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ABSTRACT: With an objective to develop efficient photosensitizers to cancerous tissues, we synthesized two novel biocompatible
sensitizers based on aza-BODIPYs incorporated with heavy atoms and biotin moieties. The bioconjugates DPR2a and DPR2b
exhibited a favorable absorption range (600−750 nm) with excellent triplet-state quantum yields (up to 79%) and singlet oxygen
generation yields (up to 75%). In vitro photobiological investigations employing MDA-MB-231 breast cancer cell lines exhibited
rapid cellular uptake, negligible dark toxicity, and high photocytotoxicity. The mechanism of cell death of these systems was
predominantly due to the mitochondrial damage, leading to apoptosis mediated via the generation of singlet oxygen-triggered
reactive oxygen species. The in vivo studies with the representative conjugate DPR2a employing female NOD/SCID mice models
showed inhibition in tumor growth and significantly decreased tumor volume post photodynamic therapy (PDT) treatment. Our
results validate that both DPR2a and DPR2b with iodine incorporation exhibit favorable and superior photophysical and
photobiological aspects and demonstrate thereby their potential applications in imaging and PDT of cancer.

1. INTRODUCTION
Photodynamic therapy (PDT) has been an evolving area in
cancer research and represents a favorable and effective
approach over conventional therapies.1 In PDT, a photo-
sensitizer (PS) plays an important role by releasing cytotoxic
reactive oxygen species (ROS).2−4 To get a robust and
versatile PS, various PSs such as porphyrins, rose-bengal,
porphycenes, phthalocyanines, methylene blue, chlorins,
squaraines, bacteriochlorins, BODIPY, aza-BODIPY, and
their analogues have been developed.5−8 For the effective
PDT outcome, the intrinsic efficacy of the PS is one of the
significant components. The search for an ideal sensitizer is
highly focused; as a result, third-generation PSs were
developed from second-generation PSs by conjugating with
specific moieties for targeted delivery. Various amino acids,9

peptides,10,11 carbohydrates,12 and antibodies13 or by
encapsulation into carriers like liposomes,14 micelles,15−17

and polymeric nanoparticles have been used for conjuga-
tion.15,18,19 However, in most of the cases, appended
modifications are required, which reduce the specificity,

toxicity, and shelf life of the PSs. In the last few decades,
biotin has attracted tremendous importance among the
scientific and pharmaceutical communities and has been used
as a small target-specific moiety for cancer cells, drug
monitoring, and therapy due to its low molecular weight,
high tumor specificity, and most importantly biocompatibil-
ity.20 Nevertheless, a few PSs like phthalocyanine,15,21−23

porphyrin,24 chlorins,25,26 nile blue,27 ruthenium metal
complexes,28,29 and iron(III) metal complexes30 have been
conjugated with biotin for targeted PDT. Biotin has also been
conjugated with aza-BODIPYs; however, this was limited
particularly for drug monitoring and bioimaging studies.31
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Recently, aza-BODIPYs have attracted considerable interest in
bioapplications due to their ease of synthesis, flexible
framework, high molar attenuation coefficient, tunable photo-
physical parameters, and remarkable photostability.17,19,31−38

Although the photophysical and photobiological properties of
these classes of dyes have been investigated, studies pertaining
to clinical applications are rather limited.19,31 Recently, aza-
BODIPYs have been formulated as self-assembled micelles
with aspartic acid39 and conjugated with glucose40 and amino
acid9 to enhance its PDT efficacy.

Herein, to overcome the shortcomings of third-generation
PSs, we designed two novel aza-BODIPY-biotin conjugates
DPR2a and DPR2b having two biotin units for PDT of cancer.
The framework of the PSs consists of three parts: aza-
BODIPY, PEG-3, and biotin (Schemes 1−3). Initially, the
non-iodinated aza-BODIPY-biotin conjugates DPR1a and
DPR1b were synthesized (Scheme 3). They showed good
fluorescence properties but lacked significant transient
absorption for the triplet state which was vital for PDT. So,
we planned to incorporate heavy atoms to the core of aza-

BODIPYs for the triplet-state transition through the heavy
atom effect,33 and accordingly, we synthesized our targeted
conjugates DPR2a and DPR2b (Schemes 1 and 3). Both the
aza-BODIPYs DPR2a and DPR2b exhibited good absorption
in the photobiological window with excellent extinction
coefficient, good triplet-state quantum yields, and singlet
oxygen generation quantum yields. Also, these systems
exhibited efficient photodynamic activity in biotin receptor-
positive triple-negative MDA-MB-231 breast cancer cells in
vitro and were effective in hindering the tumor growth in the in
vivo female NOD/SCID mice models, demonstrating thereby
their effectiveness as a sensitizer for PDT applications.

