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Optically Switchable CLEAR Probes Enable Rapid, BiMW%%E;'HE
and High-Efficiency Fluorophore Exchange for Ultra-Plex, High-
Resolution Immunofluorescence Imaging

Simanta Kalita,® Pratibha Kumari,® Arka Som,® Srishti Mandal, Resmi V. Nair,® Saswata
Bandyopadhyay,? Sushma S. Rao,¢ Sudha Kumari,® and Sarit S. Agasti *2

Immunofluorescence imaging remains a foundational technique in biological research, enabling visualization of protein
targets within native environments. However, the ability of conventional immunofluorescence approaches to fully capture
biological complexity is limited by low multiplexing capacity, typically restricted to four or five targets due to spectral overlap
among fluorophores. Recent advances, including DNA-labelled antibodies or chemical fluorescence ablation, aim to enhance
multiplexing but face considerable challenges. DNA-based approaches require non-conventional reagents and are
operationally complex, while chemical clearing methods are time-intensive and risk sample damage from harsh reagents.
To address these limitations, we introduce CLEAR (Cleavable Light-Erased Antibody Reporter) probes—a simple, rapid, and
broadly applicable platform for scalable multiplexing using conventionally conjugated antibodies. Through a highly
optimized bottom-up molecular design, CLEAR probes deliver one of the fastest and most efficient signal-clearing strategies,
achieving >98% fluorescence removal in under two minutes using a mild, non-toxic light dose. This allows their integration
into iterative immunostaining workflows and, importantly, preserves sample and image quality across multiple staining
cycles for supporting high-throughput, potentially unlimited multiplexing. Moreover, the excellent biocompatibility of this
approach enables its extension from fixed to live-cell and tissue imaging. Its compatibility with diverse fluorophores makes
it readily adaptable to advanced imaging modalities, including super-resolution microscopy. Finally, we demonstrate the
synergistic potential of the CLEAR platform—where ultrafast, efficient, and biocompatible fluorophore clearance allows
high-dimensional interrogation of coordinated cytoskeletal remodeling and organelle redistribution during dynamically
regulated immunological synapse formation.

Introduction

Biological systems are fundamentally multi-scale, with networks of
interacting biomolecules, subcellular structures, and cellular
communities operating in concert to elicit emergent function at the
cell, tissue, and organism scale. To interrogate these systems in
sufficient depth—whether during development, homeostasis, or
disease progression—researchers seek to map biomolecules across
several orders of magnitude, from nanometer-scale subcellular
distributions to micrometer-scale single cells and millimeter-to-
centimeter-scale tissues.2 Considering that proteins are the primary
functional molecules of the cell, mapping the spatial landscape of the
proteome remains a pivotal goal for bringing transformative insights
in this direction, thereby stimulating the recent interest in single-cell
proteomics and spatial proteomics imaging technologies.?”” To meet
these demands, a versatile imaging platform capable of highly
multiplexed protein mapping with high resolution and rapid
throughput—while maintaining compatibility with delicate biological
specimens—is essential; yet such technologies remain exceedingly
scarce.® In recent years, mass spectrometry (MS)-based imaging
techniques (e.g., multiplexed ion beam imaging (MIBI) and imaging
mass cytometry (IMC)) by employing metal-isotope-labeled
antibodies have been developed to increase multiplexing
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capability.>** However, MS-based techniques suffer from limited
resolution and rely on point-scanning of small fields (~¥2—5 min per
50 um x 50 um), making them inherently slow for imaging large,
centimetre-scale tissue sections. In addition, they require complex
instrumentation and highly specialized personnel to manage the
operational complexity.!2 Moreover, the necessary vacuum stability
of the samples hinders the utility of these techniques in profiling
delicate samples and living specimens.

Fluorescence microscopy, on the other hand, is a powerful and non-
invasive imaging tool that has been widely adopted in biological
research. It offers exceptional sensitivity and specificity for
visualizing molecules in complex biological systems, including live
specimens. With its high accessibility and high-throughput
acquisition capability, it has been extensively adopted in biological
research and integrated into pathological workflows for disease
diagnostics, particularly through immunofluorescence imaging.1314
In recent years, the emergence of super-resolution imaging
techniques has further revolutionized fluorescence microscopy,
making it possible to precisely map biomolecules at resolutions down
to a few nanometres.3515-17 At the same time, integrating these
approaches with diffraction-limited modalities such as confocal
microscopy extends imaging to larger tissue dimensions, thereby
linking nanoscale molecular insights with tissue-level context.
Despite its remarkable success in biological exploration and
biomedical research, fluorescence microscopy faces a significant
challenge in terms of its multiplexing capabilities—the ability to
visualize a large number of distinct molecular species within a single
sample. This bottleneck arises from spectral overlap between
fluorophores, limiting the number of targets that can be reliably
distinguished within a single sample to approximately 4-5. To
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address this challenge and enhance the multiplexing capability of
fluorescence microscopy, innovative strategies have begun to
emerge. One particularly promising approach is fluorescence erasing
(or signal-clearing), which allows researchers to reuse the same
optical detection window for different analytes.!®* By employing
iterative cycles of targeting, imaging, and signal-clearing, researchers
can image additional molecular targets without interference from
previously labeled fluorophores, thereby substantially increasing the
number of species visualized within a single sample. In the earlier
implementations, the signal-removal step relied on stripping the
antibody labels or deactivating fluorophores using harsh chemical
conditions,®=2% a process that risked altering tissue architecture and
damaging biomolecules, thereby compromising protein localization,
antigen recognition, and overall imaging accuracy in downstream
data interpretation. In recent years, more refined strategies have
emerged, notably DNA—antibody conjugate—based approaches and
chemically triggered signal-removal methods, such as bioorthogonal
reactions or disulfide-cleaving reducing agents, that enable
controlled detachment of fluorophores from antibodies.*#>2>3> In
DNA-based strategies, DNA-barcoded antibodies are visualized
through hybridization with complementary fluorescently tagged
oligonucleotides, after which fluorescence signals are erased
through mechanisms such as washing with duplex-destabilizing
buffers or toehold-mediated strand-displacement reactions, among
other approaches.>3638 Recent integrations of signal amplification
strategies, including immuno-SABER, QD-SABER, CAD-HCR, and
POSA, have further improved the sensitivity of these methods,
enabling imaging of low-abundance proteins.#3840 Notably, the
recently reported POSA strategy employs optical amplification using
highly bright fluorescent m-conjugated polymers (FCPs), whose
intrinsic brightness simplified the workflow while enabling rapid and
sensitive multiplexed imaging through toehold-mediated strand
displacement—based signal erasing.3® While these DNA-based
approaches represent a powerful and rapidly evolving direction,
DNA-antibody conjugates are non-conventional probe architectures
that introduce additional synthetic challenges, sequence design
requirements, and careful optimization of hybridization and strand-
displacement  conditions, thereby increasing experimental
complexity and often requiring specialized expertise. Moreover, the
incorporation of large, highly charged nucleic acid moieties into the
antibody structure can compromise target recognition and
significantly increase nonspecific interactions.**2 On the other hand,
chemically triggered signal-removal methods that enable
detachment of fluorophores from antibodies are based on small-
molecule fluorophore—conjugated antibodies and build upon
established immunofluorescence workflows;3!3* however, they
typically demand rigorous liquid handling and manipulation. Except
for rare cases,?! signal removal often requires prolonged reaction
times, and achieving consistently high removal efficiency can remain
challenging, thereby limiting the number of achievable imaging
cycles. Even in those more reactive cases, reports suggest the
possibility of unexpected nonspecific proteome reactivity, which may
potentially interfere with antibody binding during iterative staining
rounds.*® In addition, the chemical trigger must be meticulously
eliminated to avoid interfering with subsequent fluorophore labeling
cycles—factors that collectively extend the overall cycle time and
pose particular challenges when applied to delicate tissue samples or

