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Solid stress, one of the physical hallmarks of cancer, affects trafficking and infiltration of immune
cells, promotes metastasis and tumorigenic pathways, and impedes therapeutic delivery. Despite
these clinical ramifications, questions remain regarding the origins and consequences of solid
stresses. Answering these fundamental questions requires probing solid stresses at the cellular scale,
where biological and immunological responses manifest, as well as in vivo, where the complexities of
the tumor microenvironment exist. Here, we report the first in vivo and multi-scale optical
measurements of solid stress in mouse models of breast cancer using multi-modal intravital
microscopy of deformable hydrogels in tumors complemented with mathematical modeling. Utilizing
the capabilities of these methods, such as the high-resolution, longitudinal, and 3-D measurements of
local solid stress, we measure and compare solid stresses (i) at the single cell vs tissue scale, (ii) in
primary vs metastatic tumors, (iii) in vivo vs in vitro settings, and (iv) in vivo vs post-mortem. In primary
tumors, we find that solid stress transmission is scale-dependent, as tumor cells experience
significantly lower stress in comparison to stress measured at the tissue scale, implying the presence
of potential biophysical mechanisms that tumor cells utilize to protect themselves against lethally high
solid stresses. Further, we find that cancer cells in lung metastasis experience significantly higher
level of solid stresses compared to primary tumors from the same cancer cells, implying the role of
the tumor microenvironment on genesis of solid stresses. These insights into the scale- and
microenvironment-dependence of solid stress will further inform the discovery of new therapeutic
strategies that sensitize cancer cells to solid stresses to induce cell death.

Solid stress, defined as the mechanical force generated and transmitted by the solid components of a
tumor, is a newly identified physical hallmark of cancer with crucial consequences for tumor progression and
treatment response?. Cells sense solid stresses directly and indirectly via mechanosensitive interactions such
as cell-extracellular matrix (ECM) and cell-cell adhesions??®, activation of tensile-responsive ECM proteins®®,
and nuclear deformation®2°. Solid stress causes the compression of blood and lymphatic vessels!'-14 which
contributes to hypoxial*!® and impedes drug delivery?>¢, affects T-cell trafficking and infiltration'’, promotes
invasiveness of cancer cells'®!® stimulates tumorigenic pathways?°, and induces neuronal damage?.?2.
Targeting solid stress, when combined with standard-of-care anti-cancer treatments, prolongs survival in
preclinical studies!'*423-25 and is currently being evaluated in clinical trials?® with promising outcomes?’. While
some of the pathophysiological consequences of solid stresses in tumors are now better known, the direct
cellular responses to solid stresses and the molecular pathways that are directly activated by them are not
fully understood. This is due mainly to a lack of appropriate tools to measure the solid stresses that individual
single cancer cells experience in vivo, where the complexities of tumor microenvironment exist.

Despite the recent progress in measuring solid stresses in cancer ex vivo?:?228-30 and in vitro3'-3 the
measurement of in vivo solid stress at multiple scales in tumors is an unmet need. In addition, the existing
methods to measure solid stresses in murine and human tumors?12228.29.34-36 gre at the tissue scale and lack
the spatial resolution to measure the stresses that individual tumor cells experience. These existing methods
are also invasive, typically performed at terminal points, and lack the capabilities for longitudinal monitoring of
solid stresses. Furthermore, the existing methods are limited to reporting 1-D and 2-D profiles of solid
stresses?®2? and do not provide the 3-D distribution of solid stress as a tensor, which is necessary to describe
the anisotropy and heterogeneities of stresses. Therefore, it is critical to develop a method to non-invasively
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monitor in vivo solid stresses at high spatiotemporal resolution across the length scales from the cellular to the
tissue scale would allow deeper insight into the origins and consequences of solid stresses.

Our previous methods report that solid stresses measured at the macroscale in tumors result in up to
20% strain (deformation) after partial stress relaxation?82°, reflecting extremely high stresses in the tumors that
are lethal to cells®-%° and in the normal surrounding tissue?!. These observations raised the following open
guestions that motivate our current study to measure solid stresses at the cellular level: How can tumor cells
survive under such high solid stresses? Are there any biological and/or physical mechanisms that tumor cells
utilize to protect themselves from lethally high solid stresses? Recently proposed biological mechanisms to
protect tumor cells against high levels of solid stress include the loss of p53%%” and use of osmotic regulation*°
to enable neoplastic cells to survive under high mechanical stress. Here, we show that, in addition to biological
mechanisms, potential biophysical mechanisms may dissipate the large tissue-level stresses and protect tumor
cells against high level of solid stresses.

Here, we describe the first in vivo and multi-scale optical measurements of solid stress in tumors using
intravital imaging of deformable hydrogel spheres embedded within primary tumors or in lung metastatic
tumors through the hematogenous route. Our method utilizes multimodal intravital microscopy to obtain 3-D
high-resolution spatial and longitudinal measurement of solid stresses in vivo. We compared the solid stresses
in primary breast tumors vs breast cancer lung metastasis and found that solid stresses are significantly higher
in metastatic settings, although both metastatic and primary tumors were induced from the same cancer cells.
Our results demonstrate the role of microenvironment on solid stress genesis and a potential implication on
the differential treatment response between primary and metastatic settings. Furthermore, our method enables
the comparison between the in vitro and in vivo models of solid stresses to evaluate how closely these in vitro
models recapitulate the physical tumor microenvironment. While it has been shown through mathematical
modeling that stress transmission is scale dependent*-*3, we reveal for the first time experimentally that solid
stress transmission is scale dependent. Interestingly, we find that the stresses that individual tumor cells
experience is a factor of 5-8 lower than the large stress levels measured at the tissue scales. This finding lays
the groundwork for discovering novel biophysical mechanisms that cancer cells utilize to evade cell death from
high mechanical stresses, and for establishing new therapeutic strategies aimed at increasing the vulnerability
of cancer cells to mechanical stresses, resulting in cancer cell death.

Development of an in vivo solid stress measurement system for primary and metastatic tumors

To measure solid stress in vivo, we employed intravital imaging of spherical polyacrylamide (PA)
beads as solid stress sensors. PA beads are biocompatible, deformable, tunable in size and Young’s modulus,
and amenable to core and surface functionalization, including the covalent attachment of a fluorophore*4. We
fabricated fluorescently-labelled PA beads using an inverse emulsion polymerization, as previously
reported3?3345 and filtered them for the desired size ranges using micron-sized meshes. After sterilization by
UV light, PA beads were functionalized with fibronectin to mimic cell-matrix interactions between the PA beads
and surrounding tissue and to promote uptake of PA beads into murine tumors (Fig. 1a). PA beads were
fabricated for measurements at the tissue-scale (397 + 69 ym in diameter) or cellular-scale (28.7 £ 18.2 ym)
to investigate the scale-dependence of solid stress across an order of magnitude change in length scale (Fig.
1b). We implemented two syngeneic models of breast cancer, MCa-M3C*® and EQ77147, transduced with H2B-
dendra2, a nuclear-localized fluorescent protein. MCa-M3C-H2B-dendra2 (MCa-M3C) or E0771-H2B-dendra?2
(EO0771) cells are co-injected orthotopically with cellular-scale or tissue-scale PA beads into the mammary fat
pad of mice for primary mammary tumors. MCa-M3C cells were co-injected with cellular-scale PA beads tail-
vein for metastatic lung tumors (Fig. 1c¢). Custom-designed, 3D-printed intravital mammary windows (Figure
S1) were used in intravital imaging to allow visualization of PA beads and cancer cells via different modes of
optical microscopy. For in vitro experiments, MCa-M3C cancer cells and PA beads were mixed to form
spheroid models (Fig. 1c). Based on the length-scale of the bead and imaging depth requirements, imaging
modalities with appropriate spatial resolutions and depth penetrations were used to image the beads
embedded within tumors (Fig. 1d): Confocal microscopy was used to image the cellular-scale beads (28.7 £
18.2 ym) in in vitro spheroids and ex vivo functional lung models, two-photon microscopy (2P) was used to
image in vivo cellular-scale beads (28.7 £ 18.2 ym), and optical coherence tomography (OCT) was used to
image in vivo tissue-scale beads (397 £ 69 pm) (Fig. 1d). To examine whether the presence of the PA beads
affects the tumor microenvironment, we performed hematoxylin and eosin (H&E) staining of tumor slices and
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observed no distinct fibrosis or inflammation around the PA bead compared to regions far from the bead (Fig.
le).

To accurately quantify solid stresses in a wide dynamic range, it was critical to tune the Young’s
modulus of PA beads to a level that would deform in response to the intratumoral solid stress. We used atomic
force microscopy (AFM) to measure the Young’'s modulus of the beads (Fig. 1g), and optimized the Young’s
moduli of PA beads through multiple in vitro and in vivo trials using MCa-M3C cancer cells. If the PA beads
were too stiff (above 0.77 kPa) (Fig. 1f (i-iii), Figure S19), the resulting deformation was small and unreliable
for quantifying a dynamic range of solid stresses in the tumor, and if the beads were too soft (below 0.2 kPa),
they do not consistently polymerize and may break or plastically deform in response to solid stress in tumors.
We found that PA beads with Young’'s moduli of E=0.21 + 0.04 kPa (cellular scale) and E=0.38+ 0.15 kPa
(tissue scale) resulted in large enough deformations to be detected at the cellular scale and tissue scale,
respectively, and can thus detect solid stress levels more sensitively than PA beads with higher Young’s moduli
(Fig. 1f (iv-vi)). Furthermore, the optimized stiffness values of the PA beads were in the same order of
magnitude as cells, spheroids, and tumors and therefore can be appropriately used to estimate the stress
experienced by cells (Fig. 1h). Previous studies using PA beads to measure stress have used PA bead Young’s
modulus values of 0.15-2kPa333444548 and our bead Young’'s modulus is on the same order of magnitude as
these studies.

We analyzed the deformation in PA beads by determining the absolute value of the principal solid
stress tensor in Pascals and elastic energy density in J/m? using a 3-D finite element model (FEM) developed
in the commercial software ABAQUS (Fig. 1i(iv)). The solid stress distribution and elastic energy density were
estimated by quantifying the 3-D deformation field of the originally spherical bead to the geometry obtained
through intravital imaging of the PA beads and using the deformation field as the input in FEM (Fig. 1iii,iii))
(refer to Methods). We accounted for nonlinear behavior of polyacrylamide*® under large deformations by
directly measuring the nonlinear properties of the hydrogel (Figure S6Figure S6| Nonlinear behavior of
polyacrylamide hydrogels. a, Axial compression curve of polyacrylamide hydrogel. b, fitting nonlinear curve
to cellular-scale bead Young’s modulus of 215 Pa. c, fitting nonlinear curve to tissue scale bead Young’'s
modulus of 383 Pa.). For large deformations, using nonlinear elastic properties is essential as we showed that
using a hyperelastic nonlinear model results in solid stress values that are 2x higher compared to using a linear
model (Figure S7). Analysis of solid stress in FEM requires a priori information about the material properties
of PA beads important for stress quantification, notably the Young’s modulus and Poisson’s ratio®, which were
assumed to be constant throughout the PA beads given the small variation in their material properties (Figure
S5). Furthermore, we experimentally determined the Poisson’s ratio of polyacrylamide to be 0.22 + 0.03 by
measuring the axial and lateral strain resulting from compressing a bulk polyacrylamide hydrogel. Our
parametric study indicated that the Poisson’s ratio of 0.22 results in stress response close to a compressible
material and that changing the Poisson’s ratio between 0 and 0.3 results in less than 60% difference in solid
stress (Figure S8). The original diameters of the PA were determined via enzymatic dissociation of tumor tissue
to relax bead deformation. For the beads which were embedded in tissues that were not enzymatically
dissociated and, therefore, had undeformed diameters that could not be measured exactly, the diameter of the
original spherical bead was assumed to be the largest axis length of the deformed bead as a reasonable
approximation based on comparisons between the deformed and undeformed diameters of PA beads (Figure
S10).

