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I
n order to enhance therapeutic efficacy,
the protection of drug molecules from
leaching, degradation, or interaction with

the biological environment before reaching
the target sites is crucial for drug delivery
systems (DDSs).1 In recent years, many so-
phisticated stimuli-responsive DDSs based
on metallic nanoparticles,2�6 ceramic nano-
particles,7�11 polymers,12,13 dendrimers,14�16

liposomes,17�19 andmicelles20,21 have been
developed. Though these nanocarriers have
their own advantages such as easy synthe-
sis, tunable particle size, and low cytotoxi-
city, they often suffer from several serious
limitations including (i) premature release
or leaching of loaded drug molecules, (ii)

imprecise control of the drug release over
an extended period of time, and (iii) low
drug loading efficacy (e.g., 2.5% for Au nano-
particles,3 0.9% for Fe3O4 nanoparticles,4

9.9% for hollow mesoporous silica nano-
particles,11 and 6.0% of doxorubicin for
mesoporous silica nanoparticles22), result-
ing in the utilization of a large amount of
unwanted carriers.
Among various externally regulated sti-

muli, light is one of the best agents for
triggering the release of drugs from the
above-mentioned DDSs since the activation
processes by light are rapid and clean and
allow for low invasiveness as far as biological
systems are concerned. Thus, light-induced
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ABSTRACT An organic nanoparticle-based drug delivery system with high drug loading efficacy (∼79

wt %) was developed using a perylene-derived photoremovable protecting group, namely, perylene-

3,4,9,10-tetrayltetramethanol (Pe(OH)4). The anticancer drug chlorambucil was protected by coupling

with Pe(OH)4 to form photocaged nanoparticles (Pe(Cbl)4). The photorelease mechanism of chlorambucil

from the Pe(Cbl)4 conjugate was investigated experimentally by high-resolution mass spectrometry and

theoretically by density functional theory calculations. The Pe(Cbl)4 nanoparticles perform four important

roles: (i) a nanocarrier for drug delivery, (ii) a phototrigger for drug release, (iii) a fluorescent chromophore

for cell imaging, and (iv) a photoswitchable fluorophore for real-time monitoring of drug release. Tunable

emission of the perylene-derived nanoparticles was demonstrated by comparing the emission properties

of the Pe(OH)4 and Pe(Cbl)4 nanoparticles with perylene-3-ylmethanol. These nanoparticles were subsequently employed in cell imaging for investigating

their intracellular localization. Furthermore, the in vivo toxicity of the Pe(OH)4 nanoparticles was investigated using the mouse model. Histological tissue

analysis of five major organs, i.e., heart, kidney, spleen, liver, and lung, indicates that the nanoparticles did not show any obvious damage to these major

organs under the experimental conditions. The current research presents a successful example of integrating multiple functions into single-component

organic nanoparticles for drug delivery.
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drug release techniques have been applied frequently
for spatially and temporally controlled release of bioac-
tive molecules from DDSs both in vitro23�26 and
in vivo.27,28 Light-induced drug release is usually
achieved by irradiating a photocaged prodrug by
means of either one-photon or two-photon irra-
diation.29 Photocaging refers to temporary inactivation
of a biologically active molecule using a photoremov-
able protecting group (PRPG).30,31 In this process, since
the drug molecule is covalently attached with a photo-
activemolecule, it loses its activity temporarily, thereby
ruling out the possibility of premature release or
leaching of the drug molecule. Once the system
reaches the target site, the drug can be released from
the photoactive molecule through photolysis, thus
restoring its activity. To accomplish an optimal thera-
peutic efficacy, the real-time spatial and temporal
tracking of DDSs within living cells is also important
for drug delivery. Except for magnetic nanoparticle-
based DDSs that can be tracked bymagnetic resonance
imaging (MRI) techniques, the above-mentioned
DDSs are often nonfluorescent. Therefore, it is neces-
sary to make them visually traceable by rigorous
chemical modifications.
By keeping these considerations in mind, we herein

report a successful development of a photoresponsive
organic nanoparticle-based DDS with enhanced drug
loading efficacy (∼79 wt %). In this case, an anticancer
drug, chlorambucil, was protected by coupling it with
perylene-3,4,9,10-tetrayltetramethanol (Pe(OH)4) as a
PRPG in a 4:1 molar ratio to form a photocaged
fluorescent ester conjugate (Pe(Cbl)4). The organic
nanoparticle-based DDS with tunable emission was

then prepared from the Pe(Cbl)4 conjugate for photo-
induced chlorambucil delivery under real-time mon-
itoring of drug release in vitro. The present DDS
performs four important roles simultaneously: (i) a
nanocarrier for drug delivery, (ii) a phototrigger for
the drug release, (iii) a fluorescent chromophore for cell
imaging, and (iv) a photoswitchable fluorophore for
real-time monitoring of drug release.

RESULTS AND DISCUSSION

Synthesis and Characterization of Pe(Cbl)4 Nanoparticles. To
synthesize the photocaged prodrug Pe(Cbl)4, commer-
cially available perylene-3,4,9,10-tetracarboxylic dian-
hydride was employed to prepare perylene-3,4,9,
10-tetrayltetramethanol (Pe(OH)4) in three steps by
following a literature procedure.32 Finally, the caging
of four equivalents of the anticancer drug chlorambucil
with PRPG Pe(OH)4 was achieved by carrying out EDCL
(1-ethyl-3-(3-(dimethylamino)propyl)carbodiimide)
coupling in the presence of 4-dimethylaminopyridine
(DMAP) in dichloromethane (DCM) as depicted in
Scheme 1.