2| J. Name., 2012, 00, 1-3

live-cell systems. To address these limitations, we werg,interested;ip
developing a distinct solution that contlited e/ Bpérational
simplicity of conventional small-molecule antibody—fluorophore
conjugates with a rapid, efficient, biocompatible, and externally
regulated signal-erasing mechanism.

Light provides a gentle and minimally invasive alternative widely
used in biology for stimulating reactions. Unlike chemical methods,
light can be controlled remotely and toggled on and off with ease,
simplifying workflows and eliminating the need for complex liquid
handling steps. Early efforts to employ light for multiplexing involved
photobleaching fluorophores to erase signals after each imaging
cycle.**However, this approach has several limitations. Fluorophores
must be photobleached individually by illuminating each at its
respective excitation wavelength. Moreover, since the microscope
laser can only target a small area at a time (i.e., the field of view), this
process is inherently slow, resulting in low throughput and limited
area coverage. Photobleaching can be particularly time-consuming
for photostable fluorophores, which are increasingly favoured in
modern imaging applications. Additionally, the photobleaching
process generates reactive oxygen species, which can compromise
the integrity of both the sample and biomolecules.?>%¢ A more
efficient and non-destructive alternative involves the use of
photoinduced bond cleavage reactions, which can proceed under
mild, non-toxic light doses, thereby minimizing photodamage and
preserving sample integrity.*’->° Another key advantage of this
approach is that a single type of bond-cleaving reaction can facilitate
the simultaneous removal of multiple fluorophores, irrespective of
their specific spectral properties. In addition, the incorporation of a
precisely engineered photoresponsive moiety can permit efficient
bond cleavage using low-intensity, broad-area illumination from
handheld LED sources, thereby enabling rapid and high-throughput
signal clearance with wide spatial coverage. Despite this promising
potential, a broadly generalizable light-driven signal-clearing
platform has not yet been realized, one that builds upon
conventionally conjugated antibodies, operates rapidly and with high
efficiency, remains compatible with diverse biological samples
(including live cells), and is adaptable to virtually any fluorophore. To
address this gap, we introduce a highly efficient and universally
applicable signal-clearing platform, CLEAR (Cleavable Light-Erased
Antibody Reporter) probes, which achieve >98% signal removal
within two minutes under a mild, non-toxic light dose (Fig. 1A). When
combined with iterative immunostaining, CLEAR probes establish a
powerful multiplexing platform capable of profiling a large number
of biological targets across diverse sample types. Critically, CLEAR
probes provide a gentle means of near-quantitative signal erasure,
which minimizes background accumulation across multiple staining
cycles and preserves sample integrity—features essential for
sustaining high signal-to-background and image quality during large-
scale serial profiling. Moreover, the platform is readily extendable to
live-cell imaging and compatible with state-of-the-art fluorophores
for advanced imaging modalities such as dSTORM (direct Stochastic
Optical Reconstruction Microscopy) super-resolution microscopy. As
proof of concept, we first visualized six distinct targets using a single
fluorophore and subsequently expanded the workflow to
accommodate three spectrally distinct fluorophores per cycle.
Finally, we demonstrated the broader utility of this multiplexing
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Fig 1 Overview of the CLEAR probe—enabled iterative, high-plex imaging strategy and underlying molecular design. (A) Iterative imaging
workflow using CLEAR probes, involving three key steps: target labeling, imaging, and light-triggered fluorophore removal. This cycle enables
highly multiplexed profiling of many different protein targets within the same fluorescence channel, with images from successive rounds
registered and integrated to reconstruct their spatial distributions. (B) Molecular design of CLEAR probes, in which a targeting moiety
(antibody) is linked to a fluorophore via an optimized photocleavable linker, enabling rapid and efficient signal clearance.

platform by spatially mapping ten proteins to investigate cytoskeletal
remodeling and organelle redistribution during immunological
synapse formation.

