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R. E. Gerver,{ab R. Gómez-Sjöberg,{cd B. C. Baxter,{be K. S. Thorn,{c P. M. Fordyce,{bc C. A. Diaz-Botia,d

B. A. Helmse and J. L. DeRisi*bc

Received 20th June 2012, Accepted 21st September 2012

DOI: 10.1039/c2lc40699c

Spectrally encoded fluorescent beads are an attractive platform for assay miniaturization and

multiplexing in the biological sciences. Here, we synthesize hydrophilic PEG–acrylate polymer beads

encoded with lanthanide nanophosphors using a fully automated microfluidic synthesis device. These

beads are encoded by including varying amounts of two lanthanide nanophosphors relative to a third

reference nanophosphor to generate 24 distinct ratios. These codes differ by less than 3% from their

target values and can be distinguished from each other with an error rate of ,0.1%. The encoded

bead synthesis strategy we have used is readily extensible to larger numbers of codes, potentially up to

millions, providing a new platform technology for assay multiplexing.

Introduction

Over the past several years, advances in biomedical research

technology have driven an unprecedented explosion of genomic

and proteomic data, yet the challenge of translating new

biomarkers of disease into actionable diagnostics and therapeu-

tics remains daunting. To both validate and deploy the vast

numbers of recent discoveries into clinical practice requires new

approaches to multiplexing and high-throughput biomarker

analysis. Despite intense research, few practically available

cost-effective assays for multiplexing exist, and new approaches

are needed. Beyond diagnostics, advances in multiplexing may

have impact on basic research and development systems,

including combinatorial drug discovery.

Multiplexed assays require that individual probes be reliably

identified and tracked throughout an experiment. This identifi-

cation and tracking is often done using planar arrays, where the

identity of each probe is encoded by its physical position. An

alternative approach uses encoded beads, where each probe is

attached to a separate bead that is uniquely identifiable. Bead-

based assays offer faster reaction kinetics, increased assay

flexibility, and improved reproducibility and reduced costs due

to the ability to attach probes to multiple particles at once.1

However, technical challenges in bead encoding have limited

their practical application to date.2 Existing encoding methods1–4

generally fall into two categories: spatial encoding and spectral

encoding. Spatial encoding schemes create graphical patterns or

bar codes in the particle material in a variety of ways.5–9

However, spatial methods face difficulties in cost-effective

fabrication, often require large particles to generate large code

sets, and have slower and more challenging code readout than

existing spectral methods due to orientation requirements.

Spectral encoding schemes incorporate mixtures of luminescent

materials such as lanthanides,10–12 quantum dots (QDs),13–18 or

fluorescent dyes19,20 that emit light at different wavelengths to

generate uniquely identifiable signatures. These schemes allow

identification of codes in any orientation and are compatible with

conventional bead synthesis procedures and standard detection

optics, making them particularly attractive. Despite the promise

of spectral encoding schemes, technical challenges have limited

their practical code capacity. Organic dyes have broad emission

spectra, narrow Stokes shifts, and limited photostability, making

it difficult to deconvolve spectral signatures from multiple dyes

and reducing the usable lifetime of the codes. Quantum dots offer

relatively narrow and tuneable excitation spectra, and have

therefore been the subject of considerable recent interest for

encoding schemes. However, QDs have complicated photophysics

and can undergo energy transfer and re-absorption when tightly

packed together.21–24 These effects limit the number of optical

codes that can be created, due to re-absorption losses at higher

concentrations in the beads.25,26 As a result, the largest

experimentally produced spectral code sets from organic dyes or

quantum dots have fallen far short of theoretical expectations.

