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Mechanical properties of breast, kidney, and thyroid tumours measured by AFM: relationship with tissue structure
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The mechanical properties of the extracellular matrix are essential for regulating cancer cell behaviour, but how they change depending on tumour type remains unclear. The aim of the current study was to determine how the mechanical properties of tumours that frequently metastasize to bones were affected depending on histological type. Human breast, kidney, and thyroid specimens containing tumour and normal tissue were collected during surgery. The elastic modulus and elastic fraction of each sample were characterised using atomic force microscopy and compared with histopathological markers. We observed that tumour mechanical properties were differentially affected depending on organ and histological type. Indeed, clear cell renal carcinoma and poorly differentiated thyroid carcinoma displayed a decrease in the elastic modulus compared to their normal counterpart, while breast tumours, papillary renal carcinoma and fibrotic thyroid tumours displayed an increase in the elastic modulus. Elastic fraction decreased only for thyroid tumour tissue, indicating an increase in viscosity. These findings suggest a unique mechanical profile associated with each subtype of cancer.

Therefore, viscosity could be a discriminator between tumour and normal thyroid tissue, while elasticity could be a discriminator between the subtypes of breast, kidney and thyroid cancers.

Introduction

Bone metastases occur in more than 1.5 million cancer patients worldwide, and are associated with serious skeletal-related events, including pathological fracture, pain, disability, and spinal cord compression [START_REF] Clézardin | Bone metastasis: mechanisms, therapies, and biomarkers[END_REF][START_REF] Confavreux | Fracture Risk Evaluation of Bone Metastases: A Burning Issue[END_REF]. Patient-specific finite element models of metastatic bone are a promising tool to predict the fracture risk of patients [START_REF] Eggermont | Patient-specific finite element computer models improve fracture risk assessments in cancer patients with femoral bone metastases compared to clinical guidelines[END_REF]. However, the accuracy of such models is hampered by several limitations, including a limited knowledge of metastatic bone mechanical properties. Bone metastases can come from various primary cancers, therefore, knowledge of tumour mechanical properties from different types of cancer can provide valuable information for the model. Moreover, a characterisation of tumour mechanical properties could help for (a) developing biomimetic biomaterials to elucidate the role of stiffness and viscosity for metastatic spread, and (b) improve cancer diagnosis using in vivo imaging. The most common cancers to metastasize to bone are breast, prostate, thyroid, lung, and kidney cancers [START_REF] Ashford | Bone Metastases: Epidemiology and Societal Effect[END_REF]. The ability of cancer cells to metastasize mainly depends on the physical interactions and mechanical forces between these cells and the microenvironment they migrate through. In particular, the extracellular matrix (ECM) plays a crucial role in metastatic spread. The ECM has unique physical, biochemical, and biomechanical properties that are essential for regulating cell behaviour. During cancer progression, the ECM undergoes extensive remodelling [START_REF] Najafi | Extracellular matrix (ECM) stiffness and degradation as cancer drivers[END_REF] and its stiffness plays a causative role in cancer pathogenesis [START_REF] Lu | The extracellular matrix: A dynamic niche in cancer progression[END_REF]. In breast, a stiffer ECM stimulates epithelial-like cell transformation from normal cells to malignant cells with a more aggressive phenotype that promotes cancer cell invasion [START_REF] Najafi | Extracellular matrix (ECM) stiffness and degradation as cancer drivers[END_REF][START_REF] Gkretsi | Cell Adhesion and Matrix Stiffness: Coordinating Cancer Cell Invasion and Metastasis[END_REF]. However, although several studies have been conducted on the mechanical characterisation of breast tumour at the tissue level [START_REF] Plodinec | The nanomechanical signature of breast cancer[END_REF][START_REF] Katara | Mammary epithelium-specific inactivation of V-ATPase reduces stiffness of extracellular matrix and enhances metastasis of breast cancer[END_REF][START_REF] Samani | Elastic moduli of normal and pathological human breast tissues: an inversion-technique-based investigation of 169 samples[END_REF][START_REF] Ansardamavandi | Quantification of effects of cancer on elastic properties of breast tissue by Atomic Force Microscopy[END_REF], there is a lack of knowledge regarding the mechanical properties of tumours from other tissues, including thyroid and kidney.

