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ABSTRACT: The molecular properties concerning size, shape,
and electric charges of the planar aromatic DNA intercalators
are still poorly understood. Herein, a series of water-soluble
perylene bisimide (PBI) derivatives containing a rigid and
planar aromatic nanoscaffold with different size, shape, and
electric charges were synthesized. Using histochemistry and cell
viability assays on animal tissues and cancer cells, we revealed
the molecular properties required for successful DNA
intercalators to localize in cell nuclei and inhibit cancer cells.
Small molecular size and the strong polarity of hydrophilic
substituents are prerequisites for PBI-based DNA intercalators.
A large number of charges facilitate the nucleic accumulation of
these DNA intercalators, while fewer charges and planar
aromatic nanoscaffold more efficiently inhibit cancer cell
growth.

KEYWORDS: perylene bisimide, DNA intercalator, cell imaging, nucleic accumulation, anticancer activity,
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■ INTRODUCTION

Due to the outstanding chemical and photostability, the highly
fluorescent perylene bisimides (PBIs) have been extensively
studied as pigment colorants in nonpolar solvents for many
years.1−3 However, the lack of solubility of PBIs in polar
solvents has impeded the utilization of PBIs in biological areas.
To enhance the water solubility, hydrophilic functionalization
in the bay region or at the imide positions of PBIs is
required.4−13 Water-soluble PBIs have attracted increasing
attention in recent years for specific labeling and selective
detection due to their stable fluorescence performance.14−18

Recently, PBIs with large hydrophobic surfaces acting as either
linker or surrogate base in artificial DNA have raised
considerable concern.19−21 The research of the above-
mentioned PBIs−DNA hybrids has concentrated mostly on
the cofacial π−π stacking between G-quadruplexes and the
planar structures of PBIs.22,23 The noncovalent interactions
between PBIs and DNA have seldom been reported. We
previously developed a PBI-based DNA intercalator with high
enrichment in cell nuclei that can inhibit cancer cell growth.24

However, the molecular properties concerning size, shape, and
electric charges of DNA intercalators are still poorly under-

stood. Therefore, it would be of great interest to synthesize
functional PBIs with different size, shape, and electric charges
and to investigate their use as DNA intercalators and explore
their cellular distribution and anticancer activity.
In this study, we designed and synthesized a series of water-

soluble PBIs derivatives carrying amines either at the imide
positions (P1−P6) or in the bay region (P7) (Scheme 1) to
investigate their ability of intercalating into double-stranded
DNA base pairs and the anticancer activity. The amines
reported here involve primary amines (P1 and P4), tertiary
amines (P2, P5, and P7), and quaternized amines (P3 and P6).
P4, P5, and P6 are the PBIs containing six amines at the imides
positions, while P1, P2, and P3 possess two amines. The
nanosizes together with the planar structures are suitable to be
used as DNA intercalators (Figure S1, Supporting Informa-
tion). The results of histochemistry and cell viability assays on
animal tissues and cancer cells demonstrated that PBI-based
DNA intercalators toward localizing in cell nuclei and inhibiting

Received: February 22, 2015
Accepted: April 22, 2015
Published: April 22, 2015

Research Article

www.acsami.org

© 2015 American Chemical Society 9784 DOI: 10.1021/acsami.5b01665
ACS Appl. Mater. Interfaces 2015, 7, 9784−9791

www.acsami.org
http://dx.doi.org/10.1021/acsami.5b01665


cancer cell growth required the special molecular character-
istics, including small molecular size, strong polarity of
hydrophilic substituents, planar shape, and appropriate number
of charges.

