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ABSTRACT 

Photod ynamic therap y (PDT) ideall y relies on the ad- 
ministration, selective accumulation and photoacti- 
vation of a photosensitizer (PS) into diseased tis- 
sues. In this context, we report a new heavy-atom- 
free fluorescent G-quadruplex (G4) DNA-binding PS, 
named DBI. We reveal by fluorescence microscopy 

that DBI preferentially localizes in intraluminal vesi- 
cles (ILVs), precur sor s of e xosomes, which are ke y 

components of cancer cell pr oliferation. Moreo ver, 
purified exosomal DNA was recognized by a G4- 
specific antibody, thus highlighting the presence of 
such G4-forming sequences in the vesicles. Despite 

the absence of fluorescence signal from DBI in nu- 
clei, light-irradiated DBI-treated cells generated re- 
active oxygen species (ROS), triggering a 3-fold in- 
crease of nuclear G4 foci, slowing fork progression 

and ele vated le vels of both DNA base damag e , 8- 
oxoguanine, and double-stranded DNA breaks. Con- 
sequently, DBI was found to exert significant photo- 
toxic effects (at nanomolar scale) toward cancer cell 
lines and tumor organoids. Furthermore, in vivo test- 
ing reveals that photoactivation of DBI induces not 
only G4 formation and DNA damage but also apop- 
tosis in zebrafish, specifically in the area where DBI 
had accumulated. Collectively, this approach shows 

significant promise for image-guided PDT. 
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GRAPHICAL ABSTRACT 

INTRODUCTION 

Pharmacotherapy for tumor ablation is often hindered 

by poor drug selecti vity towar ds malignant cells, raising 

safety concerns ( 1 ). Photodynamic therapy (PDT) is a light- 
triggered non-surgical anticancer modality that is used in 

clinics worldwide ( 2 ). PDT involves the use of a photosen- 
sitizing agent (PS) that generates cytotoxic reacti v e oxygen 

species (ROS) through energy transfer upon exposure to low 

light power density. The catalytic nature of PDT provides 
high therapeutic efficacy at low doses and does not generally 

show cross-resistance to chemotherapy ( 3 ). The primary se- 
lectivity of PDT comes from the controlled volume of illu- 
mination of targeted regions, such as tumors, which can be 
achie v ed with high spatiotemporal precision. The type of 
PS used provides an additional le v el of selectivity to target 
specific cancer-related tumor signatures. Indeed, the contin- 
uous de v elopment in light deli v ery technologies ( 4 ) coupled 

with the rational design of new and efficient PSs ( 5 ) provide 
means to influence cancer biology with e v en more precision. 

Heavy-atom-fr ee PSs ar e a long-sought-after class of 
chemicals in PDT ( 6 , 7 ). Their excellent photophysical and 

photochemical properties, along with their low dark toxic- 
ity, long-li v ed triplet excited states, and cost-effecti v e syn- 
thesis offer possibilities for the translation of such agents 
into clinical use in PDT ( 8 ). Photoexcitation of the PS pro- 
motes the generation of ROS through two mechanisms, 
namely type I and type II pathways. In the type I path- 
way, the PS participates in electron transfer reactions to 

produce radicals (e.g. hydroxyl radical, OH 

•) and radical 
ions (e.g. superoxide anion, O 2 

•−) as well as non radi- 
cal species (e.g. hydrogen peroxide, H 2 O 2 ) whereas, in the 
type II pathway, the PS transfers energy to triplet ground- 
state molecular oxygen ( 3 O 2 ), thus generating singlet oxy- 
gen ( 1 O 2 ) ( 8 ). These two pathways can ha ppen sim ultane- 
ously upon light irr adiation; y et the type II pathway is the 
predominant one for most approved PSs ( 8–10 ). Indeed, 
the limited diffusion distance of 1 O 2 in cells is an advan- 
tage for treatment at restricted sites, while maximizing pho- 
totoxic cellular damage using organelle-specific PSs ( 8 , 11 ). 

In this context, a number of organelle-specific PSs have 
been reported with affinities to certain organelles such as 
the nuclei ( 12–14 ), mitochondria ( 15–17 ), and lysosomes 
( 18 , 19 ); their PDT effect has been studied in detail. How- 
e v er, there is to date no PDT strategy that specifically tar- 
gets multi v esicular bodies (MVBs). Rounded or slightly el- 
liptical nanometer-sized (250–1000 nm), the MVBs contain 

intraluminal vesicles (ILVs) with a typical size of 30–150 

nm ( 20 , 21 ). Most of the ILVs, upon fusion of MVBs with 

the plasma membrane, are released into the extracellular 
space and are at that time r eferr ed to as exosomes ( 22 , 23 ). 
Exosomes are known to contain a vast array of function- 
ally acti v e biomolecules (DN A, RN A, lipids and proteins) 
and to be involved in key biological processes including 

cell-to-cell communication (Figure 1 A) ( 24–27 ). In partic- 
ular, exosomes secreted by cancer cells act as the media- 
tor of tumor formation and progression, and often help 

the cancer cells to escape immune surveillance by inhibit- 
ing lymphocyte activation and survival ( 28 ). As a putati v e 
working mechanism, the direct transfection of altered ge- 
netic materials from cancer cells to healthy cells affects the 
recipients to the point that it may turn the infected cell 
into a precancerous or cancerous state ( 29 , 30 ). This is sup- 
ported by the fact that exosome secretion by cancer cells is 
higher and highly enriched in genomic DNA content com- 
pared to healthy cells with a pproximatel y 20-fold enrich- 
ment ( 25 , 31 ). Consequentl y, (DN A-rich) tumor-deri v ed e x- 
osomes are now emerging as important biomarkers for can- 
cer detection and targeting the latter offers promising pos- 
sibilities for both monitoring / diagnostic, and therapeutic 
purposes ( 21 , 31 ). 

Genomic DNA is the direct target for most cytotoxic 
drugs in chemothera py, w hich are still e xtensi v ely used in 

the treatment of a wide range of human cancers, despite 
their limited selectivity ( 32 , 33 ). An alternative approach 

aimed at improving drug selectivity is provided by targeting 

non-duplex DNA sequences using structure-specific DNA 

binders ( 32–35 ). Guanine (G)-rich DNA sequences can fold 

into non-canonical four-stranded structures, known as G- 
quadruplexes (G4s), through the formation of four in-plane 
G bases m utuall y bound by Hoo gsteen hydro gen bonds 
and coordinated by metal ions (usually K 

+ ) ( 36 ). The posi- 
tions of putati v e G4 structur es ar e not randomly distributed 

in the nuclear genome but enriched in certain areas such 

as promoters, ribosomal DNA, and telomeres ( 36 ). More- 
ov er, putati v e G4-forming sequences are also detected in 

organelles, such as mitochondria ( 37–39 ), and have been 

shown to have a functional role during mitochondrial tran- 
scription ( 40 , 41 ). A set of complementary experiments in- 
volving the G4-specific antibody (BG4) ( 42 , 43 ), li v e-cell flu- 
orescent probes ( 44–46 ), and chromatin immunoprecipita- 
tion followed by high throughput sequencing (ChIP-Seq) 
( 47–50 ) r ecently r e v ealed increased le v els of G4 structures in 

cancer cells compared to normal cells. Moreover, G-rich se- 
quences are sensiti v e to ROS ( 51 ), forming oxidati v ely mod- 
ified G base lesions, commonly the 8-o x oguanine (8-o x oG) 
damage. Unr epair ed base damages can result in replica- 
ti v e stress and genomic instability ( 52 ). Also, modulation 

of G4 structures using G4-interacti v e binding ligands can 

induce replicati v e stress via interference with DNA trans- 
actions, i.e. DNA replication and transcription, leading to 
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Figure 1. Schematic r epr esentation of MVB´s sorting pathways along with the synthetic route of DBI and its spectral properties. ( A ) The MVB may fuse 
with the plasma membrane and release the ILVs as ex osomes. Ex osomes may epigenetically reprogram recipient cells via deli v ery of their cargo (DNA, 
RNA, and proteins). ( B ) Synthesis of DBI . ( C ) X-ray crystal structure of DBI . ( D ) Experimental (black and red solid lines) and computed (black and red 
dotted lines) absorption and emission spectral signatures of DBI in CH 2 Cl 2 at 298 K. 77 K time-gated phosphorescence spectrum (blue line, 50 �s delay) 
and singlet oxygen phosphorescence signal (green line) at 298 K in CH 2 Cl 2 . ( E ) Computed Jablonsky diagram of the DBI molecule. Triplet states properties 
are computed at the S 1 geometry. The energies of triplet states use the S 1 energy as r efer ence. The SOC is computed between the triplet states and the S 1 
state. 
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single- (SSBs) ( 53 ) and double-stranded breaks (DSBs), as 
well as activation of the DNA damage response (DDR) ma- 
chinery ( 54 ). Thus, the induction of oxidati v e stress and G4 

formation can be applied in cancer therapeutics, as many 

tumor cells have impaired DDR and / or antioxidant path- 
ways ( 55–57 ). 

In this context, we introduce herein a novel ‘manifold’ 
PDT stra tegy tha t crucially relies on a heavy-a tom free 
PS, called dibenzothioxanthene imide ( DBI ) that features a 

twisted π -conjugated system providing enhanced intersys- 
tem crossing (ISC) capability and consequential high ROS 

genera tion ef ficiency. In particular, DBI shows significant 
phototherapeutic efficacy at nanomolar concentrations 
against monolayer cancer cells and 3D tumor organoids. In 

vivo experiments with zebrafish embryos further confirmed 

DBI ’s PDT effect. Through a set of imaging procedures and 

biochemical characterizations, we unveil DBI ́s cellular lo- 
calization in ILVs / exosomes and its selective interaction to 

G4 structures. An in-depth investigation of DBI ́s photo- 
toxic effects led us to discover a close connection between 

(photo)-induced DNA damage, G4 structures, and replica- 
ti v e stress that led to cell death. We belie v e that the combina- 
tion of the aforementioned collecti v e features and the dual 
targeting of cancer mediators / markers ILVs / exosomes and 

G4s pr ovides pr omising opportunities for br oad biomedi- 
cal applications that include, but are not limited to, can- 
cer trea tments. Indeed, DBI -media ted DN A damage, w hich 

str ongly differs fr om the ones reported for G4-stabilizing 

ligands ( 54 ), can be , in principle , modulated by adjusting 

not only the DBI concentration but also the power, illumi- 
nation time and e v en the wavelength of the light source. 
This unique feature provides a means to implement DBI 
as a versatile tool for image-guided photopharmacological 
applications. 

MATERIALS AND METHODS 

Detailed synthetic methods, purifica tion, characteriza tion, 
spectroscopic and computational procedures involving DBI 
are described in the Supplementary Information. Experi- 
mental factors such as the initial number of seeded cells, 
time of irradiation, and the incubation time of the cells af- 
ter irradiation were optimized for the different experiment 
types. These factors are described in more detail in this sec- 
tion and / or in the figure legends. 

