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¢ Abstract
In vivo flow cytometry has facilitated advances in the ultrasensitive detection of tumor
cells, bacteria, nanoparticles, dyes, and other normal and abnormal objects directly in
blood and lymph circulatory systems. Here, we propose in vivo plant flow cytometry
for the real-time noninvasive study of nanomaterial transport in xylem and phloem
plant vascular systems. As a proof of this concept, we demonstrate in vivo real-time
photoacoustic monitoring of quantum dot-carbon nanotube conjugates uptake by
roots and spreading through stem to leaves in a tomato plant. In addition, in vivo scan-
ning cytometry using multimodal photoacoustic, photothermal, and fluorescent detec-
tion schematics provided multiplex detection and identification of nanoparticles accu-
mulated in plant leaves in the presence of intensive absorption, scattering, and auto-
fluorescent backgrounds. The use of a portable fiber-based photoacoustic flow
cytometer for studies of plant vasculature was demonstrated. These integrated cytome-
try modalities using both endogenous and exogenous contrast agents have a potential
to open new avenues of in vivo study of the nutrients, products of photosynthesis and
metabolism, nanoparticles, infectious agents, and other objects transported through

plant vasculature.  © 2011 International Society for Advancement of Cytometry

e Key terms
photothermal method; photoacoustics; flow cytometry; scanning cytometry; imaging;
plants; tomato; nanotechnology

STUDIES of plant-nanoparticle interaction are extremely important to assess the
impact of fast-growing nanotechnology products on the environment and agriculture
(1,2). Nanomaterials are able to enter into plant cells through cell membranes (3-5)
and into the whole plant through roots and plant vascular system (Fig. 1A) inducing
changes in plant physiology and gene expression (1,3-9). The accumulation of nano-
particles in plants, especially, in edible ones (6,8), may result in human exposure to
these materials. The growing volume of nanomaterials production increases concern
over the safety of these nanomaterials to the environment (10). Various novel applica-
tions directly oriented to the use of nanotechnology in plants were proposed: delivery
of biological molecules into plant cells (4,11), improving herbicide efficacy (12), and
enhancing seed germination and plant growth (6,7). Despite this growing number of
applications, a methodology for studying fate of nanoparticles in plants in vivo is still
lacking. Existing methods of nanoparticle detection in plants often require sample
decomposition (8,9,13), and the use of complex methods like transmission electron
microscopy (9,14). Magnetic resonance imaging (15) can be used for magnetic nano-
particles only. Main methods for assessment of nanoparticle penetration kinetics
include periodic collection of stem and petiole samples from multiple plants (14,16)
and the use of invasive analysis methods. Thus, currently there are no methods avail-
able for detection of nanoparticles of various types, their quantification, high-resolu-
tion mapping (6), and real-time noninvasive monitoring of live plant tissues (2,15,17).
In biomedical applications various techniques based on optical properties of
nanoparticles were developed for noninvasive detection and quantification of nano-
materials in live tissues. For real-time monitoring of nonfluorescent nanoparticles in
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Figure 1. Principles of in vivo plant cytometry. (A) Vascular vessels in a tomato leaf (top, autofluorescence, excitation 450 + 40 nm, emis-
sion 600 + 8 nm) and schematics of flow in main plant vascular tissues (bottom). (B) Scheme of uptake, transport, and accumulation of
nanomaterials from water or growing medium. (C) Principles of in vivo PA plant flow cytometry in a stem (top) and of in vivo PT/PA scan-

ning plant cytometry in a leaf (bottom).

blood and lymph, we proposed in vivo flow cytometry based
on the multiplex integration of photothermal (PT) (18-20),
photoacoustic (PA) (20-26), Raman (27,28), and scattering
(29) techniques. PT and PA flow cytometry (PTFC and PAFC,
respectively) methods are based on nonradiative transforma-
tion of the absorbed laser energy into heat and acoustic oscil-
lations caused by the fast thermal expansion of the sample.
These phenomena are detected either through the changes in
optical parameters of the sample or by an ultrasound trans-
ducer attached to its surface. We have demonstrated applica-
tions of this noninvasive technique for real-time monitoring
of blood cells in different functional states (e.g., normal, apo-
ptotic, and necrotic), circulating tumor cells (melanoma,
breast, squamous), bacteria (e.g., Escherichia coli and Staphylo-
coccus aureus), and various nanoparticles and dyes in blood
and lymph flow (20-26,30). Scanning PT/PA cytometry was
used for the nanoparticle quantification and imaging of tissue
samples in vitro and in vivo (23,24,31). Other groups have
explored various modifications of the fluorescent methods
which have shown promise in the detection of labeled
hematopoietic stem cells, GFP-expressing cells, and tumor
cells (32-38). Nevertheless, the applications of fluorescence-
based technology still needs to overcome such challenges as
fluorescent tags’ cytotoxicity, undesirable immune response to
the tags, and low depth of penetration (below 200 um), allow-
ing to assess small (50-100 um) superficial microvessel only
with slow flow (32-38).

