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SUMMARY: 
This manuscript presents a novel, innovative 3D-printed illumination device for studying Rose Bengal-mediated photodynamic therapy in vitro.

ABSTRACT: 
This article describes a new photodynamic therapy (PDT) device for evaluating the efficacy of Rose Bengal (RB)-mediated PDT in vitro. The device, called CELL-LED-550/3, consists of two 3D-printed parts, one generating a 550 nm green light from a single LED (the light source part) and the other distributing this light to a 96-well cell culture plate (the light distributor part). The light source part is controlled by a driver with three different modes, enabling the light distributor part to deliver three different irradiance levels to the bottom exterior surface of the wells: 0.02 mW/cm2, 0.23 mW/cm2, or 0.62 mW/cm2. The light distributor part was designed to illuminate the wells individually and simultaneously. To demonstrate the relevance of the CELL-LED-550/3 device, its ability to induce cell death by RB-mediated PDT on HepG2 hepatocellular carcinoma cells was evaluated. First, HepG2 cells were treated for 2 h with increasing concentrations of Rose Bengal, a photosensitizer with an absorption peak (the highest one) at around 550 nm. The treated cells were then illuminated using the CELL-LED-550/3 device set to its maximum irradiance level at light doses of 0.3 J/cm2, 0.6 J/cm2, and 1.2 J/cm2 (respectively, with illumination times of 8 min and 4 s, 16 min and 8 s, and 32 min and 16 s). Finally, viability was measured using Cell-Titer Glo at 24 h post-PDT. The experimental results show that RB-mediated PDT using the CELL-LED-550/3 device is capable of inducing a decrease in the viability of HepG2 cells, in a manner dependent both on the concentration of Rose Bengal and on the administered dose of light. Based on the proof of concept presented in this article, the CELL-LED-550/3 device adds a further tool to the study of RB-mediated PDT.

INTRODUCTION: 
With more than 905,000 new cases and 830,000 deaths in 2020, the primary liver cancer is the seventh most common cancer and the second leading cause of cancer-related deaths worldwide1. Among primary liver cancers, hepatocellular carcinoma (HCC) is the most common form, accounting for approximately 90% of cases2. Due to undetected chronic liver disease and poor surveillance compliance, only 25% of the patients with HCC are diagnosed at the early stage of the disease3. These early-diagnosed patients are typically treated by hepatic resection, liver transplantation, or local ablative therapies with curative intent and demonstrate good prognosis with a five-year survival rate over 70%4,5. For the other 75% of patients (those with intermediate- or late-diagnosed HCC), although innovative treatment modalities including targeted therapies, immunotherapies, and combination regimens bring survival benefit6, the prognosis remains very poor: the five-year survival rate in fact does not exceed 30% for this group of patients and drops to 2% for the subgroup of metastatic patients6. Exploring alternative treatment options, therefore, is crucial to improve treatment outcomes and prolong survival in patients with intermediate or advanced-stage HCC. Photodynamic Therapy (PDT), which is an anticancer therapy widely practiced in dermatology7, could be a suitable alternative candidate.

PDT is a photochemical treatment that combines the use of a photosensitizing agent (PS), an appropriate wavelength of visible light, and molecular oxygen to generate cytotoxic reactive oxygen species (ROS)8. The anticancer effects of PDT are derived from three ROS-induced mechanisms9: first, direct cytotoxic effects on malignant cells10, then damage to the tumor vasculature that induces tumor tissue hypoxia, nutrient deprivation and regression11, and finally induction of inflammatory reaction through the release of danger signals and tumor antigens from damaged or dying tumor cells12. For more than three decades, PDT has been the subject of intense investigation aiming to evaluate its potential to treat various types and forms of cancer13–18. Based on its efficacy proven from these investigations19–21, PDT is nowadays currently used in dermatology for the treatment of non-melanoma skin cancers7. For the other indications, the number of clinical studies has increased in recent years, demonstrating the significant efforts to bring PDT, used alone or in combination with standard treatments, into clinical practice22–24.

There exists a variety of photosensitizing agents used for PDT25. Among them, Rose Bengal (RB) has been shown to act as an efficient photodynamic agent against larynx tumor cells26, melanoma cells27, breast cancer cells28, and prostate cancer tissues29. The work presented in this article is based on the need to evaluate whether RB-mediated PDT is also efficient for HCC cells.

