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Spectral reading of optical resonance-encoded
cells in microfluidics†

Matjaž Humar, ‡abc Avinash Upadhya‡ad and Seok Hyun Yun*ae

The ability to label individual cells is useful for single-cell-level studies of complex cellular interactions and

heterogeneity. Optically readable cell labeling is attractive as it can be investigated non-invasively and re-

peatedly at high speeds. Here, we demonstrate the feasibility of large-scale cell barcoding and identifica-

tion using fluorescent polystyrene microbeads loaded into cells. Intracellular beads with different diameters

in a range of 5 to 12 μm generate spectrally distinguished features or barcodes. A microfluidic chip was

used to measure fluorescence resonance peaks emitted from individual cells. An algorithm comparing the

peak wavelengths to a reference barcode library allowed barcode identification with high accuracy. This

work provides a guideline to increase the number of unique identifiers and reduce various false-positive

and false-negative errors.

Introduction

Barcoding in biomedical sciences is a labeling technique to
identify objects from otherwise non-distinguishable popula-
tion. DNA barcoding was developed for the identification of
species and tracing the migratory behaviors of animals, such
as birds, but its applications have been extended to biological
cells for tracing their lineage, genetic mutations, and migra-
tion.1,2 Since DNA barcodes are encoded in the genome, their
readout is typically performed by DNA sequencing, which re-
quires cell lysis. Possibly, DNA barcodes can be detected by
using fluorescence in situ hybridization,3 but this method re-
quires multiple stages of staining and washing, making mea-
surements slow and not readily applicable to cells in living or-
ganisms. In mass cytometry, rare-earth metals with distinct
atomic weights are widely used for labeling target molecules
and cells.4,5 Multiplexing up to 96 labels has been demon-
strated,6 and the number of identifiable labels may be further
increased.

In contrast to the DNA and rare-earth metal barcodes, op-
tically accessible barcodes allow non-invasive, rapid readouts
and offer the possibility of real-time and time-lapse analyses.
Among the variety of optical barcoding schemes developed to
date,7 graphical encoding relies on micro- or nano-patterns
that are distinguished by using optical microscopy or
nanoscopy.8–10 However, this method is prone to error unless
the barcode patterns are clearly visualized and thus, may not
be applicable to in vivo applications. Information can also be
encoded by the magnitudes of forward and side scattering of
specifically engineered layered spheres11 and luminescence
lifetimes.12 Spectrometric barcoding is based on the combi-
nation of non- or minimally-overlapping emission spectra of
different organic dyes, quantum dots,13,14 Raman scattering
molecules,15 and lanthanides.16 Stochastic expression of mul-
tiple fluorescent proteins17,18 can produce numerous colors
distinguished by ratiometric spectral analysis and can be
combined with spatial mapping.19 Fluorescent beads made
using three dyes and ten different concentration levels to
generate 500 possible combinations have been commercially
developed.20 While such beads can in principle be used for
cellular barcoding, intensity-graded coding is less reliable
than spectroscopic barcoding especially for intra-tissue and
in vivo settings, where optical scattering and absorption in
tissue and photo-bleaching of the incorporated dyes may di-
minish the accuracy of intensity-based readouts.

Among various optical barcoding schemes, coupling of
fluorescence to an optical microcavity is an attractive ap-
proach because it can generate narrowband spectral features
defined by cavity resonance. In particular, fluorescent micro-
beads can support whispering-gallery modes (WGMs) and
generate feature-rich resonance spectra21 with good
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photostability, making them suitable for cellular barcoding.
Recently, we and others have shown that dye-containing
microspheres can be incorporated into cells and generate sta-
ble WGM spectra in both spontaneous (fluorescence) and
stimulated emission (lasing) regimes.22–24 In the event of cell
division, beads can be passed down to daughter cell(s) over
several generations with very small spectral shifts (<30 pm) of
their WGM peaks.25 Here, we report the feasibility of reading
WGM-based spectral barcodes from cells in a microfluidic
channel. Our experiments revealed several sources of readout
errors and provided insights into how and to what extent the
errors may be reduced for large-scale cellular barcoding and
high-throughput readouts with improved accuracy.

