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A supramolecular FRET signal amplification
nanoprobe for high contrast and synchronous in
situ imaging of cell surface receptor homodimers/
heterodimerst

Ya Wang.,® Feng Yao,? Lulu Song,® Mengpan Zhang,® Zitong Gong,? Yunli Zhao,?
Yamin Xiong*® and Leiliang He (& *2

Epidermal growth factor receptor (EGFR) homodimers and heterodimers play significant roles in a variety of
tumors, but current imaging probes remain problematic due to restricted contrast and sensitivity. Thus, we
have developed aptamer-mediated activated conformational transitions to target the EGFR and HER2.
Furthermore, based on signal amplification techniques, especially the FRET fluorescence enhancement
properties of poly-B-CD, supramolecular FRET signal amplification nanoprobes were constructed to
improve imaging contrast and sensitivity. The results confirmed that the fluorescence intensity of the
supramolecular FRET group probe is 1.2 to 1.3 times that of the multi-FRET group and 11.3 to 23.2 times
that of the single-FRET group. The results further confirmed that the supramolecular nanoprobe could
not only be activated by tumor cells and tissues to achieve high-contrast imaging of EGFR/EGFR and
EGFR/HER2 dimers, but also successfully distinguish tumor cells and tissues from normal cells and
tissues. The strategy provides a generalized platform for high-contrast imaging of other dimers intending

rsc.li/chemical-science

Introduction

Cell membrane receptors, as essential components of cells, play
crucial roles in fundamental cellular activities such as prolif-
eration, differentiation, signal transduction, and immune
recognition by recognizing various ligands."* Consequently,
many human diseases are closely associated with the aberrant
expression and activation of receptors.>* Specifically, the olig-
omerization of receptor proteins on the cell membrane surface
is typically the initial step in intracellular signal transduction.’
This process induces phosphorylation and activates key down-
stream signaling pathways, ultimately leading to changes in cell
morphology and behavior.® For instance, the overexpression
and abnormal activation of human-derived epidermal growth
factor receptor (HER or ERBB) family members, including EGFR
(HER1), HER2, HER3, and HER4, are closely linked to the
development of various cancers, such as non-small cell lung
cancer, breast cancer, and pancreatic cancer.”** Further studies
have shown that the EGFR can undergo not only homodimeri-
zation but also heterodimerization with other HER family
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to deepen the understanding of the central roles of multiple dimers in cancer development.

members, such as HER2, further contributing to the oncogenic
signaling pathways of the HER family."*™ This affects patient
sensitivity to drugs, directly impacting the effectiveness of tar-
geted therapy and the choice of treatment options. Therefore,
developing an efficient and accurate method to detect the
dimerization status of the EGFR on the cell membrane has
significant clinical value for early auxiliary diagnosis, efficacy
monitoring, and prognostic assessment of lung cancer.
Immunohistochemistry (IHC) remains the most commonly
used method for detecting cell membrane receptors in clinical
pathology laboratories. Regrettably, this method fails to accu-
rately detect their dimerization status in situ. Additionally, some
studies have employed fluorescent protein genetic modifica-
tions to enable in situ visualization of protein-protein interac-
tions by advanced fluorescence imaging techniques.'*"®
Nevertheless, these methods involve genetic modifications that
can affect receptor dimerization efficiency or interfere with
other cellular biological processes.” Furthermore, they are
time-consuming and can yield unpredictable results.>**
Recently, the proximity ligation assay (PLA) technique has been
introduced as a non-genetic alternative to analyze the dimer-
ization status of cell surface receptors.”>* This technology also
provides an option for the study of artificially regulated cell
surface receptor interactions.**** In this context, in the choice
of affinity ligands for neighboring probes, aptamers (called
“chemical antibodies”) have advantages

obvious over

© 2025 The Author(s). Published by the Royal Society of Chemistry


http://crossmark.crossref.org/dialog/?doi=10.1039/d4sc08004a&domain=pdf&date_stamp=2025-03-08
http://orcid.org/0009-0007-9435-6073
https://doi.org/10.1039/d4sc08004a
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4sc08004a
https://pubs.rsc.org/en/journals/journal/SC
https://pubs.rsc.org/en/journals/journal/SC?issueid=SC016011