■ EXPERIMENTAL SECTION
Material and Methods. 4-Methylbenzenesulfonic acid mono-

hydrate (98.5%), N,N′-diethylethylenediamine (97%), triethylamine
(Et3N, 99.5%), methyl p-toluene sulfonate (98%), 2-(dimethylamino)-
ethyl acrylate (98%), and tris(2-aminoethyl)amine (97%) were
purchased from Alfa Aesar and used without further purification.
Perylene-3,4,9,10-tetracarboxylic dianhydride (PBA) was received
from Beijing Wenhaiyang perylene Chemistry (Beijing, China) and
used directly. tert-Butyl (2-aminoethyl)carbamate was prepared
according to the literature.25 P2 was produced as described
previously.24 All other reagents and solvents were purchased from
commercial suppliers and were used as received. Calf thymus DNA
(CT-DNA) was purchased from Sigma-Aldrich and used without
further purification. A solution of CT-DNA in phosphate buffer (10
mM, pH 7.4) containing 50 mM NaCl was preserved at 4 °C and used
within 4 days. The molar absorption coefficients of ε260 nm = 6600
M−1cm−1 were adopted to determine the concentration of CT-DNA.
The UV absorbance ratio at 260 and 280 nm is more than 1.8,
indicating that the stock solution is free of protein.24 Nuclear magnetic
resonance (NMR) spectra were recorded on a Bruker 400 (400 MHz
1H; 100 MHz 13C) spectrometer using CF3COOD as solvent at room
temperature. Chemical shifts were reported downfield from 0.00 ppm
using TMS as internal reference. The description of the signal fine
structure means: s = singlet, d = doublet, br. s = broad signal, t =
triplet, dt = doublet of triplet, q = quartet, tt = triplet of triplet, and m

= multiplet. Matrix-assisted laser-desorption ionization time-of-flight
mass spectrometry (MALDI-TOF MS) was determined on an
AXIMA-CFR plus MALDI-TOF mass spectrometer. The spectropho-
tometer (Cintra 20, GBC, and Australia) was used to assay the UV−vis
absorption spectra. Meanwhile, the fluorescence spectrophotometer
(Horiba Jobin Yvon FluoroMax-4 NIR, NJ, USA) was used to study
the fluorescence spectra at room temperature (25 °C). Fluorescence
quantum yields were measured with cresyl violet in methanol as
reference chromophore (the standard value is 0.54 in methanol) at
room temperature.5 A Jasco 810 spectropolarimeter was employed to
record the circular dichroism (CD) spectra within a phosphate buffer
(10 mM, pH 7.4) containing 50 mM NaCl. The Gaussian 09W
software package was employed to calculate the geometry-optimized
structure adopted by compounds P1−P7 at the Ground state B3LYP/
3-21G level.

UV−Vis Absorption and Emission Spectra Studies. The
absorption and fluorescence spectroscopies of PBIs P1−P7 were
recorded at 25 °C in phosphate buffer (PBS, 10 mM, pH 7.4)
containing 50 mM NaCl. The PBIs’ optimum concentration was 5 μM
in buffer. With the addition of double-stranded DNA, the changes of
optical properties were recorded.

Circular Dichroism Spectra Studies. A Jasco 810 spectropo-
larimeter was employed to study the circular dichroism (CD) spectra
at 25 °C in phosphate buffer (10 mM, pH 7.4) containing 50 mM
NaCl. The CD spectral studies of double-stranded DNA (80 μM) with
or without PBIs P1−P7 (3 μM) were performed in phosphate buffer.

Viscosity Measurements. A Schott Viscosystem AVS 370 was
employed to study the viscosity changes within phosphate buffer at 25
°C. CT-DNA was dissolved in phosphate buffer (10 mM, pH 7.4)
containing 50 mM NaCl. The final base-pair concentration of CT-
DNA was 50 μM. Ubbelodhe viscometer was employed to perform the

Scheme 1. Chemical Structures of Perylene Bisimides (PBIs) P1−P7 Containing Various Amines
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viscometric titrations in a thermostated bath kept at room temper-
ature. A digital stopwatch was used to record the flow times. Each
sample was tested in triplicate, and the average flow time was
calculated. Data is plotted as (η/η0)1/3 vs [complex]/[DNA]. η is the
viscosity of the complex in buffer solution. Meanwhile, η0 is the
viscosity of CT-DNA in buffer solution alone. Viscosity values were
calculated from the observed flowing time of DNA-containing
solutions (t) corrected for that of the buffer alone (t0), η = (t − t0).
Histochemical Staining. The histochemical studies were

performed using different Drosophila larval tissues, including wing
imaginal discs, haltere imaginal discs, leg imaginal discs, tracheal cells,
salivary glands, and fat body. Only salivary glands are shown to
compare the histochemical staining effects in this paper. After being
dissected and fixed with 4% formaldehyde solution and 0.2% Triton-
X100, the Drosophila third instar larvae were subsequently washed with
PBS for 60 min. Dissected larvae were then incubated in 10 μM PBIs
fluorescent compounds P1−P7 for 60 min rotating at room
temperature and finally washed with PBS for 60 min. The commercial
nuclear dye 4′,6-diamidino-2-phenylindole (DAPI),26 1:500 (Sigma),
was used to stain the cell nuclei. Images were taken with a Leica TCS
SP2 AOBS confocal microscope.
Inhibition of Cancer Cells. MTT assays were adopted to evaluate

