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Abstract

Encoded microparticles have become a powerful tool for a wide array of applications, including
high-throughput sample tracking and massively parallel biological multiplexing. Spectral
encoding, where particles are encoded with distinct luminescence spectra, provides a particularly
appealing encoding strategy because of the ease of reading codes and assay flexibility. To date,
spectral encoding has been limited in the number of codes that can be accurately resolved. Here,
we demonstrate an automated 5-dimensional spectral encoding scheme using lanthanide
nanophosphors that is capable of producing isotropic spherical microparticles with up to 1,100
unique codes, which we term MRBLEs (Microspheres with Ratiometric Barcode Lanthanide
Encoding). We further develop a quantitative framework for evaluating global ability to distinguish
codes and demonstrate that for six different sets of MRBLES ranging from 106 to 1,101 codes in
size, > 98% of MRBLEs can be assigned to a code with 99.99% confidence. These > 1,000 code
sets represent the largest spectral code libraries built to date. We expect that these MRBLEs will
enable a wide variety of novel multiplexed assays.
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Introduction and Body

With the rise of genomic and proteomic data, high content multiplexed bioassays, which
allow multiple analytes of interest to be probed and tracked in a single experiment, have
become widely used for both basic research and clinical diagnosist=161. While this area has
traditionally been dominated by spatial microarrays, bead-based assays offer several key
advantages, including rapid mixing for near fluid-phase kinetics, easier handling and
manipulation, and smaller required sample volumes[®>-171. Encoded particles are attractive
for biological multiplexing because they can serve as a solid-phase support for a given
biological probe, thus linking the particle code to the identity of the probe and its associated
analyte. Furthermore, encoded particles provide the ability to selectively cleave off probes to
assess their quality or identify probe-bound material after assay completion. However, while
spatial arrays of hundreds of thousands of probes have been demonstrated[18.19] assays
using encoded particles have been significantly more limited due to technical difficulties in
producing more than a few hundred unique codes.

Current particle encoding strategies include spatial barcodes!”20-26] and luminescence
spectral encoding, where the spectrum of light emitted by each particle varies. Although
some spatial barcoding schemes have achieved large numbers of codes, bead shape and
orientation requirements during code readout have precluded widespread adoption of these
schemes, especially for bioassays[®21:27], Spectral codes isotropically embedded in spherical
beads can be read in any orientation, making them ideal for benchtop assays. However, the
available number of codes in spectrally encoded libraries has typically been relatively small.
Bead-based technologies that rely on fluorescent dyes for spectral encoding (e.g. Luminex
XMAP) have been reported to achieve 100-500 codes!28-301, but these numbers approach the
limit of what is theoretically possible due to spectral overlap between species. Technologies
employing quantum dots (QDs) have also reached a published limit of ~100 codes due to
energy transfer between QDs when incorporated into beads!24:31-371. Additional technical
difficulties associated with using fluorophores and QDs for spectral encoding include
spectral interference between the luminescent species used for encoding and for biological
assay detection, the need for multiple costly excitation sources, photobleaching of the
encoding species, and incompatibility with chemical reagents required for on-bead solid-
phase synthesis of probe libraries[38:39],

Lanthanide nanophosphors (LNs) offer several advantages over organic fluorophores or QDs
for spectral encoding. LNs possess large Stokes shifts, resist photobleaching, and emit
visible light in narrow spectral bands, making species easily distinguishable from one
anotherl49-44], | Ns are chemically inert and relatively insensitive to environmental changes,
making them compatible with common chemical conditions for bead functionalization[40.45],
Additionally, all LNs are excited at a single UV wavelength, reducing instrumentation costs
and preserving the ability to use the full range of conventional fluorescent dyes for
multiplexed analyte detection in downstream assays[#6l. As a result, several groups have
employed lanthanide-based encoding to create spatially invariant code sets up to tens of
codes[12:2547-53] |n our groups, we previously synthesized and discriminated beads
containing 24 unique spectral codes created via the ratiometric incorporation of Eu-, Sm-,
and Dy-doped YVO, nanophosphors within each bead[®4].
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Here, we demonstrate the ability to produce and distinguish LN-doped microspheres for a
code set of 1,023 distinct codes with 99.8% of beads assigned to a spectral code at 99.99%
confidence with high reproducibility, representing, to our knowledge, the largest code set
achieved by pure spectral encoding ever demonstrated and a 50-fold improvement from our
previous work[54]. To achieve this code space, we synthesized and incorporated 5 brightly
luminescent LN species and developed a next-generation microfluidic device for controlled,
high throughput automated bead synthesis. We apply a novel computational framework to
identify the embedded codes and quantitatively assess the microsphere code assignment
accuracy. We anticipate that these 1000-plex encoded microspheres, which we term

