Check for
updates

SCIENCE ADVANCES | RESEARCH ARTICLE

CANCER

Spatially resolved analysis of microenvironmental
gradient impact on cancer cell phenotypes

Jamie Auxillos'?t, Roxane Crouigneau31', Yan-Fang Li*t, Yifan Da
Isabella Tavernaro®, Ute Resch-Gengers, Albin Sandelin'*, Rodolphe Marie**, Stine F. Pedersen3*

Despite the physiological and pathophysiological significance of microenvironmental gradients, e.g., for diseases
such as cancer, tools for generating such gradients and analyzing their impact are lacking. Here, we present an
integrated microfluidic-based workflow that mimics extracellular pH gradients characteristic of solid tumors while
enabling high-resolution live imaging of, e.g., cell motility and chemotaxis, and preserving the capacity to capture
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the spatial transcriptome. Our microfluidic device generates a pH gradient that can be rapidly controlled to mimic
spatiotemporal microenvironmental changes over cancer cells embedded in a 3D matrix. The device can be re-
opened allowing immunofluorescence analysis of selected phenotypes, as well as the transfer of cells and matrix
to a Visium slide for spatially resolved analysis of transcriptional changes across the pH gradient. This workflow is
easily adaptable to other gradients and multiple cell types and can therefore prove invaluable for integrated anal-

ysis of roles of microenvironmental gradients in biology.

INTRODUCTION

Microenvironmental gradients, such as local gradients of oxygen,
pH, lactate, or signaling molecules, play key roles in normal phys-
iological processes, such as fetal development and immune func-
tion (1, 2), and in diseases, with cancer as a prime example. The
in-depth understanding of tumor metabolic, cellular, and genetic
heterogeneity has surged in recent years, driven by advances in
single-cell sequencing and metabolic sensors (3, 4). Spatiotempo-
rally heterogeneous gradients of oxygen, pH, lactate, other me-
tabolites, and signaling molecules exist in most if not all solid
tumors, largely determine the immediate tumor microenviron-
ment (TME), and largely control disease progression (5, 6). Work
by us and others point to the essential contributions of acidic ex-
tracellular pH (pH.) (6-9), hypoxia (10), and lactate (11, 12) in
determining cancer aggressiveness, metastasis, and chemotherapy
resistance (7, 13-15). Differently from each gradient alone, combi-
nations of such gradients determine cancer aggressiveness (16)
including cancer stem cell properties (17).

In vivo profiling of such gradients is very challenging. Moreover,
the causal impact of gradients on cell phenotypes, or vice versa, cannot
be established since neither cell diversity nor gradients can be con-
trolled in vivo. Therefore, in vitro methods for subjecting cells to pre-
cise, multidimensional, and multicomponent gradients are needed.
However, spatial gradients are difficult to establish in macroscopic ex-
perimental setups, and temporal gradient modulation is even more
challenging. Gradients are best established via diffusion, which is slow
for large distances and easily disturbed by convection. This has driven
the application of microfluidics to create chemical gradients on the
submillimeter scale. Microfluidic devices offer laminar flow conditions
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that allow the decoupling of diffusion and convection across flow di-
rection at high Peclet number. In addition, microfluidic device formats
are suitable for live-cell imaging, enabling detailed studies of cell be-
haviors in gradients, such as chemotaxis. Solute gradients in microflu-
idic devices have been created by combining dilution series in a single
channel with cells (18, 19), yet this imposes shear stress on cells that
can induce artifacts. Alternatively, cells can be isolated in nanoliter well
arrays (20), embedded in a hydrogel (21), or gradients can be estab-
lished by diffusion only (22, 23). However, the current systems are not
well suited for studying the impact of microenvironmental gradients
on cell phenotypes. pH gradient systems are still lacking, and with few
exceptions (21), phenotype analysis is limited to optical imaging.
Thereby, crucial information, such as gradient-dependent changes in
gene expression patterns, is lost. Moreover, the vast majority of micro-
fluidic platforms are sealed, precluding retrieval of, or access to, cells
for further analysis. This aspect in particular prevents the combination
with cell-based assays to study, e.g., biological processes such as apop-
tosis, the location of specific marker proteins, and changes in gene ex-
pression as function of the spatial position of the cells within gradients.
Thus, for an in-depth understanding of the causal roles of gradients in
cancer progression and TME heterogeneity, flexible microfluidic sys-
tems are needed that can generate robust gradients and permit the ap-
plication of spatially resolved functional and genomics assays across
relevant microenvironmental gradients.

To this end, we present a workflow for in vitro modeling of TME
gradients, using pH as an example of a small-molecule gradient high-
ly relevant for TME. We designed a microfluidic device that enables
the creation of a pH gradient over cells embedded in a collagen I layer
in an /4-cm? area and can be reversibly sealed. The device allows for
optical imaging to characterize the gradient and studying chemotaxis
and other cell phenotypes. The reversible sealing of the microfluidic
platform allows subsequent analysis of the RNA and protein expres-
sion levels in these cells, retaining spatial information throughout the
experiment. While we demonstrate here the integrated use of the sys-
tem and representative protocols for subsequent assays, the modular
design of this workflow from individual device components and its
versatile combination of different assays enable diverse experimental
designs and future extensions.

10f17

202z aunr uo Bunjnid pun Bunyosiole LBk N INH 1eIsuesspung e 610°90Us 105" MMM//ST1Y LWOJ | PSpe0 [UMO(


mailto:sfpedersen@​bio.​ku.​dk
mailto:rcwm@​dtu.​dk
mailto:albin@​bio.​ku.​dk
http://crossmark.crossref.org/dialog/?doi=10.1126%2Fsciadv.adn3448&domain=pdf&date_stamp=2024-05-03

SCIENCE ADVANCES | RESEARCH ARTICLE

RESULTS

Overview of the workflow

Figure 1 provides an overview of our integrated workflow for pH
gradient generation and analysis: A microfluidic device generates
the desired pH gradient (in our case, pH 7.4 t0 6.0). A collagen I/cell
layer with dimensions exactly matching the gradient area is pre-
pared on a glass slide compatible with optical imaging (Fig. 1A). The
two components are assembled by a metal frame and a poly(methyl
methacrylate) (PMMA) chip holder coupled to the perfusion sys-
tem, resulting in the rapid generation of the gradient and allowing
optical imaging analysis of, e.g., cell migration (Fig. 1B). The device
can be disassembled without damage to the cells, for further pheno-
typic analyses requiring cell access, such as immunofluorescence
(IF) imaging (Fig. 1C). For spatial transcriptomic analysis [reviewed
in (24); Fig. 1D], the collagen I/cell layer can be transferred to the
capture area of a Visium gene expression (GEX) slide, the most
commonly used commercially available spatial transcriptomic plat-
form, or equivalent systems. The various components of the work-
flow are described and characterized in detail below.

Microfluidic device design

The particular design challenges that we addressed were to create a
device that, firstly, exposes cells to a robustly generated chemical
gradient through microfluidics, and second, allows for retrieval of
the cells for subsequent experiments after their exposure to the gra-
dient. For goal II, device sealing had to be reversible, and the size of
the cell exposure area should be compatible with the requirements
imposed by subsequent assays such as the Visium GEX slide for
spatial transcriptomics.

To this end, we designed a two-part platform consisting of (i) an
elastomeric microfluidic gradient device that produced a pH gradient
across a 5 mm by 5 mm transparent observation area and (ii) a glass
“lid” that contained cells. Here, we used MDA-MB-231 breast cancer
cells embedded in a 150-pm-thick collagen I gel layer (Fig. 2, A to C).
The gradient device and lid were reversibly assembled using a top and
bottom layer and screws, and the gradient observation area and the
collagen I layer were subsequently aligned by naked eye (Fig. 2, A and
D). The microfluidic gradient device was equipped with two inlets for
solutions of pH 6.0 and 7.4 (Fig. 2B), which were then divided and

A B
Microfluidic device Cross section Gradient generation and cell migration
fabrication MDA-MB-231 cells Adhesive frame analysis
- » \ il | pH 6.0 pH 7.4
,’ { i /} [ \) L,m/ IL?S medium medium
- - -
Glass slide Cell migration tracking
BN
/// Assemble \}w
Gradient -
observation . o/
chamber pH gradient
e 6.0 BE2
Microfluidics Glass slide/adhesive frame/collagen I/cell layer
D c Disassemble
Spatial transcriptomic analysis Gradient effect on other cell phenotypes
Visium gene
Top view expression slide Detach f_rom Embed
(10x Genomics) glass slide collagen l/cell
layerin OCT | Transfer
[ 7 entire ]
Spatially barcoded collagen I/
Polyd(T) DNA cell |ayer
oligo spots :
Cross section |/ / \
M Live/dead Immunofluorescence
Seql:\‘eorlvt;eslét;rzrgo%n the quantification analysis

