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Fluorescent probes are valuable tools to visualize plasma membranes intuitively and clearly and their related
physiological processes in a spatiotemporal manner. However, most existing probes have only realized the
specific staining of the plasma membranes of animal/human cells within a very short time period, while
almost no fluorescent probes have been developed for the long-term imaging of the plasma membranes
of plant cells. Herein, we designed an AlE-active probe with NIR emission to achieve four-dimensional
spatiotemporal imaging of the plasma membranes of plant cells based on a collaboration approach
involving multiple strategies, demonstrated long-term real-time monitoring of morphological changes of
plasma membranes for the first time, and further proved its wide applicability to plant cells of different
types and diverse plant species. In the design concept, three effective strategies including the similarity
and intermiscibility principle, antipermeability strategy and strong electrostatic interactions were
combined to allow the probe to specifically target and anchor the plasma membrane for an ultralong
amount of time on the premise of guaranteeing its sufficiently high aqueous solubility. The designed
APMem-1 can quickly penetrate cell walls to specifically stain the plasma membranes of all plant cells in
a very short time with advanced features (ultrafast staining, wash-free, and desirable biocompatibility)
and the probe shows excellent plasma membrane specificity without staining other areas of the cell in
comparison to commercial FM dyes. The longest imaging time of APMem-1 can be up to 10 h with
comparable performance in both imaging contrast and imaging integrity. The validation experiments on
different types of plant cells and diverse plants convincingly proved the universality of APMem-1. The
development of plasma membrane probes with four-dimensional spatial and ultralong-term imaging
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membrane.’ Moreover, plasma membrane integrity is directly
related to the integrity of biological cells, and thus an abnor-
mality of the plasma membrane structure is closely related to
cellular senescence, apoptosis and some physiological
diseases.” Therefore, it is of great significance to realize long-

Introduction

Cells are at the central position of biology because they are the
basic units of animal and plant structures and the activities of
life. As an indispensable component of cells, the plasma

membrane is an important barrier to isolate the internal and
external environments of cells and plays a key role in cellular
physiological processes such as cell migration, spreading,
endocytosis, exocytosis and material transport across the
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time in situ tracking imaging of plasma membranes. Fluores-
cence imaging technology is a powerful tool to help us
conveniently and intuitively display the structure of living cells
and monitor cellular processes within in a complex and large
system.®> Currently, plasma membrane imaging mainly
depends on fluorescent proteins and molecular fluorescent
probes. Biologists generally track and monitor the endocytosis
process in living cells using specific fluorescent proteins on
the plasma membrane, but fluorescent proteins have also
shown several disadvantages such as cumbersome operation
and low photostability. The fluorescent proteins currently
known are nearly always accompanied by a significant
decrease in brightness during long-term fluorescence
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imaging,** incomplete fluorophore maturation of fluorescent
proteins frequently impairs signal readouts and their large
size also restricts functionality for site-specific labeling.® In
addition to fluorescent proteins, scientists working in chem-
istry and biology and have developed a variety of small
molecular dyes which can be used as markers of diverse
subcellular organelles and track various biochemical and
biophysical processes of cells.”® A wide choice of fluorophore
and controlled structural design make molecular fluorescent
probes promising tools to realize long-term in situ dynamic
plasma membrane labelling for live-cell imaging.

The currently-known molecular fluorescence probes for
plasma membranes are mainly built on traditional fluores-
cent dyes with planar structures, and thus they inevitably
have strict requirements of low-dose use and repetitive
washing before imaging due to aggregation-caused quench-
ing (ACQ)."" In contrast to those fluorescent dyes, luminogens
with aggregation-induced emission (AIEgens) intensely fluo-
resce in the aggregate state but exhibit no fluorescence in
solution, and a variety of AIEgens have been developed.*° It
has been demonstrated that AIEgens have good potential for
biological applications because they largely avoid the fluo-
rescence quenching effect caused by aggregation.””>* Diverse
AlEgen-based molecular probes have been designed and used
in subcellular localization,** photodynamic therapy**** and
cancer therapy,*»*® which provides an opportunity to design
new plasma membrane probes based on AIEgens without the
requirements of low-dose use and washing before imaging.
The first set of AIEgen-based probes for plasma membranes
showed good photostability and wash-free ability, but their
poor solubility in water makes them lack imaging integrity
and plasma membrane specificity.?””*® To solve this problem,
charged groups like pyridinium and quaternary ammonium
units were introduced into AIE-active probes to simulta-
neously increase the water solubility of the probes and
enhance the interaction between the probes and the plasma
membrane.**** These modified probes showed significant
improvement in the imaging of plasma membranes
including signal brightness and targeting integrity, but they
still lack sufficient long-term tracking ability for plasma
membranes because only half an hour of specific imaging of
the plasma membrane can be achieved, and other parts of the
cell such as the endoplasmic reticulum or mitochondria
membrane can also be stained simultaneously in a short
time.?*** Therefore, it is extremely challenging and complex
to achieve long-term and highly specific imaging of plasma
membranes based on AIE-active molecular probes due to the
high permeability of molecular probes to plasma
membranes.*®

