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Abstract Lanthanide nanocrystals (NCs) are the most promising luminescent materials for bioap-

plications, but their use is hindered by difficulties in obtaining biocompatible and photolumines-

cence lanthanide NCs. To solve this problem, a simple and versatile strategy was developed for

improving the luminescence efficiency with the hydrophilicity of the lanthanide NCs. In this study,

the effects of shell formation on structural, morphological, and optical properties (optical absorp-

tion, band-gap energy, excitation, emission, and luminescent decay time) were evaluated. To

improve the luminescence efficiency and aqueous dispersion, luminescent core-NCs were encapsu-

lated with inert NaGdF4 and amorphous silica layers. These surface coating layers significantly

improved the luminescence efficiency and dispersion of the core/shell NCs in which the silica surface

provides a negatively charged surface to the NCs at physiological pH. Optical properties of these

NCs strongly depend on the external change of NCs, demonstrating the impact of coating in

improving the luminescence efficiency. The outcomes can be ascribed to the development of surface

chemical bonds between core/shell and noncrystalline SiO2 shell via GdAOASi bridges, activating

the ‘dormant’ Ce3+ and Tb3+ ions on the surface of NCs. An intensive emission and good

hydrophilic property from the active functional groups in solutions show a great potential for
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applications such as multi-analyte fluorescent biolabeling, optical biosensing, staining, display, and

other optical technologies. The core/shell/SiO2 NCs showed higher nontoxicity and biocompatibil-

ity with respect to the core NCs because of biocompatible silica surface modification, facilitating

entry into the living cells. Therefore, this developed synthesis approach might advance the field

of biomolecule-based nanotechnology in near future.

� 2017 Production and hosting by Elsevier B.V. on behalf of King Saud University. This is an open access

article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Presently, luminescent ion-doped lanthanide nanomaterials
have fascinated much interest in diverse life science applica-

tions owing to their narrow and strong f–f emission transi-
tions, longer luminescence lifetimes, high quantum yields,
large effective Stokes shifts, and tunable multicolor emissions

(Huhtinen et al., 2005; Ansari et al., 2011; Parchur et al.,
2012). Compared to traditional organic fluorophores, lumines-
cent latex/silica nanobeads and quantum dots used in bioimag-

ing and bio-detection, trivalent lanthanide ion-doped NCs
show superior properties such as a high chemical stability, high
resistance to photobleaching blinking and photochemical
degradation, excellent biocompatibility, and low toxicity

(Alivisatos, 2004; Liu et al., 2005; Reiss et al., 2009). In addi-
tion, luminescent materials in nanoparticle form have several
advantages over the corresponding larger or micron-sized par-

ticles. Luminescent materials such as lanthanide ion-doped
Y2O3 nanoparticles show a higher luminescence in respect to
their macro-sized materials under ultraviolet excitation. This

can be attributed to the enhancement in energy band gap with
reduced in the particle size of the host matrix (Y3+-O2�), thus
increasing the absorption cross-section of NCs (Dhanaraj

et al., 2001). Energy transfer from the host to lanthanide ion
is higher for the NCs than the bulk (Wang et al., 2011). More-
over, the maximum lanthanide ion emission does not change.
Therefore, extensive studies have been reported on NCs doped

with lanthanide ions (Riwotzki et al., 2000; Goldys et al., 2006;
Wang et al., 2011). These useful properties of luminescent lan-
thanide NCs make them an ideal target material for fluores-

cent biolabeling, optical probes, and drug-delivery systems.
Among different host materials, lanthanide-doped NCs

such as sodium gadolinium fluoride (NaGdF4) have some dis-

tinct advantages over the conventional oxide nanomaterials
because of very low phonon frequencies, high refractive index,
and tunable crystal phase (Zhang et al., 2005; Vetrone et al.,

2009; Kar et al., 2015). Quenching of the excited state of lan-
thanide ions is minimized when the ions are doped into fluo-
ride hosts, leading to long lifetimes of their excited states
and high luminescence quantum yields. Furthermore, Gd3+

acts as an intermediate to distribute the excited energy over
the Gd3+ sub-lattice, thus facilitating energy transfer
(Vetrone et al., 2009). NaGdF4 crystal has been shown as

the most efficient host lattice for such luminescent materials.
Boyer et al., prepared Ce and Tb-doped NaGdF4 NCs; they
formed colloidal solutions in nonpolar organic solvents