Results
Loading microspheres into cells

A commercial batch of fluorescent polystyrene beads (Thermo
Scientific, Fluoro-Max, with a wide range of sizes from 5 to 12
μm, the coefficient of variation of the particle diameter, CV =
18%) was used for each labeling experiment. The bead sizes
measured from their fluorescence microscopy images exhibit
a Gaussian distribution with a mean diameter of 8.79 μm and
a full-width-half-maximum of 2.92 μm (standard deviation of
1.24 μm) (Fig. 1a), consistent with the manufacturer's specifi-
cation. After washing with ethanol and water, the microbeads
were immersed in 1% w/v aqueous solution of poly-L-lysine
hydrobromide (MW 30000–70000, Sigma) for 30 min to form
a poly-L-lysine coating on the surface. They were washed three
times with water, centrifuged at 5000g for 5 min, and trans-
ferred to phosphate buffered saline (PBS) solution. HeLa cells
were grown at 37 °C with 5% CO2 in full growth medium
(DMEM medium with 10% fetal bovine serum and 1% pen-
strep). The microbeads in PBS (1.84 × 106 beads per ml) were
added to the cell culture medium (8.57 × 104 cells per ml) and
incubated for 24 h, by which the cells reached ∼70%
confluency. After the 24 h incubation, we typically found that
about 80–85% HeLa cells contained at least one bead, and
∼50% of the bead-containing cells had more than one bead
(Fig. 1b). The measured distribution of the number of beads is

fitted well with a Poisson distribution with an average of 1.7
beads per cell (Fig. 1c). This indicates that the internalization
of beads can be described as a random process, which is inde-
pendent of the bead size24 and unaffected by the presence of
other beads inside a cell. The cells were washed with PBS to re-
move non-internalized beads, detached with trypsin,
centrifuged at 125g for 5 min, and re-dispersed in PBS medium
containing 1% w/v bovine serum albumin (BSA). BSA reduces
sticking of cells to the internal surfaces of syringes, tubing and
microchannel walls. The dispersion was filtered through a 35
μm mesh to remove clusters of cells and other debris before
loading into 100 μl glass syringes (Gastight 1710).

Spectral readout of resonance-encoded cells

The microfluidic chip used was made of a cyclic olefin copol-
ymer (ChipShop) and had 58.5 mm-long channels on a 140
μm-thick bottom plate (Fig. 2a). Each channel had a square
cross-section of 50 μm by 50 μm. A syringe filled with a sus-
pension of cells (2.1 × 105 cells per ml) was connected to one
end of the channel via 8 cm-long tubing with an inner diame-
ter of 1.0 mm and olive connectors. Another syringe filled
with PBS was connected to the other end of the channel
using the same type of tubing. The syringes were placed on
two separate syringe pumps (KDS Legato 100). Air bubbles in-
side the syringes, tubes, and channel were carefully removed.
The chip was mounted on a custom-built inverted micro-
scope setup (Fig. 2b). For fluorescence excitation, the output
of a continuous-wave 491 nm laser (Cobolt Dual Calypso) was
delivered to the middle of the channel through an objective
lens (10×, 0.25 NA, Nikon). The beam was slightly defocused
so that the beam size at the channel would be 50 μm, which
matched the width of the channel. The fluorescence emission
from the channel at the focus of the objective lens was di-
rected to a CCD camera (Mightex, MT9001) for bright-field
and fluorescence imaging (Fig. 2c) and to a diffraction-
grating spectrometer (Andor Shamrock 303i-B) with a spectral
resolution of 0.05 nm. The fluorescence spectra were
recorded at a rate of 28 spectra per s with an exposure time
of 36 ms per measurement.

Fig. 1 (a) Histogram distribution of the bead diameter measured from fluorescence microscopy images of 460 beads. Bin size: 100 nm; dashed
curve (red): Gaussian distribution fit. (b) HeLa cells grown with polystyrene beads in a dish. (c) Histogram of the number of beads per cell. Dashed
curve (red): best-fit Poisson distribution (mean = 1.7).
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There is more than one method to convert the spectrum
to a unique identifier of the cell. In principle, the WGM spec-
trum can provide sufficient information to determine the
bead diameter with sub-nanometer resolution by curve fitting
based on the WGM theory.22 This method can distinguish
cells based on the diameters of the beads. This fitting-based
method was shown to be effective for individual single
beads22 but can be unreliable for spectra originating from
multiple beads. Another approach is to use the spectral curve
itself as an identifier and to perform some sort of cross-
correlation integral to determine the identity between two
spectra. This method is also effective for single beads but far
less robust when cells have multiple beads because the over-
all spectral shape is sensitive to fluorescence intensity and
the relative intensities of individual beads within a cell can
vary as the relative position of the two beads is changed, par-
ticularly with respect to the pump beam axis.

