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Nanocarrier-mediated photodynamic therapy (PDT) is an effective tool for anti-tumour treatment due to targeted and

image-guided delivery of photosensitizers (PSs) to diseased tissues. These nanocarriers range from inorganic, ceramic,

polymeric to biological nanoparticles (NPs). Such PS-grafted bicomponent nanocarriers have limitations like i) difficulty in

surface modification, ii) lower loading percentages of the therapeutic agent, iii) unstable physical encapsulation etc. By any

means, if we can prepare PSs directly as NPs then we can surpass the above drawbacks. Hence, we synthesised new two-

photon fluorene-functionalised morpholine (Fluo-Mor)-based organic NPs that showed strong fluorescence and profound

photodynamic therapy (PDT) activity only in acidic medium. Such pH-responsive appearance of fluorescence enables Fluo-

Mor NPs for real time monitoring of photodynamic therapeutic activity selectively in low-pH organelles viz. lysosome.

Cytotoxicity of Fluo-Mor NPs was monitored using time-dependent and dose-dependent cancer cell viability assay and

confocal imaging.

Introduction

Photodynamic therapy (PDT), a non-invasive therapeutic
modality, is an effective modern technique for anticancer
treatment.” PDT involves irradiation of a photosensitizer (PS),
mostly in the region of visible or near-IR (NIR), in presence of
molecular oxygen. Hence, it has minimum side effects on
normal tissues. Despite these advantages, clinical PDT agents
are few due to their lack of specificity, which leads to
undesired toxicity and prolonged skin photosensitization.2
Moreover, most PS molecules give decreased quantum yield
due to their hydrophobic nature leading to seIf—aggregation.3
Therefore, to increase the solubility and to avoid off-target
exposure of PSs in physiological system, nanoparticle (NP)-
mediated PS delivery has gained much attention.

features like significant hydrophilicity,
enormous surface areas that appropriately
functionalized leading to various chemical or biochemical
properties, and efficient tissue penetration ability through fine
capillaries and epithelial lining because of their sub-micron and
sub-cellular size.* Of late, there has been remarkable
development in PS-loaded NPs viz. surface-functionalized

NPs have special
can be
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ceramic NPs, metallic NPs, physical encapsulation within
polymeric NPs and micelles, etc.”® Although such nanocarriers
render immense advantages in delivering PSs for targeted
cancer treatment, some of these suffer from some crucial
shortcomings e.g. lower loading capacity, undesired toxicity,
unstable physical encapsulation etc.”™ Though recent reports
on formulation of Au25(SR)-18 clusters in conjugation with
upconversion nanoparticles15 or Fe304/ZIF-8-Au25™ based
MOF render immense advantages in the field of anticancer
treatment
photoacoustic and MRI imaging, these nanocarriers include
crucial synthetic procedures. Thus, formulating organic
photosensitizers (PSs) directly as NPs by simple reprecipitation
technique can possibly overcome such limitations.

In 2005, Barbara et al reported synthesis of
perylenedicarboximide organic NP leading to a
multichromophoric system with dual emission property.17
Further, Rahimi et al prepared porphyrin NPs by ultrasonic
method and studied their optical properties.18 However, such
porphyrin NPs were found to display effective catalytic
property only in presence of metal ions. Recently, our group

in terms of multimodal therapeutic activity,

reported perylene organic NPs for light-triggered anticancer
drug release.” Prerequisites of formation of organic NPs with
desired size and shape are extended m-conjugation, optimum
hydrophobicity etc.”®

Although, few reports exist on synthesizing PS nanocrystals for
PDT,Zl‘23 there is scope for exploring new PS NPs for targeted
and image guided cancer treatment. This encouraged us to
directly fabricate organic NPs of a well-known PS. For the
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current study, we selected fluorene derivative because of their
unique features like (i) strong 2PE-induced PDT utilizing the
NIR spectral region, (ii) extended m-conjugation, and (iii)
moderate hydrophobicity.24 Further, we also functionalized
the fluorene derivative with a morpholine unit which served
the following purposes; (i) pH-triggered PDT, as morpholines
could behave as a donor moiety indulging in effective
photoinduced electron transfer (PET) to the acceptor fluorene
derivative at neutral pH, (ii) morpholines are known to be
specific to the acidic organelles e.g. lysosomes (pH 4.0—6.0) of
the cells,” (i) pH-regulated fluorescence emission for real
time monitoring of the PDT action by the state of the art NPs.
Thus, we can observe a synergic effect of real-time monitoring
and on-demand pH-triggered PDT by Fluo-Mor organic NPs
minimizing undesirable toxicities as presented in figure 1.

