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Imaging dynamics of membrane proteins of live cells in a wash-free and real-time manner has been a
challenging task. Herein, we report unprecedented applications of malachite green (MG), an organic dye
widely used in pigment industry, as a switchable fluorophore to monitor membrane enzymes or non-
catalytic proteins in live cells. Conformationally flexible MG is non-fluorescent in aqueous solution, yet
covalent binding with endogenous proteins of cells significantly enhances its fluorescence at 670 nm by
restricting flexibility of dye. Integrating a phosphate-caged quinone methide precursor with MG yielded a
covalent labeling fluorogenic probe, allowing real-time imaging of membrane alkaline phosphatase (ALP,
a model catalytic protein) activity in live cells with over 100-fold enhancement of fluorescence intensity.
Moreover, MG is also applicable to image non-catalytic protein by conjugation with protein-specific lig-
and. A fluorogenic probe consisted of c-RGDfK peptide and MG proved to be compatible with wash-free

Integrin

and real-time visualization of non-catalytic integrin o5 in live cells with high contrast.

© 2021 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Membrane proteins, including catalytic and non-catalytic pro-
teins, play critical roles in a vast diverse of biological processes
in life. Specific visualization or detection of these proteins is of
high importance in the investigations of sophisticated functions
of these macromolecules in biological processes and even diagno-
sis of disease. Small-molecule fluorescent probes have emerged as
powerful tools to non-invasively image proteins, particularly cat-
alytic proteins (i.e., enzymes), in their native environments [1-11].
Currently, most of these activatable fluorescent probes are based
on the activities of enzymes, which convert non-fluorescent sub-
strates into fluorescent molecules or lead to the change of emission
wavelength.

Nevertheless, membrane enzymes are in a highly dynamic envi-
ronment. Majority of these fluorescent reagents, despite high fluo-
rescence quantum yield in homogenous aqueous solution upon ac-
tivation by enzyme, inevitably suffer from rapid diffusion of acti-
vated fluorophores. To address this challenge, a number of trap-
pable fluorogenic probes have been developed. Well-known exam-
ples include aggregation-induced emission (AIE)-based probes [12-
15], which stay at sites of activation by precipitation and enhance
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fluorescence intensity upon interaction with target enzymes. This
strategy has been widely applied to image activity of membrane
alkaline phosphatase (ALP) in live cells [16-20]. Ye and co-workers
took advantage of the enzyme-instructed self-assembly strategy
[21] to develop a near-infrared (NIR) fluorogenic probe to visual-
ize endogenous ALP on outer membranes of live cells [22]. Very
recently, our lab integrated quinone methide (QM) with fluoro-
genic probe to construct a number of covalently trappable fluores-
cent reagents for the real-time imaging of activity of membrane
enzymes, including ALP [23] and y-glutamyl transpeptidase (GGT)
[24].

On the other hand, the imaging of non-catalytic protein typ-
ically relies on always-on fluorescent reagents, which makes it a
challenging task to visualize proteins in real time as a washing step
is needed to remove unbound fluorescent probes. In recent years,
a number of environment-sensitive fluorophores, such as naph-
thalimide, dansyl, nitrobenzoxadiazole (NBD), and their derivatives,
have been incorporated with protein-specific ligands to image non-
catalytic proteins [25,26]. These probes usually are weakly fluores-
cent in aqueous medium but turn strong fluorescent upon inter-
action with target proteins due to the change of surrounding envi-
ronment. Notably, some of the AIE-based fluorophores are reported
to be sensitive to surrounding environment and these fluorophores
have been explored in the detection of non-catalytic proteins in
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Fig. 1. (a) Schematic illustration of imaging of extracellular catalytic or non-catalytic proteins in live cells with MG-based fluorogenic probes. (b) Chemical structures of

MG-based probes in this study.

