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Abstract
Immunohistochemistry (IHC) and immunofluorescence (IF) are crucial tech-
niques for studying cardiac physiology and disease. The accuracy of these
techniques is dependent on various aspects of sample preparation and pro-
cessing. However, standardised protocols for sample preparation of tissues,
particularly for fresh-frozen human left ventricle (LV) tissue, have yet to be
established and could potentially lead to differences in staining and interpre-
tation. Thus, this study aimed to optimise the reproducibility and quality of IF
staining in fresh-frozen human LV tissue by systematically investigating cru-
cial aspects of the sample preparation process. To achieve this, we subjected
fresh-frozen human LV tissue to different fixation protocols, primary antibody
incubation temperatures, antibody penetration reagents, and fluorescent probes.
We found that neutral buffered formalin fixation reduced image artefacts and
improved antibody specificity compared to both methanol and acetone fixation.
Additionally, incubating primary antibodies at 37◦C for 3 h improved fluores-
cence intensity compared to the commonly practised 4◦C overnight incubation.
Furthermore, we found that DeepLabel, an antibody penetration reagent, and
smaller probes, such as fragmented antibodies and Affimers, improved the
visualisation depth of cardiac structures. DeepLabel also improved antibody
penetration in CUBIC cleared thick LV tissue fragments. Thus, our data under-
scores the importance of standardised protocols in IF staining and provides
various means of improving staining quality. In addition to contributing to car-
diac research by providing methodologies for IF, the findings and processes
presented herein also establish a framework by which staining of other tissues
may be optimised.

KEYWORDS
heart, human, immunofluorescence, immunohistochemistry, immunostaining, left ventricle,
microscopy, optimisation

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium, provided the
original work is properly cited.
© 2024 The Author(s). Journal of Microscopy published by John Wiley & Sons Ltd on behalf of Royal Microscopical Society.

J. Microsc. 2024;1–14. wileyonlinelibrary.com/journal/jmi 1

https://orcid.org/0000-0002-3148-1615
https://orcid.org/0000-0002-3754-2028
https://orcid.org/0000-0003-3694-9333
mailto:robert.hume@sydney.edu.au
mailto:sean.lal@sydney.edu.au
http://creativecommons.org/licenses/by/4.0/
https://wileyonlinelibrary.com/journal/jmi
http://crossmark.crossref.org/dialog/?doi=10.1111%2Fjmi.13336&domain=pdf&date_stamp=2024-06-10


2 TAPER et al.

1 INTRODUCTION

Immunohistochemistry (IHC) and immunofluorescence
(IF) staining are essential laboratory techniques that
provide spatial information. Through the use of probes
targeting an antigen of interest, IHC/IF can ascertain
the precise distribution, location, and quantity of pro-
teins or molecules of interest in both cells and tissues.
These techniques are pivotal in dissecting the complexi-
ties of cardiac physiology and pathology, as they enable
insights into the mechanisms underlying cardiac devel-
opment and disease.1,2 Such detailed knowledge is vital
for developing targeted treatments and understanding the
progression of cardiac diseases. However, attaining high-
quality, artefact-free images is dependent on optimised
sample preparation.3,4
Tissue biobanks for human samples are present

throughout the world and are commonly employed to
study health and disease.5–8 Historically, these clinical
samples have been preserved either as formalin-fixed
paraffin-embedded blocks or in liquid nitrogen.9 In
either case, these samples can be sectioned and used
for microscopy, however, standardised protocols for the
preparation of fresh-frozen human cardiac tissue are lack-
ing. Our study therefore focuses on comparing key aspects
of fresh-frozen human cardiac tissue IF techniques,
enhancing their usability for microscopic analysis.
Amajor challenge in IF is the artefactual variability that

can occur within the same sample and across different
experiments.10–12 This variation can lead to the misinter-
pretation of results when discerning the expression and
localisation of proteins in cardiac tissues. Differences in
fixation protocols, antibody incubation temperatures, and
laboratory conditions can all contribute to discrepancies
in staining patterns, intensity, and ultimately, the con-
clusions drawn from experiments.3 Fixatives stabilise the
tissue architecture and preserve the proteins of interest
in their native state, which is essential for accurate anti-
gen detection, however, different fixatives can alter antigen
accessibility and visibility to varying degrees.4 Similarly,
the incubation temperature of antibodies is another critical
parameter that can affect immunolabelling results.13 Col-
lectively, these steps are foundational in obtaining high-
quality images that can reveal the detailed localisation of
proteins within cardiac tissue.
Effective antibody penetration is critical for optimal

imaging of deep structures. Historically, antibody penetra-
tion has been facilitated by the permeabilisation of cellular
membranes by solvents or detergents.4 In thick or densely
packed tissue sections such as cardiac specimens, conven-
tional permeabilisation techniques are often inadequate,
resulting in suboptimal visualisation of deeper structures
and diminished fluorescence intensity.14 This challenge

is not unique to cardiac tissue and has led to the devel-
opment of reagents such as DeepLabel, which have been
specifically designed to improve antibody penetration.15,16
Furthermore, smaller probes have been developed, which,
due to their size, facilitate enhanced tissue penetration.17
These include fragmented antibodies (Fabs) lacking at the
fragment crystallisable (Fc) region, and Affimers, small
(∼12 kDa) nonantibody binding proteins isolated to pro-
teins of interest through phage display, approximately ten
times smaller than conventional antibodies.18–20 Never-
theless, the effectiveness of these reagents and tools in
improving antibody penetration of human cardiac tissue
has yet to be tested.
In choosing a sample for our study, we considered the

