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Hybrid Fluorescent Mass-Tag Nanotrackers as Universal Reagents
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ABSTRACT: Barcoding and pooling cells for processing as a composite sample are critical to minimize technical variability in
multiplex technologies. Fluorescent cell barcoding has been established as a standard method for multiplexing in flow cytometry
analysis. In parallel, mass-tag barcoding is routinely used to label cells for mass cytometry. Barcode reagents currently used label
intracellular proteins in fixed and permeabilized cells and, therefore, are not suitable for studies with live cells in long-term culture
prior to analysis. In this study, we report the development of fluorescent palladium-based hybrid-tag nanotrackers to barcode live
cells for flow and mass cytometry dual-modal readout. We describe the preparation, physicochemical characterization, efficiency of
cell internalization, and durability of these nanotrackers in live cells cultured over time. In addition, we demonstrate their
compatibility with standardized cytometry reagents and protocols. Finally, we validated these nanotrackers for drug response assays
during a long-term coculture experiment with two barcoded cell lines. This method represents a new and widely applicable advance
for fluorescent and mass-tag barcoding that is independent of protein expression levels and can be used to label cells before long-
term drug studies.

B INTRODUCTION molecule probes,”'”~** polymer-dots,”® inorganic nanopar-
ticles,">**~*” and polystyrene particles.'>***’

The first generation of mass cytometry barcodes used
lanthanides, with the limitation that the number of lanthanides
available for tagging antibodies was reduced.”® The second
generation of mass cytometry barcoding reagents used
routinely and commercially available palladium isotopes
whose atomic weights are well separated from those of the
lanthanides. Using the six most abundant palladium isotopes,
20 unique barcodes were created using a doublet-free strategy
(6-choose-3)."” However, these and other barcoding reagents
created with different metals™ are intracellular labels and
require fixation and permeabilization. This fact makes these
reagents unsuitable for long-term culture assays. To overcome

Barcoding is essential for multiplex technologies to enhance
sample consistency by minimizing technical issues arising from
antibody staining, sample cross-contamination in the loading
loop, and fluctuations in machine sensitivity. Additionally, a
composite sample requires less time in the instrument together
with reduced reagent consumption.’ Fluorescent cell barcod-
ing has been established as a standard method to allow
multiplexing in flow cytometry analysis.”* In parallel, mass
cytometry (aka, cytometry by time-of-flight, CyTOF), a hybrid
technology between flow cytometry and time-of-flight mass
spectrometry, has enabled the implementation of alternative
methods for efficient cell barcoding and multiplexing.”~” Using
antibodies tagged with stable metal isotopes (originally
lanthanides), mass cytometry enables measurements of up to
60 parameters per single cell, with its greatest impact on
revealing previously unrecognized levels of detail in heteroge-
neous cell populations.®™" The mass cytometer readout spans
79—209 atomic mass units (amu) and measures many non-
lanthanide metal isotopes in an ever-increasing number of
reagents: antibody tags,m’15 metallointercalators,'® small-
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this issue, a large number of reagents were developed to
barcode cell surface molecules such as CD4S, the f-
macroglobulin subunit of major histocompatibility complex
(MHC) class 1, and the -3 subunit of the sodium/potassium
ATPase.>’ ~** On the other hand, cell-compatible small probes
have been investigated such as osmium and ruthenium in the
form of oxides® or maleimide-functionalized tellurophene
probe, TeMal,** 3¢ allowing cell barcoding not only in live
cells but also in permeabilized cells. Notably, none of the
barcoding reagents described above can be used in long-term
drug response studies, whereby cells need to be prebarcoded
just before a mass cytometry study begins.””** Some efforts
have been focused on the development of dual reagents, but
none has been reported so far for flow and mass cytometry
dual-modal readout in longitudinal cell assays and multiplexed
drug studies.*"**

