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Abstract—Photodynamic Therapy (PDT) is a technique
used in the selective destruction of cancer cells and requires
the previous knowledge of light dosimetry and photosensi-
tizer drug (PS) concentration to apply on cells. Therefore,
a laboratory platform is required for further evaluation, e.g.
to make evaluation and assays on previously collected cells
by biopsy to determine the best combination of light dose
and PS concentration. In this context, this paper presents a
low-cost, low-sized and flexible Wireless Portable Evaluation
Platform for PDT assays on cells. The W-PEP was tested
and evaluated using assays with Human Gastric Adenocar-
cinoma (AGS) cells. The AGS cells were exposed to the
5-aminolevulinic acid (ALA), which is a precursor of the pho-
tosensitive agent Protoporphyrin IX (PpIX) with absorption at 635nm. The W-PEP is composed by 16 small-sized LEDs
matrix with peak transmittance at 634nm mounted in a PCB and controlled by ESP32-DevKitC®, a power bank to supply the
lighting and the controlling systems and 3D printed components specially designed to allow portability and PDT assays.
A graphical user interface (GUI) application for mobile devices was developed allowing the bi-directional communication
between the smartphone and W-PEP via Bluetooth. The measurements with AGS cells proved this W-PEP was effective
in its purpose and promoted cell death in samples treated with ALA and a final light dose of 5J/cm2 after 49 minutes of
light exposure. This W-PEP has 140mm of both length and width, 75mm of height and costs about $82.10. To finish, this
system checks the optimal conditions that will be applied in the treatment after, thereby decreasing the costs and time of
the application.
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Index Terms— Photodynamic therapy (PDT), 5-Aminolevulinic Acid (ALA), Internet of Things (IoT), Android Application,
Adenocarcinoma Gastric of Stomach (AGS).

I. INTRODUCTION25

ACCORDING to World Health Organization and World26

Cancer Research Fund, cancer can be considered as one27

of the major health problems around the World. There were28

an estimated 18 million cancer cases around the world in a29

year and is the second leading cause of death globally. About30

1 in 6 deaths is due to cancer. Stomach cancer is between31

the 5 most incidents cases and is one of the most dangerous,32

because is the third in death causes [1], [2]. It is important33

to discover the cancer early, because the chance of reversing34

increases exponentially [1].35

There is a lot of research in identifying Volatile Organic36

Compounds to find cancer in its early stages. For this purpose,37
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mass spectrometry techniques [3], array of sensors [4], elec- 38

trochemical sensors [5], microwave sensors [6], optical fiber 39

sensor [7] have been used. 40

After the cancer is identified and located, a non-invasive 41

treatment, called Photodynamic Therapy (PDT), can be per- 42

formed. PDT is an optical technique that consists on an abla- 43

tive treatment for rapidly proliferating abnormalities including 44

dysplastic and malignant lesions. It is based on Photosensitizer 45

Drug (PS) administration followed by exposure to a light 46

with specific wavelength λ [nm], commonly located in the 47

red region of the visible spectrum, due deeper penetration in 48

biological tissue. After a certain time, the drug accumulates in 49

lesions and the application of light with specific intensity and 50

wavelength leads to it photoexcitation. PDT is a non-invasive 51

therapy because the irradiation is limited to the tumor site, and 52

at the same time, it presents low systemic toxicity and tumors 53

selective destruction due to preferential buildup of the PS in 54

injured tissues [8], [9]. Fig. 1 illustrates the basic principles 55

of PDT. 56

Considering this regard, it is necessary to know before 57

treatment starting which PS will be used, the concentration 58

of this PS that will be prepared and the light dose that will 59

1558-1748 © 2020 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See https://www.ieee.org/publications/rights/index.html for more information.



IEE
E P

ro
of

2 IEEE SENSORS JOURNAL

Fig. 1. Basic principles of PDT.

