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ABSTRACT The fabrication of nanoparticles by microorganisms presents a “green”
method for generating biocompatible nanomaterials. We discovered the intracellular
biosynthesis of fluorescent lead(IV) sulfide nanoparticles by the moderate halophile,
Idiomarina sp. strain PR58-8. The bacterium tolerated up to 8 mM Pb(NO3)2 during
growth. Non-protein thiols dose-dependently increased in response to metal expo-
sure, which suggests they are involved in the growth of PbS2 crystals and lead de-
toxification. Using X-ray diffraction, transmission electron microscopy (TEM), high-
resolution TEM, and energy dispersive analysis of X-rays, the nanoparticles were
characterized as spherical �-PbS2 nanoparticles (PbS2NPs) with a tetragonal crystal
lattice, a crystallite domain size of 2.38 nm, and an interplanar distance of 0.318 nm.
A narrow symmetric emission spectrum with a Gaussian distribution and an emis-
sion maximum at 386 nm was obtained when the particles were excited at 570 nm.
The PbS2NPs exhibited a large Stokes’ shift (8,362 cm�1) and a relatively high quan-
tum yield (67%). These properties, along with fluorescence that was maintained in
various microenvironments and their biocompatibility, make these nanoparticles ex-
cellent candidates for bioimaging. The particles were internalized by HeLa cells and
evenly distributed within the cytoplasm, exhibiting their potential for in situ bioim-
aging applications. The “as-synthesized” lead(IV) sulfide nanoparticles may provide
expanded opportunities for targeted bioimaging via modifying the surface of the
particles.

IMPORTANCE This article reports the intracellular synthesis of fluorescent lead(IV)
sulfide nanoparticles (PbS2NPs) by a microorganism. All previous reports on the
microbial synthesis of lead-based nanoparticles are on lead(II) sulfide that exhib-
its near-infrared fluorescence, requiring expensive instrumentation for bioimag-
ing. Bioimaging using PbS2NPs can be achieved using routine epifluorescence
microscopes, as it fluoresces in the visible range. The research on PbS2 nanopar-
ticles to date is on their chemical synthesis employing toxic precursors, extreme
pH, pressure, and temperature, resulting in cytotoxic products. In this context,
the synthesis of PbS2 nanoparticles by Idiomarina sp. strain PR58-8, described in
this work, occurs at ambient temperature and pressure and results in the gener-
ation of biocompatible nanoparticles with no hazardous by-products. The excel-
lent fluorescence properties that these particles exhibit, as well as their abilities
to easily penetrate the cells and evenly distribute within the cytoplasm, make
them exceptional candidates for bioimaging applications. This study demon-
strated the synthesis and fluorescence bioimaging application of microbially syn-
thesized PbS2 nanoparticles.

KEYWORDS bioimaging, fluorescent, Idiomarina, lead(IV) sulfide, nanoparticles,
halophiles

Received 10 November 2016 Accepted 14
January 2017

Accepted manuscript posted online 23
January 2017

Citation Srivastava P, Kowshik M. 2017.
Fluorescent lead(IV) sulfide nanoparticles
synthesized by Idiomarina sp. strain PR58-8 for
bioimaging applications. Appl Environ
Microbiol 83:e03091-16. https://doi.org/
10.1128/AEM.03091-16.

Editor Maia Kivisaar, University of Tartu

Copyright © 2017 American Society for
Microbiology. All Rights Reserved.

Address correspondence to Meenal Kowshik,
meenal@goa.bits-pilani.ac.in.

BIOTECHNOLOGY

crossm

April 2017 Volume 83 Issue 7 e03091-16 aem.asm.org 1Applied and Environmental Microbiology

http://orcid.org/0000-0002-6974-0715
https://doi.org/10.1128/AEM.03091-16
https://doi.org/10.1128/AEM.03091-16
https://doi.org/10.1128/ASMCopyrightv1
mailto:meenal@goa.bits-pilani.ac.in
http://crossmark.crossref.org/dialog/?doi=10.1128/AEM.03091-16&domain=pdf&date_stamp=2017-1-23
http://aem.asm.org


Nanotechnology is an interdisciplinary technology exploring the unique advantages
of manipulating the structures of materials at the scales of individual atoms,

molecules, and their organized aggregates (1). Nanofabrication results in materials with
unique size-dependent, optical, physicochemical, electronic, mechanical, magnetic, and
biological properties. These novel properties result from the large surface area-to-
volume ratio, large surface energy, reduced imperfections, and spatial confinement of
carriers/electrons. Over the last 3 decades, multidisciplinary efforts involving the inter-
actions between researchers from the fields of physics, chemistry, materials science,
mechanics, and biology have resulted in a substantial repertoire of nanoparticles and
nanomaterials. Among these, the IV-VI family of lead-based semiconductor nanopar-
ticles has garnered great attention in the past decade due to their size-tunable optical
and electronic properties. These intrinsic properties make them excellent materials for
diode lasers, optical detectors, solar cells, photoresistors, field-effect transistors, and
biological applications, such as imaging and labeling (2, 3).

Among the lead-based semiconductor materials, lead(II) sulfide nanoparticles
(PbSNPs), which exhibit a cubic crystallite lattice structure, a higher energy band gap
(�0.41 eV), and size smaller than the exciton Bohr radius (�18 nm) of their bulk
counterpart, are the most extensively studied (4). Although cubic PbSNPs and tetrag-
onal lead(IV) sulfide nanoparticles (PbS2NPs) exhibit similar properties, their ease of
synthesis makes studies on PbSNPs more prevalent. The need for extreme conditions of
temperature, pressure, and pH and the use of toxic precursors restrict studies on PbS2

and PbS2NPs (5, 6). The bulk synthesis of �-PbS2 entails heating PbS with excess sulfur
at temperatures higher than 650°C and a pressure of 30 kbars (5). Nano-particulate PbS2

was first obtained as a by-product of synthesizing PbSNPs in natural zeolite at an
ambient temperature and pressure via the hydrothermal process using the toxic
precursor, thiourea. The formation of a �-PbS2 crystalline phase was attributed to the
selective nucleation within the special ordered structure of natural zeolite (7). �-PbS2

thin films prepared by chemical bath and photochemical deposition methods employ-
ing an extreme pH exhibited p-type conductivity and a flower-like or oval morphology,
respectively (8, 9). This brief background highlights the lacunae regarding the synthesis
of and applications for PbS2NPs. In this context, biological routes of nanoparticle
synthesis present a “green” alternative, as the process occurs at an ambient tempera-
ture (room temperature/37°C) and pressure (760 mm Hg). Although the syntheses of
PbSNPs by bacteria, fungi, and virus have been reported (10–14), there are no reports
on the synthesis of PbS2NPs by microorganisms.

