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ABSTRACT: Herein, we have reported on the efficiency of inorganic Zn3N2
nanoparticles for labeling plant cells and animal cells toward imaging applications
with negligible toxicity. We have synthesized zinc nitride (Zn3N2) colloidal
nanoparticles with an average size of 25 nm at room temperature. The optical band
gap of the prepared Zn3N2 nanoparticles is 2.8 eV and gives a visible range emission
at 415 nm. With the addition of Zn3N2 colloids to organic dyes such as
protoporphyrin, flavin adenine dinucleotide, fluorescein, and neutral red, the
emission intensity of the organic dyes enhanced from 3 to 20 times. The molecular
simulation and lifetime studies evidence the possibility of energy transfer from zinc
nitride to organic dyes. The enhancement of dye intensity in the presence of Zn3N2
enhanced the vicinity of the cellular environment during confocal imaging of plant
cells and animal cells. The detailed results suggested Zn3N2 for bioimaging and
biosensor applications.
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■ INTRODUCTION

Imaging is a significant platform for the diagnosis of diseases at
an early stage, and it helps to make therapeutic plans. In
particular, cellular level diagnosis is considered as a challenge
in the biomedical research. There are various modes of
techniques used for bioimaging in clinics and diagnostic
centers, such as computed tomography, magnetic resonance
imaging (MRI), and positron emission tomography. These
topographic imaging techniques have a limitation of real-time
imaging for therapy. However, the optical bioimaging is
considered as superior to other conventional imaging
techniques because of the sophistication of real-time live
imaging.1,2 Over three decades, fluorescent nanomaterials are
used for recording the information related to biomolecules
using various optical equipment, and it also shows the
possibility of interacting with ligands, with its application
extending to theranostics.3

The recent progresses of bioimaging include fluorescence
imaging microscopy and fluorescence resonance energy
transfer (FRET).4 There are several techniques related to
bioimaging such as in vivo cell tracking, labeling, and imaging.
Fluorescent labeling combined with staining is widely used in
the biomedicine field because of its sensitivity. The fluorescent
probe allows sensitive detection of biological molecules with
high resolution. Fluorescent imaging is possible from (i)
intrinsically fluorescent reduced nicotinamide adenine dinu-
cleotide (NADH), tissues, and chlorophyll and (ii) induced
fluorescence of cells and samples with the addition of dye

staining.5 In general, fluorescence imaging can be attained
through the measurements of intensity (quenching or
enhancement), lifetime ,and resonance energy transfer.6

Förster resonance energy transfer (FRET) is a powerful
technique used to study nano-bio combination for bioimaging
applications.7 FRET based on organic dyes can be achieved by
simple preparation methods at low cost. However, these dyes
have short lifetime and low chemical stability, making it
challengeable for the production of FRET in organic dyes.
FRET in the presence of nanoparticles provides spatial and

kinetic information about the interaction between the
fluorescent nanoparticle and protein in the cell environment.8

Inorganic nanoparticles such as gold and silver gives
fluorescence signals enhanced by the surface plasmon with
greater sensitivity for imaging and biosensing applications.9

The maximum fluorescence enhancement depends on the
decay rate (nonradiative and radiative decay rate) and
quantum efficiency. In order to achieve FRET, the distance
between the fluorophore and the nanoparticles needs precise
selection. A very less distance may cause fluorescence
quenching and a long distance may not cause fluorescence

Received: November 28, 2019
Accepted: April 3, 2020
Published: April 3, 2020

Research Articlewww.acsami.org

© 2020 American Chemical Society
19245

https://dx.doi.org/10.1021/acsami.9b21585
ACS Appl. Mater. Interfaces 2020, 12, 19245−19257

D
ow

nl
oa

de
d 

vi
a 

U
N

IV
 O

F 
E

X
E

T
E

R
 o

n 
Ju

ly
 1

6,
 2

02
0 

at
 1

2:
08

:3
7 

(U
T

C
).

Se
e 

ht
tp

s:
//p

ub
s.

ac
s.

or
g/

sh
ar

in
gg

ui
de

lin
es

 f
or

 o
pt

io
ns

 o
n 

ho
w

 to
 le

gi
tim

at
el

y 
sh

ar
e 

pu
bl

is
he

d 
ar

tic
le

s.

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Soundharraj+Prabha"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Dhinasekaran+Durgalakshmi"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Karthikeyan+Subramani"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Prakasarao+Aruna"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Singaravelu+Ganesan"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Singaravelu+Ganesan"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acsami.9b21585&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.9b21585?ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.9b21585?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.9b21585?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.9b21585?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.9b21585?fig=abs1&ref=pdf
https://pubs.acs.org/toc/aamick/12/17?ref=pdf
https://pubs.acs.org/toc/aamick/12/17?ref=pdf
https://pubs.acs.org/toc/aamick/12/17?ref=pdf
https://pubs.acs.org/toc/aamick/12/17?ref=pdf
www.acsami.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://dx.doi.org/10.1021/acsami.9b21585?ref=pdf
https://www.acsami.org?ref=pdf
https://www.acsami.org?ref=pdf


enhancement.10 Thus, FRET is a more sensitive distance-
dependent fluorescence signal for monitoring molecular
interactions in vitro and in vivo.
Even though organic molecules possess photochemical

instability and nonoptimum spectroscopic properties, it is
often used as a fluorescent label for in vivo imaging. These
organic molecules are also available as commercial sources for
versatile fluorescence applications.11 Nevertheless, they hardly
interact with the cellular organelle and affect the optical
properties, and low tissue absorbance exhibits photothermal
effects. In most of the cases, organic dyes were used as probes
because of their high quantum efficiency. However, optically
stable sensitive dyes are in need for real-time analysis and
detection of biomolecules. The major drawback in achieving
organic stable dyes is photobleaching of the dyes at powerful
excitation energies.12 Earlier work shows that nano structures
combined with fluorescence organic dyes provide enhanced
signals even in the presence of very small tumor species.13

Functionalization with inorganic nanomaterials enables imag-
ing with reduced toxicity and enhances the brightness with low
background noises. Compared to widely used organic dyes,
semiconductor quantum dots and nanoparticles are attractive
in imaging due to optical property, stability, brightness, lesser
photobleaching, and high detection limit.13−16 The inorganic
nanoparticles include luminescent silica nanoparticles,17,18

carbon dots,16 nanotubes, nanoclusters, nanodiamonds, and
metal oxides.19 Colloidal quantum dots such as CdS,20 CdSe,21

