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Lanthanide coordination nanoparticles have drawn considerable attention owing to their outstanding
luminescence properties. However, biosynthesis of lanthanide coordination nanoparticles is a relatively
new and poorly explored area. Plants possess complex passive fluid transport systems and are potential
In this study, luminescent lanthanide
coordination nanoparticles with various morphologies were synthesized from various living plants. The

green nanofactories for the synthesis of nanomaterials.

two-step process involved incubating plant clippings or intact plants in p-phthalic acid (PTA) solution,
followed by washing and subsequent incubation in lanthanide ion (Eu®* and Tb®*) solution. Different
types of plants and lanthanide ions led to the formation of lanthanide coordination nanoparticles of
different shapes and sizes. Specifically, the Eu/PTA and Tb/PTA coordination nanoparticles inside
shamrock and epipremnum aureum revealed spherical, rod-shaped, octahedral, cubic, and rectangular
crystals with sizes in the nanometer and micrometer ranges. Moreover, luminescent shamrocks with red,
green, and even yellow emissions were obtained using Eu®*, Tb®*, and a mixture. Finally, the intact
shamrocks with luminescent Eu/PTA and Tb/PTA coordination nanoparticles were used for the in situ
detection of Cu?* in water. The integration of functional lanthanide coordination nanoparticles into living
plants is a promising innovation in nanobionics that could open the door to advanced sensors and other

rsc.li/rsc-advances applications.

Introduction

Lanthanide coordination nanoparticles (Ln-CNs) are a subclass
of lanthanide-based materials formed by bridging organic
ligands and lanthanide ions.”® They have been applied in the
fields of drug delivery, catalysis, bioimaging, and sensing,
owing to their outstanding luminescent properties and adjust-
able structures.** Accordingly, the synthesis of high-
performance Ln-CNs is the cornerstone of various potential
applications. However, Ln-CNs are typically synthesized by
chemical coprecipitation, thermal decomposition, and
hydrothermal/solvothermal methods. These methods involve
expensive techniques, inefficient energy consumption, and
environmental risks. In recent years, the fabrication of Ln-CNs
has become increasingly cost-effective and environmentally
benign with the rapid development of nanotechnology. Conse-
quently, green synthesis technologies mediated by biological
systems (such as bacteria, fungi, algae, and plants) are growing
rapidly because of the wide range of raw material sources, their
low cost, and mild reaction conditions.**™**

However, the biosynthesis of Ln-CNs-particularly for in situ
growth within living plants-is a relatively new and largely
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unexplored area.’® Plants have complex vascular networks
capable of internalizing foreign metal ions and organic mole-
cules from the environment through cohesive and adhesive
forces.*®?° The Ln-CN precursors are able to be absorbed by the
plants and accumulate around biomolecules, allowing the Ln-
CNs to grow. Moreover, the presence of biomolecules and bi-
oentities can accelerate Ln-CN growth considerably.”*** There-
fore, living plants are potential green nanofactories for
synthesizing nanomaterials such as Ln-CNs. For example, Liang
et al. reported the synthesis of Eu,(BDC);, and Thb,(BDC);
coordination nanoparticles inside reeds, lilies, lotuses, and
syngonium podophyllum.> The integration of functional nano-
materials and living plants is a promising innovation in bi-
oaugmentation and nanobionics, which could open the door to
advanced sensors and other applications. However, the process
of in situ Ln-CN growth within living plants remains largely
unexplored. In particular, the physicochemical properties of in-
vivo-synthesized Ln-CNs are not yet fully understood.

In this study, we demonstrated that luminescent Ln-CNs of
varying shapes and sizes could be synthesized inside plant
clippings and in intact plants (Fig. 1). Plants were added to an
aqueous solution of p-phthalic acid (PTA), washed, and subse-
quently added to a solution of lanthanide ions (Tb*" and Eu*").
Scanning electron microscopy (SEM) combined with elemental
mapping was used to confirm the formation of Ln-CNs.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 (a) Illustration of Ln-CNs formation inside of plants. Camera
images of intact shamrocks after Ln-CNs growth under daylight (b,
d and f) and 254 nm UV light (c, e and g). (b) Tb/PTA coordination
nanoparticles were grown. (d) Eu/PTA coordination nanoparticles
were grown. (f) Eu/Tb/PTA coordination nanoparticles (Eu:Th =1:5)
were grown.

