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Abstract

:

To date, our understanding of how DNA is packaged in the cell nucleus, condensed from chromatin into chromosomes, and organized throughout the cell cycle remains sparse. Three dimensional (3D) ultrastructural imaging is an important tool for unravelling the organizational structure of chromosomes. For large volume 3D imaging of biological samples, serial block-face scanning electron microscopy (SBFSEM) has been applied, whereby ultrastructural information is achieved by analyzing 3D reconstructions acquired from measured data sets. In this review, we summarize the contribution of SBFSEM for obtaining 3D images of chromosomes to investigate their ultrastructure and organization in the cell and its nucleus. Furthermore, this review highlights the potential of SBFSEM for advancing 3D chromosome research.
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1. Introduction


Microscopy has contributed significantly to our understanding of chromatin/chromosome biology, providing insights into their structure, compaction, and organization. Flemming, in 1882, observed and illustrated chromosomes using a light microscope and coined the term mitosis [1]. Throughout the cell cycle, chromatin condenses and undergoes conformational changes from interphase to metaphase [2,3] occupying non-random chromosomal territories (CTs) [4] (reviewed in [5,6,7,8,9]). These CTs are essential for maintaining overall genome stability and function; however, their spatial positioning in different cells and disease types is unclear and needs further investigation [10,11,12,13]. Another aspect that requires interpretation is how nucleosomes, the ‘building blocks’ of the chromosome, fold into high order structures such as the controversial 30 nm structure (reviewed in [14,15,16,17,18]). It is clear that 3D high-resolution imaging is a pre-requisite in addressing unresolved questions related to the spatial organization and structure of chromosomes.



Several fluorescence imaging modalities, including Confocal Laser Scanning Microscopy (CLSM) and, more recently, light-sheet fluorescence microscopy (LSFM) [19,20,21], have been used to study the live dynamic processes of chromatin condensation and segregation. Fluorescence 3D volume imaging, although useful, has limitations. Its light diffraction is limited to ~200 nm, making it challenging to resolve the smaller chromatin structures [22]. Super-resolution microscopy techniques are under development and can attain a resolution far beyond the diffraction limit of light; however, z resolution is still less than that can be achieved by a factor of 2 laterally [23].



Hard X-ray microscopy has been used to image intact chromosomes [24] and nuclei with nuclear substructures including condensed chromatin [25] in 3D using coherent diffraction imaging (CDI) after tilting the sample at different angles. In comparison, electron microscopy (EM) provides resolutions ranging from nanometers down to below an ångström [26] and has been extensively used to examine the chromosome high order structure and compaction [27]. Transmission electron microscopy (TEM) observations have shown that the metaphase chromosomes have a multilayered structure, whereby each individual layer has the width corresponding to a mononucleosome sheet and has been reviewed [28]. TEM requires the sample thickness to be below 100 nm [29]; therefore, intact chromosomes (over 1 micron thick) would require manual sectioning before imaging. TEM tomography has been performed on chemically treated chromosomes [30] and after serial sections have been collected and aligned in sequence to study the organization of mitotic chromosomes [31]. Furthermore, 3D image reconstructions have been made after sectioning chromosomes and taking micrographs of serial tilted images (generally tilted by ±70°) [32,33]. Recently, ChromEMT (ChromEM tomography) with improved labelling has been applied to study the 3D ultrastructure of chromatin and mitotic chromosomes after sectioning samples embedded in resin [34]. The serial section TEM (ssTEM) method is useful but poses challenges as it is susceptible to artefacts such as shrinking, distortion and section loss. It also requires manual image alignment of sections and is restricted to minimal volumes [35].