Lead-based nanoparticles with a size distribution of 2 to 10 nm (quantum dots; QDs)
have applications in near-infrared imaging (15–17). QDs exhibit size-tunable optical
properties stemming from quantum confinement, negligible photobleaching due to
narrow emission spectra, broad excitation spectra that enable multiphoton excitation,
high quantum yields (QY), and a large Stokes’ shift (18). These properties make the QDs
excellent candidates for bioimaging and labeling applications, as the fluorescent dyes
and proteins routinely used present several shortcomings, such as narrow excitation
bands, broad emission spectra, small Stokes’ shifts, low QYs, and photobleaching (16).
However, a bottleneck for biological applications of QDs is their hydrophobicity and
toxicity both in vitro and in vivo (15). Coating the QDs with hydrophilic moieties, such
as thiolate ligand, silica, or other hydrophilic polymers, imparts them with hydrophilic
and noncytotoxic properties (19, 20). Thus, an additional step of passivating/coating the
QDs is required for biological applications. In this regard, the microbially synthesized
nanoparticles are inherently coated with the biomolecule, which is most often respon-
sible for their formation, circumventing the additional step required to make them
amenable for biological applications (21, 22).

Here, we report the intracellular synthesis of noncytotoxic, biocompatible, tetrago-
nal �-PbS2 nanoparticles by the moderate halophile, Idiomarina sp. strain PR58-8. We
characterized the nano-preparation by UV-visible spectroscopy, fluorescence spectros-
copy, transmission electron microscopy (TEM), high-resolution TEM (HRTEM), selected
area electron diffraction (SAED), and energy dispersive analysis of X-rays (EDAX). The
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application of the “as-synthesized” nanoparticles as a bioimaging agent is also dem-
onstrated. This may be the first report of synthesis of �-PbS2 nanoparticles by micro-
organisms.

RESULTS
Effect of Pb(NO3)2 on the growth of Idiomarina sp. strain PR58-8. Idiomarina

PR58-8 tolerated concentrations of Pb(NO3)2 as high as 8 mM in Zobell marine broth
(ZMB) 2216 with a simultaneous change in appearance from golden yellow to brown
(Fig. 1). The rates of growth at 0.05 and 0.5 mM Pb(NO3)2 were similar to that of the
control [0 mM Pb(NO3)2]; however, a decrease in growth was observed with concen-
trations of Pb(NO3)2 higher than 1 mM (Fig. 2). The MIC of Pb(NO3)2 was 9 mM, as no
growth was observed at this concentration. The moderate halophile exhibited a specific
growth rate (�) of 1.11 h�1, with a doubling time (td) of 37.46 min and a lag time (tl)
of 30 min. In the presence of 0.05 mM and 0.5 mM Pb(NO3)2, the marine bacterium
exhibited � of 1.057 h�1 and 0.896 h�1, respectively, neither of which was significantly
different from the control (P � 0.05). Similarly, the differences between the td and tl of
the cells grown in the presence of 0 mM (control), 0.05 mM, and 0.5 mM Pb(NO3)2 were
not significant (Table 1). However, in the presence of 1 mM and 5 mM Pb(NO3)2, the
specific growth rates were 0.690 h�1 and 0.463 h�1, respectively, which were signifi-
cantly lower (P � 0.05) than the control. The td and the tl for cells grown in the presence
of 1 mM and 5 mM Pb(NO3)2 were significantly higher (P � 0.05).

FIG 1 Idiomarina sp. strain PR58-8 appears golden yellow when grown in Zobell marine agar (a) and
Zobell marine broth (c). In the presence of lead nitrate, it appears brown in color (b and d). Media
controls with lead nitrate did not exhibit the brown coloration (e).

FIG 2 Growth profile of Idiomarina PR58-8 at various concentrations of Pb(NO3)2. The MIC of Pb(NO3)2

was 9 mM. Values on the y axis are presented in log10 scale and are means � SE (error bars) for three
experiments.

Fluorescent PbS2NPs from Idiomarina sp. for Bioimaging Applied and Environmental Microbiology

April 2017 Volume 83 Issue 7 e03091-16 aem.asm.org 3

http://aem.asm.org


Nanoparticle synthesis and Pb uptake. When grown in the presence of Pb(NO3)2,
Idiomarina PR58-8 exhibited an intracellular accumulation of lead, with a concomitant
loss of lead from the medium, beginning from early exponential phase (6 h) through
late stationary phase (42 h). For cells grown in the presence of 0.5 mM (103.63 �g/ml)
Pb(NO3)2, the Pb concentration in the medium at 6 h was 87.35 �g/ml, and only �1.7%
(1.8 �g/ml) remained unutilized in the medium by 42 h. There was no loss of lead
observed in the negative control [culture-free medium with 5 mM Pb(NO3)2] through-
out the course of the experiment (data not shown). In the case of cells grown in the
presence of 5 mM (1036.29 �g/ml) Pb(NO3)2, only 0.8% (9.24 �g/ml) remained unuti-
lized by 42 h. In both instances, Idiomarina PR58-8 accumulated �91% of the lead by
36 h (Fig. 3).

The growth of Idiomarina PR58-8 in the presence of Pb(NO3)2 was accompanied by
a change in color of the golden yellow culture to brown (Fig. 1). The culture superna-
tant and the medium controls without inoculum did not show this color change. The
time course of lead uptake and nanoparticle yield correlated with the growth phase of
Idiomarina PR58-8 (Fig. 3). The yields with respect to biomass and substrate added were
estimated along with the efficiency of the process (Table 2). Yields (with respect to
substrate added) of 0.902 mg/mg Pb and 0.965 mg/mg Pb were obtained in the
presence of 0.5 and 5 mM Pb(NO3)2, respectively, at 54 h. The process had efficiencies
of 90.3% and 96.5% in the presence of 0.5 and 5 mM Pb(NO3)2, respectively. As the yield
with respect to biomass in the presence of 5 mM Pb(NO3)2 (631.71 �g/mg [dry weight]
cells) was significantly higher (P � 0.05) than the yield (60.4 �g/mg [dry weight] cells)
obtained in the presence of 0.5 mM Pb(NO3)2, the synthesis was carried out at 5 mM
Pb(NO3)2.