Fig. 2. Diagram of the W-PEP proposed in this paper.

be applied [10]–[13]. Thereby, it’s possible to avoid patient60

unnecessary discomforts caused by the treatment and prevent61

the non-cancerogenous cells damages. Currently, there is a gap62

in portable photodynamic therapy (PDT) analysis systems that63

are flexible, portable with low-size and easy to interface with64

the operator.65

In this context, using the concepts of IoT (Internet of66

things) and Android Application, this paper presents a Wire-67

less Portable Evaluation Platform (W-PEP) controlled by a68

smartphone via Bluetooth connection (with the possibility69

to use Wi-Fi), which was specifically developed to perform70

and sensing PDT in Human Gastric Adenocarcinoma (AGS)71

cells submitted to 5-aminolevulinic acid (ALA) samples, a72

precursor of Protoporphyrin IX (PpIX).73

II. CONCEPT AND APPROACH74

A. Concept75

This paper core is the development of a low-cost,76

low-sized and flexible Wireless Portable Evaluation Platform77

(W-PEP) that can assist and improve a cancer treatment by78

photodynamic therapy. The W-PEP performs a previous PDT79

in assays with cancerogenous cells before collected with a80

biopsy. Therefore, it’s possible to check the optimal dosimetry81

and PS concentration that will be applied in the treatment after,82

decreasing the costs and time of the application.83

Fig. 2 presents the W-PEP system overview controlled by84

a smartphone containing a 96-well microplate to irradiate the85

cells sample. The W-PEP control is done in real time by the 86

graphical user interface (GUI) for mobile devices developed 87

to simplify the operation for the end user. Additionally, this 88

system was designed with a rechargeable power bank allowing 89

totally portability. 90

The PDT module is composed by a high-performance 91

microcontroller with wireless transceiver via Wi-Fi or Blue- 92

tooth, a power unit and a developed lighting system. The 93

power unit comprises a power bank with rechargeable battery 94

and the charging control system. There are many communica- 95

tion protocols for mobile devices, e g., IEEE 804.15.4, ZigBee, 96

Wi-Fi, LTE, 3G and Bluetooth [14]. The last was chosen 97

because it presents itself as a simple, low-cost and low-power 98

consumption path to transmission and reception data and is 99

present in almost all mobile devices [15], [16]. 100

B. Photodynamic Therapy 101

The PDT principle involves the PS activation by 102

specific light wavelength [9]. There are three main elements 103

required: light, PS and oxygen. When the PS is exposed to 104

a specific light wavelength, it is activated to an excited state. 105

In the ground state (S0), it is said that a PS is in the singlet 106

state, whereby all its electrons have paired spins in low energy 107

orbitals. After applying light with a wavelength within the PS 108

absorption band, the electron in the highest occupied molecular 109

orbital (HOMO) is excited to the lowest unoccupied molecular 110

orbital (LUMO). This process results in PS unstable singlet 111

excited state (S1), which has nanosecond scale life time, and 112

without any expected photodynamic activity. By referring to an 113

unstable configuration, several processes can occur rapidly and 114

the PS returns to its original state S0 by different processes, 115

for example, by heat generation, a non-radioactive process, 116

resulted from energy dissipation absorbed into the neighbor- 117

hood molecules or by fluorescence, which is a photon emission 118

with wavelength corresponding to the difference between two 119

states energies [17]–[20]. 120

Another possible process is the excited electron spin rever- 121

sion, known as Intersystem Crossing (ISC). This process 122

causes the PS to go into a lower energy excited state called 123

triplet, which is relatively more stable than the singlet state. 124

T1 has a micro to milliseconds scale life time, substantially 125

larger than the S1 species and, therefore, is more prone to 126

participate in photodynamic reactions, thus being the most 127

critical process for PDT. At this point the molecule may 128

undergo another excited electron spin reversion and return to 129

the ground state by phosphorescence process, or it may interact 130

with molecules in the medium. In the electronic transitions, 131

triplet-triplet interactions are allowed by selection rules related 132

to the multiplicity of spins, which allows the PS to interact 133

with molecular oxygen that presents the triplet form in its 134

ground state (O2) [17]–[20]. 135

The PDT oxidant characteristics discussion is centered on 136

molecular oxygen (O2). When the PS is in long-lived triplet 137

state, it can interact with O2 of two different ways. The Type 138

I process occurs when the PS directly transfers an electron 139

to O2, producing superoxide anion (O·−
2 ), which can con- 140

tinue to form others reactive oxygen species (ROS) including 141

the hydroxyl radical (·OH) and hydrogen peroxide (H2O2). 142
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TABLE I
MAIN CHARACTERISTICS OF SOME PHOTOSENSITIZERS AVAILABLE COMMERCIALLY OR IN CLINICAL TESTS [18], [22]–[24]