O =2 Non-fluorescent Muorenc;
LO = Protonated morpholine: *‘ = Singlet oxygen

) = Non-protonated morpholine:

) = Fluoresceat fluorene;

Figure 1 Schematic representation of pH-triggered lysosome targeted Photodynamic
therapy (PDT) by Fluo-Mor organic nanoparticles

Experimental Section
Synthesis of Fluo-Mor (7)26

A mixture of compound 6 (0.050 g, 0.145 mmol) (scheme 1), 4-
(2-bromoethyl)morpholine (0.028 g, 0.145 mmol), KI (0.003 g,
0.015 mmol), and DMSO (5 mL) was stirred at room
temperature, to which powdered KOH (0.034 g, 0.61 mmol)
was slowly added under N,. The colour of the reaction mixture
changed from bright yellow to dark green immediately after
KOH addition, and, after 1h, the reaction mixture was poured
into water and extracted with hexanes. The organic extract
was washed with water, dried over Na,SO,, and concentrated,
affording 0.040 g dark brown crude. Purification was
accomplished using flash column chromatography (230-400
silica gel) with 30 % EtOAc/hexanes, providing 0.030 g of dark
yellow solid (70 % vyield). FTIR (KBr, cm'l): 1190, 1438, 1720,
2925. UV-vis (citrate buffer): Amax (log €): 350 (0.55). 'H NMR
(200 MHz, CDCl,): 8.43 (s, 1H), 8.36-8.32 (d, 1H, J = 8.4 Hz),
8.31-8.27 (d, 1H, J = 8 Hz), 8.023 (s, 1H), 8.00-7.85 (m, 3H),
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7.66-7.62 (d, 1H, J = 8 Hz), 7.42-7030 (m, 2H), 4.05-4.00 (t, 8H,
J=5Hz),2.51-2.49 (t, 4H, J = 1.2 Hz ), 2.21-2.18 (t, 8H, J = 2.2
Hz), 1.65-1.64 (t, 4H, J = 1.8 Hz). *C NMR (50 MHz, CDCls):
166.5, 152.21, 147.93, 147.20, 142.3, 139.40, 136.08, 134.69,
131.61, 129.69, 129.05, 124.93, 123.45, 115.98, 114.20,
111.94, 109.3, 67.61, 63.11, 51.31, 43.37, 40.07, 14.25. For
C3,H34N,0,S [MH+] = 571.2301, found 571.2303.

Synthesis of Fluo-Mor NPs

Reprecipitation technique was followed to synthesize Fluo-
Mor NPs.™® To a vial containing 20 mL millipore water, 10 uL of
3 mM solution of Fluo-Mor conjugate in acetone was slowly
added at room temperature under controlled stirring. The size
and shape of the Fluo-Mor NPs was verified by UV/vis,
fluorescence, TEM, DLS and zeta potential measurements.
Photophysical properties of Fluo-Mor NPs

Measurement of pH dependent fluorescence quantum yield

The fluorescence quantum vyield of the Fluo-Mor NPs in
different pH solutions was determined by reference point
method taking Quinine sulfate in 0.1 M H,SO, (literature
quantum vyield: 54%) as a standard sample. The detailed
experimental procedure has been discussed in supporting
information (section 4.1).

Photochemical properties: pH-dependent singlet oxygen
generationz'27

In order to confirm pH dependence of the generation of singlet
oxygen by Fluo-Mor NPs, we recorded the photodegradation
rate of 1,3-diphenylisobenzofuran (DPBF, Aldrich) in presence
of the NPs in varied pH solutions. The singlet oxygen quantum
yield (®,) was determined in citrate buffer solutions of
different pH values containing 0.5 % DMSO and taking Rose
Bengal as the reference having a singlet oxygen quantum yield
of 0.74 in water.