2. RESULTS AND DISCUSSION
2.1. Synthesis and Photophysical Studies. Our experi-

ments for the synthesis of compounds 1d and 2d started with
4-hydroxychalcone 1a and 4′-hydroxychalcone 2a as starting
materials following a reported procedure (Scheme 1).41 The
targeted aza-BODIPY-biotin conjugates DPR1a and DPR1b
were synthesized by performing click reaction of compounds

Scheme 1. Synthesis of Aza-BODIPYs: 1d, 1e, and 2d, 2e

Scheme 2. Synthesis of AzBiotin from PEG3 and Biotin
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1d and 2d with the azide-functionalized biotin-PEG3 AzBiotin
(Schemes 2 and 3). Regarding the synthesis of DPR2a and
DPR2b, initially we attempted to iodinate both the aza-
BODIPY conjugates DPR1a and DPR1b using NIS; however,
we were unsuccessful. Alternatively, we tried to iodinate
compounds 1d and 2d, which gave the iodinated compounds
1e and 2e (Scheme 1). Finally, both the iodinated compounds

1e and 2e were subjected to click reactions with AzBiotin to
attain our desired aza-BODIPY-biotin conjugates DPR2a and
DPR2b.

The conjugates DPR1a, DPR1b, DPR2a, and DPR2b
showed good absorption in the therapeutic window at 660 nm
(ϵ = 1.065 × 105 M−1 cm−1), 684 nm (ϵ = 8.0 × 104 M−1

cm−1), 648 nm (ϵ = 6.7 × 104 M−1 cm−1), and 670 nm (ϵ =

Scheme 3. Synthesis of Aza-BODIPY-Biotin Conjugates

Table 1. Photophysical Properties of Aza-BODIPY-Biotin Conjugates

sensitizer λabs, nm (ε, M−1 cm−1) λem, nma fluorescence QY, ΦF
ab triplet QY, ΦT singlet oxygen generation QY, Φ(1O2)c

DPR1a 660 (106,500) 698 0.200 ND ND
DPR1b 684 (80,000) 721 0.300 ND ND
DPR2a 648 (67,000) 703 0.027 0.75 0.72
DPR2b 670 (63,500) 706 0.065 0.79 0.75
dphotofrin 628 (3000) 630 0.10 0.61 0.30
dAza-BODIPY-5a 660 (83,000) 706 0.68 0.65

aExcited at 620 nm. bStandard reference for fluorescence QY = 0.34 (ref 43). cMethylene blue was used as a standard for the singlet oxygen
quantum yield standard, Φ(1O2) = 0.53; all the experiments were performed in methanol as a solvent; QY−quantum yield. dLiterature data (refs 42
and 33); ND = not determined.

Figure 1. Transient absorption spectra of (a) DPR2a and (b) decay of the transient at 440 nm, excited by 355 nm laser pulse; time-resolved
absorptions were recorded at 68, 350, 500, 800, 1150, 1950, and 3270 ns in methanol. (c) Graph of ΔOD of DPBF at 408 nm vs irradiation time
for DPR2a and DPR2b against methylene blue (MB) as the standard in MeOH.
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6.35 × 104 M−1 cm−1), respectively, compared to Photofrin
628 nm (ϵ = 3000 M−1 cm−1).42 The emission spectra of
DPR1a, DPR1b, DPR2a, and DPR2b exhibited emission in
the range of 640−850 nm with the maxima at 698, 721, 703,
and 706 nm, respectively, with fluorescence quantum yields
(ΦF) of 0.20, 0.30, 0.027, and 0.065, respectively, in methanol
(Table 1).

We conducted nanosecond laser flash photolysis experi-
ments33 with DPR2a and DPR2b in MeOH to better
understand the transitory intermediates of these systems
(Figure 1 and details are given in the Supporting Information).
We evaluated the transient absorptions of DPR2a and DPR2b
in MeOH after illumination with 355 nm laser pulses (10 ns,
50 mJ/pulse), which resulted in transient absorptions at 440
and 380 nm, respectively. Within the laser pulse, transient
absorptions of DPR2a at 440 nm and DPR2b at 380 nm decay
by a first-order process with lifetimes of 0.5 and 0.6 s,
respectively (Figure 1a,b and details are given in the
Supporting Information).

