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ABSTRACT: This work reports the in vivo uptake and translocation of
PNPs in the one-year grown terrestrial plant, Murraya exotica (M. exotica),
as investigated by two-photon excitation and time-resolved (TPE-TR)
optical imaging with a large field of view (FOV, 32 × 32 mm2) in a
noninvasive and real-time manner. The PNPs (⟨Rh⟩ = 12 ± 4.5 nm)
synthesized from poly(styrene-co-maleic anhydride) (SMA) were Eu-
luminescence labeled (λL ≈ 617 nm). On exposing the roots of living M.
exotica plants to the colloidal suspension of SMA PNPs at different
concentrations, the spatiotemporal evolution of SMA PNPs along plant
stems (60 mm in length) were monitored by TPE-TR imaging, which
rendered rich information on the uptake and translocation of PNPs without
any interference from the autofluorescence of the plant tissues. The TPE-TR
imaging combined with the high-resolution anatomy revealed an intercell-
wall route in the lignified epidermis of M. exotica plants for SMA PNP uptake and translocation, as well as the similar
accumulation kinetics at different positions along the plant stems. We modeled the accumulation kinetics with Gaussian
distribution to account for the trapping probability of a SMA PNP by the lignified cell walls, allowing the statistical parameters,
the average trapping time (tm) and its variance (σ), to be derived for the quantification of the PNP accumulation in individual
plants. The TPE-TR imaging and the analysis protocols established herein will be helpful in exploring the mechanism of plant-
PNP interaction under physiological condition.

1. INTRODUCTION

With the advancements of nanoscience and nanotechnology,
functional nanomaterials have found a wide range of potential
and practical applications.1−4 Meanwhile, nanomaterials upon
production and usage may enter the ecosystems,5 and thus
entail potential environmental and ecological consequences.
Particularly, the uptake and translocation of nanomaterials by
living organisms and the biological consequences have been
crucial issues of scientific research.6−11 It is well-known that
plastic microparticles (PMPs, <10 μm) induce serious adverse
biological effects to both marine and terrestrial organisms.12−15

However, relatively little has been known for the ecological and
biological consequences of plastic nanoparticles (PNPs, <100
nm) including man-made PNPs and those formed via
degradation of plastic materials, an issue which receives
increasingly high degree of scientific and social concerns.16,17

Despite lacking of direct proof, it is believed that the PNPs
may enter the atmospheric, aquatic, and soil environments via
some propagation routes.18−22 Compared to PMPs, PNPs may

impose even more serious environmental and biological
hazards, because their physical dimensions are less or
comparable to the biomembrane structures and other cellular
components.23−30

To assess the ecological and biological influence exerted by
nanomaterials, it is critical to detect and analyze their uptake,
translocation, deposition, and metabolism in various organ-
isms. To this end, a range of analytical means have been used
such as scanning electron microscopy (SEM),31 transmission
electron microscopy (TEM),32 confocal fluorescence micros-
copy,33 radioisotope labeling,34 X-ray absorption spectroscopy
(XAS),35 inductively coupled plasma mass or optical emission
spectrometries (ICP-MS or -OES),32 and X-ray absorption
near-edge structure analysis (XANES).36 These methods,
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however, require the pretreatment of biological samples and
hence mostly render in vitro information. In addition, the
variation in the sensitivities and spatiotemporal resolutions
often leads to discrepant conclusions. For instance, magneto-
metric analysis identified the uptake and translocation of Fe3O4
nanoparticles in pumpkin seedlings.37 However, the same was
not noted in an XAS study.35 Fullerene C70 was concluded to
be able to enter the leaf cells of rice as revealed by TEM and
optical microscopy,38 but it was found merely between the cell
walls of onions in an independent TEM study.39 Recently, the
interaction of upconversion nanophosphors (UCNPs) with
model plants has been monitored by the use of optical
microscopy.34,40 Because both the actinic light and the
luminescence of rare-earth emission centers are in the near-
infrared region, the optical imaging based on UCNPs is
advantageous in minimizing the autofluorescence interference
from biological tissues typically in the visible spectral region.
For in vivo imaging of PNP uptake by living organisms,

optical confocal microscopy has been recently employed to
investigate the deposition and metabolism of PNPs in green
microalga,41 zooplankton,42 and zebrafish embryos,43 which
are relatively transparent objects. In addition, radioisotope
labeling combined with autoradiography have been adopted to
investigate the interaction of PNPs with scallop pecten
maximus with high detection sensitivity.44 The present work
is intended to investigate the path and translocation dynamics
of PNP uptake and accumulation in woody plants with a novel
optical imaging method, which was recently developed based
on a two-photon excitation and time-resolved detection (TEP-
TR) scheme.45 The TEP-TR imaging has been demonstrated
to be capable of noninvasive and real-time visualizing the Eu-
luminescence labeled PNPs in model animals with a wide field-
of-view (FOV, 32 × 32 mm2) and a large imaging depth (a few
millimeters). In addition, the TEP-TR approach can
completely reject the inherent autofluorescence from biological
tissues including chlorophyll containing plant tissues, which
enables the specific visualization of the Eu-luminescence
labeled PNPs. It is therefore intriguing to further explore the
potential application of TPE-TR imaging in monitoring the
interaction of PNPs with plants under physiological conditions.
In this context, two-photon microscopy has been recently
employed to investigate the uptake of copper oxide nano-
particles by sweetpotato roots during postharvest treatment.46

