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Introduction: Pancreatic ductal adenocarcinoma (PDAC) is expected to become the second leading cause of cancer-related mortality
by 2030, underscoring the need for new therapeutic approaches. While photodynamic therapy (PDT) has proven to be efficient for
treating superficial solid tumors, conventional laser-dependent PDT is limited by poor tissue penetration. To address this challenge, we
developed a novel self-illuminating nanoconjugate platform (SI-NCs) capable of activating PDT without external light.

Methods: We engineered SI-NCs composed of the bioluminescent enzyme RLuc8 conjugated to quantum dots (QDots 705) to
generate internal light for activating the FDA-approved photosensitizer verteporfin. We then evaluated SI-NC photophysical properties
and assessed their ability to induce localized antitumor activity in PDAC models.

Results: SI-NCs were successfully synthesized and characterized, demonstrating efficient bioluminescence resonance energy transfer
and activation of verteporfin. In vitro studies in immortalized pancreatic cancer cell lines and patient-derived primary cultures revealed
the mechanism of action and confirmed antitumor efficacy of bioluminescent-activated PDT.

Conclusion: In vivo testing in patient-derived xenograft (PDX) models validated the therapeutic potential of SI-NCs, supporting this
self-illuminating platform as a promising strategy to overcome light-penetration barriers and enhance PDT for PDAC treatment.
Keywords: photodynamic therapy, RLuc8-QDots nanoconjugates, BRET, pancreatic cancer, photosensitizer, ROS-responsive therapy

Introduction
Pancreatic ductal adenocarcinoma (PDAC) accounts for more than 90% of pancreatic cancer cases and is currently the fourth
leading cause of cancer-related death worldwide,'”* with a five-year survival rate of approximately 11%." The particular
anatomical location and pathological features of PDAC make it one of the most difficult tumors to diagnose and treat. Even
surgically resected patients present an average survival of only 10 to 20 months.®> Moreover, the incidence and mortality of
PDAC are rising each year, and PDAC is projected to become the second leading cause of cancer-related deaths in the US and
Europe by 2030.*° Therefore, the development of new, effective therapies for this devastating tumor is a healthcare priority.®’
Photodynamic therapy (PDT) has emerged as a promising alternative to treat many different types of tumors.*” PDT is based
on a non-invasive approach to selectively eliminate cancer cells with minimal harm to surrounding healthy tissue via light

irradiation.'®'* PDT relies on the activation of photosensitizing (PS) agents by light at specific wavelengths, generating singlet
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oxygen (0, — '0,) and other reactive oxygen species (ROS) that induce oxidative damage and subsequent cell death.'*'> This
process can modulate immune responses via hypochlorous acid (HOCI) and trigger apoptosis through both intrinsic and extrinsic
pathways, involving mechanisms such as caspase activation, oxidative stress, protein misfolding, and p38 MAPK activation. The
precise mode of cell death depends on the intracellular localization of the PDT-induced oxidative stress.’

Despite its potential, traditional PDT faces significant limitations when treating deep-seated tumors like PDAC.'*'7 Light
penetration is poor in deep tissues, especially at shorter wavelengths, while longer wavelengths produce less ROS.*!” The so-
called “tissue optical window” (600—1200 nm) is optimal for PDT, but endogenous chromophores in tissue compete for light
absorption.'®!'? As a result, current PDT techniques are largely restricted to superficial or endoscopically accessible tumors.
Furthermore, PDAC’s dense fibrotic stroma impedes both light penetration and drug delivery.?**' To overcome these general and
PDAC-specific barriers, recent advances have explored internal light sources as a way of generating light within the tumor.***
Nanoparticles offer a promising strategy to improve PDT in deep tumors like PDAC, due to ability to accumulate in the

tumor. 12,24

Quantum dots (QDots), in particular, are fluorescent nanoparticles known for their optical stability and
prolonged emission after light excitation.”>® Their self-illuminating potential is enhanced when conjugated with Renilla
luciferase (RLuc8), a bioluminescent protein.?”-*® Upon addition of the substrate coelenterazine (CTZ), light produced by
RLuc8 can be transferred to QDots via Bioluminescence Resonance Energy Transfer (BRET).?” These self-illuminating
nanoconjugates (SI-NCs) have already demonstrated their potential for in vitro and in vivo imaging of C6 glioma live
cells.”’ Likewise, Hsu et al*® proposed the use of SI-NCs for treating A549 tumor cells, confirming improved tumor death in

comparison with the application of an external light source. The superiority of this approach with respect to external laser
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sources was also confirmed by Kim et al,*® using in this case CT26 murine colon cancer, Murine Lewis lung cancer (LLC)
and B16F10 melanoma cells. SI-NCs have additionally been investigated for antimicrobial applications.*’

In this work, we propose the use of SI-NCs for the treatment of PDAC. We optimized the conjugation of RLuc8 to
QDots 705, which are compatible with the FDA-approved photosensitizer verteporfin (marketed as Visudyne®).
Verteporfin, approved for age-related macular degeneration, is known to inhibit angiogenesis following light
activation.”® % Although clinical trials are investigating its use in cancer treatment, current protocols require invasive

35,36 SI

procedures to deliver external light to activate verteporfin. -NCs present a minimally invasive alternative, capable

of activating verteporfin internally through bioluminescence.

Importantly, verteporfin emits red light, which penetrates tissue more effectively than shorter wavelengths.®'7%37
Related photosensitizers, such as the same PS family member, chlorin €6 (Ce6), have shown efficacy in SW480 colon
cancer cells and ROS-responsive nanoparticles co-loaded with sorafenib, enhancing antitumor activity.**°

Here, we introduce a novel type of SI-NCs specifically engineered to activate verteporfin and enable biolumines-
cence-driven PDT (BioLight PDT or BL-PDT) in PDAC. Our results provide strong evidence that this approach can

overcome the limitations of conventional laser-based PDT and offer a promising new direction for PDAC treatment.

