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Crosstalk between fluorescent biomarkers significantly limits the
resolution of multispectral fluorescence analysis in real-time
droplet-microfluidics applications. The crosstalk is a result of
overlapping emission and excitation spectra of different
fluorophores in multiplexed analyses. To mitigate this crosstalk,
we present a method that modulates multiple laser beams to
selectively and sequentially excite the fluorophores by a single
beam of a particular wavelength using acousto-optic modulators
at a frequency of 0.1 MHz. An FPGA based data acquisition
algorithm synchronized with the modulation signal then acquires
the emission signals only from the fluorescence channel that
in that
method for

corresponds to the excitation wavelength provided
applied our
analysis in microfluidics

particular time window. We

fluorescence-based droplet and
demonstrate that the method is able to reduce crosstalk

contribution between channels by >97% and can resolve

fluorescence populations that are indistinguishable with

conventional droplet analysis methods.

Fluorescence analysis has been the backbone of biochemical
quantification, allowing the specific labelling and monitoring
of analytes of interest, optionally in a highly multiplexed way.
Droplet microfluidics benefits from these fluorescence
analysis principles for compartmentalized quantification of
cellular/molecular interactions, enzymatic activities and the
level of secreted metabolites and antibodies.'™ Even though
the wide range of available fluorescent biomarkers with
varying excitation and emission spectra presents the
possibility of high precision multispectral analysis, the caveat
lies in the overlap between their spectra, resulting in
crosstalk that significantly limits resolution. There are
numerous solutions suggested in literature to overcome this
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issue for various fluorescence analysis techniques like
Fluorescence Correlation Spectroscopy (FCS), Fluorescence
Resonance Energy Transfer (FRET), widefield fluorescence
imaging, Fluorescence Activated Cell Sorting (FACS) and
Imaging Mass Cytometry (IMC)."”” A popular solution is to
use numerical correction factors to compensate for the extra
signal contributed by the crosstalk.”® These correction factors
are usually estimated before the analysis as calibration
exercises for specific fluorescence targets and excitation
sources that can later be applied in real-time experiments. A
prerequisite of such precalculated correction factors is that
the fluorescence targets stay at the same position in relation
to the excitation source (i.e. the focal point of laser) during
the experiment as they were during the calibrations. However,
due to the peculiar nature of droplets that do not allow their
contents to have fixed positions within the droplet volume,
such precalculated correction factors are not suitable to
compensate crosstalk in droplet microfluidics.” Some
methods also conduct post experiment data cleaning to
compensate for crosstalk like in case of IMC,” but such
methods are not feasible for applications like droplet sorting,
requiring real-time data analysis for decision making.'’™"* As
a result, currently all fluorescence based droplet analysis
methods suffer from limited signal resolution due to
crosstalk."®?® To overcome these limitations, it is
advantageous to apply means that evade the factors that
cause crosstalk in the first place, rather than compensating
for it once it has originated. These factors: 1) overlap of
emission spectra of two fluorophores, 2) overlap of excitation
spectra of a fluorophore with other channel's excitation
wavelength and 3) overlap of excitation spectra of one
fluorophore with the emission spectra of another fluorophore
(i.e. due to Forster resonance energy transfer (FRET) between
two fluorophores).™*

We present a method called “Modulated Excitation-
Synchronous Acquisition” or MESA that allows sequential and
selective modulation of excitation signals i.e. lasers, that are
also synchronized with the data acquisition from emission

This journal is © The Royal Society of Chemistry 2023
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channels. The sequential modulation of laser beams ensures
that only the fluorophore whose excitation spectra
corresponds to the laser beam that is “on” in that moment
is excited, so that the acquired emission signals will not
have the component from the other fluorophores. The
modulated excitation eliminates the crosstalk due to
emission spectra overlap as also shown in literature.>"’
However, the crosstalk still persists at this point as a single
laser can also partially excite multiple fluorophores due to
FRET from the excited “correct” fluorophore or due to the
overlap of excitation spectra of “incorrect” fluorophores with
the laser (typically, the excitation spectrum of all
fluorophores is extended towards the low wavelengths). This
results in higher than expected emission from the
fluorophores that do not correspond to the “on” laser.
Additionally, the emission from the fluorophore
corresponding to the “on” laser may still leak into other
channels further increasing the crosstalk. To avoid such
crosstalk components, it is essential to modulate PMTs in
sync with the lasers, such that only a single laser and its
corresponding PMT is “on” at any given time. This creates
discontinuity (i.e. time intervals with no signal which
attenuate the mean signal amplitude) in the signals
acquired from the PMTs which has to be processed
computationally by MESA for perfect synchronization
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without signal loss. This way, MESA integrates sequential
modulation with synchronized emission data acquisition to
eliminate all three critical components of crosstalk.

