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Abstract

Antibodies have long served as vital tools in biological and clinical laboratories for the specific detection of proteins. Conventional methods employ
fluorophore or horseradish peroxidase-conjugated antibodies to detect signals. More recently, DNA-conjugated antibodies have emerged as a
promising technology, capitalizing on the programmability and amplification capabilities of DNA to enable highly multiplexed and ultrasensitive
protein detection. However, the nonspecific binding of DNA-conjugated antibodies has impeded the widespread adoption of this approach.
Here, we present a novel DNA-conjugated antibody staining protocol that addresses these challenges and demonstrates superior performance
in suppressing nonspecific signals compared to previously published protocols. We further extend the utility of DNA-conjugated antibodies for
signal-amplified in situ protein imaging through the hybridization chain reaction (HCR) and design a novel HCR DNA pair to expand the HCR
hairpin pool from the previously published 5 pairs to 13, allowing for flexible hairpin selection and higher multiplexing. Finally, we demonstrate
highly multiplexed in situ protein imaging using these techniques in both cultured cells and tissue sections.

Graphical abstract

HCR protein imaging with
DNA-barcoded antibodies

Introduction

Immunoassays utilizing antibodies have been widely adopted
in biological and clinical laboratories to specifically label tar-
gets such as proteins and small molecules and convert the
target information to detectable signals, such as radioactiv-
ity, fluorescence and chemiluminescence. However, traditional
detection methods have various limitations such as limited
multiplexing capability or low sensitivity. To address these
challenges, DNA-conjugated antibodies have emerged as a

Reduction of nonspecific signals
using an optimized staining protocol

Highly multiplexed protein imaging with newly
designed HCR hairpin pairs

promising tool. They harness the programmability and am-
plification capability of DNA, leading to the development
of innovative techniques such as fluorescence imaging-based
techniques (e.g. DNA exchange imaging, CODEX, immuno-
SABER), polymerase chain reaction (PCR)-based techniques
(e.g. immuno-PCR, proximity ligation or extension assays)
and sequencing-based techniques (e.g. CITE-Seq) (1-8).
Utilizing  DNA-conjugated antibodies for multiplexed
in situ protein imaging opens a realm of possibilities,
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enabling the identification of different cell types, cell states
and diverse cellular structures. This approach allows for high-
dimensional analysis of tissue microenvironments under phys-
iological and pathological conditions. Techniques such as
DNA exchange imaging and CODEX enable highly mul-
tiplexed imaging but do not integrate signal amplification,
leading to limited sensitivity when visualizing low-abundance
targets (1,3,4). Immuno-SABER builds upon DNA exchange
imaging by introducing a long DNA concatemer for signal am-
plification. However, the length of these DNA concatemers,
typically ranging from 300 to 700 bp, poses a challenge in
penetrating thick tissues, thereby restricting the sample thick-
ness that can be used. In contrast, hybridization chain reac-
tion (HCR) represents an in situ DNA amplification strategy
(9-12). By using a single DNA initiator sequence, HCR trig-
gers the assembly of a linear DNA structure through itera-
tive HCR hairpin openings (Supplementary Figure S1) (9,11-
13). Each hairpin is labeled with a fluorophore, and the sig-
nal is amplified by hairpin stacking. For protein target imag-
ing, primary antibodies are linked with distinct DNA ini-
tiator sequences and applied together to label multiple tar-
gets within the sample. Subsequently, HCR hairpins, labeled
with spectrally distinct fluorophores, are employed to simul-
taneously amplify signals for all targets, which are then vi-
sualized through fluorescence microscopy imaging (Figure 1).
Compared to immuno-SABER, HCR possesses the advantage
of utilizing small-sized DNA hairpins, facilitating their pene-
tration into tissue samples. Nevertheless, HCR has only five
available pairs, limiting its multiplexing capability and flex-
ibility in hairpin selection to reduce off-target amplification.
To address the issue, we designed and screened 15 HCR pairs
in addition to the 5 commercially available pairs, and success-
fully expanded the pool of validated HCR pairs.

During the assay development, we encountered a signifi-
cant challenge while working with DNA-conjugated antibod-
ies, namely the presence of nonspecific signals arising from
DNA oligonucleotides attached to the antibodies. This is-
sue becomes more pronounced when the antibody affinity
is moderate or when the attached DNA sequence is lengthy
or poorly designed (i.e. lacking screening against the tar-
get species genome to minimize nonspecific hybridization)
(14,15). For example, DNA oligonucleotides utilized in HCR
and immuno-SABER are 36 and 42 nucleotides, respectively.
We observed stronger nonspecific signals compared to anti-
bodies conjugated with only 9-10 nucleotides utilized in DNA
exchange imaging (2,4). Antibodies with moderate binding
affinities, requiring higher staining concentrations, often result
in stronger nonspecific signals. Components including bovine
serum album (BSA), sheared salmon sperm DNA and dextran
sulfate have been previously proposed to reduce the nonspe-
cific binding of DNA-conjugated antibodies and showed var-
ious efficacies in different experimental conditions (16-20).
We hypothesized that the nonspecific binding is attributed to
DNA hybridization to intracellular DNA/RNA /nucleic acid-
binding proteins and electrostatic interaction with positively
charged intracellular molecules. In light of this, we devel-
oped a novel antibody staining protocol and demonstrated
the new protocol’s superior performance in minimizing non-
specific binding of DNA-conjugated antibodies compared to
previously published protocols. We finally showcased multi-
plexed in situ imaging using DNA-barcoded antibodies with
HCR in various sample types.
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Materials and methods

Cultured cells’ preparation and staining

All animal procedures were done in accordance with the Na-
tional Institute for Laboratory Animal Research Guide for the
Care and Use of Laboratory Animals and approved by the
Harvard Medical School Committee on Animal Care and the
Massachusetts Institute of Technology Committee on Animal
Care.