The best known commercial system, Luminex,27 has been limited

to 500 unique codes and code sets synthesized in the literature

have been even smaller.10,11,13–18

Lanthanide nanophosphors are an attractive alternative to

QDs. They have narrow emission peaks due to the Laporte
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forbidden f–f energy transitions within the rare earth emitter

(e.g., Eu3+)28 and are highly photostable.29–31 A common host

matrix (e.g., YVO4) can be used with several individual emitters,

resulting in families of nanophosphors with a shared excitation

profile, but with distinct emission spectra (Fig. 1A). Unlike QDs,

neither re-absorption nor self-reabsorption is observed in

lanthanide nanophosphors. They are also less prone to bleach-

ing, chemical or oxidative damage to their emission character-

istics over time. Collectively, these properties make lanthanide

nanophosphors an ideal luminescent material for spectral

encoding.

Here, we present a novel approach to synthesize spectrally

encoded polymer beads containing multiple lanthanide nano-

phosphors. To generate these beads, we use a custom and fully

automated microfluidic device to mix different predetermined

ratios of nanophosphors suspended in monomer, followed by

photopolymerization, resulting in uniquely identifiable spectral

codes. Using this device, we have produced, imaged, and

characterized thousands of encoded beads with 24 distinct

spectral codes. The beads are highly uniform in size and have

a very tight distribution of lanthanide ratios around the

programmed values, such that we can distinguish between the

codes with ,0.1% error. These results establish the practical

feasibility of using lanthanide nanophosphors for spectral

encoding, and lay the foundation for future high-throughput

multiplexing of biological assays.

Methods

Lanthanide synthesis

The synthesis of nanophosphors is based on previously published

preparations of similar compounds.29,32,33 A detailed synthesis is

described in the Supporting Information. All chemical reagents

and polymers [poly(ethylene glycol) (PEG) and poly(acrylic acid)

(PAA)] for nanophosphor synthesis were purchased from Sigma-

Aldrich (St. Louis, MO) and were used without further

purification. Microwave synthesis was performed using a

Biotage Initiator (Biotage AB, Uppsala, Sweden). Purification

of the synthesized nanophosphors was performed by ultrafiltra-

tion using Amicon Ultra-15 centrifugal filter units with a 50 000

MWCO (Millipore, Billerica, MA), resulting in suspensions with

a nanophosphor concentration of y50 mg mL21 in water.

Luminescence spectra were measured using a FluoroMax-3

(Horiba Scientific, Kyoto, Japan) spectrofluorometer and the

nanophosphor particle size distributions were measured using a

Zetasizer Nano (Malvern Instruments, Malvern, UK).

Microfluidic device production

Devices were fabricated in poly(dimethylsiloxane) (PDMS, RTV

615, Momentive Performance Materials, Albany, NY) by Multi-

Layer Soft Lithography34 using 499 test-grade silicon wafers

(University Wafer, South Boston, MA) coated with multiple

layers of SU8 (Microchem Corp., Newton, MA) and AZ50 XT

photoresists (Capitol Scientific, Austin, TX) patterned by

standard photolithography processes.

Bead synthesis

Encoded beads were generated by varying ratios of three pre-

polymer input solutions each containing different lanthanide

nanoparticles. The three monomer input solutions used in the

microfluidic bead synthesizer all contained purified water

with 42.8% v/v 700 MW PEG-diacrylate (Sigma-Aldrich),

6% v/v 2-hydroxy-49-(2-hydroxyethoxy)-2-methylpropiophenone

(‘‘Irgacure 2959’’, a photoinitiator, Sigma-Aldrich) dissolved in

methanol at 0.33 g mL21, and 5% v/v YVO4:Eu (25 mg mL21).

One of the input solutions also contained 21.3% v/v YVO4:Dy

(10 mg mL21) and one of the others contained 21.3% v/v

YVO4:Sm (10 mg mL21). Droplets were formed into a

continuous flowing stream of light mineral oil (Sigma-Aldrich)

that contained 2% v/v Abil EM90 (Evonik Industries, Germany)

and 0.05% v/v Span 80 (Sigma-Aldrich) as surfactants to

eliminate droplet merging and sticking to the PDMS walls. On

device UV illumination polymerizes the droplets into beads

downstream of the T-junction.