After successful preparation of the photocaged
Pe(Cbl)4 conjugate, we proceeded to synthesize the
Pe(Cbl)4 nanoparticles for drug delivery by using a repre-
cipitation technique, i.e., slowly adding a Pe(Cbl)4 acetone
solution (10 μL, 5 mM) into water (5 mL) with constant
sonication for 30min. By employing a similar reprecipita-
tion technique, Pe(OH)4-based nanoparticles were also
synthesized as the control. The shape andmorphology
of the resulting Pe(Cbl)4 and Pe(OH)4 nanoparticles
were determined by transmission electron microscopy
(TEM) and scanning electron microscopy (SEM). It was

Scheme 1. Synthesis of photocaged prodrug Pe(Cbl)4. Reagents and conditions: (i) KOH, H2O, reflux, 24 h, (ii) PhCH2Cl, K2CO3,
DMAP, 18-crown-6, DMF, 90 �C, 24 h, (iii) DIBALH, DCM,�78 �C to room temperature, 48 h, and (iv) chlorambucil, EDCL, DMAP,
DCM, room temperature, overnight.
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found that both nanoparticles are spherical in shape
(Figure 1). The size of the respective nanoparticles was
measured by dynamic light scattering (DLS) analysis,
and the average nanoparticle sizes were observed to
be 220 and 175 nm, respectively (Figure S3 in the
Supporting Information (SI)).

Photophysical Properties of Pe(Cbl)4. The UV�vis ab-
sorption and emission spectra of the photocaged
prodrug Pe(Cbl)4 were recorded both in ethanolic
solution and in aqueous suspension. The absorption
spectrum of the caged prodrug in ethanolic solution
was found to be quite similar to the spectrum of
perylene, with strong absorption peaks centered at
405, 425, and 450 nm. Upon the addition of an
increasing percentage of water, the absorption spec-
trum of Pe(Cbl)4 was slightly red-shifted as well as
broadened, as shown in Figure 2a. The emission spec-
trum of Pe(Cbl)4 in ethanolic solution also resembles
the emission spectrum of perylene with the emission
peaks centered at 468, 490, and 525 nm. When adding

an increasing percentage of water, the characteristic
emission intensities of the perylene chromophore in
Pe(Cbl)4 gradually decreased, while a new emission
peak centered at 560 nm appeared with gradual en-
hancement of the emission intensity (Figure 2b). The
appearance of the new emission peak at 560 nm can
be ascribed to the formation of excimers33 from the
Pe(Cbl)4 nanoparticles.

Next, we examined the theoretical emission of the
perylene dimer by optimizing the excited state of the
dimer at the TD-PBE0/cc-pVDZ level of theory. Accord-
ing to a literature report,33 this method is able to
reasonably reproduce the emissive energy of aromatic
excimers. The initial structure of the dimer was ex-
tracted from an MD (molecular dynamics) simulation
trajectory. It was found that the highest occupied and
lowest unoccupied molecular orbitals (HOMO and
LUMO) of the dimer receive a sizable contribution from
both perylene units (Figure 3), and the HOMO to LUMO
transition exhibits charge transfer character from one

Figure 1. TEM images of (a) Pe(OH)4 nanoparticles, (b) Pe(Cbl)4 nanoparticles, and (c) Pe(Cbl)4 nanoparticles with higher
magnification. SEM images of (d) Pe(OH)4 nanoparticles, (e) Pe(Cbl)4 nanoparticles, and (f) Pe(Cbl)4 nanoparticles with higher
magnification. Scale bar = 1 μm (d, e) and 100 nm (f).

Figure 2. (a) UV�vis absorption and (b) emission spectra of photocaged conjugate Pe(Cbl)4 in water, ethanol, and aqueous
ethanol.
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perylene to another. The vertical emissive energy of
the excited state of the perylene dimer was obtained
as 2.19 eV (566 nm), which shows a significant red
shift as compared to that of the monomer (2.59 eV,
478 nm). The computed emissive energies for the
perylene monomer and dimer are in fair agreement
with experimental observations (Figure 2b), support-
ing the conclusion that the red-shifted emission arises

from the aggregation of Pe(Cbl)4 and the formation
of perylene dimers. Thus, the Pe(Cbl)4 nanoparticles we
prepared could be expected to serve as a useful platform
for live cell imaging as well as for intracellular tracking of
nonfluorescent anticancer drug chlorambucil release.

Hydrolytic Stability of Pe(Cbl)4. To examine the hydro-
lytic stability of the Pe(Cbl)4 nanoparticles, phosphate-
buffered saline (PBS) solutions (1 mL) containing

Figure 3. Frontier molecular orbitals and emissive energies of perylene: (a) dimer and (b) monomer. The geometry of the
perylene dimer was extracted from the simulation trajectory and fed to time-dependent density functional theory (DFT)
optimizations at the PBE0/cc-pVDZ level of theory to compute the emission energy.

Figure 4. Emission spectra of the photocaged Pe(Cbl)4 conjugate in different time intervals of photoirradiation (0�60 min,
g410 nm). Photolysis was carried out (a) in aqueous acetonitrile and (b) in aqueous suspension. (c) Percentage (%) of the drug
released (normalized plotwith a normalization factor of 4) and (d) percentage (%) of Pe(Cbl)4 decomposed in correlationwith (b).
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Pe(Cbl)4 nanoparticles (2 � 10�4 M) at different initial
pH values (5.6, 7.4, and 8) were prepared separately.
PBS culture medium containing 10% fetal bovine
serum (FBS) at pH 7.4 was also prepared to monitor
the stability of the Pe(Cbl)4 nanoparticles in the bio-
logical environment. All the tubes were kept in an
ultrasonic bath for 10 min to make the solutions
homogeneous and then stored at room temperature
in the dark for 72 h. Next, the residue organic com-
pounds were extracted in DCM, and 1H NMR spectra
were recorded to examine the remaining percentage
of the Pe(Cbl)4 molecule. Insignificant decomposition
(4�6%) of the Pe(Cbl)4 nanoparticles under the dark
condition was observed (Table S1 in the SI), which
proves that the Pe(Cbl)4 nanoparticles are quite stable
under the dark condition.

