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Abstract 

This study introduces a novel mechanobiology assay, named “i-Rheo-optical assay”, that integrates 

rheology with optical microscopy for analysing the viscoelastic properties of multicellular spheroids. 

These spheroids serve as three-dimensional models resembling tissue structures. The innovative 

technique enables real-time observation and quantification of morphological responses to applied 

stress using a cost-effective microscope coverslip for constant compression force application. By 

bridging a knowledge gap in biophysical research, which has predominantly focused on the elastic 

properties while only minimally exploring the viscoelastic nature in multicellular systems, the i-Rheo-

optical assay emerges as an effective tool. It facilitates the measurement of broadband viscoelastic 

compressional moduli in spheroids, here derived from cancer (PANC-1) and non-tumoral (NIH/3T3) 

cell lines during compression tests. 

This approach plays a crucial role in elucidating the mechanical properties of spheroids and holds 

potential for identifying biomarkers to discriminate between healthy tissues and their pathological 

counterparts. Offering comprehensive insights into the biomechanical behaviour of biological 

systems, i-Rheo-optical assay marks a significant advancement in tissue engineering, cancer research, 

and therapeutic development. 
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1. Introduction 

The mechanical characterization of biological specimens, ranging from individual cells to monolayer-

cultured cells and complex tissues, has garnered substantial attention in recent scientific literature. 

This heightened interest is attributed to the broader scientific community's recognition that the 

mechanical properties of biologically relevant specimens hold the potential to serve as effective 

biomarkers, facilitating the discrimination between healthy tissues and their pathological 

counterparts. This discrimination is achieved through the provision of valuable information regarding 

the frequency-dependent mechanical properties of these specimens, which are intricately regulated 

by a diverse array of physiological processes encompassing fundamental events such as cell migration 

[1], wound healing [2, 3], and immune responses [4-6]. Moreover, they play pivotal roles in 

pathological scenarios, with particular emphasis on their involvement in the metastatic progression 

of cancer [7-9]. The elucidation of the mechanical properties associated with these biological 

processes may significantly contribute to our understanding of the underlying mechanisms governing 

health and disease. 

Within the field of tissue engineering, the incorporation of multicellular spheroids has arisen as a 

crucial strategy to bridge the existing knowledge disparity between conventional two-dimensional 

cell cultures and animal models [10-15]. Multicellular spheroids, indeed, serve as a noteworthy 

surrogate for animal models, as they faithfully emulate the intricacies of the in vivo tissue 

microenvironment. Consequently, they provide a more accurate representation of biological 

responses [16-19]. The three-dimensional structures of multicellular spheroids facilitate robust cell-

cell interactions, resulting in the establishment of tight junctions that closely resemble those observed 

in native tissues [10, 20-23]. This architectural feature enhances the physiological relevance of 

multicellular spheroids, contributing to their utility as an intermediate model system that captures 

aspects of tissue complexity beyond what is achievable in traditional two-dimensional cell cultures. 
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While the elastic properties of biological systems have garnered substantial attention across various 

fields, the viscoelastic nature of multicellular systems remains minimally explored in literature [24, 

25]. Several experimental methodologies have been employed and customized for the investigation 

of these properties [26], including techniques such as atomic force microscopy (AFM) [27-30], 

indentation [28], tweezers [31], microfluidics [32-34], micropipettes [35, 36], osmotic compression 

[37], and confocal-rheology [38]. These methodologies are characterized by sophisticated apparatus 

and necessitate technical skills that may not be readily available. 

In this work, we leverage cellular spheroids as a representative model for avascular early-stage 

tumours, acknowledging their capacity to yield invaluable insights into the nuanced rheological 

properties of these tumour-like structures. To conduct our study, we subjected spheroids derived from 

a cancer cell line, PANC-1, to a compression test. The liquid overlay technique was employed for 

spheroids preparation, selected for its judicious balance of cost-efficiency and ease of management 

