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Introduction

Modular, open-sourced multiplexing for
democratizing spatial omics

Nicholas Zhang,?* Zhou Fang,?® Priyam Kadakia,®* Jamie Guo,®® Dakshin Vijay,?®
Manoj Thapa,® Samuel Dembowitz, {3
Arash Grakoui® and Ahmet F. Coskun @ *a°¢

Spatial omics technologies have revolutionized the field of biology by enabling the visualization of biomol-
ecules within their native tissue context. However, the high costs associated with proprietary instrumenta-
tion, specialized reagents, and complex workflows have limited the broad application of these techniques.
In this study, we introduce Python-based robotic imaging and staining for modular spatial omics (PRISMS),
an open-sourced, automated multiplexing pipeline compatible with several biospecimen targets and
streamlined microscopy software tools. PRISMS utilizes a liquid handling robot with thermal control to en-
able the rapid and automated staining of RNA and protein samples. The modular sample holders and Py-
thon control facilitate high-throughput, single-molecule fluorescence imaging on widefield and confocal
microscopes. We successfully demonstrated the versatility of PRISMS by imaging tissue slides and adherent
cells. We demonstrate that PRISMS can be utilized to perform super-resolved imaging, such as super-
resolution radial fluctuations (SRRF). PRISMS is a powerful tool that can be used to democratize spatial
omics by providing researchers with an accessible, reproducible, and cost-effective solution for multiplex
imaging. Specifically, PRISMS is an open-source, automated multiplexing pipeline for spatial omics, com-
patible with several sample types and Nikon NIS Elements Basic Research software, as well as Python-
based biodevices. It performs high-throughput, single-molecule fluorescence imaging both on widefield
and confocal microscopes, and can be used to perform super-resolved imaging, such as SRRF. Overall,
PRISMS is a powerful tool that can be used to democratize spatial omics by providing researchers with an
accessible, reproducible, and cost-effective solution for multiplex imaging. This open-source platform will
enable researchers to push the boundaries of spatial biology and make groundbreaking discoveries.

within their native microenvironments. However, the broad ap-
plication of spatial omics has been largely confined to well-

Recent advances in spatial omics have necessitated the use of
expensive reagents, long imaging durations, and computation-
ally intensive computations with larger image datasets. Addi-
tionally, proprietary software to automate these laborious (and
often cyclic) pipelines has further exacerbated these barriers to
entry. As demonstrated in recent high-impact studies, these
techniques reveal not only the spatial distribution of biomole-
cules but also the intricate interplay between different cell types
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resourced laboratories due to the high costs associated with pro-
prietary instrumentation, specialized reagents, and complex
workflows. The rising demand for high-resolution spatial data
in fields ranging from cancer biology to neuroscience is accom-
panied by escalating operational costs and technical challenges.
Conventional spatial omics methods often require significant
investments in both hardware and consumables, creating bar-
riers for smaller laboratories and limiting the pace of innova-
tion. In contrast, open-sourced, democratized approaches have
the potential to transform the landscape of spatial omics by pro-
viding accessible, reproducible, and cost-effective solutions. By
leveraging community-driven innovations and automating key
processes such as sample staining and imaging, researchers can
standardize protocols, reduce variability, and ultimately acceler-
ate discovery.

Thus, we introduce Python-based robotic imaging and
staining for modular spatial omics (PRISMS), an open-
sourced, automated multiplexing pipeline compatible with
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several sample types and Nikon NIS Elements Basic Research
software to run a Nikon widefield TE-2000U fluorescence mi-
croscope. Our pipeline consists of an open-sourced Python
(Jupyter notebook) that 1) writes command-level NIS Ele-
ments commands for custom image acquisition, 2) computes
autofocus correction for Z drift, and 3) writes a Fiji/Image]
macro to stitch overlapping images for large scan imaging.
User input only involves a series of saved ZYX coordinates for
a sample of interest with options to 1) capture individual
fields of view (FOVs), 2) tile scan the entire area
encompassing all selected coordinates, or 3) tile scan each
FOV with a certain size (e.g., 3 x 3 FOVs per coordinate). Fur-
thermore, multiple Python notebooks can be “chained” to-
gether to image each sample (e.g., 3 tissue slides) sequen-
tially, thus increasing imaging throughput with no user
input. Multiple sample formats are compatible with our 3D-
printed multiplex mount (up to 3 tissue slides) and laser-cut
acrylic holders (for coverslips), enabling successful cyclic im-
aging. Any well plate format is directly compatible with the
Nikon widefield stage.

This custom pipeline is especially useful, for example, in
super-resolved acquisitions such as super-resolution radial
fluctuations (SRRF)." SRRF requires repeated (~100) frame
imaging of single Z coordinates, which is not an option in
typical imaging software. With our open-sourced pipeline, we
enable custom repeated frame imaging combined with auto-
mated super-resolved reconstructions that can easily be run
in Fiji/Image] once the Fiji macro is generated (Fig. 1).

Finally, our pipeline can also perform automated post-
processing such as background subtraction, thresholding,
and individual channel rendering for quick inspection of im-
age quality. Such automated processing provides quick in-
sight into single-cell statistics (Fig. 2) and general expression
patterns among tissues when relevant. Here, we successfully
demonstrate our pipeline on tissue slides, cells on coverslips,
cells in 96 or 12-well plates, and cells in custom well formats.