clinical, translational relevance of our potential findings.
The left ventricle (LV) is the chamber of the heart that
pumps blood into the systemic circulation, thereby sup-
plying the body with necessary nutrients and oxygen.
Dysfunction of the LV is a common feature across a range
of pathologies, including heart failure and ischemic heart
disease. Importantly, both pathologies primarily affect
middle-aged to older individuals.21,22 Thus, in our study,
we selected a disease-free, middle-aged adult LV sample
to compare optimal cardiac IF parameters that improve
reproducibility, enhance fluorescent signal, andminimises
artefacts or nonspecific staining. Specifically, we inves-
tigated different fixatives, incubation temperatures and
antibody penetration methodologies, in both 15µm tissue
sections and cleared tissue fragments (approximately 5mm
× 2mm). The findings presented here provide a systematic
comparison of various immunolabelling protocols on LV
tissue sections.

2 METHODS

2.1 Human left ventricle tissue

Human left ventricle (LV) samples were taken from a
single donor heart (54-year-old male) from the Sydney
Heart Bank (SHB) at The University of Sydney. As with
all SHB donor hearts, this heart that was due for trans-
plant was instead pre-mortem collected for research with
the informed written consent from the family or guardian
of the organ donor due to nonclinical reasons complicating
the transplantation process at the time of death, such as
logistical complications, immune incompatibility, or size
mismatch.5–8 The process for tissue collection and stor-
age has been previously detailed.5–8 Briefly, a donor heart
is perfused with ice-cold cardioplegic solution, inhibiting
contraction and molecular degradation. Samples are then
collected and placed into labelled, de-identified cryovials
and immediately snap-frozen in liquid nitrogen before
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TAPER et al. 3

being stored in the Sydney Heart Bank until use. Impor-
tantly, this sample is not a post-mortem sample as it was
sourced from an aged donor with a noncardiac cause of
death, no history of cardiac disease, and had a body mass
index (BMI) of less than 30. Furthermore, comprehensive
histological investigations confirmed that the sample was
taken from a normal heart lacking any pathologies. A sin-
gle donor heart was used throughout the study to reduce
biological variability across experiments. The study proto-
col adhered to human ethical guidelines, received approval
from the Ethics Committee of The University of Sydney
(USYD # 2021/122) and was conducted in accordance with
the Declaration of Helsinki.

2.2 Immunohistochemistry (IHC)

2.2.1 Sample preparation

For sectioning, LV samples were preserved in liquid nitro-
gen and transferred to a −30◦C freezer the day before
embedding. Following overnight incubation, sampleswere
then embedded in optimal cutting temperature compound
(OCT, Sigma-Aldrich, Melbourne, Australia #SHH0026)
and sectioned into 15 µm slices using a cryostat 3000 FSE
with the following temperature settings: cryobar at−30◦C,
chamber at −20◦C, and specimen head at −16◦C. Sections
were then mounted on glass slides (Epredia, Melbourne,
Australia #10149870) and stored for <2 weeks at −30◦C
until staining.

2.2.2 Sample selection

To ensure that our sampling was unbiased and represen-
tative, we employed a systematic approach to selecting
slides taken from different depths of the left ventricle
sample. For each experimental condition,we selected adja-
cent sections for each experimental condition, in order
to maintain proximity. We also used sections that were
300 and 600 µm deeper relative to our first set of slides,
to gain representative sections at different depths within
eachLV fragment. This sampling approach ensures thatwe
obtained a representative selection of images.

2.2.3 Immunostaining

For IF, all incubations were at room temperature (RT)
unless stated otherwise. OCT-embedded LV sections were
removed from−30◦C storage, air-dried for 5 min and fixed
for 10, 15, 20 or 30 min with 10% neutral buffered forma-
lin (NBF, Sigma-Aldrich, Melbourne, Australia #HT5012),

–30◦C acetone or −30◦C methanol. Samples were sub-
sequently washed 3 times for 5 min in phosphate-
buffered saline (PBS, Sigma-Aldrich,Melbourne, Australia
#SLCH0989) and then incubated in 0.2% (vol/vol) glycine
(ThermoFisher, Melbourne, Australia #AJA1083) in PBS
for 10 min to chelate any remaining free aldehyde groups
and thereby reduce autofluorescence.
Samples were then washed in PBS and NBF-fixed sam-