The narrow size and highly uniform metal-loading capacity
with minimal particle-to-particle variation of nanoparticles
make them ideal analytes for mass cytometry. In this context,
lanthanides have been conjugated into nanoparticles for cell
labeling.*> On the other hand, lanthanide-infused polystyrene
beads are routinely used in mass cytometry for instrument
calibration and normalization."””> We previously reported the
efficient conjugation and delivery of a variety of bioactive
molecules such as drugs, proteins, nucleic acids, and other
small molecules, using cross-linked polystyrene-based nano-
particles (NPs). These nanoparticles are characterized by their
tunability, robustness with a defined loading capacity, and
innocuousness. Polymeric nanoparticles have been used for
imaging,44’45 biosensing,46 tracking of cellular proliferation,47
in cellulo proteomics,*® and for selective delivery in a coculture
approach based on the expression levels of cell surface
receptors.*” In addition, we previously reported the prepara-
tion and validation of polystyrene beads containing palladium
for intracellular catalysis, demonstrating their efficient trans-
port into cells and innocuousness.””>" Furthermore, a
simplified synthesis protocol was optimized to generate dual
polystyrene beads with a metal and a fluorophore to achieve
efficient cellular analysis by mass cytometry and flow
cytometry.29

Based on our expertise in generating versatile and
biocompatible nanoparticles, we report the synthesis of
fluorescent and palladium-based nanotrackers as hybrid-tag
reagents for use in long-term cell culture as barcoding tools.
We describe the methodology for the chemical synthesis and
physicochemical characterization of these barcoding reagents
and evaluate their compatibility with standard mass and flow
cytometry reagents and their performance in biological
systems. Then, we evaluated the suitability of nanotrackers
for heterogeneous cell populations together with their dual
application for mass and flow cytometry readout. Finally, a
proof-of-principle study was carried out using two hybrid-tag
nanotrackers to barcode two different cell populations in
coculture by monitoring the biological response during long-
term drug exposure. We found that our hybrid-tag nano-
trackers are robust and versatile non-toxic live-cell barcoding
reagents, compatible with protein characterization, and suitable
tools for multiplexed drug studies and longitudinal cell assays.

B EXPERIMENTAL SECTION

Materials. All solvents, chemicals, and reagents used in this
work are detailed in the Supporting Information (SI).

Preparation and Characterization of Hybrid-Tag
Nanotrackers. Aminomethyl cross-linked polystyrene nano-
particles (NK-NPs (1)) were PEGylated; then, following Fmoc
removal, cyanine conjugation step was carried out. Next,
isotopically pure 10 mM Pd(NO,), (**Pd (99.3%) or '°Pd
(99.4%)) in H,O was added to NPs. Pd(II) was reduced to
Pd(0) by treatment with 10% hydrazine in methanol (MeOH)
to achieve hybrid-tag nanotrackers. The physical—chemical
characterization was achieved by measuring the particle mean
size, size distribution, and {-potential of nanotrackers (NTs)
by dynamic light scattering (DLS) and measured on a
Zetasizer Nano ZS ZEN. The shape and morphology of the
NTs were observed by ultrahigh-resolution transmission
electron microscopy (HRTEM). Palladium presence was
determined by HRTEM with an FEI microanalysis system
for energy-dispersive X-ray (EDX), monitoring the profile of
Pd 3d photoemission by obtaining its X-ray photoelectron
spectra (XPS), and by mass cytometry. The fluorescence signal
of nanotrackers was detected by flow cytometry and confocal
microscopy.

Live-Cell Barcoding Assays. Cells were incubated with a
2,500 NTs/cell ratio for 3 h. Then, cells were stained with
cisplatin solution and fixed in 1.6% final concentration
paraformaldehyde (PFA) in PBS. Cells were washed with
cell staining medium (CSM) solution, permeabilized with ice-
cold MeOH for 20 min, and stained with a cocktail of metal-
labeled antibodies at RT for 1 h. Cells were labeled overnight
with Intercalator-Ir (Fluidigm) (final concentration of 12$
nM) in 1.6% PFA in PBS. Cells were washed with CyTOF
water and resuspended in 0.1x normalization beads prior
introduction into the mass cytometer. Flow cytometry
standard (FCS) data sets were analyzed using Cytobank
Community software. To assess the performance of these
nanotrackers as live-cell barcodes of a heterogeneous
population of blood cells, this protocol was slightly modified.
Briefly, a preliminary step was carried out to lyse the
erythrocytes with Quicklysis buffer (Cytognos), isolating the
peripheral blood mononuclear cells (PBMCs). Then, following
the barcoding step with either BC-1 or BC-2 (25,000 NTs/cell
for 30 min), cells were incubated with CD4S-FITC, CD3-
APC-Cy7, and CDI14-PerCP-Cy5.5 antibodies and sorted.
Barcoded CD45+/CD3+ (T cells) and CD45+/CD14+
(monocytes) cells were isolated, then pooled and analyzed
by mass cytometry, as described above. Monocytes and T cells
without barcoding were used as control. The human blood
samples from healthy donors were provided by the Biobank of
the Andalusian Public Health System (agreement number
$2100107) and approved by the Committee of Ethics of
Biomedical Research of Andalusia (study code: 0679-N-21).