Photolysis of Photocaged Prodrug Pe(Cbl)4. To demon-
strate the photoinduced release of the anticancer drug
chlorambucil, an aqueous acetonitrile solution of Pe-
(Cbl)4 was irradiated under visible light (g410 nm) by a
125W (110mW/cm2) medium-pressure Hg lamp using
a 1 M NaNO2 solution as the UV filter. The course of
the photorelease was followed by emission spectros-
copy (Figure 4a) as well as by 1H NMR spectroscopy.
During the photolysis, the emission intensity of Pe(Cbl)4

steadily increased, which is consistent with previously
reported perylene-based PRPG.1

After successful demonstration of the photorelease
of chlorambucil in solution, we carried out the photo-
lysis of Pe(Cbl)4 nanoparticles in aqueous suspension
to prove that it is an efficient drug delivery vehicle.
An aqueous suspension of the Pe(Cbl)4 nanoparticles
(1 � 10�4 M) was irradiated by following the same
procedure as adopted in the case of the aqueous
acetonitrile solution, and the course of photolysis was
monitored by 1H NMR spectroscopy (Figure 5). A
known amount of aqueous suspension (5 mL) under-
went photolysis at different irradiation times and
was extracted in DCM followed by recording its
1H NMR spectrum. A photocleavage process of
Pe(Cbl)4 nanoparticles into corresponding chloram-
bucil photoproduct along with other photoproducts
was observed.

We also followed the photolysis process by emis-
sion spectroscopy (Figure 4b), which showed that,
upon gradual photolysis, the emission intensity of
Pe(Cbl)4 nanoparticles gradually decreased, confirm-
ing the photodecomposition of Pe(Cbl)4 nanoparticles.
By correlating the decrease in the fluorescence inten-
sity with the percentage of the drug released as well as

Figure 5. 1H NMR spectral changes of Pe(Cbl)4 at different irradiation times.
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the percentage of Pe(Cbl)4 nanoparticles decomposed,
it was noted that, after 60 min of photoirradiation,
about 95% of drug was released as shown in Figure 4c.
Furthermore, the fate of the Pe(Cbl)4 nanoparticles
after the photolysis was investigated by TEM, which
showed that, on gradual photolysis, the monodis-
persed spherical Pe(Cbl)4 nanoparticles gradually ag-
glomerated with the loss of spherical morphology
(Figure 6).

Proposed Mechanism for the Photorelease of Chlorambucil.
On the basis of literature reports,34,35 we proposed a
stepwise pathway for the photorelease of chlorambucil
from the photocaged Pe(Cbl)4 conjugate through an
ionic mechanism. The initial photochemical step

involves the excitation of the perylene-3,4,9,10-tetra-
yltetramethyl chromophore to its singlet excited state,
which then undergoes heterolytic cleavage of one of
the ester bonds to produce an ion-pair of a [Pe(Cbl)3CH2]

þ

Figure 6. TEM images of Pe(Cbl)4 nanoparticles (a) before the photolysis, (b) after 20min of photolysis, and (c) after 40min of
photolysis.

Scheme 2. Photorelease mechanism of chlorambucil.

Figure 7. Contour plots of frontier molecular orbitals of Pe(OH)4, Pe(Cbl)4, and compounds 4�6.

TABLE 1. Computed Energy Levels of Frontier Molecular

Orbitals of Pe(OH)4, Pe(Cbl)4, and Compounds 4�6

compound EHOMO (eV) ELUMO (eV) Egap (eV)

Pe(OH)4 �4.69 �1.72 2.97
Pe(Cbl)4 �5.20 �2.26 2.94
4 �5.07 �2.12 2.95
5 �4.94 �2.00 2.94
6 �4.82 �1.86 2.96
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carbocation and a chlorambucil carboxylate anion.
After the ion-pair separation in water, the methylenic
carbocation and carboxylate anion react with water to
yield the corresponding alcohol [Pe(Cbl)3CH2OH] and
chlorambucil. The process continues until it releases
four equivalents of chlorambucil with the production of
the final byproduct Pe(OH)4 as shown in Scheme 2. The
above proposed mechanism was further supported
by high-resolution mass spectrometry (HRMS) analysis
of the Pe(Cbl)4 nanoparticles after 20 min of photoirra-
diation. After the photoirradiation, the reaction mixture
was subjected toHRMSanalysis, and itwas found that all
the possible intermediates for the stepwise mechanism
werepresent in the reactionmixture alongwith released
chlorambucil (see pages S7, S8 in the SI).

Furthermore, the photorelease of four equivalents
of chlorambucil from the Pe(Cbl)4 nanoparticles was
validatedbyDFT calculations. Thegeometries of Pe(OH)4
and Pe(Cbl)4 along with compounds 4�6 were opti-
mizedbyDFT calculationswith theB3LYP functional36,37

implemented in the ORCA program.38 From the com-
puted frontier molecular orbitals shown in Figure 7, it
can be seen that the HOMO and LUMO reside exclu-
sively on the perylene core. The energy levels of HOMO
and LUMO are influenced by the photolysis of the ester
units. However, the HOMO�LUMO gap remains almost
unchanged for all the above compounds, as shown in
Table 1. Ground-state DFT calculations show that
the products of photolysis are thermally more stable
than their corresponding reactants by ∼12 kJ mol�1

(Figure S6 and Table S2 in the SI), which suggest
spontaneous photorelease of chlorambucil from the
Pe(Cbl)4 conjugate under photoirradiation.