ples were permeabilised with either 0.5% Triton X-100
(Promega, Sydney, Australia #H5141) diluted in PBS or
DeepLabel Solution A (DeepLabel Antibody Staining Kit,
Logos, Melbourne, Australia #C33001) for 20 min. From
this point onwards, the sample wash buffer was either
0.01% TritonX-100 in PBS or, for DeepLabel experiments,
DeepLabel wash buffer (DeepLabel Antibody Staining Kit,
Logos, Melbourne, Australia #C33001) alone, in a humid
chamber. Additionally, all incubations and washes from
here onwards were on a rotating platform set at 40 rpm.
Samples were washed 3 times for 5 min, then incubated
in 5% normal goat serum (NGS; Cell Signalling Technol-
ogy, Sydney, Australia #5425) and 5% acetylated bovine
serum albumin (αBSA; Sigma-Aldrich, Melbourne, Aus-
tralia #B8894) in PBS (blocking solution) for 1 h at RT. The
samples were then washed 3 times for 5 min and incu-
bated with mouse anti-SERCA2 ATPase (SERCA2; 1:100,
Invitrogen Melbourne, Australia #MA3-919), mouse anti-
α-actinin-2 (1:50, 20 µg/mL, Sigma-Aldrich, Melbourne,
Australia #A7732), anti-α-actinin-2 Affimer (20 µg/mL,
made in-house at University of Leeds, UK – see Affimer
Synthesis section of themethods for further details) diluted
in incubation buffer (0.5% NGS, 0.5% αBSA in 0.01% Triton
X-100 PBS) or DeepLabel Solution B (DeepLabel Anti-
body Staining Kit, Logos, Melbourne, Australia #C33001)
overnight at 4◦C or for 3 h at RT or 3 h at 37◦C. Fol-
lowing incubation, samples were washed 3 times and
then incubated with either goat anti-mouse STARGREEN
(1:100, Abberior, Göttingen, Germany #STGREEN-1001),
goat anti-mouse Alexa Fluor 594 F(ab’)2 (1:200, Invitro-
gen, Melbourne, Australia #A-11020) or goat anti-mouse
Alexa Fluor 594 (1:200, Invitrogen, Melbourne, Australia
#A-11032), diluted in incubation buffer or DeepLabel Solu-
tion B for 1 h. Subsequently, samples were washed 3 times
for 5 min and then incubated with wheat germ agglutinin-
647 (WGA-647;1:200, ThermoFisher, Melbourne, Australia
#W32466) diluted in PBS for 1 h. Samples were then
washed 3 times for 5 min in PBS or DeepLabel wash buffer
and then incubated in DAPI (1 µg/mL in PBS, Thermo Sci-
entific, Melbourne, Australia #62248,) for 10 min. Finally,
coverslips (Carl Zeiss, Sydney, Australia #10474379) were
mounted onto samples with Prolong Diamond Antifade
Mountant (Invitrogen, Melbourne, Australia #P36961) and
then left to cure at RT for 24 h, shielded from light. Samples
were then stored at −30◦C until imaged.
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4 TAPER et al.

2.2.4 Optical clearing and immunostaining

Donor LV tissue was cleared using a modified CUBIC
protocol.23 Briefly, an LV fragment was transferred from
liquid nitrogen storage to a −30◦C freezer for overnight
incubation. The fragment was then incubated in neutral
buffered formalin for 24 h at 4◦C. Samples were then cut
using a microtome blade to approximately 2 × 8 × 8 mm
and then immersed in CUBIC Reagent 1A at 37◦C for
3 days, with replacement of CUBIC Reagent 1A every 24 h.
Samples were then washed 3 times for 1 h in PBS and
then permeabilised with DeepLabel Solution A (DeepLa-
bel Antibody Staining Kit, Logos, Melbourne, Australia
#C33001) for 1 h. Samples were incubated in blocking
solution (5% NGS, 5% αBSA, 0.5% TritonX-100 in PBS)
at 4◦C overnight. Subsequently, tissue slices were incu-
bated with primary antibodies: mouse anti-SERCA2 (1:50,
Invitrogen, Melbourne, Australia #MA3-919), rabbit anti-
myomesin 2 (MYOM2; 1:25, Sigma-Aldrich, Melbourne,
Australia #HPA001765), rabbit anti- cluster of differentia-
tion 31 (CD31; 1:50, Abcam,Adelaide, Australia #ab281583),
andmouse anti-alpha smooth muscle actin (α-SMA; 1:100,
Sigma-Aldrich, Melbourne, Australia #a5228), diluted in
DeepLabel Solution B or incubation buffer (0.5% NGS,
0.5% αBSA in 0.01% Triton X-100 PBS) for 72 h at RT on
a shaker. Samples were then washed 3 times for 30 min
with DeepLabel Washing Buffer and then incubated with
secondary antibodies goat anti-mouse StarGreen (1:100,
Abberior, Göttingen, Germany #STGREEN-1001), goat
anti-rabbit Alexa Fluor 594 F(ab’)2 (1: 200, Invitrogen,Mel-
bourne, Australia #A-11072) for 2 days on a shaker shielded
from light. Tissue was then washed 3 times for 5 min with
DeepLabelWashing Buffer, and then incubated with DAPI
in PBS for 1 h. Tissue was subsequently washed 3 times for
1 h with DeepLabel Washing Buffer and then cleared with
X-Clarity (DeepLabel Antibody Staining Kit, Logos, Mel-
bourne, Australia #C33001) for 1 h. X-Clarity was replaced
with fresh X-Clarity and incubated for at least 1 h prior to
imaging.

2.2.5 Affimer synthesis

Affimers targeting the calponin homology (CH) domain
of α-actinin-2 were generated as previously described.24
Affimer proteins were then fluorescently conjugated as
previously described.25 Briefly, fluorophore labelling of
Affimers was performed following elution from the Ni-
NTA column. Affimers were diluted to 1.0 mg/mL in
PBS before undergoing cysteine activation by incubation
with immobilised TCEP (tris(2-carboxyethyl)phosphine)
resin (Thermo Fisher) for 1 h at RT. Following this, the
sample was clarified at 1000 rpm and the supernatant
was extracted and then 100 µM Maleimide-fluorescent

dye stock (STAR 580-maleimide, Abberior, Göttingen,
Germany) was added for 2 h at RT. The reaction was
then quenchedwith 1% (v/v) β-mercaptoethanol for 15min
at room temperature. Finally, an equal volume of 80%
glycerol was added, and samples were stored at −20◦C.

