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Abstract The use of fluorescent nanomaterials with good
photostability and biocompatibility in live imaging of cells
has gained increased attention. Even though several
imaging techniques have been reported for mammalian
cells, very limited literatures are available for nanomaterial
based live imaging in plant system. We studied the uptake
ability of two different nanomaterials, the highly photo-
stable CdSe quantum dots and highly biocompatible FITC-
labeled silica nanoparticles by rice seedlings which could
provide greater opportunities for developing novel in vivo
imaging techniques in plants. The effects of these nano-
materials on rice seed germination have also been studied
for analyzing their phytotoxic effects on plants. We
observed good germination of seeds in the presence of
FITC-labeled silica nanoparticles whereas germination was
arrested with quantum dots. The uptake of both the
nanomaterials has been observed with rice seedlings, which
calls for more research for recommending their safe use as
biolabels in plants.
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Introduction

Nanomaterials have found several applications in medi-
cine and agriculture. Eventhough much works have been

carried out using fluorescent nanoparticles and quantum
dots as imaging agents in animal cells, only very limited
works have been reported regarding the successful uptake
and use of quantum dots and fluorescent nanoparticles in
live plant tissues. In vivo visualization of nanomaterials is
important for their successful use as delivery vehicles in
plants.

Successful internalization of FITC conjugated silica
nanoparticles [FITC-SNPs] into mammalian cells and their
use as cellular markers have already been reported [1, 2].
However reports regarding the application of these nano-
materials in plants are very limited. Phytotoxic studies are
important for the successful application of any nano-
particulates to plant system. It was reported that two
commercial silica nanoparticle suspensions showed some
toxicity to the unicellular green algae, Pseudokirchneriella
subcapitata and the toxicity had happened not by the
uptake of nanoparticles but due to cell wall-nanoparticle
interactions [3]. In another study it was observed that under
moderate and high concentrations of SNPs of around 20 nm
diameter the chlorophyll contents of the green algae
Scenedesmus obliquus was decreased significantly [4].
However experiments with Changbai larch seedlings
showed improved seedling growth and seedling quality
when they were soaked in nanostructured silicon dioxide
solution of different concentrations [5]. Upon the entry of
nanoparticles into plant system by overcoming the cell -
wall barrier different plants respond differently to them and
hence the behavior of nanoparticles inside the plant system
is really unpredictable. Recently several works have
reported showing the uptake and translocation of different
nanoparticles in various types of plants [6]. Successful use
of honeycomb mesoporous silica nanoparticle (MSN)
system for transporting DNA and chemicals into isolated
plant cells and intact leaves provided a breakthrough in
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plant nanotechnology [7]. However the use of fluorescent
nanomaterials for live imaging in plants is a novel criterion
that calls much for future research. Such an approach is
vital for the visualization of various physiological process-
es, for monitoring transgene expression etc. Only very
limited works have been done for the use of fluorescent
nanomaterials as biolabels in plants. In vivo imaging of the
uptake of nanocrystals showing photon upconversion by
plant roots has been recently reported [8].

Quantum dots (QDs) are novel fluorescent nanomaterial
having immense applications in in vivo imaging. They
provide excellent photostability with broad absorption
spectra and narrow emission spectra, and hence overcome
several drawbacks of organic dyes and other fluorophores.
Several research works have already been reported regard-
ing their applications in in vivo cell tracking in animals,
cell-surface protein interactions and other biomedical
applications [9–11]. However major challenge is the
cytotoxicity of these semi conductor nanocrystals along
with its ecotoxicological effects. Several mixed reports
came regarding the toxicity of quantum dots to mammalian
cells [12, 13], however its effects on plants are least
studied. Studies on the interaction of quantum dots with
algal cells showed inhibited photosynthetic activity of algae
and it was observed that their adsorption to algal cells got
increased with corresponding increase in the dosage of QDs
[14]. There was not any internalization of QDs by the algal
cells due to their thick cell wall and the lack of endocytosis
in algal cells. However in plant cells the uptake of
fluorescent quantum dots by sycamore cultured cells and
their colonization within cytoplasmic vesicles was reported
as a confirmation of the presence of fluid phase endocytosis
in plants [15]. QDs for live imaging in plant system was
first reported for understanding the mechanism of interac-
tion between the pollen tube and female tissue during
reproduction by utilizing them as bio-labels for the
localization of a pistil protein at the growing pollen tube
tip [16]. QDs for in situ hybridization analysis was also
tested for investigating their signal stability and intensity in
plant chromosome analyses and it was reported that QDs
were more suitable for immunolabeling of tissue sections
than the conventional detection systems, however not good
for improving the sensitivity of in situ hybridization on
plant chromosomes [17]. Imaging of microtubules in
tobacco BY-2 cells was achieved with silica-coated QDs
coupled to anti-tubulin antibodies using Trojan Peptoids as
the delivery vehicles into tobacco cells [18]. Very recently
transport of MAA-coated QDs into maize seedling roots
with the help of a cuticular penetrating surfactant have
reported, thus suggesting the possibility of using them for
live imaging in plant system [19].

