scaled to a viability of irradiated cells without any NPs or free drug
(indicated as control).
2.8. E-SEM. SH-SY5Y cells were then ﬁxed with a ﬁxation buﬀer
[2.5% (wt/vol) paraformaldehyde, 2.5% glutaraldehyde, 0.1 M
cacodylate buﬀer] for 2 h in 24 °C and left overnight in 4 °C. After
the ﬁxative was washed out three times with 0.1 M cacodylate buﬀer
and then with DDW, the samples were dehydrated in ethanol
solutions of 50%, 70%, and 95% and three times 100%, for 10 min
each. The samples were then immersed for 10 min in 100%
hexamethyldisilazane (HMDS, Sigma); after the HMDS treatment
the samples were left to air-dry. The samples were coated with carbon
and viewed with a Quanta FEG, FEI (15000 kV).
2.9. Statistical Analysis. Error bars represent standard errors
deviation. Statistical signiﬁcance was measured by a two-tailed test, and
p-values are described in the ﬁgure captions. All experiments were
performed in triplicate and compared to the appropriate control.

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), NA is the number of Einstein units (1 Einstein = 6.023 × 1023
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 ADPA was measured in a timedrive mode while, simultaneously, the laser irradiates the sample along
the cuvette’s long axis, perpendicular to the ﬂuorimeter’s excitation
and emission direction, and its light was absorbed by the AuNP−
mTHPC conjugates. The sample was stirred magnetically throughout
the illumination, to obtain uniform exposure of the whole sample to
the light. The ﬂuorescence intensity traces of ADPA were ﬁtted to
exponential decays by a least-squares ﬁtting (Origin, Microcal
Software, Northampton, MA):

IADPA = Ae−kADPAt

(2)

where IADPA is the ﬂuorescence intensity of the ADPA and kADPA is the
rate constant for the decrease of ADPA’s ﬂuorescence during time t.
For each sensitizer, the singlet oxygen quantum yield (QY), ΦΔ, is
proportional to the value of kADPA/kpho. The yields were calculated,
relative to a standard sensitizer for which its quantum yield, ΦΔstandard,
for the same solvent is known. Thus, ΦΔsensitizer of AuNP−mTHPC
complex can be determined using the following expression:50−52
⎛ KADPA ⎞
⎜
⎟
⎝ k pho ⎠sensitizer
ΦΔsensitizer
=
⎛K ⎞
ΦΔstandard
⎜ ADPA ⎟
⎝ k pho ⎠standard

3. RESULTS AND DISCUSSION
We have synthesized AuNPs, and conjugated them to mTHPC
molecules using an esteriﬁcation procedure. These preparations
and the characterization of the gold nanoparticles alone and in
their conjugated complex (AuNPs−mTHPC) are described
herein. Our characterized new conjugated complex was tested
for its ability to generate singlet oxygen molecules and its toxic
eﬀect was examined on a malignant cell line as a potential tool
for eﬃcient PDT treatment of tumors.
3.1. Synthesis and Characterization of AuNPs and
AuNP−mTHPC Conjugates. The preparation of AuNPs and
its drug-conjugated form (Figure 1) are described in the

(3)

The values of ΦΔ were determined by a statistical average of ﬁve
independent, repeated measurements. The weighted average, μ, of
several measurements, each yielding a result Xi and possessing a
measurement error σi, was calculated using the formula53
μ≅

∑ (Χi /σi 2)
∑ (1/σi 2)

σμ2 ≅

1
∑ (1/σi 2)

(4)

