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ABSTRACT: Plant biotic or abiotic stresses, such as pathogens,
mechanical damage, or high temperature, can increase intra-
cellular H2O2 concentration, damaging proteins, lipids, and
DNA. Most current H2O2 detection methods require the
separation or grinding of plant samples, inducing plant stresses,
and the process is complicated and time-consuming. This paper
constructed a metal−organic framework (MOF)-based bio-
sensor for real-time, remote, and in situ detection of exogenous/
endogenous H2O2 in plant organs through color-to-thermal
signal conversion. By simply spraying horseradish peroxidase,
2,2′-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid) (ABTS),
and the precursor of zeolite imidazolate frameworks-8 (ZIF-8),
ZIF-8 biosensors were formed in situ on a plant root, petiole, or
leaf. This biosensor could report sub-micromolar H2O2 in plants since the oxidation products, ABTS• +, emitted heat when
they absorbed energy from near-infrared (NIR) light. Due to the plant’s low absorption in the NIR region, the ZIF-8 biosensor
allowed for remote thermal sensing of H2O2 transport or biotic/abiotic stresses in plants with a high signal-to-noise ratio
combining NIR laser and thermometer. Our biosensor can be used for the future development of plant sensors for monitoring
plant signaling pathways and metabolism that are nondestructive, minimally invasive, and capable of real-time, in situ analysis.
KEYWORDS: biosensor, hydrogen peroxide, metal−organic framework, plant stress, thermal signal

INTRODUCTION
Environmental pollution, global warming, and climate change
exacerbate the impact of biotic and abiotic stresses on plant
growth, development, and yield.1−3 Therefore, accurate
monitoring and assessing plant physiological status are critical
for soil, water, nutrients, pesticide conservation, and crop yield
increment.4−8 Reactive oxygen species (ROS) are a class of
essential signaling molecules involved in mediating cell-to-cell
communication to activate plant defense mechanisms.9,10

Hydrogen peroxide (H2O2) is the critical ROS that mediates
rapid system signal transduction in plants and is regarded as an
acute stress indicator.11,12 Environmental stress conditions,
such as heat, mechanical wounding, salinity, cold, or pathogen
infection, can produce a large amount of H2O2, which activates
regulatory mechanisms and biotic/abiotic stress response in
plants.13 As stated above, H2O2 as an essential signal molecule
may play a crucial role under various biotic/abiotic stress
conditions and is closely associated with plant health.
Monitoring the level of H2O2 in plant organs (i.e., leaves,
roots, petioles) can give us a sense of how plants respond to

biotic/abiotic stresses, which is highly valuable for agriculture
biosensing.

Current techniques for detecting H2O2 signals are limited to
fluorescent dyes, histochemical reagents, electrochemical
sensing, and nanosensors such as carbon nanotubes.13−17

However, due to chlorophyll autofluorescence interference,
conventional fluorescent methods are difficult to apply directly
to plant organs.18 Histochemical staining needs a cumbersome
and long-time extraction and staining operation, which can not
be used to monitor H2O2 in real-time and in situ. Electro-
chemical detection provides an attractive means to monitor
H2O2 while requiring modification of the indium tin oxide
working electrode.17 As a result, nondestructive analysis of the
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level of H2O2 and its transportation in plants remains a
formidable task. Nanotechnology and nanobionics emerged as
essential tools for monitoring plant signaling pathways and
metabolism using a nondestructive and minimally invasive
manner.19−21 Emerging wearable sensors were also designed
for plant health monitoring by profiling various biomarkers and
transducing signals to electric readout for plant physiology and
pathological analysis.22,23 Lew et al. developed a near-infrared
(NIR) fluorescent biosensor based on H2O2-selective DNA-
wrapped single-walled carbon nanotubes (SWCNT), which
could nondestructively, real-time monitor the H2O2 signal
transduction pathway induced by wounds in model plants and
nonmodel plants.13 Besides, the NIR fluorescence of SWCNT
avoided the autofluorescence window of plant organs, allowing
for the detection of H2O2 with a high signal-to-noise (S/N)
ratio. Wu et al. noncovalent modified chiral SWCNT with
porphyrins and their aptamers for monitoring the level of
H2O2 with the onset of plant stress.24 Compared to traditional
in vitro methods, H2O2-responsive SWCNT offers a con-
venient, straightforward, and dynamic means for spatiotempo-
ral monitoring analytes in plant organs, representing the next-
generation plant sensors. Despite these advantages, SWCNT-
based plant biosensors have some inevitable questions, which
significantly impede the application of biosensors in plants.
First, these biosensors are infused into plant organs using a
syringe, and the thick wax shells on plant organ surfaces make
it difficult to be infused with an external solution. Moreover,
the leaf infiltration method is challenging to be implemented
on other organs (e.g., root, petiole, and stem) due to their small
size. Second, SWCNT-based plant biosensors are signal-off
fluorescent devices, and the sensitivity is directly associated
with biosensors’ quality and environmental conditions. There-
fore, exploiting more biosensors for plant analysis is in its
infancy. It remains challenging to develop straightforward, real-

time, remote, and sensitive biosensors for in situ analysis of
H2O2 in plants.

Metal−organic frameworks (MOFs) are porous nanoma-
terials that consist of metal ions and organic linkers.25,26 MOFs
can encapsulate various biomolecules, such as nucleic acids,
proteins, polysaccharides, and even whole cells.27−30 Once
encapsulated in MOFs, there is a significant enhancement in
biomolecule chemical stability and biological activities under
harsh conditions.31,32 Various biomolecule/MOF hybrids have
been developed with their applications in catalysis,33 cancer
therapy,34−37 biosensing,38,39 and detoxification.40 Moreover,
MOFs can be assembled on both hydrophilic and hydrophobic
surfaces owing to intermolecular interactions provided by
metal nodes and organic linkers.41 Liang’s group reported two
types of MOFs inside living plants. One of the luminescent
lanthanide MOFs could be utilized for small molecule and
environmental pollutant sensing.42,43 Li et al. developed a
triboelectric nanogenerator based on surface-attached MOF
coating on plant leaves and explored this triboelectric
nanogenerator as a plant photosynthesis sensor.44 We
anticipate that MOFs can encapsulate recognition and signal
elements based on these merits, acting as remote sensors to
report plant status.

