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Abstract

Fluorescent antibodies are a workhorse of biomedical science, but fluorescence multiplexing has
been notoriously difficult due to spectral overlap between fluorophores. We recently established
proof-of-principal for fluorescence Multiplexing using Spectral Imaging and Combinatorics
(MusSIC), which uses combinations of existing fluorophores to create unique spectral signatures
for increased multiplexing. However, a method for labeling antibodies with MuSIC probes has not
yet been developed. Here, we present a method for labeling antibodies with MuSIC probes. We
conjugate a DBCO-Peg5-NHS ester linker to antibodies, a single stranded DNA “docking strand”
to the linker, and finally, hybridize two MuSIC-compatible, fluorescently-labeled oligos to the
docking strand. We validate the labeling protocol with spin-column purification and absorbance
measurements. We demonstrate the approach using (i) Cy3, (ii) Tex615, and (iii) a Cy3-Tex615
combination as three different MuSIC probes attached to three separate batches of antibodies. We
created single, double, and triple positive beads that are analogous to single cells by incubating
MusSIC probe-labeled antibodies with protein A beads. Spectral flow cytometry experiments
demonstrate that each MuSIC probe can be uniquely distinguished, and the fraction of beads in

a mixture with different staining patterns are accurately inferred. The approach is general and
might be more broadly applied to cell type profiling or tissue heterogeneity studies in clinical,
biomedical, and drug discovery research.

Introduction

Ultraviolet-to-infrared fluorescence is a bedrock of experimental science, particularly

the biomedical sciences. However, multiplexing—the simultaneous analysis of multiple
fluorophores in a single sample, is severely limited by spectral overlapl4, where excitation
and/or emission spectra of fluorescent probes share broad wavelength domains. Spectral
overlap limits most standard fluorescence assays to 2—4 readouts at a time. Yet, many
applications would benefit from increased fluorescence multiplexing capabilities; one
example is cancer. Tumor heterogeneity is multi-dimensional, including spatial variation in
cell type, driver mutation profiles, protein expression, and oxygen/metabolic gradients>10.
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As a result, there are hundreds of markers that have an impact on a tumor’s evolution,
fitness, and drug sensitivity>11.12,

Current sequencing methods can reach high levels of multiplexing and have been used

in cancer diagnosis and prognosis3-1°, Yet, the now somewhat standard biopsy- or
homogenized tissue-based deep DNA or mRNA sequencing, and now increasingly single-
cell sequencing®-18, largely do not allow for spatial resolution. However, some recent
sequencing-based methods can provide spatial /7 situ datal®-22, Sequential fluorescence
in situ hybridization (seqFISH+) is capable of transcriptome-wide imaging in single

cells but has challenges in scaling to large numbers of cells or large areas of tissue
sections. Slide-seq, alternatively, made mRNA sequencing compatible with tissue section
imaging over large spatial scales with ~10 um resolution?3. Although powerful advances,
such sequencing methods cannot yet fully capture the heterogeneity of tissue samples,
which includes single and subcellular resolution and molecules other than mRNA (i.e.,
DNA, proteins, post-translational modifications, etc.). On the other hand, antibody-based
imaging can access multiple molecule types at single and subcellular resolution while also
spanning physiologically relevant length scales. Therefore, increased antibody multiplexing
capabilities remain highly complementary to these sequencing-based methods.

There have been many recent advances for increased antibody-based multiplexing with
single cell and subcellular spatial resolution, most of which use standard “filter-based”
instrumentation that robustly allow imaging 2—4 fluorescence colors simultaneously.

A widely adopted strategy is repeated rounds of staining, imaging, and bleaching of
fluorophores24-27. By performing multiple cycles of 2-4 color imaging, these methods
drastically increase fluorescent multiplexing capabilities (up to 60 analytes). Multiplexed
fluorescence microscopy (MxIF) was the first but requires proprietary and expensive
equipment / reagents24. Cyclic Immunofluorescence (CyCIF) is similar in principle but uses
inexpensive reagents and standard equipment26:28, Similar to MxIF and CyCIF, Iterative
indirect immunofluorescence imaging (4i) uses cycles of imaging but leverages fluorophore-
conjugated secondary antibodies rather than fluorophore-conjugated primary antibodies as
in the above techniques, allowing the use of “off-the-shelf” primary antibodies2®. Another
method that uses staining and bleaching cycles is co-detection by indexing (CODEX)?7, but
it differs from the above methods as it uses DNA-conjugated antibodies and sequencing-like
methods to multiplex. While these cyclic methods have significantly expanded multiplexing
capability, a primary limitation is the number of rounds of imaging that are possible before
sample degradation begins to occur. Additionally, the length of time each round takes

to complete, multiplied by the number of rounds, can make these methods excessively
time-consuming.