M RBL Es (Microspheres with Ratiometric Barcode Lanthanide Encoding), will have broad
utility for high content biological assays, from genomic and proteomic biological library
testing to clinical diagnosis and assessment.

Results and Discussion

MRBLEs are generated by the microfluidic production and photopolymerization of polymer
droplets containing precise ratios of embedded LN species into solid polymer beads. A
ratiometric encoding scheme improves code quality by enabling correction for small
variations in excitation intensity and light collection efficiency across the field of view and
between images. This scheme can yield a large number of unique spectral codes with a
theoretical maximum limit of /€, where /represents the number of distinct intensity levels
that can be distinguished, and Crepresents the number of encoding species. To maximize /,
we increased the brightness of individual YVO4:Eu, YVO,4:Sm, and YVOg4:Dy LNs ~3-14-
fold from our previous work by removal of a bismuth co-dopant previously added to red-
shift the emission spectra (Figure S1A)>4]. We then increased C by synthesizing additional
LN species (YVO4:Ho, YVO,:Er, YVO4:Tm, and LaPO4:CeTh)[3556]. Of these, YVO,:Tm
and LaPO4:CeThb yielded homogeneous aqueous suspensions that are brightly luminescent
when excited with deep UV light (Figures 1A, S1), and are spectrally well-resolved from
other emitting species (Figures 1B, S1).

We then developed a next-generation microfluidic bead synthesizer capable of high-
throughput production of the millions of MRBLEs required for a >1000 code set. To
produce MRBLEs, individual mixtures containing polymer (polyethylene glycol diacrylate),
photoinitiator®7], a single coding LN species, and a reference LN (Eu:YVOy) are loaded
into one of 8 inputs (Figure 1C,D). Precisely controlling the pressures driving each input
(and hence their relative flow rates) generates unique ratios of lanthanides, each of which
comprises a distinct spectral code. Once loaded, LN/polymer solutions are mixed via
passage through a grooved herringbone channel, formed into droplets at a T-junction with a
perpendicular channel flowing a surfactant/mineral oil solution (2% v/v Abil EM 90 and
0.05% v/v Span 80), and irradiated with UV light to drive polymerization into monodisperse
solid beads (Figure 1E). To compensate for small code-dependent differences in solution
viscosity (which can affect droplet size and code resolution), beads are synthesized in a two-
step process in which LN/polymer solutions are first mixed and then pushed toward droplet
generation using a single water source (Figure S2). The next-generation synthesizer
presented here includes two mixers and two droplet generators (Figures 1C, 1D, S2),
increasing throughput >3-fold for production of 3,000 individual MRBLES in 2.5 minutes.
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Embedded codes within MRBLEsS are read via excitation with deep UV light (292 nm) and
imaged at 9 wavelengths chosen to best discriminate between individual LN emission
spectra (Figure 2A). The raw images are converted to intensity images for each lanthanide
by linear unmixing to determine the most likely linear combination of LNs to have produced
the observed spectra at each pixel (Figure 2B). Individual MRBLE codes are then reported
as the ratio of intensities of each coding LN relative to the YVOg4:Eu internal standard LN
(Figure 2C). A transformation matrix is applied to register the measured ratios onto the
known programmed ratios, and a Gaussian mixture model (GMM) is used to fit the mean
ratios and covariance matrices that describe each code cluster, and then assign each bead to
its most likely code cluster (Figure 2C). Our analysis pipeline and optical instrumentation is
discussed extensively in the Supplementary Methods.