(Boyer et al., 2007). Chen and co-workers prepared phase-
controlled NaGdF4 NCs with monodispersed morphology,
exhibiting an intense multicolor luminescence invisible region
(Liu et al., 2009). Wang et al., reported a one-pot hydrother-

mal procedure for the synthesis of multicolor colloidal poly-
ethyleneimine capped NaGdF4:Ce,Ln (Tb, Eu, Sm, and Dy)
NCs (Wang et al., 2007). Generally, surface capping agents
such as surfactants and organic moieties or ligands affect the

luminescence intensity because of the occurrence of several
surface effects such as a large specific surface area, lattice dis-
tortion, broken bonds, surface adsorption, and other surface

defects. These enhance the nonradiative transitions and scatter
the excitation irradiation of luminescent NCs, and even signif-
icantly decrease the emission intensity. To overcome this prob-
lem and improve the overall photoluminescence efficiency of

lanthanide ion-doped NCs, core/shell heterostructures have
been prepared (Parchur et al., 2012; Ansari et al., 2014a,
2014b). Addition of an inert inorganic shell surrounding the

core-NCs significantly improved the luminescence efficiency
of a core/shell heterostructure, because the inert shell protects
the luminescent dopant ions and prevents the defect sites on

the particle surface from luminescence quenching caused by
the surrounding environment (e.g., stabilizing ligands, solvent
molecules, and surface defects) (Wang et al., 2006; Boyer et al.,
2007). Owing to the inert shell surface of the lanthanide ion-

doped NCs, their colloidal dispersion in an aqueous solvent
decrease, limiting their applications in biological sciences. To
improve their performance in biological sciences, several stud-

ies have been conducted to enhance their properties (biocom-
patibility, water dispersion, and nontoxicity) and surface
area’s area; new functionalities have been introduced by com-

bining them with other functional nanomaterials (Wang et al.,
2007; Liu et al., 2009; Ansari et al., 2011; Kang et al., 2011;
Ansari and Labis 2012; Bao et al., 2012; Cui et al., 2012;

Ansari et al., 2013; Xu et al., 2013). Amorphous silica surface
coating is a convenient strategy obtained through the hydroly-
sis or hydrothermal condensation of triethyl orthosilicate; the
so-called core/shell structure can solve this problem. This is

very important for their biological applications (Tauc and
Menth, 1972; Ansari et al., 2012).

Here, we report the synthesis of Ce3+ and Tb3+-doped

NaGdF4 (core) NCs that can be dispersed as colloidal solutions
in aqueous solvents. To improve their luminescence efficiency
and colloidal stability in aqueous solvents, we modified the sur-

face of core-NCs with an inert inorganic shell and amorphous
silica layers. Structural and optical properties of the core,
core/shell, and silica surface modified core/shell NCs were com-

pared to evaluate the effects of surface coating surrounding the
core NCs under UV excitation. The results indicate that the
luminescence intensities of Ce and Tb co-doped NaGdF4

core-NCs in the inert shell core/shell structures significantly

enhanced. Compared to the inert shell-coated NCs, lumines-
cence intensities of the amorphous silica layer deposited core/
shell NCs significantly decreased. Owing to the inert shell for-

mation prior to the silica layer deposition around the core-
NCs, they showed better performance than the silica surface

http://creativecommons.org/licenses/by-nc-nd/4.0/


Scheme 1 Schematic illustration for the synthesis of core, core/shell and core/shell/SiO2 NCs through general synthesis approach.
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modified core/shell NCs reported in the literature. Therefore,
more intense green luminescence with high radiative quantum

efficiencies enables SiO2-coated Ce3+ and Tb3+-doped core-
NCs as a fine resolution phosphor. Moreover, the possible
cytotoxic response and entering efficiency of the synthesized

NaGdF4:Ce
3+/Tb3+@NaGdF4 (core/shell) and NaGdF4:

Ce3+/Tb3+@NaGdF4@ SiO2 (core/shell/SiO2) NCs in HT-
29 cells were also evaluated through an in vitro study.

2. Experimental

2.1. Materials

Gadolinium oxide (99.9% BDH Chemicals, UK), Ce(NO3)36-

H2O(BDH Chemicals, UK), terbium oxide (99.9% Alfa Aesar,
Germany), ethylenediamine tetraacetic acid (EDTA), NaF,
ammonia, ethanol, NaOH, HNO3, SiC8H20O4 (TEOS, Analyt-
ical grade) were analytical grade and used directly as received
without any further purifications. Gd(NO3)36H2O and Tb
(NO3)36H2O were prepared by dissolving respective metal oxi-

des into diluted nitric acid.Milli-Q (Millipore, Bedford, USA)
water was used for synthesis and characterization.

2.2. Synthesis of NaGdF4:Ce/Tb (Core) NCs

Ce3+ & Tb3+-doped NaGdF4 NCs was prepared at ambient
condition (�150 �C) using EDTA as a chelating agent. Freshly

prepared equal molarity solution of Gd(NO3)36H2O, Ce
(NO3)36H2O and Tb(NO3)36H2O in 9:0.5:0.5 mL ratio was
mixed together in absolute ethanol and heated up to 80 �C.
Then an aqueous dissolved EDTA solution in 1:1 M ration

solution was injected into the foregoing reaction for complex
formation with metal ions. After complete homogenization
aqueous dissolved 0.627 g sodium fluoride was added slowly

to the vigorously stirred solution mixture. This solution mix-
ture was heated up under a refluxed condition at 150 �C for
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3 h (Zhang et al., 2005). Occurred precipitate was separated by
centrifugation and washed with ethanol and distilled water,
later dried at 80 �C in the oven for further characterization.

Similar method was applied for synthesis of NaGdF4:Ce
3+/

Tb3+@ NaGdF4 (core/shell) NCs.