Another way to achieve higher degrees of antibody multiplexing is by labeling antibodies
with isotopically pure rare earth metals, such as in imaging mass cytometry (IMC)2°

and multiplexed ion beam imaging (MIBI1)30. IMC and MIBI can respectively image

32 and 40 analytes simultaneously from a tissue sample. The use of mass spectrometry

for quantification makes these techniques easier to multiplex compared to ones that use
fluorescence, as they are not limited by spectral overlap. However, these methods use a laser
or ion beam to ablate the sample, destroying the sample and preventing further analysis
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or use, including cyclic methods as above. Additionally, the specialized equipment and
reagents required for these techniques can be more expensive than standard fluorescence
microscopes and antibodies, making them not as widely available.

The fluorescence-based techniques that were previously described use “filter-based”
imaging that lumps emission wavelengths together and thus restricts multiplexing to 2—4
channels, but some have instead used spectral imaging that measures emission intensity
with much finer wavelength resolution. Fluorescence emission follows the principle of
linear superposition, meaning that the emission spectra of a mixture of fluorophores

can be cast as a sum of contributions from individual probes using a matrix equation.
Solving this matrix equation for the levels of individual probes, given the spectra of the
mixture and each isolated probe, is called unmixing. These “hyperspectral” techniques have
been used to image up to seven analytes simultaneously in tissue sections3:31-34, CLASI-
FISH (combinatorial labeling and spectral imaging - fluorescence in situ hybridization),
which builds upon traditional spectral imaging, classifies up to 15 microbe types

using probe combinations3°. One constraint of CLASI-FISH is that probes must be
spatially segregated for demultiplexing. Spectrally resolved fluorescence lifetime imaging
microscopy (SFLIM)38 combines spectral imaging with fluorescence lifetime information
and can multiplex nine antibodies simultaneously.

We recently developed an approach called Multiplexing using Spectral Imaging and
Combinatorics (MuSIC), which leverages currently available fluorophores along with the
power of combinatorics to increase the number of available probes for simultaneous
staining3”. MuSIC probes are created using Forster resonance energy transfer (FRET)-
producing fluorophore combinations, which results in a unique probe emission spectrum
that is linearly independent from that of the individual fluorophores that make up the
combination, enabling unmixing. Our previous work, based on simulation, suggested that
MuSIC may increase simultaneous fluorescence multiplexing capabilities ~4-5 fold3’.
Proof-of-principal experimental studies that focused on a small range of excitation
wavelength space have shown that nine MuSIC probes can be accurately unmixed, which
should increase when the full range is used. Moreover, MuSIC is compatible with cyclic
imaging methods, which would allow more analytes to be measured per cycle, increasing
multiplexing capabilities even further. MuSIC differs from CLASI-FISH in that it is not
limited by spatial segregation.

Methods to conjugate MuSIC probes to antibodies have not yet been developed. Our
previous work showed that standard primary-amine-based conjugation of two fluorophores
to the same antibody does not produce a high enough FRET efficiency to create robust
MuSIC probes38. Here, we report a fluorescent oligo-based labeling approach to conjugate
MuSIC probes to antibodies. A DBCO-Peg5-NHS ester molecule (the linker) is used to
attach an azide modified oligo (the docking strand) to the antibody. Fluorescent oligos
hybridized to the docking strand bring the fluorophores into FRET-compatible distances.
Mixtures of antibody-conjugated MuSIC probes using (i) Cy3, (ii) Tex615, and (iii) a Cy3-
Tex615 combination were analyzed and accurately unmixed using spectral flow cytometry
as a proof-of-principle. These oligo-based MuSIC probes are compatible with the wide
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range of clinical, biomedical, and drug discovery applications that currently use fluorescent
antibodies and spectral imaging.

Results

Probe design and labeling process.

A fundamental component of the Multiplexing using Spectral Imaging and Combinatorics
(MuSIC) approach is that combinations of fluorophores exhibiting FRET create a unique
emission spectrum that is linearly independent from the individual fluorophores in

the combination. Thus, creating MuSIC probes on antibodies requires combinations of
fluorophores to be stably associated with antibodies with spatial proximity sufficient for
FRET. To achieve this, we started from a prior description of antibody-oligo labeling3°
(Figure 1a). First, a DBCO (dibenzocyclooctyne)-PEG5-NHS ester molecule (referred to as
the linker) is attached to the antibody. The NHS ester group at the end of the linker reacts
with available NH, groups on the surface of the antibody. From here, a 55 bp DNA oligo
with a 5” azide modification (referred to as the docking strand) is added to the complex.