Open Access Article. Published on 17 February 2025. Downloaded on 4/3/2026 12:02:17 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Edge Article

antibodies, such as small size, easy synthesis and modification,
and low production costs.***® Importantly, as oligonucleotides,
aptamers eliminate the tedious coupling and purification
process in the preparation of neighboring probes. However,
these non-genetically engineered strategies still have limita-
tions. For instance, the detection sensitivity of current strategies
is insufficient for effective in situ imaging of low-abundance
homo/heterodimers. Additionally, the signaling pattern of the
probes in these current strategies results in a high imaging
background, and requires cleaning of the probes, which
prolongs the detection time during imaging analysis.

To address the above issues, this study designed an “acti-
vatable” aptamer fluorescent probe based on the PLA tech-
nique, combined with in situ hybridization chain reaction
(HCR)-mediated FRET signal amplification and the FRET fluo-
rescence enhancement properties of poly-f-CD, to develop
a supramolecular FRET signal amplification nanoprobe with
high specificity and high imaging contrast. When the dimer is
present, the hairpin-type aptamer probe of this strategy is
activated, triggering HCR-mediated amplification of the FRET
signal to generate a significant fluorescent signal with a low
fluorescence quenching background. This study demonstrates
the practicality of supramolecular FRET amplification strategies
for high-contrast imaging of receptor dimerization states
through different human cell lines as well as tumor tissues from
the A549 tumor mouse model. Thus, the supramolecular FRET
signal amplification nanoprobe is promising to provide
a convenient and generalized platform to sensitively monitor
the expression of multiple dimers in samples simultaneously
without an intermediate washing step.

Results and discussion

The principle of a supramolecular FRET signal amplification
nanoprobe

Fig. 1 illustrates the working mechanism of the dynamic
assembly of a supramolecular FRET signal amplification
nanoprobe on living cell membranes to visualize homodimers/
heterodimers. The sequence of nanoprobes is shown in Table
S1.1 Initially, activatable aptamer fluorescent probes R1 and R2
containing EGFR aptamer sequences® (labeled with FAM and
Dabcy1) and R3 containing HER2 aptamer sequences®® (labeled
with Cy3 and BHQ2) were incubated with the cells. Whereafter,
the hairpin types H1, H2, H3 and H4 were added. Aptamer-
receptor recognition induces conformational transitions of
the probes (R1, R2, and R3) to restore fluorescence for the EGFR
and HER2 monomer imaging and exposes the terminal single
strands. When dimers are present, the terminal single strands
partially hybridize to trigger the subsequent signal amplifica-
tion reaction (H1/H2/H1/H2... and H3/H4/H3/H4...) mediated
by the proximity effect (R1/R2 and R2/R3). In situ self-assembled
FRET signal amplification nanoprobes (R1/R2/H1/H2... and R2/
R3/H3/HA4...) generate “activated” FRET amplified signals for
EGFR/EGFR homodimer (FAM as the donor and Cy5 as the
acceptor) and EGFR/HER2 heterodimer detection (Cy3 as the
donor and Cy7 as the acceptor). Then, the detection signal was
further improved by adding poly-B-CD as a FRET fluorescence
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enhancer. Finally, high-contrast simultaneous imaging of
homo/heterodimers on the same living cell surface can be
achieved by monitoring Cy5 and Cy7 channel acceptor fluores-
cence signals.

Characterization of FRET signal amplification nanoprobes

Polyacrylamide gel electrophoretic characterization of HCR
self-assembled probes. To verify whether the designed HCR
signal amplification probes could hybridize successfully, poly-
acrylamide gel electrophoresis was used for characterization
(note: A1, A2, A3, and A4 possess the same sequence as H1, H2,
H3, and H4, respectively, without modifying the fluorescent
dye). Taking S1/A1/A2/A1/A2... as an example (Fig. S1Aft), the
lanes of DNA single strands S1, A1 and A2 all showed only one
clear band. Without the supporting strand S1, there was no
obvious double-stranded hybridization and amplification of the
mixture of A1 and A2. A band appeared above the A1 strand after
the addition of the S1 strand into the A1 strand, which indicated
that S1 could effectively open the A1 hairpin and hybridize with
it. When all three strands were present, a waterfall-shaped
electrophoretic band (S1/A1/A2/A1/A2...) appeared. The elec-
trophoretic results of S2, A3, and A4 were also the same (Fig.
S1Bf). The above results indicated that the HCR probes were
able to assemble and amplify normally in solution.

