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Abstract

Simultaneous monitoring of biomarkers as well as single-cell analyses based on flow cytometry
and mass cytometry are important for investigations of disease mechanisms, drug discovery, and
signaling-network studies. Flow cytometry and mass cytometry are complementary to each other;
however, probes that can satisfy all the requirements for these two advanced technologies are
limited. In this study, we report a probe of lanthanide-coordinated semiconducting polymer dots
(Pdots), which possess fluorescence and mass signals. We demonstrated the usage of this dual-
functionality probe for both flow cytometry and mass cytometry in a mimetic cell mixture and
human peripheral blood mononuclear cells as model systems. The probes not only offer high

Correspondence to: Daniel T. Chiu.
Supporting information is given via a link at the end of the paper.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Wu et al. Page 2

fluorescence signal for use in flow cytometry, but also show better performance in mass cytometry
than the commercially available counterparts.

Graphical Abstract

Lanthanide-coordinated semiconducting polymer dots with bright fluorescence was demonstrated
the outstanding performance in both flow cytometry and mass cytometry for cell analyses.
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Highly multiplexed detection of biomarkers in individual cells will impact cell research,[]
drug discovery,[?] disease diagnosis, and treatment.[3] Clinical samples are scarce so high-
throughput assays are critical for efficiently extracting as much information as possible from
limited samples.[4] Immunologists, hematologists, and oncologists are looking for the highly
efficient multiplexed assays that will satisfy their requirements for cell analysis with small
samples.l] Biologists, for example, would like to classify heterogeneous cell populations
using multiplexed assays that permit simultaneous detection of multiple biomarkers in a
single sample.[8] Moreover, multiple biomarkers detection on a single cancer cell are critical
for diagnosis and treatment since only one kind of marker can’t be relied on to identify the
cancer type and stage.[”] Immunologists’ studies of cellular features, diverse cellular
networks, and immune-system responses heavily rely on high-throughput, single-cell
analyses.[3¢:8]

Flow cytometry is a widely used single-cell assay, and has well-established commercially
available reagents and instruments.[®] However, the broad-emission spectra of the
fluorescent tags limit flow cytometry when it comes to highly multiplexed assays.[19 Mass
cytometry was developed to further push the multiplexing capability of flow cytometry.
Mass cytometry can accomplish the simultaneous detection of dozens of biomarkers, which
is useful for multi-parameter, single-cell analyses in heterogeneous small samples, such as
immune and cancer cells.[!1] Mass cytometry uses antibodies labeled with metal isotopes to
stain the cells in a way similar to what is done for flow cytometry. After staining, the cells
are injected individually into the plasma torch of an inductively coupled plasma mass
spectrometer. By quantitatively analyzing the abundance of metal ions for each cell, the
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relative levels of biomarkers on a single cell can be quantified.[38 121 Currently, the
commercially available mass-cytometry tags are mainly based on the lanthanide isotopes,
which have almost zero background signal in biological samples. Considering the
availability of additional metal isotopes with masses in the range of 75 to 209 atomic mass
unit, over 100 parameters potentially can be simultaneously measured in a single sample
without requiring compensation between mass signals.[>213] The reported probes for mass
cytometry are antibodies modified with metal-chelating polymers (MCPs), which carry 150-
250 metal atoms per antibody.[11a.14]

Mass cytometry and flow cytometry are highly complementary methods. While mass
cytometry offers a high degree of multiplexing, flow cytometry has better sensitivity and
higher throughput, and cells are not destroyed during the process of detection and analysis.
With optical detection, it is also possible to sort cells, a feature inherently not possible with
mass cytometry. Finally, flow cytometry is a better-established method, and thus can be used
to troubleshoot issues encountered in mass cytometry. A probe that can be used in both flow
and mass cytometry, therefore, will find broad utility. Indeed, Majonis et al. reported the first
dual-purpose probe with fluorescent and mass tags contained in a single polymer.[X° While
this work represents an important first demonstration, as the authors pointed out, the
developed probes showed borderline performance because of the relatively low mass and
optical signals. Here, we describe a new strategy to design and implement dual fluorescent-
mass probes that offer excellent optical and mass signals, and which overcome limitations of
existing probes.

Lanthanide-doped microparticles and lanthanide inorganic nanoparticles are two types of
reported probes that contain higher loading of metal atoms to allow for more sensitive
detection by mass cytometry.[16] However, the non-specific binding of these probes and their
large sizes (>100 nm) caused low detection efficiency in mass cytometry and even lower
staining capacity compared to MCP probes.[162 16b] To improve the performance of these
inorganic nanoparticles, Winnik et a/. developed small uniform lanthanide nanoparticles
with a diameter of about 80nm.[16¢. 16d] Therefore, the design of small nanoparticles
containing a large amount of metal atoms with low non-specific binding remains a challenge
for mass cytometry.

