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A B S T R A C T

Doxorubicin (DOX), an effective chemotherapeutic agent, has a wide excitation band centred at 480 nm.
Cerenkov radiation (CR) is considered an internal light source in photodynamic therapy (PDT). DOX could be
photoactivated by CR and thus, enhancing its cytotoxicity. In this work, 18F-FDG was used to evaluate the effect
of Cerenkov radiation on DOX, in comparison to irradiation with a 450-nm laser beam, in terms of ROS pro-
duction. The production of 1O2 and O2

⁎- reactive species during DOX irradiation was detected indirectly by
ABMA and DCPIP bleaching, respectively. The cytotoxic effect of the DOX / 18F-FDG CR system was evaluated in
the T47D breast cancer cell line. The irradiation of DOX produced 1O2 and O2

⁎- species using both 18F-FDG CR
and a 450-nm laser beam. The majority reactive species produced in both cases was 1O2; a favourable result,
given the greater cytotoxicity of this species. The viability of T47D cells in presence of DOX (5 nM), 18F-FDG
(37.5 μCi) and DOX (5 nM)/18F-FDG (37.5 μCi) was (86 ± 9)%, (84 ± 8)% and (64 ± 5)%, respectively;
these results suggest a synergistic cytotoxic effect derived from the cytotoxic activity of DOX and its photo-
activation by 18F-FDG CR. It is worth noting that the system could be optimized in terms of DOX concentration
and 18F-FDG activity for better results. Due to the fact that 18F-FDG is widely used in nuclear imaging, the
DOX/18F-FDG system also possesses theragnostic characteristics. Thus, in this work, it is demonstrated that DOX
can be used in a dual therapy system based on chemotherapy-PDT when 18F-FDG CR is used as a DOX excitation
source.

1. Introduction

Doxorubicin (DOX) is an anthracycline that has been used for more
than 40 years as a chemotherapeutic agent in various types of haema-
tological and solid cancers. The most-used chemical form in clinical
practice is doxorubicin hydrochloride (DOX∙HCl) [1]. The best-known
side effect of DOX is cardiotoxicity, although myelosuppression, testi-
cular and adipose tissue atrophy, liver damage, among others, have also
been reported [1,2]. Such effects could be lessened by applying a lower

dose of DOX, but the antitumour response would be compromised. A
promising alternative is the use of adjuvant therapy, such as photo-
dynamic therapy (PDT).

PDT is based on the formation of reactive oxygen species (ROS),
when a photosensitizer (PS) accumulates in a pathological tissue and is
excited with an appropriate wavelength, preferably in the presence of
O2 [3,4]. The resulting ROS cause irreversible damage to target cells.
However, the photoactivation is limited to surface tissues when ex-
ternal light sources are used, reducing the treatment of deep tissues
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[4–6].
The emission and excitation spectra of DOX have allowed its ap-

plication as a PS for PDT [7,8]. However, in order to use DOX as a PS in
deep tissues, the excitation source must pass through the skin efficiently
or be internalized at the target site. DOX has been used in che-
motherapy-PDT combination therapies [4,9–11], but in these, DOX
does not act as a PS.

In order to reach internal target sites, other photoactivation alter-
natives have been applied, such as: use of optic fibre probes [4], ex-
ternal irradiation based on non-linear effects [5], use of nano-flashing
agents excited by X-ray sources to activate PS [6,12] and co-localization
of the PS with a Cerenkov radiation-emitting radionuclide [12–16].

Cerenkov radiation (CR) occurs when a charged particle travels at a
speed greater than the speed of light in a given dielectric medium,
generating continuous emission of electromagnetic radiation in the
UV–Vis region. This radiation has been used to generate optical images
in vivo [17–19] and also as an alternative light source for PDT photo-
activation [12–16]. Generally, beta-emitting radionuclides (β- or β +)
are used as a CR source.

The intensity of the CR depends on the energy of the emitted par-
ticle, which should exceed an energy threshold value (~ 214 keV in
water and 261 keV in tissue) [12]. CR intensity decreases as β particle
energy decreases: 90Y > 18F > 131I > 64Cu > 177Lu [20]. 18F is
convenient because it is a widely-used positron emitter for PET diag-
nosis and has been used as an internal source for PDT in preclinical
studies [14,16]. When administered as 18F-FDG, it accumulates natu-
rally in proliferative tumour cells with negligible adverse effects on
healthy tissues.

Since Cerenkov emission produces continuous radiation in the
UV–Vis region and DOX has a wide excitation band centred at 480 nm,
it is believed that CR excites DOX and produces ROS. This can be de-
tected indirectly by ABMA and DCPIP. It is known that the toxicity of
irradiated DOX is greater than its toxicity in the absence of light [7,10],
so the DOX-CR combination would be a dual chemotherapy-PDT system
that would allow lower doses of DOX to be administered and this would
reduce side effects, without compromising its therapeutic action.