Such an evaluation indeed required the prior development of a green LED-based device dedicated to the 550 nm illumination of 96-well cell culture plates. A design in two parts was implemented for this device30: a light source part generates a 550 nm green light from a single LED, while a light distributor part distributes this light, through the use of an optical fiber bundle, to the 96 wells individually and away from the LED. This two-part design first prevents the cells from harmful thermal effects that may arise due to the uncontrolled heat generated within the LED and, second, enables to illuminate the cells inside a cell culture incubator while keeping the light source part with its electronic components (including the LED) outside. These innovative features give the so-called CELL-LED-550/3 device major advantages over the already-published LED-based systems that have been specifically designed for multi-well plate illumination31–35.

In this article, the CELL-LED-550/3 device is first described in detail. Then, as a proof of concept, a cell viability study demonstrates the efficacy of RB-mediated PDT using CELL-LED-550/3 in a 2D HCC cell culture model (HepG2)30. In addition to being inexpensive and portable, the CELL-LED-550/3 device therefore is also a particularly relevant tool for RB-mediated PDT experiments.

PROTOCOL: 
The details of the reagents and the equipment used in this study are listed in the Table of Materials.

1. Device construction

NOTE: The two parts of the CELL-LED-550/3 device are manufactured separately and, only as the last step, they are plugged together.

1.1 Construction of the light source part

1.1.1 Attach a properly sized fan heat sink assembly to the back side of the printed circuit board (PCB) on which the 550 nm 3 W LED is mounted.

1.1.2 Cover the LED with a clear PMMA (polymethyl methacrylate) collimating lens in order to first homogenize the light beam and second to reduce the beam angle from 120° to 10°. Such a reduction allows to increase the amount of light delivered to the light distributor part.

1.1.3 Connect the LED to the current driver with tri-mode dimming, which enables different irradiance levels to be delivered.

1.1.4 Build separately the housing, the housing front and the housing closure in 3D printing (red boxes in Figure 1).

1.1.5 Install the driver and the LED equipped with both the lens and the fan heat sink assembly in their dedicated places in the housing (blue boxes in Figure 1).

1.1.6 Install the power jack and the rocker switch in their dedicated places in the housing closure (blue boxes in Figure 1).

1.1.7 Connect the driver and the fan heat sink assembly to the power jack through the rocker switch.

1.1.8 Assemble the housing, the housing closure, and the housing front.

1.1.9 Check that the LED is aligned with the axis of the cylindrical opening of the housing front.

NOTE: The cylindrical opening of the housing front is intended for the optical connection of the light source part (female connector) with the light distributor part (male connector).

[Place Figure 1 here]

1.2 Construction of the light distributor part

1.2.1 Build separately the housing bottom closure, the housing, and the top closure in 3D printing (together they form a hollow box) (red boxes in Figure 2).

1.2.2 Build the 96-well spacer in white 3D printing (red box in Figure 2) so that it exactly fit onto the hollow box mentioned in 1.2.1. The white color aims to maximize the light reflection and thus to optimize the light distribution.

NOTE: The diameter and center spacing of the circular openings present in the 96-well spacer should be equal to the diameter and the center spacing of the wells of the 96-well plate used for biological assays.

1.2.3 Drill 96 small holes in the top closure of the hollow box so that they are aligned with the center of the 96 circular openings in the 96-well spacer, when the latter is placed onto the top closure.

1.2.4 Insert a 0.5 mm diameter plastic optical fiber, from bottom to top, in each of the 96 small holes of the top closure.

1.2.5 Apply polyester resin to the bottom of the top closure to bond the 96 optical fibers to the top closure.

1.2.6 After the resin dries, polish the distal extremities of the optical fibers until they adjust to the top of the top closure.

1.2.7 Gather the optical fibers inside the hollow box mentioned in step 1.2.1 into a single bundle protected by a sheath, which extends for around two meters out of the box.

NOTE: The height of the box should be sufficient to prevent bending of the optical fibers and optical attenuation that may be caused.

1.2.8 Assemble the hollow box so that the fiber bundle passes through the dedicated opening of the housing.

1.2.9 Set the proximal extremities of the optical fibers together into a 3D-printed male connector, allowing the connection to the light source part (female connector).

NOTE: This connector should not require the need for glue to prevent light attenuation that this glue may cause. 

1.2.10 Place the 96-well spacer onto the hollow box. 

1.2.11 Create a screen by inserting a tracing paper between a transparent PMMA plate (bottom face) and a scratchproof mylar sheet (top face) in order to diffuse the narrow beam delivered at each optical fiber distal extremity into a beam as large as the well diameter of the 96-well plate used for biological assays.