The azide reacts with the DBCO group of the linker via copper-free click chemistry, creating
an antibody-linker-docking strand conjugate. The PEG5 group is included in the linker to
increase the water solubility of the DBCO group and provide space between the antibody
and the docking strand3°. Finally, 20 bp oligos with 5’ or 3 fluorophore modifications
(referred to as the donor and acceptor strands, respectively) are added to the antibody-linker-
docking strand conjugate solution. When the donor and acceptor strands hybridize to the
docking strand, the two fluorophores are in close physical proximity to enable FRET. The
final product of these reactions should be an antibody labeled with a MuSIC probe. An
in-depth view of the linker and oligo complex is shown in Figure 1b.

Attaching the linker to the antibody.

We developed the protocol around labeling 50 pg of IgG, although it is scalable in either
direction. The linker is added to the antibody in 60 molar excess, as the linker will react
with multiple free amine sites on the surface of the antibody, and the extent of reaction is
not certain, but it is desired to maximize the degree of labeling. After incubation, unattached
linker needs to be separated from the antibody-linker conjugate. To do this, we used Amicon
Ultra 100 kDa molecular weight cut-off (MWCO) filters (Figure 2a). The antibody has a
molecular weight of ~150 kDa and the linker has a molecular weight of 0.7 kDa, so once the
solution is spun and washed, any linker that does not attach to the antibody will freely flow
through the column (Figure 2b). In order to verify that all unattached linker was removed,
retentate absorbances were measured at 309 nm, where the linker strongly absorbs3? (Fig.
S1), for samples containing the antibody alone, the linker alone, and then antibody and
linker together. Results show that the linker is predominantly in the retentate only when

the antibody is present (Figure 2c). The degree of labeling was estimated to be ~9+/- 0.57
molecules of linker/antibody based on absorbance measurements (see Methods and Figure
S1). These results demonstrate that the antibody and linker can stably associate and that
unattached linker can be effectively removed from solution.
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Attaching the docking strand to the antibody.

We added the docking strand to the antibody-linker retentate from the previous step in

6 molar excess to the antibody to account for multiple labeling sites. After incubation,
unattached docking strand needs to be separated from the antibody-linker-docking strand
conjugate. Similar to above, we use Amicon Ultra 100 kDa MWCO filters (Figure 3a).
Since the docking strand is only 17 kDa, it should freely flow through the columns if it

is not attached to the antibody-linker conjugate (Figure 3b). In order to evaluate whether
unattached docking strand is removed, retentate absorbances were measured at 260 nm, as
this is where the docking strand strongly absorbs. Results show that the docking strand can
be seen in the retentate when in the presence of the antibody and the linker, as expected.
However, a strong retentate signal was also seen for the docking strand when in the presence
of only the antibody, without the linker (Figure 3c). The cause for the strong docking strand
signal in the retentate without the linker present is unknown, but before proceeding, we
wanted to understand whether the docking strand was stably bound to the antibody without
the linker present or whether it could be removed with further washing via an orthogonal
separation mechanism.

The docking strand requires the linker to be stably associated with the antibody.

To determine whether the docking strand could stably bind to the antibody without the
linker, we used protein A dynabeads. The beads should strongly and selectively bind to

the antibody, and anything attached to the antibody will also be bound to the beads. We
generated samples with and without linker containing antibody, docking strand, and a donor
strand with the fluorophore Atto 488 (for measurement). The supernatant containing any
non-stably attached reagents can be removed by washing when the solution is placed on a
magnet (Figure 4a). Atto 488 fluorescence was measured to evaluate whether the docking
strand could stably associate with the antibody without the linker. The bead-based nature of
the experiment precluded reliable absorbance assays as used previously; consequently, we
are not able to estimate the degree of labeling for the docking strand on the antibody. The
fluorescence signal for samples without the linker present was comparable to the signals

of the controls where no fluorophore was present, while when the linker was present, a
significant fluorescence signal was observed (Figure 4b). We conclude that the linker is
needed for the antibody to be stably associated with the docking strand, and subsequently,
fluorophore-labeled donor or acceptor strands.

Obtaining a donor and acceptor pair that produces FRET when co-hybridized to the
docking strand.

