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ABSTRACT: Mass cytometry (MC), considered the next generation of
flow cytometry (FC), uses antibodies tagged with metal isotopes instead
of fluorescent molecules for higher-dimensional single cell biomarker
assays and can measure more than 50 parameters simultaneously on
individual cells. Despite its powerful analytical performance, MC also
has limitations in sensitivity and isotope channels using current mass
tags. Herein, a new metal tagging strategy was developed to prepare MC
mass tags based on apoferritin nanoparticles (AFNPs). For the
preparation of AFNPs, rare-earth metals and phosphate ions were
sequentially introduced into the cavity of apoferritin by a passive
diffusion method to form a metal-phosphate core inside the apoferritin
nanocages. The N-hydroxysuccinimide polyethylene glycol (MW =
1000, n = 22) maleimide (NHS-PEG22-MAL) linker was used to link
the AFNPs and antibodies to prepare Ab-NP conjugates. The AFNPs have low nonspecific binding to cells, thus resulting in a low
background signal for the MC assay. Under optimized conditions, each apoferritin can load an average of 300−800 rare-earth metal
atoms, and AFNP tags have more than twice the sensitivity compared with metal-chelating polymer (MCP) tags. Multiparameter
assays for the cellular subset analysis of human peripheral blood mononuclear cells (PBMCs) showed good agreement between FC
and MC assays by using our AFNP tags. The study presents a new strategy for preparing MC mass tags that are chelator-
independent and have multiple staining capabilities, low nonspecific binding, and high sensitivity. The developed AFNP tags are
expected to promote the development of MC technology.

■ INTRODUCTION
Mass cytometry (MC) is considered the next generation of
flow cytometry (FC) technology. It uses metal stable isotope-
labeled antibodies instead of traditional fluorescent antibodies
for high-dimensional single cell assays, completely avoiding the
problems of spectral overlap and autofluorescence in FC.1−5

MC can simultaneously detect over 50 biomarkers on millions
of individual cells,3 opening a new door for clinical medical
research, and has wide applications in immunology and cancer
research.6−9 While there are 135 theoretical channels for MC,
only ∼50 channels are actually used.10 Currently, metal-
chelating polymer (MCP) tags, developed by Winnik’s group,
are the most widely used for MC analysis,11,12 and about 46
parameters can be detected simultaneously using the
commercial MCP reagents.13 The MCP tags bind 20−50
metal ions per polymer, and one antibody can be typically
tagged with 2−5 polymers, thus carrying 40−250 metal ions
per antibody.11,12,14 For MC instruments, only ∼1 out of 104
ions generated in the inductively coupled plasma (ICP) can be
detected,10 so hundreds of antigens per cell are required to
bind to metal-tagged antibodies to distinguish them from the
background signal. In fact, using current MCP tags, MC is

more suitable for detecting biomarkers with abundance >104
per cell.10,14 It is a challenge for MC to detect low-abundance
biomarkers in single cells. However, current FC instruments
can even detect less than 50 molecules of equivalent soluble
fluorochrome (MESF) from the parameters provided by FC
manufacturers, which is much better than the detection limit of
MC. In addition, the preparation procedures of current mass
tags are usually complex. Therefore, it is necessary to develop
new MC mass tags.
Nanoparticles (NPs) can carry thousands of metal atoms

(e.g., 10 nm gold NPs contain about 30 000 gold atoms),
making them very promising MC mass tags. At present, some
NPs have been tentatively used as MC mass tags, such as gold
NPs,15 silver NPs,16 quantum dots,17 polymer dots,18

lanthanide NPs,19,20 tantalum oxide NPs,13 metal−organic
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frameworks (MOFs),21,22 polystyrene NPs,23 mesoporous
silica NPs,24 Lego Brick NPs,25 etc. However, despite
numerous attempts, NP tags have not been widely used in
MC assays. The main challenge is the nonspecific binding of
NPs on cells, which increases the background signal.10,19,20,26