After that, whether the proximity ligation could activate HCR
self-assembly amplification was further explored. Taking T1/R1/
R2/A1/A2... as an example (Fig. 2A), the lanes of DNA single
strand T1, R1 and R2 all showed only one clear band. Without
dimer simulator strand T1, R1 and R2 did not hybridize. Adding
T1 resulted in a clear delayed band, which indicated that T1
could open R1 and R2 to form a T1/R1/R2 double-stranded DNA
complex. Based on the addition of the A1 chain, there was
a more delayed band than T1/R1/R2, while with the addition of
the A2 chain, the band was consistent with the position of T1/
R1/R2, which indicated that T1/R1/R2 can only open Al.
When all five strands were present, there were clear waterfall
electrophoretic bands (T1/R1/R2/A1/A2/A1/A2...). The electro-
phoretic results of T2/R2/R3/A3/A4/A3/A4... were also similar
(Fig. 2B). The above results indicated that the HCR self-
assembled nanoprobe induced by proximity ligation has been
successfully constructed.

Fluorescence spectral characterization of the FRET signal.
Notably, FRET signal amplification in this study was achieved
by HCR self-assembly amplification. Therefore, the fluorescence
properties of the FRET signal amplification nanoprobe were
further characterized by fluorescence spectroscopy. Taking T1/
R1/R2/H1/H2 as an example (Fig. S2At), the experimental
group (T1/R1/R2/H1/H2) showed a decrease in the peak at 500
550 nm (i.e., the donor FAM) and an increase in the peak at 650-
700 nm (i.e., the acceptor Cy5), as compared with that of the
control group without T1. As shown in Fig. 2C, quantification of
the fluorescence of acceptor Cy5 clearly showed that the fluo-
rescence intensity of the T1/R1/R2/H1/H2 group was signifi-
cantly higher than that of the other control groups. This result
confirms that T1 can trigger the self-assembly of FRET signal
amplification nanoprobes mediated by the R1/R2 proximity
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Fig. 1 Schematic illustration of the principle for high contrast and synchronous in situ imaging of receptor homo/heterodimers on the cell
membrane by using a supramolecular FRET signal amplification nanoprobe.

effect. The fluorescence results of T2/R2/R3/H3/H4 also verified
the emergence of the FRET phenomenon (Fig. 2D and S2B¥),
i.e., the fluorescence of donor Cy3 was attenuated and that of
acceptor Cy7 was enhanced. The above results indicate that the
designed FRET signal probe can generate FRET signals through
proximity ligation-mediated DNA self-assembly.

Condition optimization of FRET signal amplification
nanoprobes

The highly efficient assembly of FRET signal-amplifying
nanoprobes is essential for obtaining sensitive and high-
contrast receptor imaging effects. Therefore, the effects of
different reaction times and reaction concentration ratios on
the fluorescence signals of FRET signal amplification nanop-
robes were explored. First, after mixing S1, H1 and H2, the
fluorescence rapidly reached the highest intensity at 5 min, and
then remained stable within 150 min, indicating that the
amplification was rapid and stable (Fig. S3AT). As shown in the
results of S2, H3 and H4 in Fig. S3B,T the fluorescence intensity
also increased rapidly at 5 min, and then remained stable
within 120 min, indicating rapid and relatively stable amplifi-
cation. A too short reaction time may reduce the detection
sensitivity, and a too long time may increase the cost. Therefore,

4734 | Chem. Sci., 2025, 16, 4732-4740

30 min was chosen as the HCR-mediated FRET signal amplifi-
cation reaction time for the subsequent experiments. Then six
different gradients were set to optimize the concentration ratios
of FRET signal amplification nanoprobes (Fig. S4A and S4Bf).
Taking S1/H1/H2 as an example, the quantitative results (Fig.
S4Ct) showed that the fluorescence intensity of Cy5 increased
rapidly in the early stage, and then the growth tendency slowed
down after the 1:10: 10 ratio. Similarly, the results of S2/H3/H4
showed that the fluorescence intensity of Cy7 was continuously
enhanced (Fig. S4D¥). Combining these results, 1:10:10 was
adopted as the optimal HCR-mediated FRET signal amplifica-
tion concentration ratio for subsequent experiments.