To enhance the robustness of tagging, we devised a sim-
ple, yet effective, protocol, described as follows. The spec-
trum of a cell containing one or a few beads shows many
WGM resonance peaks on the top of a broad fluorescence
spectrum over a spectral range of 500 to 580 nm (Fig. 2d). In
post processing, the broadband background was subtracted
from the measured spectrum, leaving only the WGM reso-
nance peaks. The spectral peaks were fitted by Lorentzian
line shape functions to locate the central positions of the
peaks. The numerical array of the WGM peak wavelengths in
an increasing order constitutes a “barcode” (Fig. 2e). We con-
sidered a WGM peak “clearly resolved” when the peak ampli-
tude was at least 3-times larger than the root-mean-square
(rms) value of the noise floor in the spectrum and the peak
wavelength must be separated from its neighboring spectral
peaks by at least 1 nm. Only the cells that exhibited 12 or

more clearly-resolved spectral peaks were considered
“barcoded” successfully and included in further analysis. A
typical barcoded cell contained 12 to 24 clearly-resolved spec-
tral peaks or barcode lines.

We used the following protocol to determine whether two
barcodes are identical or different. First, the number of
barcode lines is compared. If the difference in the number of
peaks is greater than 6, the two barcodes would be determined
to be different or non-matching, because this situation would
occur when the cells comprised either different number of
beads or same number of beads but with very dissimilar sizes.
On the other hand, when the difference is 6 or less, then their
peak wavelengths are compared. For this comparison between
the two barcodes, the one with the smaller number of spectral
peaks (C1) is selected. For each reference peak of the first
barcode, the closest peak in the second barcode (C2) is deter-
mined, and the spectral difference in wavelength, δλi, is calcu-
lated (Fig. 2f). The spectral difference is compared to a fixed
parameter Δλmax, termed the maximum spectral shift. If δλi is
smaller than Δλmax for at least 12 spectral peaks, the two
barcodes would be regarded as identical or matching; if not,
they would be deemed different. Thus, the criterion for
barcode matching is |δλi| < Δλmax for i = 1 to 12. We optimized
the parameter Δλmax experimentally to achieve the most desir-
able outcomes. The optimization step is described in more de-
tail later. Since we compare only the central wavelength posi-
tions of the peaks, this algorithm is relatively insensitive to the
relative intensities of spectral peaks.

Verification of barcode reading with stationary cells

As an initial test of the readout scheme, we loaded a suspension
of cells into the microfluidic chip and sealed both ends of the

Fig. 2 (a) The microfluidic chip mounted on a microscope. (b) Schematic of the optical setup. Pump laser: a continuous-wave laser at 491 nm.
DM: dichroic mirror. (c) CCD image of a cell (arrow) with two fluorescent beads, superimposed on a bright-field image of the channel. (d) A typical
fluorescence spectrum from a cell containing a single bead, featuring a periodic double-peak WGM structure (TM and TM polarizations) on the top
of a broad fluorescence background. (e) The group of WGM peak wavelengths identified from a fluorescence-subtracted spectrum constituting
the “spectral barcode” of the cell. (f) Two barcodes, C1 and C2, which are compared in terms of spectral differences, δλ, and deemed identical if
|δλ| < Δλmax for at least 12 resonance peaks. The average of the spectral differences is denoted <Δλ>.
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channel (Fig. 3a), so that the position of cells in the channel
was not changed during measurements. The chip was mounted
on a motorized stage, and the stage was translated in the for-
ward and then backward directions at a speed of 0.9 mm s−1

while the fluorescence spectra were continuously recorded
(Fig. 3b). Between the two scans, the order of cells was retained.
In the forward run, a total of 87 cells containing beads passed
through the laser-excitation zone. From the typical bead-uptake
efficiency of 80–85% we measured for the HeLa cell line, we es-
timated that about 18 cells without any beads passed through
the excitation zone during the measurement without being
detected in the fluorescence measurement. Out of 87 detected
cells (containing beads), 72 generated emission spectra, each
with at least 12 clearly-resolved spectral peaks, satisfying the de-
tection criterion defined earlier. Almost all single-bead and
most two-bead cells satisfied the criterion. However, almost all
cells containing 3 or more beads did not satisfy the detection
criterion because of the overlap of spectral peaks and, hence,
were rejected (not “detected”). The detected 72 cells constitute a
reference group, among which ∼50 cells had single beads and
∼22 had two or more beads. In the backward run, 75 barcoded
cells met the criterion and were “detected”. The reason why
there were 3 more cells detected in the backward scan is pre-
sumably because of the small intensity fluctuations between the
forward and backward measurements. These cells were not
detected in the forward scan because they had less than 12
clearly-resolved spectral peaks, but some of the undetected
peaks exceeded the detection threshold—3 times the rms inten-