the in vitro antiproliferative efficiencies of PBIs P1−P7 against HeLa,
HCT116, and S2 cells. MTT is a kind of water-soluble tetrazolium salt,
and it can be transformed into colored but water-insoluble formazan
crystals in living cells by mitochondrial dehydrogenases. 96-well dishes
were employed to hold ten thousand cells, and then, the cells were
incubated for 24 h. The tested compounds in water were then added,
ranging from 0 to 8 μM. After 48 h of treatment, the MTT assay was
adopted to evaluate the cell viability. Briefly, cells were cultivated with
MTT solution (500 μg/mL) at 37 °C for 4 h. To replace MTT-
containing medium, 150 μL of DMSO per well was added afterward.

Shaking the dishes gently for 10 min dissolved the reaction product
formazan salts. A microplate reader (Thermo Scientific Multiskan GO,
Thermo Fisher Scicentific, Waltham, MA, USA) was adopted to
measure the absorbance at a wavelength of 490 nm. Each of the
experiments was repeated in triplicate. The cytotoxicity parameter IC50
is the concentration at which cell growth is inhibited by 50%. It was
calculated by linear regression analysis of experimental data.

■ RESULTS

Synthesis of Perylene Bisimide-Based DNA Intercala-
tors. As shown in Schemes 1 and S1−S3, Supporting
Information, P1, c, and P4 were efficiently obtained by a
direct condensation of perylene-3,4,9,10-tetracarboxylicdianhy-
dride (PBA) with ethane-1,2-diamine, N,N′-dimethylethane-
1,2-diamine, and tris(2-aminoethyl)amine, respectively.23 The
two tertiary amines in compound c were treated with 4-methyl-
benzenesulfonic acid monohydrate and methyl p-toluene
sulfonate in water at 50 °C to afford tertiary ammonium salt
P2 and quaternary ammonium salts P3, respectively.24,27 The
tertiary amination reaction of P4 was performed with
formaldehyde under excess formic acid to give their tertiary
amine analogue P5. This is a classic Eschweiler-Clarke
methylation that a primary (or secondary) amine is methylated
into the tertiary amine using excess formic acid and
formaldehyde.28−31 The further quaterization of P5 with
methyl iodide yielded corresponding quaternary ammonium
salts P6. Intermediate d bearing four primary amines in the bay
region of PBI was synthesized according to the literature.32 The
tertiary amination of intermediate d was done by the above-

Figure 1. Absorbance and fluorescence intensity changes of P3 (A1 and B1) and P6 (A2 and B2) in phosphate buffer (10 mM, pH 7.4) containing
50 mM NaCl and double-stranded DNA at different base-pair concentrations (0 μM (black curve), 5 μM (red curve), 10 μM (blue curve), 15 μM
(dark cyan curve)) at 25 °C with exposure to air (λex = 498 nm).
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mentioned classic Eschweiler-Clarke methylation to afford
corresponding tertiary amine analogue P7 (Scheme S4,
Supporting Information). Finally, all the synthesized PBIs
were fully characterized by NMR spectroscopy and MALDI-
TOF mass spectrometry. The fluorescent quantum yields
(FQYs) and water solubilities of these PBIs are given in Table
S1, Supporting Information. In general, FQYs of quaternary
ammonium salts (P3 and P6) were higher than those of tertiary
amine salts (P2, P5, and P7). FQYs of the PBIs bearing
primary amines (P1 and P4) are the weakest. The calculations
of P1−P7 sizes were performed using the Gaussian 09W
Program upon energy minimization (Figure S1, Supporting
Information). The length of perylene rigid planar scaffold of
P1−P6 is 1.15 nm, and the width of perylene scaffold is 0.49
nm (Figure S1A,B, Supporting Information). The sizes of P7
are 1.86 × 0.48 × 1.7 nm (length × width × height) (Figure
S1C, Supporting Information). P7 possesses four quaternary
ammonium salts in their bay region, which resulted in a
nonplanar, twisted aromatic chromophore scaffold.5