Several lines of evidence suggest that the extent of mechanical alterations depends on the type of tumour. First, while most studies on breast cancer have shown that tumour tissue exhibited an increase in stiffness compared to normal tissue [START_REF] Plodinec | The nanomechanical signature of breast cancer[END_REF][START_REF] Samani | Elastic moduli of normal and pathological human breast tissues: an inversion-technique-based investigation of 169 samples[END_REF][START_REF] Krouskop | Elastic Moduli of Breast and Prostate Tissues under Compression[END_REF][START_REF] Fenner | Macroscopic Stiffness of Breast Tumors Predicts Metastasis[END_REF], a study using a palpation device to measure tissue elasticity showed that renal cell carcinoma tissue was softer than normal kidney tissue [START_REF] Lee | Palpation Device for the Identification of Kidney and Bladder Cancer: A Pilot Study[END_REF]. Differences in mechanical alterations between tumour and normal tissue have also been observed for the same organ. In their study characterising the mechanical properties of breast tissue samples from different types, Samani et al found that the increase in the elastic modulus was dependent on the tumour type, with high-grade invasive ductal carcinoma exhibiting the highest increase compared to normal tissue [START_REF] Samani | Elastic moduli of normal and pathological human breast tissues: an inversion-technique-based investigation of 169 samples[END_REF]. Similarly, the elastic modulus of thyroid tumour tissue is differentially affected depending on the type of cancer, with samples of papillary carcinoma exhibiting a significantly higher elastic modulus compared to normal thyroid tissue, while samples of follicular adenocarcinoma exhibit a similar stiffness compared to normal thyroid tissue [START_REF] Lyshchik | Elastic Moduli of Thyroid Tissues under Compression[END_REF]. Second, in vitro studies demonstrated that a rigidity profile is an intrinsic property of each cancer line; some cells display increased growth as ECM rigidity increases, while some cancer cells grow equally well across a large spectrum of ECM rigidity [START_REF] Tilghman | Matrix Rigidity Regulates Cancer Cell Growth and Cellular Phenotype[END_REF]. This finding suggests that cancer spread depends both on ECM mechanical properties and on the tumour type. Therefore, it is important to characterise the mechanical properties of a tumour along with its histological type. However, a direct comparison from the literature regarding the mechanical properties of different types of tumours is challenging, because most studies focused on one type of tissue and the characterisation techniques varied among the studies. More specifically, there is variability in the length scales between the different characterisation techniques, from tissue-level [START_REF] Plodinec | The nanomechanical signature of breast cancer[END_REF][START_REF] Ansardamavandi | Quantification of effects of cancer on elastic properties of breast tissue by Atomic Force Microscopy[END_REF] to tumour-level [START_REF] Samani | Elastic moduli of normal and pathological human breast tissues: an inversion-technique-based investigation of 169 samples[END_REF][START_REF] Krouskop | Elastic Moduli of Breast and Prostate Tissues under Compression[END_REF][START_REF] Fenner | Macroscopic Stiffness of Breast Tumors Predicts Metastasis[END_REF][START_REF] Lyshchik | Elastic Moduli of Thyroid Tissues under Compression[END_REF] . A characterisation of the tumours at the tissue level is more relevant in order to (a) account for potential heterogeneity of the tumour and (b) to uncover the mechanobiology mechanisms of cancer progression and metastatic spread. Indentation using atomic force microscopy (AFM) has been used to reveal the nanomechanical signature of human breast [START_REF] Plodinec | The nanomechanical signature of breast cancer[END_REF][START_REF] Ansardamavandi | Quantification of effects of cancer on elastic properties of breast tissue by Atomic Force Microscopy[END_REF], liver [START_REF] Tian | The nanomechanical signature of liver cancer tissues and its molecular origin[END_REF], brain [START_REF] Abramczyk | The biochemical, nanomechanical and chemometric signatures of brain cancer[END_REF], ovarian [START_REF] Ansardamavandi | AFM-Based Nanomechanical Study of Ovarian Tissues with Pathological Conditions<[END_REF], and prostate (20) cancer. Mapping of the elastic modulus in breast tumour tissue at two different stages of cancer progression highlighted different stiffness profiles, with malignant tissues showing a broader distribution of Young's modulus compared to normal and benign tissues [START_REF] Plodinec | The nanomechanical signature of breast cancer[END_REF]. This finding emphasizes the ability of AFM to reveal differences in elastic properties according to cancer progression, and suggests that it could also reveal differences according to tumour type. To date, most research on the mechanical properties of tumour tissue has focused on elasticity as the key determinant of tissue behaviour. Yet, ECM exhibits both elastic and viscous properties, and changes in ECM viscoelasticity affects cell activities [START_REF] Elosegui-Artola | The extracellular matrix viscoelasticity as a regulator of cell and tissue dynamics[END_REF]. For example, a decrease in collagen fibers' stress relaxation is associated with a reduction of cell persistent migration [START_REF] Clark | Viscoelastic relaxation of collagen networks provides a self-generated directional cue during collective migration[END_REF]. This highlights the need to account for both the elastic and viscous properties of a tumour. In recent years, there have been significant development in measuring the viscoelastic properties of soft tissues using AFM [START_REF] Efremov | Measuring viscoelasticity of soft biological samples using atomic force microscopy[END_REF]. This technique has the potential to reveal the viscoelastic properties of tumour tissue, which can then be correlated with histopathological markers.

The aim of this study was to determine how the mechanical properties of tumour tissues that frequently metastasize to bone are affected depending on their histological type. Based on the findings for breast tumours [START_REF] Plodinec | The nanomechanical signature of breast cancer[END_REF][START_REF] Samani | Elastic moduli of normal and pathological human breast tissues: an inversion-technique-based investigation of 169 samples[END_REF], it was first hypothesized that the elastic properties of tumours are differentially affected depending on their type. Second, given the role of ECM viscoelasticity in regulating cell and tissue dynamics [START_REF] Elosegui-Artola | The extracellular matrix viscoelasticity as a regulator of cell and tissue dynamics[END_REF], it was hypothesized that tumour tissue exhibits a change in viscous properties compared to normal tissue. To test these hypotheses, we characterised the elastic and viscoelastic properties of breast, kidney and thyroid tumour tissues using AFM, and we compare them with histopathological markers.