Primary mouse hippocampal neuron cultures were pre-
pared from postnatal day 0 or 1 mice and plated on eight-
well ibidi glass-bottom chambers (ibidi, cat. no. 80 827) with
a density of 10 000-15 000 cells per well. Cells were grown
for 14 days before fixation. BS-C-1 cells were plated on eight-
well ibidi glass-bottom chambers (10 000 cells per well) and
grown for 24 h. Cells were fixed using 4% paraformaldehyde
(PFA) for 15 min at room temperature, followed by quenching
in 50 mM NH4Cl or 1x Tris-buffered saline (TBS) for 7 min.

The following is the finalized staining protocol. Cells were
then permeabilized and blocked in 0.1% Triton X-100, 1-
3% nuclease-free BSA (AmericanBIO, CAS 9048-46-8) and
0.1 mg/ml normal mouse/rabbit IgG for ~1-2 h. 0.2 mg/ml
sheared salmon sperm DNA or 1 uM 50-nt poly(TTG) se-
quences can be added but is optional. While the samples were
in the blocking step, antibodies were incubated with com-
plementary blocking DNA sequences individually [1 ul of 1
mM complementary DNA sequence was mixed with anti-
bodies in 1x phosphate-buffered saline (PBS); the amount of
complementary DNA was calculated assuming the final anti-
body incubation reaction volume is 100-125 ul] and left at
room temperature for 30 min. The complementary DNA se-
quences are 16 nucleotides long and each initiator sequence
has two complementary DNA sequences that covers the mid-
dle 32 nucleotides of HCR initiator sequences. The antibod-
ies were pooled together and added with 0.1% Triton X-100,
1-3% nuclease-free BSA, 0.1 mg/ml normal mouse/rabbit
IgG, 0.02-0.1% dextran sulfate (Millipore, S4030), 150 mM
NaCl and 5 mM ethylenediaminetetraacetic acid (EDTA) in
1x PBS. The sample was left at room temperature for 2 h
or overnight (add 0.05% sodium azide if left overnight). The
sample was washed with washing buffer (0.1% Triton X-100,
1% nuclease-free BSA in 1x PBS) five times (brief wash for
the first two washes and 10-30 min incubation for the other
three washes). The samples were post-fixed using BS(PEG);
(Thermo Fisher, 21581) for 30 min to 1 h to cross-link an-
tibodies to the samples, followed by quenching in 1x TBS
for 10 min. The hybridized complementary DNA sequences
were removed by washing three times with 40% formamide
in 0.1x PBS for 10 min each. The sample was then washed
with 5x SSC + 1% Tween 20 twice to remove formamide.

Mouse retina section preparation and staining

Animals were given a lethal dose of sodium pentobarbital (120
mg/kg) (MWI, 710101) and enucleated immediately. Eyes
were removed and fixed in PFA for 15-30 min. Following
dissection, retinas were immersed in 30% sucrose overnight
prior to freezing in Tissue Freezing Medium (EMS, 72592)
and cryo-sectioned at 40 pm. Eight-well ibidi glass-bottom
chambers were treated with poly-D-lysine overnight, followed
by PBS washes. Retina sections were attached in ibidi cham-
bers, dried by plating on a heated block and stored at —20°C.
Sections were washed with 1x TBS + 0.3% Triton X-100
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Figure 1. Schematic of imaging using DNA-barcoded antibodies with extended HCR for multiplexing. Targets (t.1-t.4) within biological samples are
labeled with antibodies that are conjugated with distinct HCR DNA initiators (Ab.1-Ab.4). The signals are amplified simultaneously through orthogonal
HCRs (HCR.1-HCR.4), followed by spectrally multiplexed fluorescence microscopy imaging.

three times with 10 min per wash. They were then blocked
and stained as above.

Formalin-fixed paraffin-embedded tonsil sample
preparation and staining

The specimens were obtained from the archives of the Pathol-
ogy Department of Beth Israel Deaconess Medical Center
under the discarded/excess tissue protocol as approved in
Institutional Review Board Protocol #2017P000585. Five-
micrometer-thick sections were cut with a rotary microtome,
collected in a water bath at 30°C, transferred to coated pos-
itively charged glass slides and baked at 60°C for 2 h. Slides
were then placed on a PT-Link instrument (Agilent) for de-
paraffinization, rehydration and epitope retrieval (with citrate
buffer). Slides were held at 4°C in 1x PBS until staining.

For staining, sections were outlined with a hydrophobic pen
(ImmEdge Hydrophobic Barrier PAP Pen, Vector Laborato-
ries, #H4000) and incubated in a humidified chamber. The
samples were then blocked and stained as above.