Cellular Uptake and Intracellular Trafficking Studies of Pe-
(Cbl)4 Nanoparticles. Real-time cellular uptake of Pe(Cbl)4

nanoparticles was investigated by cell imaging using
the HeLa cancer cell line. The HeLa cell line was
maintained in minimum essential medium containing
10% FBS under humified conditions at 37 �C and 5%
CO2. HeLa cells (5 � 104 cells/well) were plated on six-
well plates and allowed to adhere for 4�8 h. The cells
were then incubated with Pe(Cbl)4 nanoparticles (5 �
10�6 M) in cell culture medium at 37 �C and 5% CO2 for
6 h. Thereafter, the cells were fixed in 4% aqueous
formaldehyde solution for 15 min and washed two
times with PBS. Imaging was acquired by a confocal
microscope using respective filters. Cellular uptake
after 6 h incubation reveals that the Pe(Cbl)4 nanopar-
ticles were readily internalized by the cells (Figure S7 in
the SI).

In order to explore the intracellular localization of
the Pe(Cbl)4 nanoparticles inside HeLa cells, the cell
nuclei and lysosome were stained with 40,6-diamidino-
2-phenylindole (DAPI) and LysoTracker Red DND-99,
respectively. After exposing HeLa cells to Pe(Cbl)4
nanoparticles for 6 h followed by fixation and subse-
quent staining with DAPI, confocal fluorescencemicro-
scopy studies reveal that the Pe(Cbl)4 nanoparticles
were readily internalized by the cells and mostly
located in the cytoplasm (Figure 8a�c). By using a sim-
ilar incubation procedure with Pe(Cbl)4 nanoparticles
for 6 h followed by staining with LysoTracker Red
dye DND-99, the obtained images show that the
Pe(Cbl)4 nanoparticles were located both in the cyto-
plasm (Figure 8f, green color) and in the lysosome
(Figure 8f, yellow color by the co-localization of Pe-
(Cbl)4 nanoparticles and DND-99).

Anticancer Efficacy of Pe(Cbl)4 Nanoparticles before and after
Photolysis. After successful demonstration of the pro-
nounced internalization of Pe(Cbl)4 nanoparticles

Figure 8. Intracellular trafficking studies of Pe(Cbl)4 nanoparticles in HeLa cells: (a) emission from DAPI, (b) emission from
Pe(Cbl)4, and (c) overlay image of (a) and (b), scale bar = 50 μm. (d) Emission from LysoTracker Red DND-99, (e) emission from
Pe(Cbl)4, and (f) overlay image of (d) and (e), scale bar = 20 μm.
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by the cells, the in vitro cytotoxicity of Pe(Cbl)4 nano-
particles, chlorambucil, and Pe(OH)4 nanoparticles was
evaluated using the MTT (3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide) assay on the HeLa
cell line. Briefly, HeLa cells in their exponential growth
phase were trypsinized and seeded into 96-well cell
culture plates at a density of 1� 104 cells/mL in 100 μL
of DMEM (Dulbecco's modified Eagle medium) com-
plete medium. Different concentrations of Pe(Cbl)4
nanoparticles, chlorambucil (four equivalents with re-
spect to each concentration of Pe(Cbl)4 nanoparticles),
and Pe(OH)4 nanoparticles were added in the wells
with an equal volume of PBS in the control wells. The
cells were incubated at 37 �C in 5% CO2 for 72 h. Then,
fresh media containing MTT (0.40 mg mL�1) were
added into the above 96-well plates, which were
incubated at 37 �C for an additional 4 h. Thereafter,
the medium was discarded, the formazan crystals
formed were dissolved in DMSO, and the absorbance
was recorded at 595 nm. It was observed that the cell
viability remained above 95% at different concentra-
tions of Pe(Cbl)4 and Pe(OH)4 nanoparticles used,
whereas an increasing cytotoxicity was observed upon

the addition of increasing concentrations of chloram-
bucil (Figure 9a).

To investigate the photoinduced release of chlor-
ambucil within the HeLa cancer cell line and its
subsequent effect on the cell viability, the cells in-
cubated with different concentrations of Pe(Cbl)4
nanoparticles were irradiated for different time inter-
vals under visible light (g410 nm), resulting in the
release of the anticancer drug chlorambucil to induce
cytotoxicity to HeLa cells, as confirmed by the MTT
toxicity studies (Figure 9b,c). On the other hand, there
was no significant cell death observed when the cells
were irradiated either in the presence of Pe(OH)4
nanoparticles or in the absence of Pe(Cbl)4 nano-
particles, demonstrating that the cytotoxicity caused
was only because of the released chlorambucil drug
upon the photoirradiation. By comparing four equiva-
lents of chlorambucil with one equivalent of Pe(Cbl)4
nanoparticles (Figure 9a), Pe(Cbl)4 nanoparticles
showed much lower cytotoxicity. Significantly, upon
photoirradiation, Pe(Cbl)4 nanoparticles presented an
enhanced cytotoxicity (Figure 9b,c) to cancer cells as
compared with that of free chlorambucil, on account

Figure 9. (a and b) Cell viability of HeLa cells incubated with Pe(Cbl)4 nanoparticles, Pe(OH)4 nanoparticles, and
chlorambucil, respectively: (a) before irradiation and (b) after 30 min of irradiation. (c) Cell viability in the presence
of different concentrations of Pe(Cbl)4 nanoparticles at different time intervals of irradiation. Values are presented as
mean ( SD.
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of efficient photorelease of chlorambucil within the
cells.

