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ABSTRACT: We report for the first time an organic nano-
particle based nuclear-targeted photoresponsive drug delivery
system (DDS) for regulated anticancer drug release. Acridin-9-
methanol fluorescent organic nanoparticles used in this DDS
performed three important roles: (i) "nuclear-targeted nano-
carrier” for drug delivery, (ii) "phototrigger” for regulated drug
release, and (iii) fluorescent chromophore for cell imaging. In
vitro biological studies reveal acridin-9-methanol nanoparticles
of ~60 nm size to be very efficient in delivering the anticancer
drug chlorambucil into the target nucleus, killing the cancer
cells upon irradiation. Such targeted organic nanoparticles with

good biocompatibility, cellular uptake property, and efficient photoregulated drug release ability will be of great benefit in the

field of targeted intracellular controlled drug release.

B INTRODUCTION

Targeted intracellular drug delivery systems have captured great
attention in the medical and pharmaceutical fields, since they
sharply enhance the efficiency of various treatment protocols.
These targeted drug delivery systems (DDSs) have gained much
popularity, especially for tumor therapy, because many
anticancer drugs need to be delivered into the cell nucleus, so
that they damage the DNA to stop the proliferation of the cell.
Hence, several nuclear-targeted intracellular DDSs*™> to kill
cancer cells have been developed. Among them, nanosized DDSs
have gained considerable popularity in recent years.* '° A major
goal in constructing nuclear-targeted nanosized DDSs is to
design nanoparticles that will combine various functionalities,
like fluorescence, nuclear-target ability, and precise control over
the drug release. To date, several nanoparticles (e.g, magnetic
nanoparticles, silver nanoparticles, quantum dots, mesoporous
silica, etc.) decorated with nuclear localization siignal peptides
such as SV40 T antigen,'' HIV-1 TAT peptide,'"* and adeno-
viral,'* have been fabricated for nuclear-targeted nano DDSs.
However, to the best of our knowledge there has been no report
on the construction of nuclear-targeted nanosized DDS using
single component nanoparticles that can precisely control the
drug release.

Recently, photoresponsive nanoparticles have received much
attention for their applications especially in the area of drug'>~>*
and gene®®?’ delivery, since they allow precise control over the
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release including location, timing, and dosage, though most of
these photoresponsive nanoparticles fabricated for DDSs have
showed enhanced cell permeability. However, to a larger extent
these nanoparticles were found to be localized in the cellular
membrane or in the cytoplasm. By any means, if we can syn-
thesize nuclear-targeted photoresponsive nanoparticles, then we
can aim to develop nuclear-targeted nanosized DDS with precise
control over the drug release.

Recently, we demonstrated for the first time that single
component photoresponsive nanoparticles can be directly made
from a small organic molecule “phototrigger” without attaching
with external nanoparticles, for regulated delivery of anticancer
drug.”® Based on the above strategy, we aim to fabricate a new
fluorescent organic molecule which has high affinity to DNA and
has the ability to act as a phototrigger into single component
photoresponsive nanoparticles for nuclear-targeted nanosized
DDS, so that the cell imaging, localization of the drug in the cell
nucleus, and control over the drug release can be simultaneously
accomplished.

Acridine based compounds are planar polycyclic aromatic
molecules which bind tightly but reversibly to DNA by
intercalation.”*° Hence acridine derivatives have been utilized
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Scheme 1. Schematic Presentation of Photocontrolled Nuclear-Targeted Delivery of Chlorambucil by Photoresponsive Organic

Nanoparticles of Acridin-9-Methanol
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as carriers to target the cell nucleus.>”*> Mainly, DNA alkylating
agents are targeted to DNA by tethering with acridine mole-
cules.® On the other hand, a recent report by our group®** and
by Piloto et al.*** showed that acridin-9-ylmethyl chromophore
also acts as an eflicient phototrigger for amino acids and carbox-
ylic acids. The above properties of acridine moiety to act as both
nuclear target and phototrigger led us to develop them as single
component fluorescent organic nanoparticles for nuclear-
targeted and regulated delivery of anticancer drug (Scheme 1).