2.3. Synthesis of NaGdF4:Ce/Tb@NaGdF4/SiO2 (core/shell/
SiO2) NCs

A versatile Stober based sol-gel process was employed for

synthesis of silica modified NaGdF4:Ce/Tb@NaGdF4@
SiO2(core/shell/SiO2) NCs (Ansari et al., 2012; Ansari et al.,
2014a, 2014b). As-prepared core/shell NCs were dispersers

with the help of ultrasonication for half-an-hour in a minimum
amount of dist. water. After that they centrifuged and further
dispersed in a solution containing 50 mL water, 70 mL ethanol
and 1 mL liquid ammonia for 30 min under mechanical stir-

ring at room temperature. After that 1 mL, TEOS was injected
slowly into the vigorously stirred solution, and whole solution
mixture was allowed to proceed for continuous mechanical

stirring at room temperature for 5–6 h. Occurred precipitate
was centrifuged and washed with ethanol and dist. water, later
dried in an oven at 80 �C for further characterization

(Scheme 1).

2.4. Characterizations

Powder X-ray diffraction (XRD) pattern was carried out by

using PANalytical X’Pert X-ray diffractometer equipped with
Ni filter and CuKa (k= 1.5405 Å) radiations. Morphological
micrographs were taken from Field emission -transmission

electron microscope (FE-TEM, JEM-2100F, JEOL, Japan)
equipped with energy dispersive X-ray analysis (EDX), operat-
ing at an accelerating voltage of 200 kV. Infrared spectra were

obtained from Perkin-Elmer 580B IR spectrometer using KBr
pellet technique. Optical absorption spectra were recorded on
Carry 60 UV/Visible spectrophotometer (Agilent Technolo-

gies, USA) in UV/Visible region. Photoluminescence spectra
were measured by Perkin-Elmer photoluminescence spec-
trophotometer equipped with Xenon lamp as an excitation
source.

2.5. Cell culture and potential cytotoxicity

HT-29 cell line (human colon carcinoma) was cultured in

DMEM containing antibiotics such as �100 mg/mL strepto-
mycin, 100 units/mL penicillin, and 10% BSA in a humidified
incubator supplied with 5% CO2 and 95% air at 37 �C. The
confluency of the cell was maintained about 70 % prior to
experiments. In experiments, 24 h after splitting, there was a
starvation phase by changing the used medium with fresh

medium.

2.5.1. Preparation of different serial concentrations of
synthesized NCs samples

Various serial diluted concentrations of core and core/shell/
SiO2 NCs suspensions (3.12, 6.25, 12.5, 25, 50, and 100 mg/
mL) were prepared in distilled water. The different concentra-

tions of doxorubicin were used as control drug as our recently
published article (Khan et al., 2016a, 2016b).
2.5.2. MTT assay for estimation of cytotoxic response of core

NCs

To assess the cytotoxic response of core NCs on the viability of
growing cell, MTT reduction assay was performed against HT-
29 cell line. Briefly, the HT-29 cell line was maintained in reg-

ular medium. About 70 % confluence cells were split and
transfer into 96 well plates with an average density of 5 �
103 cells per well. Six serial dilutions of test sample were used

in experiments. After 24 h, 100 mL of the medium was aspi-
rated and an equal volume of different concentrations of core
NCs (equivalent to 3.12, 6.25, 12.5, 25, 50, and 100 mg mL�1)
has been added to each well. The experiments were performed

in triplicate. The MTT assay was performed after 24 h accord-
ing to our recently published reports (Khan et al., 2016a,
2016b).

2.5.3. MTT assay for estimation of cytotoxic response of core/
shell/SiO2 NCs

Also, to assess the cytotoxic response of core/shell/SiO2 NCs

on the viability of growing cell, MTT reduction assay was per-
formed against HT-29 cell line. Briefly, the HT-29 cell line was
maintained in regular medium. About 70 % confluence cells

were split and transfer into 96 well plates with an average den-
sity of 5 � 103 cells per well. Six serial dilutions of test sample
were used in experiments. After 24 h, 100 mL of the medium

was aspirated and equal volume of different concentrations
of core/shell/SiO2 NCs (equivalent to 3.12, 6.25, 12.5, 25, 50,
and 100 mg/mL) has been added to each well. The experiments

were performed in triplicate. The MTT assay was performed
after 24 h according to our recently published reports (Khan
et al., 2015; Khan et al., 2016a, 2016b).

2.5.4. Estimation of value of IC50 (half maximal inhibitory
concentration)

The IC50 in term of percent inhibition of viability of cells for
every concentration of the core and core/shell/SiO2 NCs were

calculated and compared to the control. The average of three
experiments for each concentration was used to evaluate the
value of IC50.

2.6. Invert microscopy for analysis of morphological alterations

in HT-29 cell line

Any possible alterations in the morphology of growing HT-29
cell line were analyzed by inverted microscopy with untreated
control cells. The growing HT-29 cells were treated with 100

mg/ml concentration of core and core/shell/SiO2 NCs in dis-
tinct experiments along with untreated control groups for 24
h. Crystal violet staining was performed to observe any poten-
tial changes in morphology of HT-29 cells as our previous

studies (Khan et al., 2016a, 2016b).

