
NI-BODIPY-GO Nanocomposites for Targeted PDT
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ABSTRACT: Three multifunctional targeted NI-BODIPYs (10−12) and GO-(10−12) nanocarriers were fabricated. NI-BODIPYs
are designed to facilitate non-covalent interaction with graphene oxide (GO) and target toward cancer cells for specific recognition
with glucose moieties while efficiently producing singlet oxygen. We probed detailed characterization, fundamental photophysical/
photochemical properties, and interactions with GO of such triplet photosensitizers and nanocarriers. The effect of the formation of
nanohybrids with GO on singlet oxygen formation as well as on the efficacies of the molecules in terms of in vitro killing of cancer
cells was evaluated with K562 human chronic myelogenous leukemia cells. Amazingly, it was observed that GO exhibited favorable
interactions with the NI-BODIPY dyads and promoted the formation of singlet oxygen, while not showing any dark toxicity.

■ INTRODUCTION
Photodynamic therapy (PDT), which acts via irradiation of
photosensitizers (PSs) with an appropriate wavelength of light
that carry energy to surrounding molecular oxygen (3O2) for
the generation of reactive oxygen species (ROS) such as singlet
oxygen (1O2), has been comprehensively studied as a non-
invasive therapeutic strategy for various types of cancer.1−3

There are several advantages of PDT over conventional
remedies, such as localized high efficiency and tumor peculiar
treatment without any accumulating toxicity. However, some
drawbacks certainly hinder the clinical applications of PDT.4

Numerous convenient PSs lack the property of hydrophilic/
hydrophobic balance, which led to aggregation or biocompat-
ibility problems, thus constituting challenges for transportation
in biological environments.5−7 Since the locally generated
lifetime (0.6 × 10−6 s) and diffusion range of 1O2 are both very
short, it is crucial to design the PSs for high 1O2 generation
efficiency and selectivity with targeting sites.8−10 It is,
therefore, substantial to shape advanced delivery systems to
address the aforementioned issues. Nanomaterials such as gold,
silica, and carbon nanotubes have been studied as carriers, and
several of them have been reported to bear high aqueous
dispersibility, bioavailability, and having suitable dimensions
for tumor uptake.11−13 In order to achieve higher uptake and
reduced side effects, these nanomaterials can be assembled

properly with active anticancer agents and targeting moieties.
Usually, drug molecules are targeted to desired specific cells or
organs via passive (size, property, etc.) or active (particular
targeting ligands) targeting, in which passive targeting
strategies are known as less efficient.14,15 The active targeting
strategy involving carbohydrates is controllable and efficient
and benefits from the carbohydrates’ well-defined chemical
structure, biocompatibility, biodegradability, and water sol-
ubility for nanomedicine.15−17 Recently, graphene and its
derivative graphene oxide (GO) have been utilized as
theranostic nanocarriers due to their high specific surface
area.18,19 Graphene and GO as two-dimensional single-layer
sp2-bonded carbon atoms packed into a honeycomb lattice are
indeed ideal platforms for highly efficient drug loading. This
carbon allotrope has gained significant interest in life sciences
due to its electronic, optical, and structural properties.20−22 In
particular, GO with abundant functional groups of carboxylic
acid, hydroxide, and epoxides can be loaded with various drugs
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by the non-covalent method via π−π stacking, hydrophobic/
electrostatic interactions, and hydrogen bonding.23 It has been
successfully employed as a novel vehicle for the delivery of
biomolecules and drugs for cancer chemotherapy, ferro

magnetics for hyperthermia, or PSs for photothermal therapy
and PDT,20,24−27 which might increase PS load compared to
free PS-mediated approaches. The key convertible element of
PDT is the PS (i.e., the drug), which, upon irradiation, needs

Scheme 1. Synthesis Pathway of the NI-BODIPY-Glucose Dyads (10−12)
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to be effectively excited to the triplet state for efficient
generation of 1O2. The process of intersystem crossing (ISC) is
electron spin forbidden; thus, a loophole is needed to enhance
the upturn of the electron spin with a magnetic torque.28,29 To
date, an extensive series of promising BODIPY-based triplet
PSs have been developed via the general strategy of enhancing
the triplet state formation by using the heavy-atom effect
(mostly I or Br).30−32 Among the various fluorescent dyes,
BODIPY derivatives are significantly stable in biological
conditions. They bear unique photophysical properties,
including narrow absorption/emission band, high absorption
coefficients, and fluorescence quantum yields.33−37 As these
heavy atom-functionalized BODIPY derivatives show tunable
strong absorption of visible light and enhanced triplet state
formation, it is very appealing to investigate the effects of GO
introduction on their ISC efficiencies. 1,8-Naphthalimides
(NI) are also conventional fluorescent dyes and are known as
DNA-intercalating agents and anticancer compounds for
applications as sensors and in medicine. The structural
properties such as rigidity, planarity, and hydrophobicity of
the skeleton makes NIs suitable for application in cancer
treatment where the discovery of new antitumor agents is one
of the most active research areas.38−41 Several groups have
successfully employed GO as a nanotheranostic carrier of PSs
for the destruction of tumor cells by light irradiation, but
BODIPY-GO-based delivery systems are still not well
established.1,5,42−44 Thus, it is of great interest to further
develop tailor-made GO-based photoactive systems and
investigate the effects of GO on the cytotoxic efficiencies of
such systems against tumor cells.
Herein, we developed three novel heavy atom free (10),

dibromo- (11), and diiodo- (12) distyryl-BODIPY derivatives
ornamented with carbohydrates to endow them with active
targeting ability toward tumor cells and NI moieties as an
anticancer agent that can interact with GO via π−π stacking.
The quantum yields of 1O2 of NI-BODIPY derivatives (10−
12) were improved by the addition of GO compared with free
PSs (10−12). Interestingly, even heavy atom free nano-
composite GO-10 exhibited slightly higher 1O2 production
than dyad 10. Last, the in vitro studies revealed efficiency of
anti-tumor features of the compounds.

