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Silica (SiO2� is the inevitable form of silicon owing to its high affinity for oxygen, existing as a
geogenic element perpetrating multifarious health problems when bioavailable via anthropogenic
activities. The hydrated form of silica viz. orthosilicic acid (H4SiO4� excessively displays grave toxic-
ity, attributed to prolonged exposure and incessant H+ ions generating capacity inflicting pulmonary
toxicity and renal toxicity silica. The diverse deleterious potency of silica highlights the desirability
of selective and sensitive detection of toxic species (mainly orthosilicic acid) bioaccumulation in
affected living human cells. In this paper we have reported, the design of water-dispersible turn-on
fluorimetric sensing material for the detection of orthosilicic acid in the aqueous phase and in live
cells. The sensing material was prepared by adsorbing a suitable rhodamine derivative (i.e., Rho-
damine B hydrazide (Rh1)) on water dispersible TiO2 nanoparticles. The function of the sensing
system, which is composed of Rh1 and TiO2 (Rh1@TiO2�, is accredited to H+ ion (from orthosilicic
acid) induced spirolactam ring-opening of the rhodamine derivative generating orange fluorescence
and bright pink colouration. The sensing system was efficiently utilized for fluorimetric detection
and imaging of orthosilicic acid accumulation in-vitro in human kidney cells (HK cells). To the best
of our knowledge, this is the first time this sensing system (Rh1@TiO2� is reported for detec-
tion of toxic silica species accumulation in-vitro in human kidney cells. The advantages, such as
good water dispersibility, the absence of organic solvents during fluorimetric studies, quick turn-on
type signal transduction, low-level imaging, which are offered by the synthesized sensing material
(Rh1@TiO2�, make it a potential candidate to fabricate medical tool for early identification of silica-
induced nephrotoxicity, which can help to reduce the burden and risk of chronic kidney disease
development.

Keywords: TiO2 Nanoparticles, Rhodamine Dependent Fluorimetry, Nanomaterial-Based
Sensor, Nephrotoxic Silica, Bio-Imaging of Live Cells, Human Kidney (HK) Cells.

1. INTRODUCTION
Silicon is the second most abundant constituent con-
tributing to 28% of earth’s crust. Silicon being highly
reactive converts from its elemental form and combines
either with oxygen forming free silica (SiO2� or with

∗Authors to whom correspondence should be addressed.
†These two authors contributed equally to this work.

other elements and oxygen forming silicates, like asbestos,
quartz, feldspar etc.1 Silica is abundantly present in rocks,
sand and soil. However, it is not readily bioavailable as
it remains combined with oxygen and hence is generally
categorised as a trace geogenic element.2 The threat arises
when silica emanates in air and water during the course
of various anthropogenic activities, like granite mining,
sand mining, etc., manifesting serious health problems
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including silicosis,3�4 bronchitis,5 systemic autoimmune
diseases like rheumatoid arthritis (RA),6 systemic lupus
erythematosus (SLE)7 and systemic sclerosis (SSc),8

lung cancer.9 Due to grave toxicity exhibited by sil-
ica, OSHA has set harsh regulations limits to 50 �g/m3

in air.10

In recent times, limited epidemiological reports have
highlighted the potential of silica to exhibit nephrotoxi-
city as well, resulting mainly in chronic kidney disease
development.11–13 The hydrated form of silica (orthosili-
cic acid, H4SiO4� at a concentration range of 100–
120 mg/L induces severe nephrotoxicity on prolonged
exposure, accredited to its bioaccumulative propensity.14�15

However, in spite of silica’s diverse toxicological poten-
tial, studies analysing cellular penetration and accumu-
lation of silica in targeted mammalian cells (specifically
human cells) on prolonged exposure, an essential prereq-
uisite for toxicity, are unavailable till date. Few reports
utilised labour intensive and expensive instrumentation like
SEM coupled with X-ray analysis,16 X-ray fluorescence
spectrometer (P-XRF) for silica deposit visualisation in
grasses17 and diatoms.18 However, these techniques suf-
fer from major limitations of longer data acquisition time,
necessity of sophisticated and expensive instrumentation,
requirement of trained personnel, tedious sample prepara-
tion (such as solubilisation or in-situ charring of cells to
estimate the silica content), thereby negating the possibil-
ity of its application in live human cell imaging of silica
species. Owing to its trace amounts, influences of coexist-
ing substances in real samples, rising and severe deleteri-
ous effects induced by bioaccumulated silica species and
limitations of the analytical techniques, the development
of sensitive, rapid on-site detection of toxic silica species
(especially orthosilicic acid) and imaging of silica contam-
inated live mammalian cells are necessary.

