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Photodynamic Therapy at Low-Light Fluence Rate:
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Abstract—This paper presents the results of in vitro photody-
namic therapy assays on RKO and HCT-15 cell lines. The envis-
aged implementation is in autonomous medical microdevices, such
as endoscopic capsules for clinical treatment of several types of
gastrointestinal tract tumors. Because of their very limited device
volume, light fluence and fluence rate needed to destroy tumor cells
should be minimized. Foscan or meta-tetra(hydroxyphenyl)chlorin
(mTHPC) is used as a photosensitizer. The experimental results
show that a small amount of mTHPC (0.15 mg/kg) and light flu-
ence (5–20 J/cm2) is sufficient to obtain significant photodynamic
activity. An array of LEDs with peak transmittance at 652 nm is
used as a portable light source for the maximum quantum effi-
ciency in producing singlet oxygen. Irradiation to a light fluence
between 2.5 and 10 J/cm2 is achieved by an increased exposure time
at an 11 mW/cm2 light fluence rate, while mTHPC concentrations
of 0.5, 1, 5, and 10 µg/mL are used. The experimental results show
that decreased cell viability (down to 30%) can be obtained for
1–5 µg/mL of mTHPC concentrations and 2.5 J/cm2 of light flu-
ence. Such light fluence and light fluence rate are compatible with
the endoscopic capsules batteries.

Index Terms—Biophotonic therapeutic technique, light-tissue
interaction, Photodynamic therapy.

I. INTRODUCTION

CONVENTIONAL therapeutic modalities for the treatment
of tumor lesions (such as surgery, chemotherapy and ra-

diotherapy) have in common low selectivity and the consequent
appearance of adverse reactions due to the high toxicity caused
on healthy cells. When compared with conventional therapeutic
modalities, photodynamic therapy (PDT) is distinguished by the

high selective cytotoxic activity against tumor cells. Selectivity
is due to ability of photosensitizers to localize in tumor lesions
and the distribution of light throughout the tissue of interest.
The photosensitizer is activated by exposure to light of a wave-
length for which it has high absorption and sufficient photon
energy is provided upon absorption to convert molecular oxy-
gen into reactive oxygen species (ROS), such as singlet oxygen
(1O2) and free radicals [1]–[6]. The singlet oxygen enables the
destruction of the target cells through direct cellular damage,
promoting apoptosis, vascular destruction and activation of an
immune response against the targeted cells [1], [2], [4], [6]–[9].

The incident light is usually monochromatic, red, and has a
wavelength equal to the maximum absorption wavelength of the
photosensitizer. The light wavelength must provide the energy
required to photoactivate the molecules of the photosensitizer
and produce ROS, as well as to ensure a good tissue penetration
of light [2], [5]. The wavelength of the light generally used
in PDT is in the range between 600-850 nm. Photons with
a wavelength longer than 850 nm carry insufficient energy to
activate the photosensitizer and produce singlet oxygen, while
at short wavelengths the tissue penetration is very low [2], [4].

The PDT results depend on several factors. The first is the
properties of the photosensitizer (the spectral characteristic of
the absorption, as defined by the molar extinction coefficient,
and the quantum yield of singlet oxygen). The second is the dis-
tribution of the photosensitizer within tumor cells (determining
localization of the action). Other factors that contribute to the
biological efficacy of PDT are the light fluence or light dose and
light fluence rate or light intensity [2], [4], [7], [8]. The light flu-
ence is the total energy of exposed light across a sectional area
of irradiated spot (J/cm2). The light fluence rate is the radiant
energy incident per second across a sectional area of irradiated
spot (W/cm2) [1].