live cells [27]. In 2018, the Tan’s lab developed a fluorescence-
switchable NIR fluorophore, P-Mero4, which can be applied in
the wash-free imaging of intracellular non-catalytic proteins in
live cells [28]. Recently, Urano and co-workers demonstrated Si-
rhodamine could be used as an environment-sensitive dye to vi-
sualize membrane folate receptor in live cells [29]. However, in
spite of these encouraging results, the employment of these flu-
orophores in real-time and wash-free imaging of dynamics of bi-
ologically important proteins in lives cells may still face one or
even more challenges, including low photostability, synthetic dif-
ficulty, and low signal-to-background ratio (SBR). A desirable fluo-
rescence probe that is compatible with real-time imaging of mem-
brane proteins in live cells should: (1) selectively trap at or around
target protein; (2) significantly increase fluorescence intensity or
shift emission wavelength upon interaction with target protein; (3)
has high photostability to allow long-term visualization of cells.

Malachite green (MG) is an organic dye widely used in dyestuff
industry and pigment industry. This molecule, though with high
structural similarity as widely used fluorophore tetramethylrho-
damine (TMR), has been largely excluded as a fluorescent reporter
in cell imaging because of its extremely low fluorescence quantum
yield in aqueous solution. However, cellular environment is dra-
matically different from homogenous aqueous solution. The low
fluorescence emission of MG in solution, along with its high en-
vironmental sensitivity, may be advantageous in live cell imaging,
especially in visualization of membrane proteins; it efficiently re-
duces background fluorescence signal and thus allows washing-
free and real-time imaging of cellular targets. Herein, upon incor-
poration with covalent labeling strategy, we report unprecedented
applications of MG as an activatable near-infrared fluorophore in
wash-free and real-time visualization of endogenous membrane
proteins, including catalytic proteins and non-catalytic proteins,
with up to over 100-fold of fluorescence enhancement ratio and
200-fold of signal-to-background ratio in live cells. The merits of
these MG-based probes also include high photostability and easy
synthesis.
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MG is non-fluorescent in aqueous solution because of its high
conformation flexibility. Previous investigations have indicated that
restricting vibration of MG by cold or viscous environment [30,31],
aptamers [32-34], or selected proteins that have high affinity to
MG [35-37] significantly enhanced its fluorescence. Inspired by
these studies, we envisaged selectively labeling this molecule to
target proteins or nearby proteins in a covalent manner might ef-
ficiently reduce its conformation flexibility and thus lead to en-
hancement of fluorescence signal. With this label-and-emission
strategy, MG may offer unique opportunity to allow wash-free and
real-time imaging of endogenous membrane proteins in live cells.

To test the feasibility of this hypothesis, we selected biologi-
cally important ALP [38-41] as a catalytic model protein and inte-
grin ay B3 [42-44] as a non-catalytic model protein, both of which
are mainly found on outer membrane of cells. As shown in Fig. 1,
to construct a MG-based fluorescent probe, AMG-1, for the detec-
tion of ALP activity in live cells, we installed three phosphate-caged
quinone methide (QM) [45-48] precursors on MG. The hydroly-
sis AMG-1 by ALP releases highly reactive QM intermediate, which
then reacts with nucleophilic residue from ALP or nearby proteins.
The covalent immobilization of MG in cells might effectively re-
strict conformation flexibility of MG and thus turns on fluorescence
signal. The fluorescence probe for integrin oy 3, RGD-MG, consists
of three parts: cyclic peptide c-RGDfK (as a recognition unit), MG
dye (as a fluorescent reporter), and a zwitterion (as a hydrophilic
group). Similarly, specific binding of c-RGDfK to integrin oy 83 may
lead to significant fluorescence enhancement of MG.

These fluorogenic probes, AMG-1 and RGD-MG, were read-
ily prepared by assembling alkynyl-substituted MG with azido-
containing phosphate-caged quinone methide precursor or c-
RGDfK by a CuAAC click reaction (Scheme S1 in Supporting infor-
mation) [49]. This approach should allow rapid synthesis of a vari-
ety of MG-based fluorescence probes.

