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Hexagonal boron nitride (h-BN) has considerable potential for applications owing to its attractive features including good 

thermal conductivity, chemical stability, and unique optical properties. However, because h-BN is chemically inert and 

thermally stable, it is hard to synthesize boron nitride quantum dots (BNQDs) using chemical methods such as oxidation, 

hetero-atom doping or functionalization. Here, we report a defect engineering method to synthesize BNQDs from h-BN 

using physical energy sources including an impinging process of heated iron nanoparticles, microwave irradiation and 

sonication. Furthermore, edge-hydroxylated functionalization was employed to enhance the intracellular uptake of the 

BNQDs in cells for bioimaging. The edge-hydroxylated BNQDs (EH-BNQDs) showed blue colored photoluminescence with 

325 nm laser excitation, good cytotoxicity performance with approximately 100% cell viability, and a good attachment to 

cell surfaces. The successful endocytosis of EH-BNQDs using a cancer cell line was also demonstrated. 

Introduction 

In the modern era of two-dimensional (2D) functional 

nanomaterials, hexagonal boron nitride (h-BN) has garnered 

considerable interest for potential applications in catalysts, 

optoelectronics, and semiconductor devices. h-BN is 

composed of layered structures held together by van der 

Waals forces, and it exhibits attractive features such as high 

dielectric property, high thermal conductivity, good chemical 

stability, and unique optical properties.1-9 h-BN and graphite 

have almost identical values of mechanical strength and 

thermal conductivity, and have similar structures with a 

negligible difference of about 2% between their lattice 

constants. However, their electronic structures are totally 

different: graphene is a zero band gap semiconductor, while h-

BN is a large band gap (~5.9 eV) insulator.10-12 h-BN also has 

much stronger interactions between neighboring layers, and 

because of the ionic character of the B-N bond these 

interactions make it more difficult to form monolayer BN, 

compared to monolayer graphene.13, 14 

Recently, graphene quantum dots (GQDs) have been 

intensively investigated for various engineering applications 

including electrochemical sensors, photovoltaic devices, 

energy storage devices, and bio-sensors.15-20 However, GQDs 

have been the subject of controversy regarding their toxicity 

and biocompatibility in bio-imaging and bio-sensor 

applications related to cell viability.21 Generally, GQDs used for 

bio applications need to be carefully designed to reduce 

toxicity. In this respect, h-BN has much lower toxicity than 

graphene, better biocompatibility, has lower environmental 

hazard, and good cell viability. Consequently, if the BNQDs can 

be easily synthesized, boron nitride quantum dots (BNQDs) will 

be very suitable for bioimaging materials. 

However, because h-BN is chemically inert and thermally 

stable up to 1,000 oC,22 it is very hard to synthesize BNQDs 

with nm dimensions with chemical methods such as oxidation, 

hetero-atom doping, intercalation, and functionalization.23, 24 

Accordingly, very few studies regarding BNQDs are found in 

the open literature. Allwood et al. proposed a top-down 

approach involving potassium-intercalation and de-

intercalation, and the disintegration of BN edges to form 

BNQDs.25 Wu et al. prepared BNQDs via a facile sonication-

solvothermal technique.26 Moreover, to produce high-quality 

BNQDs for bioimaging, functionalization of the edge or surface 

of the BNQDs is crucial, not only for tuning the fundamental 

properties of the QDs, and rendering them stable and soluble 

in various aqueous environments, but also for creating good 

interactions with the cell surface for bioimaging. Hence, for 

bioimaging and biosensor applications, synthetic routes for the 

edge-functionalization of BNQDs need to be developed: this is 

a pending issue which has to be solved in the near future.27 
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Recently, to synthesize three-dimensional carbon 

nanostructures and nanohole-structured hetero-

nanostructures, Oh’s research group has proposed defect 

engineering methods using physical energy sources rather 

than chemical routes.28-33 In those methods, atomic scale 

defects were intentionally produced using physical energy 

sources such as microwaves, lasers, and ion beams. The 

physical defects were used as active nucleation sites and for 

covalent bonding between two hetero nanostructures. Until 

now, physical energy sources and physical defects have not 

been employed to produce BNQDs from chemically inert h-BN.  