In contrast to the plasma membranes of animals, the
complex structures of plant cells and the presence of diverse
natural fluorescent compounds like chlorophylls in plant cells
make the design of molecular probes for the plasma
membranes of plants more challenging.*** Fluorescent
staining of plant plasma membranes is generally indispens-
able to observe plasma-membrane-related processes, and FM
dyes are widely used in selectively staining plant plasma
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membranes among the existing probes because of their good
imaging performance.***° However, all probes including FM
dyes penetrate fast through the plasma membrane to stain
almost the whole plasma area within less than 30 min, and
thus there is currently no fluorescent probe that can achieve
long-term fluorescent staining of plant plasma membranes.
Preliminary results of our previous work showed that the
introduction of a rigid group might effectively enhance the
retention ability of the probe inside the plasma membrane,
but only a short-term imaging (1.5 h) experiment in animal
cells was demonstrated with red-emitting probes. This
provides a promising pathway to realize the ultralong-term
imaging of plasma membranes of plant cells.** For this
purpose, several strategies including the similarity and inter-
miscibility principle, antipermeability strategy based on the
steric hindrance effect, and strong electrostatic interactions
with multiple charges were combined into an AIE-active
molecular skeleton with near-infrared (NIR) emission in this
work. a,B-Diaryl-acrylonitrile with a D-A pattern was chosen as
the molecular skeleton since polar diarylethene derivatives
generally possess longer emission wavelengths and the cyano
group as a typical auxochrome can cause dramatic red-shift of
the emission of the whole luminogen, which guarantees that
the designed probe will possess near-infrared or red emission
favouring bioimaging. Based on the similarity and intermis-
cibility principle, the target probe was designed as an
amphiphilic molecule resembling phospholipid molecules (a
major component of plasma membranes) by introducing
a long alkyl chain at one end and a charged group at the other
end. The charged group was endowed with two positive
charges to enhance electrostatic interactions between the
probe and plasma membrane, and a rigid group with large
steric hindrance was introduced to effectively deter the
diffusion-driven permeation of the molecular probe. Three-
dimensional spatial imaging experiments and imaging
experiments using various times demonstrate that the
designed probe is capable of imaging plasma membranes of
plant cells with high contrast and high specificity, and the
probe still shows excellent imaging performance after 10 h of
imaging time. It is also proved that this probe is generally
applicable to plasma membranes of different cell types and
diverse plants with comparable imaging performance, which
convincingly verifies the validity of the multi-strategy collab-
oration for the plasma membrane probe and general univer-
sality of the probe.

Results and discussion

Design and synthesis of the NIR-emitting fluorescent probe
via multi-strategy collaboration

A series of reported probes are based on AIEgens to improve
their solubility and fluorescence properties for plasma
membrane imaging.”*** However, it is not difficult to find that
these existing probes perform unsatisfactorily in imaging, such
as regarding the imaging time and imaging integrity. Most
physiological studies need a long imaging time to specifically
track biological processes or functions. In addition, most

© 2023 The Author(s). Published by the Royal Society of Chemistry
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currently developed plasma membrane probes based on AIE-
gens are applied to animal and human cells without cell
walls.**** In contrast, the existence of a cell wall makes the
plasma membrane imaging of plant cells more challenging.
Regrettably, to date there have been few reports on fluorescent
probes with AIE activity for the long-term specific tracking of
plant plasma membranes. To overcome these problems, we
propose a multi-strategy collaboration design principle for
a plasma membrane probe by introducing different functional
groups to synergistically achieve ultralong-term and specific
imaging of plasma membranes. In the probe APMem-1 as
shown in Scheme 1, AlE-active ao,B-diaryl-acrylonitrile with
a D-A pattern is exploited as the molecular skeleton, and
a cyano group is introduced onto the central ethene unit to
ensure the NIR emission of the whole molecule.*” A lipophilic
unit with a suitable length is introduced to ensure a sufficiently
strong interaction between the probe and the plasma
membrane, while guaranteeing the penetration of the probe
from the small cell wall pores to the plasma membrane. At the
same time, two positive charges are included in another tail of
the probe to ensure a sufficiently large water solubility while the
rigid group 1,4-diazabicyclo[2.2.2]octane with large steric
hindrance is introduced to effectively block the permeability of
the probe through the plasma membrane, achieving ultralong-
term imaging. Under the guidelines of the multiple-strategy
collaboration, it is predicted that APMem-1 can show NIR
emission, and the dynamic rotations of the aromatic rotors can
guarantee its emission enhancement behavior when anchoring
on the plasma membrane via restriction of the intramolecular
motion mechanism. In actual cell tracking applications, emis-
sion in the NIR region is beneficial to deep tissue penetration
and imaging, and can effectively avoid spectral overlap with
biosubstrate autofluorescence. The introduction of a cyanide
unit not only can contribute to the NIR emission but also
change the linear structure of the central ethene of the molec-
ular structure to be more rigid. The synthesis routes of APMem-
1 are shown in Scheme S1.7 All of the compounds were purified
and characterized using "H NMR, *C NMR, and high-resolution
mass spectrometry (HRMS).

