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ABSTRACT: In recent times, organelle targeted drug delivery systems gained tremendous attention due to the site specific delivery
of active drug molecules resulting in enhanced bioefficacy. In this context, the phototriggered drug delivery system (DDS) for releas-
ing an active molecule is superior as it provides spatial and temporal control over the release. So far, near infrared (NIR) light re-
sponsive organelle targeted DDS has not yet been developed. Hence, we introduced a two-photon NIR-light responsive lysosome
targeted “AlE + ESIPT’ active single component DDS based on naphthalene chromophore. The Two-photon absorption cross-section
of our DDS is 142 GM at 850 nm. The DDS was converted into pure organic nanoparticles for biological applications. Our nano-
DDS is capable of selective targeting, AIE-luminogenic imaging, and drug release within the lysosome. In vitro studies using can-
cerous cell lines showed that our single component photoresponsive nanocarrier exhibited enhanced cytotoxicity and real-time mon-

itoring ability of the drug release.

INTRODUCTION

Lysosome was discovered in 1955 by Christian de Duve.! It is
a single membranous subcellular organelle and ubiquitous in al-
most all eukaryotic cells.? Lysosomes play essential roles in di-
gestion, foreign substance scavenging, and autophagy to main-
tain cellular homeostasis.® The acidic environment (pH 4.5 —
5.5) of the lysosomes helps digest all types of macromole-
cules.?® Disruption of lysosomal functions leads to several dis-
eases. Fifty types of monogenic diseases are related to lysoso-
mal dysfunction. Most of them fall in the category of lysosomal
storage diseases (LSDs). Other important diseases are Alz-
heimer’s disease, autoimmune diseases, and resistance to auto-
immune diseases.* When the lysosomal degradative pathway
gets dysregulated, diseases like cancer are known to progress.®

Researchers have recently focused on developing lysosome-tar-
geted drug delivery systems (DDSs) mainly because many of
the drug molecules need to be specifically localized in the lyso-
some to exhibit their maximum activity.* Further, several drugs
suffer from multidrug resistance (MDR) due to lysosomal au-
tophagy.® Importantly, targeting the lysosome ensures facile in-
tercellular drug release. Because of these reasons, lysosomes
become a vital organelle for targeted drug delivery.® Hence,
several pH-responsive and enzyme-responsive drug delivery
systems were reported, which specifically released the drug
within the lysosome due to its acidic and enzyme-enriched en-
vironment.” However, these delivery systems lack control over

the drug uncaging process. In this context, light triggered DDSs
have gained considerable importance in the last few decades be-
cause they provide high spatio-temporal control over the drug
release.?

Recently, lysosome-targeted light responsive DDSs based on
coumarin® and BODIPY®® chromophore have been reported.
Riezman et al. developed for the first time a lysosome-targeted
coumarin-based DDS to uncage sphingosine, a lipid molecule
by UV-light illumination.® They investigated the localization-
dependent metabolism of the lipid molecule and found a distinct
metabolic pattern of lysosomal sphingosine. Later, Weinstain et
al. reported several organelle-targeted visible light-responsive
photocages based on meso-methyl BODIPY backbone.®® They
discovered that the predesigned photocages exhibit organelle-
specific localization and higher efficacy of the active molecule
upon release.

To date, near infrared (NIR) light responsive organelle targeta-
ble DDS has not been developed. By any means, if we can de-
velop NIR responsive organelle targetable DDS, we can im-
prove the drug efficacy and eliminate the competitive absorp-
tions of light by natural pigments like hemoglobin. As we know,
light below 650 nm is primarily absorbed by hemoglobin.®
Hence, we intend to design a two-photon responsive lysosomo-
tropic DDS that can be operated in the NIR region. With two-
photon excitation, the active molecule can be released only at
the focal point of the laser, which enables three-dimension



Scheme 1. Working protocol of Lyso-Naph-Cbl.
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control over uncaging with high spatial and temporal
precision.

Herein, we designed a lysosome targeted two-photon respon-
sive “aggregation-induced emission (AIE) + excited-state intra-
molecular proton-transfer (ESIPT) active single chromophoric
drug delivery system (Scheme 1), named lysosomotropic-naph-
thalene-chlorambucil conjugate (Lyso-Naph-Cbl 1). Lyso-
Naph-Cbl consists of a two-photon active 2-hydroxy-6-
napthacyl backbone!! assembled with an imine-sidearm at 1-
position of naphthalene and caged alkylating agent chlorambu-
cil. Our DDS (Lyso-Naph-Cbl) exhibits the following ad-
vantages: (i) due to the presence of an imine linker, the adjacent
hydroxyl group takes part in ESIPT process,*? and also per-
suades AIE property,*® thereby, providing better visualization
(ii) targets lysosome due to installed morpholine moiety which
acts as a lysosomotropic anchor? (iii) releases the drug molecule
upon single-photon excitation by visible light irradiation as well
as upon two-photon excitation with NIR light irradiation and
(iv) capable of monitoring drug release in real-time by a sharp
decrease in the fluorescence intensity.

