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A B S T R A C T

In vivo spectrofluorometric analysis during photodynamic therapy (PDT) is a fundamental tool to obtain in-
formation about drug bleaching kinetics. Using a portable spectrofluorometer with an excitation source emitting
at 400 nm wavelength and a spectral analyzer ranging from 500 nm to 800 nm, the evolution of the meta-tetra
(hydroxyphenyl) chlorin (m-THPC) photosensitizer fluorescence spectrum at the tumoral tissue of BALB/c
murines with fibrosarcoma located at their flank was followed up. Ex vivo fluorescence measurements of the
tumor and skin were also performed with the aim of better characterizing the in vivo signal at different parts of
the tumor. PDT was performed employing a LED 637 nm light source. Fluorescence at different parts of the
tumor and at the tail and armpit of mice was measured immediately after injection and followed daily. The
average fluorescence intensity in the tumor reached a maximum after 24–72 h. Subsequently, illuminations 24,
48, 72 and 96 h post-injection were performed, and the fluorescence was measured immediately before and after
each illumination. Eventually, 24 h post-illumination, the fluorescence at certain parts of the tumor increased in
comparison with that measured immediately after illumination. This effect, named “rebound effect”, was due to
the new local accumulation of the drug, and was used to perform a second illumination on some mice to increase
the amount of photodynamic reaction and significantly improve the PDT outcome. These results are encouraging
to optimize PDT in the proposed animal model, thinking about the possible translation to humans.

1. Introduction

Photodynamic therapy (PDT) centers on the photochemical inter-
action of three principal components: oxygen, photosensitizer, and
light. This treatment modality uses light of an appropriate wavelength
in the presence of oxygen to activate a photosensitizing drug, which
then causes tumoral cell death. Singlet oxygen (1O2) and other reactive
oxygen species (ROS) are generally believed to be the major cytotoxic
agents during PDT [1–5].

The current use of PDT in oncology dates back to the early 1970′s,
when T. J. Dougherty began his investigations into the mechanisms and
clinical uses of hematoporphyrin derivatives (HpD) [6–8]. Although
PDT can mediate many signaling events in cells, its main purpose is
generally to kill cells. Recent research has elucidated many pathways
whereby mammalian cells can die, and some of the ways that PDT can
initiate these processes [9]. The concentration, physicochemical

properties and subcellular location of the photosensitizer (PS), the
concentration of oxygen, the appropriate wavelength and intensity of
the light, the specific cell type and tissue environmental properties may
all influence the mode and extent of cell death [10,11]. It has been
suggested that apoptosis and necrosis share common initiation path-
ways and that the final outcome is determined by the presence of an
active caspase [10]. This implies that apoptosis inhibition reorients
cells to necrosis, i.e., those cells sufficiently damaged by PDT appear to
be killed, regardless of the mechanism involved. It is also worth noting
that PDT induces membrane degradation. Thus, substances are released
within vasculature and interstitium. Some of these substances are di-
rectly toxic, while others may activate immune responses [12] and
impact vascular responses with platelet activation and alteration in
vascular permeability ranging from constriction to leakage [13,14].
Furthermore, PDT causes acute inflammation, invasion and infiltration
of the tumor by leukocytes and might enhance the production of tumor-
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derived antigens to T cells [15–17].
On the other hand, the application of HpD fluorescence detection of

tumoral tissue for clinical use started with R.L. Lipson and colleagues
[18]. In porphyrins, the absorption of light in the 400 nm range char-
acterized by the Soret band is employed for diagnosis, as in this case
there is a large Stokes shift between the excitation and emission bands.
The fluorescent signature can also be used as an optical biopsy to de-
termine benign versus malignant disease without the need for histolo-
gical evaluation [19].

The interaction of light with tissue results in attenuation of the in-
cident light energy due to reflectance, absorption, scattering, and re-
fraction. Refraction and reflection are reduced with perpendicular light
application because of the Fresnel law, whereas absorption can be
minimized by the choice of a photosensitizer that absorbs in the far-red
region of the electromagnetic spectrum. At these wavelengths, the
tissue optical window is optimal for PDT application [2]. The clinical
application of PDT has improved considerably due to the development
of new more efficient and selective photosensitizers, new devices, and
the design of more appropriate protocols to modulate PDT response
[20,21].