Existing advances in computational biology have focused
heavily on data mining to yield unique biological insights, e.g.,
Xenium, MERSCOPE, Sopa, CosMX, MACSima, and
Phenocycler.””” While these technologies excel at uncovering
spatial transcriptomic or proteomic relationships via segmenta-
tion, annotation, phenotyping, neighborhood analyses, etc.,
their proprietary nature (except Sopa) requires high costs, cus-
tom software, and/or custom reagents (for acquisition). Further-
more, their “black box” characteristics leave little room for fine-
tuning how data is acquired. In contrast, PRISMS is an open-
source, customizable Python workflow for Nikon microscopes,
capable of tailoring acquisition and analyses to fit a range of
user needs. We successfully demonstrated PRISMS with cell im-
aging, stitched tissue scans, and SRRF enhancements, complete
with cell segmentation, analyses, and quantification.

PRISMS offers a fundamentally new solution by providing
an open-source, customizable Python workflow specifically
for Nikon microscopes and Cephla spinning disk confocals.
It enables tailoring acquisition and analyses to fit a range of
user needs, unlike proprietary technologies that often have

5380 | Lab Chip, 2025, 25, 5379-5392

View Article Online

Lab on a Chip

“black box” characteristics and limit fine-tuning. Compared
to commercial spatial omics pipelines such as Visium,
Xenium, CosMx, PhenoCycler, MERSCOPE, PRISMS offers
user tuning at any step and does not restrict reagent use. For
post-processing, PRISMS can perform automated repeated
frame imaging for super-resolution radial fluctuations (SRRF)
and generate Fiji macros for reconstructions, which are not
always available in standard imaging software. Therefore,
PRISMS offers a unique combination of open-source code,
specific integration with Nikon microscopes, modular hard-
ware, and automation of key spatial omics tasks, differentiat-
ing it from existing products.

The vast majority of open source workflows are designed for
processing, not acquisition. For example, Spacemake, built
using Snakemake and Python, is inherently modular, allowing
users to configure and extend the pipeline for various spatial
transcriptomics technologies. It can process and analyze multi-
ple samples in parallel, even from different experimental
methods. Modules cover steps from raw sequencing data to
downstream analysis reports, including sample merging and in-
tegration with single-cell data.® As a Snakemake-based
workflow, it offers robust automation of processing steps once
configured. It aims for reproducible data processing and auto-
matically generated analysis reports. Another tool designed with
a clean, modular Python structure, called ST Pipeline, breaks
down the processing of spatial transcriptomics data into dis-
tinct steps, including quality filtering, mapping, and generation
of spatial count matrices.’ It features a command-line interface
that allows for efficient and automated execution of these steps,
facilitating batch processing of samples. Likewise, Squidpy,
built on top of Scanpy and AnnData, provides a framework of
tools for spatial omics analysis. Its functions are organized into
modules for different analysis tasks like image processing, spa-
tial statistics, and visualization, allowing users to construct cus-
tom analysis workflows."® While highly interactive, Squidpy's
Python-based nature allows for scripting and automation of
complex analysis sequences. Another tool, Panpipes, consists of
a set of computational workflows designed for multimodal
single-cell and spatial transcriptomic analyses.'* It incorporates
widely-used Python-based tools and is structured into distinct
workflows for ingestion, preprocessing, integration, clustering,
and visualization. It is designed to automate these analysis
stages at scale, enabling reliable and customizable processing
of individual and integrated modalities. SPArrOW is another
tool described as a flexible, modular, and scalable pipeline. Its
basic building blocks are tightly integrated and can process spa-
tial omics datasets in a parallelized fashion. It allows sample-
specific pipeline optimization through tunable parameters."
While offering interactive visualization and human-in-the-loop
optimization, its workflow structure supports automated pro-
cessing once parameters are set. Despite their computational
advantages, all of these open-source tools cannot acquire data
or fine-tune data acquisition.

Commercial solutions often provide end-to-end systems,
from sample preparation and imaging to data analysis software.
These platforms typically emphasize user-friendliness,
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Fig. 1 Open-sourced PRISMS is compatible with a variety of sample formats, acquisition modes, and post-processing reconstructions. a) Rapid,
multiplex staining with the OT-2 staining robot of up to 12 slides or coverslips contained in an Omnistainer (blue) in a single run. Temperature
modules facilitate both HCR RNA and IF protein staining. Cyclic multiplexing is achieved by removing labeled fluorescence with DNAse | enzyme
(RNA) or LiBH4 photobleaching (protein), followed by repeated staining and imaging. b) Modular sample formats allow imaging of various sample
types. Examples include a custom 3D printed mount for up to 4 tissue slides (green). Laser-cut acrylic mounts can also substitute for each slide
and hold a 22 x 22 mm or larger coverslip for cell samples. PRISMS will also work for prototypical, glass-bottom well plate formats: 96, 24, 12-well,
etc. Additionally, custom chip designs, such as ones sold by Ibidi©, are also compatible. Created with BioRender.com. c) Representative images of
imaging on both Nikon widefield (top) and Cephla®© spinning disk confocal (bottom) setups. The left column illustrates the interactive GUI used to
set up automated acquisition. The right column shows the true imaging setup.