Photo-cytotoxicity on 2D monola y er cancer cell lines 

HeLa and MCF-7 cells wer e cultur ed at 37 

◦C in 5% 

CO 2 in DMEM medium supplemented with penicillin- 
streptomycin (1 ×), and 10% fetal bovine serum. 5 × 10 

3 

cells / well (both HeLa and MCF-7) were seeded in com- 
plete medium on 96 well-plates 24 h before the treatment 
with DBI . DBI was dissolved in complete medium at the 
indica ted concentra tions (DMSO reached the max value 
of 0.5% v / v) and was added to cells. When r equir ed, the 
cells were photo-irradiated using an EVOS ® FL cell imag- 
ing system equipped with an adjustable-intensity LED cube 
(Invitrogen, Ref. No.: AMEP4651; Ex: 470 / 22 nm) oper- 
a ting a t 27 mW cm 

−2 for 6 min. Then, the cells were in- 
cubated for an additional 24 h at 37 

◦C in 5% CO 2 . At 48 

h after DBI tr eatment, Pr estoBlue ™ (Invitrogen, Ref. No.: 
A13261) was added to each well and the cells were incu- 
ba ted a t 37 

◦C in 5% CO 2 for three additional hours. Cell 
viability was measured by recording the fluorescence signal 
of PrestoBlue ( λexc / �em 

: 560 / 590 nm) using a Synergy H4 

microplate reader (Biotek). 
Similar experimental set-up was used with Temoporfin 

(MedChemExpress , Ref. No .: 122341-38-2) in HeLa cells, 
either under blue LED (Ex: 470 / 22 nm) or green LED (In- 
vitrogen, Ref. No.: AMEP4952; Ex: 542 / 20 nm) illumina- 
tion opera ting a t 27 mW cm 

−2 or 10 mW cm 

−2 for 6 min, 
respecti v ely. 

DBI photo-induced cell death was cross-validated using 

the LIVE / DEAD ™ viability / cytotoxicity kit (Invitrogen, 
Ref. No.: L34960). Briefly, 20 × 10 

4 cells were seeded the day 

befor e tr eatment on glass-bottom microwell dishes (MatTek 

Corp.). HeLa cells were treated with DBI (1 �M) or with an 

equivalent amount of DMSO (0.02% v / v) and incubated 

at 37 

◦C in 5% CO 2 for 24 h. When r equir ed, the cells were 
photo-irradiated as described above (i.e. 27 mW cm 

−2 for 6 

min). Then, the cells were incubated for an additional 24 h 

at 37 

◦C in 5% CO 2 . 48 h after DBI treatment, LIVE / DEAD 

fixable red stain (1 �l / ml) was added to the cells for 30 min 

at 37 

◦C before fixation with 4% paraformaldehyde (PFA). 
Before imaging, the cells were further washed with 1 × PBS 

supplemented with 1% bovine serum alb umin. Ima ges were 
acquired using a Leica SP8 FALCON confocal microscope. 
Maximum intensity projection of Z-stack images was used 

for da ta presenta tion. All da ta were processed by using 

ImageJ software. 

Light-induced morphological changes on DBI-treated HeLa 

cells 

10 × 10 

4 HeLa cells were seeded in complete medium 

on glass-bottom microwell dishes (MatTek Corp.) for 48 

h at 37 

◦C in 5% CO 2 . Cells were washed with 1 × PBS, 
and DBI (1 �M), Temoporfin (10 �M), or an equiva- 
lent amount of DMSO (0.02% v / v), dissolved in complete 
medium and were added to cells for 1 h at 37 

◦C in 5% CO 2 . 
Then, the cells, when r equir ed, wer e photo-irradiated us- 
ing an EVOS ® FL cell imaging system equipped with an 

adjustable-intensity LED cube (Ex: 470 / 22 nm) operating 

at 30 mW cm 

−2 at various time intervals. 

Photo-cytotoxicity on 3D multicellular pancreatic tumor 
organoids 

Mouse pancreatic tumor 3D organoids were a gift from 

David Tuveson (Cold Spring Harbor Laboratory, Cold 

Spring Harbor, New York). The organoids were estab- 
lished using tumors from KPC (C57Bl / 6 Kras + / LSL-G12D ; 
T rp53 

+ / LSL-R172H ; Pdx-Cr e) mice using methods de v eloped 

previously ( 58 ). KPC mice rapidly de v elop spontaneous tu- 
mors in the pancreas, genetically and histologically mim- 
icking pancreatic ductal adenocarcinoma (PDA) ( 59 ). The 
organoids wer e cultur ed embedded in growth factor r e- 
duced basement membrane ma trix (Ma trigel) and grown in 

defined growth factor media ( 58 ). 
To examine the cytotoxic effects of DBI on the organoids, 

dif ferent concentra tions of DBI were added to the cells 
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16 hours after seeding in duplicate and were allowed to grow 

for a further 24 h. Only one set of plates were exposed to 470 

nm light (GFP channel) for 6 minutes at 27 mW cm 

−2 in an 

EVOS-FL microscope (light condition) while the other set 
was continuously maintained in the dar k (dar k condition). 
Cells were incubated for a further 24 h and were assayed 

for cell viability using PrestoBlue ® (Thermo Fisher Scien- 
tific). Data was recorded using SpectraMax ® i3x (Molec- 
ular Devices). Organoids isolated from three different KPC 

mice were used in the experiments (biological replicates). 

Photoinduced cellular generation of ROS 

20 × 10 

4 HeLa cells were seeded the day befor e tr eatment on 

glass-bottom microwell dishes (MatTek Corp.). HeLa cells 
wer e tr eated with DBI (1 �M) or with an equivalent amount 
of DMSO (0.02% v / v) and incuba ted a t 37 

◦C in 5% CO 2 
for 24 h. When r equir ed, the cells were photo-irradiated us- 
ing an EVOS ® FL cell imaging system equipped with an 

adjustable-intensity LED cube (Ex: 470 / 22 nm) operating 

at 30 mW cm 

−2 for 20 min. Then, CellROX green reagent 
(Invitrogen, Ref. No.: C10444) (5 �M) was added to the 
cells for 30 min at 37 

◦C in 5% CO 2 . Washing with 1 × PBS 

(2 times) was performed before fixation in 4% PFA. Be- 
fore imaging, the cells were further washed with 1 × PBS (3 

times). Images were acquired using a Leica SP8 FALCON 

confocal microscope. Maximum intensity projection of Z- 
stack images was used for data presentation. All data were 
processed using ImageJ software. 

Live-cell imaging 

20 × 10 

4 HeLa cells were seeded the day before treatment 
on a glass-bottom microwell dish (MatTek Corp.). HeLa 

cells were washed with 1 × PBS (2 times), then treated with 

DBI (500 nM) and the nuclear dye Hoechst 33342 (500 nM; 
Sigma-Aldrich, Ref. No.: B2261) dissolved in live cell imag- 
ing solution (Molecular Probes ™, Ref. No.: A14291DJ) for 
20 min at 37 

◦C in 5% CO 2 prior to ima ging. Ima ges were 
acquired using a Leica SP8 FALCON confocal microscope 
equipped with an incubation chamber opera ting a t 37 

◦C in 

5% CO 2 . The images and data were presented and processed 

as described above. 

Digestion experiments 

20 × 10 

4 HeLa cells were seeded the day befor e tr eatment on 

a glass-bottom microwell dish (MatTek Corp.). HeLa cells 
wer e tr eated with DBI (1 �M) or with an equivalent amount 
of DMSO (0.02% v / v) for 24 h and, when r equir ed, sub- 
jected to photo-irradiation using a LED cube (Ex: 470 / 22 

nm) operating at 30 mW cm 

−2 for 20 min. Next, the cells 
were incubated for an additional 30 min at 37 

◦C in 5% CO 2 
and fixed with 4% PFA, then permeabilized in 0.1% Triton 

X-100 at room temperature. Cells were treated with DNase 
I (Invitrogen, Ref. No.: EN0521) dissolved in 1 × PBS sup- 
plemented with 100 mM MgCl 2 and incubated for 24 h at 
37 

◦C. Then, Hoechst 33342 (500 nM) was added to the cells 
for 1 h and fluorescence images were acquired using a Leica 

SP8 FALCON confocal microscope. The images and data 

wer e pr esented and processed as described above. 

DNA fiber analysis 

Asynchronous HeLa cells were seeded at 25 × 10 

4 cells 
for 24 h. Then, cells were treated with DBI (1 �M) for 
24 h. When r equir ed, DBI -tr eated HeLa cells were photo- 
irradiated using a LED cube (Ex: 470 / 22 nm) operating at 
30 mW cm 

−2 for 5, 10 or 20 min. Then, the cells were in- 
cubated for an additional 30 min at 37 

◦C in 5% CO 2 . Af- 
ter that, cells were pulse-labeled with IdU (25 �M), CIdU 

(200 �M), and thymidine (200 �M). Cells were then har- 
vested and resuspended in cold PBS. DNA fiber stretching 

and subsequent immunostaining of DNA fibers were per- 
formed as previously described ( 45 , 54 ). DNA fibers were 
visualized using the Leica Thunder Widefield microscope, 
and images were captured randomly from different fields 
that contained untangled fibers. Only fibers containing IdU 

labels flanked by CIdU labels with intact ss-DNA ends were 
selected for analysis using LASX (Leica) and ImageJ soft- 
war e packages. Measur ements wer e made in micrometers 
and converted to kilobases using a conversion factor for the 
length of a labeled track of 1 �m corresponding to roughly 

2 kb. 

Immunofluorescence experiments 

20 × 10 

4 HeLa cells were seeded the day before treatment 
on a glass-bottom microwell dish (MatTek Corp.). HeLa 

cells wer e tr eated with DBI (1 �M), Temoporfin (5 �M), 
or with an equivalent amount of DMSO (0.02% v / v) for 24 

h and, when r equir ed, subjected to photo-irradiation using 

a LED cube (Ex: 470 / 22 nm) opera ting a t 30 mW cm 

−2 for 
20 min. Next, the cells were incubated for an additional 30 

min at 37 

◦C in 5% CO 2 and fixed with 4% PFA, then per- 
meabilized in 0.1% Triton X-100 at room temperature. Cells 
were exposed to blocking solution (1 × PBS and 2% nonfat 
milk) in a humidified chamber for 1 h at 37 

◦C, and where 
indica ted, incuba ted with anti-LAMP1 (Cell Signaling, Ref. 
No.: 9091, dilution 1:400), anti-EEA1 (Cell Signaling, Ref. 
No.: 3288, dilution 1:200), anti-CD63 (abcam, Ref. No.: 
ab8219, dilution 1:400), anti-8-o x oG (Sigma-Aldrich, Ref. 
No.: MAB3560, dilution 1:500), anti-BG4 (absolute anti- 
body, Ref. No.: Ab00174-30.126, dilution 1:1000) or anti- 
�H2AX (Cell Signaling, Ref. No.: 9718, dilution 1:400) an- 
tibodies in blocking solutions (1% Tween 20, 1 × PBS and 

