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Spatial biology offers unprecedented insights into the complex organization of cells
and tissues within their native environments. By preserving and analyzing the
spatial context of biological molecules, this field illuminates how cellular location
and interactions influence function, development and disease progression. This
eBook explores spatial biology techniques, from spatial transcriptomics to
proteomics, with key content from BioTechniques’ digital hub and Taylor & Francis
journals.
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Achieve Precision Excellence
in Lab Weighing
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balances, designed to deliver unparalleled precision in everyday conditions.
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Spatial biology: a collaboration between the biological
sciences and information technologies

The first patent for spatial biology was filed in 2000 for a technique
called Spatial Analysis of Genomic Activity (SAGA), which received a US
patent in 2009. This technique dates back to the 1990s and the launch
of the Visible Embryo Project (VEP) [1], which Mike Doyle (now the Vice
President of Research at the New Mexico Institute of Mining and
Technology, NM, USA) created and led for over 15 years. Here, Mike
shares how the VEP led to the advent of spatial genomics and considers

the computational advancements that were needed to manage the

large datasets required for spatial biology.

What is spatial
genomics?

Spatial biology and spatial genomics refer to
the study of biological functions and gene
expression within their multi-dimensional
structural context. This allows us to see
where exactly within a tissue or organ
certain functions or genes are active.

biology and spatial

Spatial biology is just one part of a newly
emerging field called spatial science, a field
that finds its roots in the development of
Geographic Information Systems. The use of
spatial science in a variety of fields has
enabled researchers to better understand
the natural world and to develop new
technologies and treatments that can
benefit society. These datasets are often
highly dimensional and complex, making
them difficult to analyze and extract useful
information from. However, the potential of
these datasets for addressing critical
scientific questions is enormous, and the
need for new tools and resources for their
capture, management, exploration and
analysis has become increasingly urgent.

Prior to the rise of

spatial
researchers could either investigate the
biological functionality of specimens or

biology,

examine their detailed morphological
structures, but they could not do both
simultaneously. It's reminiscent of a

biological version of the Heisenberg
Uncertainty  Principle:  observing  the
functional aspects of a sample

compromised the ability to observe its
intricate structural details, and studying the
structural details would destroy the ability to
observe the physiology.

It is only by visualizing the exact spatial
distribution of function-correlated signals
within the morphological context of the
tissue where these functions occur that
researchers can start to decode the intricate
spatial interrelationships present in both
normal and abnormal biological states.
Spatial biology has made this possible.

Could you tell me about the VEP?
In the early 1990s, | was appointed to the
oversight committee for a novel initiative by

www.biotechniques.com



the National Library of Medicine (MD, USA) —
the Visible Human Project. This project’s
objective was to generate an extensive,
nationally accessible resource of ultra-high-
resolution 3D imaging data on adult human
anatomy. | found the prospect of working
with such data intriguing. However, it was
understood that it would be a few years
before any data from the Visible Human
Project would be accessible.

Not wanting to wait for the Visible Human
Project data, | began seeking other sources
of high-resolution 3D images of human
anatomy. | came across the Carnegie
Collection of Human Embryology at the
National Museum of Health and Medicine
(Washington DC, USA). The collection
consisted of around 650 human embryos, all
meticulously sectioned and preserved on
slides, which were located at the museum.

This collection bore a striking resemblance
to images | had worked with in a project on
embryo reconstruction | had initiated during
my graduate studies. | realized that if | could
devise a way to digitize these sections and
reconstruct them in 3D, | would effectively
have an image dataset similar to 650 Visible
Human Projects. | contacted Adrianne Noe,
the Director of the Human Developmental
Anatomy Center at the museum, which had
recently acquired the collection. She was
very excited about the potential of such a
venture, prompting me to start creating the
necessary tools. Over the following year, Noe
and | collaborated on crafting a plan for a
large multi-institutional project we called
the VEP.

The VEP was initiated with an ambitious aim
to deliver real-time 3D visualizations of large
high-resolution embryo datasets over the
internet, creating a comprehensive online
digital archive of multidimensional data on
normal and abnormal human development.
The motivation was to provide an online
interactive environment that would allow
researchers from around the world to
explore the details and dynamics of
embryonic development.

But, through this project, we learned that the
scope of biological research can be
expanded exponentially by creating and
incorporating new technological advances.
These advances enabled the integration of
both functional and structural information in
a way that could provide a comprehensive
and interactive new paradigm for exploring
biological phenomena.

The biggest lesson? The promise of
technology, when wielded thoughtfully, can
reshape our understanding of biology in
profound ways.

What techniques did you use in the VEP?
We used the first system for spatial biology,
which we named SAGA, for Spatial Analysis
of Genomic Activity. This involved the basic
steps of generating a 3D morphological
rendering of a tissue sample, subsampling
the tissue along a regular grid pattern,
barcoding each  subsection sample,
analyzing each sample for gene expression
and then mapping the gene expression data
back onto the morphological rendering of
the tissue.

www.biotechniques.com



Various methods could be wused to
accomplish the tissue subsampling. One
example we showed involved using sets of
alternating serial sections, staining one set
for microscopic imaging and using the
alternating set for what we called ‘tissue
rasterization’. This involved incising a regular
grid pattern across each tissue section using
a laser, and then robotically isolating each
square of the grid (each subsample), to a
uniquely coded isolation tube for lysis and
further processing. Each tube would be
barcoded to indicate the x,y,z tissue space
coordinate of the original morphological
matrix location of the sample.

Each subsample would then go through RNA
amplification using reverse transcription,
PCR and <cDNA microarray analysis.
Computer-based image acquisition,
processing and analysis would then be used
to quantify the strength of fluorescent
signals from the microarrays and the
resultant gene expression data would be
mapped onto the original morphological
matrices of image data. The resultant
expression-annotated spatial
reconstructions could then be used to
elucidate biological function, multiplexing
the visualization of the expression activity of
an enormous number of genes within
individual morphological reconstructions.

Together with my three SAGA co-inventors,
Maury Pescitelli  (University of lllinois
Chicago, IL, USA), Betsey Williams (Harvard
University, MA, USA) and George Michaels
(George Mason University, VA, USA), we filed
the first provisional US Patent application for

this system on July 28, 2000. The related
patent was eventually granted on November
3, 2009 (7,613,571). [2] The patent described
the first system for multidimensional
mapping of gene expression within tissue
morphological context — a concept we
dubbed ‘Spatial Genomics'. The SAGA patent
specification described the foundation for
what later became known as spatial
transcriptomics and laid out a roadmap for
others to follow in the future.

Were there any technological challenges in
collecting and storing such large quantities
of data in the 90s?

During the project, we had to innovate and
develop entirely new technologies to
overcome limitations, creating tools where
none existed before. For instance, we
created a unique web browser that allowed
for interactive applications to be embedded
directly into web pages. This enabled users
to easily access and interact with our
complex datasets, even from extremely low-
powered personal computers over dial-up
connections. We also created the first web
cloud architecture, a concept that was over
15 years ahead of its time, to manage and
process the large and complex datasets of
the project.

This was driven by the challenge of the vast
size of the VEP datasets, and the
computational complexity required for users
to interactively explore the data. The PCs of
the early '90s, significantly less powerful
than today’s machines, stood no chance of
managing the colossal embryo datasets
that our site aimed to deliver. Back in the
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early 90s, the challenges of handling such
large datasets were immense. Personal
computers were not powerful enough, and
internet speeds were extremely slow. To
overcome this, we developed a distributed
architecture system — today known as ‘the
cloud’ — where a part of a large distributed
application would run within the web page
and tap into vast computational server
capabilities located remotely across the
web. This strategy allowed us to bypass the
limitations of the local hardware and handle
our enormous embryo datasets effectively.

The cloud proved to be a crucial resource for
the emergence of spatial biology in the '90s,
and it remains so today. Regardless of the
computing power one can have on a desk,
the ability to tap into the enormous
computational and knowledge resources of
the cloud allows for greater
accomplishments, higher-resolution
reconstructions, more complex analyses
and the ability to address larger research
questions.

How did the VEP lead you to spatial
genomics?

The VEP was the first step towards the
concept of spatial biology as we know it
today. As we started mapping functional
data onto 3D images of embryo specimens,
we realized that we could extend this idea to
a larger scale — to map genomic activity
within a tissue or an organism. This led us to
the concept of spatial genomics where we
combined genomics data with spatial
information, creating a holistic view of gene
expression within the structural context of
tissues.
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Screen capture of the VEP cloud system
from 1994, courtesy of Mike Doyle.

The primary goal of the project, as outlined
in the initial plan, was to develop software
strategies for creating distributed
biostructural databases using state-of-the-
art high-performance computing and
communications (HPCC) technologies and
to apply these tools to construct a
comprehensive digital archive of
multidimensional data on normal and
abnormal human development.

In my lab, one recurring theme was the
construction of biostructural knowledge
bases that could consolidate functional and
structural  information  about  various
organisms. So, from the outset, one of the
primary objectives of the VEP was to find
methods to map biological function data
onto multidimensional images of embryo
specimens, effectively creating a spatial
representation of genomic activity within a
tissue morphological framework.
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The SAGA system was our “Eureka!” moment
for spatial biology. As we mapped functions
onto 3D embryo structures, it was as if a light
bulb went off. Why not expand this? Why not
map gene activity within an entire organism

or tissue? This gave birth to spatial
genomics — a panoramic view of the
expression of tens of thousands of genes,
nestled within their structural homes,
opening the door to a richer understanding
of life’'s complex interplay.

What are some exciting advancements in
spatial genomics in the 23 years since you
filed for the patent?

Over the past two decades, the field of
spatial biology has seen tremendous growth
and innovation, like a flower blooming, each
petal revealing another beautiful layer of
complexity. The emergence of technologies
like single-cell transcriptomics, which break
through the cell-resolution barrier enabling
imaging of subcellular phenomenaq, are
amazing examples. They will certainly
stimulate new waves of research aimed at
understanding  biological  function at
unprecedented levels of detail. | can't wait to
see what fascinating questions this new lens
will help us explore.

Spatial biology’s journey from its origins in
the VEP to the latest advancements has
been a testament to the power of
interdisciplinary collaboration between the
biological sciences and information
technologies.

To move the field forward, at New Mexico
Tech we are leading an effort to establish a
National Center for Spatial Science (NCSS),

which will be a state-of-the-art research
center for the development of high-
performance computational and
algorithnmic tools, resources, applications,
knowledge and training focused on the
advanced analysis of highly dimensional
spatially distributed data across a wide
range of disciplines. The NCSS aims to
facilitate and advance cutting-edge
research that requires analyzing large,
complex spatial datasets and develop novel
methods and techniques for data
acquisition, storage, analysis, access and
visualization, creating synergies that will
benefit all of these fields.

| find myself reflecting on this extraordinary
dance between biology and information
technology that has spanned over two
decades. From its birth in the VEP to the
breathtaking advancements of today,
spatial biology has led to a riveting
symphony of discovery. The upcoming
crescendo, | believe, will unveil even more
remarkable insights about life's intricate
tapestry. Let’s keep the music playing.

Sources

1.Doyle MD, Ang_C, Raju R et al. Processing
of cross-sectional image data for
reconstruction of human developmental
anatomy from museum specimens. ACM
SIGBIO Newsletter 13(1) 9-15 (1993).

2.Doyle MD,_Pescitelli MJ, Williams BS and
Michaels GS. Method and system for the
multidimensional morphological
reconstruction of genome expression
activity, U.S. Patent 7,613,571, application
filed 7/28/2000 (2009).

www.biotechniques.com


https://dl.acm.org/doi/10.1145/163424.163426
https://dl.acm.org/doi/10.1145/163424.163426
https://dl.acm.org/doi/10.1145/163424.163426
https://dl.acm.org/doi/10.1145/163424.163426
https://dl.acm.org/doi/10.1145/163424.163426
https://patents.google.com/patent/US7613571
https://patents.google.com/patent/US7613571
https://patents.google.com/patent/US7613571
https://patents.google.com/patent/US7613571
https://patents.google.com/patent/US7613571
https://patents.google.com/patent/US7613571

...........

analysis

Jeremy Goecks is the Assistant Center Director for Research Informatics
at the Moffitt Cancer Center (FL, USA), where he is also an Associate
Faculty Member in the Department of Machine Learning. Jeremy's
computational research lab leads the development of machine
learning-based models for the analysis of spatial omic data.