Fluorescence measurements have been utilized to determine meta-
tetra(hydroxyphenyl) chlorine (m-THPC) and a water-soluble deriva-
tive biodistribution in a human colorectal adenocarcinoma implanted
in Swiss nude mice [22,23]. Although PS fluorescence in the tumor
after 72 h was greater than that 24 h post-administration, better results
have been reported for PDT performed 24 h post m-THPC administra-
tion, setting a limit for this technique [22]. It has been claimed that
fluorescence measurements before PDT could improve the correlation
between the administered light dose and the treatment outcome of
esophagus carcinomas [24,25]. Other publications reported the im-
portance of in vivo measurement of the reduction of PS concentration
during treatment [26]. Of particular interest is the change in fluores-
cence during therapy, which may be an excellent dosimetric guide to
modification of illumination [26–37]. Provided the difference in
fluorescence prior, during, and after the photodynamic treatment is
measured accurately, it could be used to evaluate the potential success
or failure of the proposed curative or palliative protocol. Tissue optical
properties affect both the light dose participating at the photochemical
reaction and the fluorescence signal detection. For instance, 5-amino-
levulinic acid (PpIX) fluorescence measurements have been corrected
by reflectance during PDT in sensitized normal rat skin [38]. Further-
more, it has been possible to monitor interstitial m-THPC-PDT si-
multaneously measuring light fluence, fluorescence, blood oxygen sa-
turation, and blood volume without interrupting the therapeutic
illumination [39]. In this case, a complex relationship between the
fluence rate and m-THPC fluorescence photobleaching has been ob-
tained.

Many techniques to detect fluorescence of PpIX in relation to PDT in
neoplastic skin have been employed according to the properties of the
target tissue [40]. Provided fluorescence measurement limitations are
known, it is an accessible parameter to be evaluated clinically in a PDT
treatment [41].

In this paper, results from in vivo fluorescence measurements before
and at different times during PDT application in a fibrosarcoma (TMC)
animal model employing a 637 nm LED lamp are presented. Average
data are used to infer the amount of the drug photochemical reaction at
different sites, and to improve the illumination protocol. Furthermore,
ex vivo fluorescence measurements are utilized to discriminate con-
tributions to in vivo fluorescence from the different components of the
tumor model. The results indicate that drug concentration in the tumor
is maximal at 48 h, and after illumination, the decrease in fluorescence
depends on the location in the tumor; while some parts exhibit pro-
nounced signal depletion, others remain roughly constant. Fluorescence
measurement 24 h post-illumination indicates an increase in the con-
centration of photosensitizer relative to that obtained immediately after
the illumination, “rebound effect”, particularly in the apical region of

the tumor. Thus, a second illumination is performed to induce more
reaction and tumor cell killing. These results are useful to design im-
proved protocols for clinical PDT in humans.

2. Materials and methods

2.1. Induced tumors in BALB/c mice

BALB/c mice fed with alfalfa-free sterilized pellets were utilized.
Tumors in BALB/c mouse flanks were induced with methylcholan-
threne [42,43] and were subcultivated by subcutaneously inoculating
cells from the tumor in the right flanks of healthy mice. After about two
weeks, tumors of size between 0.4 and 0.8 cm in diameter were ob-
tained. Mice with tumors that are detected by touch and with similar
geometrical characteristics were selected for this work.

Eventually, tumors were excised from mice and immediately fixed
by immersion in 4% neutral buffered formalin solution. Fixed tumors
were cut and placed in embedding cassettes, and processed according to
the standard protocol. Briefly, samples were dehydrated by immersion
in ethanol solutions of increasing concentration (70, 80, 95 and 100%
ethanol), xylene, embedded in paraffin, and cut into 5 μm sections.
Dried sections were deparaffinized using xylene, 96% ethanol and 70%
ethanol, rehydrated and stained with hematoxylin and eosin. The
images were taken with a BX51 Olympus microscope (Olympus Co.,
Japan).

2.2. Drug administration and fluorescence measurement

The photosensitizer meta-tetrahydroxyphenyl chlorin (m-THPC)
(FoscanR, Biolitec Pharma Ltd. United Drug House, Magna Drive Dublin
24, Ireland), diluted in a mixture of ethanol/propylene glycol (2:1
molar ratio), was administrated to mice by injection at the medial
portion of the tail with a dose in the range 0.75–1.60 mg/kg of the
animals. The animals were held in a dark cage, according to the re-
commendations of the protocol to avoid unwanted effects of the
therapy, particularly in mouse eyes.