■ RESULTS AND DISCUSSION
Synthesis and Characterization. The synthesis of the

three new glucose-substituted NI-BODIPY dyads (10−12) are
presented in Scheme 1. First, we prepared a NI-BODIPY core
according to our previous report.45 Dibromo- and diiodo-NI-
BODIPY derivatives (6 and 7) were introduced by the reaction
with N-bromosuccinimide (NBS) in DCM and I2/HIO3 in
ethanol, respectively, to synthesize 11 and 12. BODIPY cores
4−6 were functionalized with aldehyde groups via double
Knoevenagel condensation for the alkyne introduction and to
initiate light absorption in the photodynamic window. Two
targeting units on the designed NI-BODIPYs (10−12) were
provided by reacting distyryl BODIPYs 7−9 with a
commercially available glucose derivative bearing azide under
click reaction conditions in 25−29% yields. These yields are
comparable to those observed in previous studies and can be
attributed to the formation of mono-adducts in the reaction
mixture, and the bis adducts were separated from the mono-
adducts by column chromatography on silica gel.46 The
structural properties of all new compounds were characterized
by FT-IR, mass, 1H and 13C NMR spectroscopy techniques
(Experimental Section, ESI Figures S1−S27). The NMR
spectra of all targeted compounds have characteristic signals
for protons and carbons located at the BODIPY fragment. The
mass spectra of 10−12 were found to be in full agreement with
their elemental composition, although in some cases both
[M]+ and [M-F]+ ions were simultaneously observed. Well-
resolved 1H NMR spectra of 10−12 showed sets of signals for
meso-NI and aromatic protons in ∼6.9−9 ppm regions. The
N=CH protons on triazole rings were observed at around 7.9−
8.0 ppm, and the trans C=H protons were present at ∼7.6 and
7.2 ppm as doublets with ∼16.5 Hz coupling. The pyrrole ring
−CH protons appeared as sharp singlets at ∼6.7 ppm for
compound 10, whereas the peak disappeared after the
functionalization with Br or I. The −N−CH and −CH peaks
belong to the glucose units were observed between 5.9 and 4.0
ppm while diastereotopic −CH2 protons differentiated and
were detected at ∼4.3 and ∼4.2 ppm as quintets. The peak
around 5.2 ppm is attributed to −OCH2 protons close to the
triazole unit, and the triplet peak at 4.2 ppm was assigned to

Scheme 2. Schematic Representation of NI-BODIPY-GO Nanocomposites

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.2c06900
ACS Omega 2023, 8, 8320−8331

8322

https://pubs.acs.org/doi/suppl/10.1021/acsomega.2c06900/suppl_file/ao2c06900_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c06900?fig=sch2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c06900?fig=sch2&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.2c06900?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


−NCH2 on imide moiety. The methyl protons on both glucose
and the BODIPY core were placed between 2.0 and 1.0 ppm as
singlets. The 13C NMR spectra of 10−12 showed peaks at
∼170 ppm, indicating that carbonyl carbons and between 150
and 115 ppm aromatic carbons were resonated. The aliphatic
carbon atoms were observed between 85 and 14 ppm. The 13C
NMR spectra of all dyads exhibited a similar NMR pattern.
The desired nanocarriers NI-BODIPY-GO GO-(10−12)

were prepared successfully via the sonication-assisted exfolia-
tion of GO then adsorption of drug by a non-covalent
interaction (Scheme 2). The loading of novel PSs to the carrier
was achieved by stirring the carrier and 10−12 for 40 h at
room temperature to give GO-(10−12) nanocomposites. The
formation of NI-BODIPY-GO conjugates was first confirmed
via FT-IR spectroscopy. The FT-IR spectra of GO-based
nanocomposites were displayed comparatively (Figure 1). In

addition to the sp2-hybridized carbons on the network of GO’s
present π−π interaction with NI moieties, carboxylic acid/
alcohol functional groups can also form strong non-covalent
interactions like hydrogen bonding, van der Waals interactions,
and electrostatic attractions with NI-BODIPY dyads (10−12).
For GO-10, the broad peak is located at 3271.99 cm−1

corresponding to −OH stretching on GO. The peaks located
at 2965.53, 2925.39, and 2850.45 cm−1 were aromatic C−H
stretching, and the peaks belonging to C=O groups on both

GO and NI-BODIPY were observed at 1754.42 cm−1. The
peaks between 1652.72 and 1593.83 cm−1 are attributed to
C=C, and the peaks around 1590 and 1208.42 cm−1 are
assigned to B−N and C−N moieties, respectively. Structural
properties of the NI-BODIPY-GO composites were also
revealed via Raman spectroscopy obtained at an excitation
wavelength of 532 nm (Figure 2). In the spectrum of GO,

three typical modes are observed. The D band at 1356 cm−1 is
related to the presence of a certain amount of sp3 carbon atoms
due to amorphization and functionalization of graphite during
the oxidation process. The G mode at 1596 cm−1 originates
from the in-plane vibration of sp2 carbon atoms.1 The broad
band at 2685 cm−1 is assigned as a 2D mode corresponding to
double resonance transitions resulting in the production of two
phonons with opposite momentums, whereas the weak and
broad 2D peaks are an indication of disorder.47 Since weak and
broad 2D peaks are another indication of disorder and D peak,
which is Raman active only in the presence of defects, the 2D
peak is active even in the absence of any defects.
The TEM micrographs of synthesized GO-(10−12) nano-

carriers with different scale bars are given in Figure 3 and
Figures S28−S30. From the figures, it is possible to distinguish
the edges of sheets, including wrinkled areas. It is observed that
GO has a layered ultrathin structure, and after the
functionalization and sonication, the flakes were observed to
be shapeshifted and ruptured. The EDX analysis also displayed
the presence of anticipated elements such as N, C, and O
(Figures S31−S33). The 3D structure of the nanocarriers
along with AFM images is also shown in Figure 3 and Figures
S34−S36. The samples for AFM explorations were prepared by
drop-casting ultrasonicated solutions (0.1 mg/ mL in water) of
GO-(10−12) on an unsoiled glass surface. The topography
and average roughness of nanocomposite indicate that the
morphology of material has been changed by coverage of the
synthesized material, thereby confirming non-covalent attach-
ment of BODIPY.
Photophysical Properties. The UV−vis absorption

profiles of compounds 10−12 and nanocarriers GO-(10−
12) were investigated in different solvents such as acetone,
chloroform, dichloromethane, dimethyl sulfoxide, water:-
dimethyl sulfoxide (99:1 and 95:5, v:v), acetonitrile, methanol,
and tetrahydrofuran at 2 μM concentration (Figures S37−
S42). The absorption spectra of heavy atom free NI-BODIPY

Figure 1. FT-IR spectra of GO, compounds 10−12, and GO-(10−
12).

