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Abstract

Mass cytometry (or CyTOF) is an atomic mass spectrometry-based single-cell immunoassay 

technology, which has provided an increasingly systematic and sophisticated view in basic 

biological and clinical studies. Using elemental reporters composed of stable heavy metal isotopes, 

more than 50 cellular parameters are measured simultaneously. However, this current multiplexing 

does not meet the theoretical capability of CyTOF instrumentation with 135 detectable channels, 

primarily due to the limitation of available chemistries for conjugating elemental mass tags to 

affinity reagents. To address this issue, we develop herein additional metallic mass tag based on 

bismuth-209 (209 Bi) for efficient conjugation to monoclonal antibody. This enables the use of an 

addtional channel m/z = 209 of CyTOF for single-cell immunoassays. Bismuth has nearly the 

same charge-to-radius ratio as lanthanide elements; thus, bismuth(III) cations (209Bi3+) could 

coordinate with DTPA chelators in the same geometry of O- and N-donor groups as that of 

lanthanide. In this report, the coordination chemistry of 209Bi3+ with DTPA chelators and 

Maxpar® X8 polymers were investigated in details. Accordingly, the protocols of conjugating 

antibody with bismuth mass tag were provided. A method based on UV-Vis absorbance at 280 nm 

of 209Bi3+-labeling DTPA complexes was developed to evaluate the stoichiometric ratio of 209Bi3+ 

cations to the conjugated antibody. Side-by-side single-cell analysis experiments with bismuth-and 

lanthanide-tagged antibodies were carried out to compare the analytical sensitivities. The 

measurement accuracy of bismuth-tagged antibody was validated within in vitro assay using 
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primary human natural killer cells. Furthermore, bismuth-tagged antibodies were successfully 

employed in cell cycle measurements and high-dimensional phenotyping immunoassays.
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elemental mass tags; bismuth; labeling efficiency; antibody conjugation; mass cytometry; NK cell 
phenotyping; cell cycle measurement

Over the past several decades, the investigations of diverse features of individual cells have 

been heavily influenced by the use of fluorescence-based flow cytometry (1,2). During the 

same period, elemental mass spectrometry, especially inductively couple plasma mass 

spectrometry (ICP-MS), has become a well-established technique to determine elemental 

and isotopic compositions with ultrahigh sensitivity and widely dynamic range. ICP-MS has 

been mainly applied in the fields of materials science characterizing, environmental 

contamination monitoring and geological rock dating and so on (3,4). Recently, a hybrid 

instrument that couples flow cytometry with ICP-MS was developed (5,6) with a 

simultaneous multiple ion detector of time-of-fight to measure the single transient event as 

single cells. This new cytometric technology is known as mass cytometry or CyTOF for 

“cytometry by time-of-flight”. This combination of these two technologies combines their 

strengths by offering single-cell assays with measurements of over 50 simultaneously 

detected parameters. This advance significantly improves the analytical capabilities of 

single-cell cytometry and enables the high-dimensional investigation of basic biological and 

clinical research (7–9). Additional benefits in CyTOF technology have resulted in minimal 

spectral overlap between detection channels, absence of auto-fluorescence background and 

of natural contaminants, as well as promisingly enhanced sensitivity (10–15)

The detection reporters for CyTOF are referred as mass tags, which employ elements or 

stable (nonradioactive) isotopes of heavy metals or halogens. These constituents rarely exist 

in biological systems and are thus suitable as uniquely detectable tags. In the past decade, 

the elemental labeling strategies (16–18) have been increasingly developed to conjugate a 

variety of elements or stable isotopes to biological molecules such as proteins, antibodies, 

nucleic acids, and others affinity-based molecules. Generally, the strategies include 

nanoparticle-based and polymer-based approaches. For example, noble-metal particles with 

silver (19), gold (20), platinum (21), or chromium-containing quantum dots (22) have been 

conjugated to the antibodies against cellular surface CD markers or sequence-specific DNA 

oligonucleotide probes. Lanthanide-based biocompatible nanoparticles are also synthesized 

for the potential applications in CyTOF assays (23,24). However, nanoparticle tags have the 

“sticky” effects that result in high background signals caused by non-specific adsorption of 

cells, and the large stereoscopic volumes resulting in inefficient diffusion through cell 

membranes. Consequently, the biocompatible polymers containing chelators of 1,4,7,10-

tetraazacyclododecane-1,4,7,10-tetraacetic acid (DOTA) or pentetic acid (DTPA) are widely 

used to trap heavy metal cations and to conjugate to monoclonal antibody (25,26). To date, 

stable isotopes of indium, yttrium, and lanthanides have been successfully chelated into 

Maxpar® X8 polymers and conjugated to antibodies for single-cell phenotype or function 

assays of CyTOF (27–29). There are also several organometallic and metallic molecules that 
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have been developed to measure specific biological functions of single cells, such as 

iridium- or rhodium-based intercalators for cell identification (30), 5-iodo-2′-deoxyuridine 

(IdU) for cell cycle analysis (31), platinum-based cisplatin for cell viability (32) and 

antibody conjugation (33), organotelluriums for analysis of cell hypoxia (34,35), EDTA-

chelating palladium for cell barcoding (36,37), and osmium and ruthenium tetroxide species 

(38) for cell barcoding and cell size assay (39). Despite these many advances to develop 

various mass tags for CyTOF assays, conjugation of monoclonal antibody with mass tags 

requires significant validation as the presence of these tagged heavy metallic cations can 

possibly alter the capability of antibody to recognize its antigen (40). Because of this, and 

limitations of labeling strategies for heavy metals, less than one-third of the available 

CyTOF channels, across the mass range from 75 to 209 Da, are currently utilized for 

measurement of protein expression in single cells.

