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Abstract 6 

The mechanical properties of biological tissues have emerged as an integral determinant of tissue function 7 

in health and disease. Nonetheless, characterizing the elasticity of biological samples in 3D and at high 8 

resolution remains challenging. Here, we present a µElastography platform:  a scalable elastography 9 

system that maps the elastic properties of tissues from cellular to organ scales. The platform leverages the 10 

use of a biocompatible, thermo-responsive hydrogel to deliver compressive stress to a biological sample 11 

and track its resulting deformation. By surrounding the specimen with a reference hydrogel of known 12 

Young’s modulus, we are able to map the absolute values of elastic properties in biological samples. We 13 

validate the experimental and computational components of the platform using a hydrogel phantom and 14 

verify the system’s ability to detect internal mechanical heterogeneities. We then apply the platform to 15 

map the elasticity of multicellular spheroids and the murine lymph node. With these applications, we 16 

demonstrate the platform’s ability to map tissue elasticity at internal planes of interest, as well as capture 17 

mechanical heterogeneities neglected by most macroscale characterization techniques. The µElastography 18 

platform, designed to be implementable in any biology lab with access to 3D microscopy (e.g., confocal, 19 

multiphoton, or optical coherence microscopy), will provide the capability to characterize the mechanical 20 

properties of biological samples to labs across the large community of biological sciences by eliminating 21 

the need of specialized instruments such as atomic force microscopy. 22 

Keywords:  elastography, mechanobiology, stiffness measurement, biological stiffness, thermo-23 

responsive 24 

 25 

Statement of Significance 26 

Understanding the elasticity of biological tissues is of great importance, but characterizing these 27 

properties typically requires highly specialized equipment. Utilizing stimulus-responsive hydrogels, we 28 

present a scalable, hydrogel-based elastography method that uses readily available reagents and imaging 29 

modalities to generate resolved maps of internal elasticity within biomaterials and biological samples at 30 

optical resolution. This new approach is capable of detecting internal stiffness heterogeneities within the 31 

3D bulk of samples and is highly scalable across both imaging modalities and biological length scales. 32 

Thus, it will have significant impact on the measurement capabilities of labs studying engineered 33 

biomaterials, mechanobiology, disease progression, and tissue engineering and development. 34 

 35 

1. Introduction 36 

The mechanical properties of biological tissues play a critical role in healthy and diseased processes.  37 

Normal mechanical environments are necessary for healthy tissue development [1] and function [2], 38 

whereas abnormal mechanical environments have been linked to disease progression: increased stiffness 39 

is a major physical hallmark of cancer [3] and is also essential in estimating solid mechanical stresses [4-40 

8], another key physical hallmark of cancer. These alterations in mechanical properties of the tumor 41 
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microenvironment influence processes leading to cell proliferation [9], angiogenesis [10], and cell 42 

migration [11]. Additionally, alterations to stiffness are also a key physical hallmark within the healthy 43 

tissues immediately adjacent to tumors (i.e., peritumor microenvironment), with valuable implications on 44 

tumor immunity and immune response [12]. Mechanical abnormalities have also emerged to hold 45 

diagnostic [13] and prognostic [14] potential in cancer and fibrotic diseases, and have recently been used 46 

as markers for treatment prediction [15, 16] and disease progression [17]. Characterizing the magnitude 47 

and distribution of tissue elasticity therefore offers valuable insight into the cause-effect relationship 48 

between the mechanical microenvironment and biological activities.  49 

Given this importance, a variety of techniques exist to quantify mechanical properties of biological tissues 50 

and engineered biomaterials (Table 1). At the microscale, atomic force microscopy (AFM) has been used 51 

as a gold standard for mapping elasticity at high resolution [18, 19], yet this technique typically requires 52 

cell monolayers or thin tissue sectioning, which may cause cutting artifacts, and can only generate 2D 53 

maps of elasticity at the sample surface. Other microscale methods exist to quantify viscoelastic 54 

properties, including particle tracking microrheology [20] and optical tweezers microrheology [21, 22], 55 

but these methods are limited to measuring only local properties. Optical coherence elastography methods 56 

measure mechanical response at the sub-millimeter scale between cells and organs [23], yet most of these 57 

applications either rely on 2D perturbations and therefore result in only 1D or 2D relative measurements, 58 

or are difficult to reconstruct into quantitative maps. Brillouin microscopy [24, 25] obtains 3D 59 

hydromechanical maps at subcellular resolution, but generates modulus values in the order of GPa for 60 

samples with Young’s modulus in the order of kPa.  61 

A number of innovative techniques have recently emerged to study mechanical heterogeneities and 62 

distributions within biological samples, including microtweezer-induced strain mapping [26, 27], light-63 

sheet optical coherence elastography [28], laser speckle rheology [29], and deformable oil droplets [30]. 64 

Some of these emergent techniques, such as thermo-responsive sensors [31], enable highly detailed local 65 

measurements over time, yet for the most part these techniques face the same challenges as their 66 

predecessors: namely scalability, quantitative nature, and full 3D mapping. Furthermore, the majority of 67 

these existing elastography techniques require highly specialized and/or costly equipment that is not 68 

readily accessible to many academic and research labs. Thus, a scalable modality that captures internal 69 

elasticity maps at a high spatial resolution with absolute (i.e. Pascal) values, while simultaneously 70 

preserving the 3D quality of biological tissue, remains elusive.  71 

In this work, we present a new experimental and computational platform to provide elasticity maps of 72 

biological tissues at high resolution. Our platform involves delivering a highly controlled, multi-73 

directional compressive stress via a thermo-responsive hydrogel. We then couple a deformable image 74 

registration algorithm [32, 33] with finite-element based inverse-problem solving [34, 35] to quantify the 75 

resulting deformations at optical resolution (submicron to millimeter depending on the imaging modality) 76 

and deliver highly detailed spatial maps of sample elasticity on a user-specified plane of interest. The 77 

platform, termed µElastography due to the optical resolution nature of these measurements, is highly 78 

scalable and compatible with multiple imaging modalities (e.g., confocal/multiphoton microscopy, optical 79 

coherence tomography, or high-resolution ultrasound), and is capable of providing elasticity maps of 80 

specimens of sizes ranging from organoids to whole organs. Importantly, with the use of a reference 81 

hydrogel of known Young’s modulus, we ensure elasticity values are reported in absolute mechanical 82 

units as opposed to reporting strains or relative stiffness.  83 

We rigorously validate computational components of the platform, including the image registration and 84 

inverse problem solvers, before validating the combined experimental-computational framework using a 85 

hydrogel phantom with inclusions of known elastic properties. We then apply µElastography to biological 86 
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samples of fresh multicellular cancer spheroids and freshly excised murine lymph node. Our results show 87 

heterogeneous distributions of stiffness throughout 2D planes of the biological systems; spheroid 88 

stiffnesses show an average stiffness of 1.09kPa that is comparable to previous AFM measurements, 89 

while murine lymph node exhibited a range of local stiffnesses varying between ~200Pa to >5kPa in a 90 

range similar to previously reported values for murine lymph nodes, with sub-tissue features quantifiable 91 

within both biological cases. Importantly, we demonstrate not only the efficacy and application of our 92 

platform, but also the potential for our platform to democratize the stiffness measurement in the 93 

mechanobiology community: any lab with access to 3D imaging modalities (e.g., confocal microscope) 94 

could utilize this simple yet effective method to produce an elasticity map of their fresh biological 95 

sample. Such a versatile and accessible modality could be transformative in the field of mechanobiology 96 

and a valuable addition to existing elastography techniques.     97 

2. Materials & Methods 98 

2.1 Thermo-responsive hydrogel 99 

A poly(N-isopropylacrylamide) (pNIPAAm)-based hydrogel is synthesized as previously published [36, 100 

37]. Briefly, NIPAAm is polymerized along with N-(3-Aminopropyl)methacrylamide (NAPMAm) in a 101 

free radical polymerization in a molar ratio of 98:2, with potassium persulfate (KPS, 3.7mmol) and 102 

tetramethylethylenediamine (TEMED, 5.4mmol) used as initiators. The reaction mixture was chilled and 103 

purged with nitrogen gas for one hour before the flask was sealed and the reaction was left to proceed for 104 

20 hours at room temperature, stirred at 50rpm. The resulting copolymer (p(NIPAAM-co-NAPMAm)) is 105 

purified by dialysis in excess of water for 5 days using 12-14kDa MWCO dialysis tubing. The purified 106 

product is then lyophilized. To synthesize the gel, dried copolymer is combined with NHS-Octa-PEG 107 

crosslinker (NOF America) in phosphate buffered saline (PBS) at 2.8% and 4.8% final percent solutions, 108 

respectively. Gel casts are prepared by binding polydimethylsiloxane (PDMS) wells to glass slides by 109 

plasma treatment; PDMS and glass are subjected to RF Plasma for 60 seconds before applying treated 110 

sides to one another. Completed wells are then soaked in hydrophobic agent (Rain-X Exterior Detailer 111 

and Water Repellent) for 5 minutes before being dried and continuing gel preparation. Excess liquid is 112 

aspirated from the well before gel pre-solution is pipetted in, with care being taken to not introduce 113 

bubbles. Full cross-linking occurs at room temperature (22°C) within 10-25 minutes of reagents being 114 

mixed. The crosslinked gel is submerged in PBS and removed from the cast by spatula.  115 

