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Abstract 

Effective characterization of protein biomarkers status on the cell surface has important value in the 
diagnosis and treatment of diseases. Traditional immunohistochemistry can only assess the protein 
expression level rather than accurately reflect their interaction and oligomerization, resulting in 
inevitable problems for personalized therapy. 
Methods: Herein, we developed a novel DNAzyme-catalyzed tyramide depositing reaction 
(DCTDR) for in situ amplified imaging of membrane protein status. By using human epidermal 
growth factor receptor 2 (HER2) as model, the binding of HER2 proteins with specific aptamers 
induced the formation of activated hemin/G-quadruplex (G4) DNAzyme on the cell surface to 
catalyze the covalent deposition of fluorescent tyramide on the membrane proteins for 
fluorescence imaging. 
Results: The DCTDR-based imaging can conveniently characterize total HER2 expression and 
HER2 dimerization on the breast cancer cell surface with the application of aptamer-G4 probes and 
proximity aptamer-split G4 probes, respectively. The designed DCTDR strategy was successfully 
applied to quantitatively estimate total HER2 expression and HER2 homodimer on clinical breast 
cancer tissue sections with high specificity and accuracy.  
Conclusion: The DCTDR strategy provides a simple, pragmatic and enzyme-free toolbox to 
conveniently and sensitively analyze protein status in clinical samples for improving clinical research, 
cancer diagnostics and personalized treatment. 

Key words: aptamer, hemin/G-quadruplex DNAzyme, tyramide depositing reaction, human epidermal growth 
factor receptor 2, protein homodimer  

Introduction 
Membrane proteins are an essential part of cells 

and play critically important roles in keeping the 
integrity of cellular functions involving in cellular 
proliferation and differentiation, signal transduction, 
and immune recognition [1, 2]. Many human diseases 
are associated with the aberrant membrane protein 
expression and protein-protein interactions. 

Abnormal receptor protein oligomerization can 
induce phosphorylation, initiate downstream critical 
signaling pathways and finally result in tumor 
formation and metastasis [3, 4]. Plenty of membrane 
proteins also serve as significant biomarkers and 
crucial drug targets for cancer [5, 6]. Thus, effective 
characterization of proteins status on the cell 
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membrane has important value in the diagnosis and 
treatment of diseases. 

For example, as one of the most important 
protein biomarkers on the tumor cell surface [7], 
human epidermal growth factor receptor 2 (HER2) 
was overexpressed in approximately 20%−30% of 
breast cancer patients [8, 9]. It is believed that HER2 is 
correlated with the development, invasion and prog-
nosis of breast cancer [10]. Trastuzumab (Herceptin) 
was an effective targeted drug for HER2-positive 
metastatic breast cancers [9]. Moreover, evidences 
have shown that the therapeutic effect of trastuzumab 
is affected by the different oligomerization status of 
the HER2 protein. Especially, it takes more effective 
on high levels of HER2 homodimer than other 
oligomerization status [11]. Therefore, it is important 
to profile the HER2 proteins status, including the 
HER2 expression levels and the dimerization, to 
provide guidance for better diagnosis and targeted 
drug therapy of breast cancer. 

At present, immunohistochemistry (IHC) is still 
the most frequently-used method for the in situ 
detection of the cell surface proteins such as HER2 in 
clinical pathology laboratory. IHC is based on the 
specific recognition of target proteins with primary 
antibodies and the introduction of horseradish per-
oxidase (HRP) labeled secondary antibodies, resulting 
in an enzyme-catalyzed dye precipitation on the cell 
surface [12]. To further enhance the signal, tyramide 
signal amplification (TSA) was used in IHC due to its 
excellent amplification effect. In the classical TSA 
model, HRP is introduced to catalyze the covalent 
linkage of numerous biotin-labeled tyramide substra-
tes reporters to the enzyme site and nearby proteins. 
Then biotin-streptavidin system is used to further 
bind more HRP [13]. Based on this, multiple signal 
amplification is achieved [14]. However, IHC and 
TSA techniques still have some limitations, such as 
multiple immunological recognition of antigen- 
antibody, the complex process of antibody modifica-
tion [15]. More importantly, these techniques can only 
be used to assess the protein expression levels rather 
than accurately reflect the protein-protein interactions 
and dimerization. 