sity noise—in the backward scan. Considering the 75 cells as a
test sample group, we applied our barcode matching protocol
described earlier with respect to the reference cells.

First, we analyzed the correlation between reference cells
for various Δλmax values and found that Δλmax = ∼100 pm
was suitable to resolve all the 72 cells without any correlation
hit between two different cells (all cells had a unique
barcode). A correlation map for Δλmax = 100 pm was drawn
(Fig. 3c), where the x- and y-axes represent cell indices in the
temporal order in which they were measured, and a circular
correlation hit mark is placed where the corresponding pair
has identical barcodes according to the criterion for the given
Δλmax. Along the diagonal axis, each barcode is compared to
its own self, so this axis is trivial and always filled with circu-
lar marks. On the other hand, any correlation hit in the non-
diagonal space of the map is non-trivial and could result
from two scenarios: (1) Δλmax is too large so that barcodes
from different beads satisfy the criterion for matching, which
leads to a false-positive error; or (2) the two cells have differ-
ent beads but their diameters are too similar to be resolved
with the given Δλmax. Reducing Δλmax may decrease these
false-positive counts, but this comes at the expense of in-
creasing false-negative errors failing to identify the same
cells. At Δλmax = 100 pm, the analysis for the backward-scan
dataset yielded no false-positive error as clearly shown in a
correlation map (Fig. 3d).

The same protocol was applied to analyze the cross-
correlation between the sample and reference cells. 66 of 75

Fig. 3 (a) Micrograph of the channel loaded with cells. (b) Measurement strategy. Cells are scanned in the forward and then backward directions
across the excitation beam (cyan). (c and d) Correlation maps obtained with Δλmax = 100 pm for (c) the reference (forward flow) and (d) test
sample (backward flow), and (e) cross correlation between reference and sample cells. Inset, histogram of the measured mean spectral shift of
identified WGM peaks between reference and sample measurements of matching cells. Color represents the mean spectral shift. (f) An example
set of spectra of a cell in reference (r) and sample (s) dataset, showing high cross-correlation between them. Fluorescence background was
subtracted from all spectra. (g) Example of reference and sample spectra of two different cells with apparently low cross-correlation. (h) An exem-
plary failure mode (false-negative error) that originates from spectral shifts between the reference and sample spectra of a cell containing two
beads.
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cells in the test sample matched with different reference
cells. This result is illustrated in a correlation map (Fig. 3e),
where correlation marks appear along the negative-slope di-
agonal axis simply because the order of cells was reversed in
the backward scan. There was no double-matching error; that
is, each test cell matched to only one reference cell, and no
two test cells matched to a single reference cell. As noted
above, 3 in 75 cells did not have matching references, and ad-
ditional 6 cells failed to find their matching cells (false-nega-
tive errors). To better understand the causes of the errors, we
manually examined the measured spectra. Any pairs of
matching cells exhibited well-overlapping spectra (Fig. 3f).
The spectra of non-matching cells showed apparent differ-
ences (Fig. 3g). However, the 6 cells which failed to find their
matching cells (false-negative errors) had their spectra
slightly shifted between the reference and sample scans

(Fig. 3h). The magnitude of the shift was greater than 100
pm for some peaks, which reduced the number of matching
peaks that satisfy |δλi| < 100 pm to less than 12. The spectral
changes of >100 pm are presumably caused by the changes
in the effective surrounding refractive index of the beads.

We calculated the mean spectral shift, <Δλ> =
P

δλi/N,
where the summation is over the entire set of spectral lines (N)
in the barcode that satisfied |δλi| < Δλmax, where typically N =
12 to 24. The color of each circle in the cross-correlation map
(Fig. 3e) represents the mean spectral shift of the test barcodes
with respect to their matching reference barcodes. The histo-
gram of the calculated values (inset of Fig. 3e) ranged from −50
to 50 pm and showed some indication of a red shift. Possible
phenotype changes or temperature changes of the cells in the
microfluidic channel may have caused the asymmetric shift,
changing the surrounding refractive index of the beads.

