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allows simultaneous monitoring of up to 
36 protein markers in cells using mass-
labeled antibodies in combination with 
multiplexed ion beam imaging (MIBI) or 
imaging mass cytometry (IMC);[11–14] how-
ever, these high-resolution analyses using 
secondary ion beam mass spectrometry 
(SIMS) methods are limited to technically 
available mass channels.[15,16]

Gallium, helium, oxygen, or argon 
ion beams have been used for SIMS 
imaging. Oxygen primary beams are the 
most widely employed ion beams in com-
mercial platforms for MIBI (IonPath) 
and IMC (CyTOF). Oxygen primary ion 
beams have high sensitivity and spa-
tial resolution of 260–500  nm for alkali- 
and lanthanide isotopes, and for these 
methods antibodies are conjugated to 
metal-chelated polymers.[17–20] Cesium ion 
beams offer much higher spatial resolu-
tion (i.e., 50 nm) than oxygen ion beams, 

and thus enable subcellular imaging or nanoscopy.[21–23] How-
ever, unlike the oxygen primary ion beams, cesium ion beams 
have low sensitivity for lanthanides and much higher sensi-
tivity for halogens, chalcogens, pnictogens, and metalloids. 
The labeling chemistry for these atoms is more difficult than 
the metal-chelation of lanthanides or transition-metal iso-
topes. This currently limits the application of mass-labeled tar-
geting agents, such as antibodies and peptides in nanoscopic 

High-dimensional profiling of markers and analytes using approaches, such as 
barcoded fluorescent imaging with repeated labeling and mass cytometry has 
allowed visualization of biological processes at the single-cell level. To address 
limitations of sensitivity and mass-channel capacity, a nanobarcoding platform 
is developed for multiplexed ion beam imaging (MIBI) using secondary ion 
beam spectrometry that utilizes fabricated isotopically encoded nanotags. 
Use of combinatorial isotope distributions in 100 nm sized nanotags expands 
the labeling palette to overcome the spectral bounds of mass channels. As a 
proof-of-principle, a four-digit (i.e., 0001–1111) barcoding scheme is demon-
strated to detect 16 variants of 2H, 19F, 79/81Br, and 127I elemental barcode sets 
that are encoded in silica nanoparticle matrices. A computational debarcoding 
method and an automated machine learning analysis approach are developed 
to extract barcodes for accurate quantification of spatial nanotag distributions 
in large ion beam imaging areas up to 0.6 mm2. Isotopically encoded nanotags 
should boost the performance of mass imaging platforms, such as MIBI and 
other elemental-based bioimaging approaches.
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Spatial analysis of biological systems facilitates understanding 
of health and diseases at the single-cell level.[1–3] Multipara-
meter mapping of molecular constituents in cells and tissues 
has been implemented using methods based on fluorescence 
spectroscopy and mass spectrometry.[4,5] To overcome the 
color limitations of microscopy, barcoded imaging of RNA 
labels has been used to enable spatially resolved and multi-
plexed genomics measurements.[6–10] Imaging of mass labels 
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molecular imaging methods with a cesium ion beam. More-
over, the elements detected in a cesium primary ion beam 
(e.g., Si, S, F, Cl, Br, I, Se, and Te;[22] Table S1, Supporting 
Information) typically have a small number of isotopes, of 
which several are abundant in biological tissues. Thus, the 
application of such isotopes as mass labels for multiplexed ion 
beam imaging-based interrogation of biological samples using 
a cesium ion beam is highly restricted.