Materials and methods

Study participants and tissue preparation

The study protocol was approved by the French Ethics Committee (CPP SUD-EST 1 France) under registration number ID-RCB: 2019-A01202-55. All procedures have been conducted in compliance with national and European regulations. All included patients received clear information and provided written consent. Human breast (n=6), kidney (n=5), and thyroid (n=4) specimens containing tumour tissue were collected post-surgery at Hospices Civils de Lyon (Groupement Hospitalier Est (KLBC) and Hôpital Lyon Sud (LM, PP), France). From each removed specimen, the pathologist prepared one sample containing healthy and tumour tissue (breast) or one healthy tissue sample and one tumour tissue sample (kidney and thyroid) for AFM testing. The samples used for AFM were free of necrotic areas and their dimensions were at least 2 x 10 x 10 mm. The remaining specimen was used for routine pathological diagnosis. The samples used for AFM testing were immediately frozen at -80°C and stored at this temperature until the day of experiment.

Histopathological examination

Samples used for pathological diagnosis were fixed in formol and embedded in paraffin. 3 µm-thick sections were cut using a microtome and stained with hematoxylin eosin saffron. Connective tissue (collagen) was stained in yellow, while muscle and cytoplasm were stained in pink. For each sample, one section containing tumour tissue was imaged in transmitted illumination using a light microscope.

Histopathological examination was performed by expert pathologists and included assessing the type of carcinoma and extent of fibrosis.

AFM testing

Frozen samples were carefully cut using a scalpel to obtain a 2-3 mm thick slice, with smooth and uniform surfaces. On the day of experiment, samples were thawed at room temperature for 1 hour, glued on a petri dish and immersed in phosphate buffered saline (PBS). Mechanical manipulations during sample preparation were always kept minimal. The samples were then allowed to set for 30 minutes to avoid swelling of the sample during AFM testing. The petri dish was placed on the AFM stage and tests were carried out at room temperature (Figure 1A). AFM tests were performed using a Nanowizard3 AFM (JPK Instruments AG, Germany) equipped with Silicon nitride cantilevers (MLCT, Bruker) and a pyramidal shaped tip. Two cantilevers were used depending on the stiffness of the sample; their nominal spring constant was 0.01 (MLCT-C) and 0.03 (MLCT-D) N/m, respectively. The cantilever spring constant was calibrated using the method described in [START_REF] Sader | Note: Calibration of atomic force microscope cantilevers using only their resonant frequency and quality factor[END_REF] and the deflection sensitivity was determined using the standardized nanomechanical AFM procedure [START_REF] Schillers | Standardized Nanomechanical Atomic Force Microscopy Procedure (SNAP) for Measuring Soft and Biological Samples[END_REF].

For each sample, three random regions at least 1 mm apart were probed over a 100 µm x 100 µm area, with three force maps performed in each region. Since the samples could display high topography, which would have a non-negligible effect on the measurements ( 26), a two-step method was followed [START_REF] Kaimaki | On the use of nanomechanical atomic force microscopy to characterise oil-exposed surfaces[END_REF]. First, tapping mode topography was used to identify a 15 µm x 15 µm zone of interest with minimal slope (Figure 1B). Second, force-displacement curves were recorded at 3 µm spacing intervals over the zone of interest (25 curves), following a trapezoidal loading profile. The loading segment (extend) was carried out at 2 µm/s until a force of 0.3-0.5 nN was reached. The value of the maximal force was adjusted for each sample in order to have an indentation within the range of 300-1500 µm.

The maximal force was then held constant for 1 s and the unloading segment (retract) was carried out at 10 µm/s. The range of the force displacement curve was 7 µm to correct the baseline. For each sample, measurement of the mechanical properties was performed within two hours to prevent biochemical changes in the tissue [START_REF] Ansardamavandi | Quantification of effects of cancer on elastic properties of breast tissue by Atomic Force Microscopy[END_REF].

Elastic and viscoelastic analysis

From the raw data (Vertical deflection as a function of piezo height), force-indentation curves were obtained using JPK Data Processing software (v.6.1.163, JPK Instruments AG). The baseline offset and linear fit of the tilt were subtracted from the vertical deflection. If the baseline could not be linearly fitted (e.g., due to a bubble or a particle floating in the medium), the curve was excluded. The contact point, defined as the first crossing of the y axis (vertical deflection), was then identified and the piezo height offset was adjusted. Indentation was calculated by subtracting the cantilever deflection from the piezo height.

Elastic and viscoelastic analyses were then performed from the force-indentation curve and the Indentation-time curve, respectively. For the elastic analysis, the Hertz-Sneddon model for a four-sided pyramid was used, where the elastic modulus, E, is defined by equation 1 [START_REF] Rico | Probing mechanical properties of living cells by atomic force microscopy with blunted pyramidal cantilever tips[END_REF].