Expanding a spectral encoding system to large numbers of codes requires careful
determination of a theoretical code spacing that maximizes the number of distinct code
clusters that can be resolved accurately. This optimal code spacing, in turn, depends on an
accurate model of the standard deviation (SD) associated with each code cluster. In previous
work using two LNs (Dy and Sm), we found that the SD of each cluster in each channel
depended linearly upon only the LN level in that channell>4l. To explore whether this
independence held for a larger set of lanthanide nanophosphors (Dy, Sm, Tm, and CeTb), we
generated and imaged a sparse 106-code MRBLE set containing 2 levels of CeTb, 6 levels
each of Dy and Sm, and 5 levels of Tm. Although embedded codes are identified by fitting a
GMM to all dimensions simultaneously, we visualize all clusters within this four-
dimensional data set by first classifying each MRBLE by CeTb/Eu and Sm/Eu ratios (shown
as columns and ratios, respectively), and then plotting their Tm/Eu ratios versus Dy/Eu
ratios (Figure S3). These data (from 3,185 MRBLES) demonstrate that each code forms a
tight, well-separated cluster. For all LN ratios except Tm/Eu, the SD for each cluster,
extracted from the GMM covariance matrix, is well fit by a linear model depending only on
the mean ratio of that LN (Figure S4, Table S1); for Tm/Eu, the SD for each cluster depends
on both Tm/Eu and Dy/Eu ratios, likely due to overlapping emission peaks at ~470 nm
(Figures 1B, S1D). These empirically derived SD models allow prediction of intensity level
spacings that separate code clusters by at least 7 SD (where 77is specified by the user) to
attain the maximum number of code clusters within a 4-dimensional space.

Using this framework, we iteratively synthesized increasingly larger code sets (Table S2).
We used the initial 106-code data to generate a set of 285 MRBLE codes separable by 8
standard deviations (Figure S5), used this 285-code data to predict a set of 341 codes
separable by 7standard deviations (Figure S6), and used this 341 code data to predict a set
of 551 codes separable by 5.7 standard deviations. Figure 3 shows the four-dimensional data
from 20,801 MRBLEs from this 551-code MRBLE set comprised of 4 CeTb levels, 9 Dy
levels, 7 Sm levels, and 7 Tm levels; the full set of intensity histograms for each channel is
shown in Figure S7. As with the sparser code sets, MRBLEs fall into discrete clusters that
are well separated from their neighbors, although one cluster is missing due to a production
error. This demonstration of 550 codes surpasses all known purely spectral encoding
libraries published to date.
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We hypothesized that our library size could be further increased by synthesizing several sets
of MRBLEs, each containing a different Eu reference level as an additional coding
parameter. To test this, we verified that different Eu levels could be easily resolved from one
another (Figure S8) and synthesized additional code sets containing either 2 or 3 different
levels of Eu. First, we synthesized an additional 551 code MRBLEs containing 40% of the
standard Eu reference level and combined it with the 550 code MRBLE above to create a
composite set of 1,101 codes (Figures 3, S9, and Movie S1). Second, we created three 341-
code MRBLE sets containing either 100%, 50%, or 25% of the standard Eu reference and
combined them to create a composite set of 1,023 codes (Figures S10-12).

For small numbers of codes, code quality is often established by simply plotting histograms
or clusters of intensities and visually assessing whether it seems possible to unambiguously
assign a code to any given bead. To evaluate the quality of these large code sets spanning 5-
dimensional space, we developed a new quantitative framework similar to a receiver
operating characteristic (ROC) curve. First, we assess the likelihood of a MRBLE belonging
to each code using the posterior probabilities returned by the Gaussian mixture model
described above. For MRBLEs with varying reference Eu levels, we multiply this posterior
code probability by the probability of the Eu level assignment. For a given probability, we
then globally assess code quality by determining the fraction of MRBLES assigned to their
most likely code with that probability or higher. For the 1,023 code set, 99.8% of MRBLEs
can be assigned to a code with 99.99% confidence and 99.9% of MRBLES to a code with
99.9% confidence (Figure 4B, Table S2). For the 1,101 code set, 98.0% of MRBLESs can be
assigned to a code with 99.99% confidence and 99.1% of MRBLEs to a code with 99.9%
confidence (Figure 4C, Table S2). Smaller code sets can be assigned with even higher
accuracies; e.g. for a 341-code set, we can assign 99.97% of MRBLEs to a code with
99.99% confidence (Figure 4A, Table S2). Taken together, these assignment rates far exceed
all existing technologies to date known to us from the literature.