Fig. 1. Overview of the integrated microfluidic workflow. (A) The microfluidic device was cast in polydimethylsiloxane (PDMS) on a clean room microfabricated mold.
The cells were cultured in a 150-pm-thick collagen | layer deposited on a glass slide to match the gradient area. (B) The PDMS microfluidic device and the glass slide con-
taining the collagen I/cell layer were assembled in a metal frame holder and perfused with growth media of pH 7.4 and 6.0 through the inlet channels, in a CO, incubator
or in the environmentally controlled chamber of an epifluorescence microscope. This allowed rapid formation of a constant pH gradient across the observation chamber,
through which cells could be monitored by live imaging and migration parameters analyzed. (C) Disassembly of the device could be performed without damage to the
cells in the collagen | layer, which were subsequently analyzed using either live/dead staining or IF analysis. (D) Alternatively, the collagen I/cell layer was frozen in optimal
cutting temperature (OCT) compound and transferred as an OCT/collagen | block to a GEX slide for spatial transcriptomic analysis.
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Fig. 2. Development of a reversible-sealing microfluidic device for spatiotemporal gradient generation. (A) Schematic exploded view of the microfluidic device
consisting of a (i) metal frame, (ii) glass slide with an adhesive frame defining a collagen I slab with cells, (iii) PDMS microfluidic layer with channels to form the pH gradient,
and (iv) PMMA chip holder with fluidic connections. Screws hold the assembly together. (B) Schematic overview of the microfluidic channel design comprising two inlets,
air traps for potential air bubbles, mixing channels for dividing and mixing solutions into a dilution series, an observation chamber where the gradient is generated along
the x direction, and outlets. The 5 X 5 mm observation chamber matches the GEX slide’s size for spatial transcriptomic analysis. Support pillars with a 200-um-diameter
prevent the observation chamber of collapsing. (C) Process flow for collagen I layer preparation (here shown without cells). (D) Photos of (from top) the PDMS microflu-
idic device, the glass slide with the collagen | layer, and the assembled microfluidic device. (E) Fluorescence image of fluorescein at branch 2, branch 3, and the observation
chamber. (F) Fluorescence images of SNARF in the gradient observation chamber at two different emission wavelengths. Black dots show the positions of support pillars.
(G) Calibration of the SNARF ratiometric (698/582 nm) signal as function of pH (mean with SEM error bars) and a fitting line. (H) Measured pH gradient across the observa-
tion channel (mean with SD error bars). Gray areas show the positions 1 to 5 used for cell phenotype imaging.

mixed in a set of bifurcating mixing channels, thereby creating a pH
gradient across the gradient observation channel. The microfluidic
device was fabricated by polydimethylsiloxane (PDMS) casting on a
clean room microfabricated SU-8 mold (25), providing micrometer
control over device dimensions (fig. S1). A similar mold can be ob-
tained via three-dimensional (3D) printing, making it accessible for

Auxillos et al., Sci. Adv. 10, eadn3448 (2024) 3 May 2024

labs with no access to a clean room facility (fig. S7). The PDMS device
had a thickness of 4 mm to improve its stiffness. We assembled the
device using a precise torque not exceeding 4 N-m on 4-mm screws
(Fig. 2, A and D), limiting the deformation of the PDMS microfluidic
channel and mechanical constraints on the collagen I/cell layer while
maintaining a tight sealing. The collagen I/cell layer was made to have
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a homogeneous thickness. Thereby, the observation chamber height
remained constant when assembled on the chip holder with fluidic
connections (Fig. 2, A and D). As detailed below, the cells were seeded
by mixing with collagen I. Once the collagen I had gelated, the colla-
gen I/cell culture layer was covered by a cell growth medium and kept
in a CO, incubator until use.

To verify the ability of the device to generate stable gradients across
the observation area and ensure a constant height of the chamber over
the collagen I layer, we first used fluorescein sodium salt to character-
ize the device. A stable, step-like gradient of fluorescein was observed
(Fig. 2E), which was stable for at least 24 hours, i.e., the longest time
used in these tests. We next used the device to create a pH 7.4 to 6.0
gradient, which was visualized by adding the 40 mM small molecule
pH indicator 5-(and-6)-carboxy SNARF-1 (SNARF). The pH was de-
termined by ratiometric measurement of the fluorescence of SNARF
at emission wavelengths of 582 and 698 nm (Fig. 2F) or by nonratio-
metric measurement at an emission wavelength range of 605 to 660
nm based on the microscopic setup used for signal readout (fig. S2).
We ensured that the pH gradient extended to the full range of the inlet
values of pH 7.4 and 6.0 despite the high diffusion constant of the
hydronium ions (H30™, the form in which H* will diffuse in aqueous
solution) by applying a sufficiently high flow velocity of 8.35 x 10~ m/s
and keeping the Peclet number high (900), preventing diffusion
from washing-out the gradient within the observation area (Fig. 2, G
and H). The shape of the gradient produced in the mixing device de-
pended on the flow rate and was hence sensitive to the formation of
air bubbles. Therefore, we included an air trap (26) to suppress air
bubbles (fig. S1). In addition, we controlled the liquid flow with fixed
flow rates rather than a constant pressure to avoid factors such as hy-
drostatic pressure in connection tubing that could influence the pres-
sure distribution in the microfluidic device and thus the gradient
profile in the observation area. These results demonstrate the success-
ful implementation of a microfluidic device, which can produce a
stable pH gradient from pH 7.4 to 6.0 over a 5-mm distance in a
150-pm-thick collagen I layer.

Live imaging of cell motility and directionality in a

pHe gradient

Chemotaxis and chemokinesis are the movement of cells in a given
direction or with a given speed, respectively, dictated by specific sig-
naling gradients. Cells express bona fide proton sensing receptors that
could direct such behaviors (27), and “pH taxis” is well established in
bacteria (28). We and others have shown extra- and intracellular pH
(pH. and pH;, respectively) to regulate mammalian cell migration (29,
30), but the role of pH as a chemotactic signal in mammalian cells is
not understood, with the few available studies providing contradic-
tory results (31, 32).

To demonstrate the utility of our device for studying chemotaxis
and chemokinesis, we embedded MDA-MB-231 human breast can-
cer cells in the collagen I layer at a concentration of 4 X 10° cells/ml.
We assembled the device, established a pHe 7.4 to 6.0 gradient using
CO,/HCOj; -buffered media in the 5% CO, atmosphere of the envi-
ronmentally controlled microscope chamber, and performed bright-
field imaging of 5-pm step z-stacks of 1400 X 1400 pixels over 4 hours
in time intervals of 10 min. Imaging was performed at five positions
along the pH gradient (Fig. 3A). At each of these positions, we imaged
three regions along the y axis as technical replicates, since there is no
pH gradient along this axis. After mean intensity projection to enable
the visualization of all cells in each z-stack in a single projection, the

Auxillos et al., Sci. Adv. 10, eadn3448 (2024) 3 May 2024

cells were identified using Cellpose (33), a machine learning method,
tracked using the Fiji plugin TrackMate (34), and further analyzed by
subtracting the stage drift from the single-cell trajectories (Fig. 3B).
Examples of single-cell trajectories from a pH 6.0 region (Fig. 3C, left)
and a pH 7.4 region (Fig. 3C, right), normalized to a common starting
point, are shown, illustrating that the displacement was much smaller
at the lower pH, values (i.e., reduced chemokinesis at acidic pHe),
whereas we did not observe “pH”-tactic behavior (directional move-
ment in the direction of the pH gradient) (Fig. 3C). To visualize this
across the gradient, we plotted the step size per 10-min interval at
each position, in three independent experiments (Fig. 3D). At higher
pHe. values (7.4), we observed a tendency for step size to decrease
again from position 4 to position 5 (Fig. 3D). This, as well as the re-
duced short-term displacement at a low pH, occurring within hours,
is consistent with previous reports, where it was attributed to in-
creased cell-matrix adhesion at low pH, and reduced adhesion at
higher pH. values (29). Notably, this short-term effect is different
from the long-term (weeks and months) effects of cancer cell growth
in an acidic environment, which generally increases motility and in-
vasiveness (5).

In summary, we designed a workflow for the label-free imaging
and tracking of the speed and x-y displacement of cells in a pH gradi-
ent. Over the short time frame used, the displacement speed of
MDA-MB-231 cells decreased with decreasing pH, in the range of
pHe 7.4 to 6.0.

Analysis of cell viability, proliferation, and apoptosis across
the pH gradient

There is a close, albeit cell type-dependent, coupling between pH.
and pH; in mammalian cells which can be expected to result in gradu-
ally reduced pH; along the pH, 7.4 to 6.0 gradient (35). Given the
impact of pH; on cell proliferation and death/survival balance (36,
37), one could therefore expect to see differences in these parameters
along a pH gradient. To test the sensitivity of the system, we subjected
the MDA-MB-231 cells to the pH, gradient for only 4 hours. We ex-
ploited that the microfluidic device can be reopened after application
of the pH gradient (Fig. 4A) and opened the device after 4 hours to
study the cells using live/dead staining and IF analysis. In both cases,
imaging was performed as above at five positions along the pH gradi-
ent but with four to five replicates along the y axis (Fig. 4B).

We first assessed cell viability by live/dead staining with calcein-
acetoxymethylester (AM) and propidium iodide (PI), followed by epi-
fluorescence imaging (exemplified in Fig. 4C) and quantification
using the Fiji software (Fig. 4D). Our results revealed that MDA-
MB-231 cell viability was not affected by the pH. gradient. To fur-
ther dissect the impact of the pH gradient, we fixed the cells with
p-formaldehyde and applied standard IF analysis protocols, using Ki-67
as a marker for proliferation, and cleaved poly(ADP-ribose)poly-
merase-1 (PARP-1) as a marker for apoptosis (Fig. 4, E to G). PARP-1
cleavage was only detected in a small fraction of the cells, consistent
with the lack of change in total viability. However, our data indicated
a gradient of decreasing PARP-1 cleavage, i.e., decreased apoptosis,
with decreasing pH. (Fig. 4F). This suggests that short-term moderate
pH stress does not cause apoptotic cell death. Similarly, Ki-67 staining
did not indicate that proliferation differs systematically across the gra-
dient within the 4-hour time course of the experiment (Fig. 4G).