Fig. 3. Jablonski diagram showing the mechanisms involved in the
photodynamic action, with the generation of excited states and reactive
oxygen species (ROS).

Alternatively, the Type II process happens when there is energy143

transfer from PS in T1 state to O2, resulting in the external144

electron spin inversion and creates a completely unoccupied145

orbital (a violation of Hund’s rule). This type of oxygen is146

named singlet oxygen (1O2) with a short life time and is147

extremely reactive due its instable electronic configuration.148

Therefore, it effectively oxidizes many types of biomolecules149

(e.g., lipids, nucleic acids, etc.), which can lead to cell death150

and tissue destruction [17]–[20]. Fig. 3 presents a schematic of151

the processes involved in the “photodynamic action”, known152

as Jablonski diagram.153

C. Photosensitizer Drugs154

There are many types of photosensitizing drugs available155

for use in PDT. Depending on the type of agent, they can156

be injected intravenously, ingested orally or applied topi-157

cally [21]. Table I presents the main characteristics of some158

commercially available or undergoing clinical tests PSs.159

Only three of the PSs presented in the Table I were160

approved by the Food and Drug Administration (FDA),161

Photofrin®, Levulan® and Visudyne®. The main compound of162

Levulan® is 5-aminolevulinic acid (ALA) that was approved163

by the FDA to treatment via PDT in 1999 [22]. ALA can be164

formulated for topical, oral or intravenous application [23].165

ALA is a second-generation photosensitizer and a natural166

precursor of Protoporphyrin IX (PpIX) [24]–[26]. It is167

a photodynamically inactive, non-selective, non-toxic com- 168

pound and is metabolized intracellularly to PpIX, which is 169

photodynamically active. Subsequent illumination of the tumor 170

site with red light activates the PpIX which causes oxidative 171

damage and induces cytotoxicity [18], [26]. 172

After a successful preliminary study of skin tumors treat- 173

ment, the use of this PS achieved worldwide success. Actinic 174

keratosis and superficial basal cell lesions can be eliminated 175

via PDT with ALA and, in several studies, photodynamic 176

treatment with ALA has been shown to be highly effective 177

compared to other dermatological procedures to eliminate 178

early stage superficial non-melanoma cutaneous tumors [23]. 179

ALA has also been used successfully for head and neck 180

tumors, Barrett’s esophagus, urinary bladder, uterus and even 181

prostate cancer [18], [23], [26], showing great potential to treat 182

many types of cancerous pathologies. 183

The ALA’s bioactivation utilizes the heme biosynthesis 184

pathway enzymatic machinery. Although almost all types of 185

human cells contain the enzymes involved in heme synthesis, 186

a distinct activity of enzymes in tumors compared to unaf- 187

fected tissues leads to increased accumulation of PpIX within 188

tumor cells [25]. 189

Considering the qualities and advantages of ALA, this 190

photosensitizer was chosen to be used in this work. 191

D. Dosimetry 192

As previously mentioned, clinical PDT involves a PS 193

application followed by illumination with appropriate wave- 194

length and intensity to activate it. Ideally, this will result in an 195

ablative photodynamic reaction that eliminates the lesion but 196

spares normal tissue [27]. 197

Before the required light dose (LD) quantification to activate 198

a PS, it is necessary to first measure the fluency rate FR, 199

which represents the optical power P0 [W], in each area unit 200

corresponding to the abnormal tissue AAT [m2] [23]. The 201

fluency rate is given by: 202

F R = P0/AAT (1) 203

By determining the time interval "t [s] at which the fluency 204

rate is applied, the desired light dose is then calculated as 205

follows [23]: 206
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Fig. 4. 3D drawing for the assembled Wireless Portable Evaluation
Platform (W-PEP).