Figure 2. Raman spectra of GO and GO-(10−12) nanocarriers.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.2c06900
ACS Omega 2023, 8, 8320−8331

8323

https://pubs.acs.org/doi/suppl/10.1021/acsomega.2c06900/suppl_file/ao2c06900_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.2c06900/suppl_file/ao2c06900_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.2c06900/suppl_file/ao2c06900_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.2c06900/suppl_file/ao2c06900_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.2c06900/suppl_file/ao2c06900_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.2c06900/suppl_file/ao2c06900_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c06900?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c06900?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c06900?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c06900?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c06900?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c06900?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c06900?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c06900?fig=fig2&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.2c06900?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


10 and related nanocomposite (GO-10) in organic solvents
with different polarities except methanol remained nearly the
same (λmax ∼ 644 nm), whereas the absorbance intensities in
water:dimethyl sulfoxide (99:1 and 95:5, v:v) systems were
almost zero and the broadened and red-shifted peak formation
was coherent with the aggregation.48 Compounds 11 and 12
and related nanocarriers (GO-11 and -12) showed a maximum
absorption peak between 654 and 669 nm with a vibrational
peak around 600 nm. Distyryl BODIPY derivatives 10−12 in
dichloromethane displayed a maximum absorption peak at
∼660 nm responsive to the lowest-energy spin-allowed S0−S1
transitions.45 Furthermore, there was a second characteristic
peak around 370−380 nm due to the S0−S2 transition (Figure
4A). Molar absorption coefficients (ε) of the BODIPYs (10−
12) were calculated by plotting maximum absorbance against
concentration in dichloromethane (12.02, 9.03, and 7.66 ×
10,4 respectively) (Table 1 and Figures S43−S45). Unsub-
stituted NI-BODIPY 10 showed an emission maximum in the
studied solvent between 652 and 665 nm when excited at 590
nm with florescence quantum yield of 0.68. As expected, after
the formation of the nanocomposite influenced the emission
property, the fluorescence emission intensity of nanocomposite
GO-10 decreased explicitly (Figures S46 and S47, Table 1).
The fluorescence profiles of dibromo- (11) and diiodo- (12)
NI-BODIPYs were found to be much weaker (λem = 687 nm)
(ΦF = 0.31 and 0.15, respectively) and even quenched for the
GO-11 and GO-12 nanocomposites when excited at 635 nm
in organic solvents with florescence quantum yields of 0.28 and
0.10 (dichloromethane), respectively (Figure 4B, Figures S48−

Figure 3. TEM images of (A) GO and (B, C) GO-10 and AFM images of (D) GO, and (E, F) GO-10 nanocomposite sheets.

Figure 4. (A) Absorbance and (B) fluorescence emission spectra of
compounds 10−12 and GO-(10−12) in dichloromethane (2 μM).
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S51). Stokes shifts of the dyads were about 12 nm. The
fluorescence lifetimes of the dyads and nanocomposites were
also in the range of 1−3 ns (Figure S52). All photophysical
parameters including fluorescence lifetime and fluorescence
quantum yields are given in Table 1, and the related graphs are
in the Supporting Information.
Detection of 1O2 Generation in Solution. In order to

evaluate the photosensitizing properties of these NI-BODIPY
derivatives and their GO-based nanocarriers, 1O2 quantum
yields in organic solvent were first studied via the general
procedure using 1,3-diphenylisobenzofuran (DPBF) as a 1O2
scavenger and methylene blue (MB) as the standard, which has
a 1O2 yield of 0.57 in dichloromethane (Figure S53).49 The
ROS generation abilities of targeted NI-BODIPY dyads and
NI-BODIPY-GO nanocarriers (2 μM) with 630 nm LED
irradiation were investigated. Absorption of DPBF degraded by
ROS production from PSs did not change in the dark, which
proves the lack of dark toxicity. In line with this, heavy atom
free NI-BODIPY 10 and related nanocarrier GO-10 were
initially treated with light in DCM solution. Irradiation of the
compound 10 solution at 630 nm did not cause a gradual
decrease in the absorption signal of DBPF at 414 nm, whereas
a minimal gradual decrease was observed for GO-10, which
clearly suggests photosensitized 1O2 generation after the
formation of the nanocomposite (Figure 5A,B). The ROS
generation induced by 11 and 12 in dichloromethane upon
light irradiation proved the efficient formation of 1O2 using
DPBF, whose absorption significantly quenched. 1O2 quantum
yields were calculated by using MB as a reference PS (Figure
S53) and found to be 0.45 and 0.50 for 11 and 12 and 0.48
and 0.57 for GO-11 and GO-12, respectively (Table 1). The
experiment was also repeated in the presence of GO to control
the possible interference of GO alone to 1O2 quantum yields.
GO did not produce a considerable amount of 1O2 (Figure
S54). Studies via theoretical calculations and experimental data
showed that thanks to the electronic properties, graphene and
its derivatives can act as an efficient fluorescence quencher for
fluorophores.13,50−52 This quenching may contribute to the
formation of ROS for the benefit of 1O2. In addition, the DPBF
decrease rates of most dyads were larger than MB (Figure
S55). As anticipated, the quantum yields of the dyads were
increased with the addition of GO. Furthermore, as a water-
soluble 1O2 selective trap molecule 1O2 sensor, 9,10-
anthracenediylbis(methylene)dimalonic acid (ABDA) was
employed to demonstrate 1O2 generation from developed
PSs and nanocarriers in aqueous solutions (1% dimethyl
sulfoxide in PBS, pH 7.4). ABDA produces corresponding
endoperoxides, which cause changes in its absorption bands at
360, 380, and 400 nm when it reacts with 1O2. Compounds
10−12 and GO-(10−12) (10 μM) were placed in a cuvette
for 30 min at 25 °C, and then the absorption of the PSs was

first checked to investigate the dark side reactions and possible
solubility problems. When the mixtures were irradiated with a
660 nm LED (irradiation intensity of 25 mW/ cm2) for 10
min, the characteristic absorption bands of ABDA were
gradually decreased (Figure S56). Thus, these results
confirmed the generation of 1O2 from NI-BODIPY dyads
and GO-based nanocarriers in aqueous conditions.
Effects of NI-BODIPY Derivatives and GO-Based

Nanocarriers on Cancer Cells. PDT effects of NI-BODIPY
derivatives as well as their GO-based nanocarriers were
investigated in in vitro cell cultures. Varying concentrations
of 10−12 and GO-(10−12) were incubated with K562 cells
(human cancer suspension cell line-chronic myelogenous
leukemia). Cells were illuminated with a light source for 8 h
and then kept in the dark for 40 h to provide sufficient time for
apoptosis. Cytotoxic effects of the chemicals were analyzed via
MTT (3-(4,5-dimethylthiazol)-2,5-diphenyltetrazolium bro-
mide) assay. Cell viabilities decrease gradually as the
concentrations of the drugs increase (Figure 6A). The IC50
values of the compounds (10−12) were calculated to be 26.3,
6.8, and 7.2 μM (respectively), demonstrating the high efficacy
of the NI-BODIPY derivatives on cancer cells (Figure 6C).
Compounds 10−12 demonstrated negligible dark toxicity as
seen by the high survival rate of the cells when the cells were
kept in the dark (and treated with 10−12) (Figure 6B). The

Table 1. Photophysical and Photochemical Properties of NI-BODIPYs (10−12) and NI-BODIPY-GO Nanocarriers

compound number absorption λabs (nm) emission λem (nm) Stokes shift (nm) εa ΦF
b τF (ns)c ΦΔ

d

10 371, 593, 644 659 15 12.02 0.68 3.08 −e

11 379, 616, 669 688 19 9.03 0.31 3.55 0.45
12 378, 614, 664 691 27 7.66 0.15 2.13 0.50
GO-10 371, 593, 644 657 13 0.51 3.89 −e

GO-11 377, 615, 666 687 21 0.28 3.88 0.48
GO-12 379, 614, 663 693 30 0.10 2.31 0.57

aMolar extinction coefficient, dichloromethane, 104 (M−1 cm−1). bFluorescence quantum yield. cFluorescence lifetime. dSinglet oxygen quantum
yield. eBelow 1%.