Live-Cell Barcoding for Long-Term Drug Assays.
Following live-cell barcoding, cells were cocultured for 24 h
before the addition of doxorubicin (12.5 M final) in complete
media. After 6 and 24 h of doxorubicin exposure, cells were
fixed, stained with antibodies, and processed for mass
cytometry, as described.'””” A gating strategy for selecting
singlets (total cell population) was carried out (Figure S1).

Statistical Analysis. Each experiment was performed in
triplicate. Data sets are presented as mean + standard
deviation. Statistical significance was determined using multi-
ple comparisons by a two-way analysis of variance (ANOVA).
p-values < 0.05 were considered significant. GraphPad Prism
8.0 (GraphPad Software Inc.) was used for graph plotting and
statistics.
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Figure 1. General scheme for hybrid-tag nanotracker preparation.
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B RESULTS AND DISCUSSION

Preparation and Characterization of Hybrid-Tag
Nanotrackers. For proof of concept, two different barcoded
polystyrene hybrid-tag nanotrackers carrying different palla-
dium isotopes and fluorophores were produced using a
previously reported solid-phase chemistry protocol.”” Briefly,
a Fmoc-protected poly(ethylene glycol) (Fmoc-PEG) spacer
was conjugated to amino-functionalized cross-linked polystyr-
ene nanoparticles, as previously reported.”’ After Fmoc
deprotection, a cyanine fluorophore (Cy3 or CyS) was
conjugated to PEGylated NPs. In the next step, isotopically
enriched palladium '*Pd and ''°Pd were coordinated to the
electron-rich network formed between the cyanine polyme-
thine chain and the polystyrene aromatic rings. Two different
hybrid-tag nanotrackers, '°Pd-CyS-NTs (Barcode-1, BC-1)
and ''""Pd-Cy3-NTs (Barcode-2, BC-2), were obtained
(Figure 1) after the reduction of Pd(II) to Pd(0). A detailed
synthetic scheme is shown in the SI. Two additional hybrid-tag
nanotrackers (BC-S1 and BC-S2) were produced by
recombination of the metal and fluorophore labels to prove
the robustness and reproducibility of this protocol (Scheme
S1). Importantly, the versatility of this protocol is not limited
to the palladium isotopes and cyanine fluorophores reported
here but has versatility toward other metals and fluorophores.

The physicochemical characterization of the polymeric
hybrid-tag nanotrackers '°Pd-CyS-NTs (BC-1) and '°Pd-
Cy3-NTs (BC-2) was performed by DLS, HRTEM, XPS, and
mass cytometry (Figure 2). As a control, we used a non-
conjugated polystyrene nanoparticle (NK-NPs (1)). The
hydrodynamic size of NK-NPs (1) and hybrid-tag nano-
trackers was measured by DLS, being 410.3 nm with a
polydispersity index (PDI) of 0.095 for NK-NPs (1), 412.6 nm
and a PDI of 0.109 for BC-1, and 401.5 nm and a PDI of 0.075
for BC-2 (Figure 2a). These results show that these
nanoparticles are monodisperse populations and that the
labeling with Pd and fluorophore does not affect their
monodispersity. {-Potential values were +25.4 and +21.3 mV

10628

for BC-1 and BC-2 (Figure 2b), respectively. Morphology of
the hybrid-tag nanotrackers was analyzed by HRTEM which
confirmed their characteristic spherical shape (Figure 2a,
insets). The effective incorporation of Pd isotopes was
evaluated by EDX analysis (Figure 2c) and XPS (Figure
S$2a). Pd and fluorescence signals of hybrid-tag nanotrackers
were successfully detected by mass and flow cytometry (Figure
2d). Noteworthy was the absence of any spillover between the
106pd and ''°Pd channels in mass cytometry. Despite a slight
drop in the Pd signal observed overtime, the stability and
robustness of the hybrid-tag nanotrackers, stored in water at 4
°C for 12 months, were proven by mass and flow cytometry
(Figure 2e). A complete characterization of additional hybrid-
tag nanotrackers (BC-S1 and BC-S2) is shown in the SI
(Figures S2b and S3).