With AMG-1 in hand, we commenced to investigate its pho-
tophysical and chemical properties in homogeneous aqueous so-
lution. The change of AMG-1 in fluorescence intensity before and
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Fig. 2. In vitro characterization of MG-based probe AMG-1. (a) Fluorescence spectra
of AMG-1 (10 umol/L in PBS) before and after incubation with ALP (30 U/mL) at
37 °C for 2 h. (b) Coomassie blue staining (top) and fluorescence (bottom) images
of SDS-PAGE gel. ALP was incubated with AMG-1 in the presence or absence of
Nas;VO, (ALP inhibitor) in PBS at 37 °C for 2 h before PAGE analysis. m: protein
marker; (1): ALP; (2): ALP + AMG-1; (3): ALP + AMG-1 + Na3VO,. (c¢) HPLC and
mass spectra analysis of AMG-1 (10 umol/L) upon incubation with ALP (2 U/mL) and
B-ME (10 mmol/L) at 37 °C for 2 h. (d) Chemical structures of plausible products.

after incubation of ALP was first recorded (Fig. 2a). As expected,
AMG-1 in phosphate-buffered saline (PBS, pH 7.4) alone exhib-
ited very low fluorescence intensity, while the addition of ALP in-
creased the fluorescence of AMG-1 for about 10 folds. Nevertheless,
cellular environment may differ from homogenous aqueous solu-
tion and leads to even higher fluorescence enhancement ratio of
AMG-1.

To gain further information on the ALP-triggered labeling pro-
cess of AMG-1, we used B-mercaptoethanol (8-ME) as external nu-
cleophile to mimic possible nucleophilic residue of proteins. After
incubation of AMG-1 with ALP in the presence of excess amount
of B-ME for 2 h, we analyzed the reaction mixture using high
performance liquid chromatography (HPLC). As can be seen from
Fig. 2c, probe AMG-1 has been hydrolyzed by ALP completely,
leaving two compounds (peaks 1 and 2) as major products. The
structures of these two compounds were further confirmed to be
adducts of quinone methide intermediate with two (b) and three
B-MEs (a) (Fig. 2d) by liquid chromatography-mass spectrometry
(LC-MS). Moreover, the minor components observed from the HPLC
trace are likely resulted from the nucleophilic addition of quinone
methide intermediate by one S-ME or different number of other
nucleophiles (e.g., water). The identification of these products con-
firms the formation of highly electrophilic quinone methide inter-
mediate after hydrolysis by ALP and suggests probe AMG-1 may
have multiple opportunities to be covalently labeled by enzyme or
proteins.

To further validate the formation of covalent bond with ALP, we
analyzed the probe-incubated ALP using in-gel fluorescence imag-
ing. As shown in Fig. 2b. We observed obvious NIR fluorescence
signal from band of ALP, manifesting this enzyme was effectively
labeled by AMG-1. Moreover, dramatic reduction of fluorescence
on ALP by the addition of ALP inhibitor, Na3VQy,, indicates the ob-
served fluorescence signal on ALP is indeed originated from the
hydrolysis of AMG-1 by enzyme.

Photobleaching of fluorophore is a significant problem in flu-
orescence imaging of live cells and some of the environment-
sensitive fluorophores suffer a lot from low photostability. To as-
sess the photostability of MG-based probe, we placed a solution
of AMG-1 on a fluorescence microscope with continuous irradia-
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tion at 604-644 nm and monitored its time-course fluorescence
intensity. As shown in Fig. S1 (Supporting information), fluores-
cence intensity of AMG-1 remained unchanged over a period of
10 min under high-intensity illumination. As a comparison, the
fluorescence intensity of an ALP-labeling probe ALP NIR-1 [48],
which used environment-sensitive P-Mero4 [28] as a NIR fluo-
rophore, diminished rapidly under identical experimental condi-
tions. These results demonstrate the high photostability of MG-
based probe, which is of particular importance in real-time and
continuous imaging of live cells.

Encouraged by these results, we then moved to investigate this
MG-based reagent in live cells. Cytotoxicity of AMG-1 was first in-
vestigated with standard MTT assay (Fig. S2 in Supporting infor-
mation). After incubation a variety concentrations of AMG-1 with
HeLa cells or HEK 293 cells, we observed no significant impact on
the viability of cells at up to 30 umol/L, suggesting this reagent is
compatible with mammalian cells.