RESULTS AND DISCUSSION

Synthesis of Lyso-Naph-Cbl. We synthesized our DDS start-
ing from commercially available 2-hydroxy-1-naphthaldehyde
(4). Friedel-Crafts acylation on 4 with bromoacetyl bromide in
the presence of AICIl; gave compound 5. The bromo derivative
5 was then esterified with chlorambucil using K,CO; as a base
in acetonitrile to furnish compound 6. Then to attach the
sidearm at 1-position, we separately synthesized the amine
compound 7 starting with 4-nitrophenol (7a) following the
known procedure (Scheme 2). Then compounds 6 and 7 were
condensed via Dean-Stark distillation in benzene to afford our
DDS Lyso-Naph-Cbl 1. All the synthesized compounds were
characterized using *H NMR,

Scheme 2. Synthesis of Lyso-Naph-Cbl.
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i) bre bromide, AICl;, dry DCM, 0 °C, 5 h; ii) chlorambucil, K,COs,
acetonitrile, rt, 4 h; (iii) 1,3-dibromopropane, K,CO3, dry DMSO, 70°C, 4 h; (iv) morpholine, K,COg, dry
DMSO, 80°C, 5 h; (v) SnCl,2H,0, EtOAg, reflux, 3h; (vi) Dean-Stark, 4 h.

13C NMR and HRMS (see the Supporting Information, pages
S5-S17).

Photophysical  properties of Lyso-Naph-Cbl. The
photophysical properties of Lyso-Naph-Cbl were investigated
in different solvents (Figure 1). The results showed that Lyso-
Naph-Cbl exhibited two absorption maxima due to the ESIPT
process'?. Absorption maxima at 390 nm and 460 nm
corresponds to the keto-form and enol-form of Lyso-Naph-Cbl
(Figure 1a), respectively. However, we noted the absorption
maximum corresponding to the enol form to be intense in polar
protic solvents. Further, we also noted that keto and enol forms
of Lyso-Naph-Cbl showed emission maxima at 480 and 530
nm, respectively (Figure 1b).

To demonstrate the AIE property of our DDS, we recorded the
fluorescence intensity of Lyso-Naph-Cbl in acetonitrile-buffer
(pH 7.4) binary mixtures with varying water fractions (Figure
1c-d). Initially, Lyso-Naph-Cbl showed a green fluorescence
that, upon increasing the water fraction (fw), got intense (Figure
1d). Further increase of water fraction above 80 to 97 percent,
the emission maximum exhibited a large bathochromic shift of
around 110 nm with 6 times enhancement in fluorescence
intensity which proved the existence of AIE property.'
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Figure 1. (a) UV-Vis absorbance and (b) fluorescence spectra of Lys-Naph-
Cbl (1 x 10° M) in different solvents; (c) UV-Vis absorbance and (d)
fluorescence spectra of Lyso-Naph-Cbl (1 x 10° M) in acetonitrile-water
binary mixtures with varying proportions.

Stability of Lyso-Naph-Cbl. We checked the stability of Lyso-
Naph-Cbl in a biological medium and two other pHs (5.4 & 8)
at 37°C under dark conditions. From Table S1, we observed that
no significant amount of drug was released by our DDS after 7
days.

Photouncaging of chlorambucil from Lyso-Naph-Cbl. To
check our DDS can release caged chlorambucil upon light
irradiation, we investigated its single-photon uncaging ability
and quantum yield of the photorelease. A 40 mL (1 x 10* M)
solution of Lyso-Naph-Cbl in (f, = 95%) ACN/PBS buffer (pH
= 7.4) mixture was irradiated with visible light (A > 410 nm)
from a 125 W medium pressure mercury lamp as the light
source using a 1 (M) solution of NaNO as the UV-cutoff filter.
We monitored the photouncaging process by reverse-phase
high-performance liquid chromatography (RP-HPLC) and
emission spectroscopy. From the RP-HPLC diagram (Figure
2a), we observed that the peak at tr (retention time) = 3.3 was
gradually decreasing, indicating the photo-decomposition of
Lyso-Naph-Cbl. On the other hand, we noted
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Figure 2. (a) HPLC overlay chromatogram of Lyso-Naph-Cbl at different time intervals of light irradiation (>410 nm); (b) Change in the fluorescence spectral

profile of Lyso-Naph-Cbl with increasing irradiation time.