Additionally, to make our solid stress measurement method accessible to users without knowledge of
or access to finite element modeling, we also report the aspect ratio of the beads from their 3-D geometry
obtained via intravital imaging (Fig. 1i(i)). Given a known and consistent Young’s modulus of the beads, we
inferred a higher anisotropic solid stress in the deformed beads with higher aspect ratio, which we demonstrate
in Fig. 4f. While the aspect ratio of the beads cannot reflect isotropic stresses, this method provided a simple
and relative estimate of the anisotropic stress magnitude and direction. To obtain the aspect ratios of the
beads, each bead was approximated to an ellipsoid and the three axis length values were obtained (Fig. 1i(i)).
The aspect ratio of the PA bead was taken as the ratio of the largest axis length to the smallest axis length.
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Figure 1|The workflow of in vivo solid stress measurement in primary and metastatic tumors. a, PA bead fabrication, filtration, UV
sterilization, and treatment with fibronectin. b, Rhodamine-labelled PA beads are fabricated at the cellular and tissue scales with diameters
of 28.7 + 18.2 ym (mean + STD) and 397 + 69 ym (mean = STD), respectively. ¢, To probe solid stresses in vivo, MCa-M3C or E0771
cells are injected with PA beads into the mammary fat pad of female FVB/NJ mice and an intravital window is implanted to visualize the
PA beads and cells. To probe solid stresses in lung metastases, MCa-M3C cells are injected with PA beads into the tail-vein of female
FVB/NJ mice. To probe solid stresses in vitro, MCa-M3C cells are seeded with PA beads to form spheroids in low-attachment round-
bottom wells. Fluorescent tumors were visualized using a fluorescent stereomicroscope. d, Multi-modal intravital microscopy including
confocal, two-photon, and optical coherence tomography, was used to probe solid stresses in vitro, in vivo at the cellular scale, and in
vivo at the tissue scale, respectively. Additionally, ex vivo functional lungs were imaged using confocal. e, H&E staining shows the region
around the embedded PA beads is similar to regions far from the void, demonstrating no additional fibrosis or inflammation due to PA
beads. f, The PA bead Young’s modulus was optimized at each scale to achieve sensitive measurements of solid stress (i,ii,iv,v) cancer
cells (green), PA beads (magenta), (iii,vi) PA bead (dark gray, yellow dotted outline)). Beads with high Young’s modulus, E=1.27 + 0.3
kPa in (i), E=1.27 + 0.3 kPa in (ii), and E=3.44+ 0.3kPa in (iii) do not deform in response to solid stresses, and hence will not be sensitive
to stresses. The optimal Young’s moduli that sensitively deform in response to solid stresses are determined as E=0.21 + 0.04 kPa for
cellular scale in vitro (iv), E=0.21 + 0.04 kPa for cellular scale in vivo (v), and E=0.38+ 0.15 kPa for tissue scale in vivo (vi). g, PA bead
Young’s moduli were measured using AFM and fitting of a Hertz model. h, AFM measurements of Young’s modulus of cellular- and tissue-
scale PA beads (mean + STD, n=10-11 beads, two-tailed Student’s t-test), in comparison with Young’s modulus of individual cells,
spheroids, and mammary tumors (mean = STD, n=16 MCa-M3C single cells, n=18 MCa-M3C spheroids (50k cells/spheroid), n=10 tumor
regions across N=3 MCa-M3C tumors, n=37 EQ771 cells, n= 27 regions across N=2 E0771 tumors, two-tailed Student’s t-test). i,
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Quantification of solid stress by (i) fitting an ellipsoid to obtain 3 axis diameters representing the PA bead and measuring the aspect ratio
of PA beads as a simple and accessible readout. The (ii) elastic energy density (W) and (iv) solid stress spatial distributions are quantified
through mathematical modeling by determining the (iii) deformation of the bead from the undeformed spherical geometry and finite
element analysis.

Validation and sensitivity analysis of the solid stress measurement method in vivo

Using intravital microscopy of deformable PA beads, we quantified the PA bead aspect ratios and the
principal solid stresses in in vivo murine tumors at the cellular and tissue scales in 3-D. Tumors with cellular-
scale beads were formed separately from tumors with tissue-scale beads, and the same batch of cellular and
tissue scale beads were used across all experiments for consistency. We measured the bead aspect ratios
after pushing them through 25G and 23G needles (for cellular and tissue scale, respectively) used for tumor
injections and our analysis indicates that the beads exhibited an aspect ratio of approximately 1 before injecting
them into mice (Figure S3). When PA beads are injected into the mammary fat pad without cancer cells and
immediately imaged, the aspect ratios of the beads are 1.26 + 0.10 (Figure S3), suggesting that there is a
baseline level of mechanical stress applied to the spheres by surrounding normal tissues. 5-7 days after
injecting the PA beads and MCa-M3C or E0771 cancer cells into the mammary fat pad of mice, we observed
unexpectedly dramatic deformations in the PA beads in vivo using OCT (tissue-scale) (Fig. 2a, d) and 2-photon
microscopy (cellular-scale) (Fig. g, j). Prior to enzymatic treatment, in MCa-M3C tumors, PA beads had
stresses of 2.24 + 0.736 kPa and aspect ratios of 3.41 + 0.59 (mean £+ STD, N=4) at the tissue scale (Fig. 2b,
c), and stresses of 0.195+ 0.128 kPa and aspect ratios of 1.87 + 0.42 (mean £ STD, N=3) at the cellular scale
(Fig. 2h, 1). In EO771-H2B-dendra tumors, we observed stresses of 0.755 + 0.289 and aspect ratios of 3.2+
0.480 (mean £ STD, N=3) at the tissue scale (Fig. 2e, f) and stresses of 0.161 + 0.059 kPa and aspect ratios
of 2.07 £ 0.389 (mean = STD, N=4) at the cellular scale (Fig. 2k,l). Thus, we next sought to determine if the
deformation was plastic (irreversible) or elastic (reversible), and if the beads were still intact or broken. To
investigate this, we used enzymatic dissociation of the tumor as an effective method to relax the intratumoral
solid stresses!!24295152 tg gbserve the relaxation of the highly deformed PA beads to their original stress-free
geometry. For the in vivo setting, we used a solution of collagenase and hyaluronidase immediately post-
euthanasia in situ, and longitudinally imaged the relaxation of the solid stress reflected by a change in the
geometry of the PA beads using two-photon microscopy and OCT. For the in vitro setting, we used trypsin
instead of collagenase and hyaluronidase to dissociate the spheroids since trypsin was sufficient for complete
spheroid dissociation. At both the tissue and cellular scales in vivo and at the cellular scale in vitro, we observed
significant decreases in stresses before and after enzymatic treatment (Fig. 2 b,e,h,k) and that the beads
converge towards the original spherical geometry represented by the aspect ratio of 1 (Fig. 2c,f, i, I). After
enzymatic treatment, in MCa-M3C tumors, PA beads had stresses of 0.282 + 0.165 kPa and aspect ratios of
1.81 + 0.493 (mean = STD, N=4) at the tissue scale, and stresses of 0.130 + 0.088 kPa and aspect ratios of
1.56 £ 0.336 (mean + STD, N=3) at the cellular scale. In EO771-H2B-dendra tumors, we observed stresses of
0.135 £ 0.071 kPa and aspect ratios of 1.51 + 0.248 (mean + STD, N=3) at the tissue scale and stresses of
0.097 £ 0.051 kPa and aspect ratios of 1.67 + 0.323 (mean + STD, N=4) at the cellular scale. This result
showed that the PA beads, even being highly deformed to aspect ratios of around 4, undergo primarily
reversible and elastic deformation. In 2-3 hours, the stresses that accumulated in the tissues for 5-7 days could
be relaxed using enzymatic dissociation of tissue. While the beads relaxed to an aspect ratio of close to 1 in
the in vitro spheroids where enzymatic dissociation was more effective, the in vivo beads did not fully relax to
an exact aspect ratio of 1 potentially due to residual stresses that may have remained due to incomplete
dissociation of surrounding tissue (Figure S3). We did not fully dissociate the tissue mechanically after
enzymatic dissociation in order to maintain the relative position of beads during longitudinal tracking of the
beads over the course of enzyme dissociation. In the time and length scales of this study, the viscoelastic
effects are negligible since the relaxation time of polyacrylamide is much shorter (< 2 minutes; Figure S9) than
the 2-3 hours of stress relaxation by enzymatic dissociation. Thus, the PA beads underwent a dramatic but
reversible deformation demonstrating that this method can be used to sensitively measure a wide range of
solid stress magnitudes in tumors, from ~0.1-4kPa.

We next investigated if euthanasia affected the measurement of solid stress. We euthanized mice to
relax the elevated tumor interstitial fluid pressure3¢53, which originates from blood pressure and converges to
zero post-mortem®+5® and compared the deformation of the PA beads in vivo versus 60 minutes post-mortem.
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At both the cellular and tissue-scales, solid stress measured up to 60 minutes after euthanasia closely reflected
the in vivo solid stress values (Fig. 20).

Finally, we optimized and validated our tumor induction approach to exclude any potential artifact, e.g.,
artificial compression exerted by the window. We compared the solid stress at the cellular level in tumors that
were induced after the implantation of the imaging window versus tumors growth without any imaging window
to avoid potential artificial compression. We did not observe any significant difference between the solid stress
in these two tumor induction methods (Fig. 2p) and concluded that tumor induction under the imaging window
did not alter the intratumoral solid stresses. We observed that if the imaging window was implanted over
established tumors, the window may artificially compress the tumor and generate an artifact in the solid stress
field (Figure S4). Hence, for studies relevant to the physical tumor microenvironment, implantation of windows
over established and large tumors should be avoided.
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Figure 2| Validation and sensitivity analysis of solid stress measurement at the cellular and tissue scales in vivo. a, Relaxation
of solid stresses at the tissue scale was demonstrated by enzymatic treatment (collagenase/hyaluronidase) of the MCa-M3C tumor in situ
post-euthanasia and imaging of the beads with optical coherence tomography (OCT) (PA beads marked with yellow dotted line). Tracking
of highly deformed beads relaxing to near-spherical geometry demonstrates the presence of extremely high stresses that were able to
deform the PA beads. The reversibility of PA bead deformation (i to iv) demonstrates their sensitivity and wide dynamic range of solid
stresses that can be quantified from their experienced deformation. b, Stress and c, aspect ratio decreases after 180 minutes of enzymatic
treatment (mean * STD, N=2-4 mice, n=8-19 beads, two-tailed Student’s t-test). d, Representative image of the reversibility of bead
deformation after enzymatic treatment in E0771 tumors. e, Stress and f, aspect ratio changes after 240 minutes of enzymatic treatment
(mean £ STD, N=3 mice, n=3 beads, two-tailed Student's t-test). g, Representative two-photon images from administration of
collagenase/hyaluronidase enzyme at the cellular scale in situ (cancer cells (green), PA beads (magenta)). h, Stress decreases and i,
aspect ratio of the cell-scale beads converges toward 1 (spherical geometry) after 120 minutes of collagenase/hyaluronidase treatment
(mean + STD, N=3 mice, n=4 beads, two-tailed Student’s t-test). j, Representative two-photon images before and after enzymatic
treatment of cellular-scale beads in EO771 tumors. k, Stress and |, aspect ratio of PA beads decrease after 240 minutes of enzymatic
treatment (mean = STD, N=4 mice, n=21 beads, two-tailed Student’s t-test). m, Representative confocal images of a spheroid embedded
with a polyacrylamide bead before and after trypsin treatment (cancer cells (green), PA beads (magenta)). n, Stress relaxation after 240
minutes of trypsin treatment. (mean + STD, n=13-36 beads, two-tailed Student’s t-test). o, Euthanasia and the consequent changes in
IFP does not significantly change the solid stress levels at the cellular and tissue scale 60 minutes after euthanasia (mean £ STD, N=4
mice, n=14-21 beads, two-tailed Student’s t-test). p, After injecting tumor cells under an already implanted window, we found that the
presence of the imaging window chamber does not alter the solid stresses measured at the cellular scale (mean + STD, N=4-7 mice,
n=33-151 beads, two-tailed Student’s t-test).