Antibodies

o-Tubulin (clone YL1/2, Thermo Fisher, MA1-80017), (-
Tubulin (E7, produced in-house, hybridoma from DSHB),
GFAP (clone 2.2B10, Thermo Fisher, 13-0300), Golgi-97
(clone CDF4, Thermo Fisher, A-21270), Clathrin heavy chain
(clone X22, Thermo Fisher, MA1-065), Lamin B (clone L-
5, Thermo Fisher, 33-2000), Vimentin (EnCor Biotechnology,
MCA-2A52), Bassoon (clone SAP7F407, Enzo, ADI-VAM-
PS003), SV2 (produced in-house, hybridoma from DSHB),
pNFH (EnCor Biotechnology, MCA-AH1), Calretinin (En-
Cor Biotechnology, MCA-6A9), BetaTubulin for highly mul-
tiplexed protein detection imaging (TU06, Thermo Fisher,
MA1-19164), GM130 (10HSLS, Thermo Fisher, 703794),
Cytokeratin (E3, Thermo Fisher, MA1-06325), Vimentin for
highly multiplexed protein detection imaging (V9, Thermo
Fisher, MA5-11883) and HSP60 (4B9/89, Thermo Fisher,
MA3-012).

Antibody-DNA conjugation

The conjugation involves cross-linking of thiol-modified DNA
oligonucleotides to lysine residues on antibodies. In brief, 250
uM 5’-thiol-modified DNA oligonucleotides (Integrated DNA
Technologies, IDT) were activated by 100 mM dithiothreitol
(DTT) for 2 h at room temperature in the dark and then pu-
rified using NAPS columns (GE Healthcare Life Sciences, 17-
0853-02) to remove excessive DTT. Antibodies formulated in

PBS only were concentrated using 0.5-ml 50-kDa Amicon Ul-
tra Filters (EMD Millipore, UFC510096) to 2 mg/ml and re-
acted with maleimide-PEG2-succinimidyl ester cross-linkers
(Thermo Fisher, 22102) for 2 h at 4°C. For every 100 pg anti-
body, 3.4 ul of 0.85 mg/ml dimethylformamide-diluted cross-
linker was used. Antibodies were then purified using 0.5-ml
7-kDa Zeba desalting columns (Thermo Fisher, 89883) to re-
move excessive cross-linkers. Activated DNA oligonucleotides
were incubated with antibodies (11:1 DNA:antibody ratio)
overnight at 4°C. Final conjugated antibodies were washed us-
ing 2-ml 50-kDa Amicon Ultra Filters six times to remove non-
reacted DNA oligonucleotides. Conjugated antibodies were
kept at 4°C.

In situ HCR amplification

Fluorophore-conjugated HCR hairpins that were previously
published were purchased from Molecular Instruments. Fluo-
rophore (Alexa 647)-conjugated newly designed B9, B13, B14
and B17 hairpins were purchased from IDT with dual high-
performance liquid chromatography purification. For anti-
body incubation condition testing and HCR signal ampli-
fication experiment, Alexa 647-conjugated B1 or BS hair-
pins were used. For multiplexing experiment, Alexa 647-
conjugated B1 hairpins, Alexa 594-conjugated B2 hairpins,
Alexa 514-conjugated B3 hairpins, Alexa 546-conjugated B4
hairpins and Alexa 488-conjugated BS5 hairpins were used.
Samples were blocked in amplification buffer (5x SSC buffer,
0.1% Tween 20 and 10% dextran sulfate) for 1 h. Meanwhile,
HCR hairpins were snap-cooled separately (heat hairpins at
95°C for 90 s in a PCR machine, immediately put hairpins
on ice for 5 min and then leave hairpins at room temper-
ature for 30 min). Hairpins were then diluted in amplifica-
tion buffer to 60 nM for each hairpin. Samples were incu-
bated with HCR hairpins overnight at room temperature, and
free hairpins were removed by three washes with 5x SSCT
(5% SSC + 0.1% Tween 20). Hairpin sequences are listed in
Supplementary Table S2.

For highly multiplexed protein imaging, samples were incu-
bated with 200 ul of 60 nM HCR hairpins at room tempera-
ture for 1 h, and free hairpins were removed by three washes
with §x SSCT (5x SSC + 0.1% Tween 20). Samples were sub-
sequently washed three times with §x SSC buffer and were
then incubated with 200 ul of Hoechst 33342 for nucleus
staining at room temperature for 5 min. Samples were sub-
sequently washed three times with 5x SSC buffer and left in
5x SSC buffer during image acquisition. After imaging acqui-
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sition, the fluorescence signals were bleached using 1 mg/ml of
lithium borohydride (LiBH4) diluted in 1x PBS at room tem-
perature for 30 min, followed by three washes with §x SSC.

Confocal image acquisition

Samples were left in 5x SSC buffer during image acquisi-
tion. All images were acquired using a Zeiss Axio Observer
with LSM 710 scanning confocal system with either 20x /0.8
NA dry objectives or 63x/1.46 NA oil-immersion objectives.
The images were 512 x 512 pixels and acquired at acquisi-
tion speed 7. Each image was acquired by averaging two im-
ages. In multiplexed imaging experiments, Alexa 488 was vi-
sualized using a 488-nm laser, Alexa 514 was visualized us-
ing a 514-nm laser, Alexa 546 was visualized using a 546-
nm laser, Alexa 594 was visualized using a 594-nm laser
and Alexa 647 was visualized using a 633-nm laser. Highly
multiplexed protein detection and Golgin-97 and Clathrin im-
ages in Supplementary Figure S2 were acquired using an AX R
Confocal Microscope System with 100x oil-immersion objec-
tives. The images were 2048 x 2048 pixels (for highly multi-
plexed protein detection images) and 1024 x 1024 pixels (for
Golgin-97 and Clathrin images in Supplementary Figure S2)
and acquired at a dwell time of 4 ps. Each image was acquired
by averaging four images. ATTO 488 was visualized using a
488-nm laser, Alexa 555 was visualized using a 561-nm laser
and Alexa 647 was visualized using a 640-nm laser. The max-
imum illumination power of the 405- and 488-nm lasers is 5
mW, while that of the 561- and 640-nm lasers is 6 mW. More
detailed information for each image acquisition can be found
in the .tif files uploaded to Zenodo.