Furthermore, the triplet-state quantum yields of our aza-
BODIPYs were evaluated by a triplet−triplet energy-transfer
method with β-carotene as the acceptor and tris(bipyridyl)-
ruthenium(II) complex as the standard.33 We measured the
triplet quantum yield for DPR2a and DPR2b and found ΦT =
0.75 ± 0.02 and 0.79 ± 0.02, respectively, which were better
than those of Photofrin42 and aza-BODIPY-5a33 (Table1).

We also examined the singlet oxygen generation efficacy of
DPR2a and DPR2b using the chemical trapping method using
a singlet oxygen scavenger, 1,3-diphenylisobenzofuran
(DPBF), to get an insight into their PDT efficacy. A solution
of DPR2a and DPR2b with DPBF was irradiated by a 200W
xenon lamp (620 nm), and variation in DPBF absorption was
recorded with time (Figure 1c and details are given in the
Supporting Information). The singlet oxygen generation
efficiency (Φ1O2) of DPR2a and DPR2b was measured and
found to be 0.72 ± 0.02 and 0.75 ± 0.02, respectively.
Intriguingly, DPR2a and DPR2b showed superior photo-
physical properties over aza-BODIPY-5a and Photofrin33,42

(Table 1).
2.2. Evaluation of In Vitro Photodynamic Therapy.

With excellent photophysical results, we explored the photo-
biological aspects of aza-BODIPYs DPR2a and DPR2b. We
first performed photocytotoxicity studies in various cancer cell
lines such as MDA-MB-231, MCF7 breast cancer, HSC4 oral
cancer, HEPG2 liver cancer, SiHa cervical cancer, MiaPaCa
pancreas cancer, and HT29 colon cancer using the standard
colorimetric (MTT) assay. Cytotoxic analyses have shown that
aza-BODIPYs are non-cytotoxic under dark and light controls.
Both the PSs DPR2a and DPR2b were examined in these cell
lines under alike conditions with and without irradiation, and
the growth inhibition percentages are depicted in Table 2. It
was evident to find out that among all the cancer cells, MDA-
MB-231 cells exhibited low IC50 values of 3 and 6 μM for

DPR2a and DPR2b, respectively.20 These results suggest that
our PSs exhibit significant photocytotoxicity when activated by
light even though they are neither cytotoxic nor toxic in the
dark as compared to Photofrin (Figure 2 and details are given
in the Supporting Information). However, some reports of
small aza-BODIPYs are there with even better results.9,43

To comprehend the cellular uptake and distribution of
DPR2a and DPR2b, confocal microscopy images were
acquired in the MDA-MB-231 human breast cancer cell line
using DAPI at different intervals (Figure 3a,b). It was
fascinating to discover that within 15 and 30 min of incubation,
both the PSs DPR2a (10 μM) and DPR2b (10 μM) were
rapidly distributed in the MDA-MB-231 breast cancer cells.
Strong and punctate luminescence surrounding the nucleus
was found in combined images of MDA-MB-231 stained with
PSs and DAPI, suggesting cytoplasmic affinity. These
interesting results reflect the rapid cellular intake of our PSs
in the cytosol of the cancer cells.

Furthermore, we also investigated the fluorescence images of
DPR2a and DPR2b in biotin-negative non-cancerous
MCF10A cell lines. Interestingly, in MCF10A cell lines, the
PSs hardly showed any fluorescence upon excitation (Figure
3c). These results clearly show how DPR2a and DPR2b can
selectively distinguish non-cancerous cells and cancerous cells.

In general, PDT has been linked to cell death caused by
ROS. So, the CM-H2DCFDA assay was used to study the
cellular oxidative stress in DPR2a- and DPR2b-based PDT.44

At concentrations of 1.5 and 3.5 μM of DPR2a and DPR2b,
we observed DCFDA fluorescence of 80.4 and 89.9% in cells,
respectively. After increasing the concentration to 3 and 6 μM
compound DPR2a and DPR2b, respectively, the cells showed
about 82.5 and 92.6% of DCFDA fluorescence, respectively
(Figure 4a). On the other hand, hardly any fluorescence was
detected under light and dark controls. This finding clearly
shows that PDT with DPR2a and DPR2b significantly
increased subcellular ROS production, which resulted in
cellular damage in MDA-MB-231 cells.