Scale-dependent transmission of solid stresses in primary breast tumors

Tumors have heterogeneous mechanical properties and architecture across different length
scales®®%7, We used our in vivo solid stress measurement method to investigate if solid stresses are length-
scale dependent in two models of murine breast tumors. To measure solid stresses at the cellular and tissue
scales, the PA bead sizes were fabricated to mimic cellular- and tissue-length scales (28.7 £ 18.2 ym and 397
1 69 ym in diameter, respectively (Fig. 3a)). The elastic energy density and the principal stresses at the tissue
scale was measured to be higher (5.2x and 8.5x in MCa-M3C, respectively 4.3x and 5.3x in E0771,
respectively) than that of the cellular scale (Fig. 3b,c). The difference in stress at the two scales was
unexpected, as the stress (force normalized by area), and strain energy density (elastic energy normalized by
volume) do not depend on the scale of measurement in homogeneous and linear materials. Furthermore, when
compared to solid stress values quantified via previous ex vivo methods?®2°, the ex vivo quantification of solid
stress is within the range of cellular-scale stresses, but vastly underestimates tissue-scale stresses (Fig. 3c),
demonstrating that in the previous ex vivo methods, the components of solid stress were only partially
measured. Using a simplified quantification of solid stress via the measurement of aspect ratios, we also
observed that tissue scale PA beads were deformed at higher aspect ratio than the cell scale beads (2x in
MCa-M3C and 1.7x in E0771) (Fig. 3d). The factor of difference in aspect ratios measured at the cellular vs
tissue scale (2x and 1.7x) is lower than the factor of difference in the principal stresses (8.5x in MCa-M3C and
5.3x in E0771). The difference in Young’s moduli between the cellular-scale and tissue-scale beads likely
contributes to this discrepancy since the tissue-scale PA beads have a higher Young’s modulus compared to
cellular-scale PA beads (Young’s modulus of 0.215 + 0.042 kPa at the cellular scale and 0.383 + 0.234 kPa at
the tissue scale), yet is not responsible for the observed scale-dependence. The difference in the Young's
moduli is accounted for in the stress quantification of the PA beads and therefore it is more accurate to measure
solid stress via stress quantification where the Young’s modulus is accounted for rather than measuring aspect
ratio alone. With that in consideration, we expect that using cellular- and tissue-scale beads with the same
Young’s moduli would allow aspect ratio to be a more comparable reflection of the differences quantified using
absolute solid stress. Nonetheless, aspect ratio is a useful quantity to measure since it provides information
on stress anisotropy, as we will explain in further sections. Additionally, in both tumor models, we observe that
cellular-scale beads of 28.7 £ 18.2 um in the same tumor have an increasing trend in aspect ratio as the PA
bead diameter increased (Fig. 3e), further demonstrating the scale-dependence of solid stress in tumors. In
the bulk of our analysis, the elastic energy density and solid stress values were obtained by approximating the
PA beads to ellipsoids, but by using the original deformed geometry of the bead in our FEM model, we
demonstrate that at the cellular-scale, beads experienced a narrow range of stresses (0.004-0.574 kPa),
whereas tissue-scale beads experienced a wider range and larger magnitude of stresses (0.282-2.55 kPa)
(Fig. 3f). By using the original deformed geometry of the bead, we were able to capture differences in spatial
heterogeneity experienced at the cellular and tissue scales; we showed that the tissue-scale measurements
capture heterogeneity in solid stresses, whereas the solid stresses experienced at the cellular scale are
comparatively more uniform.
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Figure 3| Solid stress transmission is scale-dependent: In vivo solid stresses experienced by cancer cells at the cellular scale
is significantly lower than solid stresses experienced at the tissue scale. a, Measuring solid stresses across an order of magnitude
different scales. b, Elastic energy density of in vivo tumors at the tissue scale (236 + 220 J/m®(MCa-M3C) and 115 + 35 J/m? (E0771)) is
higher than the cellular-scale energy density (45.1 + 81.9 J/m*® (MCa-M3C) and 27 + 17 J/m*®(E0771)) by approximately a factor of 5.2 in
MCa-M3C (mean + STD, N=5 mice, n=23-29 beads, two-tailed Student’s t-test) and 4.3 in EO771 (mean = STD, N=3-4 mice, n=3-33
beads, two-tailed Student’s t-test). ¢, Principal stresses of in vivo tumors is 8.5x higher at the tissue scale (1.45 + 1.35 kPa) compared to
the cellular scale (0.172 + 0.12 kPa) in MCa-M3C (boxplot, N=5 mice, n=23-29 beads, two-tailed Student’s t-test) and is 5.3x higher at the
tissue scale (0.755 + 0.288 kPa) compared to the cellular scale (0.148 + 0.102 kPa) in E0771 (boxplot, N=3-4 mice, n=3-33 beads, two-
tailed Student's t-test). Comparison with the solid stress range (o, =0.09 + 0.08 kPa) in an ex vivo tumor from previous methods?2°
demonstrates that ex vivo methods do not represent the full range of 3-D solid stresses in an in vivo tumor. d, Aspect ratios of the
polyacrylamide bead in vivo at the tissue scale is 2x higher compared to the cellular scale in MCa-M3C (mean = STD, N=5 mice, n=23-
29 beads, two-tailed Student’s t-test) and 1.7x higher in EO771 (mean = STD, N=3-4 mice, n=3-33 beads, two-tailed Student’s t-test). e,
Scale-dependence of polyacrylamide bead deformation within cellular-scale sized beads imaged in the same tumor by two-photon
microscopy (cancer cells (green), PA beads (magenta). Positive relationship of aspect ratio with increasing polyacrylamide bead diameter
in MCa-M3C (n=143 beads, linear regression line, Pearson correlation, r=0.28, p-value=6.5x10*) and in EO771 (n=33 beads, linear
regression line, Pearson correlation, r=0.53, p-value=0.0015). When cellular-scale polyacrylamide beads, which varied from 28.7 + 18.2
pum in diameter, were used, the increasing trend in scale-dependence with solid stress is consistent with the results reported in (b-d). f,
Finite element modeling of polyacrylamide beads enables quantification of the spatial distribution of solid stresses at the cellular and tissue
scales ((i) cancer cells (green), PA beads (red), (ii) Overlay of cellular-scale FEM stress-distribution cross-section, (iii) PA bead (yellow
dotted outline)). (iv) Overlay of tissue scale FEM stress-distribution cross-section.
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Longitudinal and spatial measurements of solid stresses in vivo at the cellular scale

The mechanical properties of tumors change with tumor growth and vary spatially. Our measurement
system is capable of measuring longitudinal and spatial measurements in tumors in vivo. We demonstrate the
longitudinal measurement of cellular-scale solid stress in EO771 tumors over 6 days post-injection (Fig. 4a).
Solid stress and aspect ratio increase from day 0 to day 2 and plateau from days 2 through 6 (Fig. 4b,c),
revealing that solid stress accumulation at the cellular-scale occurs rapidly within the first two days of tumor
formation. Our method allows longitudinal monitoring of cellular-scale and tissue-scale stresses up to 7 and
14 days, respectively (Figure S2). Tumor growth and fibrosis occurring in response to window implantation
caused beads to be obscured beyond the depth of imaging and limited the timeframe allowed for longitudinal
imaging of PA beads, but we show that window implantation does not affect the measurement of solid stress
(Fig. 2p). Due to the higher penetration depth of ~2mm for OCT compared to ~200um for 2-photon microscopy,
the number of days in which beads could still be visualized was longer for the tissue scale (Figure S2). In
addition to longitudinal measurements, the system can measure solid stress spatially in X,Y, and Z positions.
We show that solid stress does not vary as a function of depth (in the Z-direction) over 160 um (Fig. 4d,e).
This may be due to the limitation of microscopy, which limits imaging to only a few hundred microns deep in
the Z-direction, which is not deep enough to observe variations in solid stress as the beads which are being
imaged are in the periphery of the tumor. We further show that our approach enables mapping of the
heterogeneities of solid stress in the XY direction in the tumor (Fig. 4g,h). Additionally, we find that stress has
a linear relationship with aspect ratio, showing that for beads experiencing anisotropic stress, aspect ratio
provides information on the relative stresses in the tumor (Fig. 4f).
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Figure 4| Longitudinal and spatial measurements of solid stresses in vivo at the cellular scale. a, Representative images of cellular-
scale beads in EO771 tumors at 0, 2, 4 and 6 days after tumor induction. b, Longitudinal stress and c, aspect ratio of PA beads over 6
days after injection of PA beads and cancer cells on day 0 (mean = STD, N=3 mice, n=10-42 beads). d, Stress and e, aspect ratio as a
function of the z-position of the bead relative to the surface of the tumor, where is z=0 (n= 67 beads, linear regression). f, Stress and
aspect ratio have a positive linear relationship (n=67 beads, linear regression). g, Mapping PA beads across an E0771 tumor at the core,
middle and periphery of the tumor. h, Aspect ratios of PA beads in regions defined by equidistant offset from the tumor boundary (mean
+ STD, N=1 mouse, n=1-10 beads).