robustness, and dedicated support, with varying degrees of
disclosed modularity but strong automation. However, they suf-
fer from high costs, strict reagent guidelines and sample for-
mats, and a lack of acquisition customization. For example, the
10x Genomics Visium and Space Ranger is a set of analysis
pipelines that process 10x Visium spatial gene expression data.
While the internal workings are proprietary, it consists of dis-

This journal is © The Royal Society of Chemistry 2025

tinct computational steps (e.g., alignment, barcode/UMI pro-
cessing, feature counting, and clustering). Space Ranger auto-
mates the entire process from FASTQ files to summary reports
and data files for visualization (e.g., Loupe Browser). The 10x
Visium pipeline requires specific sample formats (e.g., fresh,
methanol-fixed, and cryopreserved samples) and lacks single-
cell resolution, let alone any tunability during acquisition.
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Fig. 2 PRISMS widefield imaging pipeline. a) Main PRISMS imaging widefield acquisition workflow. Samples can be scanned with Z stack and
selected fluorescent channels for multiple fields of view (FOVs), contiguous FOVs for stitching, or a combination of both, in which each FOV
comprises its contiguous scan, e.g., 3 x 3 tiles. Regardless, each FOV is first Z-scanned on a focus channel, typically DAPI, paused for Python to com-
pute the focus Z coordinate, updated in Nikon macros with the computed Z coordinate, and finally acquired with Z and channel filters. This process
is repeated until all FOVs are acquired. If stitching a region defined by a boundary, Python will write a Fiji macro that can be run to stitch overlapping
FOVs. Each segment of the workflow is colored by the respective programming language: Python/Jupyter (dark blue), Nikon (red), or Fiji (purple).
For faster processing, tiles for stitching are computed in real time as images are acquired. Example folder structure for a single acquisition is shown
in the bottom left diagram. Created with BioRender.com. b) PRISMS widefield post-processing enhancements with SRRF.! If repeated frames are
acquired, PRISMS will write a Fiji macro to execute the open-source SRRF tool to reconstruct the super-resolved frames. The example shown is for
umbilical cord-derived mesenchymal stem cells (UC-MSCs). Original 3D images, average of repeated Z frames, and super-resolved reconstructions
are shown for the same region. Super-resolved labels include DAPI (blue), HSP60 (green), and Tom20 (green). Line scan quantifications from the red
line are shown at the bottom, illustrating the more frequent, sharper peak intensity profiles in SRRF than in widefield across the same cell.

Another spatial omics platform, the NanoString GeoMx®
Digital Spatial Profiler (DSP) & CosMx™ Spatial Molecular
Imager (SMI) with AtoMx™ Spatial Informatics, involves in-
tegrated hardware and software. The AtoMx platform, being
cloud-based, offers modular analysis applications for data
from GeoMx and CosMx systems. The systems are designed
for high-throughput, automated data acquisition, and
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streamlined data analysis through the AtoMx platform. Simi-
larly, the Akoya Biosciences PhenoCycler® (formerly CODEX)
and Phenolmager® HT (formerly Vectra Polaris) provide
tools for high-plex tissue imaging. The analysis software
(e.g, inForm®, Proxima™) offers modules for image analy-
sis, cell segmentation, and scoring. The platforms are de-
signed for automated sequential imaging (PhenoCycler) and

This journal is © The Royal Society of Chemistry 2025
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high-throughput slide scanning (PhenoImager HT), with soft-
ware facilitating automated image processing and data ex-
traction. Higher plex spatial transcriptomic platforms such
as Vizgen MERSCOPE™, based on multiplexed error-robust
fluorescence in situ hybridization (MERFISH), contain mod-
ules for image processing, transcript decoding, and quality
control."® The MERSCOPE instrument automates the fluid-
ics, imaging, and primary data processing steps required for
MERFISH. For higher-end imaging, Zeiss Microscopes and
ZEN Software offer various modules for image acquisition,
processing (e.g., Al-powered segmentation with Cellpose inte-
gration), and analysis tailored to microscopy data, which is
foundational for many spatial omics techniques. The soft-
ware can automate complex imaging routines and analysis
workflows, including 3D multiplexing. However, these tools
suffer from very high costs, limited reagent selection, little
to no acquisition customization, and difficult integration
with custom parts. Hence, PRISMS offers a cost-effective so-
lution with minimal proprietary components, modular parts,
and potentially unlimited customizations by the end user.
Comparable, open-sourced solutions are fewer in number.
For example, Open-ST offers open-sourced, subcellular spatial
transcriptomics labeling of 2D and 3D samples using an
adapted Illumina flow cell."*"® It enables cost-efficient
whole-transcriptome analysis by repurposing Illumina flow
cells as RNA capture areas. Open-ST has demonstrated the
ability to identify cell populations, tissue heterogeneity, and
biomarkers across various biological samples, including hu-
man tumors and mouse brain tissues. Open-ST also inte-
grates computational tools to facilitate seamless data process-
ing, from RNA capture to transcriptomic mapping. It employs
an optimized pipeline for image segmentation and spatial
transcriptomics integration, thereby reducing the need for
manual intervention. The system is highly adaptable,
allowing researchers to fine-tune segmentation, visualization,
and computational analysis for different tissue types and ex-
perimental setups. The framework provides open-source soft-
ware for customization, enabling 3D reconstruction and mul-
timodal analysis of tissue samples. While Open-ST is more
cost-efficient than many commercial alternatives, it requires
specific resources that may not be readily available in every
laboratory. The method leverages repurposed Illumina flow
cells, a custom sequencing recipe, and even a 3D-printable
cutting tool for controlled fragmentation. These custom tools
and protocols necessitate a level of technical expertise and
access to specialized sequencing platforms, such as the
NovaSeq6000, which could limit broader adoption for some
research groups. The method's ability to generate subcellular
resolution and reconstruct 3D virtual tissue blocks introduces
significant computational complexity. Processing, aligning,
and integrating datasets across serial sections requires ad-
vanced algorithms and substantial computational resources.
Although the reported registration accuracy is approximately
1 um, even minor alignment errors can be critical when inter-
preting spatial relationships in densely packed or heteroge-
neous tissue regions. Furthermore, the size of each capture
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area is inherently limited by the sequenced area of the flow
cell lane (maximum of approximately 6.3 x 89 mm), which
may restrict the throughput when very large tissue sections
need to be analyzed in one run.