Fluorimetric techniques involving small organic
molecules as chemo-reactants or chemo-dosimeters are
well-validated methods for the detection of toxic ana-
lytes or even imaging of biological species due to high
selectivity and sensitivity, instant signal transduction, low-
cost instrumentation etc.19�20 In this context, rhodamine
with high quantum yield is a vastly used fluorophore for
molecular sensing of various analytes,21�22 which often
sense the analytes by the opening of its non-fluorescent
spirolactam ring to a highly fluorescent and coloured
form.23 Some rhodamine derivatives have successfully
utilized this principle in developing fluorimetric and
colourimetric probes for the determination of pH of a
solution;24–26 the present method is based on the same
principle. Relevant to this, a couple of rhodamine deriva-
tives have also been used as simple dyes for the detection
of silica deposition in diatoms based on the formation of
orthosilicic acid via dissolution of silica in the aqueous
intra-cellular environment.27�28 However, use of some
amount of organic solvents is inevitable to dissolve these

organic dyes in the working solution. This is a serious
concern for biotechnological applications as organic sol-
vents can exaggerate severe toxicity to biological systems
restricting their application in live cells or any other
living species. One of the possible ways to overcome this
difficulty is the use of water-dispersible nanomaterials on
which a chemodosimeter can be grafted by physical or
chemical modifications.
Nanomaterials, many of which possess excellent water

dispersibility, enormous surface area/volume ratio, large
adsorption capacity, great mechanical strength and sur-
face reactivity, intrinsic optical/electrochemical/magnetic/
spectroscopic properties, have proved their efficacy in
recent years as suitable candidates for the development
of material based sensors by selective interactions of
their surface (pre-functionalized with the signal transduc-
tion unit) with the analytes.29�30 Often nanomaterial-based
chemosensors outshine traditional detection techniques
with decreased sampling time, quicker analytical response,
high sensitivity and low cytotoxicity.31�32 Some of the
nanomaterials comprehensively used for biological and
environmental assessment of lethal analytes include metal
nanoparticles (e.g., Au, and Ag nanoparticles), carbon
materials (carbon nanotubes, and graphene), magnetic
nanoparticles (e.g., Fe, Ni, Co), quantum dots (such as
ZnS, CdTe, and CdSe) and metal-oxide nanomaterials
(viz. TiO2, CuO, ZnO, etc.).33�34 Of our interest, TiO2

nanoparticles are good candidates to be used as matrix for
sensing purpose owing to its unique properties including
enhanced adsorptive surface area,35 resistance to photo and
chemical erosion,36 chemical and biological inertness,37

low-cost synthesis, monodispersity,38 and nontoxicity.39

Moreover, excellent biocompatibility40 and easy cellular
uptake on dispersion in aqueous media41 further extends its
potential application for live-cell imaging of intracellular
toxic silica species deposits.
Interactions of Nanomaterials with the biological sys-

tems have been investigated by several researchers.42–43

As a part of our continuous efforts on the development
of molecular probes for biological and environmentally
noxious analytes44–51 we report, herein, a water-dispersible
“turn-on” fluorimetric sensing material, which is com-
prised of rhodamine-B based chemodosimeter (rhodamine
B hydrazide (Rh1)) and TiO2 nanoparticles (Rh1@TiO2�,
for the detection and imaging of toxic silica species
(viz. orthosilicic acid) bioaccumulation in live cells.
We chose rhodamine B hydrazide (Rh1) as the chemod-
osimeter unit, which was first reported by Dujols et al.52

as a sensor for Cu(II) ions in water and later used
by others53–62 for various sensing and imaging studies.
It was presumed that the acidic environment inside the
cell would induce spirolactam ring-opening and trans-
duce fluorescence.23�57 To demonstrate our concept silica
affected nephrotoxic kidney cells were chosen.
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2. EXPERIMENTAL DETAILS
2.1. Chemicals
Rhodamine B HCl and Hydrazine hydrate were pur-
chased from Sigma Aldrich (India) and used as received.
TiCl3 was purchased from Spectrochem Pvt. Ltd. Mumbai
(India). Ethylene diamine tetra acetic acid (EDTA) was
purchased from Merck, India. All solvents and other chem-
icals were of AR grade and were procured from different
commercial suppliers and used without further purifica-
tion. Millipore water (18 M�� was used for all spectro-
scopic studies.

2.2. Instruments and Measurements
NMR spectra were recorded on Bruker Avance (400 MHz)
NMR spectrometer. Mass spectra were obtained from Agi-
lent technologies 6460 triple quard LC-MS (ESI). Flu-
orescence spectra were measured on a JASCO FP-6300
spectrofluorometer, the slit width was 2.5 nm for both
excitation and emission. Absorption spectra were recorded
on a JASCO V570 UV/Vis/NIR spectrophotometer. Infra-
Red spectra were taken on IR Affinity-1 FTIR spec-
trophotometer, Shimadzu. Elemental analysis was carried
out on Vario elementar CHNS analyzer. Thermogravimet-
ric analysis (TGA) data were recorded using a DTG-60,
Shimadzu. Field Emission Scanning Electron Microscopy
(FESEM) images of the TiO2 nanoparticles were obtained
on FESEM Quanta 250 FEG (FEI) with 10 kV and reso-
lution 2 nm. The powder X-ray diffraction (XRD) patterns
were obtained from powder X-ray diffractometer (Mini
Flex II, Rigaku, Japan).

2.3. Synthesis of Materials
2.3.1. Preparation of Rhodamine Hydrazide (Rh1)
The chemodosimeter, Rh1 was prepared according to a
reported method53�63 (Scheme 1). In a 100 ml round bot-
tom flask, rhodamine B (1.0 g, 2.08 mM) was dissolved
in 15 ml absolute alcohol, to which excess of Hydrazine
hydrate (98%, 2.08 g, 4.16 mM) was added under stir-
ring at room temperature. The reaction mixture was then
refluxed for 16 h at 110 �C. After completion of the reac-
tion, 10 ml water was added and the residue was fil-
tered, washed with water (3×10 mL), and then air-dried.
The crude product was recrystallized from the ethanol-
water mixture to obtain the sufficiently pure product, Rh1
(650 mg, 67.5% yield).

