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Abstract:
An understanding of the cell mechanical properties involved in numerous cellular processes including cell division, cell migration/invasion, and cell morphology, is crucial in developing and informing cell physiology and function. Atomic force microscopy (AFM) offers a powerful biophysical technique that facilitates the imaging of living cells under physiological buffer conditions. However, AFM in isolation cannot discriminate between different cell types within heterogeneous samples for example in a solid biopsy. The current studies we demonstrate the potential of AFM in combination with correlative fluorescence optical sectioning microscopy for live cell imaging. Furthermore, this work establishes the advantage of fluorescence-AFM imaging to distinguish and analyse single-cell bio-physical properties in mixed human cell populations, in real-time. Critically, our results show that correlative fluorescence-AFM imaging allows the simultaneous co-localised detection of fluorescence coupled with nano-mechanical mapping. The findings from this work contribute to the promotion and dissemination of correlative multimodal imaging in life sciences, providing a platform for further investigations in biological and pre-clinical research.
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1.1 Introduction
A number of studies have been shown that cells can sense and transduce mechanical forces from neighbouring cells and their environment into biochemical and electrical signals [1–5]. However, our current understanding of the specific mechanism(s) involved in cell sensing and transduction remain limited, and yet the mechanism at play have a profound effect on cell proliferation, adhesion, migration and fate [1,3–7]. It is known that mechanical cues have a significant impact on cell function, intracellular signalling regulation [4,5,8], and on a number of biological processes including processes involved in tissue regeneration or cancer progression [9].  As previously published in Nature Cell Biology [2], “much remains to be discovered in this stimulating field at the crossroads of biology, biophysics, bioengineering” [7].
Single-cell analysis enables significant knowledge to be derived on cellular mechanisms, offering new insights on cell biology and significant impact for new developments in medicine. Atomic force microscopy (AFM) is a powerful tool for single-cell characterisation and has been has been applied to study cell mechanical properties. AFM has the ability to image in comparable physiological conditions, with high-resolution [10,11], and has provided valuable insights into quantitative live-cell mechanical mapping (reviewed in Li et al. [12]). However, to date, all single-cell studies have been performed using homogeneous samples [13,14], i.e. single cells that have not been isolated/discriminated and studied in mixed cell populations, co-culture systems or whole tissue samples. Crucially, human co-culture systems provide an important platform to study the interactions between different cell populations and are fundamental for studying cell–cell interactions [15], providing a more representative human in vivo-like tissue model.
The integration of two imaging techniques into a single instrument, produces a more powerful tool that overcomes some of the current limitations in standard microscopy, resulting in multi-dimensional information concerning the structure, dynamics, function and chemical composition of a sample. Correlative AFM imaging with fluorescence offers complementary information on different cellular characteristics leading to a more comprehensive analysis [16,17]. For example, AFM has been correlated with fluorescence microscopy to study the mechanical properties between normal and transformed epithelial cells [18], and correlated with confocal fluorescent microscopy to identify the initial binding events of a virus on the surface receptor of animal cells [19]. Chacko et al. analysed cytoskeletal structures in fixed cells by coupling optical super resolution (stimulated emission depletion – STED and stochastic optical reconstruction microscopy – STORM) and AFM techniques to deliver a correlative approach, to obtain high-resolution structural information on the cells of interest [20]. Current AFM techniques combining optical and super-resolution fluorescence imaging typically acquire successive measurements and subsequently superimpose the images obtained from the separate acquisitions, as imaging in a simultaneous mode causes perturbations in the AFM cantilever operation due to fluorescence excitation light.
In a previous work, AFM was combined with a differential spinning disk (DSD) microscope system for simultaneous real-time imaging [21]. The main advantage of integrating a DSD optical sectioning fluorescence microscopy over confocal microscopy is the provision of time-independent illumination of the AFM cantilever, resulting in the simultaneously acquisition of fluorescence and nano-mechanical mapping in the absence of cantilever disruption and/or heating.
There have been major advancements in AFM imaging, including bio-image analysis focusing on the quantitative measurement of biological systems by processing multidimensional image data [22]. However, there remains a gap between the imaging development community and the applied biology field. With this work, we seek to bridge this gap, highlighting a demonstration of real-time imaging with living cells, as an exemplar for this biological field.
The current studies demonstrate, for the first time the application of correlative DSD optical sectioning fluorescence-AFM for live cell imaging. The work details the advantages of simultaneous fluorescence-AFM to characterise a heterogeneous human skeletal cell population, retrieving information on single-cell population mechanics that would otherwise not be possible. While a number of studies using AFM to analyse mixed cell populations and co-culture systems or whole tissue samples have been undertaken [23], none of these studies detail the individual Young’s modulus of a single cell population in a co-culture system, but rather show the average of all cells present in the sample. In this proof-of-concept demonstration, we confirm the mechanical profile of the whole sample and, significantly, of the cell population of interest.