Material and Methods
Preparation of Self-llluminating Nanoconjugates (RLuc8-Quantum Dots 705

Nanoconjugates)

To associate the purified RLuc8 protein (supp. Info.; “Extraction, purification and characterization of RLuc8”) with the QDots,
a previously described protocol was followed with some modifications.”® Ten pmol of QDots 705, 400 pmol of RLuc8, and
40,000 pmol of EDC (N-(3-Dimethylaminopropyl)-N'-ethylcarbodiimide, Sigma-Aldrich, Spain) were combined, and the
mixture was brought to a final volume of 20 pL in 10 mM PBS buffer (pH 7.4) and incubated at room temperature for
1 hour. The purification of the SI-NCs was carried out using spin filters (Amicon® Ultra Centrifugal Filters, 0.5 mL, Merck) in
a refrigerated microcentrifuge (5417R; Eppendorf). The spin filters were first pre-washed with NTA buffer (N’,N-bis-(carbox-
ymethyl)-L-lysine, Sigma-Aldrich, Spain) at 6000xg for 5 min to reduce QDot loss during the process. The filters were then
flushed with 10 mM PBS buffer (pH 7.4) at 6000xg for 5 min, and the conjugation reaction was transferred to the spin filters, and
200 uL of PBS was added and centrifuged for 3 min at 4°C and 3000xg. Four washes were then performed with 200 pL of PBS
each, centrifuging as described above. Finally, SI-NCs were collected in 20 pL of PBS buffer, centrifuged for 2 min at 4°C and
1000xg. The reaction was escalated 5-fold to ease future experiments without compromising its physicochemical properties.

Evaluation of Self-llluminating Nanoconjugates

To determine the efficacy of the conjugation, different samples, specifically 1) free QDots, ii) a physical mixture of QDots and
the EDC coupling reagent, and iii) the SI-NCs (RLuc8-QDots 705 nanoconjugates), prepared with 6X DNA orange loading
buffer dye (Promega), were loaded in a 1% agarose gel (Fischer Scientific) in 1X TAE buffer. Electrophoresis was performed
at 100V for 30 min, and the gel was visualized in a Chemidoc standard UV developer chamber (BioRad). In addition, a 12%
acrylamide/bis-acrylamide (29:1) denaturing SDS-PAGE gel (BioRad) was prepared, and additional samples were loaded,
specifically 1) the naked protein RLuc8, ii) free QDots, and iii) SI-NCs. Electrophoresis was performed at 150V for 90 minutes.
The gel was developed using Coomassie® Brilliant Blue staining (ThermoFisher Scientific, USA).

BRET phenomenon was tested after its activation with 1 pg of CTZ (ThermoFisher Scientific, USA) in a luminometer
(SYNERGY HI, microplate reader, BioTek). The stability of the SI-NCs was determined by measuring their BRET
kinetics at the time of production, as well as at days 4 and 7 post-production. The kinetics of the reaction were
determined in duplicate in a 96-well plate, monitoring the bioluminescence reaction from time 0 min (addition of the
substrate) to 3 hours, and taking measurements every 5 min.

Quantum Yield Determination
The quantum yield (or BRET yield), ie., the energy transferred within the nanoconjugates, was calculated according to
equation 1.
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Oy = RLuc8 Energy Coupled to the QD
Y= Energy Emitted by the QD

The numerator was obtained by subtracting the emission of the free RLuc8 (in the same wavelength range that the SI-
NCs would emit) from the emission of the RLuc8 already coupled to the QDots (SI-NCs).

Cell Culture Maintenance

The established and commercially available cell lines MiaPaCa-2, PANC-1, PaTu 8988t, PaTu 8988s and L3.6pl cells
were cultured in RPMI 1640 media (Invitrogen, Cat no. 61870044) containing 10% fetal bovine serum and 50 units/mL
penicillin/streptomycin in a humidified incubator (5%) at 37°C, and cultures were tested for Mycoplasma periodically.
The L3.6pl cell line (RRID:CVCL_0384) is a highly metastatic PDAC cell line, originally described by Bruns et al.*

Cellular Internalization Studies

For cellular internalization studies, 6x10* L3.6pl, MiaPaCa-2, PANC-1, PaTu 8988t or PaTu 8988s cells/ well were
seeded in 8-chamber slide plates and incubated overnight. The following day, 2 pmol of SI-NCs were added to the wells
and internalization was studied at different time points: 20 min, 1h and 3h. After incubation, treatments were removed,
cell nuclei were stained with Hoechst 33342 (ThermoFisher, USA), cytoskeleton was stained with Alexa Fluor 488
Phalloidin™ (Invitrogen™) (only for 3D projections), cells were fixed with 4% PFA (ThermoFisher, USA), and cultures
were observed by Confocal Laser Microscopy (CLM; Confocal Laser Microscopy Leica SP8®). Results were verified by
Flow Cytometry (FACS Aria ITu de BD) in L3.6pl, MiaPaCa-2 and PANC-1 cells. 5x10° cells/well were seeded in 6-well
plates and incubated overnight. Next, 10 pmol of the nanoconjugate treatments were added to the cells, and after
incubation, cells were washed with 2X DPBS and fixed with 2% PFA.

Cell Viability Assays
For cytotoxicity studies, L3.6pl, MiaPaCa-2 and PANC-1 cells were seeded in 96-well plates at a density of 2.5x10°
cells/well and incubated for 24h. To determine the toxicity of the photosensitizer and the SI-NCs, each was tested in
separate experiments. Both were applied in increasing order of concentration and incubated for 4 hours. Cell viability
was determined using the MTT assay (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide, Alfa Aesar) and the
colorimetric assay was read using a scanning multi-well plate reader at 570 nm (Multiskan EX, ThermoLabsystems®).
Experiments to determine cell viability after BL-PDT treatment /BL-PDT = verteporfin (PS) + SI-NCs + substrate
(CTZ)] were also performed. At 24h post-seeding, SI-NCs were added to the cells at 1 pmol. Next, verteporfin (4 uM) was
added and incubated for 2h. After treatments, cells were washed twice with 1X PBS. The photodynamic process was
induced by adding 2 ug of CTZ to each well. After 12h, cytotoxicity was determined using the aforementioned MTT assay.
The negative controls (0% cell death) consisted of cells growing in normal conditions and cells in which the vehicles were
added. The positive control (100% cell death) consisted of cells treated with a solution of Triton 0.1% in DPBS.