5% goat serum (Sigma-Aldrich, Ref. No.: G9023)) for 2 h 

a t 37 

◦C . In the case of BG4 trea tment, cells were further in- 
cubated with a rabbit antibody against the DYKDDDDK 

epitope (Cell Signaling, Ref. No.: 14793), at 1:800 dilution 

in a blocking solution (1% Tween 20, 1 × PBS and 5% goat 
serum) for 1 h at 37 

◦C. Next, cells were incubated with goat 
anti-rabbit IgG (H + L) Alexa Fluor 594 (Life Technologies, 
Ref. No.: A11012) (dilution 1:1000) or goat anti-mouse IgG 

(H + L) Alexa Fluor 647 (Invitrogen, Ref. No.: A-21235) 
dissolved in blocking solution (1% Tween 20, 1 × PBS and 

5% goat serum) for 1 h a t 37 

◦C . After each step, cells were 
washed three times for 5 min with 1 × PBS. For nuclear 
staining, cells were incubated with Hoechst 33342 (500 nM) 
for 1 h at room temperature. Cells were imaged using a Le- 
ica SP8 FALCON confocal microscope. Maximum inten- 
sity projection of Z-stack images was used for data presen- 
tation. All data were processed using ImageJ software. 
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Dot blot assay for the detection of G4 structures 

BG4 antibody was purified following a previously described 

pr otocol ( 60 ). DNA isolated fr om exosomes (5 ng / �l) or 
DNA oligonucleotides (6 ng / �l) were heated at 95 

◦C in 100 

mM KCl and allowed to cool overnight at room temper- 
ature. A total amount of 500 ng DNA was loaded onto a 

Hybond-N + membrane (GE Healthcare) using a Bio-Dot 
Microfiltr ation Appar atus (Bio-Rad). The membrane was 
blocked for 3 h at room temperature with 5% milk in in- 
tracellular salt solution (25 mM HEPES, pH 7.5, 10.5 mM 

NaCl, 110 mM KCl and 1 mM MgCl 2 ) and incubated with 

BG4 antibody (1:1000 dilution) overnight at room tem- 
perature. After washing the membrane for 15 min twice 
with wash buffer (10 mM Tris, pH 7.4, 100 mM KCl, 0.1% 

(v ol / v ol) Tween 20), the membrane was incubated with an 

anti-FLAG antibody (Sigma-Aldrich, #F3165, 1:5000 di- 
lution) for 2h and washed for 15 min twice with the wash 

buffer. The membrane was incubated with goat anti-mouse 
IgG (H + L) antibody, HRP (Thermo Fisher Scientific), and 

the dots were detected using a chemiluminescent reagent. 

Zebrafish maintenance 

Zebrafish (Danio rerio) used in this study were maintained 

in compliance with the standard procedures at the Ume ̊a 

Uni v ersity Zebrafish Facility. All animal experiments were 
approved by the Ume ̊a animal experimental ethics board 

(Dnr A6-2020). 

T r eatment of zebrafish embryos with DBI 

Wildtype embryos were dechorionated and used either 12 

h post-fertilization (hpf) or 24 hpf to test the cytotoxicity 

of DBI in vivo . DBI was diluted in an E3 medium and an 

equal amount of DMSO was used as a control. Embryos 
at 12 hpf were transferred to 12 well-pla tes, trea ted with 

dif ferent concentra tions of DBI (20 nM, 100 nM, 500 nM 

and 1 �M) and incubated in the absence of light for 12 h at 
28.5 

◦C . W hen r equir ed, the embryos wer e photo-irradiated 

by a blue-LED (55.6 mW cm 

−2 ) for 5 min. Then, the em- 
bryos were kept in the dark for 15 min and finally fixed in 4% 

PFA and stored overnight at 4 

◦C. Embryos at 24 hpf were 
treated with DBI (10 �M) and incubated at 28.5 

◦C in the 
absence of light for 24 h. When r equir ed, the embryos wer e 
photo-irradiated by a blue-LED (GFP filter, 55.6 mW / cm 

2 ) 
for 5 min. Then, the embryos were kept in the dark for 3 h 

and finally fixed in 4% PFA before storing overnight at 4 

◦C. 
For the local activation experimental setup, embryos at 12 

hpf were treated with 1 �M DBI, or DMSO (0.02% v / v) 
in E3 medium and incubated in the absence of light for 12 

h at 28.5 

◦C. Next, the live embryos were mounted in low- 
melt agarose and photo-irradiated with a Nikon A1 confo- 
cal microscope using a 20 × water immersion lens and 20% 

of 488 nm laser activity in a specified local region covering 

4 somites above the yolk sac extension, by 4.0 times zoom 

for 3 min, kept in dark for 15 min, and fixed in 4% PFA in 

PBS overnight at 4 

◦C. 

TUNEL assay 

Click-iT Plus TUNEL Assay for in situ apoptosis de- 
tection with Alexa Fluor 594 dye (Invitrogen, Ref. No.: 

C10618) was used following the manufacturer´s instruc- 
tions. In short, fixed embryos were washed twice in PBS 

for 5 min followed by PBST (1% Tween 20) two times for 
5 min. The embryos were then treated with proteinase K 

(10 mg / ml) (Thermo Fisher Scientific, Ref. No.: EO0491) 
for either 10 min (24 hpf embryos) or 30 min (48 hpf em- 
bryos) prior to fixation with 4% PFA for 20 min. Embryos 
were washed with PBST two times for 5 min and perme- 
abilized for at least 1 h (three cycles of 20 min) with PBT 

(PBS, 1% Triton-X). Embryos were then incubated in termi- 
nal deoxynucleotidyl tr ansfer ase (TdT) reaction buffer (In- 
vitrogen, Ref. No.: C10618) for 10 min at RT. TdT reaction 

buffer was removed and replaced by TdT reaction mixture 
(TdT reaction buffer, EdUTP and TdT enzyme) and incu- 
bated for 2 h at 37 

◦C. Embryos were washed with 3% BSA 

in PBS and incubated in a Click-iT plus TUNEL reaction 

cocktail (Invitrogen, Ref. No.: C10618) for 30 min at room 

temperatur e. Embryos wer e washed with 3% BSA in PBS 

before analysis. 

Immunofluorescence experiments in zebrafish embryos 

Immunofluorescent staining was performed for both 12 hpf 
and 24 hpf embryos after the TUNEL assa y. Embry os were 
washed using PBS Tween 20 (1% PBT) three times for 5 

min. Embryos were pre-incubated in 0.75 ml blocking buffer 
(1% DMSO and 5% sheep serum in PBT) for at least 2 

h at room temperature. The pre-blocking solution was re- 
moved and mouse anti-8-o x oG (Sigma-Aldrich, Ref. No.: 
MAB3560, dilution 1:200), ra bbit anti-BG4 (a bsolute anti- 
body, Ref. No.: Ab00174-30.126, dilution 1:200) and rab- 
bit anti- FLAG M2 Antibody (Cell Signaling, Ref. No.: 
14793, dilution 1:200), primary antibodies were added in 

0.75 ml blocking buffer and incubated at 4 

◦C overnight 
on a shaker incubator. Unbound primary antibody was 
washed using PBS Tween 20 (1% PBT) three times for 30 

min and secondary antibodies, goat anti-rabbit Alexa Fluor 
488 (1:500, Invitrogen Molecular probes), goat anti-mouse 
Alexa Fluor 488 (1:500, Invitrogen Molecular probes) and 

goat anti-mouse Alexa Fluor 633 (1:500, Invitrogen Molec- 
ular probes) were added in 0.75 ml blocking buffer and incu- 
ba ted a t 4 

◦C o vernight on a shak er incubator. Unbound sec- 
ondary antibody was washed using PBS Tween 20 (1% PBT) 
three times for 30 min and 4 

′ ,6-diamidino-2-phenylindole 
(DAPI) was used to visualize the nuclei. Stained embryos 
were kept in 70% glycerol. Images were taken using a Nikon 

confocal microscope. 

Exosome purification 

Exosomes were purified from HeLa cells (1 × 10 

6 ) following 

the manufacturer’s protocol of exosome purification using 

an Exo-spin ™ mini kit (Cell guidance systems) ( 61 ). In brief, 
cells were grown into DMEM (Dulbecco’s Modified Eagle 
Medium) media (Gibco) supplemented with 10% exosome- 
depleted FCS (Fetal calf serum) (Gibco) and penicillin- 
streptomycin solution (1 ×). Cells were first centrifuged at 
300 × g for 10 min to collect the supernatant followed 

by another round of centrifugation at 16,000 × g for 30 

min to remove any remaining cell debris. The supernatant 
was mixed with Exo-spin ™ Buffer in a 2:1 ratio and in- 
cuba ted overnight a t 4 

◦C to increase the exosome yield. 
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Then, the mixture was subjected to ultracentrifugation in 

a Beckman Coultier L-90K ultracentrifuge using SW41Ti 
Swinging bucket rotors at 20,000 × g for 1 h at 4 

◦C and 

the pellet containing exosomes were resuspended into 50 

�l of 1 × PBS. The gravity spin-columns were first equili- 
brated with 1 × PBS at room temperature before loading 

with the exosome resuspension. The flow-through was dis- 
carded while the purified exosomes were eluted by adding 

180 �l of PBS. 

Extraction of DNA from exosomes 

To remove the DNA associated with the outer membrane 
of exosomes ( 25 ), we digested the external DNA by treating 

the purified exosomes with 0.15 units / �l DNase I (Invitro- 
gen, Ref. No.: EN0521) for 30 min at 30 

◦C. Then, we added 

0.5 M EDTA and incubated at 70 

◦C for 5 min to inacti- 
vate DNase I followed by 1 × PBS wash at 100,000 × g for 
70 min. The exosome-containing pellets were resuspended 

in 1 × PBS. Then, we proceeded to the isolation of exo- 
some DNA following a pre viously pub lished protocol ( 62 ). 
In short, the exosomes were lysed in the presence of 0.5% 

SDS (sodium dodecyl sulfate), 50 mM Tris–HCl (pH 8.0), 
0.1 M EDTA, 10 �g / ml RNase A (Thermo Fisher Scien- 
tific) and 0.1 mg / ml of proteinase K (Thermo Fisher Scien- 
tific) at 56 

◦C for 3 h followed by phenol-chloroform extrac- 
tion and ethanol precipitation. The isolated exosomal DNA 

was resuspended in 20 �l of ultrapure DNase-RNase-free 
wa ter. The concentra tion and purity of exosomal DNA were 
analyzed using a NanoDr op ™ One C Micr ov olume UV-V is 
Spectrophotometer and on 0.8% agarose gel. 

qPCR 

To investigate the potential presence of guanine-rich DNA 

sequences forming G4 structures in the extracted exosomal 
DNA, we performed qPCR amplification using qPCRBIO 

SyGreen Mix Separate-ROC (PCR Biosystems , Ref. No .: 
PB20.14–05). PCR cycles were carried out with a 3 min de- 
na tura tion step a t 95 

◦C followed by 35 amplification cycles 
of dena tura tion a t 94 

◦C for 15 s, annealing a t 60 

◦C for 20 s, 
and extension at 72 

◦C for 30 s. Final PCR products were 
loaded and run on 1.5% agarose gels along with the 100 

bp and 1 kb DNA ladders (GeneRuler, Thermo Fisher Sci- 
entific). GAPDH transcripts and GAPDH promoter le v els 
wer e consider ed as contr ols while GAPDH pr omoter le v els 
were used to normalize the variability in the le v els of G4- 
rich sites in exosomal and genomic DNA. The PCR primers 
were designed in Primer3plus. Forward (F) and re v erse (R) 
primer sequences of the different oncogene promoters and 

housekeeping genes are listed in Supplementary Table S4. 