[39, 40]. At the core of our rheo-optical compression assay was the utilization of a microscope 

coverslip to apply a constant load, resulting in the development of a cost-effective and user-friendly 

technique [41]. Essentially, our innovative approach produces strain-time curves of pivotal 

significance in elucidating the mechanical properties of the spheroids. Subsequently, data fitting of 

the resultant deformation was accomplished using a linear viscoelastic model, specifically the Burgers 

model [42, 43], to extract mechanical parameters such as the compressional elastic (E′(ω)) and 

viscous (E′′(ω)) moduli. These parameters contribute to a comprehensive understanding of the 

rheological behaviour of the investigated cellular spheroids. Moreover, we employed the open-access, 

model-free executable tool named “i-Rheo” [44-46] to derive the viscoelastic properties of the 

samples directly from their time-dependent stress and strain curves and conducted comparisons with 

those obtained from the Burgers model. To corroborate our rheo-optical compression assay, we 

conducted a similar load test through nanoindentation measurements performed on PANC-1 

spheroids and on two biomimetic hydrogels, designed for mimicking biological samples in terms of 
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their mechanical properties [11]. The primary aim of the additional investigation was to further 

validate the analytical procedure to derive the viscoelastic properties of hydrogels via i-Rheo by 

means of a comparative assessment with conventional oscillatory bulk-rheology measurements. 

Following the successful validation of this methodology, the i-Rheo-optical assay was then applied 

to a second cell line, NIH/3T3, which served as the non-tumoral control. This was done to establish 

a robust and efficient tool for the swift assessment of viscoelastic moduli in biological systems across 

a broad frequency spectrum. This advancement holds significant promise for accelerating therapeutic 

investigations and gaining deeper insights into the mechanical behaviour of biological materials. 

2. Materials and Methods 

2.1. Cell culture and spheroid preparation 

A fibroblast cell line derived from mouse NIH/Swiss embryos (short: NIH/3T3) and human 

pancreatic carcinoma cells (short: PANC-1) were cultured at a temperature of 37°C within a 

humidified environment containing 5% CO2. This cultivation was conducted in 2D monolayers using 

their respective standard growth medium, which was made of Dulbecco’s Modified Eagle’s Medium 

(DMEM) supplemented with 10% (v/v) Fetal Bovine Serum (FBS), 1% (v/v) antibiotics (50 units/mL 

penicillin and 50 mg/mL streptomycin), and 1% (v/v) L-glutamine. 

For the preparation of cellular spheroids from both cell lines, the classical liquid overlay technique 

[40, 47, 48] was employed. Each well of a 48-well plate (Nunclon Δ Multidishes, flat bottom, 

ThermoScientific, Nunc 150687) was coated with agarose gel (Ultrapure agarose, Invitrogen, 

Carlsbad, CA), which facilitates cell collection (at a density of 8∙103 cells/well for NIH/3T3 and 3∙103 

cells/well for PANC-1) and the formation of cell-cell adhesions within the meniscus of the non-

adhesive concave surface. Subsequently, the 48-well plate was incubated for approximately 7 days to 

achieve the formation of compact spheroids. For more information on the above process, the reader 

is referred to our previous publication [49]. 
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2.2. Rheo-optical compression assay 

The rheo-optical compression test was performed by means of microscopy glass coverslips used as 

stress loading probe on the cell spheroids sitting within standard 6-well plates. In particular, the cell 

spheroids were collected from the 48-well plate by using a pipette, and then placed into a 6-well plate 

containing approximately 3 mL of phosphate-buffered solution (PBS); thus, ensuring no wall effects 

and a consistent settling of the glass coverslip. For more information on the above process, the reader 

is referred to our recent publication [41].  

During the compression test, images were acquired at a rate of 0.5Hz using an inverted microscope, 

i.e. an LSM 5 Pascal model by Carl Zeiss Advanced Imaging Microscopy in Jena, Germany. The 

entire experimental duration was eight minutes. 

2.3. Image Analysis 

To quantify the impact of mechanical stimuli on spheroid, the morphological changes of the cellular 

spheroids were assessed in terms of their area (A) and diameter (D) by using an image analysis routine 

developed with Image Pro Plus 6.0 by Media Cybernetics. The algorithm detected the diametral plane 

of the cellular spheroids for a total of 240 images for each spheroid of both cell lines.  