B MATERIALS AND METHODS

All reagents were purchased from Sigma Aldrich and used
without further purification. Acetonitrile and dichloromethane
were distilled from CaH, before use. '"H NMR spectra were
recorded on a BRUKER-AC 200 MHz spectrometer. Chemical
shifts are reported in ppm from tetramethylsilane with the
solvent resonance as the internal standard (deuterochloroform:
7.26 ppm). Data are reported as follows: chemical shifts,
multiplicity (s = singlet, d = doublet, t = triplet, m = multiplet),
coupling constant (Hz). BC NMR (50 MHz) spectra were
recorded on a BRUKER-AC 200 MHz Spectrometer with
complete proton decoupling. Chemical shifts are reported in
ppm from tetramethylsilane with the solvent resonance as the
internal standard (deuterochloroform: 77.0 ppm). UV/vis
absorption spectra were recorded on a Shimadzu UV-2450
UV/vis spectrophotometer, fluorescence emission spectra were
recorded on a Hitachi F-7000 fluorescence spectrophotometer,
FT-IR spectra were recorded on a Perkin-Elmer RXI spec-
trometer, and HRMS spectra were recorded on a JEOL-
AccuTOF JMS-T100L mass spectrometer. Transmission Elec-
tron Microscopy (TEM) was measured on a FEI Tecnai G220S-
Twin at 200 kV. The TEM sample was prepared by dispersing
compounds in water and dropping on the surface of a copper
grid. Photolysis of all the ester conjugates were carried out using
125 W medium pressure Hg lamp supplied by SAIC (India).
Chromatographic purification was done with 60—120 mesh silica
gel (Merck). For reaction monitoring, precoated silica gel 60
F254 TLC sheets (Merck) were used. RP-HPLC was taken using
mobile phase acetonitrile, at a flow rate of 1 mL/min (detection:
UV 254 nm).

Synthesis of 9-Methylacridine. First, the protecting group
9-methylacridine was synthesized following the procedure as
described by Suzuki et al.>*> Treatment of N,N-diphenyl amine
with glacial acetic acid in the presence of zinc chloride at 215 °C
for 6 h afforded the protecting group 9-methylacridine with
excellent yield (87%).
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A mixture of N,N-diphenylamine (6.0g, 36 mmol), acetic acid
(6.0 g, 100 mmol), and zinc chloride (25.6 g, 188 mmol) was
heated up to 180 °C with continuous stirring for 1 h. Then excess
acetic acid was removed from the reaction mixture by distillation
and the reaction mixture was heated at 220 °C for additional 5 h
followed by addition of aqueous ammonia solution. The resulted
yellow precipitates were collected by filtration. The residue was
dissolved in chloroform and neutralized by washing with aqueous
NaHCOj; and dried over anhydrous Na,SO,. The organic sol-
vent was then removed under reduced pressure to give 5.96 g
(87%) of crude product, which was further purified by column
chromatography using 15% ethyl acetate in pet ether as an eluent.

Characterization data for 9-Methylacridine. Yellow solid,
mp: 115—120 °C; 'H NMR (CDCl,, 200 MHz): 5 = 8.14—8.09
(d,J = 8.8 Hz, 2H), 8.09—8.05 (d, ] = 8.8 Hz, 2H), 7.69—7.61 (m,
2H), 7.46—7.38 (m, 2H), 2.93 (s, 3H); *C NMR (CDCI3, 50
MHz): § = 1483 (2C), 1422 (1C), 130.0 (2C), 129.7 (2C),
1254 (2C), 125.3 (2C), 124.5 (2C), 13.5 (1C).

Synthesis of 9-(Bromomethy|)acridine.36 9-Methylacri-
dine (1.00 g, 4.78 mmol) was dissolved in anhydrous CCl, and
NBS (1.02 g, 5.74 mmol) was added to it followed by catalytic
amount of benzoyl peroxide (0.05 g) and the reaction mixture
was refluxed for 4 h. The organic compounds were extracted in
DCM and washed two times with aqueous NaHCOj; and dried
over anhydrous Na,SO,. The organic solvent was then removed
under reduced pressure to give 1.19 g (92%) of crude product
which was used for the protection of chlorambucil without
further purification.

Characterization Data for 9-(Bromomethyl)acridine. Yel-
low solid, mp: 97—99 °C; 'H NMR (CDCl;, 200 MHz): § =
8.30—8.27 (d, J = 8.8 Hz, 4H), 7.85—7.77 (m, 2H), 7.72—7.64
(m, 2H), 5.42 (s, 2H); *C NMR (CDCl,, 50 MHz): § = 148.7
(2C), 138.6 (1C), 130.4 (2C), 130.0 (2C), 126.6 (2C), 123.7
(2C), 123.3 (2C), 23.1 (1C).

Protection of Chlorambucil with 9-(Bromomethyl)-
acridine. 9-(Bromomethyl)acridine (0.100 g, 0.37 mmol) was
dissolved in dry dichloromethane (DCM) (2 mL), and to this
reaction mixture potassium carbonate (0.061 g, 0.44 mmol) and
chlorambucil (0.112 g, 0.37 mmol) were added. The reaction
mixture was stirred at room temperature for 6 h. The solvent was
removed by rotary evaporation under reduced pressure and the
crude residue was purified by column chromatography using 25%
EtOAc in pet ether gave compound 3 as a yellow solid (0.159 g,
87%).

