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A B S T R A C T

Inductively coupled plasma mass spectrometry (ICP-MS) has demonstrated high sensitivity, accuracy, and multi- 
element detection capacity for biomolecule analysis. However, traditional ICP-MS-used antibody-elemental tags 
(AETs) are typically constructed through random antibody modification, resulting in structural heterogeneity 
that compromises binding affinity, specificity, and analytical performance. To overcome this limitation, we 
developed a traceless, site-specific conjugation strategy that enables precise attachment of a single-stranded DNA 
(ssDNA) to the K248 residue of IgG antibodies. The “traceless” feature ensures that no residual peptide remains 
on the antibody after labeling, thereby preserving its native structure and binding activity. The ssDNA serves as a 
bridge for hybridization with europium (Eu)-loaded MS2 capsid nanoparticles, which act as signal amplifiers by 
delivering a large payload of metal atoms. Through the integration of precise antibody modification and high- 
capacity MS2 elemental carriers, the resulting site-specific AETs (ssAETs) exhibit exceptional structural uni
formity, stability, and sensitivity. Using human epidermal growth factor receptor 2 (HER2) as a model, the AETs 
synthesized through our strategy demonstrated exceptional specificity and quantitative performance, achieving 
1.8-fold stronger single-cell signals and labeling 1.5 times more HER2-positive cells compared with randomly 
conjugated antibodies. This traceless, site-specific ssAET platform offers a versatile and precise approach for 
highly sensitive and quantitative single-cell bioanalysis using ICP-MS.

1. Introduction

Recently, inductively coupled plasma mass spectrometry (ICP-MS) 
has emerged as a powerful bioanalytical tool in biomedical research due 
to not only its exceptional sensitivity, wide dynamic range, and strong 
resistance to matrix interference, but also the developments of elemental 
tags and their labeling strategies [1–12]. Among them, 
antibody-elemental tags (AETs) serve as important molecular bridges 
between biological recognition events and elemental signal output [13,
14]. By converting the specific binding of antibodies to their target 
antigens into measurable metal signals, AETs allow ICP-MS to bypass 
limitations associated with the different signal response of different 

chemical form of the analyte, enabling accurate and highly sensitive 
quantification. Building on this capability, efforts have increasingly 
focused on improving elemental tag design. In 2001, Zhang’s group first 
reported europium isotope-labeled AETs [1], establishing the feasibility 
of integrating immunoassays with elemental mass spectrometry for 
biomolecular analysis. As the demand for higher sensitivity increased, 
particularly in single-cell applications, subsequent research focused on 
optimizing metal-rich reporter units to maximize signal output. In 2007 
and 2009, Winnik and co-workers developed two types of 
lanthanide-containing polymer AETs [15,16], markedly increasing the 
number of metal atoms per tag and thereby enhancing detection sensi
tivity. Building on these advances, in 2019, Wang’s group first reported 
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a virus-like Ln–MS2 signal amplifier capable of incorporating over one 
thousand of lanthanide atoms per MS2 capsid, achieving three orders of 
magnitude signal amplification [17] and providing a robust platform for 
ultrasensitive bioanalysis. In parallel, other strategies, including the use 
of noble metal nanoparticles [18,19] and metal-doped nanoparticles 
[20–22], have also been explored to further improve sensitivity, 
enabling reliable detection of low-abundance targets such as cell surface 
proteins, bacteria, and circulating vesicles.

However, despite significant advances in the development of 
elemental reporters, less attention has been paid to the recognition 
component, i.e. Antibodies, and to their conjugation strategies with 
elemental tags. Currently, most AETs are still constructed via non- 
selective chemical conjugation strategies, typically involving the reac
tion of surface-exposed lysine or cysteine residues with activated func
tional groups on the elemental tag [12,15–23]. While operationally 
straightforward, this random conjugation approach presents two major 
limitations. First, the lack of control on conjugation sites and stoichi
ometry can result in modification of residues within or near the 
antigen-binding regions (paratopes), potentially reducing the antibody’s 
binding affinity and target specificity [24–26]. Second, the resulting 
conjugation heterogeneity leads to batch-to-batch variability, poor 
reproducibility, and compromised signal consistency [27]. These issues 
are particularly detrimental in applications that demand high analytical 
precision, such as single-cell analysis, spatial proteomics, or absolute 
quantification, where uniform signal output and reliable biomolecular 
recognition are critical. Moreover, the unpredictability in 
metal-to-antibody ratio hinders quantitative interpretation of elemental 
signals, ultimately limiting the broader utility of AETs in high-resolution 
or multiplexed bioanalytical.