2.2.6 Epi-fluorescence microscopy

LV tissue stained for IHC was imaged using a Leica Thun-
der 3D Imager (Leica Microsystems). Images were first
acquired using a 10× objective (HC PL FLUOTAR, 0.32
NA) via tile-scanning with a 10% overlap. Adjacent tiles
were then stitched together using the inbuilt Leica LASX
software. Bulb power and exposure time were maintained
across all experimental comparisons and samples. Samples
were excited at 479 nm with 50% bulb power for 200 ms,
and the emission was collected between 507–531 nm.

2.2.7 Confocal microscopy of slide-mounted
samples

LV tissue stained for IHC was imaged using a Leica TCS
SP8 STED 3× microscope (Leica Microsystems, Australia)
in confocal mode. Images were acquired using a 93× glyc-
erol objective (HC PL APO, 1.30 NA, #11506417). The
fluorophores were excited using either an ultraviolet (UV)
laser for DAPI or a tuneable white light laser (WLL). Laser
power, laser lines and spectral filters for photomultiplier
tubes (PMT) and hybrid detectors (HyD) were config-
ured as follows: DAPI (UV(0.5%), 405ex/416-574em, PMT),
StarGreen (WLL(35%), 493ex/503-591em, HyD), Alexa Fluor
594 F(ab’)2 (WLL(21%), 590ex/600-633em, HyD), Abbe-
rior STAR580 (WLL(21%), 590ex/600-633em, HyD), Alexa
Fluor 594 (WLL(21%), 590ex/600-633em, HyD), WGA-
647 (WLL(7%), 650ex/660-781). Images were captured at
Nyquist sampling rates and thus to prevent oversampling,
axial z-step size varied in accordance with the fluorophore
of interest. Thus, for all the slide-mounted confocal images
using the StarGreen antibody, the axial z-step size was set
to 0.16 µm. For slide-mounted samples utilising either the
Alexa Fluor 594 or AberriorStar580, the step size was set
to 0.18 µm. An acquisition speed of 400 Hz accompanied
by averaging of 3 line scans was used to acquire images
throughout all experiments.

2.2.8 Confocal imaging of CUBIC cleared
samples

CUBIC cleared and IHC stained LV tissue were imaged on
glass-bottomed petri dishes (Ibidi, Melbourne, Australia
#81158) using a Leica TCS SP8 STED 3× microscope set to
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TAPER et al. 5

confocal mode. The fluorophores were excited using either
anultraviolet (UV) laser forDAPI or a tuneableWLL. Laser
lines and spectral filters for PMTs and HyDs were config-
ured differently depending on the experiment, for imaging
SERCA2 and MYOM2 the following settings were used:
DAPI (UV (56%), 405ex/415-518em, HYD), StarGreen (WLL
(56%), 493ex/509-592em, HYD), Alexa Fluor 594 F(ab’)2
(WLL 56%), 590ex/600-676em, HYD). For imaging vascular
markers CD31 and α-SMA, the laser intensity was lin-
early increased to reduce the depth-dependent reduction
in fluorescence over 290 microns and used the follow-
ing settings: DAPI (UV (25-53.2%), 405ex/415-518em, HYD),
StarGreen (WLL (27.3-49%), 493ex/509-592em, HYD), Alexa
Fluor 594 F(ab’)2 (WLL 8.7-18.5%), 590ex/600-676em,HYD).
An acquisition speed of 400Hzwas used to acquire images
with 3 line averaging. Axial z-step size was set to 1 µm
for imaging shown in Figure 5, and 2 µm for imaging as
presented in supplementary Figure 4.

2.2.9 Data analysis

To quantify the fluorescence intensity of low magnifica-
tion images in human LV tissue samples, we manually
performed various image processing steps using FIJI (FIJI
is just ImageJ, Version: 2.14.0/1.54f), applied equally to
all samples. Initially, nonspecific background fluorescence
was subtracted from the images. Subsequently, the images
were thresholded to quantify between defined maxima
and minima values to outline the sample and eliminate
any artefacts from the quantification. Finally, the mean
fluorescence intensity was obtained from the thresholded
region and was derived using FIJI’s inbuilt plugins. For
each experiment, samples were imaged once and the sam-
ple with the median fluorescence intensity of each group
was selected as the representative image. The number
of images analysed per experiment are detailed in the
corresponding figure legends.
To quantify the fluorescence intensity across the orthog-

onal projections of the confocal images, we first captured
z-stacks of representative areas. Then, taking the orthog-
onal view, we selected representative regions within each
image before using the inbuilt FIJI plugins to plot an
intensity profile across the selected region.
Maximum intensity projections were created using

FIJI’s inbuilt plugins. For each projection, a z-stack of the
same distance was defined and maintained throughout an
experiment.
Data were plotted as standard error of the mean (SEM)

and statistically analysed using a one-way analysis of vari-
ance with a Tukey’s multiple comparisons post-hoc test.
Analysiswas performedusingGraphPad PRISMversion 10
(GraphPad Software, San Diego, CA, USA). Figures were

created with Adobe Illustrator (Adobe Systems Incorpo-
rated, San Jose, CA, USA).