1.2.12 Build the screen frame in 3D printing (red box in Figure 2) so that its center opening exactly fits with the size of the 96-well plate used for biological assays and, thereby, the wells perfectly align with the circular openings of the 96-well spacer.   

1.2.13 Fix the screen to the top of the 96-well spacer with the screen frame.

[Place Figure 2 here]

1.3. Assemblage of the light source part with the light distributor part

1.3.1 Plug the male connector of the light distributor part into the female connector of the light source part.

NOTE: Once the male connector is plugged into the female one, the light beam delivered by the light source part should cover a little more than the surface area of the light-receiving element of the light distributor part, thus ensuring the supply of light to the 96 optical fibers.

2. Biological assays

2.1 Cell culture process

2.1.1 Cultivate hepatocarcinoma cell line HepG2 in RPMI 1640 medium supplemented with 10% heat-inactivated bovine serum and 1% streptomycin and penicillin. 

2.1.2   Maintain the culture flasks containing HepG2 cells in a 5% CO2 cell culture incubator at 37 °C. 

2.1.3   Change the culture medium every 3 days by aspirating the culture medium from the flasks and replacing it with RPMI 1640 culture medium previously heated to 37 °C.

2.1.4    Use a microscope to check the confluence of the cells in the culture flasks until they reach 80%–90% confluence.

2.2. Seeding process

2.2.1 Remove the cells from the incubator and place them under the pre-cleaned microbiological safety station.

2.2.2 Remove the culture medium from the culture flasks.

2.2.3 Wash the culture flasks with phosphate buffer solution. 

2.2.4 Apply 3 mL of trypsin (0.25%, 0.53 mM) to the cells and place the culture flasks in the incubator at 37 °C for 5 min to detach the cells.

2.2.5 After 5 min, recover the trypsin from the culture flasks with 7 mL of culture medium and recover the entire solution of medium + trypsin + cells in a 15 mL tube.

2.2.6 Count the cells using a cell counter. To do this, take 20 µL of the solution containing the cells and place it in a tube. Add 20 µL of trypan blue solution and place the cell + trypan blue solution on the counting slide and insert into the cell counter.

2.2.7 Once the cells have been counted, dilute them in culture medium to obtain a 150,000 cell/mL solution and seed the cells in a white 96-well plate with a clear flat bottom at a rate of 1.5x104 cells/ well. The white color aims to maximize the light reflection and distribution inside the wells.

NOTE: The number of cells per well must be adjusted according to the cell line used. A prior density test may be required to find the right number of cells to seed.

2.2.8 Prepare two plates for each viability reading time. One plate will be illuminated and one will remain dark. 

2.2.9 Incubate the plates for 24 h before treatment to allow cell attachment. 

2.3. Rose Bengal treatment

2.3.1 Prepare a stock solution of Rose Bengal by reconstituting Rose Bengal powder in 10% saline solution. This solution must be prepared just before cell treatment to avoid any degradation of the Rose Bengal due to its stability.  

2.3.2 Prepare Rose Bengal solutions at increasing concentrations (0 µM, 5 µM, 10 µM, 25 µM, 50 µM, 75 µM, 100 µM) by diluting the previously prepared Rose Bengal stock solution in the cell culture medium.

2.3.3 Once the solutions have been prepared, remove the culture medium from the plates containing the cells and add 100 µl of Rose Bengal treatment solutions.

2.3.4 Incubate the cells with Rose Bengal treatment for 2 h to allow Rose Bengal internalization. 

NOTE: The incubation time for the Rose Bengal solution may differ depending on the cell line used. The kinetics of Rose Bengal incorporation may need to be fine-tuned by fluorescence measurement in order to find the right incubation time for each cell line studied.

2.3.5 After 2 h, remove the Rose Bengal solutions, wash the cells twice with PBS, and add 100 µL/well of Rose Bengal-free culture medium.

NOTE:  Additional washes with PBS may be necessary for higher concentrations of Rose Bengal. A visual check can be made to ensure that the cells have been washed correctly. Once sufficiently rinsed, the PBS should not take on a pink color due to the Rose Bengal present outside the cells.  

2.3.6 Cover the microplates with aluminum foil to protect them from exposure to light. Illuminate half of the plates for the PDT assay (see step 2.4). The unilluminated plates will provide control data for the PDT results (dark condition). They will also provide data on the impact of non-photo-activated Rose Bengal on cell viability. The other microplates will be used for exposure to light in the device (PDT condition).