Results and Discussion

The development of this multiplexing platform was driven by several
key design considerations aimed at overcoming the existing
challenges and enhancing its potential for widespread adoption (Fig.
1): (1) It leverages iterative immunostaining with fluorophore-
antibody conjugates that are covalently coupled—a robust and
commercially viable approach that ensures stable and reproducible
labeling, making it broadly adoptable in biological laboratories. While
alternative fluorophore-coupling strategies, such as the use of DNA
hybridization or secondary binders, are successful in many
contexts,>*8 they often require extensive binding optimization, risk
cross-reactivity if the same binder is used across different targets,
and necessitate fresh preparation of constructs for each experiment,
thereby precluding off-the-shelf availability. (2) Our antibody

labeling method employs an amine-NHS ester reaction to conjugate
engineered fluorophore tags to lysine residues—a widely used and
robust approach that ensures stable attachment and prolongs
reagent shelf life. This method is simple, versatile, and suitable for
labeling small antibody quantities with minimal purification. In
contrast, the other two-tag conjugation methods, such as DBCO-
azide chemistry, require pre-conjugation separation steps, leading to
potential antibody loss, increased batch-to-batch variability, and
limited scalability. (3) Our multiplexing strategy is designed around a
“plug-and-play” concept, allowing the direct integration of virtually
any commercially available fluorophore without necessitating
structural modifications or re-engineering of the dye. This flexibility
enables researchers to select any off-the-shelf fluorophores tailored
to meet specific experimental requirements—for instance, dyes
optimized for super-resolution microscopy. (4) Our signal-clearance
strategy is centered around the highly robust and extensively
validated ortho-nitrobenzyl (ONB) photoresponsive moiety,
recognized for its stability, ease of handling, and proven performance
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Fig 2 (A) Photocleavable connectivity between the fluorophore and antibody via the optimized linker and its light-triggered cleavage reaction.
(B) Panel of spectrally distinct fluorophores that are coupled with the CLEAR probes in this study.

in diverse biological contexts. Through further molecular engineering
of this photoresponsive moiety, we achieved highly efficient signal
clearance within minutes under low light doses and non-toxic
wavelengths (>350-405 nm), all while preserving the high signal-to-
background ratio required for cyclic profiling and enabling use in live-
cell applications (Fig. 1B). Another key innovation in our design is the
prevention of fluorophore reattachment after cleavage (Fig. 1B)—a
limitation of many conventional ONB derivatives that generate
reactive aldehyde (—~CHO) byproducts.>%°2 By employing a ketone-
generating variant instead, we effectively eliminated this
reattachment issue, thereby ensuring traceless release and seamless
performance across multiple imaging cycles. Together, these design
considerations make our multiplexing platform both powerful and
accessible, offering a streamlined approach that supports high-
throughput and highly multiplexed fluorescence imaging, poised for
facile integration into a wide range of biological exploration.
Supplementary Scheme S1 (Sl) depicts the synthetic route employed
to construct the CLEAR multiplexing probes. The overall process
consists of four main steps: (1) Synthesis of the photoresponsive
bifunctional linker: We first synthesized an ONB-based bifunctional
linker bearing an amine group on one terminus and a carboxylic acid
on the other, connected by a polyethylene glycol (PEG) spacer.
Incorporating PEG improves water solubility, reduces nonspecific
interactions, and helps spatially separate the ONB moiety from the
fluorophore to minimize fluorescence quenching. The ONB core was
selected based on a few specific criteria, including chemical stability,
compatibility with aqueous biological environments, and ease of
structural modification. The ONB core is strategically designed with
two methoxy groups, thereby enhancing the rate of photolysis and
shifting the absorption maximum to enable photocleavage under
longer-wavelength irradiation—important for fast and highly
efficient photocleavage and also to extend its utility for live-cell
applications.>? Furthermore, introducing a methyl substituent at the
benzylic position yields the photolysis product in the form of a ketone
rather than an aldehyde, thereby minimizing any risk of
reattachment through imine formation with biomolecules (e.g., free
lysine from antibody). (2) Fluorophore conjugation: The amine

terminus of the photoresponsive linker was coupled with an
N-hydroxysuccinimide (NHS)-activated fluorophore-PEG derivative.
This step effectively installs the fluorescent label onto one side of the
ONB linker. (3) NHS activation of the carboxylic acid terminus: The
free carboxylic acid on the opposite end of the linker was converted
to its NHS ester form. This activation step is essential for subsequent
conjugation to biomolecules, as NHS esters rapidly and efficiently
react with primary amines in lysine under mild conditions. (4)
Antibody conjugation: Finally, the NHS-activated photoresponsive
fluorophore conjugate was reacted with antibodies against various
target proteins, forming a stable amide bond between the antibody
and the linker. The resulting constructs are photocleavable
fluorophore—antibody probes whose fluorescence can be selectively
erased upon light irradiation, enabling iterative labeling and
multiplexed imaging. These probes were termed CLEAR (Cleavable
Light-Erased Antibody Reporter) probes. The conjugation efficiency
was evaluated by determining the degree of labeling (DOL) from UV-
Vis absorption spectra of the antibody conjugates, vyielding
approximately 1.4-2.7 fluorophores per antibody when five
equivalents of NHS ester derivatives of the photocleavable linker—
fluorophore conjugates were used (see Supplementary Table 5, SI).
This labeling range is comparable to that obtained using
conventional dye—NHS ester conjugation and lies within the optimal
range for fluorescence imaging. To enable simultaneous imaging of
three molecular targets per imaging cycle, we incorporated three
spectrally distinct Alexa Fluor dyes—each rendered photocleavable
through conjugation to the ONB linker—and independently coupled
them to antibodies against different protein targets. We modified a
diverse set of targeting agents—including primary antibodies,
secondary antibodies, and small molecules—to enable flexible and
application-specific use of CLEAR probes. Fig. 2A shows the precise
molecular connectivity between the fluorophore and the targeting
ligand (here, an antibody) through the photocleavable linker, as well
as the light-triggered cleavage reaction that releases the fluorophore
from the antibody. Fig. 2B displays the library of spectrally distinct
fluorophores integrated into the CLEAR probe platform.
Comprehensive synthetic protocols and characterization details are
described in the Supplementary Information.
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Fig 3 Rapid and efficient fluorescence signal erasure using CLEAR probes. Time-lapse images showing progressive clearance of fluorescence
signals from mitochondria (A, D) and microtubules (G) during 365 nm irradiation. (A—C) CLEAR-488, (D—F) CLEAR-568, and (G—I) CLEAR-647.
Line-scan profiles (B, E, H) from time-lapse panels at 0 s and 120 s illustrate near-quantitative signal removal. Quantification plots (C, F, I)
show irradiation time—dependent fluorescence loss, with >98% clearance achieved within 120 s. (J) EGFR membrane staining in A431 cells
labeled with CLEAR-488 is efficiently erased after 120 s irradiation. (K) CLEAR probes enable uniform photocleavage-assisted clearance of
microtubule labeling across a large ~1 mm? region. Scale bars: 100 um for K full image; 20 um for K zoomed in image; 10 um for A, B, G, H