Bismuth has been considered the element with the highest atomic mass that is stable on the 

earth. There is only one natural isotope, bismuth-209 (209Bi), with 83 protons and 126 

neutrons. Previous studies showed that trivalent bismuth cations have strong coordinating 

affinity for DTPA and DOTA chelators. The bismuth radioactive isotope 213Bi has been 

investigated in radioimmune assays (41,42). Though Fluidigm has sold a few preconjugated 

antibodies with bismuth metal as commercial reagents of mass cytometry (43), to date, there 

have not been any public investigations and protocol reports for the development of bismuth-

based mass tag of CyTOF. In this report, we developed new elemental labeling approaches 

for chelating stable bismuth isotope 209Bi3+into DTPA-containing polymers and for 

conjugating this mass tag to monoclonal antibody via site-specific coupling reactions 

between cysteine and maleimide-functionalized moieties. This method thus enables a new 

channel of m/z = 209 for CyTOF single-cell immunoassays. The stability factors and 

kinetics of chelating 209Bi3+ cations with DTPA molecules and Maxpar X8 polymers were 

investigated and characterized in details. In quantitative analysis, a BCA assay was 

developed to determine the conjugated antibody and a novel UV–Vis approach was 

established to evaluate bismuth labeling efficiency. Comparison of analytical sensitivity of 

bismuth- and lanthanide-tagged antibodies was performed in singe-cell immunoassays. The 

measurement accuracy of bismuth-tagged antibody was validated within in vitro assay using 

primary human natural killer cells as well.

Materials and Methods

Experimental Overview

The following methods are primarily for: 1) antibody conjugation procedures; 2) SDS-PAGE 

characterization; 3) BCA quantitative assay; 4) evaluation of bismuth labeling efficiency; 5) 

comparison of sensitivity and validation of measurement accuracy; and 6) single-cell 

applications of cell cycle measurement and phenotyping immunoassays.

Reagents

Elemental standard solutions were as follows: natural abundance of rare earth element 

mixture containing Sc, Y, La, Ce, Pr, Nd, Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb, and Lu at 50 

mg/L each in 2% nitric acid (cat. no. 67349-100ML; Sigma-Aldrich, St. Louis, MO); 
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bismuth standard solution, at 1000 mg/L in 5% nitric acid (cat. no. 05719-100ML; Sigma-

Aldrich); bismuth(III) nitrate pentahydrate, 99.999% (cat. no. 254150; Sigma-Aldrich); 

nitric acid, 70%, purified by re-distillation, ≥99.999% free from trace metals basis (cat. no. 

225711; Sigma-Aldrich); pentetic acid, DTPA (cat. no. 1505506-100MG; Sigma-Aldrich); 

tris-(2-carboxyethyl) phosphine, hydrochloride, TCEP (cat. no. 77720; Thermo Fisher 

Scientific, Rockford, IL); Maxpar X8 polymer (cat. no. 201153B; Fluidigm, South San 

Francisco, CA), R-buffer for partially reducing antibody (cat. no. 2591404; Fluidigm), C-

buffer for conjugating antibody (cat. no. 2931412; Fluidigm), and W-buffer for washing 

conjugated antibody (cat. no. 2721401; Fluidigm); and PBS-based antibody stabilizer 

(CAN-DOR Bioscience, Wangen, Germany). The following antibodies against human blood 

cell surface epitopes in low-sodium azide buffer without carrier proteins were obtained from 

BD Biosciences (San Jose, CA): anti-CD3 (UCHT1), anti-CD4 (RPA-T4), anti-CD7 (M-

T701), anti-CD8 (RPA-T8), anti-CD11b (ICRF44), anti-CD19 (H1B19), anti-CD20 (2H7), 

anti-CD45 (HI30), and anti-CD56 (NCAM16.2). 164Dy-Cyclin B1 antibody and 166Er-pRb 

antibody for cell cycle measurement were obtained from Fluidigm. Cellular events were 

identified by iridium DNA intercalator (cat. no. 201192A; Fluidigm) with cell length range 

from 10 to 75 pushes. The viability of cells was measured with cisplatin (cat. no. P4394; 

Sigma-Aldrich). IdU (cat. no. I7125-25G; Sigma-Aldrich) was used to detect newly 

synthesized DNAs. The signal drift of CyTOF was normalized with EQ™ four-element 

calibration beads (cat. no. 201078; Fluidigm).

Conjugation of IgG Antibody with Bismuth Mass Tag

The 209Bi3+ solution was prepared by dissolving approximately 25 mg of bismuth(III) 

nitrate pentahydrate in an appropriate volume of 5% HNO3 to obtain 50 mM 209Bi3+ 

solution. Figure 1 shows the protocol for conjugating bismuth mass tag to antibody in the 

following six main steps: 1) Retrieve one tube 200 µg of Maxpar X8 polymers (for 

conjugating 100 µg of IgG antibody), and re-suspend the polymers in 95 µl of 5% HNO3, 

then add 5 µl of previously prepared 50 mM 209Bi3+ solution; 2) Incubate the mixture at 

37°C for 1 h. Mix the solution approximately every 20 min by pipetting up and down using 

filter tips; 3) Transfer the incubation into a 3-kDa MWCO filter column, and wash away free 
209Bi3+ cations twice by spinning the filter column at 14,000g for 30 min at room 

temperature. Importantly, the first wash is in 300 µl of ddH2O and the second wash is in 400 