We applied this method to conduct fluorescence analysis
in high-throughput droplet microfluidics to demonstrate the
crosstalk reduction in the signals obtained with MESA mode
as compared to the same signals obtained in unmodulated or
continuous wave (CW) mode. CW mode is currently used in
all droplet analysis methods and thus, provides an excellent
benchmark  for  comparison.”'*'>'®*8  we further
demonstrate that due to the improved crosstalk reduction,
MESA can separate fluorescence populations that otherwise
remain indistinguishable. We, thus, envisage that our
method can become an integral part of highly multiplexed
applications in life science and biomedicine.

We used three acousto-optic modulators (AOM) for
sequential modulation of three continuous-wave laser beams
of wavelengths 405 nm, 473 nm and 561 nm (Fig. 1a). We
used commercially available laser assembly that comes with
inbuilt AOMs, which can be controlled computationally via
TTL pulses (Jilin Laser Tech. Ltd., China). This also makes
implementation of MESA easier and cost effective in
comparison to standard multi-wavelength droplet analysis
platforms that require laser alignment and additional optical
components.”> For signal modulation, data acquisition and

Ideal TTL pulse

Atg Mg
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PMT 2

PMT 3

>
>

Time

Fig. 1 Modulated excitation-synchronous acquisition (MESA) setup. a) Optical setup with three laser beams (561 nm, 473 nm and 405 nm
wavelengths) that are combined and sent to the microscope through an optical fiber cable after acousto-optic modulation (AOM1-3). A convex
lens (CL) of 100 mm focal length is used to converge the laser beam on the microscope's objective lens via a dichroic mirror (D3: 403/497/574 nm
triple beam splitter). The modulated beams excite the droplets and the subsequent emission passes through a laser cleanup filter (F4: 405/473/561
nm triple band notch filter) before separating into three channels using dichroic mirrors (D1: 484 nm and D2: 552 nm beam splitters) and collected
by three photomultiplier tubes (P1-P3). The optical filters (F1: 445/45 nm, F2: 525/45 nm and F3: 605/40 nm bandpass) in front of each PMT
further clean the emission signal and define the channel bandwidth. The FPGA connections show TTL pulse outputs and PMT signal inputs along
with the connection for self-reference signal (L1-3). The camera (C) images the sample which is illuminated by the brightfield lamp (B). To prevent
this illumination from interfering with the emission signals, an optical filter (F5: 630 nm high-pass) is placed after the brightfield lamp. b)
Composition of TTL pulses with a pulse width of 300 ns sent to the AOMs for switching the laser to the desired “on” state at TTL > 2.5 V. The time
delay between ideal TTL pulse and self-reference signal due to rise time is Atg while At is the delay due to fall time.
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real-time analysis, a custom-made FPGA algorithm was
designed using LabVIEW FPGA module running on a NI PXIe
7856R FPGA card with a sampling rate of 40 MHz. The
algorithm sequentially generates separate TTL (transistor-
transistor logic) pulses with PWM (pulse-width modulation)
for each AOM at a frequency of ~100 kHz with low and high
amplitudes of 0 V and 3 V respectively (Fig. 1b). The TTL
pulses had an “on” time of 3 ps and were separated by 400
ns to avoid any signal leakage due to the fluorescence
lifetime of fluorophores'® resulting into a complete pulse
cycle of 10.2 ps during which, 120 datapoints for each laser
excitation can be acquired by the FPGA that is running at a
sampling rate of 40 MHz. The modulated laser beams then
excite the fluorophores in the droplets via a fiber-optic cable.
The subsequent emission signals are separated in three
channels (Ch 1: blue, 425 nm to 465 nm; Ch 2: green, 505
nm to 545 nm and Ch 3: red, 580 nm to 620 nm) and are
captured by three photomultiplier tubes (PMT). The details of
optical components and their placement is shown in the ray
diagram in Fig. 1a. The signals from PMTs are then acquired
in synchronization with the modulation signal, such that
only the PMT for which the corresponding excitation beam is
“on” in that moment is read (Fig. 1b). The synchronization,
however cannot be efficient unless the time delay due to the
rise/fall time and slew rate of TTL pulse generation and due
to the inductance of the cable connecting the FPGA to AOM
is considered. To compensate for this delay, the modulation
signals that are sent to each AOM are parallelly connected to
analog inputs of FPGA and acquired as “self-reference”. The
PMT synchronization is based on the rise time of this “self-
reference signal” (Fig. 1b). Since the fall-time follows the
exponential decay function and the TTL high cutoff (2.5 V) of
the AOM trigger is close to TTL high (3 V), the delay between
the TTL pulse and the self-reference signal at TTL fall (Aty) is
significantly small as compared to TTL rise (Atg). Therefore,
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the algorithm considers the falling TTL pulse's timepoint to
synchronize emission signal acquisition in that channel
(Fig. 1Db).