Fig. 4 (a) Representation of a full correlation map. (b) Dependence of identified unique cells and errors on the choice of Δλmax. An optimum value
of 65 pm for Δλmax was determined, which maximized the number of identified unique sample cells. (c) An example of two non-unique cells. (d) A
correlation map obtained with Δλmax = 65 pm. (e) A modified correlation map when the non-unique cells in the reference and sample have been
removed.
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Test with flowing cells in the microfluidic channel

The emission spectra of stationary cells and beads therein
were measured to be very stable over repeated measurements.
When cells are in motion, however, the intracellular positions
of beads and the relative position of multiple beads in a sin-
gle cell may change, and these movements affect the emis-
sion spectra and the barcode and, therefore, may cause errors
in barcode identification. We tested the barcode readout
scheme for hundreds of cells under non-stationary condi-
tions by making the cells flow in one direction through the
microfluidic channel and then flow in the backward direc-
tion. In the backward scan, the cells are not expected to be in
the exact reverse order because they are mixed in the tubing
before returning to the channel. After loading a dispersion of
cells into the syringe, the syringe pump was set to a volume
flow rate of 250 nl min−1, so that the cells pass the 50 μm-
long laser-excitation zone in the channel, one cell at a time
with a speed of 1.67 mm s−1. As the cells flowed through the
channel, their emission spectra were acquired at a frame rate
of 28 spectra per s. A total of 479 cells containing at least one
bead passed through the excitation zone. Of these, a total of
457(=Nr

tot) cells were detected (met the detection criterion) in
the forward direction, 320 of which contained a spectral fin-
gerprint from one bead and 137 from more than one bead.
An estimation of additional 97 cells did not contain beads,
which were thus undetected. All detected cells represent a ref-
erence barcode library. Next, we reversed the flow direction
and scanned a partial group of the reference cells in the
backward flow at the same flow rate. A total of 222(=Ns

tot) cells
were detected (i.e. met the detection criterion), which consti-
tutes a test sample group.

With the total of 679 (Nr
tot + Ns

tot) measured spectra, we drew
a full correlation map showing the correlations of 679 × 679
scan data for a given Δλmax (Fig. 4a; ESI†). Each pair of non-
unique cells with identical barcodes appears in the lower-left
(or upper-right) shaded triangular regions and is counted into
Nr
non-uniq (or Ns

non-uniq). The optimum Δλmax value was chosen,
which maximized the number (Nr/s

single) of sample cells matched
to single reference barcodes. With the measured spectra, a
number of various types of correlation counts were calculated
as a function of Δλmax ranging from 0 to 500 pm (Fig. 4b). At
Δλmax = 0, there are no correlation hits between two different
cells (Fig. 4b). The number of unique and non-unique identi-
fied cells increases as Δλmax increases and the criterion for
identification is relaxed. However, as Δλmax increases beyond
∼65 pm, the number of non-unique cells (Nr

non-uniq, N
s
non-uniq)

continued to increase, and as the non-unique cells are removed
from the reference and sample, the number of identified
unique cells (Nr/s

single) begins to decrease. In principle, the num-
ber of non-unique cells, i.e. false positive errors, can be reduced
by using a batch of beads with all dissimilar diameters. Indeed,
some cells appeared to contain similar beads with almost indis-
tinguishable spectra (Fig. 4c). We have chosen Δλmax = 65 pm
that maximized Nr/s

single. A full correlation map (Fig. 4d) obtained
with Δλmax = 65 pm shows 403 unique and 54(=Nr

non-uniq) non-

unique barcodes in the reference and 206 unique and 16(=Ns
non-

uniq) non-unique cells in the sample. Without removing the
non-unique cells from the reference and sample, 20 sample
cells matched with more than one reference cell (Nr/s

mult = 20).
To have only unique barcoded cells, the non-unique cells

could be physically removed from the reference group. In our
experiment, we simulated this situation of pre-sorting in post
processing, where all the non-unique cells were removed
from the reference and sample groups in silico (ESI†). After
the removal, a re-calculated correlation map (Fig. 4e) con-
firms zero false-positive errors in the reference and sample
(Nr

non-uniq = 0,Ns
non-uniq = 0). The cross-correlation map (boxed

domain) displays 128(=Nr/s
single) identified unique cells and

one cell identified multiple times (=Nr/s
mult). The remaining

77(=Ns
tot − Ns

non-uniq − Nr/s
single − Nr/s

mult) cells in the sample group
did not have uniquely matched references (false-negative er-
rors) (ESI†).