µl of C-buffer. Because C-buffer at pH 7.0–7.4 will cause the precipitation of the 

concentrated 209Bi3+ solution, the first wash using water is necessary; 4) Partially reduce 

IgG antibody in a 50-kDa MWCO filter 0.5-ml column using 4 mM TCEP in R-buffer, and 

incubate at 37°C for 30 min. Note, this antibody reduction step should be carried out when 

the second wash of step 3 starts, to ensure that bismuth-chelating polymers and the reduced 

antibody will be ready for the next step of conjugation at the same time; 5) Resuspend 209Bi-

chelating polymers in 200 µl of C-buffer and transfer into the partially reduced antibody, 

incubate the mixture at 37°C for 1 h; and 6) Wash 209Bi-tagged antibody four times in W-

buffer by spinning the filter column at 12,000g for 10 min at room temperature. Finally, 

collect 209Bi-tagged antibody by spinning the inverted filter in 50 µl of W-buffer twice.
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SDS-PAGE Gel Characterization of Bismuth-Tagged Antibody

To characterize the conjugated antibody, SDS-PAGE gel electrophoresis (NuPAGE™ 4–12% 

Bis-Tris gels, cat. no. NP0322BOX; Thermo Fisher Scientific) was carried out under 

denaturing conditions. A 2.5-µl aliquot (about 250 ng) of purified CD56 antibody, 209Bi-

tagged CD56 antibody or 176Yb-tagged CD56 antibody were mixed with 2.5 µl of sample 

buffer, 1.0 µl of reducing agent, and 4.0 µl of deionized water. After incubation at 70°C for 

10 min, samples and protein standards were loaded into gel wells and the gels were run at 

180 V for 30–40 min and stained with Coomassie blue. The stained bands of purified CD56 

antibody showing at ~27 and ~53 kDa were used as the controls for the light and heavy 

chains of IgG antibody. 176Yb-tagged CD56 antibody was analyzed as a comparable 

counterpart to 209Bi-tagged CD56 antibody.

BCA Protein Assay of Bismuth-Tagged Antibody

Bismuth mass tag has the UV–Vis absorbance in the range from 250 to 300 nm, which 

interferes with protein absorption at 280 nm mostly used for the quantification. Therefore, a 

Nanodrop spectrophotometry approach based-on bicinchoninic acid (BCA) assay was 

employed to determine the concentration of 209Bi-tagged antibody. The procedures are as 

following steps. First, to prepare working solution, 1,000 µl of BCA reagent A (cat. no. 

23225; Thermo Fisher Scientific) was combined with 20 µl of BCA reagent B at the ratio of 

50:1 (Reagent A:B), and then mixed well by vortexing. Second, to make IgG antibody 

standards, 1.0 mg of lyophilized IgG control antibody (cat. no. MAB004; R&D Systems, 

Minneapolis, MN) was dissolved in 1.0 ml of PBS to obtain a 1,000 µg/ml IgG antibody 

standard. A series of diluted IgG antibody standards were then prepared at the 

concentrations of 100, 200, 500, and 750 µg/ml. Next, 2.0 µl of each IgG antibody standard 

and 2.0 µl of 209Bi-tagged anti-body were pipetted into pre-labeled PCR tubes and then 30 µl 

of prepared working solution was added into each PCR tube. After mixing by pipetting up 

and down, the samples were incubated at 37°C for 30 min and cooled down to room 

temperature. The absorbance at 562 nm (A562) generated from each IgG antibody standard 

and 209Bi-tagged antibody were measured within 10 min. Then, A562 of each IgG antibody 

standard was plotted vs. its concentration to create a calibration curve for quantitative 

analysis. Finally, the concentration of 209Bi-tagged antibody was determined as described in 

the “Results” section.

Evaluation of Bismuth Labeling Efficiency Using UV–Vis Spectrophotometry

The coordinative complex of Bi3+cation with DTPA molecule (Bi@DTPA) has a unique 

UV–Vis absorption peak in the range from 250 to 300 nm, which is not present in either 

Bi3+ or DTPA. Therefore, UV–Vis absorbance at 280 nm of Bi@DTPA was measured to 

evaluate bismuth labeling efficiency. Standard solutions of Bi@DTPA were prepared by 

dissolving approximately 20 mg of DTPA solid powder in an appropriate volume of PBS to 

obtain a 50.0 mM DTPA solution. Then, an equal volume of 50.0 mM of 209Bi3+ solution 

was added. After mixing by pipetting up and down, the solution was incubated at room 

temperature for 1 h. Then, 1.0 mM Bi@DTPA solution was obtained by dilution in PBS and 

the value of pH was adjusted to between 7.0 and 7.5 with 2.0 M of NaOH solution. Next, a 

series of dilutions of Bi@DTPA were prepared at the concentrations of 0.1, 0.2, 0.5, and 
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0.75 mM in PBS. A280 of each Bi@DTPA standard was plotted vs. its concentration to 

create a calibration curve for quantitative analysis. Finally, the stoichiometric ratio of 
209Bi3+ cations to the conjugated antibody was determined as described in the “Results” 

section.

Preparation of Cell Samples

Human peripheral blood was obtained from the Stanford University Blood Center for 

anonymous healthy human donors. Collection procedure followed a Stanford University 

Institutional Review Board-approved protocol. Peripheral blood mononuclear cells (PBMCs) 

were isolated using Ficoll–Hypaque density gradient centrifugation. The fixation and 

permeabilization conditions are a standard for our laboratory, as previously described (6). 

