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A B S T R A C T

In a facile synthesis, highly colloidal, bioactive Pr(OH)3-encapsulated silica microspheres (PSMSs) with an
average diameter of 500–700 nm were successfully prepared via a sol-gel process followed by heat treatment.
The phase formation, morphology, surface and optical properties of the as-synthesized PSMSs were characterized
by various techniques including X-ray diffraction (XRD), thermogravimetric analysis (TGA), scanning electron
microscope (SEM), transmission electron microscope (TEM), N2-adsorption-desorption, energy dispersive X-ray
(EDX) analysis, Fourier transform infrared (FTIR) and UV/vis spectroscopy. The PSMSs were semi-amorphous or
ultra-small in size, highly dispersible in water, mesoporous, irregular in size and spherical in shape. The SEM
images show a well-ordered broad nanoporous structure which is preserved after coating with Pr(OH)3 mole-
cules, demonstrating interaction between the optically active Pr3+ ion and silanol (Si−OH) groups via hydrogen
bonding. Optical spectra show well-resolved weak intensity 4f-4f absorption transitions in the visible region of
the Pr3+ ion, indicating successful grafting of the Pr(OH)3 layer. Toxicity was measured by MTT and NRU assays
to determine potential toxicity. Cell viability was suppressed with increasing dosage of PSMSs, but showed
greater than 55% cell viability at a concentration of 200 μg/mL, resulting in low toxicity. Due to its high aqueous
dispersibility, optical activity, excellent biocompatibility and low toxic nature, it could be a favorable material
for biomedical and drug delivery applications.

1. Introduction

In recent years, much attention has been paid to the synthesis of
silica-based micro/nanostructured materials, because they can be ap-
plied in various materials applications as well as in clinical sciences for
uses that include catalysis, separation, fluorescent biolabeling/imaging,
bio-detection, and drug delivery [1–9]. Due to features such as chemical
inertness, eco-friendliness, easy synthesis, transparency in the visible
region, high solubility, colloidal stability in aqueous media, excellent
biocompatibility, and non-toxic nature they are ideal candidates for
applications in various fields of biomedical sciences [2,6,7,10–28].
Reports in the literature show that silica-based micro/nanostructure
materials have been used as a host or guest lattice in various optically
and magnetically active multifunctional nanostructured materials
[2–5,10,11,27,29–37]. Lin et al. prepared highly colloidal, spherical
photonic crystals based on silica-lanthanum hydroxide [38]. Lin and his

