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Abstract: Micron-scale barcode particles enable labelling of small objects. Here, we demonstrate high-throughput barcode fabrication inside a microfluidic chip that can embed multiple,
dye-doped high quality-factor whispering gallery mode cavities inside aqueous droplets at
kilohertz rates. These droplets are then cured to form polyacrylamide hydrogel beads as small as
30 µm in diameter. Optical resonance spectra of the embedded cavities provide the hydrogels
with unique barcodes with their diversity combinatorically scaled with the number of embedded
cavities. Using 3 cavities per hydrogel, we obtain approximately one million uniquely identifiable,
optically readable barcode microparticles.
© 2021 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1.

Introduction

Barcodes are a universal presence in everyday life where they are used to track items such
as shop inventories. Much work has been expended in the development of barcodes that can
fulfill a similar function at the microscale, enabling large numbers of different analytes to be
simultaneously tagged, identified, and tracked across a series of analysis platforms. Applications
using microparticle barcodes have been demonstrated in the formation of combinatorial chemical
libraries [1], as indicators to identify pathogens [2], oligonucleotides [3], antibodies [4], and as
cryptographic microtaggants [5].
One common approach to barcoding involves the creation of microparticles consisting of
uniquely identifiable shapes [1,6] or spatial patterns [7,8] fabricated using lithographic techniques.
This presents difficulties when used in three-dimensional environments in which the orientation
of barcode is arbitrary. For example, deciphering imprinted micropatterns resembling Quick
Response (QR) codes [8] is far from straightforward when tilted at oblique angles. Similarly,
shape-based schemes [1,9] usually rely on a planar orientation to be correctly identified.
Another common barcoding strategy is to use optical emission such as fluorescence, which
can be detected in all directions. For example, in a multiplexed immunoassay commercialized
by Luminex [10], up to 500 types of fluorescent dye-doped microbeads of different colors and
brightness are each coupled to different capture antibodies, which enables simultaneous screening
of the different antibody targets using the bead color and intensity as a barcode to indicate the
specific target being analyzed. However, the number of available unique microbead barcodes
is still ultimately limited and not readily scalable due to spectral overlap between the different
fluorescent dyes.
This limitation in fluorescence-based barcoding can be potentially overcome by generating
barcodes based on the spectral signature of the resonance of light within the bead itself. A high
refractive index bead can act as an optical cavity, trapping light emitted by the fluorophores. This
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leads to the formation of sharp lines in each bead’s emission spectrum, corresponding to the
whispering gallery mode (WGM) resonances determined by the diameter of each bead [11,12].
However, previous studies using this form of spectral signature remain limited in multiplexing
ability, with no more than 2,000 unique barcodes demonstrated [13,14].
Here, we demonstrate a new, highly scalable spectral barcoding scheme and the generation of
such barcodes at the microscale using droplet microfluidics. By using a microfluidic platform,
we are able to fabricate the barcodes at high-speed using a simple low-cost technique, with a low
volume of starting material. These advantages render microfluidic platforms well-suited to the
generation of microscale photonic devices which has led to their use in numerous prior studies
[15–19]. Our optical barcodes consist of hydrogel microbeads (30-50 µm diameter) containing
multiple fluorescently-doped microsphere cavities of random diameter (Fig. 1(a)), each of which
supports WGM resonances (Fig. 1(b)). Unlike previous studies [13,14,20–22] in which barcodes
are derived from the WGM of a single resonator, our technique generates barcode particles at
kilohertz rates with multiple resonators embedded, hence termed multiplet particles. We are
therefore able to generate a composite barcode, based on the resonances of each microsphere.
Since these resonances are fundamentally determined by diameter, the barcode of a multiplet is
described by a set of diameters of the constituent microspheres. Importantly, this strategy also
allows us to generate approximately 106 unique, microscale optically readable barcodes.

Fig. 1. Fabrication of barcode particles. (a) Constituents of the barcode particle. (b)
Representative WGM spectrum from a single microsphere. (c) Schematic of microfluidic
device (top) and illustration of the flow focusing junction (bottom).

2.
2.1.