Different plant species and lanthanide ions can lead to the
formation of Ln-CNs with various morphologies. Specifically,
the Eu/PTA and Tb/PTA coordination nanoparticles inside
shamrock and epipremnum aureum exhibited distinct shapes and
sizes compared to those in previous reports.'”** Moreover, using
Eu®’, Tb*', and their mixture, we could obtain luminescent
shamrocks with red, green, and even yellow emissions. Finally,
the intact shamrocks with Eu/PTA and Tb/PTA coordination
nanoparticles grown within were used as luminescence “turn-
off” probes for real-time monitoring of Cu** in water.

Experimental

Materials

Europium chloride hexahydrate (EuCl;-6H,0, 99.9%), terbium
chloride hexahydrate (TbCl;-6H,0, 99.9%), p-phthalic acid
(PTA, 99%), and copric chloride dihydrate (CuCl,-2H,0, 99.9%)
were purchased from Shanghai Macklin Biochemical Co., Ltd
and used as received.

Plant growth

Intact shamrock and humulus scandens were obtained from
shrubbery at the Zhengzhou University campus (Zhengzhou,
Henan, China). Epipremnum aureum was purchased from
a flower market. The plants were freshly obtained and cultivated
in a light incubator (Yanghui MGC-500C). The plant clippings
were prepared from intact plants. The basic experimental
parameters were as follows: temperature: 25 °C, light source:
6500 K white light, photoperiod: 14 h daily, air humidity: 60%.

Ln-CNs formation in plants

PTA (166 mg), terbium chloride hexahydrate (283 mg), and
europium chloride hexahydrate (276 mg) were separately di-
ssolved in glass beakers containing 50 mL ultrapure water. The
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roots of an intact plant or the base of the plant clippings were
first immersed in a glass beaker containing PTA aqueous solu-
tion (20 mM, 50 mL) for 12 h, followed by gentle washing with
running tap water (at room temperature) for 5 min and subse-
quent culturing in an aqueous solution (50 mL) containing
20 mM lanthanide ions (Tb** and Eu®") for another 12 h.
Subsequently, the Ln-CNs were grown within the plants.

In situ detection of Cu** in water

The intact shamrocks with Eu/PTA and Tb/PTA coordination
nanoparticles grown within were washed gently with tap water
and incubated with 50 mM Cu** solution. After 12 and 24 h, the
shamrocks were separately imaged under a UV lamp at 254 nm.

Characterization

Plant stem samples were freeze-dried and coated with a thin
layer of gold. Morphological analysis was recorded on field-
emission scanning electron microscopy (Hitachi, SU8010) at
an accelerating voltage of 3 kV. Energy dispersive X-ray spec-
troscopy (EDS) studies were also conducted in parallel to
confirm the formation of the Ln-CNs.

Results and discussion

PTA is a common ligand of lanthanide ions, which can sensitize
the luminescence of Eu** and Tb**.24° PTA and lanthanide ions
were able to rapidly and readily form flakes Ln-CNs in water,
showing red and green luminescence under 254 nm UV light
(Fig. S1). According to previous reports,'”* for Ln-CNs that form
rapidly, the plants should be successively immersed in a single
metal salt solution and organic ligand solution. Furthermore,
the organic ligands would be better for the first incubation stage
because the lanthanide ions are small enough to move through
the pores of the Ln-CNs and thus would not be hindered by the
Ln-CNs growth.”® Consequently, a two-step Ln-CNs synthesis
process was used in our experiments. In the first step, the plants
were immersed in a PTA solution, followed by washing and
subsequent incubation in a lanthanide ions solution. The PTA
and lanthanide ions were absorbed by the plants and accumu-
lated around their biomolecules, allowing the Ln-CNs to grow.
The Ln-CNs formed using various lanthanide ions (Eu** and
Tb**) were denoted as Eu/PTA, Th/PTA, and Eu/Tb/PTA coordi-
nation nanoparticles, respectively.

Initial tests were conducted with plant clippings as trimming
the plant at the stem allowed larger molecules to accumulate
through cohesive and adhesive forces.”® Shamrock is a common
herbaceous plant with a wide distribution and strong adapt-
ability, which is cultivated worldwide. After freshly obtaining
the intact shamrock from shrubbery at our campus, the clip-
pings were prepared and incubated with PTA solution over-
night. The green and red luminescence were observed in the
stems after 4 h of incubation with Tb*" and Eu®* ions, respec-
tively. Analyses of the cross-section of the stem under 254 nm
UV light (Fig. S2) confirmed the formation of the luminescent
compounds. As the incubation time of Eu*>" and Tb** increased,
the luminescent coordination nanoparticles gradually formed
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in the leaves (Fig. 2a and b), making the vasculature of shamrock
clearly visible under UV light. Similar results were evident when
using epipremnum aureum (Fig. 2c) and humulus scandens
(Fig. 2d).