CdTe, PbS,22 PbSe,23 and HgTe24 have potential cytotoxicity
during in vitro and in vivo despite efficient photo emission.25

Hence, recent research is much focused on developing
inorganic nanomaterials, which act as sensitive probes with
low toxicity and high stability. In addition to the aforemen-
tioned inorganic nanomaterials, aggregated induced emission
fluorescent materials, conjugated with biological components
such as peptides, carbohydrates, and nucleic acids are used as
probes in imaging application.1 The metal nanoclusters such as
gold, silver, copper, and platinum are also in use for cellular
imaging and drug delivery application.3 Recently, near infrared
fluorescence imaging was considered as important in tissue
scattering and auto fluorescence, which can be applied for in
vivo imaging because of the high signal to background ratio.
However, the toxicity of Nd3+, Er3+, and Yb3+-doped
lanthanum nanoclusters used in imaging application needs to
be explored in future.2

Among all biocompatible materials, zinc is the necessary
nutrient for human life, and most of the body functions are
connected with zinc-containing enzymes. It is considered as
the second most transition metal ion in living organisms, and it
plays an essential role in maintaining human health
diseases.26,27 Zinc is classified into three functional categories:
(i) structural function, (ii) catalyst, and (iii) regulatory
function.28 The unique properties of this material are
biocompatibility, stability, and ability to use in biomedical
applications.15 Zinc nitride (Zn3N2) has potential optoelec-
tronic and photovoltaic electronic properties, with good
chemical stability and also suggested for a cost-effective solar
material.29 It belongs to the semiconductor II−IV group with
high carrier concentration and electron mobility. The first-
principles calculation shows that Zn3N2 has the highest bond
strength [2.562 eV for Zn−N(2) and 1.764 eV for Zn−N(1)]
and lowest electron effective mass [(0.08−0.03)mo].

29 In 1940,
Juza et al. synthesized Zn3N2 powder for the first time, and it
remained as an unresearched material over 50 years. Later in

1993, Kuriyama et al.30 prepared a zinc nitride film using the
direct reaction between zinc and ammonia and evaporated
onto the quartz substrate with the band gap of 2.2−2.4 eV.31

Based on the preparation technique, the bandgap values varied
from 1.0 to 3.3 eV.32 As this material is highly suggested for
optoelectronic devices, literature studies reported on preparing
this material as thin films by physical methods such as RF
sputtering33,34 and pulsed laser deposition.35 The band gap of
Zn3N2 is still debatable in the concept of narrow or wide band
gap and direct or indirect bandgap, where it needs lot of
theoretical understanding. Very few literature studies have
reported on the optical properties of Zn3N2,

36,37 focusing
further toward optoelectronic applications. The biological
applications of Zn3N2 are not yet examined similar to other
inorganic nanoparticles such as gold, silver, CdS, CdSe and so
forth.
In the present work, a Zn3N2 colloid was prepared by

chemical methods toward bioimaging application. With the
advent of synthesis by chemical methods,37 we can tune the
structural and optical properties of the nanoparticles. Further,
the interaction of Zn3N2 with organic dyes and cellular uptake
were studied in detail. The improved imaging performance was
verified on both plant cells and human fibroblast cells using
confocal microscopy.

■ EXPERIMENTAL SECTION
Chemicals and Reagents. In order to prepare Zn3N2, chemicals

such as zinc acetate dihydrate extra pure (Zn(CH3CO2)·2H2O),
ammonia solution (NH3, 30%), ethanol (99.9%), and oleic acid pure
(C18H34O2, 65−88%) were purchased in analytical grade from Sigma-
Aldrich and Sisco Research Laboratories Pvt. Ltd. (SRL) and used
without further purification.

In brief, zinc acetate dihydrate was added with ammonia solution in
the presence of oleic acid, which acts as a capping agent. Zinc acetate
dihydrate (1 mmol, 100 μL) was added to the mixture of 0.5 mL of
oleic acid and 15 mL of ethanol at room temperature and stirred for 5
min. In order to undergo the nitridation process, 2.5 mL of ammonia
solution was injected to the zinc solution. The end colloid was stirred
for 1 h, which results in the homogenous transparent Zn3N2 colloidal
formation. The colloidal solution is stored in the ambient temperature
for further process.

Characterization. The functional groups were analyzed from
FTIR spectra using Fourier transform infrared spectroscopy (FTIR)
(JASCO FT/IR-6600). The bonding configuration was determined
using Raman spectrometer LabRam HR 800 (HORIBA JobinYvon,
France) with an air-cooled intracavity laser point source (model DL
785-100) of 488 nm argon as an excitation source. The absorption
and the emission spectrum were obtained using a microplate reader
(Spectramax M5). The luminescence color was captured from the
Fluoromax-2 (HORIBA JobinYvon-SPEX, Edison, New Jersey, USA)
using fibre optic probe. Transmission electron microscopy, TEM
(Tecnai T12 G2 sprit-cryo TEM), was utilized to obtain the internal
morphology of the samples. The particle size distribution was studied
using dynamic light scattering (ZEN3600). Aqualog ((HORIBA
Scientific) was employed to study the excitation emission matrix.
Fluorescence lifetime was measured using the time-correlated single
photon counting measurements (TCSPC) in Fluorolog (Fluorolog
HORIBA JobinYvon). The images of plant cell (onion peel) and 3T3
cells were imaged with a confocal laser scanning microscope (ZEISS
LSM 880) using 405, 458, 488, and 561 nm laser excitation source for
porphyrin, flavin adenine dinucleotide (FAD), fluorescein, and neutral
red, respectively.