The objective of this work is to demonstrate the synergetic effect of
chemotherapy-PDT when DOX is irradiated with CR from 18F-FDG. The
formation of reactive species 1O2 and O2

⁎-, using ABMA and DCPIP,
respectively, as well as the cellular toxicity of the DOX/18F-FDG system,
are evaluated.

2. Materials and methods

2.1. General

2.1.1. Chemicals
Doxorubicin∙HCl (DOX, Sigma Aldrich), 9,10-anthracenediyl-bis

(methylene) dimalonic acid (ABMA, Sigma Aldrich), 2,6-di-
chlorophenolindophenol (DCPIP, Sigma Aldrich), 18F-FDG, RPMI
(Sigma Aldrich), foetal bovine serum (Gibco), penicillin-streptomycin
(Gibco), XTT kit (Roche).

2.1.2. Irradiation at 450 nm
The irradiation of the solutions was carried out with a laser diode, at

a power of 1400 mW. A 1-cm optical path quartz cuvette was located in
the path of the light beam. To ensure irradiation of all the solution
contained in the cuvette, the light beam was scattered with a diverging
lens. All solutions were irradiated at the same position and distance
from the diode. In all cases, the sample volume was 2 mL. DOX, ABMA
and DCPIP solutions were irradiated alone and in mixtures at constant
concentrations, recording the spectrophotometric changes during
35 min, at intervals of 5 min between irradiations. Fluor-18 was used in
order to evaluate the effect of Cerenkov radiation on the photo-
sensitizer. Chemical changes in the PS and radical production of the
singlet oxygen (ABMA) and O2

⁎- (DCPIP) were evaluated (Fig. 1).

2.1.3. UV–Vis determinations
All UV–Vis spectra were recorded in a double-beam PerkinElmer

(Lambda 650) spectrophotometer using 1 nm resolution and 0.5 s of
integration time, in the range 350–700 nm. In all cases 1-cm quartz
cuvette was used. For guaranteeing minimal manipulation of spectra,
same recording conditions were used in all cases.

2.1.4. Stock solutions
The following solutions were prepared with deionized distilled

water (DDW): DOX∙HCl (1 mg/mL), ABMA (100 μM) and DCPIP
(932 μM).

2.2. Determination of the molar extinction coefficient of DOX

The molar extinction coefficient was calculated as the slope of the
calibration curve constructed from the absorbance of standard solutions
prepared from a 1000-ppm DOX stock solution. Standard solutions were
prepared in DDW with the following concentrations: 50 ppm (8.6E-
05 M), 33.30 ppm (5.7E-05 M), 25.00 ppm (4.3E-05 M), 16.70 ppm
(2.9E-05 M), 12.50 ppm (2.2E-05 M), 8.35 ppm (1.4E-05 M), 6.25 ppm
(1.1E-05 M) and 3.125 ppm (5.4E-06 M). The absorbance of each so-
lution was measured from 380 to 680 nm. Three independent mea-
surements were made for each concentration and the absorbances ob-
tained were averaged at the maximum absorbance value (480 nm).

2.3. Irradiation of DOX, ABMA and DCPIP solutions with a 450-nm laser
light

The 62.5-μg/mL DOX solution (125 μL of DOX (1 mg/mL) and
1875 μL of DDW), 50-μM ABMA solution (1000 μL of ABMA (100 μM)
and 1000 μL of DDW) and 140-μM DCPIP solution (300 μL of DCPIP
(932 μM) and 1700 μL of DDW) were individually irradiated for 35 min
at 5-min intervals according to the geometry described in section 2.1.2.
A DOX solution (62.5 μg/mL) without irradiation was used as a control.
The UV–Vis spectrum was recorded. Each experiment was carried out in
triplicate.

2.4. Irradiation of the DOX solution in the presence of ABMA with a 450-
nm laser light

The solution prepared with 125 μL of DOX (1 mg/mL), 1000 μL of
ABMA (100 μM) and 875 μL of DDW, with final concentrations of
62.5 μg/mL (DOX) and 50 μM (ABMA), was irradiated for 35 min at 5-
min intervals according to the geometry described in section 2.1.2.
After each irradiation, the UV–Vis spectrum was recorded. Each ex-
periment was carried out in triplicate.

2.5. Irradiation of the DOX solution in the presence of DCPIP with a 450-
nm laser light

The solution prepared with 125 μL of DOX (1 mg/mL), 300 μL of
DCPIP (932 μM) and 1575 μL of DDW, with final concentrations of
62.5 μg/mL (DOX) and 140 μM (DCPIP), was irradiated for 35 min at 5-
min intervals according to the geometry described in section 2.1.2.
After each irradiation, the UV–Vis spectrum of the sample was re-
corded. Each experiment was carried out in triplicate.