Fig. 1 Characterization of the lanthanide nanophosphors synthesized

for use in the automated microfluidic bead synthesizer. (A) Emission

spectra for each of the nanophosphors (Dy- (green), Eu- (red), and Sm-

(orange) doped Y0.80Bi0.15VO4) when excited at 285 nm. Excitation

spectra of all three nanophosphors (inset) are nearly identical. (B)

Histogram showing particle size distribution for nanophosphors (as

measured by dynamic light scattering), and a photograph of vials of

nanophosphor suspensions illuminated with a UV lamp (inset).
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Accurately programming spectral codes requires precise flow

control from each of the lanthanide inputs. This was accom-

plished by performing a calibration routine to directly measure

relative hydraulic resistances. The coupled flow eqn (1) and (2)

were then solved to determine the required pressure (Pn) from

each input (n) to achieve the desired flow rates (Qn):

Qn~
Pn{Pmix

Rn

(1)

Qtot~
Pmix

Rmix

(2)

Where Qtot is the total flow rate from all lanthanide inputs,

Pmix is the pressure at the inlet to the mixing channel where all

lanthanide input streams come together, and Rmix is the

resistance of the mixing channel. The resistance of each input

(Rn) was determined relative to a fixed reference standard, PEG-

diacrylate with food coloring, flowed into one of the lanthanide

inputs. The pressures at these two inputs were set to the same

value and the flow rate ratio (Qn/Qref) was determined by

measuring the width taken up by each fluid in the channel. When

the input pressures are equal, eqn (1) reduces to:

Qn

Qref

~
Pn{Pmixð Þ=Rn

Pref {Pmix

� ��
R

ref

~
Rref

Rn

(3)

Rmix was determined by flowing lanthanide in pre-polymer at

one of the lanthanide inputs at a fixed pressure and then

measuring the pressure (Pmix) where the inputs come together at

the entrance to the mixing channel. Under these conditions Qtot

= Qn so from eqn (1) and (2):

Rn

Rmix

~
Pn{Pmix

Pmix

(4)

Pmix was measured by opening the valve to a second

lanthanide input followed by adjustment of the pressure until

there was no flow at this position. Once the relative resistances

for each of the lanthanide inputs (Rn) and the resistance

downstream of the inputs (Rmix) is determined, the system of

eqn (1) and (2) can be solved to obtain the pressures needed for

the desired flow rates of each lanthanide in monomer for

accurately hitting each targeted spectral code.

Fig. 2 Microfluidic bead synthesizer. (A) Stage 1 of bead synthesis. Mixtures of lanthanide nanoparticles (Eu alone (red), Eu/Sm (green), Eu/Dy

(orange)) suspended in pre-polymer bead mixture flow into a microfluidic device at controlled ratios and are mixed on chip using a staggered

herringbone mixer. (B) Stage 2 of bead synthesis. Water (blue) pushes the lanthanide mixture (pink) towards a T-junction containing a continuously

flowing oil stream, producing droplets (shown in microscope image, inset). Droplets are polymerized into beads via illumination with UV light and

collected for later use. (C) CAD drawing of the flow channels of the device showing the lanthanide inputs and herringbone mixer (green), water input

and resistor (blue), and oil input and bead output (red). (D) Photograph of the bead synthesizer microfluidic device with food coloring in the channels

and a dime for scale. Flow channels are colored as in panel C; control lines used to open and close on-chip valves are shown in yellow.
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Bead imaging and data analysis

Bead imaging was performed on a Nikon Ti microscope with a

custom UV transilluminator as shown in Fig. 3. The lanthanide

emission was detected through six emission filters (Fig. 4) and

recorded on an Andor DU-888 camera (Andor Technology plc.,

Belfast, Northern Ireland). Linear unmixing was performed

using least squares fitting after background subtraction and flat-

field correction of the images. Beads were identified by local

thresholding on the Eu channel, and the median Dy/Eu and Sm/

Eu ratios for each bead were recorded. A global scaling was

applied to the beads from each image to best map the measured

ratios to the programmed codes. All data analysis was performed

in MATLAB (The MathWorks Inc., Natick, MA).