Materials and methods
Microfluidic barcode production

Barcode particles were created using poly(dimethylsiloxane) (PDMS) microfluidic devices
similar to previous literature designs [23,24]. The master-mold was fabricated using standard soft
lithography techniques. SU-8 3050 (Kayaku Advanced Materials, Inc., Westborough, MA) was
spun onto a silicon wafer (UniversityWafer Inc., Boston, MA) and patterned to define rectangular
features that molded 50 µm high channels in the 10:1 base elastomer:curing agent PDMS. Inlet
and outlet holes were punched in the device using a 1.2 mm diameter biopsy punch, enabling
a snug fit for 1/16” OD (0.006” ID) PTFE tubing (Valco Instruments Co. Inc. Houston, TX).
The PDMS was then bonded to a glass slide substrate by O2 plasma bonding (Plasma Etch, Inc.,
Carson City, NV) (30 s, 30 W, 10 cc/min O2 flow, 75 mtorr base pressure) and the channels
rendered hydrophobic by coating with Aquapel (Pittsburgh Glass Works, LLC, Pittsburgh, PA).
Each microfluidic device (Fig. 1(c), Fig. S1) contained two inlets, one for a fluorinated droplet
generation oil (Bio-Rad, Hercules, CA) and the other for an aqueous suspension of fluorescent
beads, used to form precursors to the hydrogel-based barcode particle. This aqueous suspension
consisted of 10 µm diameter carboxylated fluorescent polystyrene beads with Ex/Em 488/509 nm
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(Magsphere Inc., Pasadena, CA). These beads were purified by centrifugation and supernatant
removal and resuspended in a mixture consisting of 6.5% v/v acrylamide (40% concentration), 9%
v/v acrylamide/bis-acrylamide (40% solution, 19:1 feed ratio), 0.3% wt/vol ammonium persulfate,
15% v/v OptiPrep (Sigma-Aldrich, St. Louis, MO) and deionized water at concentrations ranging
from 2.25 × 107 microspheres/mL to 7.88 × 107 microspheres/mL. The OptiPrep (density of
1.32 g/mL) allowed the mixture’s density to match that of polystyrene, preventing unwanted
sedimentation of the microspheres during the experiment. The negatively charged carboxylate
surface functionalization reduced agglomeration of the beads. To help catalyze the cross-linking
of the hydrogel, 0.4% v/v tetramethylethylenediamine (Sigma-Aldrich, St. Louis, MO) was
added to the fluorinated oil. Flow of the droplet generation oil and microsphere mixture into
the microfluidic device was controlled by a pressurized source coupled with a feedback flow
controller (Fluigent, North Chelmsford, MA). Droplets ranging in diameter from 30 µm to 50
µm could be fabricated at rates in excess of 2.5 kHz at the flow focusing junction (cross section w
x h = 40 µm x 50 µm). The process was monitored using a high-speed camera (Integrated Design
Tools, Inc., Pasadena, CA). In a typical experiment, approximately 1 mL of the emulsion was
collected in a polypropylene microcentrifuge tube. The emulsion was then incubated overnight
in a 65 °C oven, forming cross-linked hydrogel microparticles in oil. The particle mixture was
then washed by five rounds of centrifugation and resuspension in hexane (Sigma-Aldrich, St.
Louis, MO). Finally, the particle mixture was filtered through a 20 µm strainer removing most
of the hexane and any free microspheres released from hydrogel beads damaged during the
washing steps. After filtering, barcode particles remaining on the strainer mesh were removed
and resuspended in deionized water using a transfer pipette. To visualize the barcode particles,
the suspension was wicked into a w x h = 1 mm x 0.1 mm rectangular glass capillary (VitroCom
Inc. Mountain Lakes, NJ) and viewed using a widefield microscope (Keyence, Osaka, Japan).
2.2.