In contrast to TPE-TR imaging, this method relies on the
selective detection of two-photon induced fluorescence from
the lignin and the nanoparticles in biological tissues. The PNPs
targeted in the present work were synthesized from poly-
(styrene-co-maleic anhydride) (SMA; see Figure S1 of the
Supporting Information, SI, for molecular structure), a
copolymer that is widely used in coatings, adhesives, emulsion

dispersants, textile auxiliaries, printing inks, and other func-
tional composite materials. In addition, we have recently
shown that the SMA PNP is a promising nanocarrier for target-
specific drug delivery.47 That being stated, the one-year grown
Murraya exotica (M. exotica), a terrestrial plant belonging to
the evergreen shrub of Rutaceae family,48,49 was chosen as our
plant model for the following considerations: Since M. exotica
plants grow rather slowly, their physical dimensions vary little
over an experimental period that is typically scheduled to be a
few days. The physical dimensions of the one-year grown M.
exotica plants fit the FOV of TPE-TR imaging (cf. Materials
and Methods).
We showed herein that the TEP-TR imaging could

effectively reject the interference from the autofluorescence
of plant tissues even containing intensely fluorescing
chlorophylls, which allowed the real-time and noninvasive
analysis of the accumulation and translocation processes of
SMA PNPs in M. exotica plants under physiological condition.
It was found that the uptake and translocation of SMA PNPs
occurred in the lignified epidermis of a M. exotica plants, and
that SMA PNPs accumulated essentially in phase in different
sections along the plant stems. In addition, high-resolution
anatomic analysis based on TEM and fluorescence lifetime
imaging (FLIM) microscopy revealed an intercell-wall
deposition of PNPs in the lignified epidermis, which together
with the in vivo spatiotemporal evolution of SMA PNPs
aqiured by TPE-TR imaging allow us to propose the route and
mechanism of SMA PNP uptake and translocation, and to
theoretically model the dynamics SMA PNP accumulation.

2. MATERIALS AND METHODS
2.1. Synthesis and Characterization of Eu-Lumines-

cent Complex and SMA PNPs. The Eu-luminescent
complex, Eu(TTA)3BPT was synthesized as reported.50 See
Figure S1 for the molecular structure. It exhibits a
luminescence quantum yield (ΦL) of 43% at ∼617 nm, a
two-photon absorption cross section (δ2PA) of ∼150 GM at
800 nm (1 GM = 10−50 cm4·s·photon−1·molecule−1), and an
action cross section (ΦL·δ2PA) of ∼64 GM. The Eu-
(TTA)3BPT-doped SMA PNPs (cf. inset of Figure 1A),
were prepared by rapid mixing up Eu(TTA)3BPT and SMA
solutions in a microchannel under reduced pressure.47 As
depicted in Figure 1A, the average hydrodynamic radius of
SMA PNPs, ⟨Rh⟩, was determined by dynamic light scattering
to be 12 ± 4.5 nm (Zetasizer Nano ZS90, Malvern, UK; 633
nm, 25 °C). The size of uranyl acetate stained SMA PNPs was
further confirmed by TEM (JEM-1230; JEOL, Tokyo, Japan).
It is seen in Figure 1B that the TEM morphology is in
consistent with the Rh determined by dynamic light scattering.
The overall action cross section of a SMA PNP particle

Figure 1. (A) Dynamic light scattering (DLS) data for Eu@SMA PNP (SMA PNP in short) colloidal solution. Inset shows schematic configuration
of a SMA PNP. (B) TEM images of SMA PNPs stained with uranyl acetate. (C) Luminescence spectrum of colloidal SMA PNPs at the excitation
wavelength of 400 nm. Inset depicts the photostability of SMA PNPs in colloidal solution (55 μg·mL−1).
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containing ∼46 Eu(TTA)3BPT molecules was estimated to be
ΦL·δ2PA ∼ 1.1 × 103 GM. Figure 1C shows the luminescence
spectrum of SMA PNPs in colloidal solution (55 μg·mL−1)
recorded with a fluorescence spectrophotometer (FL-980;
Edinburgh Instruments Ltd., Livingston, U.K.). The inset of
Figure 1C shows the time evolution profile of Eu-luminescence
intensity for the colloidal solution. The <7% intensity drop
over ∼100 h proves an excellent photostability of the colloidal
SMA PNPs, which is rather crucial for the application in
kinetics analysis.
2.2. Target Plants. Both one-year grown plants and three-

week grown seedlings of M. exotica were purchased from
Sunshine Biology Ltd. (Beijing, China). The seedlings having
unlignified epidermis were examined for a comparison to the
plants with epidermis lignification. The full lengths from the
root bottom to the leave top were 15−30 cm for the plants and
6−8 mm for the seedlings, while the stem diameters were 1.5−
3.0 mm for the plants and 1−1.2 mm for the seedlings. The
plants and seedlings as-received were grown in humus soil.
After carefully removing the original growth media, they were
cultivated in deionized water in a photosynthesis incubator
(PRX-450C; Saifu Experimental Instrument Co. Ltd., Ningbo,
China), which was thermostated at 25 °C under a humidity of
60% and a light flux of 6000 lx. Water for cultivation was
prepared with a water purification system (Mingche TM-D
24UV; Merck Millipore Corp., Shanghai, China). Before being
subjected to TPE-TR imaging, the plants or seedlings were
cultivated in deionized water for 10 days to allow the self-
healing of the possible hurts of the roots. Immediately before
TPE-TR measurements, the roots of a M. exotica plant or a
seedling were sealed together with appropriate volume of
deionized water in a plastic tube for the convenience of TPE-
TR imaging (cf. Figure 2A, C).
2.3. TPE-TR Imaging. The principle and instrumentational