Multi-strategy Collaboration

Scheme 1 Schematic illustration of the design principle of membrane
probes with ultrahigh specificity and ultralong-term imaging perfor-
mance via multi-strategy collaboration, which is suited to the imaging
of plasma membranes of various plant cells and diverse plants.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 (A) PL spectra of APMem-1 in the solid form and dispersed in
adamantane (1: 50 molar ratio). Insets | and Il show the fluorescence
images of APMem-1 in the solid form and dispersed in adamantane
upon UV irradiation. (B) PL spectra of SDBS solution (200.0 uM) upon
the addition of APMem-1 from 0.0 to 20.0 uM; inset: fluorescence
images. (C) Schematic illustration of the restriction of the intra-
molecular motion of the probe in a single-layer micelle formed by
sodium dodecyl benzene sulfonate (SDBS) in solution.

Photophysical properties and emission enhancement
behaviour caused by restriction of the intramolecular motion
of APMem-1

As shown in Fig. 1A, APMem-1 exists as a dark purple solid in
daylight, which means that it has a wide absorption band in the
visible light region. Its UV-visible spectrum in Fig. S11 confirms
that APMem-1 in DMSO has a maximum absorption peak
located at 525 nm with a broad absorption band from 420 nm to
660 nm, plus two major absorption peaks at 300 nm and 350 nm
in the UV region. This feature is perfectly suited for fluorescent
bioimaging via excitation by visible light. Amphiphilic APMem-
1 can dissolve in highly polar solvents such as ethanol, H,O and
DMSO, and its solution is almost non-emissive under UV irra-
diation. However, its solid can intensely emit red light located at
675 nm covering the NIR region upon UV irradiation, suggest-
ing that it has significant aggregation-induced emission
behaviour. Compared to the aggregation-induced emission
enhancement, the emission enhancement induced by the
restriction of intramolecular motion (RIM) of the probe in the
environmental matrix is more practically valuable for plasma
membrane probes, and thus the restriction of intramolecular
motion behaviour was examined using adamantane as the solid
matrix. The emission peak of APMem-1 is located at 688 nm
when it is dispersed in adamantane (7apavem.1 : Padamantane = 1 :
50 in molar), and thus the dispersed state of the probe is very
similar to its solid in terms of its fluorescence. The slight
difference in the emission maximum can be attributed to
a small difference in the conformation of the two states. They
also have similarly short lifetimes of 1.8 ns and 2.6 ns in the
solid and dispersed states, respectively (Fig. S2t). The dramatic
emission enhancement of APMem-1 dispersed in adamantane
where the APMem-1 molecules are restricted by surrounding
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adamantane molecules in comparison to its solution where the
APMem-1 molecules are free without restriction clearly verifies
the restriction of intramolecular motion behaviour of APMem-
1. Due to the characteristic D-A structure of the probe, it is
deduced that it might exhibit solvatochromic behaviour.
Fig. S41 shows that the probe has polarity-dependent emission
behaviour, but the determined values for the emission effi-
ciency in most solvents are generally lower than 0.01, which
excludes polarity change of the surroundings as the major
contribution to emission enhancement in lighting up the
plasma membrane. The photostability of APMem-1 was evalu-
ated using UV-visible spectroscopy and PL spectroscopy under
irradiation at 561 nm, and the results showed that no apparent
changes in both absorption and emission were observed after
60 min of irradiation (Fig. S5 and S6t), indicating its good
photostability. To further evaluate its fluorescence imaging
performance for the plasma membrane, we used a stable single-
layer micelle formed by sodium dodecylbenzene sulfonate
(SDBS) in water to mimic the structure of the plasma
membrane. The probe exhibits almost no emission in aqueous
solution upon irradiation, and thus its red emission cannot be
observed by the naked eye. However, its red emission can be
gradually increased when APMem-1 is added into an aqueous
solution containing SDBS as shown in Fig. 1B. It is noted that
the fluorescence intensity progressively increases as the amount
of APMem-1 added is increased from 0.0 to 20.0 uM, while this
sharp emission enhancement is easily observed by the naked
eye under UV light. It is easily understood that a large number of
single-layer micelles are formed in solution when a large
amount of SDBS is dissolved in water because SDBS is
composed of a charged head and a long alkyl chain tail. Due to
the similarity and intermiscibility principle, APMem-1 mole-
cules tend to insert into the single-layer micelles formed by
SDBS after it is added, and thus these APMem-1 molecules can
be restricted inside the micelles leading to the dramatic emis-
sion enhancement as shown in Fig. 1C. As the concentration of
APMem-1 increases, more and more APMem-1 molecules are
inserted into the SDBS micelle, which makes the red emission
brighter and brighter in solution. To exclude the possibility of
autofluorescence of the probe, different amounts of SDBS were
added into a solution of APMem-1, as shown in Fig. S3,T and the
results indicate that the autofluorescence of the probe in solu-
tion is very weak, but its fluorescence is sharply increased upon
the addition of SDBS. These observations provide direct and
convincing evidence that APMem-1 can be used to image the
plasma membrane-like micelles based on the working mecha-
nism of restriction of intramolecular motion. In addition,
intracellular pH frequently varies over a small range in many
cellular events including endocytosis, senescence, trans-
membrane transport and cellular homeostasis,*>*” and thus
resistance to small variations of pH is also very important for
plasma membrane probes. Therefore, the influence of pH on
APMem-1 was further evaluated using a micelle consisting of
SDBS to mimic the plasma membrane as shown in Fig. S7.7 It
was found that the bright fluorescence of APMem-1 inserted in
the SDBS micelle is hardly affected by the surrounding pH
variation when the pH is changed from 5.7 to 8.0, indicating
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that the small pH variation frequently occurring inside live cells
will not apparently influence the fluorescence stability of
APMem-1. Such a feature of APMem-1 favours specific imaging
of the plasma membrane without the interference of other
factors.