These results demonstrate another key design feature of the device:
It can be reopened without damage to the cells in the collagen layer,
allowing for functional assays requiring procedures beyond optical
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Fig. 3. In situ gradient characterization and cell migration study. (A) Overview of the experimental setup and the imaging positions for cell migration analysis. Images
were taken in five different positions along the gradient axis, in three different gradient areas. (B) Example of MDA-MB-231 cell tracking and image processing in three
steps: (B-a) z-stacks (5-um steps, 25 slices) were taken in bright-field mode in each position, every 10 min for 4 hours. (B-b) Average intensity projections were obtained for
each z-stack using ImageJ, resulting in a movie for the 4-hour experiment. (B-c) Cells were identified using Cellpose (33), after a manual training on 10 images, starting
with the cyto pretrained model, and tracked using the TrackMate plugin in Fiji. (C) The pseudo-colored tracks show the movement of individual cells over time, corrected
for stage drift and the cell starting position: For each cell, at each time point (shown as dots), the coordinates are corrected for stage drift and normalized to the coordi-
nates of the first occurrence of the cell. The x axis represents the distance along the gradient, and the y axis represents the distance along the flow. The color scale bar
shows time in hours. Lines represent the cell tracks, and the circle represents the mean translocation. (D) For each position in the gradient, step sizes (distance traveled by
the cell from one time point to the next) are calculated, and the average step sizes (approximately 30 cells per position, SEM error bars) are plotted against positions 1 to

5 (pH 6.0 to pH 7.4). The data in (D) represent three independent biological replicates, each with three to five technical replicates.

imaging, such as live cell staining and IF analysis. Furthermore, we
demonstrated that even a short period of culture in a pH. gradient
from 7.4 to 6.0 results in a detectable gradient of apoptosis, which is
consistent with previous data obtained in 2D (fig. S3).

Extraction of RNA from cells within the observation chamber
for spatial transcriptomics analyses

To enable the measurement of mRNA levels across the cells sub-
jected to the pH gradient in the microfluidic device, we designed
the dimensions of the observation area and the corresponding col-
lagen I/cell layer to match the capture area of the 10x Genomics
Visum GEX slide for spatial transcriptomic analysis [reviewed in
(24)]. Briefly, the Visium GEX platform allows for profile gene ex-
pression of 5- to 35-pm-thick frozen tissue sections, which are

Auxillos et al., Sci. Adv. 10, eadn3448 (2024) 3 May 2024

permeabilized on a capture area composed of a glass slide printed
with an array of ~5000 oligonucleotide spots. Each spot contains
82-nt-long single-stranded DNA oligonucleotides with the follow-
ing features: a poly(dT) region to capture mRNA polyA tails, a
12-nt unique molecular identifier (UMI), a 16-nt spatial barcode
specific for the spot, and a partial Illumina TruSeq Read 1 se-
quence. Once the cells in the tissue are permeabilized, mRNAs dif-
fuse to the capture spots and hybridize with the oligonucleotides
where they are subsequently converted to double-stranded cDNAs.
The second-strand cDNA is released from the glass slide, subse-
quently fragmented, indexed, amplified, and lastly sequenced using
an Illumina platform. Each cDNA contains a spatial barcode to en-
able the calculation of cDNA abundance at specific spatial locations
in the original tissue slide upon sequencing.
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Fig. 4. Effect of the pH gradient on cell viability and proliferation and apoptosis markers. (A) Schematic showing the opening of the device. (B) Photo of the gradient
area, showing the position of the imaged regions across the pH gradient (left-right). Note that this is the same image used in Fig. 3A, shown here to illustrate the setup.
(C) Merged fluorescence image (left) and zoom (right) of MDA-MB-231 cells stained with calcein-AM (3 pM, live cells) and propidium iodide (PI; 3 uM, dead cells). Calcein
and PI fluorescence were excited at 488 and 575 nm, respectively. (D) Quantification of data as in (C) along the pH gradient. Data from three independent biological
experiments, SEM error bars for technical repeats [along the top-bottom axis as shown in (B)]. (E) MDA-MB-231 cells stained for KI-67 (proliferation), cleaved PARP-1
(c-PARP-1) (apoptosis), and 4',6-diamidino-2-phenylindole (DAPI; nuclei). Merged fluorescence image (left) and corresponding zoomed image (right) of cleaved PARP-1
(green), Ki-67 (magenta), and DAPI (blue) fluorescence. The percentage of stained cells quantified for each channel using ImageJ is shown in (F) (cleaved PARP, apoptosis)
and (G) [Ki-67, proliferation (actively cycling cells)]. (F and G) Data from three independent biological repeats, with SEM error bars for the three to five technical repeats in

each biological repeat.

For the use in our device, we developed a protocol enabling the
capture of the thicker (150 pm) collagen I/cell layer corresponding to
the pH gradient region (Fig. 5A). Therefore, the collagen I/cell layer
was methanol-fixed and embedded in optimal cutting temperature
(OCT) compound (Fig. 5, A and B). To ensure the application of the
optimal amount of OCT for the freezing the layer into a block and
allowing its detachment from the microfluidic slide, a 250-pm-thick
precut silicone membrane was placed around the collagen I/cell layer
before addition of the OCT on top of the layer. The poly-L-lysine
(PLL) glass slide was transferred to an aluminum cooler block chilled
on dry ice, and a new glass slide was immediately placed on top to

Auxillos et al., Sci. Adv. 10, eadn3448 (2024) 3 May 2024

flatten the OCT to snap freeze into an OCT/collagen I block. The
setup was disassembled, and the frozen OCT/collagen I block was de-
tached from the PLL glass slide. This frozen OCT/collagen I block was
lastly transferred to the capture area on the Visium slide, and the OCT
was rinsed off with phosphate-buffered saline (PBS).

This method was designed to transfer the full collagen I/cell layer,
keeping the original structure, minimizing impact on RNA integrity,
and allowing spatial capture of RNA. To investigate the impact of
OCT-batsed treatment on cell morphology, the collagen I/cell layer
was either fixed with methanol (control condition) or fixed with
methanol and treated with OCT before hematoxylin and eosin (H&E)

60f17

202z aunr uo Bunjnid pun Bunyosiole LBk N INH 1eIsuesspung e 610°90Us 105" MMM//ST1Y LWOJ | PSpe0 [UMO(



SCIENCE ADVANCES | RESEARCH ARTICLE

A Disassemble —
) ] Polyd(T) spots
/ Methanol fix
OCT-based treati t . .
/ collagen lcell layer - 1o erap frocze Transferto Visum /a7 SIS 8NN —PolyaT oligos
P Tissue optimization (TO) /A /L7 )
/ lid DD Glass slide cross section
I OCT/collagen | block slide Vo
Ay —
}1, | Spatially barcoded Polyd(T) spots
Precut , — )
D silicone ———= _ Transfer to Visium gene 5’ N T mnumi%'llde oligos
membrane . 5 expression (GEX) slide /7 ) M= S atial barcode
& h \ Glass slide cross section
7Glé§; slide assembly Methanol fixed c MeOH fixed only (control) §
/COHagen I/cell layer C\G 7/ F o T A [FU] MeOH fixed only (control) _ 109 N
——Adhesive frame 104 E o 0 -
T~ PLL glass slide 5 RH ’\ E °
(I S I P b 5 61
ili T T T 1T T
Silicone ﬁmbrane placement Precut silicone 25 200 1000 4000 [nt] g 4
[ b
membrane MeOH fixed and OCT frozen H
[FU] < 2
10 1 ﬂ z
d L RS
Add OCT compound o Iriscnn potd M s ,\\+‘°\\ 4_@100
6700T compound T T T T T eo‘booo OQ(‘\\,‘@
- - 25 200 1000 4000 [nt] AR
Area Area
E prea | rea F  withcells without cells
Snap freeze OCT/collagen | block —— I LI 1
= Glass slide Collagen I/cell layer o
| | transferred
to TO slide L LLL L]
Aluminum :
block by
on dry ice i
Detach from glass slide using scalpel H&E staining pe Bright-field
LI L1l 1l imaging
|| || -
A A4 ' f
Permeabilized
cells releasing RNA
Area Area
o . Capture of RNA - Captured | with cells | :Nlthout ceIIsI
Transfer to Visium slide X
on the glass slide %(ﬁ g(p polyA-RNA
[

== Visium TO or
Visium GEX slide

Rinse off OCT compound cDNA synthesis with

fluorescent nucleotides 1

and tissue removal '

Fluorescence
imaging

Fig. 5. Transfer of the cells in collagen | layer from the microfluidic device to a Visum capture area followed by spatially resolved RNA capture. (A) Schematic overview
showing the collagen I/cell layer transfer to Visium slides. (B) Detailed process flow for the OCT-based treatment and transfer of collagen I/cell layer. (C) H&E-stained images of
collagen I/cell layers that were either methanol fixed only (control) or methanol fixed and frozen in OCT to determine the effect of OCT-based treatment on cell morphology.
(D) Effect of the OCT-based treatment on RNA integrity. On the left are bioanalyzer electropherograms of RNA extracted from collagen I/cell layers methanol fixed only (control)
or methanol fixed and frozen in OCT. The x axis is the RNA length (nt), and the y axis shows the fluorescence units (FU), where the fluorescence measured correlates with RNA
amount of a given size. The bar plot on the right summarizes the RNA integrity number (RIN) values of RNA extracts from each condition using three replicates per condition. Bar
height shows the mean across all three technical replicates: Dots show individual replicates. (E) Detailed process flow for spatial RNA capture validation using the Visium TO slide.
(F) On the top is a stitched bright-field image of a patterned collagen I/cell layer transferred onto a Visium TO slide then stained with H&E. On the bottom is a stitched fluorescence
image of the same collagen I/cell layer after permeabilization, cDNA synthesis, and tissue removal. Dark areas on the border between adjacent tiles on the fluorescence image are
due to stitching artifacts from the imaging system. MeOH, methanol.

staining (Materials and Methods, the “Morphology and RNA quality
control from cells in OCT/collagen I blocks” section). Our data reveal

OCT-frozen collagen I/cell layer prepared as described above was
compared to measurements of RNA extracted from a similar sample

that under both conditions, the H&E-stained collagen I/cell layers
showed intact cells, demonstrating that OCT treatment does not af-
fect cell morphology (Fig. 5C). To explore the impact of the OCT-
based treatment on RNA integrity, RNA extracted from a fixed,

Auxillos et al., Sci. Adv. 10, eadn3448 (2024) 3 May 2024

that was fixed but not frozen in OCT (control) (Materials and Meth-
ods, the “Morphology and RNA quality control from cells in OCT/
collagen I blocks” section). Pico bioanalyzer analysis showed similar
RNA length distributions between samples with sharp ribosomal
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RNA (rRNA) bands for 28S and 18S rRNA (Fig. 5D, left), and RNA
integrity numbers were 7 or above for both RNA samples (Fig. 5D,
right). Thus, RNA quality is not compromised by the OCT treatment,
and the extracted RNA is suitable for the subsequent preparation of a
library.