2.2 Agarose Phantom Preparation 116 

Agarose phantoms are prepared from a 1% w/v stock solution of agarose diluted to 0.5% with PBS, inert 117 

red fluorescent microparticles (Cospheric Inc, 1-5µm), and fluorescent polyacrylamide (PA) microspheres 118 

(diameter 75-150µm). PA microspheres are synthesized using previously published protocols [38] with 119 

8% acrylamide (40% stock, Bio-rad) and 0.48% bis-acrylamide (2% stock, Bio-rad). To summarize, an 120 

oil phase comprised of kerosene (Sigma-Aldrich) and 6% w/v PGPR 4150 surfactant (Palsgaard) is 121 

prepared in a 250ml Erlenmeyer flask. PA pre-polymer solution and kerosene phase are purged separately 122 

with nitrogen gas for 15 and 30 minutes respectively. To 10ml of pre-polymer solution, 25µl of 10% w/v 123 

fluorescein o-methacrylate (Sigma-Aldrich) in dimethyl sulfoxide (DMSO) is added, followed by 70µl of 124 

1% w/v ammonium persulfate (APS; Bio-rad) in PBS, 100µl of TEMED (Sigma-Aldrich), and 500µl of a 125 

2% w/v stock solution of red fluorescent microparticles washed with Tween and resuspended in PBS. The 126 

pre-polymer solution is added to the oil phase and the emulsion is magnetically stirred at 600 rpm for 30 127 

minutes. Microspheres are centrifuged and washed with kerosene multiple times to remove any remaining 128 

surfactant before being filtered to 100 – 200µm in diameter using stainless steel wire cloth (McMaster) 129 

and an excess of PBS. 130 

Final agarose constructs are prepared in a 600µm tall layer and biopsy punched using a 1mm biopsy 131 

punch. The final phantoms consist of fluorescent red microparticles in both the agarose and PA phases, 132 
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effectively blinding the viewer to the location of the stiff PA inclusions. The location of PA inclusions is 133 

confirmed using fluorescein excitation on a separate channel. Prepared phantoms are added to a 3mm 134 

diameter PDMS well before reference agarose (1% w/v) supplemented with green fluorescent 135 

microspheres (0.0001% w/v) is pipetted around the phantom. Phantom-agarose constructs are embedded 136 

within a thermo-responsive gel such that final dimensions are 10mm in diameter and 6mm in height.  137 

2.3 Multicellular spheroid culture 138 

The MCa-M3C HER2/neu+ with H2B-labelled dendra2 (Her2+, p53+) cell line (MCa-M3C-H2B-139 

dendra2, gift from Rakesh Jain, Ph.D.) is kept in culture at 37°C and 5% CO2 in Dulbecco’s Modified 140 

Eagle Media with L-Glutamine, 4.5g/L glucose, and sodium pyruvate (DMEM; Fisher Scientific), 141 

supplemented with 10% Fetal Bovine Serum (Gibco, 10437028) and 1% penicillin/streptomycin (Fisher 142 

Scientific). To form multicellular spheroids, cells are added to 96-well ultra-low attachment microplates 143 

(Corning) at a seeding density of 1000 cells/200µl basal media per well. Plates are centrifuged at 1200 144 

RPM for 5 minutes using a swinging bucket rotor and incubated for 24 hours at 37°C with 5% CO2. 145 

Following incubation, spheroids are collected from the plate using a wide-bore pipette tip and added to a 146 

1.5ml microcentrifuge tube. For additional fluorescent contrast, Hoescht 3342 is added to a final 147 

concentration of 10µg/ml followed by incubated at 37°C and 5% CO2 for 1 hour. Spheroids are washed 148 

with 1.5ml of DMEM prior to sample preparation. 149 

2.4 Lymph node preparation 150 

Healthy 10-15 week old mice are sacrificed as per protocols approved by the Institutional Animal Care 151 

and Use Committee of Boston University. Mice are from a BL6/C57 strain (Jackson Labs). Inguinal 152 

lymph nodes are dissected from surrounding tissues and rinsed in cold PBS. Tissue is embedded within 153 

sample complexes within 30-60 minutes of animal sacrifice. 154 

2.5 Thermo-responsive sample embedding: 155 

2.5.1 Agarose Reference 156 

Samples are first embedded in a layer of reference agarose prior to being embedded in the thermo-157 

responsive gel. The concentrations of reference agarose, ranging from 0.5% to 1.0%, are tailored to the 158 

expected Young’s modulus of the sample:  too stiff an agarose will fail to distribute compressive strains 159 

to the sample while too soft an agarose will simply deform around the sample with no compression 160 

transmitted. Reference agarose solutions are prepared with trace amounts of inert fluorescent tracers to 161 

serve as fiducial markers during the imaging and compression cycles. The size and concentration of these 162 

tracers may be optimized relative to individual sample length scales and imaging modality to ensure an 163 

adequate number of tracers within the imaging region of interest. For confocal imaging, green fluorescent 164 

polystyrene microparticles (1-5µm diameter, Cospheric Inc.) are treated with 0.1% Tween to increase 165 

hydrophilicity prior to being washed with PBS and added to agarose at a final concentration of 0.001% 166 

w/v. At the mesoscale (> 750µm), fluorescent polystyrene microparticles (1-5µm diameter, Cospheric 167 

Inc.) are added to agarose at 0.0001% w/v.  168 

2.5.2 Multicellular spheroid sample preparation 169 

Spheroids are collected in a microcentrifuge tube and mixed with an equal volume of agarose (1% w/v) 170 

supplemented with fluorescent microparticles for a final reference agarose concentration of 0.5%. The 171 

agarose-spheroid compound is pipetted into a cylindrical PDMS well 4mm in diameter and 2mm tall. The 172 

complex is allowed to gel at room temperature. A 2mm biopsy punch removes a spheroid-agarose 173 

complex. Spheroid-agarose complexes are embedded within a cylindrical thermo-responsive gel with 174 

final sample dimensions of 10mm diameter and 4mm height. N = 4 spheroids were embedded, actuated, 175 

registered, and mapped.      176 
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2.5.3 Lymph node sample preparation 177 

Harvested lymph nodes are embedded in reference agarose (0.5% w/v) supplemented with polystyrene 178 

microparticles (0.0001% w/v) in a circular well measuring 4mm in diameter and 4mm in height. Tissue-179 

agarose complexes are embedded within a cylindrical thermo-responsive gel, with final sample 180 

dimensions of 10mm diameter and 6mm height. N = 3 lymph nodes were embedded, actuated, registered, 181 

and mapped.  182 

2.6 Experimental imaging chamber  183 

Sample complexes are submerged in PBS and sealed within PDMS wells bound to glass slides via plasma 184 

treatment. Each imaging slide contains an identical control well lying parallel to the sample chamber 185 

containing an internal ultra-thin 10K thermistor (Adafruit Inc) for monitoring chamber temperatures via 186 

an Arduino board connected to a local computer. The imaging slide is placed within a custom-designed, 187 

3D-printed (Stratasys) sample holder. The top and bottom faces of the sample holder have windows that 188 

allow for excitation light to pass through unobstructed, thereby permitting use with multiple imaging 189 

modalities. Within the sample holder, a milled aluminum water chamber with a glass top and bottom is in 190 

direct contact with the sample, connected via tubing to an external radiator submerged in a heated water 191 

bath for controlled heat application.   192 

2.7 Microscopy parameters 193 

For all samples, images are taken at room temperature before the system is heated. Checkpoint images are 194 

taken throughout the heating cycle to verify sample integrity and gradual ongoing compression. Final 195 

compressed images are taken at 35-37°C.  196 

2.7.1 Imaging agarose phantom with laser scanning confocal microscopy  197 

Phantom validation images are acquired using an Olympus FV3000 laser scanning confocal microscope 198 

using a UPLSAPO10X2 (Olympus, NA 0.4, 10x magnification) air immersion objective lens with 1.5x 199 

optical zoom applied. The bulk phantom is excited using 561nm laser excitation (0.05% transmissivity, 200 

TexasRed channel), and surrounding reference agarose is excited using 488nm laser excitation (0.1% 201 

transmissivity, FITC filter). Images are taken using Resonant scanning mode with 4x line averaging to 202 

increase signal. The final phantom image (1019x1019 pixels) was comprised of 4 subimages (512x512 203 

pixels, scanning voxels of 1.6573x1.6573x5µm3) stitched together using Olympus software. Images are 204 

cropped and projected to single 8bit channel image stacks using FIJI (ImageJ).  205 