a continuous increase of two new peaks at tg = 3.0 and tgr = 3.8,
indicating photoproduct formation and uncaged chlorambucil.
Figure 2a shows that 90% of the drug got released by DDS in
25 minutes of irradiation (Figure S16a). To check that the
uncaging process depends only upon the light irradiation, we
performed the photouncaging process in the presence and
absence of light. Figure S16b showed that photouncaging of
chlorambucil is solely dependent on light irradiation.*>*® Next,
we recorded the emission spectra during the photolysis.

Interestingly, we noted a sharp decrease in the emission
maximum during the photouncaging. Initially, our DDS
exhibited bright orange fluorescence, and after 25 minutes of
irradiation, DDS showed faint fluorescence. The initial peak at
570 nm of DDS gradually decreased, and a five times decrease
in fluorescence intensity was observed (Figure 2b). The above
changes might be attributed to the loss of conjugation in the
photoproduct (2) due to the Photo-Favorskii rearrangement!!
(Scheme 1). A similar photouncaging study of Lyso-Naph-Cbl
was also carried out at lysosomal pH. We noted a faster
uncaging (20 min) at lower pH = 5.4 (Figure S16a), which is a
characteristic of Photo-Favorskii rearrangement.®'* The
quantum yield of photouncaging (¢,) at different pHs was
calculated by potassium ferrioxalate actinometery® and found
to be 0.19 and 0.24 at pHs 7.4 and 5.4, respectively.

Mechanism of photorelease from Lyso-Naph-Cbl. Based on
the above experimental findings, literature reports,®21" and our
recent work on 2-hydroxy-6-napthacyl phototrigger,*!* we pro-
posed a possible mechanism of photouncaging of Lyso-

Scheme 3. Possible photorelease mechanism of Lyso-Naph-Cbl.
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Naph-Cbl (Scheme 3). Upon irradiation, Lyso-Naph-Cbl gets
excited to its singlet excited state 8 where it undergoes a rapid
ESIPT process and generates a zwitterionic form 9, which then
undergoes efficient intersystem crossing to its triplet excited
state 10. A Photo-Favorskii type rearrangement occurs from the
triplet state to form a putative intermediate 11 and subsequent
release of chlorambucil. Finally, water reacts with the putative
intermediate, resulting in the formation of photoproduct (2).
Further, the formation of the photoproduct (2) and released
chlorambucil (3) was confirmed by HRMS (Figure S17-S19).

To prove that the reaction proceeds via a triplet state, we carried
out the photolysis in the presence of potassium sorbate, a triplet
quencher (Figure S20).1%12 We found that the uncaging of chlo-
rambucil practically arrested, which confirms that the photoly-
sis proceeds via triplet state.

Measurement of TPA cross-section 8a of Lyso-Naph-Cbl.
Next, we investigated the two-photon absorption ability of
Lyso-Naph-Cbl. Using a single beam open aperture (OA) z-
scan technique,’®* we performed the nonlinear optical
measurement of Lyso-Naph-Cbl. A Ti: Sapphire laser giving
100 fs pulses with 1 W average power and a focused beam spot-
size of 50 um was used for the OA z-scan technique. OA z-scan
measurements were carried out on 10* M solutions of Lyso-
Naph-Cbl in ACN/PBS buffer (pH 7.4) binary mixtures with
varying water fractions (fw) at different wavelengths, ranging
from 700 — 850 nm (Figure 3).

The experimental OA curves were then fitted with the
transmission equation, including two-photon absorption
(TPA).1 TPA cross-section &, of Lyso-Naph-Cbl was then cal-
culated®® and summarized in Table S2 & Figure 3f. From Table
S2, we noticed that our DDS has a good TPA cross-section in
the NIR region. The highest value of 8, for Lyso-Naph-Cbl was
obtained at 850 nm, which was 142 GM (1 GM = 10%° cm*
s/photon/molecule). We calculated the two-photon uncaging
cross-section &, to understand the efficacy of drug release by
two-photon irradiation. The single-photon ¢, was used to
calculate &, by the equation 8y = ¢ud..%® The highest &, value for
our DDS obtained at 850 nm was 27 GM and 34 GM at pH 7.4
and 5.4, respectively.