To determine the extent of lateral diffusion of RNA within the col-
lagen I/cell layer upon cell permeabilization, we created a patterned
collagen I/cell layer, where only half of the layer contained cells (Ma-
terials and Methods, the “Cell lines and culture conditions” section).
We transferred this layer using the previously described approach, fol-
lowed by cell permeabilization and hybridization of the extracted
RNA to a Visum tissue optimization (TO) slide—a Visium slide shar-
ing the same properties as the normal Visium GEX slide except that
spots containing the polyd(T) oligonucleotides do not contain spatial
barcodes (Fig. 5E and Materials and Methods, the “Modified Visium
TO method” section). After cDNA synthesis of captured RNA using
labeled nucleotides, fluorescence imaging showed minimal RNA as-
sociated with the cell-free region and clearly defined signal borders

A Microfluidic device B

Tas!
P4

Glass slide with collagen |
and MDA-MB-231cell layer

Assemble and expose
cells to pH gradient for 4hr

Replicate 1

corresponding to the cell border in the original patterned collagen
I/cell layer. This provides evidence for minimal lateral diffusion
(Fig. 5F).

Overall, these results indicate that our method is suitable for the
transfer of the full collagen I/cell layer to a Visum capture slide while
retaining the original structure, allowing spatial capture of RNA
with high integrity scores and small lateral diffusion.

Identification of pH-regulated genes by

spatial transcriptomics

To demonstrate the use of our microfluidic workflow for profiling gene
expression across a pH gradient, we subjected MDA-MB-231 cells to a
pHe 7.4 to 6.0 gradient in the microfluidic device for 4 hours. The ex-
periments were done in triplicate, using three independent devices run
in parallel (Fig. 6A). Using the same protocol as described before, we
transferred the frozen collagen I/cell blocks to three capture areas of a
Visium GEX slide, extracted RNA, and converted the captured mRNAs
to cDNA (Materials and Methods, the “Modified Visium spatial GEX
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Fig. 6. Measuring gene expression changes across the pH gradient using spatial transcriptomics. (A) Overview of experiment. MDA-MB 231 cells were exposed to a
6.0 to 7.4 pH. gradient for 4 hours. The collagen I/cell layer was transferred to a capture area of a Visium GEX slide, using three replicates with independent devices in
parallel. (B) Photos of Visum capture areas with transferred collagen I/cell layers. X axis corresponds to the pH gradient. Each photo is one replicate. (C) Spatial expression
of ACTB1. Images show expression from respective collagen I/cell layer in (B). Hexagons correspond Visium capture spots, and color indicates normalized expression. A
zoom in of an area in the Visium GEX slide is shown: The left part shows Visium capture spots overlaid on the transferred collagen I/cell layer, and the right part shows the
same image overlaid by ACTB1 expression. (D) Spatial expression of FTL. The image is organized as in (C) but shows FTL expression in the same Visium slides.
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method” section). Released cDNAs were sequenced using the Illumina
NovaSeq platform with an average sequencing depth of 477 million
read pairs per library. UMI counts of mRNA sequences were estimated
using Space Ranger and log-normalized using Seurat (38). Fractions of
mitochondrial gene counts are often used as an estimate for overall
quality, with high fractions indicating many dead cells. In our system,
the average fraction per capture spot was 0.07 to 0.12, and only a hand-
ful of spots had fractions >0.20, a common quality threshold (fig. S5A).
Figure 6B shows the collagen I/cell layer placed on Visum GEX capture
areas, while Fig. 6 (C and D) shows two examples of spatially resolved
normalized expression patterns across the pH gradient originating
from the same samples: ACTBI, coding for the ubiquitous B-actin pro-
tein, showed a clear correlation between high expression and low pH,
while FTL, coding for the light chain of ferritin, the major cellular iron
storage protein, showed the opposite pattern.

To identify common patterns of expression as a function of pH, we
binned each Visium capture area into 50 by 50 bins, calculated the me-
dian expression of each the 50 vertical bins at each x coordinate, and
then clustered these vectors of medians using hierarchical clustering
(fig. S5B). A total of 233 highly expressed (average count per spot > 1),
reproducible (average correlation of expression across 3 samples >
0.05), pH-dependent [maximal information coefficient (MIC) > 0.1]
genes were used as input of the clustering. This showed that for most
genes, expression changes were gradual and monotonic functions of
pH, exemplified by CISD2 and TNIPI (fig. S5C). On the basis of these
results, we used a cutoff based on MIC-Pearsor’s R (39) to establish
that the expression of 94% (219 in 233) of investigated genes had a
linear relationship with pH (Materials and Methods, the “Visium spa-
tial GEX data processing” section). The 14 genes not following a linear
relationship with pH showed diverse expression trajectories, for ex-
ample, (i) multimodal expression patterns where the highest expres-
sion was observed at both the lowest and highest pH values, exemplified
by MT-CYB (fig. S5C) and 9ii) trajectories where the highest expres-
sion was observed somewhere between the highest and lowest pH,
exemplified by CCNI (fig. S5C). Notably, subsets of genes whose ex-
pression was classified as a linear function of pH showed an initial ex-
pression increase, followed by nonchanging expression levels when
assessing low to high pH, as exemplified by SIVAI, or vice versa, as
exemplified by NEAT1 (fig. S5C).

Because monotonic increase or decrease of expression across all
measured pH was the most common response, for the rest of the anal-
ysis, we modeled gene expression abundance as a function of x-axis
positions as a linear model for each gene in each Visum GEX capture
area. The t, statistic in the model estimate describes the relation be-
tween the x-axis value and gene expression. Positive t, values indicate
that gene expression increases with increasing pHe (i.e., gene expres-
sion decreases in acidosis), while negative , values imply that gene
expression increases with decreasing pH_, (i.e., increases with acidosis).
Overall, gene t, values were substantially correlated between replicates
(Pearson’s R = 0.46 to 0.68; fig. S5D). We found 318 genes whose
values were >7 or <—7 and consistent between replicates: The ¢, values
of these genes are shown in Fig. 7A, and their average expression pat-
terns across the y axis as a function of x-axis position are displayed in
Fig. 7B. To more generally assess functions of these, we first made
STRING database (40) plots of the genes with average ¢, > 7 or <—7 in
the heatmap [Fig. 7C; full plots in fig. S5 (E and F)].

Next, we performed gene set enrichment analysis [Gene Ontology
terms or Kyoto Encyclopedia of Genes and Genomes (KEGG) path-
ways (41)] based on the ranking of all genes by the average f, value
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across replicates (Fig. 7D shows selected terms; full results in table S2).
Both analyses showed strong patterns:

First, genes with low ; values (i.e., gene expression increasing
with acidosis) were functionally diverse (Fig. 7D) but highly linked
(Fig. 7C) and associated with four major functional themes:

1) Cytoskeleton organization, including microtubules (e.g., TUBB
and TUBAIC), cytoskeleton anchoring (ACTN4 and EZR), and cell
migration (e.g., MYH9 and ACTG1I). This is consistent with previous
reports showing that pH. substantially affects cell migration and inva-
sion (5, 8, 29).

2) Negative regulation of apoptotic process: A diverse set of genes
associated with inhibiting or limiting the extent of cell death by apop-
tosis were in this group, including TP53, a well-known tumor sup-
pressor, BCL2L1, an inhibitor of cell death, and BIRC3 and BIRC5
which are inhibitors and/or modulators of apoptosis. This is likely
part of a stress response induced by the exposure to acidic conditions
and fully in line with the increased resistance to cell death observed in
cancer cells adapted to the acidic TME (5). It is also consistent with
the observed gradient of decreased apoptosis with low pH. (Fig. 4G)
in the present work, although we did not establish causality.

3) Response to oxygen-containing compound: Both hypoxia-
inducible factor 1A (HIFIA) and thioredoxin-interacting protein
(TXNIP) were up-regulated with increasing acidosis. While mostly
regulated at the level of protein degradation, HIF1A has been shown
to be up-regulated by acidosis (42, 43). Our data reveal that this tran-
scription factor, which plays essential roles in cancer development, is
highly sensitive to acidosis also at the transcriptional level. TXNIP is
a key regulator of cellular metabolism and redox state, and we and
others have previously shown TXNIP to be substantially up-regulated
by acidosis and in acid-adapted cancer cells (9, 44). Using our micro-
fluidic workflow, we can now show that TXNIP gene expression is a
highly sensitive function of pH, detectable after only a few hours in
the pH, gradient.

4) RNA metabolic genes, dominated by ribonucleoproteins with
diverse RNA binding roles, including RNA splicing, transport, stabil-
ity, and chromatin-associated RNAs. As this is a generic function
group, it is difficult to directly functionally associate it with the pH
gradient.

Second, genes with high f, values (gene expression increasing
with increasing pH, i.e., decreasing with acidosis) were dominated
by two large and two smaller functional groups:

1) A large cluster of highly connected ribosomal protein genes,
from the large and small ribosomal subunits (RPS and RPL genes) as
well as from the mitochondrial ribosome (MRP genes). An increase of
ribosome gene production is often associated with an increased pro-
tein production capacity and, in turn, cell growth (45). Hence, these
data are consistent with the known inhibition of protein synthesis at
low pH (36).