Based on our development of a series of semiconducting polymer dot (Pdots) as fluorescent
probes for cell analysis by flow cytometry,[17] we have four reasons to believe that Pdots can
be a promising candidate for mass cytometry if enough metal atoms were loaded into them.
First, Pdots show low non-specific binding, which has been demonstrated in our previous
work with flow cytometry.[18] Second, the size (typically 10 — 30 nm in diameter) of Pdots
ensures that they will carry enough metal atoms for the purposes of mass cytometry. Third,
the small size of metal-loaded Pdots will be completely converted into mass signals in the
ICP torch, which will increase sensitivity. Finally, the extraordinary fluorescence properties
of Pdots[X 7] will make them as ideal fluorescence and mass reporters for single-cell analyses.

We designed and synthesized lanthanide-coordinated Pdots with high fluorescence and mass
signals (Scheme 1). The lanthanide ions were first chelated by the carboxyl-functionalized
poly[(9,9-dioctylfluorenyl-2,7-diyl)-co-(1,4-benzo-{2,10,3}-thiadazole)] polymer
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(abbreviated as PC) in THF for an hour. Immediately after the mixing with the block
copolymer, polystyrene-grafted ethylene oxide functionalized with carboxyl groups (PS-
PEG-COOH), the THF solution was injected into water to form lanthanide-coordinated
Pdots (Pdot-PC-Ln-COQH). The carboxyl groups on Pdots were used for the bioconjugation
with streptavidin (SA) to form Pdot-PC-Ln-SA for labeling the cell-surface receptors. The
excellent fluorescence properties of the Pdots ensured that we had a bright fluorescence tag
for flow cytometry and imaging. The heavily loaded lanthanides in the Pdots provided an
excellent metal probe for mass cytometry. Furthermore, we can adjust the fluorescence color
by using different Pdots synthesized with carboxyl-functional groups.[180:191 Also, by
changing the lanthanide salt, different Ln atoms can be coordinated into Pdots. Combining
these two features, we potentially can create a series of dual-functionality probes for both
flow and mass cytometry.

In this design, the polymer PC not only acted as a fluorescent unit, but also was used to
chelate with lanthanides to form a stable lanthanide-polymer complex. The feeding ratio of
lanthanides to polymer played an important role because it affected the diameters and
loading density of lanthanides into the Pdots. From our previous studies, we know that
smaller-diameter Pdots improved the labeling efficiency in cells,[29 which is important for
both flow and mass cytometry. However, the smaller Pdots would decrease the amounts of
lanthanides loaded per Pdot, which might sacrifice the sensitivity of the mass-cytometric
studies. Therefore, using europium (Eu) as a model lanthanide, we found out that the
optimal Eu density and Pdots’ diameter was achieved when the molar feeding ratio between
the number of carboxyl groups on the polymer to the number of Eu3* was 2 (Figure S1a).
The best ratio of PS-PEG-COOH over PC to form ideal Pdots with adequately small size
and optimal Eu loading density was 40% wt (Figure S1b).

To test the generality of the preparation protocol for making other lanthanide-coordinated
Pdots, five different lanthanide ions, Nd3*, Eu3*, Th3*, Ho3* and Er3*, were used to prepare
Pdots-PC-Ln-COOH. The diameters of the Pdots-PC-Ln-COOH were measured to be in the
range of 20 — 30 nm (Figure 1a—b, and Figure S2 a—c) as determined by high-resolution
transmission electron microscopy (TEM) imaging (Figure 1c—d, and Figure S2 d—f). The z-
average hydrodynamic diameters measured by DLS were slightly larger while the number-
average diameters from DLS were slightly smaller than the size determined by TEM. The
absorption spectra and fluorescence spectra showed the same profile among the different
lanthanides (Figure 1e and f). The quantum yields (QY) of these Pdots-PC-Ln-COOH varied
depending on the coordinated lanthanides (Table 1 and Table S1), but were higher than that
of the pure Pdots-PC-COOH. The low quantum yield of pure Pdots-PC-COOH is because of
the high percentage of carboxyl groups on the polymer based on our previous studies.[?1]

The lanthanide content in Pdots were measured by ICP-MS. Table 1 and Table S1
summarize the photophysical properties and lanthanide content of the five different Ln-
coordinated Pdots. The lanthanides” amount per Pdot on average changed from 1100 to
2000, which was at least 7 times higher than the commercial probe for each antibody (150
Ln/antibody).[22] We therefore anticipated that our Pdots would provide a higher signal in
mass cytometry compared to commercial probes. Although the lanthanide amount per Pdot
changed over a large range, the metal’s density (number of Ln per unit volume of Pdots)
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showed similar values, indicating that amount of Ln per Pdot could be adjusted by varying
the size of the Pdots. Moreover, the Pdots showed no noticeable leakage of the metal ions in
both HEPES and PBS buffer, indicating good stability (Figure S4).