PBMCs were either used immediately for immunostaining or frozen in fetal bovine serum 

(FBS) with 10% DMSO in liquid nitrogen for long-term storage. Cryopreserved cells were 

thawed and washed in RPMI-1640 supplemented with 10% FBS (Sigma-Aldrich) and 1% 

penicillin–streptavidin (Corning Cellgro, Manassas, VA), and L-glutamine (Corning 

Cellgro). Cell sample preparation was performed using Ba2+-free PBS and cell staining 

media (CSM).

Mass Cytometry Data Acquisition

Mass cytometry measurements were performed on CyTOF version 1, CyTOF version 2, and 

CyTOF Helios instruments (Fluidigm). In order to quantify 209Bi3+ cations of bismuth-

tagged antibody, CyTOF was performed in solution-mode analysis as well, which is using 

the same procedure as the measurement of elemental tuning solutions. In solution-mode 

CyTOF assays, bismuth standards and bismuth-tagged antibody were diluted in 2% HNO3. 

Pulse counts and dual counts of mass signals were acquired for 2–5 min. In single-cell 

assays, cell suspensions were diluted in ddH2O to a density of 0.5–1 × 106 cells/ml and 

passed through a cell strainer cap with 35-µm pores (BD Biosciences) immediately before 

acquisition. The solution-mode data were collected in CSV files and analyzed in Excel. 

Single-cell data were collected in FCS files. Manually cell gating, density plots and 

histograms as well as SPADE illustrations and representations were performed using 

Cytobank (Cytobank, Inc., Mountain View, CA)

Results

The general strategy for conjugating bismuth mass tag to IgG antibody is shown in Figure 1. 

Preparatory analysis for potential use of bismuth is discussed herein first and then 

proceeding to the conjugation chemistries as outlined below. We then include testing and 

comparison of bismuth as mass tag as compared to other isotope mass tags used in CyTOF.

Mass Spectrum Profile and Quantification of the Dynamic Range of Bismuth

To employ bismuth as a mass tag of CyTOF, the bismuth mass spectrum and quantification 

of the dynamic range were investigated with the solution-mode measurements of CyTOF. In 

the mass spectra of bismuth and lanthanide elements at concentrations of 100 ng/l, bismuth 

mass peak showing at m/z of 209 is >32-Da (mass of O2) far away from the mass region of 

the lanthanides, as shown in Figure 2a. It indicates that there are no any oxide polyatomic 
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ions from the lanthanides that could result in mass interference with bismuth ions. In 

CyTOF, the ion transmission efficiency is optimized to obtain the highest sensitivity in the 

central of the mass range of the lanthanides within an asymmetric bell curve (28,44). 

Additionally, due to the space-charge effects of ICP-MS, heavier bismuth ions are 

preferentially transmitted over lighter lanthanide ions. As the above two factors, as shown in 

Figure 2a, the sensitivity of bismuth is lower than those of 159Tb (100%) and 165Ho (100%) 

but higher than those of 139La (99.9%) and 175Lu (97.4%). Within the dynamic range of 

quantitative measurement of bismuth, there is a four-magnitude linear regression between 

CyTOF signal intensities and bismuth concentrations ranging from 1 to 10,000 ng/l, as 

shown in Figure 2b.

Coordination Chemistry of Bismuth(III) Cations with DTPA-Chelators and -Polymers

The eight-coordination Shannon ionic radius of Bi3+ is 1.17 Å, and that of La3+ is 

comparably 1.16 Å. Thus, these two trivalent cations have very close charge-to-radius ratios 

(2.564 and 2.586) (45). Consequently, Bi3+ cations are able to coordinate with DTPA 

chelators in the same geometry with O- and N-donor groups as that of lanthanum, as shown 

in the top of Figure 3a. However, Bi3+ cations can only be stable in strongly acidic solutions, 

otherwise Bi3+ cations are susceptible to hydrolysis in the formation of basic salts even at 

pH values of 1–2. In our experiments, Bi3+ cations have been investigated to be stable in 2–

5% nitric acid at concentrations ranging from 1 ng/l to 10,000 mg/l for at least 2 years. 

Noticeably, after the complexation with DTPA, Bi@DTPA can be stable in neutral solutions 

or slightly basic mediums for a long term. As shown in the bottom of Figure 3a, 1.0 mM of 

Bi3+ cations precipitated in 100 mM pH 7.2 PBS, and in contrast, the precipitation was not 

observed within 1.0 mM of Bi@DTPA in the same buffer.

Furthermore, to study reaction kinetics of chelating Bi3+ with DTPA, UV–Vis absorbance of 

reaction precursors of 1.0 mM of Bi3+ and DTPA and the product of Bi@DTPA were 

measured in a time course experiment. As shown in Figure 3b, the absorption of DTPA 

molecules is mainly from 190 to 250 nm and that of Bi3+cations from 220 to 250 nm. After 

their complexation, a new absorption peak of Bi@DTPA ranging from 250 to 300 nm was 

distinguishably observed. The intensities of absorbance at 280 nm (A280) of Bi@DTPA were 

measured at three time points of 1, 10, and 60 min. Their values were 0.79, 0.80, and 0.80, 

respectively. This indicate the coordinative complexation of Bi@DTPA has achieved kinetic 

stability in <10 min at room temperature. In Figure 3c, the spectra of Bi@DTPA at 

concentrations of 0.1, 0.2, 0.5, 0.75, and 1.0 mM were profiled with the increase of 

absorbance at 280 nm. Furthermore, there is a quantitatively linear regression between the 

concentrations of Bi@DTPA and their A280 in Figure 3d. The calibration curve is presented 

in the following equation:

(1)

where A280 (Bi@DTPA) is absorbance at 280 nm of the complex of Bi@DTPA; 

[Bi@DTPA] is the concentration of Bi@DTPA (mM); 0.9049 mM−1 is the slope of the 
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equation; 0.0042 is the absorbance of the blank. The coefficients of the equation are 

dependent on the individual spectrophotometer and measurement parameters.

