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Simple generation of cleavable labels for multiplexed imaging
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The most common methods for  multiplexed

immunohistochemistry rely on cyclic procedures, whereby
cells or tissues are repeatedly stained, imaged, and
regenerated. Here, we present a simple and inexpensive
approach for amine-targeted labeling of antibodies using a
linker that can be easily cleaved by a mild reducing agent.
This method requires only inexpensive and readily-available
reagents, and can be carried out without synthetic
experience in a simple one-pot reaction. We demonstrate the
applicability of this approach by performing repeated
staining-imaging-removal cycles on isolated cells and tissue
sections, finding that over 94% of the labels can be removed
within 30 minutes using only the gentle application of
reducing agent, increasing up to 99% by extending the
incubation duration to 1 hour. By providing a convenient way
to introduce cleavable linkers, our method simplifies
methodologies such as high-content imaging or multiplexed
immunohistochemistry.

Fluorescence imaging is a key method in the life sciences,
although the amount of information that can be captured is
limited by the number of distinct fluorophores that can be
visualized. One way to mitigate this is to distinguish
fluorophores not just on their colors, but also on other
properties such as their lifetimes ! or photochemistry 23,
although these approaches require additional instrumentation
or specific probes, and even then the number of fluorophores
that can be imaged remains limited.
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Fifgure 1. Basic principle of labeling and destaining. Chemical reaction mechanism
of antibody labeling and DTT-destaining using a DBCO-SS-NHS linker and azide-
fluorophore.

An alternative approach is to stain and image the same sample
multiple times, each time staining with different labels and
removing the fluorescence after each imaging step. In principle,
this approach allows for the visualization of an unlimited
number of structures provided that the sample has been fixed
and permeabilized 4. A key challenge lies in the removal of the
fluorescence after each imaging round, since on the one hand
the stains should bind tightly to the corresponding structure,
yet on the other hand the removal should be gentle and not
perturb the sample structuring.

Several methods to perform this removal have been proposed,
including the removal of the entire stain (e.g. stripping of
antibody complexes including the connected fluorophore),
inactivation of the fluorophores so that they are no longer
fluorescent, or removal of only the fluorophores. The first
approach usually requires harsher treatment due to the tight
binding of the stain to the target structure. Typical strategies
include elevated temperatures, detergents, changes in pH, and
denaturing agents >7. These procedures are often slow and
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Figure 2. Destaining kinetics and efficiency. (a) Timelapse of tubulin fibers stained with conventionally labeled antibodies after DTT treatment. Insets are 13[51m x 13
um. (b) Timelapse of tubulin fibers stained with antibodies containing the cleavable linker after DTT treatment. Insets are 9 um x 9 um. (c) Lineplots through different
tubulin fibers in U20S cells stained with cleavable fluorescent antibodies. (d) Line plots through different tubulin fibers in U20S cells stained with conventionally labeled
antibodies. (e) Timetraces of peak to valley fluorescence calculated from lineplots of U20S cells stained with a-Tubulin antibodies containing the cleavable linker and
conventionally labeled antibody (n=5 for each condition, data points on graph are mean values together with the standard deviation). ﬁ‘) Timetraces of average
fluorescence intensity of U20S cells stained with a-Tubulin antibodies containing the cleavable linker and conventionally labeled antibody (n=10 for each condition,
data points on graph are mean values together with the standard deviation).