The fluorescence signal related to the photosensitizer concentration
at different regions of the tumor and different times (Fig. 1a and b) was
determined by a point fluorescence detection technique. In fact, these
measurements also include the contribution of the skin, but on average
reflect the evolution of m-THCP in the tumor (Section 3.5). The fluor-
escence spectra at the mice were obtained by exciting at 400 nm using a
fluorometer (JETI Technische Instrumente GmbH) provided with an
appropriate dual-pass fiber optics 0.20 mm in diameter, which allows
simultaneous local excitations and emission measurements of the stu-
died area (Figs. 1 a and Fig. 2). The fluorescence spectrum in the
500–800 nm range was recorded, and the fluorescence intensity asso-
ciated with m-THPC emission was obtained from the maximum at
652 nm prior to subtraction of the baseline due to the autofluorescence
of each sample. Proximal and distal portions of the tail, the left armpit,
four apical sites (1, 2, 3, 4) and lateral regions (cranial, dorsal, ventral
and caudal) of the tumor were measured (Figs. 1a and b). Measure-
ments at different times were performed guided by marks done on the
surface of the tumor to minimize errors due to location of the fiber-optic
tip at each site (Fig. 1a).

In another set of experiments, we proceeded according to the
schedule: (i) mice previously injected with 0.75 mg/kg of photo-
sensitizer were sacrificed after 48–72 h, and the skin-covered tumor
was excised. Then, fluorescence signals at different sites of the skin-
covered tumor were obtained (Fig. 1b). Subsequently, the skin was
separated from the tumor, and fluorescence measurements at the same
locations were obtained from the tumor and the skin separately, in
order to discriminate the contribution of each other to the total fluor-
escence. (ii) Mice previously injected with 0.75 mg/kg of photo-
sensitizer were illuminated 48 h after injection and sacrificed, and
fluorescence measurements were performed immediately as indicated
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in (i).
The m-THPC excitation/emission spectra from the tumor and a so-

lution in methanol are depicted in Fig. 1c and d. The largest fluores-
cence intensity in both cases is obtained by illuminating with a wave-
length close to 400 nm, i.e., the Soret band. Then, although tissue

absorption is larger at 400 nm, i.e., of the order of 90%, the transmitted
light is enough to excite the m-THCP, which subsequently fluoresces at
652 nm, 50% being transmitted through the tissue optical window [44].

Besides, according to the Jasblonsky diagrams [45], the highest
fluorescence intensities at 652 nm are coincident with the m-THPC
absorption peak used in these experiments for PDT applications.
However, at the excitation wavelength (400 nm) the absorption is much
larger than at 652 nm and the m-THCP fluorescence quantum yield is
high, 0.22 [46]. The fluorescence signal measured five times succes-
sively at the same site of the tissue remained constant on average.

Light of wavelength between 400 and 650 nm transmitted through
the skin and tumor slices with controlled thickness was measured em-
ploying a spectrometer (Ocean Optic USB 2000 + ) provided with a
fiber optics and appropriate 1W output LED sources and lenses located
conveniently on an optical bench. Tumor slices were placed between
two planar quartz crystals separated by Teflon spacers (Good Fellow,
England) of known thickness and located on the optical bench with a
sample holder to ensure perpendicular incidence of light.

2.3. Treatment

Mice were illuminated with a light dose of 20 J/cm2 following the
recommendation of FoscanR leaflet. An experimental arrangement
consisting of a LED lamp and appropriate condensing lens to illuminate
the desired area rendering a luminous flux of 130 lm [47] (Fig. 2) was
employed. The fluence rate was 54 mW/cm2 and the illuminance at the

Fig. 1. One-point fluorescence measurement at the
mouse tumor. (a) Images of the fiber optics utilized
in the measurements and its location in the tumor. A
typical tumor image is also depicted. Scheme of the
different tumor sites where fluorescence was mea-
sured: apical sites shown as 1, 2, 3, and 4; lateral
sites named cranial, dorsal, ventral and caudal sites.
(b) Scheme of the procedure followed to perform ex
situ fluorescence measurements at the skin-covered
tumor and the skin and tumor separately. (c)
Fluorescence excitation/emission spectra of m-THCP
1 mM in methanol. Arrows indicate the wavelengths
of m-THPC absorption maximum. (d) Typical fluor-
escence spectrum measured at the tumor of a mouse
injected with m-THPC at a dose of 1.4 mg/kg (solid
line). The fluorescence spectrum of m-THPC in me-
thanol is depicted in dashed line.

Fig. 2. Scheme of the experimental arrangement to measure fluorescence and perform
PDT treatment.
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distance of work was 0.113 mW/cm2, and the amount of light delivered
by the LED lamp was from 34 lms/cm2 to 68 lms/cm2 at 0.79 m for
5–10 min of illumination respectively [47].