Fluorescence Spectral Analysis of PBIs. The absorption
spectroscopies of PBIs P1, P2, and P3 that contain two amines
at the imide positions were first studied. With the addition of
DNA, the absorption spectra of PBIs P1, P2, and P3 show
gradual hypochromicity accompanied by a slight red shift of the
absorption maximum at 498 nm (Figures S2A1,A2, Supporting
Information, and 1A). These spectral characteristics show a
reduction in the π → π* promoting energy which is attributed
to strong π stacking between the intercalating ligand of an
aromatic chromophore and the base pairs of DNA. When DNA
concentration reached 15 μM, the PBIs P1, P2, and P3
displayed hypochromicity of 24.1%, 26.9%, and 28.3%, and the
red-shifted absorption maxima were read as 5, 5, and 7 nm in
comparison with that of the free ones, respectively.
Interestingly, one isosbestic point was observed at 554 nm
for P2 and P3. The absorption spectroscopies of PBIs P4, P5,
and P6 that contain six amines at the imides were investigated
as well. The addition of DNA into the solution of PBIs P4, P5,
and P6 induces gradual hypochromicity and slight bath-
ochromic shift in absorption maximum (Figures S2A3,A4,
Supporting Information, and 1A2). At a DNA concentration of
15 μM, a substantial hypochromicity (15.3% for P4, 25.7% for
P5, and 33.7% for P6) in absorption maximum occurs
accompanied by an apparent bathochromic shift (6 nm for
P4 and 7 nm for both PBIs P5 and P6). Subsequently, the
addition of DNA into the solution of P7 does not lead to an

obvious change in the absorption spectra (Figure S2A5,
Supporting Information).
Next, the fluorescent properties of PBIs P1−P7 were

measured in the above-mentioned buffer at 25 °C. As shown
in Figures 1B1,B2 and S2B1−B4, Supporting Information, the
fluorescence spectra of P1−P6 show a narrow peak at 580 nm
(half bandwidth: 10 nm) and a broad peak around 545 nm (half
bandwidth: 25 nm). Upon addition of DNA, the fluorescence
intensities of PBIs P1−P6 gradually decrease accompanied by
∼2 nm blue shifts at the fluorescence peaks. In the case of P7,
the emission maximum is around 630 nm and the fluorescent
intensities gradually and slightly decrease with the addition of
DNA (Figure S2B5, Supporting Information). These data
suggest that PBIs P1−P6 can serve as DNA-intercalating
agents.24,33,34

Circular Dichroism (CD) Spectral Analysis of PBIs.
When the interaction occurs among small-size molecules and
DNA, CD spectral analysis will be a suitable method to detect
the conformational changes of DNA morphology. CD
spectrum of pure DNA (green curve, Figure 2A) shows a
positive band at 277 nm (base staking) and a negative band at
247 nm (polynucleotide helicity).24,35,36 As can be seen in
Figure 2A, upon the addition of PBIs P1, P2, and P3 into the
DNA buffer, there is an increase in the intensities of positive
band at 277 nm but a decrease of negative band at 247 nm.
One more valuable phenomenon is that a weak positive
induced CD (ICD) signal can be observed at ∼500 nm due to
the absorption of perylene bisimide. However, the intensity of
the positive band at 277 nm increases slightly after addition of
P1 (red curve, Figure 2A). The peak level at 277 nm induced
by P3 (dark cyan curve, Figure 2A) is higher than that induced
by P2 (blue curve, Figure 2A). Next, the CD spectroscopies of
PBIs P4, P5, and P6 with double-stranded DNA were
investigated. Upon the addition of PBIs P4, P5, and P6 into
the DNA buffer, the intensities of the positive band at 277 nm
increase, while the intensities of the negative band at 247 nm
do not change (Figure 2B). The peak level at 277 nm induced
by P6 (dark cyan curve, Figure 2B) is higher than that induced
by P5 (blue curve, Figure 2B) and P4 (red curve, Figure 2B).
On the contrary, the addition of P7 into the DNA buffer does
not lead to an obvious change in CD spectra (Figure S3,
Supporting Information). These data indicate that PBIs P1−P6
have DNA-intercalation ability.24

Viscosity Assays of PBI−DNA Complexes. The most
efficient parameter to evaluate the binding mode between PBI

Figure 2. CD spectra of double-stranded DNA (base-pair concentration: 80 μM) in phosphate buffer (10 mM, pH 7.4) containing 50 mM NaCl
with or without PBIs ((A) P1−P3 and (B) P4−P6, 3 μM) at 25 °C.
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and DNA is the viscosity of the PBI−DNA complex.37,38