2) A large cluster encompassing oxidative phosphorylation genes,
including cytochrome oxidase subunit genes (e.g., COX5A2, COX7B,
and COX6C), NADH (reduced form of nicotinamide adenine dinu-
cleotide) dehydrogenase subunit genes (e.g., NDUFB3, NDUFB4, and
NDUFB6), and F1F0 adenosine triphosphate synthase subunit genes
(e.g., ATP5PF and ATP5MC3). The reduced expression of these genes
in the first hours after exposure to acidic conditions was unexpected
as we and others have previously observed an increase in preference
for oxidative phosphorylation in cells adapted to growth under acidic
conditions (9). However, scrutinizing RNA sequencing data for such
long-term adapted cells showed a similar decrease in many of these
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Fig. 7. Analysis of spatial gene expression changes across the pH gradient. (A) Identification of genes whose expression correlates with the pH gradient. Rows show
318 genes with high correlation between expression and pH (|ty| > 7) were selected (see Materials and Methods); top and bottom rows show with high (>7) and low t,
values (<—7). Genes discussed in the main text are highlighted, with colors corresponding to functional classes in (C). Columns show replicates, and colors indicate t
values. (B) Row shows genes as in (A). The first three columns show replicates, and the last shows the average of the replicates. For each replicate, the x axis in the Visum
GEX slide data is summarized into 100 bins, and the average expression across the y axis in the replicate is calculated. Each row is then z-score-normalized, indicated by
color. (C) STRING plots for genes in (A) and (B). Dots indicate genes/proteins, colored by selected GO terms. Only high confidence interactions are shown; line show
strength of interaction evidence is. Nonconnected genes/proteins are not shown. (D) Gene set enrichment analysis based on average t, value ranking. Gene sets enriched
in genes having low or high t, scores are shown as rows. Dot color indicates normalized enrichment, and sizes indicate significance —logl[false discovery rate (FDR)]. See
table S2 for full analysis results. ATP, adenosine triphosphate; NES, normalized enrichment score.

genes in MDA-MB-231 cells [see supplementary data tables in (46)],
revealing a clear difference between the changes in mitochondrial
gene expression and function under acidic stress.

3) Two smaller clusters consisting of spliceosomal (e.g., SNRPE
and SNRPG) and proteasomal genes (e.g., PSMA2 and POMP)
likely connected to reduced protein production at lower pH, as
discussed above. Related to this, we also observed that the general
transcription factor, histone, RNA polymerase, and RNA elonga-
tion genes (e.g., GTFA2, POLR2L, H3F3A, and ELOC) share the
same pattern.

Because the device is designed to produce invariant pH values
across the y axis in the observation chamber, gene expression should
not systematically increase or decrease along the y axis. We investi-
gated this in two ways. First, we modeled gene expression as a func-
tion of y-axis position, defining a t, estimate for each slide and gene,
analogous to our analysis above estimating t,. The t, values were sub-
stantially closer to 0 than the ¢, values (fig. S5G). Using the same

Auxillos et al., Sci. Adv. 10, eadn3448 (2024) 3 May 2024

thresholds as done before when analyzing t,, not a single gene had a
high and consistent change across the y axis (|t,| > 7 in all replicates),
as opposed to 318 genes on the x axis. Second, plotting average ¢, ver-
sus average t, values showed that the y-axis contribution to gene ex-
pression was overall minor (fig. S5H).

These results demonstrate the feasibility of combining the mi-
crofluidic device with spatial transcriptomic analysis of gene ex-
pression gradients. Furthermore, we could show that the regulation
of key genes previously identified to be regulated in cancer cells by
acidic pH can be detected as monotonic expression functions of pH
after only 4 hours. Corresponding changes in protein levels are
slower than the 4 hours studied here for many genes. Therefore, the
observed phenotypic changes shown in Figs. 2 and 3 may not have
manifested in this shorter-term experiment. However, our data il-
lustrate how rapidly and sensitively genes respond to pH and open
new roads for the understanding of the early response to extracel-
lular acidosis.
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DISCUSSION

In this study, we designed a complete, integrated workflow for impos-
ing microenvironmental gradients on mammalian cells freely moving
in a 3D matrix and validated its performance. Our workflow allows
studying the impact of such gradients on a range of cell phenotypes,
including cell motility and chemotaxis, cell viability, proliferation and
apoptosis, and gene expression levels, maintaining highly resolved
spatial information. The workflow is highly versatile, as it allows for
both continuous imaging of cell behaviors and terminal analyses that
require access to cells, such as IF analyses and genomics assays.

In our workflow, cells are deposited using a collagen matrix be-
cause this is physiologically relevant. However, the device would also
work if the cells were seeded in 2D on a solid surface. Others have
done this, albeit not in a pH gradient, by seeding cells inside a closed
microfluidic device [e.g., (18, 19)]. Using a gel allows one to proceed
immediately to the gradient experiment without the delay of cultur-
ing cells inside the device, to reversibly close the device without the
cells disturbing the sealing, to reopen the device while keeping the
cells in place, and to integrate with the spatial transcriptomics work-
flow. Note that in the case where cells are seeded on the surface of the
microfluidic device, they are exposed to the shear stress from the lig-
uid flow, which may or may not be wanted. Using a gel matrix implies
that the pH gradient is imposed to the cells by diffusion through the
gel. Because the depth of the gel (150 pm) is almost an order of mag-
nitude smaller than the width of the pH “lanes” in the gradient (about
1 mm), the pH in the gel equilibrates with solution within a minute
and matches the pH in solution throughout the whole gel depth
(fig. S6). Our resealable device ensures that the microfluidic PDMS
device is reusable.

The main novelty of our workflow is that it integrates microfluidic
modeling of TME parameters with a design that can be used for live
imaging, reopened and subjected to spatial transcriptomics. In this
context, several methods were developed that will be relevant also in
other contexts than our workflow, including the adaptation of the Vi-
sium methodology developed for tissues to a 3D cell-collagen I layer.
Because the system is modular, it can be further developed in multiple
ways. Here, we demonstrated its use and applicability for generating a
pH gradient. However, the microfluidic mixer system can easily be
adapted to gradients of other parameters of physiological interest,
such as lactate, cytokines, or other nutrients and signaling molecules.
Further adaptation to gaseous gradients, such as oxygen, is also prin-
cipally feasible exploiting the permeability of PDMS to gases such as
oxygen. This will only require the incorporation of gas channels adja-
cent to the media channels. Because of the physiological conditions,
i.e., temperature-controlled 3D growth in CO,/HCO;" buffered me-
dium, the workflow is amenable to long-term experiments. Further-
more, while available microfluidic devices focus on spatially rather
than temporally modulated gradients, our device can also easily be
used to study the impact of oscillatory changes in concentrations of
small molecules, because the device allows precisely controlled spa-
tiotemporal changes to the gradient. This would, for instance, be
highly interesting for oscillatory changes in pH such as those occur-
ring postprandially in the stomach or pancreatic duct interstitium
(47). In addition, this device can be used for the coculturing of mul-
tiple cell types, e.g., for addressing research questions such as how
cancer cells and immune cells interact in microenvironmental gradi-
ents in tumors. In this case, the collagen I layer used here can be re-
placed by Matrigel or other extracellular matrices of choice. Another
elegant application is the combination of genetically encoded sensors
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for, e.g., pH, lactate, and hypoxia, thereby obtaining valuable infor-
mation about the cellular response to the gradients in real time and
with high resolution. The information that can be gained from
studying cellular responses in a continuous gradient extends much
beyond studies in discontinuous systems, with chemotactic behav-
ior as an obvious example requiring the application of a gradient.
However, it is worth noting the convenience of our gradient system
compared to, for instance, trying to obtain protein localization or
gene expression data from a 96- or 384-well plate with a range of
different pH values. The spatial transcriptomics workflow present
here should also enable the combination with next-generation plat-
forms that allow for single-cell or subcellular resolution (48), which
is particularly advantageous for the simultaneous study of multiple
cell types and their interactions.

The data obtained here by using our workflow are in their own
right of great biological interest and novelty. We show here that a short
exposure, only 4 hours, to a pH, gradient from 7.4 to 6.0 can generate
clear gradients of expression of numerous genes, illustrating the ex-
quisite sensitivity of many genes to pH.. For instance, we show that
TXNIP, a major regulator of cellular metabolism and redox ho-
meostasis (49), is strongly up-regulated in this short time frame, in a
manner correlating with the pH gradient. While the time frame used
here is likely too short for observing major changes in the expression of
most proteins, additional levels of information could be obtained es-
pecially in experiments run on a longer timescale, by replacing the
transcriptomics step with spatial proteomics or even combining these
with multiomics approaches (50). Functionally, we showed that cell
migration speed was reduced at low pH.. This is qualitatively consis-
tent with previous reports (29), but by combining the pH. gradient
with machine learning and single-cell tracking in a 3D matrix, our
workflow enables much more detailed and in-depth analysis. In
contrast, the MDA-MB-231 cells did not exhibit detectable pH-tactic
behavior. Another innovative use of our workflow would be to inter-
rogate how pH gradients in the TME affect directional migration of
pro- and antitumorigenic immune cells, which have been shown to be
sensitive to tumor pH, [reviewed in (35)] or to exploit coculture mod-
els of cancer and immune cells to study how pH, gradients affect cell-
cell communication. The fraction of apoptotic cells declined with
increasing acidosis, indicating that limited acidosis may exert an anti-
apoptotic effect in this setting. This is reminiscent of what has been
demonstrated in the context of cardiac ischemia (51) and could con-
tribute to the exacerbation of cancer hallmarks in the TME.