Herewith, we introduce in vivo plant flow cytometry for
real-time analysis of nanoparticle transport in plants and
demonstrate integration of the method with the multispectral
scanning cytometry that we have previously developed (6,31).
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The main goal of in vivo plant flow cytometry is to provide a
real-time detection of objects transported by the plant vascular
system (2). A natural long-distance transport in plants occurs
in xylem or phloem tissues (Fig. 1A). Water and nutrients
consumed by roots from soil are transported by xylem to the
leaves, whereas phloem moves photosynthates, amino acids,
and electrolytes originating in the leaves to the rest of the plant
(17). For large tomato plants, the average linear flow velocity
in xylem was reported to be 8 and 2 mm/s during the day and
night hours, respectively (17). In phloem the flow is osmoti-
cally generated by the gradient in solutes concentration (39),
the corresponding flow velocity was reported to be in the
range from 0.2 to 0.4 mm/s (17). As it has been demonstrated
previously (6-8), nano-sized materials are able to enter plant
roots (Fig. 1B). Possible mechanisms include a standard os-
motic pressure-driven transport through the pores that are
present in cell walls and intercellular plasmadesmata, or via
the highly regulated symplastic transfer (9). Thus, plants may
uptake nanoparticles, transport them through xylem, and
finally accumulate these nanomaterials in various tissues.

To prove the concept of in vivo flow cytometry in plants,
we addressed two aspects of plant-nanoparticle interaction:
kinetics of nanoparticle uptake and nanoparticle accumulation
in tissues. Uptake kinetic was studied in real time by in vivo
PA plant flow cytometry, while PT/PA scanning cytometry was
used to detect nanoparticles accumulated in various tissues
(Fig. 1C). For this study, we selected quantum dot (QD)-car-
bon nanotube (CNT) conjugates as triple (PT, PA, and fluores-
cent) contrast agents (40). QDs are typically used as contrast
agents for fluorescent imaging (40-43). CNTs have found
applications in PT therapy (44), in vivo blood and lymph

In Vivo Plant Flow Cytometry
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PAFC (21,25,27), and PA tomography (45,46). The conjuga-
tion of QDs with CNTs combines the high-fluorescence quan-
tum yield associated with QDs (43) and the strong light
absorption of CNTs.

METHODS

QD-CNT Conjugates

Synthesis. Single-walled CNTs (hereinafter referred to as
CNTs) were synthesized over the Fe-Co/MgO catalyst using
the RF-CCVD method and methane as the carbon source (47—
49). CNTs were functionalized with NH, groups through a
three-stage treatment: formation of CNT-COOH groups in
H,SO4,/HNO; (3:1), followed by SOCI, treatment that pro-
duced CNT-COCI groups, and final reaction with ethylene
diamine that gave CNT-NH, product. Water-soluble QDs
with a CdSe core and a ZnS shell were synthesized according
to established protocol (50) and were functionalized with mer-
captopropionic acid (MPA) (51,52). The conjugation of CNT-
NH, and QDs-MPA was performed in an aqueous solution
(53) with the final (weight/weight) ratio of QDs/CNTs set as
1/100. The coupled QD-CNT conjugates (referred as QD-
CNTs) were found to be stable: no evidence of QD-CNTs
breaking apart was found after intensive sonication.

Instrumentation. The high-resolution transmission electron
microscope (HR TEM JEM-2100F, JEOL Inc.) at an accelera-
tion voltage of 200 kV was used for imaging QDs on the sur-
face of CNTs (Fig. 2B). The UV-Vis-NIR optical absorption
spectra of the samples (Fig. 2D) were recorded in 1 cm path
length quartz cells by using a Shimadzu double-beam spectro-
photometer UV-3600 with three detectors. The fluorescent
emission of QD-CNTs (Fig. 2D) and the QDs’ quantum yield
(QY) were determined with the use of Varian Cary Eclipse
Fluorescence Spectrophotometer and Rhodamine B/ethanol
solution (QY of 0.95 in ethanol) as a comparative standard
(54). Samples in 1 cm cuvette were excited at 344 nm, and flu-
orescent light was collected in the wavelength range of 580 to
620 nm.