Image analysis and quantification

All images were visualized and scaled using FIJI. For nonspe-
cific nuclear signals, the fluorescence intensity of random re-
gions of each nucleus was measured using FIJI. For signal am-
plification quantification, a binary mask was created for each
image to represent the cellular structures using MATLAB, and
the average fluorescence intensity (the sum of fluorescence
signal within the binary mask/the total pixel number within
the binary mask) was calculated. Background fluorescence in-
tensity was calculated by averaging the fluorescence outside
cells. The final fluorescence intensity is derived by average flu-
orescence intensity minus background fluorescence intensity.
For microtubule fluorescence signal measurement, the back-
ground fluorescence intensity was not subtracted.

HCR hairpin design

New HCR hairpins B6-B12 were designed using NUPACK
multistate design function and screened for crosstalk in silico
using NUPACK analysis function. New HCR hairpins B13—
B20 were designed by manually mutating B1-B5 sequences
and screened for crosstalk i silico using NUPACK analysis
function.

Hairpin PAGE purification

For newly designed HCR hairpins used for in vitro analysis,
standard desalting hairpin oligonucleotides (72 nt) were pur-
chased from IDT. Denatured 7% PAGE gels were used for hair-
pin purification, in which 420 g/l urea was added as the de-
naturing reagent. 2x Loading buffer (Bio-Rad, 1610768) was
added to hairpin samples, followed by sample denaturing with
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a thermocycler (heat at 85°C for 4 min and then quench on
ice for 5 min). Samples were loaded into the gel and ran at
150 V for 20 min and then at 200 V for 90 min in a 50°C
water bath system. After electrophoresis, hairpin gel bands
were cut out of the gel while visualizing their location using a
short-wavelength UV lamp while placing the gel above silica
gel. Product was extracted from the excised gels by smashing
the gel completely in a 1.5-ml Eppendorf tube, adding 1x TE
buffer to the smashed gel, freezing at —20°C for 30 min and
then rotating at 4°C overnight. The gel was then centrifuged
at 18 000 x g for 10 min. To increase the DNA recovery rate,
the supernatant was collected and the pellet was washed once
with water. The combined supernatant was combined with 0.1
volume of 3 M NaAc (pH 5.5) and 3 volumes of ethanol and
then put at —80°C for 30 min. The sample was centrifuged
at 18 000 x g for 10 min, and the supernatant was carefully
discarded to collect the white pellet. The pellet was washed
once with 75% ethanol and then with 100% ethanol without
disturbing the pellet. The sample was left to air dry for 5 min
before being finally dissolved in ultrapure water.

HCR in vitro leakage test

PAGE purified hairpins were first annealed in advance (95°C
for 3 min and then decrease 0.1°C/s till 10°C). The two hair-
pins (H1 and H2) were then snap-cooled separately in 5x SSC
(heat hairpins at 95°C for 90 s and immediately put on ice for
5 min; the hairpins were then left at room temperature for
30 min). Hairpins were then mixed together and diluted with
5x SSCT (5x SSC + 0.1% Tween 20) to their final concen-
tration. The samples were left at room temperature for 24 h
and run in a 2% agarose gel containing 1/10 000 SYBR Gold
(Thermo Fisher, $11494) at 90 V for 30 min and then at 120 V
for 90 min. The products were visualized using a gel scanner.

HCR in vitro amplification test

HCR hairpins were snap-cooled separately in 5x SSC, mixed
together and diluted with 5x SSCT to a final concentration
of 500 nM for each hairpin. Initiators were added to each
reaction to a final concentration of 25 nM. The samples were
left at room temperature for 24 h and then ran in a 2% agarose
gel (with 1/10 000 SYBR Gold staining) at 90 V for 30 min
and then at 120 V for 90 min. The products were visualized
using a gel scanner.

HCR in vitro crosstalk test

HCR hairpins were snap-cooled separately in 5x SSC, mixed
together and diluted with 5x SSCT to a final concentration
of 500 nM for each hairpin. The initiator was added in the
reaction at a final concentration of 50 nM. The samples were
left at room temperature for 24 h and then ran in a 2% agarose
gel (with 1/10 000 SYBR Gold staining) at 90 V for 30 min
and then at 120 V for 90 min. The products were visualized
using a gel scanner.

Results

Reduction of nonspecific signals from
DNA-conjugated antibody staining
We first directly conjugated HCR initiator DNA sequences to

primary antibodies through covalent chemical modification
(21). We tested the labeling specificity of DNA-modified pri-
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mary antibodies by staining the antibodies in cultured BS-C-
1 cells followed by HCR amplification. Surprisingly, we ob-
served strong nonspecific signals, especially inside the nuclei,
as demonstrated using HCR-B111-conjugated anti-p-Tubulin
E7 antibodies (Figure 2A). The nonspecific signal persisted
when DNA-conjugated antibodies were indirectly detected
by conventional fluorophore-conjugated secondary antibod-
ies instead of the hairpins, but was absent in the negative sam-
ples where HCR hairpins were applied without the antibodies,
suggesting that the signals were caused by nonspecific binding
of DNA-conjugated antibodies.