Robust automated volume SEM techniques have been developed that have revolutionized EM (reviewed in [36,37]). The focused ion beam SEM (FIB-SEM) approach uses an ion source (Gallium (G+) ions) that removes thin layers (down to 5 nm) of the sample, followed by automatic imaging of the exposed surface by the SEM [36,37,38], and has been applied to chromosomes [39,40,41,42]. This method, although practical, has a narrow field of view (~20 μm2) and a slow sputtering speed. Faster cutting speed and a larger field of view (up to ~800 μm2) can be achieved using serial block-face scanning electron microscopy (SBFSEM) that allows physical sectioning of the sample using a diamond knife instead of focused G+ ions [35,43]. This approach has been applied to chromosomes and is the review’s focus. This article has been prepared for the special issue for the Joint Meeting of the 23rd International Chromosome Conference (ICC) and the 24th International Colloquium in Animal Cytogenetics and Genomics (ICACG) that took place between 13–17 July 2021, where our work on SBFSEM of prophase chromosomes was presented [44]. Hence, this review focuses on the contribution of SBFSEM in unravelling the chromosome ultrastructure and their organization in 3D and discusses its potential application in furthering our understanding of chromosome science.




2. SBFSEM Method


Nanoscale 3D imaging of large biological sample volumes can be achieved using SBFSEM [43]. The concept was first proposed in 1981 [45] and initially commercialized as 3view™ (Gatan, Abingdon, UK) [46], a fully automated sectioning and image collection system. This approach gives a high cutting speed and a wide area cutting [47]. The spatial resolution is determined by the lateral (x–y) and slice thickness in the z-direction [48]. In the x–y plane, a pixel size of 3–4 nm is possible [47], and in the z-direction, the voxel size is approximately 20–25 nm [49,50]. A schematic of the SBFSEM workflow is shown in Figure 1.



An extensive sample preparation procedure similar to preparation procedures for TEM is crucial for obtaining good quality images [43]. First, the sample is fixed using aldehydes followed by heavy metal staining to enhance contrast for high electron density. The sample is then dehydrated and infiltrated with resin, followed by embedding and polymerization before imaging [51]. Choices of fixatives (including glutaraldehyde and formaldehyde), heavy metal stains (e.g., osmium, uranium, lead, platinum, etc.), and resins (e.g., Epon812, Hard Plus, Spurr’s, Durcupan, etc.) are used dependent on the sample type being imaged. Overall, the sample must be able to (i) withstand the vacuum, the high energy, including the current of the electron beam, (ii) give suitable image contrast and (iii) be structurally rigid [36].



Before the sample is mounted in an SBFSEM chamber, the resin block face must be trimmed to a suitable size and pyramidal shape. It is coated with a metallic layer (e.g., gold) to prevent charging. The sample is mounted in the SEM chamber from which air is pumped out to generate a vacuum. Thereafter electron beam energies of 1–3 keV are typically applied [52]. The block surface of the specimen is imaged using SEM, and a backscattered electron (BSE) detector is used to collect the signal from heavy atoms [50]. The procedure involves sectioning using a diamond knife in the built-in ultramicrotome that resides in the chamber of the SEM. After imaging the block face, the specimen height is raised (generally between 25–100 nm) and the newly exposed surface is imaged, and the removed slice is discarded. This cut-and-image cycle is left to run continuously, acquiring thousands of aligned serial images, making it a fully automated process (Figure 1). Normal practice is to leave the SBFSEM running overnight, which acquires approximately 1000 images. A total of 345 images (11 × 11 × 25 nm) [44] took approximately 6.5 h.



Acquired data stacks are then reconstructed and analyzed using different software packages such as DigitalMicrograph® 3.5 (Gatan 3View® system software), Fiji, Imaris, Amira, Avizo and Ilasktik, providing unique and vital 3D information. This includes quantification by measuring various parameters of the sample, i.e., shape, volume, distribution [35]. Figure 1B(i–iii) shows an example of three sections from a data stack with segmented boundaries of a chromosome. Figure 1B(iv) shows a single chromosome after reconstruction [44].



Below we highlight the studies that have been carried out to date in applying SBFSEM for analyzing chromatin and chromosomes. The experimental conditions and findings of these studies are summarized in Table 1.