The uncertainty of the calculated average, σμ, is also given in eq 4.
2.5. Cell Culture. Human neuroblastoma cells SH-SY5Y (ATCC)
were grown in tissue culture ﬂasks (Greiner, Stroudwater, UK)
containing Dulbecco’s modiﬁed Eagle’s medium (DMEM, SigmaAldrich, St. Louis). The medium was supplemented with 10% fetal
bovine serum (FBS), 1% L-glutamine, 1% penicillin-streptomycin, and
0.2% amphotericin (Biological Industries, Beit-Haemek, Israel). The
cells were incubated at 37 °C in a humidiﬁed atmosphere with 5%
CO2/95% air and were subcultured twice a week by adding 5 mL of
trypsin when reaching a conﬂuence of ∼80%. The cell cultures were
followed daily for up to a week using light microscopy (Leica DM IL
LED; Leica Microsystems, Wetzlar, Germany). These cells were used
as a model to examine the nanoparticles uptake by human cancerous
cells and cell viability.
2.6. Flow Cytometric Analyses of Nanoparticles Uptake. SHSY5Y cells were incubated for up to 48 h in a serum-free DMEM
medium with AuNP−mTHPC complex. After incubation, the cells
were washed twice with ﬁltered phosphate buﬀered saline and
collected in the dark. In a separate experiment, cells were incubated
with conjugates at increasing mTHPC concentrations in the complex,
ranging from 0.26 to 1.2 μM. Their ﬂuorescence intensity in cells was
measured by ﬂow cytometry (FACS, Beckman Coulter Inc., CA, USA)
with laser excitation at 405 nm and emission ﬁltered at 670 nm, with
14 nm bandwidth.
2.7. Cell Viability Assay. The XTT assay was used for quantitative
measurements of cell death. The assay is based on the ability of
metabolic active cells to reduce the tetrazolium salt XTT to orangecolored compounds of formazan. The intensity of the dye is
proportional to the number of metabolic active cells. SH-SY5Y cells
(1 × 104) were seeded in 96-well plates (Greiner Bio-One, Germany).
After 24 h exposure of AuNP−mTHPC complex or free mTHPC
drug, XTT reaction solution (Biological Industries, Israel) was added

Figure 1. AuNP−mTHPC complex illustration: a chemical structure
of mTHPC in the conjugates and the linker 3-mercapto-propionc acid
(from left to right).

Experimental Section. Brieﬂy, the colloidal AuNPs were
functionalized with mercaptopropionic acid capping which
served as a linker to conjugate the mTHPC photosensitizer
molecules. This conjugation occurs via an esteriﬁcation process
between the hydroxyl groups of the drug and the carboxylic
group of the linker mercaptopropionic acid (as illustrated in
Figure 1).
Characterization of particle size was performed by TEM
measurements of AuNPs and AuNP−mTHPC complex
(Figure 2A,B). The average obtained diameter of the dry
particles was 12 ± 0.5 and 12 ± 1 nm, respectively. As can be
seen in Figure 2, both the bare AuNPs and their conjugated
forms retain their spherical shape in both dispersions.
The average hydrodynamic diameter of each AuNP and
AuNP−mTHPC solution was measured by DLS, exhibiting
similar diameters of 210 ± 21 and 180 ± 19 nm, respectively.
The concentration of AuNP−mTHPC complex was
measured by elemental analysis of inductively coupled plasma
(ICP). A concentration of 2.36 mg/L (1.19 × 10−2 mM) of
2321
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Figure 2. Size characterization and spectroscopic measurements of AuNPs and AuNP−mTHPC complex. (A) TEM image of AuNPs. (B) TEM
image of AuNP−mTHPC complex. Scale bar = 50 nm. (C) Normalized absorbance spectra of free mTHPC (red) and AuNP−mTHPC (black)
dissolved in ethanol. (D) Fluorescence spectra of AuNP−mTHPC complex and free mTHPC molecules (spectra overlap, λex = 405 nm).

These measurements show that the conjugation of mTHPC
molecules to AuNPs is not aﬀecting the ﬂuorescence properties
of mTHPC as required for PDT. The absorbance band at 650
nm is a commonly accepted wavelength for irradiation of
mTHPC in the PDT procedures (see Introduction).18
3.2. Singlet Oxygen Quantum Yield of the AuNPs−
mTHPC Complex Used for PDT Assessment. Direct
excitation of the photosensitizer mTHPC leads to production
of a singlet oxygen which aﬀects cell viability. To measure the
singlet oxygen production yield of the AuNP−mTHPC
complex, we used the ﬂuorescent anthracene-9,10-dipropionic
acid (ADPA) as a chemical target. The marker ADPA traps the
produced singlet oxygen and shows a decrease in its
ﬂuorescence intensity. We measured the kinetics of the
ﬂuorescence intensity decay of ADPA in a time-resolved
mode, following irradiation at 650 nm of the free mTHPC
molecules and AuNP−mTHPC conjugates. Kinetics of solution
with ADPA only under irradiation and solution of conjugated
complex with ADPA without irradiation show stability in
ADPA’s ﬂuorescence intensity (data not shown), demonstrating the speciﬁcity of 1O2 trapping by ADPA. Figure 3 depicts
the ﬂuorescence intensity decays of ADPA with the free
mTHPC and conjugated complex after exponential ﬁtting (see
Experimental Section, eq 2). To determine singlet oxygen
quantum yields, we used ADPA decays in solution from free
and conjugated mTHPC in ethanol. With use of mTHPC in
ethanol as a standard, whose quantum yield (ΦΔstandard) is
known and previously reported55 ΦΔstandard = 0.3, a value of ΦΔ
= 0.24 ± 0.03 was calculated for AuNP−mTHPC conjugates in
ethanol (see Experimental Section, eq 3). The singlet oxygen
quantum yield obtained for the conjugated complex is similar to