To probe whether AMG-1 is suitable to image ALP activity in
live cells, we simply incubated this molecule with HeLa cells or
HEK 293 cells for 2 h and then acquired fluorescence images with
confocal microscope without a washing step (Fig. 3a). These im-
ages showed that ALP-overexpressing HeLa cells fluoresced inten-
sively whereas ALP-negative HEK 293 cells remained fluorescently
silent under identical conditions. Moreover, the fluorescence sig-
nal stayed exclusively on membrane of HeLa cells, on which ALP
is mainly located [50]. Pretreating HeLa cells with 10 mmol/L of
Na3VOy4, an ALP inhibitor, for 1 h before incubation with AMG-
1 significantly suppressed fluorescence on Hela cells, manifesting
the observed fluorescence signal was specific to the activity of ALP.

Besides HeLa cells, we also tested ALP-overexpressing HepG2
cells and HCT116 cells with AMG-1 and comparable results were
obtained: Membrane of these cells was markedly fluorescent while
inhibition of ALP activity of cells by pretreating cells with inhibitor
resulted in significantly reduced fluorescence (Fig. 3a).

To further confirm the observed fluorescence in cells precisely
represented the activity of ALP in cells, we quantified the fluo-
rescence intensity on HeLa cells and HEK 293 cells, respectively
(Fig. 3b). It turned out the average fluorescence intensity of Hela
cells was 57 folds stronger than that of HEK 293 cells. These results
are consistent with the relative ALP activity measured in lysate of
a large number of cells with a fluorogenic umbelliferyl phosphate
as a substrate (57 vs. 60 folds, Fig. 3c and Fig. S3 in Supporting in-
formation), demonstrating this MG-based probe could be used as a
reliable and convenient reagent to measure membrane ALP activity
of live cells.

Unlike most of the other fluorogenic enzyme substrates, the co-
valent labeling ability of AMG-1 should allow selective labeling of
ALP-overexpressing cells even in the presence of negative cells. To
test this possibility, we incubated a mixture of HelLa cells and HEK
293 cells with AMG-1 and analyzed labeling specificity with mi-
croscope. As shown in Fig. S4 (Supporting information), we only
observed strong fluorescence from ALP-overexpressing HeLa cells
with ALP-negative HEK 293 cells basically non-fluorescent. The ex-
cellent labeling specificity of AMG-1 would be of high importance
in the identification of enzyme activity in complicated biological
environments.

TG-Phos is a Tokyo Green-based fluorogenic substrate of ALP
with high fluorescence turn-on ratio and quantum yield in ho-
mogenous aqueous solution upon enzymatic hydrolysis [51]. How-
ever, incubation of this probe with a mixture of HeLa cells and
HEK 293 cells resulted in fluorescence signal on both types of cells,
ALP-negative HEK 293 cells and ALP-overexpressing HelLa cells
(Fig. 4). The fluorescence on cells was only marginally stronger
than background signal, in spite of high fluorescence turn-on ra-
tio and quantum yield of this probe. Fluorescence signal appeared
to emit from inside of cells, instead of exclusive membrane of ALP-
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Fig. 3. (a) Imaging of extracellular ALP activity in live cells with MG-based probe AMG-1. (a) Confocal fluorescence imaging of HeLa cells, HEK 293 cells, HepG2 cells, and
HCT116 cells with AMG-1. AMG-1 (5 pmol/L) was incubated at 37 °C for 2 h with indicated cells, as well as cells pretreated with NazVO,4 (5 mmol/L, inhibitor of ALP) for
1 h. (b) Average fluorescence intensity at NIR channel on Hela cells and HEK 293 cells in (a). Error bars were calculated on N measurements with N = 14 and 8. (c) ALP
activity of lysated HeLa cells and HEK 293 cells determined by fluorogenic enzyme substrate (see Fig. S3 for details). Aex = 633 nm, Aem = 655-685 nm. Data are the average