Figure 5. Decline in the absorbance of singlet oxygen trap molecule
DPBF in the presence of (A) 10, (B) GO-10, (C) 11, (D) GO-11,
(E) 12, and (F) GO-12 in dichloromethane (2 μM) upon irradiation.
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IC50 values of GO-loaded NI-BODIPY derivatives [GO-(10−
12)] were calculated as 18.1, 4.4, and 7.5 μM (respectively),
demonstrating the higher efficacy of the NI-BODIPY-GO
nanocarriers on cancer cells (Figure 6C). The K562 cells
incubated with 25 μM compound 10 demonstrated about 61%
cell viability, while K562 cells showed about 33% viability at
the same concentration of compound GO-10 (Figure 6A).
Adding GO to compounds 10−12 seems to increase the
potency of the drugs against cancer cells, since the IC50 values
decreased for the compounds in comparison to their
counterparts that were not loaded onto GO. Surprisingly, the
positive effect of GO on the efficacy of 10 was observed to be
higher than for 12. Compound 12 already has a very potent
IC50 in which the expected affirmative effect of GO on 12 may
not be clearly seen under experimental conditions. On the
other hand, among the synthesized compounds, 10 showed the
highest IC50 value and the effect of GO is clearly seen by
adding GO. Furthermore, GO-(10−12) demonstrated negli-
gible dark toxicity as seen by the high survival rate of the cells
when the cells were kept in the dark (and treated with GO-
(10−12) (Figure 6B).

■ CONCLUSIONS
In summary, we synthesized three new red absorbing NI-
BODIPY derivatives (10−12), which were ornamented with
carbohydrates to endow them with active targeting ability
toward tumor cells and napthalimide moieties as the anticancer
agent. Given the fact that GO has recently been utilized as an
efficient theranostic nanocarrier, herein, we developed three

novel NI-BODIPY-GO [GO-(10−12)] nanocarriers, since
both napthalimide and carbohydrate moieties are capable of
interacting with GO via π−π stacking, electrostatic inter-
actions, and hydrogen bonding. NI-BODIPY-GO [GO-(10−
12)] were prepared successfully via the sonication-assisted
exfoliation of GO then adsorption of drug by a non-covalent
interaction. Indeed, the quantum yields of 1O2 generation of
NI-BODIPY derivatives (10−12) were significantly improved
by the addition of GO. Even the 1O2 production capacity of
heavy atom free nanocomposite 10 can be augmented by
adding GO (GO-10). Our results concerning 1O2 generation
are in strong agreement with the findings that GO might
represent an ideal platform for highly efficient drug loading.
Furthermore, the 1O2 production ability of 10−12 and GO-
(10−12) was evaluated in cell culture studies against cancer
cells. The results of both studies confirmed the generation of
1O2 from NI-BODIPY dyads and GO-based nanocarriers in
aqueous conditions as well as demonstrating their anti-tumor
efficiencies. According to the literature, numerous promising
BODIPY-based PSs have been developed via the general
strategy of enhancing the triplet state formation by using the
heavy-atom effect. However, we propose to utilize GO in order
to achieve highly efficient PDT by means of potentiating the
PSs utilized in PDT. Our results clearly show that GO-based
nanocarriers for BODIPY derivatives provide a propitious
treatment approach for tumors. Given the biological
effectiveness of our newly synthesized compounds against
tumor cells, our approach may open up new avenues for future
applications of graphene and GO as theranostic nanocarriers.

Figure 6. (A) The effects of compounds 10−12 and GO-(10−12) on K562 cancer cells when the cells were illuminated with a light source for 8 h
and then kept in the dark for 40 h. (B) The effects of compounds 10−12 and GO-(10−12) on K562 cancer cells when the cells were kept in the
dark for 48 h. (C) IC50 values of compounds 10−12 and GO-(10−12) when the cells were illuminated with a light source for 8 h and then kept in
the dark for 40 h (estimated by fitting models with nonlinear regression).
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We strongly think it is pivotal to further develop custom-made
platforms that stem from GO nanocarriers in order to achieve
highly effective PDT for cancer treatment.

■ EXPERIMENTAL SECTION
Materials. The deuterated solvent (CDCl3) used for NMR

spectroscopy, silica gel 60 (230−400 mesh) for column
chromatography, trifluoroacetic acid, p-chloranil, MB, DPBF,
triethylamine, benzene, acetonitrile, sodium ascorbate, copper
sulfate pentahydrate, cresyl violet, and boron trifluoride diethyl
etherate were provided by Merck. The following chemicals
were obtained from Sigma-Aldrich: ethanol, methanol
tetrahydrofuran, sodium thiosulfate, dimethyl sulfoxide, 2,4-
dimethylpyrrole, N,N-dimethylformamide, acetone, dichloro-
methane, iodic acid, iodine, hexane, sodium sulfate, N-
bromosuccinimide, and glacial acetic acid. n-Butylamine was
purchased from Alfa Aesar. The following chemicals were
obtained from Acros Organics: piperidine and 4-hydroxyben-
zaldehyde. Bromo-1,8-naphthalic anhydride was purchased
from TCI. Zinc phthalocyanine and 1-azido-1-deoxy-β-D-
glucopyranoside tetraacetate were purchased from ABCR.
The rest of the chemicals used in the synthesis were of reagent
grade unless otherwise specified.
Equipment. Mass spectra were acquired in linear modes

with an average of 50 shots on a Bruker Daltonics microflex
mass spectrometer (Bremen, Germany) equipped with a
nitrogen UV laser operating at 337 nm. 1H and 13C NMR
spectra were recorded in CDCl3 solutions on a Varian 500
MHz spectrometer. Analytical thin-layer chromatography
(TLC) was performed on silica gel plates (Merck, Kieselgel
60 Å, 0.25 mm thickness) with an F254 indicator. Column
chromatography was performed on silica gel (Merck, Kieselgel
60 Å, 230−400 mesh). Electronic absorption spectra were
recorded with a Shimadzu 2101 UV spectrophotometer in the
UV−visible region. Fluorescence excitation and emission
spectra were recorded on a Varian Eclipse spectrofluorometer
using 1 cm pathlength cuvettes at room temperature. The
fluorescence lifetimes were obtained using Horiba-Jobin-Yvon-
SPEX Fluorolog 3-2iHR instrument with a FluoroHub-B
single-photon counting controller. Signal acquisition was
performed using a time-correlated single photon counting
(TCSPC) module. AFM images were recorded by Digital
Instruments NanoScope IV AFM device. Raman spectra were
obtained via Bruker FRA 106/S. Talos F200S TEM 200 kV
was used for TEM and EDX analysis.
Synthesis. Synthesis compounds 1−4 were carried out

according to the literature.45,53

Synthesis of Compound 5. In a 50 mL round-bottom
flask, compound 4 (0.15 g; 0.25 mmol) was dissolved in 30 mL
of dichloromethane. N-Bromosuccinimide (0.2 g; 0.64 mmol)
was dissolved in 10 mL of DCM and added to the reaction
mixture dropwise. After the addition, the reaction mixture was
stirred at room temperature for 3 h. The reaction mixture was
extracted with water (200 mL, three times) and the organic
layer was dried over anhydrous Na2SO4 and concentrated on a
rotary evaporator until the solvent was removed. Compound 5
was isolated from column chromatography on silica gel (230−
400 mesh) with dichloromethane as the eluent (yield: 64%).