O NN

COOH

Cl

NH2NH2.H2O

EtOH, 90°C, 16h

O NN

N NH2

O

Rh1

Scheme 1. Synthesis of rhodamine B hydrazide (Rh1).

2.3.2. Preparation of TiO2 Nanoparticle
TiO2 nanoparticles were prepared using an EDTA pre-
cursor based method, which was developed by Ghosh
and coworkers.64 In a 250 mL glass beaker, 21.1 mL
of TiCl3 (192.6 mM) was taken, and then an aqueous
solution of HNO3 was added to it dropwise to oxidized
Ti3+ to Ti4+. Separately, in a beaker aqueous solution of
EDTA (10% w/v) was prepared by dissolving EDTA in
hot water with dropwise addition of dilute NH4OH solu-
tion. After complete dissolution of EDTA, the solution
was boiled to remove excess NH3. This EDTA solution
was then added to a solution containing Ti4+ ions (keep-
ing Ti4+:EDTA molar ratio 1:1) with constant stirring. The
reaction mixture was evaporated to dryness over a hot plate
at 125 �C to obtain the precursor powder for TiO2. Finally,
the precursor was calcined at 550 �C for 3 h to obtain TiO2

nanoparticles with an average diameter of ∼35 nm.

2.3.3. Preparation of the Sensing Material, Rh1@TiO2

For the grafting of Rh1 onto the TiO2 nanoparticles,
100 mg of sonicated TiO2 nanoparticles was added to Rh1
(10 mg, 0.022 mM) in dry acetonitrile solution (100 mL)
and magnetically stirred in the dark for 60 min to ensure
it reaches adsorption–desorption equilibrium.65 The Rh1
adsorbed TiO2 nanoparticles (Rh1@TiO2� were collected
by centrifugation at 2500 rpm for 5 min followed by wash-
ing the residue with acetonitrile (2×25 mL) and dried in
a vacuum desiccator (in the dark) for 4 h to obtain a white
solid (110 mg, 100% yield) as the final sensing material.

2.3.4. The General Procedure of Sample Preparation
for Fluorescence Measurement

10 mg of the probe Rh1@TiO2 was dispersed in 10 mL
of deionized water (MilliQ, 18 M�� to get a 1 g/L of
the stock solution as and when required and diluted fur-
ther as per requirement. 1 g/L (10 mM) stock solution
of orthosilicic acid was prepared in deionized water and
diluted further for the preparation of working solutions.
To analyse the effect of different metal ions stock solu-
tions (10 mM, 5 mL) were prepared by dissolving their
respective nitrates/chlorides in deionized water. All analyte
solutions were subjected to 0.22 �m syringe filtration to
avoid any interference by particulate matter in fluorescence
measurement. After analyte addition, each solution was
incubated for 10 min before recording their respective flu-
orescence spectrum at an excitation wavelength of 525 nm
and the emission was recorded from 526 to 650 nm. All
the experiments were executed at room temperature. For
the equivalence study, orthosilicic acid doses were altered
from 0–100 �L of 10 mM (or 0.0–33.3 mg/L) for fluores-
cence measurement.

2.3.5. General Procedure for Fluorescence Study
The fluorescence study was carried out by addition of
30 �L of the sensing material, Rh1@TiO2 (1 g/L stock
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solution) in deionized water (3 mL) in a cuvette. To this
solution, increasing amount of orthosilicic acid (1 g/L
stock solution) were added and fluorescence response was
measured after every 10 min, respectively. For equiva-
lent study concentrations of orthosilicic acid were changed
from 0–33.3 mg/L (i.e., 0–105 �L from stock solu-
tion). For each reaction mixture fluorescence response was
recorded. The same procedure was followed for compara-
tive study with other metal ions.

2.3.6. Procedure for pH Dependency Study
For the preparation of acidic pH solutions, sodium acetate
in the acetic acid buffer and for basic pH solutions phos-
phate buffer was used. The pH dependency study was
carried out by addition of 30 �L of Rh1@TiO2 sensing
material (from 1 g/L stock) in 3 mL of each individual
pH buffer (ranging from 3–10) in a cuvette and the flu-
orescence response was recorded. This was followed by
addition of 30 �L of orthosilicic acid (1 g/L) to each indi-
vidual pH buffer solution containing the Rh1@TiO2 sens-
ing material and the fluorescence intensity was recorded
after 10 min incubation.

2.3.7. Cytotoxicity Study
Cytotoxicity of Rh1@TiO2 was tested using the colouri-
metric MTT assay.64 HK cells (Human Kidney cells)
were cultured in Dulbecco’s Modified Eagle’s Medium
(DMEM) supplemented with 10% (v/v) fetal bovine serum
at 37 �C and humidified 5% CO2. 5× 104 cells were
plated per well in a 24-well plate. Rh1@TiO2 (1 g/L)
was dissolved in aqueous PBS (pH 7) to make a stock
solution. Following 24 h incubation, the cells were dosed
with increasing concentrations of the sensing material,
Rh1@TiO2 (1, 10, 50, 100, and 200 mg/L) formulated by
serial dilution in DMEM. Unexposed controls were main-
tained. After an additional 24 h incubation, 50 �L of MTT
(5 mg/mL in PBS) was added per well and incubated
for 4 h. Following which the media was aspirated from
the wells, 0.5 mL of DMSO was added. Absorbance was
recorded at 570 nm and cell viability was expressed as
a percentage of relative absorbance of the sample versus
unexposed control cells for every probe concentration.
Each set of experiments were triplicated and the average
results are presented.