As mentioned above, MuSIC probes must have donor and acceptor pairs that exhibit FRET,
such that the combination probe has a unique spectral signature. To test if a donor and
acceptor pair exhibits FRET, the emission spectra of solutions containing (i) just the donor,
(i) just the acceptor, (iii) the donor and the acceptor, and (iv) the donor and acceptor
co-hybridized to the docking strand were analyzed using a plate reader (Figure 5a). We used
488 nm excitation, a common laser line in multiple assay types. The pair of Cy3 (donor) and
Tex615 (acceptor) showed a much larger, red-shifted emission peak when excited at 488 nm
and co-hybridized to the docking strand, as compared to the case without docking strand,
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indicating strong FRET (Figure 5a). These results show that this donor and acceptor pair
would be a suitable MuSIC probe candidate, i.e., a donor and acceptor strand hybridized to
the antibody-linker-docking strand conjugate.

Application to flow cytometry for event classification.

While there are many potential applications of MuSIC probe-labeled antibodies, we set

out to obtain proof-of-principle data using spectral flow cytometry. Namely, we wanted

to understand whether we could (i) robustly classify events as containing a particular
combination of MuSIC probes and (ii) estimate the proportion of events having a particular
probe staining pattern (Fig. 6a). This is analogous to cell type classification assays such

as peripheral blood mononuclear cell (PBMC) analysis#?41. Three antibody batches with
different probes were created: probe 1-donor Cy3 and acceptor Cy3; probe 2-donor Tex615
and acceptor 615; and probe 3-donor Cy3 and acceptor Tex615. Because Cy3 and Tex615
produce FRET when co-hybridized to the docking strand, probes with this combination of
fluorophores can be thought of as a different “color” from the probes with the individual
fluorophores of the combination. Once the antibodies with either MuSIC probe 1, 2, or 3
are created, they are incubated with protein A dynabeads to be analyzed using the flow
cytometer. Each bead is similar to a single “cell.” One or more antibody type (i.e., with
probes 1, 2, or 3) can be conjugated to the same set of beads. For example, incubating
beads with two antibody types creates “double positive beads (cells).” In the following set of
experiments, we made single positive beads (one antibody type conjugated to one bead set),
double positive beads (two antibody types conjugated to one bead set), and triple positive
beads (three antibody types conjugated to one bead set) (Figure 6a). This is related to (i)
above. We also make mixtures of these different bead sets. This is related to (ii) above.

For analysis, we use simple quadrant gates on bivariate plots to classify beads as negative,
single positive, or double positive, and additionally, estimate the proportion of beads that fall
into each category (Figure 6b). Populations of single positive beads are observed in R1 and
R4, populations of double positive beads are observed in R2, and the negative population
of beads is observed in R3. Triple positive bead classification is done by further gating on
double positive populations.

First, we made an equal 3-way mixture from single positive bead sets and analyzed it by
spectral flow cytometry. Unmixing results showed relatively equal amounts of each bead
type in the mixture, demonstrating that single positives could be robustly classified (Figure
6c¢, 6d first column). We also tested a single positive mixture containing more probe 1
beads than probe 2 or 3 beads, and unmixing results showed relatively similar compositions
compared to the known compositions (Figure 6d second column). We then investigated if
various mixtures of single, double, and triple positive beads could be accurately unmixed
(Figure 6d). Overall, results demonstrate robust classification of bead type, as well as
accurate estimation of the relative abundance of each bead type. (Figure 6d-compare actual
to inferred heatmaps). We conclude that MuSIC probe-labeled antibodies as generated
here can be used in spectral flow cytometry applications for cell type classification and
proportion estimation.
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Discussion

Here we established a method to conjugate two fluorophores to an antibody in a way

that enables FRET between them (if they are compatible). The use of combinations of
fluorophores that exhibit FRET creates unique emission spectral signatures that can be used
for multiplexing via the MuSIC approach. Antibodies are labeled with combinations of
fluorophores by combining a “linker” and DNA oligos. The linker is used to covalently
attach a “docking strand” oligo to the antibody. Separate “donor” and “acceptor” strands
then hybridize to the docking strand. The donor and acceptor strand oligos place the
fluorophores at a specified distance from one another on the antibody. Absorbance data
suggested a degree of labeling of ~9+/- 0.57 linker/antibody molecules. We validated

the approach using three different MuSIC probes (Cy3, Tex615, and a Cy3-Tex615
combination) attached to three separate mixtures of antibodies. MuSIC probe-labeled
antibodies attached to protein A beads served as surrogate single, double, and triple
positive cells for testing via spectral flow cytometry. Spectral flow cytometry experiments
demonstrated that each MuSIC probe can be uniquely differentiated by accurately
determining compositions of bead mixtures.