Two-photon uncaging of chlorambucil from Lyso-Naph-
Cbl. The two-photon uncaging of Lyso-Naph-Cbl was
demonstrated at two different pHs, 7.4 and 5.4. A 300 pL (10*
M) solution of Lyso-Naph-Cbl in f,, = 95% ACN/PBS buffer
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Figure 3. (a-e) OA z-scan curves recorded at different wavelengths using a 10 M solution of Lyso-Naph-Cbl in ACN:PBS buffer binary mixture with varying
water fractions (fw); (f) comparison of TPA cross-section of Lyso-Naph-Cbl at different wavelengths and in different fy.

was irradiated with a 100 fs pulsed laser with 50 pm focussed
beam size and 800 mW average power at a wavelength of 850
nm. The released chlorambucil was quantified from the HPLC
study and found that 24% and 29% of the drug got released after
3h of irradiation at pH 7.4 and 5.4, respectively.

In vitro applicability of Lyso-Naph-Cbl as nano DDS. The
positive outcome of our DDS encouraged us to investigate its
targeting, imaging, and drug release capability by in vitro stud-
ies using cancer cell lines.

At first, we prepared pure organic nanoparticles (NPs) of Lyso-
Naph-Cbl by reprecipitation technique by following our previ-
ously reported procedure for biological application (Figure
4a).2° To find the size and shape of Lyso-Naph-Cbl-NPs, we
took transmission electron microscopy (TEM). Figures 4a and
4b revealed that the Lyso-Naph-Cbl-NPs are almost spherical,
with an average size around ~ 6 nm.
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Figure 4: (a) TEM image of DCM-VPA-NPs; (b) Average size of the

DCM-VPA-NPs.

Next, we examined the targeting and cell imaging potential of
our nano-DDS using cancerous cell line B16F10. To understand
its cytoplasmic distribution, Lyso-Naph-CbI-NPs were
counterstained with 4,6-diamidino-2-phenylindole (DAPI), mi-
totracker green (MTG), and with lysotracker green (LTG), sep-
arately. The confocal laser-scanning microscope (CLSM) im-
ages (Figure 5) showed that Lyso-Naph-Cbl is mainly
colocalized with LTG (Figure 5c) but not with MTG (Figure
5a).
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Figure 5: (a) Live B16F10 cell lines treated with MTG, DAPI and Lyso-
Naph-Cbl-NPs and CLSM images were collected via [a(i)] green channel,
[a(ii)] yellow channel, [a(iii)] merged image of green & yellow channel,
[a(iv)] blue channel, [a(v)] merged image of all channels; (b) Structure of
Lyso-Naph-Cbl; (c) B16F10 cell lines treated with LTG and Lyso-Naph-
Cbl-NPs and CLSM images were collected via [c(i)] green channel, [c(ii)]
yellow channel, [c(iii)] merged image of green & yellow channel.

After the cellular internalization study of Lyso-Naph-Cbl-NPs,
we investigated the in vitro drug uncaging ability of our nano-
DDS by light irradiation. B16F10 was incubated with Lyso-
Naph-Cbl-NPs, and the cell nuclei were stained with DAPI. Af-
ter 1 h of incubation, we irradiated the cells with visible light (A
> 410 nm) for 25 minutes. CLSM images (Figure 6b) showed
that before irradiation Lyso-Naph-Cbl-NPs exhibited intense
fluorescence color (Figure 6b-ii). After irradiation for 25 min,
the fluorescence intensity decreased sharply (Figure 6b-v),
which validates the photoresponsive drug delivery within the
lysosome of the cells.
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Then, we carried out the cytotoxicity study with Lyso-Naph-
Cbl-NPs by MTT assay using cancerous cell line B16F10. We
found above 80 % cell viability at different concentrations of
Lyso-Naph-Cbl (Figure 7a). Next, we irradiated the Lyso-
Naph-Cbl-NPs treated B16F10 cells with visible light and
found enhanced cytotoxicity of Lyso-Naph-Cbl-NPs compared
to free chlorambucil (Figure 7b). The enhanced cytotoxicity can
be explained by the cytosolic drug delivery, validated by MTT
data.
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Figure 7: Cell viability assays for Lyso-Naph-Cbl-NPs and free chloram-
bucil with B16F10 cell line (a) in the dark and (b) after light irradiation for
25 minutes.

In conclusion, for the first time, we developed an organelle
targeted two-photon NIR light responsive DDS based on
naphthalene chromophore. The DDS was converted into pure
organic nanoparticles, targeting the lysosome and releasing the
drug molecule inside the cancerous cells upon irradiation.
Interestingly, our nano-DDS showed real-time monitoring of
the drug release by a sharp decrease in the fluorescence
intensity. Finally, the nano-DDS exhibited enhanced
cytotoxicity compared to free chlorambucil due to cytosolic
drug delivery. Our phototrigger can be utilized to design DDS
for targeting other organelles by changing the targeting moiety
via simple synthetic modifications.