Thiol assay. The intracellular thiol concentrations of the cells exposed to various
concentrations of Pb(NO3)2 were estimated over a period of 60 h to determine the roles
of thiols in metal chelation, resistance, and/or transformation. At 6 h, nonprotein thiols
(NP-SH) accounted for 88.3% in untreated controls, while protein-bound thiols (PB-SH)

TABLE 1 Growth kinetics of Idiomarina sp. strain PR58-8 in the absence and presence of
lead nitrate

Parametera

Concn. of Pb(NO3)2 (mM)

0 (control) 0.05 0.5 1 5

� (h�1) 1.110 � 0.019 1.057 � 0.013 0.896 � 0.018 0.690 � 0.016 0.463 � 0.015
td (min) 37.46 � 0.008 39.34 � 0.011 46.41 � 0.009 60.26 � 0.015 89.81 � 0.019
tl (min) 30 � 0.011 30 � 0.015 45 � 0.013 60 � 0.007 120 � 0.023
a�, specific growth rate; td, doubling time; tl, lag time.

FIG 3 Growth kinetics, lead accumulation, and the yield of lead-based nanoparticles when Idiomarina PR58-8 was grown in the presence of 0.5 mM Pb(NO3)2

(a) and 5 mM Pb(NO3)2 (b). Values on the y axis are presented in log10 scale and are means � SE (error bars) for three experiments. CDW, cells (dry weight).
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accounted for 11.7% of the total thiols (T-SH). However, at 60 h, PB-SH increased to
70.9% while NP-SH decreased to 29.1%. On the other hand, Pb(NO3)2-exposed cells
exhibited dose-dependent and time-dependent increases in NP-SH (Fig. 4a). The NP-SH
was �4 times higher in cells treated with 5 mM Pb(NO3)2 than in untreated controls,
while the PB-SH decreased �1.05 times compared with that in controls at 36 h.
Simultaneous increases in the intracellular lead and NP-SH concentrations were ob-
served at 18 h, suggesting a positive interdependence between the two (Fig. 4b and c).
The increase in T-SH as a function of the increase in NP-SH is evident in Fig. 4a.

Characterization of lead-based nanoparticles. X-ray diffraction (XRD) spectra of
the “as-synthesized” nanoparticles revealed peaks characteristic of tetragonal lead(IV)
sulfide (PbS2) corresponding to the International Centre for Diffraction Data (ICDD) card
no. 20-0596 (Fig. 5a). A broadening of the peaks at the base is indicative of the particles
being nano-sized. The crystallite domain size as calculated using the Debye-Scherrer
formula for a (2 0 0) peak was 2.38 nm. The lattice parameters for tetragonal system
were a � 4.45 Å and c � 4.24 Å. UV-visible spectroscopy of the “as-synthesized”
PbS2NPs revealed an absorbance maximum (�abs) at 386 nm (Fig. 5b), corresponding to
a band gap energy of �3.22 eV. The morphology of the nanoparticles was character-
ized by transmission electron microscopy (TEM) and high resolution-TEM (HRTEM). TEM

TABLE 2 Yields of the lead-based nanoparticles synthesized by Idiomarina sp. strain
PR58-8

Parameter

Concn. of Pb(NO3)2 (mM)

0.5 5

Yield (�g/mg CDW)a 60.4 � 0.015 631.71 � 0.017
Molar yield (mg/mg Pb) 0.902 � 0.011 0.965 � 0.014
Efficiency (%) 90.3 96.5
aCDW, cell dry weight.

FIG 4 (a) Effect of lead nitrate on the intracellular levels of total thiols (T-SH), non-protein thiols (NP-SH), and protein-bound thiols (PB-SH) with respect to time.
A dose-dependent increase in NP-SH was observed in response to lead stress. The increasing NP-SH concentrations corresponded to the lead uptakes exhibited
by Idiomarina PR58-8 in the presence of 0.5 mM Pb(NO3)2 (b) and 5 mM Pb(NO3)2 (c). Values are means � SE (error bars) for three experiments.
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analysis indicated the presence of particles with a spherical morphology with an
average size of 6 nm (Fig. 5c). An image from HRTEM of the “as-synthesized” PbS2NPs
revealed nearly spherical particles with an average size of 6 nm, and interplanar spacing
(d) of 0.318 nm (Fig. 5d), which corresponds to the d-spacing of the (2 0 0) plane
[d(2 0 0) � 0.307 nm of ICDD card no. 20-0596]. The SAED pattern of the PbS2NPs (Fig.
5d inset) indexes to the tetragonal PbS2 crystallite planes of (2 0 0), (1 1 1), and (2 0 4).
Fast Fourier transform (FFT) analysis of the PbS2NPs was also carried out to obtain the
diffraction pattern and to measure the distances between the atomic planes. The
elemental composition of the PbS2NPs as determined by EDAX showed overlapping
peaks for Pb and S at 2.3 keV, confirming their presence.

The photoluminescence (PL) spectra of the PbS2NPs showed an emission maximum
(�em) at 570 nm (Fig. 5b). The storage of samples for 6 months at room temperature
either as a powder or as a colloidal suspension did not have any effect on the
fluorescence spectra of the PbS2NPs (Fig. 6a). The PL spectrum for lyophilized cellular
material of Idiomarina PR58-8 (ML2) did not exhibit a �em, but instead, luminescence
was observed over a broad range (�340 nm to 500 nm), which disappeared after

FIG 5 Characterization of PbS2NPs synthesized by Idiomarina PR58-8. (a) XRD spectrum exhibiting the Bragg’s peak characteristic for tetragonal PbS2. (b) The
absorbance and the emission spectra showing an absorbance maximum at 386 nm and an emission maximum at 570 nm. (c) TEM micrographs revealing
spherical particles with an average size of 6 nm. (d) HRTEM micrograph showing a phase image of the particles with interplanar spacing of 0.318 nm. (d, inset)
SAED pattern corresponding to the tetragonal crystal facets, where the three (inner, middle, and outer) rings could be indexed to Bragg’s planes of (1 1 1),
(2 0 4), and (2 0 0). The inner ring diameter is 5.15 1/nm [corresponding to the (1 1 1) plane], the middle ring diameter is 6.38 1/nm [corresponding to the
(2 0 4) plane], and the outer ring diameter is 12.54 1/nm [corresponding to the (2 0 0) plane].
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storage for 48 h or more (Fig. 6a inset). The PL spectra of the PbS2NPs recorded in
phosphate-buffered saline (PBS [pH 7.0]) and Dulbecco’s modified eagle medium
(DMEM) did not exhibit any changes in the fluorescence (Fig. 6b). The �em of the
PbS2NPs exhibited a Stokes’ shift of 8,362 cm�1 (184 nm). The QYs of the synthesized
PbS2NPs were 0.67 in each of the three solvents.