Results

Synthesis of lanthanide nanophosphors

The spectral encoding scheme we describe relies critically on

stable, well-characterized lanthanide nanophosphors. Here, we

have synthesized nanophosphors using a polymer-assisted

hydrothermal approach combined with microwave irradia-

tion.35–37 The product is a crystalline YVO4 nanoparticulate

host containing one of the trivalent rare earth dopants (Eu3+,

Sm3+, or Dy3+) (see Methods), resulting in materials with unique

emission spectra (Fig. 1A) when excited with UV light (Fig. 1A,

inset). The nanophosphors have a size distribution from 30–

160 nm (Fig. 1B) and are coated with poly(acrylic acid) to create

stable aqueous suspensions (Fig. 1B, inset, illuminated with a UV

lamp). Bismuth (at a 5–15% atomic replacement of yttrium) has

also been incorporated into these nanophosphors to increase

their UV absorption.35–38 Henceforth, the nanophosphors are

referred to simply by the rare earth dopant present (e.g., Eu). To

test the reproducibility of nanophosphor production, we

synthesized multiple batches of each nanophosphor and com-

pared their emission spectra (Fig. S1{). In all cases, these spectra

were virtually identical, demonstrating the ability to consistently

and reproducibly produce nanophosphors.

Synthesis of ratiometrically encoded polymeric beads

To incorporate these lanthanides into solid beads at programmed

ratios, we have designed and fabricated a custom, fully-automated

microfluidic device. The microfluidic bead synthesizer (Fig. 2A),

operates in two stages. In stage one, the different lanthanides,

suspended in poly(ethylene glycol) diacrylate, flow into the device

and mix in a staggered herringbone mixer.39 During this mixing,

the relative flow rates from the different lanthanide inputs

determine the relative abundance of each lanthanide in a bead.

In stage two, droplets are generated by flowing the lanthanide

mixture into an oil stream at a T-junction,40,41 and then

polymerized into beads through on-chip UV illumination.42

After producing beads with each mixture, the mixing channel is

flushed with high-pressure water to clear the channel, the

pressures are adjusted to pre-programmed values automatically

for the next code, and the process repeats. Accurately achieving

targeted spectral codes requires precise control over lanthanide

flow rates, which is achieved by setting pressures based on a set of

coupled flow equations and calibration parameters (see Methods).

The actual device (Fig. 2C and D) is fabricated by standard Multi

Layer Soft Lithography (MSL) techniques and incorporates

controls for up to 8 lanthanide inputs.

Fig. 3 Bead imaging setup. (A) Photograph of microfluidic imaging device with flow channels shown in blue and control channels shown in orange.

Beads are injected into a 55 mm wide serpentine channel for imaging (photograph, inset); sieve valves at the end of the channel retain beads while

permitting fluid flow to facilitate channel loading. Inputs (Inj1, BdIn, Inj2) and outputs (W1, W2, BdOut) at either end of the device provide

bidirectional flow. (B) Schematic of the microscopy system used for imaging beads. Light from a full-spectrum 300 W Xenon arc lamp is collected (L1),

reflected off a 400 nm long pass filter (M1) to reject visible light, and passed through a shutter (S1) and an excitation filter wheel (to switch between UV

and visible transillumination) before being focused (L2) into a deep UV liquid light guide. The other end of the liquid light guide is mounted on the

condenser mount of a Nikon Ti microscope, where the light is collimated by a fused silica lens (L3) and projected onto the sample. Emitted light from

the sample is collected by a Plan Apo 4x/0.2 NA objective (L4), with a UV blocking filter placed between the sample and the objective. Emitted light is

filtered through an emission filter wheel mounted beneath the objective before being focused onto the camera.