Another challenge is the synthesis of NPs. Each type of NP has
its own unique synthesis method, and the uniformity of NPs is
also difficult to maintain, which makes it difficult to unify and
standardize NP tags. In addition, the purification of NP tags is
also a challenge, as it is difficult to separate NP-Ab conjugates
from mixtures of NP-Ab conjugates, NPs, and antibodies. All
of these challenges limit the use of current NPs as MC mass
tags, and new NP tags need to be developed.
Apoferritin, deriving from organisms, is composed of 24

protein subunits. These 24 protein subunits first form dimers,
and then the dimers self-assemble into a dodecamer nanocage
with an external diameter of ∼12 nm and an internal cavity of
∼8 nm.27−29 Due to its unique cage-like cavity structure,
apoferritin can be used as a natural nanocontainer to load
various materials at the nanoscale, such as inorganic metal
oxides and salts, quantum dots, small molecule drugs,
platinum-based anticancer drugs, luminescent materials, etc.30

Apoferritin-based nanomaterials have been widely used in drug
delivery, sensing, molecular imaging, tumor therapy, etc.31,32

Apoferritin-based metal NPs are easily synthesized and
chelator-independent, and they have been successfully used
to detect biomarkers by electrochemical immunoassay and
mass spectrometry immunoassay.33−35 Apoferritin-based metal
NPs have the advantages of good biocompatibility, uniformity,
dispersion, stability, and water-solubility.30,31 Based on the
above characteristics, we believe that apoferritin-based metal
NPs are potential mass tags for MC.
In this work, we develop a new metal isotope tagging

strategy where apoferritin NPs (AFNPs) are used as MC mass
tags for sensitive and multiparameter single cell biomarker
assays. The preparation process of AFNP and antibody
(AFNP-Ab) conjugates is shown in Scheme 1. The passive
diffusion method was used to introduce rare-earth metal and
phosphate ions into the cavity of the apoferritin nanocages in
order to form a metal-phosphate core inside the apoferritin

nanocages. N-hydroxysuccinimide polyethylene glycol (MW =
1000, n = 22) maleimide (NHS-PEG22-MAL) was used as a
linker to react the amino groups inherent in AFNPs with N-
hydroxysuccinimide groups to obtain maleimide-functionalized
AFNPs (AFNP-PEG22-MAL). AFNP-Ab conjugates were
prepared by reacting the thiol groups of antibodies treated
with tris(2-carboxyethyl)phosphine (TCEP) and the malei-
mide groups of AFNP-PEG22-MAL. The CD45 biomarker on
Jurkat T and MCF-7 cells was used to evaluate the nonspecific
binding and sensitivity of the AFNP tags. The assays for
biomarkers of CD3, CD4, CD8, CD14, CD19, and CD45 in
human peripheral blood mononuclear cells (PBMCs) were
used to evaluate the multiple staining capability and reliability
of the AFNP tags.

■ EXPERIMENTAL SECTION
Materials and Reagents. Detailed information on

apoferritin, antibodies, NHS-PEG22-MAL linker, and the
other materials and reagents used in this work is shown in
the Supporting Information.
Synthesis of AFNPs. AFNPs were synthesized by the

passive diffusion method according to previous reports with
some modifications.33−36 The details are shown in the
Supporting Information.
Preparation of Maleimide-Functionalized AFNPs.

First, 10 μL of NHS-PEG22-MAL solution with a concen-
tration of 50 mM was added to 100 μL of the above AFNPs
solution. The reaction was kept for 2 h at 37 °C, and the excess
NHS-PEG22-MAL was removed by ultrafiltration centrifuga-
tion (12 000 rpm, MWCO = 100 kDa) using PBS to prepare
maleimide-functionalized AFNPs. The maleimide-function-
alized AFNPs were reconstituted into 200 μL of PBS for the
next experiment.
Preparation of AFNP-Ab Conjugates. The commercial