L D = (P0/AAT ) × "t (2)207

The light dose is a very important parameter, taking into208

account that it is a crucial factor for the PS activation,209

which, consequently, will result in abnormal tissue elimination.210

Unfortunately, no real-time dosimetry system exists, since it211

is very difficult to predict the light beam behavior interacting212

with a determined tissue. This happens because biological213

tissues are considered as turbid media, that is, they have high214

light absorption and dispersion rates. Then, when a beam215

interacts with a tissue, it has its intensity deteriorated as it216

penetrates due to the strong absorption and dispersion. In this217

way, the definition of necessary light doses for the treatment in218

diverse pathologies is determined based on results of clinical219

tests and in medical literature [28]–[30].220

Thus, the system developed and showed in this paper,221

can minimize unnecessary time and cost expenses which are222

precious and crucial quantities in clinical applications.223

III. DESIGN224

A. 3D Prototype of the W-PEP225

The designed and assembled W-PEP first component was226

the developed Printed Circuit Boards (PCBs) with ESP32 and227

matrix of 16 LEDs. The distance between each LED was based228

on the standard measurements of 96-well microplates for cell229

culture, so that, each LED illuminates a single well. To supply230

the electronic components, a rechargeable power bank with231

30000mAh was used. Fig. 4 presents a tri-dimensional (3D)232

model built in Computer Aided Design (CAD) software. The233

module supports were entirely printed by a 3D printer model234

GTMax®3D Core A1, using an ABS (acrylonitrile butadiene235

styrene) filament with 1.75mm in diameter and black color to236

not interfere in the analysis. The final dimensions of the entire237

module are 140 × 140 × 75 [mm3].238

B. Light Source Selection239

Light sources are separated into two types, Laser and240

Non-Laser. Laser types include Argon Lasers, Dye Lasers,241

Fig. 5. Spectral signature of the LED LRQ396-P1Q2-1.