In vivo three-dimensional spatial imaging of plasma
membranes of plant cells

In contrast to plasma membrane probes for animal and
human cells, the design of molecular probes for plant plasma
membranes is challenging because plant cells have complex
cell walls around their cells in addition to plasma membranes.
The small size of the pores of the plant cell wall range between
3.5 nm and 6 nm, which requires that the designed probe has
the right molecular size and sufficiently high solubility,
enabling it to easily diffuse into the plant plasma membrane
through the cell wall. Thus, we introduced an intermediate
length of alkyl chain with six carbons into the APMem-1 to
meet the size requirement and achieve the rapid staining of
the plasma membrane of all the cells in a plant. Before eval-
uating its performance in three-dimensional spatial imaging
of plasma membranes, the toxicity of APMem-1 was first tested
using the whole morphology changes of Arabidopsis thaliana.
The toxicity tests in Fig. S81 show that the whole morphologies
of the seedlings treated with APMem-1 are very similar to those
of the mock group, and the average root lengths of the seed-
lings incubated with APMem-1 are also comparable to those of
the mock group when the incubation concentrations are lower
than 20.0 uM, indicating that a concentration of APMem-1
lower than 20.0 uM can be used to stain plant cells without
toxicity to the whole plant. To evaluate the three-dimensional
spatial imaging performance of APMem-1, Arabidopsis thali-
ana was selected as the model plant, and various concentra-
tions of APMem-1 from 5.0 uM to 20.0 uM were used to treat
the its seedlings for condition optimization (Fig. S10%). A
control experiment was also performed to confirm the negli-
gible influence of autofluorescence from plant cells under the
same recording conditions (Fig. S9t). It was found that the
plasma membranes of all the cells in the root tip could be
stained after the seedlings had been treated with a solution of
APMem-1 at 5.0 pM with incubation for 5 min, but the signal
from the cells at the central transection was very weak so that
the plasma membrane in those zones could not be clearly
observed. When the concentration of APMem-1 is increased to
10.0 pM, all of the plasma membrane can be clearly stained,
and bright red light is observed. The imaging performance at
a higher concentration of 20.0 M is comparable to that at 10.0
UM under the same incubation conditions, indicating that
such a concentration is suitable for precise imaging of the
plasma membranes of all the cells. Thus, the three-
dimensional spatial staining images of the seedling root tip
were recorded with a Leica TCS SP5 model confocal laser
scanning microscope under the optimized conditions. Fig. 2A
shows three-dimensional spatial staining images and three
transection staining images of the seedling root tips along the
X, Y and Z axes. It can be clearly observed that the plasma