antibodies (anti-CD3, anti-CD4, anti-CD8, anti-CD14, anti-
CD19, and anti-CD45) were first washed 2 times using PBS
with ultrafiltration centrifugation (12 000 rpm, MWCO = 30
kDa). Subsequently, 100 μL of TCEP solution (5 mM) was
added to each 100 μL antibody solution (about 100 μg of
antibody) to activate the thiol functional groups of the
antibodies. The reaction was kept for 30 min at 37 °C, and the
excess TCEP was then removed with ultrafiltration centrifu-
gation (12 000 rpm, MWCO = 30 kDa). Then, 50 μL of
maleimide-functionalized AFNPs (0.25 mg/mL) and different
volumes of thiol-activated antibody (1 mg/mL) were mixed to
prepare AFNP-Ab conjugates; the reaction was kept for 2 h at
37 °C. Finally, PBS and bovine serum albumin (BSA) were
added to the AFNP-Ab conjugate solution to form a final
volume of 300 μL with 1% BSA (w/v).
Cell Culture and Stain. Jurkat T cells, MCF-7 cells, and

PBMCs were used in this work. The details are shown in the
Supporting Information.
MC Measurements. An MC instrument (MSFLO,

Hangzhou POWCLIN Medical Technology Co., Ltd.,
China) was used in this work. The details are shown in the
Supporting Information.

■ RESULTS AND DISCUSSION
Synthesis and Characterization of AFNPs. AFNPs were

synthesized by the passive diffusion method,33−36 as shown in
Scheme 1A. Rare-earth metal ions were first introduced into
the cavity of apoferritin, and phosphate ions were subsequently

Scheme 1. Preparation Process of AFNP-Ab Conjugates
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introduced to form a rare-earth metal-phosphate core in the
cavity of apoferritin. Lanthanide phosphates have shown their
stability in microgels.37 In order to achieve an optimal loading
capacity for rare-earth metals in the apoferritin cavity, we
referred to the method of Lin et al.36 Different concentrations
(1, 3, 5, 10, 15, and 20 mM) of Eu nitrate were used for the
synthesis of AFNPs (Eu core) in the initial steps. The number
of rare-earth metals loaded inside apoferritin was calculated by
measuring the concentrations of apoferritin and rare-earth
metals of the apoferritin solutions.
An ultratrace nucleic acid and protein spectrophotometer

was used for the measurement of the apoferritin protein
concentration. Figure S1A shows the UV spectra of apoferritin
(black) and AFNPs (red) with a concentration of about 0.3
mg/mL, as measured by an ultratrace nucleic acid and protein
spectrophotometer at wavelengths ranging from 220 to 350
nm. The results showed that the UV spectra of apoferritin and
AFNPs are nearly identical, and they both exhibited a
maximum UV absorption peak at 280 nm. Figure S1B shows
the calibration curve of apoferritin solution at concentrations
of 0, 0.1, 0.2, 0.5, 1.0, and 2.0 μg/mL, which shows good
linearity (R2 > 0.999). MC quantitative analysis mode was used
for the measurement of the rare-earth metal content of the
AFNP solutions. The average number of rare-earth metal
atoms contained in AFNPs can be calculated by dividing the
number of metal atoms by the number of ferritin nanoparticles
in the AFNP solution. Figure 1A shows the histogram of the
number of Eu loaded in apoferritin when different Eu
concentrations were used to synthesize Eu core AFNPs (n =