2.3.8. Fluorescence Imaging of Toxic Silica
Species in Living Cells

For fluorescence imaging of silica (viz. orthosilicic acid)
accumulation in living cells, HK cells were chosen. HK
cells were plated in a 6-well plate in Dulbecco’s modified
Eagle’s medium (DMEM) supplemented with 10% fetal
bovine serum for 24 h. The cells were then incubated with
increasing doses of silica (0.1, 1, 10 and 100 mg/L) for
three different time points (1 h, 24 h, and 8 days), fol-
lowed by treatment with the sensing material (100 �L of

1 g/L of stock solution was added to 2 mL of culture
medium) at 37 �C and 5% CO2 for 30 min. Fluores-
cence images were captured by a fluorescence microscope
(Olympus IX51) under a TRITC filter and reported. Each
experimental study was triplicated to ensure enhanced data
reproducibility.

3. RESULTS AND DISCUSSION
3.1. Characterizations of the Synthesized Rh1, TiO2

Nanoparticles, and Rh1@TiO2

The synthesized materials were characterized by using sev-
eral instrumental techniques, such as 1H NMR, 13C NMR,
ESI-MS, IR, CHN, XRD, TGA, and FESEM. Rh1
was characterized by 1H NMR, 13C NMR, ESI-MS, IR
and CHN. The 1H and 13C NMR spectra of the Rh1
are shown in Figures 1 and 2, respectively and the
obtained data are in well-agreement with the reported val-
ues of Rh1.50�61 Mass spectroscopy analysis (m/z = 457
[M+H]+� and CHN analysis (Calculated C, H and N
amount for C28H32N4O2: C: 73.66; H: 7.06; N: 12.27
and data obtained from CHN analysis: C: 73.59; H: 6.99;
N: 12.19) of the product also confirmed the formation of
Rh1 (molecular formula C28H32N4O2�.
The crystalline phase and crystallite size of the synthe-

sized TiO2 were determined by using XRD. XRD pattern
of the synthesised TiO2 nanoparticles (Fig. 3) showed the
presence of peaks at 2� = 25.3�, 37.8�, 48.1�, 53.9�, and
55.06�, which are corresponding to the (101), (004), (200),
(105) and (211) planes of anatase phase [JCPDS Card no.
21-1272], and confirmed the formation of the pure anatase
phase of TiO2. The crystallite size of the synthesized TiO2

nanoparticles (calculated by using Scherrer equation) was
found to be ∼38 nm.
The sensing material, Rh1@TiO2 was prepared by graft-

ing TiO2 nanoparticles with Rh1. The thermogravimetric
analysis (TGA) was utilized to determine the amount of
Rh1 in Rh1@TiO2 (Fig. 4). TGA thermograms showed
that pure Rh1 was fully decomposed within the tem-
perature range of 600 �C, whereas TiO2 nanoparticles
were quite stable in this temperature range. In case
of Rh1@TiO2, 8% weight loss was observed when the
sample was heated up to 600 �C, which indicated that
Rh1@TiO2 is composed of 8 wt% Rh1 and 92 wt% of
TiO2. This is in well-agreement with the ratio of the probe,
Rh1 and TiO2 used during the synthesis (1:10), and it can
be concluded that almost 90% of the Rh1 successfully
adhered onto the surface of TiO2 nanoparticles.
In the IR spectra of Rh1@TiO2 (Fig. 5) the presence

of the signature peaks of Rh1 (IR bands at 3340, 3082,
2969, 1774, 1618, 1519, 1272, 1115 cm−1� also indicated
the physisorption of Rh1 on TiO2.
SEM micrographs revealed that the diameter of TiO2

nanoparticles was in the range of 25–6 nm, with an average
of ∼35 nm (Fig. 6(A)). SEM images of Rh1@TiO2 also
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Figure 1. 1H NMR spectra of Rh1 (1H NMR (400 MHz, CDCl3�: � (ppm) 1.18 (12 H, t, J = 6.8 Hz), 3.36 (8 H, q, J = 7.2 Hz), 6.32 (2 H, dd,
J1 = 2.8 Hz, J2 = 8.8 Hz), 6.44–6.49 (4 H, m), 7.11–7.13 (1 H, m), 7.44–7.49 (2 H, m), 7.93–7.98 (1 H, m)).

indicated that TiO2 nanoparticles retain their original sur-
face morphology after modification with fluorophore unit
(Rh1) (Fig. 6(C)).