2.7.2 Imaging multicellular spheroids with laser scanning confocal microscopy 206 

Multicellular spheroids are imaged using an Olympus FV3000 laser scanning confocal microscope using 207 

a UPLSAPO10X2 (Olympus, NA 0.4, 10x magnification) air immersion objective lens with 5x optical 208 

zoom applied. Green nanoparticles in the agarose phase are excited with 488nm laser excitation (1% 209 

transmissivity, Alexa 488 channel) and the spheroid is excited with 405nm excitation (8.5% 210 

transmissivity, Hoescht 33258 channel). Images were 512x512 pixels with scanning voxels of 211 

0.4972x0.4972x2.56µm3 taken with Galvano scanning mode.   212 

2.7.3 Imaging murine lymph node with optical coherence tomography 213 

Lymph nodes are imaged on a commercial spectral-domain OCT system with ThorImage OCT software 214 

(Thorlabs) with 10x air objective (Mitutoyo, 0.28 NA). The light source was a broadband 215 

superluminescent diode with center wavelength of 1300nm and a full width half maximum bandwidth of 216 

150nm. Images were taken with 2.6µm pixel resolutions in X, Y, and Z, and scanning resolution of 217 

~1250x1250x200 pixels in X, Y, and Z respectively. 218 

2.8 Image Registration and Kinematic Calculations 219 
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Relaxed and compressed image sets are processed using a previously published deformable image 220 

registration algorithm [32, 33]. Briefly, multi-channel images are merged into a single channel, 8-bit 221 

image stack using ImageJ. Validation phantom and spheroid images are upsampled along the depth axis 222 

to generate data with isotropic voxels. Processed files are stored as nii.gz format and passed to image 223 

registration software along with an affine transformation matrix that serves as an initial approximation of 224 

the displacement map. The registration software, written in C++11 and Matlab (version 2022b), models 225 

the registration problem as inference on a Markov Random Field (MRF). The algorithm performs belief 226 

propagation at successively finer resolutions to determine the latent displacements necessary to minimize 227 

the dissimilarity between the registered images; for each iteration of the algorithm, search parameters 228 

include the grid spacing (G) between control points in the MRF, the quantized magnitude of the sampled 229 

displacements (Q), and the maximum search radius (L) specified in units of Q [32, 33]. For our 230 

processing, the optimal values of the G, L, and Q parameters varied depending on the degree of strain 231 

seen between images. Typical values for G, L, and Q were [8 4 2 1].  232 

The algorithm outputs a nonlinearly transformed image that is compared to compressed target images to 233 

evaluate goodness of fit. The algorithm also produces a nonlinear displacement field; a variety of 234 

canonical strain tensors, areal strain maps, and volumetric strain maps can be calculated via use of a cubic 235 

smoothing spline to reduce noise in the displacements (Supplemental Figure 1). The Cauchy strain field is 236 

calculated from the smoothed displacement field as follows:  237 

 = 1
2 (∇ + (∇ 238 

By definition, areal and volumetric strains are computed as the trace of the Cauchy stress tensor (i.e., 239  +  ,  +   +  respectively). It is important to note that the areal strain does not represent 240 

the strain along a single axis; images presented here show the summation of strains along both axes of a 241 

particular pixel. As an example, a pixel shown to undergo a 50% areal strain would in reality experience a 242 

combination of strains totaling 50% along the X and Y-directions, instead of a linear 50% strain along X 243 

and an additional linear 50% along Y. Typical values for these directional strains εxx and εyy are in the 244 

range of -0.1 to -0.3.    245 

Deformation fields may be smoothed to varying degrees using a cubic smoothing spline interpolation to 246 

remove remaining noise artifacts following registration; the smoothing function (csaps, Matlab) takes an 247 

input argument for the smoothing parameter p to define the distance between the data’s fit and a cubic 248 

spline interpolant. The value p lies in the range [0,1] where smaller values of p indicate a higher degree of 249 

smoothing.  250 

2.9 Inverse Problem Solving 251 

Displacement fields generated by image registration are input into a customized adjoint-weighted 252 

variational equation (AWE) formulation of the inverse problem [34, 35] written for the FeniCS finite 253 

element modeling (FEM) platform (v2019.1.0, run via Ubuntu for Windows). Briefly, the AWE 254 

algorithm determines the scalar shear modulus field, µ(x), that minimizes the error in the Cauchy 255 

equilibrium equation and whose stiffness is constrained to match the Young’s modulus of the reference 256 

agarose on the boundary of the domain. Input deformation fields are cropped to fit the sample boundary; 257 

cropping also helps remove artifacts from the affine transform performed within the image registration. In 258 

2D, a 250x250 mesh is defined across the input data. Displacement values in each dimension are 259 

interpolated at the mesh vertices. Poisson’s ratio of 0.36 (Supplemental Figure 2) is assumed for a 260 

compressible, linearly elastic sample.  261 

Stresses are calculated by expressing the Cauchy stress tensor σ(x) as the product of an unknown scalar 262 

shear modulus field µ(x) and a second-order tensor A(x), which is a function of the deformation gradient 263 

tensor and whose form depends on the particular constitutive equation:  264 
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( =  (( 265 

Here, µ(x) is an unknown value solved for by satisfying the equilibrium equation: 266 

∇ ∙ ( = 0 267 

The known elastic modulus for agarose is used as a reference for calibration purposes and is enforced as a 268 

Dirichlet boundary condition on the modulus by prescribing values of µ(x) on the boundary of the domain 269 

when calculating the equilibrium solution [35]. The system is solved to calculate the elasticity values 270 

within the mesh. Output files are converted to .csv format (Paraview) before further processing and 271 

visualization (Matlab); we utilize the Matlab file function inpaint_nans to remove NaN values from data 272 

import. Further formulation can be found in Supplemental Information.  273 

2.10 Measurement of agarose Poisson’s ratio 274 

Compression tests were performed on 10mm diameter biopsy punch from a 5mm tall agarose gel (1% 275 

w/v) supplemented with fluorescent tracers (0.0001% w/v). The biopsy punch was placed on a glass slide 276 

with a glass coverslip on its top face, and a compressive strain of approximately 5-10% applied via a 277 

manually lowered compressive arm (Supplemental Figure 2). Images of the agarose before and after 278 

compression were taken using a stereomicroscope coupled with NightSea fluorescent excitation lamp. A 279 

total of 12 measurements were taken with N = 2 agarose biopsies (m = 5 and m = 7 respectively). 280 

Between measurements, strains were relieved and agarose was allowed to equilibrate in PBS for 5 281 

minutes. Poisson’s ratio was calculated by taking the negative ratio of lateral strain (expansion) to linear 282 

strain (compression). 283 

2.11 AFM-based measurement of Young’s modulus 284 

Young’s modulus values for agarose references, agarose phantom bulk phase, and PA beads are obtained 285 

using an Asylum MFP3D atomic force microscope (AFM). Polystyrene colloidal probe tips of radius R ~ 286 

26µm (Polysciences) were attached to tipless cantilevers by UV cured glue. For each measurement, the 287 

exact spring constant k of the cantilever was directly measured using a thermal calibration method [39]. 288 

Each sample was indented 4-5 times and the resulting displacements d are translated to force F using 289 

Hooke’s Law (F = kd).  290 

For PA spheres of radius R, experimental loading force-displacement curves are fit to Hertzian contact 291 

mechanics models using:  292 

 293 

 = 4
3    + 

 ∗ ( 
1 +   + 


 294 

where R1 is the radius of the spherical colloidal probe tip, R2 is the sphere radius, and dtotal is the 295 

indentation depth.  296 

In the case of flat agarose samples, Eind is calculated using [40]:  297 

 = 4
3

(1   / ∗ (/  298 

where ν is the Poisson’s ratio of the agarose: 0.36.  299 

2.12 Stress relaxation characterization of agarose 300 
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Unconstrained compression tests are performed on 0.5% (w/v) agarose with dimensions of 2mm (height) 301 

by 6mm (diameter) using a commercially available Instron 5944 Micro-tester. Hydration was maintained 302 

via PBS, though excess liquid was aspirated from the agarose prior to test initiation. Using a 5N load cell, 303 

stepwise 5% (0.1mm) strains are applied to the agarose over the course of 1 second, each followed by a 3-304 

5 minute equilibration and force measurement period. Stress is calculated from force response curves of n 305 

= 3 gels with a total of 15% - 20% strain applied; stress-time curves for each stepwise strain are fit to an 306 

exponential to find the time constants τ. Time constants are then grouped by response timescale (i.e., 307 

short versus long timescale) and averaged within each gel. The average short term time response constant 308 

was 8.09s. The average long-term response constant was 150.2s.  309 

( =  ∗ exp  
 +  ∗ exp  

 310 

2.13 Histology of fixed lymph nodes 311 

Lymph nodes are prepared for histology as follows:  n = 2 lymph nodes are dissected from sacrificed 312 

mouse and embedded in experimental complex (reference agarose within thermoresponsive gel). Samples 313 

are heated and compressed before being dissected from thermoresponsive gel and reference agarose; as a 314 

control for any damage that occurs during the act of embedding and sample preparation, an additional n = 315 

