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Cell membrane (CM) is a phospholipid bilayer that maintains integrity of a whole cell and relates to many physiological
and pathological processes. Developing CM imaging tools is a feasible method for visualizing membrane-related events.
Small-molecular fluorescent probes in the near-infrared (NIR) region have been pursued extensively for CM staining to
investigate its functions and related events.
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| 1. Introduction

Cell membrane (CM) is the first barrier that separates interior of cells from the extracellular environment and plays a
crucial role in physiological processes, such as signal transduction and biomolecular transport LB A CM is an
amphipathic bilayer membrane consisting of a mix of lipids and proteins BB |t is closely related to signal transduction
from the extracellular environment, causing further responses through changes in shape and morphology [EII0ILL - cpm
damage can cause cell swelling and apoptosis, eventually causing various diseases, such as cirrhosis, diabetes and even
cancers 12[13114115] Therefore, visualization of a CM enables study of related events and evaluation of cell life status and
facilitates diagnosis and treatment of CM-related diseases L8171,

At present, a certain number of methods have been developed for CM analysis 181911201211 Among them, fluorescence
imaging has become a powerful tool benefiting from its advantages of high sensitivity, simplicity and noninvasiveness 22
(23][24][25](26] \Wheat germ agglutinin (WGA) and concanavalin A have served as popular fluorescent CM probes due to
their efficiency and ease of use [24[28129 pyt these probes are expensive and have large size. Small-molecular
fluorescent probes have been widely used for bioimaging due to their easy preparation, modifiable molecular structures
and tunable fluorescence signals BABUBE2I334] The small size of this probe enables its precise location in the lipid
bilayer, which can serve as a flexible tool for study of CM-related events. Small-molecular fluorescent probes with
excitation/emission in the near-infrared (NIR) region (650-900 nm) are much more desirable for bioimaging due to
attenuated biological autofluorescence, reduced light damage and increased imaging penetration depth [B2I36I37I[38] |
recent decades, various NIR CM-targeting molecular probes have been developed for visualization of cell activities,
metabolism and cell-to-cell communication on CMs. These probes are commonly designed by incorporating CM-targeting
units to NIR fluorophore. In this process, screening of CM-targeting units is very important. Considering the amphipathic
characteristics of CMs, designing amphipathic probes that have similarity and intermiscibility to a CM is an effective way
to realize CM imaging. NIR fluorophore with large Tt-conjugation can serve as a lipophilic moiety. In this case, amphipathic
CM probes can be obtained by linking hydrophilic moiety, especially positively or negatively charged groups, to NIR
fluorophore. Sometimes, long alkyl chains are needed to assist the probe to insert into a CM by hydrophobic interaction
with the alkyl chain of a phospholipid B249 |n addition to amphipathic characteristics of CMs, many proteins with
important biological functions are embedded in CMs. Another approach to realize CM imaging is to design probes that can
specifically target these proteins or be self-assembled on the surface of a CM after being activated by these proteins. The
recent progress of NIR CM molecular probes for visualization of CM-related events are summarized (Scheme 1). The
unique molecular structure and photophysicality of NIR dyes are fully considered in design and application of CM probes.
These CM probes are divided into two classes based on different targeting mechanisms.
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Scheme 1. Design strategies of NIR CM-targeting molecular probes.

g

Always on

Intracellular space

| 2. NIR Molecular Probes for CM Imaging

NIR dyes with large Ti-conjugate systems usually have strong lipophilicity 242! Owing to the glycerophospholipid bilayer
structure of CMs, lipophilic NIR dyes are easily transferred into a lipid bilayer through lipophilic-lipophilic interaction.
However, in most cases, lipophilic dye molecules are readily internalized into cells, losing their membrane staining ability.
Designing fluorescent probes that mimic the amphiphilic structure of CMs ¥3! is a feasible way to image bilayer
membranes. Many proteins with important biological functions are embedded in CMs of live organisms. Another CM
staining approach is to incorporate a membrane proteins targeting group to probes or relying on self-assembly of the
probes on a CM after being activated by proteins. Herein, advances in development of NIR fluorescent probes for CM
staining have been overviewed, including their design strategies, targeting mechanisms and biological applications.

2.1. Amphiphilic NIR Probes for CM Imaging

The amphiphilic NIR CM probe commonly contains hydrophobic moieties to insert into CM through lipophilic—lipophilic
interaction and polar headgroups to prevent probe penetrating into cells. The long alkyl chains are sometimes selected to
help a probe stay on a CM. Many NIR CM probes retain emission before and after anchoring on the CM, named as
“always-on” NIR CM probes. Using these probes, a CM can be stained and the boundary of cells will be observed.
However, in this process, repeated washing procedure is required, hindering the real-time and dynamic imaging of CM. To
this end, significant effort has been directed at building activatable CM staining probes. One approach to build such
probes is to screen for solvatochromic or fluorogenic NIR dyes that are further covalently linked with polar headgroups.
These probes have variable emissions (intensity and wavelength), with the environment changed from polar aqueous
condition to low polar membrane lipid, thereby achieving CM imaging in an activatable manner. Another approach to
construct activatable CM staining probes is relying on disassembly light-up fluorescence strategy. As mentioned above,
NIR dyes with large Tt-conjunction are prone to be aggregated in aqueous solutions, resulting in quenching of their
fluorescence 44, When being inserted into a CM, however, the aggregates are dissolved and dispersed on the CM,
leading to significant fluorescence enhancement. In this case, the washing procedure is no longer required because free
probes in culture medium are nonfluorescent. Aggregation-induced emission (AIE) dyes are also selected to construct
activatable NIR CM probes. These probes are freely rotating in solutions 451, but their intramolecular rotation can be
restricted when inserted into a CM, leading to dramatic fluorescence enhancement.