Cellular-scale measurements of solid stresses in lung metastases

In both human and murine breast cancer lung metastasis, a hallmark of the physical microenvironment
is solid stress accumulation resulting in vessel compression!?!4. Given that there is evidence that metastatic
and primary tumors, despite originating from the same cancer cells, have distinct reponse to treatment®8, we
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guantified solid stress in the breast cancer lung metastasis. While the physical microenvironment of metastatic
tumors have been characterized in liver?® and brain®! tissues, the mechanical environment of lung metastasis
is more challenging to study due to the complex structure of the lung and the small scale of micrometastases.
To measure solid stress in metastatic lung tumors, we co-injected cellular-scale PA beads with the same breast
cancer cells as the primary tumor experiments (MCa-M3C) into the tail-vein of FVB mice. The goal was to have
the fluorescent PA beads and cancer cells travel through circulation to the lung and form a metastatic tumor.
By measuring the deformation of the bead, we then estimated the solid stresses present in the breast cancer
lung metastasic tumors. After approximately 1-2 weeks, we sacrificed the mice and extracted the whole lung
for ex vivo imaging of the pleural lung surface. Interestingly, the beads were stochastically sequestered in the
lung vasculature in regions with and without metastatic cancer nodules. The beads, with average diameters of
29um, are arrested at the arteriole-capillary junction as they are too large to travel through pulmonary
capillaries (Fig. 5a). Since the beads are at the same scale and have a similar Young’s modulus as cancer
cells® (Fig. 1h), the bead deformation reflects the stresses that single cancer cells experience inside small
vessels in the lung. The stresses are cyclic in a respiring lung, causing the cells traveling through lung
vasculature to experience different magnitudes of cyclical mechanical stresses in vivo, which may activate
biological pathways®°-%2, We measured the aspect ratios and stresses of PA beads in the lung tumors at
alveolar pressures of 3 and 18 cmH20 and compared the measured stresses with the stress in primary tumors
from the same cell line (MCa-M3C) and observed that the cellular-scale stress and bead aspect ratios within
lung metastases at 18cmH20 are significantly higher than stresses in primary tumors (Fig. 5b). These results
indicate that the tissue environment of the cancer cells significantly affects the stresses that are experienced
by the cancer cells. Furthermore, we investigated if the stresses in the lung metastases vary by spatial location.
We compared the bead aspect ratios in the intratumor, peritumor and non-tumor regions and show that the
peritumor has significantly higher aspect ratios compared to non-tumor and intratumor regions (Fig. 5d).
However, no significant difference exists between bead aspect ratios in the intratumor and non-tumor
intravascular regions. Our observation that the core of tumors experience isotropic stresses, whereas tensional
stresses at the periphery cause anisotropy is in consensus with what has been reported in literature3>3,

The measurement of solid stress in the lung is limited to the cellular-scale. To investigate whether
beads of larger diameters could be used to measure tissue-scale stresses, we injected 140-280um diameter

PA Beads

PA beads via tail vein (

Figure S15). Within 5 minutes, we noticed shallow respiration of the mouse, denoting the lethality of
large PA bead injection into the vasculature. The mouse was euthanized and upon imaging the lung, we
noticed blockage of arterioles in the lung by large beads via imaging. Therefore, macroscale measurements
are not possible within the lung vasculature, as PA beads of 140-280um do not freely flow through the small
vessels in the lung.
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Figure 5| Measurement of solid stress in breast cancer lung metastases in a functioning lung. a, Representative images of cellular-
scale beads in a metastatic nodule in the lung at two different alveolar pressure relevant to the breathing cycle. b, The aspect ratios and
solid stress of the PA beads in lung metastases at alveolar pressures of 3 and 18 cmH,O (mean + STD, N=3 mice, n=7 beads) compared
to cellular-scale bead aspect ratios in primary tumor; solid stresses in metastatic tumors are higher than primary tumors despite being
induced by the same MCa-M3C cancer cells (mean + STD, N=2-5 mice, n=29 beads, two-tailed Student’s t-test). c, Representative images
of PA beads in the intratumor, peritumor and intravascular regions of the lung. d, Aspect ratios of PA beads in the intratumor, peritumor
and regions far from the tumor at 3 cmH,O alveolar pressure (mean + STD, N=4 mice, n=7-8 beads, two-tailed Student’s t-test). e, Aspect
ratios of the PA beads as a function of lung tumor nodule diameter (N=4 mice, n=18 beads, linear regression line, Pearson correlation,
r=0.502, p-value=0.033) demonstrating elevated solid stress in tumor diameters as small as 100-300 um
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Measurement of solid stress experienced by single cells in lung vasculature

Cancer cells migrate through the vasculature prior to arriving at the site of metastasis, and are arrested
in capillaries during the early stages of lung metastasis. We were interested in quantifying the forces
experienced by cancer cells in capillaries. Using PA beads with similar size and material properties as
circulating cells, which are measured a priori, allows us to mathematically model the deformations and stresses
that cancer and immune cells experience in lung vasculature. We also measured the stresses inside lung
vasculature at varying alveoli pressures. We imaged the PA beads at physiological alveolar pressures of 18,
12, 7 and 3 cmH20 during a breathing cycle of a functional lung®*®°, and quantified the aspect ratios of the PA
beads and their corresponding stress values (Fig. 6a). The magnitude of solid stress that the beads experience
was estimated via finite element modeling to be as high as 0.73 kPa (Fig. 6b), which resulted in substantial
deformation in the PA beads. To our knowledge, this is the first direct estimation of the stresses that a
circulating cell, cancer or immune cell, experiences inside the pulmonary microvasculature. The aspect ratio
and stress both increase as a function of relative diameter, which is the largest diameter of the bead normalized
to the diameter of the vessel (Fig. 6¢,d). The vessels experience different changes in diameter as we increased
the alveolar pressure from 3 to 18 cmH20. The resulting PA bead aspect ratios and stresses depended on the
change in vessel diameter (Fig. 6e). Beads in vessels that underwent large vessel diameter changes were
less deformed from 3 to 18cmH20 whereas beads in vessels with smaller diameter changes generally had
increased aspect ratios as alveolar pressure increased from 3 to 18cmH20. Our method shows that PA beads
are sensitive to changes in solid stress even when deformed in vessels, which allows the method to be used
to detect cyclical changes in vasculature during respiration to determine the changes in solid stress
experienced by cells in vessels. We compared the stresses and aspect ratios of the PA beads at alveolar
pressures of 3 and 18cmH20 and found that there is no significant difference in either stress or aspect ratio
(Fig.6f,0). This method used to estimate the stresses applied on the circulating cells in the lung capillaries can
be extended to estimate the solid stresses that immune cells experience during their sequestration in the lung
capillaries, which may affect their function®*, and can also measure stress in other major sites of metastasis
where the PA beads can be delivered, such as the brain and liver (Figure S18).
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Figure 6] Measurement of solid stresses that individual cells experience in blood vessels using cellular-scale beads as
surrogates for single cells. a, Representative images of PA beads arrested in functional lung vasculature at alveolar pressure of 18, 12,
7 and 3 cmH,0. b, (i,iii) The PA beads with similar size and stiffness as the individual cancer cells traveled to the lung through the blood
circulation and arrested in microvasculature (lung autofluorescence from extracellular matrix proteins (green), PA beads (magenta)). (ii,
iv) Knowing the non-deformed geometry and material properties of the PA bead, we used finite element modeling to map solid stresses
that PA beads experience at high-resolution, indicating stresses as high as 0.73 kPa that cancer cells experience during their
microvascular arrest in lung metastasis (lung autofluorescence (green), PA beads (magenta)). c, The stresses and d, aspect ratios of the
PA beads increase with increasing relative diameter, which is the largest diameter of the PA bead normalized to the diameter of the vessel
(N=3 mice, n=22 beads, blue: 3cmH,0, red: 18cmH,0, linear regression line, Pearson correlation, c: r=0.358, p-value=0.102 (3cmH,0),
r=0.422, p-value=0.050 (18cmH,0) , d: r=0.379, p-value=0.0.082 (3cmH,0), r=0.499, p-value=0.018 (18cmH,0)). e, Change in aspect
ratio and stress as a function of the change vessel diameter from 3 to 18cmH,0O. In vessels which have larger positive changes in vessel
diameter, the aspect ratio of the PA beads decreases, whereas in vessel that have smaller changes in diameter, the aspect ratios of the
PA beads increase with pressure change (N=3 mice, n=22 beads, linear regression line, Pearson correlation, change in aspect ratio: r=-
0.573, p-value=0.0053, change in stress: r=-0.658, p-value=8.68x10™). . f, Stress and g, aspect ratio of PA beads at 3 and 18 cmH,0
(N=3 mice, n=22 beads, paired two-tailed Wilcoxon matched-pairs signed rank t-test).
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In vitro 3-D cancer model recapitulates in vivo tumor solid stress at the cellular scale

Spheroid and organoid models of tumors are increasingly popular in vitro models of cancer as they
better recapitulate the 3-D architecture and cellular organization of tumors than adherent cultures. However, it
is not known whether they faithfully recapitulate the biophysics of the in vivo tumor microenvironment. To
answer this question, we used our solid stress measurement method to compare solid stresses in spheroids
and in vivo tumors (Fig. 7a). Since spheroids cannot be larger than 500 pym in diameter due to formation of
necrosis®, we only compared solid stresses measured at the cellular scale, and not at the tissue scale.
Unexpectedly, we observed that the solid stresses in spheroids were not significantly different from those
measured in vivo (Fig. 7b). Furthermore, we observed that cellular-scale solid stresses did not depend on the
size of the spheroids, as determined by seeding density of the cancer cells (Fig. 7b). The similarities of solid
stresses in spheroids, which were formed by cellular aggregation in 24-48 hours, and in vivo models, which
were formed in a few days with stromal recruitment, implied that the cell-cell interactions played a major role
in the genesis of solid stresses, and that the magnitude of solid stress was independent of the number of cells
in the multi-cellular aggregates.

In vivo
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Figure 7| In vitro models of tumors faithfully model the solid stresses levels in vivo at the cellular scale. a, Representative
images of spheroids at multiple seeding densities (2 days after seeding) and in vivo cellular scale (5 days after injection) (cancer cells
(green), PA beads (magenta)). b, Aspect ratios of in vitro spheroids do not vary significantly by seeding density (mean + STD, N=5-6
spheroids, one-way ANOVA, Tukey’s multiple comparisons test) demonstrating the independence of solids stresses and the spheroid
size. Aspect ratios of PA beads embedded in spheroids compared to in vivo cellular scale PA beads are not significantly different (mean
+ STD, N=5 mice, n=24 beads, two-tailed Student’s t-test) demonstrating that spheroid models recapitulate in vivo cellular-scale solid
stresses.

Discussion

We report the first in vivo optical measurement of solid stresses in two mouse models of primary breast
cancer and breast cancer lung metastasis. There are five key advantages of this method (i-v). (i) We
demonstrate the longitudinal monitoring of the solid stress, as opposed to the terminal point measurements in
existing methods*®%%2° which is critical to characterize the role of solid stress in tumor progression and
treatment response. Additionally, we confirm previous experimental studies showing that solid stress does not
depend on interstitial fluid pressure!® using a post-euthanasia model. (ii) Our in vivo method allows multi-scale
measurement of the solid stresses. Previous methods report solid stresses in sub-millimeter resolution?82934,
while our methods estimates solid stresses at cellular and tissue scales, where tumors cells directly sense and
respond to solid stress. This cellular-level capability enables the measurement of solid stress at early stages
of tumorigenesis, e.g., when individual cells are arrested in the lung capillaries, or tumors as small as 100 pm
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in diameter, a determination unachievable with existing low resolution methods?®2°, (iii) Measurement of solid
stress in small metastatic tumor is possible and allows the comparison of stresses in primary and metastatic
tumors with important implications on the differential treatment response in primary vs metastatic tumors>5867,
(iv) Our method affords a measurement of the full magnitude and direction of solid stresses. Previously
developed ex vivo methods rely on a mechanical relaxation of the stress in the form of cutting or slicing the
tumor?82°, which relaxes solid stresses only partially in certain directions. In other works, fluorescent oil
droplets were injected into mouse embryos to measure the anisotropic stresses within the tissue; however, oll
droplets cannot be co-injected with cancer cells to induce primary and metastatic tumors, and due to the
incompressibility of the oil droplets only anisotropic stresses can be measured®5°, With our method, the full
solid stress, i.e., isotropic and anisotropic components, at a given point can be reported as a tensor, which
provides both magnitude as well as direction of the stress components (Figure S12). (v) Finally, our method
accounts for solid stress exerted by surrounding normal tissues, i.e., peritumoral solid stresses, since tumors
are retained in situ and are not excised. In the previously reported in situ solid stress measurement method,
accounting the solid stress exerted by surrounding tissues can cause solid stress measurements in the tumor
to be a factor of 5 higher than the intratumoral stresses measured after the tumor has been excised?®.