To address this, we devised a nanobarcoding platform that 
is based on metalloid oxide nanoparticles. The method relies 
on combinatorial incorporation of halogen, chalcogen, and 
pnictogen isotopes of low biological abundance (i.e., 2H, 15N, 
19F, 79/81Br, and 127I) into a silica nanoparticle matrix to pro-
duce isotopically encoded nanotags (Figure 1a). We selected the 
metalloid oxide silica as the matrix for the nanoparticle-based 
barcodes, because silica precursors and methods for synthesis 
of silica nanoparticles of controlled sizes are available and 
silica surface modifications to enable antibody conjugation are 
straightforward.[24] A modified Stöber reaction was used to pro-
duce silica nanoparticles with diameters of about 100  nm.[25] 
A typical reaction mixture for the synthesis of 100 nm silica 
nanoparticles contained 0.7% v/v NH3, 4% v/v of the silica pre-
cursor tetraethyl orthosilicate, and 0.31% v/v 3-mercaptopropyl-
trimethoxysilane (MPTMS) in 91% v/v aqueous isopropanol. 
After a reaction time of 30 min under ambient conditions, the 
100 nm silica nanoparticles were collected using centrifugation 
(5  min at 10  000  g) and washed with 100% ethanol to afford 
100 nm silica nanoparticles.

Isotopically encoded silica nanotags were produced by 
linking silane-appended isotopically enriched molecular scaf-
folds to yield four-digit barcodes (Figure  1b). We selected 
N-ethyl-d5-maleimide, trimethoxy(3,3,3-trifluoropropyl)-silane, 
eosin-maleimide, and L-thyroxine, as the molecular scaffolds 
for 2H, 19F, 79/81Br, and 127I, respectively. Due to the low natural 
abundance of 2H, a 2H-enriched scaffold was used. The other 
scaffolds were based on isotopes of high natural abundance: 
Natural abundances of 19F, 79/81Br, and 127I are 100%, 51/49%, 
and 100%, respectively. To enable uniform, covalent incorpora-
tion within the silica nanoparticle matrix, N-ethyl-d5-maleimide, 
and eosin-maleimide were first reacted overnight with MPTMS 
in dimethylsulfoxide (DMSO) under ambient conditions and 
then silica nanoparticles were synthesized. L-thyroxine was 
conjugated to MPTMS using the heterobifunctional linker 
succinimidyl 4-N-maleimidomethyl-1-cyclohexane-carboxylate 
(SMCC) in a 1:1.1:1 ratio in DMSO (Figure 1c). Silane-appended 
eosin-maleimide and L-thyroxine derivatives were used without 
further purification. The concentrations of silane-appended 
isotopically enriched scaffolds were normalized based on the 
isotope abundance in the scaffold and were added independently 
or as a combination as a fraction of the 0.31% of the MPTMS 
volume fraction (Table S2, Supporting Information). As shown 
using nanoparticle tracking analysis, the average hydrodynamic 
diameter of the nanotags was 105.5 ± 8.1 nm with a coefficient 
of variance of 7.6% between different nanobarcodes (Figure S1a, 
Supporting Information). Scanning electron micrographs of air-
dried nanotags barcodes 0000 and 0100 were imaged on a Zeiss 
Ultra 60, and nanotags barcodes 0010, 0001, 1111 were imaged 
on a FEI Nova Nanolab 200 SEM (Figure S1b, Supporting 
Information).

Next, we prepared gold-coated silicon substrates with a 
200 nm thick gold layer coated on a 20 nm titanium adhesion 
layer (substrate dimensions: 7 × 7 mm, Silicon Valley Microelec-
tronics) using the Innotec E-beam metal evaporation system. 
Gold was selected because the mass of gold is 197  Da (100% 
natural abundance), which should not interfere with MIBI of 
the silica nanoparticles. A dispersion of isotopically encoded 
silica nanoparticles in ethanol (2−5  µL) was placed on the gold-
coated silicon substrate and air-dried overnight before ion beam 
imaging.