Long-Term Stability and Cytotoxicity of Intracellular
Hybrid-Tag Nanotrackers. Many studies have confirmed
that polymeric nanoparticles are readily internalized by a wide
variety of cells with no significant signs of toxic-
ity > 747495053755 Internalization efficiency and cytotoxicity
of all prepared hybrid-tag nanotrackers were assessed in two
breast cancer cell lines, MDA-MB-231 and MCEF-7, by mass
and flow cytometry (details in the SI). For that, cells were
incubated with hybrid-tag nanotrackers '*Pd-CyS-NTs (BC-
1) and '°Pd-Cy3-NTs (BC-2), at different concentrations of
NTs/cell (from SO to 2,500) at RT for 3 h. The gating strategy
used for the analysis is specified in Figure S1. The
internalization of hybrid-tag nanotrackers was measured by
quantifying the Pd-mass signal by mass cytometry. Hybrid-tag
nanotrackers BC-1 and BC-2 showed similar uptake efficiency
in MDA-MB-231 and MCEF-7 cell lines by mass cytometry
(Figures 3 and SSa,b). Additional hybrid-tag nanotrackers BC-
S1 and BC-S2 showed similar behavior (Figure SSab). An
internalization efficiency of 100% was obtained at 2,500 NTs/
cell in both cell lines (Figures 3a and SSa,b). The dual readout
of nanotrackers (mass and fluorescence) enabled the analysis
of hybrid-tag nanotrackers by traditional fluorescence-based
flow cytometry. Cellular uptake evaluated by flow cytometry
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Figure 2. Physical—chemical characterization of hybrid-tag nanotrackers '*Pd-Cy5-NTs (BC-1) and ''°Pd-Cy3-NTs (BC-2). (a) Histograms
show hydrodynamic diameter values of hybrid-tag nanotrackers with and without (gray) Pd, determined by DLS, of BC-1 (left) and BC-2 (right)
nanotrackers. Inset images are representative TEM images of the corresponding hybrid-tag nanotracker; (b) {-potential values; (c) EDX-HRTEM
images and EDX analysis of BC-1 (top) and BC-2 (bottom) of the Pd signal from the developed hybrid-tag nanotrackers (carbon signal in blue,
palladium signal in red); (d) histograms of Pd and fluorophore channels measured by mass (left) and flow cytometry (right). APC channel for CyS
and PE for Cy3; (e) signal of Pd isotopes and fluorophores conjugated to hybrid-tag nanotrackers after 0, 3, 6, and 12 months of BC-1 and BC-2
measured by mass (left) and flow cytometry (right). Freshly prepared nanotrackers were used as control (0 months).

showed similar results to those obtained by mass cytometry
(Figures 3b and S5c,d), demonstrating the compatibility of
these hybrid-tag nanotrackers with fluorescent techniques such
as flow cytometry. We additionally confirmed the internal-
ization of the hybrid-tag reagents by confocal microscopy. Z-
stack images showed that nanotrackers were inside cells
(Figure 3c). These results are consistent with published studies
from our and other groups about the cellular uptake of
polystyrene nanoparticles by many types of cells: adherent,
suspension, stem, and primary.”>"” To assess the duration of
hybrid-tag nanotracker cellular internalization, we used
optimized conditions (2,500 NTs/cell for 3 h) to barcode
MDA-MB-231 and MCEF-7 cell lines with '®Pd-Cy5-NTs
(BC-1) and ''Pd-Cy3-NTs (BC-2), respectively. Then, we
measured the Pd and fluorescence signals at different time
points (0, 3, 7, 10, and 14 days) by mass and flow cytometry.
Histograms of Pd-mass and fluorescence intensity correspond-
ing to each hybrid-tag nanotracker are shown in Figure 3d,e.

Our results showed that the Pd-mass signal and fluorescence
signal of barcoded cells could be detected for the entire time

10629

course (Table S1). However, over time, we observed a
decrease in intensity due to cell division according to their
known cell doubling time, as previously reported.”” We
estimate that our nanotrackers could be traceable for 15—20
days.