Biocompatibility studies, internalization, and bioimaging. The biocompatibility
of the PbS2NPs was evaluated in the HeLa cell line using the 3-(4,5-dimethyl-2-
thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide (MTT) assay. Even at the highest con-
centration of PbS2NPs (50 �g/ml or 0.21 mM), viabilities of 90.31% and 88.77% were
observed after 24 and 48 h of treatment, respectively (Fig. 7a). The nanoparticles
exhibited no significant (P � 0.05) difference in viability compared with that of
untreated controls at either of the time points. Similarly, ML2 did not exhibit any
significant cytotoxicity at any of the concentrations tested. On the other hand, Pb(NO3)2

showed significantly higher (P � 0.05) toxicity toward HeLa cells at concentrations of
20 �g/ml (0.06 mM) and higher (Fig. 7a). A similar trend was observed with respect to
the generation of reactive oxygen species (ROS), wherein the “as-synthesized” PbS2NPs

FIG 6 (a) Effect of storage on the emission spectra of the PbS2NPs synthesized by Idiomarina PR58-8. Even after a storage of 6 months, the emission spectrum
of the PbS2NPs was similar to that of fresh PbS2NPs, with a �em at 570 nm. (a, inset) The photoluminescence spectra of the lyophilized Idiomarina PR58-8
exhibiting a broad peak, which disappeared after a storage of 48 h. (b) The fluorescence spectra of PbS2NPs synthesized by Idiomarina PR58-8 in solvents, such
as water, PBS (pH 7.0), and DMEM.

FIG 7 (a) Effect of PbS2NPs, lead-free cell material (ML2), and lead nitrate (LN) on viability of HeLa cells. The PbS2NPs and ML2 did not exhibit toxicity against
HeLa cells. LN dose-dependently decreased cell viability. (b) Effect of PbS2NPs, ML2, and LN on ROS generation in HeLa cells. PbS2NPs and ML2 did not
significantly increase ROS production, except for 50 �g/ml (0.21 mM) PbS2NPs, which significantly increased ROS. LN dose-dependently increased ROS
generation, which became significant at 20 �g/ml (0.13 mM). Values are means � SE (error bars) for three experiments. *, P � 0.05.
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at 40 �g/ml (0.17 mM) did not show a significant increase (P � 0.05) in ROS (Fig. 7b),
while at 50 �g/ml (0.21 mM), the increase was significant (23%; P � 0.05). No ROS
production was observed in ML2-treated cells, whereas HeLa cells exposed to Pb(NO3)2

exhibited a dose-dependent increase in ROS (Fig. 7b). At 10 �g/ml (0.03 mM) Pb(NO3)2,
the increase in ROS was not significant (P � 0.05) but reached significance (P � 0.05)
at concentrations of 20 �g/ml (0.06 mM) and higher. Similar studies were carried out
for a model normal cell line, human epidermal keratinocytes (HaCaT cells), where
PbS2NPs did not exhibit toxicity at up to 50 �g/ml or 0.21 mM (data not shown).

HeLa cells grown in the presence of 30 �g/ml (0.13 mM) PbS2NPs were observed
under an epifluorescence microscope using the tetramethyl rhodamine isocyanate
(TRITC) filter to check for internalization of the nanoparticles and for bioimaging.
Figure 8a shows cells with internalized PbS2NPs that appear as red fluorescent
particles. Figure 8c shows an image of the PbS2NPs powder exhibiting red fluorescence,

FIG 8 (a) Fluorescence micrograph of HeLa cells stained with 30 �g/ml (0.13 mM) PbS2NPs. The nanoparticles exhibited
red fluorescence, were evenly distributed in the cytoplasm, and did not stain the nuclei. (b) Phase contrast micrograph of
HeLa cells treated with 30 �g/ml (0.13 mM) PbS2NPs. (c) Fluorescence micrograph of powdered PbS2NPs. (d) Phase contrast
micrograph of powdered PbS2NPs. (e) Fluorescence micrograph of the lyophilized Idiomarina PR58-8. (f) Phase contrast
micrograph of the lyophilized Idiomarina PR58-8.
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while the lead-free lyophilized cellular material, ML2 (Fig. 8e), did not exhibit any
fluorescence. Figure 8b, d, and f show phase-contrast images of PbS2NPs-treated cells,
PbS2NPs, and ML2, respectively. A corrected total cell fluorescence (CTCF) analysis of
the cells stained with PbS2NPs showed fluorescence intensity was directly proportional
to the size of the cell.

DISCUSSION

Idiomarina sp. strain PR58-8 is a moderate halophile, with a requirement for 1% NaCl
and can tolerate up to 15% NaCl (23). This strain possesses a high level of intrinsic
resistance to silver ions (23) and selenium oxyanions (24). The marine bacterium also
exhibited a high resistance to Pb(NO3)2, as is evident from the MIC value (Fig. 2). The
growth kinetics were not affected up to a concentration of 0.5 mM Pb(NO3)2, although
a slight decrease was observed at concentrations greater than 1 mM (Table 1). Growth
in the presence of Pb(NO3)2 was accompanied by a change in coloration of the culture
from yellow to brown (Fig. 1), indicating the transformation of the metal salt to a
lead-based nano-particulate product.

The marine bacterium accumulated lead from early exponential phase to late
stationary phase (Fig. 3), a finding in contrast to the lead uptake exhibited by the yeasts
associated with PbSNPs synthesis, Rhodosporidium diobovatum and Torulopsis sp. (11,
13). Lead accumulation in both of these yeasts was observed from mid-exponential
phase up to late stationary phase (11, 13). The presence of anions, such as chloride
(3.1%), sulfate (0.32%), and phosphate (0.0008%), in the culture medium may chelate
the Pb2� ions to form insoluble or poorly soluble lead compounds, giving a false
positive for uptake studies. In the presence of Cl� and SO4