3. Results and discussion

3.1. Crystal structure and morphology

To confirm the formation of nanostructures and possible
phase change during the synthesis process XRD patterns were
recorded. The XRD patterns in Fig. 1 depicts all the possible

characteristic peaks of core, core/shell and core/shell/SiO2



Fig. 1 X-ray diffraction pattern of core, core/shell and core/

shell/SiO2 NCs.
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NCs, which are well matches with JCPDS card No.27-0699.
These sharp XRD patterns indicated that the core, core/shell,

and core/shell/SiO2 NCs having hexagonal phase structure and
high crystallinity. Moreover, no additional impurity phases
were observed in XRD pattern, confirming the phase purity

and homogeneously distribution of Ce3+ and Tb3+ ions into
the NaGdF4 host. Furthermore, the intensity of XRD patterns
of the core/shell NCs is slightly higher than core NCs (Fig. 1).

This is may be due to increase grain size and crystallinity after
NaGdF4 shell formation around core. The diffraction peaks at
angle 2h, 17�, 29�, 42�, and 52� corresponding to (1 0 0), (1 1

0), (2 0 1), and (1 0 2) planes, respectively. It is worth noticing
that, the intensity of diffraction patterns after silica modified
core/shell/SiO2 NCs are lower than both core and core/shell
NCs. Which confirms the formation of thin amorphous silica

shell around core/shell NCs. Nevertheless, owing to the thin-
ner silica layer over the core/shell NCs no well-defined silica
peak is detected in XRD pattern. It suggests that SiO2 coating

significantly influences the grain size, resulting from the alter-
ation in diffraction peak intensity of XRD pattern. Due to a
lot of noise in the XRD patterns it is difficult to calculate

the exact XRD patterns peak position and its broadening to
calculate the unit cell volume and crystallite size. Furthermore,
the increase in NCs size due to shell formation is confirmed
using TEM study.

TEM micrographs were carried out to examine the shape
and size of the as-fabricated core and surface silica modified
core/shell/SiO2 NCs. TEM photographs in Fig. 2 obviously

demonstrate the good crystallinity of NCs. Core-NCs are in
irregular spherical shape, monodispersed and well-defined size
distributions with a particle size of �102–152 nm and core/

shell/SiO2 NCs are �165 nm. Selected area electron diffraction
(SAED) pattern verified the hexagonal crystal matrix of the as-
designed host materials (inset in Fig. 2a). The rings of the

SAED pattern arises from different planes of the standard
hexagonal NaGdF4 structure (JCPDS 27–0699) (Wang et al.,
2007; Liu et al., 2009). Fig. 2a revealed diffraction ring in
SAED pattern are ascribed to the (1 1 1), (2 0 0), (2 2 0), (3 1

1), (4 0 0) and (3 3 1) planes of the hexagonal NaGdF4 crystal
lattice (Wang et al., 2007). As observed from Fig. 2b, the dis-
tance between the lattices fringes is measured to be 3.1 Å,
which attributed to the d-spacing for the (1 1 1) crystal lattice
plane of the cubic NaGdF4 structure. The core NCs with sub-
sequent layers of NaGdF4 and SiO2 shells results in the

increase in nanoparticle size, which confirmed the formation
of layers over the seed core-NCs. The thickness of core/shell
NCs amplified up to 10–15 nm for NCs with both NaGdF4

and SiO2 shells. Fig. 2c–e displays the TEM image of gradually
undoped NaGdF4 and silica surface modified core/shell NCs.
We and previously some researchers observed that, due to

the similar crystal structure and the reflective index of the core
and insulating shell, it is difficult to accurately determine the
thickness of undoped coated layer (Wang et al., 2011;
Parchur et al., 2012; Prorok et al., 2014; Ansari et al., 2016).

These core/shell NCs are hydrophobic in nature, because of
the exterior crystalline inert NaGdF4 layer, therefore, their sol-
ubility in aqueous media and their use in the biological window

is limited. It is an urgent need to make them hydrophilic in nat-
ure, which can easily conjugate with bio-macro-molecules and
show high solubility and colloidal stability in an aqueous envi-

ronment. Amorphous silica surface modification is an easy,
fast and safe method to make them an ideal core/shell materi-
als as per required biomedical applications. Because of differ-

ent electron penetrability between core and silica modified
core/shell NCs, it is easy to distinguish core and shell in the
core/shell/SiO2 nanostructure. As seen in Fig. 2c–e, the dark
color is core and light gray color are belong to the silica shell

in core/shell/SiO2 structure. As shown in Fig. 2e, around 10–
12 nm amorphous silica layer has been effectively grafted over
the core/shell NCs. It is observed that no bare or silica particles

are observed in TEM images, it indicated that sol-gel process
allows for a homogeneous and complete surface coating over
the NCs. Notably, the SAED of core/shell/SiO2 NCs exhibits