In this work, we report an innovative defect engineering 

method to synthesize blue-luminescent BNQDs and an edge-

hydroxylation process to form non-toxic and biocompatible 

BNQDs (EH-BNQDs) that are more suitable for use in 

bioimaging. Initially, physical defects in h-BN were 

intentionally produced through an impinging process using 

heated iron nanoparticles, as shown in Schemes 1b and 1c. h-

BN were dispersed with ferrite (Fe3O4) nanoparticles in 

acetonitrile and annealed at 1,000 °C under nitrogen 

atmosphere to create cracks and holes on the h-BN surfaces. 

The cracked and fragmented h-BNs, as shown in Scheme 1c, 

were then exposed to microwave irradiation and ultra-

sonication to form much smaller BNQDs; this was followed by 

the edge-hydroxylation of the BNQDs (EH-BNQDs), for use in 

investigating bio-imaging applications. We observed the 

impinging phenomena using in-situ TEM: a video file of the 

process was recorded (Video 1) and snap shots are provided in 

Figure S1. We found that the interaction between h-BN layers 

became weak, facilitating the formation of few-layered BN. 

Further, physically defective points were produced on the h-

BN by the heated iron nanoparticles, and cracks were 

propagated by the microwave irradiation and sonication 

treatments, resulting in nanoscale BNQDs. The iron 

nanoparticles that were used in the formation of the physical 

defects were easily removed using a permanent magnet 

(Figure S1a). Furthermore, the edges of the as-synthesized 

BNQDs were hydroxyl-functionalized by water vapor at 900°C 

for 30 minutes in the furnace.27 Then, the prepared BNQDs 

were cooled at room temperature and dispersed in water. 

Finally, edge-hydroxylated BNQD (EH-BNQD) was applied in 

bio-imaging tests. It was found that the edge-hydroxylation of 

the BNQDs facilitated their successful intracellular uptake for 

bio-imaging. 

Results and Discussion 

Morphologies of BNQDs 

The development of BNQDs and defect generation on the h-BN 

surfaces was confirmed by morphological investigations 

(Figure 1). The field emission scanning electron microscopy 

(FESEM) image of the h-BN (Figure 1a) shows a hexagonally 

shaped flake with a mean thickness of about 15-20 nm, but the 

flakes appear to be agglomerated. After the h-BN was 

annealed with Fe3O4 nanoparticles (Figures 1b and 1c), iron 

nanoparticles were found distributed all over the surface of 

the h-BN sheets. Moreover, the sheets are mostly irregular in 

Scheme 1. Defect engineering route to boron nitride quantum dots (BNQDs) and edge-hydroxylated BNQDs for bioimaging. (a) 
Hexagonal boron nitride, (b) impinging process of heated iron nanoparticles, (c) cracks and physical defects of h-BN, (d) BNQD after 
microwave radiation and sonication treatments, (e) edge-hydroxylated BNQD (EH-BNQD), and (f) EH-BNQD for bioimaging.
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shape and the surfaces are smooth and planar, like the 

surfaces of graphene sheets, without any wrinkles. 

It was also clear that, physical defects were generated on the 

h-BN sheets by the thermal treatment because the sheets 

were broken not only at the edges but also on the surfaces of 

the h-BN flakes. Actually, in combination with the thermal 

energy source, the iron nanoparticles facilitated the 

generation this type of physical defect over all of the surfaces 

of the BN sheets (Figure S1). FESEM images of the top and side 

views of the BN sheets with generated defects after 

microwave irradiation (Figure 1d and the inset of Figure 1d) 

reveal that the thickness of the BN sheets was further reduced 

to a few nm and the defects were extended. This suggests that 

the microwave irradiation was simultaneously useful in 

reducing the thickness of the BN sheets as well as propagating 

the physical defects and cracks on the BN sheets. Notably, 

after sonication, BNQDs are formed, as can be confirmed in 

the bright field high resolution TEM (BF-HRTEM) image of the 

thin BNQDs (Figure 1e). As can be seen, the edges are clearly 

terminated, with an average size of 8 nm. The lattice fringes of 

2.43 Å correspond to the (100) face of the BN crystal; this 

value is much smaller than that of the h-BN (002) lattice 

spacing, which has a value of 3.33 Å. Additionally, the highly 

parallel lattice fringes indicate the BNQDs are well crystallized. 