One open-source, a single-molecule detection tool for live
cell analysis, AiSIS, has been successfully deployed."® AiSIS is
a fully automated imaging system that integrates advanced
TIRF optics, deep learning, and robotics into a modular de-
sign to enable high-throughput live-cell analysis. The system
automates key processes—including cell selection via deep
learning, precise autofocusing based on iris image analysis,
and consistent immersion-oil regulation—eliminating man-
ual intervention and reducing variability while dramatically
increasing processing speed by up to 10- to 100-fold. AiSIS
was applied to image and track fluorescent epidermal growth
factor receptors (EGFRs) across 1600 cells in a 96-well plate
within a single day, demonstrating its ability to capture dy-
namic changes in receptor mobility in response to varying li-
gand concentrations. Quantitative analyses measured critical
parameters such as diffusion coefficients, oligomer sizes, and
half-maximal effective concentrations (ECs), thereby validat-
ing the system's potential to transform single-molecule
screening, cell signaling studies, and drug discovery. Despite
its transformative automation of single-molecule imaging,
AiSIS has several limitations. Its performance heavily relies
on high-quality training data and precise calibration for
deep-learning-based autofocus and cell selection, meaning
that adjustments may be necessary for different cell types or
imaging conditions. In practice, a small proportion of cells,
such as those where fluorescent spots could not be reliably
tracked, demonstrate that the system can still encounter is-
sues with cellular heterogeneity and low signal intensity. Ad-
ditionally, the technology is optimized for TIRF microscopy,
and the specific hardware setup required (including expen-
sive optics, robotic manipulators, and immersion oil manage-
ment) may limit its adaptability to other imaging modalities
or labs with restricted resources. A direct comparison of
these spatial omics technologies with PRISMS is provided in
Table S1.

While Pycro-Manager and Napari are also existing Python-
based research microscope tools, they serve different pur-
poses than PRISMS. Napari is a versatile image rendering
tool, providing quick and easy viewing of large microscopic
images, including 3D rendering capabilities."”” However,
Napari does not directly possess microscopic data acquisition
capabilities. Currently, PRISMS GUI also contains Napari
viewing capabilities for quick viewing of sample images. On
the other hand, Pycro-Manager is a robust open-source soft-
ware that acts as a bridge between the extensive hardware
support of pManager (written in Java and C++) and the pow-
erful scientific computing ecosystem of Python.'” It aims to
provide a flexible and user-friendly programming interface
for customized and reproducible microscope control. How-
ever, Pycro-Manager is a software library for microscope con-
trol, not an end-to-end application pipeline like PRISMS.
Users must build their own specific applications and

Lab Chip, 2025, 25, 5379-5392 | 5383
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workflows on top of it. Additionally, as a bridge between dif-
ferent programming languages and software (Python, Java,
pManager), the initial setup and understanding of the soft-
ware architecture might be complex for new users. While it
can be integrated into larger workflows, Pycro-Manager's pri-
mary strength lies in data acquisition control rather than the
full-spectrum automation of staining and post-processing
seen in PRISMS.

Results and discussion

Liquid handling robot with thermal control enables
multiplex HCR RNA FISH v3.0 and immunofluorescence with
minimal reagent volumes

First, we implement a rapid, automated staining system
using the OT-2 robot that is compatible with Opentrons tech-
nology (Fig. 1a). The sample holder can hold up to 12 slide
samples. With the inclusion of the thermal module, following
manual baking, dewaxing, and antigen retrieval, we success-
fully multiplexed RNA with Molecular Instruments’ Hybrid-
ized Chain Reaction (HCR) v3.0 and protein with cyclic im-
munofluorescence (IF).'*'® The thermal sheath minimizes
evaporation loss, and we ensure temperatures are accurate af-
ter calibration (Fig. S1).

