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Currently, effective therapeutic modalities for pan-
creatic ductal adenocarcinoma (PDAC) are quite limited, leading to
gloomy prognosis and ~6-months median patient survival. Recent
advances showed the promise of photodynamic therapy (PDT) for
PDAC patients. Next generation photosensitizers (PS) are based on
“organelle-targeted-PDT” and provide new paradigm in the field of
precision medicines to address the current challenge for treating
PDAC. In this investigation, we have constructed a novel PS, named
as NbB, for precise and simultaneous targeting of endoplasmic
reticulum (ER) and lipid droplets (LDs) in PDAC, based on the
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fact that malignant PDAC cells are heavily relying on ER for hormone synthesis. Our live cell imaging and fluorescence recovery after
photobleaching (FRAP) experiments revealed that NbB is quickly targeted to ER and subsequently to LDs and shows simultaneous
dual fluorescence color due to polar and nonpolar milieu of ER and LDs. Interestingly, the same molecule generates triplet state and
singlet oxygen efficiently and causes robust ER stress and cellular lipid peroxidation, leading to apoptosis in two different PDAC cells
in the presence of light. Together, we present, for the first time, a potential next generation precision medicine for ER-LD organelle

specific imaging and PDT of pancreatic cancer.

BODIPY-naphtholimine-BF,, PDT, Endoplasmic reticulum, Lipid droplets, ER stress, Dual imaging, Pancreatic cancer

Pancreatic ductal adenocarcinoma (PDAC) is one of the most
difficult to treat cancers with dismal and grim prognosis rate,
while treatment options are also quite limited."” Pancreatic
cells are heavily involved in hormone and digestive enzyme
synthesis and secretion, with an extensive network of
endoplasmic reticalum (ER).” Besides, malignant cells rely
on ER functionality for the requirement of heavy protein
synthesis.” ER is a hub for different signaling pathways and acts
as a double-edged sword at the interface of cell survival and
death. ER is also involved in the generation of lipid droplets
(LDs), which in turn are positively correlated with advanced
clinical staging, metastasis, and poor survival.>® These factors
make the ER and LDs attractive targets for sensitizing
malignant PDAC cells.” Although multiple approaches have
failed, a growing number of studies have indicated that
photodynamic therapy (PDT) may be a viable approach for
treatment of pancreatic tumors. Especially clinical trials with
PDT agents, meso-tetra(hydroxyphenyl)chlorin, and vertepor-
fin showed some positive therapeutic outcomes for PDAC
patients.” However, simultaneous targeting of ER and LD
organelles for the PDT of PDAC is not yet fully explored.
Development of such precision photomedicines may improve
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the outcomes of PDT, and it may also address the unmet
challenge of PDAC treatment.

For targeting and imaging of ER and LD, few interesting
recent reports showed (i) imaging of ER’™" or LD"*7'¢ with
multiple probes and (ii) simultaneous imaging of ER and LD
with one single probe but with one emission color,'”'® leading
to inherent difficulties in discriminating structure and functions
of ER and LDs. To the best of our knowledge, only one elegant
study on a single probe (3-hydroxyflavone system) for
simultaneous imaging of ER and LDs with dual emission
color was reported.'” 3-Hydroxyflavone system, however, lacks
photosensitization properties for selective killing of cancer
cells. In this regard, we report for the first time a single agent
with multiple functionalities: (1) high ER and LDs specific
targeting, (2) simultaneous imaging of ER and LDs with dual
fluorescence, and (3) photosensitization of both ER and LDs
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for cancer therapy (Figure 1A). We and others have shown
that fluorinated boron-dipyrromethene (BODIPY)-based

o Precision targeting to ER and LD
A -

b
o Dual imaging of ER and LD

Figure 1. Targeting and synthesis of molecules for ER-LD specific
PDT. (A) Potential of a single molecule for targeting, dual imaging of
ER and LD and photosensitization of cancer. (B) Synthesis routes of
NmB: (a) 2-Hydroxy-1-naphthaldehyde, dry MeOH, reflux, 4 h; (b) i-
Pr,NEt, BF;-OEt,, dry DCE, 85 °C, 12 h. (C) Synthesis routes of
NbB: (a) HNO,, 0 °C, 90 min; (b) HCO,NH,, Zn, MeOH, 25 °C,
10 min; (c) 2-Hydroxy-1-napthaldehyde, dry MeoH, reflux, 4 h; (d) i-
Pr,NEt, BF,-OEt,, dry DCE, 85 °C, 12 h.

systems are promising design choices individually for cellular
imaging, photosensitization and targeting.zo_22 Further, for
functional tuning and rational designing of an advanced PDT
agent, we have chosen “Naphthalene Scaffold” for following
attributes. (i) ER targeting: Naphthalene based various natural
and synthetic drugs target ER membrane efficiently.”> ™" (ii)
Simultaneous ER-LD dual imaging: Considering relatively
more hydrated liquid disordered phase in ER membrane than
LD, we anticipated that self-aggregation properties of
naphthalene moiety”®”” may influence the fluorescence
emission of BODIPY backbone in ER and LDs. (iii)
Photosensitizing properties: One of the key requirements
for the PDT is generation of singlet oxygen ('O,) through
energy transfer from excited triplet state (T;) of PS to
molecular oxygen. In general, BODIPYs are highly fluorescent
with very low triplet quantum vyields. Although BODIPY
substituted with iodine/bromine are reported for efficient 'O,
generation for PDT,”**” toxic heavy atoms are least preferred
in drugs or biological studies. Lately, heavy atom free
orthogonal BODIPY dimers are also considered as efficient
triplet PSs. A recent preliminary study has shown meso-
substituted BODIPY with naphthalene make them good PS,
which generate T, and 'O, efficiently.”® Moreover, meso- and
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P-substitutions have a profound effect on the excited state
dynamics of the BODIPY.”**" However, nothing is attempted
yet to explore the photophysical, photochemical and photo-
biological roles of such dyads, where modified napathalene is
conjugated to BODIPY in the form of naphtholimine boron
complex (naphtholimine-BF,), for its efficient targeting to ER
and LD and photosensitization of cancer cells.