𝐹 = 𝐸 1 -𝜈 2 tan(𝛼) √2 𝛿 2 (1)
Where F is the force, δ is the indentation, ν is Poisson's ratio and α is the face angle of the four-sided pyramid. The elastic modulus represents the stiffness of the material. A Poisson's ratio of 0.5 was chosen assuming the incompressibility of soft biological tissues. The elastic modulus was derived using Equation 1 by fitting the force-indentation curves using E and the contact point as fit parameters.

Curves with low quality fit (R²<0.98) were discarded. Moreover, for each dataset (one dataset per sample), outliers, defined as values deviating from the mean by more than three standard deviations, were excluded from the analysis.

For the viscoelastic analysis, the standard linear solid (SLS) model was used. The solution for spherical indentation was adapted for indentation with a pyramidal tip [START_REF] Oyen | Spherical indentation creep following ramp loading[END_REF]. Briefly, using the elastic-viscoelastic correspondence, equation 1 becomes:

𝛿 2 = 1 √2 tan(𝛼) ∫ 𝐽(𝑡 -𝑢) 𝑑𝐹 𝑑𝑢 𝑑𝑢 𝑡 0 ( 2 
)
Where u is the dummy variable of integration for time and J(t) is the creep function.

For the SLS model, the creep function is defined as:

𝐽(𝑡) = 𝐶 0 -𝐶 1 𝑒𝑥𝑝 ( -𝑡 𝜏 1 ) (3) 
Where 𝐶 0 , 𝐶 1 , and 𝜏 1 are model parameters.

For a ramp from zero load at a ramp rate 𝑑𝑃 𝑑𝑡 ⁄ = 𝑘, the solution of equation 2 is:

𝛿 2 = { 𝑘 √2 tan(𝛼) (𝐶 0 𝑡 -𝐶 1 𝜏 1 [1 -exp ( -𝑡 𝜏 1 )]) , 0 ≤ 𝑡 ≤ 𝑡 𝑟 𝑘 √2 tan(𝛼) (𝐶 0 𝑡 𝑟 -𝐶 1 𝜏 1 𝑒𝑥𝑝 ( -𝑡 𝜏 1 ) [𝑒𝑥𝑝 ( 𝑡 𝑟 𝜏 1 ) -1]) , 𝑡 > 𝑡 𝑟 (4)
The model parameters were derived using equation 4 by fitting the indentation-time curve on the holding segment. Curves with low quality fit (R²<0.95) were discarded.

The instantaneous modulus, 𝐸 𝑖𝑛𝑠 , the equilibrium modulus, 𝐸 𝑒𝑞 , and the elastic fraction, 𝒇, which quantifies the extent of viscous behaviour of the material [START_REF] Oyen | Analytical techniques for indentation of viscoelastic materials[END_REF][START_REF] Mattice | Spherical indentation load-relaxation of soft biological tissues[END_REF], (with an elastic fraction of 0 representing a purely elastic material, and an elastic fraction of 1 representing a purely viscous material) were then calculated as:

𝐸 𝑖𝑛𝑠 = 1 + 𝜈 𝐶 0 -𝐶 1 ( 5 
) 𝐸 𝑒𝑞 = 1 + 𝜈 𝐶 0 (6) 
𝑓 = 𝐸 𝑒𝑞 𝐸 𝑖𝑛𝑠 (7)

Statistical analysis

Statistical analyses were performed in Python. For each sample, a statistical comparison between normal and tumour tissue was made on the total number of indents. Normal distribution was tested using Shapiro test with an alpha risk of 0.05. A Mann-Whitney test was used to compare between normal and tumour tissues the elastic modulus and the elastic fraction with a level of significance of 0.05.

Results

Mechanical properties and structure of breast tumours

Breast tumour samples were composed of invasive breast carcinoma of no special type (NST) (n=3)

and invasive lobular carcinomas (ILC) (n=3) (Figure 3). Mean and median values of elastic modulus and elastic fraction for each sample are reported in Table 1. The elastic modulus of tumour tissue significantly increased compared to its normal counterpart in 5 out of 6 samples, with mean values of 1.4 ± 0.91 kPa in control and 3.3 ± 3.4 kPa in tumour tissue for NST, and 1.2 ± 0.29 kPa in control and 2.8 ± 1.5 kPa in tumour tissue for ILC (Figure 3A, Table 1). No particular trend was observed in the elastic fraction between normal and tumour tissue, with mean values of 0.53 ± 0.069 in control and 0.53 ± 0.047 in tumour tissue (Figure 3B, Table 1). Only one sample displayed a significant increase in the elastic fraction in tumour tissue. NST samples displayed a well-defined tumour mass within the adipose tissue (Figures 3C-D), while ILC samples displayed a more diffuse tumour mass (Figures 3E-F).

Both types exhibited an extensive fibrotic stroma (Figures 3D, F -arrows).