Plant Model System

Tomato seeds were surface-sterilized, germinated, and
grown on sterile Murashige and Skoog (MS) medium as pre-
viously described (6). Thirty-day-old tomato plants (cv.
Micro-Tom) with an average stem length of 5 to 10 cm were
used in all experiments.

The kinetic of QD-CNT uptake from the water was moni-
tored in vivo in intact tomato plants transferred from agar
medium to a tube with a regular water. First group (3 plants)
remained in the water throughout the entire experiment (con-
trol). A second group (9 plants) was used to monitor the flow
of QD-CNTs inside the plants tissues (experimental plants).
Control PA signals (in the absence of QD-CNTs) were
acquired from control plants and from experimental plants
before the introduction of nanoparticles. After the control
recordings, 200 ul of 25 ug/ml QD-CNT solution were added
to the water in a tube containing the plant (Fig. 1B) and PA
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Figure 2. QD-CNTs as multimodal PT, PA, and fluorescence con-
trast agents. (A) Schematic of laser-induced phenomena in QD-
CNTs. (B) TEM image of multiple QDs on a CNT surface. (C) Fluo-
rescent image of a QD-CNT cluster (excitation 450 + 40 nm, emis-
sion 600 + 8 nm). (D) Absorption spectra of QDs, CNTs, QD-CNTs,
and QD emission spectrum. (E) Autofluorescent spectra of a
tomato leaf compared to typical absorption spectra of chloro-
phylls. [Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]

signals were recorded for 1 h from the mid-vein of a leaf or
from the main stem. Experiments were repeated for each
tomato plant serving as independent biological replicate.

Accumulation of QD-CNTs in tomato plants was studied
with a focus on leaf examination in 30-day-old plants grown
for 10 days on a MS medium supplemented with QD-CNTs
(at a concentration of 50 ug/ml). Leaves of tomato plants
grown on a standard MS medium were used as a control (total
six leaves from three different plants). For each leaf from one
to three areas with a size of 500 X 500 um were analyzed to
estimate background PT/PA signals. A tomato leaf was pre-
pared for microscope calibration by local injection of 30 ul of
a 0.5 mg/ml QD-CNT solution into the leaf tissues. For ima-
ging convenience whole tomato leaves were detached from a
stem and deposited for observation on a glass slide under a
coverslip (Fig. 3C).

Integrated Plant Cytometer

The prototype of a plant cytometer (Fig. 3A) was built on
the technical platform of an Olympus invert IX81 microscope
(Olympus America, Inc., Center Valley, PA) with incorporated
scanning PT/PA setup, PA flow cytometer, and conventional
fluorescent wide-field imaging module.
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Figure 3. In vivo integrated flow and scanning cytometry with PT, PA, and fluorescent detection schematics. (A) Schematic of the inte-
grated setup. (B) Customized optical fiber tip for laser radiation delivery to plants. (C) Scanning cytometry in a leaf with the microscope
schematic. (D) Optical fiber-based flow cytometry. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.

com.]

Scanning PT/PA microscope-cytometer implemented a
tunable optical parametric oscillator (OPO, Opolette HR 355
LD, OPOTEK, Carlsbad, CA) with the following parameters:
tunable wavelength range, 420 to 2,500 nm; pulse width, 5 ns;
pulse repetition rate, 100 Hz; and beam diameter on sample,
1.2 um. XY translation stage (H117 ProScan II, Prior Scien-
tific, Rockland, MA) was used for raster scanning of the plant
sample (Fig. 3C). The PT (also referred to as thermal-lens)
effect was manifested by defocusing of a probe He-Ne laser
beam (wavelength, 633 nm; power, 1.4 mW; model 117A,
Spectra-Physics, Santa Clara, CA) at a photodetector
(PDA36A, 40 dB amplification, ThorLabs, Newton, NJ) pin-
hole plane after the sample. The PT signal had the linear posi-
tive asymmetric component associated with fast heating and
slower cooling effects and a nonlinear sharp negative peak
associated with nano-bubble formation around the overheated
zones (Fig. 4C) (22). Laser-induced acoustic waves in the sam-
ple were detected by an ultrasound transducer (XMS-310,
Panametrics-NDT, Olympus NDT, Center Valley, PA) and
amplified (preamplifier model 5662B; bandwidth, 50 kHz-5
MHz; gain 54 dB; Panametrics NDT, Olympus NDT Inc., Cen-
ter Valley, PA). The transducer was placed directly onto a sam-
ple with water layer used to improve acoustic coupling. The
PA signal had a classic bipolar shape transformed into a pulse
train due to reflections and diffraction effects (Fig. 4D).