Intercalators dramatically increase the length of DNA, leading
to the increasing viscosity. In contrast, a groove binder or
electrostatic interaction does not lengthen the DNA helix and
thus does not increase the viscosity of DNA solutions.39 On the
basis of the mechanism mentioned above, the binding modes
between PBIs P1−P7 and DNA are evaluated by viscosity
assays. As shown in Figure 3, the increasing viscosities of PBIs

P1−P3 and P5/DNA complexes follow the rising ratio of
[compound]/[DNA], while the viscosities of PBIs P4, P6, and
P7/DNA complexes do not change along with the ratio of
[compound]/[DNA]. These results suggest that PBIs P1−P3
and P5 are effective DNA intercalators.
Visualization of the Cellular Distribution of PBIs.

Subsequently, the cellular distribution of PBIs P1−P7 is
monitored within animal tissues. In the staining of different
Drosophila larval tissues, P2, P3, P5, and P6 were both
exclusively localized in the cell nuclei in all tested tissues, while
P1 did not show any specific distribution in cells (Figures 4 and
5). The DNA staining effects of P2 in some tissues are worse
than those of P3 (Figure 4). Meanwhile, the DNA staining
effects of P6 in some tissues are better than those of P5 (Figure
5). P7 cannot specifically label cell nucleus (Figure S6,
Supporting Information). These data suggest that smaller size
and stronger charges of PBIs can facilitate PBI-nucleic

enrichment. Therefore, P1−P6 have the potential to be further
explored as anticancer drugs.

Anticancer Cells Assays. We then examined the inhibitory
effect of PBIs P1−P7 on two human cancer lines HeLa and
HCT116 by using the 3-(4,5-dimethylthiazolyil-2)-2,5-diphe-
nyltetrazolium bromide (MTT) assay.40 As shown in Figure 6,
PBIs P1, P2, and P3 had good anticancer activity against cancer
cell lines with an IC50 value lower than 2.0 μM. PBIs P4, P6,
and P7 exhibited weak anticancer activity, while P5 showed
moderate anticancer activity (Figures 6 and S7 and S8,
Supporting Information). When applied to noncancer cells
(S2 cells), P1−P7 showed relatively lower cytotoxicity (Figure
S9, Supporting Information).These data suggest that stronger
charges of PBIs restrict their anticancer ability.

■ DISCUSSION

In order to investigate the molecular properties that influence
PBI-based DNA intercalator candidates toward localizing in cell
nuclei and inhibiting cancer cell growth, we designed and
synthesized PBI derivatives carrying various amines either at the
imide positions (P1−P6) or in the bay region (P7) (Scheme
1). These PBIs can be classified to compare their effects on cell
nuclei distribution and anticancer ability. P1−P6 are smaller
and planar-shaped vs P7. P1−P3 contain a fewer number of
amines than P4−P6.
The large size and nonplanar shape of P7 interfere with the

intercalation. As discussed in the literature,24,41,42 significant
hypochromicity accompanied by a slight red shift phenomenon
exhibited by compound/DNA complexes suggest a classical
DNA intercalation of PBIs P1−P6 into DNA. Increasing the
amount of DNA causes the decrease of fluorescence intensities
and a slight blue shift in the emission maximum of P1−P6
(Figures 1B1,B2 and S2B1−B4, Supporting Information).
These fluorescence changes are consistent with the optical
properties of DNA intercalators reported in the litera-
ture.24,33,34 The fluorescence change of P7 can be attributed
to the electrostatic interaction between the positive charges of
P7 and the alternating phosphate groups of DNA backbones.
Therefore, P7 can not serve as DNA-intercalating agent.
Because of the symmetry of PBI derivatives, they are not

optically active. The CD spectroscopies (Figure 2) of P1−P3/
DNA exhibit an increase at 277 nm and decrease at 247 nm,
suggesting that PBIs P1, P2, and P3 intercalate into the space
between two adjacent base pairs of DNA and affect the stability
of DNA helix. The increase of the positive peak at 277 nm and
the decrease of the negative peak at 247 nm verified that the
DNA conformation changed from the B-form to the A-

Figure 3. Effect of increasing amounts of PBIs P1−P7 on the relative
viscosities of CT-DNA (base-pair concentration of DNA: [DNA] = 50
μM) at room temperature. η is the viscosity of DNA in the presence of
the compounds, and η0 is the viscosity of DNA in the absence of the
PBIs.