Docking Studies. The compound (protoporphyrin, FAD,
fluorescein, and neutral red) structure was drawn using chem. Draw
pro 12 software and the zinc nitride structure were obtained from
crystallography information file using Mercury 3.9 software for further
docking study.38,39 The converted structure compound was energy

ACS Applied Materials & Interfaces www.acsami.org Research Article

https://dx.doi.org/10.1021/acsami.9b21585
ACS Appl. Mater. Interfaces 2020, 12, 19245−19257

19246

www.acsami.org?ref=pdf
https://dx.doi.org/10.1021/acsami.9b21585?ref=pdf


minimized and optimized based on steepest descent and followed by
conjugate gradient algorithm using dock prep application. The rigid
roots were automatically set for small molecules, and all possible
torsion and rotatable bonds are mentioned as active. The default grid
parameter was used to make a grid box on the active site of the
compound with a size of 125 Å × 125 Å × 125 Å and 0.3125 Å grids
spacing using AutoGrid program. Using Lamarckian genetic algorithm
with AutoDock 4.2 tool,40−42 the flexible docking was performed
between compound and Zn3N2 crystal structure. The obtained output
files were analyzed using PyMOL software.
Cell Culture. 3T3 fibroblast cell lines were procured from Tamil

Nadu Veterinary and Animal Sciences University (TANUVAS),
Chennai. The cell lines were seeded in the T25 flask (75 cm2) in
Dulbecco’s modified Eagle’s medium (DMEM) along with fetal
bovine serum (FBS) and penicillin/streptomycin. The cells were
cultured under standard conditions at 37 °C in 5% CO2 incubator.
The medium was replaced every 48 h, and the confluence of cells
were monitored through a microscope. When the confluent level
reached above 60%, the cells were washed using phosphate buffer
saline (PBS) and separated with the help of trypsin and subculture
into a newer flask.
Bioimaging Studies. For bioimaging studies, 3T3 fibroblast cell

lines were seeded on the coverslips in 8 well plates. The cells were
cultured in DMEM containing FBS and antibody for 24 h at 37 °C in
5% CO2 incubator. After 24 h, the monolayer cell lines were rinsed
with PBS and incubated with 10 μL of chosen organic dyes and
organic dyes@Zn3N2 at 37 °C for 20 min; then the fluorescence
image was studied using the confocal laser scanning microscope.
Cytotoxicity by MTT Assay Method. For MTT assay, 3T3

fibroblast cell lines were seeded in 96 well plates at a density of 1 ×
104 cell per well, and the cells were incubated at 37 °C in a CO2

incubator for 24 h. After that, the cells were treated with zinc nitride
nanocolloids of various concentrations from 0.3 to 1.5 μM in triplicate
and incubated for 24 h. In order to remove the unattached cells in the
well plate, the cells were washed using PBS. After which, 10 μL of 2
mg/2 mL of 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT dye) solution was added to each well, and the
untreated cells were considered as a control reference. Later, it was
incubated for 4 h at 37 °C in incubator under 5% CO2. The cell
toxicity was determined through measuring the optical density at 540
nm in a SpectraMax-5 microplate reader, and the % of cytotoxicity is
calculated.

■ RESULTS AND DISCUSSION

The shape and size of Zn3N2 nanoparticles were observed
using TEM (Figure 1a). The morphology shows hexagonal
shaped particles with an average particle size around 25 nm.
The particles under different magnification observed under
TEM are shown in Figure S2. The elemental analysis and
crystal structure confirmed using energy-dispersive X-ray
spectrometry and X-ray diffraction (XRD) are shown in
Figures S3 and S1, respectively. The XRD analysis Zn3N2
colloid coated on glass substrates confirms the formation of a
Zn3N2 crystal structure from the major peaks matched with
JCPDS 35-0762 (Figure S1). The result from the particle size
analyzer also confirms the average particle size around 24.3 nm
(Figure 1b). The presence of functional groups in the colloidal
solution can be observed using FTIR and Raman spectroscopy.
In the FTIR spectrum (Figure 1c), the peaks observed at 2923
and 2847 cm−1 are due to the CH2 asymmetric stretching and
CH2 symmetric stretching, respectively. Peaks at 1705, 1463,
1285, 934, and 718 cm−1 indicated the presence of CO
stretching, in plane O−H bond, C−O stretching, out of plane
O−H stretching, and CH2 rocking functionalities, respectively.
The presence of zinc and nitrogen bonding with zinc is
confirmed from the respective peaks at 476 and 1415 cm−1.43

Figure 1d plots the Raman spectrum for Zn3N2 nano-
particles, where we can observe peaks at 1442 and 1302 cm−1

corresponding to the CH2 bond, and the peak at 1077 cm−1 is
due to C−C vibrations. The local vibrational modes of N are
observed at 288, 648, and 771 cm−1.44−46 The peak at 520
cm−1 is attributed to Si−O vibration arises from the glass
substrate.47 The UV−vis spectrum of Zn3N2 (Figure 1e)
depicts the absorption wavelength at 270 nm. The optical band
gap (Eg) of Zn3N2 was calculated from the Tauc’s relation:
(αhν) = (hν − Eg)

n, where α is the absorption coefficient and
hν is the photon energy. The value of Eg calculated from the
intercept of the linear fitted lines in the plots of hν versus
(αhν)1/2 and found to be 2.80 eV (Figure 1f). The band gap
can be increased with respect to the quantity of oxygen present
in Zn3N2.

48. Many researchers analyzed on oxygen-induced
defects in zinc nitride, where oxygen is substituted in the
nitrogen lattice position.49 Even though the presence of Zn−O

Figure 1. Structural characterization of Zn3N2. (a) TEM image of hexagonal shaped particles with an average particle size around 25 nm, (b) DLS
particle size distribution shows an average particle size around 24.3 nm, (c) FTIR spectrum, (d) Raman spectrum confirms the presence of Zn and
N, (e) UV−vis spectrum shows the maximum absorption wavelength at 270 nm, and (f) Tauc plot from UV−vis spectrum gives an optical bandgap
of 2.80 eV.
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bond is confirmed from FTIR, the lesser band gap value
compared to earlier literature studies shows that the oxygen-
induced defect is lesser in the present method of preparing
Zn3N2 nanoparticles.
The excitation−emission matrix was recorded from 240 to