In vivo PA plant flow cytometer was equipped with a high
pulse rate Yb-doped fiber laser (MOPA-M-10, MultiWave
Photonics, Portugal) with the following parameters: wavelength,
1,064 nm; pulse width, 10 ns; pulse repetition rate, 10 kHz to
0.5 MHz; energy fluence range on sample surface, 0.01 to 1.0 J/
cm’. Laser radiation was delivered either through the micro-
scope based setup described above or through a 400 ym multi-
mode fiber (M28L05, Thorlabs, Newton, NJ) having a custom
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miniature tip with cylindrical optics (Fig. 3B). Both the trans-
ducer and the optical-fiber tip were fixed in a holder and were
gently touching the plant stem (Fig. 3D). For both the micro-
scope based setup and for the fiber tip the laser beam spot in
the sample had linear shape with the dimensions of 200 X 150
and 50 X 400 um, respectively.

The analysis of PT and PA signals was performed by a PC
(Dell Precision 690) equipped with a high-speed (200 MHz)
analog-to-digital converter board PCI-5124 (National Instru-
ments, Austin, TX), which was used to acquire signals from
the transducer and photodiode. Control of the setup and sig-
nal acquisition/procession was realized via custom software
module (LabView 8.5 complex, National Instruments, Austin,
TX). PT/PA images were constructed by plotting PT/PA sig-
nals in a XY coordinate plane with the grey shading. All the
PT/PA signals with amplitudes not exceeding 5 level (five
times the standard deviation of the background signal in the
absence of the excitation beam) were plotted in a black color.

Fluorescent wide-field imaging of the QDs was per-
formed with the following filter: excitation 450 £ 40 nm,
emission 600 + 8 nm, and a single band dichroic mirror 510
nm (Semrock, Rochester, NY). Exposure time of fluorescent
imaging was 200 ms for leaves and 5 s for roots. For leaves this
exposure time corresponded to a “black” image of a control
plant leaf (the maximal image pixel intensity below 5/256 level
in a greyscale mode). This exposure duration was selected
experimentally as the shortest one from a set of leaf images
taken from five different control plants. The fluorescent spec-
tra of the samples were obtained by spectrophotometer
(USB4000, Ocean Optics, Dunedin, FL) with a fluorescent fil-
ter featuring a long-pass emission filter transmitting light with
wavelengths longer than 600 nm (Semrock, Rochester, NY).
The optical transmission and fluorescent images of selected

In Vivo Plant Flow Cytometry
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Figure 4. In vitro detection and imaging of individual QDs, CNTs,
and QD-CNTs. (A) Transmission, PT, and fluorescent imaging of
QD-CNTs. Calibration graph represents PT signals and fluores-
cence intensity for QD-CNTs aggregates of various sizes. Laser pa-
rameters: energy fluence of 0.05 J/cm?, wavelength 903 nm, scan
step 1 um. Scale bar: 5 um. (B) Line profile for fluorescent intensity
of 5 um QD and QD-CNT clusters. (C) PT and (D) PA signals from
QD, CNTs, and QD-CNT clusters. Laser parameters: 903 nm, 0.05
J/iem?. [Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]

plant parts were obtained with a color CCD camera (DP-72,
Olympus, Center Valley, PA).

Statistical Analysis

Results were expressed as means plus/minus the standard
error of at least three independent experiments. Results for in-
dependent biological replicates were compared by unpaired ¢-
test. P < 0.05 was regarded as statistically significant. In PAFC
mode the increase in PA signal amplitude exceeding 5¢ criter-
ion (five times standard deviation of the baseline) was consid-
ered statistically significant, i.e. corresponding to QD-CNTs.
MATLAB 7.0.1 (MathWorks) software was used for the statis-
tical calculations.

Cytometry Part A o 79A: 855—-865, 2011

RESuULTS

Characterization of QD-CNTs

The hybrid nanoparticles synthesized by conjugation of
QDs and CNTs were selected for verification of the in vivo plant
flow and scanning cytometry modalities. The success of
conjugation was proved by HR TEM imaging (Fig. 2B) that
demonstrated the presence of multiple QDs on the exterior
surface of the CNTs. Absorption spectrum of QD-CNTs slightly
differed from that of pure CNTs (Fig. 2D), featuring small
increase at the wavelengths corresponding to the QDs’ absorp-
tion maximum. QD-CNTs demonstrated intensive fluorescence
(Fig. 2C).