For understanding the effects of various nanomaterials in
plant system, it is essential to study their phytotoxic effects.

In our work we studied the phytotoxicity of two fluorescent
nanomaterials, FITC labeled silica nanoparticles [FITC-
SNPs] and MPA linked CdSe quantum dots [MPA-CdSe]
by investigating their effects on rice seed germination.
Quantum dots are highly photostable in nature however
cytotoxic effects are the major limiting factor for their wide
scale applications in life sciences. SNPs are highly
biocompatible with reduced phytotoxicity and ecotoxicity.
To make it fluorescent we coupled FITC with SNPs and
such a coupling could reduce the photobleaching property
of FITC thus providing increased photostability. We also
studied the uptake efficiency of QDs and fluorescent SNPs
by rice seedlings that could provide great support of their
use as biolabels in live plants.

Experimental Methods

Synthesis and Characterization of Water-Soluble MPA
Linked CdSe Quantum Dots and FITC-SNPs

Oleic acid-CdSe quantum dots (OA-CdSe) were synthe-
sized according to the procedure of Boatman et al. [20],
made soluble in chloroform and stored in airtight bottles
with aluminium foil covering. Stable water-soluble quan-
tum dots were then prepared by phase transfer method [21,
22] with mercaptopropionic acid (MPA). The optical
characterization of OA-CdSe QDs and water-soluble
MPA-linked CdSe QDs was carried out using Shimadzu
UV-2100PC/3100PC UV visible spectrophotometer (UV–
vis spectrophotometer). QD solutions were taken in quartz
cuvettes and absorption was measured. Electron micro-
scopic studies were carried out by JEM-2200-FS Field
Emission Transmission Electron Microscope [TEM] at an
accelerating voltage of 200 KV for studying the internal
structure of QDs. The sample was dropped on carbon film
coated 200 mesh copper grid and then vacuum dried in a
dessicator before examination. FITC-SNPs were synthe-
sized based on reported procedures [23, 24] and their
characterization was carried out using TEM and UV-
visible spectrophotometer. Thermogravimetric analysis of
bare SNPs and FITC-SNPs was carried out using Shi-
madzu DTG-TG 60 H Apparatus. For TGA analysis both
the samples were heated from room temperature to 1,000°
C and maintained at that temperature for 10 min. For
investigating the leaking of FITC from SNPs aqueous
solution of fluorescent SNPs were ultrasonicated for 1 h
followed by centrifugation at 6,000 rpm for 15 min. The
supernatant was then removed and the sedimented SNPs
were again subjected to ultrasonication for 1 h followed by
centrifugation. The supernatant was again removed and
the fluorescence of the sedimented nanoparticles was
checked with fluorescence microscope.

2058 J Fluoresc (2011) 21:2057–2068



MPA-CdSe QDs and FITC-SNPs on the Germination
of Rice Seeds

For studying the phytotoxic effects of water soluble QDs
rice seeds were placed in 3 different concentrations of
MPA-CdSe QDs (1 ml QDs+0.5 ml double distilled (dd)
H2O, 0.5 ml QDs+1 ml dd H2O and 0.25 ml QDs+1.25 ml
H2O) and the seeds in dd H2O alone was taken as the
control. Similarly FITC-SNPs were taken at a concentration
of 50 μg/ml of H2O, and SNPs alone at 50ug/ml as the
standard and dd H2O as the control. Before keeping them
for germination the seeds were surface sterilized with
sodium hypochlorite and washed several times in deionized
water. The seeds were then transferred to nanoparticle
solutions for germination. The treated seeds were kept
under controlled condition for germination and those seeds
showing the emergence of either radicle or plumule were
considered as germinated.