To overcome the limitations of unspecific antibody conjugation, 
various methods have been developed to direct the conjugation to spe
cific locations on the antibody, including enzymatic methods [28] (e.g., 
using microbial transglutaminase or sortase A), Thiomab engineering 
[29] (introducing reactive cysteines at defined positions), and the 
incorporation of non-natural amino acids [30] (bearing orthogonal 
chemical handles). While effective, these techniques typically require 
complex, genetic manipulation, antibody re-engineering, making them 
technically challenging and costly [31]. Recently, peptide-mediated 

affinity labeling technology represents a method that employs pep
tides as bridges to specifically bind labels to target biomolecules, such as 
proteins, nucleic acids, and cell surface receptors. Ito et al. [32] reported 
a 17-amino-acid Fc-binding peptide (GPDCAYHKGELVWCTFH) that 
selectively recognizes the Fc region of human IgG and delivers an NHS 
ester functional group specifically to lysine 248. This strategy achieved 
site-specific modification with nanomolar binding affinity (Kd = 10 nM) 
and demonstrated high selectivity toward therapeutic antibodies such as 
trastuzumab. Despite these advantages, the peptide remains on the 
antibody after conjugation, which may sterically hinder interactions 
with Fc receptors or effector molecules. Therefore, there is a compelling 
need for a highly specific antibody coupling strategy with minimal 
structural interference to construct next-generation AETs.

In this work, using trastuzumab (a therapeutic anti-HER2 IgG) as a 
model antibody, we report the construction of uniform, stable, and 
highly sensitive antibody–elemental tags (AETs) through a traceless, 
site-specific conjugation strategy, where the labeling proceeds via a 
cleavable intermediate that leaves no residual peptide or linker on the 
antibody, thus preserving its native structure for accurate single-cell 
ICP-MS (SC-ICP-MS) analysis (Scheme 1). The strategy comprises three 
steps: (1) a rationally designed Fc-targeted acyl transfer reagent (FTA), 
consisting of an Fc-binding peptide, thioester linker, and azide payload, 
binds to the Fc region and delivers the azide specifically to lysine 248 
(K248) via a proximity-induced acyl transfer reaction, accompanied by 
self-release of the peptide ligand, generating site-specific azide-labeled 
antibodies (ssAAb); (2) the ssAAb is subsequently reacted with DBCO- 
modified DNA oligonucleotides via strain-promoted azide–alkyne 
cycloaddition (SPAAC), forming uniform DNA-functionalized antibodies 
(ssDAb); (3) finally, europium (Eu)-loaded MS2 phage capsid nano
particles [16] which serve as signal amplifiers by delivering a large 
payload of metal atoms, are hybridized with complementary 
DNA-bearing ssDAb to form the complete AET construct (ssAET). This 
modular AETs construction strategy offers precise stoichiometric con
trol, minimal structural perturbation, and robust signal amplification, 
providing a powerful tool for ultrasensitive and reproducible 
ICP-MS-based single-cell analysis. The cellular labeling effects of the 
elemental tag prepared using both traceless site-specific conjugation 
strategy and random conjugation strategy were assessed in different 

Scheme 1. Diagram of Building Up ssAET for SC-ICP-MS-Based Immunoassay.
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breast cancer cell models with different levels of HER2 protein 
(MDA-MB-231, SKBR-3) to demonstrate high specificity, affinity, and 
homogeneity of the ssAET.