While the focus here was using MuSIC probe labeled antibodies with spectral flow
cytometry, they are also compatible in principle with spectral imaging. Several methods that
increase image multiplexing capabilities use a stain/strip technique, which involves cycles
of staining, imaging, and bleaching?426.2842 These methods have improved multiplexing
abilities by ~10 fold over standard single-round 4-color imaging. The use of MuSIC probes
is in principle compatible with the cyclic methods, which would expand the number of
probes that can be used per round of imaging using spectral scanning microscopes. Current
cyclic methods on average use 10 rounds of four-color imaging and our previous simulation
studies suggested that ~25 MuSIC probes might be accurately unmixed3”. Therefore, the use
of MuSIC probes may allow 10 rounds of 25 color imaging, thus increasing multiplexing
capabilities by roughly another six-fold. However, spectral emission scanning microscopes
are certainly not as pervasive and filter-based microscopes currently. Angle-tuned emission
filters for wavelength scanning may help to make such technology more accessible*3. Such
microscopes also commonly have white light lasers for tunable excitation wavelengths

and a potentially large number of channels, which would further empower multiplexing
capabilities via MuSIC approaches.

To further increase fluorescent multiplexing capabilities using the MuSIC approach,
additional combinations of fluorophores are needed. The FRET efficiency of a fluorophore
combination is dependent on the physical distance between the two fluorophores based
on the Forster radius, which is dependent on the spectral properties of the pair. Some
fluorophore pairs may require different distances between the two fluorophores in order
to optimize FRET efficiency. This distance between the fluorophores can be varied by
using different length docking strands which have varying numbers of spacer base pairs
—the nucleotides in the middle between the donor and acceptor strand binding sites.
Thus, we expect future solutions will use different length docking strands for different
fluorophore combinations in the march towards a larger palate of antibody-compatible
MuSIC probes. Additionally, in this paper, we demonstrated unmixing of MuSIC probes
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using a two-laser spectral flow cytometer (488nm and 638 nm). The number of useful
MuSIC probe combinations can be further increased by using a spectral flow cytometer with
five excitation lasers (355 nm, 405 nm, 488nm, 561 nm, and 638nm—Cytek Aurora). We are
currently screening large sets of fluorescent oligos for MuSIC-probe suitability for a 3-laser
and 5-laser setup.

While MuSIC probes may be useful for multiple flow cytometry applications, one of which
in particular is immune profiling*4-46. Flow cytometry-based immune profiling has limited
multiplexing to roughly a dozen analytes (depending on the capabilities of the instrument)
as a result of spectral overlap?’:48. Mass cytometry has been transformative for immune
profiling*®-51, but is slower than flow cytometry and is destructive, so it prevents further
use of the cells after analysis*’. The use of MuSIC probes for immune profiling via flow
cytometry may allow for increased multiplexing for deep immune profiling on par with
mass cytometry while also being fast (more than 10,000 cells/second rather than about 1,000
as with mass cytometry®2) and non-destructive. This could open up avenues of increased
throughput for monitoring immune responses across large patient cohorts, as well as the
isolation of rare cell types alone or in specified combinations that would otherwise not be
possible.

We conclude that oligo-based approaches are a robust and modular way to create MuSIC
probe-labeled antibodies. Future work needs to expand the MuSIC probe palette, as well
as expand to larger antibody panels for flow cytometry or other spectral fluorescence
applications. This would enable broader applications for advancing our understanding

of microbial communities®3 such as gut and skin microbiomes®*3°, cancer research and
clinical diagnostics, host-pathogen interactions, developmental biology, and many other
areas of life science research where more highly multiplexed single and sub-cellular
resolution of antibody-target readouts is informative.