We first compared the droplet fluorescence signals
acquired by MESA with the similar signals acquired using
continuous wave (CW) excitation. For an efficient
comparison, our custom-made LabVIEW code is programed
to work in both MESA mode and CW mode. In CW mode, the
TTL pulses for all the AOMs are set at a constant ‘high’ at 3
V resulting in continuous excitation from lasers and
continuous data acquisition from PMTs. The droplets are
generated using a flow focusing droplet generator that has
three aqueous phase inlets (Fig. 2a). Inlet 1 contained 1 uM
cascade blue (CB) that is excited by 405 nm laser and its
emission is captured in Ch 1; inlet 2 had 1 pM fluorescein
(FL) that is excited by 488 nm laser and its emission is
captured in Ch 2 and inlet 3 contained 1x PBS (Phosphate-
buffered saline), which is the only nonfluorescent aqueous
solution and is used to adjust the concentration of the other
fluorophores (Fig. 2b). The fluorophores are selected such
that the data acquired in Ch1 will have least crosstalk due to
FRET induced loss of some of CB's emission to excite FL
(Fig. 2b). On the other hand, Ch2 is expected to have the
emission signal from FL after its excitation from L2 along
with some crosstalk. The crosstalk in Ch2 is comprised of
multiple components due to: i) overlap of CB's emission
spectra with Ch2, ii) overlap of FL's excitation spectra with L1
and iii) overlap of CB's emission spectra with FL's excitation
spectra resulting in FRET (Fig. 2b). Similarly, due to lack of
any fluorophore that can be excited by 561 nm, any signal
acquired in Ch3 will correspond to the crosstalk from Chi1
and/or Ch2 (Fig. 2b). The droplets are generated with HFE
7500 oil as continuous phase with a flowrate of 800 pL h™
and the overall aqueous phase flow rate of 350 puL h™',
resulting in generation of ~500 pL droplets at ~200 Hz with
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Fig. 2 Experimental setup. a) Microfluidic device used to generate droplets containing a mixture of fluorescein (1 uM), PBS (1x) and cascade blue
(1 uM). b) Excitation (Ex) and emission (Em) spectra for the fluorophores cascade blue (CB) and fluorescein (FL). The normalized emission (N.Em) is
the maximum emission (Em) multiplied by the extent of excitation (i.e. the intersection of laser with the excitation spectrum) and the quantum
yield of the fluorophore (see Fig. S27 for further details). The laser wavelengths and its corresponding emission channel bandwidths are highlighted
(Ch1: 423 nm to 468 nm, Ch2: 503 nm to 548 nm and Ch3: 580 nm to 620 nm). The crosstalk components due to spectral overlap and FRET are
also highlighted. Ch2 is shown to have the multiple crosstalk components due to CB's emission spectrum overlapping with Ch2's bandwidth, 405
nm laser overlapping with FL's excitation spectra and FRET induced by the CB's emission spectra overlapping with FL's excitation spectra.
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droplet width (the time spent by the droplet for passing the
detection point) of 1.25 + 0.2 ms (Video S1, Fig. S1%). This
way, every excitation pulse of 3 ps excited every single droplet
122 times during its stay of 1.25 ms translating into ~14 k
datapoints for each droplet for each channel which are more
than sufficient for droplet fluorescence analysis even in
conditions with high system noises. If we assume an ideal
noise-free signal, even a single excitation cycle of 10.2 us (i.e.
3 x [3 + 0.4] ps) is sufficient to acquire fluorescence signals
in all three channels from a single droplet translating into a
maximal theoretically possible throughput of ~49 kHz (where
the droplets have a width of 10.2 us with a gap of one droplet
in between). This calculation indicates that our modulation
frequency is orders of magnitude higher than what is
required to analyze droplets moving at frequencies typically
used in fluorescence analysis methods.”” Such a high
modulation frequency is a result of acousto-optic modulation
and high-speed processing by FPGA, which cannot be
achieved by conventional methods using filter wheels
(minimum switching time of 25 ms)*®* and mechanical
shutters (minimum switching time of 1 ms).**