To validate the incorporation of the individual isotopes into 
the silica nanoparticle matrix, MIBI was performed on nano-
tags without isotope encoding or with single or all isotopes. 
Bare silica nanoparticles had positive signal only in the 28Si 
mass channel, and no significant background was observed 
in the mass channels corresponding to 2H, 19F, 79/81Br, or 127I 
isotope labels. Since the barcoding system is based on combi-
natorial encoding with these four isotopes (Figure 1b), the asso-
ciated four-digit barcode for bare silica corresponds to 0000. 
Nanotags that were encoded with a single isotope had signal 
only in the mass channel of the respective isotope (Figure  2; 
and Figure S2, Supporting Information). We analyzed the iso-
tope distributions within the silica nanoparticle matrix and 
found that the isotope-label for 19F-encoded nanotags closely 
matched 28Si indicating that the labels are uniformly distri buted 
within the silica nanoparticle matrix (Figure S3, Supporting 
Information). MIBI of the nanotags incorporating all selected 
isotopes demonstrated that all mass-channels recorded positive 
signals, corresponding to a 1111 barcode (Figure 2). Of note, the 
high mass-spectral separation that is needed for the 2H mass 
label identification resulted in lower sensitivity of 2H detec-
tion, relative to sensitivities of the halogen isotopes, which had 
smaller aperture settings. Due to the dynamic range difference 
(≈10-fold; Figure S2, Supporting Information) between the 2H 
and halogen mass channels, the 2H mass channel was there-
fore excluded from further quantification purposes.

To demonstrate the utility of the barcoding strategy, an iso-
topically encoded nanotag mixture was prepared containing 
the three-digit (19F, 79/81Br, 127I) barcode combinations 000, 
100, 010, 001, 110, 101, and 111. Notably, 011 was intentionally 
excluded from the nanotag mixture. We deposited 5 µL of this 
mixture on the gold-coated silicon substrate. A large raster 
scan (512 × 512 pixels) was performed with data from 10 scans 
collected at a scanning speed of 5 min per scan using a Nano-
SIMS device.[26] The secondary electron image showed that 
most nanotags were isolated (Figure 3a), which proved ideal for 
digital quantification. In the merged MIBI image 99 nanotags 
were within the field of view when the 28Si signal was used as 
a nanotag identifier (Figure  3b). The barcode of each nanotag 
was extracted based on 19F, 79/81Br, and 127I mass channel sig-
nals (Figure  3c; and Figure S4, Supporting Information). We 
detected 17, 21, 14, 14, 10, 7, and 16 counts for the three-digit 
barcodes (19F, 79/81Br, 127I) 000, 001, 010, 100, 101, 110, and 111, 
respectively (Figure 3d).

Barcode assignment was then automated by an unsu-
pervised machine learning algorithm. Individual nanotags 
were identified, resolved by a digital sharpening method 
(Lucy–Richardson[27]), and pixels for each nanotag were 
assigned to nanotag identity, as denoted with unique colors 
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in the scatter plots (Figure S5, Supporting Information). Each 
isotope channel was treated as a feature vector that was used 
in the training and prediction. Mathematical bases for support 
vector machine (SVM)[28,29] and K-nearest neighborhood 

(K-NN)[30,31] were used to classify the barcoded nanotags. Direct 
digital and manual quantification (magenta) and machine 
learning-based prediction (blue) of 7-class nanotag barcodes 
(000, 001, 010, 100, 101, 110, and 111 distinct classes) provided 