Mechanical properties and structure of kidney tumours

We obtained five kidney tumour samples composed of clear cell renal cell carcinomas (RCC) (n=3), papillary RCC (n=1) and a mix between clear cell RCC and sarcomatoid (n=1) (Figure 4). Mean and median values of elastic modulus and elastic fraction for each sample are reported in Table 2. Elastic modulus of tumour tissue significantly decreased compared to its normal counterpart for all clear cell RCC samples, with mean values of 3.2 ± 2.7 kPa in control and 1.7 ± 1.6 kPa in tumour tissue (Figure 4A). The elastic fraction was similar between normal (mean value: 0.48 ± 0.14) and tumour (mean value: 0.52 ± 0.021) tissue, with only one sample showing a significant decrease in tumour tissue.

Tumour tissue exhibited a high cellular density with little fibrotic tissue (Figures 4C,G) compared to normal tissue, which is composed of renal tubes (Figure 4F -asterisks) surrounded be connective tissue (Figure 4F -arrowheads). The papillary RCC sample displayed a significant increase in the elastic modulus in tumour tissue compared to normal tissue, with a high heterogeneity in tumour tissue (Figure 4A, Table 2). The mean elastic modulus was 67 ± 138 kPa in tumour and 3.0 ± 4.5 kPa in control tissue. No significant difference was observed in the elastic fraction between normal and tumour tissue. Cancer cells were packed in a papillary architecture and surrounded by fibrotic tissue (Figures 4D, H -arrow). The sample with a mix of clear cell and sarcomatoid RCC showed a high heterogeneity in the elastic properties in tumour tissue, with a mean elastic modulus of 15 ± 36 kPa (Figure 4A, Table 2). No significant difference was observed in the elastic modulus and elastic fraction between normal and tumour tissue (Figure 4B, Table 2). This sample exhibited a high cellular density with little fibrotic tissue in the clear cell carcinoma area, and elongated cells surrounded by a fibrotic stroma in the sarcomatoid carcinoma area (Figures 4E, I -arrows).

Mechanical properties and structure of thyroid tumours

Thyroid tumour samples were composed of papillary (n=1), anaplastic (n=1) and poorly differentiated (n=1) carcinomas, with one additional sample exhibiting papillary and anaplastic types. Mean and median values of elastic modulus and elastic fraction for each sample are reported in Table 3. The papillary carcinoma and anaplastic samples displayed a significantly increased elastic modulus in tumour tissue compared to their normal counterpart, with mean values of 0.54 ± 0.28 kPa in control and 1.7 ± 1.7 kPa in tumour tissue for papillary carcinoma, and 1.3 ± 1.0 kPa in control and 2.4 ± 2.2 kPa in tumour tissue for anaplastic carcinoma (Figure 5A, Table 3). The papillary carcinoma sample also displayed a decrease in the elastic fraction in tumour tissue, while no difference was observed for the anaplastic carcinoma sample. In both samples, cancer cells were surrounded by an extensive fibrotic stroma (Figure 5D-E, I-J -arrows), while normal thyroid tissue was mainly composed of colloid fluid (Figure 5H -asterisks) and follicular cells, surrounded by little connective tissue (Figure 5H arrowheads). The papillary/anaplastic and poorly differentiated samples displayed a significantly decreased elastic modulus in tumour tissue compared to its normal counterpart, with mean values of 1.4 ± 1.6 kPa in control and 0.070 ± 0.056 kPa in tumour tissue for papillary/anaplastic carcinoma, and 2.9 ± 2.5 kPa in control and 0.78 ± 0.54 kPa in tumour tissue for poorly differentiated carcinoma (Figure 5A, Table 3). Both samples exhibited a high cellular density with little fibrotic tissue (Figure 5E-G, K-L).

Discussion

In the present study, we showed that the elastic and viscoelastic properties of tumour tissue were differentially affected depending on the organ and on the structure and composition of the tissue. The first hypothesis, that the elastic properties of the tumours were differentially affected depending on their type, was corroborated. Clear cell renal carcinoma and poorly differentiated thyroid carcinoma displayed a decrease in the elastic modulus compared to their normal counterpart, while breast tumours, papillary renal carcinoma and fibrotic thyroid tumours displayed an increase in the elastic modulus. The second hypothesis, that tumour tissue exhibits a change in viscous properties compared to normal tissue, was partially corroborated. While the elastic fraction of thyroid tumour tissue tended to be lower compared to their normal counterpart, indicating an increase in viscosity, no consistent difference was observed for breast and kidney tissue. These findings suggest a unique mechanical profile associated with each subtype of cancer.

The present study emphasizes the potential of AFM to characterise tissue mechanical properties of different types of tumours. We developed a method to identify both elastic and viscoelastic properties, providing new valuable information for the development of biomaterials mimicking the mechanical properties of the tumour microenvironment. Indentation tests using AFM were performed on intact samples, without any processing to make the surface smooth or to level the sample. The surface tomography obtained prior to the tests ensured that the slope and the surface irregularities on the zone of interest were kept minimal. The elastic modulus of breast tissues obtained using this protocol was in agreement with other studies using AFM [START_REF] Plodinec | The nanomechanical signature of breast cancer[END_REF][START_REF] Ansardamavandi | Quantification of effects of cancer on elastic properties of breast tissue by Atomic Force Microscopy[END_REF] [START_REF] Qiu | Characterizing viscoelastic properties of breast cancer tissue in a mouse model using indentation[END_REF]. Therefore, the differences in the microenvironment between breast and subcutaneous tissues can explain the different mechanical properties between both tumour tissues.