details of TPE-TR imaging were presented elsewhere.45 Briefly,
as seen in Figure 2B, the TPE-induced autofluorescence from
biochromophores can be rejected by detecting the Eu-
luminescence after the glow of tissue autofluorescence. This
can be realized by setting a proper delay time, δt, which is
longer than the time span of autofluorescence (<100 ns) but
much shorter than the Eu-luminescence lifetime (∼0.62 ms).
As shown in Figure 2C, after beam shaping and expansion, the
beam of femtosecond laser pulses was focused into a line in the
objective plane. The focal line with homogeneous power
distribution was scanned over an objective plane, whereas the
sample, the imaging optics and the intensified charge coupled
detector (ICCD) remain static. By regulating the timing
among pulsed excitation, scanning stepwise and ICCD sensing,

the TPE-TR apparatus allowed a push-broom type, line-by-line
imaging with a FOV of 32 × 32 mm2 at a horizontal resolution
of 60 μm. In a TPE-TR measurement for the present work, the
femtosecond laser (120 fs, 800 nm; Solstice, Spectra physics,
Santa Clara, CA, U.S.A.) was run at a repetition rate of f = 500
Hz with an average power of P = 350 mW. The typical time
delay for autofluorescence rejection was δt = 500 ns, and the
typical gate width of the ICCD imaging was ΔtG = 1.8 ms. The
frame time was 4 s with the above running parameters.

2.4. Noninvasive, Real-Time Imaging of M. exotica
Plants and Seedlings. An M. exotica plant together with its
incubation tubes were loaded on the sample stage as
schematically shown in Figure 2C. To start TPE-TR imaging,
a volume of SMA PNP colloidal suspension was injected
through the sealing cover into the incubation tube to reach a
concentration of 55 μg·mL−1 and a total volume of ∼5 mL. In
this way, different concentration of SMA PNPs, 18 μg·mL−1,
5.5 μg·mL−1, and 1.8 μg·mL−1, were applied to see the effect of
concentration on the plant-PNP interaction. The moment of
SMA PNP injection was taken as the timing to initiate the
plant-PNP interaction, i.e. the time origin for the TPE-TR
imaging. Note that this is a pseudo time origin for the real-time
imaging, because it is hardly to know precisely the starting time
of plant-PNP interaction. The typical SMA PNP exposure
period for real-time TPE-TR imaging was 0−8 h. In the case of
seedlings, we removed the incubation tube after certain period
of exposing their roots to SMA PNP suspension, since two
successive FOVs could cover the entire seedlings including the
roots. Immediately before TPE-TR imaging, the seedlings were
washed several times with deionized water to remove the
physically adsorbed SMA PNPs. For the imaging of a plant,
two successive FOVs could merely cover the stem. Therefore,
the sample plant was placed together with its incubation tube
on the sample stage, and only the stem was examined (Figure
2C). For convenience, a position close to the cultivation tube
(the root) was taken as the spatial origin of the stem (Figure
2A). The TPR-TR measurements were done at 25 °C under a
humidity of ∼45% in a clean room.

2.5. Optical Microscopy and TEM. The horizontal
resolution of the in vivo TPE-TR imaging (60 μm) is not
enough to resolve the fine cellular structures. To further
explore the location of SMA PNPs deposited in the tissues of
plant and seedling, we performed in vitro optical microscopic
and TEM characterizations. (i) For the evaluation of the
degree of tissue lignification, the sections (thickness, 1 μm) of
stems or seedlings of M. exotica were paraffin-embedded and
safranin and fast-green stained, and were subjected to optical
microscopic observation (TE-2000U; Nikon Corp., Japan). (ii)

Figure 2. (A) Schematic drawing of a M. exotica plant cultivated in deionized water in an incubation tube. (B) Principle of autofluorescence
rejection by TPE-TR imaging. (C) Schematic optical layout of the TPE-TR imaging apparatus.
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To examine the deposition details of SMA PNPs, we carried
out fluorescence lifetime imaging (FLIM) microscopy (Q2;
ISS company, U.S.A.) for unstained cross-sectional slices
(thickness, 200 μm) of the stems of M. exotica plants, whose
roots were exposed to SMA PNPs for certain period (cf.
Section 2.2). Taking advantages of the long Eu-luminescence
lifetime (∼0.62 ms), FLIM microscopy could discriminate the
spatial distribution of SMA PNPs at a resolution of
submicrometer. (iii) To facilitate the elucidation of the
plant-PNP interaction mechanism, we investigated, using
TEM, the precise locations of SMA PNPs with reference to
the fine structures of cells at a subnanometer resolution. We
fixed the segments of plant stems with 2.5% glutaraldehyde in
0.1 M phosphate buffer (PB, pH 7.2) over 4 h, washed them
with cold PB for three times in 30 min, dehydrated them with a
gradient of ethanol and cleared in acetone, and embedded
them in spurr resin (SPI-CHEM). We then cut the segments
into 1 μm-thick sections, which were stained with toluidine
blue for the preview under an optical microscope. For electron
microscopy, ultrathin sections (thickness, 70 nm) were cut
with an Ultrotome (Leica EM UC7; Germany), mounted on
Formvar-coated copper grids and poststained with uranyl
acetate, and then observed with a TEM (JEM-1230; JEOL,
Tokyo, Japan).