This journal is � The Royal Society of Chemistry 2012 Lab Chip, 2012, 12, 4716–4723 | 4719
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To test both the feasibility of using lanthanide nanophosphors

to create uniquely identifiable spectral codes and the performance

of this device, we synthesized a set of ratiometrically-encoded

beads including varying levels of Dy and Sm and a constant level

of Eu. Codes are determined by the relative ratios of Dy/Eu and

Sm/Eu, with the constant level of Eu providing an internal

normalization to correct for spatial and temporal variations in

either excitation intensity or detection efficiency. We chose to

synthesize a two-dimensional grid of 24 ratiometric codes

containing 6 distinct levels of both Dy and Sm. The levels were

chosen using an error model based on preliminary measurements

that predicted levels that should be separated by roughly equal

numbers of standard deviations. In three hours of fully automated

unattended device operation, we produced a set of 24 spectral

codes with each code consisting of approximately 1500 beads.

Imaging of spectrally encoded beads

To measure the lanthanide luminescence ratios in these beads, we

developed an additional custom microfluidic device to create an

ordered linear array of y190 beads within a narrow serpentine

channel (Fig. 3A) covering a y1 mm2 area. Beads in the

serpentine can be loaded and unloaded using on-chip valves in

the fluidic circuit, allowing for efficient imaging of large numbers

of beads. A ‘‘sieve’’ valve at the end of the channel that allows

fluid flow, but blocks solid beads can be closed during bead

loading and imaging and then opened to flush the channel with

buffer and load new beads, ensuring that no bead is imaged twice.

Initial images of the beads showed that they are highly

monodisperse, with a mean diameter of 46.4 ¡ 1.0 mm. Images

of these beads at commonly used fluorescence wavelengths

revealed minimal luminescence of the lanthanides in the fluor-

escein, Cy3, and Cy5 channels, indicating that these beads are

compatible with assays using these dyes for detection (Fig. S2{).

Because the lanthanides are best excited in the deep UV, which

conventional microscope optics do not transmit, we built a

custom UV transillumination microscope to image the beads

(Fig. 3B). Luminescence emission from the beads was detected in

six spectral bands defined by emission filters chosen to pass the

characteristic emission peaks of each lanthanide (Fig. 1A and

4A). The intensities of individual lanthanides were then

determined by linear unmixing, which expresses the measured

images as a sum of component images multiplied by each

component’s characteristic spectrum.43 Here, we used as our

components the three lanthanides Dy, Eu, and Sm, as well as the

autofluorescence of the microfluidic device within which the

beads are held (Fig. 4B). The unmixing error (the difference

between the measured images and the component images times

their spectra) was ,2% for a typical image set. A typical set of

unmixed images is shown in Fig. 4C. To identify the lanthanide

ratios in each bead, we first identified beads in the image by

adaptive local thresholding of the Eu channel. For each

identified bead (spanning y90 pixels), we then calculated the

Fig. 4 Analysis procedure. (A) Raw data in each of the six luminescence

channels. Data are scaled linearly. Each channel is labelled by the center

wavelength/passband width (in nm) of the imaging filter. (B) Reference

spectra used for unmixing. (C) Left: Linearly scaled black and white

images of unmixed data from each channel (Dy, Eu, and Sm), with black

set to the minimum intensity in the image and white set to the maximum

intensity. Right: Bright field image of the same field of view. (D) False

color overlay of Dy, Eu, and Sm luminescence, colored blue, red, and

green, respectively, with scaling as in Panel C.
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Dy/Eu and Sm/Eu ratios on a pixel by pixel basis, and record the