and J; 5 um for D and E.

To establish the chemical basis of efficient signal erasure, we first
examined the intrinsic photochemical reaction pathway of the
photocleavable group. A UV-Vis spectroscopy study of a
representative small-molecule analogue 1d incorporating the
identical ONB photocleavable unit used in CLEAR probes revealed
well-defined isosbestic points throughout 365 nm light irradiation,
indicating a clean conversion between two dominant absorbing
species consistent with a single-step bond-cleavage process (Fig. S1,
Sl). Importantly, identical spectral behaviour was observed in the
presence of cell lysate, demonstrating that the photocleavage
mechanism is preserved under biologically complex conditions
without detectable secondary photoreactions (Fig. S1). Consistent
with this observation, MALDI-MS analysis of irradiated CLEAR
antibody conjugates revealed mass signatures corresponding to the
expected cleaved fluorophore fragment (Fig. S2), further confirming
a clean and well-defined photocleavage pathway in the conjugated
system. We next evaluated whether the ONB-based photo-cleavable
linker affects fluorophore performance due to potential
nitrobenzene-induced quenching. Notably, fluorescence lifetime
measurements of ONB-conjugated dyes (AZ488, AZ568, AZ647)
showed minimal impact (Fig. S3), indicating that PEG-based spatial

separation effectively prevents significant quenching. We then
subjected the CLEAR probes to a rigorous labelling—erasing assay
targeting an intracellular protein, designed to quantitatively evaluate
their erasing efficiency under biologically relevant conditions.
Specifically, we immunostained the outer mitochondrial membrane
protein TOM20 in U20S cells using a conventional two-step
immunolabeling protocol with CLEAR probes—employing a primary
anti-TOM20 antibody followed by a CLEAR secondary antibody
conjugate. The resulting TOM20 staining patterns exhibited the
characteristic filamentous and reticulated morphology of
mitochondria, closely resembling those obtained using conventional
fluorophore—antibody conjugates (Fig. 3A). This demonstrated that
CLEAR probes preserve the core antibody functionality and antigen
accessibility following conjugation with the fluorophore-containing
photocleavable tag—a critical requirement for ensuring specificity
and reliability in CLEAR-based multiplexed immunostaining
workflows. To evaluate the efficiency and kinetics of photocleavage
in cells, we selected a defined region of interest and acquired a
baseline fluorescence image before light exposure (0 s). The cells
were then exposed to handheld 365 nm LED illumination (47.19
mW/cm?) in successive 30 s bursts, with fluorescence images
captured from the same region of interest after each burst, until a
cumulative irradiation time of 120 s was reached (Fig. 3A and 3B).
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Fig 4 Multiplexed protein imaging by iterative labeling—erasing cycles using a single fluorophore with CLEAR-488 probes. In A431 cells,
individual targets were sequentially labeled, imaged, and erased, enabling visualization of six proteins with the same fluorophore. Scale bars:
20 um for full-field and merged image; 10 um for individual zoomed in images.

Fluorescence intensities from mitochondrial filaments were tracked
over time, revealing that 98.80% of the initial signal from the AZ488-
labeled CLEAR probe (CLEAR-488) was eliminated within just 120 s of
cumulative light exposure (Fig. 3C). This near-quantitative erasing
efficiency establishes a crucial basis for preventing background
buildup and maintaining high image quality during extended serial
profiling (>15 cycles).?® Importantly, similar performance was
observed with other CLEAR probes: the AZ568-labeled conjugate
(CLEAR-568) showed a 98.02% reduction in fluorescence intensity
under the same conditions (Fig. 3D-3F). To further evaluate the
versatility and robustness of the CLEAR platform across diverse
molecular targets and subcellular compartments, we extended our
analysis to include additional proteins, such as tubulin, using the
AZ647-labeled CLEAR probe (CLEAR-647, Fig. 3G). Consistent with
other probes, the CLEAR-647 achieved 98.14% fluorescence
clearance within 120 seconds of light exposure (Fig. 3H and 31). These
findings validate the design of our photocleavable moiety and
highlight its effectiveness in enabling highly efficient signal removal
across multiple fluorophores within a short time frame under gentle,
low-intensity light exposure. Additionally, control experiments with
fluorophore-labeled secondary antibodies lacking the ONB