2. Experimental SECTION

Chemicals and Reagents. All reagents were of analytical grade or 
higher and used as received. 2-(Tritylthio)acetic acid was obtained from 
Bide Pharmatech (Shanghai, China). NHS, EDC, HATU, and SMCC were 
purchased from Energy Chemical (Shanghai, China). The Fc-binding 
peptide, glycine, oligonucleotides, Traut’s reagent (2-iminothiolane 
hydrochloride, purity >98 %), and SDS-PAGE preparation kit were 
synthesized by Sangon Biotech (Shanghai, China). DIPEA and 
Maleimide-PEG2k-NHS were purchased from Aladdin (Shanghai, 
China). Triethylsilane and azidoacetic acid NHS ester were purchased 
from Titan Scientific (Shanghai, China). Trastuzumab was purchased 
from Roche (Shanghai, China). Centrifugal filters were obtained from 
Millipore Corp (Billerica, MA, USA) and PALL (Beijing, China). IdeS 
protease was purchased from MedChem Express (Monmouth Junction, 
NJ, USA). SDS-PAGE loading buffer (5 × , with DTT) was obtained from 
Solarbio (Beijing, China). Europium standard solution (1 μg/mL) was 
purchased from the National Analysis and Testing Center for Nonferrous 
Metals & Electronic Materials (Beijing, China). Lanthanide-doped 
polystyrene beads (Ln-PS, 3 μm, Ln = Ce, Eu, Ho, Lu) were obtained 
from Fluidigm (California, USA). Mal-DOTA was purchased from Mac
rocyclics (Dallas, TX, USA). Eu(NO3)3 was purchased from Yunshan 
Biochemical Technology (Guangzhou, China). MS2 bacteriophage strain 
15597-B1 was acquired from ATCC (Manassas, USA). Human breast 
cancer cell lines MDA-MB-231 (HER2 negative) and SKBR-3 (HER2 
positive) were obtained from the Cell Bank of the Chinese Academy of 
Sciences (Shanghai, China). Other biological reagents, including 
NuPAGE™ LDS buffer, SYBR™ Gold nucleic acid gel stain, DMEM, heat- 
inactivated FBS, and penicillin-streptomycin, were from Thermo Fisher 
Scientific (Waltham, MA, USA). Unless otherwise noted, general chem
icals and solvents were purchased from Sinopharm Chemical Reagent 
Co. (Shanghai, China).

Instruments. The number of Eu atoms tagged on one MS2 particle in 
the elemental tag was determined by HPLC/153Eu-species-unspecific 
isotope dilution ICP-MS. Before ICP-MS(A NEXION 2000 ICPMS, Per
kinElmer, SCIEX, Canada), separation of the sample was carried out on 
an LC-20AD LC system (Shimadzu, Kyoto, Japan) with a size exclusion 
chromatography column (SEC, Waters Xbridge Protein BEH 4.6 I.D. ×
300 mm in length, 2.5 μm particle size). An 0.25 mL min− 1 flow rate and 
100 % 25 mM NH4Ac (isocratic elution) were applied. The effluent from 
the column (0.25 mL min− 1) was mixed with the enriched 153Eu stan
dard solution (0.06 mL min− 1, 10 μg/L) by a syringe pump (Cole- 
Parmer, East Bunker Court Vernon Hills, IL) via a three-way connection 
and continuously pumped into ICP-MS. The online isotope ratio of 151Eu 
to 153Eu was monitored using ICP-MS equipped with a concentric 
pneumatic nebulizer and a cyclonic spray chamber. The calculation of 
transforming 151Eu and 153Eu isotope chromatograms into Eu mass flow 
chromatograms was determined by the following online isotope dilution 
equation:

MFsample(t) = MFspike
153
151

(
A151

spike − A153
spikeRsample(t)

)

(
A153

sampleRsample(t)− A151
spike

) where MFsample and MFspike 

denote the mass flow of Eu in the sample and spiked solution. Msample and 
Mspike denote the atomic mass of Eu in the sample and spike solution, and 
A151

sample and A151
spike denote the isotope abundance of 151Eu in the sample 

and spike solution. A153
sample and A153

spike denote the isotope abundance of 
153Eu in the sample and spike solution. Rsample(t) is the online measured 
151Eu/153Eu isotope ratio during HPLC/ICP-MS. Then, the chromato
gram of isotope ratios is transformed into the chromatogram of mass 
flow (mass vs time) using the isotope dilution equation. The absolute 
amount of Eu in different species can be obtained by integrating the 
corresponding peaks in the chromatogram of mass flow. The ICP-MS 

operational parameters are listed in Table S1.
Single-cell analysis was conducted using a home-made oil-free pas

sive microfluidic device (OFPMS) [33] for single-cell injection under the 
optimized conditions listed in Table S2. The transport efficiency (95.4 ±
2.8 %) was determined by the particle frequency method [34], based on 
the number of detected 153Eu events from Ln-doped beads at a known 
concentration of 1 × 105 particles/mL.