median ratios for each bead.44

Identification of spectral codes

To be practically useful, each code within an encoded bead set

should cluster tightly around the predetermined, programmed

ratios. The results of imaging 10 bead-filled serpentines contain-

ing a representative sample of 1926 beads from the 24 code set

are shown in Fig. 5A. To determine cluster centroids for each

code, we performed k-means clustering on the data, using the

programmed values as the starting cluster centroids. The

synthesized beads for each code cluster tightly, with the

measured values for each code agreeing very well with the

targeted values (inset Fig. 5A): the mean distance between the

programmed ratios (0, 0.12, 0.27, 0.46, 0.70, and 1) and the

measured ratios is only 0.014. Discounting the 0,0 code, the

mean fractional error between the measured and programmed

levels (distance from programmed to measured divided by

distance of programmed to origin) is 2.9%. A second indepen-

dently generated code set shows similarly precise agreement with

the programmed levels (Fig. S3 and S4{), indicating that our

synthesizer produces spectrally encoded beads with both high

accuracy and repeatability. These code sets were synthesized

independently with a three-week gap between the syntheses, and

both code sets were imaged several additional weeks after the

syntheses, demonstrating bead and reagent stability.

Another critical requirement for a robust encoding scheme is

that beads from different codes cluster tightly together and far

from other codes, preventing misidentification of beads. The

RMS deviation of individual beads from their code centroid,

calculated as above, is 4%. To quantify how accurately we can

assign beads to a code, we fit a two-dimensional Gaussian to

each code cluster using a Gaussian mixture model. The three and

four standard deviation ellipses around each code are shown in

the grey lines in Fig. 5A. We find that 98.7% of all beads lie

within three standard deviations of the cluster centroid, and only

two of the 1926 beads fall more than four standard deviations

away from the cluster centroid. From this model, we can also

estimate the number of standard deviations at which the error

ellipse of one code would begin to overlap with neighbouring

codes; this is the number of standard deviations that a bead

would have to fall from the cluster centroid to be misidentified.

We find that this overlap occurs at about 5.5 standard

deviations, corresponding to a misidentification rate of 4 6
1028. Consistent with this, we performed 10-fold cross validation

of the Gaussian mixture model and found that no beads were

misidentified. Thus, not only do the code centroids fall close to

Fig. 5 A 24 code matrix. (A) Scatter plot of the median Dy/Eu and Sm/Eu luminescence ratios for 10 filled serpentines (1926 beads), with points false

colored according to their Sm/Eu (red) and Dy/Eu (blue) ratios. Each point represents one bead. Grey ellipses around each code cluster illustrate three-

and four-sigma contours derived from fitting a Gaussian mixture model to the data. Histograms of bead ratios in the Dy/Eu and Sm/Eu channels

(black) and their corresponding Gaussian fits (red) are shown along each axis; these histograms group all codes together. Inset: Measured cluster

centroids (red) and their corresponding programmed intensity ratios (blue); the root mean square deviation between the programmed ratios and the

measured ratios is 0.014. (B) Standard deviations calculated from Gaussian fits to the bead ratio histograms in (A) as a function of ratio (filled circles,

with blue for Dy and red for Sm). Square symbols illustrate the statistical standard deviation determined from replicated imaging of the same serpentine

of beads.
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the programmed values, the individual beads are tightly

distributed around these values, indicating that each bead can

be assigned to a code with a ,0.1% chance of misidentification.

Understanding and minimizing errors is crucial to maximize the

code space that can be achieved with a given encoding scheme.

The distribution of measured bead ratios around their pro-

grammed values can result from both errors in bead synthesis and

bead imaging. These synthesis and imaging errors, in turn, are

composed of both a systematic, instrumental component as well as

a statistical, shot noise (either photon or lanthanide nanoparticle

number) component. To probe the relative contributions of these

sources of error in our measurements, we calculated the mean

error for each Dy/Eu level and each Sm/Eu level, independent of

the concentration of the other lanthanide. The histograms of the

Dy/Eu and Sm/Eu ratios for all beads are shown at the edges of

the scatter plot in Fig. 5A, along with Gaussian fits to the data.

The widths (standard deviations) from these Gaussian fits are

plotted (Fig. 5B), along with the statistical measurement error

(determined by repeated imaging of the same serpentine of beads).