An inverse proportionally of the effectivity of PDT with light
fluence rate (i.e., increased tumor destruction at reduced flu-
ence rate) has been reported. Blant et al. (1996) concluded that,
regardless of the light wavelength (652 nm or 514 nm) and
drug-light intervals (4 days or 8 days) for a given light flu-
ence (between 8 J/cm2 and 20 J/cm2), PDT of squamous cell
carcinoma with mTHPC (meta-tetra(hydroxyphenyl)chlorin))
at lower fluence rate (15 mW/cm2) caused more damage to
both tumor and normal tissue than when higher fluence rate
was used (150 mW/cm2) [10]. When studying the parameters
affecting photodynamic activity of mTHPC, Rezzoug et al.
(1998) also concluded that the photodynamic activity is
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TABLE I
CHARACTERISTICS OF SOME PHOTOSENSITIZERS USED IN PDT

significantly higher when low-light fluence rate is used
(32 mW/cm2) rather than higher fluence rate (160 mW/cm2) [7].
Coutier et al. (2001) studied the effect of fluence rate on cell sur-
vival and photo-bleaching in Colo 26 (non-metastasizing mouse
colorectal tumor cell line) multi-cell spheroids photosensitized
by mTHPC. Twenty four hours after administration of photo-
sensitizer, cell spheroids were exposed to various light fluences
administered at light fluence rates of 5, 30 and 90 mW/cm2.
The authors concluded that the therapeutic efficacy and photo-
sensitizer degradation increased significantly and progressively
as the light fluence rate decreased from 90 to 5 mW/cm2. A
high photo-bleaching rate of the photosensitizer results in an
increased singlet oxygen production and associated biological
effects [11]. A year later, Coutier et al. studied the influence of
the light fluence rate in PDT of HT29 human colon adenocarci-
noma xenografts in nude mice with mTHPC. The tumors were
injected with 0.3 mg/kg of mTHPC and 72 h later were exposed
to light fluence of 12 J/cm2 delivered at fluence rates of 5, 30,
90 and 160 mW/cm2. The low-light fluence rates (5 mW/cm2

and 30 mW/cm2) are associated with longer delays in tumor
regrowth than light delivery at higher rates (90 mW/cm2 and
160 mW/cm2) [12]. The principal reason of less PDT efficiency
at high fluence rate is the depletion of oxygen in tissues which
leads to low photo-bleaching of the photosensitizer. The fluence
rate have also impact on the dominant mechanism of cell death
in PDT, shifting from necrosis to apoptosis when the fluence
rate is lowered [13].

An ideal photosensitizer should have certain characteristics,
such as high purity and chemical stability, accumulation and
retention preferentially in tumor tissues, rapid excretion from
the body (inducing a low-systemic toxicity), and strong absorp-
tion peak at light wavelengths above 630 nm [9], [14]. Another
important requirement in choosing a photosensitizer is the high
production of ROS, particularly singlet oxygen - in other words,
the photosensitizer should have a high singlet oxygen quantum
yield (фΔ ). A strong absorption with a high molar extinction
coefficient (ϵ) for higher light wavelengths is another important
feature of an ideal photosensitizer. Finally, another important
factor of an ideal photosensitizer is the price, which must be
low enough to ensure widespread commercial availability for
extensive utilization of PDT treatment [9], [14]–[18].

Photosensitizers are usually classified as porphyrins or non-
porphyrins. Furthermore, porphyrin photosensitizers are clas-
sified as first, second or third-generation photosensitizers.
First-generation photosensitizers include the hematoporphyrin
derivative (HpD) and Photofrin (Porfimer Sodium). These pho-
tosensitizers have a reduced light tissue penetration due to its
weak absorbance in the red region of the spectrum (light wave-
length less than 630 nm), a low molar extinction coefficient
(that leads to the necessity of a high dose of the photosensitizer
and high light fluence) and prolonged skin photosensitization
after treatment. Second-generation photosensitizers, as Levu-
lan (ALA – 5-aminolevulinic acid), Foscan (mTHPC – meta-
tetra(hydroxyphenyl)chlorin), Laserphyrin (Talaporfin sodium)
and Tookad (Palladium bacteriopheophorbide) were developed
to alleviate some problems associated with first-generation pho-
tosensitizers. These second-generation photosensitizers absorb
light at a longer wavelength, are more effective in the produc-
tion of ROS and cause less skin photosensitivity after treatment.
Third-generation photosensitizers are formed by biological con-
jugates and are based on systems that carry the photosensitizer
to the tumor tissue, with the aim of reducing the toxicity to nor-
mal tissue and provide a selective accumulation in tumor tissues
[2], [16], [17], [19].