Metal Vapor Lasers, Diode Lasers and Neodymium-doped 242

and Tritium Aluminum Garnet (Nd: YAG). Non-Laser types 243

include LEDs, quartz halogen lamps with tungsten filaments, 244

xenon lamps, metal halide lamps, phosphor-coated sodium 245

lamps and fluorescent lamps [21], [30]. 246

Laser type sources are widely used in PDT, they can produce 247

a beam with high optical power and very low spectral width, 248

but they are expensive and require large equipment and a 249

lot of energy. LEDs, on the contrary of Lasers, produce 250

smaller optical power and higher FWHM (Full width at half 251

maximum) but, in most cases, they are low-cost components, 252

have very small dimensions and consume small amounts of 253

energy. In order to choose the light source, all these parameters 254

and the emission spectrum were considered, which should be 255

in the red region of the visible spectrum with the maximum 256

spectral emission around 635nm, to match the endogenous 257

PpIX absorption produced by the selected compound, ALA. 258

Therefore, the selected light source was the LED, model 259

LRQ396-P1Q2-1 [31] from Osram Opto Semiconductors, with 260

small dimensions. This LED has the SMT 0603 component 261

encapsulation standard and it has a height of 0.4 mm. Fig. 5 262

shows the spectral signature of the LED, which was measured 263

with a spectrophotometer model USB4000 from Ocean Optics. 264

It is also possible to observe in Fig. 5, the LED presents a 265

spectral emission peak located at ≈ 634nm, a FWHM (full 266

width at half maximum) of 16.29nm, confirming that this LED 267

is an adequate light source for ALA-mediated PDT. 268

C. Hardware and Power Consumption 269

To achieve maximum power without damaging the LEDs, 270

it was verified in the datasheet [31] the maximum forward 271

current and voltage supported by these components and the 272

values found were 2.3V of voltage and 20mA of current. The 273

lighting control was performed by an ESP32-DevKitC® from 274

Espressif and each LED was connected to a digital output 275

which provides 3.19V. Considering these maximum values of 276

voltage, current and the output voltage of ESP32-DevKitC®
277

digital pin, the lighting system PCB was built containing 278

43# precision resistors with a tolerance 1%. This value of 279

resistance was chosen because it is the commercial value closer 280

to the required. 281

Fig. 6 shows the W-PEP electronic schematic. There are 282

16 LEDs in the W-PEP and each LED is connected to 283

a single GPIO (general-purpose input/output) pin in the 284

ESP32-DevKitC®. The LED PWM controller can generate 285
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Fig. 6. Schematic diagram of the electronic circuit designed for the
W-PEP.

Fig. 7. Final developed W-PEP. (a) Just ESP32-DevKitC Control
unit, (b) All electronic components mounted and (c) W-PEP completely
assembled.

16 independent channels of digital waveforms with config-286

urable periods and duties. The 16 channels of digital wave-287

forms operate with an APB (Advanced Peripheral Bus) clock288

of 80MHz. Eight of these channels have the option of using289

the 8MHz oscillator clock. Each channel can select a 20-bit290

timer with configurable counting range, while its accuracy of291

duty can be up to 16 bits within a 1ms period.292

The Bluetooth stack of ESP32® is compliant with the293

Bluetooth v4.2 BR/EDR (Basic Rate/Enhanced Data Rate) and294

BLE (Bluetooth low energy) specifications. BLE is the ideal295

for Internet of Things (IoT), therefore, it is the protocol has296

been used in this work.297

All of electronic circuit of the W-PEP was fabricated298

on a fiberglass (FR-4) substrate by a mechanical prototyp-299

ing machine model S103 form LPKF Laser & Electronics.300

Fig. 7(a) and (b) shows the W-PEP Hardware without the301

lighting system and with the lighting system, respectively.302

Fig. 7(c) shows all components of W-PEP assembled.303

The consumption required to operate the W-PEP was deter-304

mined experimentally as 420mA just receiving via Bluetooth305

and 550mA with Bluetooth transmitting as well under a306

voltage supply of 5V delivered by the power bank. The power307

bank used in the system has a 30000mAh capacity allowing a308

maximum of 54 hours autonomy.309

D. Interface With Smartphone310

The software was developed in C++ language to perform311

the communication between the mobile device and W-PEP.312

A graphical user interface (GUI) application for mobile313

devices with real-time control and visualization parameters314

Fig. 8. App interface with different times and potencies delivered to
the LEDs. (a) to 5 minutes, (b) to 10 minutes and (c) 32 minutes and
23 seconds.

TABLE II
ESTIMATED COST OF W-PEP

was developed using MIT App Inventor, and a bidirectional 315

communication protocol by Bluetooth was established for the 316

data transmission and the real-time counters on the smartphone 317

screen as shown in Fig. 8, where it is possible to observe 318

the 16 sliders to control the power delivered for the LEDs 319

from the selected 16 GPIOs ports of ESP32-DevKitC®, the 320

chronometer to count the analysis time, the buttons to start, 321

pause and stop/reset the timer and the indicators to show the 322

values of potency delivered to each LED, Fluency Rate of each 323

LED and the light dose delivered to each microplate well from 324

each LED. 325

E. Estimated Cost and Comparison 326

The estimated cost of W-PEP is shown in Table II where is 327

possible to observe the discrimination of each main compo- 328

nent that compound the lighting and communication system 329

developed in this work. 330

There are others similar devices found in the litera- 331

ture [32]–[34] with the resemble objective presented in this 332

work. The systems developed in [32] and [33] are composed 333

by 70 LEDs in a 10 × 7 arrangement array and 96 LEDs in 334

a 12 × 8 arrangement array, respectively. Both have the same 335

dimensions with 30 × 20 × 31.5 [cm3], that are much bigger 336

than W-PEP, need air cooling to decrease the temperature, 337

the LEDs are connected in series and use a lifting platform 338

with 1mm adjustment to regulate the distance between the 339

LEDs and microplates, but in [33] is used an electronic system 340

controlled by software to adjust this distance and irradiation 341

doses based on time and power. The arrangement in series 342

entails some disadvantages, e. g., if one LED fails, the rest 343
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fails too; the fluency rate of each LED is equal without the344