Our in vivo characterization of solid stresses in breast tumors experimentally confirms that solid stress
transmission is scale dependent, which has been predicted previously via mathematical modeling**3. In a
homogeneous material under uniform stress, it is expected that stresses at the cellular scale to be the same
in magnitude to stresses at the tissue scale, as stress is normalized by length scale. In contrast, we observed
that tumor cells experience ~5-8 times lower solid stresses at the cellular scale compared to the tissue scale.
Given the immense biological and immunological implications of this finding with regards to the transmission
of intratumoral solid stresses to tumors and immune cells, we tested and confirmed lack of biases in our
experimental parameters through multiple approaches. First, in addition to stresses, we report elastic energy
density and aspect ratio of the deformed beads, which are both normalized to the scale of the bead. In both
readouts, we observe consistently larger solid stresses at the tissue scale compared to cell scale. Second,
since the cellular level and tissue level measurements are performed in different experiments and mice,
potential biases due to multi-cohort experiments are eliminated by measuring the solid stresses in a
heterogeneous population of bead sizes (28.7 + 18.2 ym) in the same mouse. Solid stresses deform large
beads at a higher magnitude compared to smaller beads, consistent to the scale-dependence we observed in
the much larger PA beads. The discerned scale-dependence in small vs large cell-sized beads in the same
region of interest and using the same imaging modality (two-photon) further confirms our observation of
increasing solid stress transmission with increasing PA bead size that we observed in cell- vs tissue-scale
beads.

One of the key implications of the scale-dependence of solid stresses is the potential biophysical
mechanism(s) that tumor cells utilize to protect themselves against the high solid stresses that exist at the
tissue level. We show that growth-induced solid stresses generated at the tissue level can be as high as about
~6kPa (Fig. 3c), which is consistent with the previous measurements?®3%3% but lower than previous
measurements reported in tumor spheroids®?. Such high mechanical stresses can be lethal to cells®-*° given
that the Young's modulus of individual cells is ~1kPa (Fig. 1h) and such high stresses would result in
deformation of up to 50% of the cell diameter (Fig. 3d). Since the first measurement of solid stresses in
tumors®3?°, the question of how tumor cells tolerate such high solid stress values has remained unanswered.
Furthermore, recent studies show that solid stresses of ~0.1kPa damage and kill the cells in the normal tissue
surrounding the tumor?'??, which amplifies the dilemma on the differential response of tumor vs normal cell to
solid stresses: if the compressive forces that tumors apply on normal tissue are equally felt by tumor cells, why
do cells in the normal tissue succumb to solid stresses while tumor cells proliferate? A recently proposed
biological mechanism to protect tumor cells against high levels of solid stress is the loss of p53 which enables
neoplastic cells to be more resistant to high mechanical stress levels®>®’. However, p53 is not universally
mutated in all tumor cells, and such mechanical resistance phenotypes only apply to cancer cells with certain
mutations and not to the intratumoral stromal cells without any mutation in p53. Therefore, we propose that
the existence of biophysical mechanisms that dissipates the high macroscale solid stresses to much lower
levels at the cellular scale could better explain how cancer cells, tumor-associated immune cells, fibroblasts,
and blood vessels can tolerate solid stresses.
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Another key implication of the solid stress scale-dependence is the differential compression of small
vs large blood vessels in the tumors. Specifically, solid stresses compress the intratumoral*>16255470 gnd
extratumoral blood vessels?!, which fuels tumor progression and treatment resistance’. The scale-
dependence of solid stress shows that large vessels, which could be mainly co-opted vessels, likely experience
higher magnitudes of solid stress compared to capillaries and smaller vessels, which are more prone to
collapse by compression due to lack of pericyte coverage’. As a result, this differential stress transmission to
blood vessels bears important implications in vascular normalization and decompressing blood vessels by
targeting solid stress?5:5473-75,

While studying the origins of multi-scale transmission of solid stresses is beyond the scope of this
study, we propose a hypothesis for the observed phenomena. To withstand high stresses within tumors, cancer
and stromal cells may organize the ECM and cellular microarchitecture to generate stiffness heterogeneities
at a certain characteristic length scale that dissipate the stresses at the cellular scale through a caging effect.
In this proposed mechanism, the surrounding stiffer areas, acting collectively as a cage, protect the cells from
excessive deformation. The proposed mechanism is supported by our findings that, in addition to solid stress
transmission being larger at the tissue scale, the tissue scale reveals more heterogeneity in stress transmission
that is not captured at the cellular scale, as shown by the larger range in stress magnitudes when FEM is
performed on the original geometries of the deformed PA beads. This suggests that solid stress in the tumor
is highly heterogeneous, yet cells do not experience the same level of heterogeneity. This supports our
proposed mechanism that the caging effect reduces the magnitude of solid stress as well as the level of stress
heterogeneity at the cellular scale. Due to the cell-size characteristic length scale of the stiffness
heterogeneities, solid stresses compress and deform the tissue at the tissue level while cells experience
smaller levels of solid stress. This caging effect may occur in tandem with tissues undergoing macroscale re-
alignment to redistribute high mechanical stresses and thereby dissipate mechanical energy as proposed
recently as a mechanism of nucleus protection®. Such adaptive caging effect is likely specific to the abnormal
physical microenvironment in tumors that does not exist in normal tissue, which may explain why the normal
tissue surrounding the tumors is more prone to damage compared to the tumor cells, despite experiencing
similar levels of solid stresses at their interface?!. Furthermore, our hypothesis is in accordance with previous
studies which model scale-dependent stress in tissues**3. These studies point to structural or material
heterogeneities that give rise to differences in mechanical stress at the tissue vs cellular scale. Future studies
in which the stiffness heterogeneities of the tumor can be characterized in 3-D and at the cellular resolution
may provide more information to decipher the origin of this observation on the multiscale nature of the
mechanical tumor microenvironment. Discovering the mechanism underlying the scale-dependence of solid
stress transmission will also inform therapeutic strategies that disrupt the protective tumor microenvironment
against solid stresses to increase the sensitivity of cancer cells to high stresses.

Using our method, we longitudinally measured stresses over 6 days, demonstrating the applicability
of our method for observing stress with tumor growth and potential to be applied to understanding stress
changes in response to cancer treatment in preclinical small animal models. We observed a rapid accumulation
of stress over 2 days, which is also consistent with our in vitro measurement of solid stress. Our results reveal
that metastatic tumors experience higher levels of stress intratumorally compared to primary tumors from the
same cell. This different levels of solid stresses indicate the role of microenvironment in the genesis of solid
stress, and may have implication on the differential treatment response observed between primary and
metastatic tumors. This result also shows that cyclical breathing affects the stresses experienced by metastatic
tumor cells. Furthermore, we confirm previous studies that show stress is anisotropic at the periphery of tumors
and becomes more isotropic towards the core!®. Our in vivo measurement method is also applicable to
characterizing the solid stresses that cancer cells experience during metastasis, which can provide insight to
the role of mechanical stress on the multistep metastatic cascade. The compression of individual cancer cells
migrating through blood and lymphatic vessels affects their extravasation through the vasculature and their
subsequent formation of micro- and macrometastasis®’’. The in vivo cellular-scale measurement of solid
stresses is not limited to cancer cells; it is also amenable for studying the mechanosensitivity of immune cells,
and provides an estimate of the solid stresses that immune cells experience as they circulate, sequester, and
infiltrate into the lung microvasculature®®’®, We also investigated whether solid stress measurement in
metastatic sites could be extended to organs other than the lung. We imaged the liver and brain, which are
two other common sites of metastasis, and surprisingly found compressed PA beads in the brain and liver
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(Figure S18), demonstrating the applicability of our methods to study the physical tumor microenvironment in
brain and liver metastasis in vivo.

Limitations of the intravital imaging of PA beads include: (i) being limited to measurements in small
animal tumors in which an intravital window can be implanted, such as in the mammary fat pad, brain, liver,
and lymph nodes™#®, (ii) having a timeframe limited to under 2 weeks for longitudinal imaging, (iii) limited
range of depth penetration intrinsic to light microscopy, and (iv) stochastic distribution of PA beads in tumors.
(v) The imaging of deformations in PA beads is an indirect method for measuring stress, and (vi) PA bead
diameters need to be known a priori to estimate the total stress, which includes both isotropic and anisotropic
components. Furthermore, (vii) stress measurements in metastatic sites are limited to the cellular scale since
the method relies on hematogenous delivery of PA beads and large beads result in fatal impediment of blood
flow.

In summary, we report the first in vivo optical measurement of intratumoral solid stresses in the primary
setting where the complexities of the tumor microenvironment are preserved. Our in vivo methods equip cancer
researchers with a multi-scale tool to better understand the spatiotemporal co-evolution of the physics, biology,
and immunology of cancer. The discoveries that solid stress transmission is scale-dependent and that
individual cancer cells experience substantially lower solid stresses than experienced at the macroscale
provide important insights for mechano-adaption in tumors. Furthermore, we show that stresses in the
metastatic setting are higher than that of the primary setting. These findings will pave the way for discovering
new biophysical mechanisms that cancer and stromal cells utilize to protect themselves against lethally high
solid stresses and for novel treatments that alter the solid stresses in the tumor or increase tumor cell sensitivity
to solid stresses.

Methods

Polyacrylamide formulation, fabrication, and functionalization

The fabrication of PA beads was performed using water-in-oil stirred emulsion polymerization as previously
described®. Polyacrylamide (PA) formulations were prepared to achieve the following Young’s modulus (E)
by altering the percentages of acrylamide (40% stock, Bio-rad, 1610140) and bisacrylamide (2% stock, Bio-
rad, 1610142): E=0.215 *+ 0.042 kPa (3% acrylamide, 0.06% bisacrylamide), E=0.38+ 0.15 kPa (5%
acrylamide, 0.03% bisacrylamide), 0.49 + 0.1 kPa (4% acrylamide, 0.03% bisacrylamide)®!. PA pre-polymer
solutions were prepared in rubber-sealed glass vials and purged with nitrogen gas (Nz) for 15 minutes. The oll
phase, kerosene (Sigma-Aldrich, 329460) with 6% w/v PGPR 4150 surfactant (Palsgaard, 90415001) was
prepared in an Erlenmeyer flask and purged with N2 for 30 min. To 1 mL of pre-polymer mixture, 10 yL of 10%
w/v methacryloxyethyl thiocarbamoyl rhodamine B (Polysciences, 23591-100) or fluorescein O-methacrylate
(Sigma, 568864) in dimethyl sulfoxide (DMSO) was added, followed by 100 pL of 1% w/v ammonium persulfate
(APS; Bio-rad, 1610700) in phosphate buffered saline (PBS) and 5 pL of tetramethylethylenediamine (TEMED;
Sigma-Aldrich, T7024).

The pre-polymer solution was injected into the oil phase and the emulsion was vortexed for 10s. The emulsion
was magnetically stirred at 300-600 rpm (300rpm for tissue-scale beads and 600-700rpm for cellular-scale
beads) for 60 minutes while the beads polymerized. The beads were centrifuged to remove the kerosene with
surfactant and subsequently cleaned with kerosene to remove remaining surfactant. The beads were
recovered in PBS through multiple centrifugation steps.