elemental Au was measured in solution. Free mTHPC
absorbance measurements were used to determine and quantify
the concentration of the mTHPC molecules in the same
conjugated complex solution. For calibration, we measured the
maximal absorption at 420 nm of free mTHPC at diﬀerent
concentrations. With use of the Beer−Lamberts law, the molar
extinction coeﬃcient of mTHPC was calculated as 4.6 × 104
M−1 cm−1. On the basis of the calibration curve, the
concentration of the conjugated mTHPC drug in the complex
form (AuNPs−mTHPC) was found to be 0.134 mM.
Zeta potential measurements of particles show −19.1 ± 1.18
mV for the Au nanoparticles and −46.4 ± 1.89 mV for the Au−
mTHPC nanoparticles. On the basis of the chemical structure
of mTHPC, conjugated nanoparticles become relatively more
negative.
One of the important aspects of conjugating the active
molecules to AuNPs is to retain their activity in phototherapy.
To examine this aspect, the spectroscopic properties of the
conjugates were characterized by UV−vis and ﬂuorescence
spectroscopy measurements. The absorption spectra and the
emitted ﬂuorescence of both free and conjugated-mTHPC
molecules (in ethanol solutions) were recorded and are
depicted in Figure 2C,D. As presented, the absorbance spectral
properties of AuNP−mTHPC nanoparticles are quite similar to
those of the free mTHPC molecules. Both spectra display a
Soret band at 420 nm and four Q-bands, one of them a more
prominent absorption band at a long wave of 650 nm.54 The
ﬂuorescence intensity emission was obtained for both free and
conjugated mTHPC molecules by excitation at one of the
absorption bands (as detailed in Figure 2D). The obtained
ﬂorescence exhibited a strong and narrow peak at 652 nm.
2322
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shown to decrease compared with the free photosensitizer, as
measured for silica nanoparticles decorated with Rose Bengal
(RB).
3.3. Cellular Uptake Study of AuNP−mTHPC Nanoparticles. To exert drug-eﬃcient photobiological activity on
cells, an uptake of the AuNP−mTHPC complex by treated cells
is required. We used SH-SY5Y neuroblastoma cells and
incubated them for 4 and 24 h at 37 °C, with an enriched
solution of AuNP−mTHPC conjugates. We measured the
cellular uptake of the complexed nanoparticles at several
concentrations, ranging from 0.26 up to 1.2 μM of mTHPC
within the complex (these concentrations are based on a
previous study57). For a quantitative assessment of the
conjugate internalization into the cells, FACS analyses were
performed (Figure 4A). The intracellular ﬂuorescence intensity
was measured as a function of the drug concentration in the
complex (Figure 4B). The obtained ﬂuorescence intensity
increased with elevated drug concentration in the complex, as
manifested by longer incubation (see 4 h vs 24 h). With use of
the highest tested concentration (1.2 μM), the eﬀect of longer
incubation times was measured up to 48 h at 37 °C as
presented in Figure 4C,D. As demonstrated, the ﬂuorescence
intensity increased over time, indicating continuous internalization of the particles. The minimal eﬀective time of
incubation required for PDT procedures was based on
ﬂuorescence FACS measurements showing that, after 1 h, the
complex is already internalized into the cells.
In Figure 5A we show ﬂuorescent confocal images of SHSY5Y cells incubated with 1.2 μM mTHPC within the AuNP−