In order to further confirm the formation of Ln-CNs, the
structures of luminescent compounds grown within the plants
were examined using SEM. As illustrated in Fig. 2e and f, the
morphology of the Eu/PTA coordination nanoparticles within
the shamrock was a uniform sphere of approximately 30-70 um
size. It is worth noting that it was larger than reported Eu/PTA
coordination nanoparticles,® possibly owing to the involve-
ment of different plant biomolecules in the formation of the
coordination nanoparticles. However, when changed to Tb**
ions, the Tb/PTA coordination nanoparticles grown in the
shamrock formed irregular nanoparticles (Fig. S3). Moreover,
the SEM images revealed that the Tb/PTA coordination nano-
particles within the epipremnum aureum had regular nanorod
crystals with an average diameter of approximately 200 nm
(Fig. 2g and h). The rod-shaped Ln-CNs gathered like blooming
flowers. By contrast, Fig. 2i and j showed that a heterogeneous
mixture of Eu/PTA coordination nanoparticles, ranging in size
from 500 nm to 2 um, were grown within the epipremnum aur-
eum. In addition to nanospheres, anisotropic Eu/PTA coordi-
nation nanoparticles—such as octahedral, cubic, and cuboid
coordination nanoparticles—could be observed (marked by red
arrows). EDS elemental analysis of the Ln-CNs is illustrated in
Fig. S4. The existence of europium and terbium elements
confirmed the formation of Eu/PTA and Tb/PTA coordination
nanoparticles within the plant clippings.

Fig. 2 Camera images of plant clippings with Ln-CNs growth under
254 nm UV light (a—d). (a) Shamrock with Eu/PTA coordination
nanoparticles growth. (b) Shamrock with Tb/BDC coordination
nanoparticles growth. (c) Epipremnum aureum with Tb/PTA coordi-
nation nanoparticles growth. (d) Humulus scandens with Tb/PTA
coordination nanoparticles growth. (e—j) SEM images of longitudinal
sections of plant stems with Ln-CNs growth within. (e and f) Shamrock
with Eu/PTA coordination nanoparticles growth. (g and h) Epi-
premnum aureum with Tb/PTA coordination nanoparticles growth. (i
and j) Epipremnum aureum with Eu/PTA coordination nanoparticles
growth.
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The outstanding performance of plant clippings inspired us
to synthesize Ln-CNs within intact plants through the mass flow
of PTA and lanthanide ions into the roots, followed by transport
through the xylem. Only in this manner could various applica-
tions be envisioned, such as living sensors. Although the uptake
of the precursors and in situ growth of Eu/PTA and Tb/PTA
coordination nanoparticles were hampered within intact
shamrocks compared to the shamrock clippings, the shamrocks
were still able to emit luminescence under 254 nm UV light
(Fig. 3a and b). However, the Eu/PTA and Tb/PTA coordination
nanoparticles grew only in specific segments of shamrocks
owing to the asymmetries in the uptake and transport through
the roots (Fig. 3c). Specifically, not all leaves exhibited the
luminescent signature of Eu/PTA and Tb/PTA coordination
nanoparticles (Fig. 3d and e).

SEM images revealed that the Eu/PTA and Tb/PTA coordi-
nation nanoparticles synthesized through root absorption were
smaller than those transported through the stems. The
morphology of the Tb/PTA coordination nanoparticles within
the intact shamrock was a regular nanosphere of approximately
50 nm size, whereas the Eu/PTA coordination nanoparticles
revealed spiny nanosphere crystals with an average diameter of
approximately 150 nm. In addition, when PTA was changed to
pyridine-2,6-dicarboxylic acid (another common sensitizer of
lanthanide ions),””?® the luminescent shamrocks with red, green,
and even yellow emissions can also be obtained (Fig. S5).