© 2023 The Author(s). Published by the Royal Society of Chemistry
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(A) Three-dimensional spatial confocal images built by layer-by-layer optical scanning of Arabidopsis thaliana seedling roots stained with

APMem-1 under 561 nm excitation (10.0 pM probe incubated for 5 min). (B) High-resolution image recorded for 5 min of Arabidopsis thaliana
seedling roots stained with APMem-1 under 561 nm excitation and the quantitative analysis results. Scale bar = 50 um.

membranes of all the cells of the whole root tip are clearly
stained with bright red signal, and the signal gradually
intensifies from the central part to the surface which is
consistent with the diffusion-controlled distribution for
APMem-1. The three-axis transection staining images also
verify the successful staining of plasma membranes of all the
cells of the root tip, and the signal from the surface cells is
much brighter than that from the central parts. However,
a clear signal from the cells in the central transection can still
be recorded, suggesting that APMem-1 is able to stain plasma
membranes of all the target plant cells in a very short incu-
bation time. To further quantify the performance of APMem-1
in spatial imaging, high-resolution image analysis of a tran-
section of the root tip was performed, as shown in Fig. 2B. It
can be directly observed from the high-resolution image that
all the cells are clearly marked with bright red emission from
the region of the plasma membranes. The ratio of the imaging
signal area to the whole-cell area (Simaging) is only 10.2%, and
the imaging integrity of all the cells is up to 100%, which
clearly proves that APMem-1 is able to specifically stain
complete plasma membranes of all the cells without staining
the other areas of the cell apart from the cell walls. The ratio of
the signal intensity from the plasma membrane to that from
the cell interior (fsignai/fsackgrouna) Was also determined for the
central cells and peripheral epidermal cells with different
brightnesses due to the different concentrations of APMem-1
caused by diffusion. The average values of fsignal/fackground
for plasma membranes from the central cells and peripheral
epidermal cells are 106.3 and 144.4 respectively, which is
consistent with the direct observation by the naked eye. These
large values clearly indicate that the signal-to-noise ratio is
sufficiently high to distinguish between plasma membranes
and the other regions of the cells. Finally, plasmolysis exper-
iments were performed using onion epidermal cells as an
example to verify whether the plasma membrane, cell wall, or
both can show an emission signal due to APMem-1. The onion
epidermal cells were first treated with APMem-1 (10.0 pM) for

© 2023 The Author(s). Published by the Royal Society of Chemistry

5 min, and their laser scanning confocal microscopy images
show that both the plasma membranes and cell walls of the
observed cells show a clear red emission signal under such
conditions (Fig. S11+1). After 20 min of treatment with a sucrose
solution, it is clearly observed that all the cells have dramati-
cally dehydrated and shrunk to similarly oval shapes, and the
cell walls and plasma membranes are remarkably separated so
that they can be easily distinguished by the naked eye. It is
noted that all the plasma membranes separated from the
surrounding cell walls exhibit a continuous bright red signal
whereas the cell walls show discontinuous signals, which
convincingly verifies that APMem-1 is capable of effectively
penetrating the cell walls to stain the plasma membranes with
high specificity and high brightness. For comparision, the
same experiments were conducted using commercial FM 1-43
and FM 4-46. Fig. S127 shows that both can clearly stain the
plasma membrane and cell wall, but FM 1-43 is mainly located
at cell walls in a discontinuous manner, and only a small
amount of it is distributed at plasma membranes after plas-
molysis, whereas FM 4-64 performs well in both staining of cell
walls and plasma membranes, comparable to the performance
of our APMeme-1. To avoid the emission enhancement effect
of the probe caused by viscous sucrose in the cell walls,
sodium chloride was used to replace sucrose, and the results
in Fig. S131 clearly show that the probe mainly stains the
plasma membrane rather than both the plasma membrane
and cell wall. To further verify the targeting capability of
APMem-1 for plasma membranes, the plasma membranes of
root cells of Arabidopsis thaliana were first stained with
APMem-1 and then destroyed by treatment with DMSO. As
shown in Fig. S14,7 only the red signal from APMem-1 located
at the plasma membranes can be clearly recorded before
treatment of the root cells with DMSO. After the treatment
with DMSO, the other areas of the plant cells also exhibited
ared signal, which convincingly proves that APMem-1 can only
specifically stain plasma membranes when the membrane
structure is complete.
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Ultralong-term imaging of the plasma membranes of plant
cells