diminished spotty polycrystalline diffraction ring patterns cor-
responding to the specific planes. It is notable that crystal lat-
tice fringes from core NCs are clearly captured in high-

resolution TEM micrographs, whereas, lattice fringe in silica
surface modified core/shell NCs are diminished (Fig. 2d) and
the high crystallization of core-NCs and the amorphous nature
of silica layer are confirmed. Additionally, after silica encapsu-

lation surrounding the core/shell-NCs the crystallinity decrease
due to amorphous silica nature. EDX analysis was adopted to
determine the doping and silica surface coating in the core and

core/shell/SiO2 NCs. The existence of all doping constituents
in the core (Na, Gd, F, Ce and Tb) and in surface modified
core/shell/SiO2 (Na, Gd, F, Ce, Tb, O and Si) NCs verified

the silica surface coating over the as-designed nano-
structured (Fig. 3). The EDX spectrum of core/shell/SiO2

NCs demonstrate the strong peak at 1.6 eV, it confirmed the
successful growth of silica layer. An appearance of strong

peaks of C and Cu in the middle of EDX spectra are belonging
to the carbon-coated copper grid. No other additional peak is
observed in the EDX spectra resulting in the phase purity of

the as-synthesized nanomaterials.
Surface chemistry of the synthesized core, core/shell, and

silica-coated core/shell NCs were verified by the FTIR spec-

troscopy. All samples in Fig. 4 show a diffused band in
between 3000–3580 cm�1 and a low-intensity band at 1630
cm�1, which is attributed to the asymmetric stretching mOH

vibration of H2O molecules adsorbed on the surface of the
NCs (Ansari et al., 2012; Ansari et al., 2014a, 2014b). In
Fig. 4 three sharp fragile intensity peaks at 1750, 1400, and
1232 cm�1 are also observed. The observed two peaks at
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1750, 1400 cm�1 are due to the carboxylic acid (C‚O) stretch-

ing vibration modes and amino (C‚N) modes into the EDTA,
while the peak at 1232 cm�1 arises from the CAN stretching
vibration. It is observed that after silica surface modification,

the intensity of these bands is enhanced. In the case of core/
shell/SiO2 NCs, a strong doublet band at 1236, 1072, and
450 cm�1 also seen, which correspond to the stretching vibra-

tional modes of SiAO, SiAOH and SiAOASi molecules,
respectively (Ansari et al., 2011; Ansari et al., 2012; Ansari
et al., 2014a, 2014b). These infrared bands verified that the sil-
ica was successfully encapsulated over the surface of core/shell

NCs.
Optical absorption spectra were performed to determine the

influence of surface coating on optical properties of as-

designed nanomaterials. The absorption spectra of these nano-
materials in ethanol illustrate the characteristic absorption
band in the ultraviolet region, which is greatly improved in

core/shell/SiO2 NCs, causing the optically active silica surface
modification (Fig. 5). Tauc and Menth’s method was employed
for the determination of energy band gap (Eg) from sharply
increasing absorption region (Tauc and Menth, 1972). As

shown in the inset Fig. 5, a plot of (ahm)2 versus photon energy
(hm). In the high-energy region of the absorption edge, (ahm)2

varied linearly with hm and the straight-line behavior in the

high-energy region is used as evidence for the direct band
gap. The experimentally observed band gap energies are
2.02, 1.799, and 1.43 eV for the core, core/shell, and core/

shell/SiO2 NCs, respectively. It is observed that band gap
energy is decreased after an increase the surface coating, it
attributed due to increasing the crystalline size of the samples
(Ansari et al., 2012; Ansari et al., 2014a, 2014b). These obser-

vations are in accord of XRD study, which signified the reduc-
tion of reflection peak intensity after shell formation because
of decrease crystalline size of the materials.

Photoluminescence spectra were recorded to determine the
optical features of the as-designed nanomaterial. The excita-
tion spectra of all three samples were measured on monitoring

541 nm emission wavelength as shown in Fig. 6. The excitation
spectra of all three samples exhibit a diffused excitation band
located at 250 nm along with some sharp emission transitions



Fig. 3 Energy dispersive X-ray spectrograph core and core/shell/

SiO2 NCs.

Fig. 4 FTIR spectra of core, core/shell and core/shell/SiO2 NCs.
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in between 300–500 nm. The broadened band is due to the
electronic transitions from 5d to 4f states of Ce3+ ions and
sharp excitation peaks correspond to the 4f-4f lines of Tb3+

ions. The appearance of another strong transition in all sam-
ples at 274 nm corresponds to the 8S7/2 ?