Water Soluble QDs and FITC-SNPs as Bioimaging Agents

For studying the in vivo imaging ability of QDs and FITC-
SNPs, 4 days old rice seedlings were dipped in QDs solution
and FITC-SNPs solution. After 4 h one set of seedlings was
taken out from both the nanoparticle solutions and washed
thoroughly with 1X PBS buffer (pH=7.4) and deionized
water for 15 min and then placed in ddH2O until they were
subjected for imaging. Again after 8 h another set of
seedlings was removed from both the nanoparticle solutions
followed by washing as mentioned above and kept in ddH2O
until imaging. Rest of the seedlings was allowed to be in
nanoparticle solutions overnight, and then washed thorough-
ly with PBS buffer and deionized water. The uptake of QDs
and FITC-SNPs by rice seedlings was imaged with Nikon
Eclipse TE2000-U Fluorescent Microscope. For sample
preparation the seedlings were washed again in deionized
water and then fresh shoot tissues were sectioned longitudi-
nally and transversally by hand cut. The sections were then
placed on micro cover glass for imaging. The images were
recorded using Nikon Digital Sight DS-U1 camera. Photo-
bleaching experiments were conducted for FITC-SNPs
treated samples at a regular interval of 10 min for
understanding the photostability of the fluorescent nano-
particles in the seedlings and comparison was done with
seedlings treated with FITC alone.

Results and Discussion

Characterization of MPA-CdSe QDs and FITC-SNPs

TEM images of MPA linked CdSe QDs [MPA-CdSe]
(Fig. 1A) and FITC-SNPs (Fig. 1B) show the internal

structure of the nanomaterials. It is clear from the TEM
image that MPA linked water soluble QDs is stable with
good monodispersity. The UV-visible absorption spectrum
of OA-CdSe in CHCl3 and water soluble MPA linked QDs
[MPA-CdSe] are shown in Fig. 2A. The UV-visible
absorption spectra showed an absorption peak at 530 nm for
both OA-CdSe and MPA-CdSe, which makes clear that the
QDs maintained their size on water solubility in which the
inner crystal structure has not changed and only ligand
exchange has happened. Figure 2B shows the absorption
spectrum of FITC-SNPs on comparison with pure FITC.
FITC alone showed a broad absorption peak whereas the
FITC on conjugation with silica nanoparticles showed a
narrow absorption peak with a little red shift for maximum
absorption. Figure 3 shows TGA curve of bare silica
nanoparticles (SNPs) and FITC-SNPs. The increased weight
loss from 12.54% for SNPs to 23.65% for FITC-SNPs was
attributed to FITC functionalized with SNPs. Dye leaking
experiments were also conducted for investigating any
leakage of FITC molecules from SNPs on dissolution in
water. Figure 4a shows the fluorescent microscopic images
of the as synthesized FITC-SNPs and FITC-SNPs after dye
leaking experiments respectively. The supernatant obtained
after 2 h of ultrasonication followed by centrifugation
showed no fluorescence (Fig. 4b), which confirmed that
there was no leakage of fluorescein compound from SNPs
and hence such fluorescent nanoparticles could be success-
fully used for bioimaging in plants.

Phytotoxic Studies with QDs and FITC-SNPs

Phytotoxic studies are essential for understanding the
effects of various nanomaterials to plant system. Prior to
the application of water soluble QDs and FITC-SNPs as in
vivo imaging agents in plants, their effects on rice seed
germination were studied.

Effects of QDs on the Germination of Rice Seeds

For studying the phytotoxicity of quantum dots on rice
plants germination assay was conducted and those rice
seeds from which either radicle or plumule has emerged out
was considered as germinated. On germinating rice seeds
with three different concentrations (1 ml QDs+0.5 ml
double distilled (dd) H2O, 0.5 ml QDs+1 ml dd H2O and
0.25 ml QDs+1.25 ml H2O), it was observed that there was
no germination for the seeds in quantum dot solution of
higher concentrations in comparison to the control seeds
germinated in double distilled water (Fig. 5). At very low
concentration of QD solution, germination was observed,
however further growth was arrested. Hence we conclude
that prolonged application of quantum dots is not suitable
for plants due to its phytotoxicity.
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Effects of FITC-SNPs on the Germination of Rice Seeds

We studied the germination effects of rice seeds with silica
nanoparticles (SNPs) and FITC-SNPs for confirming their
safe use on rice seedlings. Good germination was observed for
seeds in the presence of both SNPs and FITC-SNPs, which are
highly comparable with the germination rate of control seeds
in distilled water. However seeds in FITC solution showed
some decreased germination rate compared to control and
nanoparticles’ treated seeds (Fig. 6). This decrease in
germination could be correlated to the hydrophobic nature
of this fluorescein compound [25]. On conjugating FITC
with biocompatible silica nanoparticles, there were not any

detectable negative effects on the germination of rice seeds
and hence such fluorescent nanoparticles are safe for various
applications in plant biology.