Lysosome specific cellular internalization studies of Fluo-Mor
NPs in human Colon cancer cell HT-29%

To study the lysosome targeting of Fluo-Mor NPs, Human
Colon cancer HT-29 cells (105cells/well) were incubated with
Fluo-Mor NPs with different concentrations (75, 100 300
ug/mL) for 4 h in a humidified 5% CO, atmosphere at 37 °C cell
culture medium. Following 4 % paraformaldehyde treatment
and washing several times with PBS buffer (1X, pH 7.4), the
colon cancer cells were stained with LysoTracker Red DND-99
(100 nM) and further incubated for 1 h at 37 2C. After washing
the cells with PBS buffer, imaging was done using an Olympus
FV1000 confocal microscope with the appropriate filter.
Experimental details have been discussed in supporting
information (Section 5.1).

Photoinduced cytotoxicity of Fluo-Mor NPs by MTT assay29

Cytotoxicity of Fluo-Mor NPs with and without irradiation on
human colon cancer HT29 cells was determined by
conventional MTT assay (supporting information section 5.2).
Fluo-Mor NPs treated cells were incubated for 4 h. Afterwards,
the cells were irradiated with UV/vis light of wavelength >365
nm (0-5 min) and further incubated for about 16 hours at 37
°C. Following treatment for 16 hrs at 37 ‘C, MTT solution
(5mg/ml in PBS) was added and incubation was prolonged for

This journal is © The Royal Society of Chemistry 20xx
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5 h at 37 'C. Inhibition of cell proliferation was monitored by
MTT (Himedia) assay. Further the cell death pathway was
monitored by Live/dead assay30 with Calcein AM, Ethidium
Homodimer 1 and nuclear morphological studies with DAPI*!
as has been discussed in supporting information section 5.3
and 5.4 respectively.

Intracellular singlet oxygen generation by Fluo-Mor NPs*?

HT-29 cells treated with Fluo-Mor NPs were washed with PBS
and then incubated with 4 puL of 10 mM DCFH-DA stock
solution in PBS solution for 30 min. After washing cells were
irradiated with a medium pressure mercury lamp with suitable
0.1 M CuSO, solution as filter (2365 nm) (16 mW cm'z) for 5
min and further incubated for 16 h. After washing with
Dulbecco's modified eagle medium (DMEM), the fluorescence
signal was determined by a Olympus FV1000 confocal
microscope with excitation at 488 nm and emission at 530 nm
(supporting information section 5.4).

Results and Discussions
Synthesis of Fluo-Mor (7)

Synthesis of Fluo-Mor i.e. fluorene derivative attached to
morpholine moiety was carried out following a slightly
modified version of a reported procedure26 (scheme 1).
Commercially available fluorene (1) was first nitrated in
presence of AcOH and conc. HNO;, followed by iodination with
Kl and 1, leading to 2-iodo-7-nitro fluorene (3). Refluxing
compound 3 for 1.5 h in presence of CuCN and FeCl; yielded
compound 4, which in turn was hydrolysed to 7-nitro-9H-
fluorene-2-carboxylic acid (5). Further reaction between the
acid chloride of 5 and 2-aminothiophenol in presence of NMP
at 100-110 °C led us to 2-(7-nitro-9H-fluoren-2-
yl)benzo[d]thiazole (6). Finally, compound 6 was stirred with 4-
(2-bromoethyl)morpholine in presence of KOH and Kl at room
temperature for 1 h to afford the desired Fluo-Mor (7). The
UV-Vis, FT-IR, H NMR, Bc NMR spectra of the synthesized
compounds are provided in supporting information
(supplementary fig. S1-S2).

Reaction Conditions: i) HNO;, AcOH, 60 "C, 30 min then 80 "C, 5 min; ii) I;, AcOH, NaNO; 30 min, reflux;
iii) CuCN, DMF, FeCly.6 H,0, reflux 1.5 h; iv) 70% H,80y, AcOH, reflux, 48 h, v) a) SOCl,, reflux, 4 h, b) 2-
aminothiophenol, NMP, 100-110 'c, 15 vi) 4-(2-Bromoethyl)morpholine, KOH, KI, DMSO, room
temperature, 1 h.