To assess the cytotoxic properties of the hybrid-tag
nanotrackers '°Pd-CyS-NTs (BC-1) and '°Pd-Cy3-NTs
(BC-2), MDA-MB-231 and MCEF-7 cell lines were incubated
with hybrid-tag nanotrackers (range from 156 to 20,000 NTs/
cell) for 72 h. Cell viability was evaluated with the resazurin
assay, and data were normalized with respect to untreated cells
(100%). Even with a nanotracker concentration of 10-fold
higher than that used in our experiments, we did not detect
any cytotoxic effects (Figure SSef). We therefore conclude
that these nanotrackers are innocuous, in accordance with our
previously developed nanodevices.””**~*7#%50:53733

A critical attribute of barcoding reagents is that the signal
should be stable inside barcoded cells over time when they are
mixed in a coculture. Thus, we mixed MDA-MB-231 cells
barcoded with '°Pd-Cy5-NTs (BC-1) and MCF-7 cells
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Figure 3. Cell assays performed with '*Pd-CyS-NTs (BC-1) and ''°Pd-Cy3-NTs (BC-2) after 3 h of incubation in MDA-MB-231 and MCEF-7
breast cancer cell lines, respectively. (a) Cellular uptake of hybrid-tag nanotrackers BC-1 and BC-2 analyzed by mass cytometry; (b) cellular uptake
of hybrid-tag nanotrackers BC-1 and BC-2 analyzed by flow cytometry. APC channel for CyS and PE for Cy3; (c) orthogonal views (xy, xz, and yz
planes) of representative confocal microscopy images showing intersection planes at cross-line positions. MDA-MB-231 barcoded with BC-1 (left)
and MCF-7 cells with BC-2 (right). The cytoplasm was stained using CellTracker Green, and the nuclei were stained with DAPI (blue); (d)
palladium mass signal monitored by mass cytometry for a time course (days 3, 7, 10, and 14) after nanotracker incubation; (e) fluorescent signal
monitored by flow cytometry for a time course (days 3, 7, 10, and 14) after nanotracker incubation; and (f) frequency of viable cells analyzed from

cocultures by mass cytometry (left) and flow cytometry (right).
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Figure 4. Heatmaps depict protein expression levels (median counts)
of barcoded cell lines after 24 and 48 h of incubation with hybrid-tag
nanotrackers by mass cytometry: (a) MDA-MB-231 cells barcoded
with BC-1 and (b) MCE-7 cells with BC-2.

barcoded with '*°Pd-Cy3-NTs (BC-2) at different ratios (10—
90, 25—75, 50—50, and 75—25%). After 24 h of coculture, cells
were harvested and processed for mass cytometry. Yields of
viable cells were comparable to their starting numbers, which
indicates that nanotrackers have nondetectable toxicity,
confirming their suitability as reagents for live-cell barcoding
(Figures 3f, left, and S6). In parallel, fluorescence-based flow
cytometry confirmed that there was no intercellular transfer of
the hybrid-tag nanotrackers (Figure 3f, right).

Compatibility of Hybrid-Tag Nanotrackers for Live-
Cell Barcoding with Mass Cytometry Sample Process-
ing. The previous sections demonstrated that the nanotrackers
are efficiently internalized and possess long-term stability in
live cells, in addition to being innocuous. Our next experiments
were designed to test the compatibility of nanotrackers with
other mass cytometry reagents and ensure there would be no
adverse effects on protein readouts. MDA-MB-231 and MCF-7
cell lines were individually barcoded with '*Pd-CyS-NTs (BC-
1) and '°Pd-Cy3-NTs (BC-2), respectively, and processed
after 24 and 48 h in culture.

Cells were stained with a previously validated mass
cytometry antibody panel designed to measure intracellular
protein expression levels in epithelial cancers.'”*”* The panel
included a set of different proteins according to their biological
functions: (i) cancer-related proteins (vimentin, pS3, and c-
Myc) and (ii) cell cycle proteins (cyclin B1, pRb, and pHH3),
apoptosis-related signaling pathways (pBCL-2, NF-xB), and
STATS (Table S2). Cisplatin (Sigma-Aldrich) was used as a
live—dead stain,'® and an antibody against cleaved PARP
(cPARP) was used to quantify apoptotic cells (Figure S4). We
observed that barcoded cell populations—channels '*Pd and
"OPd for MDA-MB-231 and MCEF-7 cells, respectively—
presented negligible platinum and cPARP levels and were
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Figure S. Compatibility of developed hybrid-tag nanotrackers with heterogeneous cell populations such as whole blood. (a) Schematic
methodology to barcode different blood cell populations for flow and mass cytometry analysis; (b) evaluation of barcoding efficiency by
fluorescence-activated cell sorting (FACS): dot plots of monocytes CD14+ (left), and T cells CD3+ (right) after the barcoding step. Barcoded cell
populations were sorted (green gate); (c) evaluation of sorting efficiency by mass cytometry of BC-1/CD14+, BC-2/CD3+, and pooled barcoded