We caught up with Jeremy at AACR 2024 to discuss his lab’s work, get
best practice tips for collecting and analyzing spatial omic data and
discuss how the field can progress in the future.

What did you present at AACR?

| had two stories that | shared with the
audience. The first covered our publication
detailing the use of spatial omics and
machine learning to understand how a
novel immunotherapy, agonistic CD40,
impacted the tumor microenvironment in
pancreatic cancer. We also used these
approaches to explore how well we could
predict which individuals would respond to
that immunotherapy and have long
disease-free survival and vice versa. The
second story is about how we can develop
software to make it easier to run these types
of complex analyses, whether you're an
experimental or computational investigator.

What were three key takeaways from your
presentation?

Number one is that team science is really
important. The publication that | shared with
the audience was a fantastic collaboration
between myself and several immunologists
at Oregon Health & Science University
including Katelyn Byrne and Lisa Coussens.
The combination of my data science
expertise and their expertise in immunology

Machine learning approaches for spatial omic data

INTERVIEW

was really important in making the project a
success.

Takeaway number two is that there are so
many different things that you can measure
from a single-cell perspective and from a
spatial perspective in these tumors that it's
hard sometimes to know which features are
important. Machine learning is one way that
you can get that information and identify
which features are helping us understand
what's happening with a tumor’s biology.

My lab has demonstrated that machine
learning can be used to identify which
features of the many thousands that you
can measure are important, both for
understanding how the therapy is modifying
the tumor microenvironment and what
features are important for predicting
response.

The third is that these data science
experiments are hard to run and take a long
time. We need to build better software to
accelerate that process, reduce the amount
of time it takes to run these analyses while

www.biotechniques.com



__________

ensuring that they're robust, reproducible
and useful to the scientific community.

What are your best practice tips for getting
the most out of spatial omics data?

One of the first things you need to do is
harmonize all the data and metadata
available. You want to create a dataset
where all the data has been processed in
the same way and has the necessary
associated metadata, so you know if you're
missing anything and exactly where each
data point comes from, including which
patients and at which time points.

From a data science perspective, best
practices focus on reproducible
approaches; whether that's GitHub to store
your code or using automated pipelines to
run your analyses and produce figures. This
means when the time comes to reproduce
that analysis or apply it to a new data set,
you're able to do so, confident that you are
repeating the analysis exactly.

What exciting contributions has your lab
made to spatial omic data analysis?

We are trying to use machine learning to
improve both our ability to predict a
therapeutic response and our
understanding of the underlying biology that
leads to said response. We can interrogate
our models to find out why they made a
specific prediction and identify which
biological features they are using. This
avoids the typical ‘black box’ issue of a lot of
Al models, where they answer a question but
can't explain how they arrived at the answer.

The other major contribution is trying to keep
the models as simple as possible. We use
relatively simple machine learning models

INTERVIEW

but are still able to demonstrate good
performance on our data sets. You don't
always need the most complex algorithms in
order to get the signal out of the data if the
data set is strong.

What can researchers do at the data
generation stage to help improve their
downstream analysis?

| always encourage my experimental
colleagues to make sure that they record all
the elements of their experiment. Everything
from the antibodies and sample IDs to the
particular microscopy focal levels used. All
the metadata that they have available
should, to the best of their ability, be
recorded in a systematic way.

The second thing | think is relatively
straightforward, but it's to try to process all
your samples in the same way. If you
process your samples in the same way, it's
much easier to computationally analyze
them and not worry that there are technical
differences that are coming out in the
analysis rather than the biological
differences that you really want.

If there was one thing you could ask for to
maximize the impact of spatial omics data
in cancer, what would it be?

| would say sharing more of these datasets
widely, from the raw images to the
downstream single-cell omics tables, would
be at the top of my list. Making this data
open would allow other analysts to come
and put their hands on it, to connect it with
other data sets, and these larger data sets
ultimately, | think, is how we will accelerate
cancer research and improve patient care
as a community.

www.biotechniques.com
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The link between spatial biology and lab weighing

Lab balances are essential for spatial biology research. Precise weighing is
crucial for preparing samples, reagents and conducting experiments that
require accurate quantification of biological materials. Lab balances ensure
that these measurements are reliable, which is vital for the integrity of spatial
biology experiments and analyses. Accurate weighing supports the
experimental processes that enable spatial biology research, contributing to
the validity and reproducibility of the findings.

Environmental factors such as static electricity and magnetism can
significantly impact the accuracy of lab balances, leading to potential errors in
measurement. Static electricity can cause fluctuations in weight readings,
while magnetism can influence the balance's sensitivity and stability. These
factors are critical in spatial biology, where precise quantification of biological
materials is essential for reliable data collection and analysis. Understanding
and mitigating these environmental influences ensures the integrity of spatial
biology experiments, thereby supporting the accurate study of cellular
organization and interactions within their native environments.

Read more about the effects of static electricity and magnetism on analytical
weighing in the following resources from Sartorius.
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Effects of Static Electricity on
Analytical Weighing

Introduction

Among the various options for eliminating static electricity during analytical weighing, there are simple, low-cost measures
available. However, due to the current metrological and practical limitations, many of these measures are difficult and time-
consuming to use and are not universally applicable. On the other hand, there are methods that are both powerful and space-
saving, particularly when they are integrated directly into the balance.

Static electricity is a physical phenomenon that is a common occurrence in many areas of our daily lives, and it can have
tremendous significance in industry and all kinds of research and development laboratories. Electrostatic charging of
materials, for instance, in industrial processes and during production sequences or materials analysis can have negative
effects. For example, dosing powders with a spatula or dosing heads risks spreading the substance so it cannot be brought
into the vessel without spilling. Electrostatic discharges can damage electronic equipment and components. Spark
discharges can easily ignite flammable substances in the immediate vicinity, which, for example, can lead to serious accidents.
Thus, millions of dollars are spent around the world on efforts to eliminate electrostatic charges and their associated negative
effects.



Basics of Static Electricity

Static electricity results from friction between two objects
(bodies). This friction process transfers electrons from
objects with a lower work function (donator) to objects

with a higher work function (acceptor), which results in the
production of ions (see Fig.1). A body with excess electrons
takes on a negative charge, while a body lacking electrons
takes on a positive charge. However, this is only a temporary
change in the charge because any excess electrons flow off
of the body once it has a certain conductivity or is grounded.

Friction can occur within the sample itself or between the
sample and container or tare vessel. For example, during
convection in a drying oven, air friction creates a charge

on glass containers, and internal friction of powders and
liquids when they are transferred between containers
creates a charge on particles within that sample. In practice,
itis impossible to avoid friction during the processing or
transport of substances. Thus, electrostatic charging occurs
nearly 100% of the time. Disruptive electrostatic forces

can also occurin the area around the balance, due to the
direct transfer of charge carriers by people moving around the
balance.

Direct Impact on Weighing

All balance manufacturers are called upon to respond to the
problems of weighing substances with electrostatic charges
with appropriate technological solutions. Static electricity
can have a negative effect on either the weighing process
itself or on the results, thus requiring time-consuming
material selection or material handling procedures to
address these effects. In some cases, weighing a material
may be close to impossible due to the build-up of
electrostatic charges during handling. In addition, the
electrostatic properties of some materials may vary as
ambient humidity rises and falls, making the attempt to
weigh it even more difficult. Often, electrostatic phenomena
are worse when the relative humidity falls below 45%-which
is often the case in winter in European latitudes or in air-
conditioned rooms. Therefore, balance users will experience
different conditions from one season to the next or from one
day to the next, making it difficult to reproduce their results.

Electrostatic charging of materials can occur in the following
conditions:

in solids, when the surface resistance of the

material Rs >10 GQ (according to IEC93)

in liquids, with a conductivity of <10 nS/m

in conductive materials that are not grounded

During a weighing operation, the interaction of electrical
charges that have built up on the material being
weighed and the fixed parts of the balance, which are not
conductively connected to the weighing pan, cause this
electrostatic force.

An electric field, thus, builds between the material
being weighed and the fixed parts of the balance. Some
examples of fixed balance parts include the draft shield
or housing parts, such as the balance base plate.

The resulting electrostatic forces can cause load
changes (displayed values) up to the order of a gram. In
practice, a false absolute weight is not the only negative
effect associated with static electricity. Severe drift of
weight readouts and poor repeatability of results are also
serious problems.

Figure 1a:
Schematic illustration of ion creation: When two neutral atoms collide
or experience friction, the body with the lower work function loses an

electron.

_@_

Figure 1b:

The lost electron moves to the body with the higher work function,
and anion is created.The total charge of the atom on the left is positive
(positive ion); the total charge of the atom on the right is negative

(negative ion).

Built up charges flow off slowly via the weighing pan,

so that the resulting forces are not constant over time,
causing drift and poor repeatability. Depending on the
polarity the charge carries, the interaction can be either
repulsive or attractive, meaning the weight results can
deviate both positively and negatively.

Arepulsive interaction occurs when both the charge

on the sample and the ambient charge have the same
polarity (both + or both -) (see Fig. 2). The material being
weighed seems heavier than it actually is.

An attractive interaction, on the other hand, occurs
when the charge on the sample and the ambient charge
have different polarities (one + and one -). An attractive
interaction will, thus, make the material being weighed
seem lighter than it actually is (see Fig. 3).



° |

Figure 2: Repulsive interaction during weighing. When both the weighing

container and the environment are negatively charged, the resulting force

is directed downward (yellow arrow). This makes the sample appear heavier.

Figure 3: Attractive interaction. When the weighing container and the
environment have opposite charges, the resulting force is directed upward

(yellow arrow).This makes the sample appear lighter.

Neutralizing Electrostatic Charges

To eliminate the effects of static electricity on weighing,
keep both the sample and the area around it free of any
charges. One method that has yielded excellent results to
shield the weighing chamber and the weighing pan from
electrostatic fields is to use a fully transparent conductive
coating on all glass elements of the balance draft shield.
All glass draft shields of the Cubis® |l series include this
important feature.

Another solution includes using ionizers and anti-

static pens near the balance (see Fig. 4). This solution
works on the principle of surface neutralization via ion
bombardment. In most situations, surface neutralization
is very effective at reducing charge buildup when it is
helpful to eliminate electrostatic charges on vessels and
samples in the external environment of the balance.

Figure 4: lonizer and anti-static pen

Below-balance weighing can be used forweighing bulky
materials, such as plastic blocks. The sample is secured
using a hanger beneath the weighing pan to take
advantage of the proportional reduction in electrostatic
force that occurs with the square of the distance
between the charge carriers. Of course, this method of
reduction of the influence of electrostatic charges can
also be used while weighing on the weighing pan; any
influence of electrostatic forces on weighing results can
be reduced if the distance between the sample and the
weighing pan is significantly smaller than the distance
between the sample and the fixed parts of the balance
because the weighing pan provides an effective shield.
However, if the opposite is true, electrostatic charges
will still affect the weighing process. Sometimes it is
sufficient to place an object between the sample and
the weighing pan, reducing the forces to the point that
they have no noticeable effect on the weighing result.
For some applications, it is also enough to increase the
shielding effect of the weighing pan. For this purpose,
special pans (Figure 5) with a greater diameter than
standard pans are offered.

Figure 5: Anti-static weighing pan for improved shielding of electrostat-
ic charges from samples. Designed as a perforated disk to reduce its

weight, this pan style is used primarily for weighing filter materials.



Figure 6 shows an example of a specific balance for weigh-
ing filters which uses a Faraday cage (a grounded metal
shield) to solve the problem of electrostatic charges. While
weighing, the weighing pan and an electrically conductive
cover attached to the pan shield the filters completely. This
filter weighing balance is often used to determine particu-

late matter in emission measurements in the automotive in-

dustry or environmental institutes.