3. SBFSEM 3D Reconstruction of Chromatin and Chromosomes


Rouquette and colleagues applied SBFSEM to examine the global chromatin architecture of rat interphase nuclei with 20 × 20 nm resolution in x–y and 50 nm in the z-direction [53]. This study demonstrated that it is possible to image intact nuclei from tissues. The study used the pre-embedding NAMA-Ur method for DNA visualization on rat liver cells. This allowed both the chromatin and the interchromatin space to be segmented and 3D reconstructions showed a filled nuclear volume [53]. Two cell types were examined that showed a significant difference in the DNA/chromatin proportion to the nuclear volume (41.7% in endothelial cells and 66.2% in hepatocytes). This study showed that the interchromatin space occupies a large part of the nuclear volume [53].



Several other groups have applied SBFSEM to study prophase chromosomes [44,49,54]. Booth et al. examined an early prophase nucleus from a human Retinal Pigment Epithelium (RPE1) cell line and mapped 43 chromosomes after staining with reduced osmium. Overall, a 24 × 24 × 60 nm resolution, in x, y, and z, respectively, was achieved [54]. Chromosomes in late prophase have also been examined after sufficient contrast was obtained from platinum blue staining [44,49]. In the first attempt, 36 out of 46 chromosomes were captured in a human lymphocyte prophase nucleus with a voxel size of 11 × 11 × 20 nm [49]. A complete lymphocyte late prophase nucleus containing all 46 chromosomes was recently imaged using a voxel size of 11 × 11 × 25 nm (Figure 2A(i)). Segmentation (Figure 2A(ii)) and 3D reconstruction (Figure 2A(iii)) of all chromosomes was performed from a stack of 345 images [44]. The chromosome morphology, length, volume and DNA content measurements were used to identify chromosomes into their respective pairs and cytogenetic groups. Chromosomes at late prophase have displayed parallel-aligned sister chromatids with no cross-overs and curved morphologies [44,49]. A compact axial structure seen on the core of prophase chromosomes allowed the assembly of a first-ever 3D karyotype [44].



The complete set of RPE1 chromosomes at metaphase have also been imaged, segmented and modelled using SBFSEM with a voxel size of 24 × 24 × 60 nm from a total of 300 images (Figure 2B(i–iii)). The largest chromosomes (1–3) and (4 and 5) and smallest chromosomes (19–22) were identified based on their volumes, surface areas and centromere position. At metaphase, chromosomes were shown to occupy 23% lesser surface area compared to prophase chromosomes, mainly due to increased chromatin condensation and surface smoothness. Furthermore, the metaphase chromosomes showed 38% greater total volume than that of prophase chromosomes. The periphery comprises 30–47% of the entire chromosome volume after analyzing wild-type and Ki-67-depleted chromosomes [54].
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Table 1. SBFSEM studies performed on chromatin and chromosomes.
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	Cell type
	Species
	Sample Type
	Fixation
	Staining
	Resin Type
	SEM Energy (kv)
	Resolution (x,y,z)
	Findings
	Reference





	Hepatocyte and endothelial
	Rat
	Tissue
	3% glutaraldehyde, 4% paraformaldehyde and methanol-acetic anhydride (5:1 v/v)
	NAMA-Ur and uranyl acetate
	Epon
	5
	20 × 20 × 50 nm
	Hepatic cell nuclei occupies 33.8 % chromatin and 66.2% of interchromatin space. Endothelial cell nuclei occupies 58.3% chromatin and 41.7% interchromatin space (This includes space occupied by nucleoli)
	[53]



	B lymphocyte
	Human
	Isolated chromosomes
	Polyamine or Methanol acetic acid, 2.5% gluteraldehyde
	Platinum blue
	Agar 100
	N/A
	13 × 13 × 100 nm
	Sample preparation procedures developed for chromosomes. X-shaped mitotic chromosome was reconstructed from polyamine preparations allowing q and p arm chromatids to be measured. Internal structural details or cavities were seen on methanol acetic acid prepared chromosomes only
	[55]