We decided to optimize the antibody staining protocol to
reduce the nonspecific binding of DNA-conjugated antibod-
ies. We curated a list of staining protocols that have been
used in the previous literature involving DNA-conjugated an-
tibodies and developed three new protocols by analyzing the
components in the published protocols (Supplementary Table
S1). We hypothesized that the nonspecific binding of DNA-
conjugated antibodies was mainly caused by (i) the hybridiza-
tion of conjugated DNA oligonucleotides with intracellular
DNA/RNA /nucleic acid-binding protein molecules and (ii)
the electrostatic interactions between negatively charged DNA
oligonucleotides with cellular positively charged molecules
such as histone proteins. In the new protocols, we tested the
following strategies to address these two causes: (i) convert the
single-stranded conjugated DNA to double-stranded DNA by
hybridization of complementary DNA before antibody incu-
bation to prevent the binding of DNA-conjugated antibodies
to intracellular nucleic acids; (ii) add negatively charged poly-
mer dextran sulfate to compete for electrostatic interactions
with positively charged molecules; (iii) add sheared salmon
sperm DNA to compete with conjugated DNA on antibod-
ies; and (iv) increase the ionic strength of the buffer by adding
Na* to neutralize the negative charge of DNA. BSA or normal
mouse/rabbit IgG and detergent Triton X-100 were added in
all solutions to block nonspecific interactions as standard im-
munostaining protocols.

We conjugated two antibodies (anti-«-Tubulin YL1/2 clone
and anti-B-Tubulin E7 clone) with HCR initiators, and com-
pared the intensity of nonspecific nuclear signals as well as
microtubule fluorescence signals in different antibody stain-
ing protocols (Figure 2B and C, and Supplementary Figure
S2A-C). We noticed that the degree of nonspecific signals
was antibody-dependent, and anti-B-Tubulin E7 antibody
showed more severe nonspecific signals than anti-a-Tubulin
YL1/2 antibody. In the case of anti-3-Tubulin E7 antibody,
published protocols 1, 2 and 5 and new protocol 3 (see
Supplementary Table S1) failed to reduce nonspecific nuclear
signals, whereas published protocols 3 and 4 eliminated non-
specific nuclear signals but also reduced microtubule signals.
New protocols 1 and 2 yielded more optimal staining with
minimized nuclear signals and retained microtubule signals
(Figure 2B and C, and Supplementary Figure S2A). Simi-
lar results were observed for the anti-a-Tubulin YL1/2 an-
tibody (Supplementary Figure S2B and C). These two pro-
tocols shared the same components of complementary DNA
oligonucleotides (blocking the DNA barcodes on antibod-
ies) and dextran sulfate (masking electrostatic interactions
with positively charged molecules) (Supplementary Table S1).
Blocking with noncognate DNA oligonucleotides did not re-
duce nonspecific nuclear signals (Supplementary Figure S2D).
We also showed that in the presence of complementary DNA
oligonucleotides, sheared salmon sperm DNA was optional
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in the staining buffer. Furthermore, complementary DNA
oligonucleotides outperform sheared salmon sperm DNA in
reducing nonspecific nuclear signals, with no improvement
observed when heating up or cooling the salmon sperm DNA
(Supplementary Figure S2E). We also showed that nuclease
treatment to remove intracellular DNA/RNA could not re-
duce nonspecific signals (Supplementary Figure S2F). The re-
duction of microtubule signals in published protocols 3 and
4 was likely due to the high concentration of dextran sul-
fate, as dextran sulfate had been shown to alter antibody
affinity (22). Therefore, we titrated the dextran sulfate con-
centration in the antibody incubation buffer from 2% to
0.005% (w/v), and found that dextran sulfate was effective
at blocking at concentrations as low as 0.02% (Figure 2D
and Supplementary Figure S2G). Increasing the ionic strength
of the buffer helped reduce the nonspecific nuclear signals at
low dextran sulfate concentration (Figure 2E). Dextran sulfate
of different polymer sizes was commercially available, so we
tested the efficacy of dextran sulfate of three different molec-
ular weights (>500, 9-20 and 6.5-10 kDa). It could be seen
that dextran sulfate of high molecular weight (>500 and 9-20
kDa) had more consistent performance than the low molec-
ular weight version (Supplementary Figure S2H). We tested
dermastan sulfate and polyacrylic acid as dextran sulfate al-
ternatives, but both polymers failed to effectively reduce non-
specific nuclear signals (unpublished observation). We also in-
vestigated whether the nonspecific nuclear signals could be
attributed to antibody degradation resulting from prolonged
storage. However, our findings revealed that even freshly pre-
pared batches of DNA-conjugated antibodies exhibited the
nonspecific nuclear signal issue (Supplementary Figure S2I).

Hence, our finalized buffer compositions are as fol-
lows: blocking buffer: 1-3% BSA + 0.1 mg/ml normal
mouse/rabbit IgG + 0.1% Triton in 1x PBS (optional: 1 uM
50-nucleotide-long poly(TTG) DNA sequences or 0.2 mg/ml
sheared salmon sperm DNA); antibody incubation buffer: 1-
3% BSA + 0.1 mg/ml normal mouse/rabbit IgG + 0.1% Tri-
ton + complementary DNA sequences with 1 uM for each se-
quence + 150 mM NaCl + 0.02-0.1% dextran sulfate + 5 mM
EDTA in 1x PBS. We demonstrated the finalized protocol with
a few other antibodies in different sample types, including cell
cultures and FFPE samples (Figure 2E).