Furthermore, cellular death caused by the released
chlorambucil was confirmed by observing the changes
of cell morphology and the nucleus condensation from
confocal bright field images, as shown in Figure 10,
ib�ie (indicated by red circles). Thus, the Pe(Cbl)4
nanoparticles could be considered as a versatile DDS
for photoinduced release of anticancer drug within
live cells.

Real-Time Monitoring of Drug Release. To demonstrate
that Pe(Cbl)4 nanoparticles could serve as photo-
responsive nanocarriers with real-time monitoring
of the drug release, the luminescence properties of
Pe(Cbl)4 nanoparticles were investigated. As shown in
Figure 4b, the Pe(Cbl)4 nanoparticles exhibit green
fluorescence with the emission maxima at 558 nm.
We observed a gradual decrease in the green emission
band at 558 nm for the Pe(Cbl)4 nanoparticles upon
increasing irradiation time. The changes in fluores-
cence intensity were also employed to monitor the
drug release inside HeLa cells in real time using con-
focal fluorescence imaging technique (Figure 10). It
can be clearly seen fromFigure 10 that the bright green
emission of Pe(Cbl)4 nanoparticles in the HeLa cells
observed before photoirradiation (Figure 10, iia) lost its
luminescence intensity upon gradual photoirradiation
and finally turned nonemissive (Figure 10, iie) after 1 h
of irradiation, indicating the complete decomposition
of Pe(Cbl)4 nanoparticles into corresponding photo-
products Pe(OH)4 and four equivalents of chlorambucil.

Tunable Emission Properties of Perylene-Derived Nanoparti-
cles. Perylene, a polycyclic aromatic compound, is a
bright blue emitting fluorophore in organic solution
with the emission maxima of 440 nm. When it aggre-
gates to form nanoparticles in aqueous solution,
it shows a distinct red emission.39 A red emissive
perylene-derived organic nanoparticle based DDS,
namely, PeCbl (λemi = 625 nm), was previously

reported by Sing and co-workers,40 which could
release the drug under photoirradiation of visible
light. The perylene-3-ylmethanol (PeOH) nanoparti-
cles were observed to be bright blue emissive (λemi =
440 nm). The newly designed Pe(Cbl)4 nanoparticles
are bright green emissive (λemi = 558 nm), which is in
contrast to the corresponding PRPG nanoparticles,
Pe(OH)4, with faint blue emission (λemi = 460 nm,
Figure S9 in the SI). These four perylene derivatives
were found to be bright blue emissive in organic
solution (Figures S8�S15 in the SI). Thus, the perylene
and perylene-derived small organic molecules show
entirely distinct emission properties in solution and in
the state of aggregation, and the emission properties
of these aggregates could be fine-tuned by varying the
substituents on the parent perylene chromophore as
indicated in Figure 11.

To demonstrate the feasibility of tunable emission
properties from perylene-derived nanoparticles in

vitro, they were employed for cell imaging studies in
the HeLa cancer cell line. The co-staining experiments
were carried out by incubating HeLa cells with an
equimolar (5 μM) mixture of PeOH, PeCbl, and Pe(Cbl)4
nanoparticles for 6 h followed by recording images
with a confocal microscope. The images reveal that the
three types of nanoparticles were simultaneously in-
ternalized by the cells, and their corresponding emis-
sion color was retained in the cellular environment as
shown in Figure 12a�d.

To better understand the tunable emission proper-
ties of perylene-derived nanoparticles, the relative
energies of the frontier molecular orbitals for each
nanoparticle system were investigated by measuring
their oxidation/reduction potentials under cyclic vol-
tammetry (CV), and the subsequent energy levels
associated with the corresponding nanoparticles were
calculated as represented in Scheme 3. The voltammo-
grams (Figures S17�S20 in the SI) indicate that all
nanoparticles undergo single irreversible oxidation.

Figure 10. Confocal bright field and fluorescence images of HeLa cells incubated with Pe(Cbl)4 nanoparticles (2 � 10�5 M)
under different irradiation times (0�60 min, time interval = 15 min): (ia�ie) bright field and (iia�iie) corresponding
fluorescence images. Red circles in (ib)�(ie) indicate the nucleus condensation of HeLa cells. Scale bar = 50 μm.
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The oxidation potential (Eox) for each nanoparticle
system, corresponding to the HOMO, was calculated
by following the literature procedure,41 and the band
gap energy (E0�0) for the corresponding nanoparticles
was obtained from the intersection of the normalized
absorption and emission spectra. It can be clearly seen
fromScheme 3 that the PeOHnanoparticles possess the
highest HOMO�LUMO energy barrier (3.06eV) followed
by the Pe(OH)4 nanoparticles (2.76eV), and that they
emit at the higher energy blue-emitting region. The
PeCbl nanoparticles have the lowest HOMO�LUMO
energy barrier (2.31 eV), which falls in the lower energy
red-emitting region. In the case of Pe(Cbl)4 nanoparti-
cles having an intermediate HOMO�LUMO energy
barrier of 2.43eV, their emission is within the relatively
high energy green-emitting region.

Evaluation of in Vivo Toxicology of Pe(OH)4 Nanoparticles. It
was found that the Pe(OH)4 nanoparticles could form a

clear suspension in FBS even at a concentration of
500 μM. In order to validate the perylene-derived DDSs

Figure 12. Co-localization studies of PeOH, PeCbl, and Pe(Cbl)4 nanoparticles in HeLa cells: (a) emission from PeOH
nanoparticles, (b) emission from PeCbl nanoparticles, (c) emission from Pe(Cbl)4 nanoparticles, (d) overlay image of (a, b,
and c) showing the co-localization of three types of nanoparticles. Scale bar = 20 μm. (e) Emission fromDAPI, (f) emission from
PeCbl nanoparticles, (g) emission from Pe(Cbl)4 nanoparticles, (h) overlay image of (e, f, and g) demonstrating the co-
localization of both PeCbl and Pe(Cbl)4 nanoparticles within the cell cytoplasm (yellow color in image h). Scale bar = 50 μm.