2� ions, Pb preferentially
forms chloride salts that are readily available for uptake, and the small amount of
soluble PbSO4 formed is also available (25). The trace amounts of Pb3(PO4)2 formed are
available for uptake between a pH of 6.0 and 7.5 (26). The growth of Idiomarina PR58-8
to early exponential phase results in a decrease in the pH of ZMB from 7.5 to 6.0. The
lowering of the pH results in dissolution of the poorly soluble lead salts, making them
available for uptake. The effects of the time at which the Pb(NO3)2 was added on the
growth of Idiomarina PR58-8 and the synthesis of nanoparticles was determined by
introducing Pb(NO3)2 at the time of inoculation (0 h) or at early exponential phase (6
h). The addition of Pb(NO3)2 at 0 h did not affect the growth of Idiomarina PR58-8, but
was accompanied by changes in the coloration of the culture and nanoparticle syn-
thesis. When the Pb(NO3)2 was introduced in the early exponential phase, the growth
rate was reduced, with no associated color change. However, growth resumed when
these cells were transferred to fresh ZMB 2216 without Pb(NO3)2, suggesting that the
introduction of Pb(NO3)2 during the early exponential phase was bacteriostatic and not
bactericidal. The adaptation for growth in the presence of Pb(NO3)2 added at the time
of inoculation may be attributed to the intrinsic metal-resistance mechanisms of the
culture and the decreased availability of Pb2� ions to the bacterial cells. Fresh ZMB
medium has a pH of 7.5, which decreases to �6.0 in the early exponential phase. The
solubility of lead complexes is higher at pH 6.0, which corresponds to increased
concentrations of free Pb2� ions and more toxicity (27). Between pH 6.5 and 7.5, fewer
Pb2� ions are available. Therefore, the addition of Pb(NO3)2 at the time of inoculation
may not hinder the growth of Idiomarina PR58-8 while allowing the bacteria to slowly
adapt to the Pb2� ion concentration. Thus, Pb(NO3)2 was added simultaneously with
the inoculum. This is an advantage exhibited by the marine bacterium over the yeasts,
Torulopsis sp. and R. diobovatum, which require the addition of Pb(NO3)2 at mid-log
phase for the synthesis of PbSNPs (11, 13), as it circumvents the need for growth phase
monitoring.

The change in coloration we observed during the growth of Idiomarina PR58-8 in
the presence of Pb(NO3)2 (Fig. 1) was not observed when the metal salt was added
to the culture supernatant or medium control, indicating that the intracellular synthesis
of the lead-based nanoparticles was a culture-dependent phenomenon. The synthesis
of lead-based nanoparticles by Idiomarina PR58-8 was more efficient at 5 mM Pb(NO3)2,
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as evident from the yield of the particles both with respect to biomass and substrate
(Table 2).

The synthesis of metal-based nanoparticles by microbes usually involves the metal
detoxification mechanisms intrinsic to the bacteria. As the Pb2� ion offers limited
beneficial functions to eukaryotes and prokaryotes, it is considered a toxin (28). Thus,
microbes have evolved numerous mechanisms to overcome the stress exerted by the
lead cation. Microorganisms may prevent the influx of Pb2� ions by either precipitating
it as an insoluble phosphates or by adsorption on the cell wall via exopolysaccharides
(EPS) and/or other cell wall components. If the Pb2� ion is taken up by the microbial
cell, it may be sequestered as a phosphate or effluxed out of the cell via transporters
viz., CadA, ZntA, and PbrA (29). Pb2� ions can also be rendered inactive by thiol
compounds that include non-protein thiols (NP-SH), such as glutathione (G-SH), cys-
teine, and cystine. and protein-bound thiols (PB-SH), such as phytochelatins, and
metallothioneins (30, 31). In the presence of metal ions, such as lead, bacteria and fungi
increase the cellular pools of thiols, thereby sequestering the toxic ions (32). Idiomarina
RR58-8, a Gammaproteobacteria, has G-SH as the most abundant thiol (33). Thus, the
involvement of thiols in lead resistance and transformation was investigated. The
marine bacterium exhibited a dose-dependent increase in NP-SH with concomitant
decrease in PB-SH in the presence of lead nitrate (Fig. 4). A similar trend was reported
in response to various metals, such as Pb, Ag, Cd, and Zn, in bacteria and fungi (11, 23,
34), which may be attributed to the presence of metal ions that cause the sulfur in the
proteome to be redirected toward G-SH synthesis (35). Although the lead uptake
during the growth of Idiomarina PR58-8 commenced from early exponential phase (6
h), active uptake began at only around 18 h, at which time the concentration of NP-SH
within the lead-exposed cells also increased. The increase in NP-SH concentration
continued until the late stationary phase (42 h) and corresponded to the lead uptake
profile (Fig. 4b and c). Our results suggest the involvement of NP-SH in lead resistance
and the synthesis of lead-based nanoparticles.

The “as-synthesized” nanoparticles exhibited a tetragonal crystal lattice of lead(IV)
sulfide nanoparticles (Fig. 5a). This is the first report on the synthesis of PbS2 nanopar-
ticles by a microorganism. Previous reports on the fabrication of tetragonal PbS2

nanoparticles were via a chemical synthesis route (7–9, 36). The � (hexagonal) and �

(tetragonal) PbS2 phases are considered high-pressure phases, as their synthesis re-
quires pressures higher than 20 kbars and temperatures higher than 600°C (5). The
synthesis of PbS2 at atmospheric pressure in natural zeolite was attributed to the
ordered structure of the porous matrix acting as the nucleation centers leading to
the generation of compressed lead sulfide phases (7). A similar nucleation, with
biomolecules of bacterial origin acting as the center, may be responsible for the
generation of �-PbS2 nanoparticles by Idiomarina PR58-8. The extracellular syntheses of
PbSNPs by bacteria, fungi, and yeasts (10–13) may not provide the enclosed environ-
ment for the biomolecules to act as nucleation centers, preventing the synthesis of a
compressed form of PbS. On the other hand, the synthesis of compressed lead sulfide
phases (PbS2NPs) in our study may be attributed to the intracellular synthesis, which
provides an environment appropriate for the nucleation of PbS2. The small crystallite
domain size of the “as-synthesized” nanoparticles may be responsible for the tetragonal
crystal lattice. Qadri et al. (36) attributed the formation of the tetragonal lattice
structure during synthesis in the bicontinuous cubic phase of a lipid to the distortion
in the cubic lattice of the lead sulfide nanocrystallites when the crystallite size de-
creased to �6 nm. The PbS2NPs exhibited an a/c ratio of 1.05, which corresponds to the
a/c ratio obtained for tetragonal PbS nanocrystallites of �3 nm (36).