Figure 3. Singlet oxygen detection by ADPA as a chemical trap.
Diminishing ﬂuorescence intensity of ADPA (em, 430 nm; ex, 370
nm), under laser irradiation (650 nm) along decay time (sec).

that of the free sensitizer molecules (0.3). We consider this
measurement as the lower limit of the singlet oxygen quantum
yield due to some minor quenching eﬀects that may occur by
the functionalized AuNPs. Therefore, it can be concluded that
the mTHPC in the conjugated complex particles are active with
similar properties as the free mTHPC regarding production of
singlet oxygen. Since the resonant illumination (SPR) of
spherical AuNPs is lower than 650 nm, the laser irradiation
activates and excites only the conjugated mTHPC molecule. In
other studies,56 on the eﬀect of photosensitizers conjugation to
NPs, the quantum yield of singlet oxygen production was

Figure 4. SH-SY5Y cellular uptake of AuNP−mTHPC complex. (A) Fluorescence intensity measurements using FACS of cells incubated with
complex NPs for 4 h (upper panel) and for 24 h (lower panel) in several concentrations, ranging from 0.26 to 1.2 μM of mTHPC within the
complex. (B) Mean ﬂuorescence intensity upon nanoparticles’ concentration. (C) FACS penetration proﬁle of 1.2 μM mTHPC within the complex
as a function of incubation time. (D) Mean ﬂuorescence intensity of 1.2 μM mTHPC within the complex as a function of incubation time. Reported
values are an average of measurements (n = 3) of approximately 10 000 cells in each triplicate tested sample.
2323
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Figure 5. Representative images of SH-SY5Y cells incubated for 24 h with AuNP−mTHPC complex. (A) Bright-ﬁeld, ﬂuorescence, and merged
images of cells and (B) image of cells where AuNPs are visualized by dark-ﬁeld microscopy. (Scale bar = 100 μm.)

Figure 6. Cell viability assay of cells incubated for 24 h with free, conjugated mTHPC (within the AuNP−mTHPC complex) or bare Au
nanoparticles. (A) Toxicity of conjugated mTHPC molecules (blue) and free mTHPC molecules (orange) without irradiation at several
concentrations; (B) control cells (without any nanoparticles) and cells containing a high dose of bare AuNPs without and after 1 h of irradiation
(650 nm, 1 J/cm2); (C) PDT of 1 h cell irradiation in the presence of AuNP−mTHPC complex (conjugated, blue) and free mTHPC molecules
(free, orange) at several concentrations and cell irradiation in the presence of AuNPs−mTHPC for (D) 20 min, (E) 40 min, and (F) 1 h. (n = 3) t
test, *p < 0.05, **p < 0.01 vs control using a two-tailed test.

mTHPC complex for 24 h. The red ﬂuorescence obtained by
the mTHPC in the complex can be clearly seen within the cells.
The dark shadows in the centers of cells reﬂect the nuclei
location, conﬁrming the penetration of the conjugates into the
cells. Cells incubated for 24 h with AuNP−mTHPC were
visualized by dark-ﬁeld microscopy. In Figure 5B, we conﬁrm
the existence of AuNPs within the cells and not only of the
mTHPC molecules. Therefore, we conclude that, after 24 h of
incubation, the drug is internalized as a complex particle and
remains stable within the cell. Eﬀective intracellular penetration
of AuNP−mTHPC complex is important for the PDT system
to obtain high activity, leading to oxygen excitation within the
cells.2
3.4. Cell Viability and PDT Eﬀect. XTT assays for cell
viability were performed to investigate the eﬃciency of PDT.
The cytotoxicity before and after cell irradiation was measured
for incubation with AuNP−mTHPC complex at diﬀerent
concentrations and compared to treatment with free mTHPC
drug. SH-SY5Y neuroblastoma cells were incubated as before
(for 24 h at 37 °C) with the AuNP−mTHPC complex and with

