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A B S T R A C T

Blue fluorescent hexagonal boron nitride quantum dots (h-BNQDs) of ~10 nm size as an effective enhancer for
DNA cleavage activity of anticancer drug doxorubicin (DOX) were synthesized using simple one-step hydro-
thermal disintegration of exfoliated hexagonal boron nitride at very low temperature ~ 120 �C. Boron nitride
quantum dots (BNQDs) at a concentration of 25 μg/ml enhanced DNA cleavage activity of DOX up to 70% as
checked by converting supercoiled fragment into nicked circular PBR322 DNA. The interaction of BNQDs with
DOX is proportional to the concentration of BNQDs, with binding constant Kb ~0.07338 μg/ml. In addition, ab
initio theoretical results indicate that DOX is absorbed on BNQDs at the N-terminated edge with binding energy
�1.075 eV and prevented the normal replication mechanisms in DNA. BNQDs have been shown to kill the
breast cancer cell MCF-7 extensively as compared with the normal human keratinocyte cell HaCaT. The
cytotoxicity of BNQDs may be correlated with reduced reactive oxygen species level and increased apoptosis in
MCF-7 cells, which may be liable to enhance the anticancerous activity of DOX. The results provide a base to
develop BNQD-DOX as a more effective anticancer drug.
1. Introduction

Besides the unique two-dimensional (2D) single-atomic layered
structure [1,2], 2Dboron nitride (BN) nanosheets, ‘white graphene’, show
many novel chemical and physical properties such as wide direct energy
band gap (5.2 eV), high elastic modulus (36.5 GPa), ultraviolet (UV)
photoluminescence, high resistance to oxidation, excellent thermal con-
ductivity (600 W/m.K), and stability [3–6]. These remarkable properties
make it a promising candidate in practical applications such as optoelec-
tronics, electrical insulation, photocatalysis, solid lubrication, substrates
for graphene-based electronics, organic pollutant adsorption, and cleanup
of oil spillage [3–7].More importantly, creatingmaterials inquantumsize,
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comparable to atomic size, can be one of the most effective ways to
broaden new physical properties of a material due to quantum confine-
ment [8]. BN quantum dots (BNQDs) have recently been in the spotlight
because of their numerous applications, including them being an ideal
candidate for use in the biomedical field [9]. However, the synthesis of
BNQDs is still challengingdue to thehigh thermal and chemical stabilityof
BN sheets. To the best of our knowledge, only two strategies have been
developed by exfoliating and disintegrating of hexagonal boron nitride
(h-BN) flakes [9] and by defect engineering [10]. They used a high tem-
perature (>200 �C) and could only synthesize a small amount of BNQDs.
Therefore, it is still worthwhile to develop effective synthesis methods of
preparation of BNQDs in high yield and at low cost.With this aim,we have
va).
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developed a simple one-step synthesis method of h-BNQDs of 10 nm size
via hydrothermal disintegration of exfoliated h-BN sheets.

Nanostructures offer an unprecedented opportunity for improving
drug delivery and targeting because of their unique nanostructure and
diverse properties [11–17]. Breast cancer is one of the leading causes of
death among woman worldwide, and treated patients often suffer from
disease recurrence and metastasis due to the presence of breast cancer
stem cells (BCSCs) [18]. Further increased ATP-binding cassette trans-
porters and slow cycling nature of BCSCs serve as a potential mechanism
for chemoresistance. In addition, modulation of Wnt, Hedgehog, Notch,
tumor necrosis factor-α/ nuclear factor kappa B (TNF-α/NF-κB), trans-
forming growth factor β (TGF-β), and receptor tyrosine kinase (RTK)
signaling pathways might trigger surprising compensatory pathways that
could neutralize the treatment effects in breast cancer [18]. However, the
side effects of anticancer drugs such as doxorubicin (DOX) used as a
single agent remain a significant challenge. Delivery and accumulation of
any anticancerous drugs in the nucleus specifically within tumor cells is
of great interest because the nucleus is one of the most sensitive targets
for drug-induced damage in cancer prevention. Because the nucleus is the
site where free DOX is mainly distributed and exerts the effects of the
drug through intercalation with DNA and inhibition of macromolecular
biosynthesis [19], DOX has been reported to accumulate in the nucleus
by the formation of a DOX-proteasome complex [20]. However, a small
percentage of drugs are delivered into the nucleus in drug-resistant cells
due to overexpression of P-gp involved in drug efflux pumps, drug
deactivation and sequestering to acidic compartments, and drug meta-
bolism and detoxification. Therefore, controlled release and better
bioavailability of drug are major challenges to increase their therapeutic
efficacy in the current scenario [21]. For instance, Wang et al. [11]
observed that graphene oxide quantum dots (GQDs) efficiently deliver
DOX as conjugate GQDs/DOX with enhanced DNA cleavage activity due
to small lateral size with maintenance of the layered structure of gra-
phene. These findings lead us to believe that a conjugate of the anticancer
drug with quantum dots (QDs) would improve DNA cleavage activity and
reduce side effects of the drug. According to the aforementioned findings
and discussion, we have developed a new class of QDs as an enhancer for
DNA cleavage of DOX: BNQDs, which have receivedmuchmore attention
due to their non-toxicity, good solubility, strong fluorescence, and strong
Fig. 1. The schematic for the synthesis of blue fluorescent BNQDs. BNQDs, boron
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quantum confinement and are used in non-toxic fluorescent labeling of
biological cells [9]. We found that without any premodification, BNQDs
show higher anticarcinogenic activity and also enhance DNA cleavage
activity remarkably than the previously discussed GQDs in low concen-
tration (20–30 μg/ml) [11]. To further elucidate the nature of the
BNQD-DOX-DNA interaction, we performed ab initio computational
modeling of the system using density functional theory (DFT) using
Vienna Ab initio Simulation Package (VASP). Perhaps to the best of our
knowledge, BNQDs would be used first-time time to enhance the DNA
cleavage activity of the anticancer drug DOX and explained the interac-
tion of DOX with BNQDs as well as DOX-BNQDs with DNA.