Taking clues from the above reports, we rationally designed
and synthesized a new class of bis-chromophoric fluorescent
dyad by fusing naphtholimine-BF, at meso-linked BODIPY
(NmB) and fS-linked BODIPY (NbB) (Figure 1B, C). For
synthesis of NmB, dye 1 was condensed with 2-hydroxy-1-
naphthaldehyde to generate Schiff base 2, which was treated
with excess BF;-OFEt, to furnish 3 (NmB). For NbB, dye 4
(BP) was nitrated to obtain nitro BODIPY (5) which on
further Zn-mediated reduction afforded 2-amino BODIPY (6).
Further dye 6 was condensed with 2-hydroxy-1-naphthalde-
hyde to form corresponding Schiff base, which was treated
with excess BF;-OEt, to furnish 7 (NbB). The detailed
synthesis and data for the characterization of the reaction
products are included in Supplementary methods and Figures
S1-S6.

UV/vis absorption, fluorescence spectra and photophysical
properties of the NmB, NbB, and BP were evaluated in
dicholoromethane (DCM) (Figures 2A and S7, Table S1). All
three dyes showed narrow absorption bands with high molar
extinction coefficients (g,,,). Interestingly, both NmB and
NbB dyes showed greenish yellow fluorescence but with
drastically compromised intensity (@4 = 0.04 for NmB and
0.09 for NbB, Table S1), as compared to BP (®4 = 0.99, Table
S1). It is important to mention here that the Stokes shift (1) of
the dye NbB is ~3 times higher than the BP (vide infra for
explanation). Strikingly, the NbB shows negative solvato-
chromism, i.e., hypsochromic shift of the fluorescence
absorption maxima in different solvents with increasing
dielectric constant.,’”** The 4., of NbB was 514 nm in
water, which is red-shifted by 30 nm in cyclohexane (4., = 544
nm). In contrast, this shift was only 6 nm for NmB dye
(Figures 2B, S8, Table S2, S3), suggesting that linking of
naphtholimine-BF, derivative at f-position of BODIPY may be
critical and have profound effect on the self-aggregation-based
shift of fluorescence emission of NVB dye in nonpolar
environment. This conclusion was further supported by the
observation that yellow fluorescence of NbB in DCM solution
turned to red due to self-aggregation in solid state (Figure 2C,
D).

Considering a significant effect of solvent polarity on 4., it
is expected that naphthaolimine moiety in NoB dye may direct
it for (1) ER-specific localization and (2) allow change of
intrinsic fluorescence, when it is channelized from ER (polar
zone) to LD (nonpolar zone). In order to evaluate such
phenomenon, MIA-PaCa-2, pancreatic ductal adenocarcinoma
cells were incubated with BP, NmB, and NbB (30 min) and
visualized under confocal laser scanning microscope. The
green fluorescence (4., = 488 nm) of all three dyes was
exclusively localized to the cytoplasm (Figure 3A, B) and the
intensity was in the order of BP > NbB > NmB (Figure 3A—
C). Although fluorescence emission of NbB was lower as
compared to BP, it was sufficiently high for microscopic
studies. In contrast, fluorescence intensity of NmB was almost
3 folds lesser than NbuB in cells. As shown in Figure 3A—C, BP
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Figure 2. Photophysical properties of NbB. (A) Absorbance and
fluorescence spectra (A, = 470 nm) of NbB in DCM. (B)
Fluorescence spectra of NbB were acquired in different solvents
(A = 470 nm, au. = arbitrary unit). (C) Fluorescence of NbB in
DCM under UV lamp of higher wavelength (365 nm). (D)
Fluorescence of NbB in solid state (KBr pallet) under UV lamp of
higher wavelength (365 nm).

showed single fluorescence (only green) and found to be
distributed all over the cytoplasm, including globules,
suggesting its nonspecific cellular distribution. Interestingly,
both NmB and NbB seem to label two separate subcellular
structures, including punctae like globules. Of note, NmB
showed single fluorescence (only green) in these two
subcellular structures. In contrast, NbB can simultaneously
label two separate subcellular structures with dual colors, as
some portion of “green fluorescence” also displayed intense
“red fluorescence” in the form of punctae/globule (Figure 3A,
B). Further, intracellular localization of NbB was assessed by
analyzing its colocalization with commercially available specific
probes for mitochondria (Mito-Tracker Red), lysosomes
(Lyso-Tracker Red) and ER (ER-Tracker Red and ER-Tracker
Blue). Our analysis on correlation of fluorescence intensities
revealed poor colocalization of NVB with major portions of
mitochondria and lysosomes (Figure SOA—D). These results
suggested that NbB may not be primarily localized at
mitochondria and lysosomes. Of note, NbB colocalization
was correlated with some portions of mitochondria (vide infra
Discussion section). Interestingly, cellular green fluorescence
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of NbB showed excellent colocalization with commercially
available ER-specific probes (ER-Tracker Blue and ER-Tracker
Red) at ER and LDs in MIA PaCa-2 cells (Figure S10, S11 A,
B, E). Quantitatively, Pearson’s coefficient (R= 0.73) for
colocalization and correlation of intensity of NbB with ER-
Tracker Red also showed excellent colocalization at different
parts of MIA-PaCa-2 (Figure S11 A, B, E). Similar results were
also observed in another PDAC cells i.e., PANC-1 (R= 0.70)
(Figure S11 C, D, E). Further, localization of NbB at LDs was
analyzed in cells. LDs are globular organelles, which show high
refractive index in differential interference contrast image
(DIC)."” In two different cells (MIA-PaCa-2 and PANC-1),
NbB stained red fluorescing punctae almost colocalized
precisely with 1')pid droplets with high refractive index (Figure
3D and S12)." Together, these results confirm an eflicient
localization of NbB at ER and LDs, when naphtholmine-BF,
derivative is conjugated at S-position of BP. In contrast, NmB
also colocalized substantially with ER Tracker Red (Figure
S13), suggesting NmB may also have some affinity for ER.