Table I shows the characteristics of some photosensitizers
used in PDT.

In this paper the emphasis is put on low-light fluence ac-
tivation. PDT has so far been used mainly on lesions that in
principle easily accessible (skin, retina, lung etc. [1], [3]) with-
out penetration through a layer of tissue. Endoscopic capsules
have become available for imaging the all gastrointestinal tract
(especially small bowel) as a diagnostic tool [21]. However,
this concept can be extended to also include treatment. The in-
tegration of the PDT technique in medical instruments, such
as endoscopic capsules for clinical treatment of several types
of gastrointestinal tract tumors, will be a breakthrough as these
medical devices are designed for diagnostic and not as therapeu-
tic tools. The endoscopic capsule is the only minimally invasive
medical device that is able to diagnose and provide light to
perform the PDT throughout the gastrointestinal tract. Fig. 1
envisages the integration of PDT in the endoscopic capsule.
Within this concept, we envisage implementation of PDT for
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Fig. 1. Illustration of PDT integrated in the endoscopic capsule.

effective clinical treatment of several types of gastrointestinal
tract tumors. Because of the endoscopic capsule dimensions and
battery life, light fluence and fluence rate of the red light must be
minimized to reduce the PDT treatment time. The light fluence
and light fluence rate should be compatible with respectively
the charge capacity and the discharge current of the type of bat-
teries with dimensions that are suitable for integration within an
optical microsystem. The mTHPC photosensitizer has potential
to meet these requirements.

II. MATERIALS AND METHODS

A. Photosensitizer

One of the most effective photosensitizers available is
mTHPC. A relatively small dose (0.15 mg/kg) and small light
fluence (5–20 J/cm2) are sufficient for a very strong response
[16], [17]. Its operating mechanism is based on direct tumor cell
toxicity and vascular damage [16]. It was approved in the Euro-
pean Union for the palliative treatment of head and neck cancers
in 2001 [17], [22]. It has a well-defined chemical structure and
is available with 98% purity [10]. Besides, it also presents a
large molar extinction coefficient in the red region at 652 nm,
ensuring a good tissue penetration, and a high singlet oxygen
quantum yield [10].

For experimental testing mTHPC was kindly provided by Bi-
olitec research GmbH (Jena, Germany). Four stock solutions
were made by dissolving mTHPC powder in methanol, result-
ing in concentrations of 0.5, 1, 5 and 10 mg/ml. A subsequent
single 1:1000 dilution in complete medium of each stock solu-
tion yielded the final mTHPC concentrations of 0.5, 1, 5 and
10 µg/ml.

B. Light Source

The light source for illuminating the photosensitizer at the
wavelength of maximum absorption of mTHPC is composed of
a custom-made planar array of LEDs (30 hyper red LEDs ref-
erence WP7113SURC/E from Kingbright Electronic Co, Ltd)
to best fit the 96-wells plate. The emission spectrum of the red
LEDs was validated using an optical setup for the characteriza-
tion of LEDs. This optical setup comprises: a monochromator
(Oriel Cornerstone 260 ¼ m, Newport), a fiber optic (Model:

Fig. 2. Relative emission spectrum of LED WP7113SURC/E.

Fig. 3. Structure for supporting and placing the light source above of culture
cell plate.

77533, Newport), a photodiode detector (Model: 71675, New-
port), a power meter (Model: 1918-R, Newport) and a data
acquisition system. The light source is placed at the entrance of
the monochromator. The fiber optic guides the light beam from
the monochromator output to the photodiode detector, which is
connected to the power meter. The monochromator and power
meter are connected to a computer to enable the data collection
through the acquisition program.

Fig. 2 shows the relative emission spectrum of LED
WP7113SURC/E. The central wavelength is 653 nm with a
FWHM (full width at half maximum) of 25 nm. The central
wavelength of light emitted by the LED WP7113SURC is very
close to 652 nm, which is the wavelength of maximum absorp-
tion of mTHPC. Therefore, the conditions for optimum excita-
tion are fulfilled. The light power per area (light fluence rate or
light intensity) of this light source was measured with an optical
power meter at approximately 15 mm from de detector (which
is the minimum distance between the cells and the light source
in the experimental assays). The light fluence rate at 653 nm is
11 mW/cm2. Significant temperature raise was not detected.