free mTHPC, using mTHPC concentrations up to 1.2 μM.
Figure 6A demonstrates cell viability as a result of incubation
with either free or conjugated-mTHPC drug at concentrations
up to 1.2 μM without laser irradiation. As represented by blue
bars in the ﬁgure, the viability of nonirradiated cells was
unaﬀected by the presence of AuNP−mTHPC conjugates. In
contrast, free mTHPC drug at concentrations above 1 μM are
cytotoxic, causing 50% cell death (orange bars). The eﬀect of
the bare Au nanoparticles on cell viability before irradiation was
assayed as in Figure 6A, the higher examined concentration of
mTHPC within the complex (1.2 μM) correlating to
concentration of 23.6 μg/L for AuNPs. From Figure 6B it
can be concluded that the viability of nonirradiated cells as well
as after 1 h of PDT irradiation (650 nm) is unaﬀected by the
presence of AuNPs at this concentration. This result refutes any
intrinsic toxicity exerted by the presence of AuNPs. Next, we
tested the eﬀects of NPs on cell viability after irradiation at 650
nm. First, we used concentrations of mTHPC in the complex
NPs up to 0.64 μM, which are nontoxic without irradiation
(Figure 6A), to avoid the nonspeciﬁc mTHPC toxicity
2324
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Figure 7. E-SEM images of SH-SY5Y cells. (A) Cells without treatment before PDT, which represent the control cells; (B) cells without treatment
after 1 h PDT and cells incubated with AuNP−mTHPC complex after PDT irradiation of (C) 20 min, (D) 40 min, and (E) 1 h.

observed at higher concentrations. As can be seen in Figure 6C,
at this range of concentrations, both the free mTHPC and the
conjugated complex caused major elimination of cancer cells
after 1 h of irradiation with complete death of cells treated with
the complex (signiﬁcant diﬀerence for the 0.64 μM). Contrary
to the free mTHPC, which causes nonspeciﬁc cytotoxicity at
higher concentrations, the AuNP−mTHPC complex causes cell
death only upon irradiation at concentrations as high as 1.2 μM.
From Figure 6B,C, we can see that mTHPC conjugated to gold
nanoparticles is only toxic when irradiated at 650 nm. This fact
is highly important for PDT applications, as there are other
resonant wavelengths concerning AuNP that may, in
themselves, aﬀect cell viability in a nondiscriminant manner. 58,59 Thus, the conjugate can be used at higher
concentrations than the free molecule, providing a stronger
eﬀect. In addition, the degree of cell death can be controlled
through either the duration of irradiation or the concentration
of the drug conjugate (Figure 6D−F), culminating at 1 h of
irradiation, when a negligible number of live cells remained for
all the tested concentrations (Figure 6F). Figure 7 shows
environmental scanning electron microscopy (E-SEM) images
of single SH-SY5Y cells treated with AuNP−mTHPC
complexes (0.39 μM) and irradiated for 20, 40, and 60 min.
Gradual damage can be detected as the irradiation is prolonged
in comparison to untreated control cells before and after
irradiation. Zooming out images demonstrate the decrease in
number of vital cells (see Figure S1).
As mentioned above, for the viability experiments the cells
were irradiated once and cell death percentage was controlled
through either the duration of irradiation or the concentration
of the drug conjugate. For the 20 min irradiation it can be seen
that the PDT was eﬃcient only for the high doses (1 and 1.2
μM). For potential therapeutic application, we examined
whether the irradiation can be repeated to achieve a better
cell death also for the low doses of AuNP−mTHPC. We
performed the same procedure of incubation and irradiation
(20 min) and repeated the irradiation for another 20 min, 24 h
after the ﬁrst session. Cell viability experiments show that, after

the two sessions of irradiation, signiﬁcantly low cell viability
rates were detected (less than 10%) for all AuNP−mTHPC
complex concentrations, underlining a cumulative eﬀect (Figure
S2). This process enables us to use AuNP−mTHPC complex
in higher concentrations for a single session (above the toxicity
limit of the free drug mTHPC) or alternatively with lower
concentrations and multiple sessions. This approach may
provide a practical pathway for the therapy.