The mitochondrial membrane potential by our PSs was
further investigated by the TMRM staining experiment.44 PDT
treatment of MDA-MB-231 cells with DPR2a and DPR2b at 3
and 6 μM concentrations resulted in 40.3 and 41.6% reduction
in membrane potential, respectively. However, in the light and
dark controls, the mitochondrial membrane potential was only
reduced to 7 and 9%, respectively. These findings demonstrate
that DPR2a and DPR2b trigger cell death primarily via the
apoptotic route during PDT treatment (Figure 4b and details
are given in the Supporting Information).

Moreover, the membrane damage was validated using
chromatin condensation fluorescence imaging with Hoechst.44

After PDT treatment with DPR2a and DPR2b at 1.5−3 and
3−6 μM doses, chromatin condensation was detected in
MDA-MB-231 cells. However, there was no chromatin
condensation for the light or dark control, indicating a

Table 2. Comparative IC50 Values of DPR2a and DPR2b in Cancerous and Normal Cell Linesa

sensitizer
MDA-MB-231

breast cancer (μM)
MCF7 breast
cancer (μM)

MiaPaCa
pancreas cancer

(μM)
SiHa cervical
cancer (μM)

HEPG2 liver
cancer (μM)

HT29 colon
cancer (μM)

HSC4 oral
cancer (μM)

MCF10A normal
cell line (μM)

DPR2a 3 5 10 7.5 12 13 15 30
DPR2b 6 7 9 8.5 8.9 10.5 12 35
Photofrin 12

aThe analyses were carried out in triplicates, and data is shown as a standard deviation from the mean n = 3.
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Figure 2. Photocytotoxicity of aza-BODIPY-biotin conjugates (a) DPR2a and (b) DPR2b in the presence and absence of light in various
cancerous cell lines.
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progressive elimination of malignant cells based on concen-
tration due to the PDT actions of aza-BODIPY-biotin
conjugates DPR2a and DPR2b.

Different phases in the cell cycle pattern serve as quality
control measures for DNA and chromosome replication.
Under this investigation, the cells were photo-treated with
DPR2a and DPR2b, and their effect on cell cycle was
observed. Interestingly, 26 and 20.6% of the G2/M arrest were
found post PDT treatment as shown in Figure S6 in the
Supporting Information. These results further establish that the
cellular damage from our PSs is unrepairable and thus leads to
apoptosis.

Further, Annexin V-FITC/PI assay was employed to
elucidate the mechanism underlying the PDT activity and
oxidative stress triggered by DPR2a and DPR2b44 (Figure 4c).
In this study, most of the cells did not show any apoptotic or
necrotic changes when treated with DPR2a (3 μM) and
DPR2b (6 μM) in the dark, indicating non-toxicity to MDA-
MB-231 cells in the dark. Interestingly, after irradiation, the
quantity of cells at the bottom right quadrant (Q4), which
signifies the early apoptotic phase, and the top right quadrant
(Q2), which signifies the late apoptotic phase, increases from
18 to 39.7% and 4.1 to 57.4%, respectively, when the
concentration of DPR2a increases from 1.5 to 3 μM. Similarly,
the percentage of cells at Q4 and Q2 increased from 20.7 to
41.3% and 7.7 to 51.8%, respectively, when the concentration
of DPR2b increases from 3 to 6 μM. These findings reveal the
apoptosis cancer cell death mechanism induced by our
conjugates DPR2a and DPR2b.

2.3. Demonstration of the In Vivo PDT Activity. The
exceptional in vitro photodynamic cytotoxicity of DPR2a
against MDA-MB-231 breast cancer cells in vitro motivated us
to investigate the in vivo PDT efficiency on a female NOD
SCID animal. MDA-MB-231 cells (3−5 × 106 cells, 200 μL)
were administered intravenously into the posterior flanks of the
animal and left for one to two weeks for inducing tumor
growth. The animals were then separated into two groups after
being injected with cancer cells. The first group of six tumor-
bearing mice served as controls (untreated), while the second
group was exposed to PDT with DPR2a. The PS, DPR2a (in
physiological saline), was injected intravenously into anes-
thetized mice, which were subsequently subjected to light (630
nm, 700 mW/cm2) for 5 min.42 Figure 5 shows the results of a
5 week observation of tumor volumes (TV, mm3). When
tumor volumes exceeded 10% of body weight, animals were
slaughtered in accordance with ethical animal guidelines.