An aluminum supporting structure (Fig. 3) was built for po-
sitioning the light source above the clear 96-wells plate. This
structure is composed by screws and holders that allow the dis-
placement and positioning of the light source over the three
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coordinate axes and four position retainers that clamp the 96-
wells plate to the structure base. A black breadboard acts as a
structure base and prevents the reflection of light back into the
wells.

The light source was positioned above the central 5 × 3 wells
(column × line) to assure a homogeneity of light fluence rate.
The light fluence rate of each illuminated well was measured
with an optical power meter. The central 5 × 3 wells considered
in the experimental assays showed almost the same values of
light fluence rate.

C. Cell Culture

Two different human colon cancer-derived cell lines were
used in order to study the influence of light fluence and mTHPC
concentration on cell survival of mTHPC-mediated PDT treat-
ment at low-light fluence rate.

The RKO (human colon carcinoma) and HCT-15 (human
colon adenocarcinoma) cell lines were cultured in Dulbecco’s
MEM (Gibco, Invitrogen, USA) and RPMI-1640 medium
(Roswell Park Memorial Institute), respectively, with phenol
red indicator and supplemented with 10% (v/v) fetal bovine
serum (FBS) (Gibco, Introgen, USA) and 1% (v/v) peni-
cillin/streptomycin (Introgen, USA) at 37 °C in a 5% CO2
atmosphere to reach exponential growth

D. In vitro Light Treatment

RKO (6000/100 µl/well) and HCT-15 (7500/100 µl/well)
cells were seeded in 96-well plates and incubated at 37 °C in a
5% CO2 atmosphere during 72 h. The culture medium was as-
pirated and the cells were incubated with mTHPC (0.5, 1, 5 and
10 µg/ml) during 24 h. Then, the cells were washed twice with
phosphate-buffered saline (PBS) and 100 µl of fresh medium
was added. The cell culture plates were irradiated, in the dark,
with red light at 653 nm, light fluence of 2.5, 5 or 10 J/cm2 and
light fluence rate of 11 mW/cm2. The irradiation time of each
culture cell plate is given by the division of light fluence by light
fluence rate. So, the irradiation times are approximately 3 min
47 s, 7 min 35 s and 15 min 9 s for light fluences of 2.5, 5 and
10 J/cm2, respectively.

Fig. 4 shows the PDT treatment of one 96-well plate with the
light source and structure developed for in vitro assays.

Three culture cell plates were used for different light fluences
(2.5, 5 and 10 J/cm2) and one without illumination (0 J/cm2, to
be used as control). Each culture cell plate has a control without
mTHPC (0 µg/ml concentration) and the mTHPC concentra-
tions of 0.5, 1, 5 and 10 µg/ml, in triplicate.

E. Cell Viability Assays

Cell viability was assessed by MTS colorimetric assay. MTS
is reduced to colored compound, the formazan, by the action
of dehydrogenase enzyme of the viable cells. The amount of
formazan product (reflected in color change) is directly propor-
tional to the number of live cells, which can be measured in
absorbance terms around of 490 nm.

The amount of cells added to each well was based on previews
absorbance calibration curves of the two cell lines. Immediately

Fig. 4. In vitro light treatment of one 96-well plate, in the dark, with the light
source and structure presented in Fig. 3.

after PDT treatment, 10 µl of MTS were added to each well and
the cell culture plates were incubated for 1 h at 37 °C to allow
MTS metabolization. After incubation, the absorbance of the
resulting solution at 490 nm was measured using a Varioskan
Flash Multimode Reader (Thermo Scientific). The background
absorbance was also measured and subtracted to the absorbance
values of MTS assay.

III. RESULTS AND DISCUSSION

The experimental results are presented as average ± stan-
dard deviation for three independents assays. Cell viability was
normalized to the control.