Synthesis of FcBP-TE-Az (FTA). To generate (2-(tritylthio)acetyl) 
glycine (S1), 2-(tritylthio)acetic acid (334 mg, 1 mmol) was dissolved in 
2.0 mL of DMF. NHS (138 mg, 1.2 mmol) and EDC (230 mg, 1.2 mmol) 
were added and the reaction mixture was stirred overnight at room 
temperature. The mixture was then slowly added to a glycine solution 
(112.5 mg, 1.5 mmol) in DMF:2 × PBS = 1:1 (200 mL) and stirred for 3 
h. Solvent was removed by rotary evaporation, extracted with 
dichloromethane using ultrasound, filtered, and purified by silica gel 
chromatography (dichloromethane:methanol = 20:1 with 0.3 % acetic 
acid). The resulting compound S1 (20 mM) was reacted with HATU (10 
mM), DIPEA (15 mM), and FcBP (5 mM) in DMF for 1 h to obtain P1, 
which was purified by semi-preparative HPLC (LC-16P, Shimadzu, 
Kyoto, Japan). Next, P1 was dissolved in DCM (700 μL), cooled to 0 ◦C, 
and treated with TFA (630 μL) and triethylsilane (70 μL) for 1 h. The 
reaction mixture was concentrated and the crude product was purified 
to yield P2. Finally, P2 (6 mM) was reacted with Az-NHS ester (6 mM) in 
DMF/2 × PBS = 1:1 for 15 min and the resulting FTA was purified by 
semi-preparative HPLC.

Preparation of Site-Specific ssAET. Excess FTA was removed by 
100 kDa MWCO spin filtration. ssAAb was reacted with DBCO-DNA (40 
eq) at 37 ◦C overnight. Eu(NO3)3 (500 mM in 2 % HNO3) was mixed with 
Mal-DOTA (in CH3COONH4, pH 6.8) at a 1:2 M ratio for 3 h, then pu
rified by HPLC. MS2 capsid proteins (100 μM monomer) were treated 
with Traut’s reagent in NaHCO3 buffer (pH 8.0) for 5 h to generate MS2- 
SH, followed by filtration. For dual labeling, MS2-SH was first reacted 
with DBCO-DNA (3 eq) in HEPES (25 mM, pH 7.2) for 2 h, then with 
Mal-DOTA-Eu (50 eq) for 6 h. After purification, ssDAb was hybridized 
with DNA-MS2(Eu) at a 2:1 ratio in HEPES buffer containing 8.5 g/L 
NaCl (pH 7.2) for 30 min and stored at 4 ◦C.

Preparation of Random-Conjugated Antibody Elemental Tag 
(rcAET). Trastuzumab (5 mg/mL) was reacted with Maleimide-PEG2k- 
NHS (10 eq) in PBS (pH 7.2, 5 % DMF) at 37 ◦C for 3 h. Excess reagent 
was removed by 30 kDa MWCO spin filtration. The resulting MAL- 
antibody was reacted with MS2-SH (5:1 ratio) for 3 h, followed by 
Mal-DOTA-Eu (50 eq) for 6 h. The final rcAET was purified and stored at 
4 ◦C.

Cell Culture. SKBR-3 and MDA-MB-231 cells were cultured in 
DMEM supplemented with 10 % heat-inactivated FBS and 100 U/mL 
penicillin-streptomycin at 37 ◦C in a 5 % CO2 humidified incubator. Cell 
viability and counts were assessed using 0.4 % trypan blue.