To generate droplets with desired concentrations of
fluorophores CB and FL, a custom-made LabVIEW code was
used that stepwise changed the flow rates of syringe pumps and
adjusted the ratios of the three different aqueous solutions (CB,
FL and PBS). Once the desired ratio/concentration is reached,
the code acquires data (i.e. amplitude of droplet fluorescence
signal peaks) in both MESA mode and CW mode alternatively
and then changes the flow rates again to reach the next
concentration. This way, the program consistently generates
droplets with discrete fluorophore concentrations while
simultaneously acquiring the fluorescence signals in both
modes from over 100000 droplets in every population. A
schematic of this automation algorithm is provided in Fig. S2.
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We generated droplet populations containing a stepwise
increasing concentration of CB from 0.1-0.9 uM to analyze the
crosstalk in Ch2 due to the spill over from Ch1 (Fig. 3a). Ideally,
the slope of fluorescence signal amplitude in Ch2 as a function
of CB concentration should be zero, and any non-zero slope is a
consequence of crosstalk due to the overlap of CB's emission
spectra with Ch2 bandwidth (Fig. 2b). This crosstalk can be
quantified separately for both modes by calculating the
crosstalk factor (CI"9%°) ie. the fraction of fluorescence signal
acquired in channel 7 that is leaking into channel j averaged
over all the 9 discrete concentrations:

fmode
|

1

mode
oriie

(1)

= mean |:

here, f"°% is the mean amplitude of the droplet fluorescence
signals at a particular concentration as obtained by the mode in
consideration (MESA or CW) in channel i. The value of C;_.,
calculated using eqn (1) for MESA and CW signals is shown in
Table 1. Similarly, C,_; was calculated by analyzing droplet
fluorescence signals that had a stepwise increasing
concentration of FL from 0.1 to 0.9 uM (Fig. 3b, Table 1). To
calculate the crosstalk factors (C,_3) for FRET induced crosstalk
in Ch3 from Chi, droplets with a constant FL concentration
(0.5 uM) along with a stepwise increasing concentration of CB
from 0.1-0.9 uM were analyzed (Fig. 3c, Table 1). The overall
crosstalk reduction (R;) between channels i and j by MESA as
compared to CW mode can now be calculated using the
crosstalk factors as:

g, - ST or

CW
cw

(2)