2.4 Operating procedure for the cell-led device

2.4.1 Connect the male connector on the light distributor to the female connector of the light source. Then plug the light source into an electrical outlet.

2.4.2 Remove two microplates (PDT + Dark condition) from the incubator, remove the aluminum for the PDT condition, and place this plate on the light distributor. 

2.4.3 Set the dimmer of the driver to its maximal level to maximize the power delivered by the LED and to obtain an average irradiance of 0.62 mW/cm2 over the 96 wells.

NOTE: The dimmer of the driver should be set to the most appropriate value for the biological assays (among the three available ones). Whatever the dimmer of the driver is set, the low delivered irradiance does not require the use of safety eyewear.

2.4.4 Illuminate the plate until the desired dose of light on the cells is reached. To obtain the desired light dose, two parameters can be adjusted, Time and Irradiance, referring to the following equation: 
. Irradiance can be modulated by tuning the driver dimmer to obtain 0.02 mW/cm2, 0.23 mW/cm2, or 0.62 mW/cm2, respectively. From the chosen irradiance, equation 1 can be used to calculate the illumination time required to achieve the target light dose.

2.4.5 Once the desired light dose has been reached, switch the device off. Replace the PDT microplate in aluminum and return it to the incubator with the control plate until the viability test is performed.

2.4.6 OPTIONAL: Illuminate the other plates if necessary, using the same procedure described above.

2.5. Cell viability assay

2.5.1 After the PDT assay, leave the illuminated plate in the incubator for 24 h before measuring the impact of PDT on the illuminated cells by measuring their viability. The incubation time can be varied to study the more or less long-term effects of PDT on the cells. For each post-PDT incubation time, a non-illuminated plate (dark condition) should be incubated for the same period.

2.5.2 After the incubation period, take one illuminated and one non-illuminated plate and add 100 µL of reagent from the cell viability assay kit in each well to measure cell viability based on mitochondrial metabolism and ATP production by cells. 

2.5.3 Incubate the multiplate in the dark for 10 min before cell viability measurement. 

2.5.4 After 10 min incubation, read the luminescence emitted in each well using a multimodal reader. The luminescence emitted is proportional to the production of ATP by the living cells at the time of addition of the cell viability assay solution.

2.5.5 Consider the luminescence value of the untreated (NT) condition as 100% viability, and normalize the luminescence values of the treated conditions to the NT condition to obtain the percentage of viability induced by each treatment. 

2.5.6 Repeat the same cell viability reading protocol for each post-PDT-treatment reading time (e.g., 24 h, 48 h, and 72 h post-treatment).

REPRESENTATIVE RESULTS: 
As shown in Figure 3, the CELL-LED-550/3 device enables the homogeneous illumination, from underneath, of a 96-well plate with 550 nm green light.

[Place Figure 3 here]

Each well is illuminated individually and away from the single LED (up to two meters) through the use of a bundle of optical fibers (Figure 4).

[Place Figure 4 here]

To establish the efficacy of the CELL-LED-550/3 device, its ability to induce RB-mediated PDT on the HepG2 hepatocarcinoma cell line was evaluated. Cells were treated with increasing concentrations of Rose Bengal, ranging from 0–100 µM for 2 h before illumination. The use of such a range of concentrations aimed at determining the effective dose (EC50) of Rose Bengal that would kill HepG2 cells when exposed to green light. The impact of the light dose delivered by the CELL-LED-550/3 device on the induction of cell death in HepG2 cells was also studied. To do this, the cells were exposed to light for 8 min 9 s, 16 min 18 s, or 32 min 36 s at an intensity of 0.62 mW/cm2 in order to obtain light doses of 0.30 J/cm2, 0.60 J/cm2, and 1.22 J/cm2, respectively.

First, it was observed that illumination alone, in the absence of Rose Bengal (Light condition, Figure 5), had no effect on the viability of HepG2 cells, regardless of the dose of light received. It was also observed that Bengal Rose alone, in the absence of light (RB condition, Figure 5), did not induce any change in cell viability for any of the conditions tested. In contrast, the results show that RB-mediated PDT using CELL-LED-550/3 is capable of killing HepG2 cells. Furthermore, increased efficacy was observed in correlation with increased light dose, with a maximum effective concentration (EC50) of 34.3 µM for a light dose of 0.30 J/cm2, 26.6 µM for a dose of 0.60 J/cm2, and 6.8 µM for a dose of 1.2 J/cm2.