populations.

similar to untreated cells. Notably, both proteomic profiles of
barcoded cells and untreated cells were similar in both tested
cell lines after 24 and 48 h, showing no significant alteration
associated with cell damage (Figure 4).

These data reveal that the hybrid-tag nanotrackers do not
interfere with the readout channels chosen for viability and
metal-tagged antibodies used in this experiment. Nonrelevant
changes in the expression of interrogated proteins are observed
over time, independently of the barcode. No significant
differences in protein expression are observed between control
and barcoded cells. Based on these results, these hybrid-tag
nanotrackers represent a new reagent that can be used for
barcoding cells for long-term culture without any negative
effects on experimental readouts in mass cytometry experi-
ments.

Given that our barcoding nanosystem does not interfere
with cellular proteins, fulfilling the main criteria for a universal

10631

cell barcoding, we believe that it could be compatible with
other live-cell barcoding reagents, such as TeMal,*® platinum-
labeled antibodies targeting b2m and CD298,** and
ratiometric barcoding with Pdots.>®

Assessing the Compatibility of Hybrid-Tag Nano-
trackers on Heterogeneous Cell Populations by Flow
and Mass Cytometry Dual-Modal Readout. Given that
multiplexing studies are especially powerful on heterogeneous
cell samples such as whole blood, further compatibility studies
were carried out to evaluate the labeling efficiency of the
hybrid-tag nanotrackers in non-cancer cells. Briefly, the whole
blood sample was treated to isolate PBMCs and they were
barcoded with hybrid-tag nanotrackers '*Pd-CyS-NTs (BC-1)
or "°Pd-Cy3-NTs (BC-2) prior to fluorescent antibody
staining to sort them into monocytes (CD45+/CD14+) and
T cells (CD45+/CD3+) barcoded with BC-1 (CyS+) and BC-
2 (Cy3+), respectively.
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Figure 6. Tracking cell damage of barcoded cells in coculture after exposure to doxorubicin at 6 and 24 h by mass cytometry. (a) Schematic
protocol for a cell-based drug assay using hybrid-tag nanotrackers; (b) frequencies of debarcoded cells recovered after doxorubicin exposure; (c)
heatmap of protein expression levels in monocultured MDA-MB-231 and (d) MCF-7 debarcoded cells (raw median counts); and (e) heatmap of
protein expression in cocultured debarcoded MDA-MB-231 and (f) MCF-7 cells.

Then, a mass cytometry analysis of a 50—50% pool of
barcoded monocytes and T cells was performed, identifying
each population according to their barcodes BC-1 (106Pd+)
and BC-2 (110Pd+) (Figure Sa). Flow cytometry analysis
shows a different degree of internalization based on the cell
type, being 100 and 50% for monocytes and T cells,
respectively. Interestingly, a higher intensity signal in barcoded
monocytes compared to that in barcoded T cells can be
observed, corroborating the different labeling efficiency in
these two cell types (Figure Sb). Next, sorted barcoded
monocytes and T cells were pooled and successfully tracked by
mass cytometry thanks to the dual-modal signal of the hybrid-
tag nanotrackers (Figure Sc). Toxicity assessment after
nanotracker internalization showed no significant alteration
associated with barcoding compared to cells without barcoding
(Figure S7). These results confirm that our hybrid-tag

10632

nanotrackers are as suitable barcoding reagents for heteroge-
neous cell populations such as blood cells—as other reported
mass cytometry reelgents.6’11’17’22’32’33 However, a key differ-
ential aspect of our approach is that these hybrid-tag
nanotrackers integrate both fluorescence and mass cytometry
cell barcoding in a single device and allow a dual-modal
readout. Based on these results, we can conclude that these
hybrid-tag nanotrackers are suitable for barcoding of both
heterogeneous and homogeneous cell populations. However,
higher barcoding efficiency is achieved in homogeneous
samples.