The animals were placed in such a way that the illuminated surface
strictly corresponded to the tumor region. In some cases, fluorescence
measurements were used to better delimitate the extension of the
tumor, as areas that appeared as normal by eye observation retained
abnormal photosensitizer concentration.

To protect the animals from the effect of light illumination on other
parts of their bodies, they were covered with double black cloth so that
only the tumor area was exposed. The lighting time was controlled by a
timer connected directly to the LED lamp switch.

2.4. Indexes to estimate the amount of photodynamic reaction

Following indications in the literature [48,49], three different in-
dexes defined below were used to describe the decrease in the fluor-
escence signal after the application of light to the murine tumor ac-
cording to the designed protocol for treatment.

I1 = 100 x (fluorescence before the first illumination – fluorescence
after the first illumination)/fluorescence before the first illumination

I2 = 100 x (fluorescence before the second illumination – fluores-
cence after the second illumination)/fluorescence before the second
illumination

I3 = 100 x (fluorescence before the second illumination – fluores-
cence after the second illumination)/fluorescence after the first illu-
mination.

The comparison between I3 and I2 is an indication of the magnitude
of the “rebound effect”, as I3 includes the fluorescence immediately
after the first illumination as quotient and I2 the fluorescence 24 h after
the first illumination. Then, the difference is related to the accumula-
tion of new photosensitizer in the treated region.

3. Results and discussion

3.1. Fluorescence measurements along time, Determination of the maximum
drug concentration

As photosensitizer accumulation in the animal model varies with
time, after injection with an m-THPC dose of 0.75 mg/kg, the evolution
of the concentration of m-THPC was followed up by measuring the
corrected fluorescence signal at 652 nm, where a characteristic peak for
this photosensitizer was observed.

The evolution of the fluorescence intensity at 652 nm, taken from
different sites in the animal model, is shown in Figs. 3 and 4. In Fig. 3,
fluorescence data were obtained by averaging over different sites of the
skin-covered tumor and over different tumors. The photosensitizer
maximum concentration at the tumor tissue was observed for a time
interval between 24 h (≈ 38 AU.) and 96 h (≈ 28 AU.) after drug ad-
ministration (Fig. 3). Average fluorescence measurements started to
diminish after about 100 h, and for 256 h the signal decreased to about
10 AU. Then, the photosensitizer concentration becomes low to perform
the therapeutic illumination.

In another set of experiments, the average fluorescence intensity
along time was read from the armpit, apical, cranial, ventral, dorsal and
caudal sites of the skin-covered tumor, and the results are depicted in
Fig. 4. The average was performed considering seven measurements per
site, and the standard error is included.

From measurements of fluorescence at the tumor sites, the max-
imum intensity was observed in the 24–48 h range, but depended on
the site of the tumor. Maximum values of 46, 58, 30, 45 and 45 AU.
were obtained from the cranial, caudal, apical, dorsal and ventral sites,
respectively (Fig. 4). Differences between fluorescence intensity values
measured at a constant time and at different sites of the tumor reflect its
heterogeneity. Images of different sections of tumors similar to those
used for PDT revealed noticeable cell morphological differences

depending on the region of the tumor. For the largest tumors, necrotic
zones can also be observed (this is further described in Section 3.4).

After 24–96 h of photosensitizer injection, the fluorescence signal
from any site of the tumor was larger than that obtained from the
armpit (Fig. 4). Thus, the preferential accumulation of the drug in the
neoplastic tissue was observed. Fluorescence from the armpit is pro-
duced mainly by the skin, while measurements on the tumor include
the contribution of the skin. While fluorescence from the armpit in-
creases up to 48 h and afterwards remains constant, the average
fluorescence signal from the tumor starts to decrease at 48 h. This may
reflect the difference in the photosensitizer uptake by the skin and the
tumor.

As expected, the maximum fluorescence signal was observed at the
proximal or eventually at the distal region of the tail, near the drug

Fig. 3. Average fluorescence intensity of the tumor measured from the m-THPC spectrum
maximum at 652 nm. Measurements were performed at different times (indicated in the
figure) after the photosensitizer injection at a dose of 0.75 mg/kg. Data were obtained by
averaging measurements at different sites of the tumor. The standard errors are included,
and four animals were considered.

Fig. 4. Typical fluorescence measurements at different sites of the tumor along time, as
indicated in the figure. Animals were injected with 0.75 mg/kg m-THPC. The errors were
calculated from four measurements for each different site of the tumor.
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injection site. This indicates that some extravasation occurred at the
injection site in spite of the fact that the drug was well distributed by
the blood flow.