3 RESULTS

During IF of human tissues, considerable unwanted and
misleading variation can be observedwithin the same sam-
ple, leading to false positives and negatives. To assess these
effects during IF of healthy donor human LV tissue, we
examined the interexperimental (technical replicates, per-
formed on separate days) and intraexperimental (technical
replicates, performed on the same day) variability. During
these experiments, we fixed samples for 15 min with neu-
tral buffered formalin (NBF). This incubation time period
was chosen as it falls within the range of 10–30 min seen
in the literature.26–28 Then, we immunostained for sarco-
/endoplasmic reticulum calcium ATPase (SERCA2), a
target known to have homogeneous expression throughout
the healthy LV.29
Using this approach, our results show inter- and

intravariability, both visually (Figures 1A and S1A) and
quantitatively (Figure 1B). Notably, the intraexperimental
variability is less than the interexperimental variabil-
ity (Figure 1B). Collectively, these findings highlight the
importance of only comparing IF experiments conducted
on the same day/batch and providing technical replicates
to improve accuracy.
To determine the effects of different fixation protocols

we performed IF of human LV using NBF, acetone and
methanol, for 10, 20 or 30 min. Fixation with acetone
increased fluorescence intensity compared to alternative
fixatives (Figure 2A and B) but also increased artefac-
tual staining, visible when viewed at high magnification
(Figure 2C and D). Conversely, fixation with methanol
resulted in the lowest mean fluorescence intensity rela-
tive to alternative fixatives (Figure 2A and B), while no
method, influenced the fluorescence seen in the no pri-
mary control (Figure S1B and C). Although NBF-fixed
samples, showed a decreased mean fluorescence intensity
relative to acetone fixation, images were relatively free of
artefacts, with expected SERCA2 localisation between sar-
comeres (Figure 2).30 Due to this observed improved image
quality coupled with the relatively low compromise in flu-
orescence intensity, these results suggest NBF fixation is
the preferred fixation method for human LV IF. Further-
more, there were no detectable differences associated with
fixation time.
We next assessed the effect of primary antibody incu-

bation at different temperatures: 4◦C (control, overnight),
room temperature (RT, 3 h) and 37◦C (3 h). These results
showed that incubating primary antibodies at 37◦C signif-
icantly increased fluorescence intensity compared to the
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6 TAPER et al.

F IGURE 1 Intra- and interexperimental variability in immunofluorescence staining of healthy human left ventricle (LV) tissue.
Snap-frozen LV sections (15 µm) from a healthy human donor were fixed with neutral buffered formalin (NBF) for 15 min and then incubated
in sarco-/endoplasmic reticulum calcium ATPase (SERCA2) primary antibody overnight at 4◦C. (A) Representative immunofluorescence
images of the sample, subjected to the same protocol across four distinct experiments conducted on different days (columns), illustrating
interexperimental variability. Each column displays 3 technical replicates (median results), illustrating the intraexperimental variability. (B)
Quantitative analysis of mean fluorescence intensity in arbitrary units (a.u.) across the four experiments, technical replicates (n = 4–6) are
displayed as open circles. Data were presented as mean ± SEM. Scale bar, 1000 µm.

4◦C group (Figure 3A and B). Conversely, incubation at RT
was not significantly different from control. Further analy-
sis of the immunostaining quality at higher magnification
illustrated that 37◦C did not introduce artefacts and pro-
duced similar immunostaining patterns as observed in the
control (Figure S2).
Next, we performed experiments to explore the poten-

tial utility of using techniques derived from thick or whole
organ tissue immunofluorescence imaging on thin tis-
sue sections. Specifically, we sought to assess whether
DeepLabel reagents could enhance antibody penetration
in 15 µm sections. Using this approach, we observed
an improvement in antibody penetration in DeepLabel-
treated samples relative to untreated controls, as seen in
the orthogonal projections and fluorescence intensitymea-
surements along the z-axis (Figure 4A and B). Importantly,
treatment of human LV with DeepLabel did not result in
artefacts. This finding illustrates DeepLabel can improve
antibody penetration in human LV tissue sections.
We also investigated the effect of different methods

that aimed to enhance antigen-labelling depth in tissue
sections. Specifically, we utilised (1) a primary antibody for
the Z-disc marker α-actinin-2 with a fluorescent secondary
antibody (control), (2) the same primary antibody with a
fragmented fluorescent secondary antibody F(ab’)2, and

(3) a fluorescent targeting α-actinin-2. The stoichiometry
of fluorophores linked to Affimers and secondary antibod-
ies differs significantly; Affimers are conjugated with a
single fluorophore, whereas secondary antibodies are con-
jugated with multiple fluorophores. Additionally, multiple
polyclonal secondary antibodies (used during these exper-
iments) can bind to the same primary antibody, leading to
further signal amplification and varying signal intensities
(Figure S3A). To account for these differences and to
provide an objective comparison of antibody penetration
depth across samples, we maximised image brightness
while avoiding pixel saturation at z= 1.5 µm for all samples
(Figures 4C and D and S3B). Our findings revealed that
the fragmented F(ab’)2 antibody increased signal intensity
(Figure 3A) and enhanced labelling depth compared
to the regular secondary antibody (Figures 4C and D
and S3B). However, while the Affimer-treated samples
demonstrated the deepest antigen labelling (as shown in
Figures 4C and D and S3B), they exhibited a comparatively
weaker fluorescence signal (Figure S3A). In contrast, sam-
ples stained with the conventional and F(ab’)2 secondary
antibodies displayed high initial signals that diminished
with increased depth (Figures 4C and D and S3). These
results suggest that both F(ab’)2 and Affimers are effective
in improving the visualisation of deeper structures in
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TAPER et al. 7