1.2 Methods
1.2.1 Saos-2 and GFP+ MG-63 cell culture
Saos-2 human osteosarcoma cells (passages 24 to 34) and GFP+ MG-63 cells (passages 16 to 19) were cultured in α-MEM and DMEM, respectively, supplemented with 10% (v/v) fetal calf serum, 100 U ml−1 penicillin and 100 µg ml−1 streptomycin. GFP+ MG-63 cells were established in previous work by transduction with a retroviral pMX-GFP vector (Cell Biolabs Inc., VPK-302) containing a green fluorescent protein insert and using polybrene as a transduction enhancer [24]. Cells were maintained in a humidified chamber at 37 ℃ and 5 % CO2. Cell culture media was replenished every 2–3 days and the cells were routinely sub-cultured assuring a maximum confluence of 70%, being detached using 0.025% (w/v) Trypsin–EDTA with 0.05% glucose for 5 min at 37° C.
1.2.2 AFM imaging
Saos-2 and GFP+ MG-63 cells were cultured at a cell density of 5x103 cells cm−2 in 35 mm ibidi tissue culture-treated polymer µ-dishes for 48 hours. Live cells were imaged in cell culture media at 37° C using an atomic force microscope (JPK Nanowizard III, Bruker Nano GmbH), loaded on an inverted optical microscope (TI-S/L100, Mikon Instruments Europw B.V).
All AFM measurements were performed in an advanced force-spectroscopy based mode, referred to as a QITM Advanced Imaging, with a qp-BioAC-CI-CB3 AFM probe (NanoSensors), with force constant values ranging between 0.03 - 0.09 N m-1. The cantilever has a gold coating layer on the detector side and a circular symmetric tip with 30-nm radius curvature. The cantilevers were calibrated using the contact-free method in liquid immediately before imaging.
AFM images were acquired with the following settings: set point at 1.1 nN, z-length of 2400 nm, and pixel time of 20 ms.
1.2.3 Combined DSD-AFM imaging
Saos-2 and GFP+ MG-63 cells were cultured at a cell density of 5x103 cells cm−2 in 35 mm ibidi tissue culture-treated polymer µ-dishes for 48 hours. Live cells were imaged in cell culture media at 37° C using a combined microscopy platform integrating DSD fluorescence (DSD generation-1, Andor Technology) and  atomic force microscope (JPK Nanowizard III, Bruker Nano GmbH) which was loaded on an inverted optical microscope (TI-S/L100, Mikon Instruments Europw B.V). The combined system development was previously described by Miranda et al [21], and is shows in Supplementary Figure S1. For fluorescence light collection, a high numerical aperture microscope objective (CFI Plan Apo VC 60×/1.4 oil, Nikon Instruments Europe B.V.) was used.
1.2.4 AFM image registration
QITM Advanced Imaging mode was used for all AFM acquisitions, with a Z-cantilever 300 μms−1 at a max Z-length of 2400 nm, resulting in an acquisition time of 22 min for each image.
Image registration was performed as previously described by Miranda et al [21]. Briefly, images acquired with the DSD and the AFM are combined using a software module (DirectOverlay, JPK BioAFM, Bruker Nano GmbH) to calibrate the optical image. The AFM cantilever is displaced to a set of predefined coordinated in a of 3x3 grid pattern to register an optical image at each position. From these images a transform function between both images is calculated and the overlaying of the DSD and the AFM images is possible.
1.2.5 AFM data analysis
For each AFM image, one force curve was acquired for each pixel (256x256 pixel-images corresponding to 65536 force curves per single image). AFM data was processed using the JPKSPM Data Processing software (version 6.1.131). All results were obtained from at least three independent biological samples, with a minimum of 25 single cells and 3 measurements each. Each single measurement was performed by averaging the elasticity values of the cytoplasm within the cell. The Young’s modulus of live cells was determined using the Hertz model, with a pre-defined algorithm available in the JPK Data Processing software. All operations were applied to the extend curve, after removing any offset or tilt from the curve, and considering a paraboloid shape of the cantilever tip. Control experiments (AFM analysis of Saos-2 cells and GFP+ MG-63 cells cultured alone) were also included, and the results are presented in the Supplementary Information (Supplementary Figures S2 – S3). 