UV-visible spectroscopy showed an absorbance maximum in the visible range (Fig.
5b) with an energy band gap of �3.22 eV. Roman-Zamorano et al. (7) attributed the
shift in the �abs of PbSNPs from 240 nm to �400 nm to the heating at/above
temperatures of 55°C resulting in the generation of PbS2NPs. The thin films of PbS2NPs
synthesized via chemical routes exhibit a similar �abs at �400 nm (8). On the other
hand, the �abs of the PbSNPs synthesized by Torulopsis sp. and R. diobovatum were 330
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nm and 320 nm, respectively (11, 13). The blue shift of the absorbance spectra is a result
of the particle size becoming smaller than the excitonic Bohr radius of the bulk PbS
(quantum confinement) (4). The nano-preparation exhibited a spherical morphology
and narrow size distribution, as evident from TEM/HRTEM micrographs (Fig. 5c and d),
which may be attributed to the kinetic constraints imposed by the strong binding
conditions within the bacterial cells (7). Similar spherical PbS2NPs with an average size
of �10 nm stabilized in natural zeolite have been reported (7). An elemental analysis
confirmed the presence of Pb and S; the peaks of S overlap with that of Pb, and both
peaks appear at 2.3 keV (35).

The emission spectra of the “as-synthesized” PbS2NPs exhibited a Gaussian spectral
line shape with a full width at half maximum (FWHM) of 24.09 nm (Fig. 5b). A majority
of the semiconducting QDs exhibit Gaussian emission spectra with FWHMs of �30 nm
that confer the QDs with multiplexing capabilities (16). To eliminate the possibility of
the observed florescence arising due to the bacterial cells or any of their components,
the lead-free cell material (ML2) was also evaluated for its fluorescent properties. ML2
exhibited luminescence (Fig. 6a inset), which may be attributed to the presence of
biomolecules, such as NADH and tryptophan (13). However, after 48 h of storage at
room temperature as is or in water/PBS, the luminescence disappeared due to the
degradation of these biomolecules (37, 38). On the other hand, storage had no effect
on the fluorescence spectra of the PbS2NPs (Fig. 6a). Similarly, varying the solvent
(DMEM or PBS) also did not alter the fluorescence spectra, where DMEM was used to
mimic the in vitro environment and PBS was used to mimic the extracellular environ-
ment (Fig. 6b). Thus, these PbS2NPs are capable of retaining their fluorescent property
in various environments. Most of the chemically synthesized PbS quantum dots have
emissions in the near-infrared region (NIR) (17, 39, 40), with the exception of PbS
colloids synthesized by controlled precipitation in water and acetonitrile solutions that
exhibit �em in the visible range (41). These PbS colloids were shown to have a �em of
436 nm and/or 600 nm based on their size, with an excitation wavelength of 355 or 410
nm, respectively (41). Since the �em of the PbS2NPs synthesized by Idiomarina PR58-8
is in the visible range, it is advantageous as routine, relatively inexpensive epifluores-
cence microscopes can be easily used for bioimaging.

Biological imaging requires sensitive fluorophores with relatively large Stokes’ shifts
and acceptable QYs. The Stokes’ shift, defined as the red shift of the emission spectra
with respect to the absorption spectra, should be on the order of 5,000 to 10,000 cm�1

for an efficient fluorescent stain (42). QY, an intrinsic property of fluorescent probes, is
defined as the ratio of the number of emitted photons to the absorbed photon. The
PbS2NPs exhibited a large Stokes’ shift with a relatively high quantum yield (67%). The
QY of the particles was estimated using the reference dye coumarin 153 (QY, 58%),
which has a �abs at 422 nm and a �em at 531 nm. The QY of PbS quantum dots
synthesized by various chemical methods has been reported to be between 10 to 90%
based on their size (43). The PbS2NPs synthesized by Idiomarina PR58-8 exhibited
narrow symmetric emission spectra with a Gaussian distribution, and a �em in the
visible range with a large Stokes’ shift and relatively high QY. Moreover, they were not
affected by their microenvironment and thus, present a fluorophore superior to organic
dyes for bioimaging applications.

Biocompatibility and noncytotoxicity are prerequisites for the use of a fluorophore
as a bioimaging agent. The PbS2NPs did not exhibit toxicity toward HeLa cells at any
of the concentrations tested (Fig. 7a). Similarly, ML2 did not exhibit cytotoxicity,
whereas, at concentrations greater than 20 �g/ml (0.06 mM), lead nitrate was found to
be toxic to HeLa cells. Similar results were reported for human leukemia (HI-60) cells
treated with lead nitrate (44). This speaks in favor of the biocompatibility of PbS2NPs
compared with that of Pb(NO3)2. Lead nitrate exerts cytotoxicity by inducing oxidative
stress as a result of ROS generation followed by the depletion of the antioxidative
reserves (45). Thus, to further assess the biocompatibility of PbS2NPs, the ROS assay was
carried out on HeLa cells treated with the nano-preparation. The PbS2NPs did not
increase ROS generation (Fig. 7b). Lead-based nanoparticles obtained through chemical
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routes of synthesis are cytotoxic and require further treatment with capping agents to
make them biocompatible (17, 38). Previous studies have shown that functionalizing/
capping agents may affect the cytotoxicity of the particles either way, as certain agents,
such as 3-mercaptopropane sulfonate and sodium 2,3-dimercaptopropane sulfonate,
were found to make the particles more toxic, while others, viz., �-lactoglobulin,
glutathione, and DNA, rendered them nontoxic (17, 38, 46). Pb in its divalent cationic
form (Pb2�) disrupts various physiological functions by replacing divalent cations, such
as Ca2�, Mg2�, and Fe2�, and sometimes monovalent cations, such as Na�, present in
the biological system (47). Capping the PbS QDs with stabilizing molecules, such as
G-SH or �-lactoglobulin, prevents the release of Pb2�, thereby attenuating the cyto-
toxicity of the QDs (16). Pb in the PbS2NPs synthesized by Idiomarina PR58-8 is in a 4�

oxidation state (PbS2), and the particles are most likely capped by a thiol containing
proteinaceous biomolecules accounting for �10% of the total particles (data not
shown). The capping agents stabilizing the nanoparticles prevent exposure of the Pb4�

ion to the reducing moieties present in the biological environment and its reduction to
Pb2�, thereby lowering its toxicity. Thus, PbS2NPs synthesized by Idiomarina PR58-8
were found to be biocompatible and may be deemed safe for bioimaging applications.

The PbS2NPs exhibited red fluorescence when observed under the TRITC filter of the
epifluorescence microscope. The particles did not penetrate the nucleus and were
evenly distributed within the cytoplasm of the cell (Fig. 8a). The CTCF (corrected total
cell fluorescence) data indicate a uniform distribution of the particles. Hence, these
PbS2NPs may be used as in situ fluorescent probes. The “as-synthesized” PbS2NPs may
also be used for targeted biolabeling, where the nanoparticles can be functionalized to
target a specific subset of cells. As the PbS2NPs synthesized by Idiomarina PR58-8 are
most likely capped with NP-SHs, the preparation can be suitably modified at the SH site
by attaching various targeting ligands and antibodies for site-directed imaging. Thus,
the “as-synthesized” PbS2NPs are versatile fluorophores that may be exploited for
myriad applications in imaging and analysis. All the reports to date on chemically
synthesized PbS2NPs have explored only their application as a semiconductor material
(8, 9), and there are no reports on the fluorescent properties of chemically synthesized
PbS2NPs. Here we report microbially synthesized PbS2NPs exhibiting fluorescent prop-
erties with potential applications in bioimaging.