Measurement of Reactive Oxygen Species Production and Apoptosis Induction

To determine the presence of intracellular ROS produced by the BL-PDT process, a fluorescence-based assay was
performed, consisting of staining cells with the fluorescent dye 2',7'-dichlorodihydrofluorescein diacetate (H,DCFDA;
ThermoFisher Scientific, USA), as per the manufacturer’s instructions. Briefly, a 96-multiwell black-wall plate with clear
bottoms was seeded with 2.5x10° cells/well and incubated for 24h. Cells were incubated with the dye at a final
concentration of 5 pM for 60 min. Then, cells were treated with the same conditions and quantities of SI-NCs,
verteporfin and CTZ, as mentioned in the previous section (Cell viability assays) and were incubated at 37°C for the
PDT process. As a positive control, Luperox® (Sigma Aldrich, USA) was added at a concentration of 100 uM and
incubated for 2h at 37°C. ROS generation was measured with a fluorimeter at an excitation wavelength of 485 nm and an
emission of 535 nm. The H2DCFDA fluorescence was normalized against the assay’s negative and positive controls to
better reflect relative intracellular ROS levels under each treatment condition.
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Laser-PDT culture conditions were the same as described in the previous paragraph. After treatment, cells were
washed twice with PBS and laser-PDT was performed at different energy ratios in J/cm.? The optimal signal was used to
compare with the BL-PDT.

Apoptosis after ROS production was evaluated by immunofluorescence-based detection of Annexin V. After BL-PDT
treatment, cells were fixed with 4% PFA for 15 min, then incubated in 10% normal goat serum to block non-specific protein-
protein interactions, followed by mouse monoclonal anti-annexin V (Abcam, NL) staining overnight at 4°C. Annexin V was
observed with a Leica SP5 confocal laser microscope (Leica, Nussloch, Germany) using an excitation wavelength of 495 nm and
an emission of 519 nm.

In vivo Studies

PDAC patient-derived xenografts (PDAC PDX Panc354 and PancA6L) were obtained from Dr. Manuel Hidalgo under
a Material Transfer Agreement with the Spanish National Cancer Centre (CNIO), Madrid, Spain (Reference no.
1409181220BSMH) and the use of these patient-derived material was approved by the CSIC institutional review board
with number 329/2024. To establish low-passage primary PDAC PDX-derived in vitro cultures, xenograft tumors were
minced, enzymatically digested with collagenase (Stem Cell Technologies) for 60 min at 37°C, clarified via multiple
rounds of filter purification with 100 um and 40 puM Fisherbrand™ Sterile Cell Strainers (FisherScientific, Cat
no. 11517532 and 11587522), and after centrifugation for 5 min at 1800 rpm, the cell pellets were resuspended and
cultured in RPMI (Invitrogen) supplemented with 10% FBS (Invitrogen), 50 units/mL penicillin/streptomycin and
fungizone (Invitrogen). Primary cultures were tested for Mycoplasma at least every 4 weeks.

To perform PDT in vivo, 9-week-old 25 g male NOD.SCID (NOD.CB17-Prkdcscid/NCrHsd) mice (Janvier Labs, France)
were orthotopically injected with 2x10° cells of the indicated PDX-derived cultures (resuspended in 50 uL Matrigel TM, BD Cat
no. 354234) to form tumors. Fifteen mice were injected for each PDX-derived culture used. Approximately two weeks post-
orthotopic injection, the photosensitizer Verteporfin (200 mg/kg) and SI-NCs (50 pmol) were administered intraperitoneally.
Meanwhile, the substrate CTZ (20 pg) was administered by retro-orbital sinus injection in isoflurane-inhalation anaesthetized
mice. The therapy workflow was as follows: first, photosensitizer was intraperitoneal (IP) administered and incubated for 1h; then,
SI-NCs were injected, and after 30 minutes, the substrate (CTZ) was administered to induce BL-PDT. Mice were treated twice
aweek for 3 weeks. For the negative control group, PBS was injected. The sham (vehicle-control) group consisted of mice treated
with the photosensitizer and the SI-NCs without the substrate addition (no BL-PDT treatment), and the therapy (positive-control)
group consisted of mice treated with the complete BL-PDT treatment [BL-PDT = verteporfin (PS) + SI-NCs + substrate (CTZ)].

Immunohistochemistry Procedures

For histopathological analysis, 3 um sections of FFPE blocks were stained with hematoxylin and eosin (H&E). Additional serial
sections were used for immunohistochemical (IHC) analysis of PCNA. For PCNA, sections were incubated with anti-mouse-
biotin 1:500 (DAKO, Cat no. E0354) for 45 min followed by ABC-HRP kit (Vectastain, Cat no. PK-6100) for 30 min at room
temperature. Counterstaining was performed with hematoxylin. Digital Images were obtained using a digital scanner, “MOTIC
EASY SCAN ONE” with a 20X Plan Apo objective (resolution of 0.22 pum/pixel). Digital images were analyzed and adjusted
using ImageJ software.