Scheme3. Relative energies for theHOMOandLUMO levels
of PeOH, Pe(OH)4, PeCbl, and Pe(Cbl)4 nanoparticles eval-
uated from respective ground-state redox potentials and
E0�0 values.

Figure 11. Normalized emission spectra of PeOH, PeCbl, and Pe(Cbl)4 nanoparticles in water.
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to be applicable for practical delivery of anticancer
drugs, the in vivo toxicity of Pe(OH)4 nanoparticles in
the C57BL/6 mouse model was thoroughly examined.
The animal studies were approved by the Institutional
Animal Care and Use Committee (ARF-SBS/NIE-
A0155AZ), Nanyang Technological University, and all
experiments were carried out in strict compliance with
the regulations. C57BL/6 mice (4�6 weeks old) were
treated with Pe(OH)4 nanoparticles at different con-
centrations (94 or 372 μg/kg) and a control of 1� PBS
by intravenous injection every 3 days over a period of
4 weeks. All animals weremaintained in specific patho-
gen-free conditions. The weight, movement, and red
blood cell count of the mice were monitored daily.
During the 4-week treatment with Pe(OH)4 nano-
particles, no significant changes in the total body
weight, animal movement, and total red blood cell
count were observed for all the treated mice (data not
shown) with respect to the mice used for control
experiment, which indicates that all the mice could
tolerate the treatment of Pe(OH)4 nanoparticles with-
out obvious signs of toxicity throughout the course of
this study. After 4 weeks of treatment, the mice were
sacrificed and the tissues of five major organs, i.e.,

heart, kidney, spleen, liver, and lung, were harvested
and analyzed for necrosis and cellular apoptosis by
histology (hematoxylin and eosin staining), revealing
no visible tissue necrosis for all five major organs
(Figure 13). Thus, the in vivo toxicology studies clearly
demonstrate that the Pe(OH)4 nanoparticle based
DDSs could be considered as safe drug carriers for
future applications.

CONCLUSION

In summary, we have designed a perylene-derived
single-component organic nanoparticle-based drug
delivery system for photocontrolled intracellular de-
livery of an anticancer drug. The bright green emis-
sion of Pe(Cbl)4 nanoparticles has been utilized for
in vitro cellular imaging. The photoinduced drug re-
lease capability of the Pe(Cbl)4 nanoparticles has been es-
tablished by exposure to visible light. Photoinduced
cytotoxicity enhancement of the Pe(Cbl)4 nanoparticles
as compared to free drug against HeLa cells has been
demonstrated. Furthermore, the in vivo toxicology
studies of Pe(OH)4 nanoparticles has revealed that
the perylene-derived organic nanoparticles could be
considered as safe drug delivery vehicles. In addition,

Figure 13. Representative hematoxylin and eosin stained tissue sections of the fivemajor organs (heart, kidney, spleen, liver,
and lung) isolated from the mice with and without treatment with Pe(OH)4 nanoparticles, showing no obvious signs of
perylene-related toxicity. Scale bar = 200 μm.
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we have for the first time developed organic nano-
particle systems with tunable emission properties by
varying the substituents on the parent chromophore.
Thus, it is possible to obtain emission in the entire
spectrum by introducing suitable substituents at

suitable positions on the parent perylene unit in the
future. The present findings may open up a new area
of designing multicolor-emitting organic nano-
particles for different applications such as bioimag-
ing, bioanalytics, and optoelectronics.

MATERIALS AND METHODS
General Information. All reagents were purchased from Sigma-

Aldrich and used without further purification. Acetonitrile
and dichloromethane were distilled from CaH2 before use. 1H
NMR spectra were recorded on a Bruker-AC 300 MHz spectro-
meter. Chemical shifts are reported in ppm from tetramethylsi-
lane with the solvent resonance as the internal standard
(deuterochloroform: 7.26 ppm). Data are reported as follows:
chemical shifts, multiplicity (s = singlet, d = doublet, t = triplet,
m = multiplet), and coupling constant (Hz). 13C NMR (75 MHz)
spectra were recorded on a Bruker-AC 300 MHz spectrometer
with complete proton decoupling. Chemical shifts are reported
in ppm from tetramethylsilane with the solvent resonance as
the internal standard (deuterochloroform: 77.0 ppm). UV/vis
absorption spectra were recorded on a Shimadzu UV-3600
UV�vis�NIR spectrophotometer. Fluorescence emission spec-
tra were recorded on a Shimadzu RF-5301 PC spectrofluoro-
photometer. FT-IR spectra were recorded on a PerkinElmer RXI
spectrometer, and HRMS spectra were recorded on a JEOL-
AccuTOF JMS-T100L mass spectrometer. Transmission electron
microscopy images were measured on a JEM-1400 (JEOL)
operated at 100�120 kV. The TEM samples were prepared by
dispersing compounds in water, which were dropped on the
surface of a copper grid. Scanning electron microscopy images
were collected on a field emission JSM-6700F (JEOL) operated at
10 kV. Photolysis of all the ester conjugates was carried out
using a 125 W (110 mW/cm2) medium-pressure Hg lamp
supplied by SAIC (India). Chromatographic purification was
performed with 60�120mesh silica gel (Merck). For monitoring
reactions, precoated silica gel 60 F254 TLC sheets (Merck) were
used.