Cell Tagging and Fixation. Cells were washed with 25 mM HEPES 
buffer (pH 7.2), trypsinized for 3 min, neutralized with culture medium, 
and resuspended in binding buffer (HEPES + 8.5 g/L NaCl + 1 % FBS) to 
106 cells/mL. 100 μL aliquots (105 cells) were incubated with ssAET or 
rcAET (53 nM) for 1 h on ice to inhibit endocytosis. After labeling, cells 
were fixed with 4 % paraformaldehyde for 15 min, washed twice, 
resuspended in 10 mM NH4HCO3, and filtered through a 300-mesh 
nylon screen for SC-ICP-MS analysis.

Data Processing. Time-resolved ICP-MS data were processed by first 
calculating the overall signal mean and standard deviation (SD). A 
threshold defined as mean + 5 × SD was then applied to identify indi
vidual cell events. Any continuous sequence of data points exceeding 
this threshold was considered one cell-derived signal event (i.e., an in
dividual cell’s ion cloud). For each such event, all consecutive data 
points above the threshold are summed to obtain the total integrated 
153Eu intensity corresponding to that single cell.
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3. Results and discussion

3.1. Generation and characterization of ssAET

Although traceless site-specific conjugation was originally developed 
for antibody–drug conjugates (ADCs) [35–37], its application in AET 
construction represents a novel extension. Here, we employed an 
Fc-binding peptide (FcBP) [32] to direct a thioester-linked azidoacetyl 
group specifically to K248 on the Fc region. Upon binding, a 
proximity-driven acyl transfer installs the azide moiety via stable amide 
formation, while the FcBP is spontaneously released. This strategy yields 
a cleanly modified antibody with precise stoichiometry and no residual 
linker, enabling modular DNA coupling and subsequent assembly with 
metal-loaded nanostructures.

To validate the functionality of the acyl transfer reagent, we syn
thesized the FTA reagent following the scheme shown in Scheme S1. All 
synthetic intermediates (S1, P1, P2, and the final FTA product) were 
fully characterized by RP-HPLC-UV, ESI-MS, 1H NMR, 13C NMR, and 
MALDI-TOF-MS (Fig. S1–S5). As shown in Fig. 1a, the azide group was 
successfully introduced onto the K248 side chain of trastuzumab via the 
FcBP-guided acyl transfer using the flexible 2-azidoacetyl thioester 
moiety. Reaction conditions were optimized by varying the equivalents 
of FTA (12, 20, and 40 equivalents).

To assess the site specificity of the azide modification, the ssAAb was 
digested with IdeS, which cleaves the IgG hinge region and separates the 
Fab and Fc fragments [38]. NanoLC-MS analysis showed that the Fc 
fragment of the modified antibody exhibited a mass increase of +83 Da 
(MW 23,522) compared to the unmodified Fc (MW 23,439), consistent 
with a single azidoacetyl modification at K248 (Fig. S6), confirming the 
successful site-specific acyl transfer. Optimization studies revealed that 
a molar ratio of 1:20 (antibody: FTA) was sufficient to achieve 
near-quantitative modification.

To enable downstream functionalization, ssAAb was conjugated with 
DBCO-DNA through strain-promoted azide-alkyne cycloaddition 
(SPAAC) using 40 equivalents of DBCO-DNA, resulting in the formation 
of ssDAb. To verify the homogeneity and fragment-selectivity of DNA 
conjugation, the products were analyzed by 10 % SDS-PAGE following 
IdeS digestion, with Coomassie and SYBR Gold staining (Fig. 1b). The 
gel analysis confirmed that DNA was conjugated specifically to the Fc, 

not the Fab, region of the antibody, with a near 1:1 stoichiometry, as 
determined by grey value quantification. The resulting ssDAb provides a 
standardized molecular interface for subsequent hybridization with 
metal-loaded DNA nanostructures for AET assembly.