photocleavable linker showed minimal signal reduction under
identical illumination, confirming that the fluorescence loss in CLEAR
probes is attributable to photocleavage rather than photobleaching
(Fig. S4, S5). To demonstrate versatility beyond intracellular labeling,
CLEAR probes were applied to label the extracellular domain of EGFR
in A431 cells. Immunostaining with CLEAR antibody conjugates
showed efficient signal erasure upon 365 nm light exposure,
validating the photocleavable design for clearing surface-bound
targets (Fig. 3J). To evaluate spatial scalability—critical for high-
throughput and tissue-scale imaging—we labeled a-tubulin in U20S
cells with CLEAR probes and irradiated a ~1 mm? region using a
handheld 365 nm LED (64.20 mW/cm?) for 120 s. Confocal images
confirmed uniform and efficient signal clearance across the entire
field of view (Fig. 3K), validating the homogeneity of signal removal
across large-scale dimensions, which is particularly useful for tissue-
scale imaging. Another common concern in iterative multiplexing
strategies is the possibility that repeated labeling—imaging—erasing
cycles may lead to epitope degradation or compromise antigenicity,
thus limiting the number of viable cycles. To address this, cells were
exposed to 365 nm LED illumination for 20 sequential cycles of 1
minute each, followed by staining with CLEAR-488 antibodies against
a-tubulin. Control cells were labeled in parallel with the same
antibodies but without prior 365 nm light exposure. Fluorescence
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images of the stained microtubules were acquired for both irradiated
and non-irradiated samples, and mean fluorescence intensities
(MFIs) were compared. As shown in Fig. S6, the MFl—indicative of
staining efficiency—remained virtually unchanged between the two
conditions, indicating minimal epitope loss and confirming that
antigenicity is well maintained even after multiple rounds of 365 nm
light illumination and staining. Taken together, these results position
the CLEAR probes as a highly efficient, versatile, and scalable solution
for cyclicimmunofluorescence imaging. Its compatibility with a wide
range of fluorophores and protein targets, combined with its
efficiency and mild operating conditions, offers a compelling strategy
for high-throughput, highly multiplexed biological imaging.

o

ucleus
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T1.Mitochondria
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T3. Acti™

Erase + Relabel

3 Targels * hucley?

T4. a-tubulin

Sk -

T6. Glycbﬁrotein
+ glycolipids

Fig 5 Accelerated multiplexed imaging using CLEAR probes, enabling
multi-target visualization per round through combined multicolor
acquisition and synchronous fluorophore erasure. Scale bar: 20 um.

Having established the efficient signal-clearing performance of the
CLEAR probes in single-target immunofluorescence, we next
assessed their suitability for iterative, multitarget imaging—an
essential requirement for high-content and spatially resolved
biological studies. Specifically, we aimed to demonstrate that a single
fluorophore (or an optical window) could be reused across multiple
iterative cycles of labeling, imaging, and signal erasure to enable
sequential visualization of multiple targets within the same sample.
To evaluate this, we employed A431 epidermoid carcinoma cells and
performed five consecutive rounds of cyclic immunofluorescence
imaging, targeting six proteins comprising both intracellular and
membrane-associated proteins. In the first cycle, the mitochondrial
protein TOM20 was immunostained with a CLEAR-AZ488 probe, and
a defined region of interest (ROI) was imaged using confocal laser
scanning microscopy, with z-stacks acquired across multiple focal
planes to capture the three-dimensional distribution of the target
(Fig. 4). A magnified view of the ROI confirmed the characteristic
distribution of the mitochondrial protein TOM20, confirming the

This journal is © The Royal Society of Chemistry 20xx
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specificity of the CLEAR-AZ488 probes towards its intended targets.
After imaging, the fluorescent signal was erasedobyisradiatiggs the
sample with 365 nm LED light for 2 minutes, followed by a mild wash
to remove the cleaved fluorophore fragments. In the subsequent
cycles, cytokeratinl8, EGFR, a-tubulin, and actin filaments were
sequentially labelled and imaged using the respective CLEAR-AZ488
probes, with each cycle incorporating a light-induced cleavage step
to eliminate fluorescence signal before proceeding. A final sixth
target, the glycoproteins—was visualized using the same detection
channel by staining with FITC-conjugated wheat germ agglutinin
(WGA-FITC). The nucleus stain served as a reference marker to
maintain spatial registration across cycles. Notably, confocal images
from each round of staining clearly revealed the characteristic
subcellular distribution of each target (Fig. 4), demonstrating that
CLEAR probes enable iterative multiplex imaging using the same
fluorophore channel while preserving staining specificity across
successive imaging cycles. Moreover, analysis of post-light exposure
images showed no measurable buildup of residual fluorescence
across cycles, indicating that photocleavage products do not
accumulate or interfere with subsequent labelling or imaging steps
(Fig. S7). After establishing the feasibility of multiplexed imaging
using repeated cycles with a single fluorophore, we next aimed to
demonstrate the potential of CLEAR probes for high-throughput
multiplexing using spectrally distinct dye conjugates in each imaging
round (CLEAR-488, CLEAR-568, and CLEAR-647). A unique advantage
of the CLEAR platform is that all fluorophores—regardless of their
spectral properties—can be cleaved simultaneously using a single,
brief exposure to 365 nm light. This capability allowed the imaging of
multiple targets per round, significantly accelerating multiplexing
throughput by enabling multi-color imaging followed by synchronous
fluorophore removal (Fig. 5). Together, these results establish CLEAR
probes as a robust, scalable platform for high-throughput, cyclic
immunofluorescence imaging. Their ability to enable rapid, repeated
use of the same fluorophore channel to image multiple targets—with
high specificity and minimal signal spillover between imaging
rounds—makes CLEAR probes particularly well-suited for high-
content spatial profiling in complex biological systems. Moreover,
repeated gentle photocleavage cycles exerted minimal impact on cell
morphology, underscoring the compatibility of CLEAR probes with
sensitive biological samples. CLEAR conjugates also showed excellent
stability during typical storage and under buffer conditions, retaining
over 80% of attached fluorophores after approximately three years
while preserving target recognition, imaging performance, and rapid
signal erasure capability (see Fig. S8). This preserved chemical
integrity and functional activity supports the practical and
reproducible use of CLEAR probes in cyclic and multiplex imaging
applications.