pose high risks of sample degradation. The second approach can simple method for the labeling of amine-containing molecules
occur via light-induced photodestruction, which is slow, can be with azide-containing fluorophores such that these are
applied only to a small region of the sample, and may only yield connected with a linker containing a disulfide bond. The method
partial removal of the fluorescence 8. An alternative possibility itself requires just a single-pot reaction using inexpensive and
is the use of reactive molecules such as hydrogen peroxide to commercially-available reagents, thereby omitting the need for
degrade the fluorophores, which is typically harsh and works expertise in synthetic chemistry. Furthermore, no purification
only for a limited number of dyes 219, beyond a simple buffer exchange is required. We show that this
procedure can be used to obtain fluorescently-labeled
The least perturbing approach is to introduce a chemically-labile  antibodies that can be cleaved via the addition of a mild
link between the fluorophore and targeting moiety, such thatit reducing agent and incubation for minutes. Overall, our
can be cleaved using comparatively mild chemistry. One approach facilitates the development and application of highly-
method is to simply use a non-covalent interaction such as the multiplexed fluorescence imaging.
spontaneous and reversible association of two matching DNA
strands. This offers comparatively straightforward and gentle The overall labeling strategy is schematically depicted in Figure
multiplexing, though at the cost of an increase in materials and 1. Briefly, the antibody (or another molecule containing amine
the complexity associated with keeping track of the proper DNA  groups) is mixed with a commercially-available
sequences 11713, Alternatively, covalent bonds susceptible to dibenzocyclooctyne-SS-N-hydroxysuccinimidyl ester and an
cleavage can be engineered into the linker connecting the azide-containing fluorophore (or another molecule containing
fluorophore and targeting moiety. One study introduced an an azide group). The dibenzocyclooctyne (DBCO) moiety
azide-based linker that could be cleaved with the mild reducing  selectively reacts with azides via a strain-promoted alkyne-azide
agent TCEP, although this required high temperatures that can  cycloaddition, which is fast, copper-free, highly specific, and
induce sample degradation 14. The synthesis of these linkers was makes use of stable reagents 23. The N-hydroxysuccinimidyl
also laborious, low yield, and requires expertise in synthetic (NHS) ester is highly reactive towards amine groups and is
chemistry. Another approach made use of a simpler synthesis widely used for the labeling of molecules such as proteins.
procedure based on click-chemistry, and requires much milder
cleavage conditions, but likewise required extensive expertise Because the reactions involved are highly specific, the full
in synthetic chemistry to develop 5. More recent developments labeling procedure can be carried out within a single reaction
focused on removal kinetics and efficiency, but still required vessel in an overnight incubation step at 4°C. Unreacted dyes
extensive organic synthesis steps 16721 (Supplementary Table 1). and linkers can then be removed using simple size exclusion
chromatography carried out on the bench. Overall, this
We reasoned that easily-cleavable fluorophore labeling could procedure offers several important advantages: simple
be achieved in a much simpler way by combining click chemistry  synthesis using off-the-shelf reagents, straightforward
with the use of disulfide (S-S) bonds that can be cleaved using
mild denaturing agents 22. In this study, we describe a very

2| J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 20xx
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Figure 3. Cyclic stainin
with three AF555-labeled antibodies using the cyclic immunostaining protocol.
Yellow: Vimentin, magenta: B-Actin, cyan: a-Tubulin. (b-d) Monochrome panels
for each structure.

proof-of-concept. (a) Sequential staining of U20S cells

purification, and a physically small linker that can reduce linkage
errors in fields such as super-resolution imaging. A downside,
however, is that molecules such as antibodies contain many
amine groups, potentially leading to multiple labeling events or
labeling events that may interfere with the antibody target
recognition 24,