Previous work in our laboratory has demonstrated the viruslike Ln- 
MS2 signal-amplifier could carry hundreds of Ln atoms on each MS2 
capsid, and enable nearly three orders of magnitude signal-amplification 
[14]. Here, we employed MS2 virus-like particles as Eu carriers to 
construct signal-amplifying ssAET. To introduce functional groups for 
dual labeling, MS2 capsid proteins were thiolated using Traut’s reagent, 
converting amines on both interior and exterior surfaces to thiols. 
MALDI-TOF-MS analysis confirmed conversion of six out of seven 
reactive amines per monomer (Fig. S7). Cysteine-modified MS2 was 
then reacted with a small amount of MAL-DNA linker followed by a high 
excess of MAL-DOTA-Eu to construct the elemental tag DNA-MS2(Eu).

The conjugates were validated by 15 % SDS-PAGE (Fig. S8), and the 
Eu content per particle was determined via 153Eu species-unspecific 
isotope dilution ICP-MS (SUID-ICP-MS) [39] coupled with 
size-exclusion chromatography (SEC) (Fig. S9). To determine the 
optimal assembly ratio for hybridization, ssDAb and DNA-MS2(Eu) were 
mixed in 25 mM HEPES (pH 7.2) at various molar ratios (0.5:1, 1:1, 
1.5:1, 2:1, and 5:1) using complementary oligonucleotide sequences 
(Fig. 2a). SEC traces showed a gradual increase in peak area up to 2:1 
ssDAb:MS2-Eu ratio, beyond which no further increase was observed 
(Fig. 2b). Statistical analysis (P = 0.9149, ns) confirmed 2:1 as the 
saturation point (Fig. 2c). The final hybrid product (ssAET) exhibited 
uniform electrophoretic migration on 1 % agarose gel, confirming its 
homogeneity (Fig. 2d). Collectively, these results demonstrate that the 
traceless conjugation strategy enables precise construction of homoge
neous ssAETs with well-defined stoichiometry and modular compati
bility for downstream elemental labeling and detection.

3.2. Optimization of ssAET tagging concentration

To enable ssAET to achieve saturated labeling of the HER2 receptor 
on the cell surface, the concentration of ssAET needs to be optimized. 
For this purpose, different concentrations of ssAET were introduced into 
SK-BR3, and subsequently, the Eu mass per cell was quantified through 
SC-ICP-MS analysis. For such quantification, the SC-ICP-MS was 

Fig. 1. Generation of ssDAb. (a) General synthetic scheme of ssDAb. First, Azide was site-specifically attached to Trastuzumab via acyl transfer of FTA at ratios of 
12:1, 20:1, and 40:1. The resulting ssAAb was then incubated with identical concentrations of DBCO-DNA via SPAAC reaction. (b) Modification site analysis of ssDAb. 
SDS-PAGE (10 %) characterizing the conjugation products of ssDAb with varying Ab: FTA ratios. Lane 1 shows the molecular weight of DBCO-DNA at ~10 KDa; Lane 
2 shows the complete ssAAb; Lane 3 shows the ssAAb was treated with IdeS to get Fab and Fc-Az domains; At the identical concentration of DBCO-DNA, the ratios of 
Ab to FTA in lanes 4–6 were 1:12, 1:20, 1:40 respectively and treated with IdeS. 10 % SDS-PAGE was stained with SYBR Gold and Coomassie blue to visualize protein 
and DNA, respectively. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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calibrated using Eu inorganic standards. The signal response per con
centration unit was transformed into the mass of Eu per cell using the 
previously established equation (the previously established Standard 
solution curve of 153Eu under SC-ICP-MS (Fig. S10) [34]. To select the 
ssAET concentration, we considered the data obtained in previously 
published work [6]. We chose 26 nM, 53 nM, and 80 nM of ssAET and 
rcAET respectively for the labeling of SK-BR3 cells. In the case of 
HER2-positive SKBR-3 cells, the mass of Eu on each cell increased along 
with the increase in the concentration of antibody-elemental tag cell 
labeling, and remained constant when the labeling concentration 
exceeded 53 nM (Fig. S11). Thus, a concentration of 53 nM of the 
antibody-elemental tag is sufficient for achieving the saturation labeling 
of HER2 receptors on the surface of positive cells.