2 lymph nodes are fully embedded but not compressed. They are kept at room temperature in PBS for the 316 

duration of the heating and compression experiments (60 minutes). Samples are fixed overnight in 10% 317 

formalin buffered solution before being washed three times with cold PBS and stored at 4°C. Histology 318 

slicing and hematoxylin and eosin staining is performed by the Boston University Collaborative Research 319 

Laboratory (CoRE).  320 

2.14 Validation of AWE formulation for a linearly elastic material  321 

A 200x200 square was generated in ABAQUS (Dassault Systèmes, v CAE 2019) using element type 322 

CPS4R, a four-node plane stress element, with 441 nodes. The square was partitioned into the inner 323 

10x10 elements of the mesh grid, and the remaining outer edge elements. The outer and inner partitions 324 

were assigned elastic material properties in the following combinations [outer Young’s modulus (kPa), 325 

inner Young’s modulus (kPa)]: [5,10], [5, 25], [5, 50], [5, 2.5]. Each material was assigned a Poisson’s 326 

ratio of 0.3. The center point was set with an ENCASTRE boundary condition. A 10% linear 327 

displacement was applied to each edge of the square towards the opposite edge. All of the node 328 

displacements were output as *.rpt files.  329 

Given the positions of the nodes in the original configuration, X, and in the deformed configuration x, the 330 

displacement map in the spatial configuration was calculated as ( =   (. To validate the inverse 331 

solver, this map was subsequently passed as input to the inverse solver, and the estimated elastic modulus 332 

was compared to the ground-truth elastic modulus.  333 

Additional mapping was performed to ensure validation using a more complex sample. A 20x20 square 334 

geometry was generated in ABAQUS (Dassault Systèmes, v CAE 2019). This square geometry was then 335 

partitioned with a large circle centered on the square’s centroid and having diameter 10; this region was 336 

then partitioned with four smaller circles each having diameter 2. The final geometry was then meshed 337 

using element type CPS4R with 8122 nodes. The subdomains were assigned elastic material properties 338 

such that [outer Young’s modulus (kPa), Young’s modulus inside large circle (kPa), Young’s modulus 339 

inside small circles (kPa)] = [5, 10, 15]. Each material was assigned a Poisson’s ratio of 0.36. The top 340 

edge of the domain was constrained to prevent vertical translation, while the left edge was constrained to 341 

prevent horizontal translation. The bottom was displaced upward by 10%, while the right edge was 342 
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displacement leftward by 10%. All of the node displacements were output as *.rpt files.  Gaussian white 343 

noise was applied to the output deformation field; noise distributions had a mean of 0 and variances 344 

ranging from 1E-7 to 1E-4 in steps of 1E-1. Original and noised maps were then input into the inverse 345 

solver both as is and after being smoothed with a cubic smoothing spline (csaps, Matlab, smoothing 346 

factor 0.01), and the maps of elastic modulus were compared to the ground truth data.  347 

2.15 Validation of Image Registration Deformation fields & Strain  348 

A displacement map uk(x) of the following form corresponds to a spherically symmetric contraction or 349 

dilation about a given point in space: 350 

( =  1  exp  (


 ∗ exp  (
  ∗ (/||(|| 351 

where u(x) is the displacement vector at the point x, r(x) is a position vector measured from the center of 352 

dilation to the position x, and x is any position in the domain. The parameters Ak and σk control the 353 

amplitude and the falloff of the displacements, respectively. To validate the image-registration algorithm 354 

and subsequent strain computations, an image from the phantom-validation experiment was deformed 355 

using a synthetic, ground-truth displacement map of the form uGT(x) = u1(x) + u2(x), where the 356 

parameters A1, A2, σ1 and σ2 were chosen to produce areal strains up to ±10% centered on two regions of 357 

the xy-plane where there are phantom inclusions. The areal strain is the trace of the Cauchy strain tensor. 358 

The image-registration algorithm was then used to recover an estimation of these ground-truth 359 

displacements, umeasured(x).  360 

Owing to noise in the registered displacements, we found it to be advantageous to subsequently smooth 361 

these displacements with a cubic smoothing spline (Matlab, csaps), the degree of smoothness of which is 362 

controlled by a regularization parameter p responsible for penalizing curvature in the output. For different 363 

values of this smoothing parameter, the ground-truth displacements and strains were finally compared to 364 

the measured displacements and strains. During these validation tests, the optimal value of the smoothing 365 

parameter was found to be at an intermediate value near 0.001.  366 

2.16 Comparison of agarose maps  367 

Two agarose samples of 0.5% and 1.5% w/v are cast in 1mm diameter x 1 mm height disks and 368 

embedded within separate 1% reference agarose gels of 3mm diameter x 2mm height. 0.5% agarose is 369 

supplemented with blue fluorescent polystyrene microparticles (1-5µm diameter), 1.5% agarose is 370 

supplemented with red fluorescent polystyrene microparticles (1-5µm diameter), and 1% reference 371 

agarose is supplemented with green fluorescent polystyrene microparticles (1-5µm diameter); all are at an 372 

equal concentration of 0.0001% w/v. Imaging took place using an Olympus FV3000 laser scanning 373 

confocal microscope with UPLSAPO10X2 10x objective (N.A. 0.4) and excitation lasers of 405nm (0.5% 374 

Agarose), 488nm (1% Agarose), and 561nm (1.5% Agarose) with imaging channels for DAPI, Alexa 488, 375 

and Texas Red respectively. Laser transmissivities were set between 0.5 and 1% total power, with 376 

photomultiplier voltages set to 500. Image slices were 512x512px2 with voxels of size 2.4859x2.4859x5 377 

µm3. Files were upsampled in Z to create isotropic voxels prior to registration and subsequent analysis. 378 

For statistical comparison, maps were randomly sampled at 6 points using a mask created from PA 379 

inclusions used during phantom validation as a consistent functional unit.  380 

2.17 Statistical Analysis 381 

Values where presented are mean values +/- standard error unless otherwise noted. Statistical tests for 382 

significance are performed using a two-tailed Student’s t-test assuming equal variance. Comparison 383 

between AFM model of phantom stiffness with µElastography phantom stiffness is performed by 384 
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discretizing the µElastography-generated, segmented elasticity map into smaller discrete units. PA 385 

inclusions are segmented out and averaged between inclusions. For phantom body and reference gel, N = 386 

6 data points are gathered for each phase by sampling areas that are equal to an average inclusion area.  387 

3. Results 388 

3.1 Development of 3-D temperature responsive system for mechanical characterization 389 

We have designed and implemented a hydrogel-based µElastography platform for the characterization of 390 

biological sample elasticities via multi-directional mechanical perturbation (Fig. 1a). The µElastography 391 

platform employs a biocompatible, thermo-responsive hydrogel to apply small (typically up to 10%), 392 

multi-directional compressive strains to an embedded sample. We capture the sample deformation by high 393 

resolution optical microscopy and derive the internal elastic properties by computationally solving the 394 

inverse problem. Our method generates absolute elasticity measurements instead of relative 395 

quantifications by surrounding the sample of interest with a reference hydrogel of known Young’s 396 

modulus E.  397 

To prepare the platform for mechanical actuation, biological samples with internal fiducial markers are 398 

surrounded by a reference layer of agarose supplemented with micron-scale fluorescent tracers; fiducial 399 

markers may be tissue features or fluorescently labeled cells. The sample-agarose complex is then 400 

embedded within a p(NIPAAm)-based thermo-responsive hydrogel (Fig. 1b, Fig 1d, Supplemental Figure 401 

3). At room temperature (22°C), the gel remains in a relaxed, un-stressed state; at elevated temperatures 402 

(>35°C), the cross-linked polymers undergo a reversible coil-globule transition and collapse, resulting in 403 

gel contraction (Fig. 1c, Fig. 1d). We are able to embed a variety of biological samples within the gel and 404 

tailor fluorescent tracers to avoid fluorescent cross-talk (Fig. 1d); without an embedded sample, the 405 

heating-induced contraction can result in up to 20-30% reductions in diameter (Fig. 1e). We tailor heating 406 

profiles to sample size and type, typically applying a gradual ramp over 20 – 60 minutes (Fig. 1f).  407 

As agarose hydrogels are known to exhibit poroelastic behavior, whereby fluid flow through the pores of 408 

the solid agarose scaffold influences the mechanical response of the scaffold to strains, we verify that our 409 

perturbation lies outside this poroelastic regime by measuring the stress relaxation time constant of an 410 

agarose hydrogel with similar or larger diameters than used in our platform under a 10% compressive 411 

strain (Fig. 1g); we find short- and long-term relaxation time constants of 8 and 150 seconds, respectively. 412 

As these relaxation constants are a factor of 12 smaller than our shortest heating duration, we can assume 413 

that the measured strain response of the agarose-sample complex reflects the equilibrium elastic material 414 

properties only, and not the time-dependent poroelastic properties of agarose. It is important to note that 415 

although the thermo-responsive gel can predictably undergo 20-30% reductions in diameter, the 416 

embedded sample does not experience this degree of compaction; rather, embedded sample constructs 417 

typically only experience <10% reductions in diameter. Smaller gel strains can be achieved by heating the 418 

gel to a lower temperature or incubating for shorter time periods [37] (Fig. 1h).  419 