3. RESULTS
3.1. Autofluorescence Rejection by TEP-TR Imaging

for the Chlorophyll-Containing Plant Tissues. Figure 3

demonstrates the influence of autofluorescence on the TPE-
TR images. As seen in panels B and E, without autofluor-
escence rejection (δt = 0 ns), the TPE-induced autofluor-
escence overwhelmed the images of the leaves and the stem.
However, with δt = 500 ns the luminescence images originated
from SMA PNPs are completely free from the autofluorescence
interference (panels C and F). The excellent performance of
autofluorescence rejection of TPE-TR imaging is crucial for the
visualization of the in vivo spatiotemporal distribution of SMA
PNPs especially in green plant samples. This point is further
demonstrated by the TPE-TR images of an intact leaf of M.
exotica: Without exposing to SMA PNPs, the leaf exhibited
rather intense TPE-induced chlorophyll fluorescence when

illuminated with the near-infrared femtosecond laser pulses (cf.
Figure S2).
Figure 3D displays the bright-field image of a leaf-stem

junction beneath a petiole, which appeared in green owing to
the rich chlorophyll content as shown by the color photograph
in Figure S2. The corresponding TPE-TR image in Figure 3E
(δt = 0 ns) is distinctly different from that in Figure 3F (δt =
500 ns). Specifically, the bright spots in Figure 3E as
highlighted by a circle are not seen in Figure 3F, meaning
that these spots are false signals of autofluorescence. Notably,
such false signals are suppressed completely by setting δt to
500 ns. Hereafter, the TPE-TR images forM. exotica plants and
seedlings are those obtained with rejection of autofluorescence
(δt = 500 ns). Besides autofluorescence rejection, the TPE-TR
imaging is advantageous in its large imaging depth, which may
differ for various plant tissues owing to the difference in tissue
textures and chlorophyll contents. Our preliminary character-
ization showed that the imaging depths are >240 μm for the
leaves and >300 μm for the stem cortexes of one-year grown
plants, implying that the TPE-TR imaging can readily
penetrate these types of plant tissues (cf. Figure S3).

3.2. Comparison of SMA PNP Uptake by the
Seedlings and the Plants of M. exotica. Figure 4B and

C, respectively, shows the anatomic structures of the stem and
the root of a M. exotica seedling. Upon safranin and fast-green
staining, the cell walls rich in lignin appear in red, while those
abundant in cellulose are seen in green. In the case of stem, the
inner circular layer is the lignified xylem encircling a much less
lignified pith. The cortex and epidermis outside this vascular
bundle are clearly in green, indicating that the cell walls in this
domain contain mainly cellulose rather than lignin. However,
in the case of root, the central vascular cylinder is lignified,
whereas the peripheral cortex and epidermis mainly contain
cellulose.
Figure 4D and E shows the TPE-TR images of the seedling

incubated with the colloidal solution of SMA PNPs for 72 h.
The SMA PNPs are found merely around the differentiation
zone. This domain was indeed around the solution surface
during SMA PNP exposure. Therefore, the SMA PNPs are

Figure 3. Upper and lower rows, respectively, show a pair of leaves
and a stem segment of a one-year grown M. exotica plant. (A, D)
Bright-field images, (B, E) TPE-TR images with δt = 0 ns, showing
the overwhelming of the intense autofluorescence, (C, F) TPE-TR
images with δt = 500 ns, illustrating the effect of autofluorescence
rejection. In panels A−C, a few beads of SMA PNP colloidal
suspension were put on the leaves. In panel F, the luminescence image
was due to the uptake of SMA PNPs from the colloidal suspension
(55 μg·mL−1; cf. Figure 2).

Figure 4. (A) Photograph of a M. exotica seedling. Optical
microscopic images of the cross sections for (B) stem and (C) root
of the seedling. The samples for optical microscopy were taken from
the positions as indicated in panel A, and were paraffin-embedded and
safranin and fast-green stained. (D) TPE-TR image of a M. exotica
seedling and (E) its overlay with the bright-field image. Prior to TPE-
TR imaging, the seedling roots was incubated in the colloidal
suspension of SMA NPs (55 μg·mL−1) for 72 h. The dashed circles in
panels D and E highlight the region around the surface of the
incubation liquid as indicated in panel A.
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most likely physically adsorbed onto the outer surface of
epidermis, i.e., those could not be washed away. Taken the
above results together, we conclude that the seedling roots are
not active for the uptake of SMA PNPs from the colloidal
solution, which is to be ascribed to the lack of lignification of
the epidermis (see Discussions).
Figure 5B and C, respectively, shows the anatomic structures

of a one-year grown plant of M. exotica. The epidermis of both

root and stem are in red, indicating that the cell walls were
lignified despite a relatively less lignification of the stem. In
Figure 5D and E, the TPE-TR images are superimposed on
their bright-field images. It is seen that the SMA PNP signals
overlap intimately with the outmost layers of the bright-field
images, which together with more detailed morphological
analysis (cf. Figure S4) revealed that the SMA PNPs were
localized in the epidermis. More details of the deposition of