Design and validation of new orthogonal HCR pairs

HCR-based signal amplification has the potential for highly
multiplexed imaging by designing a pool of orthogonal HCR
pairs, with each target amplified by one HCR pair. Five HCR
pairs have been previously published and commercially avail-
able (9,13). For higher multiplexing capability and more flex-
ible HCR pair selection, we designed 15 additional pairs
of HCR hairpins and tested their performance and pairwise
crosstalk in silico using NUPACK (23). We then screened the
leakage (i.e. hairpin assembly without initiators), amplifica-
tion efficiency (i.e. hairpin assembly with cognate initiators)
and pairwise crosstalk (i.e. hairpin assembly with noncognate
initiators) iz vitro for the new HCR hairpins using a gel shift
assay (Figure 3A-D and Supplementary Figures S3 and S4).
We selected 8 pairs (B8, B9, B10, B11, B13, B14, B15 and
B17) that had the best performance out of the 15 new pairs
of HCR oligonucleotides. B6, B12 and B18-B20 had higher
leakage than others iz vitro, and were excluded for crosstalk
analysis. We found that B8 initiator B8I2 had crosstalk with
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Figure 2. Development of novel DNA-conjugated antibody staining protocols with minimized nonspecific signals. (A) Nonspecific nuclear signals came
from the nonspecific binding of DNA-conjugated antibodies in the nuclei. BS-C-1 cells were fixed and stained with regular or HCR-B1l1-conjugated
anti-3-Tubulin E7 antibodies to visualize cytoplasmic microtubules. The schematics for each experiment were shown in the top-left corner of each image.
(B) Comparison of different antibody staining methods for nonspecific nuclear signal reduction efficiency. BS-C-1 cells were stained with
HCR-B111-conjugated anti-3-Tubulin E7 antibodies with protocols described in Supplementary Table S1. Representative cell nuclei are indicated

with arrows. (C) Nonspecific nuclear signals and specific microtubule signals were quantified and plotted in a 2D plot. The optimal protocols had minimal
nonspecific nuclear signals but retained strong microtubule signals. Error bar is standard error of the mean and n = 6 areas. (D) Titration of dextran
sulfate in the antibody incubation buffer. (E) Demonstration of the finalized staining protocol with DNA-conjugated Paxillin/Golgin-97 antibodies in BS-C-1
cells and CD3e/CD8a antibodies in formalin-fixed paraffin-embedded (FFPE) human tonsil sections.
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Figure 3. Validation of newly designed orthogonal HCR pairs. (A) In vitro leakage analysis of newly designed HCR pairs. For each pair, 60 nM hairpins

(H1 + H2) were added in a PCR tube without HCR initiator and left at room temperature for 24 h. The results were visualized by running the products on

agarose gels. (B) In vitro amplification efficiency analysis of newly designed additional HCR pairs. For each pair, 500 nM of each HCR hairpin pair
(H1 + H2) was added in a PCR tube with 25 nM of one of the two cognate initiators (11 or 12). 11 refers to the initiator sequence that opens H2, and 12
refers to the initiator sequence that opens H1. The samples were left at room temperature for 24 h. (C) Summary of in vitro pairwise crosstalk analysis

of 15 HCR pairs (excluding B6, B12 and B18-B20). For each reaction, 500 nM of each of the HCR hairpins (H1 and H2) was added in a PCR tube with 50

nM of the indicated initiator sequence, and left at room temperature for 24 h to react. Reactions showing crosstalk are marked with squares. The
complete gel data are provided in Supplementary Figure S4. (D) The gel lanes with reactions showing crosstalk are marked with boxes. (E) /n situ
imaging of microtubules using newly designed orthogonal HCR pairs. Anti-3-Tubulin E7 antibodies were conjugated with newly designed HCR initiators

(B9I1, B13I1, B1411 and B1711), and used to stain fixed BS-C-1 cells to visualize microtubule structures.
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B7 hairpins and B1 initiator B1I1 had crosstalk with B1 hair-
pins. Therefore, we removed B7 and B16 from the HCR pair
list.

We then validated four new HCR pairs (B9, B13,B14,B17)
in situ by amplifying B-Tubulin signals in BS-C-1 cells (Figure
3E). The results showed that all four of the new HCR pairs
successfully assembled i situ to amplify signals from anti-f3-
Tubulin primary antibodies.

Multiplexed in situ protein imaging using HCR

We then compared the signal level using HCR amplifica-
tion with the unamplified case and commercial fluorophore-
conjugated secondary antibodies. We stained cultured BS-
C-1 cells with anti-a-Tubulin antibodies conjugated with
HCR initiator B1I1 or B5I1, and primary neurons with anti-
GFAP antibodies conjugated with HCR initiator BSI1 (Figure
4A). The results showed that HCR outperformed commercial
fluorophore-conjugated secondary antibodies and achieved
better signal amplification. The quantification of signals is
shown in Supplementary Figure S5. However, it should be
noted that the degree of signal amplification using HCR de-
pends on the concentration of HCR hairpins added in the so-
lution. Higher concentration of HCR hairpins results in larger
assembled DNA linear structures and hence stronger signals.