700 nm (Figure 2a). The highest fluorescence intensity was

observed at 415 nm, with an excitation wavelength of 340 nm.
Hence, 340 nm was selected as the optimum excitation
wavelength of Zn3N2 for emission of 2D spectrum (Figure 2b).
For this wavelength, the emission at various concentrations of
nanoparticles was obtained, and the quantum efficiency was
calculated as 59%. In order to prove that the emission is merely
due to the formation of Zn3N2, we obtained the emission
spectra of all the chemical agents used in the synthesis of the
nanoparticles (Figure S4). The stability of the Zn3N2 colloidal
nanoparticle was analyzed from its emission intensity using
photoluminescence spectroscopy, and it shows above 80%
stability even after 60 days (Figure S5).
Interaction with Organic Dyes. Metallic nanoparticles

with the dye molecules and their influence on the optical
properties are an exciting research field in nanophotonics. The
outcome of the research is quenching or enhancement of
fluorescence properties of the dye molecule. It is assigned to
the energy transfer between donor and acceptor molecules. In
this work, we studied the interaction of Zn3N2 with different
fluorescent dyes such as protoporphyrin IX, FAD, fluorescein,
and neutral red. Protoporphyrin is a photosensitizing drug,
which has attracted great attention in the field of photo-
dynamic and photothermal therapy for treating skin tumors. It
can conjugate with the aromatic molecules and exhibits
attractive spectroscopic properties. Naturally, it is produced
in the heme biosynthesis of biological systems.50−52 Our body
also has diverse molecules with auto fluorescence natives such
as NADH, FAD, porphyrin, collagen, and tryptophan. By
quantifying the properties of these dyes, certain stages of
diseases can be diagnosed and treatment can be provided
accordingly.53 Furthermore, the FAD and NADH are also
important to study the oxidation−reduction state of the
cells.54,55 Fluorescein dye and neutral red are used as an
organic fluorescent dye in cell labeling and cell tracking.
Neutral red belonging to the quinone imine class of dyes is a
lysosomal probe and biological pH indicator. It is utilized in
the optoelectronic field.56 To overcome some of the limitations
of organic dyes such as photobleaching and quenching, the
optical properties of synthesized Zn3N2 nanoparticles

integrated with aforementioned dye molecules were analyzed
in detail.
The UV−visible absorption spectra studies were carried out

to all the chosen dyes and dyes@Zn3N2 [1:6 μL] solutions
individually in the range of 200−700 nm (Figure 3a,b).

Porphyrin has an absorption maximum in the soret band at
400 nm and in the Q-band at 540, 600, and 645 nm.57 This
revealed that it has a broad absorption window enabled to
excite with multiple light sources. Porphyrin@Zn3N2 shows
absorption at 380 nm; there occurs a hypsochromic effect after
the addition of Zn3N2. The FAD dye exhibits a strong
absorption peak at 260 and 445 nm attributed to π−π*
transition in isoalloxazine rings,54 and FAD@Zn3N2 have
absorption at 445 and 360 nm. Fluorescein and fluorescein@
Zn3N2 have absorption at 485 and 490 nm, with the shift of 5
nm. Neutral red and neutral red@Zn3N2 also possesses
absorption at 525 and 535 nm with the shift of 10 nm.
Other than porphyrin, rest of the dyes shows a bathochromic
effect in the maximum absorption position, which depicts that
Zn3N2 has positive influence on interaction with the organic
dyes. In Figure 3b, the absorption of Zn3N2 is highlighted for
confirming the presence of nanoparticles conjugated with dyes.
The binding affinity of the dyes with colloidal nanoparticles

was estimated using UV−vis spectroscopy. The absorption
spectra for the addition of Zn3N2 to the fixed concentration of
dye molecules were collected, and the optical density gives the
information about the binding affinity of the dye with
nanoparticles (Figure S6).58 The binding constant of dyes@
Zn3N2 is calculated using Benesi−Hildebrand relation.57

Figure 4 shows the double reciprocal graph between 1/(A0
− A) versus 1/concentration for porphyrin@Zn3N2, FAD@
Zn3N2, fluorescein@Zn3N2, and neutral red@Zn3N2 and
depicts linear fit with the binding constant of 4.412 × 106,
4.393 × 106, 3.887 × 106 , and 2.519 × 106 M−1, respectively.
The binding constant proved that the dye molecules were well-
tagged on the surface of the Zn3N2 colloidal nanoparticle.
To examine the emission spectrum for dyes@Zn3N2, the

contour images recorded corresponds to the excitation
emission matrix, and the excitation wavelength corresponding
to the maximum emission was chosen for analysis of the 2D
spectrum given in the inset of an individual spectrum. In
Figure 5a, porphyrin@Zn3N2 holds a maximum emission at
538 nm and also possess many fluorophores in the matrix area
of 400 nm. Thus, the 2D spectrum was obtained by excitation
of both 400 and 538 nm (inset Figure 5a). The maximum
emission of FAD@Zn3N2 (Figure 5b) occurs at 510 nm with
an excitation of 480 nm and lesser fluorophore molecules
present in the UV region (240−300 nm). The 2D spectrum

Figure 2. (a) Excitation−emission matrix of Zn3N2, highest
fluorescence intensity was observed at 415 nm, with an excitation
wavelength of 340 nm and (b) fluorescence blue emission of Zn3N2
for 340 nm excitation.

Figure 3. UV−vis spectrum of (a) dye alone, (i) FAD, (ii)
fluorescein, (iii) porphyrin, (iv) neutral red, and (b) dye with
nanoparticle (i) FAD@Zn3N2, (ii) fluorescein@Zn3N2, (iii) porphyr-
in@Zn3N2, and (iv) neutral red @Zn3N2.
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emission FAD@Zn3N2 was observed at 480 nm excitation
(inset Figure 5b). Similarly, in the case of fluorescein@Zn3N2,
the CCD detector only records the emission in the UV region
(240 nm). However, the same material was investigated by 2D
emission spectrum, with an excitation of 490 nm emits green
color with the wavelength of 520 nm (Figure 5c). The neutral
red @Zn3N2 matrix shows the emission in two different
regions at UV (240 nm) and visible red emission of 615 nm
(Figure 5d). The 2D spectrum was obtained at the excitation
of 535 nm, and the broad red emission spectrum is shown as
the inset image.
Docking Study. In order to understand the type of

interaction between Zn3N2 and organic dyes, computational
simulation-based docking studies have been performed. In
general, docking studies by computational methods play an

important role for ligand target interaction studies. Molecular
docking was carried out for the chosen organic dye and Zn3N2
toward understanding the energy transfer. It was considered to
understand the reason for the resultant fluorescent enhance-
ment from the ligand−target interaction. In this case, Zn3N2
acts as the ligand, and organic dyes as targets. Figure 6a shows
the interaction of porphyrin with Zn3N2, where zinc molecules
are attached with −NH and −N groups with an intermolecular
distance of 2.8 and 2.6 Å, respectively. This distance prompted
us to consider the possibility of the energy transfer process
between nanoparticle and organic dye. For the molecules to
perform as FRET, the intermolecular distance between the
donor and the acceptor must be less than 10 Å. Thus, we
performed docking for remaining samples such as FAD@
Zn3N2 fluorescein@Zn3N2 and neutral red @Zn3N2.
In FAD with Zn3N2, we observed that more zinc molecules

was bound to the site of OH and also with the −N group with
an intermolecular distance 2.9−3.5 and 2.2−2.7 Å, respectively
(Figure 6b). This result shows that the zinc nitride surface is
hydrophilic in nature, and this is advantageous for utilizing this
with bioconjugates of organic dyes and drugs, which opens the
possibility of future therapy and diagnostic applications.
The docking results of fluorescein with Zn3N2 depict that

the zinc molecules are bound to the site of the −COOH group
with a distance of 2.5−3.4 Å (Figure 6c). In the case of neutral
red, zinc was attached in the site of amine with an average
distance of 2.5 Å (Figure 6d). Hence, the docking study
revealed that Zn3N2 nanoparticles have a good interaction with
the dye molecules, and this analysis was also considered as
evidence on the energy transfer (FRET) toward optical
enhancement.