Long-term tracking of plasma membranes is generally required
for understanding some specific biological processes relating to
the plasma membrane, but few plasma membrane probes can
achieve long-term imaging with high specificity without stain-
ing the other areas of the cells due to the diffusion-driven
homogenous distribution. To evaluate the ultralong-term
imaging performance of APMem-1 for plasma membranes of
seedling root cells of Arabidopsis thaliana, the photostability of
APMem-1 was first investigated through continuous irradiation
at 561 nm with the excitation source of the laser scanning
confocal microscope (Fig. S157). It is noted that no detectable
changes in the emission signals from the plasma membranes of
APMem-1-stained cells are observed after continuous irradia-
tion for 90 min, and the bright red signal from the plasma
membrane is well retained under such continuous irradiation,
which suggests that APMem-1 has good photostability suited to
long-term imaging of plasma membranes. Imaging experiments
with various times of plasma membranes stained with APMem-
1 were carried out to explore the longest imaging time using
seedling root cells of Arabidopsis thaliana as the example, as
shown in Fig. 3 and S16.} All the seedling roots were first treated
with APMem-1 at a concentration of 10.0 uM for 5 min, and then
the corresponding staining images of the central transections of
the root tips were recorded at various time ranging from 0.5 to
10 h, during which the seedlings were continuously incubated
with the culture medium to maintain their biological activity.
Fig. 3A shows the staining images of the overall sections of the
root tips at various times, and it can be seen that the brightness
of the entire red signal from the plasma membranes is main-
tained, and all the plasma membranes are marked with a red
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signal with nearly 100% imaging integrity at various times from
0.5 h to 10 h. However, the signal from the plasma membranes
of a small number of cells has a lower intensity than that from
the others for the seedlings recorded at 7 h and 10 h, indicating
that a remarkably heterogenous distribution of APMem-1
among different cells caused by molecular diffusion takes
place after more than 7 h. To more clearly observe the change in
imaging performance of APMem-1 at various imaging times,
enlarged high-resolution images of a small number of well-
stained cells of the seedlings with the probe are shown in
Fig. 3B. It is clear that there is no detectable change in signal
brightness for these stained cells at different recording times,
and the plasma membranes of all the cells in the selected
regions recorded at different times are clearly stained with the
red signal, but the red signals from the plasma membranes start
becoming blurred after 7 h and become obviously obscured
after 10 h, indicating that permeation of APMem-1 through the
plasma membranes takes place after 7 h. The same imaging
experiments at various times were also conducted using FM 1-
43 and FM 4-64 for comparison. Fig. S171 shows that FM 1-43
stained most of the plasma area of the stained cells after only
5 min while almost the entirety of the cells exhibited emission
after 20 min of incubation with FM 4-64 except the cell nuclei,
which convincingly proves that both FM 1-43 and 4-64 are not
suitable for long-term imaging of plasma membranes. In order
to more intuitively quantify the imaging performance of
APMem-1 for plasma membranes at different imaging times, we
quantitatively analyzed these enlarged high-resolution images
considering three aspects: average fluorescence contrast ratio
(fsignailfsackgrouna), imaging integrity of the plasma membranes,
and the ratio of the signal area to the whole area (Simaging)- It is
found that the values of fsignai/fackgrouna Temain stable with
relatively high values of around 100 for various imaging times
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Fig. 3

(A) Laser scanning confocal microscopy images of seedling roots of Arabidopsis thaliana stained with APMem-1 (10.0 uM probes

incubated for 5 min) at various time points. Scale bar = 20 um (global graph). (B) Enlarged high-resolution images of selected cells of seedling
roots of Arabidopsis thaliana stained with APMem-1. Scale bar = 10 pm (enlarged view). (C) The average value of fsigna/fackground for APMem-1-
stained cells versus imaging time from 0.5 h to 10 h. (D) Statistical analysis of the imaging integrity of selected cells using APMem-1 versus
imaging time from 0.5 h to 10 h. (E) The value of Sm.4ing from high-resolution pixel analysis versus imaging time from 0.5 h to 10 h. Sjm.ging and
SBackground represent the ratios of signal area and background area to the whole area.
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from 0.5 to 10 h, and the value of fsignai/fackgrouna Still remains
at 103 even if the imaging time is up to 10 h, which indicates
that plasma membranes can be clearly stained with high
contrast ratios during different imaging times due to the high
specificity and brightness of APMem-1 (Fig. 3C and S18t). The
imaging integrity of the plasma membrane represents the
ability of the probe to homogenously target plasma membranes
by penetrating cell walls. Fig. 3D shows that the values of the
imaging integrity reach 100% for imaging times of less than 5 h,
but the values are slightly decreased to 91% for an imaging time
of 7 h and to 81% for an imaging time of 10 h, which also
suggests that APMem-1 can specifically stain the whole plasma
membranes of all the cells after 5 h of free diffusion. These
observations prove that APMem-1 has excellent resistance to
diffusion-driven signal weakening within 10 h. The specificity of
APMem-1 to the plasma membrane was further quantified
using the ratio of the signal area to the whole area of the cell
(Stmaging)- The staining of other cell areas caused by time-
dependent permeation is generally enhanced as the imaging
time is increased as shown in Fig. 3E. The value of Simaging
remains at a relatively low level of less than 36% for imaging
times of less than 7 h, and its value is gradually increased to
42.2% after 10 h (Fig. S197), indicating that less than a half of
the whole cell area is stained with APMem-1 after such a long
imaging time. These facts provide clear and convincing
evidence that APMem-1 is capable of anchoring plasma
membranes with high contrast and brightness without
remarkable staining of other areas of the cells at a long imaging
time of 10 h, which further validates the ultralong-term imaging
ability of the molecular probes for plant plasma membranes
based on the multi-strategy collaboration principle.