3.2. Effect of pH on the Fluorescence Response of the
Sensing Material (Rh1@TiO2)

It was conceived that the fluorophore, Rh1, would respond
to acidic pH by going to its ring-opened form. The
response of Rh1 at different pH was carried out in
CH3CN–H2O and the fluorescence response was noted.
As the sensing material can be dispersed in water only, the
pH dependency study of the sensing material (Rh1@TiO2�
was carried out in water and buffer solutions, and pH was
maintained by the addition of acid or base. In the present
study, the chosen pH range was 3.0–10.0. The fluorimetric
response was negligible at the neutral and basic pH, but
surge up in the acidic pH. The highest response was seen
at pH 5 (Fig. 7).
The response of Rh1@TiO2 towards orthosilicic acid

was also measured at the same pH range. Strongly alka-
line pH was avoided as basic metal silicates precipitate
out at this condition.65�66 The strong acidic condition was
also avoided as cells cannot bear such harsh condition.
Figure 8 shows the fluorescence responses of Rh1@TiO2

as a function of pH in the presence and absence of
orthosilicic acid. As expected, Rh1@TiO2 started emitting
strong fluorescence signals as the pH of the solution went
below 7. The fluorescence output showed steady rise up to
pH 3 (excited at 525 nm). This was well-expected, con-
sidering the possibility of protonation of the spirolactam
ring of Rh1 which leads to the formation of the fluores-
cent ring-open state in Rh1 under acidic pH. However, the
sensing material, Rh1@TiO2 showed very weakly to neg-
ligible fluorescence response at pH ≥ 7, suggesting that
the spirocyclic form of the probe molecule remained intact
at this pH condition. The pH-controlled emission mea-
surements established that Rh1 and Rh1@TiO2 could be
applied for the detection of the incessant release of H+

from a hydrated form of silica (viz. orthosilicic acid). Con-
sidering the fact that the detection of silica species bioac-
cumulation in-vitro or in-vivo would require cellular pH,
the media for fluorometric detection of orthosilicic acid
was set at pH 7.0 for further studies.

3.3. Spectrofluorometric and Spectrophotometric
Titrations of Orthosilicic Acid by Rh1@TiO2

To comprehend the toxic silica species (viz. orthosili-
cic acid) sensing abilities of Rh1@TiO2, fluorescence

8146 J. Nanosci. Nanotechnol. 18, 8142–8154, 2018
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Figure 2. 13C NMR spectra of Rh1 (13C NMR (CDCl3, 100 MHz): � (ppm) 12.62, 44.37, 65.91, 97.98, 104.62, 108.03, 122.27, 123.83, 128.08,
128.84, 130.05, 130.93, 132.49, 148.88, 151.56, 153.85, 166.13).

Figure 3. XRD spectra of the synthesized TiO2 nanoparticles.

Figure 4. TGA curves of TiO2 nanoparticles (black line), probe Rh1
(red line) and sensing material Rh1@TiO2 (blue line).

response of an aqueous dispersion of the sensing mate-
rial upon steady addition of 0–100 �L of 10 mM
(0.0–33.3 mg/L) of orthosilicic acid was measured. The
fluorescence output of fluorophore unit (Rh1) at �max =
585 nm was intensified with the incremental addition
of orthosilicic acid, up to 12 fold, demonstrating quick
recognition efficacy (Fig. 9). This is the outcome of the
transformation of the non-fluorescent spirolactam form of
Rh1 in the sensing material to its ring-opened fluorescent
state on reacting with H+ ions released by orthosilicic
acid. Additionally, a separate time-dependent fluorescence

Figure 5. IR spectra of Rh1 and the sensing material, Rh1@TiO2.

J. Nanosci. Nanotechnol. 18, 8142–8154, 2018 8147



IP: 185.251.14.213 On: Wed, 19 Sep 2018 01:37:21
Copyright: American Scientific Publishers

Delivered by Ingenta

Water-Dispersible Rhodamine B Hydrazide Loaded TiO2 Nanoparticles for “Turn On” Fluorimetric Detection Mascarenhas et al.

Figure 6. FESEM images of (A) anatase TiO2 nanoparticles; (B) free
Rh1 and (C) the sensing material, Rh1@TiO2.

Figure 7. The effect of pH on the fluorescence response of Rh1 probe
at different pH in 20% CH3CN–H2O.

measurement of an equimolar mixture of Rh1@TiO2 and
orthosilicic acid (both 10 mg/L) revealed that 10 min of
incubation is sufficient in obtaining the highest fluores-
cence response suggesting a quick conversion to the spiro-
lactam form approach in the presence of H+ ions.

Figure 8. The fluorescence response of Rh1@TiO2 sensing system
(10 mg/L) after 10 min with and without orthosilicic acid (10 mg/L, 1:1
ratio) in different pH buffers (pH 3.0–10.0) at room temperature (�ex =
525 nm).

Figure 9. Fluorescence response of Rh1@TiO2 sensing system
(10 mg/L) upon addition of orthosilicic acid (0.0–33.3 mg/L) in deionized
water at room temperature after 10 min [excitation at �max = 525 nm].
Inset: Plot of the increment in emission against the concentration of the
analyte.

In a similar study, the chromogenic response of the
Rh1@TiO2 towards orthosilicic acid was investigated by
the absorbance measurements of an aqueous probe solu-
tion on steady addition of 0–100 �L of 10 mM solution
of orthosilicic acid (or 0.0–33.3 mg/L). The absorbance
signal peak, at �max = 558 nm, was found to be inten-
sified with increasing orthosilicic acid doses in solution
(Fig. 10). Both the investigations strongly portrayed the
efficacy of the probe in H+ ion detection (from orthosilicic
acid) in aqueous solutions.