Conclusions

The spectral barcode readout scheme is suitable for tagging a
few hundreds of cells with reasonable error rates. Most errors
stemmed from the overlapping size distribution of current
polystyrene beads. Using similar spectral analysis, the beads
can be pre-sorted to create a batch with non-overlapping sizes
from 8 to 12 μm with a size increment of 2 nm. Theoretically,
two beads that are different in diameter by 2 nm produce
WGM barcode peaks that shifted by |Δλi| = 100 pm and,
therefore, are resolvable when Δλmax = 65 pm. A batch of such
uniformly poly-dispersed beads can provide 2000 unique
beads and be used to label 2000 cells when each cell is
loaded with a single bead. When each cell is loaded with two
beads, theoretically, up to 2 000 000 (= 2000 × 2000/2) cells
can be uniquely barcoded.22 But this possibility should wait
for the development of a method to control the number of
beads per cell precisely.

The spectral barcodes are subject to change when the sur-
rounding of beads is altered. Identical beads in environments
with different refractive indices can produce non-identical
WGM spectra. From simple spectral measurements, we can-
not distinguish whether the spectral difference is because of
different diameters or same diameters but in different envi-
ronments. From theory, it can be calculated that the spectral
sensitivity to the external refractive index of polystyrene
beads is ∼90 nm RIU−1. Thus a change in a refractive index
of the cytoplasm of 0.001 would cause a spectral shift of Δλ ≈
90 pm. In principle, the sensitivity to environment could be
reduced by coating beads with a thin layer of low-index mate-
rial to shield the evanescent field of optical modes from the
environment. In addition, the spectral peaks are sensitive to
temperature through thermal expansion of beads and
temperature-dependent refractive indices. These two factors
tend to have opposite effects for most materials. For polysty-
rene beads, the temperature sensitivity of WGM peaks is cal-
culated to be 3 pm °C−1,22 which may be negligible in most
applications. Optical cross-talk can arise between beads when
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they are in optical contact within the range of evanescent
fields and/or when the emission from one bead is absorbed
or refracted by its neighboring beads. Nonetheless, we have
shown that such cross-talk in uncoated polystyrene beads is
small enough to allow more than a hundred unique
barcodes, and in principle, the multiplicity of barcodes can
be substantially increased by using multiple dyes and 2–3 dis-
tinct beads per cell. Further, beads with core–shell structures
can minimize optical coupling.

It has been shown that cells containing polystyrene beads
with diameters of 7–12 μm undergo cellular division and
movement over 1–2 days,22–24 and long-term cell viability in
the presence of micro- and sub-micron-scale beads has been
well established. Nevertheless, the subtle effects of intracellu-
lar objects on cellular phenotypes and gene expression pat-
terns are not fully understood and should be an important
subject of research in the future. Biocompatibility is expected
to improve as beads get smaller, for example, by using high-
index materials, such as high-index glass and semiconduc-
tors, as well as plasmonics. Also, coating with biocompatible
polymers could further enhance biocompatibility.

The polystyrene beads used in this study have a Q-factor
of ∼1000, a mode spacing of ∼5 nm, and a finesse of ∼10.
With this modest finesse, it was proven difficult to distin-
guish cells containing three or more beads. Fluorescent
beads made of materials, such as BaTiO3, that have higher re-
fractive indices than polystyrene could be used with the ad-
vantage of smaller sizes at the same finesse25 or enhanced
Q-factor and finesse at the same size.

Microfluidic chips are useful platforms to scan the
barcodes in cells rapidly both for the construction of refer-
ence barcode libraries and for the barcode identification of
sample cells. In the present study, the barcode scan in the
forward flow simulates the process to build a reference
barcode library. Test sample sets were produced by sending
the cells back to the channel with no or partial cell mixing,
and the barcodes of the test cells were compared to the refer-
ence library. It is envisioned that in actual applications, sam-
ple cells are harvested from cell cultures, tissues, or live
animals.