The ultralong-term imaging ability of APMem-1 enables us to
monitor in real time the morphological changes of the plasma
membranes of plant cells caused by the external environment
over a long timescale. Herein, we demonstrate real-time
imaging of the morphological changes of the plasma
membrane of onion epidermal cells during plasmolysis and
deplasmolysis processes using the probe (Fig. 4 and S207).
Different concentrations of sodium chloride were used for
plasmolysis, and it is found that when its concentration is lower
than 0.2 M, no apparent plasmolysis is observed within 3 h.
When the concentration of NaCl is up to 0.5-1.0 M, clear plas-
molysis takes place within 1.5 h, in which the plasma
membrane is gradually detached from its neighboring cell wall,
and the plasma membrane progressively shrinks to an elliptical
shape. It is clearly observed that the plasma membrane is
stained with a bright red signal, and a discontinuous signal is
distributed among the plasma membranes, while no signal can
be observed inside the plasma area. During the following
deplasmolysis, the plasma membrane quickly recovers to its
initial shape, and its morphological shape is clearly marked by
the probe within 0.3 h. It is noted that the plasma membrane
was clearly marked in different shapes during the 1.8 h of
plasmolysis and deplasmolysis. A comparison experiment with
FM 4-64 showed that FM 4-64 is not able to always clearly stain
the plasma membrane during plasmolysis because a large part
of its signal is lost after 1.5 h during the plasmolysis process

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Laser scanning confocal microscopy images of onion
epidermal cells, which were first stained with APMem-1 (10.0 uM) for
5 min and then incubated in 0.5 mol L™ NaCl solution for different
times to achieve plasmolysis (a—c) and the following deplasmolysis (d—
f). Scale bar = 50 um (e: 20 um).

(Fig. S217). This demonstration confirms that APMem-1 has
real-time tracking ability for plasma membranes with high
specificity in a biological process over a long period of time,
which currently existing probes do not possess.

Universality of APMem-1 to stain the plasma membranes of
plant cells of different types and diverse plants

In the previous section we demonstrated that APMem-1 is able
to stain plant plasma membranes with extremely high speci-
ficity and ultralong imaging time using the model plant Arabi-
dopsis thaliana as an example. To evaluate the universality of
APMem-1 to stain plant plasma membranes of diverse plants,
the imaging of plasma membranes with APMem-1 was further
expanded to an additional three distinct plants including one
vegetable (onion), one main grain crop (rice) and one economic
crop (tobacco). The epidermis of onion, and seedling roots of
rice and tobacco were incubated with APMem-1 under the same
conditions as the seedling roots of Arabidopsis thaliana, and the
images were recorded and analysed. Fig. 5 shows high-
resolution fluorescence images of the epidermal cells of
onion, and seedling root cells of Arabidopsis thaliana, rice and
tobacco stained with APMem-1. It is worth noting that the
plasma membranes of all four plants can be clearly and
completely marked by bright red by APMem-1 without apparent
differences, although they have very distinct cell shapes. The
close values of fsignal/fsackground and the imaging integrity for the
four plants suggest that comparable imaging performance of
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Fig.5 (A) High-resolution laser scanning confocal microscopy images

of seedling root cells of Arabidopsis thaliana (a and e), epidermal cells
of onion (b and f), and seedling root cells of rice (c and g) and tobacco
(d and h) stained with APMem-1 (10.0 puM) for 5 min. Scale bar =5 um (a
and e), 50 pum (b and f), 10 pm (c and g), 5 um (d and h). (B) The average
values of fsignal/ feackgrouna for APMem-1-stained cells for different plant
species. (C) Statistical analysis of the imaging integrity of selected cells
using APMem-1 for different plant species.