In this work, we report a novel and simple hydrothermal fabri-
cation method of BNQDs (~10–15 nm size) by cutting exfoliated h-BN
sheets, which show increased direct band gap in comparison with the
h-BN sheets and exfoliated BN because of strong quantum confine-
ment and some defects. More interestingly, we have demonstrated
that BNQDs can be used to enhance the DNA cleavage activity of
DOX without any surface modification because of its unique structural
and chemical properties along with its effective efficacy in breast
cancer chemoprevention.

2. Methods

2.1. Fabrication of BNQDs

The exfoliation of h-BN has been performed using H2SO4 (240 ml) and
KMnO4. The exfoliated h-BN dispersion in water (2 mg/ml) has been dis-
integrated into QDs using the hydrothermal method at 120 �C for 6 h, as
described in Fig. 1. A brief experimental process is detailed in the sup-
porting information. A strong polar solvent, deionized water used in the
hydrothermal method, possesses appropriate surface energy to cut exfoli-
ated BNflakes under 120 �C temperature. This approach for the fabrication
of BNQDs is close to that we have previously demonstrated to create high
yield of GQDs [22], owing to the structural similarity of h-BN and graphite.
In contrast to graphite, the stacking sequence is AA`; the B atoms in one
plane are on top of the N atoms in the other plane. Cyan color fluorescent
BNQDs were synthesized by hydrothermal cutting of h-BN sheets followed
by an exfoliation of h-BN sheets using acid treatment, as shown in Fig. 1.
nitride quantum dots; h-BN, hexagonal boron nitride; D.W., distilled water.
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2.2. Material characterization

The morphology of the BNQDs was examined by transmission elec-
tron microscopy (TEM, Tecnai G2 F30 S-Twin). The height of the
BNQD sample was characterized by atomic force microscopy (AFM) (N8
NEOS Senterra) operating in non-contact mode. Raman spectra were
obtained with a Renishaw in Via micro-Raman spectrometer with an
excitation source 514 nm. The structural measurement was performed
using X-ray diffraction (XRD) technique in the Bragg-Brentano parafo-
cussing geometry using PANalytical XPert PRO XRD system. A Fourier-
transform infrared (FTIR) spectrometer (FT-IR 4100, Jasco) and a
ultraviolet-visible-near-infrared (UV-VIS-NIR) spectrometer (V-570,
Jasco) were used for characterization of as-synthesized BNQDs. For
photophysical properties of BNQDs, the photoluminenscence (PL) and
photoluminescence excitation (PLE ) measurements were carried out
using a 325-nm neodymium-doped yttrium aluminium garnet (Nd:YAG)
laser and a high-sensitivity photomultiplier tube detector at room
temperature.
2.3. DNA cleavage analysis

The cleavage efficiency of BNQD with PBR322 DNA was monitored
using agarose gel electrophoresis as described previously [21].
PBR322 DNA (300 ng) was treated with different concentrations of
BNQDs (12.5–50 μg/ml) in 5% dimethylformanide (DMF)/50 mM
Tris-HCl/50 mM NaCl buffer at pH 7.2 for 24 h at 37 �C. NaBH4 solution
was used as a reducing agent. Ten micromole of DOX and loading buffer
containing 0.25% bromophenol blue, 0.25% xylene cyanol, and 30%
glycerol were added, and electrophoresis was performed at 100 V for 1 h
in TAE buffer using 1.2% agarose gel containing 0.5 μg/ml of ethidium
bromide. The gels were photographed and analyzed by densitometric
scanning using AlphaImage Image Analysis System (Alpha Innotech).
The cleavage efficiency was measured by determining the ability of the
complexes to convert DNA from the supercoiled (SC) to the nicked cir-
cular (NC) fragment.
2.4. Cytotoxicity by MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide) assay

MCF-7 and HaCaT cells were grown and maintained in Dulbecco's
Modified Eagle Medium (DMEM) supplemented with 10% fetal bovine
serum, 2 mM L-glutamine, 100 IU/mL penicillin, and 100 μg/mL strep-
tomycin. Cytotoxicity was analyzed as described in our previous work
[23,24]. Details of the method are described in supporting information.
2.5. Nuclear staining by Hoechst 33258

As described previously [21], MCF-7 cells were seeded and grown on
96-well microtiter plates. Cells were treated with DOX (10 and 20 μM),
BNQD (5 and 10 μg/mL), and a combination of both. After incubation
with or without the drug for 24 h, cells were processed for Hoechst
staining. In brief, cells were washed with PBS and stained with 5 μg/mL
of Hoechst 33258 dye in PBS for 20 min at room temperature in a dark
chamber. After extensive washing with phosphate-buffered saline (PBS),
nuclear staining was examined under a fluorescence microscope (Leica)
at 20� magnification. Images were captured digitally.
2.6. Reactive oxygen species measurement

Reactive oxygen species (ROS) level was determined by the oxidative
conversion of non-fluorescent 20, 70-dichlorofluorescein diacetate
(H2DCFDA) to highly fluorescent 20, 70-dichlorofluorescein (DCF) as
described previously [25,26]. Details of the method are described in
supporting information.
3

2.7. Statistical analysis

All experiments were repeated three times independently, and one
representative image is presented in the Figs. 4 and 6–8. Statistical
analysis was performed using SPSS using one-way analysis of variance
followed by Tukey's post hoc test. Data represented as mean � standard
error of mean (S.E.M.) *, #, and $ denote significant differences at the
level of p < 0.05.