At the first stage of in vitro tests we performed multimodal
imaging of QD-CNT conjugates to assess possible changes in
imaging contrast due to aggregation (Fig. 2A). QD-CNTs were
successfully imaged in vitro by optical transmission fluorescent
and PT microscopies (Fig. 4A). Calibration graph based on flu-
orescent imaging data (Fig. 4A, bottom right) revealed fluores-
cence quenching (53,55,56) in large QD-CNT aggregates. Com-
parison of QD-CNT conjugates with aggregates of pure QDs
(2-5 pm sized clusters, Fig. 4B) revealed approximately three-
folds decrease in fluorescence intensity for the aggregates of the
same size. The experiments with Rhodamine B/ethanol solution
as a comparative standard also confirmed the decrease in quan-
tum yield from 30% to 7.8% for QDs attached to CNTs.

The calibration graph for PT detection was linear up to 5
um QD-CNT aggregates. With the increase in aggregate size or
at higher laser energy, the nonlinear PT signal amplification was
observed. The light absorption of individual QDs in near-infra-
red (NIR) range selected for plants imaging was relatively low.
At the wavelength of 590 nm corresponding to QD absorbance
maximum signal-to-noise ratio (SNR) was in the range of 4 to
8 for 500 um clusters. Thus, even though QDs have sufficient
optical contrast for PT detection (40), QD absorbance in NIR
range can be ignored in PT/PA plant studies. A comparison of
the amplitudes and, especially, the shapes of PT/PA signals for
CNT and QD-CNT clusters (Figs. 4C and 4D) under similar
conditions confirmed that the conjugation did not affected PT/
PA contrast of QD-CNTSs, which was in line with the spectro-
scopic data (Fig. 2D). As expected, fluorescence of pure CNTs
was undetectable under conditions selected.

Thus, the conjugation of QDs and CNTs produced hybrid
nanoprobes suitable for PA and PT detection as for fluorescent
imaging. The PT and PA contrast of the nanoparticles was not
changed, however, the fluorescent intensity decreased two to
threefold. Fluorescence quenching was observed for large aggre-
gates of QD-CNTs.

In Vivo Plant Flow Cytometry of QD-CNTs in
Tomato Vascular System

To study kinetics of nanoparticle uptake by a plant we
proposed the use of a PAFC, which provided unique integra-
tion of the high sensitivity and noninvasive analysis in thick
tissues. In PAFC mode a laser beam was focused into the vessel
and interacted with light-absorbing objects transported
through plant vasculature (xylem or phloem). The laser wave-
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length (1,064 nm) was selected to minimize background signal
of the plant tissues. Fast heating of the circulating objects (Fig.
1C, red) by absorbed laser irradiation provided generation of
acoustic waves (21) as a result of a fast thermal expansion of
the object (PA effects).

First, transport of QD-CNTs through plant vasculature
was monitored by PAFC in the leaf mid-vein (Fig. 5A). Close
to the petiole, the linear flow velocity was expected to be as
high as in the petiole, while leaf structures are thinner than
those of a petiole or stem. A microscope was used for precise
navigation and focusing of the laser beam onto the vein (Fig.
5A). For the control plants, there were no PA signals with am-
plitude exceeding 50 threshold level. PA signals exceeding this
level were observed at 5 &+ 1.3 min (n = 5) after the QD-CNTs
were added to the water (Fig. 5B). In all of the experiments, we
observed rare PA signals indicating the presence of nanoparticles
in plant vasculature (Fig. 5B). The number of PA peaks observed
varied for different individual plants (replicates) and was in a
range from 2 to 15 peaks per 30 min. Based on our previous ex-
perience with PA detection of circulating CNTs in blood and
lymph flow (21,22,25) low PA signals could be associated with
individual QD-CNTs and large nonlinear PA signals corre-
sponded to 2-5 um aggregates. Taking into account the average
distance between the roots and the detection point (~5 c¢m), as
well as the observed appearance delay of 5 min and assuming
fast uptake of nanoparticles, the average linear flow velocity in
stem can be estimated as 0.2 mm/s, which does not contradict
data available in the literature (17).