Live-Cell Barcoding for Drug Assays. A series of
experiments were carried out to evaluate the utility of
hybrid-tag nanotrackers in cocultures of individually barcoded
cells exposed to the chemotherapeutic agent doxorubicin.*”*’
To select the optimal concentration of doxorubicin, we
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performed dose—response curves with MDA-MB-231 and
MCEF-7 cell lines (Figure S8). No damage was observed
following 6 h of treatment measured by resazurin assay (Figure
S8a). However, significant differences in doxorubicin potency
were observed between the two cell lines when exposed to 12.5
UM of doxorubicin for 24 h. The viability was 30 and 70% for
MCF-7 and MDA-MB-231 cell lines, respectively (Figure
S8b).

We designed the experiment shown in Figure 6a. Briefly, we
barcoded MDA-MB-231 cells with BC-1 and MCF-7 cells with
BC-2 and cocultured them. Then, cells were treated with
doxorubicin or sodium chloride (vehicle control) for 6 and 24
h. Cells were stained with an antibody panel against
intracellular proteins and processed for mass cytometry
(Table S2).

We determined the viability of each barcoded cell line by
analyzing '%Pd or "'°Pd -positive signals for MDA-MB-231
and MCEF-7 cells, respectively. We observed that the number of
viable MDA-MB-231 and MCF-7 cells following treatment
with doxorubicin was approximately reduced by 60 and 76%,
respectively, compared to cells treated with drug vehicle
(untreated) (Figure 6b). Responses to doxorubicin (6 and 24
h) of each barcoded cell line in the coculture were comparable
to those observed for each individually barcoded cell line
(Figure S9). To complement the viability determination, we
compared measurements of protein expression in coculture
versus individually barcoded cells. Following debarcoding,
expression levels of proteins expected to change in response
to doxorubicin treatment were visualized on a heatmap. Our
results showed concordance in the levels of the parameters
reported in heatmaps of debarcoded cells with cells treated
individually (Figure 6c—f). The expression patterns are similar
in both monoculture and coculture for both cell lines,
demonstrating that this approach does not interfere with the
protein signature changes induced by drug treatment. There-
fore, our method can be used to barcode live cells from the
beginning of the assay, allowing monitoring of the cellular
response to the drug treatment over time after debarcode is
completed.

B CONCLUSIONS

In summary, we have developed fluorescent and mass hybrid-
tag nanotrackers as new reagents that can be used for long-
term live-cell barcoding and multiplexed drug assays and can
be detected by flow and mass cytometry. These reagents have
key advantages for cell barcoding such as fluorescence and
mass dual-modality, durability (up to 14 days) without any
appreciable cellular damage, stability over time, and universal-
ity since it does not interfere with cellular protein expression.
Despite the use of only two hybrid-tag nanotrackers, this proof-
of-principle barcoding strategy could be extended using other
metal isotopes as tags.

Successful proteomic profiling of single cells was achieved
with a 14-antibody panel in the presence of the hybrid-tag
nanotrackers. These nanotrackers provide robust barcoding of
live cells compatible with existing mass cytometry reagents
(metal-labeled antibodies, DNA intercalators, and cisplatin)
and cell processing protocols for mass cytometry, allowing the
barcoding of heterogeneous cells together with flow and mass
cytometry dual-modal readout.

This barcoding approach does not rely on proteins;
therefore, it is not affected when proteomic changes are
induced after exogenous perturbations, e.g., drug treatments.

Simultaneous measurements of cocultures with cells barcoded
with nanotrackers over time following doxorubicin treatment
have been successfully performed. Notably, the hybrid-tag
nanotrackers have a significant advantage over other barcoding
reagents in that they can be used for drug-sensitive and/or
minority cell populations used in cocultures, avoiding harsh
treatments or conditions that could mask cells under low signal
intensities close to background. To the best of our knowledge,
this is the first dual fluorescent and mass cytometry barcoding
reagent compatible with long-term live-cell barcoding and
multiplexed drug assays. In addition, these hybrid nanotrackers
are also compatible with fluorescence-based techniques, such
as confocal microscopy, opening the range of applications of
this barcoding method.
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