Yellow solid; '"H NMR (CDCl;, 200 MHz): § = 8.41—8.36
(d,] = 8.8 Hz, 2H), 8.29-8.24 (d, ] = 8.8 Hz, 2H), 7.87—7.79
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(t,] = 8.4 Hz, 2H), 7.73=7.65 (t,] = 7.8 Hz, 2H), 7.10~7.06 (d,
J = 8.6 Hz, 2H), 6.64—6.60 (d, ] = 8.6 Hz, 2H), 5.39 (s, 2H),
3.74—3.57 (m, 8H), 2.63—2.56 (t, ] = 7.4 Hz, 2H), 2.43—2.36
(t J = 7.4 Hz, 2H), 2.01-1.87 (m, 2H); °C NMR (CDCI,,
50 MHz): 6 = 173.7 (1C), 147.6 (2C), 1444 (1C), 140.8 (1C),
131.1 (2C), 130.6 (1C), 129.7 (2C), 129.2 (2C), 127.1 (2C),
123.9 (2C), 123.5 (2C), 112.3 (2C), 57.6 (1C), 53.7 (2C),
40.6 (2C), 33.9 (1C), 33.4 (1C), 26.6 (1C); FTIR (KBr, cm™):
1730; UV/vis (EtOH): A (log €) 361 (4.07); HRMS calc. for
C,3H,oCLN, 0, [M+Na*]: 517.1426, found: 517.1420.

Synthesis of Acr-Cbl Nanoparticles. Acridine-Chloram-
bucil (Acr-Cbl) nanoparticles were synthesized following the
reprecipitation technique as described in our earlier report,”®
10 uL of 3 mM solution of Acr-Cbl caged conjugate in acetone
was slowly added into water (20 mL) at room temperature with
constant sonication for 30 min. The size of the Acr-Cbl nano-
particles was determined by means of a transmission electron
microscopy (TEM).

Synthesis of Acridin-9-Methanol Nanoparticles. Syn-
thesis of acridin-9-methanol nanoparticles was carried out
following the same procedure as described in the case of Acr-
Cbl nanoparticles.

Hydrolytic Stability of Acr-Cbl Nanoparticles at Differ-
ent pH Value. One mL of 2 X 107* M solution of Acr-Cbl
nanoparticles was added in PBS solutions (1 mL) of different pH
values, and the culture media PBS containing 10% fetal bovine
serum with pH = 7.4. All the tubes were kept in ultrasonic for
10 min to make the solutions homogeneous and stored at 37 °C
in dark condition for 72 h. Then 2 mL acetonitrile was added to
all the tubes and was ultrasonicated for 10 min. Then, all the
solutions were centrifuged and the supernatant liquid were
analyzed by reverse phase HPLC to examine the remaining
percentage of the Acr-Cbl nanoparticles.

Photolysis of Acr-Cbl Nanoparticles Using Visible Light
Irradiation (>410 nm). A suspension of 100 mL of 107" M
of the Acr-Cbl nanoparticles was prepared in water. Half of the
suspension was kept in the dark and to the remaining half
nitrogen was passed and irradiated using 125 W medium
pressure Hg lamp as the light source (>410 nm) using a suitable
filter (1 M NaNO, solution). At regular time intervals, 0.1 mL of
the aliquots was taken and 0.1 mL acetonitrile was added to it,
followed by analysis by RP-HPLC using mobile phase aceto-
nitrile, at a flow rate of 1 mL/min (detection: UV 254 nm). Peak
areas were determined by RP-HPLC, which indicated gradual
decrease of the Acr-Cbl nanoparticles with time, and the average
of three runs. The reaction was followed until the consump-
tion of the caged compound is less than 5% of the initial area.
Based on HPLC data for each caged compounds, we plotted
normalized [A] (HPLC peak area) versus irradiation time. We
observed an exponential correlation for the disappearance of the
caged compounds which suggested a first order reaction.

Acridin-9-methanol:>” '"H NMR (DMSO-d®, 200 MHz): § =
8.57—8.53 (d, ] = 8.8 Hz, 2H), 8.21—8.16 (d, ] = 8.6 Hz, 2H),
7.91—7.83, (t, 8.8 Hz, 2H), 7.72—7.64 (t, ] = 8.6 Hz, 2H), 5.66 (s,
1H), 5.51 (s, 2H); 3C NMR (DMSO-d®, 50 MHz): § = 148.3,
129.9, 129.5, 128.8, 125.3, 124.4, 54.7.

DNA Binding Studies Using Acr-Cbl Nanoparticles with
Calf Thymus DNA. Ethidium Bromide Displacement Assay.
To ascertain the mode of binding of Acr-Cbl nanoparticles to the
calf thymus DNA (ct-DNA) competitive EB displacement assay
has been performed using Acr-Cbl nanoparticles. Fluorimetric
titrations were performed in a 3 cm quartz cuvette using an
excitation wavelength of 480 nm. Three mL of 20 yM ct-DNA
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was saturated with 2 uM of ethidium bromide (EB) solution in
10 mM phosphate buffer pH 7.0 containing 50 mM NaCl. The
EBct-DNA solution was then titrated by successive addition of
Acr-Cbl nanoparticles to reach a final concentration of ~38 M.
Emission spectra were recorded from 500 to 750 nm. The
fluorescence spectra of EB were measured using an excitation
wavelength of 480 nm and the emission range was set between
500 and 750 nm. The spectra were analyzed according to the
classical Stern—Volmer eq 1.