Figure 5. (A) Photograph of a M. exotica plant. Optical microscopic images of the cross sections of (B) stem and (C) root at the positions as
indicated in panel A. The samples for optical microscopy were taken from the positions as indicated in panel A, and were paraffin-embedded and
safranin and fast-green stained. The TPE-TR images of (D) stem and (E) root superimposed on their bright-filed images. Prior to TPE-TR
imaging, the plant was incubated in the colloidal suspension of SMA PNPs (55 μg·mL−1) for 72 h. (F) Confocal and FLIM microscopic images of
the epidermis domain of the stem (excitation wavelength, 405 nm). The green contrast is the fluorescence image collected by ordinary confocal
microscopy mode without lifetime discrimination. The upper left inset shows the FLIM image of SMA PNPs (red) overlapped with confocal image
for the indicated region of interests (ROI). The millisecond lifetime-component of Eu-luminescence (cf. upper right inset) was used to extract the
FLIM image.

Figure 6. (A) Optical microscopic image of the cross section of the leaf taken from a one-year grown M. exotica plant. The sample for optical
microscopy was paraffin-embedded, and safranin and fast-green stained. (B) Bright-field and (C) TPE-TR images of the leaves from a M. exotica
plant incubated with colloidal suspension of SMA PNPs (55 μg·mL−1) for 96 h. The image at a dark-count level was due to the lack of SMA PNPs
and the autofluorescence rejection with a TPE-TR imaging delay of δt = 500 ns.

Figure 7. (A) Photograph of a one-year grown M. exotica plant. (B) Bright-field images of the lower (L) and the upper (U) segments of the stem.
(C−G) Real time TPE-TR images recorded after injection of colloidal SMA PNP into the incubation tube to reach a concentration of 55 μg·mL−1.
The temporal origin was defined at the timing of injection (cf. Figure 2). More imaging details for the spatiotemporal evolution of accumulation
SMA PNPs from 3 min to 8 h can be found in an SI Video.
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SMA PNPs are illustrated in Figure 5F by comparing the
confocal and the FLIM microscopic images of the epidermis.
The upper left inset shows that the FLIM image of Eu-
luminescence (red) overlapped intimately with the confocal
microscopic image without lifetime discrimination (green),
indicating that the PNPs deposited mainly in the domains of
cell walls. Thus, for the one-year grown plant, in contrast to the
three-week grown seedlings, the lignified epidermis of root and
stem allow the uptake and translocation of SMA PNPs from
the incubation suspension. In view of these TPE-TR and FLIM
results, we can safely conclude that the lignified epidermis of
M. exotica plant is active for the uptake and translocation of
SMA PNPs.
The lignified-epidermis path of SMA PNP uptake also draws

support from the TPE-TR imaging analysis of the leaves from a
M. exotica plant. From the anatomic structures in Figure 6A, it
is seen that the xylem of the vascular bundle is in red and
hence is lignin containing, whereas the other tissues are
unlignified. Figure 6B and C compares the bright-field and the
TPE-TR images of the leaves. Judging from the rather low
photon counts, which is close to the dark background, and in
viewing of the imaging depth of leaves (∼240 μm), we can
conclude that the leaves contain undetectable SMA PNPs
despite the long exposure period of 96 h for the mother M.
exotica plant.
3.3. Noninvasive, Real-Time TPE-TR Dynamics of SMA

PNP Uptake and Translocation by M. exotica Plants and
the Effect of Exposure Concentration. Figure 7 shows a
one-year grown plant of M. exotica, and its TPE-TR images
recorded at selected timing. As seen in Figure 7D, SMA PNPs
became visible after 1 h interaction of colloidal SMA PNPs in
both the lower and the upper segments of the stem. From 2 to
6 h (Figure 7E−G), the SMA PNPs were continuingly
enriched along the stem. Notably, the pattern of the lower
segment seems more heterogeneous. The Eu-luminescence
intensity reached the maximum at ∼6 h, which is shown more
clearly in Figure 8 where the Eu-luminescence intensity is
plotted against position and timing. (See SI S5 for the
procedures of data processing.) It is seen that the Eu-
luminescence become recognizable around 0.5−1.0 h, and that

the Eu-luminescence increase monotonically and evolve almost
in phase at different locations along the stem.
Figure 9A shows the time evolution profiles of SMA PNP

accumulation at different positions along the stem of a M.
exotica plant. From these kinetics curves, we estimated their
rise-up timing at ∼20 min. Although the maximal intensity are
different at different positions, the kinetics curves simulta-
neously rise to their maxima in a similar time scale of 6−8 h.
Such kinetics behavior is illustrated more clearly by normal-
izing the curves as shown in the inset of Figure 9A. For a
phenomenological quantification of the kinetics, we fitted the
curves in 20 min ∼4 h to a linear model function, IL(t) = k × t
+ I0, where k and I0 represent the rate constant and the dark
counts, respectively. The rate constants of the lower segment
(0−30 mm), k = 0.20 ± 0.02 h−1, are found to be similar as
those of the upper segment (40−60 mm), k = 0.18 ± 0.02 h−1,
i.e., the accumulation of SMA PNPs at different positions
evolved almost in phase.
To examine the concentration effect of SMA PNPs on the