2.8. Modeling of BNQDs-DOX interaction with DNA

We performed ab initio computational modeling of the system to
elucidate the nature of the BNQDs-DOX-DNA interaction. All relaxations
were performed at the DFT level with the Spanish Initiative for Electronic
Simulations with Thousands of Atoms (SIESTA) package [27,28], and
core electrons are modeled using Troullier's [29] soft norm-conserving
pseudopotentials. The valence electrons are expanded in a basis set of
local orbitals using a double-zeta plus polarization orbitals basis set. The
Generalised Gradient Approximations (GGA) of Perdew et al. [30] was
used for the exchange-correlation functional. All molecules were placed
in sufficiently large super cell to avoid nearest-neighbor interactions.

3. Results

3.1. Structural and optical characterization of BNQDs

Cyan color fluorescent BNQDs were synthesized by hydrothermal
cutting of h-BN sheets. The reaction was initiated by the potassium ions
that intercalate and promote the rapid exfoliation of BN sheet under
ultrasonication. The formation of BNQDs involved two steps: the po-
tassium ions (Kþ) intercalate covalently bonded h-BN sheet with weak
interlayer van der Waals force followed by disintegration of exfoliated
h-BN under hydrothermal condition. The temperature used (120 �C) for
disintegration is much less than the previously reported temperature for
the fabrication of BNQDs (200 �C) [9]. The morphology of h-BN sheets
and synthesized exfoliated h-BN sheets has been characterized by SEM.
The starting material was micrometer-sized exfoliated h-BN (Figure S1
and Figure S2b) obtained by the intercalation of the h-BN sheets by Kþ

in the oxidation process. A more detailed explanation for better un-
derstanding is given in supporting information. The exfoliated h-BN
disintegrated into QDs under hydrothermal condition. After 15 min of
centrifugation at 8000 rpm, impure and unreacted parts get removed,
and fluorescent QDs of size ~10–15 nm in light yellow–colored liquid
were collected. The presence of oxygen group may make exfoliated
h-BN hydrophilic and helps it disintegrate easily in water solution
under hydrothermal treatment. Fig. 2a shows a TEM image of synthe-
sized BNQDs; the average size of BNQDs is around 10 nm. Fig. 2b shows
the AFM image of BNQDs. Statistical analysis of Fig. 2b in 2 μm � 2 μm
region gives an average height of 1.69 nm, which corresponds well to
the height distribution curve (in the inset of Fig. 2b) fitted by Gaussian
with R2 ~ 0.9891. Although some of the QDs appeared to be of
considerable height as highlighted in the blue circle in the 3D AFM
image (Fig. 2c), a strong quantum confinement exists in synthesized
BNQDs owing to its small size and average height. XRD patterns of the
BNQDs and h-BN sheet are given in Fig. 2d. The peak positions of
BNQDs are at 26.24� and 54.01� corresponding to (002) and (004)
diffraction planes, respectively [JCPDS, No. 9–12], may be attributed to
the hexagonal BNQD formation. The peak at 26.32� corresponds to
(002) diffraction peak of h-BN nanostructure [7] and is very intense and
well defined. The refinement of XRD pattern was carried out using the
Rietveld method using Fullprof software. The standard Bragg positions
of h-BN (space group P -6m2) are shown by the vertical bars, and the
residue, by the line at the bottom of the XRD patterns.

The analysis of BNQDs reveals that the samples are of single phase
and have no impurities. The average crystallite size for each sample was
calculated from the Scherrer equation [31].



Fig. 2. (a) TEM image of BNQDs, (b) AFM topography image of BNQDs and the height distribution curve of 2 μm � 2 μm region in the inset of figure, (c) 3D AFM
image of BNQDs, and (d) Rietveld refinement profiles of X-ray diffraction pattern of h-BN sheets and synthesized BNQDs. The circles represent the observed data (Obs),
the solid line through the circles is the calculated profile (Calc), and vertical tics below curves represent allowed Bragg reflections for the hexagonal phase. The
difference pattern of the observed data and calculated profile (Obs–Calc) is given below the vertical tics. 3D, three-dimensional; AFM, atomic force microscopy;
BNQDs, boron nitride quantum dots; TEM, transmission electron microscopy.
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D ¼ 0:9λ
βcosθ

(1)
λ ¼ 1.5406 Å for this experiment, β is the effective peak width at half
maximum after subtraction of instrumental broadening error, and θ is the
angular position of the peak.