Spectral Data of Compound 5 (Figures S1−S3). 1H NMR
(500 MHz, CDCl3, 298 K, δ ppm): 8.69 (d, J = 7.67 Hz, 1H,
Ar−CH), 8.67 (d, J = 7.97 Hz, 1H, Ar−CH), 8.52 (d, J = 8.31
Hz, 1H, Ar−CH), 7.81 (t, J = 7.74 Hz, 1H, Ar−CH), 7.39 (d, J
= 8.49 Hz, 2H, Ar−CH), 7.35 (d, J = 8.26 Hz, 2H, Ar−CH),

6.99 (d, J = 8.20 Hz, 1H, Ar−CH), 4.19 (t, J = 7.51 Hz, 2H,
N−CH2), 2.63 (s, 6H, −CH3), 1.73 (q, J = 7.51 Hz, 2H,
−CH2−), 1.54 (s, 6H, −CH3), 1.48−1.44 (m, 2H, −CH2−),
0.99 (t, J = 7.33 Hz, 3H, −CH3).13C NMR (126 MHz, CDCl3,
298 K, δ ppm): 164.19, 163.54, 158.60, 156.34, 154.44, 140.22,
132.44, 132.04, 131.36, 130.47, 130.44, 130.23, 129.80, 128.24,
126.82, 124.14, 122.86, 121.39, 111.34, 40.26, 30.25, 20.41,
14.00, 13.87, 13.74. MS (MALDI-TOF) (DIT) m/z (%).
Calc.: 749.26, found: 749.59 [M]+, 728.154 [M-F]+.
Synthesis of Compound 6. In a 250 mL round-bottom

flask, compound 4 (0.15 g, 0.25 mmol) and I2 (0.19 g, 0.76
mmol) were dissolved in 70 mL of ethanol. Iodic acid HIO3
(0.13 g, 0.76 mmol) was dissolved in 1 mL of water and added
into the reaction mixture. The reaction mixture was stirred at
50 °C for a few hours until the reactant was consumed. Then,
saturated sodium thiosulfate solution was added (50 mL) and
it was stirred at room temperature for an additional 30 min.
Then, it was extracted with water (200 mL, three times) and
the organic layer was dried over anhydrous Na2SO4 and
concentrated on a rotary evaporator until the solvent was
removed. Compound 6 was isolated from column chromatog-
raphy on silica gel (230−400 mesh) with dichloromethane as
the eluent (yield: 40%).

Spectral Data of Compound 6 (Figures S4−S6). 1H NMR
(500 MHz, CDCl3, 298 K, δ ppm): 8.69 (d, J = 7.40 Hz, 1H,
Ar−CH), 8.67 (d, J = 7.39 Hz, 1H, Ar−CH), 8.53 (d, J = 8.17
Hz, 1H, Ar−CH), 7.81 (t, J = 7.84 Hz, 1H, Ar−CH), 7.38 (d, J
= 8.46 Hz, 2H, Ar−CH), 7.34 (d, J = 8.65 Hz, 2H, Ar−CH),
6.99 (d, J = 8.14 Hz, 1H, Ar−CH), 4.19 (t, J = 7.53 Hz, 2H,
N−CH2), 2.66 (s, 6H, −CH3), 1.73 (q, J = 7.52 Hz, 2H,
−CH2−), 1.55 (s, 6H, −CH3), 1.49−1.44 (m, 2H, −CH2−),
0.99 (t, J = 7.34 Hz, 3H, −CH3). 13C NMR (126 MHz,
CDCl3, 298 K, δ ppm): 157.25, 156.32, 144.95, 132.47, 132.05,
131.35, 130.24, 128.25, 126.83, 121.43, 111.32, 40.26, 30.26,
20.41, 17.29, 16.08, 13.86157.25, 156.32, 144.95, 132.47,
132.05, 131.35, 130.24, 128.25, 126.83, 121.43, 111.32, 40.26,
30.26, 20.41, 17.29, 16.08, 13.86. MS (MALDI-TOF) (NOM)
m/z (%). Calc.: 843.25, found: 843.030 [M]+, 824.014 [M-F]+.
Synthesis of Compounds 7−9. In a three-necked 100

mL round-bottom flask, BODIPY derivatives (4−6) (1 eqv.)
and compound 1 (2.4 eqv.) were dissolved in 40 mL of
benzene. Piperidine (0.3 mL) and glacial acetic acid (0.3 mL)
were added. The solution was refluxed using a Dean−Stark
apparatus. When the solution was concentrated, the reaction
was followed by TLC until the starting compound (4−6) was
consumed. The reaction mixture was extracted with dichloro-
methane/water (200 mL, three times), and the organic layer
was dried over anhydrous Na2SO4 and concentrated on a
rotary evaporator until the solvent was removed. Compounds
7−9 were isolated by column chromatography on silica gel
(230−400 mesh).

Spectral Data of Compound 7 (Figures S7−S9). 1H NMR
(500 MHz, CDCl3, 298 K, δ ppm): 8.71 (d, J = 8.65 Hz, 1H,
Ar−CH), 8.69 (d, J = 8.14 Hz, 1H, Ar−CH), 8.52 (d, J = 8.19
Hz, 1H, Ar−CH), 7.82 (t, J = 7.81 Hz, 1H, Ar−CH), 7.65−
7.60 (m, 4H + 2H, Ar−CH + trans C=H), 7.46 (d, J = 8.18
Hz, 2H, Ar−CH), 7.34 (d, J = 8.18 Hz, 2H, Ar−CH), 7.24 (d,
J = 16.31 Hz, 2H, trans C=H), 7.03 (d, J = 8.40 Hz, 4H, Ar−
CH), 6.96 (d, J = 8.19 Hz, 1H, Ar−CH), 6.67 (s, 2H, pyrrole
−CH), 4.75 (d, J = 2.41 Hz, 4H, O−CH2), 4.20 (t, J = 7.46
Hz, 2H, −NCH2), 2.56 (t, J = 2.30 Hz, 2H, C ≡ CH), 1.73 (q,
J = 7.57 Hz, 2H, −CH2−), 1.60 (s, 6H, −CH3), 1.49−1.44 (m,
2H, −CH2−), 0.99 (t, J = 7.47 Hz, 3H, −CH3). 13C NMR
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(126 MHz, CDCl3, 298 K, δ ppm): 164.27, 163.62, 159.10,
158.33, 152.95, 141.39, 136.74, 135.89, 133.23, 132.57, 132.50,
132.00, 130.92, 130.31, 129.78, 129.01, 128.34, 126.71, 122.85,
121.25, 117.84, 117.58, 117.37, 115.25, 55.88, 30.26, 29.70,
22.34, 20.41, 14.92, 14.06, 13.86.MS (MALDI-TOF) (DHB)
m/z (%). Calc.: 875.76, found: 875.389 [M]+, 855.953 [M-F]+.