Adv. Mater. Technol. 2020, 2000098

Figure 1. Application of isotopically encoded nanotags in MIBI. a) A mixture of isotopically encoded nanotags on a gold-coated silicon substrate is 
raster-scanned using a cesium ion beam. Next, secondary elemental ions are analyzed using SIMS and spatially deconvoluted using debarcoding algo-
rithms to provide quantitative information on the spatial distribution of the individual nanotags. b) A modified Stöber reaction that involves the addition 
of isotopically labeled silanes in the presence of tetraethyl orthosilicate (TEOS) and NH4OH in an aqueous isopropanol (IPA) solution was used to 
synthesize 100 nm isotopically encoded isotopically encoded silica nanoparticles. The four-digit barcodes are based on labeling of silica nanoparticles 
with 2H, 19F, 79/81Br, 127I, or combinations thereof. c) Molecular structures of the isotopically labeled silanes. 2H-, 79/81Br-, and 127I-containing molecules 
were appended to the thiol-containing MPTMS either directly via straightforward maleimide chemistry in the case of the 2H- and 79/81Br-containing 
scaffolds or using the heterobifunctional linker SMCC for the 127I-containing molecular scaffold L-thyroxine.
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good agreement in the bar plot (Figure  3e). Using K-NN for 
3 neighbors, classification results exhibited high precision and 
recall values of 0.87 and above (Table S3 and Figure S6, Sup-
porting Information). Detected barcode sets were then visual-
ized on the principal component analysis[32] and t-Distributed 
Stochastic Neighbor Embedding (t-SNE)[33] reduction methods 
(Figure  3f,g), and Uniform Manifold Approximation and Pro-
jection (UMAP)[34] plots (Figure S7, Supporting Information), 
demonstrating the accurate debarcoding of the presented 
highly multiplexed nanotag results. Supervised learning[35] and 
feature extractions[36] will further improve classification perfor-
mance of large nanotag datasets (Supporting Code 1 and 2, Sup-
porting Information).

In addition to 2H, 19F, 79/81Br, and 127I mass-labels, we also 
explored the incorporation of 15N-enriched and natural abun-
dance 76/77/78/80Se- and 122/124/125/128/130Te-containing scaffolds 
(Figure S8, Supporting Information). As a molecular scaffold 
for 15N, we selected arginine-15N4, which was conjugated to 
MPTMS using SMCC to enable covalent incorporation of 
the 15N-scaffold into the silica matrix of the nanotags. We 
were able to distinguish the 15N-19F-79/81Br-127I barcode (1111) 
from the 19F-79/81Br-127I barcode (0111) scheme (Figure S9, 

Supporting Information). For Se- and Te-incorporation, we 
used meso-chloro-substituted selenopyrylium and telluro-
pyrylium scaffolds. The meso-chloro-substituted selenopyry-
lium was conjugated with MPTMS by reacting it overnight in 
DMSO at 72 °C in a 1:1 molar ratio to enable covalent incorpo-
ration into the nanotag matrix. The telluropyrylium scaffold 
was used without appending to silane. Se- and Te-encoded 
nanotags were prepared and imaged by MIBI demonstrating 
that 80Se was detectable and overlapped with specific 28Si 
host matrices, with no spillover into the 130Te mass channel 
(Figure S10, Supporting Information). Similarly, specific sig-
nals were observed for 130Te with minimal ion signal in the 
80Se mass channel (Figure S10, Supporting Information). 
Compared to 80Se, which was silane-appended, noncovalent 
incorporation of the Te-scaffold yielded lower signal under 
identical imaging conditions due to lower levels of incorpo-
ration of the tellurium scaffold into the silica nanoparticle 
matrix.

Since selenium and tellurium have mass overlap with bro-
mine and iodine, respectively, neither was further explored 
for use in the isotopically encoded nanotags mixtures. In 
contrast, 2H and 15N do not have mass overlap with any of 

Adv. Mater. Technol. 2020, 2000098

Figure 2. MIBI of isotopically encoded nanotags. Isotopically encoded nanotags were imaged using MIBI. The MIBI data are generated by raster 
scanning of the samples with a cesium ion beam followed by secondary ion mass spectrometry. All silica-based nanotags were imaged in the 28Si 
mass channel. MIBI data are presented for mass channels of 2H, 19F, 79/81Br, and 127I. The four-digit nanotags were assigned based on signal in the 
mass channel (“1”) or no signal above background (“0”). The secondary electron (SE) image reflects total electrons ejected from the sample. Scale 
bars, 1  µm.
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the halogens that were successfully incorporated in the iso-
topically encoded nanotags. Moreover, since the sensitivity of 
2H and 15N mass labels is related to the aperture setting, the 
sensitivity of both isotopes could be improved by increasing 
the stochastic ratio of 2H and 15N relative to the halogens. 
Incorporation of 2H and 15N into the current set of nano-
tags will enable the generation of 64 distinct barcodes. As an 
alternative method for expansion of the barcode library, we 
also explored the incorporation of different stoichiometric 
ratios of the halogen isotopes (Table S2, entry 11, Supporting 
Information). We were able to separate nanotags prepared 
with 19F-79/81Br-127I in a 1:1:1 stoichiometric ratio from those 
prepared in a 0.5:2:1 ratio (Figures S11 and S12, Supporting 
Information). We achieved this by measuring the intensity 
of signal of each isotope relative to the signal of 28Si-silica 
nanoparticle matrix. Machine-learning debarcoding success-
fully classified barcodes based on the ratiometric analysis 
(Figure S13, Supporting Information).