QDs and FITC-SNPs as Biolabels for Plants

Several shortcomings of the organic dyes such as poor
photostability, low brightness etc. could be overcome to a
great extent by the use of fluorescent nanoparticles. Among
the fluorescent nanoparticles, quantum dots and fluorescent
silica nanoparticles attained special attention due to high
resistance to photobleaching and high biocompatibility with
less cytotoxic effects respectively.

Fig. 2 UV-visible absorption spectrum of fluorescent nanomaterials. a UV-visible absorption spectrum of OA-CdSe in CHCl3 and water soluble
QDs [MPA-CdSe QDs]. b UV-visible absorption spectrum of FITC-SNPs and pure FITC

Fig. 1 TEM images of fluores-
cent nanomaterials. a TEM im-
age of water-soluble MPA
linked-CdSe QDs [MPA-CdSe]
(scale bar: 10 nm). b TEM
image of FITC-SNPs (scale bar:
50 nm)
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Uptake of Quantum Dots and FITC-SNPs by Rice
Seedlings

We studied the uptake ability of quantum dots by rice
seedlings through their roots which open up the possibilities
of novel imaging techniques in plants. We observed very
good adsorption of quantum dots on the root surface on
dipping rice seedlings in QD solution. We also investigated
the uptake ability of QDs by rice seedlings. Figure 7 shows
fluorescent microscopic images of cross section of shoot
(from 10 mm above the roots) of 4 day old normal rice
seedlings and rice seedlings treated with quantum dots
respectively. For the normal shoot at an excitation with blue
light, UV and green light the emission peak is in red region,
blue region and red region respectively. The synthesized
water-soluble quantum dots showed a green fluorescence at
an excitation with either UV or blue light. On studying the
uptake of quantum dots by rice seedlings by dipping in QD
solution, we observed green fluorescence of QDs in the
cross section of shoot on excitation with blue light thus
confirming the uptake of QDs through the roots of seed-
lings (Fig. 8). Even though the photostability of QDs have

Fig. 4 a Fluorescence image of FITC-SNPs before and after dye
leaking experiments. A Fluorescence image of the as-synthesized
FITC-SNPs. B Fluorescence image of FITC-SNPs after dye leaking
experiment. b Supernatant obtained after dye leaking experiment of

FITC-SNPs under normal light (A) and under UV light (B).
Fluorescence was not detected in the supernatant, which concluded
that there was not any dye leakage

Fig. 3 TGA curve of FITC-SNPs and SNPs (Red line denotes the
TGA curve of FITC-SNPs and black line denotes TGA curve for bare
SNPs)
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Fig. 6 Images showing the effects of Silica nanoparticles (SNPs),
Fluorescein isothiocyanate (FITC) and FITC-SNPs on the germination
of rice seeds. a Image of seeds showing germination in the presence of
nanoparticles in which the germination is highly comparable with the

normally germinated seed. b Image showing further growth of rice
seedlings treated with SNPs, FITC and FITC-SNPs in comparison to
normally seedling

Fig. 5 Images showing the germination of rice seeds in the presence
of different concentrations of MPA-CdSe quantum dots. a Seeds kept
in QD solution of different concentration for germination. b Normal
seeds and seeds in low concentrated QD solution showed germination
after 3 days. c Normal seed continued to grow whereas arrested

growth in the QD treated seed. Seeds in high concentrated QD
solution showed no germination. d comparison of growth of normal
seeds with QD treated seeds. (All the images were taken using Pentax
Optio W80 digital camera)
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been highly appreciable and widely reported, the major
concern is the toxicological effect of QDs with plants which
has been mentioned above in the germination of rice seeds
with QDs. Hence more studies are needed to optimize safe

and effective concentration of QDs recommended for
various applications in plant biology.

In this context we studied the uptake ability of FITC-
silica nanoparticles, which are highly biocompatible for in

Fig. 8 Fluorescent microscopic images of C.S. of rice seedling shoot treated with quantum dots showing the uptake of quantum dots (QDs). The
green color in the shoot on excitation with blue light is due to the presence of QDs. Scale bar: 200 micrometers

Fig. 7 Fluorescent microscopic image of the cross section (C.S.) of 4 day old normal rice seedling shoot on excitation with light of different
wavelength. Scale bar: 200 micrometers
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Fig. 9 a Fluorescent microscopic images of the longitudinal section
of rice seedling shoot showing the presence of FITC-Silica nano-
particles (FITC-SNPs). a (A and B) is the longitudinal section of rice
seedling shoot on excitation with UV light and blue light respectively.
The green color in both the images shows the presence of FITC-SNPs.
Scale bar: 50 micrometers. b Fluorescent microscopic images of the

cross section of rice seedling shoot treated with FITC-SNPs on
excitation with blue light, UV light and green light. The green color of
seedling sections in the blue channel shows the presence of FITC-
SNPs which confirmed its uptake by rice seedlings. Scale bar:
200 micrometers
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Fig. 10 a Fluorescent microscopy images showing the photobleach-
ing of FITC in cross section of treated rice shoot over time (ROI
region of interest) (Scale bar: 50 μm). b A] Fluorescence intensity
graph of FITC treated seedling at 0 min of photobleaching. B]