3). We found that the Eu atoms loaded in apoferritin increased
with higher concentrations of Eu ions used in the synthesis.
However, high metal concentrations can cause the aggregation
of apoferritin, resulting in the loss of apoferritin.36 Figure 1B
shows the recovery of apoferritin when different Eu
concentrations were used to synthesize Eu core AFNPs (n =
3). We found that the recovery of apoferritin was
approximately 80% for the use of 15 mM Eu and only 55%
for the use of 20 mM Eu. To achieve a compromise between
the number of Eu loaded and the recovery of apoferritin, we
chose a 15 mM rare-earth metal concentration to synthesize all
of the types of AFNPs in this work. When using 15 mM Eu to
synthesize AFNPs, an average of 633 ± 40 Eu atoms were
loaded into each apoferritin, which is consistent with a
previous report.36 Under the metal concentration of 15 mM,
we synthesized 15 kinds of AFNPs with common rare-earth
metal elements (Y, La, Ce, Pr, Nd, Sm, Eu, Gd, Tb, Dy, Ho, Er,
Tm, Yb, and Lu), and Figure 1C shows the histogram of the
number of different rare-earth metal atoms loaded in each
AFNP (n = 3). The results showed that each apoferritin was
loaded with an average of 300−800 metal atoms for different
rare-earth metals, which is 2−5 times the number of metal
atoms loaded per antibody conjugate for MCP tags (about
150).10

Figure S2 shows typical transmission electron microscopy
(TEM) images of the AFNPs widely used in this work. No
aggregates of these AFNPs were observed in the TEM images,
suggesting good monodispersity of AFNPs in aqueous
environments. All kinds of AFNPs with different metal cores

Figure 1. (A) Histogram of the number of Eu atoms loaded in each apoferritin for different Eu concentrations used to synthesize AFNPs (n = 3).
(B) Histogram of the recovery of apoferritin for different Eu concentrations used to synthesize AFNPs (n = 3). (C) Histogram of the number of
metal atoms loaded in each apoferritin for different rare-earth metals used to synthesize AFNPs with a metal concentration of 15 mM (n = 3).
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(Tm, Y, Pr, Eu, Tb, Ho, Lu) have a similar size, and the Tm
core AFNPs have a uniform diameter of 7.4 ± 2.5 nm, which is
consistent with the theoretical diameter.31

Preparation of AFNP-Ab Conjugates. The preparation
process of AFNP-Ab conjugates is shown in Scheme 1B. For
the preparation of MC mass tags, the link of materials loading
metal isotopes and antibodies is a critical part. Since AFNPs
cannot directly react or adsorb with antibodies, the linkers
between AFNPs and antibodies are indispensable. As far as we
know, N-hydroxysuccinimide groups can be used to label the
amino groups of proteins to form a stable amide bond
structure. Considering that apoferritin itself is a type of protein,
its surface is rich in amino groups, so the N-hydroxysuccini-
mide group can be used as one end of the linker. The
maleimide groups can react with thiol groups to form covalent
bonds, enabling the connection of biomolecules using thiol
groups and maleimide groups, which have been successfully
used to link MCPs and antibodies for MCP tags.11 Therefore,
we chose a maleimide group as the other end of the link. In
addition, to avoid steric hindrance effects, we introduced
water-soluble poly(ethylene glycol) (PEG) between the N-
hydroxysuccinimide groups and the maleimide groups. Based
on the above considerations, we chose NHS-PEG22-MAL as
the linker to connect AFNPs and antibodies, and Figure S3
shows the structural formula of the NHS-PEG22-MAL linker.
We first coincubated NHS-PEG22-MAL and AFNPs, and the
excess NHS-PEG22-MAL was removed by ultrafiltration
centrifugation (12 000 rpm, MWCO = 100 kDa), thus
obtaining AFNP-PEG22-MAL. Subsequently, we used TCEP
to activate the thiol groups on the antibodies. Finally, we
coincubated the thiol-activated antibodies with AFNP- PEG22-
MAL to obtain AFNP-Ab conjugates. Figure S4 shows the
dynamic light scattering (DLS) measurement results of
AFNPs, AFNP-PEG22-MAL, and AFNP-Ab, which indicated
that the hydrodynamic size of AFNPs changed from 17 to 24
nm after NHS-PEG22-MAL modification and to 43 nm after
antibody conjugation. These results indicated that we had
prepared AFNP-Ab conjugates. Figure S5 shows the 1H NMR
spectra of AFNPs, NHS-PEG22-MAL, and AFNP-PEG22-MAL.
By comparing the characteristic peak of the chemical shift at
7.82 ppm, we calculated that each AFNP could link about 51
NHS-PEG22-MAL linkers on average.
For the preparation of MC mass tags, it is necessary to

remove the excess unconjugated antibodies or metal loading
materials because free antibodies will compete with conjugates
for the binding sites on cells and free metal loading materials
will increase the background signal. In the preparation process
of MCP tags, the MCPs were in excess, and the excess MCPs
were removed by ultrafiltration centrifugation.11 In the
preparation process of NP tags, antibodies were usually in
excess, and excess antibodies can be centrifugated to remove
the supernatant, such as MOFs and NaLnF4 NPs.19,21