Accordingly, it can be proposed that exfoliation, reduction of 

sheet thickness, and defect creation were achieved using 

physical energy sources. The fabricated BNQDs exhibited 

different sizes in a range from 10 nm to 50 nm; however, they 

were no wider than 50 nm. The height profile analysis of the 

BNQDs revealed that the average thickness was about 3.2 nm, 

signifying that the BNQDs had a few-layered structure. It is 

worth mentioning that the lateral size and the height profile 

were much more reduced than those of BN nanosheets (lateral 

size: 300 nm and height profile: 30 nm).26 

 

Spectra analysis of BNQDs and EH-BNQDs 

The crystal structures of the BNQDs and EH-BNQDs were 

further confirmed by Raman spectra, X-ray diffraction (XRD), X-

ray photoelectron spectroscopy (XPS), and Fourier transform 

infrared spectroscopy (FTIR) analyses (Figure 2). The BNQDs 

exhibited a much weaker E2g phonon mode, a counter phase B-

N vibrational mode around 1367.4 cm-1 with respect to the h-

BN raw flakes. Additionally, the measured full width at half 

maximum (FWHM, about 12 cm-1) of the BNQDs was slightly 

larger than that of the h-BN flakes (~ 10 cm-1). This significant 

decrease in the intensity of the E2g phonon mode and the 

slight increase of the FWHM suggest the formation of few-

layered BNQDs with a decreasing in-plane lattice constant, 

which is in good accordance with the HRTEM findings. 

Interestingly, after the edge hydroxylation of the BNQDs, a 

much weaker E2g vibrational mode appeared at 1366.3 cm-1, a 

slight red shift of about 1 cm-1 with respect to BNQDs and h-

BN, indicating a great reduction in the interlayer interaction, 

which leads to more exfoliation and greater formation of few 

layered BNQDs.27 The presence of a sp2 BN structure in the 

BNQDs was also confirmed by FTIR spectroscopy. The sharp 

peaks for the h-BN flakes, located at around 1370 cm-1 and 785 

cm-1, correspond to the B-N vibrations in the h-BN. However, a 

weak peak at around 925 cm-1 attributed to the B-O vibration 

is induced by the oxidation of BN. The BNQDs also show peaks 

similar to those of the h-BN flakes, signifying the presence of 

the typical sp2 bonds of BN. Interestingly, the BNQDs exhibit 

the –OH stretching mode at 3220 cm-1 and a new bending 

mode at 1178 cm-1 corresponding to the B-O bond, indicating 

that the BNQDs have a lower amount of –OH groups.27 

However, after the edge-hydroxylated treatment of the 

BNQDs, a highly intense -OH stretching signal appears at 3360 

cm-1 with the B-O bending mode at 1271 cm-1, confirming the 

successful edge-hydroxylated functionalization of the 

BNQDs.27 X-ray powder diffraction (XRD) (Figure 2b) further 

revealed that the intensity of the main (002) peak at around 

26.3° of the h-BN flakes is considerably lower for the BNQDs, 

indicating a reduction in the layered structure and the high 

exfoliation of the BNQDs after the physical defect treatments. 

These results agree well with the findings from the Raman 

spectra. Interestingly, after the edge-hydroxylation of the 

BNQDs, the intensity of the (002) peak was further reduced, 

suggesting an additional reduction in the thickness of the BN 

layers and more exfoliation, facilitated by the hydrolysis at 

Figure 1 Morphology of physically defected boron nitride flake and 
BNQDs. (a) Hexagonal boron nitride (h-BN), (b) iron nanoparticles 
dispersed on h-BN, (c) SEM image of defected boron nitride flake, 
(d) side view of h-BN having a lot of side defects, (e) TEM image of 
BNQD, and (f) AFM image of BNQDs.
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high temperature and the release of ammonia gas, as 

explained in Equation (1). 