4. CONCLUSIONS
To overcome the limitations of the classical PDT method that
impede its clinical outcome, we introduced a unique design of
photosensitizer carriers for improved PDT eﬀect. We
developed a novel complex of mTHPC photosensitizing drug
conjugated to gold nanoparticles, namely, AuNP−mTHPC.
This complex retains the cytotoxic activity and eﬀectiveness of
mTHPC, carrying the drug as a cargo in a targeted manner into
cancer cells. We have shown that the conjugation to gold
nanoparticles had no eﬀect on the spectroscopic properties
(ﬂuorescence and absorbance) of the conjugated-mTHPC drug
within the complex. The AuNP−mTHPC complex has
favorable properties over the free photosensitizer drug. Those
include better solubility in water through formation of stable
colloids, in contrast to the free mTHPC drug molecules that
are hydrophobic and tend to aggregate. Higher doses can be
introduced via the complex without nonspeciﬁc toxicity.
Moreover, we have shown higher death rate when using the
complex in comparison to the same doses of the free drug.
Therefore, AuNP−mTHPC complex can be used at much
higher doses of the mTHPC drug, overcoming the dose−
response toxicity constraint of the classical treatment protocol.
Multiple irradiation sessions were found to be eﬃcient,
allowing the reduction of irradiation time periods. These
advantages together with the ability to image AuNP-based
complex ﬂuorescently and by CT in vivo make AuNP−
mTHPC complex ideal for tumor identiﬁcation and treatment
purposes. Our novel approach signiﬁcantly reduces the
limitations of the therapy related to accumulation and drug
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dose leading to improved PDT eﬀectiveness. Applying our
approach in future clinical development may overcome the
current limitations of PDT and open a better strategy for
therapy of solid malignant tumors.

■

ASSOCIATED CONTENT

S Supporting Information
*

The Supporting Information is available free of charge on the
ACS Publications website at DOI: 10.1021/acsami.7b16455.
E-SEM images of SH-SY5Y cells after 20, 40, and 60 min
of PDT showing gradual damage and lower number of
vital cells with increased treatment duration; ﬁgure
showing cell viability after two irradiation sessions (20
min each), 24 h apart (PDF)

■

AUTHOR INFORMATION

Corresponding Author

*E-mail: orit.sheﬁ@biu.ac.il.
ORCID

David Zitoun: 0000-0003-3383-6165
Orit Sheﬁ: 0000-0001-6680-7390
Notes

The authors declare no competing ﬁnancial interest.

■

ACKNOWLEDGMENTS
In memory of Professor Benjamin Ehrenberg who was an active
faculty member of Bar Ilan University for 35 years. Prof.
Ehrenberg has pioneered the ﬁeld of Photodynamic therapy of
cancer. The authors thank Dr. Ayelet Atkins from Bar Ilan
Institute of Nanotechnology and Advanced Materials for
helping with E-SEM scans. We also thank the Israel Science
Foundation for partial support by grant #1786/11.

■

REFERENCES

(1) Henderson, B. W.; Dougherty, T. J. How does photodynamic
therapy work? Photochem. Photobiol. 1992, 55, 145−157.
(2) Peng, Q.; Moan, J. An outline of the hundred-year history of
PDT. Anticancer Res. 2003, 23, 3591−3600.
(3) Wang, S.; Gao, R.; Zhou, F.; Selke, M. Nanomaterials and singlet
oxygen photosensitizers: potential applications in photodynamic
therapy. J. Mater. Chem. 2004, 14, 487−493.
(4) Pandey, R. K.; Zheng, G. Porphyrins as photosensitizers in
photodynamic therapy; Kadish, K. M., Smith, K. M., Guilard, R., Eds.;
The Porphyrin Handbook; Academic Press: Boston, 2000; Vol. 6, pp
157−230.
(5) Zuluaga, M. F.; Lange, N. Combination of photodynamic therapy
with anti-cancer agents. Curr. Med. Chem. 2008, 15, 1655−1673.
(6) Zhang, P.; Steelant, W.; Kumar, M.; Scholfield, M. Versatile
Photosensitizers for Photodynamic Therapy at Infrared Excitation. J.
Am. Chem. Soc. 2007, 129, 4526−4527.
(7) Brown, S. B.; Brown, E. A.; Walker, I. The present and future role
of photodynamic therapy in cancer treatment. Lancet Oncol. 2004, 5,
497−508.
(8) Konopka, K.; Goslinski, T. Photodynamic Therapy in Dentistry.
J. Dent. Res. 2007, 86 (8), 694−707.
(9) Berlanda, J.; Kiesslich, T.; Engelhardt, V.; Krammer, V.; Plaetzer,
K. Comparative in vitro study on the characteristics of different
photosensitizers employed in PDT. J. Photochem. Photobiol., B 2010,
100, 173−180.
(10) Dougherty, T. J.; Gomer, C. J.; Henderson, B. W.; Jori, G.;
Kessel, D.; Korbelik, M.; Moan, J.; Peng, Q. Photodynamic Therapy. J.
Natl. Cancer Inst. 1998, 90 (12), 889−905.
2326