3.2. Fluorescence measurements at different tumor sites before and after
illumination. PDT treatment with a single illumination

Average fluorescence measurements at different sites of the tumor,
before and immediately after illumination at 48 h post-injection are
shown in Fig. 5. Apical and lateral tumor regions are considered. In the
apical region of the tumor, measurements are performed at four sites (1,
2, 3 and 4) and in the lateral region at cranial, caudal, dorsal and
ventral sites as indicated in (Fig. 1). In most of the cases, the fluores-
cence increased after injection of m-THPC at a dose of 0.75 mg/kg, and
before illumination it was significantly larger than immediately after
illumination. This indicates that the reaction of the photosensitizer
occurs at the applied light dose.

The largest changes in fluorescence, before and immediately after
illumination, were measured for apical sites; a change close to 100 AU.
was observed for the “apical site 3” (Fig. 5). For “apical sites 1 and 4” a
similar relative decrease in the fluorescence, about 1.4, was observed
immediately after illumination. For “apical site 2” no decrease after
illumination was observed.

The decrease in the fluorescence after the first illumination, mea-
sured at the lateral sites of the tumor, was significantly smaller than in
the apical regions. This is in part consistent with the geometry of the
tumor that restricts the amount of light that reaches the lateral regions.
It is worth noting that the heterogeneity of tumors would affect their
response towards illumination, and each site would exhibit a particular
behavior [50]. Fluorescence measurements are largely influenced by
the presence of blood in the examined tissue due to the low transmit-
tance of the excitation light at 400 nm, as will be discussed in Section
3.5. Experimental tumors contain a significant fraction of microregions
that are chronically or transiently hypoxic. There is increasing experi-
mental evidence showing that hypoxia (and subsequent reoxygenation)
may have a profound impact on malignant progression and on re-
sponsiveness to therapy [51,52]. As will be described in the next sec-
tion, for apical sites, fluorescence measurements 24 h after illumination
tend to exhibit a higher value than immediately after illumination, but
this is not the case for all the measured sites.

The importance of the tissue geometry and the incidence angle of
light in determining the optimal dosimetry for an effective PDT

treatment have been reported [53]. In this work, it has been indicated
that the internal light distribution should be considered in order to
avoid misleading conclusions. Furthermore, it is important to place the
light source perpendicular to the tumor, in order to minimize errors
that alter the photon fluence inside the tumor, but if the incidence angle
is smaller than 15° in the PDT treatment, it is not necessary to adjust the
incidence angle [53].

A plausible correlation between fluorescence and the m-THPC
concentration should depend on the tissue optical properties. In our
case, provided the optical properties remain constant in time at each
site, the fluorescence would be indicative of the photosensitizer con-
centration even when the tumor is highly heterogeneous. For the time
range of our fluorescence measurements, despite the high reactivity of
singlet oxygen, the tissue structure remained unchanged according to
histological data, and a feasible comparison between measurements
before and after illumination is expected to be appropriate. Thus, it is
important to control the location of the fiber optics at each site along
the whole observation at the different stages of the experiment.

3.3. Fluorescence measurements along time. Double illumination PDT
treatment

As discussed in the previous section, for mice injected with
0.75 mg/kg, in most parts of the apical region the fluorescence im-
mediately after illumination showed a significant decrease due to the
reaction of the photosensitive drug with light coming from the LED
lamp. But interestingly, 24 h after the first illumination, the intensity of
the fluorescence signal measured at the same sites showed that it
eventually remained constant, decreased or increased in relation to the
one obtained immediately after illumination (Figs. 6 and 7). The in-
crease of the fluorescence signal, which we call “rebound effect”, would
indicate the presence of fresh photosensitizer at certain sites that can be
employed to generate more neoplastic tissue destruction by delivering
light through a new illumination. The effectiveness of the photo-
dynamic reaction is shown by the decrease of the fluorescence signal
immediately after the second illumination. A similar observation has
been recently reported. In fact, the replenishment of photofrin after 5 h
of illumination was reported for a radiation-induced fibrosarcoma in
C3H mice [29], although no further illumination was performed.

Fluorescence data were obtained after correction due to tissue au-
tofluorescence; as shown in Fig. 6b, all curves are referred to the same
baseline. It is worth noting that the fluorescence signal evolution de-
pended on the site of measurement at the tumor due to its hetero-
geneity, and it should change from one animal to another. Nevertheless,
average fluorescence data from the apical tumor sites of five mice
(Fig. 7a) exhibited a significant increase in the fluorescence 24 h after
the first illumination and a subsequent decrease after the second illu-
mination.