Preparation of Perylene-3,4,9,10-tetracarboxylic Acid (2).32. Perylene-
3,4,9,10-tetracarboxylic dianhydride (5.0 g, 12.7 mmol) was
suspended in water (100 mL) followed by the addition of
potassium hydroxide (5.0 g, 89.1 mmol). The reaction mixture
was heated to reflux with vigorous stirring. After 24 h, the
reaction mixture was cooled to room temperature followed by
acidification with 10% sulfuric acid (100 mL) to result in the
precipitation. Product perylene-3,4,9,10-tetracarboxylic acid (2)
was collected by filtration, washed with water and ethanol, and
dried under vacuum. Compound 2 (5.4 g, 99%) as a dark red
solid was used without further purification.

Preparation of Tetrabenzyl Perylene-3,4,9,10-tetracarboxylate (3) (ref 32). A
solution containing compound 2 (2.5 g, 5.8 mmol), benzyl
chloride (22.2 g, 175.0 mmol), potassium carbonate (8.1 g,
58.4 mmol), 18-crown-6 (1.5 g, 5.8 mmol), and 4-(dimethyl-
amino)pyridine (0.7 g, 5.8 mmol) in DMF (50 mL) was heated
at 90 �C with stirring under a nitrogen atmosphere. After 24 h,
the reaction mixture was cooled to room temperature and was
then filtered under suction and washed with DMF (20 mL) to
remove insoluble materials and excess potassium carbonate.
The solvent was removed using a rotary evaporator under
reduced pressure. The residue obtained after the removal of
the solvent was washed with 50% aqueous ethanol (50 mL) and
dried under vacuum to give tetrabenzyl perylene-3,4,9,10-tetra-
carboxylate, 3 (3.7 g, 86%), as an orange solid. The compound
was further purified by flash chromatography using dichloro-
methane as the mobile phase to yield orange crystals of 3. 1H
NMR (CDCl3, 300MHz): δ 5.16 (s, 8H), 7.32�7.36 (m, 24H), 7.99 (d,
J = 7.9 Hz, 4H).

Preparation of Perylene-3,4,9,10-tetrayltetramethanol (4) (ref 32). To
a solution of compound 3 (4.5 g, 5.7 mmol) in dichloromethane
(50 mL) was dropwise added a solution of diisobutylaluminum
hydride (DIBALH, 1.0 M in THF, 28.5 mL, 28.5 mmol) at �78 �C.

After 30 min at this temperature, the reaction mixture was
warmed to room temperature, stirred for an additional 48 h, and
quenched by slow addition of ethanol (25mL). Then, the solvent
was evaporated under vacuum to obtain a bright orange glassy
solid. After complete drying under vacuum, the residue was
protonated by treatment with 10% sulfuric acid (60 mL), afford-
ing red powders. The resultant powders were collected by
filtration, washed with water (60 mL) and ethanol (13 mL),
and then dried under vacuum to give perylene-3,4,9,10-tetra-
yltetramethanol (2.0 g, 92%). 1H NMR (DMSO-d6, 300 MHz): δ
5.07 (s, 8H), 5.32 (bs, 4H, OH), 7.68�7.70 (d, J = 7.8 Hz, 4H),
8.34�8.37 (d, J = 7.8 Hz, 4H).

Synthesis of Pe(Cbl)4 Conjugate. Amixture of chlorambucil (0.4 g,
1.3 mmol), EDCL (0.3 g, 1.3 mmol), and DMAP (0.1 g, 1.1 mmol)
was dissolved in dry dichloromethane, and the reactionmixture
was vigorously stirred under a nitrogen atmosphere at room
temperature for 1 h. Then, the compound Pe(OH)4 (0.1 g,
0.3 mmol) was added followed by the addition of DMAP (0.1 g,
1.1 mmol). The reaction mixture was stirred under dark condi-
tions at room temperature overnight. After completion of the
reaction, the resulting product was extracted in dichloro-
methane from a dichloromethane/H2O mixture. The organic
fraction was dried over anhydrous Na2SO4 followed by the
removal of solvent under reduced pressure to yield a brown
residue, which was further purified by flash column chroma-
tography using 30% ethyl acetate in hexane as the mobile
phase to afford compound 6 as a yellow solid (0.2 g, 79%). 1H
NMR (CDCl3, 300 MHz): δ 1.86�1.96 (m, 8H), 2.38 (t, J = 14.7 Hz,
8H), 2.51 (t, J = 15.0 Hz, 8H), 3.55�3.68 (m, 32H), 5.64 (s, 8H),
6.53�6.56 (d, J = 8.7 Hz, 8H), 6.95�6.98 (d, J = 8.4 Hz, 8H),
7.71�7.74 (d, J = 7.8 Hz, 4H), 8.22�8.25 (d, J = 7.8 Hz, 4H). 13C
NMR (CDCl3, 75 Hz): δ 26.6, 33.7, 33.9, 40.5, 53.6, 66.7, 112.1,
121.3, 129.7, 129.9, 130.4, 131.3, 132.4, 132.6, 132.9, 144.3, 173.1.
IR (KBR): 1725 cm�1. HRMS: calculated for C80H88Cl8N4O8Na
[M þ Na]þ 1535.4008, mass obtained 1535.4031.

Preparation of Pe(Cbl)4 Nanoparticles. The Pe(Cbl)4 nanoparticles
were synthesized by following the reprecipitation technique as
described in a previous report.2 Basically, Pe(Cbl)4 conjugate in
acetone (10 μL, 5 mM) was slowly added into water (5 mL) at
room temperature with constant sonication for 30 min. The size
of the Pe(Cbl)4 nanoparticles was determined by TEM as well as
DLS.