One of the most widely applied barcoding platforms in 
biomedical and biotechnology research is the multianalyte 
platform (xMAP; Luminex); a multiplex microbead-based 
immunoassay that uses polystyrene beads that are barcoded 
via embedding of different ratios of at least 2 fluorochromes 
with discrete optical characteristics.[37,38] The beads can be 
labeled with a capturing moiety (e.g., antibody or nucleic 
acid sequence), incubated with the analyte, and optically 
analyzed and sorted using a flow cytometer. Such screens 
enable simultaneous, high-throughput analysis of up to 
500 different analytes in a single complex sample for path-
ogen detection and identification.[37] In the current study, we 
report that our nanobarcoding strategy enables incorporation 
and detection of at least 5 different isotopes with nonoverlap-
ping masses (e.g., 2H, 15N, F, Br, I), which produces 32 (25) 
different nanobarcodes when the isotopes are incorporated at 
a stoichiometric ratio of 1:1. However, we also demonstrated 
that our machine-learning algorithms were able to identify 
nanobarcodes with stoichiometric ratios of 1:2 and 1:3 bar-
codes (Figures S11 and S12, Supporting Information). Theo-
retically, this enables us to produce and identify between 
243 (35) and 1024 (45) different nanobarcodes. Analogous to 
the xMAP platform, these nanobarcodes could be employed 
in a sandwich assay (SA) in which the capturing antibody 
is labeled with an isotopically encoded nanotag and the 
secondary, detection antibody is labeled with another nano-
barcode or even a gold nanoparticle, for which the Cs+ ion 
beam also has high sensitivity (Table S1, Supporting Infor-
mation). After incubation of a sample with the nanobarcoded 
capturing- and detection antibodies, analytes could then be 
detected in complex samples in two ways: Method 1) each 
sample will be spotted onto a substrate, imaged with MIBI, 

and analyzed using machine-learning algorithms to identify 
nanotags. When a nanobarcoded capturing and detection 
antibody are detected within a certain distance (as deter-
mined by the AI), this is indicative of analyte binding and 
thus the analyte can be identified based on the nanobarcode 
of the labeled capturing antibody. While this approach may 
not be high-throughput, many different interactions can be 
identified; 2) The second method employs SA as well, but 
instead of MIBI, we will use mass cytometry in which a flow 
cytometer is coupled to a inductively coupled plasma mass 
spectrometry system equipped with a Cs+ ion beam to per-
form detection using a mass read-out. Although we did not 
explore the second option, mass cytometry would allow for 
higher throughput.

To summarize, we have synthesized isotopically encoded 
nanotags that combinatorially incorporate 19F, 79/81Br, and 127I 
to generate a library of nanobarcodes for multiplexed analysis 
in nanoscopic applications using cesium ion beams. The nano-
tags were uniformly labeled with the isotopes. The ratios of 
different nanotags in mixtures were successfully determined 
automatically via digital analysis and a machine-learning frame-
work. Since silica surface modification is straightforward, the 
nanotags can be conjugated to analyte capturing moieties to 
enable highly sensitive and multiplexed analyte detection or 
imaging.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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with barcodes color-coded as indicated. g) t-SNE plot of nanotag subtypes provide accurate classification.
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