Additionally, the coordinative complexation of Bi3+ cations with Maxpar X8 polymers 

containing multiple DTPA molecules was investigated. In Figure 3e, it shows the UV–Vis 

spectrum of Maxpar X8 polymers before complexing with Bi3+ cations, in which 200 µg of 

Maxpar X8 polymers were directly dissolved in 200 µl of 100 mM pH 7.2 PBS. On the other 

side, Figure 3f shows the UV–Vis spectrum of Maxpar X8 polymer after complexing with 

Bi3+ cations (Bi@Maxpar X8). To prepare the complex of Bi@Maxpar X8, 200 µg polymers 

were dissolved in 195 µl of 5% HNO3 and 5 µl of 50 mM Bi3+ solution were added. The 

mixture was incubated for 1 h, washed twice in deionized water, and resuspended in 200 µl 

of 100 mM pH 7.2 PBS. Comparing the difference of UV–Vis absorbance between Maxpar 

X8 and Bi@Maxpar® X8, obviously a new absorption peak ranging from 250 to 300 nm was 

observed because of the existence of Bi3+ cations. The property of this new absorption 

spectrum of Bi@Maxpar X8 is consistent with that of Bi@DTPA.

Characterization of Bismuth-Tagged Antibody by UV–Vis Spectrum and SDS-PAGE

CD56 antibody was conjugated to bismuth mass tag as the procedures illustrated in Figure 1. 

Then, 209Bi-tagged CD56 antibody (209Bi-CD56) was characterized by UV-Vis 

spectrophotometry and SDS-PAGE. As shown in lane 2 of Figure 4a, unconjugated anti-

CD56 migrated as two bands: the band at ~27 kDa corresponds to light chains, and the other 

band at ~53 kDa to heavy chains. Comparably, in lane 4 of 209 Bi-CD56, the band 

corresponding to the light chains was present as well, but differently the heavy chains ran as 

a smear ranging from 60 kDa to over 260 kDa. According to the fact that inter-chain 

disulfide bonds located in the hinge region between two heavy chains are readily exposed to 

the reducing solvent, these disulfide bonds tend to be reduced under mild conditions (46). 

The SDS-PAGE result indicates the successful conjugation of bismuth mass tag to CD56 

antibody, because maleimide-functionalized Bi@Maxpar X8 polymers were covalently 

coupled to the reduced cysteine sulfhydryl groups of the fragment crystallizable (Fc) region 

in heavy chains of CD56 antibody. Due to the distribution of molecular weight of 

heterogeneous polymers, bismuth labeling efficiency, and the ratio of conjugated polymers 

to antibody, the band of Bi-tagged heavy chains appeared as a distribution of molecular 

weights. In lane 3, the comparable pattern of bands of 176Yb-CD56 was observed with that 

of 209Bi-CD56. The polymer attachment to antibody was dependent on Michael Addition of 

thiol and maleimide groups, therefore the processes of antibody coupling with Bi@Maxpar 

X8 and Ln@Maxpar®X8 were identical as expected. To demonstrate the consistent 

electrophoretic separations of other lanthanide-tagged antibodies and bismuth-tagged 

antibodies, additional SDS-PAGE results are shown in Supporting Information Figure S1.

UV–Vis spectra of CD56, 176Yb-CD56, and 209Bi-CD56 at the same concentration of 0.40 

mg/ml were compared. As shown in Figure 4b, CD56 and 176Yb-CD56 had the identical 

absorbance of A280 within experimental error. However, A280 of 209Bi-CD56 was 

considerably higher than them. This phenomenon results from the UV–Vis absorption 

property of Bi@Maxpar X8, as explained in Figure 3f. In the quantitative illustration, the 

total absorbance A280 of 209 Bi-CD56, denoted as α, was 0.362; the partial contribution of 
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A280 resulting from unconjugated anti-CD56, denoted as γ, was 0.051. The difference of α 
and γ, denoted as β, was 0.311, which is the partial contribution of A280 resulting from 

Bi@Maxpar X8. Combining the value of β and Equation (1), the concentration of tagged 

bismuth cations could be quantitatively estimated.

Quantification of Conjugated Antibody and Evaluation of Bismuth Labeling Efficiency

The conventional approach of protein quantification using A280 cannot be used to determine 

the concentration of 209Bi-tagged antibody, because of the interference caused by the UV–

Vis absorbance of Bi@Maxpar X8 in the range from 250 to 300 nm. To address this issue, a 

method based on BCA assay using a Nanodrop spectrophotometer was developed to 

measure 209 Bi-tagged antibody. The quantification is based on UV–Vis absorbance at 562 

nm (A562) of 209 Bi-tagged anti-body stained with BCA colorimetric dyes. IgG antibody 

standards and duplicated samples of 209Bi-CD56 were stained with BCA dyes as the 

procedures described in the “Materials and Methods” section. As shown in the colorimetric 

images of Figure 4d, with gradually increasing the concentrations of IgG antibody standards, 

the violet color resulting from the absorption of was enhanced. A calibration curve was 

generated by plotting A562 vs. the concentration of antibody in Figure 4c. There is a linear 

regression for the quantification of 209Bi-tagged antibody, as shown in the following 

equation:

(2)

where A562 (Bi-Ab) is the absorbance at 562 nm of 209 Bi-tagged antibody; [Bi-Ab] is the 

concentration of 209Bi-tagged antibody (mg/ml); 0.1727 ml/mg is the slope of the equation; 

and −0.0113 is the absorbance of the blank. The coefficients of the equation are dependent 

on the individual spectrophotometer and measurement parameters.