It is known that temperature can dictate tissue mechanical properties [41], yet some variation remains 420 

within the biomechanics community as to what temperature mechanical measurements should be 421 

performed at: whether room temperature [4, 31, 42-45] or at/near physiological temperature [46, 47]. 422 

Some studies cite the necessity of temperature maintenance to prevent tissue degradation or stiffness 423 

artifacts at lower temperatures [41, 46], but there are fewer studies that focus on the direct effect of heat 424 

ramp and mechanical changes. However, it is worthwhile to note that a previously published method 425 

employing deformable hydrogel probes to measure local stiffness in biological samples utilized a similar 426 

proposed temperature range (37°C to ~20°C) [31]. Thus, while not anticipated to be a major problem, in 427 

the event of a sample that is highly sensitive to temperature changes, we can instead focus the temperature 428 
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change to a tight range around the thermo-responsive gel transition temperature (e.g., between 33°C and 429 

37°C).  430 

The experimental system is contained within a PDMS imaging chamber affixed to a glass slide and sealed 431 

with a coverslip to create a closed system for heating and imaging purposes (Fig. 1i); the system design 432 

enables both upright (e.g., common in two-photon and optical coherence tomography) and inverted 433 

imaging (e.g., confocal microscopy) and is easily adaptable across microscope modalities (Supplemental 434 

Figure 4). Heat is applied to the system by exposing the sample chamber to circulating water from a heat 435 

reservoir. An identical well parallel to the specimen well holds a thermistor linked to external Arduino 436 

interface for monitoring chamber temperature. 437 

Images of the sample in the relaxed and compressed states are acquired and input into a deformable image 438 

registration algorithm [33], using a generalized affine transformation coupled with nonlinear deformations 439 

to generate a registered output image that matches the compressed image. The image registration process 440 

also results in a detailed 3D deformation field that recaptures the movement of the sample in X, Y, and Z 441 

as it is compressed by the thermo-responsive gel. We validate the application and accuracy of the image 442 

registration software, as well as the effect of various degrees of smoothing on the data, by applying 443 

known deformations and strain values to an image and comparing the known values to the registration 444 

results (Supplemental Figure 1). 445 

We then solve the inverse problem using registration-produced deformation fields to generate elasticity 446 

values. Boundary conditions for solving this problem are determined by the reference agarose (Fig. 1j): 447 

fluorescent tracers added to the reference hydrogel serve as a fiducial marker to improve image 448 

registration accuracy and simultaneously enable detailed quantification of reference agarose deformation. 449 

Furthermore, as the Young’s modulus of the agarose is quantified a priori by way of AFM, its use as a 450 

boundary condition ensures absolute estimation of the elasticity of the specimen of interest. In 451 

formulating the solution to the inverse problem, we first utilize a linearly elastic, compressible model of 452 

the adjoint-weighted variational form [34, 35]. A detailed formulation of this solver may be found in 453 

Supplemental Information. To verify the use of this model and solver for our application, we first validate 454 

its efficacy using finite element model (FEM) simulations consisting of a linearly elastic sample material 455 

embedded within a linearly elastic reference material (Supplemental Figure 5). The Young’s Modulus of 456 

the sample was varied relative to the Young’s Modulus of the reference material, and the entire system 457 

underwent 10% compressions to each face. We find that with this simple boundary condition enforced, 458 

the solver is able to detect the sample shape and comparable elasticity values. Our validation further 459 

shows the presence of an optimal window of reference Young’s modulus relative to the interior sample, 460 

whereby accuracy decreases if the reference gel is too soft compared to the interior sample; this 461 

relationship supports the importance of choosing correct reference hydrogels for the samples being 462 

investigated. To ensure our solver was compatible with more complex samples, we generated an 463 

additional FEM simulation of a linearly elastic sample material within linearly elastic reference 464 

(Supplemental Figure 6); in this case, the circular sample had embedded circular mechanical 465 

heterogeneities. To further evaluate the system’s capabilities, we applied varying degrees of noise to the 466 

simulated deformation fields before smoothing this data as per our computational pipeline. The resulting 467 

elasticity maps not only recapture the interior heterogeneities of this synthetic sample, but also 468 

demonstrate the capability of our pipeline to successfully detect signal from otherwise noise-filled data.  469 

Using readily available reagents and fluorescent microscopy, this highly scalable experimental design 470 

enables precise control of multi-directional mechanical actuation and results in detailed spatial maps of 471 

live tissue elastic properties. This platform is biocompatible and may be applied across a range of 472 
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biological length-scales and imaging modalities (Fig. 1k, Supplemental Figure 4) to generate absolute 473 

elasticity values without the need of AFM or other specialized equipment.  474 

475 
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 476 

 477 

3.2 Validation of Heterogeneity detection using hydrogel phantom 478 

To validate our platform’s ability to detect elastic heterogeneities within a sample, we first map the 479 

stiffness distribution of a composite hydrogel phantom. The 1mm diameter phantom consisted of 0.5% 480 

agarose measured by AFM to be 2.6 kPa + 0.1kPa with stiff polyacrylamide (PA) microspheres 481 

embedded randomly throughout its 500µm height (Fig. 2a, 2b) that served as internal mechanical 482 

heterogeneities; PA microspheres were approximately 75-150µm diameter and were measured by AFM to 483 

be 29.3kPa + 2.3kPa. Phantom agarose and PA spheres were both supplemented with red fluorescent 484 
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microparticles as fiducial tracers (Fig. 2b, magenta); reference agarose was supplemented with an equal 485 

concentration of green fluorescent microparticles. To enable identification of PA microspheres, 486 

microspheres were additionally labeled with fluorescein for bulk sphere fluorescence in a separate 487 

channel (Fig. 2b, interior green circles), though at a negligible enough concentration to not interfere with 488 

microparticle excitation. The individual Young’s modulus values of the final prepared agarose (2.6kPa + 489 

0.10kPa) and PA microspheres (29.3kPa + 2.27kPa) are presented in Table 2:   the embedded PA 490 

inclusions represent approximately a 10x increase in sample elasticity.  491 

The phantom was embedded in reference agarose supplemented with green fluorescent microparticles 492 

(Fig 2b); the Young’s modulus of this reference hydrogel was measured by AFM to be 7.8 kPa + 0.25kPa. 493 

The system was heated to 37°C and equilibrated for 30 minutes before images of the compressed samples 494 

were acquired. Single plane images taken in the relaxed (Fig. 2b(i)) and compressed (Fig. 2b(ii)) states 495 

show 10-20% compressive strains in the X-Y plane. Deformable image registration software generated a 496 

deformed image stack (Fig. 2c) that recaptures the distribution of fiducial markers throughout the 497 

phantom 2D plane, including the slight aberrations that align with internal PA microspheres (Fig 2c, 498 

annotated circles). Due to affine-transform induced edge effects, image matrices were cropped for further 499 

analysis (Fig. 2c, annotated square). Sample curves taken during the AFM measurements of phantom 500 

components (Fig. 2d) highlight the substantial difference in mechanical responses of phantom 501 

components that should manifest as stiffness heterogeneities. 502 

The registration process also produces a 3D deformation field between relaxed and registered states at 503 

optical resolution (Fig. 2e). Cauchy stress components of the phantom deformation (Fig. 2f(i,ii,iii)) 504 

clearly show heterogeneities in stress that correspond to inclusion locations in their X- and Y-505 

components, though z-components are less obvious than their counterparts. Areal strain of a 2D plane 506 

(Fig. 2f(iv)) of the registered image shows the overall compression (negative strain, cool colors) 507 

experienced by the system punctuated by sharp peaks of near zero (warm colors) that correspond to PA 508 

microsphere location; here, it is important to recall that the areal strains calculated represent the 509 

summation of strains in the X- and Y-directions, and their magnitudes do not represent an equal, isotropic 510 

strain across both X- and Y-axes. Further analysis of deformation fields produces shear components of the 511 

Cauchy stress (Fig. 2f(v,vi,vii)). Finally, a volumetric strain analysis (Fig. 2f(viii)) recaptures peaks of 512 

near zero strain corresponding to sphere location, similar to the areal counterpart.  513 

Stiffness values are calculated in this 2D plane by solving the inverse problem with the Young’s modulus 514 

of reference agarose used as boundary condition. The resulting stiffness map captures the location of 515 

beads within the phantom agarose as characterized by high peaks in elasticity (Fig 2g, warm colors). As 516 

some regions of the areal strain map exhibited elevated (i.e., >40%) linear strains, we further apply a 517 

nonlinear, hyper-elastic neo-Hookean version of the inverse problem (Fig. 2h). To evaluate the accuracy 518 

of both of our methods, we compare these elasticity values obtained by µElastography to the Young’s 519 

modulus of each component obtained via AFM (Fig. 2h) using masks manually segmented from 520 

fluorescent data; the same masks are used to calculate values for average phantom body, PA inclusion, 521 

and reference agarose elasticities from the 2D elasticity map and compare with AFM values (Fig. 2j, Fig. 522 