Modular sample formats and Python control facilitate open-
sourced, high-throughput, single-molecule fluorescence im-
aging on widefield and confocal microscopes

For imaging, we 3D printed (via fused deposition modeling) a
custom 4-slide holder (Fig. 1b). Additionally, our PRISMS
workflow is compatible with well plates of varying sizes and cus-
tom Ibidi coverslips. For imaging, we operate similar workflows
on Nikon widefield (NIS Elements BRO©) and Cephla spinning
disk confocal, which are both directed by Python scripts and a
basic graphical user interface (GUI) (Fig. 1c, Tables S2 and S3).
Nikon NIS Elements software is capable of performing advanced
image acquisition, but any execution beyond two dimensions
(e.g., Z stack, multichannel, and tile scanning) requires NIS Ele-
ments AR©, which costs thousands of dollars more than the
BRO version (Fig. S2). PRISMS is compatible with both versions.

In general, for widefield and confocal imaging, the user
will set ZYX coordinates and save them as either XML or CSV
files, respectively. The coordinates will be interpreted as ei-
ther 1) boundary points (e.g:, large tile scans) or 2) multipoint
coordinates (e.g., well plate) with Y by X tiles acquired at each
coordinate (Fig. 2a). During acquisition, each Z coordinate
will be updated in real time from an autofocus scan based on
a custom, contrast-based autofocus algorithm (Fig. S3 and
S4). Simultaneously, PRISMS will compute either 1) maxi-
mum intensity projections (MIPs) or 2) best focus TIFs for
each tile for latter 2D stitching with Fiji/Image].?**" Further-
more, if a user wishes to enhance the resolution with super
resolution radial fluctuations (SRRF), there is an option to ac-
quire repeated imaging and reconstruct the super resolution
image (Fig. 2b)." We have demonstrated this tool on imaging
of umbilical cord-derived mesenchymal stem cells (UC-MSCs)
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labeled with HSP60 and Tom20 immunofluorescence anti-
bodies to better resolve the subcellular, mitochondrial fea-
tures. Additionally, PRISMS will stitch 2D and 3D images
using Fiji.”>*" For multipoint well plate scans on a confocal
microscope, we implement 3D stitching for larger depth sam-
ples with Fiji (Fig. 3).%° Final 3D volumes are output as dis-
crete TIF z-stacks per channel.

PRISMS enables rapid 2D and 3D stitching with single cell
segmentation and quantification

Representative, multiplex IF images from human adult tonsil
under Nikon widefield and Squid confocal are shown in Fig. 4a
with Pan cyto-keratin (green), Ki67 (magenta), and CD4 (yellow).
Corresponding single-cell masks in the bottom row were seg-
mented by Cellpose.* Furthermore, PRISMS performs single-
cell colocalization metrics among all pairwise markers and
quantifies single-cell expression (Fig. 4b). For benchmarking,
we manually stained another tonsil tissue with the same panel
(Fig. S5). Similarly, representative, multiplex HCR images from
another human adult tonsil slide under Squid confocal are
shown in Fig. 5a with GAPDH RNA (green) and Ki67 RNA (ma-
genta). Corresponding single-cell masks in the bottom row were
segmented by Cellpose.”> Furthermore, PRISMS performs
single-cell colocalization metrics among all pairwise markers
and quantifies single-cell expression (Fig. 5b).

Larger, whole tissue scans of a mouse liver fibrotic sample
that was multiplexed with IF manually with 5-hmC (green),
5-mC (magenta), aSMA (white), collagen I (red), Pan cyto-
keratin (cyan), and fibronectin (yellow) antibodies (Fig. 6a). Be-
low the large area is the zoomed in region of the same tissue.
Additionally, single-cell masks were drawn by Cellpose.”
Pairwise Pearson's colocalization among all markers is shown
in the bottom right boxplot. Below the diffraction limit,
PRISMS can localize single mRNA molecules from HCR RNA
FISH v3.0 (Fig. 6b). An example of this is shown in 01-3T3 fi-
broblasts multiplexed with p65 RNA and GAPDH RNA after im-
aging the p65 Protein reporter. The white border shows cells
segmented by Cellpose.*” Single-cell RNA counts are shown in
the bottom right boxplot. Later, we multiplexed protein
stainings and performed single-cell Pearson's colocalization
for cells stimulated at various timepoints (Fig. S6). Together,
this data highlights the spatial multi-omics capability of
PRISMS.

Confocal LED matrix generates brightfield and darkfield
color images with a high-sensitivity monochrome camera

Beyond fluorescence capabilities, PRISMS on confocal pro-
vides 3D fluorescence and brightfield capabilities, thus facili-
tating endpoint H&E for the same tissue. To demonstrate this
colorimetric ability, we stained non-fibrotic and fibrotic
mouse liver samples obtained from the Emory National Pri-
mate Center with Masson's Trichrome and H&E (Fig. 7).
Fig. 7a shows both samples imaged with Squid confocal
brightfield matrix, which is also capable of 3D RGB scanning.
Meanwhile, Fig. 7b shows the same samples imaged with the