The total crosstalk reduction from Ch1 to Ch2; Ch2 to Ch3 and
Ch1l to Ch3 are calculated as 96.4%, 98.32% and 98.57%
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Fig. 3 Crosstalk quantification. a) Droplet mean fluorescence intensity (f) with varying cascade blue concentrations as acquired in blue channel
(Ch1) (inset) and green channel (Ch2) in continuous wave (CW) and MESA mode. The shaded area shows the crosstalk in CW mode that is reduced
by using the MESA mode. Droplet signal peaks obtained by CW (at 0.2 uM) and MESA (at 0.4 uM) mode are also shown. b) Droplet fluorescence
intensity (f) with varying fluorescein concentrations as acquired in green channel (Ch2) (inset) and red channel (Ch3) in CW and MESA mode. c)
Droplet fluorescence intensity with varying cascade blue concentrations as acquired in blue channel (Ch1) (inset) and red channel (Ch3) in CW and
MESA mode. The error bars in each plot show the standard deviation around mean.
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Table 1 Crosstalk factors (C;_;) between the emission channels as calculated from the droplet fluorescence signals using egn (1) and total crosstalk

reduction (R;) by MESA calculated using eqn (2)

Description c cymsA Ry
Cis Crosstalk in Ch2 (green) from Ch1 (blue) 0.17 + 0.034 0.006 + 0.0022 96.4%
Cy3 Crosstalk in Ch3 (red) from Ch2 (green) 0.25 + 0.029 0.0042 + 0.0015 98.32%
Ci3 Crosstalk in Ch3 (red) from Ch1 (blue) 0.052 + 0.02 0.0007 + 0.0003 98.57%

respectively (Table 1). A detailed calculation of crosstalk factors
is provided in Tables S1-S3.f The crosstalk factors calculated
here are also in agreement with the theoretically estimated
crosstalk factors as shown in Table S4.f For theoretical
estimations, we developed an interactive tool that simulates
crosstalk factors by accounting for all the contributing factors
(for e.g. emission and excitation spectra of fluorophores, overlap
of excitation spectra with excitation laser, overlap of emission
spectra with channels, spectral response and gain values of
photomultiplier tubes, FRET, optical filter losses etc.) (for details
see Fig. S31 and “crosstalk calculator” tool available in Software
S1f). Note that due to factors like non-uniform spectral
response and non-linear gain response of PMTs, non-uniform
transmission losses (along the spectra) by all the optical
components, difference in quantum yield of fluorophores,
difference in laser powers etc., it is difficult to estimate the

crosstalk factors with absolute precision. It should also be noted
that judiciously selecting the filters in accordance with the
fluorophores used (for e.g. using narrow band filters or filters
whose bandwidth does not include the wavelengths where the
spectral overlap is prominent) may help in reducing the
crosstalk in CW mode at the cost of reduced signal intensity.
However, a significant crosstalk will still persist because it is
inherent to the CW fluorescence analysis method mainly due to
FRET and excitation overlap (Table S5). Moreover, the crosstalk
will increase further when number of fluorophores and
channels is increased in CW mode. MESA, on the other hand,
eliminates the very cause of this crosstalk by avoiding all
crosstalk components and thus, our method is particularly
preferable for multiplexed signal acquisition. The Crosstalk
reduction is not 100%, primarily because the acousto-optic
modulation is limited in terms of completely blocking the laser
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Improvement in signal resolution by MESA. a) Droplet populations (P1 to P5) where each droplet carries the represented concentrations of

CB and FL. Each population consists of more than 200 000 droplets. b) Droplet fluorescence intensity distribution for each population in blue
channel (Chl) as acquired by continuous wave (CW) mode. c) Droplet fluorescence intensity distribution in channel (Chl) as acquired by MESA
mode. d) Droplet fluorescence intensity distribution in green channel (Ch2) as acquired by CW mode, showing overlapped populations. e) Droplet
fluorescence intensity distribution in green channel (Ch2) as acquired by MESA mode, showing distinct populations. f) Mean Z-factor between the
fluorescence intensity distributions of droplet populations separated by various FL concentration differences calculated using eqn (3) (Tables S3
and S47). The shaded area shows the standard deviation around mean.
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radiation.?? As a result, even at TTL low, there is a small fraction
of laser radiation that still excites the fluorophores, which in
turn may leak into other channels.