In recent years, the exploitation of aptamers has 
gained wide interest because of these unique features 
such as high binding affinity, low immunogenicity 
and small size [16, 17]. As a consequence, many 
aptamer-based methods were developed for cell 
surface proteins detection by labeling aptamers with 
diverse biocatalysts including enzyme [18], catalytic 
metal nanoparticles [19] or DNAzyme [20] due to 
their easily modified features. Functionalized apta-
mers were used as the sensing element to transform 
the protein recognition events into the production of 

catalysis-induced signal such as absorbance changes 
[21] or fluorescent signal [22] and have successfully 
overcame the deficiency caused by the use of 
antibodies. Although these methods have realized 
sensitive detection of protein expression, however, 
they failed to visualize the protein status in situ on the 
cell surface, especially on clinical fixed tissue section. 
In addition, multistep tedious operations and 
modification processes inevitably increase the 
complexity and cost. 

Inspired by traditional TSA, in this work we 
developed a novel aptamer-induced in situ amplifica-
tion system named DNAzyme-catalyzed tyramide 
depositing reaction (DCTDR). In this system, 
hemin/G-quadruplex DNAzyme was firstly exploited 
to catalyze the in situ deposition of fluorescent 
tyramide substrate on the cell surface for amplified 
imaging of membrane protein status. HER2 protein 
was chosen as the model. HER2 specific aptamer 
(Apt2) [23] and intact G-quadruplex sequence (G4) 
were incorporated to design a bifunctional Apt2-G4 
probes for total HER2 protein analysis. The 
recognition of HER2 protein with the aptamer part 
can present the hemin/G4 DNAzyme on the cell 
surface and subsequently initiated DCTDR in situ. On 
the other hand, for characterization of HER2 homodi-
mer, we designed a pair of proximity probes (Apt2-g4 
and Apt2-g8) by using two split G4 sequences with a 
ratio of 4:8 guanine bases to connect with two HER2 
aptamer, respectively [24]. Only when two proximity 
probes bound with the dimerized HER2 proteins 
simultaneously, two split G4 sequences can jointly 
form intact G4 and bind with hemin to assemble 
activated DNAzyme for DCTDR amplification [20, 
25-28]. Thus, by taking the advantages of the high 
selectivity and flexibility of aptamers, the excellent 
catalytic activities of hemin/G4 DNAzyme and 
proximity DNA assembly, the proposed strategy 
presents a simple and enzyme-free method for 
amplified imaging proteins expression and 
dimerization on the cell surface, and shows a great 
potential for clinical application. 

Materials and Methods 
Materials and reagents 

2,2′-azino-bis (3-ethylben-zothiazoline-6-sulfonic 
acid) (ABTS2-), Tween 20, hemin, tyramine, 30% hydr-
ogen peroxide solution (H2O2), bovine serum albumin 
(BSA), diethylpyrocarbonate, 4% paraformaldehyde 
fix solution, phosphate buffer saline (PBS), dimethyl 
sulfoxide (DMSO), and DNA oligonucleotides were 
obtained from Sangon Biotechnology Co. Ltd. 
(Shanghai, China). Alexa Fluor™ 488 tyramide 
reagent and Alexa Fluor™ 594 tyramide reagent were 



 Theranostics 2019, Vol. 9, Issue 7 
 

 
http://www.thno.org 

1995 

purchased from Invitrogen (Carlsbad, CA, USA). 
Recombinant human epidermal growth factor recep-
tor 2 was purchased from Sino Biological Inc. (Beijing, 
China). Both IHC kit and DAB kit were from 
ZSGB-BIO (Beijing, China). Salmon sperm DNA, 
diamidino-2-phenylindole (DAPI) solution and glass 
coverslips pretreated with TC were purchased from 
Solarbio (Beijing, China). All DNA oligonucleotides 
were purified by high performance liquid chromato-
graphy and listed in Table S1. Hemin was dissolved in 
DMSO and stored in the dark at -20 °C and diluted to 
the required concentrations with 4-(2-hydroxyethyl)- 
1-piperazineëthanesulfonic acid (HEPES) (pH 7.4, 100 
mM KCl, 200 mM NaCl, 0.05% Triton X-100, 1% 
DMSO) prior to use. Millipore-Q water (≥18 MΩ, 
Milli-Q, Millipore) was used for all experiments. 
Formalin-fixed paraffin-embedded (FFPE) breast 
cancer tissues and breast cancer cell lines used in this 
study were obtained from the First Affiliated Hospital 
of Chongqing Medical University. 