We further employed Lambda Scanning Mode (LSM) in
confocal microscopy, a powerful tool that employs single A,
for characterizing fluorescence emission spectrum of the dye in
different cellular organelles/locations. LSM acquisition at A,
(488 nm) revealed that fluorescence emission of NvB was
evident in ER in the range of 505—565 nm (A, = 531.8 nm;
Green region) and significantly drops at >570 nm (Figure 4A—
C). Interestingly, fluorescence emission of NbB was retained
significantly in nonpolar LDs in 570—638 nm region. At 4 >
585 nm, ER structure specific green fluorescence vanishes
drastically while exquisite yellow/red fluorescence of LDs were
evident (Figure 4A—C). These fluorescence spectra of NbB in
ER (polar) and LD (nonpolar) region are in excellent
agreement with its photophysical properties in solutions
(Figure 2B). To further confirm that in situ dual florescence
properties of NbB is dependent on the different polar
environments in ER and LD, we have performed confocal
microscopy based FRAP (fluorescent recovery after photo-
bleaching) assay.”” In this assay, NbB fluorescence in the small
region of interest (ROI) in ER and LDs were photobleached
through microirradiation with high-intensity laser. Subse-
quently, uptake/diffusion of the NbB from its surroundings
was assessed measuring the kinetics of fluorescence recovery in
respective ROIs in live cell imaging. We observed a quick and
complete recovery of NbB fluorescence (green) in ROI in ER
(Figure SA, B). Contrarily and intriguingly, we observed that
(1) the fluorescence recovery (yellow fluorescence) was
severely affected while (2) green color appeared subsequently
in LD (ROI), suggesting the diffusion of aqueous NbB solution
(green), from ER or cytoplasm, into the LD (ROI) without
being mixed with nonpolar core of the LD (Figure SA, C).
Together, these results showed a first case of design of a novel
synthetic molecule for dual targeting and imaging of cellular
ER and LDs.

Further, sensitivity for dual fluorescence and photostability
of the NbB dye for microscope imaging was assessed. Our
results revealed that dual fluorescence imaging of ER and LDs
was distinctly evident at a concentration as low as 0.5 uM of
NbB (Figure S14A—C). Interestingly, although ER specific
green fluorescence was not evident/quantifiable at 0.1 yM of
NbB, LDs specific red fluorescence was still apparent/
quantifiable at such low concentration (Figure S14A—C).
Moreover, NbB still retained ~50% of its fluorescence even
after acquiring 60 images for 2 h (4., = 488 nm) in a laser

https://doi.org/10.1021/jacsau.3c00539
JACS Au 2024, 4, 2838-2852


https://pubs.acs.org/doi/suppl/10.1021/jacsau.3c00539/suppl_file/au3c00539_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacsau.3c00539/suppl_file/au3c00539_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacsau.3c00539/suppl_file/au3c00539_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacsau.3c00539/suppl_file/au3c00539_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacsau.3c00539/suppl_file/au3c00539_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacsau.3c00539/suppl_file/au3c00539_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacsau.3c00539/suppl_file/au3c00539_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacsau.3c00539/suppl_file/au3c00539_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacsau.3c00539/suppl_file/au3c00539_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacsau.3c00539/suppl_file/au3c00539_si_001.pdf
https://pubs.acs.org/doi/10.1021/jacsau.3c00539?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.3c00539?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.3c00539?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.3c00539?fig=fig2&ref=pdf
pubs.acs.org/jacsau?ref=pdf
https://doi.org/10.1021/jacsau.3c00539?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

BP

NmB

Green

2 200-
C 5
o
Z
£ 150
E
S
S 100-
(1]
5
% 50- ok ok LSS
i I =
c
(1]
s 0 : . :
BP NmB NbB (5 M)
D DIC Channel 1 Channel 2 Merge

596-668

Figure 3. Localization and dual fluorescence properties of NbB in ER and LD in cancer cells. (A, B) MIA PaCa-2 cells were treated with BP, NmB,
and NbB (S uM each) for 30 min and fluorescence images were acquired in confocal microscope. Green channel: A, = 488 nm, A, = 490—552
nm; Red channel 2: 1., = 594 nm, 1, = $96—668 nm), Scale bar = 20 ym in A and S ym in B, respectively. (C) Mean green fluorescence intensity
of BP, NmB, and NbB per cell was quantified in channel 1 (green) in the above experiment and plotted. ****p < 0.0001 w.r.t BP treatment. (D)
MIA PaCa-2 cells were treated with NbB (S #uM) for 30 min and DIC and fluorescence images were acquired in multichannel mode in confocal
microscope. The highlighted boxes in the upper panels of images were zoomed to show localization of NbB in ER (green only) and LDs (yellow
color due to colocalization of green in channel 1, red in channel 2 and black in DIC channel for globular lipid droplets). (Channel 1: ., = 488 nm;

Channel 2: 4, = 594 nm).