DOI: 10.1021/acsami.7b16455
ACS Appl. Mater. Interfaces 2018, 10, 2319−2327

Research Article

ACS Applied Materials & Interfaces

(52) Wilkinson, F.; Brummer, J. G. Rate constants for the decay and
reactions of the lowest electronically excited singlet state of molecular
oxygen in solution. J. Phys. Chem. Ref. Data 1981, 10, 809−999.
(53) Bevington, P. R. Data Reduction and Error Analysis for the
Physical Sciences; McGraw-Hill: New York, 1969; Chapter 5, pp 75−
97.
(54) Gouterman, M. Spectra of porphyrins. J. Mol. Spectrosc. 1961, 6,
138−163.
(55) Hadjur, C.; Lange, N.; Rebstein, J.; Monnier, P.; van den Bergh,
H.; Wagnières, G. Spectroscopic studies of photobleaching and
photoproduct formation of meta(tetrahydroxyphenyl)chlorin (mTHPC) used in photodynamic therapy. The production of singlet
oxygen by m-THPC. J. Photochem. Photobiol., B 1998, 45 (2-3), 170−
178.
(56) Guo, Y.; Rogelj, S.; Zhang, P. Rose Bengal-decorated silica
nanoparticles as photosensitizers for inactivation of gram-positive
bacteria. Nanotechnology 2010, 21 (6), No. 065102.
(57) Rojnik, M.; Kocbek, P.; Moret, F.; Compagnin, C.; Celotti, L.;
Bovis, M. J.; Woodhams, J. H.; Macrobert, A. J.; Scheglmann, D.;
Helfrich, W.; Verkaik, M. J.; Papini, E.; Reddi, E.; Kos, J. In vitro and in
vivo characterization of temoporfin-loaded PEGylated PLGA nanoparticles for use in photodynamic therapy. Nanomedicine 2012, 7 (5),
663−677.
(58) Huang, X.; El-Sayed, M. A. Gold nanoparticles: Optical
properties and implementations in cancer diagnosis and photothermal
therapy. Int. j. adv. res. 2010, 1, 13−28.
(59) Letfullin, R. R.; Joenathan, C.; George, T. F.; Zharov, V. P.
Laser-induced explosion of gold nanoparticles: potential role for
nanophotothermolysis of cancer. Nanomedicine 2006, 1 (4), 473−80.