Adding the linker to the antibody

This and the below procedures were developed around labeling 50 pg of 1gG but are
compatible with scaling up or down. In our case, normal Rabbit 1gG (ThermoFisher

Cat: 31235) is combined with DBCO-Peg5-NHS Ester (linker; 20 mM in DMSO; Click
Chemistry Tools Cat: 1378531-80-6) in 20 molar excess (50 pg of Rabbit 1gG and 4.6 pug
of linker). This is brought to a volume of 100l with PBS and allowed to incubate for 30
minutes at 25°C. After incubation, the solution is added to an Amicon Ultra 0.5ml 100 kDa
centrifugal filter (Fisher Scientific Cat: UFC5100BK) and spun for 5 minutes at 14,000 x
g. The filter is then placed into a new tube, and PBS is added to the top of the filter in

order to bring the total volume back to 100 ul and is spun again for 5 minutes at 14,000

x g. This wash step is repeated twice more (three total). Finally, the filter is flipped upside
down and placed in a clean tube and spun for 1 minute at 1000 x g to collect the retentate.
The retentate absorbance is measured at 309nm, where the linker strongly absorbs, and
280nm, where the antibody strongly absorbs, using a NanoDrop spectrophotometer (Thermo
Scientific).
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Adding the docking strand to the antibody-linker conjugate

The docking strand (Integrated DNA technologies-Table 1) is added to the antibody-linker
retentate from the previous step in 6 molar excess to the original amount of antibody (2
nmoles of docking strand). The volume is brought up to 100 pl with PBS and incubated at
4°C overnight. The sample is then placed in an Amicon Ultra 0.5ml 100 kDa centrifugal
filter and spun for 5 minutes at 14,000 x g. Once this spin is completed, the filter is placed
into a new tube, and PBS is added to the top of the filter in order to bring the total volume
back to 100 pl and is spun again for 5 minutes at 14,000 x g. This wash step is repeated
twice. Finally, the filter is flipped upside down and placed in a clean tube and spun for 1
minute at 1000 x g to collect the retentate. The retentate absorbance is measured at 309nm
and 280nm as above, and also at 260nm, where the docking strand strongly absorbs light,
using a NanoDrop spectrophotometer (Thermo Scientific).

Degree of Labeling

To generate calibration curves for concentrations of the antibody, linker, and docking

strand, absorbance measurements were taken using a NanoDrop spectrophotometer (Thermo
Scientific) for known concentrations of the antibody, linker, and docking strand at 309,

280, and 260 nm. Five-point, 2-fold serial dilutions were used to generate samples for

the calibration curve. A least-squares line of best fit (MATLAB) is generated to estimate
absorbance extinction coefficients based on Beer’s law (1) for each component at 309, 280,
and 260nm.

A=¢€cL 1)

Here, A is the absorbance of the solution, e is the extinction coefficient, L is the length of
the path traveled by light (1 mm), and cis the concentration of the solution. From here, a
system of three simultaneous equations are solved in Matlab using the function vpasolve to
estimate molar concentrations of the antibody (a), linker (1), and docking strand (DS) given
absorbance measurements at 260, 280, and 309 nm from a mixture (M).

AM —309m = €1 * € —309nm T Cq * Eq — 309nm T €DS * EDS — 309nm (@)
AM —260nm = €1 * €] — 260nm T Ca * €4 — 260nm t CDS * DS — 260nm (©)
AM — 280nm = €1 * €] — 280nm + Ca * €q — 280nm + CDS * EDS — 280nm (@)

The degree of labeling for the linker to antibody could be calculated from the above-

estimated concentrations. However, due to the nature of the spin column-based separation,
some unreacted linker will remain. This amount of residual linker can be calculated based
on mole balance, and we used this calculation to correct the degree of labeling as follows,

where 7is the number of washes, g is the initial concentration of the linker (”’:’5’8) before
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washing, V is the volume of the retentate (u/) after washes, V,, is the wash volume (u/), and
V¢ is the volume of the final retentate (u/).

o * Vit

W = Cresidual—linker

The concentration of the residual linker is subtracted from the calculated linker
concentration to determine the concentration of the linker that is attached to the antibody
in the retentate. The degree of labeling is then calculated as the ratio of this adjusted linker
concentration to that of the antibody concentration.

Adding the donor and acceptor strands to the antibody-linker-docking strand conjugate

A 20 bp oligo with a 5” fluorophore modification (donor strand) and a 20 bp oligo

with a 3’ fluorophore modification (acceptor strand) (each 100 uM in water, Integrated
DNA technologies) are added in equimolar amounts (2 nmoles each) to the antibody-linker-
docking strand retentate and brought up to 100 pl with PBS. Sequences are shown in Table
1. This solution is allowed to incubate for 15 minutes at 25°C in the dark. When testing

the necessity of the linker, the donor strand with an Atto 488 modification was added to

the antibody-linker-docking strand retentate. To make the different probes, Probe 1 consists
of equimolar amounts of the donor strand with a Cy3 modification and the acceptor strand
with a Cy3 modification (each 2 nmoles), Probe 2 consists of equimolar amounts of the
donor strand with a Tex615 modification and the acceptor strand with a Tex615 modification
(each 2 nmoles), and Probe 3 consists of equimolar amounts of the donor strand with a Cy3
modification and the acceptor strand with a Tex615 modification (each 2 nmoles).