EXPERIMENTAL SECTION

Photolysis of Lyso-Naph-Chl. A 30 mL (1 x 10** M) solution
of Lyso-Naph-Cbl in acetonitrile/PBS buffer of pH 7.4 (fw = 95)
was taken and degassed prior to exposure to a medium pressure

mercury lamp (125 W) as the source of light (A > 410 nm) using
1(M) aqueous solution of NaNO, UV cut-off filter.

Two-photon photolysis. The two-photon uncaging of Lyso-
Naph-Cbl was demonstrated with two different solutions of pHs
7.4 and 5.4. A 300 pL (1 X 10 M) solution of Lyso-Naph-Cbl
in (fw = 95%) acetonitrile/PBS buffer of pH 7.4 and 5.4 was ir-
radiated with a 100 fs pulsed laser with 50 um focal beam size
and 800 mW average power at a wavelength of 850 nm. A small
aliquots (25 pL) before and after the photolysis were taken out
from the solution for the HPLC study. The released drug was
quantified from the HPLC peak area in comparison with an in-
jected authentic sample.

Preparation of nanoparticles of Lyso-Naph-Cbl. Lyso-
Naph-Cbl was dissolved in THF to prepare a 1x10° M solution.
Next, 25 pL solution was added dropwise (1 drop per minute)
via syringe into 2.5 mL water in a glass beaker with constant
sonication. Sonication was continued for 30 minutes at room
temperature. Then the beaker was heated to 37° C, and nitrogen
was purged through the solution for 1h to remove the THF to
give a 1x10° M solution of Lyso-Naph-Cbl-NPs.

Cell lines. Cancerous cell lines B16F10 were obtained from the
National Centre for Cell Science (NCCS), Pune, India. All the
cell lines were cultured in Dulbecco’s Modified Eagle’s Me-
dium (DMEM) media (Gibco) supplemented with 10% fetal bo-
vine serum, 1% non-essential amino acid, 1% streptomycin, 1%
L-glutamine, and 1% penicillin. All cells were cultured at 37 °C
in a CO; incubator (Thermo Fisher Scientific, USA).

Intracellular distribution of Lyso-Naph-Cbl-NPs in cancer-
ous cell line B16F10. Intracellular localization of Lyso-Naph-
CbI-NPs by cancerous B16F10 cell line was monitored by con-
focal laser scanning microscopy (CLSM). The cells were cul-
tured following the standard protocols and were incubated with
the Lyso-Naph-Cbl-NPs (10 uM in HEPES buffer) under 5 %
CO; at humified conditions at 37 °C for 4 h. The cell nucleus
was stained with 4,6-diamidino-2-phenylindole (DAPI). Cell
mitochondria and lysosomes were stained separately with
myto-tracker green and lyso-tracker green, respectively. Then



imaging was done by Nikon confocal microscope (Eclipse Ti-
E) using the respective filter.

Fluorogenic real-time monitoring of drug release study with
B16F10 cells. B16F10 cell lines were cultured following the
standard protocols and were treated with the Lyso-Naph-Cbl-
NPs (10 uM in HEPES buffer), and the cell nuclei were stained
with 4,6-diamidino-2-phenylindole (DAPI). Cells were incu-
bated at 37 °C under 5 % CO; at humified conditions for 4 h.
After that, cells were irradiated with visible light (>410 nm) for
25 min. Fluorescent images were captured before and after the
irradiation using confocal microscopy (Nikon Ti Eclipse).

In Vitro cell viability assay. The in vitro cytotoxic studies of
Lyso-Naph-Cbl-NPs and the free drugs chlorambucil (Cbl)
have been carried out using the MTT (3-(4,5- dimethylthiazole-
2-yl)-2,5-diphenyltetrazolium bromide) assay. Briefly, cancer-
ous cell line B16F10 was grown in their log phase. Cells were
seeded in 96-well plates in Dulbecco’s modified Eagle’s me-
dium (DMEM) containing 10 % fetal bovine serum (FBS) for 8
h. The cell lines were then incubated with different concentra-
tions (5-40 uM) of Lyso-Naph-Cbl-NPs and Cbl separately in
HEPES buffer, at 37 °C in 5 % CO; for 4 h. Next, we irradiated
these cells with visible light for 25 min and incubated for 72 h.
Then cytotoxicity was measured using the MTT assay before
and after light irradiation.
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