E/F=1+K,[Q] (1)

where Fj and F are the fluorescence intensities in the absence and
presence of the quencher, respectively, K, is the linear Stern—
Volmer quenching constant, and [Q] is the concentration of the
quencher.

In order to determine the binding constant (K), eq 2°° was
employed.

(F — F)
F

Log = LogK + nLog[Q]

)
where F; and F are the fluorescence intensities in the absence and
presence of quencher, and [Q] is the concentration of quencher.
Log(F, — F)/F was plotted against log[Q], and the values of K
and n were obtained from the intercept and slope, respectively.

Molecular Docking Study. Molecular docking studies have
been carried out to substantiate the intercalation and preferred
binding mode of Acr-Cbl caged conjugate with DNA. The crystal
structure of DNA was obtained from the Protein Data Bank®
(PDB entry 3MKY) and was used for the docking studies. The
DNA file was prepared for docking by removing water molecules
and adding hydrogen atoms with Gasteiger charges. The 3D
structure of the ligands was generated in the PRODRG sever™
and its energy-minimized conformation was obtained using
accelrys discovery studio 3.1 by applying CHARMM*' force field
with Momany-Rone partial charges. The rotatable bonds in the
ligand were assigned with AutoDock Tools and flexible docking
was carried out with Auto Dock 4.2 Lamarckian Genetic
Algorithm (GA).* The whole DNA was enclosed in a grid
having 0.375 A spacing for blind-docking purposes. Other
miscellaneous parameters were assigned the default values given
by AutoDock. The output from Auto Dock was rendered in
PyMol.¥

Acr-Cbl Nanopatrticles for Cell Imaging Studies Using HelLa
Cell Line. Cell imaging studies were carried out using the HeLa
cell line obtained from National Centre for Cell Science (NCCS)
which was maintained in minimum essential medium (MEM)
containing 10% fetal bovine serum (FBS) at 37 °C and 5% CO,.
To study the cellular uptake of Acr-Cbl nanoparticles, briefly
HeLa cells (5 X 10* cells/well) were plated on 12 well plates and
allowed to adhere for 4—8 h. Cells were then incubated with 3 X
107° M, both the compounds separately in cell culture medium
for 4 h at 37 °C and 5% CO,. Thereafter, cells were fixed in
paraformaldehyde for 15 min and washed two times with PBS.
Imaging was done in Olympus confocal microscope (FV1000,
Olympus) using the respective filter.

Nuclear Co-Localization Studies Using Acr-Cbl Nano-
particles and a Nuclear Staining Dye Propidium lodide.
Cells, grown and plated as described above, were incubated for
4 h at 37 °C with 1 mL of MEM containing 20 yM of Acr-Cbl
nanoparticles. Thereafter, cells were washed 3 times with 10 mM
PBS and fixed with 2% paraformaldehyde for 15 min at room
temperature. After fixation cells were washed 3 times with
10 mM PBS permiabilized with 0.01% Triton X 100, a nonionic
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surfactant. The cells were counterstained with 10 pug/mL
propidium jodide (PI) and 0.5 pg/mL RNASE at room tem-
perature in the dark for 30 min. After gentle washing in 10 mM
PBS 3 times, the cells were viewed under confocal microscope.

Cytotoxicity of Acridin-9-Methanol Nanoparticles and the
Acr-Cbl Nanoparticles on Hela Cell Line. Cytotoxicity before
Photolysis. The cytotoxicity in vitro was measured using the
MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide, a yellow tetrazole) assay on HeLa cell line. Briefly,
cells growing in log phase were seeded into 96-well cell-culture
plate at 1 X 10* cells/mL. Different concentration of Acr-Cbl
nanoparticles, acridin-9-methanol nanoparticle, and chloambucil
were added into the wells with an equal volume of PBS in the
control wells. The cells were then incubated for 72 h at 37 °C in
5% CO,. Thereafter, fresh media containing 0.40 mg/mL MTT
were added to the 95 well plates and incubated for 4 h at 37 °C
in 5% CO,. Formazan crystals thus formed were dissolved in
DMSO after decanting the earlier media and absorbance
recorded at 595 nm.

Cytotoxicity after Photolysis. HeLa cells maintained in
minimum essential medium (in 96-well cell-culture plate at
concentration of 1 X 10* cells/mL) containing 10% fetal bovine
serum (FBS) and different concentrations (0.5, 1, 5, 10, 1S,
and 20 uM) of Acr-Cbl nanoparticles, acridin-9-methanol
nanoparticle, and chloambucil were incubated for 4 h at 37 °C
and 5% CO, Then the cells were irradiated (keeping the cell-
culture plate S cm apart from the light source) using 125 W
medium pressure Hg lamp as irradiation source (>410 nm) and
1 M NaNO, solution as UV cutoff filter. After irradiation the
cells were again incubated for 72 h. Then, cytotoxicity was
measured using the MTT assay as described in the previous
section.