The lattice parameters (‘a¼ b’ and ‘c’) and an interlayer spacing (dhkl)
between two planes have been measured from Rietveld refinement of the
XRD data and also by using the following formula [31]:

sin2θ ¼ λ

4
4
3

�
h2 þ hk þ k2

a2

�
þ l2

c2
(2)

where λ is the incident wavelength (λ� 1.5406 Å), θ is the diffraction
angle, and h, k, and l are Miller's indices. The volume of the unit cell for a
hexagonal system was calculated using the following equation:

V ¼ 0:866 � a2 � c (3)

The Rietveld refining starts with the crystallographic data of h-BN
nanotube [32], and it converges with residual values of conventional
Rietveld Rp ¼ 23.9, Rwp ¼ 26.7, Rexp ¼ 8.28, Bragg R-factor ¼ 7.91,
chi-squared ¼ 10.42. The goodness of fit of the BNQDs Rietveld final
refinement is represented by S (Rwp/Rexp), and it shows S ¼ 3.22 as the
best fit result. We found that the BNQDs belong to hexagonal lattice;
space groups P -6m2, space group no. 187 and lattice parameter
a ¼ 2.367897 Å and c ¼ 6.786186 Å. The XRD pattern of exfoliated h-BN
(Figure S3) exhibits a typical crystalline hexagonal structure of BN layers
with an interlayer spacing of around 0.40 nm, which is higher than that
of the h-BN sheet (0.34 nm), due to intercalation of K atom in the
interlayer space. Some more peaks (marked in Figure S3) with low
4

intensity are a manifestation of some impurities and residue of organic
compounds in exfoliated h-BN. These impurity peaks correspond to
manganese oxide, which is formed after oxidation and reduction process
of potassium permanganate.

Raman spectra (Ex~514 nm) of h-BN, exfoliated h-BN, and BNQDs
are shown in Fig. 3a. Only one peak at around 1363 cm�1 is found in the
spectrum of BNQDswith lower intensity than that of bulk h-BN. This peak
could be attributed to the high-frequency interlayer E2g vibration mode
of h-BN which is in good agreement with other reports [33–35]. In case of
BNQDs, full width at half maximum (FWHM) of E2g peak is 15 cm�1,
which is higher than that of bulk h-BN (~11 cm�1) and exfoliated h-BN
(~10 cm�1) but lower than that in earlier reports [35,36]. No dopant
species such as C dopant BN at around 1587 cm�1 were detectable in
BNQDs by Raman spectra [37–40]. The BNQDs and exfoliated h-BN were
examined by FTIR spectra in transmittance mode (Fig. 3b) to investigate
their bonding nature. The strong IR peaks at 1372 cm�1 and 818 cm�1

owe to B-N vibrations, which are characteristic primary and secondary
absorption bands of h-BN corresponding to A2u and E1u IR active modes,
respectively. The intense absorption band at 1372 cm�1 is associated
with the well-known in-plane vibrational mode (E2g) of the h-BN net-
works (electron shifting from O to N-B) [9], whereas the absorption band
at 818 cm�1 corresponds to out-of-plane vibration [41]. The absorption
bands in the regions of 1090–800 cm�1 and 650–400 cm�1 are attributed
to the B–O and O–B–O vibrations, respectively [42]. The commonly
originated vibration mode at 3397 cm�1 in FTIR spectra of BN samples is
the result of the –OH stretching mode due to capturing of ambient
moisture.

The synthesized samples were examined by ultraviolet visible spec-
troscopy to study the optical energy band gap by Tauc's formulation



Fig. 3. (a) Raman spectrum of h-BN sheets, exfoliated h-BN, and BNQDs, (b) FTIR spectra of h-BN sheets, exfoliated h-BN, and BNQDs, (c) UV–vis absorption spectra
of h-BN, exfoliated h-BN, and BNQDs, (d) normalized PL excitation and PL spectra. BNQDs, boron nitride quantum dots; h-BN, hexagonal boron nitride; BN,
boron nitride.

Fig. 4. Effect of BNQDs on DNA cleavage of PBR322 DNA: (a) Cleavage of DNA
(300 ng) by DOX (10 μM) with different concentration of BNQDs (12.5–50 μg/
ml) as labeled, (b) densitometric scanning of NC and SC band of DNA. Reaction
time was 24 h at 37 �C. Lane 1 is without BNQD and DOX. Lane 2–5 are DNA
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(Figure S4, see supporting information) [43]. Fig. 3c clearly shows strong
absorption edge in the range of 190–500 nm in all samples. The ab-
sorption spectrum of h-BN sheets shows absorption edge ca. at 240 nm,
which corresponds to an optical band gap of 5.17 eV (Figure S4). The
optical band gap of 5.42 eV corresponds to absorption edge at 228 nm in
the spectrum of exfoliated h-BN, which is large in comparisonwith that of
the h-BN sheet. This may be due to the presence of some oxygen atoms or
boundary effect [43] after intercalation, which is difficult to distinguish.
We can also see that after hydrothermal cutting of exfoliated h-BN, the
absorption band edge is ca. at 203 nm corresponding to an optical band
gap of 6.08 eV (Figure S4). BNQDs show cyan color fluorescence under
ultraviolet irradiation (365 nm), as shown in Fig. 1. The peaks of PLE
spectra are located at ~244 nm and ~295 nm and correspond to higher
peak values, and the PL emission spectra were recorded with a laser
source of excitation wavelength of 303 nm (Fig. 3d). Asymmetric peaks
in the PL spectrum of our sample suggest the presence of multi-
fluorophores or luminescent species. The mechanism of fluorescence in
the BN system is presently still a matter of strong debate, varying from
case to case. Tang et al. [44] proposed that boron-oxygen species are
novel luminescence centers in the boron-nitrogen system. Detailed dis-
cussions for the origin of the emission in BN sample are given in sup-
porting information.
with 0–50 μg/ml BNQDs. Data represent mean � S.E.M. of three independent
experiments. BNQDs, boron nitride quantum dots; DOX, doxorubicin; NC,
nicked circular; SC, supercoiled; S.E.M., standard error of mean.
3.2. Enhanced DNA cleavage activity of anticancer drug

To further examine the potential applications of BNQDs, we use
them in DNA cleavage applications. To investigate the functional
mechanism of BNQDs in the enhancement of the nuclease activity of
DOX, we varied BNQD concentration as shown in Fig. 4. BNQDs were
chosen because of their smaller lateral size, better conjugate state with
an enriched oxygen functional group, and well-dispersible nature in
water. Cleavage study was analyzed in terms of percentage conversion
of SC DNA into NC DNA. Although the interaction mechanism between
BNQDs and DNA is not well understood yet, we assume that the BNQDs
interact with DOX after intercalating into DNA. Most probably, BNQDs
5

will be a better intercalator to DNA molecules because of their bigger
lateral size. The ability to cleave DNA molecule may depend on the
generated reactive hydroxyl radicals [45]. Our previous reports have
suggested reduction of Cu (II) to Cu (I) or its oxidation to Cu (III) fol-
lowed by activation of O2-/H2O2-producing reactive oxygen species as
the main source of DNA cleavage [46].