Herein, we developed a straightforward and sensitive
method for assembling MOF-based biosensors on plant
organs, using temperature as the signal readout to detect
exogenous/endogenous H2O2. As illustrated in Scheme 1,
horseradish peroxidase (HPR) and 2,2′-azino-bis (3-ethyl-
benzothiazoline-6-sulfonic acid) (ABTS) were in situ encapsu-
lated during zeolite imidazolate frameworks-8 (ZIF-8)
formation on different plant organ surfaces, including leaves,
roots, and petioles, via a spray method. This ZIF-8 biosensor
has several merits for analyzing H2O2 in plants: (1) The ZIF-8
biosensor preparation on plant organ surfaces is straightfor-
ward, rapid, and convenient under mild conditions (i.e., an

Scheme 1. Cartoon Illustration of ZIF-8-Based Plant H2O2 Biosensor
a

a(a) Nb under different stresses, such as pathogens, heat damage, mechanical wounding, and generating endogenous H2O2. (b) HPR and ABTS are
in situ encapsulated during ZIF-8 formation on plant organ surfaces (i.e., leaves, roots, petioles) via a spray method. Step 1: HPR, ABTS, and 2-
methylimidazole (2-mim) are mixed and sprayed onto plant organ surfaces. Step 2: Zn2+ solution is further sprayed at the same site. Exogenous/
endogenous H2O2 acts as a signal molecule and oxidizes ABTS to its free radical, ABTS•+. (c) ABTS•+ generates thermal signals under a NIR laser
captured by a thermometer.
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aqueous solution). Besides, the ZIF-8 biosensor can be
robustly assembled on different plant organ surfaces, avoiding
cumbersome and position-limited infusion operations with
SWCNT-based biosensors. (2) HRP as the critical recognition
element ensures high sensitivity and specificity to H2O2 since it
is one of the most efficient natural enzymes and highly specific
to H2O2.

45,46 Moreover, HPR itself is purified from the
tuberous roots of the horseradish plant. Therefore, this enzyme
can adapt to the plant environment and fully execute its
function. Unlike traditional signal-off sensors,47 our signal-on
biosensor reduces false-positive results from the complex
physiological environment, further improving the S/N ratio.
(3) The chemical stability and enzyme activity of the HRP-
ABTS system can be well-persevered once encapsulated into
the ZIF-8 exoskeleton. (4) Plant organs have strong
autofluorescence while their NIR absorption is relatively low.
Owing to the bright green plant leaf color, direct H2O2
detection through HRP-catalyzed H2O2 decomposition and
blue-green colored ABTS oxidative product was not easy. Due
to the increased NIR absorbance of the ABTS oxidative
product, our ZIF-8-based biosensor takes the simple color-to-
thermal (temperature) signal readout conversion. This
biosensor can also realize the nondestructive and in situ
H2O2 detection in plant organs by combining NIR laser and

thermometer, which helps understand the transport of H2O2 in
plant organs and how plants counter biotic and abiotic
stresses.48

RESULTS AND DISCUSSION
Formation of Biosensors on Various Plant Organ

Surfaces. Nicotiana benthamiana (Nb) was a model plant for
studying plant biotic and abiotic stresses.49 The ZIF-8-based
biosensor formation on different Nb organ surfaces is shown in
Figure S1. Unlike pure ZIF-8 or HRP/ZIF-8 composite, rapid
construction of the ZIF-8 biosensor, i.e., ABTS/HRP/ZIF-8
composite, was detected with a 5 min reaction time. After
repeated washing, white patches on Nb organs existed only
with the ZIF-8 biosensor, demonstrating its higher adsorbing
capacity on Nb organ surfaces. It was reasonable that Nb
organs without ZIF-8 modification did not have any white
patches (Figure S1). Scanning electron microscopy (SEM)
analysis revealed that numerous polyhedral structured particles
with a uniform size of ∼550 nm were on Nb leaf, petiole, and
root surfaces after ZIF-8 biosensor modification (Figure 1a).
According to the SEM coupled with an energy dispersive
spectrometer (EDS), there presented abundant elements, such
as zinc and nitrogen, on the modified Nb leaf, suggesting the

Figure 1. (a) Typical Nb and SEM images showing unmodified or modified plant surfaces with numerous polyhedral structures around 550
nm on Nb leaf, root, and petiole surfaces. Scale bar: 2 cm for Nb plant and 2 μm for SEM images. (b) Elemental composition analysis of the
unmodified and ZIF-8-coated Nb leaf. Scale bar: 2 μm. (c) UV/vis spectroscopy of bare root, HRP/ZIF-8-, ABTS/ZIF-8-, ABTS/HRP-, and
ZIF-8-biosensor-coated roots in H2O2 (50 μM) solution. Inlet: images with bare root or ZIF-8 biosensor-coated root in H2O2 (50 μM)
solution. (d) Microscopy Z-stack image showing HRP encapsulated in ZIF-8. Scale bar: 5 μm. (e) XRD patterns of pure ZIF-8 and ZIF-8
biosensors. (f) Stability of HRP and ZIF-8 biosensor coated on Nb roots under different harsh treatments, including multirinsing steps
(MR), heat at 60 °C for 15 min, long-term storage for 7 days (LTS), and trypsin digestion.
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successful coating of the ZIF-8 biosensor on the Nb leaf
(Figure 1b). Due to the electrostatic and coordination
interaction, the element zinc was found all over the Nb leaf.
Moreover, the organic linker, i.e., 2-mim, provided comple-
mentary binding forces, such as van der Waals force,
hydrophobic interaction, and hydrogen bonding for the
attachment of ZIF-8 biosensors on plant organ surfaces.50

We also provided more information, i.e., SEM image and EDS
results, on ZIF-8 in an aqueous solution (Figure S2). No
changes in the ZIF-8 morphology were with ZIF-8 in an
aqueous solution or sprayed onto Nb leaves.