2.2. Proteins Targeting Probes

Many proteins with important biological functions are embedded in CMs of live organisms. Therefore, design of CM
protein targeting probes or probes that can self-assemble on a CM after being activated by proteins is another efficient
way for understanding the physiological processes of CMs.

Carbonic anhydrase I1X (CA 1X), a transmembrane protein induced under hypoxic conditions, is a promising tumor marker.
In 2022, Chen et al. developed pH-sensitive CA IX-targeted NIR probe 23 for fluorescence imaging of hypoxic
osteosarcoma 48l This probe was built based on an NIR heptamethine cyanine dye IR783 by connecting with a CA IX
targeting group benzenesulfonamide moiety. In buffer solutions, the emission intensity of this probe at 760 nm increased
with pH, which was attributed to protonation of amine group under acidic conditions. After incubation of 143B cells with
probe 23 for 1 h or even as long as 24 h, this probe was consistently dispersed on CMs, which showed its excellent long-
term CM imaging performance. CM imaging of 143B cells under simulated normoxia, hypoxia and acetazolamide
conditions showed that probe 23 was able to visualize level changes of biomarker CA IX. Meanwhile, intracellular pH



change was also detected by monitoring the fluorescence intensity on CMs. Moreover, in vivo imaging showed that probe
23 had good selectivity for tumors relative to normal tissues, indicating its great potential application in biological and
medical fields.

For accurate visualization of prostate cancer boundary and lymphatic metastasis, in 2022, Hu et al. developed self-
quenched NIR fluorescence probe 24 with dual prostate cancer membrane affinity 44, Glutamate—urea-lysine (KUE)-
based moieties were introduced into this probe as a ligand for prostate-specific membrane antigen (PSMA), which was
overexpressed in >90% of prostate cancer cells. Oleic acid (OA) motif was further introduced as an additional CM-
targeting scaffold to maximize the targeting efficiency of probe 24 for prostate cancer. The dual targeted probe was weakly
fluorescent in Tris buffer saline due to a strong self-aggregation effect. Upon adding purified PSMA protein into probe
solution, an obvious increase in absorbance and fluorescence was observed, indicating that probe 24 could be activated
by PSMA. Activation of probe 24 by PSMA was also studied in C4-2PSMA-high cells highly expressing PSMA, and the
results showed that the CM was specifically lit up, but its signals were erased regarding cells pre-treated with PSMA
inhibitor. In vivo studies revealed that probe 24 could specifically activate in PSMA-positive tumors rather than PSMA-
negative tumors, showing its potential for fluorescence-guided accurate and complete resection of prostate tumors.

CyA-B2 molecule (probe 25) was previously selected from library screening for endothelial cells binding. However, the
mechanisms of this probe binding on endothelial cells were unclear. In 2022, by studying the competition assays of CyA-
B2 using several potential surface markers of endothelial cells, Matsusaki et al. observed that CD133 provided the lowest
IC50 value “8l. Therefore, the CD133 protein expressed on endothelial CM was considered as the binding site of probe 25
due to its suppression on blood capillaries by competition assays . Since CD133 is expressed on many types of cancer
cells, there would be great potential to use this probe as a bioprobe to monitor or diagnose tumor growth.

Conventional lipid-conjugated amphiphilicity CM probes usually face the problem of gradually diffusing into the cell from
the CM surface after a certain period of time, thereby losing in situ information in long-term bioimaging. In 2021, Zhang et
al. developed antidiffusion NIR probe 26 based on a fluorochrome HYPQ characterized by strong hydrophobicity and low
lipophilicity to address this challenge using y-glutamyltranspeptidase (GGT) as an example ¥, HYPQ was designed by
conjugating strong hydrophobic solid-state fluorochrome 6-chloro—2-(2-hydroxyphenyl) quinazolin-4(3H)-one (HPQ) with a
2-(2-methyl-4H-chromen—4-ylidene) malononitrile group. After probe 26 was activated by GGT, the fluorescence signal on
the CM remained unchanged, even with incubation time extending to 6 h, which was attributed to the precipitating and
stable signal properties of HYPQ and was significant for in situ monitoring of GGT activity. In vivo imaging revealed that
probe 26 could accurately define tumor regions after long-term in situ imaging of tumor-bearing mice . The excellent
performance of HYPQ makes it an ideal alternative to construction of universal antidiffusion fluorescent probes and
provides an efficient method for accurate imaging-guided surgery in the future.

Another stimuli-responsive in situ self-assembly of NIR small molecules on the surface of CM was reported by Ye et al. in
2019 B9, probe 27 consisted of a pre-quenched NIR fluorophore caged by an ALP recognition phosphate group, a
paramagnetic DOTA-Gd chelate for MRI and a hydrophobic dipeptide Phe-Phe (FF) linker to promote self-assembly. This
probe had high water solubility, weak NIR fluorescence and low rl relaxivity. After HeLa cells were incubated with probe
27, bright NIR fluorescence was observed on the CM where ALP tended to locate. In situ self-assembled NPs anchored
on the HeLa CM were detected with cryo-SEM and TEM. This probe with activatable NIR fluorescence and MRI via in situ
self-assembly was suitable for noninvasively measuring and localizing ALP activity in live tumor cells and living mice.
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