The fluorescence spectra were detected by using 
a Cary Eclipse Fluorescence Spectrophotometer 
(Agilent Technologies, Palo Alto, CA). The absorba-
nce spectra were obtained by an UV-2550 UV-Visible 
Spectrophotometer (Shimadzu, Kyoto, Japan). Fluore-
scence images were visualized under an Olympus 
BX53 fluorescence microscope (Olympus, Tokyo, 
Japan). The flow cytometry measurements of the cells 
were recorded with FC-500 Flow Cytometer 
(Beckman Coulter, Inc., Fullerton, CA). The confocal 
microscopy imaging and colocalization analysis were 
carried out on confocal laser scanning microscope 
(ZEISS, Germany). 

Analysis of the catalytic performance of the 
probes in solution 

To analyze the catalytic performance of different 
probes samples, we mixed 1 µM hemin solution with 
a series of probes samples including 100 nM Apt2-G4, 
Apt2-g4, Apt2-g8 and the mixture of Apt2-g4, 
Apt2-g8, and HER2 protein solution, and incubated 
for 30 min at room temperature (RT), respectively. 
Then, 140 mM tyramine and 400 mM H2O2 were 
added to each mixture for fluorescence analysis. The 
spectra were recorded from 330 nm to 500 nm with 
the excitation wavelength of 320 nm. The silt widths 
of excitation and emission were both 5 nm and the 
voltage was 600 V. Furthermore, 100 µL 4 mM ABTS2- 
and 1 µL of 30% H2O2 were added in the above 
reaction mixtures of probes and hemin for 
colorimetric analysis. And the absorption signal at 418 
nm was measured by UV-Visible Spectrophotometer 
in the wave length range of from 500 to 400 nm. 

Cell culture and sample pretreatment  
Human breast cancer SKBR-3, MDA-MB-231 and 

MCF-7 cell lines were seeded on glass coverslips 
pretreated with TC (Solarbio) in 24 wells plates and 
cultured in DMEM medium (Gibco) containing 10% 
fetal bovine serum (Gibco) and 1% penicillin and 
streptomycin at 37 °C in 5% CO2 incubator. When 
cultured to 90% confluence, the cells were fixed with 
4% paraformaldehyde for 15 min at room temperature 
after removing the medium and then washed three 
times with ice pre-cold PBS. The activity of 
endogenous peroxidase was inhibited by 3% H2O2 for 
30 min and nonspecific sites were treated with 
blocking buffer containing 3% BSA and 0.4 mg/mL 
salmon sperm DNA in PBS at 37 °C for 1 h. Then the 
cell slides were washed twice using ice-cold PBS for 
further DCTDR assay. 

FFPE sections were placed on a 60 °C baking 
machine for 2 h then immersed in dimethylbenzene 
for 8 min. Next, the hydration process was conducted 
with the following steps: anhydrous alcohol, 95% 
ethanol, 85% ethanol and 75% ethanol, each step for 3 
min. Then, antigen retrieval was accomplished by 
heating in 10 mM citric acid (pH 6.0) buffer within 
microwave oven for 10 min, cooling to RT and 
washing with PBS three times. Then prepared slides 
were used for further IHC according to product 
specification or DCTDR assay. 