Fig. 3 Camera images of the intact shamrocks with Ln-CNs growth
within under 254 nm UV light (a—e). (@ and e) Tb/PTA coordination
nanoparticles were grown. (b, ¢, and d) Eu/PTA coordination nano-
particles were grown. (f—i) SEM images of longitudinal sections of the
intact shamrocks stems with Ln-CNs growth within. (f and g) Tb/PTA
coordination nanoparticles were grown. (h and i) Eu/PTA coordination
nanoparticles were grown.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Camera images of the intact shamrocks with Ln-CNs growth
under daylight (a and c) and 254 nm UV light (b and d) conditions when
cultivated in water or Cu?* solution (50 mM). (a) Eu/PTA coordination
nanoparticles were grown. (c) Tb/PTA coordination nanoparticles
were grown.

Nanomaterials have been widely used in portable, sensitive,
and high-throughput sensing platforms due to their unique
physical and chemical properties.***° It is a research hotspot to
integrate functionalized nanoparticles into living plants to
construct plant nanobionic sensors.*** In addition, plants
possess vast root network structure capable of automatically
extracting samples from underground environment.** The
natural circuitry consisting of roots, stems, and leaves enables
rapid and efficient transport of various substances.** Environ-
mental pollutants generally enter plants through their roots and
leaves. Some pollutants will be gradually catabolized, while
others will accumulate in plants.* These characteristics enable
plants to be used as environmental sensors to indicate specific
pollutants. For example, wong et al. reported the use of func-
tionalized single walled carbon nanotubes to create nanobionic-
plant-enabled sensors that detect nitroaromatics in real time via
attenuation of near-infrared fluorescence in leaves of living
spinach plants.*® Similarly, lew et al. demonstrated the inte-
gration of DNA-wrapped single walled carbon nanotubes with
living wild-type plants to engineer plant nanobionic sensors
capable of real-time detection of arsenite in the belowground
environment.*”

Ln-CNs have been widely applied in chemical and biological
sensing and detection through changes in luminescence.***®
Consequently, we tested whether our luminescent plants could
be used as living sensors. According to previous reports,'”*
plants can serve as self-powered preconcentrators via their
passive fluid transport systems and accumulate various toxic
metal ions and organic pollutants around the embedded Ln-
CNs, resulting in relative changes in their luminescence
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intensity. Accordingly, the luminescent intact shamrocks with
Eu/PTA coordination nanoparticles growth were incubated in
a Cu®" solution (50 mM) and water. As illustrated in Fig. 4a, after
24 h, all the shamrocks grew normally and exhibited no major
changes in daylight. However, under UV light, there was no
major difference in the luminescence of the shamrocks
immersed in water, whereas the luminescence of the shamrocks
immersed in the Cu®" solution disappeared after 24 h (Fig. 4b).
Similar performances were also observed when using the
shamrocks with Tb/PTA coordination nanoparticles growth
(Fig. 4c and d). These results suggest that the plant-Ln-CNs
hybrid may serve as a tool for the in situ detection of small-
molecule contaminants in hydroponic setups.

Conclusions

This study demonstrated that different Ln-CNs could be
synthesized in a two-step process for both clipped and intact
plants. The Eu/PTA and Tb/PTA coordination nanoparticles
within the shamrock and epipremnum aureum exhibited distinct
morphologies compared to those in previous reports. Multi-
color luminescent shamrocks were obtained using Eu®*", Tb*",
and their mixture. The nanobiohybrid shamrocks could be used
to detect Cu®* ions in water. The Ln-CNs-plant nanobiohybrids
in this study showcased the capacity to convert living plants into
self-powered autosamplers and sensors for environmental and
groundwater pollutants. It is well known that plants have
evolved complex signaling systems to perceive and rapidly
respond to environmental variations. The use of nanotech-
nology to collect and interpret plant internal responses is of
primary importance to enable plants to continuously monitor
environmental pollutants in real-time. The species-
independent nanotechnology can be applied to any wild-type
plants compared with the genetic engineering method.
However, the metal ions necessary for plant growth—such as
Ca®*—can naturally accumulate in plants and bind to PTA.
Phosphate ions in plants also have strong adsorption and
chelation to lanthanide ions. These could foreseeably interfere
with Ln-CNs formation inside plants. Moreover, the shapes and
sizes of Ln-CNs are partially dependent on the biomolecules in
plants, and the process is not yet fully understood. Conse-
quently, controllable synthesis of Ln-CNs can be challenging.
More in situ characterization and separation techniques need to
be developed to understand the properties of Ln-CNs grown in
plants so that they can be applied more widely. Although only
Eu/PTA, Tb/PTA, and Eu/Tb/PTA coordination nanoparticles
were synthesized in this study, other nanoparticles and func-
tional materials could theoretically be synthesized in living
plants.
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