2k). Our methods calculate statistically similar mean elastic modulus values for reference agarose in the 523 

linear (E Linear, Reference = 7.6kPa + 0.32kPa) and nonlinear (E Nonlinear, Reference = 8.41kPa + 0.65kPa) cases, 524 

while the nonlinear solver performs better at recapturing the elasticity of embedded inclusions (E Nonlinear, 525 

PA = 32.17kPa + 5.1kPa) compared to the linear solver (E Linear, PA = 16kPa + 1.92kPa). Both solvers 526 

overestimate the stiffness of the body of the phantom (E Linear, Body = 6.1kPa + 0.24kPa, E Nonlinear, Body = 527 

5.97kPa + 0.37kPa). Values are summarized in Table 2. To verify that the act of smoothing does not 528 

introduce artifacts in the downstream deformation maps, we quantify the distribution of values at varying 529 
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smoothing values (p = 0, 0.1, 0.01, 0.001) and compare the modes of the distributions, finding highly 530 

similar distributions between the 4 smoothing values (Supplemental Figure 7). To offer additional support 531 

to our method, we characterize two additional samples of agarose (0.5% and 1.5% w/v, Supplemental 532 

Figure 8). Here, we see a notable shift in the values calculated by µElastography:   6.09kPa + 0.29kPa and 533 

10.19kPa + 0.18kPa. Comparing these values to AFM measurements for similar agarose formulations, we 534 

see similarity between the 1.5% agarose stiffnesses, with an average AFM measurement of 15.5kPa + 535 

2.95kPa. While there remains a difference between the softer samples, this discrepancy between the 536 

values measured via AFM and µElastography as well as the differences observed within the phantom 537 

agarose may be explained by key differences between the methodologies. In addition to the complexities 538 

of sample heterogeneities that may not be captured via 2D AFM and the differing nature of 2D vs 3D 539 

measurements, the fundamental methods of elasticity measurement are different: in AFM, the Young’s 540 

modulus is derived from the indentation modulus through the Hertzian model, which usually results in 541 

discrepancies between AFM and macroscale stiffness measurement methods such as confined and 542 

unconfined compression tests. Our method instead relies upon solving the inverse problem. Importantly, 543 

while the µElastography results may not align perfectly with AFM measurements, the results of both 544 

nonlinear and linear formulations of the inverse problem recapture significant differences between 545 

groups. Thus, our method here is capable of capturing the complex heterogeneities of the material, 546 

including subtle, site-specific variations in internal mechanical properties otherwise absent within 547 

averaged bulk AFM measurements.   548 
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3.3 Elastic characterization of murine multicellular cancer spheroid 550 

We next demonstrate elastic characterization of live tissue by mapping the internal elasticity distribution 551 

of a live multicellular cancer spheroid. A live, ~1000-cell spheroid is embedded within reference agarose 552 

supplemented with micronscale fluorescent tracers and imaged via spinning disk confocal microscopy 553 

(Fig. 3a(i)). The sample undergoes 2-15% linear strains upon heat-induced gel compression (Fig. 3a(ii)). 554 

Image registration deforms the images from the relaxed original state to the compressed target image (Fig. 555 

3b) across the entire volume of the spheroid; here, we focus analysis on one 2D plane. 556 

Full 3D deformation field are smoothed using a smoothing parameter of 0.01 to eliminate noise artifacts 557 

(see Methods) and are then used to calculate areal strain maps (Fig. 3c). Regions of higher positive strain 558 

(warm colors) punctuate the 2D plane of the sample, balanced by more extreme negative, compressive 559 

strain (cool colors) local and at the edge of the spheroid. Calculating the 2D linear elasticity map from the 560 

smoothed deformation fields generates a heterogeneous map of the internal elastic properties of the 561 

spheroid, with boundary of spheroid-agarose clearly visible (Fig. 3d). Within a single XY plane, peaks of 562 

stiffness arise around groups of cells, while the majority of the spheroid remains in a softer regime. To 563 

offer further quantification, particularly due to the regions of highly negative strain in Figure 3c, we 564 

additionally solve for spheroid elasticities using a nonlinear solver (Fig. 3e). Normalized histograms of 565 

elasticity values (Fig. 3f) exhibit similar trends between solvers.  566 

Across the spheroids quantified, we find an average elasticity of 1.09kPa + 0.9kPa within the linear case, 567 

and 1.45kPa + 1.3kPa in the nonlinear case. These values align with previous AFM measurements from 568 

our lab that found similarly sized spheroids to exhibit a Young’s modulus of 0.9 + 0.13kPa (Fig. 3g) [48]. 569 

The wide standard error of the mean stiffness values may arise due to variations in exact culture time and 570 

condition; furthermore, previous AFM studies found a wide range of intracellular stiffnesses of single 571 

cells (from 380Pa – 5kPa [48-50]) depending on measurement location. Thus, the variation in the values 572 

measured via our method may align with these intracellular variations. Highly heterogeneous and 573 

unexpectedly high levels of localized intraspheroid stiffness have been previously reported using 574 

intraspheroid probes [31], yet the spatial information of these and most popular in vivo elasticity 575 

measurements is limited to the local environment of the stimulus [30, 31]. Our measurements here 576 

illustrate the ability of µElastography to resolve stiffness at suborganoid scale via spatial maps.  577 
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 578 

3.4 Elasticity mapping of murine lymph node 579 

To evaluate the platform’s capabilities at the whole tissue scale, we embed and actuate a fresh murine 580 

inguinal lymph node and map the interior elastic properties of the intact organ. Upon thermally actuated 581 

compression, embedded lymph node tissue experienced linear strains of approximately 7% in the XY 582 

plane (Fig. 4a, 4b). Though the entire area of the tissue (2.4mm2) was imaged in the Z direction, image 583 

stacks were cropped to a 46 slice (~120µm) depth in Z to focus analysis on a highly excited, in-focus 584 

range of tissue. Image registration was performed to generate a deformed image (Fig. 4c) that aligns well 585 

with raw data. 586 

Areal strain maps (Fig. 4d) are calculated using registration-produced deformation fields cropped to tissue 587 

boundaries (Fig. 4c Annotations). Quantification generates regions of negative strain within the tissue 588 

border (cool colors) and more positive strain exterior to the tissue bounds (warm colors). The majority of 589 

the tissue interior experiences slightly negative strains, though pockets of highly negative strain punctuate 590 

throughout the interior of the tissue. To ensure that the sample preparation and application of large strains 591 

during tissue compression does not result in permanent tissue damage, hematoxylin and eosin (H&E) 592 

staining was performed on control and compressed lymph nodes. The H&E staining of the tissue 593 

(Supplemental Figure 9) shows no impressionable differences in cell morphology or tissue structure 594 

between the compressed and control cases.  595 
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A total of 3 lymph nodes are mapped and characterized, reporting an average stiffness of 0.64kPa + 596 

0.08kPa when quantified with the linear solver (Fig. 4e), and 1.4kPa + 0.18kPa when quantified with 597 

nonlinear parameters (Fig. 4f). Elasticity maps in the 2D plane capture similar edge effects and a highly 598 

heterogeneous internal elasticity distribution shown by the wide-ranging distribution of elasticity values 599 

(Fig. 4g). Importantly, the distributions between both linear and nonlinear cases follow similar trends, 600 

though the nonlinear case generates a slightly elevated tail of high stiffness. An explanation for the 601 

location-specific elasticity properties detected within the lymph node may lie in the structure of the tissue 602 

[51, 52]. The murine lymph node is surrounded by a narrow coating of collagen, within which lies an 603 

external sinus region of lymphatic endothelial cells for transportation of lymphatic fluid surrounding an 604 

internal lymph node stroma. This interior stromal region contains additional, interpenetrating sinus 605 

regions that organize a dense mesh of lymphatic vessels used for drainage. The layer of decreased 606 

stiffness observed along the exterior of the tissue may correspond to the external sinus region within the 607 

node; similarly, the increased stiffness observed in the upper half of the XY plane shown (Fig. 4e) may 608 

overlap with the dense region of vasculature used to aid in drainage and the structures observed within the 609 

histology images (Supplemental Figure 9). As the anatomy of the lymph node has been mainly 610 

characterized by fixed-tissue histology and depth-limited confocal imaging [53], our technique has the 611 

potential to improve existing understanding by tracking the elastic properties of the fresh tissue itself.  612 

Thus, we demonstrate µElastography’s ability to measure stiffness at the whole organ scale. This spatial 613 

map captures the intricacies of the internal structure while preserving the intact 3D geometry. Although 614 

some anatomical details may be lost by the smoothing of the registration produced deformation fields – a 615 

necessary step to avoid any signal artifacts – the resulting map still quantifies variations in the internal 616 

heterogeneities of elastic properties throughout the plane.    617 
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 619 