2.6. Irradiation of DOX solution in the presence of ABMA and DCPIP with a
450-nm laser light

The solution prepared with 125 μL of DOX (1 mg/mL), 1000 μL of
ABMA (100 μM), 300 μL of DCPIP (932 μM) and 575 μL of DDW, with
final concentrations of 62.5 μg/mL (DOX), 50 μM (ABMA) and 140 μM
(DCPIP), was irradiated for 35 min at 5-min intervals according to the
described in 2.1.2 section. After each irradiation, the UV–Vis spectrum
of the sample was recorded. Each experiment was carried out in
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triplicate.

2.7. Irradiation of the DOX solution in the presence of ABMA with Cerenkov
radiation from 18F-FDG

Six solutions were prepared with 125 μL of DOX (1 mg/mL) and
1000 μL of ABMA (100 μM). Volumes of 0 μL, 175 μL, 225 μL, 325 μL,
375 μL and 500 μL of 18F-FDG (2 μCi/μL) were added to these solutions
and the final volume was adjusted to 2 mL with DDW. The final samples
had a concentration of 62.5 μg/mL (DOX), 50 μM (ABMA) and 0 μCi,
350 μCi, 450 μCi, 650 μCi, 750 μCi and 1000 μCi of 18F-FDG, respec-
tively. After 24 h of having added 18F-FDG and kept the solutions in
total darkness, UV–Vis spectra were recorded. Each experiment was
carried out in triplicate.

2.8. Irradiation of the DOX solution in the presence of DCPIP with Cerenkov
radiation from 18F-FDG

Six solutions were prepared by mixing 125 μL of DOX (1 mg/mL)
and 300 μL of DCPIP (932 μM). 18F-FDG (2 μCi/μL) was added to the
DOX/DCPIP mixture in the volumes of 0 μL, 225 μL, 325 μL, 375 μL,
450 μL and 500 μL; the final volume was adjusted to 2 mL with DDW.
The final samples contained 62.5 μg/mL (DOX), 140 μM (DCPIP) and
0 μCi, 450 μCi, 650 μCi, 750 μCi, 900 μCi and 1000 μCi of 18F-FDG,
respectively. After 24 h of having added 18F-FDG and kept the solutions
in total darkness, UV–Vis spectra were recorded. Each experiment was
carried out in triplicate.

2.9. In vitro studies

2.9.1. Cell culture
The T47D breast cancer cell line was originally obtained from ATCC

(Atlanta, GA, USA). Cells were grown at 37 °C with 5% CO2 and 85%
humidity in RPMI medium supplemented with 10% foetal bovine serum
and antibiotics (100 units/mL penicillin and 100 μg/mL streptomycin).

2.9.2. DOX dark toxicity
25,000 cells per well were seeded in a 96-well plate in 150 μL of

fresh medium. The plate was incubated for 24 h at 37 °C with 5% CO2

and 85% humidity in order for the cells to adhere. After the incubation
period, 30 μL of the following DOX concentrations (nM) were added
(n = 6): 0 (PBS 1×, pH 7.4, was added), 0.01, 0.05, 0.1, 0.5, 1, 5, 10,
100, 500, 1000 and 10000 nM. Once the treatments were added, the
plate was returned to incubation and total darkness for another 24 h.
After this time, cell viability was determined by means of the XTT assay.
The IC50 was determined from a % cell viability vs. DOX concentration
(nM) curve.

2.9.3. DOX/18F-FDG cytotoxic effect
In 36 wells of a 96-well plate, 25,000 cells were seeded per well in

100 μL of RPMI medium supplemented with 10% foetal bovine serum
and antibiotics (100 units/mL penicillin and 100 μg/mL streptomycin).
One of the following treatments (n= 3 in all cases) were applied to the
cells in suspension: (i) control, 100 μL of PBS 1×, pH 7.4; (ii) 50 μL of
DOX (5 nM); (iii) 50 μL containing 17 μCi of 18F-FDG; (iv) 50 μL con-
taining 37.5 μCi of 18F-FDG; (v) 50 μL containing 75 μCi of 18F-FDG; (vi)
50 μL containing 112 μCi of 18F-FDG; (vii) 50 μL containing 150 μCi of
18F-FDG; (viii) 50 μL containing 17 μCi of 18F-FDG and 50 μL of 5 nM
DOX; (ix) 50 μL containing 37.5 μCi of 18F-FDG and 50 μL of 5 nM DOX;
(x) 50 μL containing 75 μCi of 18F-FDG and 50 μL of 5 nM DOX; (xi)
50 μL containing 112 μCi of 18F-FDG and 50 μL of 5 nM DOX; (xii) 50 μL
containing 150 μCi of 18F-FDG and 50 μL of 5 nM DOX. Once the
treatments were applied, the cells were returned to incubation at 37 °C
with 5% CO2 and 85% humidity for 24 h. In those wells where the total

Fig. 1. Schematic description of the effect of a laser beam or Cerenkov radiation on the photosensitizer (DOX) and indicators of reactive oxygen species production.
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added volume was less than 100 μL, the required volume of PBS 1×,
pH 7.4, was added in order to reach 100 μL. After the incubation period,
cell viability was determined by means of the XTT assay.