To determine the partial contribution A280 of IgG anti-body, there is a calibration curve 

generated by plotting A280 vs. the concentration of IgG antibody standard, as shown in the 

following equation:

(3)

where A280 (Ab) is the absorbance at 280 nm of IgG antibody; [Ab] is the concentration of 

IgG antibody, mg/ml; 0.1345 ml/mg is the slope of the equation; and −0.0039 is the 

absorbance of the blank. The coefficients of the equation are dependent on the individual 

spectrophotometer and measurement parameters.

In the determination of an unknown sample of 209Bi-CD56, as shown in Figure 4c, the 

measurement of A562 (Bi-CD56) was 0.055 ± 0.002. Using Equations (2) and (3), the 

concentration of 209Bi-CD56 was determined as 0.384 ± 0.012 mg/ml and the partial A280 

resulting from CD56 anti-body was 0.048 ± 0.002. The measurement of A280 (Bi-CD56) 

was 0.348 ± 0.003; thus, the partial A280 resulting from Bi@Maxpar X8 was 0.300 ± 0.003. 

Using Equation (1), the concentration of Bi3+ cations was determined as 0.327 ± 0.018 mM. 
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Finally, the stoichiometric ratio of Bi3+ cations to 209Bi-CD56 was 128 ± 10. The results 

were consistent with the measurements of solution-mode CyTOF analysis within 

experimental error, as shown in Supporting Information Figure S2. Additionally, to evaluate 

the quantification accuracy of BCA assay of mass-tagged antibodies, 176Yb-tagged CD56 

antibody was quantified by using both BCA assay and conventional protein assay of A280, 

and these results were in agreement within experimental error, as shown in Supporting 

Information Figure S3. In conclusion, taking the advantages of BCA assay and the 

absorbance of A280 of bismuth mass tag, the concentration of 209Bi-tagged antibody and 

bismuth labeling efficiency can be determined.

Comparison of Analytical Sensitivity of Bismuth and Lanthanide Mass Tags

The analytical sensitivity of bismuth mass tag in single-cell CyTOF assays was compared 

with conventional lanthanide mass tags. CD3 antibody was therefore conjugated with the 

mass tags consisting of 209Bi, 150Sm, 160Gd, or 170Er. The anti-body titration experiments 

were performed with human PBMCs, which were stained with 89Y-CD45, 145Nd-CD4, 
146Nd-CD8, 142Nd-CD19, and 147Sm-CD20 antibodies as well as each mass-tagged CD3 

antibody above. The gating hierarchy was manually clustered to identify CD4+ T cell 

subsets and CD19+ CD20+ B-cell subsets, which are used as positive and negative controls 

of the expression of CD3 proteins. Bismuth- and lanthanide-tagged CD3 antibodies were 

titrated at the concentrations of 0.5, 1.0, 2.0, and 4.0 µg/ml, as shown in Figure 5a. At the 

optimal concentration of 1.0 µg/ml, the mean intensity value of each conjugated CD3 

antibody within CD4+ T cells were 376, 790, 469, and 468, indicating the sensitivity order 

of 160Gd > 170Er ≈ 209Bi > 150Sm, as shown in Figure 5b. Therefore, 209Bi mass tag has 

relatively high analytical sensitivity in CyTOF assays, which is comparable with 170Er 

lanthanide counterpart. In the biaxial scatter plots of Figure 5c, 209Bi-tagged CD3 antibody 

indicated the obvious distinction between CD3-positive and -negative cell subsets within 

human PBMCs.

Validation of Measurement Accuracy of Bismuth Mass Tag

Human natural killer (NK) cells can be subdivided into several different cell populations 

based on the relative expression of surface proteins of CD16 and CD56. To evaluate the 

measurement accuracy of bismuth-tagged antibody in immunophenotyping assays, the 

percentages of NK cell subsets within human PBMCs from three healthy donors were 

determined using either 209 Bi- or 176Yb-tagged CD56 antibody. NK cells were gated based 

on CD3− CD20− CD7+ HLADR− from PBMCs, as shown in Supporting Information Figure 

S4. Three NK-cell subsets are defined on the basis of the relative expression of the marker 

CD56 and CD16: 1) CD56brightCD16−, 2) CD56dimCD16±, and 3) CD56−CD16+, as shown 

in Figure 6a. Highly comparable percentage of each NK cell subset was achieved by using 

either 209Bi- or 176Yb-tagged CD56 antibody for each human PBMCs donor as illustrated 

by biaxial scatter plots in Figures 6b–d. As a result, a linear regression of these two sets of 

data was obtained with Pearson correlation, r = 0.999; P < 0.00001, two-tailed t test, in 

Supporting Information Figure S5. Therefore, it indicates bismuth-tagged antibody provides 

the accurate quantification for single-cell immunophenotyping measurements. That proves 

there is not any cross-talking issue, when bismuth- and lanthanide-tagged antibodies are 

mixed and simultaneously employed in the CyTOF processing procedures.
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Single-Cell Biological Applications with Bismuth-Tagged Antibody