In conclusion, we have demonstrated the ability to synthesize Microspheres with
Ratiometric Barcode Lanthanide Encoding (MRBLES) with over 1,000 unique spectral
barcodes, representing the largest code set created using purely spectral encoding to date.
We further developed a quantitative metric for globally assessing code quality, which is
broadly applicable to benchmarking many encoded particle technologies beyond that
presented here. In total, we have shown data for six different sets of MRBLES ranging from
106 to 1,101 codes in size, with assignment accuracies ranging from 100% assignment to
98% assignment at 99.99% confidence.

While commercial fluorophore-based technologies are approaching their theoretical
encoding limit due to spectral overlap, this lanthanide-based encoding system has significant
potential for future growth to even larger code sets. First, coding capacity can be increased
by incorporating upconverting LNs, which are excited with infrared light (typically at 980
nm) and emit visible light in narrow, well-defined spectral bands!>8-621. Two popularly
synthesized upconverting species (NaYF4:YbEr and NaYF4:YbTm) are spectrally
orthogonal to the downconverting LNs employed here as well as fluorophores commonly
used for bound analyte detection, rendering them ideal for achieving > 104 distinct codes.
Second, accounting for the observed covariance between LN ratios within each code would
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allow tighter packing of code clusters off of the orthogonal grid we currently use. Finally, we
present here a rigorous code separation method to demonstrate the potential of
downconverting LNSs for creating extremely large code spaces. In future practical
applications, it is likely that we can tolerate a lower assignment confidence that what we
observe here, thereby achieving even larger numbers of codes. In summation, MRBLES
represent a promising lanthanide-based encoding technology that enables spectral encoding
to reach unprecedented numbers of codes, and anticipate this system will ultimately prove
useful for a broad range of microsphere-based multiplexed bioassays.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Lanthanide nanophosphor species and microfluidic devices used to generate MRBLES. (A)
Photograph showing vials of YVO4:Eu, YVO4:Sm, YVOg4:Dy, LaPO,4:CeThb, and YVO,4: Tm
excited by 305 nm light from a handheld UV lamp. (B) Normalized emission spectra for
YVO4:Eu, YVO4:Sm, YVO,4:Dy, LaPO4:CeTh, and YVO4:Tm LNs. All LNs were excited at
285 nm except for LaPO,4:CeTb, which was excited at 275 nm. (C) Photograph of
microfluidic bead synthesizer device used for MRBLE production. (D) Cartoon schematic
showing bead synthesizer device modules. (E) False color image showing monodisperse
microspheres from a 551 MRBLE code set.
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Figure2.
Image analysis workflow. (A) Brightfield and luminescence images of MRBLEs are

recorded with the indicated filters; beads are identified from the brightfield image using the
circular Hough transformation. (B) Measured luminescence images are transformed into LN
intensity images by linear unmixing using spectra acquired from reference MRBLES
containing a single LN species. For each bead, the median intensity and median intensity
ratio are recorded. (C) A transformation matrix registers measured ratios to programmed
ratios and a Gaussian mixture model is used to assign individual beads to a particular code.
Red ellipses are the 3 and 4 standard deviation contours derived from the Gaussian mixture
model covariance matrix.
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Measured intensity ratios in four dimensions for 20,801 MRBLEs from a 550 code set.
MRBLEs are first separated by CeTh/Eu ratio (four columns, with each column
corresponding to a single peak within the histogram of all CeTb/Eu intensities shown at top)

and Sm/Eu ratio (seven rows, with each row corresponding to a single peak within the
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histogram of all Sm/Eu intensities shown at right). For each unique combination of CeTh/Eu
and Sm/Eu ratios, a panel displays Tm/Eu ratios plotted vs Dy/Eu ratios to show individual

clusters.
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Figure 4.
Confidence plots for MRBLE code assignment. (B) Plot showing the fraction of MRBLEs

that can be identified with a given confidence level for 50,564 MRBLEs from a 1,101 code
set containing two distinct Eu levels (20,801 with 100% Eu and 29,853 with 50% Eu). (C)
Plot showing the fraction of MRBLEs that can be identified with a given confidence level
for MRBLEs from a 1,023 code set containing three distinct Eu levels (16,419 with 25% Eu,
7,008 with 50% Eu, and 16,932 with 100% Eu).
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