2.10. Determination of the DOX/18F-FDG combination index

From the IC50 values in T47D cells for DOX, 18F-FDG and the 5-nM
DOX/18F-FDG combination, the combination index was determined by
the equation:

= +CI a
A

b
B

Where a is the IC50 value of the 5-nM DOX/18F-FDG combination, b
the value of the DOX in the DOX/18F-FDG combination system (in this
case, 5 nM), A is the IC50 due to 18F-FDG and B is the IC50 of the DOX.

3. Results

3.1. DOX molar extinction coefficient

The linearity of the obtained calibration curve (molar concentration
vs. absorbance) was satisfactory (R2 = 0.9919). The highest % RSD
value for the 3 independent absorbance determinations of the same
concentration was 16%. The detection limit found was 9 ppm (1.6E-
05 M). The slope of the calibration curve directly indicates the molar
extinction coefficient. This was 10,067 M cm−1, which is 95% in
agreement with the 10,600 M cm−1 value mentioned by Parker et al.
[21] and 97% with the 10,410 M cm−1 value mentioned by Yabbarov
et al. [22].

3.2. Behaviour of DOX, ABMA and DCPIP solutions under 450-nm laser
light irradiation

Fig. 2 shows the spectra obtained after the individual irradiation of
DOX (Fig. 2a), ABMA (Fig. 2b) and DCPIP (Fig. 2c) with a 450-nm laser
light for 35 min with 5-min intervals between irradiations. The analysis
of absorbances at 450 nm shows significant alterations in the DOX
spectra (Fig. 2d). The intensity of the maximum absorption decreases
linearly as irradiation time increases, finding a 50% reduction of the
initial absorbance, an expected phenomenon given its nature as a PS.

The ABMA and DCPIP spectra did not change their intensity and
their maximum absorbance peaks did not shift during laser irradiation.
The regions corresponding to the maximum absorbance peaks of ABMA
(360 nm, 380 nm and 401 nm) and DCPIP (600 nm) in the DOX
spectrum have low intensity. Thus, the UV–Vis quantification method
has adequate specificity, since the analytes do not interfere with each
other. These two aspects (no degradation and no interference) make
such indicators useful to monitor ROS formation from DOX due to the
excitation with a 450-nm laser light. It is important to note that, in the
case of DOX irradiation, first-order kinetics were observed, with a ne-
gative rate coefficient related to DOX degradation (established using a
ln [A] = ln [A0] -mt method and evaluated by linear least-squares
analysis). A significant difference was found between DOX and ABMA
or DCPIP spectra (Fig. 2d), where there were no apparent structural
changes in ABMA and DCPIP after irradiation (m ≈ 0).

The irradiation of DOX produced a shift in the absorption maximum
towards the red. The maximum was found at 478 nm, between 0 and
5 min of irradiation and shifted to 481 nm after 10 and 15 min, and at
482 nm for the remainder of the experiment. To check whether the
decrease in intensity and the shift of the absorption maximum were due
to the action of light, the spectra of a non-irradiated DOX solution,
prepared under the same conditions, was recorded. The non-irradiated
solution showed no decrease or shift in the absorption (spectra not
shown), demonstrating that both phenomena are dependent on irra-
diation with a 450-nm laser light.

3.3. Production of ROS during DOX irradiation with a 450-nm laser light

Fig. 3 shows the spectra obtained by irradiating the DOX with a 450-
nm laser light in the presence of ABMA (Fig. 3a), and DCPIP (Fig. 3b).
The irradiation of DOX/ABMA produced fading of the spectrum, pro-
portional to the irradiation time. In this solution, the initial absorption
maximum was 487 nm. This maximum was shifted to 484 nm after
5 min of irradiation and maintained that value until 15 min of irra-
diation. After the 20 min of irradiation, and until the end of the ex-
periment, it was shifted to 483 nm; a value similar to that obtained at
the end of the irradiation of DOX (alone) (482 nm). Significant pho-
tobleaching (and consequent loss of absorbance) was observed in wa-
velengths related to the ABMA absorption band. This is linearly related
to photoinduced singlet oxygen generation from DOX to its corre-
sponding endoperoxide.

The irradiation of the DOX/DCPIP solution produced a decrease in
absorbance proportional to the irradiation time. In the DOX/DCPIP
solution, the DOX maximum shifted to 502 nm and maintained that
value throughout the irradiation period. The maximum absorbance
values of the DCPIP were between 596 nm and 598 nm throughout the
experiment. Due to the width of the band, such values were not con-
sidered as band shifting.