Figure 4. Fluorescence images of salivary glands incubated with (A, B, and C) P1, P2, and P3 (red), (A′, B′, and C′) DAPI (blue), and (A″, B″, and
C″) merged channels of P1−P3 and DAPI.
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form.41,40 Meanwhile, the weak positive ICD indicates that
PBIs P1, P2, and P3 can efficiently intercalate into the base
pairs of double-stranded DNA.24 According to the changes in
CD spectra, we conclude that the DNA-intercalating ability of
PBIs follows the order: P3 > P2≫ P1. PBIs P4−P6 only cause
the increase in positive band at 277 nm but do not influence the
negative one at 247 nm in CD spectra, indicating that P4−P6
have compromised intercalation ability (P6 > P5 > P4) and do
not affect the DNA helix. As expected, P7 can not intercalate
into double-stranded DNA (Figure S3, Supporting Informa-
tion).
The viscosities of P1−P7/DNA complexes were investigated

to reveal the binding mode between compounds and DNA
(Figure 3). The viscosity values increase by increasing the ratio
of [compound]/[DNA] for P1−P3 but not for P4−P6. This is
the unique characteristic of the intercalation mechanism.24,43

Among them, P2 shows the highest signal which implies that
the distances between adjacent base pairs of DNA are mostly

lengthened. Therefore, moderate charges of PBIs are more
suitable for intercalative interaction with DNA.
On the basis of the results of absorption, emission, CD

spectroscopic studies, and viscosity measurements, we can
conclude that the intercalation ability of PBIs into DNA follows
the order: P1−P3 ≫ P4−P6. However, due to the nonplanner
structure, P7 can not intercalate into the base pairs of double-
stranded DNA.
For in vitro experiments on cell and tissue levels, nucleic

enrichment would facilitate a drug to intercalate into DNA and
inhibit the growth of cancer cells. Due to the fluorescence
characteristic of PBIs, the cellular distribution of PBIs
derivatives P1−P7 was visualized under the fluorescence
microscope. PBIs P1−P6 have different abilities to be enriched
in cell nuclei in all tested tissues (Figures 4 and 5). Among
them, PBIs with more charges have better nucleic distribution
than those with fewer charges. The electrostatic interaction
between PBIs and nuclei acid plays a predominant role for their

Figure 5. Fluorescence images of salivary glands incubated with (A, B, and C) PBIs P4, P5, and P6 (red), (A′, B′, and C′) DAPI (blue), and (A″, B″,
and C″) merged channels of PBIs P4−P6 and DAPI.

Figure 6. MTT assays of (A) HeLa and (B) HCT116 cells incubated with PBIs P1−P6 for 48 h, and the concentration of PBIs P1−P6 increased
from 0 to 8 μM.
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nucleic enrichment. This is the reason that the PBIs with strong
charges show good nucleic enrichment.
For anticancer activity, efficiencies of both DNA intercalation

and nuclei distribution are important. As expected, PBIs P1−
P3 are good DNA intercalators, and they show good abilities in
the suppression of cancer cell growth (Figure 6). P5 only has
an intermediate inhibition effect on cancer cells (Figure 6),
which is consistent with its relatively high value in DNA
viscosity assay (Figure 3).

■ CONCLUSION
In conclusion, we have developed a series of PBI derivatives
with various hydrophilic substituents and molecular sizes as
well as shapes. Absorption, emission, and CD spectral analyses
as well as viscosity measurements were used to investigate the
DNA intercalation properties of PBI derivatives. The spectral
analyses and viscosity measurements demonstrated that PBIs
P1−P3 and P5 serve as effective DNA intercalating agents,
while P4 and P6 interact with DNA through both intercalative
and electrostatic interaction modes. These results suggest that
PBIs derivatives serving as good DNA intercalator should
possess planar scaffold, small molecular size, the stronger
polarity of hydrophilic substituents, and moderate charges. The
cellular distribution results suggest that PBIs P2, P3, P5, and
P6 can specifically accumulate in the cell nuclei of animal
tissues by intercalation and electrostatic interaction with DNA,
while the nuclear accumulation effects of PBIs P5 and P6 in
some tissues are better than that of P2 and P3, due to the larger
number of charges and better water solubility of P5 and P6.
Furthermore, the anticancer activity of these agents is mainly
dependent on the moderate charge numbers and planar
aromatic nanoscaffold. Consistently, PBIs P2 and P3 show
the best performance in anticancer assays. Our work reveals the
molecular prerequisites for efficient design of anticancer drugs.
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