However, for NPs with small sizes or relatively low density,
excess antibodies are difficult to remove by routine
centrifugation, and the purification of these NP-Ab conjugates
requires other strategies. For example, tantalum oxide NP tags
(∼5.7 nm) were purified by fast protein size exclusion liquid
chromatography (FPLC).13 However, the FPLC process is
relatively complex and will result in the loss of NP-Ab
conjugates.
Herein, we designed a titration experiment to determine the

optimal binding ratio of antibodies and AFNPs, thus avoiding
the experimental process of purification. The CD45 biomarker

on human Jurkat T cells was used as a research model. 0, 3.75,
18.75, 30, 37.5, 75, and 187.5 μL of antibody solution (anti-
CD45, 1 mg/mL) and 50 μL AFNPs (Tm core, 0.25 mg/mL)
were mixed to form the molar ratios of antibody to AFNPs of
0:1, 1:1, 5:1, 8:1, 10:1, 20:1, and 50:1 for the preparation of
AFNP-Ab conjugates, respectively. BSA and PBS were added
to make the final volume 300 μL, with 1% BSA. Subsequently,
these AFNP-Ab conjugates were used to stain human Jurkat T
cells (2 μL for 1 million cells). Figure 2A shows the MC

measurement results for the human Jurkat T cells stained with
different AFNP-Ab conjugates (169Tm-CD45), and Table S2
show the mean 169Tm signal intensity for different staining
conditions. The 169Tm signal intensity of CD45 on the human
Jurkat T cells increases with the ratio of antibodies to AFNPs
increasing from 0:1 to 10:1, reaching a maximum value (mean:
1039) at 10:1. When it exceeds 10:1 to 20:1, the 169Tm signal
intensity of CD45 slightly decreases (mean: 876), and at 50:1,
the signal intensity decreases more significantly (mean: 454).
The results are consistent with the theory that excess
antibodies compete with AFNP-Ab conjugates for binding
sites on cells, thereby reducing the signal sensitivity of CD45
on human Jurkat cells. Therefore, in subsequent experiments,
we chose a binding ratio of 10:1 between the antibodies and
AFNPs to prepare AFNP-Ab conjugates.
Optimization of Staining Concentration of AFNP

Tags. For the cell staining, an appropriate concentration of the
MC tag is necessary. This is because an insufficient
concentration of MC tags will result in a low signal, and an
excessive concentration may increase the cleaning steps and
the background signal. For concentration titration, human
Jurkat T cells were stained with AFNP tags (169Tm-CD45) in
dosages of 100, 1000, 10 000, 25 000, 50 000, and 100 000
AFNPs/cell. Figure 2B shows the MC measurement results for
the human Jurkat T cells stained with different concentrations
of the AFNP tag (169Tm-CD45). The results indicated that the
signal intensity of CD45 on the human Jurkat T cells increases
with the concentration of AFNP tags. However, in actual
measurement, when the Jurkat T cells were stained with over
100 000 AFNPs/cell, the MC instrument may experience
signal overload and needs to be washed more times to remove

Figure 2. Measurement results for the human Jurkat T cells stained
with (A) AFNP-Ab conjugates at different molar ratios of antibodies
to AFNPs and (B) AFNP tags at different concentrations.
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free AFNP tags. Furthermore, when Jurkat T cells were stained
with 50 000 AFNPs/cell, the 169Tm signal intensity can reach
an approximate level of that of cells stained with 100 000

AFNPs/cell (see Figure S6). It is worth noting that, when
staining with 100 000 AFNPs/cell, an additional one or two
washes are necessary compared to using 50 000 AFNPs/cell.