Building on the demonstrated scalability and efficiency of our CLEAR-
based multiplexed imaging platform, we extended this approach to
interrogate a highly dynamic cellular event in an immunological
context. The immune synapse, a transient but highly organized
structure formed between T cells and antigen-presenting surfaces,
provides an ideal testbed for our high-content, spatially resolved
imaging. Complex molecular interactions and rearrangements
underlie immune synapse initiation, establishment, and
maturation.>® During this process, subcellular localization and
temporal dynamics of the signaling and cytoskeletal components
together determine the overall signaling state of a single cell in a
heterogeneous population. However, visually investigating the
relationship between these different parameters requires
concurrent imaging of several crucial effectors within that cell—a
feat that has not been possible before. T cells, in particular, are highly
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challenging and delicate for high-content microscopy, and although
multiplexing is highly sought after, imaging has typically been limited
to just 3—4 markers.>* To overcome this limitation, we applied the
CLEAR platform for high-dimensional imaging of ten molecular
targets—including both immune synapse—associated and other
subcellular proteins—in Jurkat T cells, generating a multiplexed,
single-cell-level map of cells undergoing immune synapse formation
(Fig. 6). In our system, synapse formation was induced by seeding
Jurkat T cells onto coverslips coated with anti-CD3 antibody and His-
ICAM, followed by fixation after 5 minutes. Here, the T-cell synaptic
interface and closely apposed sub-synaptic zones are roughly up to
300 nm in depth from the coverslip. Thus, signalling molecules and
cytoskeletal elements observed “at the synapse” indicate their
specific recruitment and positioning at the synaptic interface with
functional ramifications on T-cell synapse progression and T-cell
activation. Ligation of agonist antibody with T-cell receptor (TCR)
complex triggers a series of phosphorylation events that drive the
overall immune response. One such early event is the recruitment
and phosphorylation of adaptor protein ZAP70. The intensity of the
phosphorylated- ZAP70 (p-ZAP70) signal near the interface provides
a direct readout of proximal TCR signaling.>®> Our imaging data
revealed variation in p-ZAP70 intensity near the synaptic interface
between cells, capturing the cell-intrinsic heterogeneous
engagement of proximal TCR signaling among individual cells (see
Fig. 6C and 6D—p-ZAP70). Such heterogeneity could also indicate
differences in synapse maturity amongst the cells (synapse age
ranging between 1-5 min), since Zap70 phosphorylation decays with
synapse maturation. Cell 3, as indicated in Fig. S9, showed the
highest signal at the interface, while others were lower. This
indicated the relative maturity of Cell 1 and 2 synapses over Cell 3.
To further infer synapse age and maturation state, we examined
cytoskeletal features captured in our dataset. The localization of the
microtubule-organizing center (MTOC) reflects the maturity of the
synapse, since MTOC repositions to the synapse only in its mature
phase. In our data, MTOC, visualized via a-tubulin staining,
frequently shifted toward the synaptic interface, as seen in the
mature synapses of Cell 1 and 2. (Fig. 6C, 6D—a-tubulin, S13).56
Matching this heterogeneity in synapse age, we found acetylated
microtubules enriched at the center of synapses in an age-dependent
manner.  Higher acetylation corresponds to a more stable
microtubule network, and it was enhanced in cells with complete
MTOC polarization, suggesting localized cytoskeletal stabilization
following synaptic MTOC polarization during TCR engagement (Fig.
6C, 6D—acetylated MTs, S14).°7 Other cytoskeletal elements, such as

8| J. Name., 2012, 00, 1-3

actin, play a critical role in T cell spreading, creating, a, scaffold, for
organizing signaling clusters, and modulation@f synapse sganaeisy,
and critically determine adaptive immune response.>®%° In Jurkat
cells, the generation and contraction of the peripheral filamentous
actin (f-actin) ring is a characteristic feature of the initial stages of
synapse formation. This dynamic structure dictates adhesion
strength in immunological synapses by engaging with integrins as
well as generating an overall radial symmetry. In our imaging studies,
Jurkat synapses fixed at the 5-minute mark consistently displayed
prominent f-actin rings; however, we observed notable variability in
ring morphology, continuity, and intensity across individual cells. As
shown in Fig. S15, Cell 1 had the most distinct periphery with central
clearing consistent with synapse maturation, Cell 2 had a slightly
contracted ring, and Cell 3 still had actin networks visible centrally.
These differences highlight the extent of cell-to-cell heterogeneity in
early actin remodeling during immune synapse progression (Fig. 6C
and 6D—actin).?° Adhesion complex organization was also captured
through paxillin staining, indicating the formation of focal contacts at
the cell-substrate interface, with higher peripheral signal in Cell 1
indicating stable adhesion ring formation. (Fig. 6C—Paxillin, $17).57
Synapse maturation, as evidenced by lower p-Zap70 levels, MTOC
polarization, and actin distribution, was accompanied by increased
central vesicular accumulationin Cell 1 and 2, as visualized by clathrin
and WGA labeling (Fig. 6C and 6D —clathrin and WGA, S12, S16).61
Overlaying these classical markers, our multiplexed imaging revealed
the spatial organization of nuclear and mitochondrial components
during synapse formation. At this stage of synapse, the nucleus is
typically large, occupying a majority of the cell, and juxtaposed to the
synaptic interface as observed in the signal from nuclear envelope
proteins NUP 98 and Lamin B1 across all cells (6C-NUP8, 6C-Lamin
B1, S10, S18). Meanwhile, TOM20-labeled mitochondria showed the
beginnings of redistribution toward the interface during synapse
maturation. As mitochondria do not polarize to the synapse
completely until 10-15 minutes of synaptic contact these cells, being
fixed at 5 minutes, do not have as distinct an accumulation of TOM20
signal at the interface (Fig. 6C - TOM20, S11).6%63 Together, these
findings demonstrate the power of CLEAR-based multiplexed
imaging has a powerful potential to uncover many coordinated
subcellular  rearrangements across signaling, cytoskeletal,
membrane, and organellar processes in the same cell. By providing a
systems-level view of spatial coordination during T cell activation at
high spatial resolution, our method offers a powerful tool for
dissecting heterogeneity in immune responses at the single-cell level.