To confirm that HRP and ABTS were encapsulated into the
ZIF-8 exoskeleton, after multiple washing steps, we immersed
the ZIF-8-coated root in a 50 μM H2O2 solution. Untreated
root did not induce any color change. The color of the H2O2
solution remained unchanged for the Nb root coating ZIF-8
encapsulated with HRP or ABTS (HRP/ZIF-8 or ABTS/ZIF-
8). In contrast, the H2O2 solution turned green within 1 min
after introducing ZIF-8 biosensors. Ultraviolet−visible (UV−
vis) spectroscopy confirmed that H2O2 in solution could
oxidize ZIF-8 biosensors on Nb, generating ABTS•+ with
characteristic optical absorption ranging from 400 to 900 nm.
On top of that, no noticeable color change could be seen with
bare roots, ABTS/HRP-, HRP/ZIF-8-, and ABTS/ZIF-8-
coated roots after thoroughly washing (Figure 1c). Therefore,
we came to the following conclusions: first, neither HRP nor
ABTS adsorbed onto plant organs, emphasizing the
importance of ZIF-8 encapsulation; second, HRP and ABTS,
should be encapsulated inside the ZIF-8 exoskeleton where
H2O2 in solution could oxidize ABTS catalyzed by HRP. The

distribution of fluorescence signals along the z-axis obtained
via confocal laser scanning microscopy (CLSM) demonstrated
that HPR and ABTS remained trapped in the ZIF-8 biosensor
after repeated washing using rhodamine-labeled HRP (Rh-
HRP) (Figure 1d and Figure S3). Therefore, HRP was
successfully encapsulated in the interior of the ZIF-8
exoskeleton. X-ray diffraction (XRD) experiments were
performed to determine the crystal structure. A similar
diffraction pattern was shown in the ZIF-8 biosensor, revealing
that HRP and ABTS encapsulation did not affect the
crystallographic structure of ZIF-8 (Figure 1e). UV/vis and
bicinchoninic acid (BCA) assay were used to determine the
encapsulation efficiency of HRP and ABTS, which were 15%
and 98.7%, respectively (Figure S4).

Next, we evaluated the stability of the ZIF-8 biosensor on
Nb root surfaces. The HRP/ABTS mixture added to the H2O2
solution was used as the positive control. ZIF-8 biosensors
could respond to H2O2 after several harsh treatments,
including multirinsing steps (MR), heating at 60 °C for 15
min, long-term storage for 7 days (LTS), and trypsin digestion.
In contrast, the Nb root sprayed with HRP/ABTS failed to
generate any colorimetric signal following the same process,
which was reasonable since unprotected HRP could lose its
catalytic activity under harsh environmental conditions (Figure
1f).

We further evaluated the sensing performance of the ZIF-8
biosensor for H2O2 detection in vitro. UV−vis absorption
spectrum values in the presence of different concentrations of
H2O2 indicated that the ZIF-8 biosensor was a good
colorimetric sensing platform to detect H2O2 (Figure S5a).

Figure 2. Photosynthesis and gene-level biocompatibility of the ZIF-8 biosensor. (a) Chlorophyll fluorescence images of Nb leaves treated
with H2O2, ABTS, ZIF-8, HRP, and ZIF-8 biosensor. [H2O2] = 1 mM, [HRP] = 15 μg mL−1, [ABTS] = 2 mg mL−1. Plants with FV/FM value
of around 0.7 are considered free of stress. Scale bar: 1 cm. (b) Transient chlorophyll fluorescence induction curves. (c) Chlorophyll
fluorescence parameters of Nb leaves spraying the ZIF-8 biosensor. H2O2 (50 μL, 1 mM) solution was used as a positive toxicity control. (d)
Radar plot of chlorophyll fluorescence parameters of Nb leaves before and after spraying the ZIF-8 biosensor under dark adaptation. (e)
qPCR analysis of NbrbohB stress gene expression. 10% SDS solution was used as a positive control. No long-term toxicity for ZIF-8
biosensor-modified leaves.
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The parameters for H2O2 detection were optimized. As shown
in Figure S6, H2O2 concentration was fixed at 100 μM.
Notably, the pH of 100 μM H2O2 is 5.8, which is quite similar
to Milli-Q water (weak acidity due to the dissolution of carbon
dioxide). Therefore, in this pH condition, the ZIF-8 biosensor
should be stable in the experiment’s time frame (Figure S7).
The optimized experimental conditions for detection H2O2
were set as follows: ABTS 2 mg mL−1; HRP 15 μg mL−1;

reaction time 5 min. Under the optimal condition, the limit of
detection (LOD, 3σ/k) was 120 nM (Figures S5b and S6).
This sensitivity was superior to pure HRP analysis, suggesting
that HRP and ABTS coencapsulated into ZIF-8 offered a
distinct microenvironment for catalysis reaction (Figure S8).
Furthermore, photothermal images and the temperature of
ZIF-8 biosensor solution with or without H2O2 were recorded
under the 808 nm laser irradiation. With 100 μM H2O2, the

Figure 3. In situ thermal imaging of the fabricated biosensors on Nb’s (a) leaf, (b) petiole, and (c) root under NIR light irradiation (808 nm,
2 W cm−2) with or without adding 50 μM H2O2. The white lines outlined Nb organs. Scale bar: 1 cm. (d) Calibration curves of leaf, petiole,
and root sensors for H2O2 detection using the thermal signal.
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temperature of the solution increased from 23.5 to 72.5 °C
within 30 s, whereas minor changes were without H2O2
(Figure S5c). Under the optimized NIR conditions (808 nm,
2 W cm−2), an H2O2 concentration-dependent thermal signal
increase was presented with a LOD estimated to be 510 nM
(Figures S5d and S9). However, this LOD is obtained in an
H2O2 solution. The endogenous H2O2 concentration in plant
organs typically ranges from 1 to 100 μM. The LOD of our
ZIF-8 biosensor in plant tissue should be further investigated
in the following sections.
Biocompatibility of ZIF-8 Biosensors on Plants. When