Figure 3. MC measurement results for the human Jurkat T cells stained with (A) AFNP-PEG22-MAL (169Tm), (B) AFNP tags (169Tm-CD45), and
(C) MCP tags (169Tm-CD45); (D) the comparison result of 169Tm signal intensity of human Jurkat T cells stained with AFNP-PEG22-MAL
(169Tm) and AFNP tag (169Tm-CD45); and (E) the comparison result of 169Tm signal intensity of the human Jurkat T cells stained with AFNP
tags (169Tm-CD45) and MCP tags (169Tm-CD45).

Figure 4. Results of the multiparameter assays of PBMCs stained with AFNP tags obtained from the MC measurement. (A) Logic Gate of CD45+
for leukocytes; (B) Logic Gate of CD45+CD3+ for T cells; (C) Logic Gates of CD45+CD3+CD4+CD8− for helper T lymphocytes (HTLs) and
CD45+CD3+CD4−CD8+ for cytotoxic T lymphocytes (CTLs); (D) Logic Gate of CD45+CD14+ for monocytes; (E) Logic Gate of
CD45+CD19+ for B cells.
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Therefore, we suggest a cell staining concentration ranging
from 50 000 to 100 000 AFNP tags/cell.
Nonspecific Binding and Sensitivity of AFNP Tags.

The background signal caused by the nonspecific binding of
NPs to cells is a crucial issue limiting the use of NP tags.10,19

To evaluate the nonspecific binding and sensitivity of our
AFNP tags, the CD45 biomarker on human Jurkat T (CD45+)
and MCF-7 (CD45−) cells was used as a research model, as
CD45 is a type of highly expressed protein in human Jurkat T
cells.38 We used AFNPs without bonding antibodies (AFNP-
PEG22-MAL, Tm core), AFNP tags (169Tm-CD45), and MCP
tags (169Tm-CD45) to stain the CD45 biomarker on human
Jurkat T cells, respectively. Figure 3 shows the MC
measurement results for the human Jurkat T cells stained
with different tags. Figure 3 A−C presents the 169Tm signal in
Jurkat T cells stained with AFNP-PEG22-MAL (169Tm), AFNP
tag (169Tm-CD45), and MCP tag (169Tm-CD45), respectively.
Figure 3A indicates that there is very low 169Tm signal intensity
in Jurkat T cells stained with AFNP-PEG22-MAL (169Tm), and
the mean signal intensity of 169Tm is only 2.18. Figure 3B
shows that Jurkat T cells stained with our AFNP tag (169Tm-
CD45) have an obvious signal intensity of 169Tm, up to a mean
of 980, 450-fold that of the Jurkat T cells stained with AFNP-
PEG22-MAL (169Tm). The results indicated that AFNPs have
low nonspecific binding to cells. The mean signal intensity of
169Tm of the Jurkat T cells stained with the MCP tag is 456,
about half of the signal intensity of the Jurkat T cells stained
with AFNP tags. The obvious comparison results are shown in
Figure 3D,E. We also used AFNP tags (169Tm-CD45) and
MCP tags (169Tm-CD45) to stain the CD45 biomarker on
MCF-7 cells. Figure S7 shows the comparison results for the
two tags. The mean 169Tm signal intensity for the MCF-7 cells
stained with AFNP tags is 20.8, about 3 times that of the cells
stained with MCP tags (7.5). This difference may be due to
the AFNP tags carrying more metal atoms. Theoretically,
AFNP tags will cause 2−5 times the signal intensity of MCP
tags for each antibody conjugate adsorbed in one cell. Our
results are consistent with the expectation. The results indicate
that the AFNP tags we prepared have a low nonspecific
binding to cells and, more importantly, have higher sensitivity
than MCP tags.
Multiparameter Assays of PBMCs Stained with AFNP