A major benefit of the crosstalk reduction is an improved
resolution of multi-color fluorescence populations, which is
of particular relevance for barcoding applications.***® To
analyze the improvement in resolution by MESA, we used the
microfluidic device shown in Fig. 2a to generate five
populations of droplets (P1-P5) with discrete concentrations
of both cascade blue (CB) and fluorescein (FL) (Fig. 4a). As
Ch1 is free of crosstalk in both CW and MESA modes, we
used the CB concentration as a control and observed the
corresponding FL concentration in the droplets to see the
effect of crosstalk in resolving droplet populations. Without
the crosstalk, the green fluorescence signals in Ch2 are
expected to show discernible populations of droplets with
similar concentrations independent of the CB concentration.
However, due to crosstalk, the blue fluorescence from CB will
leak into green signals, attenuating the effect of FL
concentration difference and diminishing the separation
between droplet populations. Fig. 4b-e shows the droplet
fluorescence signals acquired at 5 equidistant concentrations
of the fluorophores in CW and MESA modes. The blue
fluorescence by CB showed considerably separated
populations in both modes because of the lack of crosstalk in
Ch1 (Fig. 4b and c). The similar fluorescence intensity values
obtained by both modes for individual CB concentration also
demonstrates that the strength of signals acquired by MESA
is comparable to that obtained by CW mode (Fig. S4t). In
contrast, Ch2 showed overlapped population distributions
when using CW mode due to crosstalk from Ch1 (Fig. 4d). In
contrast, MESA mode could successfully resolve the green
fluorescence into five distinct populations, indicating the
improvement in signal resolution by MESA (Fig. 4e). To
quantify this improvement in resolution, we compared the
Z-factors between the FL fluorescence intensity distributions
from the populations P1-P5 acquired by CW and MESA
modes.>” The Z-factor is a statistical indicator widely used in
high-throughput screenings to quantify the separation
between two populations where a Z-factor greater than 0.5 is
considered as excellent separation.”’

3(0'pb + O'pa)

Z factor =1 -
|/‘Pb _ﬂpa|

(3)

Here, 4 and o are the mean and standard deviations of the
fluorescence intensity distribution of the droplets in
population Pa and Pb. For MESA mode, the adjacent
populations, ie. concentration difference of 0.14 uM,
corresponds to a mean Z-factor of 0.56 indicating an excellent
separation (Fig. 4f).>” A detailed calculation of Z-factors is
presented in Tables S6 and S7.f In contrast, in CW mode, a
Z-factor greater than 0.5 is achieved only at the highest
separation in the experiment i.e. a concentration difference
of 0.57 puM, which is 4-fold higher than the minimum

This journal is © The Royal Society of Chemistry 2023
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separation required in MESA mode, demonstrating its higher
resolving power (Fig. 4f).

In summary, we present a method for reducing crosstalk
between fluorophores and improving signal resolution in the
emission channels. We showed that MESA is able to reduce
on average 97.75% of crosstalk, when compared to signals
obtained with conventional continuous wave method. We
further showed that due to reduced crosstalk contribution,
MESA has a higher resolving power to differentiate between
droplets with closely separated fluorophore concentrations.
This is of particular advantage for fluorescence barcoding
applications, requiring multiple fluorophores at discrete
concentrations  to  differentiate = between  numerous
fluorescently labelled populations.”*>*?**® For example,
Brouzes et al encoded a drug library with eight
concentrations of a fluorescent dye and used continuous
to differentiate droplet populations that
contained different concentrations of mitomycin C for
screening its cytotoxic effects on U937 cells.>® Using MESA
instead of CW would allow to increase the number of
barcodes to 32 combinations over the same concentration
space and up to even 1024 combinations when using a
second color.

We conclude that MESA can successfully reduce the
spectral overlap induced crosstalk in real-time multi-
wavelength florescence analysis. By eliminating the need for
any pre-experiment calibration of the instrument, numerical
corrections and hydrodynamic focusing of analyte, MESA
proves to be a significant development over existing crosstalk
mitigating technologies.”®

wave mode

Data availability

Raw data for all the experiments can be found on https://doi.
org/10.5281/zenodo0.6983494. The “crosstalk calculator” tool
is available on Supplementary software 1 or on https://doi.
org/10.5281/zenodo0.7706104.
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