Figure 6 : Cubis® Il Micro balance with special draft shield M for weighing

filters of sizes up to 20mm.

Useful Equipment to Avoid Influences of Electrostatic
Charges
Generally, the time needed to neutralize electrostatic

charges depends on the material, surface, and shape of the

sample, as well as the relative humidity in the vicinity of the
balance.

The new Cubis® Il balance offers the Q-Stat ionizer, which is
integrated in the draft shield | of the modular balance series

and eliminates electrostatic charges within a few seconds.

Figure 7: The Cubis® Il motorized automatic draft shield | includes an
ionizer with four jet nozzles for effective elimination of electrostatic

charges.

In the draft shield | of the Cubis® I, four nozzles jets

are positioned in the rear wall (see Fig. 4). The physical
functional principle of these nozzles is Corona Discharge,
a process by which a current flows from an electrode with a

high voltage into the air. Around the very thin needle, the
electric field strength is so high, that the air molecules
are ionized and create a region of plasma around the
electrode. The generated ions pass the charge to areas
of lower potential. After recombination with free charges
they form neutral gas molecules again.

The use of four nozzles in the Cubis® Il balance makes
charge elimination very effective. By using opposite
polarity of the nozzles, a kind of focusing effect in

the area of the weighing pan occurs. This makes the
neutralization of electrostatic charges from sample
containers and substances, for instance, powders, very
effective without disturbing airflows. This prevents errors
from electrostatic forces in the weight measurements.

Moreover, the fully transparent conductive layer on the
draft shield glass panels of this models provide additional
protection from electrostatic fields in the immediate
proximity of the balance. This too ensures stable and
correct weighing results independently of electrostatic
charges.

Figure 8

Cubis® Il supports different applications in which

an elimination of electrostatic charges is essential to
measure very small amount of particles on filters (here
with special holder YSH3O for filter diameters up to
150mm).
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Abstract

Magnetism and electricity are natural phenomena, which have been known since ancient times. In 1820, Danish physicist
Hans Christian Oersted noticed that a compass needle was deflected when held near a wire through which an electric current
flowed. He concluded that a current-carrying conductor is surrounded by a magnetic field that affects the compass needle.
Today, the interaction of electricity and magnetism is explained using an elegant physical theory summed up in the Maxwell
equations.

In the industrial age, the importance and use of magnetism and magnetic materials grew, most notably through the
development of electric motors. Nowadays, it would be hard to imagine life without the benefits of magnetic effects and the
use of magnetic materials; for example, digital data are saved onto magnetic media like the computer hard disk, and electric
motors are beginning to compete with gasoline engines. However, magnetism is an unwelcome phenomenon during
weighing.

Find out more: www.sartorius.com/cubis-ii


http://www.sartorius.com/cubis-ii

How Does Magnetism
Influence Weighing?

Despite the positive benefits of magnetism, it is a rather
unwelcome phenomenon during weighing. Weighing
magnetic materials or magnetizable tare vessels or
samples may destabilize the weight result or compromise
repeatability. For example, when weighing a sample or
vessel containing iron, steel, cobalt, or nickel, users may
see the following effects:

= Weight values are stable, but non-repeatable
= Different values are displayed, depending on the position
of the sample on the weighing pan

These effects may be from one of two causes:

1. If the material to be weighed is magnetized, such as a
stirring rod of a magnetic stirrer, the weight force of the
sample is superseded by the attractive force its magnetic
field exerts on the magnetizable parts of the weighing
chamber or weighing cell.

2.1f the weighing cell is designed on the electromagnetic
force compensation principle, a strong magnet is used in
this system. Despite careful shielding measures of the
magnet, the balance is surrounded by a low residual
magnetic field, and this residual field can influence the
weighing result if interaction occurs with the sample or
vessel.

Figure Tillustrates the field pattern of magnetic or
magnetizable samples. Here, these magnetic forces, and
theirinfluence on the weight result, are strongly dependent
on the orientation of the sample in the field of disruption.
The influence of magnetic forces is stable over time and is
often only detected on the basis of repeated weighing,
because different weight results are generally obtained as a
result of varying the position and orientation of the sample
on the weighing pan. Thus, this factor poses a latent
negative influence on the accuracy of the weighing result.

One simple and effective solution to address the magnetic
influence on weight results is to increase the space
between the material being weighed and the weighing cell.
This works because the magnetic interaction has a
quadratic dependence on the distance from the material
being weighed. The distance can often be increased by
simply placing a piece of glass, wood, non-magnetic metal,
or plastic between the weigh cell and the sample.

Figure 1: Field pattern of magnetic or magnetizable samples

Figure 2: Below-balance weighing for magnetic samples with
an Entris Il precision balance



Figure 3: Cubis® Il micro balance with titanium pan and inner draft
shield parts

If this cannot be done because a bulky material is to be
weighed, the principle of below-balance weighing is
another option (Figure 2). In this case, to increase the
distance between the material and the weighing pan, the
material being weighed is secured underneath the
weighing pan using a hanger designed for below-balance
weighing.

Likewise, if the distance cannot be increased due to space
constraints, shields of soft magnetic materials can be used
to rectify this problem. These shields are created from
highly permeable nickel iron alloys (known as Mu-metal)
and are available in different shapes, such as foils, plates, or
tubes.

If there are problems with weighing of magnetic samples or
vessels, the above options can help, but the best solution is
to use a balance specially designed to address problems
with magnetism. For instance, the modular Cubis® I
premium laboratory balance series has weighing pans made
of non-magnetic titanium for all higher-resolution models,
starting with analytical balances.

Moreover, Cubis® Il ultra-micro and micro balances have
both a weighing pan and a draft shield base plate (Figure 3)
of titanium, to reduce the destabilizing magnetic influence
when weighing samples or tare vessels containing iron,
cobalt, or nickel.

Figure 4: Titanium vial holder for a Cubis® Il semi-micro
balance reduces magnetic influences

An additional problem may occur with the orientation of a
stainless steel sample holder, in the case that a special
sample holder (see Figure 4 and Figure 5) is used for
specific customer applications, for example weighing
reaction vials, reaction tubes, or filters. If the sample holder
is rotated, for example, to achieve a better positioning for
dosing of small powder amounts, the orientation of the
magnetic fields changes and thus the weight value could
be influenced. The same effect could also occur if the round
stainless steel pan of an ultra-micro or micro balance is
slightly rotated.

Figure 5: Titanium sample holder for Cubis® Il reaction tubes
or flasks of different sizes




However, with parts made of titanium this cannot happen.
As mentioned previously, all sample holders for Cubis® Il are
made from the highest quality titanium and thus deliver the
highest reliability of weighing performance and results, and
a high grade of corrosion resistance.

Conclusion

This white paper describes the influences of the physical
effect of magnetism on high-resolution weighing. The type
of influences are described and the possibilities mentioned
to recognize them in daily use of the balance. In particular,
practical instructions are given on how the influence of
magnetism can be avoided or reduced.

In addition, the measures provided by the manufacturerin
high-resolution balances are described. The use of
weighing pans, sample holders, and parts inside the draft
shield, made from the non-magnetic and non-corrosive
titanium, offers an innovative and effective solution.
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ABSTRACT

Introduction: Spatial biology is an emerging interdisciplinary field facilitating biological discoveries
through the use of spatial omics technologies. Recent advancements in spatial transcriptomics, spatial
genomics (e.g. genetic mutations and epigenetic marks), multiplexed immunofluorescence, and spatial
metabolomics/lipidomics have enabled high-resolution spatial profiling of gene expression, genetic
variation, protein expression, and metabolites/lipids profiles in tissue. These developments contribute
to a deeper understanding of the spatial organization within tissue microenvironments at the molecular
level.

Areas covered: This report provides an overview of the untargeted, bottom-up mass spectrometry
(MS)-based spatial proteomics workflow. It highlights recent progress in tissue dissection, sample
processing, bioinformatics, and liquid chromatography (LC)-MS technologies that are advancing spatial
proteomics toward cellular resolution.

Expert opinion: The field of untargeted MS-based spatial proteomics is rapidly evolving and holds
great promise. To fully realize the potential of spatial proteomics, it is critical to advance data analysis
and develop automated and intelligent tissue dissection at the cellular or subcellular level, along with
high-throughput LC-MS analyses of thousands of samples. Achieving these goals will necessitate
significant advancements in tissue dissection technologies, LC-MS instrumentation, and computational
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tools.

1. Introduction

The behavior of multicellular organisms is governed by the intri-
cate molecular organization across spatial dimensions. By measur-
ing these dimensions, we can gain detailed understanding of
fundamental biological processes in both homeostatic and patho-
logical states, as well as understand how diverse cell types interact
to collectively determine tissue functional state. Some unique
examples highlighting the importance of single-cell resolved spa-
tial organization include the recent discovery of a fourth menin-
geal layer in mammalian brains [1] and the importance of
pancreatic delta cells in paracrine signaling and glucose home-
ostasis [2]. In the context of human pathologies, the spatial orga-
nization of cells in the tissue microenvironment (e.g. tumor) is
known to impact therapeutic response [3], while bystander effects
(e.g., a cell's response resulting from an event in an adjacent cell)
can be observed in the context of radiation exposure or cellular
senescence [4,5]. Thus, spatial characterization of biomolecules
within tissue microenvironment holds a great potential for accel-
erating biological discovery.

Spatial biology is an emerging multidisciplinary field integrat-
ing imaging and spatial omics technologies with computational
tools for gaining an understanding of the in situ spatial cellular
organization, cell neighborhoods, and interactions within tissue
microenvironment with high-dimensional spatially resolved
molecular data. Several ongoing large-scale research programs,
such as the Human BioMolecular Atlas Program (HUBMAP) [6]

and the Human Tumor Atlas Network (HTAN) [7], focus on spatial
mapping of biomolecules at cellular resolution in healthy human
body and human cancers, respectively, further highlighting the
significance of spatial biology.

During the past two decades, global omics approaches for
broadly measuring biomolecules have matured considerably,
with recent advancements allowing for thousands of measure-
ments from a single-cell [8]. With more recent technological break-
throughs, the spatial dimension has also begun to be captured
alongside these omics measurements at or near single-cell resolu-
tion [9]. Notably, different modalities with spatial information can
be accessed with divergent approaches. For example, spatial tran-
scriptomics (i.e., spatially resolved RNA measurements) can be
conducted with fluorescence in situ hybridization (e.g., MERFISH
[10]) or barcoding of sequencing reads (e.g. Slide-seq [11], Visium
[12], and more recently Visium HD [13] and Stereo-Seq [14]). Mass
spectrometry imaging techniques (such as matrix-assisted laser
desorption/ionization [MALDI] [15] and gas cluster ion beam ima-
ging [16]) can be used to spatially profile metabolites, lipids, and
glycans with near-single-cell resolution. Realizing global spatial
proteomics (i.e., spatial mapping of protein abundances with
a broad proteome coverage) has proven to be more challenging.
Current spatial proteomics techniques mainly rely on affinity
reagents (e.g., immunohistochemistry (IHC) or immunofluores-
cence) and unique tags or barcodes have been introduced to
enhance their multiplexing capacities for imaging a targeted
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Article highlights

e Mass spectrometry-based spatial proteomics is an emerging field that
complements other spatial omics techniques, enabling unbiased
molecular mapping of tissues.

e The current spatial proteomics workflow is supported by microscale
tissue dissection (such as laser capture microdissection), nanoscale
sample processing, and advanced LC-MS instrumentation.