Furthermore, complexes with higher electron density around the
metal center due to pyridine and methoxy functionalities on the
dithioester ligand backbone have been reported to exhibit considerable
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DNA cleavage capability [46]. The increase of the absorbance at
490 nm has been recognized (Figure S6) to be due to the interaction
between BNQDs and DOX with an increase in the concentration of
BNQDs with a binding constant (Kb~ 0.07338 μg/ml) due to electro-
negative nitrogen and electropositive boron. Our finding includes the
enhanced DNA cleavage activity of DOX up to 70% and interaction of
BNQDs with DOX with binding constant Kb ~0.07338 μg/ml. In addi-
tion, ab initio theoretical results also indicate the absorption of DOX on
BNQD at the N-terminated edge with binding energy �1.075 eV which
prevent the normal replication mechanisms in DNA. However, no such
direct evidence has been reported yet to explain how BNQDs
interact with DOX after intercalating into DNA, although one of the
reports of Wang et al. [11] suggested that GQDs efficiently deliver DOX
as conjugate GQDs/DOX with enhanced DNA cleavage activity due to
small lateral size with maintaining the layered structure of graphene.
Perhaps to the best of our knowledge, BNQDs would be used first-time
to enhance the DNA cleavage activity of anticancer drug DOX and
explained the interaction of DOX with BNQDs and DOX-BNQDs with
DNA.

3.3. Modeling for BNQDs-DOX–DNA interaction

In addition, we investigated theoretically the nature of the
BNQD-DOX-DNA interaction using ab initio computational modeling
of the system. For the atomic structure of BNQDs, we used geometry
proposed by Chigo-Anota et al. [47], and for DOX-DNA interaction,
we used the model from the studies by Ane Eizaguirre et al. [48] and
Frederick et al. [49] (Fig. 5). The finite range of the orbital was
defined by orbital confinement energy of 0.005 Ry. The fineness of
the real-space mesh was 250 Ry cutoff, assuring energy and force
convergence. The structure was fully optimized with residual forces
less than 0.04 eV/Å. Considering BNQDs alone, we can conclude that
the molecule is polarized and that consequently B- and N-terminated
edges are not equivalent. Molecules are in π stacked configuration.
Comparing the binding energy to (probably slightly over bonding)
value of 2.749 eV calculated with local density approximation, we
conclude that there is the clearly fair amount of wdW interaction
and physisorption between BNQDs and DOX. Charge transfer is quite
small, ~0.085e. Another way to appreciate the value of bonding
energy is to look at non–π-stacked configurations (Figure S8, S9).
The bonding energy in T-shaped configuration drops by two-thirds
(to 36%), and with only hydrogen bonding left, it becomes 30% of
the π-stacked binding value. Therefore, we can conclude that over
two-thirds of the attraction is in stacking of π-conjugated fragments
and the rest consists of hydrogen bonding between the BNQD and
DOX.

3.4. Cytotoxicity of BNQDs and DOX against breast cancer cells (MCF-7)
and normal human keratinocyte cells (HaCaT)

Cytotoxicity of BNQDs and DOX on breast cancer MCF-7 and normal
human keratinocyte cells HaCaT has been evaluated by MTT assay,
which measures the mitochondrial dehydrogenase activity as cell
viability. Cytotoxicity of DOX was found much higher in normal human
keratinocyte cells HaCaT than in MCF-7 cells. However, BNQDs were less
cytotoxic on HaCaT than on MCF-7 cell after 24 h. Approximately 25, 37,
50, and 55% of MCF-7 cells were dead on treating with 1, 2.5, 5, and
10 μg/mL of BNQDs, respectively, whereas ~37, 49, 45, and 46% of
MCF-7 cell death was found after treatment with 5, 10, 20, and 40 μM
DOX, respectively (Fig. 6a). However, 8, 13, 33, and 43% cytotoxicity of
HaCaT cells was induced by 1, 2.5, 5, and 10 μg/mL of BNQDs, respec-
tively, whereas cell death was approximately 87, 87, 89, and 88% after
treatment with 5, 10, 20, and 40 μM DOX, respectively (Fig. 6b). Cancer
cells tend to be more susceptible than normal cells to the damaging ef-
fects of chemotherapy because of increased glycolytic metabolism, un-
controlled proliferation, inability to arrest the cell cycle, and genetic
6

instability [50]. BNQDs at higher concentration are also toxic to MCF-7
and HaCaT cells because of ROS accumulation. Even at a higher con-
centration of BNQDs (10 μg/mL), 50% viability of both cells is main-
tained. But, in the case of DOX even at very low concentration (5 μM),
50% viability of MCF cells is maintained, but that of HaCaT cells was only
20%. Here, even at very low DOX concentration (5 μM), more normal
cells are dying than cancer cells.