Scheme 1 Synthesis of desired compound Fluo-Mor (7)

Synthesis and Characterization of Fluo-Mor organic NPs

Next, uniform, globular and non-aggregated NPs of Fluo-Mor
.. . . 18 -
were prepared by reprecipitation technique.” Solution of

This journal is © The Royal Society of Chemistry 20xx
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Fluo-Mor in acetone was added slowly into deionized water
under constant ultra sonication at room temperature. Ultra
sonication was maintained throughout the addition procedure
to allow proper mixing of the two solvents. The nanoparticles
were generated by diffusion of acetone in deionized water.
This resulted in a drop of the interfacial tension between the
two phases causing an increase of the surface area and the
instantaneous precipitation of nanoparticles. TEM, DLS studies
(figure 2a-c) of the as-synthesized Fluo-Mor NPs suggested
that the size of the NPs was ~ 43 nm, thus can be well
internalized into tumour cells for in vitro and in vivo diagnosis
and treatments. The polydispersity index of thus-prepared
Fluo-Mor NPs was 0.002 at 43.82 nm, implying uniformity of
the nanoparticles. Variations in average size of the Fluo-Mor
NPs with change in solution pH were also monitored
(supplementary fig. S4). The average diameter of Fluo-Mor
NPs gradually increased upon decreasing the pH, which is in
accordance with literature reports.33’34 Zeta potential values
for the as-synthesized NPs were found to become largely
positive upon lowering of the pH (figure 2d),35 due to
protonation of the morpholine nitrogen atom at lower pH.
Such selective switching of charge from negative to positive
under acidic environment enhances the therapeutic effects of
Fluo-Mor NPs specifically in tumour cells.*®3*® 0Of late,
researchers have utilized drug delivery vehicles that are
negatively charged at neutral pH but acquire positive charge at
lower pH. Positively charged carriers interact strongly with
serum components leading to fast clearance; however,
negatively charged species showed prolonged circulation time
due to lack of interaction with blood components. Such
carriers that are inert throughout blood circulation can deliver
the drug to the endosomal/lysosomal compartments of cancer
cells. Ghinea et al proved that presence of some positively
charged part on the cell surface favoured internalization of
negative species over neutral species.39 Thus, the charge
reversal attribute of Fluo-Mor NPs enables them to act as
endosomolytic and lysosomolytic pH-responsive PDT agent.
Further, the Fluo-Mor NPs were stable under physiological

e

Zeta Potential (mV)

Figure 2 (a) TEM, (b) DLS presented in terms of number percentage, (c) DLS presented
in terms of intensity percentage and (d) pH-dependent Zeta Potential study of Fluo-
Mor organic NPs

J. Name., 2013, 00, 1-3 | 3
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pH-dependent photophysical studies of Fluo-Mor organic NPs

The pH-dependent UV and fluorescence studies also indicated
the protonation of the morpholine unit at acidic pH (figure 3a-
b). As shown in figure 3b, fluorescence intensity decreased on
increasing the pH from 3 to 7.4 due to the ongoing PET process
in Fluo-Mor at neutral or alkaline pH. At higher pH, morpholine
behaves as a donor moiety to the acceptor fluorene due to the
presence of a lone pair of electrons on nitrogen. Hence, the
quenched.
the morpholine nitrogen unit is

intrinsic fluorescence of fluorene moiety is
at lower pH,
protonated such that PET is stopped and fluorescence is

However,

enhanced. In addition, the appearance of strong fluorescence
at lower pH can also be due to the aggregation of Fluo-Mor
NPs, as pH-dependent DLS studies of Fluo-Mor NPs showed
increased  hydrodynamic lower pH
(supplementary fig. S4). According to previous reports, various

size at values
other fluorene derivatives also showed such aggregation due
to the presence of conjugated donor-mt bridge-acceptor
moieties as present in Fluo-Mor NPs. %% Figure 3c shows the
gradual pH-dependent change in fluorescence intensity under
fluorescence lamp. Figure 3d represents the reversible
switching on and off process of fluorescence. Further,
fluorescence quantum yield values for Fluo-Mor at different
pH values were also calculated and the quantum yield values
were found to decrease with increasing pH (from pH 3 to pH
7.4) (supplementary Table S2). We also compared the effect
of other inorganic metal ions and hydrophobic serum protein
on the fluorescence properties of Fluo-Mor NPs. No significant
variation in fluorescence intensity of Fluo-Mor NPs was
observed in absence and presence of excess of those elements
(supplementary fig. S5), which implied high selectivity of Fluo-
Mor NPs towards acidic environment.