Choosing donor and acceptor pairs

To test the donor and acceptor fluorophore pair of Cy3 and Tex615, four samples are
created: (1) donor strand with a 5 Cy3 madification and acceptor strand with a 3’ Tex615
modification (each 100 pM in water) are added in equimolar amounts (0.2 nmoles), (2)

The donor, acceptor, and docking strands are added in equimolar amounts (0.2 nmoles),

(3) 0.2 nmoles of the donor strand, (4) 0.2 nmoles of the acceptor strand. All samples are
brought to 50 pl with PBS. The samples (oligos in solution) are loaded into a black 96

well plate (Fisher Scientific Cat: 655900), and fluorescence emission spectra are assayed
with a Synergy MX microplate reader (Biotek). Parameters are set to a slit width of 9nm, a
10-second shake prior to reading, taking readings from the top, and an excitation wavelength
of 488 nm. The emission start ranges are 50nm greater than the excitation wavelength.

Incubating labeled antibodies with protein A dynabeads

The MuSIC-probe labeled antibodies from above were suspended in 200 pl of 0.02%

(2 p/20ml) Tween 20 (Fisher Scientific Cat: 9005-64-5) in PBS and added to 50 pl of
protein A dynabeads (Fisher Scientific Cat: 10 001 D—33 pg of initially added IgG; 100

ug batch makes three incubations). For making double positive beads, both probes are
simultaneously added to 50 pl of protein A dynabeads. This solution is allowed to incubate
for 10 minutes with rotation in the dark. After incubation, the solution is placed on a magnet,
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the supernatant is removed, and the bead-antibody complex is resuspended in 200 pl PBS
with 0.02% Tween-20 (Fisher Scientific Cat: BP337-100). The solution is then placed back
on the magnet, and the supernatant is again removed and is resuspended in PBS.

Analyzing probe mixtures using Cytek Aurora flow cytometer

Mixtures of bead-conjugated probes are analyzed using a Cytek Aurora spectral flow
cytometer with 488nm and 638nm lasers. First, beads with single probes are assayed as
reference controls. The events to record is set to 5,000, the stopping time is set to 10,000 sec,
and the stopping volume is set to 3,000 pl. For samples containing mixtures of bead types

or double-positive beads, the events to record are set to 15,000, the stopping time is set to
10,000 sec, and the stopping volume is set to 3,000 pl. Once mixtures have been analyzed,
the SpectroFlo software (Cytek) is used to first gate single beads with forward and side
scatter, and then to unmix and report (i) the amount of each probe on every bead that was
analyzed and (ii) the fraction of each bead type in each mixture of bead types.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1:
Labeling antibodies with oligo-based MuSIC probes. (A) Labeling schematic for MuSIC

probes. First, the linker is added to the antibody by reacting the NHS ester on the linker with
the NH, group on the antibody. Then the docking strand is added and reacts with the linker
via copper-free click chemistry. Lastly, the donor and acceptor strands are annealed to the
docking strand to form the oligo complex. The linker can attach to the antibody at multiple
NH, sites, allowing an increased degree of labeling. (B) Detailed versions of the linker and
the oligo complex

Bioconjug Chem. Author manuscript; available in PMC 2022 February 15.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuely Joyiny

McCarthy et al. Page 16

A

MWCO Filter
> Antibody-Linker, >
' Free Antibody,
Fref: Linker Wash R
/ ~ — —— > Respin — ecover
I > Retentate

Fiow Through 1 (x2)
(Free Linker)

Load Sample g1 4t 14,000 x g Wash with PBS Respin

(Antibody+Linker) ’ 1
C

0.8

0.6

Antibody- 150 kDa, 280nm 0.4

Linker- 0.7 kDa, 309nm 0.2

\/ @ a =

Relative absorbance at 309nm

Figure 2:
Adding linker to antibody. (A) Separating free linker using 100 kDa molecular weight cut-

off (MWCO) filters. The antibody and linker are incubated, then the sample is added to the
molecular weight cut-off filters. The filters are spun to separate unattached linker and then
go through a series of washes. Finally, the retentate is recovered. (B) Expected separation of
components after spin and wash steps. (C) Retentate absorbances at 309nm. Results show an
increased signal at 309nm when the linker is in the presence of the antibody.
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Figure 3:
Adding docking strand (DS) to antibody-linker. (A) Separating free DS using 100 kDa