Using the presented conjugation methods, bismuth mass tag was conjugated to the antibody 

against intracellular marker of phosphorylated histone H3 (S28) as well. Then, the 

measurement of cell cycle phases of G0, G1, S, G2, and M was carried out using 209Bi-

tagged histone H3, and lanthanide conjugated antibodies against cyclin B1, cyclin A, and 

phosphorylated retinoblastoma (p-Rb) protein (Ser 807/811), as well as IdU. Mesodermal 

progenitors derived from human embryonic stem cells were stained and analyzed as the 

procedures described in our previous studies (31). As shown in Figure 7a, the IdUlowp-Rblow 

population was defined as G0 phase cells, and the IdUhighp-Rbhigh as S phase cells. The 

IdUlowp-Rbhigh population contained G1, G2, and M phase cells. As shown in Figure 7b, the 

population with high expression of p-Histone H3 (pHH3) measured by bismuth-tagged 

antibody was the cells in all stages of M phase. The p-HH3low cycline-B1low population was 

identified as G1 phase cells and the p-HH3lowcyclineB1high as G2 phase cells. Figure 7c 

illustrates the summary of gating strategy for the cell phases. Consequentially, the analytical 

results of the percentage of each phase of the cell cycle using 209Bi-tagged pHH3 was 

demonstrated in Figure 7d, which were comparable with the measurements using the 

lanthanide counterpart of 176Yb-tagged pHH3 (Supporting Information Figure S6). 

Furthermore, in order to demonstrate the applicability of bismuth-tagged antibody for 

comprehensive high-dimensional immunoassays of CyTOF, Figure 8 depicts the SPADE 

analysis of 209Bi-tagged CD3 antibody on the immunophenotypic assays of human PBMCs 

and dissociated cells from human skin and kidney tissues. The panel of antibodies used for 

staining cell samples is listed in Supporting Information Table S1. Live single cells were 

manually gated using biaxial scatter plots as shown in Supporting Information Figure S7. 

Then, SPADE clustering was performed on the following markers: HLA-DR, CD4, CD8, 

CD206, CD66b, CD11c, CD33, CD19, CD16, CD163, CD14, CD3, and CD56, with the 

default configuration settings of 10% of down-sampling and 200 target nodes.

Discussion

Mass cytometry has enabled deeply high-dimensional and systematic single cell analysis 

beyond the capabilities of conventional fluorescence-based flow cytometry. The advances of 

elemental labeling reagents including metal-chelating polymers (25,26), metal-embedding 

normalization beads (47), and cell identification mass tags (30) have facilitated the analysis 

of heterogeneous immune cells in the ways that were previously not possible. In order to 

extend parameterization capabilities of mass cytometry technology, we employed the 

posttransition metal of bismuth as a mass tag for CyTOF immunoassays. The protocols for 

conjugation of bismuth mass tag to antibody, and characterization and quantification of 

antibody conjugates were optimized as detailed above. This work enabled an additional 

channel m/z = 209 of CyTOF to measure phenotypic and functional protein expressions in 

single cells from normal and diseased states. Using the presented protocols, bismuth mass 

tag was also conjugated to mouse MHC class II antibody, which was employed in the 

systemic immune assays for effective cancer immunotherapy (48).

Bismuth has nearly the same charge-to-radius ratio as that of lanthanide element and is 

therefore capable of complexing with DTPA chelator. However, the coordinative conditions 
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of Bi3+ cations required for ligands are significantly different from those of Ln3+ cations. As 

a result, Ln3+ solutions are able to be stable in ammonium acetate buffer pH 5.5–6.0; 

however, Bi3+ solutions will precipitate in the same butter. The optimal acidic buffer for Bi3+ 

cations is 2.0–5.0% nitric acid. Notably, after complexation with DTPA chelators, both 

lanthanide and bismuth complexes (Ln@DTPA and Bi@DTPA) are stable in neutral 

solutions or a slightly basic buffer such as PBS pH 7.4, which is a good media for the 

coupling reactions of maleimide and thiol groups.

Another distinct feature of bismuth mass tag is the unique UV–Vis absorption spectrum in 

the range from 250 to 300 nm, which is resulting from molecular electronic transitions of 

Bi@DTPA complex from the ground to the excited energy states. The effluence of this 

property of bismuth mass tag is that the conventional approach for antibody quantification 

using A280 is not suitable to bismuth-tagged antibody due to the overlap absorption spectra. 

To address this issue, a modified BCA protein assay based on the measurement of UV–Vis 

absorbance at A562 was developed as a new quantification method. Furthermore, by taking 

the advantage of the unique UV–Vis absorbance of Bi@DTPA, a novel and convenient 

approach was developed to calculate the concentration of labeled Bi3+ cations and further to 

evaluate bismuth labeling efficiency without requiring the conventional method based on 

ICP-MS.

While bismuth element has different ion transition efficiency and ionization potential than 

lanthanide elements, the CyTOF sensitivity of bismuth is at the relatively high level 

compared to that of the series of lanthanide elements from 139La to 176Yb, which is 

comparable to the sensitivity of 170Er. Bismuth-tagged antibody provides the accuracy 

measurements of cell surface and intracellular markers, which give the evidence that there is 

not cross-talking between bismuth- and lanthanide-chelating Maxpar X8 polymers in the 

processes of simultaneously cell staining and CyTOF analysis. Additionally, bismuth has a 

single 100%-abundance isotope, which is easily accessible, and does not have polyatomic 

ion mass interference to lanthanides. Therefore, bismuth element is an excellent mas tag to 

increase the capacity of multiplexing of immunoassays in mass cytometry.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Strategy for conjugating bismuth mass tag to IgG antibody. (a) 209Bi3+ solution is mixed 