Fluorescence intensity graph of FITC treated seedling at 1 h of
photobleaching. Red line denotes Shoot, Green line denotes FITC and
blue line denotes Reference
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vivo imaging in plants. Moreover our investigation proved
that both SNPs and FITC-SNPs did not pose any
toxicological effects on rice seedlings (as shown in
Fig. 6). We observed an upward translocation of fluorescent
silica nanoparticles from the solution in which the seedlings
were dipped to the shoot system. Figure 9 (a and b) shows
fluorescent microscopic images of the longitudinal section
of the shoot of treated seedlings showing the presence of
fluorescent SNPs and the cross section of treated seedlings
at different treatment time; 4 h, 8 h and overnight dipping
respectively. The green fluorescence observed on excitation
with blue light on the sample confirmed the uptake of
fluorescent SNPs by the seedlings.

For checking the photostability of fluorescent silica
nanoparticles the cross section of treated seedlings was

subjected to photobleaching. For comparison the seedlings
dipped in FITC solution alone were also cross-sectioned for
photobleaching experiments. Figure 10 shows the photo-
stability of seedlings treated with FITC alone. Figure 10a
shows the fluorescent microscopic images of shoot cross
section exposed to continuous blue light and the images
captured at regular interval of 10 min for I hour. The
intensity of fluorescence was analyzed using WinROOF
Ver 6.3.1 Analysis Software. Fluorescent images showed
that by a period of 1 h complete bleaching out has occurred
in the selected region of interest (ROI). Severe reduction in
fluorescence over time was analyzed with the help of
analysis software as shown in Fig. 10b. More than 80%
reduction in fluorescent intensity has been occurred within
1 h of photobleaching. However we found that by

Fig. 11 a Fluorescence microscopic images of FITC-SNPs (Fluores-
cent silica nanoparticles)-treated rice seedlings showing the photo-
stability of FITC-SNPs over time. Scale bar: 50 micrometers
b Fluorescence intensity of FITC-SNPs in treated rice seedling shoot A]

0 hr photobleaching B] 1 hour photobleaching C] 2 h photobleaching.
Red line denotes Shoot, Green line denotes FITC-SNPs and blue line
denotes Reference
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entrapping FITC molecules in silica nanoparticles we could
extend its photostability. Figure 11a shows the fluorescent
images of the cross section of FITC-SNPs treated seedlings
showing the fluorescent images at regular interval of
10 min. The photostability of FITC-SNPs in the treated
seedlings was found to be higher in comparison to FITC
alone treated seedlings. This is due to the binding of FITC
molecules to silica nanoparticles that reduces the dye
leaking and photobleaching effects. The intensity of
fluorescence in ROI was analyzed with the help of
WinROOF analysis software as shown in Fig. 11b. It was
noticed that 50% fluorescent intensity of FITC-SNPs could
be maintained for 1 h continuous exposure to photo-
bleaching and this intensity has almost been maintained
even upto 2 h on continuous exposure to photobleaching
process and this showed the photostability of these
fluorescent nanoparticles in plant system.

Conclusion

Nowadays using fluorescent nanoparticles as biolabels in plants
has been considered as a novel approach gaining increased
demand. However greater concern is the phytotoxicity of these
nanomaterials to plant system, which limits their wide scale
applications. We studied the germination effects of two
fluorescent nanoparticles, FITC-SNPs and QDs on rice seeds
as a model phytotoxicity test. Good germination of seeds have
been observed in the presence of FITC-SNPs which is highly
comparable with normal germination of seeds whereas the
presence of quantum dots posed some toxicological effects on
rice seed germination. Effective transport of both fluorescent
nanomaterials has been observed in rice seedlings through their
root. However more studies are needed regarding quantum dots
for optimizing their concentration at a safe level for the plants.
Since FITC-SNPs have proved to be safe for plants and show

Fig. 11 (continued)
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good fluorescence in rice seedlings, their use for bioimaging in
plants tissues is highly recommendable. We have checked the
photostability of fluorescent silica nanoparticles in the seedlings
and our results proved good photostability of silica nano-
particles with less photobleaching over extended period of
time. Hence our studies call for more research with different
plant species for the successful wider application of fluorescent
nanomaterials for live imaging of plants.
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