Cryo-EM sample pr epar ation and data collection 

Purified exosomes in PBS buffer were vitrified on Quan- 
tifoil Cu R200 2 / 2 (Electron Microscopy Sciences , Ref. No .: 
Q2100CR2) grids. Prior to sample application, the grids 
were glo w dischar ged using a Pelco easiGlo w device (Ted 

Pella Inc.) at 15 mA for 30 s. Samples were deposited by 

transferring 3 �l of sample onto the glo w-dischar ged side 
of the grid, blotted, then plunge frozen in liquid ethane, 

using a Vitrobot plunge freezer (Thermo Fisher Scientific), 
with the following settings: 22 

◦C, 80% humidity, Blot-force 
= –5, 60 s wait time and a blotting time of 3 s. All data 

were collected on an FEI Titan Krios transmission electron 

microscope (Thermo Fisher Scientific) operated at 300 keV 

and equipped with a Gatan BioQuantum energy filter and 

a K2 direct electron detector. A condenser aperture of 70 

�m and no objecti v e aperture were chosen for data collec- 
tion. Data wer e acquir ed in parallel illumination mode us- 
ing EPU (Thermo Fisher Scientific) software at a nominal 
magnification of 33 kx (4.3 Å pixel size). 

Determination of the intracellular H 2 O 2 level 

5 × 10 

3 HeLa cells / w ell w ere seeded in complete medium 

on 96 well-plates 24 h before the treatment with DBI . HeLa 

cells were washed (2 times) with li v e cell imaging solution 

(Molecular Probes ™, Ref. No.: A14291DJ), then treated 

with DBI (1 �M) or DMSO (0.02% v / v) dissolved in live 
cell imaging solution and incubated for 90 min at 37 

◦C in 

5% CO 2 . When r equir ed, the cells were irradiated with blue 
light using a LED light cube (Ex: 470 / 22 nm) operating at 
30 mW cm 

−2 for 4 min. After irradiation, ROS-Glo ™ H 2 O 2 
kit (Promega) was used according to the manufacturer’s in- 
structions and the luminescence was recorded on a Synergy 

H4 microplate reader (Biotek). 

RESULTS 

Photosensitizer design and characterization 

DBI was pr epar ed according to the one-pot synthetic 
route depicted in Figure 1 B. Commercially available 2- 
methylnaphtho[1,2-d]thiazole was treated under basic con- 
ditions to generate the 1-aminonaphthalene-2-thiol that 
was then directly involved in a reaction with the 4-bromo- 
1,8-naphthalic anhydride. Next, isopentyl nitrite was added 

to the reaction mixture to afford ring-closure of the π - 
conjugated core via a Pschorr cyclization. Due to its poor 
solubility in common organic solvents, the resulting anhy- 
dride ( DBA ) was filtered off, dried, and directly utilized in 

the next step, i.e. the imidification in presence of pentan- 
3-amine. Once alkylated and purified (Supplementary Fig- 
ures S1-3), single crystals of the isolated compound were 
successfully grown, confirming the structure of the target 
DBI (Figure 1 C and Supplementary Figure S4 and Table 
S1). Owing to its fused and π -extended core, DBI shows an 

intense absorption band at 483 nm characterized by a molar 
absorptivity of ca 18 000 M 

−1 cm 

−1 and an emission band 

located in the green-yellow spectral region ( λem 

= 544 nm) 
with a fluorescent quantum yield ( ΦF 

) of ca 0.08 (Figure 1 D 

and Supplementary Figure S5 and Table S2). DBI ́s spectral 
signatur es wer e found to be in good agreement with time- 
dependent density-functional theory (TD-DFT) computed 

spectra (Figure 1 D). Low-tempera ture time-ga ted photolu- 
minescence spectra recorded with a 50 �s delay re v ealed the 
presence of a triplet state, which manifests as a phospho- 
rescence band centered at ∼700 nm (Figure 1 D). Singlet 
oxygen generation measurements were thus subsequently 

carried out re v ealing a rather uncommon quantum yield 

close to unity ( Φ� 

= 0.95), for such a small heavy-atom- 
fr ee molecule (Figur e 1 D and Supplementary Figur e S6). 
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Complementary theoretical investigation re v eal that this ef- 
ficient singlet-to-triplet intersystem crossing (ISC) mainly 

originates from the large spin-orbit coupling (SOC) com- 
puted between S 1 and T 1 (SOC of 7.7 cm 

−1 , Figure 1 E) itself 
activ ated b y the distortion of the π -conjugated core induced 

by the lower phenyl ring (dihedral angle of ca 28 

◦), releasing 

the selection rules (El Sayed’s rules) that normally forbid the 
process in small organic molecules ( 63 ). Finally, despite the 
above-mentioned almost unitary singlet oxygen generation 

efficiency (which typically correlates with quenched lumi- 
nescence), residual emission of DBI is enough to enable its 
potential detection inside cells and thereby its use as a ‘ther- 
anostic’ agent. 

DBI triggers intracellular ROS generation and photocyto- 
toxicity 

Bef ore in vestiga ting the photod ynamic therapeutic ef ficacy 

of DBI , we evaluated its ability to generate cellular oxida- 
ti v e str ess. CellROX ™ gr een r eagent is used as a fluorogenic 
probe for detecting oxidati v e stress in the nucleus of li v e 
cells ( 7 ). This dye is weakly fluorescent in a reduced state 
while displaying bright green fluorescence upon oxidation 

by ROS. As depicted in Figure 2 A and B, human cervi- 
cal epithelioid carcinoma (HeLa) cells treated with DBI (1 

�M) and CellROX ™ gr een r eagent and irradiated with blue 
light, that also matches DBI ́s absorption spectrum, showed 

a bright green fluorescent signal mainly localized in the cell 
nucleus supporting the ability of DBI to generate ROS. Im- 
portantly, control experiments with the CellROX ™ green 

reagent performed in the absence of both DBI and light as 
well as in the presence of either DBI or light showed neg- 
ligible ROS-associated nuclear fluorescent signal, indicat- 
ing that intracellular ROS production only occurs in light- 
irradia ted DBI -trea ted cells, thereby confirming its poten- 
tial usefulness for the targeted applications. 

Next, we determined the phototherapeutic efficacy of 
DBI toward HeLa and breast (MCF-7) cancer cell lines us- 
ing the PrestoBlue ™ cell viability assay ( 39 , 54 ). In the ab- 
sence of light irradiation, no cytotoxicity was observed for 
either HeLa or MCF-7 cells treated with various concen- 
tr ations of DBI (r anging from 0 to 25 �M) e v en after 48 

h of continued drug exposur e (Figur e 2 C, D). For photo- 
cytotoxicity studies, HeLa and MCF-7 cells were treated 

with various concentrations of DBI (ranging from 0 to 0.3 

�M) for 24 h, irradiated for 6 minutes with blue light us- 
ing a LED light cube (470 / 22 nm), and further incubated 

for an additional 24 h. These experimental conditions were 
optimized in order to avoid cell death caused by ov ere xpo- 
sure to light and to match the incubation time and gen- 
eral experimental conditions used in the dark cytotoxicity 

studies. We demonstrated that DBI exhibit high photocy- 
totoxic activity with a half-maximum inhibitory concentra- 
tion: IC 50 (HeLa) = 22.5 ± 7.5 nM and IC 50 (MCF-7) = 

27.3 ± 11.0 nM and a high dark IC 50 / light IC 50 photo- 
toxic index (PI) ratio of ∼ 1000 (Figure 2 C, D). The DBI 
photo-triggered cancer cell death was also confirmed using 

the LIVE / DEAD ™ viability / cytotoxicity stain assay. As de- 
picted in Figure 2 E, only the DBI -treated HeLa cells sub- 
jected to light irradiation displayed a bright red signal in- 
dicati v e of cell death due to ruptured plasma membrane. 

Mor eover, r eal-time monitoring of morphological changes 
in living HeLa cells subjected to DBI treatment and blue 
light irradiation unraveled drama tic altera tions of the cellu- 
lar ar chitectur e, characteristic of a very efficient PDT pro- 
cess (Supplementary Figure S7) ( 7 ). 

The phototherapeutic activity of DBI was compared 

with 5,10,15,20-tetra( m -hydroxyphenyl)chlorin (mTHPC, 
Temoporfin) ( 64 ), the acti v e pharmaceutical substance in 

the medicinal photosensitizer Foscan ® used in the clinics 
for the treatment of head and neck cancer ( 64 , 65 ). By using 

the same experimental setting used for DBI , in the dark, 
Temoporfin-treated HeLa cells showed significant toxicity 

with an IC 50 (HeLa) = 19.0 ± 1.3 �M (Supplementary Fig- 
ure S8A). Light irradiation deli v ered by using a LED light 
cube opera ting a t either 470 / 22 nm or 542 / 20 nm enhanced 

Temoporfin phototoxic activity with IC 50 (HeLa, 470 / 22) 
= 0.43 ± 0.09 �M and IC 50 (HeLa, 542 / 20) = 0.44 ± 0.11 

�M for blue and green light, respecti v ely (Supplementary 

Figure S8B, C). The PI index ratio was found to be < 50. 
Collecti v ely, these findings suggest that DB I, in HeLa cells, 
possess enhanced phototherapeutic activity compared to 

Temoporfin. Finall y, time-la pse experiments of live HeLa 

cells subjected to Temoporfin treatment and blue light irra- 
diation clearly showed cell death associated with the PDT 

process (Supplementary Figure S8D). 
The promising results obtained for DBI in 2D monolayer 

cell culture, prompted us to investigate the phototherapeu- 
tic efficiency of DBI in biolo gicall y relevant m ulticellular tu- 
mor organoids. It can be stressed that organoids r epr esent 
a better structural arrangement of the cancer cells, where 
they can form cancer glands, with preserved basal / apical 
orienta tion, tha t better reflect the in vivo situation com- 
pared to the 2D monolayer cultures ( 58 , 66 ). Remar kab ly, 
DBI showed high phototoxicity towards murine pancreatic 
tumor 3D organoids with IC 50 = 16.1 ± 7.5 nM that is 
close to the IC 50 values obtained from the 2D monolayer 
human cell cultures (Figure 2 F). These results confirm the 
high phototherapeutic efficacy of DBI e v en in complex me- 
dia and, put alongside with its extremely low dark toxicity, 
and thus high phototoxic index of 1000, underline its po- 
tential relevance for therapeutic use. 