with Maxpar® X8 polymers in 5% HNO3 acid buffer. (b) The mixture is incubated at 37°C 

for 1 h. (c) The solution is transferred into a 3-kDa MWCO filter column, and free 209Bi3+ 

cations are washed away. (d) The disulfide bonds within the Fc region of antibody are 

partially reduced using 4 mM TCEP. (e) The 209Bi-chelating polymers are conjugated to the 

reduced antibody. (f) A 50-kDa MWCO filter column is used to wash away unconjugated 

polymers, and 209Bi-tagged antibody is collected.
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Figure 2. 
Mass spectrum and quantitatively dynamic range of bismuth via CyTOF. (a) CyTOF mass 

spectra of 13 natural abundance lanthanide elements and 100% abundance bismuth at 

concentrations of 100 ng/l in 2% HNO3. (b) The CyTOF signal intensities are plotted vs. 

concentrations of bismuth standards. The dynamic range of quantification of bismuth is 

linear over four orders of magnitude ranging from 1 to 10,000 ng/l. All measurements were 

carried out in solution-mode CyTOF analysis
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Figure 3. 
Coordinative chemistry of bismuth(III) cations with DTPA-chelators and -polymers. (a) Top, 

eight-coordination structural presentation of Bi3+ cations chelating with DTPA molecules 

(Bi@DTPA). Bottom, comparison of stability of Bi3+ cations and Bi@DTPA in 100 mM, 

pH 7.4, PBS. (b) UV–Vis spectra of 1.0 mM of DTPA, Bi3+, and Bi@DTPA chelating for 1, 

10, and 60 min. (c) UV–Vis spectra of Bi@DTPA at concentrations from 0.10 to 1.00 mM, 

with the increasing absorbance at 280 nm. (d) Plots of A280 vs. the concentrations of 

Bi@DTPA, and a quantitatively linear regression. (e) UV–Vis spectrum of Maxpar® X8 
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polymer before the complexation of Bi3+ cations. (f) UV–Vis Spectrum of Maxpar X8 

polymer after the complexation of Bi3+ cations.
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Figure 4. 
Characterization and quantification of bismuth-tagged antibody. (a) SDS-PAGE image of 

conjugated and unconjugated CD56 antibodies. Lane 1: protein markers; Lane 2: 

unconjugated CD56 antibody (CD56); Lane 3: 176Yb-tagged CD56 antibody (176Yb-CD56); 

Lane 4: 209Bi-tagged CD56 antibody (209Bi-CD56). (b) Comparison of UV–Vis spectra of 

CD56, 176Yb-CD56, and 209Bi-CD56 at 0.40 mg/ml. Their A280 were 0.051 ± 0.01, 0.051 

± 0.02, and 0.362 ± 0.02, respectively. (c) Calibration curves for BCA assay and A280 

protein quantification: blue line obtained by plotting A562 vs. IgG standard concentration, 

and red line by A280 vs. IgG standard concentration. (d) BCA colorimetric images of a 

series of IgG antibody standards and duplicate samples of 209Bi-CD56.
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Figure 5. 
Comparison of analytical sensitivity of bismuth- and lanthanide-tagged CD3 antibodies. (a) 

CyTOF titration histograms of 209Bi-, 150Sm-, 160Gd-, or 170Er-tagged CD3 antibody. The 

stained cells are human PBMCs, with positive control of CD4+ T cells and negative control 

of CD19+ CD20+ B cells. The concentrations of conjugated CD3 antibodies were 0.5, 1.0, 

2.0, and 4.0 µg/ml. (b) Bar graphs of mean intensity of each conjugated CD3 antibody at the 

concentration of 1.0 µg/ml in the subset of CD4+ T cells. (c) Biaxial scatter plots of 209Bi-

tagged CD3 antibody vs. 145Nd-tagged CD4 antibody within human PBMCs at the optimal 

concentration of 1.0 µg/ml.
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Figure 6. 
NK cell subsets quantified using either bismuth- or lanthanide-tagged CD56 antibodies. (a) 

Comparable frequencies of NK-cell subsets determined using either 209Bi- or 176Yb-tagged 

CD56 antibodies in human PBMCs from three healthy donors. NK cells are gated as 

Supporting Information S4, and three NK-cell subsets are gated as CD56brightCD16−, 

CD56dimCD16+/−, and CD56−CD16+. (b–d) Comparable frequencies of NK-cell subsets in 

each donor, depicted with biaxial scatter plots. (Pearson correlation, r = 0.999, P < 0.00001; 

Supporting Information Figure S5).
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Figure 7. 
Cell cycle measurements using 209Bi-tagged p-HH3 antibody. The analysis of mesodermal 

progenitors derived from human embryonic stem cells on day 6 of differentiation. (a) G0 

and S phase populations are identified by biaxial scatter plots of IdU vs. p-Rb(Ser807/811). 

(b) G1, G2, and M phase populations are defined by the expression of phospho-histone 

H3(Ser28) and cyclin B1 among non-G0/S phase populations. (c) Gating strategy for each 

phase of the cell cycle. (d) Comparable percentages of cell phases determined using either 
209Bi- or 176Yb-tagged phospho-histone H3 antibody.
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Figure 8. 
SPADE plots of analysis of cell samples using 209Bi-tagged CD3 antibody. The minimum 

spanning tree was constructed using SPADE analysis based on 13 cell surface markers. Each 

node of the SPADE tree is colored for the median value of CD3 expression from low (blue) 

to high (red). Three SPADE analyses were performed within the cell samples of (a) human 

PBMCs, (b) human skin tissue, and (c) human kidney tissue.
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