3.4. Mechanistic Aspects of Silica Species Sensing by
Rh1@TiO2 and Spectral Features

The spirolactam form of rhodamine derivatives (viz. Rh1
and sensing material, Rh1@TiO2� is non-fluorescent and
colourless at neutral pH. However, binding with H+ ions
(from orthosilicic acid) induces a strong orange fluores-
cence peak and an intense pink colour due to spontaneous
conversion of the spirolactam form of rhodamine residue

Figure 10. Absorbance response of the Rh1@TiO2 sensing sys-
tem (10 mg/L) after 10 mins of the addition of orthosilicic acid
(0.0–33.3 mg/L) in deionized water at room temperature.
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Scheme 2. A plausible mechanism of the H+ mediated ring opening of
Rh1 in the process of detecting orthosilicic acid.

to its ring-opened form, Rh2 (Scheme 2).23�59 This phe-
nomenon is justified by the appearance of an anticipated
peak of the ring-opened form of rhodamine B hydrazide
at 586 nm in the emission spectra. The formation of the
ring-opened form (Rh2) was confirmed by carrying out a
reaction of Rh1 in the presence of orthosilicic acid at a
larger scale and taking IR and NMR of the isolated prod-
uct and matching with reported data.59

3.5. Fluorescence Response at Different
Time Intervals

The probe Rh1 was previously reported by Czarnik52

for Cu2+ and Chang58 for Hg2+ detection. However, we
observed that the sensing material (Rh1@TiO2� hardly
shows any fluorimetric response in the presence of Cu2+

and Hg2+ ions under the sensing condition for orthosilicic
acid (Figs. 11–14). These observations insisted us to carry
out a time-dependent study for both Cu2+ and Hg2+ ions
in water. In a separate study, we have repeated the stud-
ies of Czarnik52 and Chang.58 In the present study, free
probe, i.e., Rh1, was separately treated with Cu2+, Hg2+,
Fe3+, Zn2+ and H4SiO4 in 20% CH3CN-HEPES buffer
(at pH 7) and 10% CH3OH-phosphate buffer (at pH 7) and
the fluorescence response was noted after 30 min, 2 h, and
6 h. It was observed that Rh1 is a very effective sensor
for Cu2+ in 20% CH3CN-HEPES buffer with the highest
response after 30 min (Fig. 11(A)). However, Hg2+ started

(A) (B) (C)

Figure 11. Time-dependent study of Cu2+, Hg2+, H4SiO4 and other metal ions against Rh1 after (A) 30 min, (B) 2 h and (C) 6 h in 20% CH3CN-
HEPES buffer (at pH 7).

to show a response after 2 h and surpasses Cu2+ after
6 h (Figs. 11(B and C)). In 10% CH3OH-phosphate buffer
Hg2+ showed a strong response, whereas other metal ions
showed a negligible response (Fig. 12). In both the cases,
H4SiO4 did not show any response as the availability of
H+ was restricted by buffer medium.
In a separate study, the sensing material, Rh1@TiO2 was

separately treated with Cu2+, Hg2+, and H4SiO4 in water
and the fluorescence response was noted after 10 min,
30 min, and 6 h (Fig. 13). While H4SiO4 started to show
strong response immediately after 10 min, the fluorimetric
response of Hg2+ picked up only after 6 h of exposure
(Fig. 13(C)). Presumably, the approach of Hg2+ ions was
somewhat restricted inside the core of the sensing mate-
rial (Rh1@TiO2� and therefore, the chemodosimeter (Rh1)
does not get quick access to these cations to react with.
This resulted in a very low fluorometric response in water
after 10 min.

3.6. Selectivity Study with Interfering Metal Ions
Kidneys, specifically the proximal tubular cells are actively
involved in maintaining a balance of major elements in
the body viz. Na+, K+, Mg2+ and trace elements, like
Fe2+, Fe3+, Mn2+, Zn2+ ions, and thereby inherently con-
tain these cationic species which are essential for various
cellular functions, such as heart and muscle contrac-
tions, nerve signalling, hormone production, anti-oxidative
enzyme action, haemoglobin formation, glucose homeosta-
sis, and renoprotective effects.69�70 These organs addition-
ally serve as the primary target of metal toxicity owing
to its high reabsorptive and accumulative properties. Some
of the metal species are well-reported to inflict severe
nephrotoxicity when surpassing the permissible levels of
Ca2+, Cd2+, Co2+, Hg2+, Pb2+, Sr3+.71�72 The specificity
of Rh1@TiO2 sensing material for a toxic hydrated form
of silica (viz. orthosilicic acid) in an aqueous solution was
examined analogously in the presence of various compet-
ing toxic and inherent renal metal ions under comparable
conditions. For this purpose, the fluorescence responses of
Rh1@TiO2 after addition of equal mixture (10 mg/L) of
each metal ion (Ca2+, Cd2+, Co2+, Cu2+, Fe2+, Fe3+, Hg2+,
Na+, K+, Mg2+, Mn2+, Pb2+, Sr3+, Zn2+� and orthosilicic
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(A) (B) (C)

Figure 12. Time-dependent study of Cu2+, Hg2+, H4SiO4 and other metal ions against Rh1 after (A) 30 min, (B) 2 h and (C) 6 h in 10% CH3OH-
Phosphate buffer (at pH 7).