scanning microscope (Figure S15A, B). Moreover, NbB
remained photostable when continuously photoirradiated
under tungsten lamp for 2 h (Figure S16A, B). Therefore,
NbB appears to be sensitive dye for simultaneous imaging of
ER and LD for sufficiently long time. It tends to lose some of

its fluorescence properties after repeated laser irradiations/
scanning for longer time, which may be attributable to its PDT
effect. In order to understand how NbB is routed to two
different cellular organelles (ER and LD) and their possible
interdependence, we followed the kinetics of cellular local-
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Figure 4. Spectral imaging of NbB at ER and LD in cells. (A—C) MIA PaCa-2 cells were treated with NbB (S ¢M) for 30 min. I situ fluorescence
emission of NbB was acquired in A-scan mode from 492 to 668 nm at the interval of 4—5 nm (4, = 488 nm). Enlarged images showing ER and LD
specific dual emissions of NbB at 532 and 585 nm are shown in “B”. Arrows indicate the ROI markings for ER and LD, respectively. Fluorescence
emission at the ROI for ER and LD are shown in the form of fluorescence spectra in “C” (Dashed line in the graph = 1, at 488 nm). Scale bar = 10

pum.

ization of NbB in MIA-PaCa2 cells, employing live cell
confocal imaging. Our data revealed that the fluorescence of
NUbB promptly appeared at ER (green) within 4 min of staining
and intensified (green) up to 15 min at ER. Subsequently
yellow-red colored LDs emerged from the ER (Movie M1,
Figure SD, E). Moreover, formation of yellow-red LD particles
was almost confined to ER (green) region, supporting the
previous report that biogenesis of LD particles is originated
from ER through retrograde ER-LD trafficking process.'” Of
note, the commercial ER-Tracker Red and ER-Tracker Blue
also seem to be localized at LD particles (Figure S10, S11),
which is difficult to confirm due to its similar fluorescence
emission properties at ER and LDs.
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After establishing first two properties (localization at ER and
LDs and simultaneous dual imaging), we ventured to explore
the PDT effects of these novel conjugates. One of the critical
requirements of the PDT is efficient T, formation and
subsequent 'O, generation for killing cancer cells. The 'O,
generation capacities was determined by monitoring the dye-
sensitized photooxidation of 1,3-diphenylisobenzofuran
(DPBF) in polar ethanol medium (see supplementary
method). Under visible light photoirradiation (>495 nm),
NbB induced 'O, mediated photooxidation of DPBF, which
was assessed by the rapid decay of absorption peak (412 nm)
of DPBF (Figure 6A). Imperatively, the order of 'O,
generation/photooxidation capacity was NbB>NmB>BP
(Figure S17), suggesting that the triplet conversion of the
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Scheme and images showing the kinetics of labeling of NbB (S M) in ER and LD organelles in MIA PaCa-2 cells.

NbB is very high vis-a-vis NmB and BP. Our further analysis
showed that 'O, quantum yield (®,)**** of NmB and NbB
were 0.05 and 0.25, respectively. @, of NbB is comparable
with that of previously reported PSs.*® Although, ®, of NbB is
relatively lesser than that of Rose Bengal @, = 0.8), a strong
PS, precise localization of NbB at ER and LDs may be helpful
in achieving efficient photosensitization of pancreatic cancers.
Further, to assess the extent of T formation of all three dyes,
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nanosecond flash photolysis was used (see methods). As
shown in Figure 6B, a strong triplet—triplet absorption signal
(425 nm) and very strong bleach at S00 nm was observed for
NbB, while weak/no signal was observed for NmB and BP (7
ns pulse, 4., = 532 nm). Moreover, this signal of NbB decays
faster in air (lifetime: 0.65 us) than in nitrogen atmosphere
(lifetime: 37 pus) (Figure 6C, D), suggesting efficient transfer of
energy from T, to generate 'O,. The triplet yield of the NbB
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was estimated to be ~60 (£5)% by comparing the bleach
signal with platinum octaethylporphyrin, a standard triplet
sensitizer, under identical experimental conditions (Figure
S18). Despite low fluorescent quantum yield of NmB and
NbB, only later has the ability to generate high levels of T, and
'0,. This anomalous behavior was further explained by
theoretical results. Using B3LYP/def-TZVP level of theory,
we observed that electron density being completely shifted
toward meso-naphtholimine-BF, moiety in LUMO (lowest
occupied molecular orbital) or BODIPY core in HOMO
(highest occupied molecular orbital), due to torsion angle in
NmB (Figure 6E). Besides, electron withdrawing nature of
meso-naphtholimine-BF, alters the localization of HOMO and
LUMO and hence enhances the nonradiative emission coupled
weak fluorescence of NmB.>® In contrast, we did not see any
charge redistribution as both HOMO and LUMO are located
mainly on the BODIPY moiety and slightly spread over the -
naphtholimine-BF, moiety in S, ground state geometry of NbB
(Figure 6F). Further, its f-naphtholimine-BF, and the
BODIPY segment are not coplanar and bear a dihedral angle
(C11-N12—C16—C17 = 73.6°) between them (Figure 6F).
However, the f-naphtholimine-BF, moiety in the S, excited
state was almost orthogonal with the BODIPY core (C11—
N12—-C16—C17 96.7°) (Figure 6G). This geometry
relaxation on photoexcitation increases the Stokes shift
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considerably.*® This explains and supports the fluorescence
quenching of NbB is due to its efficient conversion to T state.
Together, above result confirms the unique ability of NbB dye
for high T, and 'O, yield, which makes NbB also an excellent
PDT candidate.