Furthermore, the indexes I1, I2 and I3 (see the Materials and
Methods Section) are useful to quantify the improvement in the amount
of reaction caused by a single or double illumination. The indexes
compare the fluorescence before and after illumination, in relation to
the fluorescence before the first illumination (I1), the fluorescence be-
fore the second illumination (I2), and that after the first illumination
(I3). The latter index would be indicative of the amount of photo-
chemical reaction and would take account of the net balance of pho-
tosensitizer, coming from non-illuminated zones and disappearing
probably due to metabolism, in a range of time comprised between the
first and the second illumination. For the apical region of the tumor,
average data from different sites show that in most of the cases I1 is
larger than I2 and I3 (Fig. 7), contrary to the site “apical 2” where
I3 > I2 > I1 can be inferred (Fig. 6). These data would indicate that
the “rebound effect” can be useful to increase the amount of reaction at
least at certain sites of the tumor.

Mice injected with a dose of 1.40 mg/kg of m-THPC showed an
increased average value of the fluorescence signal in the apical region

Fig. 5. Typical average fluorescence intensity measurements at apical, caudal, cranial,
ventral and dorsal sites 24 h after injection, 48 h before and after illumination. At the
beginning, the tumoral area was close to 4 mm x 4 mm in all the cases. Mice were injected
with m-THPC 0.75 mg/kg and after 48 h, they were illuminated for 13 min.
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24 h after injection in comparison with the mice injected with 0.75 mg/
kg of m-THPC (Figs. 7 and 8). Furthermore, a clear decrease in the
signal was observed after the first illumination. Subsequently, 24 h
post-illumination, the fluorescence signal at 652 nm remained almost at
the same level, close to a value of 50 AU., which decreased to 10 AU.
after a second illumination with the same light dose indicated above. It
can be hypothesized that the photosensitizer metabolism would pro-
duce a more significant decrease in the fluorescence, which was not
observed in our experiments. Thus, new fresh photosensitizer was flown
into the tumor at zones with healthy vasculature. In this case, a double
illumination would improve the PDT outcome.

The ratio between the fluorescence measured at 652 nm, before and
after the second illumination, was significantly larger for the experi-
ment with the mice injected with 0.75 mg/kg (Fig. 6) than for the mice
injected with 1.4 mg/kg (Fig. 8), i.e., 2.33 for the lower concentration
and 1.65 for the larger concentration. This can be explained by the
requirement of more illumination and oxygen in the case of a larger
drug concentration. Thus, a larger drug concentration does not imply a
better PDT effect [54]. So, the photodynamic therapy must involve the
appropriate amount of light with a specific wavelength and oxygen to
assure the PDT reaction. In this regard, it has been reported that
fluorescence measurements are limited to predict the PDT outcome, as a
higher fluorescence obtained at 72 h post injection in comparison with

that obtained at 48 h post-injection has no correlation with the better
results achieved when illuminating at 48 h post-injection [22].

3.4. Tumor histology

Tumor histology is useful to interpret fluorescence data. In this
subsection a brief histological description of the tumor is given, and in
the next subsection the optical properties of the skin and tumor are

Fig. 6. Fluorescence signal measured at the apical region of a tumor. The mouse was
injected with a dose of 0.75 mg/kg. The first illumination was performed at 72 h and the
second, 96 h after drug injection (a). The first illumination was performed at 48 h and the
second, 72 h after drug injection (b).

Fig. 7. Average fluorescence measurements before and after the first and second illumi-
nation at times indicated in the figure (a). Average indexes I1, I2 and I3 calculated for the
four sites of the apical region of the tumor (b). The photosensitizer was injected at a dose
of 0.75 mg/kg. The first illumination was performed at 72 h and the second, 96 h after
drug injection.

Fig. 8. Average fluorescence spectra at 600–700 nm from the apical zone of the tumor of
a mouse injected with the photosensitizer at a dose of 1.40 mg/kg. The first illumination
was performed at 24 h and the second, 48 h after drug incorporation.
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discussed. A typical tumor, obtained after two weeks of tumor cell in-
oculation in the right flank of a mouse, was excised and carefully
trimmed and placed in the paraffin embedding cassettes, maintaining
its actual orientation in the mouse flank. This type of tumor consists of a
malignant connective (soft) tissue originated in fibroblasts. The tumor
appears as a compact mass of anaplastic fibroblasts, some of them with
a spindled form and with architectural disarray. The tumor is usually
fed by vasculature from the dermis as larger vessels are seen in proxi-
mity of the skin, while the tumor central section shows smaller sinu-
soids homogenously distributed all around the tumoral tissue. In this
case, the tumor was attached by one end to the dermis, where a rather
large vessel can be distinguished (Fig. 9a). Concomitantly, a larger
number of arterioles and venules were observed in the region of tumor-
skin attachment (Fig. 9b). Furthermore, a portion of the skin above the
tumor exhibited venules with augmented size, in which fixed ery-
throcytes can be distinguished. On the other hand, in most parts of the
tumor, a rather homogeneous vessel distribution was observed
(Fig. 9c), at least at the mm scale, the size of the fiber optics used in the
fluorescent measurements.