* Recent demonstrations of spatial proteome profiling in tissues with
near-single-cell or single-cell resolution illustrate the potential of
spatial proteomics.

e Key challenges in the current workflows include improving the pre-
cision and throughput of tissue microdissection, enhancing the sen-
sitivity of instrumentation for achieving deep proteome coverage,
and optimizing throughput for efficient mapping of target areas.

o Future advancements in dissection technologies, LC-MS instrumenta-
tion, and computational tools are anticipated to establish spatial
proteomics as a foundational tool for biological discoveries.

panel of proteins, including MALDI-IHC tags (AmberGen [17]),
spatial cellular indexing of transcriptomes and epitopes by
sequencing (CITE-Seq) [18], imaging mass cytometry [19] and
CODEX [20]. The multiplexity of antibodies, however, limits the
number of proteins that can be measured to a maximum of
a hundred depending on the techniques. Direct imaging of pro-
teoforms [21] using MALDI imaging or nanospray desorption
electrospray ionization (nanoDESI) obviates the need for antibo-
dies, but these techniques suffer from limited identification depth
(up to several hundreds of proteoforms) and are generally
(depending on the mass analyzer employed) restricted to proteins
with more easily resolved isotopic distributions and favorable
ionization characteristics, such as those below ~ 70 kDa [22,23].
Recent advances in bottom-up nanoscale proteomics (or near
single cells) and single-cell proteomics (scProteomics) open
a potential path for achieving unbiased spatial proteomics toward
cellular resolution. This direction is seen as highly promising due
to its relatively high identification depth using bottom-up LC-MS
workflow and the ability to capture post-translational modifica-
tions (PTMs). In this article, we specifically focus on bottom-up MS-
based spatial proteomics by presenting a summary of recent

Imaging & tissue dissection

Sample processing

advances in the area, discussing the current state-of-the-art of
spatial proteomics and its associated challenges, and projecting
the future potential of this technological field for biological
discoveries.

2. General challenges of MS-based spatial
proteomics

Figure 1 illustrates the typical workflow of current bottom-up
MS-based spatial proteomics, which consists of three main
components: 1) image-guided in situ tissue or cell dissection
by targeting specific regions of interest (ROI) based on images
of pathologic or phenotypic markers; 2) microscale or nanos-
cale sample processing to minimize protein/peptide loss prior
to LC-MS analyses; 3) high-throughput LC-MS analysis and
downstream bioinformatics. Recent advances in all these
areas have enabled spatial proteome mapping of tissue sec-
tions with relatively deep proteome coverage (e.g. >2000
proteins) and near-single-cell resolution [24,25]. Ideally, spatial
proteomics should be able to map tissue regions at cellular
resolution or even subcellular resolution in a high-throughput
fashion such that hundreds of thousands of cells within
a tissue section can be mapped similar to those offered by
spatial transcriptomics (e.g. Visium HD [13]). However, chal-
lenges in implementing these approaches continue to persist,
some specific to spatial mapping and others more generally
associated with scProteomics. The first challenge has been the
ability to perform targeted dissection and capture of small
regions of tissue for downstream analysis in an intelligent
and automated fashion. Tissue dissection is typically per-
formed through laser capture microdissection (LCM) techni-
ques, which is rather tedious and low throughput. Secondly,
the limited throughput of LC-MS measurements is a significant
bottleneck for both scProteomics and spatial proteomics, and
consequently only limited number of regions have been
mapped within limited number of tissues to date. Finally,
bioinformatic reconstruction of the spatial dimension, protein
abundances, and integration of proteomic data with other
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Figure 1. General workflow for LC-MS-based spatial proteomics. The workflow starts with imaging and dissection of specified cell populations from tissue sections,
typically using LCM following H&E or immunofluorescence staining. The dissected cells or regions are transferred to a nanoscale sample processing platform such as
the nanoPOTS chip for protein extraction, followed by digestion. And nanoLC-MS analysis. The resulting data allow for peptide and protein identification and
quantification, enabling the spatial mapping of protein abundances within a sampled ROl and ultimately across the tissue section.



modalities (i.e. through image co-registration) is still an area of
active development. Herein, we discuss recent advances in
tissue dissection, sample processing, ultrasensitive LC-MS plat-
forms, and bioinformatic developments for spatial proteome
mapping in tissues toward cellular resolution. We anticipate
that these advances and future developments will pave the
way for answering fundamental questions about intercellular
spatial organization, communication, and regulation across
spatial dimensions.

3. Tissue dissection techniques for spatial
proteomics

Since samples cannot be analyzed nondestructively through LC-
MS proteomics, precise tissue dissection of specific ROl is essen-
tial for facilitating spatial proteomics. Several tissue dissection
techniques, including traditional tissue voxelation [26] and LCM,
have been developed to facilitate spatial proteomics mapping
across a range of spatial resolutions. The ideal tissue dissection
technology (Figure 2) should include two key elements: 1) accu-
rate, efficient, and automated tissue microdissection guided by

(a)
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tissue images, potentially in combination with artificial intelli-
gence (Al) algorithms, and 2) streamlined tissue/cell collection
without sample loss to facilitate downstream processing.
Conceptually, mechanical methods can be applied to dis-
sect specific regions from solid tissues and subject them to
proteome profiling with spatial resolution. The voxelation
technique using cutting blades or a 2D array of cutting blades
was one of the earliest methods employed for tissue dissec-
tion for spatial transcriptomics [27] and spatial proteomics
[26]. These techniques involve manually excising specific
regions of tissue based on visual cues, allowing for the tar-
geted analysis of distinct anatomical features. While straight-
forward, these methods can be labor-intensive and offer poor
spatial resolution (~1 mm). A micro-scaffold assisted spatial
proteomics (MASP) technique that applies 3D-printed micro-
scaffolds to tissues, however, represents an improved dissec-
tion approach relative to these manual methods [28]. In MASP,
preservation of spatial information is achieved by pressuriza-
tion of a 3D-printed micro-scaffold containing precisely
spaced cubicles that are pressed against the tissue for com-
partmentalization. A related pDicer technique consists of

Step2. Sample collection
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Figure 2. Tissue microdissection and nanoscale sample processing are key components of spatial proteomics. (a) step 1 centers on tissue dissection, typically
performed using LCM, which allows precise isolation of targeted ROIls from tissue sections, ensuring accurate sampling of specific cellular populations. Step
2 highlights sample collection, where the isolated tissue is captured on various sample processing devices. (b) diagram for droplet-based dispensing and sample
processing (e.g. reduction, alkylation, digestion) on each of the nanowell with LCM-dissected tissue section.
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a hollow array of blades spaced hundreds of micrometers
apart, allowing for tissue to be sliced into many micro frag-
ments simultaneously by being pushed through the bladed
array [29]. The pDicer has yet to be applied to spatial omics or
proteomics profiling but might become a useful tool for
achieving spatial proteomics with moderate resolution (e.g.
~200 um). Tissue expansion is another interesting technique
for enhancing manual tissue micro sampling by providing
160 um lateral resolution without the need for special equip-
ment [30]. This process involves reversible anchoring proteins
into hydrogel polymer network within the biological tissue,
allowing the specimen to be isotropically magnified.

Outside of these manual or mechanical approaches, LCM is
the reigning method of choice for most spatial proteomics
workflows. LCM precisely isolates ROIs on tissue sections by
applying a laser while visualizing the tissue under
a microscope [31,32]. LCM offers high precision and is parti-
cularly useful for isolating small or highly heterogeneous tis-
sue regions. While LCM is a relatively mature technology,
continuous advances in laser, microscopy, and automation
contribute to the improvement in attainable precision and
efficiency. A challenge for LCM in spatial proteomics has
been the efficient and precise collection of near-single-cell
samples for downstream processing and LC-MS analyses.
Several techniques have been developed to enhance the effi-
ciency of sample collection/processing for LCM-enabled spa-
tial proteomics, such as the microfluidic based nanoPOTS
(nanodroplet Processing in One-pot for Trace Samples) chip
[33] which can be coupled to LCM to facilitate efficient sample
collection with automatic sample transfer into nanodroplets
[34]. The LCM-nanoPOTS platform employs hydrophilic reac-
tion vessels for collection of LCM tissues into prepopulated
DMSO droplets [34] and an optimized sample processing pro-
tocol to minimize surface-induced nonspecific protein adsorp-
tion [35]. More recently, a DUV-nanoPOTS (deep ultraviolet
laser ablation microdissection combined with nanoPOTS) tech-
nique was reported for tissue dissection at cellular and sub-
cellular resolution [36]. The implementation of a shorter
wavelength UV laser enabled greater beam focusing and
therefore improved spatial resolution. Another LCM-based
technique referred to as ‘Deep Visual Proteomics’ has demon-
strated the potential of integration of Al-driven image analysis
with LCM for isolating tissue samples based on immunofluor-
escence imaging and machine learning based cell segmenta-
tion [25]. Such concepts provide a glimpse into the future
direction of tissue dissection techniques that will not only
allow for robust, precise, and automated tissue selection
down to single cell levels, but also enable spatial proteomics
at cellular resolution [25,37].

Unlike barcoding-based methods such as spatial transcrip-
tomics (e.g. 10X Genomics Visium [12,38]), spatial proteomics
relies on selection and precise tissue excision of ROIs based on
high-resolution images. Once excised, the samples are pro-
cessed for LC-MS analysis, with the resulting data linked back
to the tissue image for spatial context. In this workflow,
a critical need is to maintain reliable sample tracking through-
out the process. Without barcoding, each sample must be
assigned a unique identifier during LCM collection, which is
tracked through every stage of sample processing and LC-MS

analysis. Preserving the spatial context is also essential for
downstream analyses. Capturing high-resolution images
before and after tissue dissection helps document the exact
tissue region being sampled. Integrating proteomics data with
spatial metadata ensures that protein abundances can be
mapped back to the original spatial location using bioinfor-
matics tools (vide infra).

4, Nanoscale sample processing

The ability to process samples containing a very small amount
of protein while minimizing sample loss is a critical element in
spatial proteomics. Many techniques have been developed to
address the potential sample loss for low-input samples. For
example, the SISPROT (the simple and integrated proteomics
sample preparation technology) was designed to couple LCM
with a two-stage spintip device packed with C18 disk and
strong cation exchange beads to ensure good sample recov-
ery [39]. NanoPOTS represents one of the first technologies
that enabled label-free proteomics from single cells or near-
single-cell samples using a microfluidic sample preparation
method [33]. NanoPOTS has been demonstrated to minimize
surface adsorption of protein with the hanging-droplet tech-
nique [34,35] and drastically improve the overall recovery by
performing all processing steps in nanoliter volumes (<200
nL). Several other methods have emerged to address the
challenge of minimizing loss in low-input samples, including
technologies like the integrated proteome analysis device
(iPAD) [40], oil-air-droplet (OAD) [41], and the integrated pro-
teomics chip (iProChip) [42]. Additionally, innovations such as
automated processing in one pot for trace samples (autoPOTS)
[43], surfactant-assisted one-pot (SOP) processing [44], water
droplet-in-oil digestion (WinO) [45], and mass-adaptive coat-
ing-assisted single-cell proteomics (Mad-CASP) [46] have been
developed, all of which build upon similar concepts to mini-
mize surface adsorption loss. Several techniques have also
been reported specifically for scProteomics processing. The
nPOP technique uses a piezoelectric capillary (cellenONE
instrument) to dispense individual cells in 300 picoliter dro-
plets onto a fluorocarbon-coated glass slide before parallel
processing of the cells through lysing, digestion, and isobaric
labeling in volumes as low as 8-20 nl [47]. The proteoCHIP, an
automated nanowell-array workflow, offers another universal
solution for scProteomics, supporting multiplexed isobaric
labeling of up to 16-plex with high sensitivity and throughput
[48]. This system can be integrated with commercial platforms,
like the cellenONE, for automated processing, combining sin-
gle-cell dissociation with picoliter dispensing for downstream
LC-MS analysis.

5. Sensitivity and throughput of LC-MS
instrumentation

Both scProteomics and spatial proteomics require high sensi-
tivity to achieve in-depth proteome coverage from limited
samples and high analytical throughput of LC-MS platforms
to analyze thousands of samples in a single study. Advances in
LC separations, particularly robust ones with short gradients,
are crucial for achieving high-throughput analyses [49]. For



example, the Evosep One and Vanquish Neo systems excel in
delivering very short gradients (e.g. 1-10 min per run) while
maintaining excellent chromatographic resolution, ideal for
high-throughput needs in spatial and scProteomics. The
Evosep One uses a split-flow system for rapid sample loading
and elution, enhancing throughput by reducing the duty cycle
[50]. This makes Evosep highly compatible with modern mass
spectrometers featuring fast acquisition rates, such as the
timsTOF or orbitrap Astral [51,52]. Similarly, the Vanquish
Neo [53] offers flexible gradient times and flow rates, making
it adaptable to diverse proteomics workflows.