This journal is © The Royal Society of Chemistry 2025
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Fig. 3 PRISMS spinning disk confocal imaging pipeline. a) Main PRISMS imaging confocal acquisition workflow. Samples can be scanned with Z
stack and selected fluorescent channels for multiple fields of view (FOVs), contiguous FOVs for stitching, or a combination of both in which each
FOV comprises its contiguous scan, e.g., 3 x 3 tiles. Regardless, each FOV is first Z-scanned on a focus channel, typically DAPI, paused for Python
to compute the focus Z coordinate, updated in Nikon macros with the computed Z coordinate, and finally acquired with Z and channel filters. This
process is repeated until all FOVs are acquired. If stitching a region defined by a boundary, Python will write a Fiji macro that can be run to stitch
overlapping FOVs. Each segment of the workflow is colored by the respective programming language: Python/Jupyter (dark blue), Nikon (red), or
Fiji (purple). For faster processing, tiles for stitching are computed in real time as images are acquired. Example folder structure for a single acquisi-
tion is shown in the bottom left diagram. The included brightfield LED matrix and high-sensitivity monochrome camera enable both grayscale (sin-
gle-molecule) fluorescence and RGB image capabilities. Created with BioRender.com. b) Examples of raw and processed tiles for stitching.
PRISMS confocal can stitch in 2D and 3D, with examples shown in the right column for mouse fibroblast 01-3T3 cells. DAPI (blue), H2B protein
(green), and p65 protein (yellow) reporters are illustrated for these cells.

MoticEasyScan One Slide Scanner for comparison. Blue areas
(collagen) indicate higher fibrotic regions. Corresponding
zoomed-in regions are shown on all panels with scale bars on
the bottom left or right of each.

Conclusion

Our work highlights the promise of an open-sourced, auto-
mated workflow designed for spatial omics multiplexing

This journal is © The Royal Society of Chemistry 2025

(Fig. 8). First, samples on slides (up to 12) are stained by an OT-
2 robot in a thermal chamber with multiplex IF (protein) or
HCR (RNA). Both widefield and confocal imaging platforms ac-
commodate a wide variety of sample formats, including, but not
limited to, slides, coverslips, well plates, etc. Samples can be
readily imaged on either widefield or confocal in an automated
fashion with minimal user input. The imaging pipeline includes
automated fluorescence capture, SRRF reconstruction, pseudo
RGB, 2D stitching, 3D stitching, single molecule localization,

Lab Chip, 2025, 25, 5379-5392 | 5385
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Fig. 4 Automated, multiplex immunofluorescence staining and imaging on widefield and confocal. a) Representative widefield (left column) and
confocal (right column) images from automated, multiplex (2 cycles) IF staining with PRISMS on normal, adult human tonsil tissues. The scale bar
is shown in white font on the bottom right. IF antibodies stained by the OT-2 robot were Hoechst (blue), pan cytokeratin (green), Ki67 (magenta),
and CD4 (yellow). The bottom row illustrates the single-cell masks segmented by Cellpose.?? b) Single-cell expression quantification comparisons
between widefield and confocal. The top row shows the single-cell Pearson’s correlation among all pairs of protein markers. Low colocalization is
colored blue, and high colocalization is red. The bottom row quantifies the expression per cell as measured by arbitrary fluorescence intensity

units.

single cell segmentation, and single cell quantification. PRISMS
integrates readily available hardware and customizable software
tools to streamline sample processing, thereby lowering both
the financial and technical barriers to entry. By adopting an
open-sourced framework, our approach not only fosters greater
collaboration and transparency within the scientific community
but also provides a scalable method that can be readily adapted
and optimized for diverse research applications. In doing so, we
aim to democratize spatial omics and empower a wider range of
laboratories to contribute to this rapidly evolving field.

5386 | Lab Chip, 2025, 25, 5379-5392

Materials and methods

Robotic staining, widefield, and confocal imaging

The OT-2 staining robot with a cold slim plate thermal module
was obtained from Parhelia Biosciences©. The Omnistainer S12
with thermal sheath was used to stain multiple slides. For imag-
ing, we used a Nikon TE-2000 U dissection microscope and
Cephla®© Squid spinning disk confocal. PRISMS Python scripts
run locally on each machine and process images in real time.
Both microscopes used fluorescence excitation/emission

This journal is © The Royal Society of Chemistry 2025
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Fig. 5 Automated, multiplex RNA staining and imaging on a confocal. a) Representative confocal images from automated, multiplex (2 cycles)
HCR RNA staining with PRISMS on normal, adult human tonsil tissues. The scale bar is shown in white font on the bottom right. RNA labels stained
by the OT-2 robot were GAPDH RNA (magenta) and Ki67 RNA (green). Counterstained Hoechst is shown in blue. The bottom row illustrates the
single-cell masks segmented by Cellpose.?? b) Single-cell expression quantification from Squid confocal imaging of RNA. The left plot quantifies
the expression per cell as measured by mRNA transcript counts per cell. The right plot shows the single-cell Pearson's correlation among RNA
marker pairs. Low colocalization is colored blue, and high colocalization is red.

capabilities with appropriate filters. Additionally, the Squid con-
focal used an overhead LED matrix capable of emitting red,
green, and blue light to create a pseudo RGB reconstruction.