Beads were filtered to tissue-scale (397 + 69 uym in diameter) or cellular-scale (28.7 + 18.2 ym) sizes using
stainless steel wire cloth (McMaster) fitted to custom-designed filter holders. The beads were then sterilized
under UV light for 15 minutes and swelled overnight in PBS at 4°C. Beads were resuspended in 0.05 mg/mL
Sulfo-SANPAH (G-Biosciences, BC38) in PBS and irradiated under UV light for 4 min to activate the cross-
linker. Beads were rinsed with PBS, and resuspended and incubated overnight in 40 pg/mL fibronectin (Sigma
Aldrich, F1141) to allow for cell adhesion and promote uptake of beads by the tumor. The fibronectin-treated
beads were resuspended in PBS and stored at 4°C in low adhesion microcentrifuge tubes to prevent beads
from adhering to the tube. Fibronectin-treated beads are fluorescent and cell-adherent for at least 1 year after
fabrication when stored in isotonic PBS at 4°C.
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Cell culture

The MCa-M3C HER2/neu+ with H2B-labelled dendra2 (Her2+, p53+) cell line (MCa-M3C-H2B-dendra2, gift
from Rakesh Jain, Ph.D.) is a highly metastatic HER2/neu+ mammary tumor line derived from the MMTV-
PyVT/FVB transgenic mouse*7°82, The EQ771 with H2B-labelled dendra2 cell line (E0771-H2B-dendra2, gift
from Rakesh Jain, Ph.D.) is derived from a spontaneous mammary tumor in C57BL/6 mice. Cells were cultured
in Dulbecco’s Modified Eagle’s medium with L-Glutamine, 4.5g/L Glucose and Sodium Pyruvate (DMEM,;
Corning) supplemented with 10% fetal bovine serum (FBS; Fisher Scientific, SH3039603) and 1% antibiotic-
antimycotic (Fisher Scientific, 15240062) at 37 °C and 5% CO:. Cells were harvested at ~80% confluency,
counted, and resuspended in DMEM. All cell lines repeatedly tested negative for mycoplasma using the
Mycoalert Plus Mycoplasma Detection Kit (Lonza, Allendale, NJ).

Culture of beads in spheroids for in vitro measurements of solid stress

Spheroids were cultured in 96-well Clear Round Bottom Ultra-Low Attachment Microplates (Corning, 7007)
with 500 to 500,000 cells per well in 200uL of cell culture media to form spheroids of different sizes. Between
1-10 fibronectin-functionalized beads were seeded per well in accordance to the number of cells seeded per
spheroid. More beads were seeded for larger spheroids in order to increase the probability that a bead would
end up at a depth in the spheroid that could be imaged via confocal microscopy. The plate was centrifuged at
1200 rpm for 10 minutes to coalesce the cells and beads. The spheroids were cultured at 37 °C and 5% CO:
for 24 to 48 hours. As cells coalesce to form spheroids, beads become embedded within the spheroid and may
end up anywhere from the core to the edge of the spheroid.

Animal Models

All animal procedures were approved by the Institutional Animal Care and Use Committee of Boston
University. A breeding pair of transgenic B6.129(Cg)-Gt(ROSA)26Sortm4(ACTB-tdTomato,-
EGFP)Luo/J (JAX #007676)8, hereafter referred to as mTmG, was purchased from JAX to start a
colony and was used in select ex vivo lung experiments. mTmG mice aged 6-14 weeks were used for
experiments. C57BL/6 and FVB/NJ female mice aged 6-8 weeks were purchased from (JAX). All mice
were housed and bred under pathogen-free conditions at the Boston University Animal Science
Center. All animal experience conformed to ethical principles and guidelines under protocols approved
by the Boston University Institutional Animal Care and Use Committee.

Primary breast tumor model for in vivo measurements of solid stress

Tumors were formed either via injection into the mammary fat pad under intact skin or injection under
the intravital window into the mammary fat pad. Approximately 10 (tissue-scale: 397 + 69 um in
diameter) or 500 (cellular-scale: 28.7 + 18.2 um) fibronectin-functionalized beads and 1x10® MCa-
M3C-H2B-dendra2 cells* (Her2+) or EO771-H2B-dendra cells in 50 L of DMEM were co-injected into
the mammary fat pad of 6-8 week old female FVB/NJ mice (JAX) for MCa-M3C-H2B-dendra2 tumors
and C57BL/6 mice (JAX) for EO771-H2B-dendra tumors. The same batches of tissue-scale and
cellular-scale beads were used throughout all mammary tumor experiments. Tumors were grown for
5-7 days and resulted in a palpable mass when cancer cells were injected under the skin (Figure S13).
For tumors grown via injection under the window, an upright stereomicroscope (Nikon) with a GFP
filter and blue light excitation (NightSea) was used to confirm presence of fluorescent mass under the
window. Tumors were size-matched for cellular- and tissue-scale experiments (tumor dimensions:
~3x3mm? to 6x6mm?2).

Tumor induction under intravital mammary window for in vivo measurements of solid stress

Multiple methods of tumor induction under the window were investigated. Injecting cancer cells and
PA beads directly under the window with and without Matrigel did not result in formation of tumors.
Stereotactic injection of the cancer cells and PA beads under a thin layer of tissue under the window
resulted in formation of tumors, as confirmed using a fluorescent stereomicroscope. While injection of
Matrigel directly under the window did not form tumors, it did allow for enough contrast for visualization
of tissue-scale beads at day 0 of injection (Figure S14). For future experiments, injection of Matrigel
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with cancer cells and beads can be performed stereotactically under a thin layer of tissue for tracking
of tumor formation from day O at the tissue scale.

Lung, liver and brain models for ex vivo measurements of solid stress

Approximately 10,000 cellular-scale rhodamine-labelled, fibronectin-functionalized microbeads and
1.5x106 MCa-M3C-H2B-dendra2 were co-injected via tail-vein into 6-8 week old female FVB/NJ mice
(JAX). Lung metastases between ~100 ym to 2mm in diameter formed ~1-2 weeks after injection;
large metastatic nodules were identified via a fluorescent stereomicroscope. The same lung with
metastases had non-tumor and tumor regions. Non-tumor regions were defined as regions of the lung
without any cancer cells present on the tissue surface within a 500 um radius. Fluorescein-labelled
cellular-scale fibronectin-functionalized microbeads, which had Young’s moduli of 0.49 + 0.1 kPa, were
injected into mMTmG mice for analysis of stress experienced by single cancer cells in the lung, liver and

Implantation of window

The Royal Blue SFA Stereo Microscope Fluorescence Adapter (NightSea) was used to visualize fluorescence
under the skin to determine the presence of a tumor. The skin was removed from the tumor and custom-
designed, 3D-printed intravital imaging windows (Clear Resin, Formlabs; Figure S1) were sutured over the
mammary fat pad. A 10 mm diameter round coverslip (#1.5 0.16-0.19mm, Ted Pella) was placed onto the
window and secured using a metal retaining ring (91580A132, McMaster). For tumors formed after intravital
window implantation, 1x10% MCa-M3C-H2B-dendra2 cells were injected as a bolus under a thin layer of tissue
under the window. A custom-fitted stainless-steel cover was fabricated to protect the window from mouse
chewing.

Lung, liver, and brain extraction and imaging

Prior to sacrifice in FVB mice, 50 yL of Cascade Blue dextran (10 kDa) (Fisher) was co-injected intracardiac
at 10 mg/mL with 100 pL of 1.25 mg/mL heparin sulfate and allowed to circulate for 3 minutes before animal
sacrifice to distribute the dye and heparin®. Mice were anesthetized with a ketamine/xylazine cocktail (100
and 10 mg/kg, respectively) injected intraperitoneally and ventilated through a tracheal cannula. The mouse
was then sacrificed via exsanguination, ensuring that the lungs did not collapse but maintained an alveolar
pressure of 5 cmHz20. The skin, fascia, and intercostal muscles, and ribs were dissected away under a
stereomicroscope (Nikon) till the underlying lung-heart bloc was visible. The lungs were then removed from
the ribcage and placed into a transparent polystyrene crystal ribcage for imaging, as previously reported®®. A
tube connected to the trachea cannula was used to inflate the lung with room air to various defined pressures
using a water column. The pleural surface of the lung was imaged through the crystal ribcage with upright two
photon microscopy (Bruker) using a 16x water immersion objective, or confocal microscope (Olympus FV3000,
Fluoview software) to identify metastatic nodules and PA beads at the surface of the lung using a 10x objective,
with environmental temperature set to 37°C. The liver and brain were harvested from mTmG mice 3 hours
after injection of PA beads. The dorsal surface of the brain and the anterior surface of the liver were imaged
under confocal microscopy. Microscopy data was visualized using FIJI and MATLAB2022b. Quantification of
bead aspect ratio in lung images were measured as a maximum projection of the 3D stack in the XY direction.

Imaging with fluorescent stereomicroscope

The Royal Blue SFA Stereo Microscope Fluorescence Adapter (NightSea) was used with an upright
stereomicroscope (Nikon) to visualize tumors above 1mm in diameter.

Confocal imaging for in vitro measurements of solid stress in tumor spheroids

In vitro spheroid images were acquired using the Olympus FV3000 laser scanning confocal microscope using
either a UPLSAPO10X2 (Olympus, NA 0.4, 10x magnification) or LUCPLFLN20X (Olympus, NA 0.45, 20x
magnification) air immersion objective lens (Olympus) at scanning resolutions between 512x512 and
1024x1024 pixels in FV31S-SW Viewer software (Olympus). MCa-M3C-H2B-dendra2 cells were imaged using
a 488nm laser excitation and a 525/60 nm variable barrier filter. Rhodamine-labelled polyacrylamide beads
were imaged using a 561nm laser excitation and a 600/50 variable barrier filter (Olympus).
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Intravital imaging

Inhalation of isoflurane (1.5-2% vol/vol, 0.1-0.5L/min, Kent Scientific 0-1 LPM VetFlo system) was used to
anesthetize the animal during imaging. An intravital mammary window was implanted for 2-photon or OCT
imaging and the intravital window was immobilized by an in-house fabricated stage (Figure S1). 2-photon
imaging was used for imaging cellular-scale PA beads, and OCT was used to image tissue-scale PA beads.
The glass coverslip on the intravital window was removed for imaging when tumors were formed prior to
window implantation to prevent artificial compression of the tumor during imaging. Imaging was performed
approximately 5-7 days after cancer cell injection, unless otherwise noted.

Two-photon (2P) microscopy system

2P images were taken with a 16x water immersion objective lens (16X Nikon CFlI LWD Plan Fluorite
Objective, 0.08 NA) using the Bruker Investigator system, which consists of an Insight X3 laser
(Spectra Physics). The system has a 700 nm short-pass primary dichroic with an IR blocker (Chroma)
in the detection path. A filter cube with 595/50 nm and 525/70 nm filters (Chroma) and a 565 nm long-
pass secondary dichroic (Chroma) were used to image fluorescently-labelled cells and beads and lung
autofluorescence. Samples were excited with 880 nm using a laser power of approximately 50 mW at
the sample plane. Images were taken at scanning resolutions between 512x512 to 1024x1024 pixels
with 1-3x digital zoom using galvo scanning without averaging. PrairieView software (Bruker) was used
for 2P imaging.

Optical coherence tomography system

We used a commercial spectral-domain OCT system (Telesto TEL320C1, Thorlabs, New Jersey) and
Thorlmage OCT software (Thorlabs). The light source is a broadband superluminescent diode with
center wavelength of 1300 nm and a full width half maximum bandwidth of 150 nm, yielding an axial
resolution of 4.2 ym in tissue. The spectrometer has a 2048-pixel InGaAs line scan camera operating
at an A-line rate of 76 kHz. The total imaging depth is 2.6 mm in tissue. A 10X air objective (Mitutoyo,
0.28 NA) was used in the sample arm, which yields a lateral resolution of 3.5 pm with a theoretical
Rayleigh range of 40 ym in a nonscattering medium. The maximum sensitivity of the system is 109
dB.