We then performed multiplexed imaging using the same
species primary antibodies by conjugating distinct HCR ini-
tiator sequences to different primary antibodies. We first at-
tached four mouse IgG (IgG1 subclass) primary antibodies
targeting four cellular structure proteins (Golgin-97, Lamin B,
Vimentin and Clathrin) with HCR initiators (B2I1 to BS5I1).
We then stained cultured BS-C-1 cells with the four antibod-
ies, followed by HCR signal amplification and confocal mi-
croscopy imaging. We were able to get high-quality images for
all four targets (Figure 4B). We also performed multiplexed
imaging in mouse retina tissue samples using four mouse IgG
primary antibodies targeting Bassoon, SV2, pNFH (phospho-
rylated neurofilament heavy) and Calretinin (Figure 4C). Bas-
soon and SV2 are two synaptic markers, and pNFH and Cal-
retinin are two neuronal markers. Bassoon is located in the
active zone of synapses, and is in low abundance (24). The
results showed that after HCR signal amplification, the Bas-
soon signals were clearly visible in 40-pum-thick mouse retina
sections (Figure 4D).

We conducted highly multiplexed protein detection using
eight HCR initiator-conjugated primary antibodies in fixed
HeLa cells (Figure 4E). After a single round of antibody stain-
ing and light fixation to immobilize the antibodies, we per-
formed three cycles of HCR amplification, imaging and signal
bleaching, with each cycle taking ~2 h. In the first cycle, we
visualized Clathrin, BetaTubulin and Golgin-97; in the sec-
ond cycle, we visualized HSP60, Vimentin and AlphaTubu-
lin; in the third cycle, we visualized Cytokeratin and GM130.
Hoechst nuclear stain was detected in all cycles and used
as fiducial markers. After each cycle, the fluorescence signals
were bleached using LiBH4 for 30 min (25).

Discussion

Using antibodies to visualize specific targets in situ dates
back to the 1940s when Dr Albert Coons used fluores-
cein isocyanate-conjugated anti-pneumococcal serum to de-
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tect Streptococcus pneumoniage in formalin-fixed infected
mouse tissues (26,27). The technique has since been advanced
with numerous developments, such as monoclonal antibod-
ies and bright fluorophores. More recently, DNA-barcoded
antibodies, which have significantly increased the multiplex-
ing capability of immunofluorescence imaging methods, were
introduced into the field, by us and several other groups
(2-4,17,18,21,24,28-30). In addition to multiplexing, DNA-
conjugated antibodies allow integrating DNA-based nanos-
tructure assembly for iz situ signal amplification.

The primary concern about conjugating DNA to antibodies
is that the attached DNA can affect antibody binding affinity
and specificity. Indeed, we observed strong nonspecific signals,
particularly in the nuclei, with DNA-conjugated antibodies.
The level of nonspecific signals was antibody-dependent with
some antibodies showing higher nonspecific signals than the
others. In addition, longer DNA sequences (e.g. ~36—42 nu-
cleotides in this paper) showed more severe nonspecific sig-
nals than shorter sequences [e.g. ~10-11 nucleotides in DNA
exchange imaging (4)]. This could be the reason that the pub-
lished protocols we tested failed to reduce nonspecific signals
in our experiment. We reasoned that this nonspecific signal
was caused by the hybridization of single-stranded DNA to in-
tracellular nucleic acids/nucleic acid-binding proteins and by
the electrostatic interactions between negatively charged DNA
molecules with positively charged cellular molecules. There-
fore, we developed a new antibody staining protocol by intro-
ducing complementary DNA strands to block the nonspecific
hybridization and negatively charged polymer dextran sulfate
to compete for electrostatic interactions. We also optimized
the protocol by tuning the concentration of sheared salmon
sperm DNA, dextran sulfate and sodium chloride. We noticed
that nuclease treatment did not reduce nonspecific signals. We
interpret these results as follows: (i) the removal of DNA and
RNA, without simultaneous removal of nucleic acid-binding
proteins, does not suffice to prevent conjugated DNA from
hybridizing with intracellular components and (ii) nuclease
treatment in fixed cells is insufficient for the removal of intra-
cellular nucleic acids, as they are protected by chemical cross-
linking to other components. The protocol worked reliably for
the majority of antibodies we have tested (>80%), but we did
observe some antibodies that failed to yield specific staining.
For example, anti-TOM20 2F8.1 clone lost its binding affin-
ity in the presence of dextran sulfate. Moreover, determining
the effective staining concentration after antibody conjuga-
tion requires optimization, as is common in most immunos-
taining experiments. Additionally, since the antibody conjuga-
tion protocol we utilize involves nonspecific labeling to -NH,
groups, the conjugation products may exhibit variability from
batch to batch. To mitigate this variability, one potential so-
lution is to employ recombinant antibodies that incorporate
specific conjugation sites.