Lifetime Study. With the evidence of the docking study
with less intermolecular distance due the possibility of FRET,
the lifetime of Zn3N2 conjugated with organic dyes was

Figure 4. Double reciprocal plot between 1/A − A0 and 1/
concentration (the data obtained from UV−vis spectra) to calculate
binding between dyes and nanoparticles. The data plotted is obtained
from UV−vis absorption spectral studies of dye absorption against
various concentrations of zinc nitride colloidal nanoparticles (Figure
S6).

Figure 5. Excitation−emission matrix of (a) porphyrin@Zn3N2, (b) FAD@Zn3N2, (c) fluorescein@Zn3N2, and (d) neutral red@Zn3N2, and the
inset shows the 2D spectrum using Spectromax.
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investigated. The time that a molecule persists in its excited
state before reaching the ground state (lifetime) is very
sensitive to the fluorophore. In the case of lung cancer, tissues
of normal versus cancer can also be discriminated from the
lifetime of FAD and NADH.59 In our work, it is useful to
investigate the lifetime of organic dyes and the organic dyes@
Zn3N2. The enhancement in the life time depends on the
energy transfer from donor to acceptor molecule (FRET), and

the average lifetime of the acceptor increases with the decrease
of the donor molecule,60 and the lifetime increases with the
enhancement of fluorescent intensity.61 The lifetime of dye
and dye with Zn3N2 was measured using TCSPC, and the
decay curves were examined using a nonlinear least square
fitting method. Bi-exponential fitting was used to calculate
decay cofactors such as A1, A2, τ1, and τ2, where A1 and A2 are
the exponential coefficients (%), and τ1 and τ2 are the

Figure 6. Docking study of (a) porphyrin@Zn3N2, (b) FAD@Zn3N2, (c) fluorescein@Zn3N2, and (d) neutral red @Zn3N2. It shows the
intermolecular distance of 2.6−2.8, 2.9−3.5, and 2.5−3.4 and 2.5 Å, respectively.

Table 1. Fluorescence Lifetime Analysis

slow component fast component

samples τ1 (ns) B1 (%) τ2 (ns) B2 (%) χ2
(ns)0

i 0
2

i i
τ

α τ
α τ

=
∑
∑

FAD 2.40 50.65 4.74 49.35 1.14 3.57
FAD@Zn3N2 2.56 57.59 4.86 42.41 1.25 3.71
fluorescein 2.08 17.11 4.31 82.89 1.10 3.20
fluorescein@Zn3N2 2.88 6.61 4.06 93.39 1.17 3.47
neutral red 0.56 62.92 0.99 37.08 1.27 0.78
neutral red@Zn3N2 1.69 93.87 3.56 6.13 1.23 2.63

Figure 7. Lifetime measurements of organic dyes and organic dyes@Zn3N2, (a) FAD, (b) fluorescein, and (c) neutral red.
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corresponding lifetimes. The values of exponential coefficients
and lifetimes with Χ2 values are tabulated in Table 1.
The intensity related to number of molecules for a single

exponential decay is expressed as

I t I t( ) exp( / )0 τ= − (1)

where Io → intensity at time t = 0. τ → inverse of the total
decay rate.
The fitted decay curve plotted in Figure 7a depicts that

FAD@Zn3N2 has a greater lifetime compared to FAD alone,
with the difference of 0.14 ns. Similarly, fluorescein@Zn3N2
has a long lifetime compared with dye alone (Figure 7b). In
the decay curve (Figure 7c), there is a huge deviation (1.85 ns)
for neutral red@Zn3N2. Hence, this TCSPC study confirms
the energy transfer from donor of Zn3N2 to the acceptor of
dyes and also leads to the study of fluorescent intensity
enhancement.
Energy Transfer. From the docking study, the intermo-

lecular distance may enable the energy transfer between
nanoparticle and organic dye, and from the lifetime study, the
quenching of donor lifetime with the increase of acceptor
lifetime tends to move further toward the concept of FRET.
This FRET technique provides more advantages compared
with the conventional fluorescent labeling technique. The
mechanism involves the nonradiative energy transfer from an
excited donor to a ground state acceptor. The acceptor
excitation is due to the emission of the donor; this leads to the
quenching in the donor emission (Figure S7).62−64 The FRET
channel and background signal of donor spectral bleed through
(DSBT) are highlighted in the Figure 8.65,66 Previously, many
standard fluorophores were developed for the donor/acceptor
or both FRET system. In the present work, we have chosen
organic dyes as acceptors and Zn3N2 as a donor (Figure S8).
The spectra of overlapping between emission spectra Zn3N2

and absorption spectra of dyes ensured the feasibility of the
FRET. The emission spectra of organic dyes with the
nanoparticle excited at a wavelength of 340 nm (λex of
Zn3N2 nanoparticle) are given in Figure S8, where, the
spectrum gives both the emission of Zn3N2 and dye molecule.
The emission intensity of Zn3N2 is quantitatively lesser
compared to the dye, and this might be due to the enhanced
emission intensity of the organic dye. In order to analysis the
FRET process, the combination of excitation emission
spectrum of Zn3N2 with the excitation emission spectrum of
dyes such as FAD, fluorescein, and neutral red is depicted in
Figure 8. In Figure 8a, the emission spectrum of Zn3N2 overlap
with the excitation spectrum of FAD and the fluorescence
intensity of the nanoparticle at 415 nm (λex = 340 nm) was
broadly interconnected with the FAD excitation and emission
(λem = 530 nm; λex = 445 nm). In this spectrum, nearly 90% of
the energy is transferred from Zn3N2 to FAD. Even there is