Optical measurements

Barcode particles were read by measuring spectra emanating from their embedded microspheres.
These microspheres were excited using a continuous-wave 491 nm laser (Hübner Photonics,
Kassel, Germany) with a typical power of 180 µW focused to a 6 µm spot size by underfilling
a 10x objective (Leica Microsystems, Wetzlar, Germany). Emission light was separated
using a 505 nm cutoff dichroic mirror and a 500 nm longpass filter (Thorlabs, Newton, NJ).
The light’s spectrum was then recorded over a 10 ms exposure duration using a ∼0.2 nm
resolution grating-based spectrometer comprising of an electron multiplied charge coupled
device (EMCCD) (Andor Technology, Belfast, United Kingdom), and calibrated using an Argon
lamp (Newport Corporation, Irvine, CA). Figure 1(b) shows a typical measured spectrum of
a fluorescent microsphere embedded in a hydrogel bead using this optical configuration. The
polystyrene’s refractive index nps = 1.59 is higher than that of the hydrogel nh = 1.35 as measured
by refractometer (Sper Scientific, Scottsdale, AZ), hence the presence of sharp WGM peaks
arising from the microsphere’s resonances. Since these peaks were spectrally separated by
a wavelength greater than the resolution of the spectrometer, each was easily resolved. For
barcoding, it was convenient to remove the fluorescence background of the emission by subtracting
the convolution of the spectrum with a Gaussian filter. Peaks corresponding to WGM resonances
were identified by custom code (MathWorks Inc., Natick, MA) allowing us to infer microsphere
diameters.
3.
3.1.

Results and discussion
Barcode formation

By varying the flow conditions into the microfluidic chip, we were able to fabricate monodisperse
droplets ranging from 30-50 µm in diameter. Attempts to form smaller droplets typically led to
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high degrees of polydispersity since the encapsulated microspheres were comparable in size to
the droplets and so disrupted their formation. By tuning this flow ratio, we were able to alter
the size of the droplets produced, thereby altering the average number of microspheres, and
thus constituent barcodes per bead (Fig. 2, Fig. S2). As expected, increasing the oil to aqueous
flow ratio decreased droplet size [25]. Importantly, the achievable generation rate of barcoding
particles was in excess of 2.5 kHz, making our method a viable technique for high throughput
generation of barcodes (see Visualization 1).

Fig. 2. Statistics of stochastic barcode fabrication. (a) Dependence of droplet size on
the flow speed of the aqueous mixture. (b) Dependence of droplet size on the oil flow
speed. (c) 35 µm diameter barcode particles. (d) Statistical distribution of microspheres
per particle depending on initial microsphere concentrations within the aqueous mixture for
35 µm diameter barcode particles. (e) 45 µm diameter barcode particles. (f) The statistical
distribution for particles of size 45 µm.

Any effective barcoding scheme must have enough diversity to generate large numbers of
distinct barcodes. In our design, this occurs through a stochastic process in which beads of
slightly different diameter are encapsulated and then fixed within the same droplet/barcode
particle. By altering the size of the hydrogel particle through variation of the microfluidic flow
conditions and the concentration of the microspheres within the aqueous mixture, we were able
to tune the distribution of microspheres within each particle. For a ratio of lower than 3 beads
per particle, we found the distribution was governed by the Poisson statistics with a mean given
by the product of the microsphere concentration and droplet volume (Figs. 2d, f). However, for
more than 3 beads per particle, the distribution deviated from Poisson statistics with a heightened
probability of seeing large numbers of encapsulated microspheres. Likely, these events happened
due to agglomeration of the microspheres before reaching the flow focusing junction.
3.2.

Barcode measurements

Measurements of barcoding particles were performed by exciting the fluorescently doped
microspheres using a 491 nm excitation laser and collecting the emission light using a gratingbased spectrometer. The small cavity size and high refractive index of the polystyrene relative
to the surrounding hydrogel trapped some of the emitted fluorescence within the microsphere.
Certain discrete wavelengths within the spectrally broad (∼30 nm full width at half maximum
(FWHM)) fluorescence emission range, resonate within the periphery of the microsphere. These
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wavelengths represent solutions to Maxwell’s equations and its associated boundary conditions,
which lead to the formation of a WGM pattern within the microsphere (Fig. 3(a)). These discrete
solutions, known as cavity modes, can be referenced by a set of indexes [26]. The experimentally
observed modes are all of first order in radial index but may each correspond to different polar
indexes l and polarizations. They can therefore be described by TEl and TMl where TE and TM
represent the different polarizations corresponding to a 0 radial electric field component and
radial magnetic field component, respectively. The wavelength associated with each of these
modes is determined by the cavity geometry, which, in the case of a sphere is described by the
diameter. Figure 3(b) shows this dependence for a few select modes.