Considering the above impressive properties of NbB (ER-
LD targeting and high T, and 'O, generation) over NmB
(poor localization in ER-LDs, low 'O, quantum yield), we
sought to know whether NbB can also able to kill PDAC cells
by selectively targeting ER-LD through PDT. As shown in
Figure 7A, our results revealed that both BP and NmB were
almost completely failed to reduce colonogenic growth of MIA
PaCa-2 cells in the absence/presence of light. Interestingly,
NbB could reduce clonogenic growth in a concentration
dependent manner (dark toxicity), which was robustly
photosensitized in two different PDAC cells (MIA PaCa-2
and PANC-1; Figures 7A—C, S19A—C) in a light dose
dependent manner. These results are in agreement with the
singlet oxygen generating properties of the NmB, NbB, and BP
(Figure S17). A strong synergistic interaction between NbB
and light was observed for PDT mediated killing of both
PDAC cells, as assessed by Combenefit software (Figures 7D,
S19C). IC, of NbB were found to be 1.61 #M and 0.37 M, at
1 h light dose, for MIA PaCa-2 and PANC-1 cells, respectively.
Phototoxic index (PI), i.e., ICy, in dark/ICs, in light, of NbB
(60 min photoirradiation) were found to be 2.91 and 14.16 for
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Figure 7. NbB efficiently photosensitizes pancreatic cancer in a concentration dependent manner. (A) MIA PaCa-2 cells were treated with different
concentration of BP, NmB, and NbB for 30 min and exposed to visible light. Clonogenic survival was assessed after 9—10 days of treatments. (B—
D) MIA PaCa-2 cells were treated with NbB, as mentioned above, at lower concentrations and clonogenic survival was assessed. Representative
images of clonogenic assay are shown in “B”. Quantification for the colony growth and Comebenfit based synergism (N¥B and light) are shown in
“C” and “D”, respectively. ****p < 0.0001 w.r.t, respective, NbB concentration under dark.

MIA PaCa-2 and PANC-1 cells, respectively. Similar ranges of
PIs are also reported for recently developed PSs.””*® In order
to assess PDT effects of NbB on nonpancreatic cancer and
normal cells, photosensitization effects of NbB, on CAL-33
(squamous cell carcinoma), HelLa (cervical carcinoma), DLD-
1 (colorectal adenocarcinoma), and MCF-10A (normal
mammary epithelial) cells was also assessed. Interestingly,
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our results showed the PDT effects of NbB was less
pronounced in nonpancreatic cells (Figure S20, Table S4)
vis-a-vis pancreatic cancer cells (vide infra Discussion section).
For PDAC cells, similar photosensitization effects were also
observed for short-term MTT assay (Figure S21A, B). In
contrast to long-term clonogenic assay, the loss of cell viability
was higher for Mia PaCa-2 than PANC-1 cells in short-term
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Figure 8. NbB induces ER stress and apoptosis in pancreatic cancers. (A, B) MIA PaCa-2 cells were treated with different concentration of NbB for
30 min and exposed to visible light. Apoptosis was assessed by sub-G1 assay after 24 h of treatments. Quantifications for% sub-G1 in different
treatments are shown in “B”, **¥%¥p < 0.0001. (C, D) MIA PaCa-2 cell were treated with NbB as above and activation of caspase-3 was assessed by
Western blotting and quantified. **p < 0.01 and ***p < 0.001 w.r.t respective NbB concentration under dark. (E, F) MIA PaCa-2 cell were treated
with NbB and light as above and cellular thiol level was assessed by MBB based flow cytometry assay. **p < 0.01, ***p < 0.001, ****p < 0.0001
w.r.t untreated cells. (G, H) MIA PaCa-2 cell was treated with NbB and light as above and ER stress markers are assessed by Western blotting and
quantified. ¥*p < 0.01 and ***p < 0.001 w.r.t respective NbB concentration under dark.

MTT assay (48 h) in response to the photosensitizing effects
of NbB. The variation of the results between clonogenic and
MTT assay may be attributable to the fact that MTT assay
shows loss of cell viability due to reduced metabolism and does
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not accounts growth arrest and different types of cell death. In
contrast, clonogenic assay is considered as the “gold standard”,
because this assay accounts the final outcomes of all types of
cell death, including delayed growth arrest.”” Hence, the higher
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NbB induced photosensitivity in PANC-1 cells, in clonogenic
assay, may be attributable to some of the delayed cellular
effects.

Since NbB showed much superior PDT effects than NmB,
further studies were carried out with NbB to unravel its
molecular mechanism behind photosensitization of cancer.
Mechanistically, The PDT effect of NbB is mediated through
induction of sub-G1 and cleavage of caspase-3, the markers of
apoptosis, in PDAC cells (Figures 8A—D, S22). Since NbB
targets ER and LDs and has the ability to generate copious
amount of 'O, in the presence of light, PDT effects of NbB
might be attributable to induced ER stress and LD damage.
Recent reports show that ER stress culminates to ROS
(reactive oxygen species) generation and glutathione (GSH)
depletion, leading to cell death.*”*" We could not able to
assess the generation of cellular ROS in NbB mediated PDT
process, as fluorescence spectrum of the NbB interferes with
commercially available ROS analyzing dyes (DCFDA, DHE,
etc.). Alternatively, we have analyzed GSH level by
monobromobimane (MBB), which emits blue florescence
after reacting with cellular GSH. In this regard, treatment of
MIA PaCa-2 and PANC-1 cells with NbB led to significant
reduction of cellular GSH in a time dependent manner (Figure
8E, F, S23A—C, S24A—C). In contrast, NbB or light alone
treatment failed to induce such significant changes in PDAC
cells. Imperatively, PDT treatment with NbB significantly
affected the expression of ER-stress markers e.g., IRE-a and
BiP levels were increased while Calnexin level was reduced
(Figure 8G, H). Since our results also showed that NbB can be
localized to LDs (Figure S, S10, S11, Movie M1), further we
sought to know whether NbB may have the propensity to
photodamage LDs through the generation of 'O, in nonpolar
lipid medium of LDs. In this regard, the 'O, generation
capacities of NbB in cyclohexane (nonpolar) and ethanol
(polar) medium was assessed in DPBF assay (see method
section). It was observed that the photooxidative degradation
of DPBF in the presence of NbB was higher in cyclohexane as
compared to that in ethanol (Figure S25A, B). Hence the 'O,
generation effect of NoB is more in nonpolar medium as
compared to that in polar medium (vide infra discussion
section). At cellular level, NbB mediated photodamage and
lipid peroxidation level were assessed by measuring lipid
peroxide using Liperfluo dye in flow cytometry assay.*” As
shown in Figure S25C, D, NbB significantly enhanced lipid
peroxidation in MIA PaCa-2 cells, immediately after light
exposure, suggesting that localization of NbB at LDs may cause
photodamage to LDs and contribute to its PDT mediated
killing of PDAC cells.