The stress applied on a spheroid, 𝜎(𝑡), was defined as (Fw − FA)/At , where Fw  represented the 

weight of the glass coverslips, FA was the Archimedes force associated with the PBS in which the 

spheroid was placed, and At the diametral area of the spheroid measured at the current time. The 

applied stress was related to the deformation, defined as function strain, 𝜀(𝑡). By assuming constant 

volume before and after compression, the strain was calculated as 𝜀(𝑡) = ht(𝑡) h0 = (D0 Dt(𝑡)⁄ )2⁄ , 

where D(t) is the diameter of the spheroid as visualized from the compression direction, and h(𝑡) is 

the spheroid thickness along the direction of compression, i.e. the distance between the two confining 

glass surfaces. The indices ‘0’ and ‘t’ refer to the function values measured at times zero and current 

time, respectively. In this work, we approximated the spheroid’s volume to that of an oblate spheroid, 
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characterized by three axes a, b, and c, where a = b (= D) > c = h, representing the spheroid’s diameter 

and height, respectively. 

2.4. Burgers model: from time- to frequency-domain 

In the time-domain, in evaluating the viscoelastic properties of cellular spheroids, the correlation 

between stress (𝜎(𝑡)) and strain (𝜀(𝑡)) was subjected to fitting using the Burgers model [50] — a 

widely recognized model in the biomedical literature for characterizing the linear viscoelastic 

behaviour of complex materials, ranging from synthetic hydrogel to bone and tissues [42, 43, 51-57]. 

Burgers viscoelastic model combines a Maxwell model, i.e., a spring and a dashpot in series, and 

Voigt model, i.e., a spring in parallel with a dashpot, as schematically shown in Figure 1. 

 

Figure 1. A) A schematic diagram of a Burgers material; B) A representation of the relative contributions of the individual 

components of a four-element Burgers model in a creep test, where the strain, ε, is drawn versus time, t. 

The one-dimensional differential equation governing this model is expressed as follows: 

 σ(t) + (
η1

E1
+

η2

E1
+

η2

E2
) σ̇(t) +

η1

E1

η2

E2
σ̈(t) = η2ε̇(t) +

η1

E1
η2ε̈(t) 

1 

 

Where 𝜎(𝑡) is the axial stress loading, 𝜀(𝑡) is the axial strain response, σ̇(𝑡), σ̈(𝑡) , ε̇(𝑡) , ε̈(𝑡),  are 

their first and second time derivatives, respectively; while ηi and Ei are the viscous and the elastic 

coefficients of the Newtonian and Hookean elements (with i=1, 2), respectively. 

In the frequency-domain, Equation 1 writes as follows: 
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 σ̂(ω)(1 + κ1iω − τ1τ3ω2) = ε̂(ω)(η2𝑖ω − τ1η2ω2) 2 

where, σ̂(ω) and ε̂(ω) are the Fourier transforms (“    ̂ ”) of the axial stress 𝜎(𝑡) and strain 𝜀(𝑡), 

respectively; whereas, τ1 = η1 E1⁄ , τ2 = η2 E1⁄ , τ3 = η2 E2⁄ , κ1 = (τ1 + τ2 + τ3) , and 𝑖  is the 

imaginary unit (𝑖2 = −1). Equation 3 provides a means for evaluating the frequency-dependent 

compressional complex modulus: 

E∗(ω) =
σ̂(ω)

ε̂(ω)
=

(τ2+τ3+τ1
2τ3ω2)

(1−τ1τ3ω2)2+(κ1ω)2 η2ω2 + i
[1+(τ1+τ2)τ1ω2]

(1−τ1τ3ω2)2+(κ1ω)2 η2ω = E′(ω) + i E′′(ω)  3 

which provides information on both the elastic (via the compressional storage modulus E′(ω)) and 

the viscous (via the compressional loss modulus E′′(ω)) nature of the system under study. 

In this work, we exploited Equation 3 to evaluate the (non-linear) viscoelastic properties of spheroids 

either (i) by a regression of the experimental data in the time-domain (i.e., 𝜎(𝑡), 𝜀(𝑡)) by means of  

Equation 1 to determine the parameters η1, η2, E1 and E2, or (ii) by a direct transformation of the 

stress & strain raw experimental data by means of i-Rheo [44], which is a model-free algorithm that 

allows the evaluation of the frequency-dependent complex modulus through the ratio of the Fourier 

transforms of the axial stress 𝜎(𝑡) and strain 𝜀(𝑡). A direct comparison of the outcomes of the two 

approaches above is presented hereafter. 