Fig. 3. Properties of hydrogel-embedded microsphere cavities. (a) The fundamental
electric-field WGM pattern of the resonant mode TE84 in a microsphere with a diameter of
10 µm. (b) Relationship between microsphere diameter and wavelengths of the resonances.
(c) Barcode particle containing two microspheres. (d) Normalized measured spectrum and
polar index labelled resonant peak locations of the first microsphere of a barcode particle.
(e) Spectrum of the second microsphere. (f) Resonant wavelengths of a microsphere within
a hydrogel bead measured each hour over 12 hrs. (g) Shifts of these resonant wavelengths
during this measurement. (h) Computed diameter from the resonances.

Experimentally, these resonances result in numerous resonance ∼1 nm FWHM peaks, the
locations of which can act as an identifiable signature. Figure 3(c) shows an exemplary hydrogel
particle containing two microspheres. Its spectral signature is associated with the signature
arising from both microspheres (Figs. 3d, e) resulting in combinatorial scaling of the signature’s
complexity. Though barcoding directly based on peak locations has previously been demonstrated
[13,27], a further simplification is possible by using the relationship between peak location and
microsphere size. In this case, only the diameter of each microsphere need be stored when
keeping track of barcodes, which leads to a significant reduction in computational complexity.
We translate the experimental measurement of resonant peak locations to diameter through a
least-squares minimization fit. To decrease the computational time of translation, we obtained a
direct relationship between peak locations and diameter based on the exact solution of Maxwell’s
equations for a dielectric sphere [26,28] of refractive index 1.59 embedded in an environment of
refractive index 1.35 for l between 60 and 120 over a diameter range of 8 µm to 12 µm, in steps
of 0.02 nm. This created a lookup table which was then interpolated using cubic polynomials
during the minimization process. This strategy allowed us to rapidly compute a diameter barcode
associated with each particle. For example, the barcode particle in Fig. 3(c) has two sets of
resonant peaks: one corresponding to a diameter (D1 ) of 9.751 µm (Fig. 3(d)) and the other
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to a diameter (D2 ) of 9.835 µm (Fig. 3(e)) and hence a barcode of (D1 , D2 ) = (9.751, 9.835).
Importantly, since the spatial positions of the beads are fixed within each particle, the assigned
barcode will still be reliably retained over successive measurements. This is a distinct advantage
over previous work in which objects, such as cells, have been spectrally barcoded by placing
multiple beads within its interior. Since the bead locations are not fixed, their motion within the
cells could lead to subtle spectral changes that are largely avoided in this work. Importantly, this
barcode remains stable over time and repeated measurements. We note that the wavelength of
the spectral peaks exhibiting the highest signal-to-noise ratio typically lies in the approximate
range of 515 nm to 530 nm. These peaks are therefore ideal to fit to a diameter-based barcode.
Figure 3(f) shows a time-lapse variation of modal peaks within this wavelength range of a single
microsphere embedded within a hydrogel particle, measured each hour over a 12 hr period.
Typically, each resonant peak shifted by less than 0.1 nm (Fig. 3(g)). These peak wavelength
locations remained stable even when high excessive excitation laser power was used that resulted
in significant intensity loss due to photobleaching (Fig. S3). By repeatedly fitting the diameter
based on the resonant peak wavelengths, we determined that these slight shifts corresponded to
an uncertainty in diameter, or the standard deviation, σ, of just 0.29 nm (Fig. 3(h)) about a mean
diameter D of 10,128.84 nm. This corresponds to a relative diameter error of 3 × 10−5 .
To provide a simple, rough estimate of the stability required to adequately barcode particles we
assume that this measurement uncertainty can be modelled by a normal distribution N(D, σ 2 ).
Then, the probability pd that the measured barcodes of two particles with true diameters differed
by d times the standard deviation (i.e. D and D + d σ) will be correctly assigned is given by
0.5(1 + |erf(d/2)|) (Supplement 1). Since we intend to create an extremely large number of
unique barcodes K (e.g. > 106 ), the spacing between diameter barcodes should be sufficiently
large that despite this large number, only a small error occurs. Specifically, the worst-case
probability that all barcodes are measured within d standard deviations of their true value is
given as (pd )K−1 if we consider only nearest neighbor interactions. Thus, we pick p8 , which, in
the case of K = 106 would lead to a 99.2% probability that all one million measured barcodes are
correctly assigned.
3.3.