possibility of control this quantity in each LED individually.345

In order to obtain different irradiances simultaneously, six346

optical attenuators were put onto the wells of the 96-well plate,347

as described in [32]. Already on W-PEP, it can be configured348

16 real-time irradiances, because each LED is connected in an349

individual ESP32-DevKitC® GPIO with 16 bits resolution.350

The light source system developed in [34] is composed by351

a custom-made planar array of 30 LEDs, an aluminum sup-352

porting structure with screws and holders built for positioning353

the light source and a black breadboard acting as a structure354

base. Therefore, as can be observed in [34], the light source355

structure is much more complex than W-PEP and, once again,356

there isn’t individual control of each LED fluency rate.357

None of these light source systems [32]–[34] can be358

considered portable because they are wired, have weighted359

structures and do not use microcontroller devices to control360

the fluency rate, light dose and perform PDT with real-time361

determination of these quantities. Just W-PEP is completely362

wireless and can be controlled remotely by portable devices,363

such as smartphone, and uses the concepts of IoT (Internet364

of things) and Android Application to perform PDT tests on365

cells.366

IV. RESULTS AND DISCUSSION367

A. Cells Preparation for PDT and Evaluation of368

Endogenous Protoporphyrin Production369

It was used in the experiments a cell line culture of Human370

Gastric Adenocarcinoma (AGS, catalog number BCRJ 0311),371

collected from the stomach of a 54-year-old female patient372

and acquired from Rio de Janeiro cell bank [34].373

The next procedures with the cell samples were performed374

to verify the endogenous Protoporphyrin production mediated375

by ALA incubation. Therefore, it was possible to determine376

the optimal concentration of PS for this cell line.377

The culture medium to maintain the cells was Dulbecco’s378

modified Eagle Medium (DMEM) supplemented with 10%379

of fetal bovine serum (FBS) and glucose, providing the final380

concentration of 4.5g/L. The cells were cultured in 75cm2
381

cell culture flasks from Greiner Bio One and kept in a382

humidified incubator, model MCO-17AC (Sanyo Electric383

Co. Ltd), at 37◦C and atmosphere with 5% of carbon384

dioxide (CO2).385

The cells were dissociated from the culture flasks 24 hours386

prior to the experiments and 100µL of a 5×104 cells/mL387

suspension were seeded in 96-well microplates from Corn-388

ing Inc. These microplates were kept in the incubator.389

After 24 hours, a 10mM stock solution was prepared with390

5-Aminolevulinic Acid Hydrochloride (5-ALA) in phos-391

phate buffered saline (PBS), and then filtered through a392

sterile syringe with 0.2µm cellulose acetate membrane filter393

(Corning Inc.).394

The fluorescence evaluation of this compound was395

tracked using the fluorescence microscopy; model Axio396

Observer.Z1 from ZEISS, to observe the production of endoge-397

nous PpIX by AGS cells. The microscopy images were398

obtained by incubating a solution of 2mM ALA diluted in399

culture medium DMEM without phenol red and supplemented400

Fig. 9. Images obtained by fluorescence microscopy showing the
production of PpIX. Photographs taken after (a) 1 hour, (b) 3 hours,
(c) 8 hours, and (d) 24 hours.

with 10% FBS for 1, 3, 8 and 24 hours. After the incubation, 401

the cells were washed with PBS and fresh culture medium was 402

added. 403

As shown in Fig. 9(a) and (b), few differences were 404

observed between the control group (not exposed to ALA) 405

and the 2mM ALA group in the fluorescence images to 1 and 406

3 hours of incubation, respectively. 407

However, with 8 hours of incubation, shown in Fig. 9(c), 408

it is possible to observe the presence of fluorescent regions in 409

the group incubated with ALA, which becomes more evident 410

after 24 hours of incubation, presented in Fig. 9(d). The 411

observed contrast between the control group and incubated 412

with the 2mM solution suggests the presence of PpIX at higher 413

concentrations in samples exposed to ALA, indicating the 414

increased photosensitizer accumulation inside the cells after 415

the 24 hours interval. 416
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Fig. 10. Histograms of flow cytometry in the FL-3 channel. Groups: I) control, II) 0.5 mM ALA, III) 1 mM ALA and IV) 2 mM ALA. Cells exhibiting
just autofluorescence (PpIX−) are marked in black, and cells showing high fluorescence of PpIX (PpIX+) are marked in red.