Conclusion. Lead-based nanomaterials have been extensively reported for various
optoelectronic applications due to their size-tunable properties. Among these, the
studies on the synthesis of tetragonal �-PbS2 nanoparticles are very few and employ
toxic precursors and extreme conditions of temperature, pressure, and pH for fabrica-
tion. In this study, we report the benign synthesis of tetragonal PbS2NPs by the marine
bacterium Idiomarina PR58-8 when grown in the presence of 5 mM Pb(NO3)2 at an
ambient temperature of 37°C, an atmospheric pressure (760 mm of Hg), and a neutral
pH of 7.0. The nano-preparation exhibited a crystallite domain size of 2.38 nm, a
spherical morphology, and an average size distribution of 6 nm. The “as-synthesized”
PbS2NPs exhibited an absorbance maximum at 386 nm and an emission maximum at
570 nm. The emission spectrum of the PbS2NPs was narrow and symmetric with a
Gaussian distribution, and the nanoparticles exhibited a large Stokes’ shift with rela-
tively high QY (67%). The fluorescence spectra remained unaffected by the microen-
vironment of the PbS2NPs. The particles were found to be noncytotoxic as evidenced
by the MTT and ROS assays. The PbS2NPs were internalized by the HeLa cells and were
evenly distributed within the cytoplasm of the cells without penetrating their nuclei.
Thus, these nanoparticles can be used for bioimaging applications.

MATERIALS AND METHODS
Materials. All of the chemicals used for the study were of analytical reagent (A.R.) grade and were

purchased from HiMedia (India), unless specified. Lead nitrate [Pb(NO3)2] was prepared as a 1 M stock
solution in sterile distilled water (SDW) and filter sterilized.

MIC, growth kinetics, and uptake studies. Idiomarina sp. strain PR58-8 was isolated from soil
samples of the banks of Mandovi Estuary, Goa, India, as described previously by our laboratory (23) and
was used for nanoparticle synthesis. The isolate was grown in ZMB 2216 with various concentrations of
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Pb(NO3)2 (0.05 mM to 10 mM) to determine the MIC. For growth kinetic studies, the bacterium was grown
in the presence of Pb(NO3)2 (0.05, 0.5, 1, and 5 mM). An aliquot of 1 ml was withdrawn every 4 h for up
to 60 h, and the optical density was recorded at 600 nm on a UV-visible double-beam spectrophotometer
(UV-2450; Shimadzu, Japan). The growth kinetic parameters, such as specific growth rate (�; h�1), lag
time (tl; min), and doubling time (td; min), were determined according to the methods of Berney et al.
(48) and Breidt et al. (49). Idiomarina PR58-8 grown in the absence of Pb(NO3)2 served as the control.

Lead uptake by Idiomarina PR58-8 was determined using flame atomic absorption spectroscopy
(FAAS; Shimadzu AA-700). Aliquots of 5 ml were withdrawn every 6 h from the cultures grown in the
presence of 0.5 mM and 5 mM Pb(NO3)2 for up to 60 h. The cells were separated from the supernatant
by centrifugation (10,000 	 g for 20 min at room temperature [RT]), and both were digested in 20 ml of
50% nitric acid. Appropriate dilutions of the digested samples were prepared using deionized water, and
the samples were subjected to lead quantitation by FAAS. Appropriate controls were also run simulta-
neously.

Lead-based nanoparticle synthesis. Idiomarina PR58-8 was grown in ZMB 2216 in the presence of
5 mM Pb(NO3)2 at 37°C with shaking at 110 rpm for 60 h. Pb(NO3)2 was added at either 0 h, i.e., at the
time of inoculation, or at 6 h, i.e., in the early exponential phase, to determine the effect of the time of
addition on the synthesis of nanoparticles. The cells were harvested by centrifugation (10,000 	 g for 20
min at RT), were washed twice with deionized water, and were lysed by sonication (Microson sonicator)
at 0°C for three cycles of 1 min each at 3 revolutions per second (rps) (40 W). The cellular debris was
separated by centrifugation at 10,000 	 g for 40 min. The resulting supernatant was centrifuged at
22,000 	 g for 1 h to harvest the nanoparticles. The nanoparticles were washed twice with deionized
water and subjected to dialysis against deionized water for 12 h, with changes of water every 2 h. The
samples were dried in a hot-air oven at 70°C for 24 h, and the powder was obtained and milled in a
mortar and pestle.

For determining the yield of the lead-based nanoparticles, Idiomarina PR58-8 was grown in the
presence of a requisite amount of Pb(NO3)2 in duplicate experiments. After the synthesis, the cell pellet
was harvested (10,000 	 g at RT for 20 min) and processed as follows. One set of cell pellets was used
to extract and purify the lead-based nanoparticles and was quantified using FAAS, as described above,
to determine the weight/mass of the product (P). The other set of cell pellets was dried and weighed to
determine the respective dry weight of the cells (B). The yield with respect to biomass was calculated as
Y � P/B, where Y is the yield (�g/mg [dry weight] cells), P is the weight/mass of the product obtained
(�g), and B is the dry weight of cells (mg). The yield with respect to substrate provided was determined
as SY � P/S, where SY is the yield (mg/mg of Pb), P is the mass/weight of the product (mg), and S is the
mass/weight of Pb (substrate; mg) provided to the cells for lead-based nanoparticle synthesis.

Thiol assay. Idiomarina PR58-8 was grown in the absence (0 mM/control) and presence of 0.5 mM
and 5 mM Pb(NO3)2. The cells were separated from the supernatant by centrifugation at 10,000 	 g at
4°C for 20 min, and the pellets were washed twice with 25 mM Tris-HCl buffer (pH 7.5). Cell-free lysate
(CFL) was prepared by sonicating the cells at 0°C for three cycles of 1 min each at three RPS (40 W), and
the supernatant obtained after centrifugation (16,000 	 g for 45 min at 4°C) was used for the thiol assay.
The total thiol (T-SH), non-protein thiol (NP-SH), and protein-bound thiol (PB-SH) were estimated using
5,5=-dithiobis(2-nitrobenzoic acid) (DTNB; Sigma) according to Sedlak and Lindsay (50). The total protein
content of the CFL was determined by the method of Bradford (51).