uptake and translocation dynamics of the one-year grown M.
exotica plants, we systematically varied the SMA PNP
concentration, and accordingly present the results of
accumulation kinetics in Figure 9. The concentration effect
can be characterized as the followings. (i) It is seen that, upon
concentration decreasing, the luminescence intensity decreased
systematically to an undetectable level (Figure 9D). The trend
of descending of SMA PNP concentration, 55 μg·mL−1, 18 μg·
mL−1, and 5.5 μg·mL−1, holds a ratio of 10:3.3:1, which is in
accord with the decrease tendency of the corresponding
maximal Eu-luminescence intensity (IL

m: 82, 25 and 7). This
implies that the accumulation of SMA PNPs by the plant stems
is linearly proportional to the exposure concentration in the
aqueous phase. (ii) Reduction of the exposure concentration
lead to substantially delayed rise-up time, e.g., from ∼20 min
(55 μg·mL−1) to 2−3 hs (18 μg·mL−1, 5.5 μg·mL−1).
However, the apparent timing to arrive at maximal Eu-
luminescence intensity (IL

m),∼ 6 h, seems independent of the
exposure concentration. (iii) Irrespective of the exposure
concentration, the accumulation of SMA PNPs at different
positions evolved almost in phase in terms of the rise-up and
the saturation timing. Such kinetics behavior is to be
rationalized by a physically meaningful model proposed for
the uptake and translocation of SMA PNPs (cf. Discussion).

4. DISCUSSION
We have carried out noninvasive, real-time analysis of the in
vivo uptake and translocation dynamics of SMA PNPs by PE-
TR imaging the stems of one-year grown M. exotica plants, and
have revealed the in-phase accumulation behavior of SMA
PNPs at different positions along the plant stems under
different exposure concentration. Our results favor a lignified-
epidermis path of SMA PNP uptake and translocation. Herein,
we will discuss on the uptake and translocation path and the
mechanism on the basis of high-resolution TEM anatomic
structures, and will model the unique spatiotemporal evolution
dynamics so as to quantify the uptake and translocation
processes of the individual living plants.

4.1. Path and Mechanism of SMA PNP Uptake and
Translocation in Living M. exotica Plants. As shown by
the TPE-TR imaging and the optical microscopic anatomy
(vide supra), the root entry of SMA PNP uptake of the
seedlings is inactive owing to the lack of epidermis lignification.
However, the one-year grown plants bear the uptake path of

Figure 8. Plot of Eu-luminescence intensity of SMA PNPs along (A)
the upper segment (Segment-U) and (B) the lower segment
(Segment-L) of the plant stem at the indicated timing. Abscissa
scale refers to the relative position from the starting point of TPE-TR
scanning (cf. Figure 2A). The data were derived from the TPE-TR
images as shown in Figure 7.
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SMA PNPs via the lignified root epidermis. Hereafter, the
route and mechanism of SMA PNP uptake and translocation
will be discussed with referring to the schematic anatomic
structure of plant roots shown in Scheme 1.

Apoplastic and symplastic pathways are two major routes
responsible for the translocation of solutes through tissues or
organs, both of which play critical roles for the interaction with
environment (Scheme 1). Regarding the path of SMA PNP
uptake for the roots of one-year grown M. exotica plants, the
symplastic transport can be excluded, because otherwise SMA
PNPs with an average hydrodynamic radius of 12 ± 4.5 nm
would pass across the cortex, and eventually arrive at the
vascular cylinder, and this is obviously not the case (Figure 5D
and E). In addition, the cell-wall apoplastic route seems merely
active for the epidermis of roots, because SMA PNPs were not
found in the cortex and its encircled tissues. This together with
the fact that no SMA PNPs were detected in seedlings and in
plant leaves (Figures 4 and 6) point to the importance of
epidermis lignification in forming the path of SMA PNPs: As
shown by the anatomic structures of the M. exotica plants, the

root epidermis is extensively lignified (Figure 5C). The cell
walls in this case are rich in lignin (cross-linked phenolic
polymers; cf. Figure S1), and hence the cell-wall apoplastic
channels are mechanically rigid and relatively spacious.51,52 In
addition, there exist considerable amount of intercell-wall
space owing to cell maturation upon cell-wall lignification.
These extracellular channels and space facilitate the con-
duction of water, and thereby the translocation of hydrated
SMA PNPs.
In the case of seedling, the cell walls of root epidermis are of

little lignification (Figure 4C). Instead, they are abundant in
cellulose (linear polysaccharide polymers; cf. Figure S1).
Therefore, the cell-wall apoplastic channels are relatively
flexible and hence prone to be compressed.52 In addition,
the epidermis cells of seedlings are proliferative, leaving less
intercell-wall space. As such, the epidermis of seedling root
does not allow the uptake and translocation of SMA PNPs. In
the same token, the root cortex of both seedlings and plants do
not allow the translocation of SMA PNPs.
For the one-year grown M. exotica plants, SMA PNPs were