To confirm that the signal detected in the images corre-417

sponds to ALA – PpIX conversion, cells incubated with ALA418

for a 24 hours interval were evaluated by flow cytometry.419

To analyze the influence in PpIX production of different420

ALA concentrations, solutions of 0.5, 1 and 2mM were421

incubated with AGS cells. The histogram of the control422

group (Fig. 10-I) shows the autofluorescence of the samples,423

allowing the delimitation of two fixed regions, one called424

PpIX−, which comprises the plot area with the samples aut-425

ofluorescence, containing the fluorescence intensity of endoge-426

nous PpIX basal levels and other endogenous chromophores427

in the FL-3 channel (excitation: 488 nm; optical filter for428

fluorescence detection: 670 LP) in the cell population; and429

another called PpIX+, which contains the region with higher430

fluorescence intensities in the red region, thus containing cells431

with higher endogenous PpIX concentrations.432

The cell incubation with 0.5 mM ALA solution (Fig. 10-II)433

resulted in a population migration to the region of higher434

fluorescence intensity, where 40% of cells produced PpIX.435

Higher concentrations of ALA resulted in migration from436

almost the entire population to the region of highest flu-437

orescence intensity, indicating that approximately 90% of438

cells produced higher levels of photosensitizer. However,439

no large difference was observed between groups incubated440

with 1mM ALA solutions (Fig. 10-III) and 2mM (Fig. 10-IV),441

suggesting that the cells achieved their maximum efficiency442

of ALA to PpIX conversion when incubated for 24 hours443

with 1mM ALA.444 -445

B. Optical and Thermal Stability446

In order to realize the PDT with this W-PEP, it is desirable447

that the maximum fluency rate provided by the selected LEDs448

be the same or at least with very close values. Therefore,449

with the assistance of the USB4000 spectrometer, the values450

of the maximum fluency rate of each 16 LEDs were mea-451

sured and the mean value obtained was 1.7mW/cm2 with452

a standard deviation of 0.06mW/cm2 which shows small453

variation between measurements.454

Other important quantity that affects the cell samples is the455

temperature. As the cells are provided by human stomach, it’s456

is necessary to check the temperature rise caused by LEDs457

because when these values pass 37◦C, the cells can begin to458

die due to overheating. So, with a thermal infrared camera459

the temperature of all microplate wells used in this work by460

W-PEP was measured for 90 minutes. Fig. 11 presents the 461

results for these measurements with an interval of 10 minutes 462

between each image. 463

It is possible to observe in Fig. 11 the increase of the used 464

microplate wells temperature over time, but the temperature 465

measured with 90 minutes of exposure is far below 37 Celsius 466

degrees, which shows the system capacity to perform PDT for 467

hours without causing cell death by the temperature. 468

C. PDT Activity 469

To evaluate the developed W-PEP three microplates were 470

prepared and different concentrations of ALA (0.5, 1.0 and 471

2.0mM). The incubation time to allow cells to convert ALA 472

in PpIX chosen was 24 hours, due the higher PpIX build up 473

as showed in the Fig. 9(d). 474

After the ALA incubation, samples were washed twice 475

with PBS and the supernatant was replaced by phenol-free 476

DMEM supplemented with 10 FBS. Each plate received a 477

different light dose and one remained protected from light 478

(dark control). The chosen light doses were 3 and 5J/cm2, 479

which corresponded to 29 and 49 minutes of irradiation, 480

respectively. 481

Just after irradiation, the microplates were transferred 482

back to incubator and kept for 24 hours. After this 483

incubation time the culture medium was then replaced with 484

phenol-free DMEM supplemented with and 10% MTT 485

(3-[4,5-Dimethylthiazol-2-yl]-2,5-Diphenyltetrazolium 486

Bromide from Sigma-Aldrich and returned to the incubator 487

for 3 hours. 488