associates used mesoporous silica as a substrate for coating of some
magnetic and fluorescent materials and investigated their applications
in fluorescent biolabeling and drug delivery [5,27,31,33,35,39]. In this
context, the combination of mesoporous silica with fluorescent lan-
thanides and magnetic nanostructured materials forms uniform core-
shell micro/nano-composite particles. These combined nanocomposites
have multifunctional properties, which have been successfully applied
in applications such as fluorescent bioimaging/optical bio-probes,
magnetic resonance imaging and drug delivery [5,27,34,36,37,40]. To
improve these applications, there is a need to develop shape- and size-
controlled nanocomposites which illustrate combined properties in a
single particle [5,34,37]. Among shape-based micro/nanostructured
materials, spherical micro/nanomaterials are the fastest growing field.
Spherical materials have distinctive features including low effective
density, high specific surface area, active surface sites, ionic intercala-
tion, porous surfaces, high particle packaging, minimized light
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scattering on the particle surface, and excellent grafting and en-
capsulation ability [3,4,41,42]. Additionally, a spherical shape is an
ideal & perfect morphology in photonic materials due to brighter
photoluminescence, high definition, improved screen packing, narrow
size distribution (0.5–2 μm), and non-aggregation in most aqueous and
non-aqueous media. Up to now, in order to obtain perfect mesoporous
spherical micro/nanomaterials, various synthesis processes have been
developed to control the shape, size, and surface properties of designed
materials including thermal decomposition, hydrothermal/sol-
vothermal, co-precipitation, micro-emulsion, and sol-gel methods. Most
of these synthetic routes suffer from major dis-advantages such as high-
temperature processing, hard agglomerates, and hydrophobicity due to
synthesis using high molecular weight surfactants. In contrast to these
methods, the sol-gel process is a relatively easy process because of its
low cost, synthesis at low temperature or room temperature, and
monodisperse, non-aggregated, large scale production and high col-
loidal stability in most aqueous and non-aqueous solvents
[3,4,41,43–45]. Additionally, due to synthesis in aqueous media, the
surface of the particles is hydrophilic mainly from bridging of adjacent
particles with water using hydrogen bonding or van der Waals forces
and the subsequently large vessel forces produced during drying
[2–5,27,30,41–43,45]. Therefore, micro/nanoparticles produced by a
sol-gel method generally display excellent features such as high hy-
drophilicity, large specific surface area, and a higher reactivity, causing
surface-anchored hydroxyl groups that favor densification compared to
micro/nanoparticles produced by other aqueous or non-aqueous
synthesis routes. In most literature reports, silica is applied as a shell for
covering many crystalline inorganic magnetic or fluorescent core ma-
terials [2,3,5,30,36,43–46]. In those cases, silica acts as a protective
insulating layer that prevents combination and controls the morphology
of the final particles. However, the morphology of the as-prepared
crystalline materials is often not uniform or is only weakly dispersible
in aqueous media. This often results in the surface coating on the silica
shell not being uniform. To avoid the disadvantages of this synthesis
method, we developed a single step synthesis process for the prepara-
tion of praseodymium hydroxide grafted silica microspheres.

In the present report, we propose a simple and single-step synthesis
process for optically active Pr(OH)3-grafted micro-spheres as photonic
materials. The surface functionalization of silica spheres through the
use of phosphoric materials is an additional advantage which is espe-
cially useful in controlling inter-particle interaction and in biological
research. We observed the crystalline, morphological, thermal, surface,
and optical properties. The morphological character was obtained from
FE-TEM and SEM images, indicating a highly monodisperse, non-ag-
glomerated, spherical shape that is mesoporous with narrow size dis-
tribution. Surface grafting of silica spheres with lanthanide materials
improves the solubility, colloidal stability, and optical properties in the
solid state and in solution. Generally, crystalline materials are hydro-
phobic in nature and the coating of silica on the surface of these ma-
terials greatly suppresses fluorescence efficiency causing high vibration
energy surface (Si−OH) groups through multi-photon relaxation
pathways. In the proposed method we aimed to improve the photo-
luminescence efficiency of the materials. However, due to lack of fa-
cilities, we were unable to measure the photo luminescent properties of
the materials. Surface and optical properties were measured and it was
found that surface hydroxyl groups and 4f-electrons make Pr(OH)3
highly useful in photonic-based bio-medical applications as well as in
material science. Thus, the fabrication of optically active surface-
grafted spherical microspheres with these features should be highly
promising for biomedical sciences. MCF-7 and A-549 cell lines with two
different assays (MTT and NRU assays) were employed to determine the
toxic potential of the as-designed PSMSs.

2. Experimental

2.1. Materials

Pr3O7 (BDH Chemicals, UK), was dissolved in dilute HNO3 to con-
vert it into Pr(NO3)3·6H2O. Tetraethyl-orthosilicate (TEOS), cetyl-
trimethylammonium bromide (CTAB), C2H5OH, and NaOH were ana-
lytical grade and used directly as received. Milli-Q (Millipore, Bedford,
USA) H2O was used for synthesis and characterization.

2.2. Synthesis of praseodymium encapsulated silica microspheres

In a typical synthesis, 0.3 g of NaOH and 1.0 g of CTAB were dis-
solved in 450mL distilled water under constant stirring on a hot plate at
80 °C [3,9,41]. After homogeneous mixing, one mL of TEOS was in-
jected slowly into the vigorously stirred hot solution for 2 h until a
white precipitate was formed. Then 0.5 g of praseodymium nitrate
hexahydrate dissolved in water was added dropwise into the me-
chanically stirred reaction mixture to form a surface coating of optically
active Pr(OH)3 shell over the silica spheres. The resulting white-
greenish precipitate was separated by centrifugation, washed with
distilled water and dried overnight in an oven at 60 °C, and then cal-
cined in air at 500 °C for 3 h.