1.2.6 Confocal fluorescence microscopy for control experiment
Saos-2 and GFP+ MG-63 cells were cultured for 72 hours at a cell density of 5x103 cells cm−2 in ibidi 8-well tissue culture-treated polymer µ-slides. Cells were fixed with a 4% (v/v) paraformaldehyde (PFA) solution for 10 minutes at room temperature, followed by incubation with Phalloidin-TRITC (P1951 Sigma-Aldrich) diluted 1:1000 in 0.5 % (v/v) bovine serum albumin solution, for 1 hour at 37° C. The cells were finally incubated with 0.2 µg mL-1 DAPI (D1306 Invitrogen) in phosphate-buffered saline, for 10 minutes, mounted using Fluoromount™ mounting medium. Cell imaging was performed using an inverted laser scanning confocal microscope (Zeiss LSM780), with a 63x/1.4 oil immersion objective, using two diode laser lines at 405nm and 561 nm, to excite DAPI and TRITC respectively, and an Argon laser at 488nm to excite GFP.
1.2.7 Statistical analysis
All results were obtained from at least three independent biological replicates. Statistical analyses were performed using GraphPad Prism 8. Data distributions were tested for normality and lognormality using the Shapiro-Wilk test. Young’s modulus data displayed lognormal distribution, and a lognormal fit was performed to determine mean and standard deviation values (mean ± SD). Statistical significance was tested using the nonparametric Mann-Whitney U-test.

1.3 Results & Discussion
AFM was combined with differential spinning disk fluorescence for simultaneous real-time imaging of live cells, as shown in Supplementary Figure S1. The combination of the two imaging tools in one system, facilitated the simultaneous retrieval of the elastic properties and topography of cells, and the use fluorescence to distinguish between the two different cell populations.
For this study, two distinct human bone osteosarcoma cell lines, Saos-2 and green fluorescent protein expressing MG-63 (GFP+ MG-63), were cultured and characterised using quantitative imaging mode (QITM) with AFM. Information on the elastic properties and topography of mixed Saos-2 and GFP+ MG-63 cells were obtained from AFM force measurements, collected for every pixel of the image.
Figure 1-a shows a representative force curve of an AFM acquisition of living bone cells. For each AFM image we obtained 65,536 force curves, each corresponding to a single pixel of the image (256x256 pixel-images). Figure 1-b shows a representative AFM topographic image of living human bone cells. The nucleus was the most prominent cellular structure at approximately 5 µm height, in this example. The Young’s modulus of the sample can extracted from each measurement of the force map, using an algorithm available in the JPK Data Processing software. The Young’s modulus values mapped in Figure 1-c also provide a matched analysis of the cell height and the cell elasticity. Figure 1-c indicated the nucleus was the mechanically softer part of the cell, with a lower Young’s modulus value (approximately 3 kPa). The cytoskeleton was observed to be more elastic than the nuclei. It is known that the acto-myosin cytoskeleton of cells needs to be sufficiently elastic as eukaryotic cells have the unique capacity to adapt and change shape in response to intrinsic or environmental cues [25]. The Young’s modulus of the ibidi tissue culture dish was observed to match the manufacturer’s values (>1 GPa).

Figure 1 – Representative AFM quantitative data of Saos-2 and GFP+ MG-63 live cells in co-culture. a) Representative force curve obtained while scanning a live bone cell with AFM; b) representative AFM topographic image of bone live cells (colour bar from 0 to 5 µm); c) corresponding map of Young’s modulus values (colour bar from 0 to 100 kPa); d) Each single cell measurement was performed by averaging the elasticity values of the cytoplasm within a cell. Young’s modulus (E) of Saos-2 and GFP+ MG-63 living cells in co-culture was 11.9 ± 1.6 kPa (mean ± SD). All results were obtained from at least three independent biological samples (N=124).
The Young’s modulus of mixed Saos-2 and GFP+ MG-63 cells was calculated at 11.9 ± 1.6 kPa, following a lognormal distribution (Figure 1-d). The apparent cell stiffness was influenced by mechanical (tension / compression), hydrostatic and osmotic forces, and has been reported to range between 1 – 100 kPa [8,26]. Importantly, from the quantitative imaging AFM measurements alone one cannot attribute Young’s modulus values to the two different human bone osteosarcoma cell lines alone. AFM imaging alone does not provide access to the mechanical properties of single cell populations in complex systems, such as a co-culture model.
To validate the efficiency of the correlative imaging for life science applications and to demonstrate the potential of fluorescence-AFM imaging for live-cell characterisation, the Saos-2 and GFP+ MG-63 cells were mixed and co-cultured. Fixed cells were imaged using a confocal laser scanning microscope to verify the GPF expression of the cell mixture. To confirm the MG-63 cell population was GFP+, and the Saos-2 cell population GFP-. In Figure 2, GFP+ MG-63 cells, with distinct green cytoplasm, cam be observed. Supplementary Figure S4 shows the control experiments, including GFP+ MG-63 cells and Saos-2 cells, in mono-cultures. Actin filaments, key constituents of the cytoskeleton that support cell shape, cell migration and cell division, were stained with Phalloidin-TRITC (red). Figure 2 demonstrates that actin fibres display a distinct configuration in Saos-2 and GFP+ MG-63 cells. The actin filaments in Saos-2 cells were clearly defined and displayed enhanced organisation in comparison to MG-63 cell populations. These results are in keeping with previous observations that Saos-2 cells contain a more highly developed actin cytoskeleton, associated with a more differentiated osteoblastic phenotype [27,28].