2.5. Rheological setup 

Conventional oscillatory bulk-rheology measurements of the hydrogels were performed by using a 

stress-controlled rheometer (Anton Paar Physica MCR 302 Instrument) equipped with a parallel plate 

measuring system of 25mm diameter (PP25-SN36246). Mechanical properties were investigated by 

means of strain (γ) sweep tests, spanning from 0.01% to 1% at an angular frequency (ω) of 10 rads−1. 

Measurements were performed on dry hydrogels samples of cylindrical shape, without the addition 

of water to their edges to avoid swelling. The samples had a diameter of 29.1 mm and an initial 

thickness of 1.5 mm ± 0.1 mm. The frequency-dependent materials’ linear viscoelastic properties 

were represented by their shear complex modulus: 𝐺∗(𝜔) = 𝐺′(𝜔) + 𝑖𝐺′′(𝜔); which is a complex 
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number whose real and imaginary parts provide information on the elastic and viscous nature of the 

material under investigation. 

2.6. Nanoindenter 

The effectiveness of the proposed method has been further corroborated by means of measurements 

performed with a nanoindenter device, referred as Chiaro (Optics11, Netherlands) [58], mounted on 

top of an inverted phase contrast microscope (Evos XL Core, Thermofisher, UK). All measurements 

were performed with the same cantilever having a stiffness k = 0.026 N/m and a spherical tip of 46 

μm diameter. For each sample, measurements were repeated in at least 3 different spots.  

To conduct these measurements, hydrogel samples with a cylindrical shape having a radius of 17 mm 

and an initial thickness of 1.5 mm ± 0.1 mm were positioned in a petri dish filled with approximately 

3 mL of distilled water. 

Spheroids were picked using a pipette (preferably with a cut tip to avoid damage during loading) and 

were seeded in a petri dish previously filled with approximately 3 mL of standard growth medium, 

few hours before the experiment, allowing the spheroids to adhere to the petri dish but preserving 

their 3D structure. 

The typical creep test was conducted through load control tests to replicate our rheo-optical test 

conditions. The shear storage and loss moduli at each frequency were calculated for both systems 

using the i-Rheo method [46, 59]. 

2.7. Hydrogels preparation 

Hydrogels were synthesized through the crosslinking of polyacrylamide solutions, prepared either 

with Acrylamide/Bis Solution (40% Acrylamide/Bis Solution, 29:1, Bio-Rad, #1610147) or 

Acrylamide/Bis Crosslinker powder in a 10:1 ratio (Acrylamide, Bio-Rad, #1610100, and Bis 

Crosslinker, Bio-Rad, #1610200). The concentrations utilized spanned a range (5% to 15% v/v for 

Acrylamide/Bis Solution and 4% to 8% wt for Acrylamide/Bis Crosslinker powder) selected to yield 
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hydrogels exhibiting mechanical properties resembling those found in diverse biological tissues. This 

systematic variation in concentration allows for the tailoring of hydrogel properties to mimic the 

mechanical characteristics of a wide variety of tissues [60, 61], enhancing their versatility for 

applications in biomedical and scientific research. 

For sample preparation, the requisite amount of polymer and crosslinker was homogenously mixed 

with distilled water, yielding a final solution volume of 20 mL. Subsequently, 200 µL of ammonium 

persulfate (APS) with a concentration of 10% w/v was introduced into the solution, initiating the 

polymerization reaction through the addition of 20 µL of N,N,N′,N′-Tetramethylethylenediamine 

accelerator (TEMED). 

Hydrogel solutions, approximately 10 mL in volume, were cast between two glass plates separated 

by a spacer measuring 1.5 mm in thickness (Bio-Rad Mini-PROTEAN Spacer Plates with 1.5 mm 

Integrated Spacers, #1653312). Following polymerization, typically requiring approximately 30 

minutes at room temperature, the glass plates were removed. The resulting gel structures were 

subsequently molded into cylindrical shapes resembling pills, possessing a thickness of 1.5 mm ± 0.1 

mm. This molding process involved the use of a circular cutter to match the diameter of the rheometer 

tool, ensuring dimensions suitable for subsequent analysis with a nanoindenter. 

2.8.Statistical analysis 

Nanoindentation measurements were repeated at least in 3 different spots for biomimetic hydrogels 

and biological samples. At least 5 spheroids were analysed for each cell lines (tumoral and non-

tumoral) for both nanoindenter and rheo-optical compression tests. Data are expressed as mean ± 

standard error of mean (SEM). 