3.3. Evaluation of non-specific adsorption of MS2-Eu elemental carrier

To exclude the possibility that the elemental carrier MS2-Eu itself 
contributes to background signal through non-specific adsorption, we 
conducted a control experiment using two breast cancer cell lines with 
distinct HER2 expression profiles: SK-BR-3 (HER2-positive) and MDA- 
MB-231 (HER2-negative). Both cell lines were incubated with 53 nM 
MS2-Eu under the same labeling conditions used for ssAET, but without 
antibody attachment. The resulting SC-ICP-MS data revealed that the 
153Eu signal intensity for both cell types was indistinguishable from that 
of the blank control (Fig. S12), with no significant high-intensity events 
detected. This indicates that MS2-Eu nanoparticles do not adsorb non- 
specifically to the cell membrane under the applied labeling condi
tions. These findings confirm that the Eu signals observed in subsequent 
experiments originate from specific antibody–antigen interactions, 
rather than from passive adsorption of the elemental reporter.

3.4. Comparative evaluation of site-specific and randomly conjugated 
AETs

To evaluate the differences between AETs generated via traceless 
site-specific conjugation (ssAET) and those prepared via conventional 

random conjugation (rcAET), we synthesized rcAET by randomly 
modifying trastuzumab with MAL-PEG2k-NHS followed by reaction 
with SH-MS2. As shown in Fig. S13a, rcAET exhibited notable hetero
geneity in 8 % SDS-PAGE analysis. Moreover, SEC-SUID-ICP-MS quan
tification revealed that rcAET carried fewer Eu atoms per MS2 compared 
to ssAET (Fig. S13b), likely due to inconsistent antibody loading and 
variable conjugation efficiency. These results suggest that the random 
strategy compromises elemental density and molecular uniformity of the 
tag.

We next systematically assessed the labeling performance of both 
AET formats in detecting HER2 expression on single cells using SC-ICP- 
MS. The two breast cancer cell lines, HER2-negative MDA-MB-231 and 
HER2-positive SKBR-3, were labeled with either rcAET or ssAET under 
optimized conditions (53 nM). The detection efficacy of HER2 receptors 
by two different strategies-prepared antibody-elemental tags was sys
tematically evaluated from several aspects, including the labeling ability 
at the single-cell level, the ability to analyze the heterogeneity of HER2 
receptors on the surface of the same type of cells, and the cell typing 
ability.

To evaluate the specificity of the antibody elemental tags constructed 
based on different strategies in the analysis of cancer cells, MDA-MB-231 
and SK-BR3 cells were respectively labeled with rcAET and ssAET. The 
original signals obtained by SC-ICP-MS are shown in Fig. S14. Following 
the processing of the original data, the average 153Eu signal intensity 
was calculated, and a frequency distribution histogram of 153Eu content 
across individual cells was generated to assess the heterogeneity of 
HER2 receptor expression within the same cell type. As shown in Fig. 3a, 
the 153Eu signal intensity on SKBR-3 cells was significantly higher than 
that on MDA-MB-231 for both AETs (p < 0.0001), confirming the target 
specificity of each tag. Notably, ssAET produced a 1.8-fold higher signal 
and labeled 1.5 times more SKBR-3 cells compared to rcAET, indicating 
an enhanced labeling efficiency and detection sensitivity. This 
improvement likely stems from the homogeneity and preserved antigen- 
binding functionality of the site-specifically conjugated antibody.

To further explore their ability to reveal expression heterogeneity of 
HER2 receptors, we analyzed the distribution of 153Eu content among 