2.3. Characterization

The X-ray diffraction pattern was measured using a Rigaku-Dmax
2500 diffractometer equipped with Cu Kα (λ=1.54056 Å) radiation
for determination of chemical composition. Thermogravimetric analysis
(TGA) was measured with a TGA/DTA Mettler Toledo AG, Analytical
CH-8603, Schwerzenbach, Switzerland. Morphology was checked using
a field emission scanning electron microscope (FE-SEM, JEOL, Japan)
and field emission transmission electron microscope (FE-TEM, JEM-
2100 F, JEOL, Japan); both were equipped for energy dispersive X-ray
(EDX) analysis operating with an accelerating voltage of 200 kV. The
Brunauer-Emmett-Teller (BET, Model: Barrett-Joyner-Halenda (BJH))
method was applied for measuring the specific surface area, porosity,
and pore volume of the nanomaterials. Fourier transform infrared
(FTIR) spectra were recorded by a Perkin-Elmer-580B IR spectrometer
using the KBr pellet method. UV/vis absorption spectra were measured
by a Cary 60 (Agilent Technologies, USA) UV/vis spectrophotometer in
the spectral range 200–900 nm.

2.4. Cell viability via MTT and NRU assays

Cell viability was performed on two different cell lines using two
different assays. Human breast cancer (MCF-7) and humane lung cancer
cells (A-549) were employed for MTT and Neutral red uptake (NRU)
assays. The MTT assay reveals the mitochondrial function, whereas an
NRU assay represents the lysosome activity of living cells. A previous
method was followed for the culture of both cell lines, which were
stored in an incubator at 5% CO2 and 37 °C for 24 h [3,42,47,48].
Briefly, 1×104 cells per well were grown in 96-well plates and treated
with concentrations of 2, 5, 10, 25, 50, 100, and 200 μg/mL PSMSs for
24 h. After cell treatment, the culture medium was eliminated to avoid
any interference of PSMSs and exchanged with a fresh medium com-
prising MTT solution in an amount equal to 10% and incubated for 24 h
at 37 °C until the formation of purple formazan color. Finally, 96-well
plates were centrifuged to settle out the remaining PSMSs. The varia-
tion in morphology of 96-well cell plates was investigated by an optical
microscope for the different PSMSs concentrations.

2.5. Statistical analysis

Statistical analysis was performed followed by one-way Dunnett’s
multiple comparison method. The significance of the statistical study
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was ascribed at p ≤0.05.