3.5. BNQDs increase cell apoptosis and reduce ROS accumulation in MCF-
7 cells

Chromosome condensation is the most significant change of an
apoptotic cell, and the cracking of DNA changes the nuclear
morphology. Nuclear fragmentation and condensation is a hallmark of
apoptosis. Fluorescent dye Hoechst 33258 binds to the DNA molecule
and detects the compacted state of chromatin in apoptotic cells. As
Hoechst 33258 is a non-toxic, water-soluble double-benzene imidazole
compound, it provides a rapid and convenient assay for apoptosis. The
uptake of Hoechst 33258 in the membrane increases during apoptosis
of cells, which enhances for highly condensed chromosomes, and it
shows strong blue than weak fluorescence in normal cells. Hoechst
33258 staining was used to detect apoptotic cells by fluorescence im-
aging. Hoechst reagent is readily taken up by cells during the initial
stages of apoptosis and selectively stains nuclei of apoptotic cells
intense fluorescent blue. The blue fluorescent Hoechst dyes are cell-
permeable DNA stains that detect gradations of nuclear damage. In case
of the cancer cell MCF-7, BNQD treatment enhances nuclear damage in
comparison with control cells after 24 h (Fig. 6c). Our previous report
suggests the increased apoptosis by tamoxifen (Tmx)-embedded poly
(lactic-co-glycolic acid) (PLGA) nanoparticles (PLGA-Tmx) through
nuclear condensation and fragmentation in Hoechst 33258–stained
Dalton's lymphoma ascite cells [21]. However, further confirmation of
apoptosis could be performed through detection of annexin-V/propi-
dium iodide staining or caspase and Poly (ADP-ribose) polymerase
(PARP) proteins [25]. Active caspase 3 causes degradation of lamins,
resulting in chromatin condensation and nuclear fragmentation. Pre-
viously, we have shown the induction of apoptosis in in vitro and in vivo
tumor model after treatment with PI-103, an inhibitor, and quercetin (a
natural antioxidant) [25].

ROS level was determined using H2DCFDA dye in MCF-7 cells after
24 h of BNQDs treatment. The H2DCFDA, a cell-permeable, non-fluo-
rescent precursor of DCF, can be used as an intracellular probe for
oxidative stress. Intracellular esterases cleave H2DCFDA at the two ester
bonds, producing a relatively polar and cell membrane–impermeable
product, 20, 70-dichlorofluorescein. This non-fluorescent molecule accu-
mulates intracellularly, and subsequent oxidation by hydrogen peroxide
(or peroxynitrite) yields the highly fluorescent product DCF. The redox
state of the sample can be monitored by detecting the increase or
decrease in green fluorescence of DCF. BNQDs reduced green fluores-
cence of DCF, suggesting a decline in ROS level of MCF-7 cells (Fig. 6c).

3.6. BNQDs enhance the cytotoxicity of DOX in MCF-7 cells

Cytotoxicity of MCF-7 cells after treatment of 5, 10, 20, and 40 μM of
DOX for 24 h was determined in the presence of 5 and 10 μg/mL of
BNQDs, which was ~40, 60, 65, and 61% and ~49, 69, 70, and 66%
respectively (Fig. 7a). Similarly, death of MCF-7 cells after treatment
with 1, 2.5, 5, and 10 μg/mL of BNQDs in the presence of 10 μM DOX
was ~49, 54, 60, and 66% and in the presence of 20 μM DOX was ~53,
54, 64, and 69%, respectively (Fig. 7b). The results are in accordance
with our previous findings of the induction of cytotoxicity and
apoptosis in terms of controlled and regulated delivery of Tmx in breast
cancer [21]. In combination, with the synergistic effect of BNQDs and
DOX, the cell viability (~30%) is less than BNQDs (~60%) and DOX
(~50%) alone in MCF cells. BNQDs also reduced the cell viability of
cancer cells as well as normal cells and ROS accumulation. If BNQDs
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alone are used as a drug, it needs much higher concentration to increase
the risk of accumulation of BNQDs in normal cells. However, low--
concentration BNQDs in combination with DOX increased the effi-
ciency of DOX-mediated DNA cleavage and consequently reduced cell
viability.

3.7. BNQDs improve the activity of DOX in the regression of ROS
accumulation and enhance cell apoptosis

Furthermore, DOX (10 and 20 μM) treatment enhances nuclear
damage in MCF-7 cells (Fig. 8; vii-viii). The nuclear constriction/
damage is vigorously enhanced in the presence of 5 and 10 μg/mL of
BNQDs (Fig. 8; ix-xii). Nuclear fragmentation and condensation is a
hallmark of apoptosis. The blue fluorescent Hoechst dyes are cell-
permeable DNA stains that detect gradations of nuclear damage. The
result suggests the improved apoptotic activity of DOX in the presence
of BNQDs. Highly ROS such as hydrogen peroxide (H2O2), superoxide
anion (O2��), hydroxyl radicals (OH.), etc. produced in cells are
grouped ROS that confer reactivity to different biological targets. ROS
has a direct or indirect role in the modulation of signal transduction and
transcription factors to regulate cell survival, proliferation, and
migration. BNQDs in this regard counterbalanced the enhanced ROS
accumulation in MCF-7 cells. Induction of lymphoma cells by external
exposure of H2O2 has been reported previously to be counterbalanced
by an antioxidant supplement [51].