TUNEL (TdT-Mediated dUTP Nick-End Labeling) Assay

Three-um sections of formalin-fixed paraffin-embedded (FFPE) PDAC tumors were used for apoptosis detection by TUNEL
assay (DeadEnd™ Fluorometric TUNEL System, PROMEGA), following the manufacturer’s instructions. Briefly, tissues were
de-paraffinized in fresh xylene, washed in 100% ethanol, rehydrated by sequential immersion through graded ethanol washes
(100%, 95%, 85%, 70% and 50%) and fixed using 4% methanol-free formaldehyde in PBS. Tumor sections were then treated
with proteinase K and incubated with the transferase enzyme and the fluorescein-12-dUTPs, at 37°C for 60 minutes, inside
a humidified chamber. Slides were covered using an Anti-Fade solution (Molecular Probes), and the fluorescein-12-dUTP-
labeled DNA was visualized using a Nikon Eclipse 200Ts fluorescence microscope (Izasa S.A., Barcelona, Spain). Images were
captured with a microscope-associated camera and processed with a Nikon software package.
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Statistical Analysis

Error bars represent standard deviation (s.d.) from the mean (at least n = 3 per group). Statistical analyses were performed
with GraphPad Prism® Software (version 9.0). Data were analyzed by two-tailed Student’s z-test to compare two
experimental groups and one- or two-way analysis of variance (ANOVA) with a Tukey correction was used to calculate

differences among multiple populations. P-values <0.05 were considered statistically significant. Statistical analyses
meaning: * (p < 0.05), ** (p < 0.01), *** (p < 0.001) and **** (p < 0.0001).

Results and Discussion
To develop a PDT approach, triggered by BL-PDT and capable of inducing ROS in tumors in vivo, we developed SI-NCs
composed of fluorescent metallic quantum dots (QDots 705) and the bioluminescent protein RLuc8, assembled via amine
condensation to activate verteporfin (PS) (Figure 1a and b). RLuc8, a Renilla luciferase mutant purified following a previously
described protocol with slight modifications®® (Figure Sla and b), was selected for its high stability and enhanced light-
emission properties”” Upon activation with its substrate (CTZ), RLuc8 reaches a peak emission at 490 nm (Figure S1c).

To optimize the RLuc8-QDots 705 conjugation, we tested various buffer systems (PBS, HEPES, MES, and Tris-HCI).
PBS (10 mM, with 0.1 M NaCl) was chosen for its ability to preserve protein integrity, reduce aggregation, and support

. . . . 41.42 . . . . e . . . .
favourable protein—protein interactions.” "* Tris-base was avoided due to its incompatibility with amine-involving
43,44

reactions, which can result in lower yields.
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Figure | Preparation of SI-NCs (RLuc8-QDots 705 nanoconjugates). (a) Schematic representation of the proposed mechanism based on bioluminescent-activated
(BioLight) photodynamic therapy (BL-PDT). In deep-tissue, SI-NCs BioLight source can excite a target photosensitizer drug more effectively than external laser light. (b) SI-
NCs coupling reaction undergoes a conversion of the carboxylic acid to amide using EDC (N-(3-Dimethylaminopropyl)-N’-ethylcarbodiimide) as an activating agent.
Abbreviations: RLuc8, Luciferase enzyme; QDots, Quantum Dots; Substrate, Coelenterazine (CTZ); Photosensitizer, Verteporfin; BRET, Bioluminescence Resonance
Energy Transfer; ROS, Reactive Oxygen Species; BL-PDT, BioLight Photodynamic Therapy.
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Successful conjugation was confirmed by agarose gel electrophoresis,”® which showed reduced electrophoretic mobility of
SI-NCs compared to free QDots (Figure 2a), consistent with previous reports using QDot 655 nanoconjugates.29 SDS-PAGE
further validated conjugation: (i) free RLuc8 migrated at ~35 kDa, (ii) QDots did not enter the gel due to their size, and (iii) SI-
NCs remained in the well, indicating increased molecular weight (Figure 2b).
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Figure 2 Characterization of SI-NCs. (a) 1% agarose gel containing the components: [(]) free QDots; (2) free QDots + EDC physical mixture; (3) SI-NCs], confirming
successful nanoconjugate associations. (b) 12% acrylamide gel electrophoresis [Lane I: ladder; Lane 2: naked RLuc8; Lane 3: SI-NCs; Lane 4: free QDots] (c) TEM image of
SI-NCs morphology and particle size. Scale bar: 10 nm. (d) QDots excitation spectra overlap with the maximum enzyme RLuc8 emission peak. (e) SI-NCs emission
spectrum (BRET spectral scanning) with CTZ (I pg) addition. The BRET ratio was calculated from the ratio of the area under the curve of RLuc8 (a) emission between 395
and 600 nm and that of QDots (b) emission between 650 and 760 nm. (f) BRET scanning at day 0 and 4. (g) Kinetics of SI-NCs emission at 0, 4 and 7 days after their
coupling.
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Transmission electron microscopy (TEM) revealed that conjugation did not significantly alter QDot morphology or
size, with conjugates averaging ~20 nm - similar to the commercial QDot size range (15-21 nm) (Figure 2c, S2a and b).
Samples appeared homogeneous with a polydispersity index of <0.3. Dynamic Light Scattering (DLS) and Laser Doppler
Anemometry (LDA) confirmed these findings and showed a negative surface charge, attributed to the QDot’s lipophilic
coating. Bradford assay estimated a high protein loading efficiency of 88%™° (Table 1).

For efficient BL-PDT, optimal BRET between the SI-NCs and verteporfin is critical.** 7 Since RLuc8 alone cannot
directly transfer energy to the photosensitizer, QDots serve as intermediates. BRET operates on Forster resonance energy
transfer principles, where efficiency depends on the inverse sixth power of the donor—acceptor distance and their relative
orientation. Lack of BRET signal does not necessarily imply absence of interaction,***° but effective energy transfer
requires strong spectral overlap.’* 2

In the SI-NCs, RLuc8 acts as the energy donor and the QDots 705 as the energy acceptor. Spectral analysis confirmed
a strong overlap between RLuc8 emission and QDots excitation (Figure 2d), enabling effective energy absorption and
transfer to activate verteporfin (QDot excitation/emission in Figure S2c¢). BRET scanning spectra revealed that
a substantial portion of RLuc8’s emission is absorbed by QDots (Figure S2d). The BRET ratio, calculated as the area
under the acceptor curve divided by that of the donor, was 5.05 (Figure 2¢),°*>" significantly higher than the 1.32
reported by So et al for RLuc8-QDot 655 systems’- The highest BRET ratio occurs when the light intensity of the donor
is closest to 0, indicating that almost all the bioluminescent activity is being transferred to the acceptor. Therefore, this
enhanced ratio may result from differences in buffer composition, conjugation method,>® or the improved stability and
light output of RLuc8.