To our knowledge, the mechanical properties of thyroid and kidney tumour tissues had not been characterised using AFM. Although the elastic modulus values found in our study were lower than the values obtained using compression testing [START_REF] Lyshchik | Elastic Moduli of Thyroid Tissues under Compression[END_REF], shear wave elastography (SWE) [START_REF] Bhatia | Shear wave elastography of thyroid nodules in routine clinical practice: preliminary observations and utility for detecting malignancy[END_REF], or palpation device technique [START_REF] Lee | Palpation Device for the Identification of Kidney and Bladder Cancer: A Pilot Study[END_REF], which can be explained by the different measurement scales, the comparison between healthy and tumour tissue was consistent with the literature. Lee et al. found that clear cell renal cell carcinoma tissues displayed a decrease in their elastic modulus compared to benign tissue, with mean values of 13.0 ± 8.2 kPa and 19.2 ± 10.8 kPa, respectively [START_REF] Lee | Palpation Device for the Identification of Kidney and Bladder Cancer: A Pilot Study[END_REF]. For thyroid tissue, measurements at the macroscopic scale revealed a higher elastic modulus of papillary tumour tissue compared to normal tissue [START_REF] Lyshchik | Elastic Moduli of Thyroid Tissues under Compression[END_REF][START_REF] Bhatia | Shear wave elastography of thyroid nodules in routine clinical practice: preliminary observations and utility for detecting malignancy[END_REF], which is consistent with our findings.

The results of this study suggest that the mechanical properties of tumour tissues are differentially affected depending on their type and subtype, and that the stiffness of tumour tissue is directly associated with ECM remodelling. Breast tumour tissues displayed a dense fibrotic stroma, resulting in a significant increase in the elastic modulus, which was twice to three times higher than the elastic modulus of normal breast samples. This increase in the elastic modulus seemed to be stronger for NST samples, which were characterised by a well-defined and dense tumour mass, compared to ILC samples. Similarly, papillary renal carcinoma, papillary and anaplastic thyroid tumours exhibited a fibrotic stroma, associated with an increase in the elastic modulus compared to their normal counterpart. Tumour fibrosis is a well-known feature associated with cancer progression and stiffening of the stroma [START_REF] Piersma | Fibrosis and cancer: A strained relationship[END_REF]. Indirectly, we previously observed that phenomenon in our POUMOS cohort with periostin, a marker of ECM reaction that was associated with survival in bone metastatic adenocarcinoma lung cancer patients [START_REF] Massy | Serum total periostin is an independent marker of overall survival in bone metastases of lung adenocarcinoma[END_REF]. The disruption of the balance between ECM synthesis and enzymatic degradation in favour of ECM synthesis has been primarily attributed to the inability of matrix metalloproteinases (MMPs) to digest collagen and alteration of the mode of collagen cross-linking [START_REF] Van Der Slot-Verhoeven | The type of collagen cross-link determines the reversibility of experimental skin fibrosis[END_REF]. By contrast, clear cell renal carcinoma and poorly differentiated thyroid carcinoma displayed a high cellular density, which was associated with a decrease in the elastic modulus by at least 50%. Further investigation at the tissue and molecular level will be necessary to elucidate the mechanisms behind this imbalance of ECM remodelling in favour of enzymatic degradation.

Altogether, these findings suggest specific processes by which cancer cells alter the structure and composition of tumour tissue, resulting in a different effect on the mechanical properties of the tissue.

The type of changes associated with each cancer likely affects cancer progression and metastasis formation.

Several studies suggest a link between the mechanical properties of breast tumours and their metastatic potential and aggressiveness. In particular, it has been shown using a mouse model of breast cancer that tissue stiffening can promote bone metastasis [START_REF] Pickup | Stromally Derived Lysyl Oxidase Promotes Metastasis of Transforming Growth Factor-β-Deficient Mouse Mammary Carcinomas[END_REF]. Similarly, several studies indicated a positive correlation between breast cancer aggressiveness and tissue stiffening at the macroscale [START_REF] Samani | Elastic moduli of normal and pathological human breast tissues: an inversion-technique-based investigation of 169 samples[END_REF] and tissue scale [START_REF] Acerbi | Human breast cancer invasion and aggression correlates with ECM stiffening and immune cell infiltration[END_REF]. The relationships between tumour stiffness and its metastatic potential and aggression have not been investigated for thyroid and kidney cancer. Our findings suggest different conclusions than for breast tissue. Indeed, we found that poorly differentiated thyroid and anaplastic carcinomas, respectively, which are very aggressive and frequently metastasise to bone and lung [START_REF] Xu | Poorly differentiated thyroid carcinoma[END_REF][START_REF] Ragazzi | Update on Anaplastic Thyroid Carcinoma: Morphological, Molecular, and Genetic Features of the Most Aggressive Thyroid Cancer[END_REF], follow different trends, with either a reduced or increased elastic modulus compared to their normal counterpart, respectively. Moreover, we showed that clear cell renal carcinomas, which have the highest metastatic potential (41), display a reduced elastic modulus, while papillary carcinoma displays an increased elastic modulus. Therefore, the relationships between tissue stiffness and cancer aggressiveness and metastatic potential merit further investigation for thyroid and kidney cancer.