Cell Apoptosis Studies. To study the cell apoptosis induced by
of Acr-Cbl nanoparticles, briefly HeLa cells (S X 10* cells/well)
were plated on 6 well plates and allowed to adhere for 8 h. Cells
were then incubated with 3 X 107 M Acr-Cbl nanoparticles in
cell culture medium for 4 h at 37 °C and 5% CO,, then irradiated
for 30 min, and then the cells were incubated for another 24 h
at 37 °C and 5% CO,. Thereatfter, cells were washed two times
with PBS and were collected by centrifuging. Then, cells were
resuspended in annexin-binding buffer and were deposited on a
glass slide followed by 5 uL of Annexin V and 2 uL of PI solutions
were added and were incubated for another 15 min. Imaging was
done in Olympus confocal microscope (FV1000, Olympus)
using the respective filter.

Scheme 2. Synthesis of Photocaged Acridine-Chlorambucil
(Acr-Cbl) Conjugate

Regeants and conditions: i) NBS, (PhCO),0,, CCl, reflux,
ii) Chlorambucil, K,CO3, DCM, rt

B RESULTS AND DISCUSSION

Synthesis of Acridine-Chlorambucil (Acr-Cbl) Conju-
gate. First, we synthesized a photocaged Acridine-Chlorambucil
(Acr-Cbl) conjugate as shown in Scheme 2. Bromination of
9-methylacridine in the presence of N-bromosuccinimide (NBS)
afforded compound 2, which on treatment with anticancer drug
chlorambucil in the presence of K,COj; in dry DCM vyielded the
final photocaged product 3.

Synthesis and Characterization of Acr-Cbl and Acridin-
9-Methanol Nanoparticles. Next, we synthesized Acr-Cbl
nanoparticles for DDS following the reprecipitation technique
by the means of slow addition of 5 yL of 3 mM acetone solution
of Acr-Cbl caged conjugate into 25 mL water with constant
sonication for 30 min. By using similar reprecipitation technique,
phototrigger acridin-9-methanol nanoparticles were also synthe-
sized. The size of the resulting nanoparticles of Acr-Cbl and
acridin-9-methanol were determined by transmission electron
microscopy (TEM), and it was found that both the Acr-Cbl as
well as acridin-9-methanol nanoparticles are spherical in shape
and the average particle size is of 60 nm (Figure la—b) and
5SS nm, respectively (Figure 1d). We also have measured the sur-
face charge of Acr-Cbl nanoparticles by measuring the zeta poten-
tial at neutral pH. The Acr-Cbl nano particles revealed a zeta
potential of about —19.3 mV at neutral pH, which suggests that
the aqueous dispersion of Acr-Cbl nanoparticles is sufficiently
stable for in vitro delivery of the anticancer drug.

The absorption spectra of Acr-Cbl nanoparticles were found to
be quite different compared to acridin-9-methanol nanoparticles,
but their emission spectra resembled each other (Figure 2).
The broad absorbance of the Acr-Cbl nanoparticles from 330 to
500 nm and strong emission at 480 nm indicates that Acr-Cbl
nanoparticles can be used both for cell imaging and for the

Figure 1. (a—d) TEM images of (a,b) Acr-Cbl nanoparticles before photolysis, (c) Acr-Cbl nanoparticles after photolysis, (d) TEM image of acridin-9-

methanol nanoparticles.
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Figure 2. (a—b) Normalized absorption and emission spectra: (a) Acr-Cbl nanoparticles, (b) acridin-9-methanol nanoparticles.

Table 1. Remaining Percentages of Acr-Cbl Conjugate in Dark Condition at Different pH Values

hydrolytical stability data Acr-Cbl conjugate

substrate time (h) % of depleted”(pH 5.6) PBS % of depleted”(pH 7.4) PBS % of depleted”(pH 8) PBS % of depleted”(pH 7.4) 10%FBS
Acr-Cbl nanoparticles 72 4 S S 3
Acr-Cbl nonagregated 72 12 21 7
“As determined by reverse phase HPLC.
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Figure 3. HPLC profile for the pprogress of the release of chlorambucil from Acr-Cbl nanoparticles using visible light (>410 nm) irradiation (X axis is

offset by 10 s and the Y axis is offset by 10 mAU for better visualization).
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Figure 4. "H NMR spectral profile of caged chlorambucil at different irradiation times.

release of anticancer drug under soft visible light irradiation
(>410 nm).