Secondly, the PA signals were monitored in the plant stem
using optical-fiber to deliver laser radiation (Fig. 3B). As xylem
bundles are arranged symmetrically around the stem center (Fig.
1C), a fiber tip can easily be positioned against any part of the
stem. In the stem, which was thicker than the leaf, laser radiation
at 1,064 nm was more strongly absorbed by deep stem structures.
Thus, the level of background PA signals was increased three to
fivefold: from 2 to 4 mV for a leaf vein to a 10 to 20 mV level for
a stem. In addition, the scattering and attenuation of the laser
beam in stem tissues led to a decrease in laser fluence, thus, fur-
ther decreasing sensitivity. Nevertheless, PAFC provided detection
of QD-CNTs transported through the stem. As can be seen from
the PA trace (Fig. 5C), the first detectable QD-CNTs reached the
detection point in as few as 10 min (mean 14 + 3 min, 1 = 4)
compared to an average of 5 min for detection in mid-vein leaves
despite shorter travel path from roots to detection zone in a
stem.

Thus, PAFC revealed presence of QD-CNTs in plant vas-
culature. The data obtained in the leaves and in the stems
indicate presence both of individual QD-CNT conjugates and
of clustered QD-CNTs in xylem flow (Fig. 5). The lower PA
background in the leaves provided better conditions for detec-
tion of QD-CNTs.

Scanning Cytometry of QD-CNTs Accumulated in
Tomato Roots and Leaves

Scanning cytometry was used to analyze spatial distribu-
tion of QD-CNTs escaped from vascular system into tomato
leaves. Their detection in plant tissues and distribution map-
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Figure 5. In vivo PA plant flow cytometry of QD-CNTs in tomato
vasculature. (A) Linear laser spot in a leaf mid-vein close to peti-
ole. Red lines denote the part of the plant used for monitoring. (B)
The trace of PA signals recorded in mid-vein after QD-CNTs were
introduced into the water tank. Insets demonstrate enlarged parts
of the control trace and the trace with small signal from QD-CNTs.
(C) The trace of PA signals from QD-CNTs recorded in the stem
(Fig. 3D). Black arrows indicate moment QD-CNTs were intro-
duced into the water tank. The PA traces before introduction of
QD-CNTs represent control data. Laser parameters: wavelength,
1,064 nm; pulse width, 10 ns; pulse repetition rate, 10 kHz; laser
pulse energy, 20 pJ; laser spot size in sample: 50 X 150 um (B)
and 100 X 400 um (C). [Color figure can be viewed in the online
issue, which is available at wileyonlinelibrary.com.]

ping were performed by integrated wide-field fluorescent, PT,
and PA techniques (Fig. 1C, bottom) to: 1) confirm the pre-
sence of QD-CNTs in various plant tissues; 2) analyze the dis-
tribution patterns for accumulated nanoparticles; and 3) to
demonstrate the improvement in detection accuracy by
matching fluorescence of QDs with PT/PA signature of CNTs.
The autofluorescence of leaves (Fig. 1A) and roots
affected fluorescent imaging contrast of QD-CNTs. Tomato
leaves autofluorescence in the red spectral range was associated
mainly with plant chlorophylls (Fig. 2E) and had two maxima
near 690 nm and 740 nm (57). The selection of a narrow band
filter in the spectral range of maximal QD emission (600 £ 8
nm) increased QDs contrast over plant tissues. Indeed, some
bright fluorescent spots were observed apart from the vascula-
ture in plants grown on QD-CNT-containing MS medium
(Fig. 6A). QD-CNT clusters with an average size ranging from
5 to 15 um were distinguished in leaves. The majority of these
clusters were observed in leaf tissues close to the vasculature.

In Vivo Plant Flow Cytometry
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A QD-CNTs in a tomato leaf

B QD-CNTs in tomato roots

Figure 6. Imaging of QD-CNTs in tomato tissues. (A) Fluorescent (left, exposure time, 100 ms) and transmission (right) images of a tomato
leaf with accumulated QD-CNTs. (B) Fluorescent imaging of tomato roots: image at right magnifies part of the left image (exposure time,
5 s). [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

The identification of small QD-CNT clusters in tomato leaves
with the fluorescent imaging was difficult due to a very hetero-
geneous background and the possible attenuation of QD opti-
cal emission by plant tissues. In the roots of tomato plants, we
were able to identify QD-CNT clusters as small as 2 um (Fig.
6B). Compared to leaf structures, light-scattering and attenua-
tion in roots were much lower. Thus, fluorescent wide-field
imaging of QD-CNTs in plants alone was not sufficient for
identification of nanoparticles due to high heterogeneity of
plant autofluorescence.