Our workflow is not without limitations. It is, for instance, not yet
inherently a high-throughput setup. However, multiple devices can be
run in parallel, dependent on the experimental design and micro-
scope platform. It is also subject to the general limitations of the indi-
vidual techniques. For instance, the spatial resolution of the Visium
GEX slide is not compatible with single-cell-level analysis, and there-
fore, expansion of the system to multicell coculture will require a
change of spatial transcriptomics technique.

Future developments will include the expansion to profiling mul-
tiple gradients at the same time. For instance, one goal is to combine
gradients of lactate, pH, and oxygen, which will be of particular inter-
est for mimicking the TME (5). This, in combination with the above-
mentioned increase in spatial resolution, would enable the analysis of
combinatorial effects of such conditions on cellular phenotypes, in-
cluding additive and/or nonlinear effects. Design-wise, this could be
achieved by superimposing orthogonal flow-free diffusion-based gra-
dients (23) and using several sets of fluorescence sensor particles.
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MATERIALS AND METHODS

Microfluidic device design and fabrication

The microfluidic module is a mixer-based gradient-generating de-
vice adapted from Jeon et al. (52) with modifications. It is composed
of a three-level cascade of T-junctions creating a dilution series of
two input solutions at different pH and a gradient observation cham-
ber (Fig. 2A). The mixing serpentine channels are 100 pm wide, and
the length of them at each level is calculated to ensure total mixing
based on the diffusion coefficient of hydronium ion H30™ at 25°C of
9.3 x 10~ m%/s (53). The dimensions of the obversion chamber are
5 mm by 5 mm to match the dimensions of the Visium spatial tran-
scriptomic slide. The channel height is 100 pm. An array of pillars
with a diameter of 200 pm was added to the observation chamber to
prevent collapse during assembly. The master mold was prepared us-
ing SU-8 photolithography on a silicon substrate (fig. S1). Briefly,
SU-8 2075 with a thickness of 100 pm was spin-coated (Spin Coater:
RCD8) on hexamethyldisilazane (HMDS)-pretreated silicon wafer,
and the microchannel pattern was exposed on to the SU-8 substrate
in Maskless Aligner (Maskless 01). After development, the pattern
was antistiction-coated by Molecular Vapor Deposition (MVD 100
Molecular Vapor Deposition System). A PDMS replica of the mold
was made. The SYLGARD 184 Silicone Elastomer Kit, with mono-
mer and crosslinker mixed at the weight ratio of 10:1, was poured
into the master mold and cured in the oven at 80°C for 2 hours. After
curing, the PDMS slab was peeled off the mold and cut to the dimen-
sions of a glass slide (76 mm by 26 mm). To avoid air bubbles in the
experiment, two air traps were added in the microfluidic device. To
make air traps, PDMS replica with 3-mm thickness was firstly ob-
tained, and two holes with 3 mm were punched out in the two inlet
channels, another 1-mm flat PDMS was fabricated and cut the same
dimension as the 3-mm PDMS replica, and then the two pieces of
PDMS were oxygen plasma-treated, aligned, and bonded together
(fig. S1). Last, fluidic connections to the channels were made by
punching holes through the PDMS slab using tissue biopsy punch
(Harris Uni-core, 1 mm in diameter).

In an alternate method, we also prepared a mold using 3D print-
ing. Briefly, the designed file was transferred to stereolithography
(SLA) 3D printer (Form 3B), and black resin (Formlabs) was print-
ed with a layer thickness of 25 pm. The printed master mold was
immersed into an isopropanol ultrasonic bath to remove uncured
resin and placed in an ultraviolet cure box for complete curing at
60°C for 30 min for complete curing. In this case, to get the PDMS
replica, the mixer of SYLGARD 184 was cured in the oven at 65°C
for 48 hours (54).

To make the workflow accessible for labs with no access to a clean
room facility, we also prepared a mold for casting the PDMS chip with
similar design (fig. S7A). 3D printing gives a less good control over
dimensions (down to 25 pm with our SLA 3D printer). Because of the
resolution limitation of our 3D printing, the printed mold’s actual di-
mensions could affect the functionality of the microfluidic device. We
thus designed a test structure with two symmetric flow channels at an
identical designed cross-sectional area of 50 pm by 50 pm. After fab-
rication of the 3D-printed mold and casting of the PDMS device, we
measured the channels’ cross-sectional area at 50 different positions
using scanning electron microscopy (SEM) images (fig. S7B). To do
SEM imaging of the PDMS cross section, the PDMS device was cut
through by a scalpel in a direction that was perpendicular to the chan-
nels’ direction, and then the cut sample was mounted on a vertical
SEM holder. We found a difference of 18% of the mean cross-sectional
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areas of the two parallel flow channels, and the fidelity of the printed
mold to the design was worthy for the depth. A second concern for
our microfluidic design was the ability to create support pillars. The
pillars were designed as cylinders; however, they are fabricated as
cones (fig. S7C). However, this is not critical as the height of the cones
was sufficient to support the ceiling of the observation chamber. The
variation of the channel dimensions may affect the hydraulic resis-
tance and thus endanger the mixing ratio in the gradient-generating
channels. Therefore, we mitigate this effect by driving the flow at a
fixed flow rate rather than a fixed pressure. We show that we can gen-
erate a fluorescein gradients profile in the PDMS device fabricated
from a 3D-printed mold (fig. S7D) that is similar to the fluorescein
gradient generated in the clean room fabricated device shown in the
section "Microfluidic device design” (Fig. 2E).

Mounting of the collagen I layer in the device:

General procedures

A collagen I layer, with or without cells, was prepared on a microscope
glass slide used as a lid for the microfluidic device (Fig. 2B). A frame
of pressure adhesive tape (adhesive, optical, thickness of 150 pm, Mi-
croAmp) was cut by CO; laser cutting (Epilog laser mini 3). External
dimensions of 25 mm by 75 mm fit a standard microscope slide, and
a window of 6 mm by 6 mm fits the position of the gradient observa-
tion channel on the PDMS device. The window area is slightly larger
than that of the gradient observation channel to make sure the gradi-
ents in the collagen I layer covers the whole range of generated gradi-
ents. The frame was laminated on a positively charged glass slide
(Premium Printer Slides, VWR). For 200 pl of collagen solution (6 mg/
ml), we mixed 20 pl of 10x PBS, 29.2 pl of MilliQ water, 3.4 pl of 1 M
NaOH, and 147.4 pl of Rat tail collagen I (8.14 mg/ml; #354249,
Corning). The collagen solution was dropped into the frame on a glass
slide, covered with a thin fluorinated ethylene propylene (FEP) film,
loaded with a glass slide on top to keep the FEP film flat, and let to
gelated at 37°C for 1 hour. After gelation, the FEP film and the top
glass slide were lifted up, and the collagen I layer was kept in PBS or
cell culture medium until use.

Assembling the microfluidic platform and generation
of gradients
The PDMS microfluidic device and the glass slide with the collagen I
layer were held together with a home-made PMMA holder compris-
ing fluidic connectors and a metal frame (Fig. 1C). Screws to maintain
the reversible sealing were adjusted at a maximum torque of 4 N-m.
Pressure-based flow controllers (Fluigient, Flow EZ) were used to
drive the liquid flow. Two tubes of solutions, PBS or media with differ-
ent pH, were connected with the flow controllers. Two flow rate sen-
sors (Flow Unit M, Fluigent) were also added to control the flow rate
of the whole microfluidic platform. The flow rate sensors were used
here to make the microfluidic platform work constantly and stably.
The pressure distribution is the key factor in the mixer-based gradient-
generating device to mix and divide solutions into the concentrations
wanted. Many factors, such as the hydrostatic pressure in connection
tubing and dimension inaccuracy during 3D printing, may affect the
pressure distribution. Therefore, controlling the flow rate rather than
the pressure can provide a more stable pressure distribution in the
microfluidic platform.

The tubing connecting flow controllers, flow rate sensors, and the
chip holder were prefilled with solutions to remove all the air. Next,
the oxygen plasma-treated PDMS microfluidic device was put on the
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top of the chip holder with all inlet and outlet holes aligned. The
PDMS microfluidic device was then covered with PBS before the
glass slide with the collagen film facing down assembled on top of
PDMS. The collagen layer was aligned with the gradient observation
area of the PDMS device. The initial flow rates of both inlets were set
to 10 pl/min to check for air bubbles and leaking. After that, solu-
tions were supplied at flow rates of 5 pl/min to generate stable gradi-
ents in the gradient observation channel. The gradient profile was
visualized by fluorescence microscopy. First, we validated the overall
functionality using a gradient of fluorescein sodium salt (#F6377,
Sigma-Aldrich) from 2 to 0 mg/ml. Next, we generated a pH gradient
of 6.0 to 7.4, which we visualized using 5-(and-6)-carboxy SNARF-1
(#C1270, Thermo Fisher Scientific). Ratiometric measurement was
performed using excitation at 488 nm and emission filters of 582/75
and 698/70 nm. Nonratiometric measurement was done using green
light-emitting diode excitation (excitation: 500 to 750 nm) and red
emission (emission: 605 to 660 nm) (fig. S2). To determine the pH
gradient across the observation chamber, a calibration experiment
was performed in which the SNARF ratiometric signal was deter-
mined as a function of pH, using six KCI Ringer solutions (140 mM
KCl, 1 mM K;HPO,4, 1 mM CaCly, 0.5 mM MgCl,, 25 mM Hepes,
and pH adjusted by adding 1 M HCl or 1 M NaOH) of known pH
and determining the ratio of fluorescence intensities at two emis-
sion values.

Cell lines and culture conditions

MDA-MB-231 human breast cancer cells (ATCC-HTB-26) were
cultured in Dulbecco’s modified Eagle’s medium, high glucose, and
pyruvate (#41966, Thermo Fisher Scientific), supplemented with
10% (v/v) fetal bovine serum (#F9665, Sigma-Aldrich) and 1%
(v/v) penicillin-streptomycin (#P0781, Sigma-Aldrich), at 37°C in
a 95% humidified incubator with 5% CO,, and passaged when
about 80% confluent. Cell identity was validated by short tandem
repeat (STR) profiling, and mycoplasma-free status was confirmed
every 2 to 3 months using VenorGEM Classic (#11-1025, Minerva
Biolabs, Berlin, DE).