Hydrolytic Stability of Acr-Cbl Conjugate at Different
pH Value. To check the hydrolytic stability of Acr-Cbl
nanoparticles, 1 mL of PBS solution containing 2 X 107* M
of Acr-Cbl nanoparticles at different initial pH values (5.6, 7.4,
and 8) was prepared, separately. On the other hand, the culture
media PBS containing 10% fetal bovine serum at pH = 7.4 was
also prepared to monitor the stability of Acr-Cbl nanoparticles
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under the biological environment. All the tubes were kept in
ultrasonic for 10 min to make the solutions homogeneous and
stored at 37 °C in dark condition for 72 h. Then 2 mL acetonitrile
was added to all the tubes and was ultrasonicated for 10 min.
Then all the solutions were centrifuged and the supernatant
liquid were analyzed by reverse phase HPLC to examine the
remaining percentage of the Acr-Cbl conjugates. We observed
insignificant (3—5%) decomposition (Table 1) of the Acr-Cbl
nanoparticles under dark condition (data given is the average
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Figure 6. (a) Fluorescence quenching spectra of EB-ct-DNA with Acr-Cbl nanoparticles. The red line indicates the fluorescence emission spectra of EB
in the absence of ct-DNA and the top blue line indicates the fluorescence emission spectra of EB bound to ct-DNA; [EB] = 2 uM, [ct-DNA] = 20 uM,
[Acr-Cbl nanoparticles] = 0—38 uM. (b) The quenching of EB bound to ct-DNA by Acr-Cbl nanoparticles is in good agreement with the linear Stern—

Volmer equation.

Figure 7. Docked conformations of DNA-Acr-Cbl caged conjugate (a) surface representation showing the binding pockets of conjugate; (b) stereoview
of the docked conformations of Acr-Cbl conjugate showing that the ester carbonyl is forming H-bond with guanine N7 H-atom thereby facilitating

DNA-alkylation.

of three parallel experiments) which proves that the Acr-Cbl
nanoparticles are quite stable under the dark condition. When
the similar experiment was carried out with nonaggregated
Acr-Cbl conjugate, a slightly higher extent of decomposition
(7—21%) of the Acr-Cbl was observed (Table 1).
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Further, the stability of the aqueous suspension of Acr-Cbl
nanoparticles was tested by recording the emission spectra of
aqueous dispersion of Acr-Cbl nanoparticles for consecutive
7 days, and we observed that the emission spectra remain almost
unaltered (Supporting Information, Figure S1) even after 7 days,
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Figure 8. Confocal fluorescence and brightfield images of HeLa cells: (i) untreated cells; (ii—v) cells + Acr-Cbl nanoparticles (4 X 107> M): (ii) after 1h,
(iii) after 2 h, (iv) after 3 h, and (v) after 4 h of incubation (Scale bar = 20 pm).

which means the aqueous dispersion of Acr-Cbl nanoparticles is water (1 X 107* M) was irradiated under visible light (>410 nm)

stable enough to be used as DDS. by 125 W medium pressure Hg lamp using a suitable filter
Photoinduced Release of Chlorambucil from Acr-Cbl (1 M NaNO, solution) and the course of the photorelease was

Nanoparticles. A suspension of the Acr-Cbl nanoparticles in followed by reverse phase HPLC. A known amount of aqueous
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Figure 9. Confocal fluorescence and brightfield images of HeLa cells: (i—v) Cells were incubated with 20 #M Acr-Cbl nanoparticles for different time
intervals (1—4 h) followed by fixation of cells and nuclear staining by P, (a) brightfield image of cells, (b) showing the uptake of Acr-Cbl nanoparticles
(Ax=410nm), (c) showing the uptake of PI (25 nM, 4., = 535 nm), (d) overlay image of a, b, and ¢, which shows that both Acr-Cbl nanoparticles and PI
are located at the cell nuclei, (v)a—c: Image of a treated single HeLa cell showing the accumulation of Acr-Cbl nanoparticles inside the HeLa cell.
(v)d: showing the profound accumulation of both Acr-Cbl nanoparticles and PI in the HeLa cell nuclei (violet color). The blue fluorescence is from
Acr-Cbl nanoparticles and the red fluorescence is from PI used to stain the nuclei. (Scale bar = 20 ym.)

suspension of the photolysate (0.1 mL) was taken at regular
intervals of time and subjected to reverse phase HPLC. HPLC
profile (Figure 3) showed a clean photocleavage of the Acr-Cbl
conjugate into corresponding photoproduct chlorambucil and
acridin-9-methanol.

We also have followed the course of the photorelease by
"H NMR spectroscopy. A known amount (1 mL) of aqueous
suspension of the photolysate was taken at regular intervals of
time and was extracted in dichloromethane (DCM), then solvent
was evaporated under vacuum and redissolved in CDCl; and
the 'H NMR was recorded. 'H NMR spectra showed a clean
photocleavage of the Acridine-Cbl conjugate into corresponding
photoproduct chlorambucil and acridin-9-methanol (Figure 4).

The course of the photorelease of the anticancer drug was
then quantified by plotting the HPLC peak area obtained for
chlorambucil (Figure Sa). The reaction was followed until the
consumption of the Acr-Cbl nanoparticles is less than 5% of the
initial area. We also established precise control over the photolytic
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release of the anticancer drug by monitoring the release of
chlorambucil after periods of exposure to light and dark condition
as shown in the Figure Sb. From the figure it can be clearly seen
that the drug release proceeds only under illumination.