Fig. 5 and Fig. 6 show the cell viability of RKO and HCT-15
cell lines, respectively.

As the data of Fig. 5 (a) and Fig. 6(a) were only normalized
to the mTHPC concentration control, these graphs allowed to
assess the influence of the mTHPC concentration on the cell
viability values. On the other hand, when the data were only
normalized to the light fluence control (Fig. 5 (b) and Fig. 6(b)),
the graphs allowed to assess the influence of the light fluence
on the cell viability values.

In the absence of light, i.e., no light activation (0 J/cm2), it was
found that mTHPC exposure led to approximately 30% toxicity
in RKO cells incubated with 10 µg/ml of mTHPC concentration
(Fig. 5(a)). The other mTHPC concentrations revealed no dark
toxicity in RKO cells. At light exposure, the different mTHPC
concentrations led to similar values of cell viability. However
the mTHPC concentration of 1 µg/ml led to the lowest average
values of cell viability.

Fig. 5(b) revealed that the light by itself has no cytotoxic
activity on RKO cells, since the cell viability values for the
condition without mTHPC remain around 100%. For the other
mTHPC concentration, the different light fluences led to similar
values of cell viability. However the light fluence of 2.5 J/cm2

led to the lowest average values of cell viability for the mTHPC
concentration of 1, 5 and 10 µg/ml.
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Fig. 5. Cell viability of RKO cell line: (a) normalized to the control without
mTHPC (0 µg/ml) for each light fluence; (b) normalized to the control without
illumination (0 J/cm2) for each mTHPC concentration.

Fig. 6(a) showed the dark toxicity of the highest mTHPC con-
centration (about 15%) in the HCT-15 cells. The other mTHPC
concentrations showed a cell viability very close to 100% in the
absence of light, revealing that the inactivated mTHPC at low
concentrations is not cytotoxic. At other light fluences, the low-
est mTHPC concentration (0.5 µg/ml) presented the highest cell
viability values, while the other mTHPC concentrations showed
similar values of cell viability.

Similarly to what happened for RKO cells, the HCT-15 cell
viability in the absence of mTHPC (0 µg/ml) is about 100%
(Fig. 6 (b)). For the lower mTHPC concentration (0.5 µg/ml),
an increasing of light fluence resulted in a decreasing of HCT-15
cell viability. For the other mTHPC concentration, the different
light fluences led to similar values of cell viability.

Giuseppe Tortora et al. [23] presented a device for the treat-
ment of Helicobacter pylori bacteria. This device consists of
an ingestible capsule with a light source to perform photody-
namic therapy by the excitation of the natural photosensitiz-
ers that Helicobacter pylori naturally owns. In this study, the
authors performed the photodynamic therapy with a light flu-
ence (irradiation density) of 9–16 J/cm2 and light fluence rate
(power density) of 5–8.9 mW/cm2, corresponding a treatment
time of 30 minutes. The target light fluence (16 J/cm2) is only
reached using 3-17 research capsules [23]. mTHPC-mediated
PDT using light fluence of 2.5 J/cm2 and light fluence rate of
11 mW/cm2, reduces the PDT treatment time to approximately
4 minutes. A quick treatment requires less battery capacity and

Fig. 6. Cell viability of HCT-15 cell line: (a) normalized to the control without
mTHPC (0 µg/ml) for each light fluence; (b) normalized to the control without
illumination (0 J/cm2) for each mTHPC concentration.

consequently a small number of capsules. The estimated charge
capacity needed to perform the mTHPC-mediated PDT with
small red SMD LEDs at 11 mW/cm2 of light fluence rate and
2.5 J/cm2 of light fluence is approximately 10 mAh with current
discharge of 120 mA.

IV. CONCLUSION

This paper presented light fluence and mTHPC concentration
response curves for in vitro PDT assays of RKO and HCT-15
cell lines. The 2.5, 5 and 10 J/cm2 light fluences at 11 mW/cm2

of light fluence rate and 0.5, 1, 5 and 10 µg/ml mTHPC concen-
trations were used in this study. A custom-made red light source
and a structure for supporting and positioning of the light source
on the culture cell plates were used.