To test this approach, we first labeled an antibody against a-
Tubulin using both our strategy and a commercial fluorophore-
labeling kit that also makes use of NHS-mediated chemistry but
does not introduce a cleavable linker. The resulting antibodies
were used to stain fixed and permeabilized U20S cells, revealing
the expected cell structuring when visualized using a
fluorescence microscope (Figure 2). We then exposed both
samples to 50 mM of the reducing agent dithiothreitol (DTT) in
order to cleave the disulfide bond present in the linker, resulting
in a fast decrease of the fluorescence in cells stained with
antibodies labeled using our approach (Figure 2a), but not in
cells stained with the antibodies labeled using the commercial
kit (Figure 2b). Approximately 94% of the fluorescence could be
removed in this way, with about 6% of the fluorescence
remaining post-removal. This could be enhanced to about 99%
by increasing the incubation time to 1 hour, although complete
removal was unattainable with the conditions used here. This
limitation also reflects the difficulty assessing this removal in
the presence of unavoidable background emission, but may also
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2
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Figure 4. Cyclic tissue staining. (a) FFPE glioblastoma sections stained with three
AF555-labeled antibodies using the cyclicimmunostaining protocol. Yellow: KI-67,
cyan: o-Tubulin, magenta: CD44. Scalebar is 200 um. (b-e) Inset and monochrome
panels for each structure. Scalebar is 50 um.
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environment and tight antibody-target interaction.
concentrations of DTT resulted in lower fluorescence losses
(Supplementary Figure 1). We then performed a three-cycle
staining experiment in which anti a-Tubulin, anti-Vimentin and
anti B-Actin antibodies were labeled with AF555 using our
protocol (Figure 3). The cells were first stained with the
Vimentin antibody containing the cleavable linker and imaged,
followed by treatment with 50 mM DTT and on-stage washout.
The staining/destaining procedure was then repeated with anti
B-Actin and a-Tubulin respectively. The resulting images
faithfully recapitulated the features observed in single-label
imaging and did not depend on the order in which the staining
was performed (Supplementary Figure S2). Overall, this
approach readily shows the feasibility of staining samples with
multiple cycles.

Lower

Next, we expanded the antibody repertoire with two additional
markers (KI-67 and CD44) commonly used in tissue
immunohistochemistry. These antibodies were validated
together with the a-Tubulin antibody on Hela cells
(Supplementary figure S3). We then performed a live cell
staining/destaining experiment with the CD44 antibody,
showing that these can also be used to target the plasma
membrane of live cells and cleaved using DTT (Supplementary
figure S4). The anti KI-67 and CD44 antibodies and the a-Tubulin
antibody were then used together with our cyclic staining
protocol to stain formalin-fixed paraffin-embedded (FFPE)
human glioblastoma sections. The tissue was first stained with
the KI-67 antibody containing the cleavable linker and imaged,
followed by treatment with 50 mM DTT. The staining/destaining
procedure was then repeated with anti a-Tubulin and CD44
respectively (Figure 4). The resulting image faithfully represents
the targeted structures and shows no bleedthrough of signal
one cycle from another. In line with expectations, alpha-tubulin
stained cytoskeletal structures in every cell, Ki67 mostly
indicated cycling tumor cells, while CD44 was present in
glioblastoma tumor cells and infiltrating macrophages?>.

Lastly, we also verified whether the addition of 50 mM DTT
induced additional perturbations of the cellular structure during
washout. To do so, we stained actin filaments with a phalloidin-
Atto488 conjugate that should not be cleavable with DTT and
performed 10 consecutive destaining-imaging cycles with and
without 50 mM DTT (Figure S5). The sample structuring was
persistent over the imaging cycles, demonstrating that the
addition of DTT did not introduce appreciable additional sample
degradation.

In summary, we have presented a straightforward and
inexpensive approach to label an amine-containing molecule
such as an antibody or protein with an azide-containing
molecule in such a way that the linker between them can be
cleaved with a mild reducing agent. Performing this labeling
requires only a one-pot reaction overnight followed by a single
purification step such as benchtop size-exclusion
chromatography. Antibodies labeled using our method resulted
in comparable staining with respect to conventional antibody

J. Name., 2013, 00, 1-3 | 3
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labeling using non-cleavable linkers, but allowed nearly
complete fluorophore removal within minutes upon addition of
50 mM DTT. By providing a straightforward approach for the
repeated staining-imaging-stripping cycles inherent in highly
multiplexed imaging, our method considerably expands the
ease of use and applicability of methods such as high-content
imaging and spatial transcriptomics.
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