DCTDR-based imaging of protein status on the 
cell surface 

400 µL 200 nM Apt2-G4 probes were added on 
cell or FFPE slides for HER2 expression detection. 400 
µL 200 nM Apt2-g4 and Apt2-g8 probes mixture were 
used for HER2 homodimer detection. After reacting 
with corresponding probes at RT for 120 min, the 
slides were treated with 400 µL 200 nM hemin 
solution for 30 min at RT to form hemin/G4 
DNAzyme structure. The upper reactions were 
accomplish in HEPES buffer containing 100 mM K+ 
which is enough to keep the stability of G4 structure. 
Subsequently, the slides were further incubated with 
tyramide reaction solution containing Alexa Fluor™ 
488 tyramide reagent (1:300) and 3% H2O2 in the dark 
at RT for 10 min. The cell nucleuses were stained with 
DAPI solution. Each step was followed with three 
times washing by 0.05% Tween 20 in PBS buffer for 5 
min. Finally, the cells on the slides were analyzed by 
Olympus BX53 fluorescence microscope (Olympus, 
Tokyo, Japan) with identical exposure parameters. 
The fluorescence intensity of FFPE slides was 
quantified by Image J 7.0.  

IHC staining and flow cytometry 
The conventional IHC staining was performed 
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according to the instructions. For flow cytometry 
analysis, 106 of different cell suspensions were treated 
with corresponding probes and hemin to form 
hemin/G4 DNAzyme, followed by reaction with 
tyramide reaction solution. The fluorescence intensity 
of the cells was then recorded with FC-500 Flow 
Cytometer (Beckman Coulter). 

 Results and Discussion 
Principle of the DCTDR-based imaging 

To illustrate the proof-of-principle, we chose 
HER2 as the target protein given its importance in 
breast cancer diagnosis and treatment. In this 
aptamer-induced DCTDR, the assembly of hemin/G4 
DNAzyme on the cell surface can be induced only 
when the HER2 aptamer specifically bound to the 
HER2 proteins on the cell surface. The formed 
hemin/G4 horseradish peroxidase-mimicking DNA-
zyme [29, 30] on the cell surface can catalyze tyramide 
residues into free radicals which then covalently link 
with aromatic compounds such as tyrosine and 
tryptophan on the neighboring membrane proteins, in 
the presence of H2O2 (Figure 1A). Due to the 
tyramide molecules were pre-labeled with Alexa 
Fluor 488 fluorochrome, a large number of fluorescent 
molecules were labeled on the cell surface for 
amplified imaging. Alexa Fluor 488 fluorochrome has 
the same excitation wavelength (495 nm) and 
emission wavelength (519 nm) with fluorescein 
isothiocyanate (FITC) [31], so we used FITC channel 
of general fluorescence microscopy for imaging 
analysis. Bifunctional Apt2-G4 probes were designed 
for total HER2 protein expression analysis by 
connecting intact G4 sequence with HER2 
extracellular domain specific aptamer. When Apt2-G4 

probes incubated with the cells, the aptamer region 
specifically bound to the HER2 extracellular domain 
on the cell surface. Then G4 sequence region folded 
properly with hemin to form a stable hemin/G4 
DNAzyme, leading to the catalyzed accumulation of 
fluorescein-labeled tyramide molecule on the cell 
surface (Figure 1B).  

Furthermore, we designed a pair of proximity 
probes, Apt2-g4 and Apt2-g8, for HER2 homodimer 
analysis, by linkage of two split G4 sequences at 4:8 
ratio of the guanine bases with two HER2 aptamer 
sequences, respectively. Split G4 sequences at 4:8 ratio 
is the best split mode because of its highest signal-to- 
noise ratio and the lowest background compared with 
the other modes [24]. The simultaneous binding of 
two proximity probes with identical HER2 
homodimer greatly increase their local concentrations 
and bring g4 sequence and g8 sequence to close 
proximity, resulting joint assembly with hemin to 
form a stable and intact hemin/G4 DNAzyme (Figure 
1C). Consequently, proximity-induced DNAzyme 
assembly catalyzed fluorescent tyramide deposition 
on the HER2 homodimer. Therefore, the proposed 
aptamer-induced DCTDR system can be used to 
characterize the HER2 protein status including both 
total HER2 proteins expression and HER2 homodimer 
with high-sensitive fluorescent imaging. 