To prepare the collagen I/cell layers, cells were detached with
trypsin (#T4174, Sigma-Aldrich) and gently pelleted [250 relative
centrifugal force (rcf), 5 min]. The growth medium was removed,
cells were resuspended in 200 pl of cold medium and counted,
and the appropriate volume to obtain a final concentration of 4 X
10° cells/ml after mixing with collagen I was determined. The cell-
containing collagen I solution (15 pl) was added into the device
frame as described in the “Mounting of the collagen I layer in the
device: General procedures” section. After 1 hour of gelation, growth
medium was added on top of the collagen I/cell layers, and the slides
were placed in the 37°C/5% CO, incubator until use on day 3 after
preparation for pH gradient experiments.

For pH gradient studies, the growth medium (same as above) was
used at ambient pH (7.5 CO, incubator) or adjusted to pH 6.0 or 6.4.
To reach pH 6.4 or 6.0, 290 or 305 pul of 1 M HCI, respectively, was
added to 10-ml medium. Because of the composite pH buffering in
growth media (55), these amounts were empirically determined at 5%
CO, using fine-grained pH strips (#109543, Merck).

For the Visium TO experiments, patterned collagen I/cell layers
were generated: Two collagen I solutions were prepared as above,
one with cells at the final concentration of 4 X 10° cells/ml and one
without addition of cells. Eight microliters of the solution with
cells was added following a horizontal line on the top part of the
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frame, and 8 pl of the solution without cells was added following a
horizontal line on the bottom side of the frame. Subsequent steps
were as above.

Analysis of cell motility

Experimental procedure

After assembling the microfluidic device on the glass slide, the pH
gradient was generated, as detailed in the “Assembling the microflu-
idic platform and generation of gradients” section. The cells were im-
aged in bright field as a z-stack (5-pm step size, 25 slices) every 10 min
for 4 hours, using a Nikon Ti2-E microscope with an environmental
control chamber (5% CO», 90% humidity), 20X objective, and a Ki-
netix Teledyne Photometrics camera. Five regions along the pH gra-
dient and three along the pH-independent axis were imaged in this
manner (Fig. 3A).

Data analysis

Image stacks were preprocessed in Fiji, applying a mean intensity
projection to enable visualization of cells from all z-slices in a sin-
gle slice. The images were then processed using the deep learning-
based segmentation method Cellpose (33) for cell detection: The
“cyto” pretrained model was used, and the regions of interest ob-
tained were manually corrected on 10 images. The obtained cus-
tom model was then used in all movies to detect and track the cells
positions, using the TrackMate Fiji plugin (34). The positions of
the cells were further analyzed using a home-made MATLAB
script. First, the global x and y drift of the sample was measured
using a dead cell as fiducial marker on a separate field of view. This
lateral drift was then subtracted from all cell tracks in all other
field of views of the experiment. Then, all the cell tracks were nor-
malized by their first coordinates. Last, step size was plotted in
micrometers.

Live/dead staining

Experimental procedure

To assess cell viability after applying a pH gradient, the microflu-
idic device was opened by gently opening the screws, a solution of
3 pM calcein-AM (#C3099, Thermo Fisher Scientific) and 3 pM PI
(#P3566, Thermo Fisher Scientific) in PBS was added on top of
the collagen I/cell layer, and the slide was incubated for 15 min
at 37°C. After incubation, the solution was removed, and the col-
lagen I/cell layer was rinsed two times with PBS. After staining and
rinsing, collagen I/cell layers were imaged using epifluorescence
microscopy, using excitation wavelengths of 488 (calcein) and
575 (PI) nm, 20X objective, a Kinetix Teledyne Photometrics camera,
and a 4',6-diamidino-2-phenylindole (DAPI)/green fluorescent
protein (GFP)/mCherry triple band emission filter set. Z-stacks
(30 to 60 optical sections) were acquired in 25 different positions:
5 positions along the pH gradient and 5 regions as technical repli-
cates at each of these positions along the y axis, since there is no
pH gradient along this axis.

Data analysis

From the z-stacks, maximum intensity projections were obtained us-
ing Fiji. The same threshold was applied for all positions, respectively,
at 488 and 575 nm. The cells were then automatically detected using
the “Analyze particles” plugin of Fiji, applying a size filter to only
count single cells. After quantifying the cells in 488- and 575-nm fluo-
rescence, the viability was obtained by calculating the ratio of calcein-
stained (i.e., live) cells over the sum of PI- and calcein-stained cells
(i.e., live + dead cells).
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IF analysis

Experimental procedure

For IF analysis, the device was opened after 4 hours of application of
the pH gradient, and the glass slide with the collagen I/cell layer was
retrieved. The layer was rinsed with cold PBS, and cells were fixed in
4% paraformaldehyde (#9713.1000, VWR) for 15 min at room tem-
perature, washed 2 X 5 min in tris-buffered saline with 0.1% Tween
(TBST), permeabilized with 0.5% Triton X-100 (#7-1315-01, PlusOne)
in TBST for 5 min, and blocked with 5% bovine serum albumin
(BSA; #A7906, Sigma-Aldrich) in TBST for 30 min. Primary an-
tibodies against Ki-67 (#9449, Cell Signaling Technology) and
cleaved PARP-1 (#5625, Cell Signaling Technology) diluted in 1%
BSA and TBST (1:100 in both cases) were added, and the slide was
incubated overnight at 4°C in a humid chamber. Next day, cells were
washed with 1% BSA in TBST (3 X 5 min), incubated with secondary
antibodies (#A-11070 and #A10037, Invitrogen) in TBST + 1% BSA
(1:600 dilution) for 2 hours at room temperature, lastly washed 5 min
with 1% BSA in TBST, incubated 5 min with DAPI (#D3571, Invitro-
gen) (1:1000 dilution in TBST + 1% BSA), and washed 3 X 5 min in
TBST + 1% BSA. The collagen I/cell layers were imaged using epifluo-
rescence microscopy, with excitation wavelengths of 380 nm (DAPI),
488 nm [cleaved (c-)PARP-1], and 575 nm (Ki-67), 20X objective, a
Kinetix Teledyne Photometrics camera, and a DAPI/GFP/mCherry
triple band emission filter set. Z-stacks (30 to 60 slices) were acquired
in 25 different positions following the same grid used during the pH
gradient image acquisition (see Fig. 4B).

Data analysis

From these z-stacks, maximum intensity projections were obtained
using Image]. The same thresholds were applied for all positions, in
the 380-, 488-, and 575-nm stacks. Cells were then automatically de-
tected using the “Analyze particles” plugin of Fiji, applying a size filter
to only count single cells. After quantifying the cells at 380, 488, and
575 nm, apoptosis and proliferation fractions were obtained by calcu-
lating the number of cells at 488 nm per number of cells at 380 nm
(apoptotic cells) and the number of cells at 575 nm per number of
cells at 380 nm (proliferating cells).

OCT freezing of collagen I/cell layers

MDA-MB-231 cells embedded in collagen I on a glass slide were pre-
pared as described above. The collagen I/cell layers were fixed in
methanol for 20 min, and residual methanol was wiped off. For Visi-
um TO and Visium spatial GEX experiments, a bright-field overview
image was taken for each glass slide before methanol fixation, to veri-
fy that all collagen layers had a comparable cell density. For freezing, a
7 mm by 7 mm silicone isolator sheet material (0.25-mm thick)
(#GBL664475-5EA, Sigma-Aldrich), cut using a CO; laser cutting
machine, was placed on the glass slide around the collagen I layer. The
window area of the silicone membrane is slightly larger than that of
the gradient observation channel to allow addition of excess OCT
surrounding the collagen I/cell layer for the detachment of the OCT/
collagen I block from the PLL glass slide. Thirty-five microliters of
OCT compound (#361603E, VWR) was added on top of the cells and
then transferred to an aluminum cooler block prechilled in dry ice
with another glass slide placed on top to evenly spread the OCT. The
OCT/collagen I block froze within a few seconds and was subse-
quently stored at —80°C in a sealed container until processing for ei-
ther RNA extraction, Visium TO, or Visium spatial GEX experiments,
within a maximum of 4 weeks from OCT freezing. To detach the
OCT/collagen I block, the setup was warmed for a few seconds on the
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PLL glass slide side using a scalpel, and the two glass slides were disas-
sembled. The bottom left corner of the frozen OCT/collagen I block
(corresponding to the gradient side subjected to pH 6 media) was
marked with a blue pen. To detach the frozen OCT/collagen I block,
the pressure adhesive tape was slowly peeled off to lift the frozen
OCT/collagen I block from the PLL glass slide. The excess OCT sur-
rounding the gradient helped to keep the block attached to the pres-
sure adhesive tape upon detachment from the PLL glass slide. Once
detached, the excess OCT surrounding the OCT/collagen I block was
cut off using a cold scalpel.

Morphology and RNA quality control from cells in OCT/
collagen | blocks

For morphology assessment following OCT-based treatment, colla-
gen I/cell layers were prepared as described in the “Cell lines and cul-
ture conditions” section. OCT-based treatment of the collagen I/cell
layer was carried out as described in the “OCT freezing of collagen I/
cell layers” section and frozen into OCT/collagen I blocks were
thawed at room temperature, and OCT was slowly rinsed off with
1 ml of PBS added on top of the collagen I layer. Last, the transferred
collagen I/cell layer was stained with H&E and imaged on the
NanoZoomer-XR Digital slide scanner (C12000-01, Hamamatsu) at
the BRIC Histology and Microscopy Core Facility, University of Co-
penhagen. Methanol controls were prepared and imaged in the same
manner but without OCT-based treatment.