6I11/2 transition of
Gd3+, and this transition has the strong absorption in UV

region relative to the Tb3+ ion transitions (Yaiphaba et al.,
2010a, 2010b; Parchur et al., 2012; Gao et al., 2015). The
occurrence of these excitation transitions indicating the effi-
cient energy transfer process from Ce3+ to Gd3+ and further

luminescent center (Tb3+ ion). In view of literature reports,
the photoluminescence spectra of lanthanide ions demonstrate
mainly two type electronic transitions: first one 4f-4f and sec-

ondly 4f-5d or (2F5/2 ? 5d) transition (Yaiphaba et al.,
2010a, 2010b; Ansari and Labis 2012; Parchur et al., 2012;
Ansari et al., 2013, Gao et al., 2015). In which, 4f-4f transitions
are generally narrow emission lines, whereas, 4f-5d transitions

are broadened in character. The 4f-4f transitions are sharp
causing the 4f-orbital is covered by the filled 5s2p6 sub-shells.
In this case excitation energy is first absorbed by the 4f-5d

transition of Ce3+ and transferred to the Gd3+ and migrate
over the Gd3+ lattice to the Tb3+, where the energy is released
as visible emissions (Boyer et al., 2007; Liu et al., 2009). The

visible emission can easily be assigned to transitions between
the 4f energy levels of the terbium ion. These observations con-



Fig. 8 CIE chromaticity of the core, core/shell and core/shell/

SiO2 NCs.
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cerning the energy transfer and migration processes in sensi-
tized and activated bulk Gd samples are in good agreement
with the published literature reports (Yaiphaba et al., 2010a,

2010b). According to this fluorescence process, the excitation
energy is first absorbed by the 4f-5d transition of Ce3+ and
transfer to the Gd3+ and migrates over the Gd3+ lattice to

the Tb3+, where the energy released as fluorescent emissions
(Boyer et al., 2007, Yaiphaba et al., 2010a, 2010b).

The emission spectra of all three samples were monitored at

355 nm excitation wavelength in a solid phase at room temper-
ature as shown in Fig. 7. All observed emission peaks of core
and core/shell NCs are generated from the 4f-4f transitions of
Tb ions of 5D4 ?

7F6 (488 nm), 5D4 ?
7F6 (488 nm), 5D4 ?

7F5 (488 nm), 5D4 ?
7F4 (488 nm), 5D4 ?

7F3 (488 nm), 5D4

? 7F2 (488 nm), and 5D4 ?
7F1 (488 nm), respectively

(Ansari and Labis 2012; Ansari et al., 2013). Among the

observed emission peaks, the most prominent emission peak
is observed at 542 nm (5D4 ?

7F4), which is known as hyper-
sensitive transition. It is a true fingerprint of characteristic

4f-4f emission transitions and provides the chemical bonding
information surrounding the terbium ion, which is induced
by the change in the chemical environment of Tb ions during

formation of a new chemical bond between surface coated
NaGdF4 shell and Tb ions. It can be seen in Fig. 7, the emis-
sion transitions exhibit inhomogeneous broadening character-
istics compared with other Tb doped crystalline materials. It is

known that Ce3+ is a redox element and shows two oxidation
states, in which Ce3+ absorbed energy and can be transferred
to Ce4+ ions. In that case, Ce4+ ion is not capable of acting as

a sensitizer in this way. To prevent this oxidation, a NaGdF4

layer was developed around the core-NCs. The formed
undoped NaGdF4 shell around the core-NCs protect the lumi-

nescent center from the surface attached functional groups and
quenching sites located at the surface of NCs. For this reason,
we formed a shell of NaGdF4. This kind of core/shell structure

has been utilized previously by many authors for the similar
reason (Boyer et al., 2007; Parchur et al., 2012; Ansari et al.,
2014a, 2014b). As seen in Fig. 8, epitaxial growth of a passi-
vated NaGdF4 layer around the luminescent seed core-NCs,

a drastic increase in emission intensity is observed in respect
to core-NCs. This remarkable increase in emission intensity
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Fig. 7 Emission spectra of (a) core (b) core/shell and (c) core/

shell/SiO2 NCs.
is attributed to the fact that the NaGdF4 layer protects the

core NCs from Ce3+ oxidation. It is obvious the formed inert
NaGdF4 layer effectively reduce non-radiative quenching of
the luminescent lanthanide ions by surface defects and sur-
rounding solvent molecules (Boyer et al., 2007; Ansari et al.,

2014a, 2014b). The enhancement of luminescent intensity after
growth a shell in respect to core-NCs, it clearly indicates that a
layer of undoped NaGdF4 was effectively encapsulated around

the core-NCs. Notably, core-NCs are relatively possessing
hydrophilic properties, which would indicate that the NCs
are dispersed by electrostatic stabilization forces. Although,

colloidal stability or hydrophilic nature of the core-NCs is sup-
pressed after surface growth of undoped NaGdF4 layer. The
colloidal stability or hydrophilicity of NCs is a crucial param-

eter for further their use as a luminescent biological tag since
the NCs will be exposed with several biological macro-
molecules. Therefore, the hydrophilicity of the NCs depends
on the surface functionalization or coverage groups, which

enhanced the solubility character of the nanomaterials. To
overcome this problem, we modified the surface of core/shell
NCs with amorphous silica. Amorphous silica not only

enhanced the colloidal stability or hydrophilicity but also
increase the biocompatibility and non-toxicity for further use
in biological applications and to maintain the luminescent

intensities (Wang et al., 2007; Ansari et al., 2011). It is
observed from Figs. 6 and 7, the relatively excitation and emis-
sion peak intensity are greatly suppressed after amorphous sil-
ica surface modification compared to non-silica modified NCs.