(31) Haimov, E.; Weitman, H.; Ickowicz, D.; Malik, Z.; Ehrenberg, B.
Pdots nanoparticles load photosensitizers and enhance efficiently their
photodynamic effect by FRET. RSC Adv. 2015, 5 (24), 18482−18491.
(32) Timor, R.; Weitman, H.; Waiskopf, N.; Banin, U.; Ehrenberg, B.
PEG-Phospholipids Coated Quantum Rods as Amplifiers of the
Photosensitization Process by FRET. ACS Appl. Mater. Interfaces 2015,
7 (38), 21107−21114.
(33) Patra, C. R.; Bhattacharya, R.; Mukhopadhyay, D.; Mukherjee,
P. Application of gold nanoparticles for targeted therapy in cancer. J.
Biomed. Nanotechnol. 2008, 4, 99−132.
(34) Meir, R.; Shamalov, K.; Betzer, O.; Motiei, M.; Horovitz-Fried,
M.; Yehuda, R.; Popovtzer, A.; Popovtzer, R.; Cohen, C. J.
Nanomedicine for Cancer Immunotherapy: Tracking Cancer-Specific
T-Cells in Vivo with Gold Nanoparticles and CT Imaging. ACS Nano
2015, 9 (6), 6363−6372.
(35) Katz, E.; Willner, I. Integrated Nanoparticle−Biomolecule
Hybrid Systems: Synthesis, Properties, and Applications. Angew.
Chem., Int. Ed. 2004, 43, 6042−6108.
(36) Marcus, M.; Baranes, K.; Park, M.; Choi, I. S.; Kang, K.; Sheﬁ,
O. Interactions of Neurons with Physical Environments. Adv.
Healthcare Mater. 2017, 6, .7007510.1002/adhm.201770075
(37) Ilovitsh, A.; Polak, P.; Zalevsky, Z.; Shefi, O. Selective
inactivation of enzymes conjugated to nanoparticles using tuned
laser illumination. Cytometry, Part A 2017, 91 (8), 767−774.
(38) Hainfeld, J. F.; Slatkin, D. N.; Focella, T. M.; Smilowitz, H. M.
Gold nanoparticles: A new X-ray contrast agent. Br. J. Radiol. 2006, 79,
248−253.
(39) Nichols, J. W.; Bae, Y. H. EPR: Evidence and fallacy. J.
Controlled Release 2014, 190, 451−464.
(40) Jain, S.; Hirst, D. G.; O’Sullivan, J. M. Gold nanoparticles as
novel agents for cancer therapy. Br. J. Radiol. 2012, 85, 101−113.
(41) Polak, P.; Zalevsky, Z.; Shefi, O. Gold nanoparticles-based
biosensing of single nucleotide DNA mutations. Int. J. Biol. Macromol.
2013, 59, 134−137.
(42) Shukla, R.; Bansal, V.; Chaudhary, M.; Basu, A.; Bhonde, R. R.;
Sastry, M. Biocompatibility of gold nanoparticles and their endocytotic
fate inside the cellular compartment: a microscopic overview.
Langmuir 2005, 21, 10644−10654.
(43) Qian, X.; Peng, X.-H.; Ansari, D. O.; Yin-Goen, Q.; Chen, G. Z.;
Shin, D. M.; Yang, L.; Young, A. N.; Wang, M. D.; Nie, S. In vivo
tumor targeting and spectroscopic detection with surface-enhanced
Raman nanoparticle tags. Nat. Biotechnol. 2008, 26, 83−90.
(44) Matsumura, Y.; Maeda, H. A new concept for macromolecular
therapeutics in cancer chemotherapy: Mechanism of tumoritropic
accumulation of proteins and the antitumor agent smancs. Cancer Res.
1986, 46, 6387−6392.
(45) Peer, D.; Karp, J. M.; Hong, S.; Farokhzad, O. C.; Margalit, R.;
Langer, R. Nanocarriers as an emerging platform for cancer therapy.
Nat. Nanotechnol. 2007, 2, 751−760.
(46) Betzer, O.; Ankri, R.; Motiei, M.; Popovtzer, R. Theranostic
approach for cancer treatment: multifunctional gold nanorods for
optical imaging and photothermal therapy. J. Nanomater. 2015, 16 (1),
No. 646713.
(47) Turkevich, J.; Stevenson, P. C.; Hillier, J. A study of the
nucleation and growth processes in the synthesis of colloidal gold.
Discuss. Faraday Soc. 1951, 11, 55−75.
(48) Wilkinson, F.; Helman, W. P.; Ross, A. B. Rate Constants for the
Decay and Reactions of the Lowest Electronically Excited Singlet State
of Molecular Oxygen in Solution. An Expanded and Revised
Compilation. J. Phys. Chem. Ref. Data 1995, 24, 663−1021.
(49) Zahir, K. O.; Haim, A. Yields of singlet dioxygen produced by
the reaction between the excited state of tris(bipyridine)ruthenium(II)
and triplet dioxygen in various solvents. J. Photochem. Photobiol., A
1992, 63 (2), 167−172.
(50) Corey, E. J.; Taylor, W. C. A study of the peroxidation of
organic compounds by externally generated singlet oxygen molecules.
J. Am. Chem. Soc. 1964, 86, 3881−3882.
(51) Usui, Y. Determination of quantum yield of singlet oxygen
formation by photosensitization. Chem. Lett. 1973, 2 (7), 743−744.
2327

DOI: 10.1021/acsami.7b16455
ACS Appl. Mater. Interfaces 2018, 10, 2319−2327