Live-cell imaging and immunofluorescence experiments re- 
veal subcellular localization of DBI in ILVs 

The fluor escence images, acquir ed by confocal laser scan- 
ning microscopy (CLSM) in Figure 2 A, indica ted tha t 
DBI mainly localizes in the cytoplasm. Indeed, DBI was 
detected as bright foci inside the cytoplasm and absent 
within the nucleus of li v e cells (Figure 3 A). To deter- 
mine the exact subcellular-localization of DBI , we per- 
formed immunofluorescence experiments using a set of 
organelle-specific antibodies (Figure 3 B, C). Lysosomal- 
associated membrane protein 1 (anti-LAMP1), early en- 
dosomal antigen 1 (anti-EEA1), and lysosomal-associated 

membrane protein 3 (anti-CD63) antibodies were used as 
l ysosomes, earl y endosomes, and ILV mar kers, respecti v ely. 
Hoechst was used to stain the DNA in the nucleus. With- 
out light irradiation, no apparent co-localization between 

DBI and anti-LAMP1 or anti-EEA1 antibodies could be 
detected, excluding its accumulation in lysosomes and early 
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Figure 2. Intracellular ROS production by DBI and photo-dri v en cancer cell death. ( A ) HeLa cells were treated with DBI (1 �M) or with an equivalent 
amount of DMSO (0.02% v / v) and incubated at 37 ◦C for 24 h. Where indicated, blue light generated by a LED light cube (30 mW cm 

−2 ) was applied to 
HeLa cells for 20 min. CellROX ™ green reagent (5 �M) was added to the cells for 30 min at 37 ◦C before PFA fixation. λexc /λem 

: 491 / 510–650 nm. Scale bar 
20 �m. BF indicates bright field. The confocal images on the right ar e enlargements of the squar es in the images on the left. Note that the extranuclear gr een 
granular fluorescent foci appearing in DBI -trea ted cells, indica ted by the white arrows, are associated with DBI fluorescent signal. The n uclear / n ucleolar 
gr een fluor escent signal, indicated by the red arrows, is due to DBI photo-induced oxidation of CellROX green reagent. Scale bar 10 �m. ( B ) Quantification 
of the nuclear ROS signal in non-irradiated and irradiated DBI -treated HeLa cells. Data r epr esent populations of individual cells ( N = 50 cells). Error bars 
indicate mean ± SD. Analysis of the data was performed using a two-sample t test and the p value is indica ted. ( C , D ) Cytotoxic effects of DBI on HeLa or 
MCF-7 cells in the absence or presence of blue light (27 mW cm 

−2 ) irradiated for 6 min. Error bars indicate mean ± SD ( n = 3). ( E ) LIVE / DEAD ™ assay 
used to determine the viability of HeLa cells. HeLa cells wer e tr eated with DBI (1 �M) or with an equivalent amount of DMSO (0.02% v / v) and incubated 
at 37 ◦C for 24 h. Where indicated, blue light was applied as in (C, D) and the cells were further incubated at 37 ◦C for an additional 24 h. LIVE / DEAD ™
fixable red stain for cytotoxicity detection (1 �l / ml) was added to the cells for 30 min at 37 ◦C before PFA fixation. λexc /λem 

: 598 / 630–730 nm. Scale bar 
50 �m. ( F ) Cytotoxic effects of DBI on murine pancreatic tumor organoids in the absence or presence of blue light (27 mW cm 

−2 ) irradiated for 6 min. 
Error bars indicate mean ± SE ( n = 3). 
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Figure 3. Cellular localization of DBI and response after photo-irradiation. ( A ) Li v e-cell imaging of HeLa cells treated with DBI (500 nM) and incubated 
for 20 min. HeLa cells were co-stained with the nuclear dye Hoechst 33342 (500 nM, blue signal). λexc /λem 

: 405 / 420–460 nm for Hoechst (blue signal); and 
528 / 540–750 nm for DBI (green signal). The 2D single plane images were constructed by maximum intensity projection, where the highest intensity of each 
plane of Z-stacked images was used. The DBI signal that overlaps with Hoechst is not within the nucleus. Scale bar 10 �m. ( B, C ) Immunofluorescence 
experiments of HeLa cells treated with DBI (1 �M) for 24 h and either non-irradiated or irradiated with a blue LED light cube (30 mW cm 

−2 ) for 20 
min and incubated for an additional 30 min at 37 ◦C before PFA fixation. λexc /λem 

: 405 / 440–460 nm for Hoechst (blue signal); 528 / 540–590 nm for DBI 
(green signal); 598 / 620–750 nm for anti-LAMP1, anti-EEA1, and anti-CD63 (red signal). Scale bar 10 �m. ( D ) Confocal fluorescence images of HeLa cells 
treated with DBI (1 �M) for 24 h and either non-irradiated or irradiated with blue light using a LED light cube (30 mW cm 

−2 ) for 20 min and incubated for 
an additional 30 min at 37 ◦C before PFA fixation. After cell fixation, DNase I was added to the cells that were incubated at 37 ◦C for 24 h. Finally, Hoechst 
33342 (500 nM) was used to detect DNA in cells. λexc /λem 

: 405 / 440–460 nm for Hoechst (blue signal); and 528 / 540–700 nm for DBI (green signal). Scale 
bar 10 �m. ( E ) Fluorescence co-localization analysis between Hoechst and DBI within ILVs. Upper panel: intensity histogram output of co-localization 
analysis between Hoechst and DBI quantified using the Pearson correlation coefficient (PCC). Lower panel: 2D scatter diagram for Hoechst and DBI 
channels under light-treated cell conditions. 
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endosomes (Figure 3 B). Conversely, the DBI signal 
matched the anti-CD63 signal, suggesting that DBI local- 
izes in the ILVs (Figure 3 B and enlarged in Supplementary 

Figure S9). 

DBI and hoechst signal co-localize even after DNase- 
treatment 

Ne xt, we e xplored the intracellular distribution of DBI after 
light exposure. Under light-activated conditions, the signals 
of anti-CD63 and DBI remained overlapped (Figure 3 C and 

enlarged in Supplementary Figur e S9). Mor eover, we ob- 
served that in both non-irradiated and e v en more in irradi- 
ated cells treated with DBI , the signal of the PS co-localized 

with the signal of Hoechst in the ILVs (Figure 3 C–E; visible 
as turquoise color). Considering that Hoechst preferentially 

binds double-stranded DN A ( ds -DN A), these findings sug- 
gest that DBI has the ability to target DNA molecules inside 
the ILVs. 

To determine if DBI and Hoechst were bound on the sur- 
face or inside the ILVs, cells were treated with deoxyribonu- 
clease (DNase) I (Figure 3 D). In previous reports, DNase 
I has been shown to degrade the DNA inside the nucleus 
as well as the DNA that is attached to the outer membrane 
of the vesicles while keeping the intra-vesicular DNA con- 
tent unchanged ( 25 , 31 ). In DNase I-treated cells, we ob- 
served that the fluorescence signal from the nucleus disap- 
peared in both non-irradiated and irradiated conditions, in- 
dica ting tha t the DNase I-treatment was successful (Figure 
3 D). Howe v er, the cytoplasmic signal from Hoechst and 

the DBI signal were unaf fected, demonstra ting tha t both 

DBI and Hoechst were localized inside the ILVs (Figure 3 D 

and enlarged in Supplementary Figure S10). In addition, in 

light-tr eated cells, the fluor escent signal of Hoechst was en- 
hanced compared to non-irradiated conditions, suggesting 

increased le v els of DNA in the ILVs (Figure 3 D, E). This 
is consistent with recent reports indicating that the use of 
genotoxic drugs increases the nuclear DNA abundance in 

e xosomes ( 31 ). Collecti v ely, our da ta provide a bod y of evi- 
dence of the uptake of DBI inside the ILVs and suggest that 
DBI causes DSBs and genomic instability through light- 
induced oxidati v e stress which results in increased amounts 
of DNA inside the ILVs, precursors of exosomes. 

G4s as potential recognition sites for DBI 

Ne xt, we e xamined DBI ’s potential targets in the ILVs. 
Because DBI features a naphthalimide moiety and naph- 
thalene diimide deri vati v es are a well-known class of G4- 
binders ( 67–69 ), we hypothesized that DBI may bind G4 

DNA in the ILVs. The Raney lab has reported the pres- 
ence of cytoplasmic G4 DNA induced by H 2 O 2 that causes 
oxidati v e stress ( 70 ), suggesting that G4 DNA may also 

accumulate outside the nucleus. We ther efor e first stud- 
ied the affinity of DBI for different G4 and non-G4 DNA 

substrates (G4s with various topolo gies, namel y: paral- 
lel, hybrid and antiparallel, as well as single-stranded ( ss- 
) DNA, and ds -DNA) (Supplementary Table S3). Fluo- 
rescence light-up sensing studies unraveled a binding pref- 
erence of DBI for certain parallel G4 structures such as 
c-MYC Pu22, VEGF , and HIF-1 α (Figure 4 A). The par- 

tially distorted π -conjugated core of DBI and its uncharged 

state may account for the selectivity of DBI for a number 
of parallel G4s, which are known to have highly accessi- 
ble G-quartet surfaces ( 39 , 45 , 71 , 72 ). The highest DBI turn- 
on fluorescent binding response was observed in the pres- 
ence of the G4 motif found in the promoter of the hypoxia- 
inducible factor 1 alpha ( HIF-1 α) which forms a parallel 
G4 as demonstrated by circular dichroism (CD), 1 H NMR 

spectroscopies, and dot blot assay using the BG4 antibody 

(Figure 4 B, C and Supplementary Figures S11 and S12) 
( 73 ). Fluorescence titration studies for DBI complexed with 

three control sequences; the first one bearing single point 
mutations (G-to-C) in each centr al G-tr act that pre v ent 
G4 folding (mut HIF-1 α), the second one being the com- 
plementary C-rich strand of HIF-1 α (C-rich HIF-1 α) and 

the third one being a self-complementary (sc) ds -DNA se- 
quence, showed no significant DBI fluorescence enhance- 
ment indicating the discriminatory ability of DBI for certain 

parallel G4 structures (Figure 4 A, C, D, and Supplementary 

Figures S13 and S14). 
The ability of HIF-1 α to enhance the emissi v e proper- 

ties of DBI was further supported by time-correlated sin- 
gle photon counting (T CSPC) measur ements (Figur e 4 E). 
Indeed, the intensity-weighted average lifetime ( τ ave ) asso- 
ciated with the decay traces of DBI (0.6 ns) upon the ad- 
dition of HIF-1 α increased to 3.0 ns, while it remained 

almost unchanged in the presence of C-rich HIF-1 α (0.6 

ns) or mut HIF-1 α (0.7 ns), showing selectivity to HIF- 
1 α. The increased fluorescence signal and longer lifetime 
of DBI bound to HIF-1 α is likely due to a reduced confor- 
mational degree of freedom of DBI available in the excited 

state which opens to the formation of additional radiati v e 
pa thways ( 74 ). This sta tement was supported by viscosity- 
dependent emission studies that showed that DBI fluores- 
cence intensity is enhanced in high viscous media (Supple- 
mentary Figure S15) ( 45 ). In order to quantitatively deter- 
mine the binding affinity ( K a ) of DBI , we performed fluores- 
cence polarization (FP) studies using G4 DNA structures 
with various topologies as well as non-G4 DNA sequences 
(Figure 4 F). Changes in molecular volume, resulting from 

the potential binding e v ent between DBI and the DNA se- 
quences, may reduce the extent of DBI ́s molecular rotation 

providing high polarization values. DBI bound to HIF-1 α, 
VEGF , or c-MYC Pu22 provided K a = 4.6 × 10 