The suppression of luminescent intensity caused by grafting of
amorphous silica around core-NCs, which have in large
amount vibrational modes of silanol (SiAOH) groups, which

acts as a luminescence quencher (Wang et al., 2007). This lumi-
nescent quencher scattered the emission light and enhanced the
non-radiative transition resulting the luminescent intensity is

reduced; these observations are consistent with FTIR and
UV/Vis results. Whereas, amorphous silica surface modified
NCs possess hydrophilic silanol groups, which are highly dis-

persible in aqueous solvent through electrostatic stabilization
forces. These results were strongly supported by previously
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published literature reports (Ansari et al., 2011; Ansari et al.,
2012; He et al., 2012; Ansari et al., 2014a, 2014b). Fig. 8 illus-
trates the CIE chromaticity diagram of core and core/shell

NCs at 355 nm excitation.
Photoluminescence decay curves of 5D4 level (545 nm) of

Tb3+ ion for core, core/shell, and core/shell/SiO2 NCs under

355 nm excitation is shown in Fig. 9. All the decay curves were
measured at room temperature. The decay curve for 5D4 ?
7F5 transition (545 nm) of Tb3+ ions are well fitted with mono-

exponential function as I = I0exp(�t/s1) (Fig. 9), where
I0 and I are the intensities at the t= 0 and t ms and s is the
lifetime (1/e lifetime of the emission center) (Parchur et al.,
2011; Cao et al., 2014). The fitting parameters obtained after

monoexponential fitting are shown in the figure itself. Lifetime
values of core particles are slightly higher than core/shell and
core/shell/SiO2 NCs. Core/shell NCs are well fitted on mono-

exponential decay model (R2 = 0.9916) as compared to core
and core/shell/SiO2 NCs. Furthermore, a biexponential equa-
tion which is defined as, I = I1exp(�t/s1) + I2exp(�t/s2),
where s1 and s2 are the fast and slow components of the lumi-
nescence lifetime decay constants and I1 and I2 are the intensity
parameters also used to check the lifetime decay behavior

(Parchur et al., 2011). The biexponential fitting to the decay
data of core, core/shell, and core/shell/SiO2 NCs were shown
in Fig. S1 and fitting parameters (I1, s1, I1, s2, sav and R2) are
summarized in Table S1. Where sav is the average lifetime

for 5D4 ?
7F5 transition of Tb3+ ion is calculated using the
Fig. 9 Photoluminescence decay curves of core, core/shell, and

core/shell/SiO2 NCs at kex = 355 nm and kem = 541 nm fitted

using monoexponential equations.
formula as sav = (I1s1 + I2s2)/(I1 + I1) (He et al., 2012). There
is a slight improvement in R2 value for core sample whereas no
differences were observed for core/shell and core/shell/SiO2

NCs samples. The sav values are similar to the values obtained
from monoexponential fitting. Biexponential results confirm
that the fastest decay component (I1(%)) changes from 13 to

10% on NaGdF4 shell coating on core NCs, whereas it is sig-
nificantly enhanced to 43% on further SiO2 shell coating on
core/shell NCs. For a biexponential fitting, the lifetime decay

values for core and core/shell samples are found to be 405 ls
(s1) and 5.307 ms (s2) with an average lifetime of 4.673 ms
(sav) and core/shell samples 306 ls (s1) and 3.525 ms (s2) with
an average lifetime of 3.21 ms (sav), respectively. For core/

shell/SiO2 samples, the lifetime values are found to be 2.24
ms (s1) and 4.355 ms (s2) with an average lifetime of 3.444
ms (sav). The s1, s2 have a 43 and 57% contribution in sav
value. The different contributions of photoluminescence decay
lifetimes arise from several origins. Generally, the fast contri-
bution of a lifetime arises from the exciton, or band-edge emis-

sion, an intrinsic semiconductor electron-hole pair
recombination process, whereas, the lower lifetime decay arises
with traps or surface defects, or dangling bonds located on the

surface of nanomaterials (Cheng et al., 2008). Number of dan-
gling bonds present on the nanoparticle will vary depending on
the size of the particles, i.e., a decrease in particle size will
allow large number of dangling bonds on it and influence the

lifetime values (Parchur et al., 2012). It is observed that slower
decay component (I2(%)) slightly increased by � 3% on core/
shell formation. Further, SiO2 shell coating significantly dimin-

ishes the I2(%) contribution to 57%. This is due to the quench-
ing behavior of luminescence of NCs due to SiO2 shell
formation (Runowski et al., 2013).

The possible cytotoxic response of core NCs with different
concentrations (equivalent to 3.12, 6.25, 12.5, 25, 50 and 100
Fig. 10 In vitro estimation of the percentage of cell viability in

HT-29 cells after exposure to different concentrations of the core

(a) and core/shell/SiO2 NCs (b) for 24 h at 37 �C by MTT assay.