3. Results 

Rheo-optical compression tests were initially conducted on PANC-1 spheroids. To validate our 

technique, a similar creep test was performed by using a nanoindentation test on spheroids and, 
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subsequently, on two biomimetic hydrogels. Concerning the hydrogels, their viscoelastic properties 

were determined by applying i-Rheo to nanoindentation results, and these outcomes were then 

compared with those obtained through traditional oscillatory bulk-rheology measurements, as 

described below. After validating this methodology, we applied the i-Rheo-optical assay to a second 

cell line, NIH/3T3, which served as the non-tumoral control. 

3.1. i-Rheo-optical assay PANC-1 spheroids 

Constant-load creep tests were conducted on PANC-1 spheroids. In Figure 2A representative phase 

contrast microscopy images of PANC-1 tumoral spheroids are reported; each image refers to a 

different time measured from the start of the experiment. Preliminary visual analysis of these images 

reveals a significant expansion of the spheroids’ cross-section perpendicular to the compressional 

force within the initial seconds of the experiment, swiftly attaining a relatively stable and uniform 

deformed state. In Figure 2B, the average value of stress (𝜎(𝑡)), evaluated across at least 10 

spheroids, is plotted as a function of time, 𝑡. Due to the constant-load compression, the spheroid's 

area increased over time, leading to a reduction in 𝜎(𝑡) because of its definition as the ratio between 

the loading force and the contact area (see 2 section). The resulting strain history, obtained through 

image analysis, is shown in Figure 2C. The number of experimental data points (circles) reported in 

Figure 2B and C, has been reduced to improve the readability of the outcomes. Experimental data 

were fitted by means of the Burgers model (i.e., Equation 1, solid blue line) to determine the 

coefficients η1, η2, E1 and E2. These coefficients were subsequently utilized to calculate E′(ω) and 

E′′(ω) via Equation 3, and the outcomes were compared with those obtained via creep measurements 

processed by means of i-Rheo, as shown in Figure 2D, from which a very good agreement between 

the two methods is apparent. 
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Figure 2. i-Rheo-optical compression assay performed on PANC-1 spheroids. A) Representative phase-contrast microscopy images 

showing the morphological response of PANC-1 spheroids at six different times: 2, 96, 192, 288, 384 and 480 s. Images of the panel 

are relative to a single spheroid, taken as a qualitative representation of a given experimental condition. Scale bar: 200 𝜇m. B) 

Evolution of stress, σ(t), defined as the ratio between constant loading force and the evolution of spheroid area. C) Morphological 

response of biological system in terms of strain, ε. Experimental data (circle symbols) were fitted by using Burgers model (i.e., Equation 

1, solid blue line). D) Comparison between the viscoelastic compressional moduli obtained by using either the Burgers model in the 

frequency domain (i.e. Equation 3, open symbols) or the model-free i-Rheo, applied to the raw data from the compression assay (lines). 

Data were averaged on at least 10 spheroids. 

3.2. Cross-Methodology Validation 

3.2.1. i-Rheo-optical assay vs. Nanoindentation 

Load control tests were conducted on PANC-1 spheroids using a nanoindenter to establish a 

comparative analysis with outcomes derived from two distinct methodologies: the rheo-optical 

compression assay and nanoindentation. In Figure 3A a representative phase contrast microscopy 

image of a PANC-1 spheroid is reported. Cellular spheroids were indented at fixed load, using the 

deflection of the cantilever (on the left in Figure 3A) as a measure of the displacement. The time-

dependent relationship between load, 𝐹(𝑡), and displacement, 𝛿(𝑡), showed in Figure 3B, for each 

spheroid was assessed in the Fourier domain to quantify its linear viscoelastic properties, as shown 

in Figure 3C. The viscoelastic response demonstrated a good agreement between the two 

methodologies, not only in terms of the absolute values of the moduli but also in their behaviour 
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across the common angular frequency range. This consistency in results between the rheo-optical 

compression assay and nanoindentation further substantiates the effectiveness of the innovative 

technique for assessing viscoelastic properties in these biological samples. 

 

Figure 3. A) Representative phase-contrast microscopy images showing the PANC-1 spheroids indented with the cantilever on the left. 