Verification the catalytic properties of the 
designed probes in solution 

The design of probes is crucial for the feasibility 
of the proposed DCTDR strategy. In our group's 
previous work, we found that hemin/G4 DNAzyme 
can catalyze the transformation of the non-fluorescent 
tyramine monomers into fluorescent dityramine in 
solution [32]. Herein, tyramine monomer was used as 

the fluorescence reporter to reflect 
the catalytic performance of the 
designed probes. After a series of 
probes were incubated with the 
appropriate concentration of 
hemin, only Apt2-G4 probes can 
catalyze the tyramine monomers to 
generate a significant fluorescence 
signal due to the formed intact 
hemin/G4 DNAzyme. Whereas, 
the individual proximity probes 
Apt2-g4 or Apt2-g8 didn’t generate 
appreciable fluorescence signal as 
well as the mixture of this pair of 
proximity probes. These data 
suggested the designed proximity 
probes cannot assemble a complete 
hemin/G4 DNAzyme by themsel-
ves in solution and have negligible 

 

 
Figure 1. Schematic illustration of DCTDR-based imaging of HER2 protein status on the cell 
surface. (A) The principle of the DNAzyme-catalyzed covalent binding fluorescent tyramide with protein. 
(B) The imaging of total HER2 protein expression on the cell surface by Apt2-G4 probes. (C) The imaging 
of HER2 homodimer on the cell surface by Apt2-g4 and Apt2-g8 probes. 
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catalytic activity. In addition, the results of the 
mixture of HER2 proteins monomer with this pair of 
proximity probes were also similar to the background. 
Because the scattered HER2 protein monomers were 
not enough to pull this pair of proximity probes closer 
together to assemble active DNAzyme. This HER2 
monomer-added control experiment also demonstr-
ated that HER2 protein had only one apatmer binding 
site, guaranteeing the specificity of subsequent 
quantification of HER2 and their homodimers on the 
cell surface. 

Moreover, in order to verify that the proximity of 
the Apt2-g4 and Apt2-g8 is crucial to form an intact 
G4, we also used a complementary DNA (C) probe to 
simultaneously hybridize with Apt2-g4 and Apt2-g8, 
respectively, which draw the Apt2-g4 and Apt2-g8 
closer to mimic the proximity effect of HER2 dimers. 
The C/Apt2-g4/Apt2-g8 complex produced obvious 
fluorescence signal which just slightly lower than that 
of same amount of Apt2-G4 (Figure 2A). However, 
the signal of the mixture of Apt-g4 and Apt-g8 
without the help of complementary probe was similar 
to background. These results directly proved that the 
proximity of the Apt-g4 and Apt-g8 can form an intact 
G4 with high catalytic activity and low background. 
In the meantime, the ABTS-H2O2 system was further 
used to verify the catalytic properties of the designed 
probes based on that hemin/G4 DNAzyme could 
produce a measurable absorbance signal through 
catalyzing the conversion of a colorless ABTS2- to a 
green ABTS- [33, 34] (Figure 2B). The results were 
consistent with those obtained by tyramine-H2O2 
system.  

Feasibility of DCTDR-based imaging for HER2 
protein expression analysis 

To verify the feasibility of HER2 protein 
expression analysis with proposed DCTDR-based 
imaging, HER2-positive breast cancer cell lines 
SKBR-3 and HER2-negative cells MCF-7 and 
MDA-MB-231 were chose as the models [35, 36]. First 
of all, the specific binding of HER2 aptamer with 

HER2 proteins on the cell surface was confirmed by 
the flow cytometry analysis of cancer cell lines by 
using the FITC-labeled HER2 aptamer (Figure S1) and 
then DCTDR-based imaging was accomplished. As 
shown in Figure 3A, after the fixed SKBR-3 cells were 
treated with Apt2-G4 probes and implemented intact 
DCTDR system, cells showed bright and clear green 
fluorescence, indicating the Apt2-G4 probes can bind 
with the HER2 proteins on the cell surface and 
triggered DCTDR in situ for HER2 protein imaging. 
The fluorescence signals distributed mainly on the cell 
surface but partly in cytoplasmic surroundings of 
SKBR-3 cells, which is in accordance with the imaging 
results of the original article for this aptamer 
development, due to enhanced cell penetration ability 
of DNA aptamer [23]. Meanwhile, there was no 
detectable fluorescence image, when Apt2-G4 or 
hemin was absent in the DCTDR system. We also 
carried out a control experiment by using random 
sequence linked G4 sequence instead of aptamer to 
verify the crucial role of HER2 aptamer for specific 
recognition in our DCTDR system (Figure S2). These 
results clearly demonstrated that aptamer specific 
binding-induced hemin/G4 DNAzyme assembly on 
the cell surface were vital to achieve the catalysis of 
fluorescein-tyramide deposition. Furthermore, there 
was no nonspecific adsorption of hemin on the cell 
surface which may catalyze nonspecific fluorescence 
signal. On the other hand, MDA-MB-231 cells and 
MCF-7 cells without HER2 protein expression did not 
display detectable fluorescent imaging, further 
proving the high specificity of the designed DCTDR 
strategy. These results from fluorescence imaging 
were further confirmed by flow cytometry analysis 
and demonstrated the feasibility and specificity of the 
aptamer-induced DCTDR strategy for in situ imaging 
of protein expression analysis on the cell surface 
(Figure 3B).  