Figure 2 – Representative fluorescent confocal microscopy image of fixed GFP+ MG-63 (green) and Saos-2 cells, in co-culture. Cell nuclei stained with DAPI (blue) and actin filaments stained with TRITC-phalloidin (red). Scale bar corresponds to 50 µm.
The key goal of this study was to demonstrate the potential of correlative fluorescence-AFM for the simultaneous real-time imaging of living cells, and to acquire knowledge on single-cell morphology and single-cell mechanics within complex heterogeneous cell populations. Figure 3 provides representative images of correlative fluorescence-AFM microscopy of Saos-2 and GFP+ MG-63 cells.
Using the differential spinning disk, the fluorescent signal of interest can be detected at the same time as the AFM acquisition. Here, the GFP+ MG-63 cell population could be distinguished from their fluorescence in green. As previously discussed, AFM provides information regarding cell topography and elastic properties. The simultaneous detection of fluorescence and nano-mechanical mapping provided an approach to distinguish and analyse the bio-physical properties of single cell populations in a mixed culture.

Figure 3 – Representative correlative DSD-AFM imaging of Saos-2 and GFP+ MG-63 cells. a) the AFM channel shows the topography of living bone cells (co-culture of Saos-2 and GFP+ MG-63 cells; b) the fluorescence channel shows the GFP+ signal from the MG-63 cell population; c) using the DSD, the fluorescent signal of interest can be detected at the same time as the AFM acquisition, and we can analyse the bio-physical properties of single cell populations (in this case GFP+ MG-63 cells) in a mixed sample. Scale bar corresponds to 20 µm; d) corresponding map of Young’s modulus values (colour bar from 0 to 20 kPa); e) the Young’s modulus of each cell population can be discriminated using the combined imaging platform, and the elasticity values of the two cell populations are statistically different (P=0.0054). All results were obtained from at least three independent biological samples (N=124).
Interestingly, the Young’s modulus of the single cell populations was different to the Young’s modulus calculated for mixed cells (11.9 ± 1.6 kPa). Saos-2 cells were significantly stiffer than GFP+ MG-63 (P = 0.0054), with a Young’s modulus of 13.5 ± 1.6 kPa and 10.9 ± 1.5 kPa respectively (Figure 3-e). This result is coherent given that MG-63 cells are representative of an earlier bone cell population (less differentiated skeletal cell phenotype), and Saos-2 cells display an enhanced maturation (greater differentiated) phenotype [29]. Furthermore, MG-63 cells, which display a mechanically softer phenotype than Saos-2, are associated with a more proliferative and less differentiated osteoblastic phenotype [28].
The current results highlight the capacity for fluorescence-AFM to analyse cell populations that could not be distinguished by AFM alone. Interestingly, analysis of the Saos-2/GFP+-MG-63 co-culture by AFM in isolation produced a result that was close to the average of the Young’s modulus of the two cell types but does not represent the mechanical phenotype of either of the cell populations.
The current studies demonstrate relevant complementary information on mixed cells can be retrieved using correlative imaging, combining differential spinning disk fluorescence and AFM. This technique could be used as a platform to distinguish different cell populations and, crucially, to accurately determine cell mechanical properties. This work opens the possibility to study the mechanical phenotype of individual cell populations in heterogeneous samples that cannot be classified and discriminated using morphology alone (such as shape, structure, form and size). Such approaches to facilitate cell discrimination, are increasingly important in complex samples, where 100% cell purity cannot be achieved (e.g. the culture of skeletal stem cells from human bone marrow [30]), and in scenarios where the interplay between different cell types alters the mechanical properties of individual cells (e.g. the mediation of the mechanical properties of microvasculature endothelial cells by metastatic cancer cells [2]).
Using an interdisciplinary approach, harnessing physics, optics and cell biology, this work provides new insights into the application of correlative imaging to assess the bio-physical properties of mixed living cell populations. While AFM has been used to image and characterise live cells, this simultaneous imaging platform allows the assessment and discrimination of different cells in one sample, and for the accurate analysis of single-cell mechanical properties. This study paves the way to further investigations using living cells to address a raft of other biological and clinically relevant questions as well as studies on cellular dynamics in real-time that will inform cell biology.
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