To test the performance of the lanthanide-coordinated Pdots for both flow and mass
cytometry, a cell mixture of MCF-7 breast-cancer cells and Jurkat T cells was chosen as a
model system. Cell-surface biomarker, EpCAM, highly-expressed on the MCF-7 cell was
the target biomarker. The T cell, which has no EpCAM, was used as a negative internal
control. The biotinylated primary anti-CD326 (EpCAM) antibody was first incubated with
the cell mixture, followed by the incubation of Pdot-PC-Nd-SA to examine the specific
labeling of MCF-7 cells. The labeled MCF-7 cells showed strong fluorescence compared to
the control T cells (Figure S5a), indicating effective and specific discrimination of the
MCEF-7 over T cells. Moreover, light-scattering results seen from the two distinctive peaks
clearly showed the presence of the two different cells (Figure S5b and S5c¢). Fluorescence
imaging was further conducted to confirm the specific cellular labeling by the Pdot-PC-Nd-
SA (Figure S5d). High levels of fluorescence were observed on MCF-7 cells. No
fluorescence was detected from the internal negative-control T cells, which indicated that
there was little or none non-specific binding of the Pdots.

After the flow-cytometric analysis, the fixed cells were incubated with a Rh103-containing
DNA intercalator to identify intact cells during mass-cytometric analysis. Cells were
selected from the Rh103-positive clusters (Figure S6), and then plotted for the Nd signals.
Taking costs into consideration, all lanthanides used in this work were natural species
containing naturally existing isotopes. Therefore, for Nd signal, we chose the most abundant
isotope, Nd142 (27.2%), to plot the results of mass cytometry. For comparison, a commercial
probe, anti-biotin-Nd143, was used to label the same cell mixture in a side-by-side
experiment. Figure 2 shows the two separated populations were clearly formed along the
Nd142 and Nd43 axis, representing negative-control T cells and positive MCF-7 cells. The
mean intensity of Nd142 from our Pdot-stained system was 1598, which was higher than that
of the commercial probe (1185 for Anti-Biotin-Nd!43 from Fluidigm) (Table S2).
Meanwhile, the mean mass intensity of the negative control T cells in our Pdots stained
system was 2.04, with standard deviation of 5.32, both of which were smaller than that of
the commercial probe (4.40 for mean intensity and 6.73 for standard deviation). The results
indicated that the Pdots-PC-Nd-SA possessed a better discrimination of the cells and higher
sensitivity.

Next, we titrated the MCF-7/T cell mixture using Pdot-PC-Nd-SA at concentrations of 1
ppm, 2 ppm, 5 ppm, and 10 ppm. As shown in Figure 3, the results of flow and mass
cytometry were compared to each other. Stain index (SI) for flow cytometry and mean mass
intensity for mass cytometry were calculated and shown in Table S3. With the increase in
Pdot-PC-Nd-SA concentration, the SI and mean mass intensity increased in these two
modes, with the highest SI and mean mass intensity at 10 ppm of Pdot-PC-Nd-SA. We also
found that different neodymium isotope channels showed different mean mass intensity,
which is proportional to the abundance of the different isotopes (Figure S7). Taking the
isotopic composition into consideration (27.2 % Nd142), the mean intensity in Figure 2a
would be ~5875, which is about 4 times higher than that shown in Figure 2b if pure Nd142
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was used. Thus, we hypothesized that the Pdots will generate a better performance in mass
cytometry if a pure isotope was used for the preparation of the Pdots-PC-Ln-SA. We also
investigated the quantitative detection ability of our Pdot-PC-Ln by mass cytometry. In the
MCF-7/T cells system, we fixed the number of MCF-7 cells to 1 million and changed the T-
cell population to 0.2, 0.5, 0.75 and 1 million. Figure S8 shows both flow cytometry and
mass cytometry measurements using Pdots-PC-Nd-SA had a relative increase of the negative
peak of T cells; this indicated that our Pdots-PC-Ln-SA had the ability to quantitatively
measure a population of a certain cell type. Furthermore, we demonstrated our Pdot system
could be used for the multiplexed detection of different targets (Figure S9). In the MCF-7/T
cell system, EpCAM on MCF-7 cells and CD45 on T cells were successfully stained with
Pdot-PC-Th and Pdot-PC-Ho, respectively.