detected in the epidermis of both roots and stems in high
concentration (Figure 5D and E). Following the root entry as
depicted in Scheme 1, the extracellular cell-wall pathways can
conduct the ascent translocation of SMA PNPs via the sap flow
of living plants. To the contrary, in the roots and stems of M.
exotica seedlings lacking of epidermis lignification, no SMA
PNPs were detected (Figure 4D and E). In addition, SMA
PNPs were not detected in the plant leaves owing to the
deficiency in the extracellular apoplastic pathways (Figure 6).
We have provided strong evidence for the lignified epidermis

path of SMA PNP uptake and translocation by TPE-TR
imaging and optical microscopic anatomy, and especially by
the FLIM microscopic image that could selectively visualize
the SMA PNPs deposited in the cell walls (Figure 5F).
However, it is still difficult to further distinguish the through-
cell-wall and the intercell-wall paths. To make this clear, we
examined in details the spatial deposition of SMA PNPs by
using TEM with a subnanometer resolution. As shown in
Figure 10, the TEM images of epidermis present a typical
intercell-wall crevice with a submicrometer width (panel B and
its ROI), as well as a typical triangular intercell-wall space with
micrometer dimensions (panels C and D and their ROIs). In

Figure 9. (A) Eu-luminescence kinetics for in vivo accumulation of SMA PNPs at different positions along the stem of a one-year grown M. exotica
plant exposed to colloidal SMA PNPs at a concentration of 55 μg·mL−1. Inset shows the normalized kinetics. These kinetics curves, each of which
accounted for a stem section of 10 mm in length, were derived from the data in Figure 8. (B−D) Eu-luminescence kinetics for in vivo accumulation
of SMA PNPs at different positions along the stems of one-year grown M. exotica plants at concentration of SMA PNPs (18 μg·mL−1, 5.5 μg·mL−1

and 1.8 μg·mL−1). For the convenience of intensity comparison, the vertical coordinates are displayed in the same scale (10 counts per division) in
panels A−C. Maximal Eu-luminescence intensity (IL

m) is defined as depicted in panel A. The solid curves were derived by fitting the kinetics curves
to a model function (cf. eq 1).

Scheme 1. Root Anatomic Structure of a One-Year Grown
M. exotica Planta

aLignified and un-lignified cell walls are shown in red and green,
respectively. Water and environmental nutrients and minerals can
penetrate epidermis and cortex to reach the vascular cylinder for
distant transport and distribution. The proposed lateral and ascent
path for SMA PNP uptake and translocation is indicated by the
dashed line in blue.
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both cases, SMA PNPs in the ROIs are distinctly identified
with morphologies comparable to those characterized in vitro
by TEM (Figure 1B). Interestingly, as shown by the ROIs of
higher resolution (with 100 nm scale bars), a substantial
amount of SMA PNPs are in close proximities of cell walls,
suggesting the adsorption/desorption binding mode of SMA
PNPs. On the basis of the TEM and optical anatomy and the
TPE-TR analyses, we conclude the intercell-wall path, rather
than the through-cell-wall route, for the uptake and trans-
location of SMA PNPs in the lignified epidermis of M. exotica
plants.
4.2. Spatiotemporal Evolution and Accumulation

Mechanism of SMA PNPs in Living M. exotica Plants.
As illustrated by Figures 7 and 8 (see also the SI Video for
more imaging details of the spatiotemporal evolution SMA
PNP accumulation from 3 min to 8 h), the patterns of SMA
PNP distribution along the stem are nearly unvaried with
elapsing time. In addition, the Eu-luminescence intensity
evolve almost in phase at different position as proved by the
kinetics curves in Figure 9. These spatiotemporal character-
istics imply that the SMA PNPs visualized by TPE-TR imaging
are those localized in the epidermis. Therefore, the evolution
kinetics essentially reflect the trap processes of SMA PNPs.
Alternatively, for the SMA PNPs free in the mobile sap
(water), their contribution to the Eu-luminescence intensity, if
any, must be rather small, which is most likely due to a low

concentration. This is confirmed by TPE-TR imaging of a two-
orders-of-magnitude diluted colloidal suspension in a capillary
(0.55 μg·mL−1), which exhibited a photon count comparable
to that of a plant stem with an accumulation time as long as 2 h
(Figure S6).
In general, the sap flow velocity for wood plants is a few

millimeters per minute with an upper limit of 10 mm·min−1,53

meaning that within 20−30 min a 60−100 mm length of the
stem can be flowed over with a moderate sap velocity of 3−5
mm·min−1. However, the diffusion of SMA PNPs into
stationary water in capillary is extremely slow (Figure S7).
Therefore, the SMA PNPs translocating in a stem is concluded
to be driven by the sap flow. Two different types of SMA PNP
trap sites in the intercell-wall apoplastic channels are expected:
(i) Those on the surface of lignified cell walls facing relatively
large intercell-wall space, i.e., from a few hundred nanometers
to a few micrometers (Figure 10B and D and the associated
ROIs), where SMA PNPs experience dynamics adsorption and
desorption. (ii) Those in rather narrow intercell-wall spaces,
i.e. comparable to or below 100 nm (Figure 10, ROI of (D)-b),
where the adsorption and desorption of SMA PNPs can be
relatively slow due to the nanochannel restriction to the sap
flow. As inspired by the random walk model for the dynamic
adsorption/desorption of molecules in chromatography,54 we
modeled the SMA PNP accumulation kinetics of living plant
stems by the use of an integral of Gaussian probability density,

Figure 10. (A) Previewed optical microscopic image of a section of plant stem (thickness, 1 μm; toluidine blue stained). Dashed circle highlights
the region to be examined with TEM. (B) TEM images for an ultrathin section of plant stem (thickness, 70 nm) showing the crevice between the
cell walls. (C, D) TEM images for an ultrathin section of plant stem (thickness, 70 nm) showing the triangular intercell-wall space. The ROIs of
panels B−D are displayed in high resolution, where the arrows in red point to the dispersed or clustered SMA PNPs. The M. exotica plant for the
optical and the TEM analysis was incubated with colloidal suspension of SMA PNPs (55 μg·mL−1) for 8 h. (See Figure S11 for the TEM images of
control.)