DNA Binding Studies Using Acr-Cbl Nanoparticles.
Ethidium bromide displacement assay: To ascertain the mode
of binding of Acr-Cbl nanoparticles to the calf thymus DNA
(ct-DNA), competitive EB displacement assay was performed
using Acr-Cbl nanoparticles. Initially the fluorescence intensity
of ethidium bromide (EB), a well-known classical intercalator,
was enhanced upon complexation with the DNA. But later on,
addition of increasing concentration of Acr-Cbl nanoparticles to
EB bound DNA, and the fluorescence intensity of EB gradually
decreased (Figure 6a), indicating that Acr-Cbl nanoparticles
preferred to bind DNA in an intercalative manner. Further, the
affinity constant of Acr-Cbl nanoparticles was found to be 1.59 X
10° M~ which is similar to that of other strong acridine DNA
binders.**
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Figure 10. (i)a: TEM image of nonaggregated Acr-Cbl. (1b—iid) Confocal fluorescence and brightfield images of HeLa cells: (ib—d) cells +
nonaggregated Acr-Cbl (4 X 107> M) after 4 h of incubation: (ib) brightfield image, (ic) fluorescence image and (id) overlay image of ib and ic, (i—v)

Cells were incubated with 20 #M Acr-Cbl nanoparticles.
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Figure 11. (a—b) Cell viability test of Acr-Cbl nanoparticles, acridin-9-methanol nanoparticles and chlorambucil in HeLa cell line: (a) before irradiation,
(b) after irradiation; and (c) cell viability test at regular time intervals of irradiation in the presence of 3 X 10™> M Acr-Cbl nanoparticles. Values are

presented as mean + SD.

Molecular Docking Studies Using Acr-Cbl Caged
Conjugate. To substantiate the intercalation and preferred
binding mode of the prodrug Acr-Cbl conjugate with DNA,
we performed molecular docking studies. The docking study
corroborates the experimental findings, which suggest that
Acr-Cbl conjugates are behaving as DNA-intercalators. The
docking analysis reveals that the planar acridine moiety of
Acr-Cbl caged conjugates acts as a minor groove binder
(Figure 7a) whereas the ester carbonyl group forms hydrogen
bonds with two guanine N7—H atom as reflected in the
Figure 7b. Therefore, the acridine moiety acts as the carrier for
the anticancer drug chlorambucil, whereas the H-bonding of
the carbonyl group with guanine N7—H atom indicates that
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DNA alkylation might proceed through guanine efficiently
after the release of chlorambucil.

Cellular Uptake Studies of Acr-Cbl Nanoparticles. To
investigate real-time cellular uptake property of Acr-Cbl nano-
particles, we carried out cell imaging studies using the cancerous
HeLa cell line, which was obtained from the National Centre for
Cell Sciences, Pune (NCCS). HeLa cell line was maintained in
minimum essential medium containing 10% fetal bovine serum
at 37 °C and 5% CO,. HeLa cells (5 X 10* cells/well) were plated
on 12 well plates and allowed to adhere for 4—8 h. Cells were
then incubated with 4 X 107° M of Acr-Cbl nanoparticles in cell
culture medium for different time intervals (1—4 h) at 37 °C and
5% CO,. Thereafter, cells were fixed in 2% paraformaldehyde for
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Figure 12. Confocal fluorescence and brightfield images of HeLa cells Acr-Cbl nanoparticles (4 X 10~ M) + 35 min irradiation (a) brightfield,
(b) fluorescence (4., 410 nm), and (c) overlay image of a and b. (Scale bar = 20 ym.)

Bright field Fluorescence (annexin V) Fluorescence (PI)

Overlay of a, band ¢

Figure 13. Confocal fluorescence and brightfield images of HeLa cells: (ia-d) untreated cells, (iia-d) cells + Acr-Cbl nanoparticles (4 X 107> M),
+ 35 min irradiation followed by staining with annexin V and PI (propidium iodide). (Scale bar = 25 and 75 pum, respectively.)