Figure 5a,b depicts the tumor volumes measured on the 1st
day (before DPR2a treatment) and the 33rd day. After 33
days, the tumor volumes in irradiation-exposed animal models
treated with DPR2a were no longer quantifiable. The
experiments validate that the untreated mice exhibited massive
tumor growth, while the DPR2a PDT-treated mice demon-
strated an effective reduction in tumor volumes below
quantifiable dimensions, in as little as 33 days, with no
discernible scar at the tumor site (Figure 5c,d). The inhibition
in the growth of breast tumor in mice model by DPR2a clearly
signifies its potential for PDT application.

3. CONCLUSIONS
In summary, the synthesized aza-BODIPY-biotin conjugates
DPR2a and DPR2b showed a favorable absorption range
(600−750 nm), with excellent triplet excited-state quantum
yields (up to 79%) and singlet oxygen generation efficiency
(up to 75%). The in vitro PDT investigations of DPR2a and
DPR2b in MDA-MB-231 breast cancer cells exhibited good
fluorescence imaging with rapid localization in the cytoplasm
within 15 min of incubation, with photocytotoxicity of 3 and 6
μM, respectively. Annexin V, TMRM, nuclear condensation,
and DCFDA assay revealed cellular death to occur via the
apoptosis pathway predominantly involving ROS intermedi-
ates. We also observed efficient inhibition of tumor growth in
NOD/SCID mice with DPR2a PDT. Our results demonstrate
that both the PSs DPR2a and DPR2b are promising
candidates for imaging and PDT of cancer.

4. EXPERIMENTAL SECTION
4.1. Photophysical Studies. 4.1.1. Spectral Properties.

Absorption spectra were recorded in a HITACHI (U-3900)
UV−vis spectrophotometer, and emission spectra were
monitored in a Horiba (Fluorolog-3) fluorescence spectropho-
tometer. An applied Photophysics (LKS-20) laser kinetic
spectrophotometer equipped with a Quanta Ray OCR-12
Series Nd/YAG nanosecond laser was used for the triplet
excited-state study.44

4.1.2. Quantification of Fluorescence Quantum Yield. The
fluorescence quantum yields (ΦF) of our aza-BODIPY-biotin
conjugates were measured employing aza-BODIPY 18b as a
standard (ΦF = 0.36 in CHCl3) reported by O’Shea et al.43

The emission spectra of DPR1a, DPR1b, DPR2a, and DPR2b
were monitored from 640 to 900 nm on excitation at 620 nm.
The absorbance (optical density, OD) of all the aza-BODIPY-

Figure 3. Cellular uptake studies of (a) DPR2a; (b) DPR2b by the
MDA-MB-231 breast cancer cell line, scale bar: control�10 μm
(DPR2a), 20 μm (DPR2b), and DPR2a or DPR2b�10 μm; and (c)
DPR2a and DPR2b in the MCF10A non-cancerous cell line, scale
bar�5 μm. Blue is the DAPI stain showing MDA-MB-231 or
MCF10A cell nuclei and in red the aza-BODIPY-biotin conjugates
DPR2a and DPR2b in the cytoplasm.
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Figure 4. (a) ROS detection using DCFDA fluorescence under dark control, light control, after PDT with aza-BODIPY DPR2a and DPR2b; (b)
TMRM assay flow cytometric evaluation of MDA-MB-231 cells, displaying reduction in ΔψM by DPR2a and DPR2b PDT under light and dark
controls; and (c) flow cytometric evaluation of MDA-MB-231 cells post PDT by DPR2a (1.5 and 3 μM) and DPR2b (3 and 6 μM).
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biotin conjugates was recorded at 620 nm, and ΦF were
evaluated according to eq 1
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where Φsample and Φstd are the quantum yields of the aza-
BODIPY-biotin conjugate and the standard. Asample and Astd are
the areas under the emission spectra of the aza-BODIPY-biotin
conjugate and the standard. ODsample and ODstd are the
absorbances of the aza-BODIPY-biotin conjugate and the
standard measured at the excitation wavelength. nsample and nstd
are the refractive indices of the solvents of the aza-BODIPY-
biotin conjugate and the standard.