APMem-1 for onion, rice and tobacco is achieved to that for
Arabidopsis thaliana, which further confirms the universality of
the probe for plasma membranes of diverse plants. Compared
to the transparent root cells of plants, leaf cells consist of more
diverse cell types with distinct plant functions and more
complex structural components, and thus specific staining of
plasma membranes of leaf cells is more challenging due to their
non-transparent and complex structures. Generally, a plant leaf
is composed of a waxy cuticle, an upper epidermis, a lower
epidermis and mesophyll cells abundant in chloroplasts, and
guard cells are scattered among the epidermal cells to control
the opening and closing of the stomates. Herein we used
tobacco leaves as an example to demonstrate the specific
staining of leaf plasma membranes with APMem-1. In contrast
to the short treatment of root cells with the probe (5 min), the
incubation of tobacco leaves with APMem-1 requires a relatively
long time (60 min) to achieve effective staining performance
because of the existence of the waxy cuticles on the leaf surfaces.
Fig. 6 shows laser scanning confocal microscopy images of
epidermal cells and guard cells on the upper surfaces of tobacco
leaves treated with APMem-1 at different scales. It is worth
noting that plasma membranes of both irregularly corrugated
epidermal cells and semicircular coupled guard cells are clearly
and completely marked with the red signal. The enlarged
images clearly show that the whole plasma membranes of both
larger epidermal cells and smaller guard cells are specifically
stained, and no apparent signals are observed from the other
areas in either case, indicating that APMem-1 can stain complex
and nontransparent leaf cells with comparable imaging
performance to that of the transparent root cells of a plant.
Interestingly, it is found that the opening and closing states of
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Fig. 6 (A) Laser scanning confocal microscopy images of tobacco leaf
cells at different scales. Scale bar =50 pm (@ and e), 20 um (b and f), 10
pum (c and g), 20 um (d and h). (B) The average value of fsigna/faackground
for APMem-1-stained cells for different cell types of tobacco. (C)
Statistical analysis of the imaging integrity of selected cells by APMem-
1 for different cell types of tobacco.

the stomates are clearly tracked by imaging two distinct shapes
of guard cells stained with APMem-1, which is valuable for
monitoring the respiration and transpiration of plants
involving stomata. Despite the complex and nontransparent
nature of the leaves, the average value of fsignai/fsackgrouna for leaf
plasma membranes stained with APMem-1 (100) is very close to
that for root plasma membranes (113), indicating that compa-
rable imaging performance to that for more complex leaf
plasma membranes can be achieved by APMem-1 by slightly
changing the staining conditions. Compared to an imaging
integrity of almost 100% for the root plasma membranes of
tobacco, the imaging integrity for the leaf plasma membranes is
slightly lower at 85%, as indicated by statistical analysis, which
can be attributed to the protection effect of the waxy cuticles of
the leaf surface. Therefore, it is convincingly concluded that
APMem-1 is generally applicable to the highly specific imaging
of plasma membranes of different cell types and diverse plant
species.

Conclusions

In summary, we proposed an effective design principle based on
multiple-strategy collaboration for the AIE-active probe APMem-
1 for the plasma membranes of live cells, and demonstrated its
highly specific and ultralong-term imaging performance for
plasma membranes of different cell types and diverse plant
species. In the proposed design concept, the similarity and
intermiscibility principle was wused to target plasma
membranes, while an antipermeability strategy based on the
steric hindrance effect and strong electrostatic interactions
through multiple charges guaranteed retention of the probe

© 2023 The Author(s). Published by the Royal Society of Chemistry
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molecules inside the plasma membranes for a long time, and
sufficiently high aqueous solubility of the probe, avoiding self-
precipitation. In the APMem-1 probe, an AlE-active molecular
skeleton with NIR emission was constructed to avoid or reduce
the interference from the autofluorescence of plant cells, and its
suitable molecular size allows the probe to quickly penetrate
cell walls with small pores. Compared to the previous AIE
probes and commercial dyes for plasma membranes, APMem-1
exhibits excellent features such as ultrafast staining, wash-free,
and desirable biocompatibility, which may contribute to its
suitability for the high-quality imaging of the plasma
membranes of plant cells, as opposed to animal and human
plasma membranes. The imaging time of APMem-1 can be up to
10 h to guarantee high-quality imaging performance. Long-term
real-time monitoring of the morphological changes of plasma
membranes during plasmolysis and deplasmolysis was ach-
ieved with the fluorescence probe for the first time, which
provides the possibility to continuously monitor plasma
membrane-related physiological processes on a long timescale.
The validation of the imaging performance of the probe for
plasma membranes of various plant cells convincingly proved
that this probe is generally applicable to different cell types and
diverse plant species.
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