4. Discussion 620 

We have presented here the framework, validation, and application of our µElastography platform. This 621 

platform delivers small, multi-directional compressive stresses to embedded biological samples via 622 

thermo-responsive hydrogel. By leveraging high resolution optical microscopy coupled with inverse-623 

problem solving algorithms, we derive the internal elastic properties of various biological and biomaterial 624 

samples of interest. Existing methods for elastography focus mainly on 2D system perturbations, failing 625 

to fully capture the inherent 3D nature of tissues. Furthermore, the majority of existing methods also do 626 
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not present elasticity values in absolute units. The combination of 3D compression and imaging, coupled 627 

with the use of a reference elasticity gel, addresses the main limitations within current methods in a 628 

scalable framework for future studies. 629 

Our platform combines experimental compression (multiaxial stress) with validated computational tools – 630 

namely, image registration and inverse problem solving. The application of confined, multi-axial stresses 631 

offers a benefit over the uniaxial compressions typically observed in shear wave or strain elastography; in 632 

these modalities, variations in stiffness that lie perpendicular to the axis of compression cannot be used 633 

for stiffness quantification. In contrast, the multi-axial actuation and imaging performed in our system 634 

captures these out of plane heterogeneities. Furthermore, multi-axial compression reduces the number of 635 

model assumptions (e.g., uniform stress) necessary to carry out calculations. Image registration [32, 33] 636 

has been previously explored in various contexts, including biomedical image stabilization and ultrasound 637 

elastography, and more recently in mapping strains in the active lung [54]. Here, we apply this imaging 638 

tool to match the relaxed and deformed images to obtain a fully resolved, 3D deformation field with pixel 639 

accuracy defined by the optical microscopy mode. From this field, strain fields and stress tensors are 640 

calculated using the gradient of the displacement field; in solving the inverse problem, these strains are 641 

additionally calculated by relating the Cauchy stress tensor to the deformation field. Importantly, we 642 

demonstrate the flexibility of our platform to solve for either linear or nonlinear material properties; the 643 

solution’s accuracy can be increased when nonlinear properties are known and well-characterized for the 644 

biological specimen of interest.  645 

To evaluate the capability of this platform to characterize biomechanical properties of fresh tissues and 646 

the intriguing applications it can hold in mechanobiology, we first verify the platform’s accuracy using a 647 

hydrogel phantom with embedded PA mechanical heterogeneities (Fig. 2). Our phantom components 648 

exhibit individual elasticities ranging from ~3 – 30kPa; though high, this range of internal stiffness is 649 

biologically relevant when considering diseased tissues can exhibit 4x – 10x increases in stiffness 650 

compared to healthy counterparts [4, 5, 7, 55] and individual malignant cells can exhibit 2x – 5x 651 

reductions in stiffness compared to healthy cells [56]. As we observe potential nonlinearities in strain 652 

response, we apply both nonlinear and linear solvers to the experimental data. Both solvers detect similar 653 

values for reference gel, and the nonlinear solver is more adept at detecting the PA inclusions. However, 654 

for both solvers, the bulk of the phantom presents as statistically stiffer than its independent AFM 655 

measurement; we believe this difference may arise as a result of the internal 3D mechanical structure not 656 

quantified by surface AFM measurements, as well as the intrinsic differences in elasticity calculation (i.e., 657 

Hertzian curve fitting vs. inverse problem solving).  658 

We then apply the platform to biological samples to generate maps at the cell- and tissue-scales. Within 659 

multicellular spheroids (Fig. 3), we detect and characterize the internal stiffness distributions that arise 660 

from the complex cell-cell and cell-matrix interactions within a single plane of the bulk of the spheroid. 661 

We find highly heterogeneous internal distributions of elasticity that, upon averaging, are comparable to 662 

1kPa AFM measurements of similarly sized spheroids [7, 48] and single cell AFM measurements that 663 

have been found to range from 380Pa – 5kPa [48-50]. The high degree of heterogeneity agrees with the 664 

heterogeneous local measurements seen in other in vitro stiffness measurements [31]. Recent work in our 665 

lab demonstrated how different biological length scales exhibit variations in solid stress: a mechanical 666 

stress that arises from the physical forces contained within the solid components of tissue and that is 667 

closely related to tissue stiffness [7]. The balancing of internal mechanical properties that we see 668 

presented as redistributions of stiffness across X- and Y-directions and between spheroid samples may 669 

therefore relate to biophysical mechanisms for enabling cell survival within the specific local 670 

environment. An intriguing future application would involve measuring solid stress and stiffness 671 
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heterogeneity in tumors simultaneously, to test the hypothesis that stiffness heterogeneity may provide 672 

protections for cancer cell against high level of solid stresses [7].  673 

We further apply the platform to intact murine lymph nodes to highlight the 3D capabilities and potentials 674 

of the system. We find heterogeneous distributions of stiffness within an interior plane of the tissue, 675 

varying between ~0.2 to >2kPa; between tissues, we find an average stiffness ranging between 0.64kPa 676 

and 1.4kPa. A recent study of immunologically challenged murine lymph nodes cited a range in whole-677 

tissue Young’s modulus from ~0.6kPa to ~1.25kPa, increasing in stiffness after challenge and comparable 678 

in scale to the values we calculate here [51]. This increase in stiffness following immunological challenge 679 

is tied to the organ’s role in immune response and disease progression as immune cells accumulate and 680 

sequester. As solid stresses are known to remodel the tissue microenvironment (e.g., compressing blood 681 

vessels, remodeling extracellular matrix) and were recently discovered to restrict lymphocyte infiltration 682 

into metastatic lymph nodes [57], the distributions of stiffness we observe may play a key role in 683 

directing immune cell localization or expansion when the system is challenged. The extension of our 684 

technique to include fluorescent immune cells could serve to further elucidate the mechanisms of immune 685 

response and lymph node micro/macro metastasis within the lymph node [4]. However, it would be 686 

important to choose cell populations with a low or nonexistent motility (e.g., cancer cells and resident 687 

cells in the lymph node) to prevent artifacts from cell migration – not sample compression – during the 688 

registration process.  689 

The actuations used here produced a nearly isotropic strain field of high magnitude. Focusing on single 690 

2D planes, we quantify the areal strain by considering the stretch in X- and Y-directions. In some cases, 691 

these areal strain values exceed 50%, implying isotropic strains along the X- and Y-directions of ~30%; 692 

strains of this magnitude would suggest the risk of tissue damage. However, histology of compressed and 693 

control lymph nodes (Supplemental Figure 9) indicates this is not the case within the strain regime 694 

applied. These observed high magnitude strains may further suggest that a nonlinear elastic model such as 695 

a neo-Hookean hyperelastic solid may be more appropriate than the linear models presented here. We first 696 

characterize the stress-strain response of reference agarose (0.5% w/v) and find linear behaviors up to 697 

strains of 40%, supporting our use of the linear model within this regime (Supplemental Figure 10). 698 

Indeed, comparisons between nonlinear and linear elasticity maps for the biological samples studied here 699 

show a high degree of agreement between the linear and nonlinear models; nonlinear models are more 700 

sensitive to the presence of affine-induced strain artifacts and typically show marginally higher and 701 

tighter distributions than the linear counterparts. Based on this comparison of the linear vs nonlinear 702 

model and for the ease of simplicity, we suggest the use of the linear formulation of the AWE inverse 703 

problem for observed strain values below 40%. We would further encourage measurement of the 704 

elasticity map at low strains to ensure the linearity assumption, and to perform the repeated and averaged 705 

measurement to improve the signal-to-noise ratio.  706 

There are certain assumptions within our platform that are currently unavoidable, though future 707 

optimizations could improve them. Integral to the execution of our elastography method is the assignment 708 

of the system’s boundary conditions:  among these are a boundary Poisson’s ratio (PR) as well as a 709 

boundary elasticity. Here we choose to use a directly measured Poisson’s ratio for agarose of 0.36 while 710 

the majority of published Poisson’s ratios for agarose are cited at 0.5 (incompressible). A similar 711 

discrepancy arises when considering biological tissues. Most biological tissues are assumed as 712 

incompressible (PR = 0.5) or nearly incompressible (PR = 0.45), while several other studies have cited PR 713 

as low as 0.1 – 0.2 [4, 58, 59] or up to 0.4 [60]. Thus, defining a Poisson’s ratio that accurately captures 714 

both reference and biological materials is challenging. Our current inverse problem design is limited in its 715 

ability to assign multiple Poisson’s ratios to interior regions, a limitation which represents a future 716 
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improvement in ongoing development of the elastography system. Furthermore, the data and elasticity 717 

maps presented here were calculated with a certain degree of smoothing applied to the input deformation 718 

fields. This smoothing is necessary to remove the basal noise inherent to registered fields (Supplemental 719 

Figure 1) and delineate sample locations, but in turn loses measurement resolution. Indeed, the idea of 720 

elasticity resolution has previously been explored in the context of optical coherence elastography, where 721 

studies have closely linked elastography resolution with the type and degree of the mechanical 722 

deformation [61]. Furthermore, the smoothing of deformation fields must be performed with moderation, 723 

as too much smoothing can reduce the signal to such an extent as to artificially elevate the apparent 724 

stiffness of the sample. Future improvements to the computational platform would include characterizing 725 

the stiffness tensor in 3D to prevent any artifacts from potentially anisotropic stresses that arise during the 726 

compression process, and ideally contribute to more resolved spatial elasticity maps. 727 