(A) (B) (C)

Figure 13. Time-dependent study of Cu2+, Hg2+ and H4SiO4 and other metal ions against Rh1@TiO2 after (A) 10 min, (B) 30 min, (C) 6 h in water.

acid (H4SiO4 which acts as a source of H+� in the aqueous
dispersion of sensing material (10 mg/L) were recorded
(Fig. 14).
As represented in Figure 14, the sensing material,

Rh1@TiO2 exhibited negligible to no response for most
of the potential rival metal ions and generated a strong
fluorescence response upon interaction with orthosili-
cic acid at the working pH. Notably, low response
aroused out of interaction with Hg2+, Zn2+, Fe2+ or
Co2+ under the sensing condition. This is in sheer con-
trast with the reported results by Czarnik52 for Cu2+

and Chang58 for Hg2+ with Rh1. We repeated their studies

Figure 14. Maximum fluorescence responses of Rh1@TiO2 (10 mg/L),
which were recorded after 10 min of the addition of equal amount of
various analytes (metal ions), in deionized water at room temperature.

and got similar results as per their reports for Rh1 when
it is free. However, in a separate study, it was observed
that Rh1@TiO2 responds to Hg2+ after long exposure in
water (Fig. 13). Presumably, the approach of larger metal
ions is somewhat restricted inside the core of the sensing
material (Rh1@TiO2� and therefore, the chemodosimeter
(Rh1) does not get quick access to these cations to react
with. This results in very low fluorometric response at pH
7 after 10 min. The fluorescence output in the presence
of these cations is still very nominal under the sensing
condition making the probe practically unperturbed by the
presence of the interfering metal ions. This fact is further
established through competition experiments conducted in
the presence of large excess (5 times of orthosilicic acid)

Figure 15. A plot of relative fluorescence intensity versus con-
centration of analyte obtained from a solution of sensing material
Rh1@TiO2 (10 mg/L) and lower concentration range of orthosilicic acid
(0.1–1 mg/L) after 10 min of interaction.
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Figure 16. Cytotoxicity study of the sensing material, Rh1@TiO2 on
HK cells at varying doses for 24 h.

of all metal ions and orthosilicic acid (Fig. 14). As antic-
ipated, the orthosilicic acid induced fluorescence response
of the sensing material, Rh1@TiO2 was unaltered by the
existence of the competing metal ions, suggesting that the
presence of H+ ions amidst several other cations is uni-
vocally identified by the sensing material with no loss in
fluorescence output. The response of the sensing mate-
rial towards orthosilicic acid amongst diverse nephrotoxic
and inherent renal metallic species in an aqueous solution
extends its application for selective in-vitro detection of
toxic silica species accumulation in affected kidney cells
or elsewhere.

3.7. Determination of the Detection Limit
The limit of detection (LOD) is an essential property of a
sensing system, assessed to gauge its utility for real sam-
ple analysis. To elucidate the LOD, the fluorescence output
of Rh1@TiO2 at lower concentrations of orthosilicic acid
in deionised water was plotted (Fig. 15). Under prevail-
ing conditions, the sensing material, Rh1@TiO2 responds
linearly to the varying concentration of orthosilicic acid
(0.1–1 mg/L or 0.3–3.0 �L in 3 mL) with R2 = 0.9973 and

Figure 17. Time-dependent fluorescence detection of toxic silica species (specifically orthosilicic acid) deposition in HK cells treated with low
orthosilicic acid (0.1 mg/L) utilizing sensing material, Rh1@TiO2. HK cells incubated with 0.1 mg/L orthosilicic acid for three different exposure
periods viz. 30 min (A), 24 h (B) and 8 days (C) followed by treatment with 50 mg/L of Rh1@TiO2 sensing material (for 30 min) after each dosing
period. Images recorded after sensing material exposure in the absence (a, c) and presence (b, d) of orthosilicic acid at each temporal point. Scale bars
are 200 �m.

from this, the detection limit was calculated to be 8.4 ppb
or 8	4×10−8 M of orthosilicic acid.

3.8. Determination of Cytotoxicity of Rh1@TiO2 and
Fluorescence Imaging of Toxic Silica Species in
Live Cells

If a sensing system is intended to apply to live biologi-
cal species, it is essential to check its biocompatibility and
cytotoxicity. As a model human kidney cell system viz.
HK cells (Human Kidney cells) was chosen for cytotox-
icity study and detection of the toxic silica sp. (specifi-
cally orthosilicic acid) accumulation via cellular imaging.
Accordingly, the cytotoxicity of different concentrations of
Rh1@TiO2 to HK cells was assessed using MTT assay to
determine cell sustainability at an ideal probe concentra-
tion. For this, 70% confluent HK cells were exposed to
enhancing Rh1@TiO2 sensing system concentrations, seri-
ally diluted in DMEM (i.e., 1, 10, 50, 100, and 200 mg/L)
in a 24 well plate, and incubated for 24 h. Unexposed con-
trol was simultaneously maintained. The percentages of
viable cells relative to untreated controls were determined
and plotted (Fig. 16). The cell viability was ascertained
to be greater than 90% on 24 h exposure to the highest
Rh1@TiO2 concentration (200 mg/L). This suggests that
even high Rh1@TiO2 concentrations are non-toxic to the
living human cells and can be employed for detection of
toxic silica species viz. orthosilicic acid bioaccumulation
in living organisms.
Since no cytotoxic effect of Rh1@TiO2 was detected,