Our study also provides new knowledge on the viscoelastic properties of tumour tissue. Although the viscous properties of the ECM are known to play a role in cell activities, very few studies have characterised the viscoelastic properties of tumour tissue. In their in vivo study investigating the viscoelastic shear properties of pathological breast tissue using magnetic resonance elastography (MRE), Sinkus et al. showed that shear modulus was a better parameter than viscosity at differentiating between benign and malignant lesions [START_REF] Sinkus | Viscoelastic shear properties of in vivo breast lesions measured by MR elastography[END_REF]. Moreover, they found two clusters of breast cancer, one of which was as viscous as the surrounding tissue. Conversely, Garteiser et al. found that the loss modulus of liver tumours measured using MRE, which represents the viscous behaviour of the tissue, was a better discriminator between benign and malignant tumours than storage modulus, which represents elastic behaviour [START_REF] Garteiser | MR elastography of liver tumours: value of viscoelastic properties for tumour characterisation[END_REF]. These findings demonstrate that the type of viscoelastic change allowing the discrimination between benign and malignant tumours depend on the tissue. Similarly, in our study at the tissue level, we found discrepancies in the viscoelastic changes between normal and tumour tissues depending on the type of cancer. While breast and kidney tumours did not exhibit any consistent difference in their elastic fraction compared to their surrounding normal tissue, thyroid tumour tissues tended to be more viscous than their surrounding normal tissue. Therefore, viscosity could be a discriminator between tumour and normal thyroid tissue, while elasticity could be a discriminator between the subtypes of cancer.

The current study presents several limitations. First, the robustness of the results is limited by the small sample size, which is mainly due to the difficulty in obtaining tissue from specific subtypes of cancer.

In particular, some cancer types are rare (sarcomatoid renal carcinoma, anaplastic and poorly differentiated thyroid carcinomas), and only one sample for each of these types could be obtained.

Our findings will have to be confirmed with more samples. However, this study is a proof of concept that is a good starting point for further investigation. Second, due to logistic reasons, the samples were frozen before their mechanical characterisation. There is no consensus on the literature as to whether freezing affects the mechanical properties of biological soft tissues. Indeed, some studies showed that there is not any significant difference in the stiffness between fresh and frozen tissues [START_REF] Salinas | The effects of -80 °C short-term storage on the mechanical response of tricuspid valve leaflets[END_REF][START_REF] Quirk | Effects of freeze-thaw on the biomechanical and structural properties of the rat Achilles tendon[END_REF][START_REF] Wex | Mechanics of fresh, frozen-thawed and heated porcine liver tissue[END_REF][START_REF] Stemper | Mechanics of Fresh, Refrigerated, and Frozen Arterial Tissue[END_REF], while other studies found an increase [START_REF] Santago | Freezing affects the mechanical properties of bovine liver[END_REF] or a decrease [START_REF] Kennedy | Effects of freezing on the mechanical properties of articular cartilage[END_REF] in the stiffness of frozen tissue compared to fresh tissue. This discrepancy in the effect of freezing can be explained by the different freezing protocols used, in terms of temperature (-20°C or -80°C), number of freezing cycles and duration of freezing. Comparison of various freezing protocols on soft tissues demonstrated that one or two freezing cycles at -80°C for up to three months did not result in any significant difference in Young's modulus compared to fresh tissue, while storage at 4°C for more than 24 hours resulted in a decreased Young's modulus [START_REF] Quirk | Effects of freeze-thaw on the biomechanical and structural properties of the rat Achilles tendon[END_REF][START_REF] Stemper | Mechanics of Fresh, Refrigerated, and Frozen Arterial Tissue[END_REF][START_REF] Ekiert | The effect of multiple freeze-thaw cycles on the viscoelastic properties and microstructure of bovine superficial digital flexor tendon[END_REF]. Moreover, preservation of histological integrity was better for tissue frozen once at -80° compared to -20°C [START_REF] Quirk | Effects of freeze-thaw on the biomechanical and structural properties of the rat Achilles tendon[END_REF]. The elastic modulus of breast tissue obtained in our study were in agreement with the values obtained on fresh tissue [START_REF] Plodinec | The nanomechanical signature of breast cancer[END_REF][START_REF] Ansardamavandi | Quantification of effects of cancer on elastic properties of breast tissue by Atomic Force Microscopy[END_REF], suggesting that freezing did not significantly alter the mechanical properties of these tumour tissues. Moreover, we proposed a comparative study with the same conservation mode for all the tissues. Third, the entire tumour could not be characterised because a part of the tumour was used for clinical diagnosis. The location of the sample used for AFM within the tumour could vary and potentially induced variability in the mechanical properties. To account for this limitation, several measurements were performed in each sample to cover a large area. Fourth, since the current study focused on the mechanical properties of tumour tissues, assessment of tissue structure using histology has not been performed on the same samples. Future studies will aim to spatially correlate tissue structure and mechanical properties by performing AFM and histology on the same samples, following cryosectioning for example [START_REF] Levillain | Prenatal muscle forces are necessary for vertebral segmentation and disc structure, but not for notochord involution in mice[END_REF].