of three replicate experiments. Error bars are + s.d.
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Fig. 4. Specific labeling of ALP-overexpressing HeLa cells in the presence of nega-
tive HEK 293 cells. (a) Fluorescence turn-on of green fluorogenic probe TG-Phos by
ALP. (b) Confocal fluorescence imaging of HeLa cells and HEK 293 cells after incuba-
tion with TG-Phos and AMG-1 subsequently. A mixture of HeLa cells and HEK 293
cells were incubated with TG-Phos (20 pmol/L) at 37 °C for 2 h, followed by wash-
ing with PBS and incubation with AMG-1 (5 pmol/L) at 37 °C for 2 h. NIR channel:
lex = 633 nm, Aem = 655-685 nm; Green channel: Aex = 488 nm, Aem = 500-
520 nm.

overexpressing cells as AMG-1. And a washing step was required
to remove free fluorophore in medium before imaging with micro-
scope. Similar results were obtained when a coumarin-based flu-
orogenic probe, umbelliferyl phosphate [52], was used (Fig. S5 in
Supporting information). The poor efficiency of these fluorogenic
probes in live cells imaging is apparently due to low retention of
activated fluorophores in cells. In sharp contrast, covalently label-
ing ability of AMG-1 led to not only accumulation of MG selec-
tively on ALP-overexpressing cells but also enhancement of fluo-
rescence by restriction of flexibility, and thus yielded much higher
SBR and specificity even though MG has much lower fluorescence
quantum yield in solution compared to Tokyo Green or umbellifer-
one.

Prompted by the high photostability and compatibility of AMG-
1 with wash-free visualization of cells, we proceeded to investigate
whether this reagent can be used in real-time imaging of enzyme
activity in live cells. We treated HeLa cells with AMG-1 and then
monitored fluorescence of cells immediately with confocal fluores-
cence microscope without a wash step. As shown in Fig. 5, only
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Fig. 5. Wash-free and real-time imaging of extracellular ALP activity in live HeLa
cells with MG-based probe AMG-1. (a) Time-course confocal fluorescence imaging
of HeLa cells incubated with AMG-1 (0.8 umol/L). (b) Time-course fluorescence in-
tensity of circle 1 in (a). (c) Amplified fluorescence image at 10 min. Aex = 633 nm,
Aem = 655-685 nm.

1 MIM after incubation, obvious NIR fluorescence signal appeared
on membrane of HelLa cells. The fluorescence on cell membrane
increased constantly over time until reaching a plateau in about
10 min. We detected more than 100-fold enhancement of fluores-
cence on cell membrane compared to the one incubated for 30 s.
The fluorescence increasement ratio on cells could be even higher
as the fluorescence image of cells at time zero was unable to cap-
ture. It is worth noting that the fluorescence enhancement ratio
of AMG-1 on cell membrane is significantly higher than that of
solution-based test (> 100 vs. 10 folds). We reasoned the high fluo-
rescence turn-on ratio on cells may be due to (1) higher efficiency
of proteins on cell membrane to restrict flexibility of MG compared
to those in solution; (2) accumulation of MG-based probe on cell
membrane.
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Fig. 6. (a) Imaging of integrin oy B3 in live cells with MG-based probe RGD-MG. (a) Confocal fluorescence imaging of HT-29 cells and MCF-7 cells with probe. RGD-MG
(2 pmol/L) was incubated at 4 °C for 1 h with the indicated cells or cells pretreated with c-RGDfK (100 umol/L) for 0.5 h. (b) Real-time confocal fluorescence imaging of
HT-29 cells incubated with RGD-MG (2 umol/L) at 4 °C. (c) Time-course fluorescence intensity of circle 1 in (b). (d) Amplified fluorescence image of HT-29 cells at 50 min.

Aex = 633 nm, Aem = 655-685 nm.

SBR is among the most important criteria for fluorescence
imaging of cells. We randomly compared the fluorescence signal
on cell membrane with background signal at 10 min of incubation
and the ratio turned out to be over 200 folds (Fig. 5¢). This is par-
ticularly impressed given the fact that no wash step was involved
in this study. The exceptionally high SBR likely is beneficial from
the extremely low fluorescence quantum yield of MG in solution.