When the DOX solution was irradiated in presence of ABMA and
DCPIP (Fig. 3c), a decrease in absorbance proportional to the irradia-
tion time was observed. In this solution, the maximum of DOX was
shifted to 509 nm and was kept at that value until 30 min of irradiation.
It was then shifted to 511 nm to finish at a value of 517 nm after 35 min
of irradiation. Of the ABMA peaks, the 401-nm peak remained stable at
that position and the 360-nm and 380-nm peaks experienced a 1-nm
shift. The DCPIP maintained its maximum between 590 and 597 nm,
but due to the width of the band, it was considered a very slight
shifting. The analysis of absorbance of the DOX band at 487 nm showed
a kinetic behaviour with a rate coefficient similar to that obtained with
the irradiated DOX solution (Fig. 3d).

3.4. Production of ROS during DOX irradiation with CR from 18F-FDG

The DOX/ABMA solution, in the presence of different amounts of
radiation from 18F-FDG (Fig. 4a), produced a decrease in the absor-
bance of DOX/ABMA, proportional to the value of 18F-FDG activity. The
DOX/ABMA solution, previously irradiated with laser light, had the
maximum absorption of DOX at t= 0 at 487 nm, representing a shift of
9 nm from DOX (alone). 18F has the same effect as the laser beam; the
DOX/ABMA solution had its absorption maximum at 487 nm. In the
presence of 350 μCi of 18F-FDG, the maximum was shifted to 492 nm; at
450 μCi and 650 μCi, it was kept at 494 nm; at 650 μCi, it was shifted to
496 nm and at 1000 μCi, the shift reached 502 nm.

With regard to the irradiation of the DOX/ABMA solution with the
laser light, a hypsochromic shift was seen as the irradiation time in-
creased. In this case, the opposite was observed, there was a bath-
ochromic shift as the 18F-FDG activity increased in the sample. Such
shifts indicate changes in the molecule or its environment.

The DOX/DCPIP solution, in the presence of different amounts of
18F-FDG (Fig. 4c), produced a decrease in the absorbance of DCPIP and
DOX proportional to the value of the 18F-FDG activity present. The
DOX/DCPIP solution, previously irradiated with laser light, had the
maximum absorption of DOX at t= 0 at 502 nm, representing a shift of
15 nm from DOX (alone). The DOX/DCPIP solution had its absorption
maximum at 500 nm, whereas in the presence of 450 μCi of 18F-FDG,
the maximum was shifted to 501 nm, from 650 μCi at 502 nm, from
750 μCi at 503 nm, from 900 μCi at 505 nm and from 1000 μCi at
504 nm.

With regard to the irradiation of DOX/ DCPIP with the laser light, it
was found that the maximum of DOX was maintained at 502 nm
throughout the experiment. But in this case, a slight tendency to
bathochromic shifts were observed as 18F-FDG activity increased in the
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sample.
The analysis of kinetic behaviour showed that, for both cases, 18F-

DOX/ABMA (Fig. 4b) and 18F-DOX/DCPIP (Fig. 4d) had a negative rate
coefficient related to DOX degradation and ABMA or DCPIP consump-
tion, following a first-order reaction and linear dependency.

3.5. T47D cell proliferation studies

Fig. 5 shows the results obtained from in vitro studies with T47D
cancer cells treated with DOX (dark toxicity) and DOX/18F-FDG. The
dark toxicity (Fig. 5a) shows that the IC50 value found for DOX (alone)
was 0.58 μM. This value coincides (13% difference) with that reported
for this type of cells by www.cancerrxgene.org (0.51 μM), although it
deviates by 64% from that one (0.22 μM) reported by Iorio et al. [23].
In Fig. 5b, the first two bars (0 μCi) show cells untreated (left bar; 100%
cell viability) and treated only with DOX (right bar; 86% cell viability).
The addition of 17 μCi of 18F-FDG did not lead to a significant differ-
ence in cell viability (98% cell viability with 18F-FDG and 84% in
DOX/18F-FDG solution). With 37.5 μCi of 18F-FDG, there was a sig-
nificant decrease (p < .01 in all cases) of cell viability, both in the 18F-
FDG solution alone (37.5 μCi: 84%, 75 μCi: 49%, 112 μCi: 31% and
150 μCi: 21%), and the DOX/18F-FDG combination (37.5 μCi: 64%,
75 μCi: 37%, 112 μCi: 20% and 150 μCi: 12%). A similar effect was
found by Das et al. when simultaneously using DOX∙azide-CR from 68Ga
[17]. The DOX∙azide-68Ga combination caused a significant decrease in
cell viability compared to DOX∙azide alone and 68Ga alone. Similar
results were also obtained using photosensitizing nanoparticles and 18F-
FDG as a source of CR [14].

To predict the type of effect produced, the combination index (CI) of
the DOX/18F-FDG combination was calculated. For this, the IC50 of the
DOX (Fig. 5a), the IC50 of the 18F-FDG (bars on the left, from Fig. 5b)
and the IC50 of DOX/18F-FDG (bars on the right, from Fig. 5b) were
used. The result showed that the combination presents synergy, since
the CI obtained was 0.75. This value can be optimized, since other DOX
concentrations were not evaluated.