Estimating barcode diversity

Twenty particles each containing one, two or three microspheres (termed singlets, doublets and
triplets) were measured to estimate barcode diversity arising from our microfluidic fabrication
technique. Each microsphere spectrum was mapped to a bead diameter. The distribution of
diameters (a total of 120 microspheres) was roughly Gaussian (Fig. 4(a)) with a mean of 9.76
µm and a FWHM of 452 nm. Based on our uncertainty estimate, a simple metric for each
barcode particle to be unambiguously identifiable, could be that each is separated by a distance
greater than 8 σ, or 2.06 nm according to our earlier diameter uncertainty estimate (Fig. 3(h)).
Therefore, for a singlet barcode particle to be uniquely identifiable with high probability, no
other particle in the measurement set should have a diameter located within this surrounding
uncertainty interval. For a singlet, since only a single diameter is associated with each barcode,
the probability of overlap is significantly higher than in the doublet or triplet cases. This can be
visualized by representing each barcode as a point in space, surrounded by a region representing
the measurement uncertainty. In the singlet case, overlap is relatively more likely since each
barcode lies along a line representing each microsphere’s diameter (Fig. 4(b)). By contrast, a
doublet, which is associated with two diameter barcodes lies in a segment of the plane (Fig. 4(c)).
Note that since a doublet particle containing microspheres of diameter D1 and D2 is identical to
another particle containing microspheres of diameter D2 and D1 , each barcode is described by a
location that exists only in half the area spanned by the two diameters. We have arbitrarily chosen
to order the microsphere diameter barcodes in increasing order. For a triplet particle, which can
be described as a location in a 3D space, the chance of overlap is even further reduced (Fig. 4(d)).
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Note that this geometrical picture suggests the possibility of more complicated uniqueness
analysis. For example, one could take each barcode, represented by a point in an m dimensional
space for a multiplet consisting of m components, and model the barcode’s stability over time as
a convection-diffusion process. Incorrect barcoding would then occur when the distance metric
separating pairs of barcodes becomes less than the uncertainty associated with each measurement.
In other words, this measurement uncertainty is represented by a collision cross-section associated
with each barcode, whose movement is governed by convection-diffusion.

Fig. 4. The diversity of multiplet barcodes. (a) Histogram showing the fit diameters
of 120 microspheres embedded in hydrogel. (b-d) Distribution of measured barcodes of
multiplets consisting of one (b), two (c), or three (d) microspheres. Scale bar 30 µm.

Assuming a single microsphere can generate M uniquely identifiable barcodes, m microspheres
embedded within a single bead can, according to the simple analysis conducted in previous studies
M!
[13,29], generate N(m) = m!(M−m)!
barcodes. As a simple estimation, M ≈ FWHM/(±8 σ) =
110. So, N(1) = 110, N(2) = 5, 995, and N(3) = 215, 820. Therefore, we see that as the
span of possible microsphere diameters increases, so too does the number of unique barcodes.
For a finite number N of unique barcodes, as the number, n, of samples to be tagged increases,
the probability, P, of any individual sample having the same barcode as another sample, i.e. a
duplicate error, increases. Theoretically, P ≈ Nn for n<N (Supplement 1).