Cyclodextrin (CD) enhances FRET signal amplification

Due to the unique structure of cyclodextrin (CD), which is
hydrophilic on the outside and hydrophobic on the inside,
when a dye forms an inclusion complex with it, the dye mole-
cule is confined within the hydrophobic cavity of CD, reducing
its freedom of movement. This encapsulation protects the
excited state of the dye, prevents contact with water molecules,
and maintains a suitable microenvironment, thereby
enhancing the fluorescence signal.***° To construct a supramo-
lecular FRET signal amplification nanoprobe and improve the

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Gel electrophoresis characterization of the proximity ligation induced hybridization chain reaction (HCR) of (A) T1/R1/R2/A1/A2 and (B)
T2/R2/R3/A3/A4. CR (concentration ratio). The acceptor fluorescence intensity analysis of proximity ligation induced FRET signals of (C) T1/R1/
R2/H1/H2 and (D) T2/R2/R3/H3/H4. (E) Schematic diagrams of three different FRET groups. Normalized fluorescence intensity of poly-B-CD
enhancing (F) T1/R1/R2/H1/H2 and (G) T2/R2/R3/H3/H4 FRET signal amplification at different concentration ratios (considering T1/R1/R2/H1/H2
(1:1:1:4:4) as one, the ratio of its concentration to that of poly-B-CD was 1:50, 1:100, 1:150, 1: 200, 1:500, and 1:1000, respectively). SF

(single-FRET group); MF (multi-FRET group).

sensitivity of the assay, the effects of four cyclodextrins («-CD, B-
CD, y-CD, and poly-B-CD) on the fluorescence signals were then
explored. For each cyclodextrin, one control group and four
supramolecular groups were set up. Taking «-CD, T1/R1/R2/H1/
H2 as an example, in which the control group was only T1/R1/
R2/H1/H2 (the concentration ratio was 1:1:1:4:4), the
concentration ratios of T1/R1/R2/H1/H2 to a-CD in the supra-
molecular group were 1:200; 1:2000; 1:10 000; and 1: 50 000,
respectively. The results (Fig. S51) showed that poly-B-CD led to
the best enhancement of receptor fluorescence at different
ratios of concentration, reaching 1.21-fold at a concentration
ratio of 1:200. To further investigate the effect of poly-B-CD, the
concentration gradient was re-created focusing on a concentra-
tion ratio of T1/R1/R2/H1/H2 to poly-B-CD of 1:200. Also, T1/
R1/R2/A1/H2 was set up as the single-FERT group, T1/R1/R2/
H1/H2 (1:1:1:4:4) as the multi-FRET group and T1/R1/R2/
H1/H2/poly-B-CD as the supramolecular FRET group,

© 2025 The Author(s). Published by the Royal Society of Chemistry

respectively, and the schematic diagrams are shown in Fig. 2E.
The quantitative results of T1/R1/R2/H1/H2 showed that the
fluorescence enhancement of the supramolecular FRET group
was 6.39-fold compared with that of the single-FRET group and
about 1.19-fold compared with that of the multi-FRET group
(Fig. 2F). The fluorescence enhancement of the supramolecular
FRET group was the best when the ratio of the concentration of
T1/R1/R2/H1/H2 and poly-B-CD was 1 : 200. Similarly, when the
ratio of T2/R2/R3/H3/H4 to poly-B-CD concentration was 1 : 200,
which was 9.21-fold compared with that of single FRET and
about 1.14-fold compared with that of the multi-FRET group
(Fig. 2G).