4.1.3. Quantification of Triplet Excited States. We
monitored the transient absorption spectra of aza-BODIPY-
biotin conjugates DPR2a and DPR2b (in methanol) after
exciting with a 355 nm laser pulse (85 mJ).

Transient-state quantum yields were measured using our
previously used method of triplet−triplet energy transfer to β-
carotene with Ru (bpy)3

2+ as a standard.45 A solution of β-
carotene (THF) was added to an optically comparable solution
of aza-BODIPY-biotin conjugates and standard Ru (bpy)3

2+

and excited with a 355 nm laser pulse. The triplet transient
absorbance (ΔA) of β-carotene at 510 nm due to the energy
transfer from the standard and the aza-BODIPY-biotin
conjugates was monitored. Through a correlation of the
absorbance peaks after the complete triplet production, we
estimated the triplet-state quantum yield (ΦT) of DPR2a (ΦT
= 0.75 ± 0.02) and DPR2b (ΦT = 0.79 ± 0.02) by using eq 2
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Here, “std” and “abod” refer to the standard Ru(bpy)3
2+ and

the aza-BODIPY-biotin conjugates, respectively, “kobs” is the β-
carotene triplet formation rate constant, and “ko” is the rate
constant for the decay of donor triplets of the standard or the
aza-BODIPY-biotin conjugates in the absence of β-carotene.

4.1.4. Quantification of Singlet Oxygen Generation
Efficiency. The singlet oxygen quantum yield was evaluated
by our previously employed chemical trapping method using
the singlet oxygen scavenger DPBF.46 An Oriel optical bench
(model 11200) with a light source of a 200 W mercury lamp
with a grating monochromator (model 77250) and appropriate
high pass/bandwidth filters were used for irradiation. The
Φ(1O2) values were calculated by irradiating an optically
comparable solution of the aza-BODIPY-biotin conjugates and
the standard, and the photo-oxidation of DPBF was
determined using eq 3. Methylene blue (Φ(1O2) = 0.53) was
used as the standard for the calculation of singlet oxygen
generation quantum yields of DPR2a (Φ(1O2) = 0.72 ± 0.02)
and DPR2b (Φ(1O2) = 0.75 ± 0.02).

= m F
m F

( O ) ( O )2
1 abod

2
1 ref

abod ref

ref abod (3)

wherein “m” is the slope for the changes in the absorbance of
DPBF (408 nm) vs irradiation time plot, F = 1−10−OD, the
absorption correction factor, and “abod” and “std” stand for
the aza-BODIPY-biotin conjugate and the standard, respec-
tively.

4.2. In Vitro Photodynamic Therapy. 4.2.1. Cell Culture.
Human breast cell lines MDA-MB-231, MCF7, HT29, HepG2,

Figure 5. PDT against MDA-MB-231 cancer cells using DPR2a (2 mg/Kg body weight) in NOD/SCID mice. Representative gross images of mice
bearing subcutaneous tumors (a) without drug (untreated) and (b) by irradiating in the presence of DPR2a after 33 days of incubation. Graph of
change in (c) weight of mice (in g) and (d) tumor volume (in mm) vs days of treatment. The mean tumor volumes in different treatment groups
were measured in every alternative day of drug treatment. Light irradiation: 630 nm, 700 mW/cm2 for 5 min.
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SiHa, MiaPaCa, and HSC4 were procured from American
Type Culture Collection (ATCC) and maintained in
Dulbecco’s modified Eagle’s medium (DMEM) containing
10% fetal bovine serum (FBS) (Gibco, USA) and 1% antibiotic
antimycotic cocktail (Gibco, USA) at 37 °C in 5% CO2.
MCF10A cells were cultured in DMEM/Nutrient F12-Ham
medium (Sigma, USA) supplemented with 10% FBS, 20 ng/
mL epidermal growth factor, 100 ng/mL cholera toxin, 0.01
mg/m insulin transferrin selenium, 500 ng/mL hydrocortisone,
and 1 ng/m fibroblast growth factor (Sigma, USA).

4.2.2. Cytotoxicity Assay. For assessing cell viability, the
MTT assay [3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazo-
lium bromide] was done. Briefly, 1 × 104 cells (cell counting
was done using a hemocytometer, Sigma) were seeded in a 96-
well culture dish. Cells were given PDT treatment (1−100
μM) of DPR2a and DPR2b aza-BODIPY for 24 h, and MTT
was added at a final concentration of 500 μg/mL. The crystals
of formazans were dissolved in isopropanol after 4 h of MTT
addition, and the optical density was measured at 570 nm.