�� ���� →	��	 � �
���	                           (1) 

In this process, the hot water vapor reacts with the BNQDs, 

and this reaction along with the gradual weakening of the van 

der Waals forces between the BN layers results in the 

formation of voids on the (002) plane, and thereby in a 

reduction of the interlayer attraction forces. Additionally, in-

situ formed NH3 penetrated through these voids, causing more 

exfoliation and reduction of the BN layers, as confirmed by the 

Raman spectra.  

In order to investigate the chemical states and the quantitative 

chemical composition, X-ray photoelectron spectroscopy was 

utilized (Figures 2d-f). The XPS survey spectra of the BNQDs 

exhibits the typical B1s and N1s peaks, along with slight peaks 

of C1s and O1s, which also support the FTIR results (Figure 2c). 

This may be due to an ambiguous interaction that takes place 

during the application of physical energy sources to the h-BN 

flakes. The elemental percentages reveal that very low 

amounts of C (4.08% atomic percent) and O (7.5% atomic 

percent) were incorporated in the BNQDs (B 45.33% and N 

43.09% atomic percent) (Table S1). The deconvoluted B1s XPS 

spectra of the BNQDs indicate the existence of sp2 B-N bonds 

(190.8 eV) and B-O bonds (192.7 eV).34 The slightly higher 

value of the sp2 B-N bonds of the BNQDs compared to that in 

h-BN (190.1 eV) may be due to the oxidation of some B atoms 

on the surface of the sample.35 Moreover, the N1s XPS peak 

can be fitted to the two sub-peaks at around 398.4 eV and 

400.3 eV, which correspond to the sp2 B-N bonding and C-N 

bonding, respectively.36 Interestingly, after the edge-

hydroxylated functionalization of the BNQDs, the XPS survey 

spectroscopy showed a large increase in the signal intensity of 

the O1s peak, indicating –OH groups covalently grafted to the 

BNQDs. Importantly, the O1s peak of the BNQDs was centered 

at 532.5 eV, while that of the EH-BNQDs was centered at 530.7 

eV: this is an almost 1.8 eV shift, which is consistent with the 

edge-hydroxyl functionalization of boron nitrides.37 Together, 

all these findings further confirm the addition of oxygen-

containing functional groups to BNQDs through edge-

hydroxylation. 

 

Optical properties of BNQDs and EH-BNQDs 

The optical properties of the BNQDs and the EH-BNQDs were 

tested by UV-vis absorbance, photoluminescence (PL) excited 

by various wavelengths, and time-resolved PL (Figure 3). The 

absorption spectrum of the BNQDs showed a gradual increase 

from 600 nm, and a rapid increase at 230 nm (5.4 eV) for the 

bandgap of h-BN (Figure 3a). In addition, the BNQDs have a 

Figure 2 Chemical structures of h-BN, BNQD, and EH-BNQD; (a) 
Raman spectra, (b) XRD pattern, (c) FTIR measurement, and (d-f) 
XPS data and deconvoluted data at N1s and B1s peaks. 
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Figure 3 Optical properties of BNQDs. (a) Absorbance of BNQDs 
from 240 nm to 400 nm wavelength region, (b) PL spectrum of 
BNQDs irradiated by 325 nm He-Cd CW laser. Inset is the 
photograph of blue luminescent BNQDs under 365 nm UV lamp 
excitation, (c) Image of 2D map for PL spectra with various 
excitation wavelengths, (d) PL decay profiles of BNQDs for 
excitation from 250 nm to 400 nm, and (e, f) Streak images of time-
resolved PL excited by wavelengths of 280 nm and 360 nm.
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shoulder peak at 280 nm which is related to several types of 