3. Results and discussion

3.1. Crystallography and morphology

Phase formation and crystallinity of the as-prepared powder sample
was determined from the X-ray diffraction pattern. The XRD pattern of
the optically active powder in Fig. 1(A)a displays a broad band in the
range 2θ =20-35° along with well-resolved broad width reflection
planes at 2θ =16°, 27° and 28°, corresponding to the (100), (110), and
(101) diffraction lines of hexagonal phase Pr(OH)3, respectively
[49–51]. An observed broad width reflection band at lower 2θ angles
corresponds to the amorphous nature of silica microspheres (JCPDS
card No. 29-0085) [39,52], in good agreement with previous reports
[39,52–54]. As seen in Fig. 1(A)b, on annealing the sample at 500 °C the
broadening of the silica reflection band is increased along with some
new well-resolved diffraction planes, which can be indexed to the cubic
phase of Pr2O3. This indicates that on annealing, the amorphous Pr
(OH)3 phase is converted into a crystalline phase of Pr2O3, which is
successfully encapsulated on the surface of the silica spheres. However,
the broadening of the diffraction planes suggests very low crystallinity
of the material, which is consistent with previous reports [39,52,55].
We expected that a coating of optically active Pr3+ over a silica fra-
mework would expand the pore size and volume resulting in re-
arrangement of the Si−OH and Si-O-Si network structure, assisted by
the electronic charge of the trivalent Pr ion [56]. As well, the broad-
ening of the reflection peak width could be due to the surface coating of
Pr3+ ion changing the structural Si–O bond distance and/or Si–O–Si
angles [37]. Therefore, these results clearly suggest that the Pr(OH)3
coating on the silica framework strongly interacts with the O atoms and
changes the siliceous network structure [56]. As observed in Fig. 1(A)b,
the diffraction plane width becomes broader after annealing, implying
that the usual crystallite size of PSMSs becomes smaller than that of its
respective un-annealed sample. It is known that PSMSs contain abun-
dant surface-anchored hydroxyl groups and is either amorphous or
ultra-small crystalline. Thus, on thermal treatment, conversion of Pr
(OH)3 into Pr2O3 would be blocked to some extent. Secondly, the for-
mation of amorphous silica spheres suppresses the crystallinity,
whereas crystal growth requires expansion of grain boundaries. These
grain boundaries are trapped by the silica network, resulting in re-
stricted motion by the introduction of tiny secondary-phase particles
along grain boundaries. Here, we believe that silica microspheres serve
as trapping particles for the rare-earth hydroxides.

Thermal stability and phase purity of the micro-powder was in-
vestigated by TGA analysis in the range 25–900 °C under a N2

atmosphere. As seen in Fig. 1(B), the first mass loss (˜6%) is observed
between 25 and 170 °C with a DTA peak at 96 °C; this suggests dehy-
dration of surface-adsorbed residual water molecules and organic
moieties that are attached physically and chemically on the surface of
the particles. A second step of decomposition is seen between 170 and
400 °C with a weight loss of 26%, and is attributed to the transforma-
tion of the amorphous form of the microspheres into crystalline SiO2

[57,58]. It is further verified by the exothermic peak observed at 346 °C
in the DTA curve. A third step of decomposition is observed between
400 and 600 °C with a mass loss of 7%. This could be due to combustion
and elimination of carbon dioxide, as supported by the exothermic peak
observed at 527 °C in the DTA curve. After this step, we observe slow
weight loss of the precursor at higher temperatures; this indicates the
complete conversion of the micro-powder into SiO2 [45]. The TGA
curve shows a residual mass of 57%, which accounts for the final silicon
dioxide.

Morphological characterization was carried out using SEM and TEM
micrographs. SEM images in Fig. 2A–C illustrate the mesoporous,
mono-disperse, rough surface, the narrow size distribution, and uniform
spherical hollow PSMSs but irregular size with an average grain size of
about 500–700 nm. It is obvious from the low magnification image that
the surface of each hollow PSMS consists of a large number of open
pores of irregular shape and size, and this could be due to the removal
of gaseous CO2 when PSMSs are oxidized during the calcination pro-
cess. Additionally, the high and low magnification SEM images in
Fig. 2A–C demonstrate that each PSMS consists of small grains with a
size of several nm. The morphological character was further examined
from FE-TEM micrographs to verify the shape and size of the phosphor
material. TEM images in Fig. 2D–E show monodisperse, irregularly
sized, non-aggregated, spherical shapes with a narrow size distribution.
The TEM images clearly display that the particles are closely inter-
connected, forming a random network, and the distribution of the pores
is irregular. The average particle size was measured to be 650 nm and
this is in good agreement with SEM results. Energy dispersive X-ray
analysis (EDX) verified the presence of all the expected constituents in
the as-designed hollow PSMSs. To further support the elemental com-
position of the hollow PSMSs, element mapping with a high-angle an-
nular dark field and scanning transmission electron microscopy mode
(HAADF-STEM) was performed, as shown in Fig. 3A–E. It clearly re-
veals the presence of silicon (Si), oxygen (O) and praseodymium (Pr)
ions in the micro-products before and after calcination.