4. Discussion

The decrease in the absorbance of the DOX solution in the presence
of a 450-nm laser light (Fig. 2a) is due to its nature as a PS. PS are
modified to a one-electron reduction route, to produce the DOX-semi-
quinone radical by way of a non-enzymatic reaction, induced by the
action of light in the presence of oxygen (photobleaching). By absorbing
light of the appropriate wavelength, they pass from their ground state
to a high-energy singlet state, which is rapidly lost by emission of light
or heat. Alternatively, the singlet PS can go into a triplet state of lower
energy, capable of participating in different chemical reactions that
compete and give rise to various ROS, such as 1O2 and O2

⁎- [4,7,24].
The 1O2 is formed when the PS in triplet state transfers its energy to the
O2 in ground state, which then passes to the singlet state (1O2). The O2

⁎-

is produced when the triplet state of the PS is reduced due to the
transfer of an electron and, in reduced form, reacts with O2 to produce
O2

⁎-. If a proton is transferred instead of an electron, then other free
radicals are produced that react in turn and, through a chain of reac-
tions, can also produce O2

⁎- [24]. All ROS present in solution contribute
to chain reactions, thus producing PS photobleaching.

Fig. 2. Individual irradiation with a 450-nm laser diode of a. DOX, b. ABMA or c. DCPIP for 35 min, with 5-min intervals between irradiations and d. comparison of
kinetic behaviour between DOX (487 nm), ABMA (401 nm) and DCPIP (596 nm).
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A good PS must be able to produce ROS, in particular 1O2, which is
highly cytotoxic. The presence of 1O2 and O2

⁎- was determined quali-
tatively by irradiating DOX/ABMA and DOX/DCPIP solutions (Figs. 2b
and 2c). Photobleaching of the DOX/ABMA solution indicates the
presence of 1O2 [25,26] and that of the DOX/DCPIP solution indicates
the formation of O2

⁎- [27].
From DOX, the values of maximum absorbance at different irra-

diation times were identified (Fig. 2a, 2b and 2c), DOX absorbance vs.
irradiation time curves were constructed and fitted to straight lines.
Absorbances at t = 0 were considered 100% of the DOX in the study
solution. The slopes of these curves represent the DOX photobleaching
rates in the different irradiated solutions, the values of which are shown
in Table 1. Each point on the curve is the average of 3 independent
repetitions. The maximum % RSD value of the curve points of the DOX,
DOX/ABMA, DOX/DCPIP and DOX/ABMA/DCPIP solutions was 5%,
20%, 10% and 10%, respectively.

The results show that the DOX photobleaching rates decrease in the
presence of ABMA and DCPIP, since these reagents act as scavengers of
the ROS produced. When DOX is alone in solution, photobleaching is
due to the generation of ROS, which are very reactive and “attack” it. In
particular, 1O2, due to its empty orbital, attacks the unsaturated bonds
of DOX and produces its degradation by oxidation, with the consequent
decrease in absorbance. In the presence of ABMA and DCPIP, the me-
chanism by which absorbance decreases is more complex, since the

oxidation of DOX and the reactions of 1O2 and O2
⁎- compete with their

respective monitor species. Consequently, the DOX photobleaching
rates decrease due to the partial consumption of 1O2 and O2

⁎- caused by
ABMA and DCPIP.

The photobleaching rates of the indicators in DOX/ABMA and DOX/
DCPIP solutions, when solutions were irradiated with a 450-nm laser
light, correlates positively with DOX degradation. The absorbances at
t = 0 were considered 100% of ABMA and DCPIP in the respective
maximum absorbance (401 nm and 596 nm, respectively) in the solu-
tion under study. The results obtained are shown in Table 2. As ex-
pected, photobleaching rates for DOX/ABMA and DOX/DCPIP solutions
were higher than those for DOX/ABMA/DCPIP solution.

DOX concentration was the same in all solutions, but not ABMA and
DCPIP concentrations. The concentrations were chosen in such a way
that the absorbances of all its components were in the range of 0.8–1.0.
If the photobleaching rate is normalized by the concentration of ABMA
and DCPIP when each reagent is together with the DOX, the following is
obtained: ABMA (0.9387/50 = 0.0188 min−1 μM−1), DCPIP (1.2908/
140 = 0.009 min−1 μM−1) and an ABMA / DCPIP ratio = 2.1.
Assuming that the reactions of ABMA and DCPIP with 1O2 and O2

⁎-

respectively, are equimolar, the results indicate that the main species
produced is 1O2, since the photobleaching of the DOX/ABMA solution is
greater than the DOX/DCPIP solution. This is clearly seen in Fig. 3,
where the fading of the ABMA signal is greater than that of the DOX and

Fig. 3. Irradiation of DOX∙HCl in the presence of ABMA (a), DCPIP (b), ABMA and DCPIP (c) at 450 nm for 35 min, with 5-min intervals between irradiations and (d)
kinetic behaviour (487 nm).
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that of the DCPIP. These results confirm the effectiveness of doxor-
ubicin as a photosensitizing agent.