Error bars were based on standard deviation of three samples.
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Fig. 11 Inverted microscope images were illustrating the possible cytotoxic response of core NCs on HT-29 cells through crystal violet

staining. (A): No cytotoxicity was observed in control untreated HT29 cells. (B): Nonsignificant cytotoxic response was observed in HT29

exposed with highest (100 mg) concentrations of core NCs. Although very little alterations were observed in morphology and number of

HT-29 cells.

detaerT:BlortnoC:A

Fig. 12 Inverted microscope images were illustrating the possible cytotoxic response of core/shell/SiO2 NCs on HT-29 cells through

crystal violet staining. (A): No cytotoxicity was observed in control untreated HT29 cells. (B): Non-significant cytotoxic response was

observed in HT29 exposed with highest (100 mg) concentrations of core/shell/SiO2 NCs. Although little alterations were observed in

morphology and number of HT-29 cells.
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mg mL�1) was assessed on HT-29 cells through the MTT
reducing assay. The dose-dependent response of core NCs on
the viability of HT-29 cell on 24 h exposure was evaluated with

respect to the control group (no test NCs) (Fig. S2). The results
illustrate that HT-29 cell viability remains 90–98 % with all
examined concentrations. The HT-29 cells survive showed
about 90 % of cell viability towards highest concentration (1

00 mg mL�1) of core NCs (Fig. 10a), showing the less cytotox-
icity and good biocompatibility of test sample for their appli-
cation in biomedical science such as diagnostic and imaging.

Similarly, we assessed the cytotoxic response of core/shell/
SiO2 NCs on the viability of growing HT-29 cell line using dif-
ferent concentrations (equivalent to 3.12, 6.25, 12.5, 25, 50 and

100 mg mL�1) by MTT reduction assay. In the case of core
NCs the dose-dependent response on the viability of HT-29
cell on 24 h exposure was also evaluated with respect to the
control group (no test NCs) (Fig. S3). The results illustrate

that HT-29 cell viability remains 81–97 % with different exam-
ined concentrations. The HT-29 cells survive showed about 81
% of cell viability towards highest concentration (100 mg mL
�1) of core/shell/SiO2 NCs (Fig. 10b), showing the less cytotox-
icity and good biocompatibility of test sample for their appli-
cation in biomedical science such as diagnostic and imaging.

The results of control drugs towards HT-29 cells corroborate
with our previous published (here data not shown) study
(Khan et al., 2016a, 2016b). Moreover, the core/shell and
core/shell/SiO2 NCs demonstrated the non-significant value

of IC50 comparing to free doxorubicin against HT-29 cells.
The control drug doxorubicin showed the value of about
IC50 11 lg/mL as publish in our recent report.

Fig. 11(A and B) shows the results of exposure of core NCs
in inverted microscopy. The results illustrate the non-
significant effect of core NCs on growing HT-29 cells with

100 mg concentration. Also, the less-significant cytotoxic
response of core/shell/SiO2 NCs with 100 mg (highest) concen-
tration were observed on treating HT-29 cells with respect to
untreated control cells (Fig. 12A and B). These results showed

less cytotoxicity of synthesized NCs as non-significant change
on the shape change of the HT-29 cells which was in according
to the our MTT assay results. The inverted microscopy images
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confirmed that core/shell/SiO2 NCs entered more efficiently
than core NCs into HT-29 cells.

4. Conclusions

In summary, we have designed and prepared NaGdF4:Ce/Tb
(core), NaGdF4:Ce/Tb@NaGdF4(core/shell) and NaGdF4:

Ce/Tb@NaGdF4@SiO2 (core/shell/SiO2) NCs that exhibits
intensive green emission under UV excitation and form col-
loidal solution in aqueous solvent. Comparative spectral

results of core, core/shell and silica modified core/shell/SiO2

NCs demonstrated a size based alteration in optical properties
and exhibited higher quantum efficiency under ultraviolet light

and a greater resistance to cerium oxidation when compared to
the core-NCs. Our findings suggest that morphological and
optical (absorption, band gap, excitation, emission, lifetime,

etc.) properties of the designed materials were affected after
shell formation around the core NCs. It can be seen the lumi-
nescent intensity of core NCs was greatly enhanced in core/
shell nanostructures. This large luminescent enhancement is

proposed to originate from a modification of the crystal struc-
ture of NaGdF4 and an improvement in the crystallinity of the
core/shell nanophase. According to the in vitro cytotoxicity

results, the core/shell/SiO2 NCs showed excellent biocompati-
bility and non-toxicity than their respective core NCs, it indi-
cated that silica surface modification enhanced their

biocompatibility and non-toxicity character, which is also
easily available for conjugation with bio-macromolecules for
bio-labeling/bio-probe, etc. Moreover, high entering efficiency
of core/shell/SiO2 NCs in HT-29 showed their implication in

the biomedical field for diagnosis and imaging of cancer in
early stages. The results confirmed that core/shell/SiO2 NCs
are highly promising candidates for future photonic based

bio-applications such as biomarker/optical bio-probe/ bio-
detection and biolabeling, etc.
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