Finally, it was adjusted to the optimal HCR-mediated FRET
signal amplification concentration ratio (T/R/R/H/H concen-
tration ratio of 1:1:1:10:10) to explore the fluorescence
enhancement of a poly-p-CD (T/R/R/H/H to poly-B-CD concen-
tration ratio of 1 : 200) for the nanoprobe (Fig. S6T). The results

Chem. Sci., 2025, 16, 4732-4740 | 4735
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showed an 11.32-fold enhancement in the supramolecular
FRET group (T1/R1/R2/H1/H2/poly-B-CD) compared with the
single-FRET group (T1/R1/R2/A1/H2) and a 1.21-fold enhance-
ment compared with the multi-FRET group. For T2/R2/R3/H3/
H4, the fluorescence enhancement of the supramolecular
FRET group was 23.13-fold higher than that of the single FRET
group and 1.22-fold enhancement compared with the multi-
FRET group. This fluorescence result confirmed the potential
of poly-B-CD as a fluorescence enhancer involved in the
construction of supramolecular FRET signal amplification
nanoprobes.

Activatable aptamer fluorescent probe for cell membrane
EGFR/HER2 monomer imaging

Then the ability of activatable probes (R1, R2 and R3) to
recognize the receptor was further examined. First, the hairpin
probe R1 (Fig. S7AT) was typically in a fluorescence-quenched
state; fluorescence recovery occurred when incubated with A549
cells (human lung adenocarcinoma cells) and BEAS-2B cells
(human normal bronchial epithelial cells). Also, the fluores-
cence intensity of A549 cells was significantly higher than that
of BEAS-2B cells. The results of R2 and R3 probes were similar to
those of R1 (Fig. S7B and C¥). This phenomenon was consistent
with the western blot results (Fig. S8t), that EGFR and HER2
were more expressed in A549 cells compared to BEAS-2B cells.
Next, flow cytometry further validated the ability of R1, R2 and
R3 to detect the receptor monomers. As shown in Fig. 3A and B,
after incubating R1, R2 and R3 with A549 and BEAS-2B cells,

4736 | Chem. Sci, 2025, 16, 4732-4740

respectively, the cells were seen to have obvious fluorescence
enhancement. These results indicated that the constructed
activatable probes can successfully target the corresponding
receptors and produce activated fluorescence for detection.

Additionally, R1, R2, and R3 were incubated with A549 and
BEAS-2B cells respectively, and then subjected to confocal
fluorescence imaging. As shown in Fig. 3C, the outline of the
cell could be seen in A549 cells, whereas only a blurred cell
boundary could be seen in BEAS-2B cells. The fluorescence
quantification results (Fig. 3D) showed that the fluorescence
intensity of the A549 cells was significantly higher than that of
the BEAS-2B cells. Imaging results of the R2 and R3 probes were
consistent with those of R1 (Fig. 3E-H). The above results
demonstrated that the corresponding membrane receptors
could be imaged with high contrast using the activatable probes
to obtain the expression of the receptor profiles in different cell
lines, and no obvious probe internalization was seen. This
undoubtedly lays a solid foundation for further investigation of
cell membrane EGFR homodimers as well as heterodimers in
the subsequent steps.

Activatable FRET signal amplification nanoprobes for
simultaneous in situ imaging of EGFR/EGFR and EGFR/HER2
dimers on cell membrane surfaces

Based on these results, we further validate the activatable probe
and FRET signal amplification for cell membrane dimer
imaging. First, flow cytometry was used to detect the activatable
FRET signal amplification nanoprobe incubated with A549 cells

© 2025 The Author(s). Published by the Royal Society of Chemistry
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cells by using an activatable FRET signal amplification nanoprobe. (C) Simultaneous in situ confocal fluorescence imaging of EGFR/EGFR
homodimers and EGFR/HER2 heterodimers in A549 cells by using activatable FRET signal amplification nanoprobes. Calcein-AM channel: Aex =

488 nm, Aem = 496-550 nm; Cy5 channel (FRET):
bar: 50 pm.

and BEAS-2B cells, respectively. As shown in Fig. S9A and B,
EGFR/EGFR homodimers were detected by collecting the fluo-
rescence of Cy5, and the fluorescence intensity of cells after
incubation with the probe was significantly higher than that of
the blank cell group. Moreover, the fluorescence intensity of
A549 cells was significantly higher than that of BEAS-2B cells
(Fig. S9Ct), which indicated that the EFR/EGFR homodimer
level was higher in A549 cells than BEAS-2B cells. Similarly, the
EGFR/HER2 heterodimer level was also higher in A549 cells
than in BEAS-2B cells (Fig. S10Ct) by collecting fluorescence of
Cy7 (Fig. S10A and Bt). This correlated with the above results
confirming the differences in EGFR and HER2 expression on
the two types of cells. The above results indicated that the
activatable FRET signal amplification nanoprobe could be
activated by homo/heterodimers to generate the corresponding
fluorescence amplification signals, thus realizing the detection
of homo/heterodimers on different cell surfaces.