5 ± 0.5 

M 

−1 , 6.3 × 10 

5 ± 1.5 M 

−1 and 4.5 × 10 

5 ± 1.1 M 

−1 , re- 
specti v ely. In all cases, curve fitting procedures based on a 

1:1 stoichiometry model fits well to our experimental data. 
Consistent with fluorescence enhancement studies, no bind- 
ing response was observed for DBI in the presence of non- 
parallel and non-G4 DNA structures. The calculated K a 
for DBI bound to HIF-1 α, VEGF or c-MYC Pu22 pro- 
vides a high G4 over non-G4 discriminatory index when 

considering that no binding response could be detected for 
DBI complexed with the non-G4 control sequences (mut 
HIF-1 α, C-rich HIF-1 α and sc ds -DNA). Howe v er, it is 
important to note that the K a values calculated for DBI 
complexed with HIF-1 α, VEGF , or c-MYC Pu22 are simi- 
lar to those reported for many G4-binding small-molecules 
( 35 , 39 , 45 , 75 , 76 ) but are , nonetheless , lower when compared 

to those calculated for r efer ence compounds and their ana- 
logues, such as PhenDC3 ( 77 , 78 ) and Pyridostatin (PDS) 
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Figure 4. DBI binds to G4 structures. ( A ) DBI -associated turn-on fluorescence response upon individual addition of DNA structures. DBI (1 �M, DMSO 

0.1% v / v) and oligonucleotides (5 �M) were mixed together in TRIS buffer (50 mM, pH 7.2) and KCl (100 mM) and allowed to equilibrate at 25 ◦C for 30 
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( 78–80 ). PhenDC3 and PDS are cationic compounds and 

the introduction of positi v ely charged moieties along the 
DBI scaff old ma y indeed enhance its binding strength to- 
ward G4 structures, a stra tegy tha t we ar e curr ently investi- 
gating in our laboratories. 

We also investigated the potential binding of DBI to 

RNA sequences by FP studies (Supplementary Figure S16). 
In these experiments, three previousl y structurall y charac- 
terized G4 RNA sequences (4G 3 U 3 , TERRA and FMR1 ) 
( 81 , 82 ), and a control ds- RNA sequence ( 81 ) were used. No 

or very weak binding response could be detected for DBI 
complexed with RNA sequences both in double-stranded 

and G4 conformations, suggesting that DBI has low affin- 
ity to these RNA molecules. 

To determine the potential ability of DBI to selecti v ely 

stabilize G4s over duplex structures, we performed CD- 
based thermal assays (Supplementary Figure S17) ( 82 , 83 ). 
The thermal stability ( � T m 

) of VEGF and c-MYC Pu22, in 

the presence of DBI , was increased ∼13 and 7 

◦C, respec- 
ti v ely. Conv ersely, under the same experimental conditions, 
DBI did not or weakly stabilized hybrid and antiparallel 
DNA G4 structures as well as RNA G4 and duplex se- 
quences. Overall, these results are in good agreement with 

the fluorescence data and with the ability of DBI to prefer- 
entially bind to VEGF and c-MYC Pu22, and not to other 
DNA or RNA sequences. 

Molecular dynamics simulations predict the binding of DBI 
to G4s 

Next, the binding modes of DBI with parallel and antiparal- 
lel G4s were investigated by molecular dynamics (MD) sim- 
ulations (Figure 4 G-H and Supplementary Table S5). Strik- 
ingly, we observed the occurrence of unbinding events in the 
DBI -anti-parallel G4 system in 3 over 10 replicas, while all 
DBI molecules remained bound on the parallel G4 struc- 
tures, consistent with the e xperimentally observ ed selecti v- 
ity (Figure 4 G, H). Next, we determined the 1:1 molecular 
mechanism Poisson Boltzmann Surface Area (MM-PBSA) 
binding energy for each binding e v ent (top- and bottom 

end-stacking mode), assuming that the presence of DBI in 

one binding site did not alter the conformation of the other 
binding site in either a cooperati v e or anti-cooperati v e way. 
Our results confirmed the DBI binding preference for par- 
allel G4s. On average, we obtained MM-PBSA binding en- 
ergies of –2.8 (5 

′ -end) and –5.6 (3 

′ -end) kcal ·mol −1 for DBI 
complexed with the anti-parallel G4 and –7.6 ( VEGF, 5 

′ - 
end), –8.8 ( VEGF , 3 

′ -end), –10.5 ( c-MYC , 5 

′ -end) and –9.0 

( c-MYC , 3 

′ -end) kcal ·mol −1 for DBI bound to parallel G4 

structures. These data clearly indicate that the DBI bind- 
ing energy for the anti-parallel G4 is dramatically lower 
compared to those obtained for parallel G4 conformations. 
These data correlate well with the experimental findings and 

support an end-stacking interaction mode between DBI 
and parallel G4s (Supplementary Figure S18). The end- 
stacking binding mode is demonstrated for other G4–ligand 

complexes, such as hemin-G4 or PhenDC3-G4 complexes 
( 84 , 85 ). In addition, the Heme-G4 complex also showed 

catalytic activity involving oxygen atom transfer from H 2 O 2 
to a variety of substrates ( 86 ). Hemin can be displaced by 

PhenDC3 from the G4 DNA, supporting the structural 
models of both hemin and PhenDC3 to be stacking with 

the terminal G-tetrads ( 85 ). Ther efor e, to further validate 
if DBI interacts with the terminal end of the G4, we per- 
formed fluorescent displacement assay with the DBI - HIF- 
1 α complex and PhenDC3 (Supplementary Figure S19). 
Indeed, the gradual addition of PhenDC3 into the binary 

DBI - HIF-1 α complex reduced the fluorescence signal from 

the DBI - HIF-1 α complex, demonstra ting tha t PhenDC3 

displaced DBI from the G4 templa te. These da ta show that 
the two small molecules, DBI and PhenDC3, compete for 
the same binding site, supporting the end-stacking mode 
found by our MD simulations. 

G4 structures are present in purified e x osomal DN A 

The accumulation of DBI in DNA-rich ILV sites along with 

its ability to bind parallel G4 structures with high selectiv- 
ity prompted us to investigate the potential presence of G4- 
rich sequences in ILVs that ar e r eleased into the extracel- 
lular space, the exosomes. Ther efor e, we isolated exosomes 
from HeLa cells, confirmed their integrity by cryo-electron 

←−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
min before collecting emission spectra. Signal normalization was performed by dividing the emission of the complex (F) over the emission of DBI alone 
(F 0 ) at 561 nm. λexc /λem 

: 520 / 525–700 nm. DBI = A; HIF-1 α = B; c-MYC Pu22 = C; VEGF = D; HIF-1 α no flanking residues = E; VAV-1 = F; c-KIT 

2 = G; CEB25 = H; BCL -2 = I; c-MYC Pu24T = J; Tel-22 = K; Bom17 = L; TBA = M; mut HIF-1 α = N; C-rich HIF-1 α = O; scr ss -DNA = P; ds -DNA 

HIF-1 α no flanking residues = Q; ds -DNA HIF-1 α = R. ( B ) Stead y-sta te emission spectra of DBI (1 �M, DMSO 0.1% v / v) complexed with HIF-1 α (from 

0 to 5 �M) in TRIS buffer (50 mM, pH 7.2) and KCl (100 mM). ( C ) Dot blotting assay illustra ting tha t a BG4 immuno-signal was clearly detected for 
HIF-1 α but was almost undetectable in the mut HIF-1 α control sequence. ( D ) Stead y-sta te emission spectra of DBI (1 �M, DMSO 0.1% v / v) complexed 
with mut HIF-1 α (from 0 to 5 �M) in TRIS buffer (50 mM, pH 7.2) and KCl (100 mM). λexc /λem 

: 520 / 525–700 nm. ( E ) Time-resolved decay traces of DBI 
(0.5 �M, DMSO 0.01% v / v) complexed with HIF-1 α, mut HIF-1 α and C-rich HIF-1 α (5 �M) in Tris buffer (50 mM, pH 7.2) and KCl (100 mM). λexc : 
490 nm. ( F ) Fluorescence polarization studies of DBI (1 �M, DMSO 1% v / v) in the presence of parallel, hybrid, and antiparallel G4s as well as non-G4 
sequences (from 0 to 10 �M) in TRIS buffer (50 mM, pH 7.2) and KCl (100 mM). λexc /λem 

: 485 ( ±20) / 620 ( ±40) nm. A superimposed dashed line in 
the DBI - HIF-1 α, DBI - VEGF and DBI - c-MYC Pu22 systems is the result of nonlinear fitting with a 1:1 binding model. No quantitati v e data analysis was 
performed on DBI complexed with hybrid and antiparallel G4s as well as non-G4 sequences due to the absence of a well-defined optical response. ( G, 
H ) MD simulations for DBI complexed with antiparallel (thrombin binding aptamer (TBA), PDB: 1RDE ( 116 )) and parallel ( VEGF , PDB: 2M27 ( 117 ); 
c-MYC , PDB: 6O2L ( 118 )) G4s. The G4 templates are represented in ribbons and the nucleobases are color coded as follows: guanine (green), thymine 
(white), cytosine (violet), and adenosine (yellow). DBI molecules are shown in stick r epr esentation and internal potassium cations are represented by a 
purple ball. In the anti-parallel G4 structure representing an unbinding e v ent, unbound DBI interacts with the other DBI ligand. ( I ) Semi-quantitati v e PCR 

was used to amplify fiv e G4-rich regions in the promoters of HIF-1 α, hTERT , c-MYC , and in 45S rDNA (rDNA1196 and rDNA6374) in the exosomes 
(Exo-DNA) and genomic (gDNA) DNA, purified from HeLa cells. A GAPDH -promoter and a GAPDH transcript having no G4 sites were used as internal 
controls. ( J ) Quantitati v e analyses (mean ± SD; n = 4) of the relati v e fold change in the le v els of G4-rich sites in the promoters of HIF-1 α, hTERT , and 
c-MYC , and in the 45S rDNA in the exosomes compared to that of genomic DNA, normalized to the le v els of GAPDH -promoter. ( K ) Dot blotting assay 
illustra ting tha t the BG4 imm uno-signal was clearl y detected in isolated and purified exosomal DN A (500 ng) but almost undetectable in the ds -DN A 

control sequence. 
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microscopy (cryo-EM), then extracted and purified the ex- 
osomal DNA (Supplementary Figure S20). We used quan- 
titati v e polymerase chain reactions (qPCR) to amplify the 
G-rich regions of different oncogene promoters ( c-MYC , 
hTERT and HIF-1 α) and ribosomal DNA ( 45S rDNA) that 
ar e r eported to harbor G4 structur es (Figur e 4 I,J and Sup- 
plementary Table S4). Considering that DNA in exosomes 
reflects the genomic and mutational status of parent tumor 
cells ( 25 ), we also amplified the corresponding G4-forming 

regions at genomic DNA to determine the occurrence of 
G4-rich sites in the exosomes. We observed the existence 
of G4-rich sequences in exosomal DN A w hich had simi- 
lar sizes to the corresponding regions of genomic DNA, al- 
though their relati v e le v els, as e xpected, were significantly 

lower compared to those found in the genomic fraction. 
Further evidence directed to investigate the potential pres- 
ence of G4-forming sequences in exosomal DNA was pro- 
vided by dot blotting assays using the BG4 antibody in the 
presence or absence of KCl (Figure 4 K). A clear dot sig- 
nal was obtained from the isolated and purified exosomal 
DN A, w hich was enhanced in the presence of KCl, as mono- 
valent ions, such as K 

+ , ensure G4 stabilization (Figure 4 K). 
Overall, these data indicate the presence of G4s in the exo- 
somes and suggest that DBI targets G4 DNA structures that 
ar e pr esent in the v esicles that gi v e rise to e xosomes. 