In the meanwhile, several important experimen-
tal parameters were optimized for achieving a better 
analytical performance. Firstly, the incubation time of 
Apt2-G4 probes was investigated. As shown in Figure 

S3A-B, the fluorescence intensity of 
SKBR-3 cells increased with 
increasing incubation time of 
Apt2-G4 probes and reached a 
maximum after 120 min, which was 
adopted as an optimized incubation 
time. The long incubation time 
might be beneficial to aptamer 
binding and the formation of intact 
G4 structure. And the reaction time 
of DCTDR was another key factor 
because the catalysis was very quick 
and radical tyramide was a transient 

 

 
Figure 2. The fluorescence spectra of tyramine-H2O2 system (A) and UV-Visible absorbance spectra of 
ABTS-H2O2 system (B) catalyzed by a series of probes, after incubation with hemin. 
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intermediate which was easily inactivated. According 
to the Figure S3C-D, 10 min of reaction time were 
enough to accumulate abundant fluorescein- 
tyramide, resulting in localized enhancement of 
fluorescent signal. 

HER2 dimer imaging based on 
proximity-induced DCTDR 

SKBR-3 breast cancer cell line with HER2 
over-expression also has high-expressed HER2 
homodimer [37, 38]. So SKBR-3 cell was used as a 
positive model and HER2 homodimer negative 
MCF-7, MDA-MB-231 cells as negative models to 
assess the proximity-induced DCTDR strategy for 
HER2 dimer imaging. In HER2 homodimer imaging, 
due to the same HER2 aptamer sequence was used, 
there might be three proximity formats: dimer/Apt2- 
g4/Apt2-g8, dimer/Apt2-g4/Apt2-g4 and dimer/ 
Apt2-g8/Apt2-g8. But we believe that the stable 
formation of intact G4 structure with g4 and g8 can 
provide additional free energy and promote the 
formation of dimer/Apt2-g4/Apt2-g8 rather than 
dimer/Apt2-g4/Apt2-g4 and dimer/Apt2-g8/Apt2- 
g8 (Figure S4) [24, 39, 40]. We did confocal microscopy 
imaging by using the FITC-labeled Apt2-g4 and 
TAMRA-labeled Apt2-g8 probes to verify the 
proximity formats (Figure S5). The colocalization 
analysis of FITC and TAMRA fluorescence signals 
were performed in two SKBR-3 cell samples and three 
HER2 over-expressed breast cancer tissue samples. 
The Manders’ overlap coefficient was calculated to be 
0.977±0.011, which implied that about 97% of Apt2-g4 
and Apt2-g8 can colocalize on same HER2 dimer [41]. 
Thus HER2 dimer/Apt2-g4/Apt2-g8 complex is 
dominant in our proximity-induced DCTDR strategy, 
resulting in a large number of intact G4 on HER2 
homodimer high-expressed cell surface for HER2 
dimer imaging. 