Recently, several reports emphasized on the importance of
PDT agents for targeting ER in cancer. For example, Hypercin
is reported to accumulate and generate ROS in ER, and
photosensitize cancer cells.*’ Redaporfin targets the endoplas-
mic reticulum and Golgi apparatus and shows its PDT effects
though its direct antineoplastic action and indirect immune-
dependent destruction of malignant lesions.** Another
important cellular component, lipid droplets (LDs) are closely
associated with ER. LDs are cytosolic lipid storing organelle,
which also contribute to the maintenance of ER membrane
and homeostasis."” It is challenging to develop a photo-
sensitizer, which can precisely target ER and LDs and also
show dual fluorescence for imaging ER and LD simultaneously.
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In the current investigation, we describe a design and
synthesis of a novel photosensitizer, where naphtholimine-BF,
was conjugated at meso-linked BODIPY (NmB) or f-linked
BODIPY (NbB). Although few reports showed naphthalene
derivatives have the ability to elicit ER stress and localize to
stain the membranous structures, including ER,*>72% ts role
as a specific targeting agent to global pool of cellular ER and
LDs is largely unknown. Our extensive microscopic character-
ization of NbB along with different organelle specific
commercial dyes revealed that, napathalene derivative, ie.,
naphtholimine-BF, conjugation at f-linked BODIPY (NbB)
can precisely target it to global pool of cellular ER. NbB poorly
localized to lysosomes while its colocalization with a small pool
of mitochondria was also observed (Figures S9—11), which
may be attributable to close association of ER with
mitochondria at different cellular sites.*” Of note, NmB
molecule, where naphtholimine-BF, was conjugated at meso-
linked BODIPY, also showed some affinity for ER (Figure
S13), suggesting naphthalene moiety has the potential to be
localized to ER. During LD biogenesis, natural lipids
accumulate in the ER membrane and coalesce into lenses/
blisters, which eventually grows into nascent LDs at the
interface of ER membrane and cytoplasm.”® Commercially
available ER Tracker Green/Red stains both ER and LDs with
single fluorescence color (Figure S11).* ER Tracker Green/
Red have hydrophobic glibenclamide moiety, which binds to
ER membrane protein (sulfonylurea receptors of ATP-sensitive
K+ channels). During LD biogenesis from ER membrane,
these ER membranes bound dyes may be sequestered to
nonpolar zone in LDs. In the current investigation, NvB
strikingly showed simultaneous dual fluorescence in ER
(green) and LDs (green and red) at single excitation
wavelength (Figure 4). Furthermore, excitation at 488 nm
showed NbB stained ER (green) and LDs (green and red),
while excitation at 594 nm exclusively revealed NbB staining in
lipid droplets (LDs) (red), thereby providing a discrete
differentiation between NbB-stained ER and LDs (Figure 3,
$12). Owing to the hydrophobic napatholamine core, NbB
may possibly binds with some of the ER membrane proteins
and may exists in relatively more hydrated liquid disordered
phase in ER membrane. Over a period, NbB sequesters to LDs
during LD biogenesis. Indeed, our live imaging studies revealed
that NbB is rapidly cell permeabilized and appeared on ER
(green) within S min, subsequently NbB stained yellow-red
colored LDs were appeared from ER (~22 min) (Movie M1,
Figure SD, E). These data support the notion that NbB is
primarily localized to ER membrane initially and subsequently
channelized to LDs during LD biogenesis process. Dual
fluorescence of NbB in ER and LD is attributable to its change
in its photophysical properties in polar and nonpolar medium.
Kanvah et al. observed conjugation of pentafluorophenyl group
to naphthalene enhances its aggregation induced enhancement
(AIE) of intensity and bathochromic shift of fluorescence
maxima in polar medium.’’ Bhosale et al. reported synthesis of
amide group conjugated naphthalene diimide, which shows
aggregation-induced emission enhancement (AIEE) in the
presence of nonpolar medium.”’ Hence, aggregation property
of naphthalene is differentially affected by the appended
moiety, leading to notable solvatochromic shift. In our case,
NbB but not NmB showed profound effect on the self-
aggregation-based shift of fluorescence emission in nonpolar
environment (Figure 2B, S8, Table S2, S3) or solid state
(Figure 2C, D). Together, our findings suggested that
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napathalene derivative, i.e., napthaolmine-BF, at f-position of
BODIPY is imperative to (1) target NbB to the ER and LDs
and (2) show the aggregation induced dual fluorescence of
NbB in ER (green) and LDs (red), owing to solvatochromic
shift in these two subcellular organelles. Above properties
along with minimal dark cytotoxicity (Figures 7, S19) and
photostability (Figure S15) positions NbB as an excellent
imaging tool for assessing dynamics of subcellular ER and LDs.