4. Discussion

The XRD result indicates that the crystallite size tends to decrease
from about 35.4 nm to about 15 nm, with the disintegration of h-BN
Fig. 5. (a) The projected density of state (PDOS) (black) and DOX projected states
energy BNQD-DOX configuration found. BNQDs, boron nitride quantum dots; DOX,
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sheets into QDs, which shows that BNQDs have poor crystallinity prob-
ably arising from crystal defects due to the cutting of h-BN sheets into
small dots and the presence of oxygen functionality. The Rietveld
refining calculation gives slightly different lattice parameters of BNQDs
from that of h-BN sheets. This is possibly due to the successful disinte-
gration of h-BN sheets.

FTIR spectrum reveals the presence of the oxygen group on as-syn-
thesized BNQDs, which may act similar to a luminescence center.
Asymmetric peaks in the PL spectrum of our sample suggest that the
presence of multifluorophores or luminescent species. The mechanism of
fluorescence in the BN system is presently still a matter of strong debate,
varying from case to case. Tang et al. [44] proposed that boron-oxygen
species are novel luminescence centers in the boron-nitrogen system.
We believe that BOx

- (x ¼ 1 and 2) species (Figure S5c) is the effective
luminescence center for emission in our sample BNQDs. The detailed
discussion for the origin of the emission in BN sample is given in sup-
porting information.

The enhancement of DNA cleavage activity by anticancer drug DOX
was performed using synthesized BNQDs. Results show that at low con-
centration of BNQDs (12.5 μg/ml), the DNA cleavage in the presence of
DOX is barely affected. Moreover, the percentage of NC fragment
enhanced up to 70%with maximum cleavage activity of DOXwith 25 μg/
ml of BNQDs compared with 21.3% cleavage by control. Further
increasing concentration of BNQDs (50 μg/ml) leads to a decline in NC
DNA up to 47.4%. Noticeably, the activity enhancement is critically
dependent on the ratio between BNQDs and DOX. This observation is
similar to the behavior of the GQDs-DOX [11], suggesting that BNQDs
could work together with DOX molecules. The ab initio computational
modeling of the system confirms that DOX is adsorbed on BNQDs at the
N-terminated edge, as shown in Fig. 5b, with a binding energy of
(blue) of the BNQD-DOX complex and (b) side and top views of the minimum-
doxorubicin.



Fig. 6. Cytotoxicity of BNQDs and DOX. MCF-7 and HaCaT cells were treated with varying concentrations of (a) BNQDs (0–10 μg/mL) and (b) DOX (0–40 μM) for 24 h
and then subjected to MTT dye reduction assay. The percentage of viable cells (relative to control) was plotted against concentration. The data at each point represent
mean � S.E.M. Each experiment was repeated thrice with five replicates each time. Bars indicate standard errors. (c) Upper panel shows apoptotic cells by nucleus
staining with Hoechst 33258 (i-iii), and the lower panel shows the level of ROS by green fluorescence H2DCFDA (iv-vi) with 5 and 10 μg/mL of BNQDs after 24 h.
*Represents significant difference as compared with control group (*p < 0.05) on MCF-7 cells, and # represents a significant difference as compared with control
group (#p < 0.05) on HaCaT cells. BNQD-DOX configuration found. BNQDs, boron nitride quantum dots; DOX, doxorubicin; ROS, reactive oxygen species; H2DCFDA,
20, 70-dichlorofluorescein diacetate; S.E.M., standard error of mean.
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�1.075 eV. The overall binding between DOX and DNA [48] is weakened
by the presence of BNQDs, from �1.248 eV to �0.678 eV, which is ex-
pected from the BNQD-DOX structure, where some hydrogen bonds
needed for DOX-DNA interaction are already occupied. Still, the effect of
Fig. 7. Cytotoxicity of MCF-7 cells. Breast cancer cells were treated with DOX (5, 10,
with BNQDs (1, 2.5, 5, and 10 μg/mL) in the presence of 10 and 20 μM of DOX (b) fo
cells (relative to control) was plotted against concentration. The data at each point re
each time. Bars indicate standard errors. *, #, and $ (* # $ p < 0.05) represent a sign
of DOX and 1 μg/mL of BNQD are considered as the control group. BNQDs, boron n
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BNQD-DOX interaction with the DNA can be understood as the impact of
a big and massive wedge inserted into the double-stranded DNA. When
applied, BNQDs amplify the effect of DOX by introducing a big and bulky
unit. That is why both tend to separate the DNA strands and prevent
20, and 40 μM) in the presence of 5 and 10 μg/mL of BNQDs (a) and cells treated
r 24 h and then subjected to MTT dye reduction assay. The percentage of viable
present mean � S.E.M. Each experiment was repeated thrice with five replicates
ificant difference as compared with control group. MCF-7 cells treated with 5 μM
itride quantum dots; DOX, doxorubicin; S.E.M., standard error of mean.



Fig. 8. Fluorescence image of MCF-7 cells with H2DCFDA and Hoechst 33258. The image from the left panel shows the level of ROS by green fluorescence H2DCFDA
with DOX (i, ii) and the combination of DOX and BNQDs (iii-vi); and the right panel shows apoptotic cells by nucleus staining with Hoechst 33258 with DOX (vii, viii)
and the combination of DOX and BNQDs (ix-xii). BNQDs, boron nitride quantum dots; DOX, doxorubicin; H2DCFDA, 20, 70-dichlorofluorescein diacetate.
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normal replication mechanisms by attaching a massive BNQD-DOX
complex to DNA via a number of hydrogen bonds.