Euthanasia

Euthanasia was performed by intraperitoneal (IP) injecting 150mg/kg of Euthasol (Virbac) for primary tumor
experiments.

Collagenase/hyaluronidase treatment for tumor dissociation

Collagenase/hyaluronidase enzyme solution was prepared by dissolving 100mg collagenase from
Clostridium histolyticum (Sigma, C0130), 50mg hyaluronidase from bovine testes (Sigma, H3506), and 2mg
CaClz in 30 mL DMEM. The coverslip from the intravital window was removed and we applied the enzyme
solution to animals post-euthanasia to comply with our animal protocols. The tumors were imaged before
and after euthanasia (before the application of enzyme) to control for potential effects on euthanasia on solid
stress. For tissue-scale experiments, the enzyme solution was applied to the tumor without excision and
incubated at 37 °C for 180 minutes using a thermostatic heating pad. For cellular-scale experiments, tumors
were excised and placed in the enzyme solution at 37 °C.

Trypsin treatment for spheroid dissociation

The media from individual wells of spheroids cultured in 96-well plates was removed and the spheroids were
washed twice with PBS in the wells to remove serum proteins. Trypsin-EDTA (0.05%) (Gibco) was added to
each spheroid in the 96-well plate and the spheroids were incubated for 24 hours in trypsin-EDTA at 37°C to
fully dissociate the cells.

Histology of tumor sections
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Tumors were resected and fixed with 4% paraformaldehyde overnight, washed with PBS, and cryoprotected
with 15% sucrose for 6-12 hours, followed by 30% sucrose overnight. The tumors were embedded in a cryostat
embedding medium, flash frozen, and cryosectioned into 10 um slices. Tissue sections were stained with
hematoxylin and eosin. Slides were imaged using the Olympus VS120 Virtual Slide Scanner.

Quantification of solid stress

The quantification of solid stress was performed in a multi-step approach (Figure S17). First, 3-D image stacks
were segmented following one of two methods: in the first method, the deformed PA bead geometry is
approximated to an ellipsoid to allow for a relatively more high-throughput, semi-automated analysis; in the
second method, the irregular deformed geometry of the PA bead is retained through manual segmentation of
the bead boundary and allows for more complex analysis of solid stress with geometric irregularities. In both
methods, point-clouds are generated which represent either the ellipsoidal approximation of the deformed
bead or retains the original deformed bead geometry, depending on the method used. Subsequently, the point-
clouds are used to determine the surface displacement field of the deformed bead from the undeformed bead.
For quantification of solid stress in which the deformed bead was relaxed to its undeformed, approximately
spherical geometry via the enzymatic dissociation of cellular components, the undeformed bead was
approximated to a sphere and the diameter of the sphere was taken as the undeformed bead diameter. For
images of beads in which the tissue was not enzymatically dissociated, the undeformed bead was assumed
to be spherical, with a diameter equal to the longest axis length of the ellipsoidal approximation of the deformed
bead. This approximation is justified in Figure S10. The surface displacement field is written into an input file
that is interpreted by ABAQUS (Dassault Systémes) as displacement boundary conditions determining the x-
, Y-, z-displacements of each node in the finite element model.

3-D image segmentation

Multiple regions of interest (ROI) were imaged per mouse, and multiple beads in each ROI were
analyzed. Beads which did not have distinct boundaries due to close proximity to other beads were
excluded from analysis. The built-in MATLAB Image Processing Toolbox (Mathworks) function,
imadjustn, was used to increase the contrast of the bead to background in the volumetric image by
saturating the top 1% and bottom 1% of all pixel values. For confocal and two-photon 3-D image
stacks, the built-in function drawrectangle was used to manually isolate individual beads to generate
smaller 3-D stacks. Image stacks of tissue-scale PA beads obtained by OCT were manually
segmented in MATLAB using the built-in drawfreehand function by drawing outlines around the
boundary of the bead throughout the 3-D stack (Figure S11). Manual segmentation was also used for
confocal and two-photon 3-D images stacks when retaining the irregular geometry was necessary for
complex solid stress analysis. To account for resolution differences in the x-, y- and z-dimensions
before image segmentation in all cases, the image pixels were up-sampled in the z-dimension in
MATLAB by a factor of x,y resolution / z resolution.

Ellipsoid fitting for solid stress approximation

Ray tracing originating at the geometric centroid of the image was used to determine the pixel intensity
profiles along a set of rays iterating through all integer values for ¢ and © of the polar coordinate axes.
Intensity profiles of the pixels were then fit to a sigmoidal curve of the form,

a+ ((b+clx—d)/(A+explex(x—d)))) (1)

where x is the distance radially outward from the geometric centroid of the image stack. Variable
parameters a, b, ¢, d, and e for ray profiles were optimized through least-squares fitting using the
Levenberg-Marquardt algorithm. The boundary of the PA bead was estimated to be where the
sigmoidal function reached 50% of the maximum intensity of all pixels. The pixels within the boundary
of the PA bead were represented as a 3-D point-cloud. Intensity profiles that could not be fit using the
least-squares algorithm were discarded, but were at a low enough occurrence (~1-5% of total rays)
that they did not affect the overall resolution of the point-cloud approximation.
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Following image segmentation, the 3-D point-cloud of the PA bead was down-sampled to prevent
over-fitting in the subsequent ellipsoid fitting algorithm. The point-cloud was down-sampled first as a
function of ¢ (¢ = 5:25, 155:180, reduction in points by 6x; ¢ = 30:50, 130:150, reduction in points by
4x; ¢ = 55:125, reduction in points by 2x) and then by a further 40%, so that 60% of the points after
initial down-sampling are used in the downstream ellipsoid fitting process. In the creation of the
analysis pipeline, 10 simulations were run for down-sampling values from 10% to 90% in increments
of 10%. When the residual distance between each boundary point and the closest face of the ellipsoid
was calculated and normalized by the total number of points used in that fit, a 40% reduction showed
the best balance between fit accuracy (as represented by a low normalized residual distance) and a
low variation in fit accuracy across multiple samples. Down-sampled point-clouds were fit to an affine
invariant 3-D ellipsoid using a Douglas-Rachford iterative algorithm with singular value®®. Ellipsoid axis
lengths and centers were calculated from the modeled 3-D surface map. The ratio of the largest to
smallest axis length of the ellipsoid fit was taken as the aspect ratio of the polyacrylamide bead. A
step-by-step visualization of the process can be found in Figure S11.

Mathematical and finite element modelling

The stress-free, undeformed state of the PA bead, which was assumed to be a sphere, was generated
in ABAQUS (Dassault Systemes) using element type C3D10, a quadratic axisymmetric tetrahedral
element, with 4899 elements and 7425 surface nodes. The surface node positions were input into a
custom, semi-automated MATLAB code to determine the displacement field of the surface of the
deformed bead from the surface of the undeformed, spherical bead. The centroid of the point-cloud
representing the approximation or actual geometry of the deformed PA bead was aligned to the
spherical point-cloud representation of the undeformed bead determined by finding the position of the
bead which resulted in the lowest surface strain energy,

N
1
Surface strain energy = Ekz x2 (2)
i

where Xi is the distance between the deformed and undeformed bead at node i, k is the spring constant
of the PA bead, and N is the total number of nodes on the surface of the undeformed bead. For
ellipsoidal approximations of the deformed PA bead, the centroid of the deformed point-cloud was
aligned to the centroid of the undeformed bead since this positioning results in the lowest total surface
strain energy and the undeformed bead diameter was estimated as the longest axis length of the
deformed bead (see justification in Figure S10). For point-clouds that are generated from manually
segmented beads, the position of the deformed bead centroid was shifted in an iterative, stepwise
manner in x-, y-, and z-directions to calculate the total surface strain energy which would result at each
position. The centroid position resulting in the lowest total surface strain energy was used to determine
the surface displacement boundary conditions. The displacement boundary conditions were quantified
by generating rays extending outwards from the centroid of the deformed bead to a node on the
undeformed bead point cloud. A ray triangulation algorithm® was used to generate a node position at
the intersection between the ray and the surface of the deformed bead. The distance between the
node on the deformed bead and the corresponding node on the undeformed bead was used to quantify
the x-, y-, and z-displacement boundary conditions.

An axisymmetric finite element code was developed in ABAQUS to translate the displacement
boundary conditions representing the stress-induced deformation of PA beads to solid stress. We used
element type C3D10, a quadratic axisymmetric tetrahedral element to mesh the undeformed and
deformed beads in ABAQUS. A quasi-static condition was used with non-linear geometry enabled. We
defined a hyperelastic material, with test stress/strain data from the indentation of a cylindrical
polyacrylamide hydrogel, obtained using an Instron 5900 Series System. The test data was fit using
Ogden 3" order hyperelastic model in ABAQUS, with a Poisson’s ratio of 0.22. The Poisson’s ratio
was determined experimentally by measuring the axial and lateral strain resulting from compressing a
bulk polyacrylamide hydrogel in an unconfined compression test®’, and was measured as 0.22 + 0.028.
A linear stress/strain curve representing constant Young’'s modulus was fit to the first point of the
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nonlinear stress/strain curve (Figure S6). The slope of the linear stress/strain curve was determined
by average Young’s modulus values of cellular- and tissue-scale beads, obtained via AFM as
described in Methods. The Young’s modulus was separately determined by AFM for each batch of
beads fabricated. The average of the Young’s modulus was used in the ABAQUS model and the
Young’'s modulus was assumed to be homogeneous throughout the bead. The density of the
polyacrylamide bead was assumed to be 1.3 g/cm?® as reported in literature®®. The average of the
absolute values of minimum principal stresses are reported, as solid stresses are mainly
compressive®?8, and reported as <|Principal stress|> for simplification. The recoverable strain energy
output by ABAQUS was divided by the volume of the ABAQUS model to obtain the total elastic energy
density. The elastic energy density is given by the function,

1
Elastic energy density (W) = ﬁf oije;;dV (3)
v

where g;; is the stress tensor, ¢;; is the strain tensor, and V is the volume of the ABAQUS sphere.
AFM-based measurement of indentation modulus

The indentation moduli of polyacrylamide beads, single cells, spheroids and tumor samples were measured
using lgor AFM software (v16, Asylum Resarch) on the Asylum MFP-3D Bio System (Asylum Research, Santa
Barbara, CA) with an Olympus IX71 Inverted Microscope. Polyacrylamide beads were immobilized on plasma-
treated glass slides. Spheroids were immobilized on Cell-Tak treated glass slides. Cells were grown on glass
coverslips to approximately 70% confluence. Tumors were resected, cut in half, and immobilized on glass
slides using cyanoacrylate glue. We used polystyrene colloidal probe tips with end radius R ~ 15 ym
(Polysciences, Warrington, PA) attached to tipless cantilevers with nominal spring constant k ~ 0.2 N/m
(Bruker, Camarillo, CA). Using the AFM system, the colloidal probes were attached to the cantilever by the
following process: a dot of glue (Hernon Ultrabond 721) was applied onto a tipless cantilever by making quick
contact between the cantilever and a thin layer of glue (1 pl) spread over a glass surface and then immediate
contact was made between the tip of the cantilever and a colloid probe resting on a glass slide for 1 min with
the cantilever pushing against the colloid. This process was followed by UV curing for 30 seconds. For each
probe tip, the exact spring constants of the cantilevers were directly measured using the thermal calibration
method®°. The relationship between the detected voltage and the applied force was calibrated by bringing the
cantilever in contact with a glass slide and calculating the slope of the voltage-displacement curve. The
displacement, d, was translated to force, F, using Hooke’s Law (F = kd). The indentation was performed under
a force control scheme (max force ~20nN), limiting the indentation depths to 0.5-3 um. The tip displacement
was obtained by subtracting the cantilever deflection from vertical movement of the piezo. An indentation
approach velocity of 2 uym/s ensured probing the elastic modulus close to equilibrium condition.