Table 1. Parameters Derived by Least-Square Fitting of the Kinetics Curves in Figure 9A to the Model Function Eq 1

kinetics parameters stem position (mm)

0−10 10−20 20−30 40−50 50−60
tm (h) 2.5 ± 0.3 2.4 ± 0.2 2.6 ± 0.2 2.4 ± 0.3 2.1 ± 0.5
σ (h) 1.9 ± 0.5 1.7 ± 0.4 1.4 ± 0.3 1.8 ± 0.3 2.3 ± 0.5
IL
m (counts/pixel) 57.2 ± 6.6 91.1 ± 7.9 19.4 ± 1.1 27.4 ± 2.0 22.3 ± 3.6
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where IL
m represents the maximal Eu-luminescence intensity, tm

stands for the average time for a SMA PNP particle to find a
trap site, and σ is the standard deviation. These parameters can
be derived by fitting the kinetics curves to the model function
eq 1. As shown in Figure 9A, this model could well account for
the experimental kinetics. The results thus obtained are listed
in Table 1.
Compared to the linear model description of the kinetics

curves (Section 3.3), the model function eq 1 provides a
physically meaningful quantification of the kinetics, and hence
a deeper insight into the uptake and translocation mechanism
of SMA PNPs: When the intercell-wall trap sites in epidermis
begin to capture SMA PNPs, the time for a particle to be
captured must be relatively short, because most of the trap sites
are open. Subsequently, the trap time becomes longer because
of the reduced trap density. Therefore, tm implies the average
trap time of SMA PNPS. The parameter σ with a dimension of
time measures the drop of trap probability upon deviating from
the mean trap time (tm). In the framework of random walk,54 σ
can be related to the number of adsorption/desorption (n) of a
particle prior to being localized and the time interval between a
pair of successive trials (Δt) by the relation, σ = Δt n .
The trapping dynamics are considered to be dominated by

the physicochemical properties of the lignified cell walls facing
the intercell-wall spaces, which are similar at different positions
along the plant stems, and hence are responsible for the similar
accumulation kinetics of SMA PNPs. To be specific, lignin
macromolecules bear large amount of phenyl substituents, such
as hydroxyl and methoxyl groups. Therefore, the lignin
polymers can interact with the aromatic and ester substituents
exposed on the surface SMA PNPs via weak molecular
interactions such as π-stacking and hydrogen bonding. In this
relation, PNPs of different kind of polymers may exhibit
different trapping dynamics, which is an issue deserving further
investigation by the use of TPE-TR imaging.
The M. exotica plants with roots exposed to different

concentration of colloidal SMA PNPs showed different rise-up
time of the Eu-luminescence kinetics (Figure 9). During such
lag phases, which were longer for a lower exposure
concentration, the plants were active in the uptake and
transport of SMA PNPs, but their accumulation in the stems
were below the detection limit and hence were invisible to
TPE-TR imaging. The detection limit is dependent on the size
of ICCD sensing area. On the basis of the TPE-TR imaging of
the diluted SMA PNP suspension (0.55 μg·mL−1) in a glass
capillary with a diameter comparable to the thickness of a
cortex (300 μm; SI S6), the exposed area of 60 × 320 pixels for
the ICCD to accommodate the image of a stem section of ∼1.8
× 10 mm2 (cf. Figure 9), and in view of the signal-to-noise
ratio 0.5 for the above sensing area, we estimated a TPE-TR
detection limit of ∼100 particles per pixel. The is the upper
limit of the TPE-TR imaging when applied to the stems
because of the diffusive and scattering loss of both excitation
the signal photons in the plant tissues. With the above
estimated detection limit and in considering the SMA PNPs
viewed by TPE-TR, we estimated that the stem section at 10−
20 mm in Figure 9A accumulated ∼1.8 × 109 particles, while
the stem section at 50−60 mm in Figure 9C accumulated ∼4.2
× 108.

The dynamics of SMA PNP uptake and translocation is case-
dependent, because individualM. exotica plants may differ both
in physical dimensions and in physiological conditions. For an
instance, the characteristic uptake time tm and standard
deviation σ of another sample plant exposed to 55 μg·mL−1

were found to be ∼4 h and ∼1.5 h, respectively. See SI S8 for
the statistics of more sample plants under different exposure
concentration. It is therefore intriguing to further investigate
the influence of physiological conditions of plants and
physicochemical properties (polymer side substituents and
particle size, and so forth) of generic PNPs on the uptake
pathways and mechanisms, for which the novel TPE-TR
imaging method and analytical protocol established in the
present work can be powerful means.
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