Image is relative to a single spheroid, taken as a qualitative representation of a specific experimental condition. Scale bar: 100 𝜇m. 

B) The time-dependent relationship between load, 𝐹(𝑡), and displacement, 𝛿(𝑡), for to a single spheroid. C) Comparison between the 

viscoelastic shear moduli of the spheroids measured by means of nanoindentation (symbols) and by the i-Rheo-optical compression 

approach (lines), with the outputs divided by 2.8 to account for the relationship between compressional and shear moduli: E=2G(1+ν), 

where ν is the Poisson ratio, assumed to be 0.4 [62] for both the sets of measurements. However, it is important to note that maintaining 

the assumption of incompressibility, as outlined in Section 2.3 (i.e. ν=0.5), would result in a decrease in the moduli by approximately 

6.6%.   

3.2.2. Nanoindentation vs. Bulk-Rheology 

To further validate the methodologies presented in this work, load control indentations were also 

performed on two different polyacrylamide hydrogels, solution- and powder- based. Multiple 

measurements (≥ 10) were repeated at different gels concentrations. A comparison between the 

samples viscoelastic moduli measured by using a conventional bulk-rheology rheometer (filled 

symbols) and nanoindenter (open symbols) are reported (i) in Figure 4 for solution-based hydrogels 

at concentrations of 5, 7, 10 and 15% v/v (A, B, C, and D, respectively) and (ii) in Figure 5 for 

powder-based hydrogels at concentrations of 4, 6 and 8%wt (A, B and C, respectively). It is important 

to notice that the agreement between the two methods for G' values is better than that of G''. This 

could be related to the fact that the analytical method used to analyse Nanoindentation measurements 

are based on the Hertz model, which was primarily developed for describing the deformation of 

purely elastic solid, thus neglecting their viscous behaviour. Additionally, the correlation between 
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σ(t)-ε(t) is approximated to a first-order relation, which does not allow for a more precise evaluation 

of the Young’s modulus. 

 

Figure 4. The shear storage modulus, G′, and the shear loss modulus, G′′, versus the angular frequency, ω, measured by means of a 

conventional bulk-rheology rheometer (blue and purple circle symbols) and by means of a nanoindenter (black and red square symbols) 

for polyacrylamide solution-based hydrogel at different concentrations: 5, 7,10 and 15% v/v (A, B, C, and D, respectively). 

 

Figure 5. The shear storage modulus, G′, and the shear loss modulus, G′′, versus the angular frequency, ω, measured by means of a 

conventional bulk-rheology rheometer (blue and purple circle symbols) and by means of a nanoindenter (black and red square symbols) 

for polyacrylamide powder-based hydrogel at different concentrations: 4, 6 and 8% wt (A, B, and C, respectively). 

3.3. i-Rheo-optical assay NIH/3T3 spheroids 

For NIH/3T3 cells, illustrative phase contrast microscopy images showing non-tumoral spheroids at 

different timestamps are presented in Figure 6A. At a glance, it can be seen that the spheroids 

primarily expanded during the initial phase of the experiment under the influence of compressive 

Jo
urn

al 
Pre-

pro
of



15 

 

stress. Subsequently, they reach a relatively stable and consistent deformed state. In Figure 6B and 

C, the average stress values and the corresponding strain history are plotted against time, respectively. 

Also in this case, the duration of the whole experiment was 8 minutes, with an image acquisition rate 

of 0.5Hz. For clarity of the plot, not all the experimental data have been reported in the graph. The 

fitting parameters η1, η2, E1 and E2 were used to calculate the viscoelastic moduli via Equation 3 

and these were compared with those obtained by means of i-Rheo in Figure 6D. Notably, the results 

demonstrate a good agreement between the two methods, with a value of 𝐸′ of circa 5.15∙102 Pa and 

3.46∙102 Pa from the model and the direct evaluation, respectively, at ω approximately 2∙10-3 rad/s. 

By assuming a Poisson ratio, ν, of 0.4, 𝐺′ is calculated to be 1.83∙102 Pa and 1.23∙102 Pa, respectively. 

These values are slightly higher than those of single cells from the same cell line (100 ± 10 Pa [63]), 

potentially attributed to the cell-cell and cell-ECM interactions. 