This journal is © The Royal Society of Chemistry 20xx
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Fig 6 Highly multiplexed, single-cell-level mapping of Jurkat T cells undergoing immune synapse formation using CLEAR probes. (A) Schematic
depicting immune synapse formation in Jurkat T cells seeded onto coverslips coated with anti-CD3 antibody and His-ICAM. (B) Four sequential
labeling—erasing cycles were used to image ten molecular targets within the same cells. Scale bar: 10 um. (C) Representative images of all
ten targets acquired from the same field of view. Scale bar: 10 um. (D) IMARIS-based 3D reconstruction and rendering of proteins illustrating
their spatial distribution across z-planes. Figure C corresponds to a subset of the field displayed in Figure B and D. Scale bar: 10 um.


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5sc08599c

Open Access Article. Published on 25 February 2026. Downloaded on 2/25/2026 8:43:32 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(ec)

Chemicat Science

T1.Mitochondria
CLEAR-647

T3 .Microtubule
CLEAR-647

Fig 7 Multiplexed dSTORM super-resolution imaging using CLEAR-
647 probes based on the gold-standard dye Alexa Fluor 647. Scale
bar: 2 um.

Super-resolution microscopy has become a cornerstone of modern
biology, enabling the visualization of cellular structures and
molecular organization at nanometer resolution. Among various
methods, dSTORM is one of the most widely adopted techniques.
Alexa Fluor 647 (Alexa647) is widely regarded as the gold-standard
fluorophore for dSTORM imaging, owing to its superior
photostability, high photon yield per switching event, and low duty
cycle, which together enable optimal localization precision and
image quality.5* However, the heavy reliance on a single fluorophore
imposes a critical bottleneck by severely restricting the multiplexing
capacity of dSTORM imaging. To overcome this limitation, we
leveraged the rapid and near-quantitative fluorescence-clearing
capability of our CLEAR probes, enabling iterative use of the same
Alexab47 dye to perform sequential super-resolution imaging of
multiple targets within a single sample (Fig. 7). We first
immunostained the mitochondrial outer membrane protein TOM20
with a CLEAR-647-conjugated antibody and acquired super-resolved
images. Following imaging, the CLEAR-647 signal was efficiently
erased by irradiating the sample for two minutes with 365 nm light.
We subsequently stained for vimentin, followed by a-tubulin,
acquiring high-quality super-resolved images for each filamentous
cellular structure in successive cycles. Sequential imaging cycles
yielded sharp, distinct images without cross-contamination,
validating the compatibility of CLEAR probes with high precision
dSTORM workflows (Fig. 7). Overall, this strategy substantially
enhances the multiplexing capability of dSTORM by allowing the
sequential use of a single optimal fluorophore through controlled
photocleavage and relabeling. The successful integration of CLEAR

probes into dSTORM workflows highl}ggyzslo_%gﬁ% E&%@gf@

robustness, and potential for advancing high-throughput, highly
multiplexed super-resolution imaging.

=
=1
I

Normalized Intensity
o ~
T il

N
a
1

2 4 6
Distance (um)

Ci

ﬂ: ¢ Brightfield

A431 cells ( v

Fig 8 Live-cell imaging and iterative signal clearance using CLEAR
probes. (A) EGFR-labeled A431 cells stained with CLEAR-488, imaged
before and after 365 nm light exposure. (B) Fluorescence intensity
profile corresponding to the yellow line from panel A showing >99%
signal removal within 90 s of irradiation. (C) Iterative imaging
workflow with spectrally distinct CLEAR probes: Steps I-lll, EGFR
staining with CLEAR-488 via primary immunostaining, followed by
signal erasure; Steps IV-V, EGFR re-staining with CLEAR-647 via
secondary immunostaining, followed by photocleavage; Step VI,
Calcein AM staining confirms cell viability after two complete
irradiation cycles. Scale bar: 50 um.

We next evaluated the live-cell compatibility of the CLEAR probes.
Unlike chemical cleavage methods that require harsh reagents such
as TCEP, DMF, NaOH, or H,0,—conditions that can compromise cell
viability—CLEAR probes enable fluorescence erasure using only a
mild dose of light, making them potentially more suitable for live-cell
applications. To test this, we labeled cultured A431 cells with an
EGFR-targeting CLEAR-488-antibody for 10 min, followed by live-cell
imaging. Cells were then irradiated with 365 nm light (47.19
mW/cm?) for 30 s, and fluorescence images were captured from a
region of interest to assess scission efficiency. This cycle of irradiation
and imaging was repeated up to a total of 90 s of cumulative
exposure. Notably, we observed that within 90 s, >99% of the
membrane-localized EGFR signal was efficiently erased (Figure 8A,
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Fig. 9 Multiplexed tissue imaging enabled by CLEAR probes. (A) Signal erasure with CLEAR-647 and subsequent re-staining in Drosophila
melanogaster ovary tissue. (B) Sequential imaging of mouse lymph node tissue: after erasing B220—CLEAR-647 signals, CD4 was visualized
using an anti-CD4—Alexa Fluor 647 antibody. Scale bar: 20 um for A; 100 um for B.