With the fast acquisition rates of modern mass analyzers, LC
separations with <10 min gradients can now be utilized to
achieve deep proteome coverage for single cells or spatial pro-
teomics, particularly when operated in data-independent acqui-
sition (DIA) mode [54]. Recent advances in MS instrumentation
have been pivotal in enabling this direction by providing the
required sensitivity and speed for achieving comprehensive pro-
teome coverage for limited samples. Exemplary systems include
the Orbitrap [55] and timsTOF (trapped ion mobility spectro-
metry time-of-flight) [56] mass analyzers. The Orbitrap is
renowned for its high resolution, mass accuracy, and dynamic
range. Recent advances in Orbitrap analyzers, including higher-
field Orbitraps and enhanced ion optics, advanced fragmenta-
tion techniques such as higher-energy C-trap dissociation (HCD),
and signal processing have further improved the overall sensi-
tivity, proteome coverage, and throughput of proteomic ana-
lyses [57-60]. In addition, high-field asymmetric waveform ion
mobility spectrometry (FAIMS) is often incorporated as an inter-
face with Orbitrap to effectively filter out singly charged ions and
background ions [61]. scProteomics profiling has been demon-
strated using a variety of Orbitrap platforms, including the
Eclipse [42,62], Fusion Lumos [63], and Q-Exactive [44,64]. We
have reported the Transferring Identification Based on FAIMS
Filtering (TIFF) method that leverages FAIMS to extend ion accu-
mulation times, which boosts MS sensitivity, thereby increasing
peptide identification rates and quantification in single-cell pro-
teomics [62,65]. These advancements further enabled deep spa-
tial proteome mapping of the human pancreatic islet
microenvironment with a lateral resolution of 50 um, allowing
the exploration of cellular heterogeneity and functional tissue
unit-specific protein expression profiles [24]. The timsTOF mass
analyzer combines ion mobility spectrometry (IMS) with time-of-
flight (TOF) MS to achieve high sensitivity and rapid acquisition
rates. IMS offers an additional dimension of separation, signifi-
cantly enhancing coverage depth. The parallel accumulation-
serial fragmentation (PASEF) technique [66,67] further enhances
acquisition speed by allowing for simultaneous ion trapping, IMS
separation, and TOF measurements. The Orbitrap Astral mass
analyzer represents another significant recent advance toward
high-throughput and high-sensitivity single cell or spatial pro-
teomics analyses. This analyzer is notable for its nearly lossless
ion transfer, high sensitivity, high resolution (80,000 at m/z 524)
and accuracy at extraordinary acquisition speed (up to 200 hz
when operated in DIA mode), making it particularly effective for
low input samples [57,59].

Innovations in LC-MS/MS acquisition methods have also
significantly enhanced the sensitivity, throughput, and data
quality of proteomic analyses. Examples include: 1) the
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Boxcar acquisition method [68], which uses multiplexed m/z
windows to improve low-abundance ion detection; 2)
Synchronous Precursor Selection (SPS)-MS3 [69], which
reduces co-isolation distortion and enhances quantitative
accuracy; 3) Real-Time Searching (RTS) [70], enabling real-
time identifications for better data acquisition efficiency;
and 4) Speedy-PASEF [71], which combines dia-PASEF with
fast chromatography to further boosts throughput, making it
suitable for large-scale analyses.

6. Advances in bioinformatics tools for spatial
proteomics

The merging of spatial proteomics necessitates the need of
bioinformatics tools capable of incorporating, analyzing, and
visualizing the additional spatial dimension of proteomic data.
Notably, image co-registration is often required for aligning
protein measurements with higher resolution IHC or immuno-
fluorescent images. This alignment challenge has been well
recognized in MS imaging (MSI) applications and several tools
have been developed for alignment of images across modal-
ities [72-74]. The bottom-up LC-MS/MS datasets acquired in
a typical spatial proteomics workflow, however, have not been
amenable for these image co-registration algorithms due to
the larger pixel or voxel sizes (typically >40 pm) and different
file formats relative to MSI studies. However, a universal frame-
work for the integration of multimodal spatial omics datasets
was introduced to address this challenge by allowing for
shapes such as distinct polygonal ROIls (akin to those that
are produced by LCM microscopes) to be defined spatially
under a common coordinate system [75]. This Python-based
framework, SpatialData, further allows for interoperability with
existing multimodal analysis approaches such as Squidpy [76],
Scanpy [77], and others [78]. Hence, protein abundances can
now be plotted and visualized in the context of IF/IHC, spatial
transcriptomics, or other multimodal images often collected as
a part of a spatial multiomics study.

The additional spatial dimension in spatial proteomics
will likely pose challenges for existing data repositories.
Current repositories, such as PRIDE [79] and MassIVE [80],
supports new analyses and machine learning models [81].
However, the unique nature of spatial or multimodal data
introduces new complexities that existing repository archi-
tectures may not fully equipped to support. These chal-
lenges include the need for advanced storage solutions
that can accommodate the spatial dimensions, along with
robust tools for data integration and interpretation. While
repositories like ProteomeXchange [79] are crucial for data
sharing, they may become insufficient since they were ori-
ginally designed for non-spatial data. Consequently, there is
a growing demand for innovative bioinformatics tools and
repository infrastructures capable of managing the com-
plexities of spatial datasets. This includes enhanced meta-
data annotations, integration of spatial context, and the
development of new algorithms for data processing and
analysis. The HUBMAP consortium [6] is at the forefront of
addressing these challenges by integrating diverse data
types at the cellular level. Their data portal and reference
atlas are designed to facilitate data reuse and improve
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biological insights [82]. Initiatives like HarmonizR and the
scProteomics R package represents excellent starting points
toward dataset integration and promoting reproducible
analysis across institutions and labs [83,84]. As spatial data
becomes more prevalent, there will likely be a need for
novel repository systems and analytical frameworks tailored
to these complexities to ensure seamless data accessibility
and utility.

7. Conclusion

Given the technological advances in tissue dissection, nanos-
cale sample processing, and LC-MS instrumentation, the field
of spatial proteomics have made significant strides in demon-
strating spatially resolved proteome profiling of heteroge-
neous tissue sections with (near) single-cell resolution, along
with a significant coverage (e.g. >1000 proteins).

Table 1 summarizes selected studies of spatial proteomics
over the past 5years exemplifying diverse spatial resolution
and proteome coverage. These studies showcase the potential
of unbiased spatial proteome profiling in various tissues and
biological contexts. While early studies offered only
a moderate spatial resolution (>100 um lateral resolution)
[85,86], more recent studies have demonstrated successful
tissue proteome mapping at the near-single-cell resolution
[24] and even single-cell resolution [36,37] through the inte-
gration of high-resolution LCM, advanced nanoscale proces-
sing (e.g. nanoPOTS chips), and state-of-the art mass analyzers.
Although these workflows still suffer from challenges in ana-
lytical throughput and overall proteome coverage, these stu-
dies illustrate the promise of MS-based spatial proteomics
towards single-cell resolution. We anticipate that spatial pro-
teomics will serve as an important complementary tool for
other spatial omics technologies, helping to unravel new bio-
logical insights in (patho)physiology.

8. Expert opinion

We have witnessed major advances in spatially resolved pro-
teome mapping on heterogeneous tissue sections with reso-
lution at near-single-cell or single-cell levels. Spatial
proteomics is becoming a valuable complement to molecular

pathology and an enabling tool in spatial biology. However,
major technological challenges persist, including the need for
Al-assisted tissue dissection at high resolution and the require-
ment for high sensitivity and throughput of LC-MS platforms
to fully realize the discovery power of spatial proteomics.
Future developments in LC-MS instrumentation are perhaps
the most easily anticipated, with expected enhancements in
sensitivity, resolution, and analytical throughput. The new
generation of timsTOF mass spectrometers have been recently
demonstrated in scProteomics applications (e.g. timsToF SCP,
timsTOF Ultra, and timsTOF Ultra 2). The combination of
increased sensitivity, fast acquisition, modern DIA methods,
along with advanced software suite will significantly enhance
measurement throughput for label-free quantitation (LFQ)
spatial proteomics [88]. Similarly, multiplexing approaches
including isobaric (e.g. tandem mass tags, TMT) and non-
isobaric (e.g. plexDIA [89], mDIA [90]) labeling will continue
to enhance the sample throughput. For example, the latest
iteration of TMT reagents has been expanded to allow for 32-
plex with the capability to analyze up to 1,000 single-cells
per day [91]. Novel hyperplexing strategies combining non-
isobaric with isobaric labeling methods are on the horizon
[91]. A well-recognized challenge of the multiplexing
approach is compromised quantification accuracy [24] com-
pared to label-free approaches. However, we anticipate that
this limitation will be alleviated through further advancements
in the resolution of MS instrumentation and bioinformatics.
More relevant to spatial biology will be developments in
automated and intelligent tissue sampling techniques that
enable precise and high-resolution dissection. Current tissue
dissection method, such as LCM and MASP, have advanced
the field of spatial biology, but they also face limitations. For
example, in LCM, there is the potential for sample loss along
the laser beam path, which is typically 2-5 ym in width. When
using physical tools like steel blades, this can lead to reduced
protein recovery and spatial resolution. In conventional LCM,
the use of polymer membrane-coated slides introduces addi-
tional challenges, such as poor tissue adhesion, autofluores-
cence, low optical transparency, and reduced protein
extraction efficiency. Furthermore, heat damage from the
laser can compromise sample integrity and adversely impact
downstream analyses. One example of high-resolution

Table 1. Selected spatial proteomics studies with a summary of their workflows and performance metrics.

Spatial LC Protein Year,
Imaging Method Tissue isolation method resolution LC-MS system gradient identifications Ref.
H&E staining Laser capture microdissection 100 pm 50 pym x 700 mm C18, 97 min 2940 proteins 2020
Q Exactive Plus Orbitrap [85],
Immunohistochemistry Laser capture microdissection 5 mm? 100 um x 200 mm C18, 120 min >660 Proteins 2020
staining Q Exactive HF-X [86],
Immunofluorescence Laser capture microdissection ~ 100-200 single 75 pm x 500 mm C18, timsTOF Plus 55 min ~5000 proteins 2022
staining cells [25],
Entire section Micro-scaffold 400 pm 75 pm x 650 mm C18, Orbitrap Fusion 130 min ~ >5000 proteins 2022
compartmentalization Lumos [28],
H&E staining Laser capture microdissection 7 ym 50 pm x 250 mm C18, Orbitrap Fusion 30 min 1312 2023
Lumos [36],
Immunofluorescence Laser capture microdissection Single shape 150 ym x 150 mm C18, timsTOF SCP 31 min 1712 proteins 2023
staining [37],
H&E staining Laser capture microdissection 40 pm 75 ym x 150 mm C18, timsTOF Pro 17 min 1500 proteins 2023
(871,
H&E staining Laser capture microdissection 50 pm 50 pm x 250 mm C18, Orbitrap Fusion 30 min ~3500 proteins 2024

Lumos




dissection is LCM with UV lasers and infrared lasers [92].
Wavelengths with smaller beam widths and ablation-based
methods will continue to improve achievable spatial resolu-
tion. Furthermore, higher-energy UV lasers can eliminate the
dependence on specialized membrane slides that interfere
with fluorescence microscopy. Alternatively, cryo-focused ion
beam milling (Cryo-FIB) can potentially achieve ultra-high spa-
tial resolution but has yet to be realized in the context of
spatial proteomics. Cryo-FIB applies a beam (5-10 nm width)
of ions (often gallium) to ‘etch’ or remove biological material
within an ROI [93]. In a typical Cryo-FIB experiment, cryogenic
lift-out is used to transfer or isolate an ROl for downstream
Cryo-ET imaging. We envision the combination of Cryo-FIB
with ultrasensitive proteomics can potentially open a new
frontier in spatial biology at subcellular resolution. Finally,
the implementation of machine learning methods will also
help improve the precision and throughput of LCM by auto-
mating the selection of ROIs across tissue sections using avail-
able imaging information [25].