Moreover, an investigation at the ultra-structural and molecular scales needs to be done to understand the mechanisms of how the mechanical properties of each type of tumour are differentially affected.

From a clinical perspective, our findings on the mechanical properties of tumour tissue have the potential to significantly advance the field of cancer research and have implications for diagnosis purposes. First, the range of elastic moduli of tumour tissue from various cancers can help improve the accuracy of the failure load predicted by finite element models of metastatic bones. Second, a recent study developing hydrogels mimicking the heterogeneous mechanical properties of breast tumour showed how stiffness regulates pro-metastatic functions of breast cancer cells, both in vitro and in vivo [START_REF] Liu | Heterogeneous microenvironmental stiffness regulates pro-metastatic functions of breast cancer cells[END_REF]. The range of elastic moduli found in our study for breast, kidney, and thyroid tumour tissue, which will need to be confirmed with the characterisation of fresh samples and with a higher sample size, could allow the development of similar biomaterials, in order to elucidate the role of stiffness and viscosity for metastatic spread depending on cancer subtype. Third, with the progress of in vivo imaging techniques to characterise the viscoelastic properties of soft tissues with a higher spatial 
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Figure 1 -

 1 Figure 1 -Sample preparation. A) Human samples containing normal and tumour tissue were collected

Figure 2 -

 2 Figure 2 -Method overview for the mechanical characterisation. A) Schematic of the AFM setup. The

Figure 3 -

 3 Figure 3 -Breast tumour samples, which were composed of dense fibrous tissue, displayed an

Figure 4 -

 4 Figure 4 -Elastic properties of kidney tumour samples were differently affected depending on their

Figure 5 -

 5 Figure 5 -Elastic properties of thyroid tumour samples were differently affected depending on their

  

  resolution, namely SWE[START_REF] Gennisson | Ultrasound elastography: Principles and techniques[END_REF] and microscopic Magnetic Resonance Elastography (MRE)[START_REF] Yin | Mechanical Characterization of Tissue-Engineered Cartilage Using Microscopic Magnetic Resonance Elastography[END_REF][START_REF] Othman | Microscopic magnetic resonance elastography (μMRE)[END_REF][START_REF] Jordan | Microscopic multifrequency MR elastography for mapping viscoelasticity in zebrafish[END_REF], the mechanical properties of a tumour could then be used as an in vivo predictive marker of bone metastasis formation.In conclusion, this study brought new insights regarding the modification of viscoelastic properties of tumour tissue in different types of cancer. While we found that the elastic modulus of breast tumour tissue increased compared to normal surrounding tissue, various effects were observed for kidney and thyroid tissue depending on the type, structure and composition of the tumour. The elastic fraction of tumour tissue decreased only for the thyroid, suggesting a role of viscosity for thyroid cancer

progression. These findings on different types of cancer form a first basis to: (a) implement the mechanical properties of different types of tumours in finite element models and (b) understand how mechanical alterations are linked to aggressiveness and metastatic potential of cancer. For this latter point, a characterisation of the elasticity of cancer cells could be performed and correlated with cell activities. Identification of mechanical parameters predictive of cancer progression will have implications for diagnosis purposes.

Table 1 -

 1 Elastic modulus and elastic fraction of normal and tumour tissue for each breast sample. Results are indicated as mean ± standard deviation (std) and median. The p values show differences between normal and tumour tissue for each sample. NST: No Special type; ILC: Invasive Lobular Carcinoma.

	Breast						
	Sample # Type	Group	Elastic modulus (kPa)	Elastic fraction	
				Mean ± Std	Median	Mean ± Std	Median
	1	NST	Normal	2.4 ± 1.7	2.0	0.58 ± 0.16	0.62
			Tumour	1.5 ± 1.3	1.2	0.60 ± 0.10	0.61
				p < 0.001		p = 0.78	
	2	NST	Normal	3.2 ± 3.0	1.9	0.57 ± 0.11	0.57
			Tumour	8.5 ± 6.7	7.2	0.48 ± 0.16	0.54
				p < 0.001		p = 0.42	
	3	NST	Normal	0.37 ± 0.16	0.35	0.40 ± 0.16	0.41
			Tumour	2.7 ± 4.4	1.5	0.50 ± 0.17	0.56
				p < 0.001		p < 0.001	
	4	ILC	Normal	1.4 ± 0.90	1.4	0.56 ± 0.18	0.66
			Tumour	3.7 ± 2.8	2.7	0.58 ± 0.14	0.60
				p < 0.001		p = 0.88	
	5	ILC	Normal	2.5 ± 3.2	1.2	0.56 ± 0.19	0.62
			Tumour	5.9 ± 5.6	4.4	0.51 ±0.19	0.60
				p < 0.001		p = 0.068	
	6	ILC	Normal	0.93 ± 0.64	0.85	0.53 ± 0.17	0.58
			Tumour	1.9 ± 2.1	1.3	0.54 ± 0.20	0.60
				p < 0.001		p = 0.70	
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