the ZIF-8 biosensor is deployed for plant applications, we need
first to ensure the biosensor’s biocompatibility. Physiological
changes of plants were affected by biotic and abiotic stresses.
FV/FM, the ratio of variable to maximum fluorescence after
dark adaptation, is a crucial indicator of plant photosynthetic
performance, and lower values can indicate plant biotic and
abiotic stresses.51,52 According to FV/FM values in Figure 2a,
no stressed leaves were with the ZIF-8 biosensor and its
components, i.e., ZIF-8, ABTS, and HRP, indicating that the
ZIF-8 biosensor and its components had no toxicity for Nb. In
contrast, a pronounced FV/FM decrease could be detected by
applying exogenous H2O2, suggesting that Nb leaf was under
significant stress. Time-resolved chlorophyll fluorescence
induction kinetic curves were measured to evaluate the
electron transfer chain between PSII and photosystem I
(PSI).53,54 The OJIP transient curve is defined by O, J, I, and P
steps and a stress indicator to characterize the effect of biotic
and abiotic stresses.55 ZIF-8 biosensors had a standard three-
step OJIP transient with an increase in total fluorescence from
the base to the top, the same as the untreated plant leaves
(Figure 2b). However, the H2O2-treated leaf had a higher
fluorescence intensity at the J step and I step, resulting in a
dramatically changed OJIP curve shape. Similar to the
untreated group, the electron transfer rates (ETRs), actual
photochemical efficiency of PSII (ϕPSII), photochemical
quenching coefficient (qP), and non-qP (qNP) of ZIF-8
biosensor-treated Nb leaf were also performed with no
significant changes (Figure 2c). H2O2, as a positive stress
factor, severely disrupted the chloroplast photosynthetic
electron transfer process. The photosynthetic activity of Nb
was further studied by analyzing the measured chlorophyll
fluorescence signals.56,57 FV/FM and other chlorophyll-related
test parameters did not change much after coating the ZIF-8
biosensor on the Nb leaf, indicating that light energy captured
from sunlight and transferred in the photosynthetic electron
transport chain was not affected (Figure 2d, Table S1).
Respiratory burst oxidase homologues B (RbohsB) and RbohsB
gene expression play a vital role in plant growth, development,
and various biotic and abiotic stress responses.49 Quantitative
polymerase chain reaction (qPCR) results showed no RbohB
gene up-regulation with the ZIF-8 biosensor-treated Nb (Nb
gene NbrbohB). 10% SDS solution was further used as a
positive toxicity control that up-regulated the NbrbohB gene by
10-fold 6 h after spraying (Figure 2e). Overall, photosynthesis
and gene-level results suggested that the ZIF-8 biosensor and
its components were highly biocompatible with plants.
Thermal Analysis of Exogenous H2O2 on Different

Plant Organs. Due to the excellent biocompatibility of the
ZIF-8 biosensor, we used ZIF-8 biosensors on the Nb’s leaf,
root, and petiole for H2O2 detection. A drop of H2O2 solution
was added to assembled sites. Although HRP-catalyzed H2O2
decomposition and ABTS oxidation in ZIF-8 biosensors could

generate blue-green colored radical cation ABTS•+, no
apparent difference could be seen with H2O2 treatment
owing to the bright green Nb leaf color (Figure S10). This
result proved that H2O2 in Nb leaf could not be reported using
colorimetric analysis. Considering the increased NIR absorb-
ance of ABTS•+, deploying thermal NIR imaging with our ZIF-
8 biosensor was an efficient method for detecting H2O2 in
plants.58 Thus, we applied an inexpensive and easy-to-operate
NIR thermometer to monitor the temperature change of plant
organs under NIR light irradiation (808 nm, 2 W cm−2, 40 s).
Using our biosensors with 50 μM H2O2, the temperature of
leaf, petiole, and root rapidly increased from room temperature
to 51.3, 40.2, and 38.8 °C, respectively (Figure 3a−c and
Figure S11). Note that irradiated sites without adding H2O2
had negligible changes since the elevated temperature was due
to H2O2 addition. The assembly of pure ZIF-8, ABTS/ZIF-8,
or HRP/ZIF-8 on Nb leaves was also investigated, and no
thermal signals were detected with these treatments, even in a
high concentration of H2O2 (100 μM) (Figure S12).
Therefore, such a ZIF-8 biosensor is indispensable for H2O2
detection with high sensitivity. Besides, plant health is
reasonably related to environmental temperature. The
susceptibility to high temperature in plants depends on species
and genotypes. Therefore, once applying this biosensor, the
temperature increment should be controlled within a
reasonable range. In situ thermal imaging of the fabricated
biosensors on Nb’s leaf, petiole, and root under NIR light
irradiation (808 nm, 2 W cm−2) at 1 μM H2O2 was also
provided in Figure S13. Only the leaf biosensor has 1 °C
temperature increase compared to the pure ZIF-8 group. Our
ZIF-8 biosensor on Nb leaf surfaces could detect H2O2
through color-to-thermal signal conversion, and a stable
temperature increase (ΔT = 25 °C) was within the time
frame of the test (8 days) in Figure S14. It was worth noting
that ZIF-8 biosensor preparation on Nb leaf surfaces was via a
spray method. By spraying reactants on plant leaf and repeated
washing (number of spraying up to five), the sensing
performance depending on the thickness of the ZIF-8
biosensor was provided (Figure S15). One time of spraying
showed homogeneous few layers of ZIF-8 particles on the Nb
leaf surface. However, five times of spraying showed a large
amount of ZIF-8 aggregates on Nb leaf surface with relatively
small particle size. At a lower H2O2 (10 μM) concentration,
one to five times of spraying had a similar sensing performance
(ΔT = 6.5−8.6 °C). At a higher H2O2 (50 and 100 μM)
concentration, four times of spraying had a 20% increase in
temperature sensitivity and five times of spraying was about the
same as four times of spraying. Considering the convenience of
the experimental operation, ZIF-8 biosensor preparation on Nb
surfaces was via the spray method for only once.