Cytotoxicity of DOX was found to be much higher in normal human
keratinocyte cells HaCaT than in MCF-7. However, BNQDs were less
cytotoxic on HaCaT than on MCF-7 after 24 h. The advantage of any
anticancer drug is assessed by much higher potentiality to kill cancer
cells with a comparatively basal level of cytotoxicity on normal cells.
DOX in this regard shows the major drawback because it kills normal
cells to a greater extent than cancer cells. The result suggests BNQDs be a
better anticancer agent that may be beneficial in combination with DOX.
The ROS level has been considered a significant regulator of cancer
progression. The accumulation of ROS due to an imbalance between its
production and biological oxidative defense system is described as
oxidative stress. Oxidative stress is common through overproduction of
reactive oxygen and nitrogen species, either by endogenous or exogenous
insult. Unregulated or prolonged production of cellular oxidants has been
linked to mutation as well as modification of gene expression leading to
carcinogenesis at all the stages. ROS is a group of molecules, including
hydrogen peroxide, superoxide anion, and hydroxyl radicals, which
confers reactivity to different biological targets. It is produced as a by-
product during mitochondrial electron transport of aerobic respiration
or by oxidoreductase enzymes and metal-catalyzed oxidation and have
the potential to cause some modifications of macromolecules [52].
BNQD treatment on the cancer cell MCF-7 enhances nuclear damage in
comparison to control cells after 24 h (Fig. 6c). BNQDs reduced green
fluorescence of DCF, suggesting a decline in ROS level of MCF-7 cells
(Fig. 6c). These cells show reduced survival with BNQDs. Quercetin has
been previously reported to reduce tumorigenesis via regression of ROS
and cell survival in murine T-cell lymphoma and HepG2 cells [24,25].
ROS serves as signaling molecules to regulate biological and physiolog-
ical processes toward adaptation to changes in environmental nutrients
and oxidative environment [53]. It has been suggested to participate in
cell survival, proliferation, and migration. ROS is considered a modulator
of signaling pathways mediated through extracellular signal regulated
kinase (ERK), Mitogen activated protein kinase (MAPK), hypoxia
inducible factor (HIF), phosphoinositide 3-kinase (PI3K), protein kinase
C (PKC), etc. to take part in carcinogenesis [24,25,53,54].

BNQDs gradually enhance the cytotoxic potential of DOX in MCF-
7 cells. Such improved cytotoxicity of DOX in the presence of rotaxane
9

has been reported [55]. The result suggests that BNQDs improve the
anticancerous activity of DOX via increasing its cytotoxic potential. DOX
treatment showed increased ROS level in MCF-7. The result is supported
by earlier findings suggesting that DOX induces ROS accumulation [56].
However, BNQD treatment was found to reduce ROS level in terms of
intensity of green fluorescence of DCF in MCF-7 cells (Fig. 8; i-vi) which
suggests reduced cell survival. The decrease in ROS level of MCF-7 by
DOX (10 and 20 μM) in the presence of 5 and 10 μg/mL of BNQDs was
found to be dose-dependent. Thus, BNQDs nullify the toxic effect of DOX.
Thus, BNQDs enhance the anticarcinogenic activity of DOX by reducing
ROS level and promoting cell death in MCF-7. Some studies established
prolonged tissue retention and heavy metals that present the severe
concerns for toxicity and clearance of nanoparticles and limit progress
toward the clinical use of many of the developing nanoparticles. Also,
inclusive variation in the modifiable surface, particle material, size, and
surface coating affects the renal or hepatic clearance of nanoparticles
including QDs [57]. The studies by Fisher et al. [58] and Schipper et al.
[59] also suggested that surface charge affected the renal clearance of
QDs in rat and mice system. In addition, renal clearance has been re-
ported to be decreased with the increased size of QD nanoparticles.
However, our present study is mainly focused on the synergistic efficacy
of BNQDs with DOX in terms of anticancer activity via DNA cleavage,
ROS accumulation, and interaction of DOX-BNQDs with DNA; that could
be a translational relevance for a clinician but needs to be further
investigated in future work.

5. Conclusion

To summarize this work, we propose a simple, ultrafast, economic,
ecological, and reproducible hydrothermal route to prepare highly effi-
cient BNQDs from exfoliated h-BN without the drawbacks of other re-
ported methods. The oxidizing agent reacts with h-BN sheets readily
under the relevant temperature, and exfoliation of sheet takes place,
supported by SEM images. Owing to small size and height, strong
quantum confinement exists in synthesized BNQDs. The optical band gap
of the BNQDs was estimated to be around 6.08 eV using Tauc's formula,
which is smaller than that of h-BN sheets due to quantum confinement.
Most interestingly, the h-BNQDs were found to have an application in the
clinical field for enhancing the anticarcinogenic activity of DOX. The
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overall result highlights the impact of BNQDs as an anticancer agent by
itself. Furthermore, DOX improves the anticancerous activity in combi-
nation with BNQDs with less cytotoxicity. Furthermore, by increasing the
concentration of BNQDs, the interaction between BNQDs and DOX was
found with the binding constant (Kb ~ 0.07338 μg/ml). DFT calculations
predicted that the BNQD molecule is polarized, and consequently, B- and
N-terminated edges are not equivalent. DOX is adsorbed on BNQDs at the
N-terminated edge with a binding energy of �1.075 eV. When a massive
BNQD-DOX complex attaches to DNA, the normal replication mechanism
gets suppressed via formation of hydrogen bonds. The percentage of NC
fragment enhanced up to 70% with maximum cleavage activity of DOX
with 25 μg/ml of BNQDs compared with 21.3% cleavage by control. The
results provide a base to develop BNQD-DOX as a better effective anti-
cancer drug. Our approach may open up a route for the fabrication of
high-quality BNQDs, and their exciting properties could pave the way for
their use in many biological applications.
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