Though our experiments here demonstrate the utility and robustness of our experimental and 728 

computational framework, some challenges exist when optimizing the system for biological applications. 729 

At the multicellular scale, optical scattering limits the size of spheroids capable of being measured. 730 

Additional technical challenges arise with respect to preparing and actuating the sample complex for 731 

multicellular spheroids: in addition to the delicate process of ensuring spheroids are fully embedded 732 

within reference gel, the nature of the embedding complex may be prohibitive to most common cell 733 

viability assays (e.g., Propidium iodide, MTT), requiring faster timelines for sample preparation and 734 

actuation to avoid cell damage. Although whole organs are less susceptible to longer sample preparation 735 

and actuation times, technical limitations of imaging depth affect the range of mapping possible. 736 

Furthermore, precise embedding of the tissue within the central plane of the reference agarose may be 737 

challenging to standardize, making it difficult to co-register elastography maps with histology images.   738 

Because of the challenges cited above, improvements across certain technical aspects will aid future 739 

applications of the µElastography platform. Most prominent among these are improvements to imaging 740 

resolution and capabilities that will enable additional size-scaling and higher resolution elasticity maps. In 741 

the experiments described here, we utilize confocal microscopy (imaging depth 40-50µm) and OCT 742 

(imaging depth 2mm); the platform is additionally compatible with multi-photon microscopy (imaging 743 

depth of 500µm). These modalities are limited in the field of view and depth of focus they can capture, 744 

and a higher depth-penetrating imaging method would enable larger 3D imaging and elasticity mapping. 745 

When coupled with recent developments in tissue clearance [62, 63], these imaging improvements will be 746 

particularly advantageous in the context of mapping larger intact organ tissue such as the murine brain. 747 

Furthermore, accurate registration relies heavily on feature excitation and contrast:  when these factors are 748 

lacking the image registration software struggles to accurately connect blank spaces between relaxed and 749 

deformed conditions, requiring additional smoothing to reduce artificial noise artifacts from the raw 750 

registration. Improvements to biocompatible contrast agents to perfuse through animal subjects pre-751 

sacrifice would help to increase depth and resolution of mapping. An additional method can be also 752 

implemented as a supplement or replacement to the use of the reference agarose in boundary conditions. 753 

The placement of deformable polyacrylamide beads (Supplemental Figure 11) at the surface of tissue 754 

would supply a direct, quantitative measurement of applied stress [7] as their deformation and AFM-755 

calculated stiffness are coupled to produce an applied stress map around the sample. Such an addition to 756 

the experimental design would be particularly useful in cases where stress application is isotropic or 757 

sample boundaries are irregularly shaped. 758 

5. Conclusion 759 

The spatial maps generated by the µElastography platform highlight the distributions of stiffness present 760 

at the multicellular scale that remain hidden when using traditional macroscale mechanical 761 
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characterizations. With our method, we have combined advantages from existing methods for mechanical 762 

characterization (e.g., high resolution imaging, intact/3D tissue samples, and biocompatibility; see Table 763 

1) while attempting to overcome existing disadvantages (e.g., relative values, non-scalability). The final 764 

product is a platform compatible with multiple imaging modalities, multiple biological length scales, and 765 

multiple mechanical measurements of interest.  766 

Importantly, there is potential for scaling the platform across the extremes of biological length-scales. At 767 

the single cell level [64], there has long been interest to map the internal elasticity of cells. The methods 768 

to do so, however, typically rely on AFM [65] or only generate local measurements [31, 66]. Our 769 

platform offers the potential to measure spatial distributions of elastic properties within single cells using 770 

such fiducial markers as fluorescent mitochondria or florescent proteins, building off of previous methods 771 

using internally generated traction forces [67]. Within tissues, pathways such as the complex 772 

mechanoimmune responses as well as specific behaviors of immune cells could be quantified by 773 

incorporating in fluorescent expressing neutrophils or macrophages as they migrate or sequester within 774 

tissues. At the whole organ level, entire organs such as the murine brain could be mapped to track age- 775 

and disease-related changes in elasticity within the entire organ [68, 69].  776 

The field of mechanobiology has experienced a resurgence of interest in understanding biomechanical 777 

properties and mechanical cues, and their effect on health and disease. Our technique bridges the gaps in 778 

existing technologies to provide highly detailed, absolute measurements of biological stiffness and 779 

promises to deliver elastic information across a range of biological length-scales.  780 
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Table 1: Various techniques for mechanical characterization of biological tissues 802 

Technique Characteristic 

Sizescale  

(m) 

Advantages Disadvantages Reference 

µElastography 10-7 – 10-3 Detailed spatial 
elasticity maps 

Depth of mapping 
limited by microscope 
capabilities 

 

Multi-plane 
characterization 

Low strain sensitivity  

Precisely control 
3D mechanical 
perturbation 
Scalable across 
biological samples 
& imaging 
modalities 
Absolute elasticity 
values 

Atomic Force Microscopy 
(AFM) 

10-9 – 10-6 High resolution 
elasticity maps  

Requires tissue 
sectioning 

 [18] 

Limited to 2D Surface 
mapping 

Microrheology 10-9 – 10-6 Capture precise 
viscoelastic 
properties 

Limited to micron-range 
local measurements 

 [20-22] 

Non-compatible for 
larger biological length 
scales 

Cell biomechanical 
imaging 

10-7 – 10-4 Subcellular spatial 
resolution  

Measurements 
dependent on internal 
fiducial markers 

 [67] 

Accounts for 
heterogeneous 
internal modulus 

Limited by scale and 
material assumptions 

Cell-cell 
comparisons 
possible 

Brillouin Microscopy 10-7 –10-6 3D mechanical 
maps  

Non-translatable units  [24, 25] 

Subcellular 
resolution 

Tensile testing 10-3 – 10-1 High throughput 
testing 

Bulk properties only; no 
spatial information  

 [70, 71] 

Precise control of 
2D strain 

Destructive to tissue 

Compression / Shear 
testing 

10-3 – 10-1 High throughput 
testing 

Bulk properties only; no 
spatial information 

 [72] 

Precise control of 
2D strain 

2D strain only 

Magnetic Resonance  
elastography 

10-4 – 10-3  Highly 
biocompatible & 
noninvasive 

Inability to decouple 
tissue modulus from 
tissue density  

 [73, 74] 

Low spatial resolution 
incompatible with 
cellular level mapping 
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Imaging size decreases 
at higher resolution 

Ultrasound elastography 10-4 Highly 
biocompatible & 
noninvasive 

Inability to decouple 
tissue modulus from 
tissue density 

 [75] 

Low spatial resolution 
incompatible with 
cellular level mapping 

Compatible with 
strain or shear 
wave perturbations 

Tissue can attenuate 
signal 

Optical Coherence 
elastography 

10-5 – 10-4 Sensitive to small 
mechanical 
changes 

Inability to decouple 
tissue modulus from 
tissue density  

 [23, 28, 76] 

Highly 
biocompatible 

Limited penetration 
depth 

Microtweezers 10-5 Precisely 
controlled 2D 
stresses 

Limited to strain 
measurements 

 [26, 27] 

Limited scalability 
Deformable oil droplets 10-5 Enables tracking 

temporal evolution 
of properties 

Local measurements 
only 

 [30] 

Precisely 
controlled 3D 
stress 

Limited Scalability 

Thermo-responsive 
sensors 

10-5-10-4 Temporal 
evolution of 
mechanical 
properties 

Local measurements 
only 

 [31] 

Limited scalability 
Limited comparison to 
existing methods 

Computational Neural 
Networks 

10-7-10-2 Incorporates non-
homogeneous 
material properties 

Limited to 2D plane 
perturbation 

 [44] 

Laser Speckle Rheology 10-5 Noninvasive  Limited comparison to 
existing methods 

 [29] 
High spatial 
resolution 

 803 

 804 

Table 2:  Youngs modulus of component hydrogel by sample | Measurements taken by AFM and quantified via appropriate 805 

Hertz model for sphere-on-sphere contact or sphere-on-surface contact.  806 

Sample of interest Component Fluorescent 

Tracers 

Young’s Modulus + 

SE 

Validation Phantom:  
AFM 

PA Inclusions Red, 1-5µm 29.3 + 2.3 kPa 
Phantom 
Agarose 

Red, 1-5µm 2.67 + 0.10 kPa 

Reference 
Hydrogel 

Green, 1-5µm 7.83 + 0.25 kPa 

Validation Phantom:  
uElastography, Linear 

PA inclusions Red, 1-5µm 16.7 + 1.92kPa 
Phantom 
Agarose 

Red, 1-5µm 6.1 + 0.24kPa 

Reference Green, 1-5µm  7.6 + 0.32kPa 
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Hydrogel 
Validation Phantom:  
uElastography, 
Nonlinear 

PA inclusions Red, 1-5µm 32.17 + 5.08kPa 
Phantom 
Agarose 

Red, 1-5µm 5.97 + 0.37kPa 

Reference 
Hydrogel 

Green, 1-5µm  8.41 + 0.65kPa 
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