Fig. 5. Numerical simulation of unique barcodes as a function of the number of
randomly produced particles. About 102 , 104 , and 106 unique barcodes can be generated
using singlet, doublet, and triplet barcode schemes, respectively.
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Next, we performed computer simulations to predict the actual number of unique barcodes
formed in our real experiment accounting for the random distribution from which the barcodes
are drawn (i.e. the distribution of microsphere diameters). Given a specific number of barcode
particles n, we computed the expected number that were unique by randomly drawing diameters
from the measured Gaussian distribution (Fig. 4(a)) for singlets, doublets, and triplets, respectively,
assuming uniqueness was lost when any pair were separated by a distance less than 8 σ (Fig. 5).
For singlets, the maximum number of unique barcodes is reached when about 200 particles are
used, of which approximately 102 are unique. By contrast, doublets result in a maximum of
approximately 104 unique barcodes, and triplets 106 .
4.

Conclusions

Here, we have presented the concept of a multiplet WGM-based barcode along with a highthroughput microfluidic technique to generate hundreds of thousands of unique microparticle
barcodes in just a few minutes. At a droplet generation rate of 2.5 kHz, we estimate that our
production technique created 100,000 unique barcodes in less than 3 min. Barcode particles were
read by measuring the spectra of the constituent beads. Assuming a particle diameter of 30 µm, a
bead diameter of 10 µm, and an exposure time of 10 ms, we can approximate this readout time as
10 ms x (30 µm /10 µm)2 = 90 ms. It would therefore take at least 2.5 hr to read out 100,000
barcodes. Several future improvements are possible that could further enhance multiplexing
and increase barcode readout speed. While we have used a single color of cavity bead in this
work, it should be feasible to instead use beads each with different, ideally non-overlapping,
emission spectra. High-speed readout of multiple microsphere barcodes could then be performed
simultaneously without spectral overlap from different beads complicating any subsequent size
fitting. Furthermore, while a goal of this research has been to compare the multiplexing abilities
of multiplets consisting of different numbers of constituent barcodes, for some applications it
might be advantageous for particles which have a high multiplexing ability to be isolated. In the
case of microspheres doped with fluorescent molecules, this could be accomplished by using
commercially available fluorescent-based flow sorting devices to pick out hydrogel beads with
the desired number of embedded microspheres. Alternatively, multiplets with specific numbers
of embedded microspheres could be generated during the microfluidic fabrication process by,
for example, using inertial ordering of microspheres in the channel to accurately control the
encapsulation process [30]. Alternatively, microfluidic devices could be used to create double
emulsions [31,32] comprised of a specific number of inner droplets, encapsulated within an outer
droplet. Each inner droplet would form a precursor to the resonator cavity, and each outer droplet
would form the precursor to the encapsulating bead. This method would enable microparticle
barcodes to each be comprised of a controllable, predetermined number of microspheres, thus
avoiding the production of any unwanted (e.g., empty) particles. A further advantage would be
that the randomization of microsphere diameters could be rationally designed through control of
the flow rates.
We believe the type of particle demonstrated here could be used in multiplexing applications
that require large numbers of unique barcodes. For example, some modern single-cell sequencing
techniques use hundreds of thousands of nucleotide-based barcodes, coupled to hydrogel beads,
to tag genetic material from different cells [33]. By linking these nucleotide-based barcodes to
the optical barcodes we have shown here, would result in the formation of an optically readable
genetic tag [34]. In the future, even smaller multiplet microparticle barcodes could be produced
by using 2-3 µm diameter embedded resonators of higher refractive index material [20,21,35].
Since flow focusing microfluidics can generate monodisperse droplets as small as 900 nm [36],
our general microfluidic approach could be used to fabricate even smaller multiplet particles.
These particles could be suitable for tagging individual eukaryotic cells by introducing each
particle into the cell cytoplasm. Importantly, since each resonator would be encapsulated as part
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of an indivisible composite particle, such a barcode could be used to track cells across multiple
generations of cell divisions whilst retaining its unique spectral signature.
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Fig. S1. Droplet generation microfluidic device. (a) Brightfield image of the droplet generation device. The leftmost
punched hole is the oil inlet, the centermost hole the aqueous inlet and the rightmost punched hole the droplet outlet.
(b) Image of droplets being formed at the junction, taken using a high-speed camera (8 μs exposure duration) at an
oil:aqueous flow ratio of 6:1.