 

Figure 6. i-Rheo-optical compression assay performed on NIH/3T3 spheroids. A) Representative phase-contrast microscopy images 

showing the morphological response of NIH/3T3 spheroids at six different times: 2, 96, 192, 288, 384 and 480 s. Images of the panel 

are relative to a single spheroid, taken as a qualitative representation of a given experimental condition. Scale bar: 200 𝜇m. B) 

Evolution of stress, σ(t), defined as the ratio between constant loading force and the evolution of spheroid contact area. C) 

Morphological response of biological system in terms of strain, ε. Experimental data (circle symbols) were fitted by using Burgers 

model (solid blue line). D) Comparison between the viscoelastic compressional moduli of the spheroids obtained either by using 

Burgers model in the frequency domain (i.e., Equation 3, open symbols) or by means of the model-free i-Rheo algorithm, applied to 

the raw data from the compression assay (lines). Data were averaged on at least 10 spheroids. 

Jo
urn

al 
Pre-

pro
of



16 

 

 

Across the analysed range of frequencies, both PANC-1and NIH/3T3 cell lines exhibited frequency-

dependent behaviours in their compressional storage, 𝐸′(𝜔), and compressional loss, 𝐸′′(𝜔), moduli 

(refer to Figure 2D for PANC-1 and Figure 6D for NIH/3T3 ). A clear disparity in cellular elasticity 

is apparent between normal and tumoral cells, with PANC-1 cells being approximately 58.8% softer 

than normal NIH/3T3 ones, when compared in terms of their compressional elastic modulus 𝐸′(𝜔); 

an outcome that aligns well with other findings reported in literature [64]. Similarly, when comparing 

their viscous components, PANC-1 cells are found to be roughly 50% less viscous than NIH/3T3 

spheroids.  

For a clearer comparison between the i-Rheo and Burger model, data derived from the model-free 

approach were fitted with Equation 3 to get the same parameter: η1, E1 and τ2, where τ2 is defined 

as η2/E2. Both viscous and elastic components were summarized in Figure 7, for both cell lines 

using both approaches, with data from the Burger model plotted in red and data from i-Rheo in yellow. 

 

Figure 7. A comparison between the parameters of the Burgers model η1, E1 and τ2, which is defined as the ratio between η2 and E2, 

obtained either (i) by fitting Equation 1 to the compression data and then used them to calculate the viscoelastic moduli via Equation 

3 for both NIH/3T3 and PANC-1 cell lines (represented in red); or (ii) by fitting the outcomes obtained from the model-free i-Rheo 

method by using directly Equation 3 for both cell lines (represented in yellow). Statistical significance of the results: *p < 0.05 and 

**p<0.005 versus control cells. 

As shown in Figure 7, the  analysis of the parameters of the Burgers model 𝐸1,𝜂1 and τ2, could serve 

as possible indicators for  discriminating between spheroids based on their viscoelastic properties. In 

Jo
urn

al 
Pre-

pro
of



17 

 

particular, 𝐸1 represents the instantaneous response, while 𝜂1 is associated with long-term viscous 

flow. Conversely, 𝜂2 and 𝐸2 are ‘linked’ to the retarded elastic behaviour, characterizing the middle 

section of the response curve. According to Figure 7  and consistent with literature [65], the 𝜂1 value 

of non-tumoral spheroids (0.267 ± 0.052 MPa∙s) is higher than that of tumoral spheroids (0.164 ± 

0.030 MPa∙s). This observation aligns with previous findings suggesting that at a fixed viscosity of 

the surrounding ECM, a lower viscous cell generates a more pronounced fingering pattern at the 

interface [26]. Consequently, this parameter may be used to estimate the level of invasion and the 

metastatic process. Similarly, tumoral spheroids exhibit a lower elastic modulus compared to non-

tumoral ones, in agreement with prior research [66]. This observation confirms the critical role of the 

elastic modulus in understanding the cell’s ability to invade blood vessels, which is influenced by 

their deformability. Ultimately, τ2, defined as the ratio between 𝜂2  and 𝐸2 , emerges as the sole 

parameter among the three investigated capable of distinguishing between the two cell lines for both 

analytical approaches explored in this paper. Notably, upon comparing the statistical significance of 

the results shown in Figure 7, the model-free i-Rheo assay yields a higher level of confidence in 

distinguishing between the two cell lines. 