MWCO centrifugal filters. The DS and antibody-linker conjugate are incubated, then

the sample is added to the molecular weight cut-off filters. (B) Expected separation of
components after spin and wash steps. (C) Retentate absorbances at 260nm. Results show an
increased signal at 260nm when the DS is in the presence of the antibody-linker conjugate.
An increased signal can also be seen for the case of just the DS and antibody, which is
accounted for in later steps.
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Figure 4:

Separating free reagents using protein A beads. (A) The antibody-oligo conjugate (red Y
with a blue circle attached) is added to the protein A beads (brown circle) and is incubated
with rotation for 10 minutes. It is then placed on a magnet, pulling the beads out of solution,
and the supernatant containing free reagents (unattached blue circles) is removed. The final
product is collected containing the antibody-oligo conjugate. (B) Maximum fluorescence
intensity values when excited at 450nm. Results show an increased fluorescence signal for
the donor when the linker is added. Without the linker, the fluorescence signal for the donor
is the same intensity as the background fluorescence.
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Donor and acceptor fluorophore pair, Cy3 and Tex615. (A) Experimental setup for testing
fluorophore combination. The tubes contain the donor alone (blue circles), the acceptor
alone (red circles), the donor and acceptor free in solution together, and then the donor

and acceptor bound to the docking strand (black line). We expect only the sample with the
DS shows significant FRET. DS: docking strand. (B) Fluorescence emission spectra when
excited at 488 nm. An increased acceptor emission peak is seen when the donor and acceptor
are annealed to the docking strand, indicating increased FRET.

Bioconjug Chem. Author manuscript; available in PMC 2022 February 15.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuely Joyiny

McCarthy et al. Page 20

Single Double Triple o
A Positive Positive Posive B R1 R2
Bead Bead
100 Positive Positive for
for Probe 1 Probes 1 & 2

Probe 1: Cy3%
Probe 2: Tex615 A
Probe 3: Cy3-Tex615

Probe 1

" o e

, B3 Positive R4
10°3 Negative for Probe 2
os Population

Q!
<d
<

T Ty T

; I;)’ ' 10* 10° 10°
Probe 2
C Example mixture of single positive beads
Q1-R1 £ Q1-R2 TazRr1 £ Q2-R2 la3-R1 £ Q3-R2
10° 10°+ 10
A [ | A
: 10° : 10° < 10°
Lo g ©
3 % | g
pe 2 o i
¢ _ 2 . :
‘: mod r ".1
"'i : Q1-R4| 10 LPI L Q2-R4| : | Q3RY
10* 10° 10° 10* 10° 10° o 10° 10* 10° 10°
Cy3-A % Cy3-A %k cya-Texs15-A Hl
¢ -
Actual  g* 8
¢ g
& =
>
o E
=
‘ot 3
Q
g
! : )\ i \ ; t ; ] @
3-way 2-way Double Double+Single Triple -
Inferred ‘* Positive Positive  Positive 1 §
o, 08 8
¢ >
v 06 ?
o o g
Q
V 02 3
! .
«' 0"
‘I
Figure®6:

Spectral flow cytometry setup and results. (A) Experimental setup for the three-probe
mixture ((1) Cy3 (red star), (2) Tex615 (blue triangle), and (3) Cy3-Tex615 (green square))
using single positive, double positive, and triple positive beads (brown circles). (B) Gating
strategy for the populations of beads in the three-probe mixture. (C) Unmixing populations
of single-labeled beads in a three-way equimolar mixture of probes Cy3, Tex615, and
Cy3-Tex615 using spectral flow cytometry. The plots show unmixing results of Tex615
compared to Cy3 (left), Cy3-Tex615 compared to Cy3 (middle), and Tex615 compared to
Cy3-Tex615 (right). (D) Comparing actual amounts of each probe in the mixture (top panel)
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to the inferred or calculated amounts of each probe in the mixture (bottom panel). The
composition of each mixture is shown below the bottom panel.
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Table 1:

Oligo Sequences

Component

Sequence

Docking Strand

5’ — Azide - GTG TAG TTC AGG TCA AGA CAT CGT GCG ACC AGT CAG CAT GAG ACT CAT TGG TGC G -3’

Donor Strand

3’-C AAG TCC AGT TCT GTA GCA C - Fluorophore- 5’

Acceptor Strand

3’ - Fluorophore - CA GTC GTACTC TGA GTAAC -5’
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