The sensing performance of the ZIF-8 biosensor for H2O2
detection was investigated. As shown in Figure 3d, the thermal
signal of plant organs increased with increased H2O2
concentration. The LODs of leaf, petiole, and root sensors
were determined to be 600, 800, and 900 nM, respectively. A
sensor’s specificity was further evaluated with various stress-
related plant metabolites.59 As plants’ main photosynthetic
products and nutrients, glucose (Glu) and sucrose (Suc) play a
critical role in plant growth, development, stress, and
metabolism. In most cases, Glu and Suc act as nutrient signals
to regulate plant growth and development.60 Calcium ions
(Ca2+), the most important second messenger in plant cells,
are involved in the transduction of many stress signals in
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plants.61 Plant hormones, such as indoleacetic acid (IAA),
salicylic acid (SA), and abscisic acid (AA), are growth
regulators of plants and can also regulate plant stress on the
environment.62 Interestingly, other than H2O2, the ZIF-8
biosensor did not respond to other plant metabolites based on
the unchanged temperature (Figure S16). However, the
temperature increased to 51.7 °C after applying our ZIF-8
biosensor in the presence of H2O2, demonstrating that our
biosensor had good selectivity for H2O2 detection due to the
presence of HRP within the ZIF-8 exoskeleton.
Thermal Analysis of Exogenous H2O2 Transport in

Plant Organs. Considering that H2O2, a small polar molecule,
can diffuse across cell walls and membranes, transport through
the vascular system of plants, and even diffuse away from plant
organs to the extracellular space,48 our ZIF-8 biosensor was
used to monitor H2O2 transport in plant organs. ZIF-8
biosensors were assembled at three designated positions on an
Nb from bottom to top: site adjacent to roots not immersed in
H2O2 solution (P1), petiole (P2), and leaf (P3). After that,
H2O2 with a final concentration of 1 mM was added to Nb’s
hydroponic culture medium for subsequent H2O2 transport
studies (Figure 4a).

Parts b and c of Figure 4 showed that ZIF-8 biosensors kept
silent for P1−P3 at zero time point (State I, no H2O2, and no
NIR light irradiation). Then, NIR light irradiation was applied,
and negligible temperature increases were at 2 min time point
(State II, no H2O2, but with NIR light irradiation). In contrast,
after adding H2O2 into the hydroponic culture medium (State
III, with H2O2 and NIR light irradiation), the thermal signal of
ZIF-8 biosensors at P1 (about 1 cm away from roots)
immediately increased. The naked eyes could see even the
color change of the ZIF-8 biosensor, indicating that a large
amount of H2O2 diffused from Nb’s roots to its stem. Similarly,

the ZIF-8 biosensor at P2 was fully activated within 2 min. The
thermal signal at P2 was lower than that at P1. We
hypothesized that the concentration of H2O2 in petiole
would decrease over long-distance transport in the plant
vascular system. For the ZIF-8 biosensor at P3, there was a
moderate leaf thermal signal change (corresponding to 2.6 μM
H2O2) after 4 min of incubation. Overall, several significant
conclusions are obtained: (1) H2O2 can absorb on roots,
transport through the vascular system, and diffuse away from
Nb’s organs to the extracellular space, along with the ZIF-8
biosensor activation; (2) this delayed thermal signal response
reflects long-distance transport of H2O2 from roots to leaves,
which can be completed within several minutes; (3) most of
H2O2 in leaves are probably decomposed through the enzyme-
mediated decomposition reaction because the concentration of
H2O2 measured in leaves is significantly less than that in stem
and petiole.63 Considering 1 mM H2O2 might be a high
concentration to test, we also studied less exogenous H2O2
(150 μM) transport in plant organs. As shown in Figure S17,
ZIF-8 biosensors at P1−P3 still could report the temperature
changes. Among the three sites, the temperature change at the
root was the most obvious (ΔT = 6.2 °C). In addition to
detecting H2O2 through color-to-thermal signal conversion,
two other approaches were used to validate our method, either
using a general H2O2 assay kit or 3,3′-diaminobenzidine
(DAB) to stain Nb leaves, demonstrating consistency with the
trend of our biosensor (Figure S18). In the H2O2 kit, H2O2
could react with titanium sulfate, and products were measured
at a colorimetric readout at 415 nm. For the DAB staining
method, H2O2 can oxidize DAB with some haem-containing
proteins to generate a dark brown precipitate. Therefore, our
ZIF-8 biosensor can effectively detect exogenous H2O2

Figure 4. Analysis of H2O2 transport in vivo using the ZIF-8 biosensor. (a) Schematic illustration of assembled ZIF-8 biosensors in Nb’s
designated position (P1−P3). With a final concentration of 1 mM H2O2 in the hydroponic culture medium, H2O2 could diffuse from root
cell walls and membranes to the upper organs. (b) Thermal imaging of ZIF-8 biosensors at P1−P3 under NIR light irradiation (808 nm, 2 W
cm−2). The white lines outlined Nb organs. Scale bar: 1 cm. (c) Thermal response of ZIF-8 biosensors at P1−P3 before and after NIR light
irradiation (808 nm, 2 W cm−2). At the fourth minute, 1 mM H2O2 was added to the hydroponic culture medium.
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transport in plant organs through color-to-thermal signal
conversion.
Thermal Analysis of Endogenous H2O2 Caused by

Plant Biotic or Abiotic Stresses. Having confirmed the
feasibility of the ZIF-8 biosensor for detecting H2O2, we used
the ZIF-8 biosensor to monitor plant health with endogenous
H2O2 produced under biotic and abiotic stresses, including
Pseudomonas syringae (P. syringae), high temperature (45 °C),
and mechanical wounding (Figure 5a). The phytopathogenic
bacterium P. syringae causes severe diseases in many important
crop plants, secreting disease-causing factors with biotic
stress.64 Heat stress and mechanical wounding can induce
H2O2 accumulating in the intracellular region, inducing severe
cellular damage and affecting plant growth and develop-
ment.13,65

The negative control was touching or spraying hydroponic
culture medium onto Nb’s leaves. No apparent changes were
observed compared to the environment background signal,
indicating the low level of H2O2 in healthy organs. Before
applying biotic or abiotic stresses on Nb leaves, the
temperature of Nb leaves showed insignificant increases
under NIR light irradiation (ΔT = 0.6 °C), suggesting that
NIR light irradiation alone did not induce any endogenous
H2O2 production (Figure 5c,e,g). Mechanical injection of P.
syringae into the Nb mesophyll showed a significant thermal

signal increase, which could reach a plateau within 20 min (ΔT
= 7.2 °C) (Figure 5b,c). High-temperature stress can induce
the production of H2O2 and causes severe damage to plants.
We put Nb in a high-temperature culture chamber for 10 min
at 45 °C. Next, Nb was taken out until it came back to room
temperature. The thermal signal of the ZIF-8 biosensor was
recorded. The temperature of the ZIF-8 biosensor site rapidly
increased within 4 min (ΔT = 8.7 °C, corresponding to 5.9 μM
H2O2) (Figure 5d,e). For the mechanical wounding, the
temperature of the ZIF-8 biosensor site increased by 6.1 °C
within 1 min under NIR light irradiation (ΔT = 6.1 °C,
corresponding to 3.9 μM H2O2) (Figure 5f,g). Interestingly,
H2O2 production by bacteria was slower than that by heat
damage or mechanical wounding, and the production of H2O2
under high temperatures was associated with other leaves
(Figure S19a). In contrast, mechanical wounding and
pathogenic microorganism infection were merely associated
with a single leaf having a locally increased concentration of
H2O2 (Figure S19b,c). We also applied stress treatment and
NIR light to Nb leaves without ZIF-8 biosensors or with pure
ZIF-8 (negative controls). The temperature increase was quite
limited, and Nb leaf temperature could increase due to the
stresses themselves (Figure S20). Therefore, H2O2 production
time and thermal signals reflected distinct H2O2 production
pathways under biotic and abiotic stresses. It was worth noting