narrow overlapping of Zn3N2 emission with the excitation of
FAD, and the broad energy transfer spectrum causes the
fluorescence enhancement with the addition of Zn3N2. The
spectral overlap region between the donor emission spectrum
and acceptor absorption spectrum is illustrated in green. In
addition, the spectral bleed through is also found in the FRET
channel; thus the energy could have transferred directly from
the donor inducing the transition in acceptor and the emission
of acceptor bleed in donor absorption, which is in yellow. This
will in turn affect the FRET efficiency (E). In Figure 8a, the tail
region of excitation of the Zn3N2 tagged with the excitation
and the emission spectrum of FAD. This broad overlapping
may cause the admirable fluorescence enhancement.
In Figure 8b, the donor emission of Zn3N2 (415 nm)

coupled with the acceptor excitation of fluorescein (λex = 470
nm, λem = 520 nm) and the energy transfer in the spectrum
was broad with more energy transfer from Zn3N2 to
fluorescein. In this spectrum, the green color indicates the
merging of emission spectrum of Zn3N2 and excitation
spectrum of fluorescein and the yellow color indicates the
DSBT. The broad spectrum of FRET channel also integrated
with excitation of Zn3N2 and emission of fluorescein. This
confirms that both the molecules are very close to each other
with more energy efficiency toward the optical enhancement.
In Figure 8c, the green color expressed the spectra overlap of
the Zn3N2 emission spectrum with 535 nm excitation of
neutral red. The energy transfer efficiency calculated67 using
the fluorescence intensity of the donor (Zn3N2) in the
presence and absence of the acceptor (dyes) was found to
be 91.9, 83.3, 96.1, and 98.2% for porphyrin@Zn3N2, FAD@
Zn3N2, fluorescein@Zn3N2, and neutral red@Zn3N2, respec-
tively. It also confirmed that FRET-dependent distance (i.e.)
smaller than the intermolecular distance (neutral red@Zn3N2)
induces more energy transfer (Figure 6d).

Influence of Zinc Nitride over Organic Dyes. With the
confirmation of the FRET process, we explore the optical
enhancement of organic dyes with the increase in the
concentration of Zn3N2. The optical enhancement in
fluorescence intensity of the organic dyes with the addition
of Zn3N2 at various concentrations obtained using steady-state
emission spectra and plotted in Figure 9. The visible
enhancement in the intensity of the organic dyes such as
porphyrin, FAD, fluorescein, and neutral red with the addition
of Zn3N2 can be noted form the photographs obtained using
the fiber optical probe given in the insets. Figure 9a shows the
fluorescence emission spectra of porphyrin at 400 nm
excitation. With an addition of Zn3N2 colloid from 0.3 to 4.5
μM, the fluorescence emission intensity at 625 nm has
enhanced gradually with an increase in the concentration of
Zn3N2 colloid. The increased fluorescence is considered as the
significance of Zn3N2 and from the optical fiber-induced
excitation photograph, prominent red emission is visibly

Figure 8. FRET in zinc nitride with dyes (a) FAD, (b) fluorescein, (c) neutral red (green colourFRET, yellowDSBT, and cyanASBT), (i)
excitation of Zn3N2, (ii) emission of Zn3N2, (iii) excitation of dye, and (iv) emission of dyes.
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observed (Figure 9a). The porphyrin dye in the absence of
Zn3N2 relatively has very low intensity with the emission of
feeble red colour. Nevertheless, with the addition of nano-
particles, the material turns into spectacular red emission with
high intensity. The plot on Zn3N2 concentration versus the
enhancement emission intensity is shown in Figure 10. For
porphyrin, with the addition of lower concentration of 0.3 μM
Zn3N2, the intensity is nearly 6 times higher than porphyrin
alone. At a concentration of 4.5 μM of Zn3N2, the emission
intensity of porphyrin enhances to the order of 20 times. The
graph between fluorescence intensity and the concentration of
Zn3N2 gives a good linear fitting within the limit of errors, and
correlation coefficient was calculated as R2 = 0.96514 (Figure
10a).
The fluorescence emission spectra of FAD with the addition

of Zn3N2 colloid from 0.3 to 15 μM are given in Figure 9b.
The FAD dye was excited at 445 nm, and we observed that the
spectra with the green emission at 530 nm enhanced with the
addition of Zn3N2. The influence of fluorescence intensity with

the addition of Zn3N2 at a lower concentration of 0.3−1.8 μM
is negligible. Nevertheless, after 2.1 μM, the fluorescence
intensity enhances drastically with an increasing concentration
of Zn3N2, and the emission intensity of FAD was enhanced to
the order of 1.4 times. The prodigious enhancement in the
green color emission could be observed from the photograph
given in the inset of Figure 9b. The Zn3N2Vs intensity
correlation graph shows good fit with the correlation
coefficient of R2 = 0.96786, as shown in Figure 10b.
For fluorescein@Zn3N2 (Figure 9c), the intensity increases

from 0.3 to 1.8 μM Zn3N2 and gets saturated and then
quenched in further addition of 2.1−3 μM. It shows that it
reaches a threshold at 1.8 μM of Zn3N2 with an enhanced
intensity to the order of 3.3 times. From the photographs of
emission of the dyes, it could be easily visualized that with the
addition of nanoparticles, the emission of green fluorescent
spread up to top of the cuvette wall (Figure 9c). The nonlinear
fitting of Zn3N2 concentration versus intensity has a good fit
with a correlation coefficient of R2 = 0.94597 (Figure 10c).
Figure 9d shows the emission spectral detail of the neutral

red@Zn3N2 nanoparticle which increases from 0.3 to 1.5 μM,
and the emission intensity enhanced to the order of 14 times
and then started quenching on further addition of Zn3N2. The
Zn3N2 concentration-dependent emission has nonlinear fitting
with a correlation coefficient of R2 = 0.98196 (Figure 10d).
The photographs of all the emission of dyes clearly revealed
that with an addition of Zn3N2, the emission intensifies, and it
is totally concentration-dependent. In general, the fluorescence
of the organic molecules related to the radiative transition from
the first singlet state (S1) to the ground singlet state (S0). This
kind of transition S1 → S0 has a broad fluorescence emission
with a longer life time.68 Overall, the addition of Zn3N2
exhibits the broad spectrum of enhancement in emission
with organic dyes, which can also be visualized without any
optical tools. The binding energy graph (Figure S9) and the
energy level diagram (Figure S10) shows FAD and fluorescein
was not affected by the addition of Zn3N2. However, the shift
in the emission wavelength of porphyrin and neutral red leads
to the shift in the binding energy, which may be due to the
functional group interactions with Zn3N2 nanoparticles.