Specific surface area, porosity, pore size, and pore volume of the as-
prepared nano-products were analyzed by nitrogen adsorption-deso-
rption isotherm, shown in Fig. 4(A). It is an IV-like isotherm with an H1-
type hysteresis loop according to IUPAC classification, which is a well-
known characteristic of mesoporous materials. The BET surface area,

Fig. 1. (A) XRD pattern of PSMSs (a) after synthesis (b) after annealed at 500 °C and (B) TGA analysis of PSMSs.
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estimated BJH pore size, and pore volume were found to be 60.6 m2/g,
198.02 Å, and 0.9962 cm3/g, respectively. The large specific surface
area and high porosity of the PSMSs cause expansion and passivation of
the Si-O-Pr network along with charge balance over the surface of the
silica PSMSs. This surface network distorts the crystallographic struc-
ture, changing bond angles and bond lengths due to the high electro-
negativity of the small Pr3+ ion, and increasing the imperfect packing
of these particles. Some of the porosity may be related to cavities in
hollow particles or interstitial spaces between nanoparticles in the shell.
These observations are in good agreement with the results of XRD, TGA,
SEM, TEM, and FTIR (Figs. 2 & 3). With the promising mesoporous
characteristics of the as-designed optically active material, we have
developed an effective approach that could be useful for the prepara-
tion of other porous fluorescent core-shell nanomaterials, and could be
applied to prepare host material for storing drug molecules and fluor-
escent bio-probe/optical bio-sensors.

3.2. Optical properties

The surface chemistry of the as-prepared nano-products was de-
termined by FTIR analysis. Fig. 4(B) shows the infrared spectrum of the
nanospheres. The occurrence of a diffuse intensity infrared band at
around 3443 cm−1 along with a weak intensity band located at
1643 cm−1 corresponds to the stretching and bending vibrational
modes of hydroxyl groups covering the surface, indicating that the
surface is covered with a Pr(OH)3 layer. The strong doublet peak at
around 1090 cm−1 with two weak intensity peaks located at 971 and
794 cm−1 originate from Si-O-Si, Si-O, and Si−OH stretching &
bending vibrational modes, respectively, of amorphous silica
[2,4,41,59]. The weak intensity sharp band observed at 470 cm−1

suggests the construction of a metal-oxygen (Si-O-Pr) network over the
surface of the core spheres [41,43,45]. These observations agree well
with XRD, TGA and EDX analysis.

UV/vis spectroscopy was carried out to examine the optical prop-
erties, aqueous dispersibility, and colloidal stability at ambient condi-
tions. Fig. 5 displays the absorption spectrum of Pr3+ functionalized
silica PSMSs along with pure phase silica spheres [4,41] and Pr

(NO3)3.6H2O in water within the UV/vis range 200–700 nm for com-
parison purposes. As seen in Fig. 5, the optical absorption spectrum of
PSMSs reveals well-known 3P2, 3P1, 3P0 and 1D2 weak intensity ab-
sorption transitions of the Pr(III) ion [60], confirming the presence of
the Pr3+ ion on the surface of the PSMSs. The intensity of the Pr3+ ion
absorption transitions is very weak because of the high absorbance by
optically active silica PSMSs [4,41].

3.3. Cytotoxicity by MTT assay

An MTT assay was employed to examine the mitochondrial function
and membrane leakage to evaluate cell viability upon treatment of
serum cells with PSMSs. Two different types of cell line, MCF-7 and A-
549, were incubated with PSMSs at concentrations of 2, 5, 10, 25, 50,
100, and 200 μg/mL for 24 h (Fig. 6A&B). The PSMSs along with both
cell lines in the control experiment do not reveal any appreciable re-
duction in cell proliferation up to 24 h. As shown in Fig. 6> 90% of the
cells are viable up to a concentration of 25 μg/mL. At higher con-
centrations of PSMSs the cell viability is suppressed, but up to 100 μg/
mL of PSMSs there is still > 70% viability, even after incubation for
24 h. At 200 μg/mL of PSMSs, the cell viability in both serum cells is
further quenched but retains 55–60% viability. We expect that on in-
creasing the dose of the PSMSs, some non-coordinated surface hydroxyl
groups enhance the concentration of free hydroxyl groups, which may
be responsible for the reduction in cell viability resulting in enhanced
toxicity.