The effective indentation modulus Eina was computed using Hertzian contact mechanics models via least-
squares linear regression of the experimental loading force-displacement curves. For the spherical colloidal
probe tip with end radius R1 on a PA bead sample with radius Rz (here, R2~ 50-500 pm, Ri~ 15 pm),

4 RiR N\ (digad)?
ey’

37M\R, + R,
1+(L)
Ri +R,

where F is the indentation force and duwta is the indentation depth. A representative force-displacement curve
is shown in Fig. 1h.

1
3

For tumor samples which are much thicker compared to the colloidal probe tip radius Ri1, Eina was computed
using
_ 4 Eind

1 3
= §mR2 * (diotar) 2 (5)

F
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where R is the radius of the spherical colloidal probe tip and v is the Poisson’s ratio of the tumor sample, which
was assumed to be 0.263:91.92,

A modified Hertz model for bonded, thin samples was used to calculate the Eind in single cells®:

_ 16E;q

1 3
R2(dyora) 2 * [1+ 1.133y + 1.283x% + 0.769x% + 0.0975x*]  (6)

¥ = R * ‘:ltotal (7)

where R is the radius of the colloidal probe tip (R=20um) and h is the height of the cell (h=8um).

F

The stress relaxation time constant was determined
Statistical analysis

Groups were compared using an unpaired, two-tailed Student’s t-test (due to independent sampling) or one-
way ANOVA followed by Tukey’s multiple comparisons test. Paired two-tailed Wilcoxon matched-pairs
signed rank t-test was performed for experiments where the same PA bead could be tracked. The Pearson
correlation coefficient, r, was quantified to determine the strength of linear association between two
variables.

Reporting Summary. Further information on research design is available in the Nature Research Reporting
Summary linked to this article.

Availability of biological materials. The cell lines used in this study are available for research purposes on
reasonable request.

Data availability. The main data supporting the results in this study are available within the paper and its
Supplementary Information. The raw and analyzed datasets generated during the study are too large to be
publicly shared, yet they are available for research purposes from the corresponding authors on reasonable
request.

Code availability. MATLAB codes are available at: https://github.com/suezhangBU/solid_stress.
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1267  Figure S1| The design and fabrication of custom-made imaging window chamber and imaging stage.
1268 a, Angled, top, and right-side views of the 3-D printed imaging window. b, Dimensions of imaging window
1269  chamber (dimensions in mm) ¢, Top and angled view of imaging stage.
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Figure S2| Longitudinal in vivo imaging of MCa-M3C-H2B-dendra2 tumors at the cellular and tissue
scale. a, Cellular-scale beads (0.77 + 0.16 kPa) were imaged up to 7 days via two-photon microscopy (cancer
cells (green), PA beads (magenta)) and b, tissue-scale beads (E= 1.3 £ 0.13 kPa) were tracked up to 14 days
via optical coherence microscopy (PA bead (outlined in yellow)).
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Figure S3| Injection through needle does not result in deformation in cellular- and tissue-scale beads.
a, Measurement of bead aspect ratios after injecting through 25G (cellular scale) and 22G (tissue scale)
needles into petri dish are close to 1 (mean + STD, n=4-7 beads). b, Bead after injecting through needle, XY
and XZ views (bead (dotted white outline)). c, Bead after injecting into mammary fat pad of mouse without any
tumor (bead (dotted white outline)). The lack of any distinct deformation demonstrates that the PA beads were
not deformed prior to the development of the tumor.
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Figure S4| Window implantation after tumor growth causes artificial compression. a, Methodology and
timeline for tumor induction. The outlined image was taken using a fluorescent stereomicroscope. b, After
demonstrating that window implantation after tumor formation applies artificial compression which relaxes over
6 days, we switched to window implantation before the tumor induction. We demonstrated that window
implantation before the tumor induction does not alter the solid stress level (Fig. 2h). The XZ and XY views of
bead (E= 1.3 + 0.13 kPa) in tumor at days 0, 3, and 6, captured with OCT. c, Aspect ratios of polyacrylamide
beads over time (mean + STD, n=3-6 beads).
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Figure S5| Mapping of the Young’s modulus in polyacrylamide. AFM mapping of a bulk polyacrylamide
hydrogel shows that 87.5% of Young’s modulus values fall between a factor of 0.5 and 1.5 of the average
Young’s modulus. The map of Young’s moduli is normalized by the mean Young’s modulus.
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1349 Figure S6| Nonlinear behavior of polyacrylamide hydrogels. a, Axial compression curve of polyacrylamide
1350 hydrogel. b, fitting nonlinear curve to cellular-scale bead Young’s modulus of 215 Pa. ¢, fitting nonlinear curve
1351  totissue scale bead Young’'s modulus of 383 Pa.
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Figure S7| Comparison of constant Young’s modulus (linear stress/strain) and nonlinear Young’s
modulus using hyperelastic FEM. Cross-section of tissue-scale FE model. The average of the absolute
principal stresses is 752 Pa when constant Young’s modulus is used, compared to 1475 Pa when nonlinear
Young’s modulus is used.
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Figure S8| Parametric study of the effect of Poisson’s ratio, Young’s modulus, and anisotropic and
isotropic deformation geometries on FEM stress values. a, The Poisson’s ratio was parametrically altered
between 0 (ideal compressible material) and 0.5 (ideal incompressible material) in a finite element model and
resulted in exponentially increasing average max absolute principal stress values as Poisson’s ratio
approaches 0.5. b, The Young’s modulus was altered between 0 and 1000 Pa. Young’s modulus has a positive
linear relationship with the average absolute minimum principal stress. c, Stress increases with increasing
aspect ratio (al:a2) for (i) prolate and (ii) oblate ellipsoids and with radial ratio (rl:r2) for (iii) isotropic
deformations which result in a sphere. The spheres in solid black outline represent the original spherical
geometry of the undeformed bead and the dotted lines represent the deformed geometry. Aspect ratios and
radial ratios were varied from 1 to 10 for all geometries. The FEM for oblate ellipsoids which had aspect ratios
above 7 did not converge and therefore the values are not reported.
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Figure S9| Stress relaxation time constants of polyacrylamide beads and tumors are on similar time
scales. The indentation curves of a bulk polyacrylamide hydrogel, a tissue-scale PA beads and an EQ771-
H2B-dendra2 tumor were calculating using the equation, o = g, * e~(o=9/7 where 7 is the stress relaxation
time constant. a, The stress relaxation time constant is 73 seconds for bulk polyacrylamide hydrogel, b, 17
seconds for tissue-scale PA beads, and c¢,15 seconds for E0771-H2B-dendra2 tumors.
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Figure S10]| Original diameter selection for bead analysis. To determine the closest approximation for the
undeformed diameter of beads, deformed beads in spheroids were relaxed via enzymatic dissociation of the
spheroid with trypsin. The values for the undeformed diameter of each deformed bead was determined via
enzymatic dissociation of the spheroid to relax the deformed beads. Assuming the undeformed diameter is the
true original diameter, y=x is the ideal prediction line. The R? value is 0.692 when using the average deformed
diameter as the original diameter compared to an R? value of 0.988 when using the largest deformed diameter
as the original diameter. The largest diameter of the deformed bead is the closest estimate for the diameter of
the undeformed bead. (n=7 cellular-scale beads, 3 tissue-scale beads)
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Figure S11| Image segmentation and ellipsoid fitting. a, ROl selection for cellular and tissue scales (cellular
scale: beads (magenta), cancer cells (green), tissue scale: bead (outlined in red)). b, Bead of interest from a
sample image. ¢, The image is up-sampled in the z-dimension to have a similar apparent resolution as in the
x- and y-dimensions while preserving spatial information, as evident in the pixel projections along the radial
distance from the centroid. d, From the centroid of the stack, radial paths are traced out through 6 and ¢ values
with gradual increments in ray length r. A sigmoidal function is fit to the data and the 50% intensity value is
taken to represent the boundary of the bead. e, After a reduction in data by 8 and ¢ values, a final 60% of data
is kept, as this value balanced a low residual distance between ellipsoid fit and data points (y-axis: sum of
residuals normalized by number of points in the fit) and a reliable performance range (mean + STD, n=10). f-i
(i), Through the data down-sampling process the point-cloud accurately captures the shape of the bead, as
shown projected over the central plane. f-i (ii), From the final ellipsoid fit, 3 principal axes lengths can be
calculated.
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Figure S12| Isotropic PA bead deformation at cellular and tissue scale. By enzymatically dissociating
tissue to relax bead deformation, our method is able to measuring total stress, including isotropic and
anisotropic deformation in the bead at the a, cellular and b, tissue scales.
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Figure S13| Tumor growth is not altered by the presence of beads. a, Tumor growth of MCa-M3C-H2B-
dendra2 without PA beads with cells injected under the skin into the mammary fat pad (mean + SEM, N=5
mice). b, Tumor growth of EO771-H2B-dendra2 with and without PA beads. Tumors with and without PA beads
have similar growth rates (mean + SEM, N=3 mice)
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Figure S14| Embedding polyacrylamide beads and MCa-M3C-H2B-dendra2 cancer cells in Matrigel for
day 0 imaging at tissue scale. Using polyacrylamide beads and MCa-M3C-H2B-dendra2 cancer cells
embedded in Matrigel, beads can be visualized at the tissue-scale in vivo for longitudinal determination of solid
stress from day 0
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Figure S15| Delivery of tissue-scale beads tail-vein cause clogging of lung vasculature. The
measurement of tissue-scale stresses in the lung is not feasible due to the stoppage of blood flow by tissue-
scale beads in arterioles.
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Figure S16|] Comparison of stress from finite element modeling of the original deformed geometry
deformation vs the ellipsoid fit. The reported stress is the mean + STD of one bead each at the cellular and
tissue scale. At the cellular scale, for the original deformed bead geometry with only anisotropic stresses, the
stress is 0.662 = 0.270 kPa; for the ellipsoid fit the stress is 0.625 + 0.215 kPa; for the original deformed bead
geometry with total stress (anisotropic and isotropic) the stress is 2.15 + 0.695 kPa. At the tissue scale, for the
original deformed bead geometry with only anisotropic stresses, the stress is 4.58 * 2.73 kPa; for the ellipsoid
fit the stress is 3 .01 + 1.19 kPa; for the original deformed bead geometry with total stress, the stress is 7.28 +
4.31 kPa. The ellipsoid fit is more appropriate for determining stresses in purely anisotropic cases and
underestimates stress in cases with both anisotropic and isotropic deformation.
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1527

1528 Figure S17| Mathematical modeling of deformed beads. Using either the original deformed geometry or
1529 the ellipsoid fit, the position of the deformed bead where the lowest strain occurs is used to calculate the
1530 deformation field from the surface of the deformed bead to the original undeformed bead. Then, finite element
1531  modeling is used to calculate the 3-D stresses within the deformed PA bead.
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Figure S18| PA beads be delivered to the liver and brain of mTmG mice. PA beads can be delivered to
both liver and brain to measure solid stress.
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Figure S19| Intermediate Young’s modulus. While optimizing for the Young’s modulus of PA beads in order
to achieve dynamic range in measuring solid stress, PA beads with intermediate Young’s moduli were used at
the cellular (0.77 + 0.16 kPa) and tissue scales (1.3 £ 0.13 kPa).