Next, PT/PA scanning cytometry was used to confirm
that bright spots discovered in the sample indeed were QD-
CNTs. The NIR spectral range of 750 to 950 nm was consid-
ered as the most promising for PT/PA plant cytometry as the
absorption background from chlorophyll and other plant
components in the NIR range was much lower than that in
the visible range (Fig. 2E), while the absorption of QD-CNTs
decreases only two to threefold in the NIR range compared
to that in visible range (Fig. 2D). Moreover, the sensitivity of
PT/PA cytometry was enhanced by laser-induced nano- and
microbubbles around laser-overheated QD-CNT clusters
(25,31) acting as PT/PA signal amplifiers (Figs. 4C and 4D).
In particular, the bubbles’” expansion and collapse take several
microseconds leading to the formation of sharp, negative PT
signals as signatures of the strong local absorption associated
with QD-CNT clusters (Fig. 4C).
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For calibration purposes, a solution containing QD-
CNTs was injected into the leaf tissues (Fig. 7A), while
another leaf was inoculated with pure CNTs at a similar
concentration. These areas were imaged by PT/PA scanning
cytometer. The locations of the signals correlated with the
incision sites for both CNTs and QD-CNTs. Imaging
contrast (as a ratio of signal amplitude from nanoparticles
to tissue background) for QD-CNT clusters were in the
range of 30 to 40 and 5 to 10 for PT and PA detection,
respectively, confirming higher sensitivity of PT technique
in thin leaves. The PT images (Fig. 7C) were well-
correlated with fluorescence images of the QD-CNTs
among the leaf structures (Fig. 7B). There were no PT/PA
signals exceeding control signal level acquired from the leaf
vasculature, which provided a strong background in the
fluorescent images (see blue arrows, Figs. 7A-7C).

Two approaches to the use of a PT/PA scanning cytome-
try for QD-CNT detection in the leaves of a plant grown on
nanomaterial-containing medium were tested: 1) imaging of a
small area having abovementioned fluorescing signatures, and
2) imaging of a larger sample area (up to 1 X 1 mm) having
no distinctive fluorescent features. In the first case, we
observed high PT/PA signals (SNR in the range of 20-30 simi-
lar to those observed for the sample with injected nanoparti-
cles) collocated with the local areas of high fluorescence in the
sample (Figs. 7D and 7E). High PT/PA signals were observed
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Figure 7. Integrated scanning cytometry of QD-CNTs in tomato leaf using PT, PA, and fluorescent detection methods. (A—C) Transmission,
fluorescence, and PT images (903 nm, 1.0 J/iem?) of tomato leaf with the artificially introduced QD-CNTs. Blue arrows indicate leaf vascula-
ture. Fluorescent imaging exposure 200 ms. (D) Fluorescent and (E) PT images of a leaf from 10-day-old tomato plant grown on a QD-CNT
containing medium; exposure time, 200 ms. PT image (E) represents two-dimensional map (top) and 3D map of the same area (bottom).
(F) Transmission image of a sample having no distinctive fluorescence features overlaid with PT image (red) indicating locations of QD-

CNTs.

for 13 sites out of 17 scanned indicating that four sites were
identified as containing QD-CNTs incorrectly. Both the ampli-
tudes and the shapes of the PT signals revealed specific features
(Fig. 4C) associated with nano- and micro-bubbles’ formation
around aggregated QD-CNTs. PT imaging of the leaves with
no substantial fluorescent signatures (exceeding the level of
heterogeneity observed for control plants) revealed presence of
multiple PT/PA signals (Fig. 7F) featuring shapes and ampli-
tudes specific to nanomaterials. SNR for observed PT signals
was in the range of 5 to 10, suggesting that much smaller
aggregates were detected than in the case of the sample with
injected nanoparticles. The weak fluorescence for these aggre-
gates could be related either with smaller size or with particles
deposition in deeper plant tissues, i.e. with scattering and
quenching of fluorescence photons. PT imaging revealed very
high heterogeneity of nanomaterial distribution in the sample
with the highest density of detected nanomaterials along the
main vascular veins (Fig. 7F) and much fewer particles found
in areas with only small capillaries. For a typical leaf area of
500 X 500 um there were 27 + 12 (7 samples) and 4 + 3 (4
samples); PT/PA signals were detected near a large vein and
near edge of the leaf, respectively.

Thus, PT/PA cytometry confirmed the presence of accu-
mulated nanoparticles and demonstrated higher sensitivity in
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detection of smaller aggregates in plant tissues compared to
fluorescence imaging.