Figure 9. Fluorescence enhancement of dyes with the addition of
Zn3N2, (a) porphyrin, (b) FAD (c) fluorescein, and (d) neutral red.
Zn3N2 nanoparticles varied from a lower concentration of 0.3 μM to
higher concentration of 4.5 μM.

Figure 10. Fitted graph for concentration vs fluorescence intensity (a) porphyrin @Zn3N2, (b) FAD@Zn3N2, (c) fluorescein@Zn3N2, and (d)
neutral red@Zn3N2.
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Live Cell Imaging. In order to prove the efficiency of
Zn3N2 colloidal nanoparticle as an imaging probe, we have
examined their implementation as fluorescent cell labels on
plant cells (single layer onion peel) and animal cells (3T3
fibroblast cell) and imaged under a confocal laser scanning
microscope. The inner monolayer of onion peels was loaded
with both the chosen organic dyes and organic dyes@Zn3N2,
and the influence of Zn3N2 was examined from the confocal
fluorescence images.
Figure 11a shows the image of onion peels loaded with

porphyrin alone, and it shows nucleus and the cell membrane
tagged with the organic dye with low emission intensity.
However, in the presence of porphyrin@Zn3N2 (Figure 11b)
tagged with the cell membrane with enhanced intensity, where
the thickness of the cell membranes and the intermediate gaps
(indicated in arrow) and distance of separation from the
adjacent cells is observed at high quality (Figure 11b).
Similarly, for FAD dye alone (Figure 11c), the dye is majorly
conjugated with nucleus, whereas with FAD@Zn3N2 (Figure
11d), it amplifies the visibility of the cell membrane. On
comparing the images of fluorescein (Figure 11e) and
fluorescein@Zn3N2 (Figure 11f), the enhancement is observed
both on the cell membrane and to the nucleus, it also gives a
beautiful 3D effect of the intermediate gaps of the adjacent
cells by enhancing the fluorescence emission and also enhances
the resolution. The plant cell effectively up takes neutral red
(Figure 11g) and neutral red@Zn3N2 (Figure 11h). There is
no distinguished visibility of cells in the presence of dye alone,
whereas the cells are visible in the presence of neutral red@
Zn3N2. The overlap of the bright-field image with the
fluorescence image is shown in Figure S11. The intensity
enhancement in cell organelles with the addition of Zn3N2
colloidal nanoparticles was quantified using ImageJ software
and plotted in Figure S12. Porphyrin, FAD, fluorescein, and
neutral red with the addition of Zn3N2 show around 75, 39, 66,
and 65% of intensity enhancement, respectively.
The influence of fluorescence signals of organic dyes@

Zn3N2 in the presence of animal cells was observed using 3T3
fibroblast cell lines, and the confocal images are shown in
Figure 12. Prior to imaging, in order to confirm the
cytotoxicity of dyes@Zn3N2, the MTT test was done at
different concentrations (Figure S13). The results show very
lesser cytotoxicity at lesser concentration of dye of about 0.3
μM, which is taken for cell culture imaging. Similar to the plant
cells, there is also enhancement in the fluorescence signal of
the cell membrane and nucleus. In the presence of porphyrin@
Zn3N2 (Figure 12a), higher tagging is observed in the cell

membrane, where cell microtubules are also observed to be
tagged. The microtubule tagging is not observed in case of
FAD@Zn3N2 (Figure 12b); however, the high quality nucleus
structure is observed with higher resolution. The neutral red @
Zn3N2 dye (Figure 12c) which shows comparatively lesser
emission in plant cells shows good emission in human cells,
where the nucleus and cell membrane are tagged and provide
high-resolution imaging possibility. For fluorescein@Zn3N2
(Figure 12d), similar to plant cells, the dye is tagged both
on the nucleus and the cell membrane.
The presence of Zn3N2 nanoparticles in 3T3 fibroblast is

also witnessed by the SEM morphology assisted in situ
mapping (Figure S14). It shows that in porphyrin@Zn3N2,
FAD@Zn3N2, and fluorescein@Zn3N2, most of the zinc and
nitrogen atoms were tagged on the cell membrane and nucleus
of the cell. In the case of neutral red@Zn3N2, both nitrogen
and zinc atoms were labeled on the cell membrane. These
results are in good correlation with the confocal images of
dye(s)@Zn3N2.

Discussion. The concept of fluorescence intensity enhance-
ment is the salient feature in the field of biomedicine such as
bioimaging and biosensors. Nonetheless, less toxic with
enhanced fluorescence emission signals is a challenge due to
the limitations in organic dyes such as stability, higher
molecular weight, photobleaching, and so forth. To overcome
this problem, researchers were trying to develop inorganic

Figure 11. Confocal fluorescence image of plant cells (onion peel) with (a) porphyrin, (b) porphyrin@Zn3N2, (c) FAD, (d) FAD@Zn3N2, (e)
fluorescein, (f) fluorescein@Zn3N2, (g) neutral red, and (h) neutral red@Zn3N2.