Spectral Data of Compound 8 (Figures S10−S12). 1H
NMR (500 MHz, CDCl3, 298 K, δ ppm): 8.69 (d, J = 7.47 Hz,
1H + 1H, Ar−CH), 8.54 (d, J = 8.17 Hz, 1H, Ar−CH), 8.13
(d, J = 16.78 Hz, 2H, trans C=H), 7.82 (t, J = 7.78 Hz, 1H,
Ar−CH), 7.66−7.62 (m, 4H + 2H, Ar−CH + trans C=H),
7.42 (d, J = 8.41 Hz, 2H, Ar−CH), 7.36 (d, J = 8.51 Hz, 2H,
Ar−CH), 7.05 (d, J = 8.58 Hz, 4H, Ar−CH), 7.01 (d, J = 8.16
Hz, 1H, Ar−CH), 4.76 (d, J = 2.14 Hz, 4H, O−CH2), 4.20 (t,
J = 7.50 Hz, 2H, −NCH2), 2.56 (t, J = 2.13 Hz, 2H, C ≡ CH),
1.74 (q, J = 7.52 Hz, 2H, −CH2−), 1.55 (s, 6H, −CH3), 1.49−
1.44 (m, 2H, −CH2−), 0.99 (t, J = 7.28 Hz, 3H, −CH3). 13C
NMR (126 MHz, CDCl3, 298 K, δ ppm): 167.78, 132.47,
130.89, 129.32, 128.81, 115.32, 68.17, 67.99, 55.89, 53.43,
38.74, 34.13, 30.37, 29.72, 28.93, 25.62, 23.75, 22.99, 22.35,
14.06, 10.97. MS (MALDI-TOF) (DHB) m/z (%). Calc.:
1033.55, found: 1033.150 [M]+, 1014.258 [M-F]+.

Spectral Data of Compound 9 (Figures S13−S15). 1H
NMR (500 MHz, CDCl3, 298 K, δ ppm): 8.70 (d, J = 7.73 Hz,
1H + 1H, Ar−CH), 8.54 (d, J = 7.93 Hz, 1H, Ar−CH), 8.16
(d, J = 16,65 Hz, 2H, trans C=H), 7.83 (t, J = 7.73 Hz, 1H,
Ar−CH), 7.65−7.59 (m, 4H + 2H, Ar−CH + trans C=H),
7.42 (d, J = 7.93 Hz, 2H, Ar−CH), 7.36 (d, J = 7.73 Hz, 2H,
Ar−CH), 7.04 (d, J = 8.22 Hz, 4H, Ar−CH), 7.01 (d, J = 8.07
Hz, 1H, Ar−CH), 4.76 (d, J = 2.02 Hz, 4H, O−CH2), 4.20 (t,
J = 7.22 Hz, 2H, −NCH2), 2.56 (t, J = 2.09 Hz, 2H, C ≡ CH),
1.74 (q, J = 7.64 Hz, 2H, −CH2−), 1.62 (s, 6H, −CH3), 1.49−
1.45 (m, 2H, −CH2−), 0.99 (t, J = 7.26 Hz, 3H, −CH3). 13C
NMR (126 MHz, CDCl3, 298 K, δ ppm): 163.57, 158.72,
150.88, 145.31, 139.31, 130.78, 129.26, 123.95, 123.38, 121.41,
115.29, 53.41, 30.92, 30.27, 29.70, 29.28, 25.61, 20.41, 17.83,
14.24, 13.88, 9.70. MS (MALDI-TOF) (DIT) m/z (%). Calc.:
1127.56, found: 1127.081 [M]+, 1108.302 [M-F]+.
Synthesis of Compounds 10−12. BODIPY derivatives

(7−9) (1 eqv.) and 1-azido-1-deoxy-β-D-glucopyranoside
tetraacetate (3 eqv.) were dissolved in 20 mL tetrahydrofur-
an/water (3:1; v:v) in a two-necked round-bottom flask.
CuSO4·5H2O (0.2 eqv.) and sodium ascorbate (0.5 eqv.) were
added to this solution. The reaction mixture was refluxed at 60
°C for 72 h. The reaction mixture was extracted with
dichloromethane/water, and the organic layer was dried over
anhydrous Na2SO4 and concentrated on a rotary evaporator
until the solvent was removed. Compounds 10−12 were
isolated by column chromatography on silica gel (230−400
mesh).

Spectral Data of Compound 10 (Figures S16−S19). FT-IR
(ATR, cm−1): 2965.53 (C−H, str), 2925.39 (C−H, str),
2850.45 (C−H, str), 1754.42 (C=O, str), 1652.72 (C=C, str),
1593.83 (C=C, str), 1490.79 (B−N, str), 1383.73 (C−H,
bending), 1208.42 (C−N, str), 1037.12 (C−O, str). 1H NMR
(500 MHz, CDCl3, 298 K, δ ppm): 8.70 (d, J = 8.78 Hz, 1H,
Ar−CH), 8.68 (d, J = 7.24 Hz, 1H, Ar−CH), 8.51 (d, J = 8.11
Hz, 1H, Ar−CH), 7.89 (s, 2H, N=CH), 7.81 (t, J = 7.73 Hz,
1H, Ar−CH), 7.62 (d, J = 16,61 Hz, 2H, trans C=H), 7.59 (d,
J = 8.43 Hz, 4H, Ar−CH), 7.45 (d, J = 8.13 Hz, 2H, Ar−CH),
7.33 (d, J = 8.02 Hz, 2H, Ar−CH), 7.23 (d, J = 16.40 Hz, 2H,
trans C=H), 7.02 (d, J = 8.38 Hz, 4H, Ar−CH), 6.96 (d, J =
8.21 Hz, 1H, Ar−CH), 6.66 (s, 2H, pyrrole−CH), 5.90 (d, J =