i —_pH3 1200 —pH3
0.9 — i " b —pH4
pHS Z 1000 pH S
pH 6 § pH6
§ 064 —pH7 s 8004 —pHT
i —pHT4 = \ —pHTA
S f g 0]
< § an{ |
g ' N
z 2004 / G
L T T T T T 0 T T T T
50 300 350 400 450 500 400 450 S0 550 600

Wavelength (nm)

||H 3 pH=4 pli 5 pli=6 pH=7 p||t= 7.4

Wavelength (nm)

T
PET‘ 'k ) PHtE\ Hu

Fluorescent

e

t'-‘..,..-

Non-Fluorescent

Figure 3 (a) UV, (b) Fluorescence spectra of Fluo-Mor (70 uM) in citrate buffer solutions
with different pH, (c) Fluorescent images of Fluo-Mor at different pH values under
fluorescence lamp and (d) Mechanism of fluorescence quenching

pH-dependent singlet oxygen generation ability of Fluo-Mor
organic NPs

4| J. Name., 2012, 00, 1-3

The photosensitizing property i.e. singlet oxygen generation
ability of Fluo-Mor NPs was also found to be dependent on the
pH of the environment.
property was monitored following the well-known 1,3-
diphenylisobenzofuran (DPBF) degradation study at varying pH
(figure 4).2’27 Equimolar mixtures of DPBF (34 uM) and Fluo-
Mor NPs (35 uM) in citrate buffer solutions containing 0.5 %
DMSO were irradiated under both 1PE (2365 nm) and 2PE (740
nm) for 5 min and 15 min respectively. The 1O2 quantum vyields
(Table 1) decreased with increasing pH of the solution.
Maximum quantum yield was found in the region pH 3.0-4.0
(P, = 0.65 and 0.58, respectively), whereas the value
decreased to 0.09 at pH 7.4. Hence, the generation of 1O2 by
the Fluo-Mor NPs was almost negligible at physiological pH of
non-cancerous cells. The values of singlet oxygen quantum
yields of some standard photosensitizers in a similar pH-
controlled process reported in recent times range from 0.37
for a tetraamino silicon(lV) phthalocyanine moiety43 to 0.53 for
a porphyrin derivative® and 0.56 for zinc phthalocyanine45
Thus, Fluo-Mor NPs in the present work showed comparable
®, with respect to all these conventional photosensitizers.
Photoinduced singlet oxygen generation from Fluo-Mor NPs
were also calculated using 740-nm diode laser for 2 PE and
similar trend for singlet oxygen quantum yield was found
(supplementary fig. S6, Table S3).

The singlet oxygen generation

—=—pH 3
—e—pH 4
—a—pH 5
—v—pH 6
—<+—pH 7
—»—pH 7.4

1.24

1.04

0.84

0.6

AO.D.

0.4

0.24

0.0

0 50 100 150 200 250 300

Time (Sec)
Figure 4 Photodegradation study of DPBF (418 nm) in presence of Fluo-Mor NPs at
different pH

Table 1 Singlet oxygen quantum yield of Fluo-Mor NPs at different pH values

pH (in Citrate Buffer
solution containing 0.5 % @,
DMSO)
3 0.65
4 0.58
5 035
6 032
7 025
1A .49

?Rose Bengal as reference with known ®, = 0.74 in water

This journal is © The Royal Society of Chemistry 20xx
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Lysosome specific cellular internalization studies of Fluo-Mor NPs
in human colon cancer cell HT-29

To establish the in vitro application of the PDT efficacy of Fluo-
Mor NPs, initial cellular internalization studies were carried out
in human colon cancer cell line, HT-29 through confocal
microscopy. To prove lysosomal targeting ability, the human
colon cancer cell line was incubated with Fluo-Mor NPs in
presence of the lysosome-staining dye LysoTracker Red® DND
99.% The confocal images showed efficient co-localisation of
the Fluo-Mor NPs and the lysotracker dye, which was indicated
by the overlap between the green fluorescence of Fluo-Mor
NPs and the red fluorescence of the lysotracker dye (figure 5).