Another concern related to DNA-conjugated antibodies is
the DNA to antibody ratio (i.e. the number of DNA molecules
on each antibody). The likelihood of antibody specificity
change is proportional to the number of DNA molecules on
antibodies. In our method, we optimized the protocol to at-
tach only one to three DNA oligonucleotides per antibody to
avoid overlabeling, minimizing the chance of disrupting the
paratopes. As a trade-off, the signal of DNA-conjugated anti-
bodies decreases. Various DNA 7 sifu amplification strategies
can be used to enhance signals, such as HCR, SABER (signal
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Figure 4. Multiplexed in situ protein imaging using HCR. (A) Comparison of signals using conventional fluorophore-conjugated antibodies and
HCR-based signal amplification. The schematics of each experiment are shown in the top-left corner of the images. In the upper panel, BS-C-1 cells
were fixed and stained with HCR-B1I1-conjugated anti-a-Tubulin YL1/2 antibodies. In no amplification samples, the images were acquired using Alexa
647-conjugated DNA strands that were complementary to the HCR initiator DNA sequences. Either Alexa 647-conjugated secondary antibodies (2’Ab) or
HCR hairpins were used to amplify the signals. Lower panel: primary mouse hippocampal neuron cultures were fixed and stained with
HCR-B5I1-conjugated antibodies against GFAP (B) Multiplexed imaging using antibodies of the same species with HCR-based signal amplification in
cultured BS-C-1 cells. Primary antibodies of mouse IgG1 subclass primary antibodies were conjugated with HCR initiators (Golgi-B3I1, Clathrin-B2I1,
Lamin B-B4I1 and Vimentin—-B5I1) and used to stain fixed BS-C-1 cells. Hoechst nuclear stain was used to visualize the nuclei. (C) Multiplexed imaging
with the same species antibodies with HCR-based signal amplification in mouse retina sections. Forty-micrometer mouse retina sections were stained
with HCR initiatorconjugated primary antibodies against targets as labeled (Bassoon-B111, SV2-B211, pNFH-B4I1 and Calretinin—B5I1). (D) Visualization
of HCR amplified Bassoon signals in mouse retina sections. A 40-um mouse retina section was stained with HCR B1-conjugated Bassoon primary
antibodies followed by signal amplification using Alexa 647-labeled HCR B1 hairpins. (E) Highly multiplexed multicycle HCR protein imaging. Fixed HelLa
cells were stained with antibodies conjugated with HCR initiators as indicated. Three cycles of imaging were performed: first round—Clathrin,
BetaTubulin, Golgin-97 and Hoechst nuclear stain; second round—HSP60, Vimentin, AlphaTubulin and Hoechst nuclear stain; third round—Cytokeratin,
GM130 and Hoechst nuclear stain. Hoechst nuclear stain signals served as fiducial markers.
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amplification by exchange reaction) (2) and RCA (rolling cir-
cle amplification) (31). The difficulty of controlling enzymatic
reactions in situ renders RCA incompatible with visualizing
fine structures such as microtubules. HCR amplifies signals in
situ by hairpin stacking, whereas SABER applies in vitro syn-
thesized DNA concatemers. In HCR, the signal amplification
fold can be tuned by adjusting the concentration of hairpins
added in the reaction, while SABER can increase the signal am-
plification capability by iterative DNA branching. SABER has
the advantage of being compatible with DNA exchange imag-
ing and therefore is simpler for highly multiplexed imaging.
However, the large size of DNA concatemers used in SABER
may limit probe penetration into samples with densely packed
environments, such as those in iterative expansion microscopy
where double-layer polyacrylamide gels are formed (32). In
contrast, HCR employs small-sized DNA hairpins, and hence
is more suitable for post-gel formation signal amplification
in CLARITY (33) and expansion microscopy (20,32,34,35).
HCR hairpin design and validation is more challenging, as
it requires that each hairpin pair not only efficiently amplify
signals in the presence of cognate initiator sequences but also
be sufficiently stable to have minimal leakage without cognate
initiators. Indeed, we designed 15 additional hairpin pairs and
selected only 8 out of the 15 to have a final list of 13 pairs.
High-throughput methods could be developed to assist screen-
ing to develop more HCR pairs.

Compared to other multiplexing techniques based on re-
peated antibody staining, one notable advantage of DNA-
based multiplexing techniques is their reliance on only a sin-
gle round of antibody staining followed by rapid exchange
of DNA-mediated fluorescence signals. As antibody staining
typically constitutes the most time-intensive step in an im-
munostaining experiment, often spanning hours to days de-
pending on factors such as sample thickness, antibody con-
centration and antibody binding properties (i.e. Kp), this ad-
vantage significantly reduces the time required for each ex-
periment. Tyramide signal amplification (TSA) has long been
established in the field and is widely available as commer-
cial products. Compared with DNA-based signal amplifica-
tion, TSA relies on enzymatic reactions that cannot be multi-
plexed within each round. Consequently, commercially avail-
able multiplexed TSA-based imaging necessitates repeated an-
tibody staining. We envision that DNA-barcoded antibodies
can be combined with TSA by replacing fluorophores with
horseradish peroxidase for rapid DNA exchange. While tech-
nically more complex, this represents an intriguing direction
for further exploration. In addition, TSA operates by diffus-
ing the activated tyramide to react with surrounding tyrosine
residues. This diffusion often causes the observed signal to de-
viate from its original location, posing challenges for high-
resolution imaging tasks such as neuronal synapse imaging.
Furthermore, there is a risk that TSA may mask epitopes, po-
tentially hindering the binding of other antibodies.

The potential of DNA-conjugated antibodies goes beyond
in situ imaging. Coupled with the droplet- or microwell-
based single-cell sequencing technique, DNA-conjugated an-
tibodies have been used for highly multiplexed cell surface
marker labeling (5). With the increasing interest in using
DNA-conjugated antibodies for biomedical research, we be-
lieve that the methods described in this paper would not only
provide a useful resource for the imaging field but also facili-
tate the development of future technologies.
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