a median concentration of Rh1@TiO2 (i.e., 50 mg/L) was
employed for fluorescence monitoring of orthosilicic acid
deposition in HK cells, which were exposed to increasing
doses of orthosilicic acid. The orthosilicic acid deposition
over the 1st time point was monitored by pre-treating four
sets of HK cells with increasing doses of orthosilicic acid
(0.1 mg/L (Fig. 17), 1 mg/L, 10 mg/L and 100 mg/L)
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for 1 h, followed by PBS washing to remove the non-
accumulated species. This was followed by incubation
with 50 mg/L of the Rh1@TiO2 for 30 min at 37 �C and
5% CO2 succeeded by a triple PBS wash (to remove excess

Figure 18. Dose and time-dependent monitoring of toxic silica species (viz. orthosilicic acid) accumulation in live HK cells with the sensing material,
Rh1@TiO2. Phase contrast (b–d) and fluorescence images (f–h) of HK cells on treatment with 1 mg/L (b, f), 10 mg/L (c, g) and 100 mg/L (d, h) of
orthosilicic acid for three different exposure time points viz. 1 h (A), 24 h (B) and 8 days (C) followed by 30 min incubation with Rh1@TiO2 (50 mg/L)
at each temporal point. Images of HK cells (a, e) were captured at each time point in the absence of orthosilicic acid and presence of Rh1@TiO2 to
serve as controls. Gradual escalation in fluorescence intensity noted with increasing orthosilicic acid doses and exposure period signifying progressive
intracellular accumulation of toxic silica species inflicting chronic nephrotoxicity. Scale bars are 200 �m.

sensing-system) and fluorescence images were captured
(Fig. 18). These steps were replicated for the separate
sets of cells pre-incubated with orthosilicic acid for 24 h
and 8 days, respectively. At each time point, set of HK
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cells were separately incubated with solely 50 mg/L of
Rh1@TiO2 in the absence of orthosilicic acid for 30 min to
serve as probe controls negating the possibility of intrinsic
fluorescence of the Rh1@TiO2 sensing material, justified
by the absence of fluorescence as recorded by fluorescence
microscope (Fig. 18).

As depicted in Figure 18, significant orange fluo-
rescence was observed from the intracellular region of
nephrotoxic HK cells contaminated with orthosilicic acid
and consequently treated with the probe Rh1@TiO2. It can
be considered that the nanosize of the probe helps to
smoothly cross the cell membrane and subsequent inter-
act with the accumulated silica (in the form of orthosilicic
acid) to get converted to its ring-opened fluorescent form
of Rh1. The fluorescence intensity was apparently a func-
tion of the dose and time of orthosilicic acid exposure
manifested by an enhanced response on exposure to the
highest orthosilicic acid dose (100 mg/L) for the longest
period (8 days) due to more and more interaction with
intercellular H+ ions leading to fluorescent ring-opened
state of the probe. However, the cell density diminishes
on exposure to higher doses of silica species (orthosili-
cic acid) over a longer period of time highlighting dose
and time-dependent toxicity. Notably, the sensitivity of this
analytical tool was found to be very high as the accumu-
lation of low concentration orthosilicic acid (0.1 mg/L) in
HK cells is good enough to generate sufficiently strong flu-
orescence signals from the intra-cellular region (Fig. 17).
This study provides substantial evidence on the ability of
this sensing material to detect silica species accumulation
in human kidney cells on chronic exposure to increasing
dosages that inflicts severe nephrotoxicity ultimately man-
ifesting as Chronic Kidney Disease. A low-level detection
and imaging of silica in affected HK cells may lead to the
conclusion that the sensing material, Rh1@TiO2 can even-
tually be employed for in-vitro monitoring of toxic silica
species bioaccumulation in any biological samples.

4. CONCLUSIONS
In summary, the present work demonstrates an effec-
tive strategy to detect and image the toxic silica species
(orthosilicic acid) accumulation in the live cells. The
sensing material Rh1@TiO2 was prepared by simple
physisorption of a rhodamine derivative, which acts as a
chemodosimeter based pH sensor, onto the biocompati-
ble, non-toxic TiO2 nanoparticles. This newly developed
water-dispersible fluorescent nanoprobe has demonstrated
its capability to detect orthosilicic acid in aqueous media,
and in biological systems via interaction with the inces-
santly released H+ ions. The H+ ions generate the fluores-
cent ring-opened form of the fluorophore and result in a
strong orange fluorescence output.

The studies were carried out on human kidney cells
at biological pH (pH 7). The cell imaging studies con-
firmed that this probe is biocompatible and can easily

cross the cellular surface of nephrotoxic HK cells interact-
ing with bioaccumulated orthosilicic acid produced under
silica stress conditions. The synthesized sensing material
Rh1@TiO2 offers several advantages like good water dis-
persibility, the absence of organic solvents during fluo-
rimetric studies, quick turn-on type signal transduction,
low-level imaging. This sensing material has the potential
to be used in the medical tool for early identification of
silica-induced nephrotoxicity with effective detection and
imaging of toxic silica species deposition in the exposed
kidney cells intending to adopt necessary prophylactic
measures to reduce the burden and risk of chronic kidney
disease development.
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