Photo-activ ation of DBI r educes r eplication f ork speed in r e- 
sponse to DNA damage and increased G4 formation 

To gain insight into the phototherapeutic activity of DBI , 
we performed DNA fiber analysis (Figure 5 A, B). This as- 
say allows the replication fork progression to be monitored 

in individual DNA molecules (Figure 5 B). Cells treated with 

DBI (1 �M) in the absence of light showed an average DNA 

fiber length of 82.5 �m (Figure 5 C), indicating normal cell 
growth ( 45 , 54 ). In contrast, cells treated with DBI (1 �M) 
and photo-irradiated with blue light for 5, 10, or 20 min, 
displayed shorter mean lengths t 5min = 73.9 kb ( p = 0.1), 
t 10min = 62.1 kb ( p = 1.6 × 10 

−4 ) and t 20min = 54.5 kb 

( p = 5.9 × 10 

−7 ), indicating that DBI reduces fork speed 

in a light-dependent manner (Figure 5 C). 
The electron-rich character of guanine with its associ- 

ated lowest reduction potential among all the nucleobases 
provide easy access of guanines to form 8-o x oGs upon o x- 
idati v e stress. Thus, by performing CLSM, we set out to 

establish whether DBI ́s photo-induced cancer cell death 

and slower replication fork speed are linked to its abil- 
ity to induce DNA damage thr ough ROS pr oduction. Us- 
ing the same conditions as in the DN A fiber anal ysis, we 
first performed CLSM with an anti-8-o x oG-selecti v e an- 
tibody to determine the ability of DBI to induce 8-o x oG. 
Photo-irradia ted DBI -trea ted HeLa cells showed significant 
enrichment in 8-o x oG f ormation ( ∼3.1-f old) compared to 

mock-treated cells ( p = 9.3 × 10 

−19 ), indicating increased 

le v els of oxidati v e damage to the genome (Figure 5 D, E). 
Next, we determined if photo-activation of DBI also in- 
duces DSBs. We used an antibody that recognizes phospho- 
rylated histone H2AX ( �H2AX) variants, an established 

marker that monitors DSBs (Figure 5 D, E). Using CLSM, 
we observed ∼11.3-fold increased levels of �H2AX foci in 

photo-irradia ted DBI -trea ted cells compared to the control 

cells ( p = 1.5 × 10 

−32 ) already 30 min after light-activation 

of DBI , showing that photo-activated DBI not only in- 
duces oxidati v e DNA base dama ges, b ut also DSBs. Next, 
we determined by CLSM if Temoporfin also induces DNA 

breaks by performing similar experiments as for DBI . No 

significant variation in �H2AX foci could be detected in 

photo-irradia ted Temoporfin-trea ted cells compared to the 
control cells (Supplementary Figure S8E, F) ( 65 , 87 ). In fact, 
e v en cells highly damaged by the treatment of Temoporfin 

and light did not provide changes in �H2AX signal (Sup- 
plementary Figure S8G). These data indicate that different 
cellular responses may be involved with the treatment of 
DBI or Temoporfin, the former being capable of generat- 
ing DNA damage upon light illumination. Ther efor e, the 
induction of DNA damage seems not to be a general prop- 
erty of all PSs, and needs to be tested separately for each PS. 

Many cancer-associated genes are regulated by G-rich se- 
quences that are capable, under oxidati v e stress conditions, 
of refolding from a canonical duplex into G4 structures 
( 51 ). This process, studied thoroughly in r ecent literatur e 
by Burrows´ group, involves a fifth G-track that acts as a 

‘spar e-tir e’, facilitating extrusion of a damaged G-run ( 88 ). 
In addition, G4 foci are enriched in the genome when the 
latter is more prone to be single-stranded, i.e. during DNA 

replication ( 42 ), transcription ( 46 ), and DNA repair when 

resection takes place by EXO1 exonuclease ( 89 ). Ther efor e, 
we hypothesized that the combination of increased 8-o x oG 

le v els as well as the increased le v els of ssDNA presence dur- 
ing the resection of DSB repair, would induce increased G4 

formation in the nucleus. We, ther efor e, investigated the po- 
tential interplay between guanine oxidation, DSBs and G4 

formation. In fact, by using the G4-specific antibody BG4 

( 42 ), w e w ere able to detect about 2.6-fold higher le v els of 
nuclear BG4 foci in DBI -treated HeLa cells subjected to 

light irradiation compared to the controls ( p = 6.6 × 10 

−26 ) 
(Figure 5 D, E), demonstrating the induction of G4 le v els. 

As G4s are known obstacles to DNA replication progres- 
sion and can stall DN A pol ymerases and thereby induce 
DNA damage in the form of SSBs or DSBs, the increased 

le v els of G4 structures in the genome may also be inter- 
preted as a trigger for DSBs, if the le v els of G4s are too high 

for specialized G4 helicases to resolve these structures in a 

timely manner ( 53 , 90–96 ). In fact, as the le v els of DSBs are 
significantly higher than the 8-o x oG le v els in light-activated 

DBI -tr eated cells, the incr eased le v els of G4 f ormation ma y 

also have triggered DSBs. Overall, these data suggest that 
DBI -photogenerated ROS are prone to result in mutagenic 
e v ents, in which the oxidation of guanine bases in G-rich 

genomic regions can induce DNA-damage activation and 

G4 forma tion. A schema tic r epr esentation of the potential 
DBI -photoinduced DNA damage pathways is illustrated in 

Supplementary Figure S21. 

In vivo validation of DBI photo-induced cytotoxic effect in 

zebrafish embryos 

Zebrafish are relevant models for human drug discovery not 
only because of the conserved physiology between humans 
and zebrafish ( 97 ), but also because about 70% of the hu- 
man protein-coding genes have a zebrafish gene orthologue 
( 98 ), and drug metabolism pathways are conserved ( 97 ). 
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Figure 5. DBI photo-induces replication blockage and DNA damage through guanine oxidation and G4 formation. ( A ) Schematic illustration of the 
DN A fiber anal ysis experiment. Created by Bior ender.com. ( B ) Repr esentati v e images of replication tracts with different lengths. DNA fibers displaying 
5-iodo-2´-deoxyuridine (IdU, white color) flanked by 5-chloro-2´-deoxyuridine (CIdU, red color). ( C ) Quantification of the DNA fiber length ( �m) in DBI - 
treated HeLa cells kept in the dark or photo-irradiated with a blue LED light cube (30 mW cm 

−2 ) at different times ( t = 5, 10 or 20 min). Data r epr esent 
populations of individual DNA fibers ( t No light = 107, t 5min = 148, t 10min = 140 and t 20min = 97). Error bars indicate mean ± SD. Analysis of the data was 
performed using a two-sample t test and the p value is indicated. ( D ) Immunodetection of G oxidation, DNA damage, and G4 formation in HeLa cells 
treated either with DBI (1 �M) or DMSO (0.02% v / v) for 24 h. The cells were irradiated with blue light using a LED light cube (30 mW cm 

−2 ) for 20 min 
and incubated for an additional 30 min a t 37 ◦C before PFA-fixa tion. The control cells were not irradiated but otherwise treated as described above. HeLa 
cells were co-stained with the nuclear dye Hoechst 33342 (500 nM, blue signal). λexc /λem 

: 405 / 440–460 nm for Hoechst (blue signal); 528 / 540–590 nm for 
DBI (green signal); 598 / 620–750 for BG4 and �H2AX (red signal); and 653 / 660–750 nm for 8-o x oG (red signal). Scale bar 10 �m. ( E ) Quantification of 
8-o x oG, �H2AX and BG4 nuclear foci in the experimental conditions provided in (D). Data r epr esent populations of individual cells ( N = from 69 to 122 
cells per condition). Error bars indicate mean ± SD. Analysis of the data was performed using a two-sample t test and the p value is indicated. 
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Zebrafish embryos are also translucent and allow real-time 
monitoring of drug uptake. Taking advantage of DBI char- 
acteristic emission, we first monitored its accumulation in 

z ebrafish. Wildtype z ebrafish embryos were dechorionated 

at the 6-somite stage, twelve hours post fertilization (hpf), 
and treated with DBI in the embryo medium for twelve 
hours in the dark until they reached the prim-5 stage (24 

hpf) (Figure 6 A). The DBI -treated 24 hpf embryos showed a 

widespr ead fluor escence signal along the whole embryonic 
bod y confirming ef fecti v e uptake of the drug (Figure 6 B). 
We ne xt inv estiga ted the photocytotoxic ef fect of DBI on 

the embryos treated with different concentrations of DBI 
after light irradia tion. Alread y after 15 min post light treat- 
ment, morphological changes were detected in the embryos, 
particularly in the tails, with an increasing se v erity corre- 
lated to increased DBI concentration (Figure 6 C). Impor- 
tantl y, these morpholo gical changes were not detected in 

the no light-treated embryos e v en at the highest DBI con- 
centra tion trea tment (Figure 6 C). These data demonstrate 
an efficient phototoxicity of DBI in vivo , and suggest a sim- 
ilar light-induced effect of DBI in a living animal as found 

in our cell culture-based experiments. 
To gain insights into the potential conservation between 

the observed effects detected in human cell cultures and 

ze brafish, w e performed immunofluorescence experiments 
with the BG4 and 8-o x oG antibodies, and terminal de- 
oxynucleotidyl tr ansfer ase (TdT) dUTP Nick-End Label- 
ing (TUNEL) assays to detect a poptotic DN A fragmenta- 
tion (Figure 6 C). DBI -treated embryos subjected to light 
exposure clearly showed an increased le v el of fluorescence 
signals associated with TUNEL, BG4, and 8-o x oG com- 
pared to mock-treated embryos, again highlighting the abil- 
ity of DBI to induce cytotoxic effects in an e xclusi v ely light- 
dependent manner (Figure 6 C). Damage sites and dying 

cells were detected throughout the embryos, with an empha- 
sis on the tails and the most superficial tissue layers (Figure 
6 C). This last finding may be correlated with the high prolif- 
erati v e acti vity of the tails of the embryos at this particular 
growth stage. 