The concept of 3D spatial proteomics will soon become
a reality through the combination of serial sectioning and spatial
proteomics with the above outlined advances. This will enable
the generation of 3D-spatial proteomic maps of tissues for thou-
sands of proteins at cellular resolution. Heterogenous organs
with complex structure and organization, such as mammalian
brain, will greatly benefit from these technological advances, as
will equivalently heterogenous tissues in other biological sys-
tems, like plant roots or microbial colonies. Advances in compu-
tational tools will facilitate reconstruction of the 3D maps from
proteomics data across regions much larger than what is cur-
rently being measured. Additionally, a holistic, systems biology
understanding of the spatial context will necessitate connecting
single-cell and spatial proteomics to other -omes, such as the
transcriptome, metabolome, or lipidome. Toward this goal, we
have recently developed a novel approach for same-cell
scProteomics and scRNAseq (nanoSPLITS), which has been
demonstrated on dissociated cells but can be realistically
extended to LCM tissue dissection for MS-enabled spatial mul-
tiomics at cellular resolution [94,95].

In the near term, the outlook for spatial proteomics is
promising. The applications of spatial proteomics align well
with the ongoing spatial atlas-focused consortia — such as
HubMAP [6], HTAN [7], Kidney Precision Medicine Project
[96]) - and will continue to play an important role in the
shared goals of spatially characterizing tissues at cellular reso-
lution in different contexts. We recognize that competing
technologies will also drive necessary innovation in MS-
based spatial proteomics. Next generation sequencing-based
methods that incorporate oligo-labeled antibodies and spatial
barcodes will continue to gain popularity due to their high
commercialization potential, general compatibility with com-
mercially available sequencers, and broad applicability to
archived FFPE samples [11-14,18]. If nanopore-based sequen-
cing of protein molecules can overcome current technical
hurdles, it could also become a driving technology in spatial
proteomics [97]. However, MS-based spatial proteomics is set
to significantly impact biological discoveries, with expect rapid
advancements in both technology and computational
methods.
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ABSTRACT

Purpose: This review highlights the transformative impact of spatial transcriptomics on orthope-
dic research, focusing on its application in deciphering intricate gene expression patterns within
musculoskeletal tissues.

Methods: The paper reviews literature for spatial transcriptomic methods, specifically 10X Visium,
10X Xenium, seqFISH+, MERFISH, NanoString GeoMx DSP, used on musculoskeletal tissues (carti-
lage, joints, bone, tendon, ligament, and synovium).

Results: Searches identified 29 published manuscripts reporting spatial transcriptomic data in
cartilage, bone, tendon, synovium, and intervertebral disc. Most publications of spatial transcrip-
tomic data are from tendon and synovium. 10X Visium has been used in 22 of the 29 papers
identified. Spatial transcriptomics has been used to identify novel cell populations and cell
signaling pathways that regulate development and disease.

Conclusions: Imaging-based spatial transcriptomic methods may be better for hypothesis testing
as they generally have subcellular resolution but sequence fewer genes. Sequencing methods
may be better for untargeted, shotgun approaches that can generate useful hypotheses from the
spatial data from unimpaired tissue sections. Spatial transcriptomic methods could become useful
for clinical diagnostics and precision medicine approaches.
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Introduction

Musculoskeletal disorders are among the most com-
mon diseases and leading causes of disability in the
world, affecting an estimated 1.7 billion people"?. The
prevalence of musculoskeletal disorders increased by
62% from 1990 to 2019'. Musculoskeletal disorders
include osteoarthritis (OA), fractures, back injuries,
tendon/ligament injuries, and rheumatoid arthritis
(RA). More than 344 million people in the world suffer
from OA', and the numbers are projected to affect
nearly 1 billion people worldwide by 2050°. OA is a
whole-joint disease characterized by cartilage degrada-
tion, subchondral bone remodeling, meniscal degenera-
tion, and synovial inflammation that causes pain and
disability*"°. Techniques employed to preserve the joint
include physiological management (physical therapy,
weight loss, exercise, braces), pharmacological interven-
tion (steroids, hyaluronic acid injections), orthobiolo-
gics (platelet-rich plasma, stromal vascular fraction,
stem cells), and operative methods (microfracture, sub-
chondral drilling, osteochondral grafting, cell therapy)’.
A common theme to many of these musculoskeletal
disorders is a drastic change in cell organization after

injury—one that often fails to regenerate the damaged
tissues. A better understanding of the cell populations
regulating musculoskeletal disorders could lead to more
effective treatments and therapies to reduce the burden
of musculoskeletal diseases.

Single-cell RNA-Seq (scRNA-Seq) can identify
pathogenic cell populations and the cell populations
regulating cell-cell and cell-tissue crosstalk during dis-
ease initiation and progressions"w. scRNA-Seq reveals
cellular heterogeneity and discovers subclusters of cell
populations, while also determining cell differentiation
trajectories and cell signaling networks™''. scRNA-Seq
has revealed the cellular heterogeneity in OA and RA,
identifying dozens of subtypes of chondrocytes, fibro-
blasts, and immune cells that regulate disease progres-
sion and homeostasis (summarized in*'?. scRNA-Seq
analysis of healthy and diseased tendons has revealed at
least 5 distinct types of tendon fibroblasts, in addition
to epithelial cells, endothelial cells, T-cells, monocytes,
and pericytes'™'* - much more heterogeneity than
previously thought'>'. However, scRNA-Seq has lim-
itations. scRNA-Seq methods can require special disso-
ciation protocols to collect the single cells before
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Table 1. Comparison of spatial transcriptomic methods.

Type Method

Commercial option

Spatial resolution Number of genes

In Situ Capture ST'®

Visium (10X Genomics)
Visium HD (10X Genomics)

Whole Genome
18,000+ (GP)

Multicellular (55 um)
Single Cell (2 ym)

Stereo-seq'’ STOmics Subcellular (500 nm) Whole Genome
ROI Selection GeoMx DSP?° NanoString Single Cell (10 um) 18,000+ (GP)
smFISH smFISH?%37 Subcellular 4 (probes)

seqFISH+* Subcellular 65,536 (probes)

MERFISH? MERSCOPE (Vizgen) Subcellular 10,000 (probes)
In Situ Sequencing In Situ Sequencingz4 Xenium (10X Genomics) Subcellular 100-1000 (probes)

Abbreviations: DSP = digital spatial profiling; GP = gene panel; LCM = laser capture microdissection; MERFISH = multiplex error-robust fluorescent in situ
hybridization; ROl = region-of-interest; smFISH = single-molecule fluorescent in situ hybridization; ST = spatial transcriptomics.

sequencing the transcriptome, which can cause difficul-
ties for dense musculoskeletal tissues’, and lose spatial
information as they cannot be performed in situ.

Spatial transcriptomic methods allow in situ gene
expression analysis without inducing stress, cell death,
or cell aggregation into the system. Spatial transcrip-
tomics captures mRNA from cells with known locations
to enable the mapping of gene expression patterns and
assigning cell types within intact tissue samples'’. By
visualizing gene expression patterns within tissues,
researchers can gain a deeper understanding of how
cells function in their native environments and how
alterations in gene expression contribute to disease
states. Advancements in spatial transcriptomics have
given rise to a diverse array of techniques (Table 1),
each with its unique strengths and applications. There
are five main categories of spatial transcriptomic meth-
ods: 1) in situ capture with next-generation sequencing
(NGS) methods and spatial barcoding, 2) in situ sequen-
cing (ISS), 3) region-of-interest (ROI) selection, 4) sin-
gle-molecule fluorescent in situ hybridization (smFISH),
and 5) methods that do not require a priori spatial
locations (e.g., in silico reconstruction®>** and
DistMap>”*%, which will not be covered in this review'”.
While laser-capture microdissection followed by RNA-
Seq can be considered an ROI selection spatial transcrip-
tomic method, it will be omitted from this review as it
physically destroys the tissue'”**7°,

Methods

Searches for original research articles using spatial tran-
scriptomics methods in musculoskeletal tissues were per-
formed in PubMed (3 March 2025) with combinations of
the musculoskeletal tissue terms (“Cartilage”[Mesh],
“Joints”[Mesh], “Tendons”[Mesh], “Bone  and
Bones”[Mesh], “Synovial Membrane”[Mesh],
“Ligament”[Mesh]) and spatial transcriptomics terms
(“spatial  transcriptomics,”  “Visium,”  “Xenium,”
“MERSCOPE,” “MERFISH,” “Vizgen,” “GeoMx DSP,”
“Stereo-seq”). Additional searches occurred on the 10X

Records identified from PubMed,
10X Genomics, NanoString, or
Vizgen search (n = 49)

A

Studies excluded (n = 20)
- review (5)

- no ST method used (5)

- non-orthopedic tissue (7)
- no full text (3)

Articles screened
(n=49)

A

Studies included (n = 29)
- full text available
- ST method used
- orthopedic tissue

Figure 1. Flow diagram of search process and study inclusion
and exclusion. Abbreviations: ST = spatial transcriptomics.

Genomics publication list (https://www.10xgenomics.
com/publications.; filters: “Spatial Gene Expression for
Fresh Frozen,” “Spatial Gene Expression for FFPE,” “In
Situ Gene Expression”), NanoString publication list
(https://nanostring.com/resources/publications/.;  cate-
gories: “GeoMx,” “GeoMx DSP,” “GeoMx—Digital
Spatial Profiling”); and Vizgen publications list (https://
vizgen.com/resources/publications/) with tissue terms
(cartilage, synovium, joints, bone, tendon, ligament,
meniscus). The inclusion of studies for review was any
peer-reviewed original research paper that used a spatial
transcriptomics method on a musculoskeletal tissue
(Figure 1).

Results

Searching PubMed for “spatial transcriptomics”
returned 9143 results (3 March 2025), with more
than half reported between 2022 and 2025. Searches
including musculoskeletal tissue terms on PubMed,
10X Genomics, NanoString, and Vizgen identified 49
articles for screening (Figure 1). After screening, 29
articles were included that had full text available
using at least one spatial transcriptomic method on


https://www.10xgenomics.com/publications
https://www.10xgenomics.com/publications
https://nanostring.com/resources/publications/
https://vizgen.com/resources/publications/
https://vizgen.com/resources/publications/
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Table 2. Summary of spatial transcriptomics methods used on musculoskeletal tissues. Empty cells were not reported in the text.