vacancies of nitrogen (VN) and boron (VB) in the h-BN.38 When 

excited by a 325nm laser source our BNQDs clearly showed a 

blue color light emission with a strong peak at 450 nm (Figure 

3b). Normally, it is reported that visible emissions from BNQDs 

can be present for three reasons: N vacancy point defects, 

carbene structures at the zigzag edges, and BOx− species.39 For 

further testing, the BNQDs were separated into different 

particle sizes using a filtration method. However, the PL results 

showed an almost similar peak at 450nm for all particle sizes 

(Figure S3). To further study the optical properties in the 

BNQDs, we measured the PL according to the change of the 

excitation wavelengths from 260 nm to 440 nm and plotted a 

2D map of the PL (Figure 3c). The 2D map (Figure 3c) shows 

three emission regions, as follows: (i) a peak at 320 nm, (ii) a 

peak at 450 nm irradiated by the 280 nm wavelength, and (iii) 

a peak at 450 nm irradiated by the 360 nm wavelength. The 

emission at 320 nm, which is generated using an excitation at 

280 nm for a shoulder peak in the UV-vis absorption, is 

attributed to vacancies of nitrogen (VN) and boron (VB) in the 

BNQDs. This emission is also observed in the h-BN bulk with 

various defect sites.40 The PL at 450 nm shows a sensitive 

response to changes in the pH condition of the solvent (Figure 

S3). This phenomenon is related to the defect sites of oxygen, 

because oxygen bonding on a 2D material is very sensitive to 

the pH;39, 41 this was already confirmed by the presence of 

oxygen in the BNQDs, as determined by XPS. As a result, we 

consider that the emission at 450 nm comes from oxygen 

impurities in the BNQDs. For various excitation wavelengths, 

the arrangement of the PL decay curves (Figure 3d) exhibit bi-

exponential profiles. They show a fast recombination time with 

increasing excitation wavelengths. To confirm the carrier 

dynamics after a pump event, we summarized the temporal 

profile of the time-integral PL (TIPL) (Figures 3e, 3f). As time 

passes, the TIPL irradiated by 270 nm and 360 nm exhibits a 

slight spectral migration (Figure S4). The sharp peaks indicate 

the Raman spectra for DI water solvent, similar to cases found 

in the literature on graphene quantum dots (Figure 3f).42, 43 

These results indicate that the presence of a single 

luminescence origin comes from the defect sites formed by 

oxygens. Furthermore, the quantum yields (QYs) of the BNQDs 

and EH-BNQDs were measured by using quinine sulfate as a 

reference.44,45 The PL quantum yield of quinine sulfate was 

54.60% as calculated. As a result, the average QY of BNQDs 

was 1.19±0.34% and the EH-BNQDs was 0.7% for the highest 

QY. In this result, the QY of EH-BNQDs was decreased, since 

the defect sites were reduced by hydroxylate groups. However, 

Figure 4 Application of EH-BNQDs for bioimaging. (a) UV-vis and PL of EH-BNQDs, (b) cytotoxicity of EH-BNQDs for 48 
hours, (c) zeta potential of the samples, (d) confocal laser microscopic images of EH-BNQD treated MCF-7 and PC-3 cells 
(scale bar = 50 μm). EH-BNQD was colored blue and lysosome was stained with Lysotracker® (red). 
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the hydroxylate groups cause the surface charge to be slightly 

negative, which is acceptable for uptake by cells (Figure 4b). 
 