8.89 Hz, 2H, Gly N−CH),5.47 (t, J = 9.10 Hz, 2H, Gly−CH),
5.42 (t, J = 9.20 Hz, 2H, Gly−CH), 5.27 (s, 4H, O−CH2),
5.25 (t, J = 9.23 Hz, 2H, Gly−CH), 4.31 (dd, J1 = 12.66 Hz, J2
= 5.05 Hz, 2H, diastereotopic Gly−CH), 4.19 (t, J = 7.69 Hz,
2H, −NCH2), 4.16 (dd, J1 = 12.94 Hz, J2 = 2.33 Hz, 2H,
diastereotopic Gly−CH), 4.03−4.00 (m, 2H, Gly−CH), 2.09
(s, 6H, Gly−CH3), 2.07 (s, 6H, Gly−CH3), 2.02 (s, 6H, Gly−
CH3), 1.86 (s, 6H, Gly−CH3), 1.73 (q, J = 7.52 Hz, 2H,
−CH2−), 1.59 (s, 6H, −CH3), 1.48−1.44 (m, 2H, −CH2−),
0.99 (t, J = 7.41 Hz, 3H, −CH3). 13C NMR (126 MHz,
CDCl3, 298 K, δ ppm): 170.53, 169.94, 169.35, 168.94, 158.92,
155.69, 144.75, 135.96, 132.04, 130.95, 130.11, 129.15, 124.09,
121.25, 115.22, 85.82, 72.65, 70.25, 67.70, 61.90, 61.53, 53.43,
30.27, 29.71, 20.72, 20.55, 20.53, 20.42, 20.14, 14.94, 13.88.
MS (MALDI-TOF) (CHCA) m/z (%). Calc.: 1622.39, found:
1622.267 [M]+, 1645.309 [M + Na]+.

Spectral Data of Compound 11 (Figures S20−S23). FT-IR
(ATR, cm−1): 3014.04 (C−H, str), 2971.69 (C−H, str),
2937.55 (C−H, str), 1743.51 (C=O, str), 1646.20 (C=C, str),
1593.60 (C=C, str), 1509.45 (B−N, str), 1359.53 (C−H,
bending), 1217.52 (C−N, str), 1033.42 (C−O, str). 1H NMR
(500 MHz, CDCl3, 298 K, δ ppm): 8.69 (d, J = 7.84 Hz, 1H +
1H, Ar−CH), 8.53 (d, J = 8.17 Hz, 1H, Ar−CH), 8.12 (d, J =
16,60 Hz, 2H, trans C=H), 7.91 (s, 2H, N=CH), 7.82 (t, J =
7.83 Hz, 1H, Ar−CH), 7.64−7.61 (m, 4H + 2H, Ar−CH+
trans C=H), 7.41 (d, J = 8.42 Hz, 2H, Ar−CH), 7.35 (d, J =
8.37 Hz, 2H, Ar−CH), 7.05 (d, J = 8.60 Hz, 4H, Ar−CH),
7.00 (d, J = 8.17 Hz, 1H, Ar−CH), 5.91 (d, J = 9.09 Hz, 2H,
Gly N−CH), 5.48 (t, J = 9.33 Hz, 2H, Gly−CH), 5.43 (t, J =
9.30 Hz, 2H, Gly−CH), 5.29 (s, 4H, O−CH2), 5.25 (t, J =
9.62 Hz, 2H, Gly−CH), 4.31 (dd, J1 = 12.59 Hz, J2 = 4.97 Hz,
2H, diastereotopic Gly−CH), 4.20 (t, J = 7.69 Hz, 2H,
−NCH2), 4.16 (dd, J1 = 12.70 Hz, J2 = 1.75 Hz, 2H,
diastereotopic Gly−CH), 4.04−4.00 (m, 2H, Gly−CH), 2.08
(s, 6H, Gly−CH3), 2.06 (s, 6H, Gly−CH3), 2.01 (s, 6H, Gly−
CH3), 1.85 (s, 6H, Gly−CH3), 1.74 (q, J = 7.54 Hz, 2H,
−CH2−), 1.58 (s, 6H, −CH3), 1.49−1.44 (m, 2H, −CH2−),
0.99 (t, J = 7.34 Hz, 3H, −CH3)13C NMR (126 MHz, CDCl3,
298 K, δ ppm): 170.54, 169.94, 169.36, 168.95, 164.27, 163.62,
161.12, 159.30, 145.37, 144.71, 139.06, 132.09, 130.84, 130.29,
129.40, 124.17, 122.92, 121.31, 117.69, 115.29, 85.81, 75.23,
72.66, 70.24, 67.72, 61.91, 61.55, 20.72, 20.55, 20.51, 20.42,
20.14, 14.06, 13.88. MS (MALDI-TOF) (DIT) m/z (%).
Calc.: 1780.19, found: 1780.267 [M]+.

Spectral Data of Compound 12 (Figures S24−S27). FT-IR
(ATR, cm−1): 2960.05 (C−H, str), 2923.82 (C−H, str),
2849.81 (C−H, str), 1744.76 (C=O, str), 1644.53 (C=C, str),
1594.41 (C=C, str), 1506.67 (B−N, str), 1383.40 (C−H,
bending), 1214.58 (C−N, str), 1040.50 (C−O, str). 1H NMR
(500 MHz, CDCl3, 298 K, δ ppm): 8.76 (d, J = 7.25 Hz, 1H +
1H, Ar−CH), 8.54 (d, J = 7.88 Hz, 1H, Ar−CH), 8.16 (d, J =
16.36 Hz, 2H, trans C=H), 7.90 (s, 2H, N=CH), 7.82 (t, J =
7.89 Hz, 1H, Ar−CH), 7.62 (d, J = 7.62 Hz, 4H, Ar−CH),
7.60 (d, J = 16.82 Hz, 2H, trans C=H), 7.41 (d, J = 7.19 Hz,
2H, Ar−CH), 7.35 (d, J = 6.95 Hz, 2H, Ar−CH), 7.05 (d, J =
7.47 Hz, 4H, Ar−CH), 7.00 (d, J = 7.88 Hz, 1H, Ar−CH),
5.90 (d, J = 8.21 Hz, 2H, Gly N−CH), 5.48 (t, J = 9.50 Hz,
2H, Gly−CH), 5.42 (t, J = 8.41 Hz, 2H, Gly−CH), 5.29 (s,
4H, O−CH2), 5.25 (t, J = 9.17 Hz, 2H, Gly−CH), 4.31 (dd, J1
= 12.83 Hz, J2 = 3.66 Hz, 2H, diastereotopic Gly−CH), 4.20
(t, J = 7.65 Hz, 2H, −NCH2), 4.15 (dd, J1 = 12.81 Hz, J2 =
4.08 Hz, 2H, diastereotopic Gly−CH), 4.04−4.01 (m, 2H,
Gly−CH), 2.08 (s, 6H, Gly−CH3), 2.07 (s, 6H, Gly−CH3),
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2.01 (s, 6H, Gly−CH3), 1.85 (s, 6H, Gly−CH3), 1.74 (q, J =
6.80 Hz, 2H, −CH2−), 1.62 (s, 6H, −CH3), 1.49−1.44 (m,
2H, −CH2−), 0.99 (t, J = 6.62 Hz, 3H, −CH3)13C NMR (126
MHz, CDCl3, 298 K, δ ppm): 170.54, 169.94, 169.36, 168.95,
164.27, 159.25, 158.79, 150.82, 145.34, 144.72, 139.33, 132.96,
132.55, 132.38, 132.09, 130.82, 130.11, 129.83, 129.37, 128.32,
126.86, 124.16, 122.92, 121.46, 121.31, 117.68, 116.95, 115.28,
85.81, 75.22, 72.66, 70.24, 67.72, 61.91, 55, 53.44, 40.29,
30.27, 29.71, 20.72, 20.56, 20.52, 20.42, 20.14, 17.84, 13.88.
MS (MALDI-TOF) (DIT) m/z (%). Calc.: 1874.19, found:
1897.425 [M + Na]+, 1874.305 [M]+, 1855.630 [M-F]+.
Preparation of GO-(10−12) Nanocomposites. Com-