Lysotracker DIC+Lysotracker
DIC Lysotracker Fluo-Mor + Fluo-Mor + Fluo-Mor

a2 a4
E
-]
=]
Q

20um 20um 20um
b2 i &7 b4+ bS5

2N

Treated (5 min)

& 5 @
2 2 2
20um 20um 20pm

Figure 5 Lysosome localisation study using confocal microscopic images for human
colon cancer HT-29 cell treated with and without Fluo-Mor NPs; shown are (a)
untreated cells (b) cell treated with Fluo-Mor NPs; (1) bright-field images , fluorescence
images (2) in the 590-nm (LysoTracker Red DND 99) and (3) 460-nm (Fluo-Mor NPs)
emission channels, (4) overlays of the fluorescence images of lysotracker dye and Fluo-
Mor NPs, (5) overlays of the bright-field images and the fluorescence images of
lysotracker dye and Fluo-Mor NPs. Scale bar =20 um

Photoinduced cytotoxicity of Fluo-Mor NPs by MTT assay

The cytotoxicity of the Fluo-Mor NPs was also tested in human
colon cancer cell line HT-29 via 3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide assay (MTT assay).29 The
time-dependent study revealed that within 5 min of irradiation
(=365 nm) and subsequent incubation for 16 h, the cell
viability decreased up to 30% (figure 6), in accordance with the
result of the singlet oxygen generation study (figure 4).
Further, a dose-dependent study revealed that at 75 ug/mL
concentration, cell viability is maximum (~ 90 %) for the Fluo-
Mor NPs, whereas it was only 37 % at a concentration of 300
pg/mL.

Journal of Materials Chemistry B

(fluence rate = 16 mW/cmZ)4 Values are presented as means * standard deviations of
three different observations.

Live/Dead assay for HT-29 colon cancer cell line by Fluo-Mor NPs

Further confirmation of cancer cell death was carried out by
Live/Dead assay with Calcein AM and Ethidium homodimer-1.
Calcein AM is a membrane permeable fluorogenic esterase
substrate that is hydrolysed in live cells to yield cytoplasmic
green Membrane-impermeable
homodimer-1 labels nucleic acids of membrane-compromised
In figure 7 (a2), the
untreated cells showed strong green fluorescence due to

fluorescence. ethidium

. 30
dead cells with red fluorescence.

presence of cell permeable Calcein AM dye, however figure 7
(a3) showed absence of any significant staining by Ethidium
homodimer-1, which indicated presence of live cells. After
treating the HT-29 cells with Fluo-Mor NPs for 5 min using >
365 nm wavelength, appearance of intense red fluorescence of
Ethidium Homodimer-1 was observed (figure 7 (b3)), that
implied loss of cancer cell membrane integrity or membrane
rupture, characteristic behaviour of apoptotic cell death. Of
note, the merged (yellow portions) portions indicated in figure
7 (b4) were suggestive of beginning of cell death process.
Thus, from the live/dead assay, it could be inferred that the
cell death process might be via apoptosis as reported in
literature.®

DIC Calcein-AM Ethidium homodimer-1

Control

100um

Treated (5 min)

2 100um 100um

2 -hflipnl ’

(@) 1 (b) 10
b . >
0

Control  75pg/mL 150 pg/mL. 300 pg/ml. 0 05 1 2 3 4 5

Concentration Time (min)

Figure 6 Comparative Cell viability study of Fluo-Mor NPs on Human Colon cancer HT-
29 cells (a) dose-dependent and (b) time-dependent decrease of cell viability at a Fluo-
Mor NPs concentration of 300 ug/mL under the irradiation of UV-vis light of >365 nm