Figure 5. Thermal analysis of plant health with endogenous H2O2 produced under biotic and abiotic stresses using ZIF-8 biosensors. (a)
Schematic illustration of biotic and abiotic stresses producing endogenous H2O2 in leaves. The thermal response of the ZIF-8 biosensor in
leaves indicating the onset of biotic or abiotic stresses, such as (b and c) P. syringae, (d and e) high temperature (45 °C), and (f and g)
mechanical wounding. Scale bar: 1 cm.
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that endogenous H2O2 under biotic and abiotic stresses
diffused from inner organs, which might be why H2O2 induced
by stresses was lower than previously reported concentra-
tions.13,24 Even so, our ZIF-8 biosensor was sensitive enough
to monitor H2O2 production caused by various stresses, which
could be used to monitor plant health. In addition, three
widely cultivated plant species, i.e., tomato, kiwi, and
strawberry, were used to evaluate the plant health with
endogenous H2O2 produced under mechanical wounding
using our biosensors. The temperature of the ZIF-8 biosensor
site increased by 4.3 °C within 2 min for tomato and 3.0 and
3.1 °C within 1 min for kiwi and strawberry under NIR light
irradiation, demonstrating our biosensor’s universality (Figure
S21).

CONCLUSION
In summary, we developed a ZIF-8 biosensor for simple,
convenient, and in situ detection of H2O2 in plants. We
demonstrated that the ZIF-8 biosensor containing HRP and
ABTS could be assembled on a plant root, petiole, or leaf using
a simple spray method. This biosensor could report sub-
micromolar H2O2 in plants through color-to-thermal signal
conversion. Temperature changes through oxidizing ABTS
with the help of HRP and H2O2 were treated as the signal
readout under the NIR light irradiation, which eliminated plant
high background color and autofluorescence interference,
significantly improving the S/N ratio. These ZIF-8 biosensors
are applied in not only remote thermal sensing of exogenous
H2O2 transport in plant organs but also endogenous H2O2
caused by plant biotic or abiotic stresses. Other than H2O2,
other signal molecules, such as nitric oxide, molecular oxygen,
adenosine triphosphate, strigolactones, dopamine, phytoestro-
gens, and so on, play a cruical role in plant health, including
growth and development, metabolism, cell death, and stress
response.19 Our biosensor can be used for the future
development of plant sensors for monitoring plant signaling
pathways and metabolism that are nondestructive, minimally
invasive, and capable of real-time, in situ analysis. It can be
translated to crop plant species for agriculture applications.66,67

However, there will be many challenges for plant biosensors in
field conditions.68 Large-scale field demonstrations under
agricultural conditions are critically needed to understand
biosensors’ feasibility and limitations. Future work is required
for plant biosensors in field conditions over the long-term.
With the development of the Internet of Things, fifth-
generation communication, artificial intelligence, and machine
learning, real-time, dynamic, and intelligent detection of plant
signals pathways and metabolism can be deeply integrated with
these technologies to build an intelligent agricultural big data
management platform for long-term monitoring of crop
physiological changes, air contaminant monitoring, and
realizing the optimal management of crop growth.69,70

METHODS
Materials. ZnAc2, H2O2, 2-methylimidazole (2-mim), horseradish

peroxidase (HRP), 2,2′-azino-bis(3-ethylbenzothiazoline-6-sulfonic
acid) (ABTS), glucose (Glu), CaCl2, indoleacetic acid (IAA), salicylic
acid (SA), and abscisic acid (AA) were obtained from Aladdin
Reagent (Shanghai, China). Bicinchonininc acid (BCA) protein assay
kit was purchased from Beyotime Biotechnology (Shanghai, China).
Milli-Q (18.2 MΩ) water was used to prepare the buffers and
solutions. All other reagents and solvents were of analytical grade and
used as received.

Plant Growth. Nb seeds, obtained from Prof. Zhang Zhaoliang’s
Lab, Anhui Agricultural University, were germinated and grown in a
carbon dioxide artificial climate chamber (CRD-C2000, Darthcarter,
China). The plants were grown in 4 in. pots under LED light and a
16/8 light/dark photoperiod at 23 °C and 60% humidity. Before
experimental use, plants were allowed to mature to 3−4 weeks of age
within the chamber. Tomato (Solanum lycopersicum L.) cv. Ailsa Craig
and kiwi (Actinidia chinensis) cv. Hongyang were obtained from Prof.
Miao Min’s Lab, Hefei University of Technology. Strawberry
(Fragaria vesca L.) cv. yellow wonder was obtained from Prof.
Zhang Hua’s Lab, Hefei University of Technology. These plants were
germinated and grown in the glasshouse under artificial conditions
under LED light and a 16/8 light/dark photoperiod with a
temperature >22 °C and 60% humidity.
Bacterial Culture. A single Pseudomonas syringae (P. syringae)

strain colony was inoculated and grown in 5 mL of Luria−Bertani
(LB) media overnight under aerobic conditions. After overnight
incubation, the bacterial solution was centrifuged and washed twice
with sterile water. Finally, the bacteria were resuspended in a 20% LB
liquid medium and stored in a refrigerator at 4 °C.
ZIF-8 Assembly on Plant Organs. Plant organs were first