Fig. 2. Generation of ssAET. (a) General synthetic scheme of ssAET. ssDAb and DNA-MS2 (Eu) hybridize in 25 mM HEPES buffer (pH = 7.2) for 30 min using 
oligonucleotides with complementary sequences at ratios of 0.5:1, 1:1, 1.5:1, 2:1, and 5:1, respectively. (b) SEC analysis of the hybridization situations of ssDAb and 
DNA-MS2(Eu) at different ratios of 0.5:1, 1:1, 1.5:1, 2:1, and 5:1. The retention time of DNA-MS2(Eu) and ssAET were 6.5 min due to the resolution of the chro
matography column, while the retention time of Ab-DNA was 9.1 min. (c) Determination of the ratio of ssDAb to DNA-MS2(Eu) via the peak area of the mixture of 
ssAET and DNA-MS2(Eu) under different reacting ratios. (d) 1 % agarose gel electrophoresis characterization of ssAET using 2 equiv of ssDAb to the DNA-MS2(Eu). 
Lane 1 shows the ssAAb; Lane 2 shows the ssDAb; Lane 3 shows the MS2-SH; Lane 4 shows the DNA-MS2(Eu); Lane 5 shows the ssAET.
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SKBR-3 cells. While rcAET-labeled cells displayed a unimodal Gaussian 
distribution (Fig. 3b), ssAET-labeled cells showed a bimodal pattern 
(Fig. 3c), suggesting that ssAET can resolve subpopulations with distinct 
HER2 expression levels. This observation aligns with the known bio
logical heterogeneity of HER2 expression in breast cancer cells [40,41] 
and highlights the superior resolving power of ssAET for single-cell 
heterogeneity analysis.

To validate the feasibility of specifically differentiating the malig
nant phenotype of HER2 within complex cell populations using 
antibody-elemental tags constructed based on diverse strategies, 
initially, MDA-MB-231 and SKBR-3 in optimal growth states were 
enumerated via cell counting. Subsequently, the two cell types were 
combined at a 1:1 ratio to formulate a cell mixture, with the overall cell 
concentration set at 2 × 106 cells/mL. Fig. S15 presents the original 
signals obtained by SC-ICP-MS, and the corresponding frequency dis
tribution histograms are displayed in Fig. 3d and e. After Gaussian 
fitting, it was observed that when the cell mixture was labeled with 
rcAET and ssAET respectively, in addition to the two Gaussian distri
butions generated by the ssAET-labeled positive cells, two sets of 
Gaussian distributions appeared in the frequency distribution histo
gram. Together, these results demonstrate that ssAET not only provides 
enhanced sensitivity and specificity but also enables detailed profiling of 
cellular heterogeneity and population structure in complex biological 
samples.

4. Conclusions

In conclusion, we have successfully constructed ssAETs by intro
ducing an azide moiety selectively into the Fc domain of antibodies 
through a rapid and traceless binding-induced group transfer reaction. 
Unlike enzymatic or genetic engineering approaches to antibody label
ing, which often require antibody re-design or leave residual linkers/ 
peptides attached, our method is entirely genetic engineering-free and 
traceless–meaning no extra peptide or linker remains on the antibody 
after labeling. This yields a truly native antibody structure with a pre
cisely defined 1:1 labeling stoichiometry, an outcome difficult to ach
ieve with earlier methods. Using SC-ICP-MS, we demonstrated that 
ssAETs exhibit superior uniformity, high specificity, and enhanced 
sensitivity in detecting HER2-positive cells compared with rcAETs. 
Moreover, the constructed ssAET features the ability to reveal the het
erogeneity of HER2 expression within the SK-BR3 cell population, 

confirming its unique advantages in complex cells typing and hetero
geneity analysis. Beyond HER2 detection, this site-specific tagging 
platform offers a versatile and robust approach for single-cell biomarker 
profiling. By employing distinct oligonucleotide sequences with 
lanthanide-loaded MS2 nanocarriers, it enables simultaneous and 
quantitative multiplexed labeling of multiple biomarkers, demon
strating broad compatibility with both CyTOF and fast-scanning quad
rupole ICP-MS platforms for high-throughput, multi-element single-cell 
analysis.
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Fig. 3. (a) Box plot corresponding to the comparison of labeling efficiency of SKBR-3 cells using rcAET and ssAET by quantifying the 153Eu mass per cell (SKBR-3 
cell), in which the percentile line of the box chart was set at the segments of 0 %, 25 %, 50 %, 75 %, and 100 %; + in the center of the boxes represents the mean 
value. P-value was calculated by ANOVA test (n = 7). Frequency distribution histograms of 153Eu per cell for rcAET- (b) and ssAET- (c) labeled SK-BR3 cells, 
demonstrating HER2 receptor heterogeneity on cell surfaces. Processed frequency distribution histograms of rcAET- (d) and ssAET- (e) labeled MDA-MB-231/SK-BR3 
cell mixtures after data analysis.
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