Characterization of the “as-synthesized” nanoparticles. The crystallographic characterization of
the nano-preparation was performed on a Rigaku MiniFlex II powder X-ray diffractometer operated at 30
kV/15 mA with Cu K-� (1.54 Å) radiation and a scanning mode of 2�/� continuous scanning. The
crystallite domain size was determined using the Debye-Scherrer formula D � k�/�Cos�, where � is the
wavelength of X-ray applied (1.54 Å), k is the numerical constant with a value of 0.94, �1/2 is the full width
(radians) at half maximum of the signal (2 0 0), and � is the Bragg angle of signal (2 0 0). The lattice
parameters were calculated using the formula (1/d2) � [(h2 � k2)/d2] � (l2/c2), where h, k, and l are
Bragg’s diffraction planes. The excitation spectra of the lead-based nanoparticles dispersed in deionized
water were recorded in the range of 200 to 800 nm using a UV-2450 spectrophotometer. The PL spectra
of the sample dispersed in deionized water/DMEM/PBS (pH 7.0) were recorded using a spectrofluorim-
eter (Jasco FP-6300) with an excitation wavelength of 386 nm. The stability of the preparation was
determined by recording the PL spectra of the nanoparticles after storage either as is or as a colloidal
suspension for 6 months. A field emission gun transmission electron microscope (FEG-TEM; Technai
G2-F30) operated at 300 kV, with a resolution point of 2 Å and angstrom line of 1 Å, was used to obtain
high-resolution TEM images and the selected area electron diffraction (SAED) pattern. The nanoparticles
were dispersed in deionized water by sonication and were drop-coated on carbon-coated TEM grids for
imaging. A field emission gun scanning electron microscope (FEG-SEM; JSM-7600F) equipped with an
energy dispersive spectroscope (EDS) operated at 20 keV was used to obtain the elemental composition
of the nano-preparation. The band gap energy was calculated using the formula E(eV) � hc/�, where hc
is 1.24 eV �m and � is the �abs obtained by UV-visible spectroscopy (in �m). The quantum yield was
measured by the integrated photoluminescence intensities and absorbance values of the lead-based
nanoparticles using the reference dye coumarin 153 (QY, 0.58 or 58%). The Stokes’ shift was estimated
as Δ� � �em � �abs, where Δ� is Stokes’ shift in cm�1, �em is the wavenumber of the emission maxima
in cm�1, and �abs is the wavenumber of the absorbance maxima in cm�1.

Biocompatibility studies. Human epithelial cervical adenocarcinoma (HeLa) cell line obtained from
the National Centre for Cell Science (NCCS), Pune, India, was used for these studies. Cells were cultured
in DMEM supplemented with 10% fetal bovine serum (FBS) and antibiotics (complete medium [CM]). The
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cells were maintained at 37°C in a humidified 5% CO2 incubator (Sanyo, Japan) and subcultivated
according to standard cell culture protocols (52).

The cytotoxicity of the lead-based nanoparticles against the HeLa cell line was determined by a
3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide (MTT) assay. Actively metabolizing cells
convert purple MTT dye to pink formazan, which enables an indirect quantification of cell death (53).
Exponentially growing cells (5 	 104 cells/well) were seeded in a 24-well plate and allowed to adhere for
24 h. Nanoparticles (10 to 50 �g/ml) were dispersed in DMEM by sonication at 0°C for two cycles of 30
s each at three RPS (40W). The cells were exposed to the nanoparticle dispersion for 24 and 48 h. After
exposure, the wells were washed with PBS to remove the nanoparticles, and 30 �l of MTT (5 mg/ml) was
added per well. The plate was incubated at 37°C for 4 h in the dark for the formation of the formazan
crystals. The crystals were dissolved in 300 �l dimethyl sulfoxide (DMSO), and the absorbances were
recorded at 570 nm and 630 nm using a UV-2450 spectrophotometer. Lead nitrate (LN) and lyophilized
bacterial cells obtained after cells were grown in the absence of Pb(NO3)2 designated ML2 (lead-free cell
material) were also evaluated for their cytotoxicity toward the HeLa cell line. The cell viability relative to
unexposed controls was calculated as % cell viability � (Atest/Acontrol) 	 100, where, Atest is the
absorbance of the cells exposed to nanoparticles and Acontrol is the absorbance of cells not exposed to
nanoparticles.

Intracellular ROS was estimated using 2=,7=-dichlorofluorescein diacetate (DCFH-DA), a fluorescent
probe (54). Exponentially growing cells (5 	 104 cells/well) seeded in 24-well plates were allowed to
adhere for 24 h and then exposed to various concentrations of nanoparticles (10 to 50 �g/ml) for a
further 24 h. After the exposure, DCFH-DA (20 �M) was added to each of the wells, and the plate was
incubated in the dark at 37°C for 30 min. The fluorescence was measured using a JASCO FP-6300
spectrofluorimeter with an excitation wavelength of 485 nm and an emission wavelength of 530 nm. ML2
and LN were also evaluated for their ability to generate ROS in the HeLa cell line. For a positive control,
we used 1 �M hydrogen peroxide (H2O2).

Nanoparticle internalization and bioimaging. Exponentially growing HeLa cells (5 	 104 cells/well)
maintained in CM were seeded onto 2 cm by 2 cm sterile glass slides placed in 6-well plates and were
supplemented with 2 ml CM. The cells were allowed to adhere onto the glass slides for 12 h and then
incubated with the “as-synthesized” nanoparticles (30 �g/ml) for another 4 h. The slides were washed
with sterile PBS (pH 7.0) to remove the excess nanoparticles and other debris and observed using the
TRITC filter of an Olympus BX41 epifluorescence microscope. Quantitative fluorescence image analysis
was carried out with ImageJ software using the formula CTCF � ID � (A 	 B), where CTCF is the
corrected total cell fluorescence, ID is the integrated density, A is the area of a selected cell, and B is the
mean of background fluorescence readings.

Statistical analysis. All of the experiments were carried out in triplicate on different days. The results
are expressed as means � standard errors. Microsoft Excel 2007 software was used for statistical analyses.
The differences between the untreated controls and the treated groups for multiple comparisons were
determined by one-way analyses of variance (ANOVAs). Two-tailed Student’s t tests were used to analyze
any significant differences between the control and the individual experimental groups. A P value of less
than 0.05 was considered significant.
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