The SI-NCs also demonstrated a BRET quantum yield (Qy) of 0.64—0.72, exceeding previous reports of 0.60—0.65 for
similar systems.® Ideally, if all donor emission were transferred to the acceptor, this value would approach 1.

We next assessed the stability of SI-NCs over time by tracking BRET kinetics at time 0, and after 4 and 7 days of
storage at 4°C. On day 4, BioLight activity had declined by 50% (Figure 2f), and by day 7, BRET activity was no longer

27:28 our formulation

detectable (Figure 2g). While a complete loss of activity by day 4 was reported in earlier studies,
showed improved stability, highlighting its potential for further in vivo applications.

To evaluate the interaction of SI-NCs with pancreatic cancer cells, we conducted a series of in vitro experiments
across multiple PDAC cell lines (Figure 3 and S3). To our knowledge, this is the first study assessing this type of SI-NC
for potential pancreatic cancer treatment.”*

We first examined internalization in L3.6pl cells, a pancreas-to-liver metastatic cancer cell line and in the MiaPaCa-2
PDAC cell line (Figure 3a—c). In both cases, SI-NCs were rapidly internalized, with visible uptake as early as 30 minutes
and peak internalization achieved by 3 hours. This swift uptake may be advantageous for therapeutic applications in
PDAC by minimizing drug degradation, bypassing drug resistance (a common issue in this tumor type), and reducing
dosage and systemic toxicity, supporting safer and longer-term use.

Consistent results were obtained in additional PDAC lines, including PANC-1, PaTu8889t and PaTu8889s cells
(Figure S3a—c). Quantitative analysis using flow cytometry confirmed high uptake rates: 93% of L3.6pl cells were
positive after just 30 minutes (Figure 3d), with peak mean fluorescence at 2 hours. In MiaPaCa-2 cells, nearly 99% of
cells were positive across all time points, with maximal fluorescence at 1 hour (Figure 3e). Similar uptake patterns were
observed in PANC-1 cells (Figure S3d).

Table | Physicochemical Characterization of SI-NCs
Measured by DLS and LDA. Percentage of RLuc8 Loaded
to QDots 705 Quantified by Bradford’s Assay (Results are
Expressed as Mean * Standard Deviation, n = 5)

Formulation | Size (nm) | Pdl | ZP (mV) | % RLuc8

SI-NCs 22+2 <0.3 -6+ 88 +2

Abbreviations: nm: nanometer, Pdl: polydispersity index, ZP: zeta poten-
tial in millivolts (mV), SI-NCs: Self-llluminating Nanoconjugates (RLuc8-
QDots 705).
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Normalized to Mode

Figure 3 SI-NCs efficiently interact with PDAC cells. (a) Uptake experiments in the metastatic pancreas to liver cancer cell line L3.6pl and (b) the primary tumor cell line
MiaPaCa-2 with SI-NCs (red signal), incubated across increasing time points (30 min to 3h). Untreated cells were used as a negative control. Cell nuclei were stained with
Hoechst 33342 (blue signal) and observed by Confocal Laser Microscopy. (Scale bar: 25 um, white) (c) 3D projections of Confocal images in L3.6pl cells. SI-NCs (red) are
indicated with white arrows; cell nuclei were stained with Hoechst 33342 (blue); cytoskeleton (green) stained with Alexa Fluor 488 Phalloidin™ (Invitrogen™). Zoomed
images represented in the white dotted square (Scale bar: 100 pm, white). Evaluation of Cy5.5 positive cells by flow cytometry to determine the internalization of SI-NCs
(SI-NCs containing QDots 705 are observed by the Cy5.5 laser line). % Internalization and mean fluorescence expressed in tables (d) for L3.6pl and (e) for MiaPaCa-2 cells.
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We further evaluated photosensitizer uptake by confocal microscopy in L3.6pl and MiaPaCa-2 cells using a 2 pM dose of
verteporfin, up to 2 hours post-treatment (Figure 4a and b). These results are in line with previous studies reporting internalization
times ranging from several minutes up to 3 hours for SI-NCs, and a standard 3-hour incubation for the photosensitizer alone.**~*

Importantly, SI-NCs also demonstrated efficient uptake in PDX-derived cultures, including Panc354 and PancA6L.
However, as expected, internalization efficiency in primary cultures was generally lower than in established cell lines
(data not shown), a known limitation in nanoparticle-based approaches.

Before assessing the therapeutic efficacy of BL-PDT in PDAC cells, we conducted preliminary studies with the photo-
sensitizer (verteporfin) and QDots 705. An absorbance spectrum confirmed verteporfin’s excitation peak at 690 nm (Figure 5a).

a Hoechst PS Merged
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[]
®
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-
b Hoechst Merged
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Figure 4 The photosensitizer verteporfin has an optimal cytosolic distribution in vitro. (a) L3.6pl and (b) MiaPaCa-2 cell cytosolic distribution of the photosensitizer. Images

acquired by CLM after adding a dose of 2 uM and after a 2-hour incubation (Scale bar: 25 pm, white). Cell nuclei were visualized with Hoechst 33342 (blue signal) and the
fluorescent photosensitizer cytosolic distribution is observed in green.
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Figure 5 BL-PDT induces cell death in PDAC cells. (a) The excitation spectra of the photosensitizer matches the emission spectra of the QDots. Study of verteporfin
cytotoxicity in (b) L3.plé and (c) Mia PaCa-2 cells after 4h of incubation at increasing concentrations (0—16 pM) of verteporfin. (d) SI-NCs cytotoxicity was evaluated by
MTT in L3.6pl cells after 4h of incubation, with an ICs; calculated of 4.24 pmol. Statistical analyses: ANOVA with a Dunnett’s test. Cell viability analysis following BL-PDT in
(e) L3.6pl and (f) MiaPaCa-2 cells. Doses: Verteporfin (4 uM); SI-NCs (I pmol); CTZ (20 pg/mL). Bars representing: |1-8 controls and 9 BL-PDT treatment. All data are
expressed in terms of dose response and/or concentration/viability. Data are presented as means * s.d. (at least n = 3 per group). Statistical analyses p-values: ns (non-
significant) ** (p < 0.01), ** (p < 0.001) and **** (p < 0.0001).
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The spectral overlap between verteporfin and QDots 705 (both in excitation and emission) validated their compatibility for our
BL-PDT strategy.