15 min and washed two times with PBS. Imaging was done with be seen that the nonaggregated Acr-Cbl conjugate is readily
Olympus confocal microscope (FV1000, Olympus) using the internalized by the cell membrane, but when we carried out nuclear
respective filter. Cellular uptake study after 1—4 h incubation colocalization studies using propidium iodide, we noted that the Acr-
reveals that the Acr-Cbl nanoparticles were internalized by the Cbl conjugate is mostly located in the cytoplasm along with the trivial
cell membrane in increasing concentration with the increase of accumulation in the nucleus (Figure 10(iib-d)). Thus, aggregation of
exposure time, and the maximum accumulation of Acr-Cbl nano- Acr-Cbl conjugate into nanoparticles plays an important role in its
particles at the cell nucleus was observed after 4 h of exposure as profound accumulation in the cell nucleus.
detected by confocal microscopy (Figure 8). Anticancer Efficacy of Acr-Cbl Nanoparticles before
Further, to study the localization of the Acr-Cbl nanoparticles and after Photolysis. After successful demonstration of
inside the HeLa cell, we stained the cell nuclei with propidium iodide. pronounced accumulation of Acr-Cbl nanoparticles within the
After exposing the HeLa cells to Acr-Cbl nanoparticles for different nucleus of HeLa cells, we evaluated the cytotoxicity of Acr-Cbl
time intervals, followed by propidium iodide, we noted that nano- nanoparticles, chlorambucil, and acridin-9-methanol nanoparticles
particles were readily internalized by the cell membrane and found to in vitro using the MTT (3-(4,5-dimethylthiazol-2-y1)-2,5-diphenylte-
be located in the cell nucleus in increasing concentration with the trazolium bromide a yellow tetrazole) assay in HeLa cell line. Briefly,
increase of exposure time, and the maximum accumulation of Acr-Cbl HeLa cells in their exponential growth phase were trypsinized
nanoparticles at the cell nucleus was observed after 4 h of exposure as and seeded into 96-well cell-culture plate at the density of 1 X 10*
detected by confocal microscopy (Figure 9). cells/mL in 100 4L DMEM complete medium. Different concentra-
Cellular Uptake Studies of Nonaggregated Acr-Cbl tions of Acr-Cbl nanoparticles, chlorambucil, and acridin-9-methanol
Conjugate. To investigate whether the aggregation of Acr-Cbl nanoparticles were added in the wells with an equal volume of PBS in
conjugate is inducing any advantage over the nonaggregated Acr-Cbl the control wells. The cells were then incubated for 72 h at 37 °C in
conjugate, the cell imaging studies were carried out using the non- 5% CO,. Later, fresh media containing 040 mg/mL MTT were
aggregated Acr-Cbl conjugate following similar experimental pro- added to the above 96-well plates and incubated at 37 °C for

cedure to that of Acr-Cbl nanoparticles. From Figure 10(ib-d), it can additional 4 h. Thereafter, the medium was removed, the formazan
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crystals formed were dissolved in DMSO, and the absorbance was
recorded at 595 nm. It was observed that cell viability remains above
90% at different concentrations of Acr-Cbl nanoparticles and acridin-
9-methanol nanoparticles, whereas an increasing cytotoxicity was ob-
served on addition of increasing amount of chlorambucil (Figure 11a).

For the light exposure experiment, cells incubated with dif-
ferent concentrations of Acr-Cbl nanoparticles on irradiation for
35 min under visible light (>410 nm) resulted in the release of
the anticancer drug chlorambucil, thereby causing cytotoxicity in
cancerous HeLa cell lines as validated by the MTT toxicity data
(Figure 11b and c) and the apoptosis of HeLa cell line was further
confirmed by cellular imaging studies (Figure 12).

On the other hand, there was no significant cell death observed
when the cells were irradiated in the presence of acridin-9-
methanol nanoparticles or in the absence of Acr-Cbl nano-
particles, indicating that cytotoxicity was likely caused by the
released drug, chlorambucil, upon light irradiation. On
comparison with the same concentration of chlorambucil to
that of Acr-Cbl nanoparticles (Figure 11a), Acr-Cbl nano-
particles showed much lower cytotoxicity compared to
chlorambucil. But upon irradiation, Acr-Cbl nanoparticles
showed an enhanced cytotoxicity (Figure 11b and c) to cancer
cells in comparison to chlorambucil, because of the efficient
photorelease of chlorambucil inside the cell nucleus. Thus, the
Acr-Cbl nanoparticles serve as a versatile nanosized DDS for the
release of the anticancer drug inside the cell nucleus.

Further, to investigate whether the killing of cancerous HeLa
cell by the means of photorelease of chlorambucil from Acr-Cbl
nanoparticles proceeds through apoptosis or necrosis, we carried
out annexin V and PI (propedium iodide) staining experiment
using the Alexa Fluor 488 annexin V/Dead Cell Apoptosis Kit.
After staining with annexin V and PI, on confocal fluorescence
imaging it was observed that the cell membrane of most of the
HeLa cells are being stained with annexin V (Figure 13iib, green
fluorescent) but the cell nuclei were not stained with propidium
iodide (Figure 13iic), which means the cell death proceeds
through apoptosis, not by the necrosis pathway.

B CONCLUSIONS

In summary, we have developed excellent single component
photoresponsive organic nanoparticles made of acridin-9-
methanol for photocontrolled nuclear-targeted delivery of
anticancer drug. The strong fluorescence of acridin-9-methanol
nanoparticles has been explored for the in vitro cellular imaging
application. Photoregulated drug release ability of acridin-9-
methanol nanoparticles has been established by means of
periodic exposure to light and dark condition. Importantly,
acridin-9-methanol nanoparticles facilitated the active nuclear
entry of anticancer drug chlorambucil. Further light irradiation
enhanced cytotoxicity of Acr-Cbl nanoparticles compared to free
drug against HeLa cells. Finally, though our photoresponsive
organic nanoparticles are effective for targeted and regulated
drug delivery, their application toward in vivo studies is still
restricted due to their absorption below 500 nm. Hence, in the
future we would like to design photoresponsive organic
nanoparticles which can be operated in the NIR region.
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