Next, laser confocal microscopy was used to visualize EGFR
homodimers/heterodimers on A549 and BEAS-2B cell
membranes. The fluorescence of the donor FAM channel (first
column) and the acceptor Cy5 channel (second column) of A549

© 2025 The Author(s). Published by the Royal Society of Chemistry
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cells was investigated under 488 nm and 638 nm excitation (Fig.
S11A%). In addition, the fluorescence of acceptor Cy5 channels
on untreated and EGF-treated A549 cells was investigated under
488 nm excitation, respectively (Fig. 4A). Fluorescence signals of
EGFR/EGFR dimers were observed on the membrane of
untreated A549 cells; the fluorescence signals were more than
four-fold enhanced after EGF treatment, whereas no obvious
fluorescence signals were seen in BEAS-2B cells (Fig. S12A7).
This indicated that R1/R2/H1/H2 were activated to generate
FRET amplification signals after recognizing EGFR/EGFR
homodimers on the surface of A549 cell membranes. Addi-
tionally, under 552 nm and 638 nm excitation, fluorescence was
investigated from the donor Cy3 channel and the acceptor Cy7
channel of A549 cells (Fig. S11Bf). Then, the fluorescence of the
Cy7 channel on untreated and EGF-treated A549 cells was
investigated under 552 nm excitation (Fig. 4B). The results were
consistent with EGFR/EGFR homodimers, and the fluorescent
signal of EGFR/HER2 dimers could be observed on untreated
A549 cells and more than two-fold enhancement of fluorescent
signals could be observed on EGF-treated A549 cells, whereas no
fluorescent signals were observed on BEAS-2B cells (Fig. S12B¥).

Chem. Sci., 2025, 16, 4732-4740 | 4737


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4sc08004a

Open Access Article. Published on 17 February 2025. Downloaded on 4/3/2026 12:02:17 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Chemical Science

FRET probe

A

Ccy5
(FRET)

Tumor tissue

Cy7
(FRET)

Cy5
(FRET)

Cy7
(FRET)

Normal lung tissue

View Article Online

Edge Article

FRET probe@

Poly B-CD Merge

Fig.5 Confocal fluorescence imaging of EGFR/EGFR homodimers (Cy5) and EGFR/HER2 heterodimers (Cy7) of tumor tissue sections from A549
tumor-bearing mice (A) and normal lung tissue sections from healthy mice (B) with supramolecular FRET signal amplification nanoprobes. Cy5
channel (FRET): dex = 488 nm, Aem = 600-700 nm; Cy7 channel (FRET): Aex = 552 nm, Aeyy = 700—-800 nm. Scale bar: 250 pm.

Furthermore, we also utilized probes to explore the expression
of EGFR/EGFR and EGFR/HER2 dimers on human breast cancer
cells (SKBR3) as well as human normal breast cells (MCF-10A).
As shown in Fig. S13,1 a small amount of dimer expression can
be seen only on SKBR3 cells. Together, these results showed
that the activatable FRET signal amplification nanoprobe could
specifically recognize the corresponding dimer on the cell
membrane and complete self-assembled FRET signal amplifi-
cation to achieve high contrast imaging of homo/heterodimers
in different cell lines by collecting the corresponding FRET
fluorescence signals.