Emerging evidence suggested that subtle redox imbalance in
ER and/or LD damage elicit ER-stress mediated death process
in cancer cells. In view of this, recently several studies were
focused on developing ER organelle specific PDT agents.”” >
Moreover, considering the importance of LDs in ER
homeostasis and cell survival, Chen et al. developed first
photosensitizer (MNBS), which selectively localized to LD and
induces cellular lipid peroxidation mediated cell death upon
irradiation.”> However, these organelle specific PDT agents
normally target either ER or LDs to induce cell death. Here in,
we report NbB as a first photosensitizer, which can precisely
localize and photodamage both ER and LDs to induce ER
stress and cellular lipid peroxidation. Since pancreatic ductal
carcinoma cells (PDAC) are heavily dependent on ER and
LDs, we have used two different PDAC cells (MIA PaCa-2 and
PANC-1) as a model system in the current investigation to
assess PDT effects of NbB. Our results showed that NbB
induces efficient photokilling and reduces colony formation in
PDAC cells (Figures 7, 8, S19, S21, $22). NbB mediated PDT
effect is less pronounced in nonpancreatic cancers and normal
cells at 30 min photoirradiation (Figure S20, Table S4). Of
note, these nonpancreatic cells were also sensitive to PDT
effects of NUB, at higher dose of photoirradiation (60 min, data
not shown). These results suggested that PDAC cells were
hypersensitive, due to their over reliance on ER-LD, while
other cancers may require higher dose of NbB and/or
photoirradiation for efficient photosensitization. Mechanisti-
cally, NbB reduces cellular antioxidant (GSH) and induces
robust ER stress and lipid peroxidation, supporting its role in
organelles specific photodamage of ER and LDs in PDAC cells
(Figures 8, S23—25). NbB generates 'O, efficiently in polar
and nonpolar medium with higher efficiency in later (Figures
6, S25A, B). NbB mediated production of 'O, is attributable to
its ability to generate high levels of T} state (Figure 6). Further,
our theoretical calculation revealed that orthogonal positioning
of p-naphtholimine-BF, moiety with BODIPY core enable
relaxation of photoexcited NbB, leading to increase in Stokes
shift and conversion to T state for efficient generation of 'O,
(Figure 6). Higher NbB mediated 'O, generation in nonpolar
solvent may be attributable to longer lifetime of 'O, in
nonpolar medium than polar solvent. Moreover, localization of
NbB in LD structure at high density within the hydrophobic
core, which generally overcomes photoquenching of the dye by
water.”® Considering these aspects, NbB may likely generates
'0, efficiently in lipid core of LDs. This is evident from the
results showing rapid NbB mediated increase in cellular lipid
peroxidation upon photoirradiation (Figure $25C, D).
Together, NbB mediated photosensitization of both ER and
LD organelles may offer a new strategy of precision
photodynamic therapy for pancreatic cancer.

In conclusion, this work illustrates for the first time a novel
BODIPY based dyad (NbB) with three biological functions:
(1) precise targeting to ER and LDs, (2) simultaneous dual
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fluorescence imaging of ER and LD at single excitation
wavelength and (3) potent PDT effects on both ER and LDs
for sensitization of pancreatic cancer. Interestingly, Rizvi et al.
have used two liposomal formulations, encapsulating Visudyne
(clinically approved) and lipid derivative of benzoporphyrin for
simultaneous photodamage to mitochondria, ER and lyso-
somes at single wavelength excitation.”” This formulation of
two different PS enhanced PDT effects in ovarian cancer. To
date an eflicient photosensitization of PDAC through precise
and simultaneous targeting of both ER and LD with single
agent is not known. Based on several reports, PDT is emergin§
as a viable approach for treatment of pancreatic tumors.’

Moreover, advanced fiber optic based light delivery has
facilitated the PDT treatment at pancreatic sites.’® Since,
PDAC cells are over-reliant on ER network for hormonal
secretion, understanding of comprehensive targeted PDT
effect on ER and LDs may help in developing efficient therapy
against pancreatic tumors.

For organic synthesis, all the chemical reagents and solvents were
purchased from a local supplier and were used without any further
purification. Fetal bovine serum (FBS), Antibiotic-Antimycotic
solution (#15240096), Dulbecco’s Modified and Eagle Medium
(DMEM) were procured from Gibco, 3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide (MTT, #MS565S), propidium iodide
(PI), crystal violet, RNase, Hoechst 33342, monobromobimane
(MBB), and anti-GAPDH (#G879S) were from Sigma-Aldrich
Chemicals. MitoTracker Red, ER-Tracker Red, ER-Tracker Blue,
and Lyso-Tracker Red are from Invitrogen. Anticaspase-3 (#CST-
9662), anti-IRE-la (#CST-3294), anti-BiP (#CST-3177), and
Calnexin-CSC9 (#2679) were purchased from Cell Signaling
Technology. Lumi-Light ECL-plus Western blotting kit was from
Roche Applied Science.

A detail protocol for the synthesis of the studied molecules is
mentioned on the Supporting Information.

Measurement of fluorescence lifetime of the samples dissolved in
desired solvents were carried out by time correlated single photon
counting (TCSPC) technique using IBH-UK (Horiba-Jobin Yvon)
system. 511 nm laser light with a fwhm of about 100 ps was used for
excitation of samples and the emission kinetic traces were collected at
emission peak. The kinetic traces were fitted exponentially using the
IBH DAS 6.2 software module. Triplet spectra and kinetics of the
samples were measured by laser flash photolysis technique using a
laser kinetic spectrometer (Edinburgh Instruments, U.K.; model
LP920). Samples were excited by a 7 ns Nd:YAG laser at 532 nm
(second harmonic of 1064 fundamental laser) and probed with a 450
W pulsed xenon lamp. All spectroscopic measurements were carried
out at room temperature.