Interestingly, Figure 8 reveals that in the lower range of the explored frequencies, the non-tumoral 

NIH/3T3 cells exhibit a higher loss tangent value, tan(𝛿) = 𝐸′′(𝜔)/𝐸′(𝜔) , than the cancerous 

PANC-1 cells, consistently across both i-Rheo-optical assay (lines) and Burgers (symbols) analytical 

methods. This observation is consistent with the intrinsic characteristics of fibroblasts, whose higher 

degree of elasticity can be attributed to their distinctive morphology and elevated extracellular matrix 

(ECM) production in comparison to epithelial cells [67]. In contrast, the cancerous PANC-1 cells 

exhibit a higher value of tan(𝛿) at relatively high frequencies (i.e., 𝜔 > 10−2 rad/s), reflecting their 

greater deformability when compared to non-tumoral NIH/3T3 cells; an attribute that is congruent 

with their invasive and migratory capabilities. 
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Figure 8. Comparison between the loss tangent, 𝐸′′(𝜔)/𝐸′(𝜔), as a function of angular frequency, ω, for both cell lines NIH/3T3 

(open squares and continuous line) and PANC-1 (open circles and dashed line). The data have been obtained by using either the 

Burgers model in the frequency domain (i.e. Equation 3, open symbols) or the model-free i-Rheo, applied to the raw data from the 

compression assay (lines). 

 

Conclusion 

This study introduces a new ‘i-Rheo-optical assay’ that integrates rheology with optical microscopy 

to analyse the viscoelastic properties of multicellular spheroids. Representing a notable advancement 

in biophysical research, the assay bridges a critical knowledge gap in understanding the viscoelastic 

nature of multicellular systems, an area traditionally limited to measuring the elastic modulus. 

Utilizing a straightforward and cost-effective approach with microscope glass coverslips as the 

applied load to cell spheroids in standard cell culture plates, this assay was first validated by using 

PANC-1 tumoral spheroids and subsequently applied to non-tumoral NIH/3T3 spheroids. The 

strength of our approach lies in its capacity to provide comprehensive viscoelastic moduli data, 

encompassing both surface cells of spheroids and their interaction with internal spheroid structure 

and ECM accumulation [68]. This differs from other sophisticated and costly instruments such as 

AFM or Nanoindenter, which primarily approximate biological samples as purely elastic tissues by 

using the Hertz model and utilize micrometric tips, thus limiting the investigations to very small 

regions and neglecting heterogeneities present in both biological samples and hydrogels [69]. 
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By leveraging the open-access, model-free tool i-Rheo, we derived their frequency-depended 

viscoelastic moduli through Fourier transforms of their time-dependent stress/strain curves, with 

results aligning well with predictions from the Burgers model. Further validation through (i) 

nanoindentation tests on PANC-1 spheroids and (i) conventional oscillatory bulk-rheology 

measurements on biomimetic hydrogels, corroborated the general validity of the novel assay. 

The results demonstrate the potential of i-Rheo-optical assay by revealing distinct frequency-

dependent viscoelastic moduli values for different cell lines, opening avenues for identifying effective 

biomarkers critical in discriminating healthy tissues from pathological equivalents. Furthermore, 

although we assumed a Poisson ratio of 0.4 based on literature, our i-Rheo-optical assay has the 

capability to educing the correct ν by collapsing E' and G' [70].  

Beyond laboratory applications, the assay’s adaptability and scalability make it potentially useful in 

various biophysical contexts, enriching our understanding of cellular mechanics in diverse biological 

systems, including biopsies. Moving forward, our future investigations aim to compare different cell 

types originating from the same tissue, such as breast tissue, with the goal of quantifying variations 

in elastic and viscous moduli between non-tumoral cells (e.g., MCF-10a) and tumoral ones, while 

also discerning differences in invasion potential and metastatic capacity (e.g., MCF7 and MBA-MD-

231). Additionally, we seek to explore the influence of ECM generated during spheroid formation, as 

it may impact distinct properties [25] contingent upon the amount of ECM produced and the resulting 

maturation of spheroids, including the duration of post-preparation incubation. Furthermore, within 

the realm of biopsies, we aim to quantify the effects of gender (male and female), age, and health 

status on tissue viscoelastic properties. 

This innovation promises significant contributions to tissue engineering, cancer research, and 

therapeutic development, offering new insights into the study of cellular and tissue mechanics. 
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