Finally, the activatable FRET signal amplification nanoprobe
was also explored for simultaneous imaging of homo/
heterodimers on cell membranes and effective differentiation
of different cell lines. Live A549 cells were labeled using Calcein-
AM, mixed with BEAS-2B cells and co-cultured in culture dishes.
Then, the fluorescence signal of the Calcein-AM channel was
collected. A549 cells showed bright green fluorescence, while no
fluorescent signal was observed for BEAS-2B cells (Fig. S147).
This indicated that Calcein-AM does not crosstalk BEAS-2B cells
and can be used to localize A549 cells. Next, mixed cells were
imaged synchronously with two activatable FRET signal
amplification nanoprobes. As shown in Fig. 4C, the fluores-
cence of the receptor Cy5 and Cy7 channels was only collected
on the membrane surface of A549 cells pre-stained with Calcein-
AM, while no obvious fluorescent signal of dimers was observed

4738 | Chem. Sci, 2025, 16, 4732-4740

on BEAS-2B cells. This indicated that the constructed activat-
able FRET signal amplification nanoprobe was not only capable
of simultaneous imaging of homo/heterodimers on the same
cell surface, but also capable of visual differentiation of cells in
mixed cells.

Supramolecular FRET signal amplification nanoprobes for
imaging mouse lung adenocarcinoma tissue and normal lung
tissue

To further validate the simultaneous visualization of EGFR/
EGFR homodimers and EGFR/HER2 heterodimers in tissues
by supramolecular FRET signal amplification nanoprobes,
a tumor-bearing mouse model was constructed using A549 cells
(Fig. S15A-Cf¥). In the pathological results, HE staining (Fig.
S15D1) showed that the tumor tissues showed dense and
disordered growth; the results of IHC staining showed that the
cells appeared to have brownish-yellow positive staining
markers for the EGFR (Fig. S15Et) and HER2 (Fig. S15Ff) in the
tumor tissue sections, and the positive staining markers were
higher than that of normal lung tissue. The above results
indicated that the EGFR and HER2 were overexpressed in tumor
tissues. Next, the activatable FRET signal amplification nanop-
robe (FRET probe), as well as the supramolecular FRET signal
amplification nanoprobe (FRET probe@poly-p-CD), were incu-
bated with frozen sections of the two tissue types, respectively.
The fluorescence of receptor Cy5 and receptor Cy7 was

© 2025 The Author(s). Published by the Royal Society of Chemistry
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investigated. As shown in Fig. 5A, the tumor tissues showed
bright fluorescence signals, and the fluorescence of the supra-
molecular FRET signal amplification probe group was stronger
than that of the FRET probe. Normal lung tissues showed only
weak fluorescence signals (Fig. 5B). The imaging results of
supramolecular FRET signal amplification nanoprobes were
compatible with the results of pathological HE staining and IHC
staining. Additionally, we further explored the expression of
dimers on the tumor-adjacent tissues. The results, as shown in
Fig. S16, were similar to those of normal lung tissues, and only
weak fluorescence was seen in tumor-adjacent tissues. These
results demonstrated that the supramolecular FRET signal
amplification nanoprobe could not only distinguish lung cancer
tissues from normal tissues and tumor-adjacent tissues, but
also visualize the EGFR/EGFR and EGFR/HER2 dimers in lung
cancer tissues with high contrast.

Conclusions

In this study, we have developed a supramolecular FRET signal
amplification nanoprobe for high contrast and synchronous in
situ imaging of homodimer EGFR/EGFR and heterodimer
EGFR/HER?2 on the cell surface. Flow cytometry and confocal
fluorescence imaging results revealed the receptor expression
profiles of EGFR and HER2 monomers as well as EGFR/EGFR
and EGFR/HER2 dimers in two cell types. This process was
achieved using the activatable nanoprobe and without an
intermediate washing step. In addition, based on HCR-
mediated FRET signal amplification, especially FRET fluores-
cence enhancement properties of poly-B-CD, it was confirmed
that the fluorescence intensity of the supramolecular FRET
group is 1.2 to 1.3 times that of the multi-FRET group and 11.3
to 23.2 times that of the single-FRET group. This not only
significantly enhances imaging contrast, but also facilitates
improved sensitivity in the early detection of cancer. Finally, the
A549 tumor-bearing mouse model was constructed, and the
supramolecular FRET signal amplification nanoprobe was
further validated on tumor tissues for high-contrast imaging of
EGFR/EGFR and EGFR/HER2 dimers as well as for effectively
distinguishing tumor tissues from normal lung tissues. In
summary, the results demonstrated that the supramolecular
FRET signal amplification nanoprobe is a convenient and high-
contrast imaging strategy to simultaneously monitor multiple
dimers in the samples.
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