We next evaluated verteporfin cytotoxicity in L3.6pl (Figure 5b), MiaPaCa-2 (Figure 5c), and in PANC-1 (Figure S4a)
cells after 4h of incubation. As expected, cell death increased with increasing dosage in all lines, with no significant differences
across them. Based on these results, 4 pM was selected as the working concentration, maintaining cell viability at 90-95%.

To assess potential baseline toxicity, we also tested SI-NCs alone in L3.6pl cells (Figure 5d). Due to the known cytotoxicity
of QDots’ heavy metal core, precise dose adjustment was required. The calculated ICs, was 4.24 uM (Figure S4b). Although
some studies report ICsq values in the 100400 nM range, this variability is influenced by QDot size, surface chemistry, core
composition, cell type, and exposure time.”>

Following the approach reported by Kim et al*° we investigated whether BL-PDT could effectively induce cytotoxi-
city in PDAC cells. At an optimized low dose (1 pmol SI-NCs + 4 uM verteporfin), BL-PDT led to substantial cell death
in both L3.6pl (Figure 5e) and MiaPaCa-2 (Figure 5f) cells. Importantly, no cytotoxicity was observed with individual
components alone, including SI-NCs, verteporfin, CTZ, or its vehicle, 1% propylene glycol (PG).

We also examined the effect of higher SI-NC doses (5 pmol) on treatment efficacy. While higher SI-NC doses
increased cytotoxicity in MiaPaCa-2, L3.6pl, and PANC-1 cells (Figure S4c—e), it also elevated nonspecific toxicity,
highlighting the importance of dose optimization for therapeutic safety and selectivity.

BL-PDT-induced cytotoxicity is primarily mediated by reactive oxygen species (ROS), particularly singlet oxygen ('
0,, SO), which can trigger apoptosis in cancer cells’'”>® To validate this mechanism in our system, we measured
intracellular ROS levels using the fluorescent probe H,DCFDA, and Luperox® (tert-butyl hydroperoxide; t-BHP) was
included as an appropriate positive ROS-inducer control.’” L3.6pl cells were pre-incubated with the dye and treated with
BL-PDT as previously described, and a significant increase in ROS was detected 12 hours post-treatment.

A dose-response analysis was performed to determine the optimal SI-NC concentration for ROS generation (1-5
pmol per well). Maximum ROS levels were observed at 1-2 pmol of SI-NCs (Figure 6a). The same trend was confirmed
in the PDX-derived Panc354 primary PDAC culture, which was also used for subsequent in vivo studies. Treatment with
2 pmol SI-NCs and 4 uM verteporfin effectively induced ROS without toxicity in control groups (Figure 6b).

Interestingly, ROS levels decreased at higher SI-NC doses (Figure 6a), suggesting that beyond a threshold, the
mechanism underlying BL-PDT cell death may not be entirely ROS-dependent. This aligns with viability data indicating
increased cytotoxicity at higher SI-NC concentrations, potentially implicating alternative cell death mechanisms such as
necroptosis or necrosis.’*>” This was further explored in subsequent in vivo studies described in the following sections.

We also compared the efficiency of BL-PDT to conventional laser-PDT. A custom-built laser emitting at 690 nm
(photosensitizer activation wavelength) was used to irradiate L3.6pl cells pre-treated with verteporfin. Optimization
experiments identified that a dose of 0.36 J/cm? (3 x 30s cycles) maximized ROS production (Figure S4f). At higher light
doses, ROS-associated fluorescence decreased significantly, likely due to cellular damage activating alternative death
pathways such as necrosis, paralleling our BL-PDT findings.*>*>®

Notably, BL-PDT using SI-NCs was more effective at ROS generation than laser-PDT under optimized conditions
(Figure 6c), highlighting the superior potential of the bioluminescent approach.

To confirm that ROS generation leads to apoptosis, we used immunofluorescence staining for annexin V, a common
apoptosis marker.®® Confocal imaging showed strong annexin V staining only in BL-PDT-treated cells and the positive
control (Figure 6d and Figure S5). These findings were corroborated by light microscopy, which revealed typical
apoptotic morphology in treated L3.6pl cells (Figure 6e).

In summary, our in vitro data demonstrate that BL-PDT mediated by SI-NCs effectively induces ROS and promotes
apoptosis in PDAC cells, validating its mechanism of action and therapeutic promise.