F IGURE 2 Tissue fixation methods effect immunofluorescence staining of healthy human left ventricle (LV) tissue. Snap-frozen LV
sections (15 µm) from a healthy human donor were fixed with neutral buffered formalin (NBF) for 10, 15, 20 or 30 min, −30◦C acetone for 10,
20 or 30 min, or −30◦C methanol for 10, 20 or 30 min and then incubated in sarco-/endoplasmic reticulum calcium ATPase (SERCA2)
primary antibody overnight at 4◦C. (A) representative (median) immunofluorescence images from experiments comparing different fixatives
(columns) for different fixation durations (rows). Control fixation = 15 min NBF. (B) Quantitative analysis of mean fluorescence intensity in
arbitrary units (a.u.) across each fixative and duration, technical replicates (n = 4–6) are displayed as open shapes, data presented as mean ±
SEM. (C) High-magnification image of SERCA2 (grey/magenta) and wheat germ agglutinin (WGA) (grey/yellow) staining in a control
sample. (D) High-magnification image of 10-min acetone fixed sample stained with SERCA2 and WGA. Scale bar A = 1000 µm, C, D = 10 µm.
z-stack thickness 7 µm.

conventional immunofluorescence studies, with each
method presenting distinct advantages in terms of
labelling depth and signal intensity.
Thick tissue sections can provide crucial insights into

the three-dimensional tissue architecture and cellular
distribution to a greater degree than thin tissue sections,
thus enabling a more comprehensive understanding of
the spatial relationships within the tissue. Despite these
advantages, obtaining high-quality images from thick tis-

sue sections is challenging. The primary challenges are the
inability of antibodies sufficiently penetrate the tissue and
the increased light scattering that accompanies thicker
tissue. Thus, following the findings in thin tissue sec-
tions, we investigated whether DeepLabel could improve
antibody penetration in thick (approximately 2–3 mm)
optically cleared (CUBIC) human LV tissue fragments
(Figure 5A). DeepLabel-treated samples exhibited com-
parable staining patterns to that observed in thin tissue
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8 TAPER et al.

F IGURE 3 Primary antibody incubation temperatures effect immunofluorescence staining of healthy human left ventricle (LV) tissue.
Snap-frozen LV sections (15 µm) from a healthy human donor were fixed with neutral buffered formalin (NBF) for 15 min and incubated in
sarco-/endoplasmic reticulum calcium ATPase (SERCA2, grey) primary antibody overnight at 4◦C (control), 3 h at room temperature (RT) or
3 h at 37◦C. (A) Representative (median) immunofluorescence images, scale bars = 1000 µm. (B) Quantitative image analysis of the mean
fluorescence intensity in arbitrary units (a.u.), technical replicates (n = 6) represented as open shapes, error bars presented as mean ± SEM
and statistically analysed by a one-way analysis of variance with a Tukey’s multiple comparisons test (*p < 0.05, ns = not significant).

sections (Figure 5B). Penetration of antibodies was
improved by DeepLabel and is demonstrated with
the orthogonal views (Figure 5B). In addition to car-
diomyocytes markers SERCA2 and MYOM2, we also
compared antibody penetration of endothelial marker
cluster of differentiation 31 (CD31) and smooth muscle
cell/myofibroblast marker α-smooth muscle actin (αSMA)
(Figure S4). Consistent with the results observed for
SERCA2 and MYOM2, we observed improved antibody
penetration with DeepLabel (Figure S4). No primary
controls confirmed the specificity for all our antibodies
with and without DeepLabel (Figure S1C and D). These
findings establish that LV tissue fragments can be utilised
to perform immunostaining and that DeepLabel can
enhance antibody penetration.

4 DISCUSSION

In this study, we systematically compared IF techniques
using donor human cardiac tissues with the aim to
improve biological reproducibility, increase fluorescence
signal, and minimise artefacts. We first demonstrated sig-
nificant intra- and interexperimental variability, demon-
strating the importance of conducting IF experiments
within the same batch and including technical replicates

to improve accuracy. We next showed that fixing frozen
LV tissue for 15 min with NBF generated artefact-free and
sufficient fluorescent signal as compared to other fixa-
tion methods. Moreover, our findings indicated that anti-
body incubation at approximately human body tempera-
ture improved fluorescence intensity without introducing
artefacts, compared to the conventional 4◦C incubation.
Finally, we investigated tools and reagents to promote
antibody penetration and labelling depth. This showed
that antibody and label penetration were improved by
DeepLabel, fragmented antibodies and Affimers. Collec-
tively, these optimised conditions established a systematic
approach for IF imaging in human cardiac tissue.
Variations in immunostaining intensity between differ-

ent slides and batches represent potential sources of exper-
imental error, with previous studies showing a clear inter-
and intraexperimental variability in IHC staining.10–12
However, to the best of our knowledge such variation
has not been shown in human LV tissue staining. Thus,
using the abundantly and homogeneously expressed car-
diomyocyte marker SERCA2,29,31 we showed while there
is intraexperimental variability (same sample, same batch)
in staining intensity, it is less than the interexperimental
variation (same sample, different batch) that we observed.
A potential explanation for the observed interexperimen-
tal variation is the length of the IHC protocol introduces
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TAPER et al. 9