Because there is a certain distance between the 
two aptamer binding sites on the HER2 homodimer, 
the length of the T repeat linkers between the HER2 
aptamer and split G4 sequence will affect the 
assembly efficiency of active G4 DNAzyme. In order 
to achieve better assembly efficiency we also 
investigated the spacer lengths between split G4 and 
aptamer sequence (Figure S6). We found that 8-bp 
spacer can result in optimal imaging. Under optimal 
conditions, in the presence of both Apt2-g4 and 
Apt2-g8 probes in the assay, SKBR-3 cells showed a 
remarkable fluorescence image (Figure 4). It was a 
powerful proof that the simultaneous recognition of 
HER2 homodimer by this pair of proximity probes 
can induce the formation of complete hemin/G4 
DNAzyme on the cell surface. And thereby, the 
formed hemin/G4 DNAzyme can catalyze the depos-
ition of abundant tyramide fluorescence reporters on 
the cell surface for amplified imaging. In contrast, 
MCF-7, MDA-MB-231 cells displayed inappreciable 
fluorescence which matched well with the fact that 
there was a direct correlation between the level of 
HER2 homodimer expression and the total HER2 
protein expression [38]. Furthermore, the results of 
flow cytometry coincided well with the fluorescence 
imaging and further demonstrated the feasibility and 
specificity of proximity-induced DCTDR strategy 
(Figure S7). In the case of the Apt2-g4 probes or 
Apt2-g8 probes alone applied in the assay, there was 
no fluorescent signal produced on HER2 
homodimer-positive SKBR-3 cell surface. In these two 
control experiments, although proximity probes can 
bind with HER2 protein alone, single Apt2-g4 or 
Apt2-g8 cannot combine hemin to from hemin/G4 
DNAzyme structure. This result was in accord with 
the catalytic properties of the proximity probes in 
solution and the colocalization analysis result.  

 

 
Figure 3. Fluorescence imaging (A) and flow cytometry analysis (B) of SKBR-3, MCF-7 and MDA-MB-231 cells after aptamer-induced DCTDR. Scale bar: 25 µm. 
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Figure 4. Fluorescence imaging of SKBR-3, MCF-7 and MDA-MB-231 cells based on proximity-induced DCTDR and SKBR-3 cells with single Apt2-g4 or Apt2-g8 
probes in the assay as control. Scale bar: 25 μm. 

 

 
Figure 5. (A) The Schematic diagram of HER2/HER3 heterodimers imaging based on DCTDR system. (B) Fluorescence imaging and (C) fluorescence intensity 
analysis of HER2/HER3 heterodimers on MDA-MB-231 cells (a, b) and SKBR-3(c, d) cells without (a, c) or with (b, d) NRG1 treatment. The data were gained from 
three independent experiments. Scale bar: 25 μm. 

 
To further verify the capacity of the proposed 

method for versatile imaging of protein dimerization. 
This method was used to detect HER2/HER3 
heterodimers by using Apt2-g4 and HER3 aptamer 
(Apt3)-g8 as proximity probes and red Alexa Fluor 
594-labeled tyramide reagent (a substitute for Texas 
Red with excitation wavelength of 590 nm and 
emission wavelength of 617 nm) as reporter. Neu-
regulin 1 (NRG1), a classic HER3 ligand was used to 

stimulate to generate HER2/HER3 heterodimer- 
positive SKBR-3 cells model. Meanwhile, NRG1- 
stimulated MDA-MB-231 cells were used as HER2/ 
HER3 heterodimer-negative control cell due to its low 
expression of HER2 [42, 43]. We first starved the 
SKBR-3 and MD-MB-231 cells overnight by using a 
serum-free medium and treated with 50 ng/L NRG1 
for 30 min at 37 °C [44]. As is shown in Figure 5, upon 
stimulation of NRG1, SKBR-3 cells exhibited marked 
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bright red profiles, while MDA-MB-231 cells remain 
indistinct. These results revealed the proposed 
proximity-induced DCTDR strategy can be applied to 
detect HER2/HER3 heterodimers on different breast 
cancer cells, proving its versatile application. 