In both cell lines, mTHPC showed some dark toxicity at a con-
centration of 10 µg/ml, however low concentrations of mTHPC
are not cytotoxic in the absence of light. The studied mTHPC
concentrations led to a similar values of RKO cell viability. In
HCT-15 cells, the mTHPC concentration of 0.5 µg/ml led to the
highest cell viability values.

The red light used in the activation of the mTHPC introduces
no cytotoxic activity for either RKO or HCT-15 cells. The stud-
ied light fluences led to similar values of RKO cell viability.
In the HCT-15 cells, an increasing of light fluence results in
a decreasing of cell viability for the mTHPC concentration of
0.5 µg/ml. For the other mTHPC concentration, the different
light fluences led to similar values of cell viability.
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For 11 mW/cm2 of light fluence rate, the optimum studied
mTHPC concentrations and optimum studied light fluence are
1–5 µg/ml and 2.5 J/cm2, respectively.

This paper demonstrates that the illumination at low fluence
and low fluence rate lead to a good photodynamic response.
Therefore, PDT using minimum light intensity and minimum
illumination time can be integrated in autonomous medical de-
vices, such as endoscopic capsules of very small dimensions,
for providing them with an advanced therapeutic function.

ACKNOWLEDGMENT

The authors thank Biolitec research GmbH (Jena, Germany)
for providing the photosensitizer Foscan used in the experimen-
tal tests.

REFERENCES

[1] D. E. J. G. J. Dolmans, D. Fukumura, and R. K. Jain, “Photodynamic
therapy for cancer,” Nature Rev. Cancer, vol. 3, no. 5, pp. 380–387, 2003.

[2] E. Spyratou, M. Makropoulou, E. A. Mourelatou, and C. Demetzos, “Bio-
photonic techniques for manipulation and characterization of drug delivery
nanosystems in cancer therapy,” Cancer Lett., vol. 327, no. 1/2, pp. 111–
122, 2012.

[3] B. T. Petersen et al., “Photodynamic therapy for gastrointestinal disease,”
Gastrointestinal Endoscopy, vol. 63, no. 7, pp. 927–932, 2006.

[4] P. Agostinis et al., “Photodynamic therapy of cancer: An update,” CA.
Cancer J. Clinicians, vol. 61, no. 4, pp. 250–281, 2011.

[5] C. Kurachi and V. S. Bagnato, “Photodynamic therapy,” Opt. Photon.
News, vol. 27, no. 5, pp. 32–38, 2016.

[6] A. Johansson, F.-W. Kreth, W. Stummer, and H. Stepp, “Interstitial photo-
dynamic therapy of brain tumors,” IEEE J. Sel. Topics Quantum Electron.,
vol. 16, no. 4, pp. 841–853, Sep. 2010.

[7] H. Rezzoug, L. Bezdetnaya, O. A’amar, J. L. Merlin, and F. Guillemin,
“Parameters affecting photodynamic activity of foscan or Meta-
tetra(hydroxyphenyl)chlorin (mTHPC) in vitro and in vivo,” Lasers Med.
Sci., vol. 13, no. 2, pp. 119–125, 1998.

[8] W. Wang, L. T. Moriyama, and V. S. Bagnato, “Photodynamic therapy
induced vascular damage: An overview of experimental PDT,” Laser Phys.
Lett., vol. 10, no. 2, pp. 1–8, 2013.

[9] Z. Huang et al., “Photodynamic therapy for treatment of solid tumors—
potential and technical challenges,” Technol. Cancer Res. Treatment,
vol. 7, no. 4, pp. 309–320, 2008.

[10] S. A. Blant et al., “In vivo fluence rate effect in photodynamic therapy of
early cancers with tetra(m-hydroxyphenyl)chlorin,” Photochemistry Pho-
tobiology, vol. 64, no. 6, pp. 963–968, 1996.

[11] S. Coutier et al., “Effects of fluence rate on cell survival and photo-
bleaching in meta-tetra-(hydroxyphenyl)chlorin-photosensitized Colo 26
multicell tumor spheroids,” Photochemistry Photobiology, vol. 73, no. 3,
pp. 297–303, 2001.