Spatial Spatial Section  Permeabilization
transcriptomics  transcriptomics thickness time
type method Tissue Tissue preparation Fixation (um) (min) Species Ref:
In Situ Capture 10X Visium Bone Flash Frozen, OCT Embedded  Methanol 12 21 Mice 8
In Situ Capture 10X Visium Bone FFPE 10% NBF 5 Mice ¥
decalcified in 12.5% EDTA (pH
7.5) for 10 days at 4°C
In Situ Capture 10X Visium Bone FFPE 4% PFA 5 Mice
Decalcification was performed
with 10% EDTA (pH 7.2-7.4)
for 2 weeks
In Situ Capture 10X Visium Bone FFPE 10% NBF 5 Mice 4
0.5M pH 8 EDTA for 2 weeks
In Situ Capture 10X Visium Cartilage FFPE 10% NBF 5 Mice  *
Bone decalcified with Formic Acid
Bone Decalcifier for 16 hours at
4°C
In Situ Capture 10X Visium Intrafratellar Fat Pad Flash Frozen, OCT Embedded  Methanol Human
In Situ Capture 10X Visium Ligament Human **
In Situ Capture 10X Visium Nucleus Pulposis Flash Frozen, OCT Embedded 10 Mice s
In Situ Capture 10X Visium Synovium Flash Frozen, OCT Embedded 2% NBF 7 20 Human “°
In Situ Capture 10X Visium Synovium Flash Frozen, OCT Embedded 10 12 Human #
In Situ Capture 10X Visium Synovium Methanol 7 15 Human “8
In Situ Capture 10X Visium Synovium Human *°
In Situ Capture 10X Visium Synovium 2% FA 7 20 Human *°
In Situ Capture 10X Visium Synovium Flash Frozen, OCT Embedded 15 Human °'
In Situ Capture 10X Visium Tendon Flash Frozen, OCT Embedded 10 10 Human *2
In Situ Capture 10X Visium Tendon Flash Frozen, OCT Embedded  Methanol 14 21 Rats 53
In Situ Capture 10X Visium Tendon Flash Frozen, OCT Embedded 10 Mice 54
In Situ Capture 10X Visium Tendon Human °°
In Situ Capture 10X Visium Tendon Flash Frozen, OCT Embedded 10 Human °°
In Situ Capture 10X Visium Tendon 57
(Published
Dataset)
In Situ Capture  RNA-Rescue Cartilage Flash Frozen, OCT Embedded  Formalin; 10 Mice 58
Spatial 4%
Transcriptomics methanol
In Situ Capture Stereo-Seq Engineered Cartilage; Rats 59
Cartilage
In Situ Capture Stereo-Seq Enthesis Flash Frozen, OCT Embedded  Methanol 10 Mice
In Situ Capture Stereo-Seq Whole Embryo; Bone; Flash Frozen, OCT Embedded  Methanol 10 Mice 19
Cartilage; Connective
Tissue; Mesenchyme
In Situ Capture 10X Visium Spine Flash Frozen, OCT Embedded  3.7% FA 12 Human ©'
In Situ 10X Xenium
Sequencing
In Situ Capture; 10X Visium; Nucleus Pulposis Flash Frozen, OCT Embedded Mice
In Situ In situ
Sequencing  sequencing
In Situ 10X Xenium Shoulder; Flash Frozen, OCT Embedded 10 Human ©3
Sequencing;  (CARTANA); Hip;
In Situ 10X Visium Knee;
Capture Cranium
ROI Selection GeoMx DSP Synovium Formalin Fixed, Paraffin Formalin Human ©*
Embedded
smFISH smFISH Engineered Cartilage 4% PFA Bovine ©

Abbreviations: ACL = anterior cruciate ligament; E11.5-12.5 = embryonic stage; EDTA = ethylenediaminetetraacetic acid; FA = formaldehyde; FFPE = formalin
fixed, paraffin-embedded; MSC = mesenchymal stem/stromal cell; NBF = neutrally buffered formalin; OCT = optimal cutting temperature medium; PFA =
paraformaldehyde; ROI = region of interest; smFISH = single molecule fluorescent in situ hybridization.

a musculoskeletal tissue (Table 2). Papers were
excluded on the following criteria: 1) review paper
(5), 2) no spatial transcriptomic method used (5), 3)
not applied to musculoskeletal tissue (i.e., nerve or
cancer tissue) (7), or 4) unable to obtain free text (3).
Of the spatial transcriptomics methods used, in situ
capture has been primarily used (22 papers reporting
10X Visium spatial transcriptomics, 3 reporting
Stereo-Seq), along with ROI selection methods, in

situ sequencing methods, and single-molecule in
situ hybridization-based methods (Table 2). Tendon,
synovium, and bone are the musculoskeletal tissues
with the most spatial transcriptomic data reported,
but cartilage, intervertebral disc, intrafratellar fat
pad, and whole joints have also been analyzed. An
overview schematic of the techniques discussed in
this review is shown in Figure 2. Examples of data
obtained from the techniques discussed in this review
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( )
In Situ Capture NGS or
cells drop mRNA poly(A) capture microarray
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l barcodes
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beads
\ J
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ROI Selection Digital: GeoMx DSP
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‘ N
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= release from NGS or
L} ROI microarray
\_ J
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In Situ Sequencing e
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Image analysis
— — —> B I l—» ‘
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Figure 2. Schematics of popular spatial transcriptomic techniques. Top panel: in situ capture—cells drop RNA onto barcoded slide
where mRNA molecules are captured by their poly(A) tail (or through gene panels). Barcodes are cleaved from the slide to release
mRNA and sequenced to determine gene and spatial location. Second panel: ROI selection—an example of digital ROl selection
using GeoMx DSP where samples are stained and imaged with UV light to release photocleavable probes for sequencing. Third
panel: in situ sequencing: padlock probes bind dual arms to cDNA targets, which then undergo rolling circle amplification before
sequencing. Bottom panel: single-molecule fluorescent in situ hybridization—example of MERFISH, where probes bind targets,
followed by multiple rounds of fluorescent barcoding to distinguish probes at subcellular level. Abbreviations: NGS = next
generation sequencing; DSP = digital spatial profiling; UV = ultraviolet; ROl = region-of-interest; LCM = laser capture microdissec-
tion; RCA =rolling circle amplification; smFISH = single-molecule fluorescent in situ hybridization; MERFISH = multiplex error-robust
fluorescent in situ hybridization.
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In Situ Capture

‘ Resting and proliferating chondrocytes ‘

factor 12 “ factor 2 “

activity o 1 2 3 activity 0.0 05 1.0 1.5

ROI Selection

Lining/superficial
sublining

Lymphoid
aggregates

smFISH

mRBNA

Aggrecan

Qsteopomin e
MRNA

Figure 3. Examples of data collected via various spatial transcriptomic methods. Top left panel: in situ capture results cartilage tissue
using RNA rescue spatial transcriptomics®®. Top right panel: example of selecting regions for GeoMx DSP analysis in synovial tissue®*.
Immunohistochemistry markers inform region selection to match with downstream whole-transcriptome sequencing. Bottom panel:
example of single-molecule fluorescent in situ hybridization (smFISH) mapping housekeeping, cartilage (aggrecan), and bone
(osteopontin) gene expression at the subcellular level®. Images reproduced from references cited under creative commons license 4.0.

are shown in Figure 3. Key findings from the use of
spatial transcriptomics on musculoskeletal tissues are
listed in Table 3.

In situ capture

In situ capture methods were first developed as “spatial
transcriptomics” to allow both the visualization and
quantitation of the whole transcriptome with histologi-
cal context'®. The original methods printed barcodes on
slides that maintained spatial information, a unique
molecular identifier, and a poly(T) region to capture
mRNA with poly(A) tails. The mRNA is released from
tissue sections and captured by barcodes that can later
be cleaved and collected for NGS to analyze the

transcriptome. In situ capture methods also allow his-
tology and immunohistochemistry to be performed on
the tissue section to correlate protein and mRNA
expression. The Stahl method of spatial transcriptomics
has been further developed and commercialized as 10X
Visium. Additional in situ capture methods use beads
spread on slides (Slide-Seq® or etched wells in slides
(high-definition spatially resolved transcriptomics®’
rather than barcodes to capture the mRNA. One
method, Stereo-seq uses DNA nanoballs as small as
0.22 um with spacing 0.5-0.7 pm apart to achieve high
spatial resolution'®. NGS barcoding exhibits low effi-
ciency, with spatial transcriptomics detecting 6.9% as
many unique molecular identifiers as transcript spots,
comparable to scRNA-seq efficiency (3-25%).
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Table 3. Summary of spatial transcriptomics findings on musculoskeletal tissues.

Tissue Species Model Key Findings Ref
Bone Mice Cranial suture formation Identified distinctive BMP and TGF-f signaling patterns and uncovered the regulatory 38
influence of sensory nerves through Fstl1
Bone Mice Femur Identified cortical and trabecular bone markers and used deconvolution to map scRNA-Seq '
data onto the Visium spots
Bone Mice Fracture Callus; Localized markers of hard and soft callus and identified DEGs modulated by MDA-MB-231 40
MDA-MB-231 cell invasion cell invasion within each zone
Bone Mice Femur Defect Identified mostly bone formation-related gene expression in high-strain areas and bone
resorption-related gene expression in low-strain environments
Cartilage Mice 4 and 11 days old; Identified novel markers in SOC (Plxnd1, Ccl9, Basp1, and Apln) and SOC adjacent tissue ~ >®
SOC formation (Msmp)
Cartilage; Mice Embryonic Development Adgrg6 is essential for maintaining chondrocyte homeostasis (via SOX9); loss of Adgrge ~ *?
Bone leads to activation of IHH signaling and ossification
Engineered  Bovine MSC chondrogenesis Aggrecan mRNA counts did not correlate with chondrogenic matrix deposition, and there is ¢
Cartilage an overlap in gene expression for all markers between MSCs with high and low
chondrogenic potential
Engineered  Rats Published Dataset'® Identified a spatial pattern between TRPV4-YAP-Akt during development using MOSTA™ ~ *°
Cartilage; MSC Chondrogenesis and confirmed TRPV4-YAP-Akt pathway regulates collagen synthesis
Cartilage Articular Cartilage Defect Model
Enthesis Mice Supraspinatus enthesis Identified Mfge8 and Tnn as novel driving genes of enthesis development 60
development; p1, p7, p14, p28
Intrafratellar Human Osteoarthritis Identified five sub-clusters of IFP fibroblasts based on OA, sex, and obesity status 43
Fat Pad
Ligament Human ACL healthy vs degenerated Identified fibroblast subpopulations that increased in diseased ACL, which were found a“
(osteoarthritis patients) adjacent to endothelial and immune cells
Nucleus Mice  Axial skeleton development; Identified novel chondrogenic cell populations that regulated extracellular matrix +
Pulposus E11.5, E125 homeostasis
Nucleus Mice Intervertebral disk development Identified that Ctsk+ NPPCs are rare and predominantly located in the outer NP 62
Pulposus subpopulation and that the common marker Tie2 is not expressed in NP subpopulation or
NPPCs
Shoulder; Human Skeletal development; Developed ISS-Patcher method to infer cell labels from snRNASeq data onto spatial map
Hip; 5-11 weeks after conception and identified HIC1+ mesenchymal and dermal fibroblasts in human and SOX9+ Schwann
Knee; cells in cartilage
Cranium
Spine Human Embryonic Development Mapped HOX gene expression during development and identified antisense gene HOXB- ¢
AS3 as a marker for the cervical region in osteochondral, tendon, and fibrous cells
Synovium Human Rheumatoid Arthritis The adaptive immune response profile of RA exhibited an abundance of central memory T
cells, while effector memory T cells dominated in areas of tissue repair
Synovium Human Rheumatoid Arthritis The combination of TNF, IFN-y, and IL-1B drove the formation of four distinct FLS subtypes; *’
IL-1B was produced by ST100A8+ macrophages in the synovial lining
Synovium Human Rheumatoid Arthritis Memory B cells co-localize with other B cells, T peripheral or follicular helper cells, CCR7+ T '
cells, and GZMK+ T cells, but not with fibroblasts or monocytes
Synovium Human Rheumatoid Arthritis The FGF pathway was activated via FGF10 and FGFR1 in relapsed RA, which exhibited a9
therapeutic potential in a collagen-induced RA rat model
Synovium Human Rheumatoid Arthritis Identified four major clusters in 3D space using consecutive sections 0
Synovium Human Rheumatoid Arthritis Identified a novel tissue-remodeling ITGAS5+ fibroblast that induces helper T cells via TGF- '
B1 in active and lympho-myeloid type RA
Synovium Human Rheumatoid Arthritis Confirmed that a DKK3+ fibroblast subpopulation was higher in refractory patients than ~ ®*
responders and fibroblast marker FAP was upregulated in deep sublining for refractory
patients
Tendon Human Healthy and diseased Stromal cells modulate immune function through MIF signaling and APP expression 52
supraspinatus tendon decreased in diseased tenocytes, correlating with decreased LYVE1 expression in
macrophages
Tendon Human Healthy hamstring tendon MKX+ fibroblasts express collagen matrix, but PDGFRA+ fibroblasts express elastic fiber — °°
components
Tendon Human Supraspinatus tendon; healthy Diseased tenocytes correlated with periostin expression »
vs diseased
Tendon Mice Flexor tendon injury model Traced tendon fibroblast differentiation into reactive, fibrotic, and synthetic lineages after **
injur
Tendon Mice Published Dataset®* IdJenZified an area enriched with TRAP expression and developed targeted nanoparticles >’
with TRAP binding peptide for localized tendon delivery
Tendon Rats Healthy patellar tendon Identified two tendon fibroblast populations, one in the midsubstance and the other along >
the periphery, along with a novel spatially regulated gene (AABR07000398.1)
Whole Mice Development; €9.5-e16.5 Lineage tracing with sub-cellular resolution of mesoderm — sclerotome — cartilage — e
Embryo bone