To assess the therapeutic efficacy of BL-PDT in vivo, we employed an orthotopic pancreatic tumor model using the Panc354
PDX cell line in male NOD.SCID mice. Mice were treated twice a week for 3 weeks, as outlined in the Methods section and
supporting Figure S6. On the final treatment day, light emission from the SI-NCs was confirmed using an IVIS imaging system
confirming successful tumor localization and activation approximately 45 minutes post-administration (30 min + 15 min)
(Figure 7a). It is important to note that although our nanoconjugates lack an active targeting moiety, their accumulation within
pancreatic tumors is likely mediated by the enhanced permeability and retention (EPR) effect, a mechanism similarly exploited by
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Figure 6 Ability of the SI-NCs to induce a therapeutic response. (a) H,DCFDA assay to measure intracellular ROS levels in L3.6pl cells at increasing SI-NCs (1-5 pmol) doses. Best
performance determined at | pmol treatment. (b) Intracellular ROS production, measured with the H,DCFDA assay, in the pancreatic PDX-derived Panc354 primary culture, that will
be further used for in vivo experiments. (c) Comparison of ROS generated with BL-PDT versus laser-PDT treatment. BL-PDTachieved a significant difference compared to laser-PDT in
L3.6pl cells. (d) Confocal Laser Microscopy images of Annexin V levels assessed by IF to confirm the apoptosis cell-mediated killing mechanism after BL-PDT treatment. Appropriate
negative controls and the positive control (Luperox®) were used to induce apoptosis. BL-PDT produced a higher Annexin V signal. (Scale bar: 25 ym, white). (e) Images of apoptotic cell
morphology, observed by transmitted light microscopy after 16h BL-PDT treatment in L3.6pl cells. Data are presented as the mean * s.d. (at least n = 3 per group). a.u. = arbitrary units.
Statistical analyses p-value meaning: * (p < 0.05), ** (p < 0.01), *** (p < 0.001) and **** (p < 0.0001).
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Figure 7 PDT treatment efficiently induces necrosis and apoptosis in Panc354PDX orthotopic tumors. (a) By IVIS analysis, SI-NCs (50 pmol i.p.) bioluminescence was observed at the
tumor site (pancreas) |5 minutes after CTZ (5 nmol i.v.) injection. Images are shown for control (negative-control), sham (vehicle-control) and BL-PTD (positive-control) mice (n=5 mice
per group). For the control group, PBS was injected. The therapy BL-PDT group consisted of mice treated with the complete BL-PDT treatment [verteporfin (PS) + SI-NCs + substrate
(CTZ)]. The sham group consisted of mice treated with the photosensitizer and the SI-NCs without the substrate addition (no BL-PDT treatment). The black arrow indicates the site of
injection, and the red circle marks the location of the tumor. (b) Mean * s.d. of tumor (left) and peritoneal metastasis (right) weights in control, sham and BL-PTD groups, observing
a tendency for reduction in the BL-PDT group. (c) Representative images of hematoxylin and eosin (H&E)-stained histological sections of tumors (3 pm) from the three experimental
groups (control, sham and BL-PDT) from (a). (d) H&E-stained sections for each mouse were prepared, digitalized and used to evaluate the percentage of necrosis in the tumors. Data are
presented as means = s.d. of the % necrotic area/total tumor area. (e) Additional serial sections were used for IHC analysis of the number of PCNA-positive cells. Data are presented as
means * s.d. of the area of PCNA+ cells in representative sections from the control, sham and BL-PDT groups. (f) Apoptotic events in tumors were analyzed using the TUNEL assay,
where images were captured by fluorescence microscopy. Nuclei were stained with Hoechst 33342 (blue), and TUNEL staining is shown in green (Zoom: 25X). (g) Positive green-
fluorescent events for TUNEL were quantified in the control, sham and BL-PDT groups. Data are presented as means * s.d. (at least n = 3 per group). Statistical analyses p-value meaning:
ns (non-significant) * (p < 0.05), ** (p < 0.01).

14 https: International Journal of Nanomedicine 2026:21



Abal-Sanisidro et al

other nanomedicines such as liposomal irinotecan (Onivyde®) and albumin-bound paclitaxel (Abraxane®). We acknowledge,
however, that the highly desmoplastic and hypovascular nature of PDAC limits vascular permeability and increases interstitial
pressure, thereby attenuating the classical EPR effect observed in other tumor types. Despite these barriers, clinically approved
nanoformulations like Onivyde® and Abraxane® have demonstrated sufficient intratumoral accumulation and therapeutic
efficacy in PDAC, likely through a combination of albumin-mediated transcytosis, stromal remodeling, and macrophage-
mediated drug release. Therefore, while our approach likely relies primarily on passive tumor uptake, these precedents support
the feasibility of nanoconjugate delivery in PDAC. Nevertheless, the restricted permeability of the PDAC stroma represents an
important limitation that should be considered in translating this strategy to the clinical setting.

Although the present study was not designed as a comprehensive biodistribution and toxicology investigation, we
performed a small pilot biodistribution experiment comparing intravenous and intraperitoneal administration of SI-NCs.
Following intravenous injection, the relatively small hydrodynamic size of the nanoconjugates resulted in rapid renal
clearance within a few hours and low tumor retention at later time points, making it difficult to complete the full therapeutic
protocol within an optimal time window (data not shown). In contrast, intraperitoneal administration led to higher and more
sustained accumulation of SI-NCs in orthotopic PDAC tumors, while still allowing sufficient time to administer verteporfin
and CTZ. On this basis, intraperitoneal delivery was selected for the in vivo efficacy studies. Throughout these experiments,
mice receiving both SI-NCs and verteporfin were closely monitored and did not exhibit overt signs of acute systemic toxicity
(such as marked weight loss, abnormal behavior, or macroscopic organ damage at necropsy), supporting the notion that BL-
PDT—-induced damage was spatially restricted to the tumor region. Future work will be required to perform quantitative
biodistribution analyses of both SI-NCs and verteporfin, together with more detailed toxicological assessments in appropriate
models, to fully define the safety profile and therapeutic window of this approach.

Following sacrifice, therapeutic outcomes were evaluated. Although no statistically significant reduction in tumor
weight was observed after three weeks of treatment (Figure 7b), a modest decrease in peritoneal metastases was noted in
the treatment group, albeit without reaching significance. Histological analysis, however, revealed a marked increase in
tumor necrosis in BL-PDT-treated animals compared to control and sham groups (Figure 7c¢). Quantification of necrotic
areas (Figure 7d) confirmed that BL-PDT significantly increased tumor necrosis, indicating a clear cytotoxic effect
despite unchanged tumor volume.