3.4. Cytotoxicity by NRU assay

Toxicity was further examined by NRU assay to validate the toxic
potential of the as-prepared PSMSs (Fig. 7A & B). Both MCF-7 and A-
549 cell lines were exposed to various concentrations of as-prepared
PSMSs to determine cell vitality. The cell viability for both cell lines is
more than 75% up to 50 μg/mL concentration of PSMSs even after in-
cubation for 24 h. Similar to what was observed in the MTT assay, the
cell viability in the NRU assay is significantly reduced on increasing the
dose of PSMSs. This could be due to an increase of released free radicals

Fig. 2. SEM micrographs (A) low magnification (B) high magnification(C) single particle (D) TEM micrograph low magnification (E) high magnification and (F)
single particle of PSMSs.
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Fig. 3. Line mapping from high-angle annular dark field &FE-SEM mode of each elements in PSMSs.

Fig. 4. (A) N2-adsorption-desorption and inset pore size distribution curve of PSMSs and (B) FTIR spectrum of PSMSs.
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from the PSMSs which suppress cell proliferation; these observations
are in accord with the MTT assay results.

3.5. Morphological evaluation

Optical microscopy was applied to investigate the interaction of
living cells with as-designed PSMSs (Fig. 8(A & B). Optical microscopic
images were obtained for both cell lines as a function of dosage after
incubation for 24 h. Both cell lines were incubated for 24 h with various
concentrations of PSMSs to determine the impact of various PSMSs

concentrations on cell morphology. As seen in Fig. 8(A&B), cells are
spread out in the control experiment as well as at low concentrations of
PSMSs and begin to proliferate. On increasing the dosage of PSMSs from
10 to 100 μg/mL, the cell lines are slightly scattered. A further increase
in concentration from 100 to 200 μg/mL results in the cell lines being
highly scattered and their density is gradually reduced. The reduction
in cell viability and splitting of cell colonies (optical images) at the high
dosage of PSMSs indicates that some non-covalently bonded or excess
hydroxyl groups are produced in aqueous solution, affecting the pH
value of the medium. These excess amounts produce hydroxyl groups in
the form of free radicals which kill cells and suppress the cell viability.
Additionally, lanthanides are small in size and represent a high co-
ordination number. Because of the high coordination number, some
non-bonded hydroxyl groups or OH– groups attracted by van der Waals
forces in aqueous solution are easily released and increase the OH–
concentration, resulting in a change in the pH of the solution. The high
concentration of OH radicals in aqueous solution increases the basicity,
causing the cells either to precipitate or aggregate. The optical micro-
scopy images in Fig. 8(A & B) at a high dose of PSMSs clearly support
the above conclusions.

4. Conclusions

In summary, Pr(OH)3-grafted silica microspheres were successfully
prepared by a heat-treated sol-gel chemical process at low temperature.
XRD results illustrate semi-amorphous or ultra-small crystalline PSMSs.
The morphology of the obtained MSs is mesoporous, monodisperse,
well-connected, rough-surfaced, and spherical, but with irregular size
and narrow size distribution. N2-adsorption-desorption isotherm ana-
lysis show that there is a large specific surface area with broad pore size
distribution. Optical absorption spectra reveal high aqueous dis-
persibility and good colloidal stability in aqueous media along with
weak absorption transitions of Pr3+ ion in the visible region because of
the influence of silica. The MTT assay, NRU assay, and morphological
results revealed high cell viability, i.e. nontoxicity up to a certain
concentration range on both cell lines in both assays. At a high con-
centration range, hydroxyl radicals were produced resulting in sup-
pression of cell viability. The high aqueous colloidal stability, chemical
inertness, good biocompatibility, and non-toxic behavior of these
PSMSs make them a promising candidate for their future use in bio-
medical and drug delivery applications.
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