Because mass cytometry is often employed for studies in immunology, we investigated the
performance of lanthanide-coordinated Pdots in human peripheral blood mononuclear cells
(PBMCs). Figure S10 shows the live and dead cells could be distinguished by cis-platin and
Ir intercalator, and followed by the staining of CD45-specific Pdot-PC-Ho. CD3* expressed
on T cells was used as the target biomarker to be labeled with Pdots. To overcome the effect
of isotope mixtures (Figure S7), we prepared the Pdot-PC-Ho-SA because natural holmium
has 100% abundance of Ho6%, PBMCs were incubated with different concentrations of
Pdot-PC-Ho-SA after an incubation with the biotinylated primary anti-CD3 antibody. Figure
4 and Table S4 show data from both flow (Figure S11 and Table S5) and mass cytometry
(Figure S12 and Table S6) had clear separation of CD3" T cells from the rest of the
negative-control cells in PBMCs, which indicated that Pdots-PC-Ho-SA could effectively
and specifically label immune cells and analyze the target biomarkers in both flow
cytometry and mass cytometry.

By staining with the commercially available anti-biotin-Ho65 probe for CD3* T cells
(Figures 4c, S13, and Tables S7), the highest mean mass intensity for the commercial anti-
biotin-Ho1%% probe was lower than most of the mean mass intensities of our Pdot-PC-Ho-SA
in the mass-cytometric analyses with different concentrations. The enhancement of the
higher positive signal intensity of Pdot-PC-Ho-SA was because there were more Ho atoms
in each Pdot-PC-Ho-SA than that in the commercial anti-biotin-Hol6° probe. We believe
that the Pdots coordinated with lanthanides will be very useful probes for cell analyses and
cell separation by two advanced analytical methods: flow cytometry and mass cytometry.

In conclusion, we designed and synthesized dual- functionality Pdots with high loading of
lanthanide atoms and demonstrated their applications in flow and mass cytometry to detect
specific biomarkers. The high density of lanthanides and small size of the Pdots enabled
efficient and specific cell labeling with low non-specific binding. However, the relatively
broad size distribution of the Pdots may limit their performance; we are currently working to
address this issue by developing new methods to generate Pdots with monodisperse size
distributions. Nevertheless, the ability of the Pdots to load more metal atoms enabled them
to offer comparable or higher sensitivity and mean mass intensity when compared with
commercially available mass tags in both cancer cell lines and PBMCs. The Pdots showed
similar background signal as the commercial probe, which indicated low non-specific
binding with cells. Additionally, the high brightness offered by Pdots also make them
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valuable probes in flow cytometry. This Pdots-based system could potentially be expanded
to form a library of probes that combine different fluorescence colors and metal isotopes,
which will facilitate the development of multiplexed detection for single-cell analyses.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
(a—b) Histograms of the distribution of the sizes of Pdot-PC-Nd-COOH and Pdot-PC-Ho-

COOH, respectively, measurement from more than 100 particles in TEM images (the mean
size is (a) 29.5 £ 6.4 nm, and (b) 27.6 + 5.8 nm). (c-d) TEM images of Pdot-PC-Nd-COOH
and Pdot-PC-Ho-COOH, respectively. (e-f) Absorption and fluorescence spectra of Pdot-
PC-Nd-COOH and Pdot-PC-Ho-COOH, respectively.
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Figure 2.
Mass cytometry of the MCF-7/T cell mixture using anti-human CD326 EpCAM antibody as

the primary antibody, followed by labeling with (a) 10 ppm Pdots-PC-Nd-SA, and (b)
commercially available anti-biotin-Nd143. Q1 represents T cells and Q2 represents MCF-7
cells.
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Titration of MCF-7/T cell mixtures using Pdots-PC-Nd-SA with flow cytometry (a—d) and
mass cytometry (e—g). a) and €): 1 ppm; b) and f): 2 ppm; c) and g): 5 ppm; d) and h): 10
ppm. In (a—d), Q4 represents T cells and Q3 represents MCF-7 cells; in (e-h), Q1 represents
T cells and Q2 represents MCF-7 cells.
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Figure 4.
Flow cytometry (a) and mass cytometry (b—c) detection of CD3* T cells in PBMCs using

biotinlyated anti-human CD3 antibody as the primary antibody, followed by labeling with
(a-b) 2 ppm Pdots-PC-Ho-SA, and (c) commercial available anti-biotin-Ho5 probe.
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Scheme 1.
Schematic depiction of dual-functionality Pdots’ preparation, bioconjugation, and cell

labeling for flow cytometry and mass cytometry.
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