Thereafter, the MTT solution was replaced with DMSO 489

(Dimethylsulfoxide) and absorbance measurements at 570 and 490

690 nm were performed on a Multiskan GO spectrophotometer 491

from Thermo Fisher Scientific. The second wavelength was 492

performed to remove the absorbance value of the material in 493

the microplate bottom. The absorbance value of the treated 494

groups Absa was calculated as follows: 495

Absa = (Abs570nm − Abs690nm) − Abswhite (3) 496

where Abs570nm and Abs690nm were the absorbance mea- 497

surements at 570nm and 690nm, respectively, and the Abswhite 498

was absorbance value of samples that were not incubated with 499

MTT to remove inferences in the assays. 500

The viability value was calculated by taking the ratio 501

between each absorbance value of the treated groups Absa 502

and the mean absorbance value of the control group Absc that 503
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Fig. 11. Images collected from the thermal infrared camera every 10 minutes. The total time of measurements was 90 minutes and the temperature
did not exceed 35 Celsius degrees.

Fig. 12. Values (in %) of the tumor cell viability of the tumor cells from
the control groups (“dark”, bars in blue) corresponding to the cells treated
or not with ALA and which did not were exposure to light and the treated
groups, corresponding to the cells treated or not with ALA and irradiated
with 3 (red) or 5 (green) J/cm2.

was not exposed to ALA or to light, as described in equation504

(4).505

V iabili ty = (Absa/Absc) × 100[%] (4)506

The absorbance and viability values are expressed as the507

mean ± standard deviation. The experiments were performed508

with quadruplicate of each group, and were repeated in three509

different occasions. The GraphPad Prism 6 software was used510

to perform the statistical analysis of the results, using Analysis511

of Variance (ANOVA) followed by the Tukey multiple compar-512

isons test. Statistically significant differences (represented by513

the letters a, b, c and d) were considered for the comparisons514

that presented a value of p ≤0.05 (e.g., p ≤5%). The results515

are shown in Fig. 12.516

As it can be observed in Fig. 12, ALA incubation alone did517

not affect samples viability. When exposed to light, samples518

incubated with ALA solutions of 0.5mM showed no change519

in cell viability when 3J/cm2 were applied, but yielded 7% of520

viable cells after they were irradiated with 5J/cm2. No further521

damage was observed by increasing the ALA concentration522

in samples exposed to the highest light dose resulting in 3%523

of viable cells with 1mM ALA solution and 2% with 2mM524

ALA solution. When exposed to 3J/cm2, 1 and 2mM solu-525

tions displayed similar results, reducing cell viability to 68%526

and 58%, respectively. The absence of significant differences527

Fig. 13. Final prototype of the W-PEP side-by-side with its host
smartphone.

between groups incubated with 1 and 2mM solutions indicates 528

a plateau is reached in the PpIX production with ALA 1mM. 529

This hypothesis is corroborated by the flow cytometry his- 530

tograms that display the same population shift towards higher 531

fluorescence intensity in the FL-3 channel in PpIX. 532

V. CONCLUSION 533

A Wireless Portable Evaluation Platform (W-PEP) was 534

successful developed and the proof of principles showed 535

significant results by selectively killing Human Gastric 536

Adenocarcinoma (AGS) cells by PDT at low fluencies rates. 537

The portability of this photonic device, combined with its 538

low-cost and large autonomy (about 54 hours) are promising 539

to be used in a near future for assist the cancer treatments by 540

Photodynamic Therapy decreasing the costs and time of the 541

application, which is of utmost importance in these situations. 542

It is also important to highlight the implementation of IoT 543

concepts to improve medical diagnostics and equipment. 544

Fig. 13 shows a functional prototype of W-PEP side-by-side 545

and connected with the smartphone running a host application. 546
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