F IGURE 4 DeepLabel, fragmented antibodies and Affimers improve penetration in healthy human left ventricle (LV) tissue sections.
Snap-frozen LV sections (15 µm) from a healthy human donor were fixed with neutral buffered formalin (NBF) for 15 min and processed ±
DeepLabel. Samples were then incubated with antibodies targeting either sarco-/endoplasmic reticulum calcium ATPase (SERCA2) or
α-actinin-2, or with Affimers targeting α-actinin-2, overnight at 4◦C. (A) Representative maximum intensity projections of SERCA2 ±
DeepLabel (scale bar = 20 µm), adjacent to each image is its corresponding orthogonal (YZ) projection (scale bars = 5 µm). (B) Signal intensity
profiles of SERCA2 ± DeepLabel in arbitrary units (a.u.) across the YZ-axis. (C) Representative maximum intensity projections for antibody,
F(ab’)2 and Affimer experiments targeting α-actinin-2 (scale bar = 20 µm), adjacent to each image is its corresponding orthogonal (YZ)
projection (scale bars = 5 µm), brightness and contrast were optimised to the z = 1.5 µm slice of each sample and propagated through each
z-stack. (D) Normalised signal intensity profiles in arbitrary units (a.u.) of antibody, F(ab’)2 and Affimer targeting α-actinin-2 across the
YZ-axis. Signal intensities were normalised to the maximum fluorescence intensity of each YZ projection. All images are representative of 6
technical replicates. z-stack thickness = 9 and 15 µm for images in A and C.

numerous opportunities for error together with small
environmental differences in laboratory temperature and
humidity. Therefore, our results show that staining all
slides for an experiment on the same day and averaging
multiple technical replicates for consistency is recom-
mended.
Fixatives play a crucial role in immunofluorescence

studies by stabilising the tissue architecture and pre-
serving the native arrangement of proteins.4 Importantly,
different fixatives preserve the cellular and subcellular
architecture through different mechanisms, which can

result in differences in tissue preservation and over-
all staining.4 Thus, the choice of fixative affects not
only the structural integrity of the tissue sample, but
also the accessibility and presence of antigens during
immunostaining.4 Studies have demonstrated that fixing
rat cardiac myofibroblasts and mouse skeletal muscle tis-
sue with acetone or methanol, which precipitate proteins,
can preserve the antigenicity of proteins more effectively
than aldehydes.32,33 However, acetone and methanol have
also been found to disrupt membrane integrity in MDCK
cells, MCF-7 cells and liver sinusoidal endothelial cells,
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10 TAPER et al.

F IGURE 5 DeepLabel improves visualisation of optically cleared healthy human left ventricle (LV) tissue fragments. LV fragments
underwent CUBIC clearing ± DeepLabel and immunostained with antibodies targeting sarco-/endoplasmic reticulum calcium ATPase
(SERCA2, grey/magenta), myomesin-2 (MYOM2, grey/yellow), and 4’,6-diamidino-2-phenylindole (DAPI, cyan). (A) Representative photo of
control (uncleared) versus CUBIC cleared LV fragments (scale bars = 5 mm). (B) Representative confocal images of CUBIC cleared LV
fragments ± DeepLabel (XY scale bar = 50 µm, orthogonal projections scale bars XZ = 50 µm and YZ = 20 µm respectively). Insets of regions
in (B, CUBIC + DeepLabel) indicated by yellow rectangle (scale bars = 10 µm). Each image is representative of 5 technical replicates. z-stack
thickness = 52 µm.

leading to redistribution and removal of proteins and
lipids from the cytosol.3,34,35 Our findings are therefore
in agreement with previous work as we have shown that
fixing with methanol results in a lower fluorescence sig-
nal, which would be consistent with the extraction of
protein from the tissue. Additionally, fixing with acetone
may enhance SERCA2 antigenicity while it may also dis-
rupt membrane integrity and lead to the redistribution
of SERCA2, resulting in our observed artefactual stain-

ing. In contrast, we showed that NBF, which fixes tissue
by creating intra- and intermolecular cross-links between
side chain amino groups, yielded adequate and charac-
teristic SERCA2 staining.30,36 The cross-linking activity
of NBF anchors proteins in their native location without
perturbing cellular organelles thus resulting in the charac-
teristic SERCA2 staining pattern, a finding consistent with
numerous studies demonstrating that formalin sufficiently
preserves most proteins.27,36 A caveat of NBF is that the
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TAPER et al. 11

formation of cross-links can mask epitopes of target
antigens and thereby reduce antigenicity which is a com-
mon limitation encountered in formalin-fixed paraffin-
embedded tissue, and may account for the marginally
lower fluorescence signal observed in the NBF-treated
group relative to acetone.36 These findings highlight
the effect of fixation on the quality and intensity of
immunofluorescence staining and further illustrate the
importance of selecting an appropriate fixative to preserve
your target of interest.
Historically, primary antibody incubation temperatures