mercial GO was used for the preparation of NI-BODIPY-GO
nanocarriers according to the modified method previously
reported elsewhere.1 Briefly, 20 mg of GO was dispersed in 60
mL of distilled water by ultrasonication (1.5 h) to obtain a
homogeneous suspension of GO. Afterward, 20 mg of NI-
BODIPY derivative (10−12) was added and magnetically
stirred at room temperature for several minutes. Then, the
mixture was stirred for 40 h for dye adsorption on GO at room
temperature. The resulting mixture was filtered through a
polycarbonate membrane with 0.2 mm pores, and the obtained
solid material was washed with water several times to remove
the excess of compounds 10−12 then dried in a vacuum oven
for 48 h at 45 °C.
Parameters for Fluorescence Quantum Yields. The

fluorescence quantum yields (ΦF) of compounds 10−12 and
nanocarriers GO-(10−12) were determined by the compara-
tive method (eq 1).54

=
× ×

× ×
F F

F A n
F A n

Ø Ø Std
Std

2

Std Std
2 (1)

where F and FStd are the areas under the fluorescence emission
curves of (10−12) and GO-(10−12) and the standard,
respectively. A and AStd are the respective absorbances at the
excitation wavelengths. η is the refractive index of the solvents
that were employed for calculating the fluorescence quantum
yields. Two different standards were used to determine the
fluorescence quantum yields: (i) cresyl violet (ΦF = 0.53 in
methanol)54 and (ii) zinc phthalocyanine (ΦF = 0.20 in
dimethyl sulfoxide).55

The Parameters for 1O2 Quantum Yields. The 1O2
generating ability of compounds 10−12 and nanocarriers
[(GO-10-12)] was employed in both dichloromethane and
PBS. 1O2 trap molecules DPBF and ABDA were used. MB was
studied as a reference triplet PS. 1O2 formation can be traced
using photobleaching and subsequent decrease in absorbance
of DPBF (414 nm) and ADBA (360, 380, and 400 nm). 630
nm (4.0 mW/cm2) for DCM and 660 nm (25 mW/cm2) for
PBS LED bulbs were used as light sources. The light sources
were exposed from a 5 cm cell distance, and absorbances were
taken at intervals for each solution of PSs. Equation 2 was used
to calculate the 1O2 quantum yields where dyad and ref refer to
“NI-BODIPY and NI-BODIPY-GO” and “MB”, respectively. k
is the slope of difference in change in absorbance of DPBF
(414 nm) with irradiation time. F is the absorption correction
factor, which is given by F = 1−10−OD (OD is the absorption
at the irradiation wavelength), and PF is light intensity (energy
flux, mW/ cm2), which was used to calculate 1O2 quantum
yields.
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Cell Culture. K562 human chronic myelogenous leukemia
suspension cells were cultured in 25 cm2 culture flasks with
complete Dulbecco’s modified Eagle’s medium (DMEM,
supplemented with 2 mM L-glutamine, 20% fetal bovine
serum, 100 units/mL penicillin, and 100 μg/mL of
streptomycin) under environmental conditions of 37 °C, 5%
CO2, and 60% humidity. Cells were exposed to varying
concentrations of the chemicals and irradiated with a LED
source (660 nm).
MTT Assay Studies. Cytotoxicity of the chemicals was

investigated via MTT assay. Briefly, 50 μL cell suspensions in
complete DMEM containing 1 × 104 K562 cells were plated in
96-well flat-bottom culture plates (Corning, Massachusetts,
USA) and incubated for 12 h to recover from handling.
Varying concentrations of compounds 10−12 and GO-10-12
in complete DMEM were added into each well. The
experimental group of the cells was illuminated with an LED
source (660 nm) for 8 h in a culture incubator (37 °C, 5%
CO2, 60% humidity). This 8 h period of irradiation was
followed by a 40 h period of incubation in the dark (total 48 h)
also in the incubator. The control group of the cells was
incubated in the dark, for a duration of 48 h under identical
environmental conditions except irradiation. According to the
assay protocol, 25 μL of the MTT reagent (Sigma-Aldrich,
Missouri, USA) was added to each well in order to assess cell
viability (final concentration: 1 mg/mL) at the end of the 48 h
incubation period. Following a 4 h incubation of the cells with
the MTT reagent, the generated formazan precipitates were
solubilized by addition of the lysing buffer (80 μL, pH: 4.7),
which is composed of 23% SDS (sodium dodecyl sulfate)
dissolved in a solution of 45% DMF. After an overnight
incubation at 37 °C, the absorbance values (of each well) were
measured at 570 nm in a microtiter plate reader (SpectraMax
Plus, Molecular Devices, California, USA) at 25 °C. Cells
incubated in culture medium only (without any drug) served
as the control for cell viability both for the illuminated plates
and for the ones kept in the dark. Normalized cell number (%)
was calculated with normalization of the values. The IC50
values of the chemicals were estimated by fitting a model with
nonlinear regression.
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Naphthalimide-BODIPY Dyads: Synthesis, Characterization, Photo-
physical Properties, Live Cell Imaging and Antimicrobial Effect. J.
Mol. Struct. 2022, 1265, No. 133440.

(46) Rani, K.; Chawla, S.; Kumari, V.; De, A. K.; Sengupta, S.
Unravelling the Excited State Dynamics of Monofunctionalized
Mono- and Distyryl-BODIPY and Perylenediimide Dyads. J. Mater.
Chem. C 2022, 10, 10551−10561.
(47) Pimenta, M. A.; Dresselhaus, G.; Dresselhaus, M. S.; Cançado,
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