Discussion

In this article we have presented an integrated fluores-
cence/PT/PA cytometry with a focus on study nanoparticle
uptake kinetics and detection of nanomaterials accumulated
in plants. To the best of our knowledge, this is the first demon-
stration of in vivo noninvasive detection of the nanomaterials
accumulated in plant tissues or transported by plant vascular-
ity. PA/PT based cytometry can be applied to a wide range of
nanomaterials, with high sensitivity sufficient for detection of
even individual nanoparticles and in vascular flow. The experi-
ments in tomato plants demonstrated feasibility of in vivo PA/
PT based cytometry with a potential to detect nanomaterials,
viruses, bacteria, and other plant disease-associated pathogens
or tumor cells (62) in both phloem and xylem tissues, and in
vascular system. In Table 1 we summarized potential applica-
tions of PT/PA based methods.

PAFC proved to be a robust platform for routine testing
ecotoxicological risks of nanomaterials through a rapid and
accurate assessment of uptake kinetics. The method is express,
simple, and shows potential application with virtually any
plants and for a wide range of nonfluorescent nanomaterials.

In Vivo Plant Flow Cytometry
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The study of viruses, bacteria, and other pathogens trans-
ported through vascularity of plants may use the principles of
in vivo PAFC in mammalians (21): labeling of objects of inter-
est with functionalized nanoparticles (24) followed by PAFC
detection of these labels in the plant. The analysis of transpor-
tation dynamics revealed feasibility of another PAFC applica-
tion for vascular flow velocity studies as on a large scale (pre-
sented here roots-leaves transportation by xylem), so as ultra-
local flow rate measurement by PA time-of-flight technique
(23,25). Noninvasive PAFC should not change sap flow in vas-
culature. The analysis can be performed even in very thin veins
or capillaries of a plant. The applications listed here are feasi-
ble not only on a lab bench, but also could be transferred into
an agriculture field with the use of a portable fiber laser cy-
tometer presented. Applications of PAFC could include rapid
screening of live plants for presence of nanomaterials in vascu-
lature in the case of anthropogenic contamination. One of the
main advantages of in vivo plant flow cytometry is noninva-
sive detection and deep tissue assessing. This eliminates lim-
itations on a plant size and makes it possible to avoid flow dis-
turbances usually associated with invasive xylem liquid collec-
tion methods. For the large plants and thick tissues PAFC
sensitivity is decreased due to a high level of absorption back-
ground. However, this drawback can be minimized either by
the use of a focused transducer rejecting out-of-focus acoustic
waves (23) or by the local laser bleaching of plant chromo-
phores around the detection zone by the use of high energy
laser pulses (6).

Scanning fluorescent/PT/PA cytometry provides an op-
portunity to reveal the fate of nanomaterials penetrated into a
plant. First, for nanomaterials having a high fluorescent quan-
tum vyield the fluorescent imaging is an obvious choice. How-
ever, intensive and heterogeneous autofluorescence of plant
tissues decreases imaging contrast and identification accuracy.
Such fluorescent techniques like spectral deconvolution, mul-
tispectral imaging, and confocal imaging could be used to
separate fluorescence of nanomaterials from autofluorescence
of plant tissues and, thus, enhance imaging contrast. Still, flu-
orescent imaging in plants has the same drawbacks as in mam-
mal tissues: the need to consider autofluorescent background
and low depth of penetration of fluorescent photons. Second,
various nanomaterials like gold nanospheres, gold nanorods,
carbon nanotubes, etc. have very high light absorbance. Inte-
gration of two modalities in a single scheme provides a highly
sensitive detection in optically thin samples (<100 pum) by the
means of PT detection scheme and analysis in deep tissues
with a PA mode. Indeed, the PA technique which is insensitive
to scattering background has already demonstrated the possi-
bility of deep tissue imaging in animals (depth penetration of
3-5 cm) (40,43,46) and, as we show here, translation of this
schematic to plants is feasible. Nonlinear thermal -effects
occurring upon absorption of the high energy laser pulses by
nanomaterials provide a unique approach to identification of
nanomaterials in the plant tissues.

In the current experimental setup, scanning of a small
area of 100 to 400 um in size takes approximately 2 to 10
min. The imaging of a larger area (1 X 1 mm) with high
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resolution can take up to 1 h. Future development of PT/PA
scanning cytometry we envision as combination of a high
pulse repetition rate laser sources [up to 500 kHz (25)] with
an optical scanning system (63). Multispectral PT/PA ima-
ging and spectral analysis is also feasible with the use of suc-
cessive laser pulses of different wavelengths slightly separated
in time (23).
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