of 4◦C or room temperature (approximately 21◦C) have
been employed for IF/IHC.37 Our findings indicated that
incubating healthy human donor LV thin tissue sections
with primary antibodies at 37◦C (a temperature similar
to physiological mammalian core body temperatures38)
enhanced the fluorescence signal. This is consistent with
work conducted using thick tissue sections.13,39–44 Specif-
ically, studies using intraaxonal and astrocytic markers
conducted on free-floating skin, peripheral nerve and
spinal cord thick tissue sections has demonstrated that
incubation at 37◦C can improve immunofluorescence
staining by increasing the intensity and contrast of bio-
logical structures.13 Additionally, protocols designed for
immunostaining optically cleared thick tissue sections or
entire organs, such as iDISCO, CUBIC, ScaleS and Clar-
ity, also routinely employ antibody incubations at 37◦C in
order to improve antibody penetration and staining.39–44 A
possible explanation for this improvement is that incubat-
ing primary antibodies at 37◦C facilitates antibody-antigen
interactions by increasing antibody kinetic energy and
thereby the mobility of antibodies.13,45 This would be con-
sistent with work conducted on the mouse brain which
demonstrated that incubation at 37◦C improved the dif-
fusion of FITC-conjugated dextran, relative to incubation
at 4◦C.45 These results emphasise the importance of anti-
body incubation temperatures on immunofluorescence
staining and further illustrate that techniques or concepts
employed in thick tissue staining are also beneficial for
IHC protocols in thin cardiac tissue sections.
Antibody penetration is critical for optimal imaging of

deep structures within tissue sections. This can be chal-
lenging in dense cardiac tissue as traditional antibody
staining techniques are unable to penetrate and label deep
into the tissue.46 To address this problem, we compared
F(ab’)2 and Affimers to traditional antibodies, showing
their superiority for deeper visualisation of cardiomyocyte
structures. Our findings that Affimers (∼10-12 kDa) pen-
etrate the deepest, followed by F(ab’)2 (∼110 kDa) and
finally conventional antibodies (∼150 kDa), are consis-
tent with the understanding that penetration depth is
inversely proportional to the size of the probe.17,19,20,47
This has been previously demonstrated using nanobod-

ies, which are similarly small antibodies (∼10–15 kDa)
that certain cartilaginous fish and camelids naturally
create.17,18 Additionally, due to their smaller size, Affimers
and F(ab’)2 also provide improved resolution as they are
closer to the target of interest.18 These findings indicate
that smaller probes, such as fragmented antibodies and
Affimers, enable deeper labelling of subcellular structures
compared to regularly employed secondary antibodies in
LV tissue. Thus, smaller probesmay enable improved visu-
alisation and characterisation of subcellular structures of
LV tissue.
In our experiments, treating samples with DeepLa-

bel increased the antibody penetration of all markers
in both thin and CUBIC optically cleared thick tissue
fragments. While the finding that DeepLabel improves
antibody penetration in thick tissue sections has been
previously described,16 its similar effect on thin cardiac tis-
sue sections, as shown here, is an important finding as
it illustrates another means of improving labelling depth
in conventional microscopy. Interestingly, we found that
the antibodies against MYOM2 and SERCA2, abundantly
expressed proteins in cardiomyocytes, exhibited less tissue
penetration than antibodies targeting the vascular mark-
ers CD31 and α-SMA. These findings are consistent with
the notion that antibody penetration is inversely related
to the concentration of the target epitope, which has
been previously demonstrated.42 Additionally, the increase
in penetration of the vascular markers may have been
facilitated by the vessel lumen that may provide a tubu-
lar system that reduces antibody diffusion requirements.
These findings underscore the potential of DeepLabel
as a tool for enhancing antibody penetration in cardiac
tissue, which is particularly useful for high-resolution
three-dimensional bioimaging.
Given that this study only utilised fresh-frozen LV

tissue for its optimisation, the generalisability of these
findings to other section types used for IHC, including
paraffin-embedded sections, may be limited. Similarly, the
generalisability of our results directly to diseased heart tis-
sue, such as infarcted tissue, may be limited as the current
workflow may not adequately address the heterogeneous
necrotic areas and increased extracellular matrix deposi-
tion. Further studies need to be undertaken to explore
the distinct demands of each of these states. Additionally,
the use of a single sample, although minimising biological
variability, limits our ability to assess the reproducibility of
our findings across different age ranges and demograph-
ics. Other limitations include that the study did not extend
itself to all variables of the IHC protocol, such as alterna-
tive permeabilisation and blocking methods which could
significantly influence antibody accessibility and binding,
and thus will be explored in future studies. Notwithstand-
ing these limitations, this study showcases a variety of

 13652818, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/jm

i.13336 by T
est, W

iley O
nline L

ibrary on [02/09/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



12 TAPER et al.

approaches that may be undertaken to improve the quality
of microscopy images.
In conclusion, this study has made significant find-

ings that contribute to the optimisation of IF techniques
for fresh-frozen cardiac tissue, improving biological repro-
ducibility, increasing fluorescence signal, and minimising
artefacts. This study demonstrated the significant exper-
imental variability in fluorescence staining of human
LV tissue and two enhancements including fixation and
incubation temperatures, as well as various methods to
improve antibody penetration and labelling depth. Col-
lectively, these findings contribute to a more accurate
visualisation of the intricate 3D architecture of the human
myocardium, thus providing cardiac researchers with eas-
ily accessible alternative IF protocols for improved imaging
and analyses.
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