Bio-imaging test of BNQDs and EH-BNQDs 

In bio-imaging, it is important that the bio-imaging agent does 

not influence the viability of the target cell or tissue. The UV-

vis and PL intensity of the EH-BNQDs irradiated by 325 nm 

wavelength are shown in Figure 4a. The cytotoxicity of the EH-

BNQD was evaluated by MTT assay (Figure 4b). The viabilities 

of MCF-7 (human breast cancer cell) and PC-3 (human prostate 

cancer cell) against EH-BNQDs were around 100 % for the 

overall concentration range, indicating that EH-BNQD itself is 

non-toxic and can be applied as a bio-imaging agent. The 

cytotoxicity of BNQDs against HeLa cells for 48 hours was 

about 80% (Figure S5). It is widely known that having a suitable 

size and zeta potential are prerequisite properties for the 

introduction of a nanomaterial as a bio-imaging agent. In this 

case, the surface charge was slightly negative, which is 

acceptable for uptake by cells (Figure 4b).  The intracellular 

fluorescence of the EH-BNQD was observed by confocal laser 

scanning microscopy (CLSM) against MCF-7 and PC-3 cells 

(Figure 4c). A significant blue fluorescence was observed in the 

perinuclear region; this fluorescence is thought to be the result 

of endocytosis. In order to ensure the uptake of EN-BNQD, the 

intracellular endosome was labeled with Lysotracker® (red) 

and the localization was compared with the fluorescence of 

the EH-BNQD (blue). The blue signal of the EH-BNQD and the 

red signal of Lysotracker® overlapped into the purple color, 

which implies the successful endocytosis of EH-BNQD (Figure 

4d). Because the edge hydroxyl groups are favored for 

modification by other functional moieties such as cell specific 

ligands or delivery carriers, further biological applications 

including bio-imaging are highly anticipated. 

Conclusions 

We report the development of a defect engineering method 

for synthesizing boron nitride quantum dots (BNQDs) from 

chemically inert h-BN using physical energy sources, and a 

further functionalization process to fabricate biocompatible 

edge-hydroxylated BNQDs (EH-BNQDs) for bioimaging. 

Physical defects were intentionally produced on chemically 

inert h-BN using an impinging process of heated iron 

nanoparticles, and micro-cracks were further propagated using 

microwave radiation and sonication treatments, resulting in 

much smaller and few-layered BNQDs. Edge-hydroxylated 

functionalization was performed to enhance the 

biocompatibility and cell adhesion of the BNQDs. The 

experimental results showed that the EH-BNQDs exhibited a 

blue colored photoluminescence with 325nm laser excitation, 

very good cytotoxicity with approximately 100% cell viability, 

and a good attachment to cell surfaces. We also demonstrated 

the successful endocytosis of EH-BNQDs using a cancer cell 

line.  

Experimental 

Syntheses of BNQDs and EH-BNQDs 

Physical defects were intentionally produced in h-BN through 

an impinging process of heated iron nanoparticles. h-BN and 

ferrite (Fe3O4) nanoparticles were dispersed in acetonitrile 

and annealed at 1,000 °C under nitrogen atmosphere to create 

cracks and holes on the h-BN surfaces. Furthermore, physically 

defective points were produced on h-BN by heated iron 

nanoparticles, and cracks were propagated, using microwave 

irradiation and sonication treatments, resulting in nanoscale 

BNQDs. The iron nanoparticles that were used for the 

formation of the physical defects were easily removed using a 

permanent magnet. The edges of the as-synthesized BNQDs 

were then hydroxyl-functionalized using water vapor at 900°C 

for 30 minutes in a furnace. The edge-hydroxylated BNQDs 

(EH-BNQDs) were then cooled at room temperature and 

dispersed in water prior to use in experimental tests to explore 

their properties in bio-imaging applications. 

 

Materials 

Commercially available boron nitride flakes and iron nanoparticles, 

and thiazolyl blue tetrazoliumbromide (MTT) were purchased from 

Sigma Aldrich (St. Louis, MO). LysoTracker® Red DND-99 was 

purchased from Invitrogen (MA). All of the materials were used as 

purchased. 