These results confirmed the effectiveness of this new PDT device for RB-mediated PDT (Figure 5).

[Place Figure 5 here]

FIGURE LEGENDS: 

Figure 1: Three-dimensional front (A), back (B), and exploded (C) views of the light source part. Adapted from Lefebvre, A. et al.30.

Figure 2: Three-dimensional views of the light distributor part. Adapted from Lefebvre, A. et al.30.

Figure 3: Pictures of the CELL-LED-550/3 device during an illustrative illumination of a 96-well plate when room light is switched ON (A) or OFF (B). Adapted from Lefebvre, A. et al.30.

Figure 4: The fiber optical bundle enabling the individual illumination of the wells of a 96-well plate away from the single LED. 

Figure 5: Efficacy of the device in relation to the viability of the HepG2 cell line. Percentage of viability 24 h after treatment of HepG2. NT, non-treated; RB, photosensitizer only (0 μM, 5 μM, 10 μM, 25 μM, 50 μM, 75 μM, and 100 μM); light, illumination for 0.30 J/cm2, 0.60 J/cm2, and 1.22 J/cm2; PDT, illumination with RB treatment. Results are presented as means ± SEM of three independent experiments, expressed as a percentage of the NT. A two-way ANOVA test was performed, with p ≤ 0.01 (**); p ≤ 0.0001 (****) being considered statistically significant, and p ≥ 0.05 considered not significant (NS). Adapted from Lefebvre, A. et al.30.

Figure 6: Absorption spectrum of Rose Bengal in water. The max-normalized absorption spectrum of Rose Bengal in water is plotted according to the left axis, and the mean spectral irradiance of CELL-LED-550/3 is scaled according to the right axis. The profile of the mean spectral irradiance is consistent with that of the LED available on the manufacturer’s website.

Figure 7: Square light-receptive surface obtained by gathering the 96 optical fibers together into a homemade connector.

Figure 8: Histogram representing the distribution of the irradiances delivered to the 96 wells of a plate.

DISCUSSION: 
This article describes both the protocol to develop an innovative illumination device dedicated to RB-mediated PDT in vitro and the protocol to implement a proof of concept for the CELL-LED-550/3 device, thus developed30.

CELL-LED-550/3 consists of two parts, each with a specific function. The aim of the first part, referred to as the light source part, is to generate, from a single LED, a homogeneous green light beam with a diameter higher than that of the optical fiber bundle of the second part. This latter, called the light distributor part, aims to distribute, through the optical fiber bundle, the light supplied by the light source part to the wells of a 96-well plate individually and away from the LED. At a distance from the LED up to 2.5 m, the cells can be illuminated as long as needed without any risk of harmful thermal effects that may arise due to the uncontrolled heat generated within the LED.

This feature offers a first significant advantage of CELL-LED-550/3 over the other LED-based systems specifically designed for 96-well plate illumination31–36. Indeed, all the other systems involve a positioning of the LED(s) only a few centimeters below the cells (usually below 5 cm), which is insufficient to eliminate the risk of LED-related harmful thermal effects for the cells. To limit such risk, most of these other systems (unfortunately, some do not) include an LED cooling system32,34,35, sometimes positioned very (too) close to the cells, which can then be counter-productively affected by the resulting thermal fluctuations. The design of the CELL-LED-550/3 device in two parts provides another significant advantage over most of the other existing LED-based systems31–33,5,36: this allows for illuminating the cells inside a cell culture incubator without any risk for the device. The light distributor part, which includes no electronic components, can indeed be placed inside the incubator, while the light source part, which includes electronic components sensitive to humid environments, is kept outside to prevent the risk of corrosion or failure. Some existing LED-based systems, including electronic components, enable an illumination inside an incubator, but such a use, first, is not recommended by the designers/manufacturers and, second, requires an “adequate” dry after usage33,34. The ability to illuminate the cells inside an incubator and thus to maintain the cells under the same physiological conditions (temperature, humidity, and CO2 concentration) during the protocol is crucial to avoid potential biases in the assessment of cell viability after PDT, especially for protocols requiring long illumination times. It should also be emphasized that the CELL-LED-550/3 device includes a single LED to illuminate all 96 wells individually and simultaneously. This original and innovative feature is not available with any of the other above-mentioned LED-based systems31–36. Most of these systems include 96 LEDs, with one LED placed below each well, and therefore deliver 96 individual beams31,33,34,36 while the remaining systems deliver, from 6 to 25 LEDs positioned a few centimeters from the well-plate, a global beam covering all or part of the wells31,32,35. Based on the literature, generating 96 individual beams from a single LED, as CELL-LED-550/3 does through the use of an optical fiber bundle, has never been proposed before.