Human adult tonsil samples

Formalin-fixed paraffin-embedded (FFPE) tissue slides from
normal adult humans were purchased from Tissue Array,
LLC. Slides were baked for 1 h at 60 °C, dewaxed, and under-
went antigen retrieval with citrate buffer (pH 6) in a pressure
cooker for 15 min. Then, slides were put in the Omnistainer
S12 for HCR RNA FISH v3.0 or IF staining by the OT-2 robot."®
For HCR RNA FISH v3.0, RNA probes were hybridized over-
night at 37 °C using the robot thermal module. Probes were
amplified in a semi-automated manner with manual user snap

This journal is © The Royal Society of Chemistry 2025

cooling of the hairpins at 95 °C for 90 s during robot pre-am-
plification. For IF, slides were incubated in antibody solution
overnight at 4 °C. HCR stainings were imaged with a custom
antifade bleaching buffer: 70% Tris-HCI, Trolox, 10% 1/100
catalase, 10% Pyox, and 10% of 8% glucose.

Mouse liver fibrosis samples

Formalin-fixed paraffin-embedded (FFPE) tissue slides were
obtained from the Emory National Primate Center, courtesy
of Dr. Arash Grakoui. BALB/c mice were either Mdr2-/- (fi-
brotic) or control (non-fibrotic). Slides were baked for 1
hour at 60 °C, dewaxed, and underwent antigen retrieval
with citrate buffer (pH 6) in a pressure cooker for 15 min.
The multiplex IF panel included 5-hmC (Active Motif 39770,

Lab Chip, 2025, 25, 5379-5392 | 5387
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Fig. 6 PRISMS is capable of large tissue tile scans and single-molecule localization with automated single cell quantifications. a) Example of
mouse liver tissue epigenetic model that was sequentially multiplexed by PRISMS. Proteomic labelling included Hoescht (blue), 5-hmC (green),
aSMA (white), collagen | (red), Pan cytokeratin (cyan), and fibronectin (yellow). A whole tissue scan is shown with all markers overlaid in the top left
corner and individual markers colored in neighboring panels. PRISMS automatically segments cell nuclei and cytosol with Cellpose, with each
unique cell shown by a different color.?? Single cell, spatial Pearson's correlation for each protein pair colocalization is shown in the boxplot on
the bottom right.2% b) Example of cell quantification for mouse 01-3T3 fibroblasts. p65 RNA (magenta) and GAPDH RNA (green) transcripts were
multiplexed with DAPI (blue) and p65 protein (yellow). After cell segmentation (white lines), PRISMS performs localized dot counting to quantify

transcript expression per cell, as shown in the boxplot on the right.

1:1000), 5-mC (Active Motif 39649, 1:500), aSMA 488
(Invitrogen 53-9760-80, 1:500), collagen I 647 (Abcam
ab280968, 1:500), Pan Cyto 488 (Invitrogen 53-9003-82, 1:
1000), and fibronectin 647 (Abcam ab237287, 1:500). All an-
tibody incubations were performed overnight at 4 °C in the
dark. Samples were counterstained with Hoechst and
bleached with LiBH4 (1 mg mL™") for 15 min in the pres-
ence of white light after each cycle. For brightfield RGB im-
aging, separate samples were stained with Masson's Tri-
chrome and H&E.

5388 | Lab Chip, 2025, 25, 5379-5392

Mouse 01-3T3 fibroblast cell culture and multiplex HCR

01-3T3 mouse fibroblasts containing H2B-GFP and p65 Pro-
tein RFP reporters were obtained from Dr. Savas Tay at the
University of Chicago.>* The cell population was expanded on
a T-75 flask until 70-80% confluent. Cells were stimulated
with TNFo at 10 ng mL ™" for 10 minutes and fixed with 4%
formaldehyde. To detect single-molecule RNA targets, we uti-
lized the Molecular Instruments RNA FISH on mammalian
cells on slides protocol for HCR RNA FISH v3.0. p65 protein

This journal is © The Royal Society of Chemistry 2025
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Fig. 7 PRISMS confocal enables RGB color reconstructions with a high-sensitivity monochrome camera. a) Example of mouse liver models of fi-
brosis. The non-fibrotic sample is shown in the left column. The fibrotic sample is shown in the right column. Both samples were stained with
Masson's trichrome and imaged with PRISMS spinning disk confocal in 3D. Whole tissue scan is observed in the top row, with zoomed-in regions
shown in the bottom row. H&E patterns are observed with blue denoting high collagen (fibrotic) regions. Confocal enables 3D Z scanning of each
tile (bottom row). b) Same tissues in (a) imaged with the Motic slide scanner for reference. Whole tissue scan is observed in the left part, with
zoomed-in regions shown in the right part. HGE patterns are observed with blue denoting high collagen (fibrotic) regions.

and H2B-protein reporters were imaged in the first cycle after
only formaldehyde fixation. p65 protein was imaged in the
ds-RED/TRITC channel, and H2B protein was imaged in the
A488/GFP channel. Then, samples were permeabilized in
70% ethanol at 20 °C for 30 min. HCR probes were detected
in HCR probe hybridization buffer, amplified overnight in
HCR amplification buffer, and washed with 5X SSC. HCR
stainings were imaged with a custom antifade bleaching
buffer: 70% Tris-HCI, Trolox, 10% 1/100 catalase, 10% Pyox,
and 10% of 8% glucose.