Proliferation was assessed by immunohistochemical staining for PCNA, a nuclear protein synthesized in the late G1
and S phases of the cell cycle. As shown, BL-PDT-treated tumors exhibited lower PCNA expression relative to controls,
indicating reduced cell proliferation. However, this reduction did not reach statistical significance when compared to the
sham group (Figure 7e).

To investigate the underlying mechanism of tumor cell death, apoptosis was evaluated via a TUNEL assay.
Fluorescence microscopy of Panc354PDX tumors revealed a significant increase in TUNEL-positive (apoptotic) cells
following BL-PDT treatment (Figure 7f), with quantification confirming a statistically significant elevation compared to
controls (Figure 7g).

To validate these findings, we replicated the study in a second PDX model (PancA6LPDX), also established
orthotopically in male NOD.SCID mice and treated under identical conditions (Figure S7a). The TUNEL assay again
confirmed apoptosis induction in PancA6LPDX tumors (Figure S7b), with significantly higher apoptotic indices in BL-
PDT-treated mice (Figure S7c).

Opverall, these in vivo data demonstrate that BL-PDT can target PDAC tumor cells in the pancreas, inducing tumor cell
death and apoptosis. While overall tumor mass remained unaffected, significant histological changes (increased necrosis,
decreased proliferation, and enhanced apoptosis) confirmed the anti-tumoral activity of the treatment. A trend toward reduced
peritoneal metastasis further supports the potential of BL-PDT, although statistical significance was not achieved.

While the overall approach validates the efficacy of BL-PDT in PDAC tumors, improvements are warranted. For example,
a higher number of injections and an extended treatment regimen may have resulted in increased tumor cell death and a more
profound and significant reduction in tumor and/or peritoneal metastasis weights in the BL-PDT group; however, the ethical
endpoint was reached due to tumor burden in control animals. Use of immunocompetent or humanized mouse models could
provide insight into immune-mediated clearance of necrotic and apoptotic cells following BL-PDT. Additionally, while 50
pmol of SI-NCs were administered, the precise quantity reaching tumor cells in vivo remains to be quantified for direct
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comparison with in vitro efficacy. Combining BL-PDT with chemotherapy (eg., gemcitabine) might also enhance therapeutic
outcomes. Despite these limitations, our data demonstrate that SI-NCs successfully generate intracellular bioluminescence to
activate verteporfin and induce apoptosis in vivo across two PDAC PDX models.

This study supports the feasibility of using self-illuminating RLuc8—-QDot705 nanoconjugates in combination with
verteporfin as a promising strategy for treating PDAC. While our findings suggest that BL-PDT may circumvent some of
the challenges associated with laser-PDT in deep or inaccessible tumors, a direct comparative study is necessary to

substantiate this claim.>°

Conclusion

This work introduces a self-illuminating nanoconjugate platform designed to overcome one of the fundamental barriers
of photodynamic therapy: the limited penetration of externally applied light into deep-seated tumors such as PDAC.
These nanoconjugates, composed of RLuc8 and QDot705, were engineered to activate the clinically approved photo-
sensitizer verteporfin through BRET following the addition of the luciferase substrate CTZ. By enabling internal
activation of an FDA-approved photosensitizer through bioluminescence, this approach offers a minimally invasive
alternative to conventional laser-based PDT and expands its potential therapeutic reach.

Comprehensive in vitro analyses demonstrated that SI-NCs effectively internalize into multiple PDAC cell lines and,
upon activation, induce robust ROS production and apoptosis, without the need for external light sources. In orthotopic
PDAC PDX models, BL-PDT treatment induced significant histological changes, including increased tumor necrosis and
apoptosis, confirming the in vivo therapeutic potential of this approach.

The proposed platform provides several advantages: (i) autonomous light generation that eliminates the need for
optical fiber placement or external irradiation, (ii) compatibility with clinically used photosensitizers, and (iii) a modular
nanoconjugate design that could be adapted to other therapeutic agents. However, important limitations remain, including
restricted nanoparticle delivery within the dense PDAC stroma and the need for optimized dosing strategies to balance
therapeutic efficacy with nanoparticle-associated toxicity. Future studies should address these challenges by improving
tumor targeting, performing comprehensive biodistribution and toxicological analyses, and evaluating synergy with
standard chemotherapeutic or immunomodulatory agents. Comparative studies against laser-PDT in vivo will also be
valuable to validate the clinical advantages of this bioluminescent approach. In addition, long-term studies evaluating
tumor recurrence, overall survival, pharmacokinetics and biodistribution, and the practical feasibility of integrating this
platform into clinical workflows will be essential to fully assess its translational potential.

Taken together, these findings highlight the promise of SI-NCs as a nanotechnology-driven strategy to enable light-
independent PDT for the treatment of deep-seated malignancies. While further optimization and direct comparative
studies against laser-PDT are warranted, our results establish a foundation for the development of light-independent PDT
strategies with the potential to broaden therapeutic options for PDAC and other deep or inaccessible tumors.

Supplementary Materials

The Supplementary Information document provides detailed descriptions of experimental methods, including reagent
sources, protein purification procedures, quantum dot characterization, and laser system specifications. It also contains
supplementary in vitro and in vivo data that support the findings of the main manuscript, such as electrophoresis results,
spectral analyses, transmission electron microscopy (TEM) images, cellular uptake experiments, cytotoxicity assays,
ROS production, apoptosis validation, and the full BioLight Photodynamic Therapy (BL-PDT) treatment protocol.
Additional figures (S1— S7) illustrate these data to enhance reproducibility and offer further insight into the mechanisms
and efficacy of the described nanoconjugate-based therapy.

Ethics Approval

All in vivo procedures involving animals were reviewed and approved by the Comité de Etica de Experimentacion
Animal del Instituto de Investigaciones Biomédicas “Alberto Sols” (IIB, CSIC-UAM), and by the Local Authorities
(Comunidad de Madrid, PROEX 294/19). All animal procedures were conducted in strict accordance with Spanish
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