The light source part includes a 550 nm 3 W LED selected according to two main criteria. First, the emission spectrum of the LED (and therefore its central wavelength) should overlap the absorption spectrum of the RB photosensitizer. Such an overlap, which is perfectly achieved with the selected LED (central wavelength: 554.4 nm; FWHM: 106.4 nm; both estimated following the methodology described in Lefebvre et al.30) (Figure 6), is essential for the RB photo-activation and thereby for the induction of an RB-mediated PDT. Second, the optical power of the LED should be lower than 5 W. This power limitation is imposed by the admissible power of the collimating lens included in the light source part and by that of the optical fiber bundle included in the light distributor part.

[Place Figure 6 here]

The optical coupling between the two parts of the device is a critical factor. This coupling aims, on the one hand, to collect the maximum of the light emitted by the 3 W LED into a narrow beam and, on the other hand, to inject this beam into the optical fiber bundle. Regarding the first aim, an aspherical collimating lens with a short focal length, specifically designed for PCB (Printed Circuit Board)-mounted LED, allows the concentrate of the 120-degree LED beam into a 10-degree narrow beam with spatially uniform distribution. The resulting beam, moreover, projects images of the square LED chip, which exhibit enhanced clarity and reduced optical aberrations compared to those obtained with the initial beam. As regards the injection of this narrow beam into the optical fiber bundle, four important points need to be addressed. First, the proximal extremities of the 96 0.5 mm diameter PMMA (polymethyl methacrylate) optical fibers (numerical aperture: 0.2) are gathered together into a homemade connector so that they form a square light-receptive surface of sides 5 mm (Figure 7). A square shape, in line with the square projections of the LED chip by the beam, was preferred to the usual round one for the connector so as to limit the light loss. Second, the homemade connector was both designed to require no glue and 3D-printed using a crystal-clear resin in order to limit light absorption and thus to prevent material overheating/carbonization. Third, the light-receptive surface as well as the final surface of the connector were polished using a polishing wheel so that the maximum light passes through them. Fourth and finally, the distance between the lens and the square light-receptive surface was theoretically determined and then adjusted on an optical bench so that the most homogeneous central part of the square LED projection overlaps a little more than the light-receptive surface. 

With such a coupling, a power of 1.25 W is obtained for the 10-degree narrow beam, while the total power transmitted by the bundle of 96 optical fibers is 0.12 W (a photodiode sensor suitable for LED light (OPHIR) was used). 

[Place Figure 7 here]

CELL-LED-550/3 delivers a mean irradiance of 0.62 mW/cm2 (standard deviation: 0.09 mW/cm2) (Figure 8) at the bottom exterior surface of the wells. This mean value, which takes account for the above-mentioned coupling efficiency, was estimated and proved to be stable over time (variation coefficient lower than 0.6%) according to the methodologies described in details in Lefebvre and al.30. With such a low irradiance (lower than those delivered by the above-discussed other LED-based systems specifically designed for 96-well plate illumination), illumination alone has been proven to have no effect on HepG2 cell viability whereas a very high efficiency has been reached for RB-mediated PDT. For PDT protocols that require higher irradiances to ensure efficiency, multiple LEDs could be used, and therefore multiple light source parts could be implemented, provided that the light power injected into each optical fiber does not exceed the admissible power of some dozens of milliwatts.

[Place Figure 8 here]

Substituting only the LED in the light source part with another suitable one makes it possible to obtain another CELL-LED device. An LED shall be considered suitable if it emits an optical power lower than 5 W (for the reasons mentioned above) in the visible range (according to the specifications of the optical fiber bundle). As there exists a significant number of such LEDs, a wide variety of CELL-LED devices could be developed and, thereby, many PDT protocols could be evaluated in vitro. Given a PDT protocol, the LED providing the best overlap with the absorption spectrum of the considered photosensitizer should obviously be preferred among all the suitable LEDs. In the case of a change of LED, particular attention should be paid to the fan heat sink assembly. In fact, this assembly should be appropriately sized to prevent overheating and subsequent degradation of both the LED and the driver. Moreover, a new optical and thermal characterization will be required for any LED change. 

Both the possibility of photo-activating most photosensitizers by simple substitution of a single LED, and the possibility of illuminating the cells inside an incubator provide a real added value to this device compared with the existing ones.
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