 

Instrumental methods  

The morphologies were examined using SEM (NOVA230) and TEM 

(Tecnai G2 F30 S-Twin). The height of the BNQDs was measured 

using AFM (N8 NEOS Senterra) in non-contact mode. High-

resolution X-ray photoelectron spectroscopy (XPS) results were 

determined using an ESCA Multilab 200 system. Raman spectra 

were obtained with an ARAMIS High Power Normal & Micro X-ray 

Diffractometer (D/MAX-2500(18kW), RIGAKU), Multi-Purpose X-Ray 

Photoelectron Spectroscopy (XPS) (Sigma Probe, Thermo VG 

Scientific), and FT-IR Spectrometer (FT-IR 4100, Jasco) 

Monochromatic light from a 300 W xenon lamp, dispersed by a 

monochromator, was focused on the samples for the PL and PLE 

experiments at low-excitation power (< 0.1 mW) at room 

temperature. The PL and PLE spectra were detected by a UV 

spectrometer (Maya2000, Ocean Optics, USA) and a highly-sensitive 

photomultiplier tube detector at room temperature. A mode-locked 

femto-second pulsed Ti:sapphire laser (Coherent, Chameleon Ultra 

II) system was used as the excitation source; three wavelengths of 

the pulsed Ti:sapphire laser (300 nm, 370 nm, and 470 nm) were 

employed. A streak camera (Hamamatsu, C7700-01) was utilized to 

measure the decay profile of the PL spectra at room temperature. 

TEM image were taken using a transmission electron microscope 

(JEM-2210, JEOL) and analyzed using a Gatan Digital Microscope. 

Fluorescence spectra were measured using a 

spectrofluorophotometer (RF-5301 PC, Shimadzu). Zeta potential 

was measured using a zetasizer (Nano Z, Malvern) at 0.1 mg/mL in 

PBS. The confocal laser scanning microscope (CLSM) image was 

obtained using an Olympus FV-1000 and analyzed using OLYMPUS 

FLUOVIEW ver. 1.7 Viewer software. 

 

Cell viability test 
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The dose-dependent cytotoxicity of the EH-BNQDs were measured. 

Cells (MCF-7 and PC-3) were seeded on a 96 well culture plate at a 

density of 8000 cells/well and incubated overnight. MCF-7 (human 

breast adenocarcinoma cell line, KCLB30022) and PC-3 (human 

postate adenocarcinoma cell line, KCLB21435) were obtained from 

the Korea Cell Line Bank (KCLB). The medium was replaced with 

fresh medium containing 0 to 50 μg/mL of EH-BNQD, and the cells 

were further incubated for 24 h. After incubation, cell viability was 

evaluated by MTT assay.  

For the MTT assay, the medium was replaced with 180 μL of fresh 

medium and 20 μL of MTT solution (5 mg/mL) was added. After 

incubation in the dark for 4 h, the medium was removed and purple 

crystals were completely dissolved in 200 μL of DMSO. 100 μL of 

each solution was transferred into a new 96 well plate and the UV-

vis absorbance at 570 nm was measured using a microplate 

spectrofluorometer (VICTOR3 V multilabel counter). The relative 

percentages of non-treated cells were used to represent 100 % cell 

viability. 

 

Bio-imaging by confocal laser scanning microscopy (CLSM)  

Intracellular BN was observed by confocal microscopy image. 

Briefly, MCF-7 or PC-3 cells (80,000 cells/well) were seeded on the 

glass cover slips, placed in a 12 well culture plate, and incubated 

overnight. Then, the medium was replaced with fresh serum-free 

medium containing 50 μg/mL EH-BNQD; after 4 h of incubation, the 

cells were washed carefully with PBS. Then, Lysotracker® red DND-

99 was employed at a final concentration of 4 μM and the cells 

were further incubated for 5 minutes; the cells were then washed 

carefully with PBS. Finally, the cells were fixed with 10 % neutrally 

buffered formalin (NBF) at 4 °C overnight. The cells on the coverslip 

were mounted in Vectashield anti-fade mounting medium for 

fluorescence measurement (Vector Labs) and were observed by 

CLSM. The EH-BNQD was monitored by 405/425-475 nm, and 

Lysotracker was monitored by 543/550-650 nm, and they were 

pseudo-colored as blue and red, respectively. 
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Defect engineering method was developed using physical energy sources to synthesize boron 

nitride quantum dots (BNQDs) for their bioimaging applications. 
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