DOX in the presence of various PS is known to enhance the effects of

PDT [9–11,28] and its toxicity is significantly increased by irradiation
with a 514- and 488-nm laser [7]. Such results indicate that DOX is a
good candidate for a hybrid chemotherapy-PDT system, using DOX as a

Fig. 4. (a) DOX in the presence of ABMA and different activities of 18F-FDG; (b) kinetic behaviour of DOX and ABMA exposed to 18F; (c) DOX in the presence of DCPIP
and different activities of 18F-FDG; (d) kinetic behaviour of DOX and DCPIP exposed to 18F.

Fig. 5. (a) Cell viability of T47D cells treated with DOX (dark toxicity) and (b) effect on cell viability of 18F and 18F/DOX.
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bifunctional agent.
Although DOX has low quantum yield [8,29], it would not impede

its action as PS, because it also produces ROS through other redox
mechanisms [2,7]. Motlagh et al. [8] reported a quantum yield value
for DOX in DDW of 0.1, using Rhodamine 6G as a reference, while Shah
et al. [29] reported a quantum yield value for DOX in PBS of 0.0444,
using Rhodamine 101 as a reference.

In addition to the low quantum performance of DOX, probably an-
other reason why PDT systems based exclusively on DOX have not been
developed is due to the limited penetration of visible light (a few mm)
into the tissue when it is externally irradiated. In order to irradiate DOX
with visible light in PDT, optic fibres should be used, among other
strategies, which make the treatment invasive, unless easily-accessible
cavities such as cervix, are irradiated [4]. One option to overcome this
disadvantage is to use an internal light source like CR.

With the Cerenkov effect, once the threshold energy is exceeded, the
shape of the spectrum is the same regardless of the particle traveling in
the medium. However, the intensity depends on the energy of the
particle: the higher the energy, the higher the intensity. Liu reported
that the intensity of the Cerenkov effect in β particle-emitting radio-
nuclides (β + or β-) follows the following order:
90Y > 18F > 131I > 64Cu > 177Lu. In this work, the effect produced
by the 18F-FDG radiopharmaceutical, previously used for CR photo-
activation, is reported [14,16,20,30].

Shah et al reported the DOX excitation spectrum, while Jimenez-
Mancilla et al [29,31] proposed a mathematical model that reproduces
the Cerenkov spectrum. For the 380 nm- 600 nm region, the mathe-
matical function is:

= +
+

I A B C( )
1 10 a b( )( )

Where:
A = 0.1876, B = 1.0828, C = 0.1876,
a = 423.3840, b = 0.0216
Fig. 6 was made from the Cerenkov spectrum constructed by the

mathematical model of Jimenez-Mancilla et al [31] and the excitation
spectrum of DOX reported by Shah et al [29]. The figure shows that the
wide excitation band of DOX overlaps with the spectrum of CR. It is an
advantage to excite anthracycline with this light source. Thus, in
theory, the CR of 18F should excite DOX.

In practice, irradiation with 18F-FDG of DOX/ABMA and DOX/
DCPIP solutions produced photobleaching proportional to the activity
of 18F-FDG present (Fig. 4). DOX photobleaching in the presence of
ABMA and DCPIP indicates formation of 1O2 and O2

⁎-, due to the

presence of a light source. The only light source in the experiment was
the CR of the 18F-FDG. Therefore, the CR of 18F-FDG that affects DOX
produces ROS in a similar way to the species that are produced when
this compound is irradiated with a 450-nm laser light. Photoactivation
with CR from 18F-FDG has also been demonstrated by other authors
[14,16,30].

There are different criteria regarding the usefulness of CR in PDT.
Several authors [13,14,16] report positive results of PDT irradiated
with CR. However, Klein et al [12] estimate that the effectiveness of
PDT with CR is not due to the action of ROS that are generated by CR,
but to a combination of alternative mechanisms such as direct excita-
tion of PS and cellular radiosensitization due to ionizing radiation. Our
work demonstrates that DOX produces ROS by irradiating with CR from
18F-FDG, since the behaviour of DOX/ABMA and DOX/DCPIP solutions
in the presence of 18F-FDG was similar when irradiated with a 450-nm
laser (Fig. 3).

The photobleaching rates of DOX/ABMA and DOX/DCPIP with CR
from 18F-FDG (Table 3) were determined analogously to the experiment
with the 450-nm laser light (Tables 1 and 2). The results of Table 3
coincide with those obtained in Table 2. When irradiated with CR, the
DOX/DCPIP solution had a higher photobleaching rate than the DOX/
ABMA solution. Likewise, the relationship between the photobleaching
rates normalized by the concentration of the indicators was similar
(ABMA: 20.975/50 = 0.42 min−1 μM−1; DCPIP: 31.6/
140 = 0.22 min−1 μM−1 and ABMA/DCPIP ratio = 1.9), indicating
that the majority species produced was 1O2.