Pancreatic Ductal Adenocarcinoma (PDAC) cell lines MIA PaCa-2,
PANC-1, and other cell lines (HeLa, DLD-1, CAL-33, and MCF10A)
purchased from the European Collection of Authenticated Cell
Cultures (ECACC), were maintained as per the instruction provided
by ECACC. The cell lines were cultured in DMEM having 2 mM
glutamine, supplemented with 10% Fetal bovine serum (FBS) and 1%
Antibiotic-Antimycotic solution. Cells were grown in a 5% CO, and
95% humidity environment at 37 °C temperature. All the experiments
were performed within 6—8 passages from the thawing of a cell line
from liquid nitrogen.
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The cells were irradiated with white light from a Tungsten filament
bulb (400—800 nm, Philips make). Photoirradiation was done for two
different time points (30 and/or 60 min). The distance between the
surface of irradiated cells and the bulb was 25 cm. The fluence rate
was 9.34 mW/cm?, and radiant exposures were 16.81 _]/cm2 and 33.62
J/cm? for 30 and 60 min, respectively.

Clonogenic assay was performed for the evaluation of the cytotoxic
effect of the compound, following report®® with minor modifications.
Briefly, cells (MIA PaCa-2, PANC-1, HeLa, DLD-1, CAL-33, and
MCF10A) were seeded (0.8 X 10°/well) in 6 well plates in a complete
medium for overnight. Cells were treated with NbB and light as
mentioned above and incubated for 8—10 days. Post incubation, cells
were washed with PBS, colonies were fixed with chilled methanol for
10 min, and colonies were stained with a 0.5% (w/v) crystal violet
solution (30 min). Staining solutions were discarded and washed 3—4
times with water. Stained colonies containing more than 30 cells each
were counted under an inverted light microscope. The phototoxic
index (PI) values of NbB were calculated as the ratio of the IC, in
the dark to the ICy, in the light

Cells were seeded on a glass coverslip (1 X 10° cells/coverslip) for
overnight. Cells were incubated with different concentrations of
florescent dyes (NmB, NbB, and BP) for the indicated time periods.
Postincubation cells were washed twice with PBS and then mounted
with 80% glycerol before imaging through the confocal microscope
(LSM780, Carl Zeiss). For NmB, NbB, and BP, images were acquired
by laser excitation at 488/543/594 nm while Hoechst 33342 was
excited with 355 nm laser. For colocalization studies, cells were
incubated with NbB (S yM) and LysoTracker Red (100 nM) or
MitoTracker Red (200 nM) or ER-Tracker Red (500 nM) or ER-
Tracker Blue (300 nM) for 20 min. Postincubation, cells were washed
twice with PBS and then mounted with 80% glycerol before imaging
through the confocal microscope (Zeiss, LSM780). ER-Tracker Red,
MitoTracker Red, LysoTracker Red, or ER-Tracker Blue was excited
using 594/355 nm laser. Fluorescence intensity and colocalization
parameters were assessed using Zen software (Carl Zeiss).

Live cell imaging and lambda mode scanning of the stained cells were
carried out with the confocal microscope (LSM 780, Carl Zeiss),
which has an in-built cell incubation chamber (5% CO, and 95%
humidity) for carrying out live cell imaging experiments for long
hours. Cells were seeded on to the thin glass bottom (35 mm) of
confocal dishes (SPL Life Sciences #100350) for overnight. Cells
were treated with NbB (S uM) and kinetics of appearance of
fluorescence of NbB, from 0 to 115 min at the interval of 3.75 min, in
cells were acquired in channel 1 (4, = 488 nm; A, = 490—552 nm)
and channel 2 (1, = 594 nm; 4., = 596—668 nm). For assessing
photostability of NbB, cells were treated as mentioned above and
images were acquired continuously in channel 1 (green) for 2 h, at the
interval of 2 min (Channel 1: A, = 488 nm; A, = 490 to 588 nm).
For in situ lambda scan imaging, cells were treated as above in
confocal dishes and spectral imaging in lambda scan mode was carried
out in LSM 780 microscope. The NbB dye was excited at 488 nm and
spectral imaging (fluorescence emission) was acquired at every 4—S
nm from 492 to 688 nm.

This assay was carried out as per our previous report for FRAP
experiments,” with minor modifications. Briefly, Cells were seeded
on to the thin glass bottom of confocal dishes for overnight. Cells
were treated with NbB (S M, 30 min) and FRAP assay was carried
out in LSM 780 confocal microscope. Images were captured using a
6x digital zoom and a 40X magnification to make sure a 1 ms pixel
dwell time. The region of interest (bleach ROI in ER and LD) was
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bleached using 100% power of 488 nm laser line for 40 repetitions
after five prebleach photos (488 nm laser line, 1% power) were taken.
In addition, photobleaching was taken into consideration during
image capture by using a reference region of interest. A total of 100
pictures were taken after bleaching at intervals of one millisecond.
Utilizing Zen Blue 3.4 software, the % recovery of NbB fluorescence
was measured after picture acquisition. The formula shown below was
employed to determine the percentage of fluorescence recovery:

MEFI of reference ROI
MEFI of bleach ROT
MFI of reference ROI

MEFI of bleach ROI .
{ bk }at time ¢

X 100

%recovery at time t =
}at time 0

MFI stands for mean fluorescence intensity in this context. Data on
percentage recovery was used to generate recovery graphs.
o o 60 A .
Dye sensitized photo-oxidation study,” synergistic interaction
study (comebenefit),’! MTT,** sub-G1,"> cellular protein thiol
estimation,®* lipid peroxidation experiment,”> Western blotting,**
. . 63—68
and computational methodologies are performed as per the
previous reports. Detailed protocols with minor modifications are
included in the Supporting Information.

At least three independent experiments were carried out, and each
individual experiment was done in triplicate. GraphPad Prism 8 was
used to create all the generated graphs and conduct the statistical
analysis. The statistical significance of the data was examined using
the unpaired ¢ test and analysis of variance (ANOVA). Significant was
defined as a probability value of p < 0.05. Cells that had been exposed
to the vehicle were regarded as untreated controls.

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/jacsau.3c00539.

Detailed experimental procedures and characterization:
'H NMR, "*C NMR, HRMS; additional figures (PDF)
Live cell BODIPY (AVI)
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