Preparation of Pe(OH)4 Nanoparticles. Synthesis of Pe(OH)4 nano-
particles was carried out by following the same procedure as
described in the case of Pe(Cbl)4 nanoparticles.

Hydrolytic Stability of Pe(Cbl)4 Nanoparticles at Different pH. A
suspension (1 mL, 2 � 10�4 M) of Pe(Cbl)4 nanoparticles was
added into a PBS solution (1 mL) under different pH. The PBS
culture medium contained 10% FBS with pH = 7.4. All the tubes
were kept in an ultrasonic bath for 10 min to make the
suspensions homogeneous, which were stored at 37 �C in dark
conditions for 72 h. Then, the organic compounds were ex-
tracted in dichloromethane and the 1H NMR spectra were
recorded to examine the remaining percentage of the Pe(Cbl)4
conjugate.

Photolysis of Pe(Cbl)4 Nanoparticles under Visible Light Irradiation.
An aqueous suspension (100 mL, 1 � 10�4 M) of the Pe(Cbl)4
nanoparticles was prepared. Half of the suspension was kept in
the dark. The other half was irradiated using a 125 W (110 mW/
cm2) medium-pressure Hg lamp as the light source (g410 nm)
with a solution filter of NaNO2 solution (1 M) under a nitrogen
atmosphere. At a regular interval of time, a certain amount
(5 mL) of solution was taken, which was extracted in dichloro-
methane. The percentage of Pe(Cb)4 decomposed was
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quantified by 1H MNR spectra. From the 1H NMR spectra, it was
observed that, upon photoirradiation, the Pe(Cbl)4 conjugate
underwent photocleavage of the ester C�O bond at 5.64 ppm
to produce the corresponding photoproducts along with
chlorambucil.

Pe(Cbl)4 Nanoparticles for Cell Imaging on the HeLa Cell Line. Cell
imaging studies were carried out using the HeLa cell line, which
was maintained in minimum essential medium (MEM) contain-
ing 10% FBS at 37 �C and 5%CO2. To study the cellular uptake of
Pe(Cbl)4 nanoparticles, HeLa cells (5 � 104 cells/well) were
placed on six-well plates and allowed to adhere for 4�8 h.
The cells were then incubated with Pe(Cbl)4 nanoparticles (5 �
10�6 M) in cell culture medium at 37 �C and 5% CO2 for 6 h.
Thereafter, the cells were fixed in 4% aqueous formaldehyde for
15 min and washed two times with PBS. Imaging was captured
by a Nikon confocal microscope (Nikon Eclipse TE2000-E) using
the respective filter.

Intracellular Trafficking of Pe(Cbl)4 Nanoparticles. Cells, grown and
plated as described above, were incubated with MEM (1 mL)
containing Pe(Cbl)4 nanoparticles (5� 10�6 M) at 37 �C for 6 h.
Thereafter, the cells were washed two times with PBS (10 mM)
and fixed with 4% aqueous formaldehyde at room temperature
for 15min. After fixation, the cells were washed three times with
PBS (10 mM). The cells were counterstained with DAPI (0.3 μM)
at room temperature in the dark for 5 min. After gentle washing
in PBS (10 mM) two times, the cells were viewed under a
confocal microscope.

Lyso Tracking Experiment. To study the intracellular localization
of Pe(Cbl)4 nanoparticles, HeLa cells (5 � 104 cells/well) were
placed on a coverslip in a six-well cell culture plate and allowed
to adhere for 8 h. The cells were then incubated with Pe(Cbl)4
nanoparticles (5 � 10�5 M) in PBS at 37 �C and 5% CO2 for 6 h.
Then, the medium was discarded, and the cells were washed
two times with PBS. LysoTracker Red DND-99 (2 mL, 50 nM) in
DMEM culture medium was added into the cells, which were
incubated at 37 �C and 5% CO2 for 1 h. Thereafter, the cells were
fixed in 4% formaldehyde for 15min andwashed two timeswith
PBS. Imaging was captured by a Nikon confocal microscope
using the respective filter.

Cytotoxicity before Photolysis. The cytotoxicity in vitro was
measured using the MTT assay on the HeLa cell line. Briefly,
cells growing in log phase were seeded into a 96-well cell
culture plate at 1� 104 cells/mL. Pe(Cbl)4 nanoparticles, Pe(OH)4
nanoparticles, and chlorambucil were added into the wells with
an equal volume of PBS in the control wells. The cells were then
incubated at 37 �C in 5% CO2 for 72 h. Thereafter, fresh media
containingMTT (0.40mgmL�1) were added to the 96-well plate
and incubated at 37 �C in 5% CO2 for an additional 4 h.
Formazan crystals formedwere dissolved in DMSO after decant-
ing the media, and then absorbance was recorded at 595 nm.

Cytotoxicity after Photolysis. HeLa cells in a 96-well cell culture
plate at a concentration of 1 � 104 cells/mL were maintained
in MEM containing 10% FBS. Pe(Cbl)4 nanoparticles (0.01�
10 μM), Pe(OH)4 nanoparticles (0.01�10 μM), and chlorambucil
(0.04�40 μM) with different concentrations were incubated at
37 �C and 5% CO2 for 6 h. Then, the cells were irradiated using a
125 W (110 mW/cm2) medium-pressure Hg lamp as the irradia-
tion source (g410 nm) with NaNO2 solution (1 M) as a UV cutoff
filter by keeping the cell culture plate 5 cm away from the light
source. After irradiation, the cells were incubated for another
72 h. Finally, the cytotoxicity was measured using the MTT assay
as described in the previous section.
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