MG-based AMG-1 relies on ALP-triggered immobilization to re-
port enzyme activity in live cells. The unique label-and-emission
feature of MG, besides catalytic proteins, may also be valuable in
the imaging of membrane non-catalytic proteins in live cells. Inte-
grin ayf3 is a type of outer membrane-bounded protein that regu-
lates the grown and metastasis of tumor and thus has been consid-
ered as an important biomarker for early diagnosis of solid tumors
[44]. To test whether a MG-based probe is capable of imaging inte-
grin ay B3 in live cells, a MG-based probe, RGD-MG, has been pre-
pared, which uses a c-RGDfK peptide as specific ligand for integrin
ayf3. The cytotoxicity of RGD-MG against HT-29 cells and MCF-7
cells was evaluated with standard MTT assay, which proved this
probe is highly compatible to HT-29 cells and MCF-7 cells even at
concentration of up to 30 pmol/L (Fig. S6 in Supporting informa-
tion).

We then incubated integrin «yf83-overexpressing HT-29 cells
with MG-based probe RGD-MG for 1 h at 4 °C and acquired its flu-
orescence image with confocal microscope without washing away
free probe. As shown in Fig. 6a, we observed strong NIR fluores-
cence specifically from membrane of HT-29 cells, where integrin
ayf3 is mainly located. Pretreating HT-29 cells with ¢-RGDfK pep-
tide before incubation with RGD-MG efficiently blocked the emis-
sion of fluorescence from HT-29 cells, indicating the observed flu-
orescence signal on HT-29 cells is specifically resulted from inter-
action of integrin ayf3 with RGD-MG. The incubation of integrin
ayf3-negative MCF-7 cells with RGD-MG under identical experi-
ment conditions led to significantly less fluorescence signal on cell
membrane, demonstrating this MG-based probe can readily dis-
criminate integrin ayfB3-overexpressing cells from negative cells.

Taking advantage of the label-and-emission feature of MG,
probe RGD-MG should be compatible with real-time imaging of in-
tegrin ayB3 in live cells. To investigate this, we incubated HT-29
cells with RGD-MG at 4 °C and monitored with microscope imme-
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diately. As shown in Fig. 6b, culture medium and cells were com-
pletely dark at the beginning. As incubation time elapsed, the fluo-
rescence intensity on membrane of cells increased gradually while
the background remained non-fluorescent, indicating probe RGD-
MG continuously bound with integrin ay 83 of HT-29 cells. The flu-
orescence intensity of a single spot of membrane enhanced over
100 folds from 1 min of incubation to 50 min (Fig. 6¢). More sig-
nificantly, the SBR of cellular image at 50 min of incubation is over
100 folds (Fig. 6d). These results show MG has great potential not
only in visualization of membrane enzyme activity but also in real-
time tracking of non-catalytic proteins in live cells.

In summary, we have demonstrated unprecedented applica-
tions of readily available malachite green as a switchable fluo-
rophore to visualize endogenous membrane proteins in live cells.
This conformationally flexible organic dye is non-fluorescent in
homogeneous aqueous solution but emits strong fluorescence at
670 nm upon restriction of conformation flexibility by covalent
binding with proteins of cells. With malachite green as a fluo-
rescent reporter, we have shown a quinone methide-based co-
valent labeling probe, AMG-1, was suitable for wash-free and
real-time imaging of membrane alkaline phosphatase in live cells
with high fluorescence turn-on ratio (> 100 folds) and signal-to-
background ratio (> 100 folds). This probe proved to be able to
selectively label ALP-overexpressing cells in the presence of neg-
ative cells. Moreover, taking advantage of the label-and-emission
characteristic, malachite green is also compatible with no-wash
and real-time visualization of non-catalytic integrin oS3 in live
cells. The merits of malachite green-based probe are further un-
derscored by high photostability and easy synthesis. Upon integra-
tion with the covalent labeling strategy, malachite green should
find greater value in the imaging of dynamic of other membrane
proteins both catalytic proteins and non-catalytic proteins in live
cells.
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