3.5. Ex vivo and fluorescent measurements

The intensity of light passing through the mouse skin that covers the
tumor was measured employing a fiber optic spectrometer and LED
sources of 400 and 652 nm. Samples were placed in a sample holder
with plane quartz windows. For 652 nm the measured intensity was
6–10 times higher than for 400 nm (Fig. 10a). The smaller values were
obtained from regions with a relatively high concentration of blood
vessels. The reported BALB/c mouse skin transmittance was close to
50% at 652 nm and about 5% at 400 nm [44,55].

On the other hand, the average intensity of light of 400 nm and
652 nm that passes through a portion of tumor of different thickness (h)

ranging from 750 to 2000 μm is plotted in Fig. 10 b. The intensity of the
signal decays monotonously with h for both wavelengths. For 652 nm
and h= 750 μm, the intensity approaches 4700 AU. and for
h = 2000 μm, it is close to 1650 AU. For 400 nm the intensity reaches a
value close to 920 AU. for h= 750 μm and diminishes to 100 AU. for
h = 2000 μm. These data would indicate that the fluorescence detected
in vivo would reflect the presence of m-THPC in the skin and the tumor.

Ex situ fluorescence measurements were performed to discriminate
the contribution of the skin and the tumor itself to the total fluorescence
signal (Fig. 11). Six mice were injected with m-THPC at a dose of
0.75 mg/kg and after 48 h three mice were sacrificed before illumina-
tion and other three immediately after illumination. Fluorescence was
measured within four hours after mice sacrifice at (i) the excised skin-
covered tumor, (ii) the tumor without the skin, and (iii) the skin. In all
the cases, measurements were carried out placing the fiber optics at
four different apical sites, as indicated in Fig. 1. In most of the cases,
fluorescence measurements were on average larger before illumination
than immediately after illumination. This indicates that the reaction of
the photosensitizer occurs at the applied light dose as in the case of in
vivo measurements. The largest signals were obtained from sites at
skin-covered tumor and the tumor without skin. In contrast, fluores-
cence from sites at the skin was significantly smaller. Average

Fig. 9. Image of a typical excised tumor (a). Partial picture of a hematoxylin-eosin stained
tumor slice (b). At the region of attachment to the skin, the tumor exhibits a large number
of enlarged vessels. At the central region, vessels are smaller and rather homogeneously
distributed. An enlarged venule in the skin over the tumor is also depicted in the figure.

Fig. 10. Intensity of light transmitted by the skin covering the tumor at 400 and 652 nm
(a). Four different spectra obtained at different sites of the skin are included (inset). The
smallest signal is obtained from regions with a large density of blood vessels. (b)
Dependence of the transmitted light intensity on the tumor thickness.
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fluorescence measurements from the skin-covered tumor, tumor and
skin indicate that the skin contribution to the total fluorescence signal is
about 15% and 30% before and after illumination, respectively. The
contribution of the different planes of the tumor from the dermis to the
peritoneal tissue is related to the dependence of the transmittance at
400 and 650 nm on the tumor thickness. Fluorescence measurements to
infer the m-THPC concentration have been performed in different
tumor models [22,56–59]. The pharmacokinetics of m-THPC in a rat
fibrosarcoma tumor model indicates that the photosensitizer con-
centration in the tumor is about twice and 1.35 times the value ob-
tained in the skin 48 and 72 h post-administration [58]. On the other
hand, in a mesothelioma model the skin has larger drug absorption than
the tumor [59]. For our tumor model, the florescence from the skin
remains significantly smaller than from the tumor both at 48 and 72 h
post-photosensitizer administration, as can be appreciated from data
depicted in Figs. 4 and 11.

3.6. Evaluation of the PDT effect on tumors

The effect of the therapy was observed after 5 days of illumination;
the tumor mass decreased and eschar formed in treated animals com-
pared to control mice. The decrease in volume was not homogeneous,
but more significant in the apical region, where the tumor was

illuminated directly, while caudal, cranial, ventral and dorsal zones
received the light tangentially.