PDT effect of DBI is restricted to the compound-targeted 

area 

As a proof-of-concept for the use of DBI at the targeted 

tissue area, which is the ultimate goal in PDT, a similar 
set of experiments were performed using 24 or 48 hpf em- 
bryos. Local photo-activation of DBI in 24 hpf embryos 
was achie v ed by irradiating the li v e embryos only within 

the specified region of interest (Supplementary Figure S22). 
Only the embryos treated with DBI and subjected to light 
irradiation showed an increased le v el of fluorescence signal 
associated with TUNEL. The TUNEL signal was only ele- 
vated in the light irradiated area, highlighting the possibil- 
ity to trigger the PDT action only at a restricted site. In 48 

hpf embryos, DBI -associated fluorescence signal is mostly 

confined within the tails with almost no accumulation in 

other compartments (Figure 6 D). Based on our results from 

the 24 hpf embryos, we speculated that only this tail region 

with DBI accumulation may be affected after light expo- 
sur e. Indeed, these photo-irradiated DBI -tr eated embryos 
showed DNA damage primarily confined in the tails indi- 

ca ting tha t the photo-dri v en toxic effects e xerted by DBI 
could be again restricted only to the compound-targeted 

ar ea (Figur e 6 E and Supplementary Figure S23). Impor- 
tantly, embryos treated with DBI in the dark (no light expo- 
sure) neither showed significant morphological alterations 
nor did they provide any indication of DNA damage (Fig- 
ure 6 E). Together, these data suggest DBI as a promising PS 

with minimal side-effects into untreated areas and highlight 
the benefits of DBI in PDT. 

Increased levels of H 2 O 2 in photo-irradiated cells 

To determine if diffusible ROS, such as H 2 O 2 , may be pro- 
duced in cells upon DBI photoactiva tion, and tha t eleva ted 

le v els of H 2 O 2 could be one of the reasons behind DBI ’s 
phototoxicity, we performed a bioluminescence assay that 
measures the intracellular le v el of H 2 O 2 (Supplementary 

Figure S24) ( 3 ). Indeed, the H 2 O 2 le v el in photo-irradiated 

DBI -tr eated cells incr eased ∼ 12-fold compar ed to mock- 
trea ted cells, demonstra ting the ability of DBI to photogen- 
erate H 2 O 2 ( 3 ). This suggests that a possible electron trans- 
fer mechanism towards molecular oxygen, resulting in the 
formation of superoxide O 2 

•−, a precursor that turns into 

H 2 O 2 , via for instance superoxide dismutase, could take 
place in addition to the energy transfer that leads to the 
production of singlet oxygen ( 8 ). Both processes would then 

play an important role in photoinduced cell death. Finally, 
a confirmation of this dual mechanism of ROS formation, 
that would proceed upon both 

1 O 2 and superoxide O 2 
•−, 

was provided by electron paramagnetic resonance (EPR) in 

vitro studies. EPR, in the presence of scavengers or ‘spin- 
traps’, enables to detect short lived radical or intermedi- 
ates such as O 2 

•− or 1 O 2 . 2,2,6,6-tetramethyl-4-piperidine 
(TEMP) is a classically used scavenger that reacts with 

1 O 2 
and leads to the formation of TEMPO, a stable radical with 

a typical signature ( 99 ). As expected, this signature was ob- 
served upon in-situ irradiation of DBI in the presence of 
TEMP, and showed rapid growth upon prolonged irradi- 
ation time (Supplementary Figure S25A). When similar ex- 
periments were conducted using 5,5-dimethyl-1-pyrroline 
N-oxide (DMPO), intense O 2 

•− formation was detected as 
its characteristic adduct with DMPO (Supplementary Fig- 
ure S25B). These results were confirmed by simulations 
which showed a single radical adduct species which g fac- 
tor and hyperfine coupling that was identical to reported 

values for DMPO adducts of O 2 
•− (Supplementary Figure 

S25C; g = 2.006, a N 

= 12.85 G, a H 

= 10.35 G, a H 

= 1.28 G) 
( 100 ). Finally, EPR experiments performed in the absence 
of spin traps showed traces of a DBI -centered radical, simi- 
lar in nature to what we recently reported for closely related 

molecules (Supplementary Figure S25D) ( 7 ). 

DISCUSSION 

PDT is a clinically promising phototherapeutic modality 

for cancer treatment owing to its minimal invasi v eness and 

lo w systemic to xicity in the absence of light ( 1 , 2 ). In recent 
years, a number of organelle-selecti v e PSs targeting the nu- 
clei, mitochondria, and lysosomes have been reported and 

their phototherapeutic properties have been demonstrated 

( 11 ). Indeed, compared to non-selecti v e PSs, the use of 
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Figure 6. DBI photo-induced cell death in zebrafish embryos. ( A ) Schematic illustration of the treatment of zebrafish embryos. Created by Biorender.com. 
( B ) BF (left) and CLSM (right) images of mock- and DBI -treated embryos. ( C ) Photo-induced toxicity of zebrafish embryos incubated with different 
concentrations of DBI : 20 nM, 100 nM, 500 nM and 1 �M. A blue LED opera ting a t 55.6 mW cm 

−2 for 5 min was used to irradiate the embryos and 
induce DNA damage and cell death. Co-localized signals among DAPI (blue signal), BG4 (gr een signal), TUNEL (r ed signal) and 8-o x oG (magenta 
signal) are shown. Scale bar: 150 �m. ( D ) BF and CLSM images of zebrafish embryos, treated with 10 �M DBI from 24 hpf to 48 hpf showed DBI (green) 
accumulation in the tail. ( E ) BF and CLSM images showing the tails of the embryos treated with DBI (10 �M) in the dar k or upon b lue light e xposure 
(55.6 mW cm 

−2 for 5 min). Single and co-localized channels are shown. DAPI (blue signal), 8-o x oG (gr een signal), BG4 (gr een signal) and TUNEL (r ed 
signal). Scale bar: 50 �m. 
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organelle-selecti v e PSs provides a more efficient method to 

kill cancer cells.( 11 ) Howe v er, organelle-targeted PSs with 

photoinduced cancer ablation capacity at concentrations in 

the nanomolar range are still very rare and usually incor- 
porate toxic heavy atoms to enhance intersystem crossing, 
raising concerns about costs and safety ( 11 ). In cancer biol- 
o gy, m uch r esear ch has focused on the nucleus, considered 

the hearth of the cell because its connection with essential 
functions including storage and organization of the genetic 
material, DNA synthesis, transcription, and RNA process- 
ing ( 101 ). Yet, nucleus-targeted PDT agents are still rare 
( 11 ), difficult to synthesize ( 102 ), have shown considerable 
dark cytotoxicity ( 14 ), and tendencies to cause genetic vari- 
ations ( 13 ), limiting their applications. Ne v ertheless, other 
methods that involve localized oxidati v e nuclear damage are 
de v eloped ( 103–105 ). For instance, recently the Lan labora- 
tory designed a chimeric protein where the photosensiti v e 
KillerRed (KR) chromophore is fused with the telomere re- 
peat binding factor 1 (TRF1), and demonstra ted tha t this 
chimeric protein is capable of generating ROS upon visible 
light irradiation specifically at the telomeres ( 103 ). These 
data showed that the light-induced telomeric DNA dam- 
age results in se v ere consequences for cellular proliferation 

and survival, especially in telomerease-negative cell lines. 
Even mor e r ecently, the Opr esko lab de v eloped a precise 
chemoptogenetic tool that uses fluorogen-activating pep- 
tides (FAPs) with high affinity for the photosensitizer di- 
iodinated malachite green (MG2I) ( 104 , 105 ). They showed 

that upon FAP binding, MG2I photogenerates 1 O 2 at 
telomeres without causing damage elsewhere in the genome, 
and this results in replication stress and genome instability. 
These studies demonstrate how oxidati v e stress may dri v e 
genome instability and pr ematur e senescence, and support 
the importance of the de v elopment of new therapeutics 
that induce ROS to efficiently kill cancer cells. Here, in 

our study, we have designed a heavy-atom-free PS ( DBI ), 
which, by targeting two cancer-specific mediators / markers 
(DNA-rich tumor-deri v ed ILVs / e xosomes ( 25 ) and DNA 

G4 structures ( 106 )), has the potential to maintain the sim- 
ilar mechanism of photodamage shown for the above de- 
scribed telomere-targeting studies and also for other nuclear 
DNA-dama ging a gents (i.e. DNA r eplication str ess asso- 
ciated with increased le v els of DNA damage). Consistent 
with recent reports that showed that genotoxic drugs in- 
crease the nuclear DNA abundance in exosomes ( 31 ), we 
found a higher fluorescent signal from Hoechst in photo- 
induced DBI -treated cells compared to non-irradiated con- 
ditions, suggesting elevated levels of DNA in the ILVs. At 
this point, we have not studied the mechanisms behind how 

these DNA fragments are cleaved and transported to the 
ILVs, howe v er recent work from the Karin laboratory ( 107 ), 
sho wed that o xidized mitochondrial DNA fragments that 
exit mitochondria need to be cleaved by the flap-structure- 
specific endon uclease (FEN1). F rom this perspecti v e, e xam- 
ining FEN1’s role in cleaving the damaged DNA fragments 
in the nucleus would be interesting for future studies. 

By considering that the amount of DNA content into 

tumor-deri v ed e xosomes far e xceed that found in normal 
cells ( 25 , 31 ) and, put alongside with our evidences that the 
e xtracted e xosomal DNA contains potential G4 motifs, it 
underlines the potential relevance of targeting these vesicles 

for oncology ablation modalities. In addition, guanine has 
the lowest redox potential among the four DNA bases and 

runs of guanines render these sequences e v en more prone 
to oxidation ( 51 , 108 ) providing opportunities to maximize 
DNA damage by using G4-specific PSs. 

The molecular pathways underlying how DBI ́s photo- 
toxicity de v elops inside the ILVs and is transferred to the 
nucleus r equir e further inv estigations, howe v er, it seems to 

involve concerted effects from singlet oxygen and other pho- 
togenerated ROS such as H 2 O 2 ( 8 , 109 ). In fact, H 2 O 2 has 
a long half-life and can diffuse into the nucleus causing ox- 
idati v e damage to DNA that, if left unr epair ed, may in turn 

stop DNA replication ( 51 , 70 ). Indeed, we provided evidence 
of elevated levels of H 2 O 2 in photo-irradiated DBI -treated 

cells compared to mock-treated cells, which was also con- 
firmed in vitro by EPR studies. 

To conclude, we belie v e that DBI with its controlled accu- 
mulation in ILVs, selecti v e binding to G4 structures, induc- 
tion of G4 forma tion, guanine oxida tion and DSBs, and en- 
hanced photocytoto xicity sho ws great potential as a novel 
photoactivated anticancer agent. These properties may pave 
the way toward more personalized and efficient photody- 
namic cancer therapy procedures that focus on patients with 

mutations in genes encoding specialized G4 helicases ( 110 ), 
such as the FANCJ ( 111 ) and PIF1 ( 112 , 113 ) helicases, and 

defects in DDR machinery ( 114 , 115 ). 
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