8B), demonstrating the high photocleavage efficiency of CLEAR
probes under live-cell conditions. Before proceeding to live-cell
multiplexing experiments, we evaluated the effect of light
exposure under optimized irradiation conditions and found that
the applied 365 nm illumination produced minimal phototoxic
effects, as supported by Calcein-AM staining, cell viability
measurements, and oxidative stress analyses (Fig. $19-522). The
generated photoproducts also showed negligible toxicity (Fig. S20
and S22). Cell viability remained high across increasing irradiation
doses (Fig. S21), with a viability of >85% observed even after 540
s of cumulative exposure. Based on these results, six erasing
cycles with 90 s of light exposure per cycle (corresponding to
seven imaging cycles) were considered tolerable for live-cell
imaging without significant deterioration in cellular health.
Encouraged by these results, we moved forward to demonstrate
live-cell multiplexed imaging capability using CLEAR probes. In
this experiment, live A431 cells were first labeled with a CLEAR-
488 primary antibody against EGFR and imaged (Figure 8C-ll). The
fluorophore was then cleaved by irradiating the cells with 365 nm
light for 90 s (Figure 8C-Ill). For the second round, cells were
incubated with unlabelled Cetuximab for 10 minutes, followed by
a 10-min incubation with a CLEAR-647 secondary antibody. EGFR
was imaged in the respective channel (Figure 8C-1V), and the
fluorophore was subsequently cleaved by another round of 365
nm light exposure (Figure 8C-V). Finally, to assess the overall
impact of two complete imaging cycles on cell viability, cells were
stained with Calcein-AM, a non-fluorescent dye that becomes
highly fluorescent upon esterase-mediated hydrolysis in viable
cells. Bright cytosolic fluorescence was observed throughout the
sample (Figure 8C-VI), corroborating that the cycling of
fluorophores did not adversely affect cell health, which was also
supported by the cell-viability assay (Figure S20). Together, these

results demonstrate that CLEAR probes enable efficient,

multiplexed live-cell imaging with minimal phototoxicity,
highlighting their promise for spatiotemporal dynamic
exploration and high-resolution biological studies.

Multiplexed tissue imaging enables spatially resolved

visualization of proteins within intact biological architectures,
offering critical insights into the functional states of cells, their
microenvironmental niches, and the complex molecular interplay
underlying both physiological and pathological processes.
Motivated by these needs, we evaluated the efficacy of our CLEAR
probes in complex tissue environments using two distinct
biological models: Drosophila melanogaster ovary tissue and
mouse lymph node tissue. We first applied our method to
Drosophila melanogaster ovary tissue to assess the ability of
CLEAR probes to achieve efficient labeling and erasure in a
complex system with multiple developmental stages. Sequential
labeling was performed by targeting a-tubulin and actin filaments
with CLEAR-647 and CLEAR-488, respectively. The resulting
images revealed widespread and well-organized distributions of
both cytoskeletal components throughout the tissue (Figure 9A),
highlighting the structural complexity and organization
characteristic of ovarian tissue. Importantly, fluorescence erasure
after the first labeling cycle was highly efficient, with minimal
residual signal detected following photocleavage. This excellent
clearing capability ensured that signals from prior rounds did not
interfere with subsequent imaging, a critical requirement for
accurate multiplexed analysis. Next, we evaluated the
performance of CLEAR probes in mouse lymph node sections to
test their adaptability to reveal complex mammalian tissue
architecture. We sequentially labeled and imaged B220 (a B-cell
marker) and CD4 (a T-cell marker) using CLEAR-647 over two


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5sc08599c

Open Access Article. Published on 25 February 2026. Downloaded on 2/25/2026 8:43:32 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(ec)

Chemical Science

imaging cycles, demonstrating the reuse of the same fluorophore
through cyclicimaging (Figure 9B). The staining patterns revealed
distinct, stereotypic localization of B220* and CD4* cell
populations, consistent with previous studies.®® Importantly,
photocleavage of the CLEAR-647 fluorophore after the first
staining cycle was highly efficient, leaving no detectable residual
signal prior to the second labeling round. Together, these findings
establish the applicability of CLEAR probes for reliable, consistent,
multiplexed imaging across diverse biological and clinically
relevant tissue models, extending their use beyond cultured cells
into complex and heterogeneous tissue environments.

Conclusions

In summary, we introduce a versatile new platform for
immunofluorescence imaging based on conventionally
conjugated CLEAR probes that enables scalable and
potentially unlimited multiplexed imaging. A defining
strength of the CLEAR platform is its seamless integration
into existing and widely adopted immunofluorescence
workflows, along with broad compatibility across diverse set
of fluorophores, imaging modalities, and sample types. It
supports techniques ranging from confocal microscopy for
large um- to mm-scale sample analysis to super-resolution
methods for nanoscale visualization, while maintaining high
signal fidelity in fixed cells, live cells, and complex tissue
environments, making it ideally suited for high-content,
spatially resolved proteomic investigations across diverse
biological contexts. To realize such a platform, we designed
CLEAR probes from the ground up using a highly optimized
molecular architecture centered around a photo-cleavable
moiety. This design enables one of the fastest and most
efficient signal-clearing strategies reported to date,
achieving >98% fluorescence removal in under two minutes
using a mild, non-toxic light dose. This near-quantitative
fluorescence erasure is critical for enabling high-degree
multiplexing through serial profiling, as it prevents the
accumulation of residual signals across imaging cycles which
would otherwise lead to a rapid decline in signal-to-
background ratios and severely limit the number of
achievable imaging rounds in a multiplexed workflow. Built
as a universal and modular platform, CLEAR probes readily
accommodate a wide range of commercially available
fluorophores and integrate seamlessly into iterative
immunostaining protocols, enabling high-throughput,
multiplexed imaging of diverse protein targets across a
variety of biological samples, including intact and
metabolically dynamic tissues. The
biocompatibility and mild activation conditions preserve
both sample integrity and signal quality across multiple
imaging cycles, also making the system highly suitable for
live-cell imaging. In addition, its compatibility with super-
resolution modalities further broadens its applicability. As a
demonstration of the platform’s capabilities, we employed
CLEAR to spatially map ten distinct proteins and investigate
the coordinated remodeling of cytoskeletal structures and
organelle distribution during immunological synapse

excellent
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formation. Collectively, the CLEAR platform offgrs a.simple,
efficient, and broadly accessible strdtegy F&>Highseohtatit
spatial proteomics, laying the foundation for comprehensive
molecular mapping in both basic research and clinical
applications.
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