Finally, the in vitro study showed that with 37.5 μCi of 18F-FDG, the
viability of T47D cells in the presence of DOX/18F-FDG decreases sig-
nificantly (p < .01) in relation to those treated only with DOX.
(Fig. 5a) or with 18F-FDG (Fig. 5b; bars on the left). This dose-depen-
dent decrease is attributed to the combined toxic effect of DOX, in its
dual chemotherapeutic-PS function, and the interaction with cell tissue
of both photons from positronic annihilation and CR from 18F-FDG. The
synergy of all these effects enhances the efficacy of the PDT-che-
motherapy system. In in vivo experiments, a greater effect is to be ex-
pected, since CR increases with the transition from the refractive index
of water (1.33) to that of biological tissue (> 1.40) [31].

Chemotherapy-PDT synergy is one of the many strategies that have
been proposed to enhance the therapeutic outcome of low-dose che-
motherapy and minimize its side effects [8,10,11,28]. However, in
current PDT work with DOX, it is only used as a chemotherapeutic
agent [9–11,28]. This work also exploits its possibilities as a PS, which
will allow the design of a chemotherapy-PDT system with a more ef-
fective approach, which overcomes the difficulties of PDT with external
radiation.

The cardiotoxicity of DOX, as well as toxicity to other organs and
systems, is well-known and documented [1,2,11,32]. One of the stra-
tegies that have been proposed to decrease such effects is its en-
capsulation in different types of nanoparticles [9–11] that can specifi-
cally target the cancer cell. The vast possibilities offered by
nanoparticles facilitate the future design of a system in which the re-
sidence time of the DOX-carrying nanoparticle is longer in the tumour
cell than in the rest of the body. In this manner, after some time, the
DOX will only be found in the target cell. At that moment, the ad-
ministration of 18F-FDG would safely allow the production of free ra-
dicals only in the malignant cell where this radiopharmaceutical
usually accumulates [14,16]. The combination of DOX with PDT pro-
duced by CR would protect healthy tissue from the undesirable action
of free radicals, since the path of CR in biological tissue is limited to
1–2 mm [12,16].

The low fluence rate of Cerenkov light emission from 18F can be
useful to guarantee a minimum oxygen depletion and less DOX de-
gradation, since this drug forms ROS in the absence of radiation due to
bioreduction [7,32]. A high fluence rate dramatically reduces the pre-
sence of O2 in tumour tissue, which prevents the formation of new ROS
and reduces the effectiveness of PS [4,13].

Table 1
Photobleaching rate of DOX irradiated with 450 nm in the presence of ABMA
and/or DCPIP.

Solution Rate (min−1) Linearity (R2)

DOX 1.6509 0.9731
DOX/ABMA 1.0693 0.9626
DOX/DCPIP 0.6765 0.8599
DOX/ABMA/DCPIP 0.5450 0.9863

Table 2
Photobleaching rates of ABMA and DCPIP in different solutions irradiated with
a 450-nm laser light.

Solution
ABMA DCPIP

Rate
(min−1)

Linearity (R2) Rate
(min−1)

Linearity (R2)

DOX/ABMA 0.9387 0.9801 – –
DOX/DCPIP – – 1.2908 0.9455
DOX/ABMA/DCPIP 0.6697 0.996 0.2885 0.9256
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A great advantage of using 18F-FDG as a source of DOX excitation in
a chemotherapy-PDT system is that 18F can also be used to acquire
positron emission tomography imaging. The dual functionality of a
chemotherapy-PDT system allows it to have theragnostic applications.

5. Conclusions

This work demonstrates that CR from 18F-FDG causes DOX photo-
bleaching in a similar fashion to that when this anthracycline irradiated
with a 450-nm laser. 1O2 and O2

⁎- are the main ROS that form during
the 450-nm laser irradiation and CR exposure, which were confirmed
by ABMA and DCPIP, respectively. 1O2 is formed in a greater proportion
than O2

⁎-; a very favourable aspect, given the known cytotoxicity of this
species. Cell viability experiments using T47D cells confirm the effec-
tiveness of PDT, given the synergistic cytotoxic effect of the DOX/18F-
FDG combination. These results constitute the first step in the design of
a PDT-chemotherapy theragnostic system using the CR of 18F-FDG to
photoactivate DOX. In such a system, DOX will act in its dual che-
motherapeutic-PS character, the action of which can be monitored by
means of the 18F-FDG PET image, widely used for the detection of
various types of tumours. Such a system would make it possible to
significantly increase the effectiveness of PDT, particularly in deeply-
located tumours, where external light does not reach, with the con-
sequent decrease in undesirable effects from DOX. However, sub-
sequent in vivo studies are required to verify the results obtained in vitro,
preferably using DOX transport systems with specific recognition by
tumour cells.
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