4.2.3. Cellular Uptake Studies. For cellular uptake studies,
breast cancer cell lines MDA-MB-231 and MCF7 and the
immortalized normal cell line MCF10A were seeded in 96-well
opti-bottom plates (24 h incubation) and then treated with
DPR2a and DPR2b aza-BODIPY. The triplicate wells were
incubated for 10, 15, 20, 30, 60, and 120 min, and cells were
fixed using 4% paraformaldehyde. The confocal laser scanning
microscopic images show the subcellular level distribution of
the PS. An excitation/emission at 588/610 nm has been used
for DPR2a and DPR2b aza-BODIPY, and cells were further
stained with nuclear stain DAPI.

4.2.4. ROS Detection. In a 60 mm culture dish, 1 × 106

MDA-MB-231 cells were sown. After 24 h of exponential
growth, the cells were treated with DPR2a and DPR2b aza-
BODIPY (1.5−6 μM) for 1 h followed by PDT using the
VINVISH laser system (630 nm, 700 mW for 15 min). ROS
was measured by flow cytometry using the CM-H2DCFDA dye
after 1 h post PDT treatment.

4.2.5. Cell Cycle Analysis. 1 × 106 MDA-MB-231 cells were
sown in a 60 mm culture plate, and after 24 h, IC50
concentrations of DPR2a and DPR2b aza-BODIPY were
added. After that, PDT treatment for 15 min was executed.
Cells exposed to laser alone were taken as a light control, and
cells incubated with DPR2a and DPR2b aza-BODIPY without
laser irradiation were taken as a dark control. After treatment,
the cells were incubated for different time-dependent intervals
(3, 6, 12, 16, and 24 h). After trypsinization, the cells were
harvested by centrifugation at 1200g for 5 min at 4 °C. The
fixed cells were further incubated with RNase A (100 mg/mL)
for another 1 h at 37 °C and later for another 15 min with
propidium iodide (10 mg/mL) in the dark. Finally, analysis
was done using FACS Aria for DNA content.

4.2.6. TMRM Assay. In a 60 mm culture dish, 1 × 106 MDA-
MB-231 cells were sown. After 24 h of exponential growth, the
cells were treated with DPR2a (1.5−6 μM) and DPR2b (3−8
μM) aza-BODIPY for 1 h followed by PDT using the
VINVISH laser system (630 nm, 700 mW for 15 min). The
mitochondrial potential was measured by flow cytometry using
the TMRM dye after 20 min post PDT.

4.2.7. Annexin Binding Assay. Briefly, 1 × 106 cells were
initially counted and seeded in a 60 mm culture plate. Post 24
h of seeding, the cells were given PDT treatment as mentioned
earlier for 24 h. The cells were rinsed with 1 × PBS before
being trypsinized and pelleted by centrifugation at 400g for 3

min at 4 °C. For the staining, 3 μL of FITC-conjugated
Annexin was appended to the cell suspension in a binding
buffer (supplied in the kit Sigma-Aldrich USA) and incubated
in the dark for 15 min at 37 °C. The cells were then rinsed
with the binding buffer before carrying out flow cytometric
analysis using FACS Aria.

4.3. In Vivo Photodynamic Therapy. To build xenograft
tumors, MDA-MB-231 human breast cancer cells were
administered to the female NOD/SCID mice in the dorsal
flank. Once the tumors became palpable, their sizes were
measured, and the mice were randomly divided into two
groups such as group I non-treated control and group II aza-
BODIPY DPR2a 2 mg/kg. Animals were injected I.P. with the
given doses, and after 24 h, laser irradiation was done using the
VINVISH PDT laser system coupled with an optical fiber (630
nm, 700 mW/cm2 for 5 min). PDT treatment was conducted
twice a week. Before PDT treatment was carried out, tumors
were permitted to reach a size of 5−6 mm in diameter. Once
visible tumor appeared, its volume was measured using
callipers every 2 days for obtaining the rate of tumor growth
in both groups. The tumor volume was calculated using the
formula V(mm3) = (largest length) × (shortest length)2. At the
end, mice were sacrificed using carbon dioxide inhalation and
images were captured.
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