This journal is © The Royal Society of Chemistry 20xx

Figure 7 Live/Dead assay for HT-29 colon cancer cell line in presence of Fluo-Mor NPs;
(a) before irradiation of light, (b) after 5 min of light irradiation; (1) bright-field images,
(2) fluorescence image of Calcein AM at 520 nm, (3) fluorescence image of Ethidium
Homodimer 1 at 617 nm and (4) overlays of the bright-field images and the
fluorescence images. Scale bar =100 um

DAPI staining for nuclear morphology observation

Nuclear morphology of cancer cell was studied by confocal
imaging nucleus-staining dye 4',6-diamidino-2-
phenylindole (DAPI) (supplementary fig. S7).31 Normal nuclei
(smooth) and apoptotic nuclei (fragmented or condensed)
were easily distinguished from this assay. Supplementary fig.
S7 (a2) and (b2) showed the nuclear morphology upon drug
treatment before and after photolysis. The nuclear
morphology analysis by DAPI staining showed prominent
nuclear fragmentation and condensation in colon cancer cells

using

treated with Fluo-Mor NPs, indicating efficient cell destruction
through apoptosis (supplementary fig. S7 (b2)). However,

J. Name., 2013, 00, 1-3 | 5
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cytotoxic effect of Fluo-Mor NPs upon light irradiation was
evaluated in various ways but for further confirmation of
apoptotic cell death additional studies would be required.
Intracellular singlet oxygen generation by Fluo-Mor NPs

Further, to qualitatively estimate the intracellular singlet
oxygen generation by Fluo-Mor NPs, the colon cancer cell line
was stained with dichloro-dihydro fluorescein diacetate (DCFH-
DA).32 DCFH-DA is a non-fluorescent molecule, whereas upon
oxidation by reactive oxygen species (ROS) it is converted to
dichloro fluorescein (DCF) which exhibits strong green
fluorescence upon excitation at 488 nm. Hence, to explore the
cell death pathway via PDT by Fluo-Mor NPs, the colon cancer
cells were co-incubated with DCFH-DA and Fluo-Mor NPs (A, =
365 nm, A.n, = 460 nm). Before irradiation, very less
fluorescence was found for DCF (figure 8 (c1)), implying
negligible singlet oxygen production. However, when the colon
cancer cells were irradiated, generation of strong green
fluorescence of DCF (A, = 488 nm, A., = 530 nm) was
observed (figure 8 (c2-c3)). Interestingly, the intracellular
fluorescence intensity of DCF increased in presence of Fluo-
Mor NPs upon irradiation of UV light (= 365 nm) in comparison
to the control, which were measured and graphically
represented with respect to irradiation time (supplementary
fig. S8).

»

S0um

Figure 8 Intracellular generation of singlet oxygen by Fluo-Mor NPs using DCFH-DA
assay. Shown are; (a) bright-field, (b) fluorescent and (c) merged images of bright-field
and fluorescent images of (1) control cells with Fluo-Mor NPs in dark, (2) after 1 min,
(3) 3 min and (4) 5 min of irradiation with light of 2365 nm (16 mW cm'z)

Conclusion

In conclusion, we have developed a new organic NP for both
diagnosis and treatment of cancer in a controlled and site-
specific manner. Our newly designed Fluo-Mor NPs showed
reversible fluorescence switch ON-OFF (ON= fluorescent; OFF=
non-fluorescent) property which rendered real time
monitoring of PDT activity. Moreover, as-synthesized NPs
showed efficient PDT activity with a quantum vyield of 0.65,
controlled by both pH and light. Further, due to their small size
(43 nm), the Fluo-Mor NPs were readily entered into cancer

6 | J. Name., 2012, 00, 1-3

cells and showed selective singlet oxygen generation in the
lysosomal cavity, indicated by DCFH-DA assay. MTT assay in
human colon cancer cells revealed that the Fluo-Mor NPs were
extremely efficient in cell destruction after 5 min of UV-vis
irradiation. Our present strategy can be further extended
towards the development of new organic NPs based on other
renowned photosensitizers in near future.
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Fluorene-Morpholine based Organic Nanoparticles : Lysosome-
targeted pH-triggered Two-photon Photodynamic Therapy with
Fluorescence Switch On-Off
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We synthesized Fluorene-Morpholine NPs that showed reversible fluorescence switch ON-OFF property which
rendered real time monitoring of PDT activity.