Characterization of HER2 status in clinical 
tissue samples 

To further explore the application of the 
developed method in clinical tissue samples, the total 
HER2 expression and HER2 homodimer were 
analyzed in 20 clinical FFPE samples of invasive 
breast cancers tissues. Meantime, IHC assay was used 
as reference method to semi-quantitatively score the 
total HER2 expression of these samples and categorize 
them in four subgroups as HER2 (–), HER2 (+), HER2 
(2+) and HER2 (3+) according to the ASCO/CAP 
guideline recommendations for HER2 testing. Each 
subgroup contained 5 samples, respectively. As 
shown in Figure 6, there was no detectable fluorescent 
image obtained in HER2 (-) subgroup. The slight 
fluorescent profile showed in HER2 (+) subgroup and 
bright fluorescence displayed in HER2 overexpressed 
subgroups HER2 (2+) and HER2 (3+). The 
fluorescence intensity of cancer cells analyzed with 
ImageJ 7.0 software was increased with the increasing 
levels of HER2 expression, which was in good 
agreement with IHC score. It is worth mentioning that 
green fluorescence only existed in the region of 
carcinoma nests rather than stroma cells regions in 
HER2 expressed breast cancer tissues, in good accord 
with the profiles of the IHC staining. It also strongly 
proved that the designed DCTDR strategy has high 
specificity and accuracy to quantitatively estimate the 
expression of HER2 protein on clinical FFPE tissue 

sections with simple and enzyme-free protocol. 
Different from total HER2 expression imaging, 

the HER2 homodimer imaging of both HER2 (-) and 
HER2 (+) subgroups with proximity-induced DCTDR 
didn’t display any detectable fluorescent signal 
(Figure 7). The quantitative fluorescence intensity 
didn’t show significant difference between two 
subgroups (5.3 ± 1 and 7.4 ± 1.2, respectively), 
analyzed with ImageJ 7.0 software. This result 
indicated that HER2 negative or low-expressed breast 
cancer cells didn’t express HER2 homodimer, which 
was also consistent with the results of MDA-MB-231 
and MCF-7 cell lines. On the contrary, it has been 
acknowledged that HER2 homodimer can 
spontaneously form on HER2 protein overexpressed 
breast cancer cell surface [45, 46]. In our HER2 
overexpressed subgroups HER2 (2+) and HER2 (3+), 
significant fluorescent images were also found with 
continuously increased fluorescence intensities (15.4 ± 
1.2 and 19.5 ± 1.6, respectively) which revealed 
statistical significance compared with HER2 (–) and 
HER2 (+) subgroups (P < 0.01). These evidences 
demonstrated that the DCTDR-based assay directly 
reveal status of the HER2 dimers was suitable for 
analysis of the HER2 dimers status in complex clinical 
FFPE samples. Compared with the IHC assay, the 
proposed DCTDR imaging can directly reveal both 
the total expression of HER2 and HER2 dimerization 
rather than only reflect the overall amount of HER2 
protein. What’s more, due to a simpler and 
enzyme-free process, our strategy can be completed in 
six hours with little cost (Table S2), presenting a great 
potential pragmatic tool for clinical research, cancer 
diagnosis and guidance of targeted therapy. 

 

 
Figure 6. (A) DCTDR-based fluorescence imaging and (B) quantitative fluorescence intensity analysis of total HER2 expression on breast cancer tissues with 
different HER2 expression levels, respectively. Scale bar: 25 μm. 
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Figure 7. (A) DCTDR-based fluorescence imaging and (B) quantitative fluorescence intensity analysis of HER2 homodimer on breast cancer tissues with different 
HER2 expression levels, respectively. Scale bar: 25 μm. 

 
Conclusions 

In summary, we developed a new aptamer- 
induced amplification system which was DCTDR to 
comprehensive analyze the profiling of the HER2 
proteins in situ on the cell surface. In this system, the 
specific recognition of HER2 aptamer can induce the 
assembly of hemin/G4 DNAzyme and subsequently 
catalyze the fluorophore-labeled tyramide substrate, 
leading to accumulation of fluorescent signal on the 
surface of the target protein. Based on this DCTDR, 
we have successfully completed the imaging of total 
HER2 protein, HER2 homodimer and HER2/ HER3 
heterodimer by using the functionalized Apt2-G4 
probes and the pair of proximity probes Apt2-g4/ 
Apt2-g8 and Apt2-g4/Apt3-g8 respectively. More 
importantly, our method can also carry out in FFPE 
samples. Compared to traditional IHC, this method is 
more simple, convenient and directly reveals the 
function and activation of HER2-based signal 
pathway. This DCTDR strategy achieved both 
imaging and quantitative analysis HER2 status in situ, 
offering new insight into the membrane proteins for 
disease diagnostics and targeted drug therapy. 
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