Besides microfluidic chips, the barcode readout method
could also be integrated into the conventional flow cytometry
platform with modifications to include pumping and high-
resolution spectral measurements. State-of-the-art flow
cytometers offer 3 to 12 spectral channels.26 The brightness
of fluorescent beads is sufficient to enable high-spectral-
resolution measurements with millisecond- and sub-
millisecond integration times for high-throughput barcode
identification and cell sorting. WGM cellular barcoding may
prove to be a useful tool for biomedical investigations at
single-cell levels. Besides cell tagging, resonator-based
barcodes have potential as luminescent probes for highly-
multiplexed molecular assays on chip. Finally, the optical
barcode technology has potential for non-biological labeling
and authentication for documents, work of arts, industrial
materials and products.
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Interpretation of the correlation matrix

In the processing identifying barcodes and comparing cells, many different detection scenarios can be 
encountered. Here we analyze some of the cases we have observed and illustrate how they presented 
themselves in the correlation matrix.

Fig. S1 Normal events. (a) One cell is flown in both directions and successfully identified. (b) 
Two cells are flown in both directions and successfully identified. (c) Out of two cells flown in the 
forward direction only one returns.

(a) In this most common example, for a cell C1 detected in the forward flow and a cell C2 (with its identity 
yet to be determined) detected in the backward flow, and the protocol decides that these two cells have 
the same barcode within the maximum spectral shift max. Then a correlation mark (red filled circle) 
is represented in the cross-correlation domain (boxed region), and trivial self-correlation marks (green 
circles) appear in the reference and sample domain (shaded triangular regions).
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(b) An extended example of the same type as (a): for two cells, C1 and C2, detected in the forward run and 
two cells, C3 and C4, detected in the backward scan, C3 is identified to be C2, and C4 is identified to 
be C1, and this make two correlation marks (red) in the cross-correlation domain.

(c) A cell, C2, detected in the forward scan but not detected in the backward scan. Typically, this situation 
happens when the cell gets trapped in the tubing or syringe and never returns to the channel.

Fig. S2 Scenarios leading to non-unique correlation and false-positive errors: (d) Two cells with 
identical barcodes are flown in forward direction and both return to the channel in the backward 
flow. (e) Same as previous example, but only one returns.

(d) Two cells happen to have very similar beads and their barcodes are considered identical. These cells 
detected in the forward run, C1 and C2, produces a non-unique correlation hit (cyan-filled circle) in the 
non-diagonal space (bottom-left area). When these cells return in the backward flow, C3 and C4, they 
mark a correlation hit in the self-correlation domain (top-right area). In the cross-correlation domain, 
four correlation marks (red circles) appear. 

(e) Same example as (d) except that now only one of the two cells, C3, return to the channel in the 
backward scan. Then, C3 matches with both C1 and C2, leaving two correlation marks (red circles). 

Note. In the case of (d), unfortunately there is no way to tell whether C3 (or C4) was C1 or C2. And, in (e) 
we cannot identify whether C3 is C1 or C2. Therefore, in both cases, in post processing we remove all 
the non-unique cells from reference and sample, by deleting rows and columns C1 through C4 in (d) 
and rows and columns C1 through C3 in (e), from the dataset. This is how we generated re-processed 
map in Fig. 4e. In principle it would be enough to remove only cells C1 and C2, which would simulate 
a sample with only unique-barcodes. However, since barcodes can be altered (Fig. S3) it is better to 
remove also non-unique cells in the sample to get rid of errors such as in Fig. S3g.



Fig. S3 Scenarios for false-negative errors due to altered barcodes: (f) The barcode of a single 
cell changes during the reversal of the flow and the cell is not identified. (g) Two unique cells 
flown in forward direction change their barcode in such way that they become identical.

(f) The spectrum from the beads in a cell, C2, measured in the backward flow is different from the 
spectrum of the same cell, C1, measured in the forward flow. This can occur if the effective refractive 
index of the intracellular environment surrounding the beads has changed between the two 
measurements. This situation leaves no cross-correlation mark.

(g) A rare case. The spectra of two cells, C1 and C2, are similar to each other but distinguished in the 
forward flow, but for any reason, such as cellular or environment changes, the spectra of the two cells, 
C3 and C4, in the backward direction are changed such that they are no longer distinguished from each 
other. This makes C3 and C4 non-unique cells. Moreover, suppose C3 and C4 are identified to be the 
same as C1 but not C2; in this case two correlation marks (red) appear in the cross-correlation domain. 
C1, C3 and C4 were removed from the dataset when the re-processed map in Fig. 4(e) was generated.
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