Tags. A prominent feature of MC is single cell multiparameter
assays; therefore, we measure 6 biomarkers in PBMCs to
evaluate the multiple staining ability of our AFNP tags. MC
and FC have been used to analyze PBMCs to provide
comparable results for the cellular multiparameter biomarker
assays, which provide approximate phenotype results of
PBMCs.18,39 Therefore, we compare the two measurement
results to verify the reliability of our AFNP tags. Herein, we
chose biomarkers of CD3, CD4, CD8, CD14, CD19, and
CD45 to investigate the cell phenotypes of leukocytes, T cells,
B cells, monocytes, helper T lymphocytes (HTLs), and
cytotoxic T lymphocytes (CTLs) in PBMCs. The correspond-
ence of antibodies and metal isotopes for AFNP tags is shown
in Table S3. We first prepared a 6-complex AFNP-Ab staining
cocktail containing anti-CD3, anti-CD4, anti-CD8, anti-CD14,
anti-CD19, and anti-CD45 tags, which was then used to stain
PBMCs. Figure 4 shows the results of the multiparameter
assays of PBMCs stained with AFNP tags from the MC
measurement. All cellular subsets of interest (leukocytes, T
cells, B cells, monocytes, HTLs, and CTLs) in PBMCs can be
clearly distinguished for cellular staining using our AFNP tags.

Table 1 shows the comparison results of cellular subsets of
PBMCs obtained from the FC assays (Figure S5) and the MC

assays stained with AFNP tags. The results of the two methods
for cellular subsets of PBMCs showed good consistency. The
results indicated that our synthesized AFNP tags have multiple
staining capability for cells to perform multiparameter assays of
single cell biomarkers with good reliability.

■ CONCLUSIONS
In conclusion, we have developed a new mass tag based on
AFNPs for single cell biomarker MC assays. The AFNPs can
be easily synthesized by a passive diffusion method and easily
coupled to thiol-activated antibodies by an NHS-PEG22-MAL
linker to prepare AFNP tags, thus simplifying the preparation
process of MC mass tags. Each apoferritin can load an average
of 300−800 rare-earth metal atoms, 2−5 times of that for
MCP tags (∼150 metal atoms). Under an optimized binding
ratio of antibodies to AFNPs, as well as an optimized staining
concentration, AFNP tags have more than twice the sensitivity
compared to MCP tags. In addition, AFNPs have a low level of
nonspecific binding with cells, resulting in a low background
signal. The multiparameter assays for the cellular subsets of
PBMCs stained with our AFNP tags show good agreement
with the flow cytometry assays, confirming the reliability and
multiple staining capability of our AFNP tags. These results
demonstrate that our AFNP tags can be used in single cell MC
assays, especially in multiparameter assays, which is expected
to promote the development of MC technology. In the future,
we strongly believe that our AFNP tags will be routinely used
in MC assays and will be expanded into the use of tagging non-
rare-earth metal elements and imaging mass cytometry.

■ ASSOCIATED CONTENT
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AFNPs; average 169Tm signal intensity for different
staining conditions; 169Tm signal in Jurkat T cells
stained with different AFNP tag concentrations; MCF-7
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Table 1. Comparison of Results of Cellular Subsets of
PBMCs Obtained from Flow Cytometry Assays and MC
Assays Staining with AFNP Tags

Logic Gate Biomarkers Cell Subsets FCAa (%) MCAb (%)

PBMCs CD45+ Leukocytes 98.9 99.1
In CD45+ CD3+ T cells 55.4 57.5

CD14+ Monocytes 17.5 20.2
CD19+ B cells 13.9 10.9

In CD3+ CD4+CD8− HTLs 47.9 46.0
CD4−CD8+ CTLs 41.0 39.9

aFlow cytometry assay results of PBMCs, provided by Milecell
Biological Science & Technology Co., Ltd. (Figure S5). bMass
cytometry assay results of PBMCs stained with AFNP tags.
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