washed with Milli-Q water to remove impurities. Our biosensor was
constructed with four components (ABTS, HRP, 2-mim, and ZnAc2)
in two household sprayers and assembled on plant organs via a spray
method. Within the first sprayer, we mixed ABTS, HRP, and 2-mim,
incubating them for 10 min. The final concentrations of ABTS, HRP,
and 2-mim were 2 mg mL−1, 15 μg mL−1, and 70 mM, respectively.
This mixture was sprayed on the plant leaf, petiole, or root using a
household sprayer for 3 s. After waiting for 3 min, 40 mM ZnAc2
solution was sprayed on the same site for 2 s and rested for 5 min,
generating the ZIF-8 biosensor. Finally, excess ZIF-8 was thoroughly
washed away by repeated washing at least three times. HRP/ABTS,
ZnAc2/2-mim, ZnAc2/2-mim/HRP, and untreated Nb organs were
used as control groups. Nb organs were then imaged using Sony Alpha
NEX-5N digital camera.
Encapsulation Efficiencies of HRP and ABTS. ABTS (2 mg

mL−1), HRP (15 μg mL−1), ZnAc2 (20 mM), and 2-mim (1.7 mg
mL−1) were mixed to generate the ZIF-8 biosensor. After 5 min of
incubation, the supernatant solution was collected by centrifugation,
and the absorption values were recorded by an ultraviolet−visible
(UV−vis) spectrophotometer (PerkinElmer) or a fluorescence
microplate reader (Infinite M200, Tecan). For ABTS, the
encapsulation efficiency was calculated by the ratio of OD808 and
the ABTS (2 mg mL−1) solution as a control. For HRP, the
encapsulation efficiency was calculated by BCA kit according to the
manufacturer’s instruction.
Scanning Electron Microscope. The obtained Nb organ ZIF-8

biosensors were fixed with 5% paraformaldehyde solution overnight.
The Nb leaf, petiole, or root was then dehydrated with ethanol using a
series of concentrations (30, 50, 70, 80, 95, and 100% for 20 min,
respectively). Finally, plant organs with a thin coat of Au/Pd in a
sputter coater were examined under a field emission SEM (Hitachi
SU8020), and the elements of C, N, and Zn were measured with
energy-dispersive X-ray analysis. SEM image and EDS results of ZIF-8
in an aqueous solution were also obtained.
Microscopy Z-Stack Image. To prove that HRP was embedded

in the ZIF-8 exoskeleton, rhodamine-labeled HRP (Rh-HRP) was
instead used for fluorescence imaging. A Rh-labeled ZIF-8 biosensor
was obtained after centrifugation at 14,000 rpm to remove free Rh-
HRP for 10 min. Furthermore, a layer-by-layer scanning manner along
the z-axis position by CLSM was performed to construct the three-
dimensional distribution of Rh-HRP inside the ZIF-8 exoskeleton.
X-ray Diffraction (XRD) Experiments. To demonstrate whether

HRP and ABTS encapsulation affects the crystal structure of ZIF-8,
100 mg of pure ZIF-8 or ZIF-8 biosensor powder was used, and XRD
measurements were carried out using a Bruker AXS D8 advance
powder diffractometer with Cu-Kα X-ray radiation from 10° to 90°.
Stability of HRP and ZIF-8 Biosensor Coated on Nb Roots.

To explore whether the ZIF-8 exoskeleton could remain the catalytic
activity of HRP, we conducted several harsh treatments on ZIF-8-
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biosensor-coated Nb roots, for example, multirinsing steps, heating at
60 °C for 15 min, long-term storage for 7 days, and trypsin digestion.
Next, the treated roots were soaked in 100 μM H2O2 solution. The
colorimetric signal of the catalytic reaction was monitored using a
fluorescence microplate reader, and the absorbance spectra of reacted
H2O2 solution were recorded on a Lambda 465 UV−vis spectrometer
(PerkinElmer). Free HRP was used as the positive control via
spraying on the Nb root. Following the same washing procedure, the
root was immersed in the ABTS/H2O2 solution (ABTS 2 mg mL−1,
H2O2 100 μM). HRP (15 μg mL−1) immersed in the ABTS/H2O2
(ABTS 2 mg mL−1, H2O2 100 μM) solution was also used as a
reference for the experiment, having 100% HRP activity.
Safety Evaluation of ZIF-8 Biosensors on Nb Leaves. Nb

leaves were dark-adapted for 30 min for chlorophyll fluorescence
analysis. The Nb leaf was treated with the ZIF-8 biosensor or its
components for the designated time (0, 2, 5, and 10 min). The
component concentrations were 15 μg mL−1 and 2 mg mL−1 for HRP
and ABTS. Pure ZIF and 1 mM H2O2 were used as the negative and
positive controls, respectively. Chlorophyll fluorescence yield (FV/FM)
was measured using an imaging pulse amplitude modulated
fluorimeter (IMAG-MAXI; Heinz Walz, Effeltrich, Germany).
Transient chlorophyll fluorescence induction curves were obtained
using a Yaxin-1161G fluorometer (Yaxin, YaXin Liyi Technology Co.,
Beijing, China).

Quantitative polymerase chain reaction (qPCR) was also used to
investigate the biocompatibility of the ZIF-8 biosensor. Total RNA
was extracted from the plant leaf using the RNAprep Pure Kit DP432
(TianGen, Beijing, China), following the manufacturer’s instructions.
Next, RNA was reverse-transcribed to cDNA, and qPCR analysis was
performed with 2x Fast qPCR Master Mix (High Rox, B639273, BBI)
using a fluorescent quantitative PCR instrument (ABI). The gene
expression levels were measured and analyzed by the 2-ΔΔCt
method.