In the case of the highest dose tested, damage elsewhere in the
mouse, including the tail, makes the procedure not advisable. In these
cases, it is necessary to be extremely careful to avoid exposure of the
mouse to sunlight. While data show that there is greater availability of
drugs for the photochemical reaction, surrounding regions can be da-
maged, making the therapy less controllable. Furthermore, the photo-
chemical reaction generates heat, making the therapy less tolerable.

The average tumor radius, measured as the average of the maximum
and minimum tumor radii (R), divided by the initial tumor radius (R0)
was used to quantify the evolution of the tumor size (Fig. 12). The
tumor growth rate decreased significantly in the case of treated mice in
comparison with control ones. A second illumination after the “rebound
effect” statistically improved the PDT treatment outcome as shown in
Fig. 12, although for this type of tumor and for the experimental setup
used to perform the illumination, a more significant improvement of
the treatment cannot be expected. The main objective of the work was
to show the importance of fluorescence measurements to follow the
evolution of the photosensitizer concentration during the PDT treat-
ment. Thanks to this, we were able to observe the “rebound effect” and
employ it to guide a second illumination. It has recently been reported
that light fractionation, consisting of two light dose applications 4 h
apart, increases the efficacy of 5-aminolevulinic acid based PDT in
normal mouse skin [60]. The “rebound effect” is locally relevant, as has
been shown in this work by fluorescence measurements at different
sites of the tumor. These results are associated with the tumor hetero-
geneity reflected in differences of photosensitizer level and oxygen
concentration, as has been reported [61]. In fact, vascular damage plays
a key role in determining the PDT outcome and depends on the base-
ment membrane [38,61]. The imaging of the tumor vessels after PDT
has been proposed as a valuable marker to predict the effectiveness of
the treatment [62]. In any case, the average fluorescence measurements
at different sites of the tumor, the “rebound effect”, can be detected and
appear to be useful to guide a second illumination [41].

4. Conclusions

In this work, the in vivo follow-up of photosensitizer fluorescence in
the tumor model to check the effectiveness of the PDT reaction is de-
scribed.

After 24–96 h of the photosensitizer injection, the fluorescence
signal reached a plateau (Figs. 3 and 4), and at any site of the tumor the
intensity was larger than that obtained in the armpit of mice. Thus, the

Fig. 11. Ex vivo fluorescence measurements from skin covered tumors, tumor without
skin and skin separately, before and after illumination as indicated. In all the cases, the
fiber optics was placed in the same spatial coordinates as depicted in Fig. 1.

Fig. 12. Normalized tumor radio versus time of mice injected with m-THCP at a dose of
0.75 mg/kg and treated 24 and 48 h post-injection with single illumination (solid gray
circles), with double illumination (solid squares) and control mice (open circles). Nine
mice are considered and the standard errors are included.
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preferential accumulation of the drug in the neoplastic tissue was
tested. The dispersion of fluorescence values measured at different sites
of the tumor is consistent with the large heterogeneity of these tumors.

The decrease in the fluorescence after the first illumination indicates
the extent of the photochemical reaction, which was significantly
smaller at the lateral sites than at the apical ones. In most cases, 24 h
after the first illumination the intensity of the fluorescence signal in-
creased again, showing the “rebound effect” depicted in Figs. 6 and 7
for different drug concentrations (0.75 mg/kg and 1.4 mg/kg) and ab-
sorption times (48, 72 and 96 h). The “rebound effect” was scarcely
observed in laterals zones of the tumor; the decrease in the tumor vo-
lume was not homogeneous, but more evident in the apical region,
where the tumor was illuminated perpendicularly.

Ex vivo fluorescence measurements performed at different sites in
the skin covered tumor, the tumor without skin and the skin above the
tumor, allows the evaluation of the contribution of both the tumor and
the skin to the total fluorescence signal measured in vivo. The results
indicate that the contribution from the tumor is significantly larger than
that from the skin.

The results reveal the importance of using fluorescence to monitor
the accumulation of the photosensitizer in the affected tissue.
Furthermore, by monitoring the fluorescence after illumination, it is
possible to take advantage of the “rebound effect” to improve the
outcomes of PDT treatment.

The results are encouraging enough to continue to try to reach the
interdisciplinary optimization of PDT work in the proposed model. The
PDT can be presented as an advantageous alternative to palliative or
curative cancer treatment and therefore may be sufficiently wide-
spread. Fluorescence detection could also be better exploited not only
to determine tumor location but also to enhance therapy.
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