Fig. S2. Droplet/barcode particle size control. Brightfield images downstream of the flow focusing junction taken
during microfluidic device operation at an aqueous flow of 2 μL/min and an oil flow of (a) 6 μL/min (b) 7 μL/min (c)
8 μL/min (d) 9 μL/min (e) 10 μL/min (f) 11 μL/min. Scalebar 100 μm.

Fig. S3. WGM peak stability during photobleaching. (a) WGM spectra of a fluorescently doped polystyrene
microsphere as it is photobleached by high power laser. Measurement 1 corresponds to the initial measurement,
measurement 2 is taken after 30 seconds of photobleaching and measurement 3 is taken after another 30 seconds of
photobleaching. (b) Peak wavelength shift between measurement 1 and measurement 3.

Note 1: Error probability of two barcodes
Consider two barcode particles. In the simplest case, each barcode can be described by a
single diameter. Assume the first true barcode diameter is 𝐷1 and the second 𝐷2 with 𝐷2 >
𝐷1. Furthermore, we assume that each measurement of the barcode results in a normally
distributed error 𝜑(𝑥) =

1
𝜎 2𝜋

𝑒

―𝑥2 2𝜎2

where 𝜎, the measurement uncertainty is specific to

the barcoding system. Therefore, the probability that a particle’s measured barcode is between
𝐷 and 𝐷 + 𝑑𝐷 is 𝜑(𝐷 ― 𝐷1) and 𝜑(𝐷 ― 𝐷2) respectively for the first and second particles
where 𝑑𝐷 is the differential element. Consider the scenario in which the first particle’s
barcode is measured to be 𝐷. Then we state that a barcoding error has occurred if the
measured barcode of the second particle is less than 𝐷 (i.e. the measured barcode of the
second particle is closer to the true barcode of the first particle than the measured barcode of
the first particle). Given the barcode measurement of the first particle was 𝐷, the probability
𝐷

of an error occurring is then ∫―∞ 𝜑(𝐷′ ― 𝐷2) 𝑑𝐷′. Accounting for all possible values 𝐷 that
can be measured for the first particle, the probability of a barcoding error 𝑃𝐸 occurring is then
∞

𝑃𝐸 =
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―∞
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𝑥

where we have defined the cumulative distribution function Φ(x) = ∫―∞ 𝜑(𝑥′) 𝑑𝑥′.To further
simplify this expression, consider the partial derivative of 𝑃𝐸 with respect to 𝐷2
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To compute 𝑃𝐸 we simply integrate this expression
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where in the final step we have written the cumulative distribution function in terms of the error
function and defined 𝑑 =

𝐷2 ― 𝐷1
𝜎

as the distance between the two particle barcodes in units of

the standard deviation of the measurement uncertainty.
Note 2: Duplication error
Consider there are an infinite number of barcoded particles with 𝑁 different types (unique ID’s)
in a pool. And, we are taking out 𝑛 particles from the pool in order to tag 𝑛 samples. We are
interested in calculating how many samples would have identical barcodes. When 𝑛 ≪ 𝑁, the
most likely error is having a duplicate error: that is, two samples have the same barcode. The
chance of having higher order errors, such as three samples having the same barcode, is
relatively negligible. For each specific sample, the probability of it sharing an identical barcode
with any one of the other samples, regardless of whether and how many of the other samples
have their own duplicates or not, is given by:

𝑃 = (𝑛 ― 1)

(𝑁 ― 1)𝑛―2
𝑁𝑛―1

1

When 𝑛 ≫ 1 using lim 1 + 𝑁
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= 𝑒, we get
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Visualization 1
Visualization 1 shows droplet generation at an oil:aqueous flow ratio of 6:1. The original video
was captured using a high-speed camera operating at 7,280 frames per second. The video was
then played at a speed of 20 fps (i.e., reduced in speed by a factor of 364).