Figure 12. Confocal fluorescence image of 3T3 fibroblast cell with (a)
porphyrin@Zn3N2, (b) FAD@Zn3N2, (c) fluorescein@Zn3N2, and
(d) neutral red @Zn3N2.
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nanoparticles with less toxicity. In this report, we have explored
the combination of organic dyes with inorganic Zn3N2
colloidal nanoparticles, which can used as ultrabright
fluorescent probes. The nanosized probe can serve as a
sensitive biosensor for multiple analyte solution. Many of the
nanoparticles have been approved by clinics such as iron oxide
nanoparticles as contrast agents in MRI and gold nanoparticles
as optical detectives on tumors and thermotherapy owing to its
properties of hydrophilicity and stability.69 Evidently, zinc
nitride is considered as a nontoxic and earth-abundant
element; so far it was not examined in the field of optical
enhancements and its applications toward biomedical
applications. Many other studies based on nanoparticles
reported earlier for cell migration, growth, and differentiation
were mostly based on organic dyes. However, this study
focused on the fluorescence enhancement in the cell structure
with respect to the addition of Zn3N2. In the present work, the
synthesized Zn3N2 nanoparticles were successfully integrated
with organic dyes such as protoporphyrin IX, FAD, fluorescein,
and neutral red. The resulting material exhibits various
enhanced properties, which can be used in biological
application as a fluorescent label. Also, from the docking
studies, we observed that the majority of the zinc molecules are
attached with the dye molecules at a smaller intermolecular
distance, which is the reason behind energy transfer (FRET)
from Zn3N2 (donor) to organic dyes (acceptor). Hence, the
addition of Zn3N2 colloid shows enhancement in the emission
intensity up to 20 orders of organic dyes. The presence of
Zn3N2 enhances the fluorescence signals of all the chosen dyes,
and the molecular simulation studies show a good interaction
with the organic dyes because of its hydrophobic nature. This
also opens the possibility of interaction of larger drugs for
therapy and diagnostic applications. Notably, in the present
study, the enhancement of the fluorescent intensity is also
observed with the naked eye and without the use of any optical
tools opens the possibility of Zn3N2 for biosensor application.
The cell uptake study in the presence of organic dye@Zn3N2
on both plant cells and animal cells showed a significant
enhancement in emission signals, where the cell membrane,
nucleus, and microtubules can be visualized at a higher
resolution. This result revealed that this material has the
potential for tagging the nuclear region with enhanced
fluorescence of various cell lines, and with further studies, it
can also be extended towards in vivo for diagnosis applications.
In the biomedical field, a variety of luminescent materials

such as organic and inorganic nanoparticles, rare earth metal-
doped upconversion nanoparticles and fluorescent proteins
have been developed toward bioimaging applications. Organic
nanoparticles and dyes are superior to other materials due to
easy preparation and emission in the visible range. However,
aggregation causes a quenching effect due to π−π stacking. If it
reacts with the bioenvironment, the hydrophobic nature of the
dyes makes aggregates, and it will lead to self-quenching.
Moreover, under high energy of excitation, photobleaching will
be dominant compared to emission intensity.70 However, in
our present work, instead of photobleaching, the addition of
zinc nitride colloidal in the dye medium makes enhanced
emission intensity of the dye with longer stability. The
quantum yield of the nanomaterials is affected by various
factors including functionalization of the ligands on the surface
of the material, solvent used for dispersion, and temperature of
the reaction. Jiao et al.71 synthesized silver indium sulfide
quantum dots, using glutathione and polyethyleneimine and

glutathione, behave as a ligand-based luminescence enhance-
ment with the quantum yield of 37.2%. Lei et al.72 work on
zinc oxide/hyper branched poly ethylenimine nanocomposites
(ZnO/HPEI) in different solvents gives a quantum yield of
30% in ethanol and 53% in chloroform and 11% in water, and
(ZnO/HPEI) shows the blue fluorescence. However, in the
present work, our Zn3N2 colloidal nanoparticle has a quantum
efficiency of 59% without any further functionalization and any
external solvent dispersion. In the past decade, a few works
were reported in the zinc-related components such as ZnSe,
ZnS,73 and ZnSe@ZnSe74 for bioimaging applications because
of its wide bandgap and low toxicity. In the previous work of
zinc nitride, nanocrystals reported only to study the size effect
on the emission property of the nanocrystal from the visible to
infrared region.37 The room-temperature simple chemistry of
synthesizing Zn3N2 colloidal nanoparticles and its potential
toward biomedical applications are not yet reported. Herein,
the smaller size of the zinc nitride colloidal nanoparticle
induces the charge carrier confinement in bandgap discrim-
ination of the energy states. This influences the FRET process
and the photon mediated energy transfer in zinc nitride
(donor) prompt the radiative energy transfer to dyes-
(acceptor), which is depicted in Figure 8. Therefore, the
efficiency of the zinc nitride has a good ability to absorb and
emit photons with a high quantum yield. Figure 8 shows the
overlap of spectrum data, from that the energy resonance
process between the donor and acceptor drives more energy
transfer even upto 98% (i.e. neutral red@Zn3N2). This study
also demonstrates the successful elimination of photobleaching
of dyes through the FRET process through integrated with
Zn3N2 colloidal nanoparticles, which can be potentially used in
cellular imaging.

■ CONCLUSIONS
In summary, we have successfully prepared Zn3N2 colloidal
nanoparticles at room temperature using the chemical method
and investigated their fluorescence enhancement toward
bioimaging application. This is the first report to express the
possibility of zinc nitride for biomedical applications. The
average particle size is observed to be around 25 nm, and the
fluorescence emission is at 415 nm (blue emission). The
fluorescence sensitive of Zn3N2 over organic dyes is evidenced
from the enhanced emission intensity of dyes such as
porphyrin, FAD, fluorescein, and neutral red in presence of
the nanoparticle. The optical emission enhancement of the
organic dye(s) may be due to the FRET between the Zn3N2
nanoparticles and organic dyes, evidenced from molecular
docking studies and lifetime measurements. When Zn3N2
colloid and organic dyes are used as fluorescence labels for
confocal imaging of plant cells and animal cells, enhanced
emission signal is observed with good qualitative images. We
conclude that Zn3N2 colloidal nanoparticles in future have a
great potential for biosensor and bioimaging applications.
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The Supporting Information is available free of charge at
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XRD pattern of the zinc nitride nanoparticle; TEM
image at different magnifications; EDAX spectrum;
validation of emission of Zn3N2 due to zinc nitride;
variation of fluorescence intensity as a function of days
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for observing the stability of Zn3N2 colloids; UV−vis
spectrum of dyes against various concentrations of
Zn3N2: porphyrin Zn3N2, FAD@Zn3N2, fluorescein@
Zn3N2, and neutral red@Zn3N2; scheme for Jablonski
energy level diagram for organic dyes and FRET energy
transfer from Zn3N2 nanoparticles to organic dyes;
dyes@Zn3N2 excited by 340 nm to confirm the presence
of Zn3N2 in dyes@Zn3N2; binding energy of dyes and
dyes@Zn3N2; energy level diagram for dyes and dyes@
Zn3N2; the overlap of bright-field image with the
fluorescence image, after the addition of Zn3N2 nano-
particles to organic dyes; quantification of the intensity
before and after the addition of zinc nitride to the dyes
treated in the cells calculated from ImageJ software;
cytotoxicity of the Zn3N2 nanoparticle with various
concentrations from 0.3 to 1.5 μM; and SEM mapping
for cells tagged with nanoparticles: porphyrin@Zn3N2,
FAD@Zn3N2, fluorescein@Zn3N2, and neutral red@
Zn3N2 (PDF)
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