[12] S. Coutier, L. N. Bezdetnaya, T. H. Foster, R.-M. Parache, and F.
Guillemin, “Effect of irradiation fluence rate on the efficacy of photo-
dynamic therapy and tumor oxygenation in meta-tetra (hydroxyphenyl)
chlorin (mTHPC)-sensitized HT29 xenografts in nude mice,” Radiat. Res.,
vol. 158, pp. 339–345, 2002.

[13] B. A. Hartl, H. Hirschberg, L. Marcu, and S. R. Cherry, “Characterizing
low fluence thresholds for in vitro photodynamic therapy,” Biomed. Opt.
Express, vol. 6, no. 3, pp. 770–779, 2015.

[14] M. Triesscheijn, P. Baas, J. H. M. Schellens, and F. A. Stewart, “Photo-
dynamic therapy in oncology,” Oncologist, vol. 11, no. 9, pp. 1034–1044,
2006.

[15] R. R. Allison et al., “Photosensitizers in clinical PDT,” Photodiagnosis
Photodynamic Therapy, vol. 1, no. 1, pp. 27–42, 2004.

[16] S. Yano et al., “Current states and future views in photodynamic therapy,”
J. Photochemistry Photobiology C, Photochemistry Rev., vol. 12, no. 1,
pp. 46–67, 2011.

[17] A. E. O’Connor, W. M. Gallagher, and A. T. Byrne, “Porphyrin and non-
porphyrin photosensitizers in oncology: Preclinical and clinical advances
in photodynamic therapy,” Photochemistry Photobiology, vol. 85, no. 5,
pp. 1053–1074, 2009.

[18] H. Abrahamse and M. R. Hamblin, “New photosensitizers for photody-
namic therapy,” Biochem. J., vol. 473, no. 4, pp. 347–364, 2016.

[19] R. R. Allison and C. H. Sibata, “Oncologic photodynamic therapy pho-
tosensitizers: A clinical review,” Photodiagnosis Photodynamic Therapy,
vol. 7, no. 2, pp. 61–75, 2010.

[20] A. Ormond and H. Freeman, “Dye sensitizers for photodynamic therapy,”
Materials, vol. 6, no. 3, pp. 817–840, 2013.

[21] W. A. Qureshi, “Current and future applications of the capsule camera,”
Nature Rev. Drug Discovery, vol. 3, no. 5, pp. 447–450, 2004.

[22] S. A. H. J. de Visscher, P. U. Dijkstra, I. B. Tan, J. L. N. Roodenburg,
and M. J. H. Witjes, “mTHPC mediated photodynamic therapy (PDT) of
squamous cell carcinoma in the head and neck: A systematic review,”
Oral Oncology, vol. 49, no. 3, pp. 192–210, 2013.

[23] G. Tortora et al., “An ingestible capsule for the photodynamic therapy of
helicobacter pylori infection,” IEEE/ASME Trans. Mechatronics, vol. 21,
no. 4, pp. 1935–1942, Aug. 2016.

J. A. Rodrigues graduated in biomedical engineering (major in medical elec-
tronics) from the University of Minho, Braga, Portugal, in 2013, where he is
currently working toward the Ph.D. degree in biomedical engineering in the
development of minimally invasive medical devices.

R. Amorim graduated in biochemistry from the Faculty of Sciences, University
of Porto, Porto, Portugal, in 2009, and received the M.Sc. degree in health
sciences from the School of Medicine, University of Minho, Braga, Portugal, in
2011, where he is currently working toward the Ph.D. degree in health sciences.
His work has been focused on finding new metabolic targets to eradicate cancer.

M. F. Silva (M’17) graduated in informatics from the Polytechnic Institute of
Cávado and Ave, Barcelos, Portugal, in 2008, and received the M.Sc. degree in
micro/nanotechnologies, in 2010, and the Ph.D. degree in industrial electronics
from the University of Minho, Guimarães, Portugal, in 2015. His past work
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