The statistical measurement error accounts for roughly one half of

the total error in the Dy/Eu channel and between one half and one

third of the total error in the Sm/Eu channel. While these other

sources of error can be further reduced, the fact that we are within

2–3 fold of the measurement shot noise limit indicates that these

other errors are relatively small.

Discussion

Here we have demonstrated a system to precisely generate beads

containing ratiometric spectral codes using a microfluidic device

and luminescent lanthanide nanophosphors. We have created 24

uniquely identifiable codes containing a single reference level of

Eu and 6 levels each of both Sm and Dy. Measurements of

y2000 beads from this code set establish both that the measured

ratios closely match the desired programmed ratios and that

these codes are easily distinguished from one another, validating

the accuracy and precision of this technique. Importantly, both

this scheme and the device that we have used to produce these

codes can be extended to significantly larger code sets.

Previous microfluidic systems have been built for generating

spectrally encoded beads using premixed solutions for each

code,13,45 five fixed ratios between two colors,18 or continuously

varying ratios between two colors.17 Our device is unique in

incorporating automated on-chip mixing with multiple input

streams while accurately achieving programmed ratiometric codes

(error ,3%), with low variance within a code (4%), and precise

control over bead size (CV , 2.5%). The current bead synthesizer

incorporates eight lanthanide inputs and is scalable with respect to

both the number of lanthanide inputs and the rate of bead

synthesis. Because individual codes are produced one at a time,

each code can be deposited into separate wells of a high-throughput

assay plate for downstream applications. The current polymer and

lanthanide nanophosphor formulations used are compatible with a

wide range of aqueous buffers used in biological assays.

The ultimate performance of a spectral encoding scheme

depends both on the number of encoding species and the number

of intensity levels of each that can be reliably distinguished. The

number of distinguishable intensity levels is inversely propor-

tional to deviations from the programmed error level; therefore,

minimization of synthesis and measurement errors is necessary

to maximize the code space. Our results establish that we can

synthesize beads with a mean deviation from the programmed

ratio of 2.9%. This number is significantly smaller than

deviations from programmed intensities seen for QDs22 indicat-

ing that lanthanide nanophosphors suffer much less from energy

transfer and re-absorption between particles.

We envision a direct path to expanding our code set through

both minimizing code variance and adding other lanthanides. If

we assume that the errors in intensity ratios are normally

distributed, and require that the midpoint between any two

programmed codes is at least four standard deviations from each

other (corresponding to a misidentification probability of less

than 1024), then our current intra-code variance of 4% should

allow the resolution of seven intensity levels for Dy/Eu and Sm/

Eu. If we were able to reduce the total error to the statistical

measurement error in Fig. 5, the number of resolvable levels

would increase to 12 per lanthanide while maintaining a code-

calling accuracy rate greater than 99.99%.

A number of lanthanide nanophosphors with different

dopants and distinct emission spectra have been synthesized,

including erbium, thulium, holmium, and cerium/terbium.38,46,47

Incorporation of additional nanophosphors such as these

provides an alternative approach to expanding the code space.

In addition to the current downconverting (UV-excited) YVO4

nanophosphors, there are also upconverting lanthanide nano-

phosphors that emit in the visible region upon excitation in the

near-IR. Syntheses of upconverting nanoparticles with the

emitting species Dy, Er, Eu, Ho, Sm, Tb, and Tm have been

reported.48–51 A system combining upconverting and down-

converting nanoparticles could potentially use as many as 14

orthogonal channels for encoding. As the overall coding capacity

of the system scales as the number of distinguishable levels to the

power of the number of dyes, extending the high precision with

which we currently measure lanthanide abundance to these

additional channels will allow a large increase in the coding

capacity of this system, potentially up to millions of codes.

The methodology and device described here allows for simple

and accurate synthesis of spectrally encoded beads using

microfluidics and lanthanide nanophosphors. Given an

expanded code space with additional lanthanide nanophosphors,

this platform enables a multitude of diverse assays, including

immuno-diagnostics, small molecule library screening, and

combinatorial synthesis approaches.
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