For multiplexing to gain multi-omics data, due to the un-
availability of GFP and TRITC channels due to existing H2B
and p65 protein reporter signals, respectively, we only used

This journal is © The Royal Society of Chemistry 2025

the Alexa Fluor 647 fluorescent channel for HCR detection
using B1 amplifiers. To multiplex p65 RNA and GAPDH
RNA, we performed the first detection of p65 RNA in the
Alexa Fluor 647 channel, and then digestion of HCR assem-
bly using DNase I enzyme for 4 h at room temperature. In
the subsequent cycle, we performed GAPDH RNA detection
using the same Alexa Fluor 647 channel as a positive con-
trol. GAPDH RNA signal was removed with DNase I again
for 4 h at RT. Later, A20 Ab was labeled overnight, imaged,
and quenched with DNAse and LiBH4 (1 mg ml™") bleach
for 15 min under white light. Finally, segmentation of Abs
(Vim, Hsp47, S100A4, and aSMA) was labeled in the final
cycle for later 3D cell segmentation. We performed image

Lab Chip, 2025, 25, 5379-5392 | 5389
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and 3D stitching - 01-3T3 fibroblasts with p65 RNA. All scale bars are denoted in white. Created with BioRender.com.

registration across cycles using nuclear signatures from re-  Z-stack autofocus algorithm

porter protein imaging, p65 RNA, and GAPDH RNA imaging

cycles. After cell segmentation with Cellpose, we computed  Our algorithm is designed to determine the focus plane in a
single-cell Pearson's colocalization among all pairwise 3D image stack (a series of 2D images along the z-axis) using
markers, thus demonstrating the multi-omics capability of = a modified Laplacian variance method. The Laplacian vari-
PRISMS (Fig. S6). ance is a measure of image sharpness, where higher variance

5390 | Lab Chip, 2025, 25, 5379-5392 This journal is © The Royal Society of Chemistry 2025
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indicates sharper images with more edges and details. The al-
gorithm processes each z-plane in the stack, computes its
sharpness, and identifies the plane with the highest sharp-
ness or focus. The algorithm begins by calculating the
Laplacian variance for each z-plane in the stack. The
Laplacian operator highlights edges and areas of rapid inten-
sity change in an image. For each plane, the Laplacian is
computed using OpenCV, and its variance is calculated. This
variance serves as a measure of sharpness for the plane. To
handle large datasets efficiently, the algorithm uses Dask for
parallel and lazy computation. Each plane's Laplacian vari-
ance is computed as a delayed task, and the results are
concatenated into a single array (lapVar) after computation.
Once the Laplacian variance is calculated for all planes, the
algorithm identifies the plane with the highest variance using
np.argmax(lapvar). This plane is the initial candidate for the
focus plane, as it is the sharpest based on the Laplacian vari-
ance. To refine the focus plane selection, the algorithm com-
putes the gradient of the Laplacian variance array. The gradi-
ent measures how quickly the variance changes between
consecutive planes, and its square is taken to emphasize
larger changes. Peaks in the gradient are then identified
using scipy.signal.find_peaks. These peaks represent planes
where the sharpness changes most steeply, which could indi-
cate transitions to focused planes. If no peaks are found in
the gradient, the algorithm defaults to the middle plane of
the stack as the focus plane. Otherwise, it selects the first
peak as the focus plane, with adjustments to ensure the se-
lected plane does not exceed the bounds of the stack. This
ensures robustness in cases where the gradient analysis
might fail to detect clear peaks.

2D and 3D stitching

For 2D stitching, each tile is computed based on the best focus
(computed via the autofocus algorithm) or maximum intensity
projection. Then, PRISMS writes a Fiji macro to stitch the tiles
via MIST.*' We perform 2D stitching with the following parame-
ters: blendingmode = LINEAR, blendingalpha = 1.5,
compressionmode = UNCOMPRESSED, numcputhreads = 32,
loadfftwplan = true, savefftwplan = true, fftwplantype = MEA-
SURE, fftwlibraryname = libfftw3, fftwlibraryfilename = libfftw3.
dll, stagerepeatability = 0, horizontaloverlap = 15.0 (%),
verticaloverlap = 15.0 (%), numfftpeaks = 0, overlapuncertainty
= NaN, isusedoubleprecision = false isusebioformats = false,
issuppressmodelwarningdialog = true, isenablecudaexceptions =
false, translationrefinementmethod = SINGLE_HILL_CLIMB,
numtranslationrefinementstartpoints = 16, headless = false,
loglevel = MANDATORY, debuglevel = NONE.

For 3D stitching, typically for well plates, additional 3D
stitching is performed via Fiji macros executed on raw 3D tiles
of ZYX dimension.?® 3D stitching would be performed for 3-5
tiles along each dimension. To accomplish this in Fiji, we im-
plemented the following parameters: tile_overlap = 15 (%),
fusion_method = [Linear Blending], regression_threshold =
0.30, max/avg_displacement_threshold = 2.50,

This journal is © The Royal Society of Chemistry 2025
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absolute_displacement_threshold = 3.50,
computation_parameters = [Save memory (but be slower)],
image_output = [Write to disk].
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