For RNA quality control (QC) assessment following OCT-based
treatment, collagen I/cell layers were prepared as described in the
“Cell lines and culture conditions” section, with the exception that a
larger adhesive tape was used to enable extraction of a higher amount
of RNA for quality assessment. In this case, a frame of pressure adhe-
sive tape (adhesive, optical, thickness of 150 pm, MicroAmp) was cut
by CO; laser cutting, with external dimensions 25 mm by 75 mm to
fit a standard microscope slide and three windows of 17 mm by
14.5 mm. OCT treatment of the collagen I/cell layer was carried out
as described in the “OCT freezing of collagen I/cell layers” section but
using a larger a silicone sheet with external dimensions of 25 mm by
75 mm and a window of 17 mm by 49 mm, cut using a razor blade,
and a higher volume of OCT compound (100 pl) due to the larger
area. The slide containing the frozen OCT/collagen I block was
thawed at room temperature, and then the OCT was slowly rinsed off
with 1 ml of PBS added on top of the collagen I layer (10x) and lastly
transferred to 1.5-ml LoBind tubes (0030108051, Eppendorf) for sub-
sequent RNA extraction. Methanol-only controls were prepared in
the same manner but without freezing in OCT and were then trans-
ferred to 1.5-ml LoBind tubes (0030108051, Eppendorf) for subse-
quent RNA extraction. RNA was extracted with TRIzol reagent
(15596026, Thermo Fisher Scientific) using the Purelink Mini RNA
extraction kit (12183025, Thermo Fisher Scientific) and Phasemaker
tubes (A33248, Thermo Fisher Scientific) according to the manufac-
turer’s instructions. The RNA samples were deoxyribonuclease I-
treated (EN0523, Thermo Fisher Scientific) and repurified using the
Purelink RNA Mini kit. RNA quality was assessed using the RNA
Nano Bioanalyzer kit (5067-1511, Agilent).

Modified Visium TO method

Seven OCT/collagen I blocks, frozen as described above, were care-
fully placed on the seven capture areas of the Visium TO slide while on
dry ice. The slide containing the OCT-frozen collagen I layer was
thawed at room temperature, and the OCT compound was carefully
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rinsed off with PBS. The slide was dried for 5 min on the 10x Genomics
thermocycler adapter, placed on a thermocycler set to 37°C, and fixed
in methanol for 5 min. The TO slide was directly H&E-stained accord-
ing to the Visium H&E Staining guide (10x Genomics, CG000160) but
excluding the methanol fixation step and imaged on an EVOS M7000
system (Invitrogen) using the 10X objective and on the bright-field
channel. Immediately after imaging, the slide was processed according
to the Visium TO user guide (10x Genomics, CG000238), and the
fluorescence signal was imaged using the EVOS M7000 system using
the 10X objective and red fluorescent protein channel.

Modified Visium spatial GEX method

Three OCT-frozen collagen I/cell layers, frozen as in the “OCT freez-
ing of collagen I/cell layers” section, were carefully placed on the three
capture areas of a Visium GEX slide while on dry ice. The slide con-
taining the OCT-frozen collagen layer was thawed at room tempera-
ture and rinsed five times with 1 ml of PBS added on top of the
collagen I layer, to remove any residual OCT. The slide was dried,
H&E-stained, and imaged on an EVOS M7000 system (Invitrogen)
using the 10X objective and on the bright-field channel. Immediately
after imaging, the slide was processed according to the Visium spatial
GEX user guide (10x Genomics, CG000239 Rev. F). The collagen 1/
cell layer was permeabilized for 8 min at 37°C, followed by reverse
transcription, second-strand synthesis, denaturation, and cDNA am-
plification according to the Visium spatial GEX user guide (CG000239
Rev. F). The cDNA cycle number determination was carried out by
performing a quantitative polymerase chain reaction (QPCR) test on a
384-well plate using the Quantstudio 7 Flex system (Thermo Fisher
Scientific). The qPCR data for each sample were analyzed using R,
with the threshold to determine the Cq value set at 25% of the peak
fluorescence (ARn) value on the amplification curve. On the basis of
this, a total of 14 cycles was chosen for the cDNA library amplification
for all three libraries (fig. S4A). The amplified library was quantified
using the High Sensitivity DNA Bioanalyzer kit (5067-4626, Agilent),
with an average library length of 1034 bp across all three libraries and
total cDNA vyield between 500 and 850 ng (fig. S4B). Library fragmen-
tation, end repair, A-tailing, adapter ligation, and indexing were car-
ried out according to the Visium spatial GEX user guide (CG000239
Rev. F). The Dual Index Plate TT set A (1000215, 10x Genomics) was
used for the sample indexing, with 15 amplification cycles (index se-
quences used are provided in table S1). Size selection and clean-up
were performed using SPRIselect reagent (B23318, Beckman Coult-
er). The resulting library was verified using the High Sensitivity DNA
Bioanalyzer kit (5067-4626, Agilent), with an average length of 483 bp
(fig. S4C). The quantity of all libraries was assessed using the Qubit
double-stranded DNA High Sensitivity assay (Q32854, Thermo Fish-
er Scientific) on a Qubit 2 fluorometer and the KAPA library quantifi-
cation kit-Illumina-uni (KK4824, Roche) with the KAPA library
quantification DNA control standard (7960417001, Illumina). Each
library was normalized, pooled, denatured, and diluted according
to the recommendations for a NovaSeq 6000 run. The final loading
concentration was 300 pM, with a 1% PhiX control spike-in (FC-
110-3001, Nlumina). The pooled library was sequenced on a NovaSeq
6000 (Ilumina) using the S1 reagent kit v1.5, 100 cycles (20028319,
Ilumina) at the Flow Cytometry and Single Cell Core Facility at the
University of Copenhagen. Paired-end, dual-indexed sequencing was
carried out on the pooled library with the following parameters, 28
cycles for read 1, 10 cycles for the i7 index, 10 cycles for the i5 index,
and 90 cycles for read 2.
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Visium spatial GEX data processing

Before data processing on the Space Ranger pipeline, capture areas Al
(corresponding to replicate 1) and C1 (corresponding to replicate 3)
H&E images were manually aligned using the Loupe browser (version
6.4.1, 10x Genomics) to exclude the spots within the transferred col-
lagen I/cell layer that do not contain cells. The sequencing data were
demultiplexed using the unique sample index barcodes in both i7 and
i5 index reads by the Single Cell Core Facility at the University of Co-
penhagen (see table S1 for index sequences used for each replicate).
The demultiplexed reads were then processed using the Space Ranger
pipeline (version 2.0.1, 10x Genomics), and the reads were aligned to
the prebuilt human reference provided by 10x Genomics (GRCh38-
2020-A, GENCODE v32/Ensembl 98). All the analyses below were
performed with R.4.2.2 (https://R-project.org/). Data were loaded
with the Seurat package (v4.9.9) (38). ggplot (v2.3.4.1) (56) and
ggprism (https://csdaw.github.io/ggprism/) packages were used to
draw the figures. UMI counts for each gene in each spot were quantified
with Space Ranger. We used Seurat to read the UMI count matrices
and integrate them. Log-normalized UMI counts in seurat slot “data”
were used for the following analysis, including linear modeling and
gene expression. To assess the influence of the pH on each gene’s ex-
pression, we estimated pH dependency for each gene using MIC
based on MICtools (57). As MIC assesses both linear (i.e., expression
changes monotonically with the change of pH in a relative constant
rate) and nonlinear dependence relations, we used nonlinearity score
(MIC-Pearson’s R?), which was proposed in (58) to distinguish be-
tween nonlinearly and linearly pH-dependent genes. Both Pearson’s R
and MIC were calculated on the basis of pooled log UMI counts
across all three replicates. As nonlinear dependence can be attributed
to many different patterns, we identified such patterns using hierar-
chical clustering (k = 50, complete linkage, distance method = euclid-
ean), with median gene expression profiles along x coordinates as
inputs. The median expression of genes on the x coordinates was ob-
tained from the bin median (50 by 50 bins across x and y axes) of each
Visium capture area. To assess the reproducibility of expression pro-
files across replicates, we calculated the average Pearson’s correlations
of 50 by 50 bin medians between pairs of Visium capture areas and
averaged those correlations across all pairs of replicates. As for most
pH-dependent genes, there is a pH gradient along the capture areas’ x
coordinates, and we used a linear model with the formula log-
normalized counts ~ x-axis position to assess linearity for each gene.
The returned t values (t,) were then used as an indicator of the linear
relationship between pH and a given gene expression: A positive ¢
value indicates a gene whose expression increases along the x axis
and vice versa. For Fig. 7, we chose to display the genes whose the
t value satisfy |t,] > 7 and sign[t,(replicate 1)] = sign[t(replicate
2)] = sign[t,(replicate 3)]. To control gene expression variations along
the y axis, we fitted a similar linear model along the y-axis coordinates
(fig. S5, B, E, and F). For Fig. 7B, the capture areas were divided into
100 quantiles along the x axis, in which the gene average expressions
were calculated. These expressions were z-score-normalized (cen-
tered and standardized), and the z-scores were smoothened by local
polynomial regression fitting. In the average panel (Fig. 7B, right-
most column), we show the mean of the smoothened z-scores per
quantile across the different replicates. Gene set enrichment analy-
sis was performed with the clusterProfiler package (v4.7.1) (59),
ranking the genes according to their average t value as defined
above across the three replicates. Gene Ontology term and KEGG
pathway (41) annotations were used as gene sets, and P values were
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adjusted for multiple testing using the false discovery rate correc-
tion method.

Supplementary Materials
This PDF file includes:

Figs.S1to S7

Tables S1and S2

Legends for movies S1 to S3

Other Supplementary Material for this manuscript includes the following:
Movies S1to S3
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