Abbreviations: 3D =3 dimensional; AABR0700398.1 =novel spatially regulated gene of unknown function; ACL=anterior cruciate ligament; Adgrg6 =
Adhesion G Protein-Coupled Receptor G6; Akt = AKT serine-threonine protein kinase; Apln = Apelin; APP = Amyloid Beta Precursor Protein; Basp1 = Brain
Abundant Membrane Attached Signal Protein 1; BMP = bone morphogenic protein; Ccl9 = C-C Motif Chemokine Ligand 9; CCR7 = C-C motif chemokine
receptor 7; Ctsk = Cathepsin K; DEG = Differentially Expressed Gene; DKK3 = Dickkopf WNT signaling pathway inhibitor 3; E11.5-12.5 = embryonic stage;
FAP = fibroblast activation protein alpha; FGF = fibroblast growth factor; FGFR1 = FGF receptor 1; FLS = Fibroblast-like synoviocytes; Fstl1 = Follistatin Like 1;
GZMK = granzyme K positive; HIC1 = hIC ZBTB Transcriptional Repressor 1; Hox = homeobox; IFN-y = interferon gamma; IFP = intrafratellar fat pad; IHH =
Indian hedgehog; IL-1B = interleukin 1 beta; ISS =in situ sequencing; ITGA5 = Integrin Subunit Alpha 5; LYVE1 = Lymphatic Vessel Endothelial Hyaluronan
Receptor 1; Mfge8 = milk fat globule-EGF factor 8 protein; MIF = Macrophage Migration Inhibitory Factor; MKX = mohawk; MOSTA = mouse organogenesis
spatial tissue atlas; MSC = mesenchymal stem cell; Msmp = Microseminoprotein, Prostate Associated; NP = nucleus pulposus; NPPC = nucleus pulposus
progenitor cell; OA = osteoarthritis; PDGFRA = Platelet Derived Growth Factor Receptor Alpha; Plxnd1 = Plexin D1; RA = rheumatoid arthritis; ST00A8 = S100
calcium binding protein A8; scRNA-Seq = single-cell RNA sequencing; snRNA-Seq = single-nucleus RNA sequencing; SOC = secondary ossification center;
SOX9 = SRY-Box Transcription Factor 9; TGF- = transforming growth factor beta; Tie2 = TEK Receptor Tyrosine Kinase; TNF = tumor necrosis factor; Tnn =
tenascin N; TRAP = tartrate-resistant acid phosphatase; TRPV4 = transient receptor potential cation channel vanilloid 4; YAP = yes-associated protein.



Although being the most popular spatial transcrip-
tomics method, the 10X Visium spatial barcoding has
the lowest spatial resolution. With a resolution limited
to 55um dots spaced 100 um from center to center,
Visium is unable to achieve single-cell resolution. In
early 2024, 10X released an improved version, Visium
HD, which now uses 2pm x 2pm squares for the
barcodes with no space in between and can achieve
single-cell resolution while still offering the capability
of sequencing the whole genome. Currently, Visium
HD is available for fresh frozen, fixed frozen, and for-
malin-fixed, paraffin-embedded (FFPE) tissue sections.

Concerning tissue preparation, most techniques are
suitable for frozen sections, with some compatibility for
FFPE. However, detection is lower in FFPE due to
crosslinking and RNA fragmentation. Any tissue with
viable mRNA can be used, but optimization for each
tissue is necessary for quality RNA capture. Tissue
sections are susceptible to tears, disrupting spatial
information and causing RNA loss. Visium slides
offer up to 4 spots per slide for replicates, with cost
considerations. For frozen sections, a minimum thick-
ness of 10 um is recommended. Optimization of tissue
preparation is needed for each technique. The dense
and heterogeneous nature of bone and joint structures
requires specialized techniques to capture the spatial
intricacies ~ of = gene  expression  accurately.
Musculoskeletal tissues are often dense with extracellu-
lar matrix proteins and many tissues are hypocellular,
which can limit RNA extraction. Bone needs to be
demineralized for many histology options, which
could damage RNA*>%®, The calcified bone tissue sam-
ples often detach from slides during washes. Wehrle et
al developed a protocol that takes 18 days (mostly for
decalcification) to reliably perform Visium on mouse
bone samples, even with muscle tissue attached to the
bone. To achieve DV, ratios >50% (i.e., > 50% of
RNA are larger than 200 bases), which is needed for
Visium, Wherle et al recommend optimizing the mini-
mum required decalcification time to section samples
to 5um, avoiding long-term storage, and using sterile
instruments and RNase-Away during sectioning®.
While many methods use fresh frozen tissue, it has
recently been demonstrated that in muscle tissue from
the myotendinous junction, spatial transcriptomics can
produce quality data from tissue samples that have
been stored at —80°C for six years®®, so older samples
can be used if stored properly.

A new spatial transcriptomics method termed RNA-
Rescue Spatial Transcriptomics (RRST) can increase
RNA quality and capture®®. Traditional Visium spatial
transcriptomics relies on fresh frozen tissue with RNA
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integrity number (RIN) > 7, but later adaptations used
a gene panel instead of poly(A) capture to perform
Visium on FFPE samples. RRST employs a similar
gene panel strategy with formalin fixation of frozen
sections to implement the Visium protocol. When
tested on cartilage at the end of mouse long bones at
postnatal days 4 (P4) and 11 (P11), RRST found a 3-to-
9-fold increase in unique genes compared to standard
Visium (1298 and 1750 unique genes compared to <
100)*®. Investigations in other tissues (brain, prostate
cancer, colon) confirmed improved RNA capture and
more unique genes identified using RRST versus tradi-
tional Visium for samples with both low- and high-
quality RIN values.

Recently, traditional 2D spatial transcriptomics has
been advanced to achieve 3D capability®. The method
re-creates a 3D tissue structure with histological and
spatial transcriptomic information by collecting conse-
cutive tissue sections and aligning the images.

In situ sequencing

In situ sequencing (ISS) enables the direct sequencing
of RNA within intact tissues, which maintains histolo-
gical context. ISS uses padlock probes, rolling-circle
amplification, and sequencing-by-ligation chemistry**.
Each padlock probe has two arms, both of which must
bind to its specific target for hybridization to enable
rolling circle PCR amplification and detection. 10X
genomics offers ISS spatial transcriptomics through
their Xenium platform (formerly Cartana). ISS methods
are highly sensitive and high throughput, even for low-
expressing transcripts. ISS methods offer subcellular
resolution for up to 1000 genes. Although ISS methods
do not cover the whole transcriptome, the ISS-Patcher
R package has been developed to interpolate scRNA-
seq data to the spatial locations identified using ISS
panels®

In situ sequencing is a relatively new method and
has not been widely adopted to study musculoskeletal
tissues. To the best of our knowledge, we have per-
formed the first 10X Xenium spatial transcriptomics on
musculoskeletal tissues on mouse whole knee joints
(Figure 4). The preliminary (unpublished) data shows
transcripts of five genes (osteocalcin (Bglap), lubricin
(Prg4), aggrecan (Acan), cartilage oligomatrix protein
(Comp), and myozenin 1 (Myzol) in a healthy mouse
knee joint (Figure 4A). This study reveals Comp, Prg4,
and Acan expression in cells throughout the meniscus
(Figure 4B), and osteocalcin expression in cells along
the contour of the bone in the trabeculae (Figure 4C).
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Figure 4. Example (unpublished data) of 10X xenium in situ sequencing (ISS) on a healthy 12-week old mouse knee joint (A)
showing transcripts for osteocalcin (Bglap), lubricin (Prg4), aggrecan (Acan), cartilage oligomatrix protein (Comp), and myozenin 1
(Myoz1). Scale bar is 1000 pm. Zoomed in panels of the meniscus (B) and trabeculae in bone (C). Scale bar is 50 ym.

ROI selection

ROI selection methods use physical or digital means to
determine an ROI in a tissue sample where the mRNA
is captured and then analyzed via cDNA microarray,
bulk RNA sequencing (RNA-Seq), or scRNA-Seq.
NanoString offers a digital ROI selection method,
GeoMx DSP, where the ROI is illuminated using ultra-
violet light to capture photocleavable barcoded genes>’.
The captured genes from the ROI can then be
sequenced using RNA-Seq or NanoString nCounter
Analysis System. The GeoMx system does not rely on
poly-adenylation (poly(A)) capture but gene panels
instead. NanoString offers multiple gene panels, includ-
ing whole-transcriptome panels for both mice and
humans, with down to 10um in spatial resolution.
GeoMx DSP is a commercially available method of

digital ROI selection-based spatial transcriptomics.
However, GeoMx DSP has not been widely adopted
yet for studying musculoskeletal tissues, appearing in
only one study of rheumatoid arthritis®*.

Single molecule fluorescent in situ hybridization
methods

Single molecule fluorescent in situ hybridization
(smFISH) based methods utilize high levels of multi-
plexing to increase the number of genes analyzed. An
early prototype of smFISH methods called sequential
Fluorescence In Situ Hybridization (seqFISH) used
super-resolution microscopy and combinations of
fluorophores to detect up to 32 genes simultaneously
at single cell resolution’’. This method was soon



improved as seqFISH+, which barcoded genes via
sequential rounds of hybridization with fluorophores
to reach full coverage of the human genome within 8
rounds of hybridization’”. Another method, multi-
plexed error-robust FISH (MERFISH)* uses a binary
barcoding strategy that removes fluorophores only—
not FISH probes—that can cover ~ 10,000 genes in
less time than seqFISH+". Vizgen offers a commercial
MERFISH platform with subcellular resolution and
high sensitivity. Most smFISH methods cover hundreds
of genes, although higher gene counts are possible, and
they achieve subcellular resolution. MERFISH can
achieve subcellular resolution, similar to Xenium,
while sequencing up to 65,536 genes via multiplexing,
covering the whole transcriptome as well. MERFISH
has limited imaging time, requiring a 60X lens and
imaging for up to 8 rounds of multiplexing for each
field of view. Multiplexed smFISH techniques excel in
detection efficiency (~100%), but repeated rounds of
hybridization may reduce efficiency. Villasefor et al.,
improved RNA quality, sensitivity, and specificity for
ISH spatial transcriptomics methods by fixing tissue in
4% paraformaldehyde for 24 hours, followed by immer-
sion in 0.5M ethylenediaminetetraacetic acid (EDTA)
for 1-2 weeks’”. Additionally, pre-treating the slides by
incubating for 4 h at 60°C in TEG buffer (25mm of
Tris-HCl at pH 8, 10 mm of EDTA, and 50 mm of
glucose) and extended protease treatment improve
probe penetration and specificity for ISH methods.
While tested on tendon samples, this method should
also help other matrix-rich tissues, such as bone, carti-
lage, and ligament’”.

Conclusions

Spatial transcriptomics has emerged as a powerful
tool, offering unprecedented insights into the spatial
organization of gene expression within tissues. As
technologies continue to evolve, the application of
spatial transcriptomics in studying musculoskeletal
tissues holds great promise, paving the way for a
deeper understanding of musculoskeletal biology
and potential therapeutic interventions. Imaging-
based methods, such as MERFISH, smFISH, and
Xenium may be better for hypothesis testing as they
generally have subcellular resolution but sequence
fewer genes. Sequencing methods such as Visium or
GeoMx may be better for untargeted, shotgun
approaches that can generate useful hypotheses
from the spatial data from unimpaired tissue sec-
tions. Spatial transcriptomics is compatible with his-
tology, and methods (such as Visium) have a fast
turnaround and are wuser-friendly. As further
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improvements to the techniques are developed to
improve spatial resolution and RNA capture, spatial
transcriptomic methods could become useful for
clinical ~ diagnostics and  precision  medicine
approaches.
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