The stress indicator gene NbrbohB primers used were:

• forward 5′-TTTCTCTGAGGTTTGCCAGCCACCACC-
TAA-3′

• reverse 5′-GCCTTCATGTTGTTGACAATGTCTTTAACA-
3′

Primers for the housekeeping gene elongation factor 1 (EF1) were:

• forward 5′-TGGTGTCCTCAAGCCTGGTATGGTTGT-3′
• reverse 5 ′ -ACGCTTGAGATCCTTAAC CGCAA-

CATTCTT-3′
Detection of H2O2 in Vitro. To obtain the optimal conditions,

the parameters of the ZIF-8 biosensor are optimized. The
concentration of ZIF-8 was fixed with final concentrations of 20
mM ZnAc2 and 70 mM 2-mim, and that of H2O2 was 100 μM. To
determine the optimal concentration of ABTS (0−2 mg mL−1), other
parameters were 15 μg mL−1 HRP, reaction time 5 min, and NIR
irradiation (808 nm, 2 W cm−2). To determine the optimal
concentration of HRP (0−45 μg mL−1), other parameters were 2
mg mL−1 ABTS, reaction time 5 min, and NIR irradiation (808 nm, 2
W cm−2). To determine the optimal ZIF-8 formation time (5−60
min), other parameters were 15 μg mL−1 HRP, 2 mg mL−1 ABTS,
and NIR irradiation (808 nm, 2 W cm−2). To determine the optimal
NIR laser power (0−3 W cm−2), other parameters were 15 μg mL−1

HRP, 2 mg mL−1 ABTS, and reaction time 5 min. To detect H2O2 in
vitro, different concentrations of H2O2 (0−100 μM) were added to
the ZIF-8 biosensor with the optimal condition, i.e., 15 μg mL−1 HRP,
2 mg mL−1 ABTS, reaction time 5 min, and NIR irradiation (808 nm,
2 W cm−2). UV−vis spectrophotometer and thermal images were
used to obtain the above-mentioned data. To detect the limit of
detection (LOD) for pure HRP, a 100 μL mixture of 15 μg mL−1

HRP and 2 mg mL−1 ABTS was prepared, and different
concentrations of H2O2 were added (final concentration: 0, 1.25,
2.5, 5, 10, and 25 μM). After 5 min incubation, the absorbance values
were recorded by a UV−vis spectrometer. The LOD was calculated
according to blank signal plus 3 × standard deviations. The above
experiments were repeated three times.

Specificity of the ZIF-8 Biosensor. To demonstrate the
specificity of the ZIF-8 biosensor, Glu, Suc, Ca2+, IAA, SA, AA, or
H2O2 with a final concentration of 100 μM was added to the ZIF-8
biosensor solution. Then, each solution was irradiated under NIR
light irradiation (808 nm, 2 W cm−2) for up to 40 s. The NIR
irradiation source was purchased from Changchun Institute of Optics
(FU808ADX-F34, Changchun, China). Thermal images and signals
were collected using a hand-held infrared thermometer (H10,
Hikvision).
Thermal Analysis of Exogenous H2O2 on Different Plant

Organs. To in situ detect exogenous H2O2 on plant organs, the ZIF-8
biosensor assembled Nb leaf, petiole, or root was under NIR light
irradiation (808 nm, 2 W cm−2) for up to 40 s with or without adding
a drop of H2O2 (5 μL, 50 μM) solution. To obtain the calibration
curves of leaf, petiole, and root sensors for H2O2 detection, up to 100
μM of H2O2 were mixed with ZIF-8 biosensors. Thermal signal
changes were recorded using an infrared thermometer under NIR
light irradiation (808 nm, 2 W cm−2). The stability of the ZIF-8
biosensor on Nb leaves under long-term storage for up to 8 days with
exogenous H2O2 (5 μL, 100 μM) was also detected through color-to-
thermal signal conversion. To investigate the relationship between
ZIF-8 biosensor thickness and its sensing performance, the reactants
were sprayed onto Nb leaves for 3 s each time. After spraying up to
five times, excess ZIF-8 was washed away. Thermal analysis
experiments were conducted by adding a drop of H2O2 (5 μL, 10−
50 μM) solution. The subsequent procedures were the same as the
experiments mentioned above.
H2O2 Transport Study. ZIF-8 biosensors were assembled at three

designated positions on an Nb. The biosensor on the stem, 1 cm away
from the roots, was recognized as Position 1 (P1) sensor. Biosensor
on the petiole, 6 cm away from P1, was recognized as Position 2 (P2)
sensor. Biosensor on the leaf, 1.5 cm away from P2, was recognized as
Position 3 (P3). Before the thermal analysis, the Nb was transferred to
a 200 mL container with pure water for 10 min. The background
thermal signals at three positions were measured. At the fourth
minute, 20 or 3.3 μL of 10 M H2O2 solution was injected into the
container. Thermal signal changes in three positions were recorded
using an infrared thermometer under NIR light irradiation (808 nm, 2
W cm−2). To further validate the transport of H2O2, Nb leaves (100−
200 mg) were cut at 4 and 8 min after adding H2O2 in the container
with a final concentration of 1 mM. Next, Nb leaves were ground with
1 mL of acetone in liquid nitrogen. The concentration (μmol/g fresh
weight) of extracted H2O2 was determined using a general H2O2 assay
kit (Sangon Biotech, Shanghai, China). In this kit, H2O2 reacted with
titanium sulfate, and products could be measured at a colorimetric
readout at 415 nm. One micromolar H2O2 was used as a standard
reference. Another approach is to use 3,3′-diaminobenzidine (DAB)
to stain Nb leaves. H2O2 can oxidize DAB with some haem-containing
proteins to generate a dark brown precipitate. Nb leaves cut at 4 or 8
min were soaked in 1 mg mL−1 DAB solution and gently vacuumed
for the DAB infiltration. After 3 h of incubation, Nb leaves were
decolorized with 100% ethanol overnight and then photographed
using a digital camera.
Monitoring Plant Stress-Induced H2O2. Four Nb leaves are

used for each set of experiments. For the biotic stress model, Nb
leaves were inoculated with P. syringae (200 μL, 109 CFU mL−1), and
the plants were incubated under the standard Nb growth conditions
described above. For the abiotic stress model, we put the Nb in a
high-temperature culture chamber for 10 min at 45 °C. Next, the Nb
was taken out until it returned to room temperature. Mechanical
wounding was induced using forceps to poke many holes in the leaf
lamina. Then, thermal signal changes of ZIF-8 biosensors were
recorded using an infrared thermometer under NIR light irradiation
(808 nm, 2 W cm−2). In addition, we selected four leaves on the same
Nb: L1, the stressed leaf; L2, the leaf parallel to L1 laterally; L3, the
leaf on top of L1; L4, the leaf below L1. The level of H2O2 in Nb
leaves (L1−L4) was monitored with the method mentioned above. In
addition, tomato, strawberry, and kiwi leaves were used to evaluate
the plant health with endogenous H2O2 produced under mechanical
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wounding using our biosensors. All procedures were same as that of
Nb leaves.
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