	Retinal Pigment Epithelial (RPE1) cells, IC7 cells, DT40
	Human, Mouse and Chicken
	Cells
	3% glutarldehyde and 1% Paraformaldehyde
	2% osmium tetroxide + 1.5 potassium ferrocyanide, 0.1% tannic acid, 1% uranyl acetate, Walton’s lead aspartate (0.02 M in lead nitrate + 0.03 M in aspartic acid
	TAAB Hard Premix resin
	2.5
	24 × 24 × 60 nm
	3D analysis of chromosomes at different stages of the cell cycle revealed that the prophase chromosomes possess irregular surfaces and smaller volume than metaphase chromosomes. 30% to 47% volume of the mitotic chromosomes accounts for the periphery
	[54]



	B lymphocyte
	Human
	Isolated nuclei and chromosomes
	3:1 methanol/acetic acid and 2.5% (v/v) glutaraldehyde
	5 mM platinum blue
	Epoxy resin
	5
	11 × 11 × 20 nm
	36 intact prophase chromosomes were segmented and modelled. Chromosome identification and positioning within the prophase nucleus was determined by quantitative analysis. Chromosomes were found to have parallel-aligned sister chromatids with no crossovers
	[49]



	DT40 (B lymphoma)
	Chicken
	Cells
	3% glutarldehyde and 1% paraformaldehyde
	2% osmium tetroxide + 1.5 potassium ferrocyanide, 0.1% tannic acid, 1% uranyl acetate, Walton’s lead aspartate (0.02 M in lead nitrate + 0.03 M in aspartic acid
	TAAB Hard Premix resin
	N/A
	12 × 12 × 60 nm
	Rapid depletion of condensins resulted in chromatin disorganization and aberrant chromosome shapes with surface area twice as the size of normal chromosomes. Condensins are essential for maintaining chromosome architecture but do not effect chromatin compaction
	[56]



	GM12878 (lymphoblastoid)
	Human
	Cells
	4% paraformaldehyde, 2.5% glutaraldehyde
	1.4 nm nanogold particles, 1% tannic acid, 4% uranyl acetate
	Epon
	4–6 
	7 × 7 × 50 nm 5 × 5 × 30 nm
	3D-EMISH, a combination of SBSFEM and fluorescence in situ hybridization was developed. 3D chromatin folding structures were visualized at targeted 1.7 Mb region of human genome in ultra-resolution. Heterogeneity in ultrastructure chromatin folding within individual nuclei was observed
	[57]



	B lymphocyte
	Human
	Nuclei
	2.5% (v/v) glutaraldehyde
	5 mM platinum blue
	Agar 100 resin
	5
	11 × 11 × 25 nm
	46 chromosomes were segmented and modelled from a single prophase nucleus. Each chromosome was identified and its radial organization within the nuclear space was determined. Chromosomes were found to follow a gene density based organization pattern. A neighborhood map for individual chromosomes was built
	[44]









4. Structural Examination of Chromosomes Using SBFSEM


SBFSEM has been used to provide information into the structure of chromatin and chromosomes. Yusuf et al. 2014 published a sample preparation protocol for preparing isolated chromosomes, as a previously published protocol used tissue samples for SBFSEM [53]. This study optimized the sample preparation by cleaning the nuclei and debris from the sample, the concentration of the heavy metal platinum blue stain and the sample density for SBFSEM. The study showed that variation in sample preparation could affect the overall structural details of chromosomes. Chromosomes prepared from polyamine preparations were imaged using SBSFEM after platinum blue staining (Figure 3A(i)). The 3D reconstruction (13 × 13 × 100 nm) provided an X-shaped mitotic chromosome displaying visible chromatids on both the p and q arms but having no inner structural details (Figure 3A(ii)) [55]. In comparison, methanol acetic acid prepared chromosomes showed internal structural details or cavities along the length of the two sister chromatids (Figure 3B(i)) that were then rendered and measured (Figure 3B(ii)). Some of these cavities were connected to the external space surrounding the chromosome, whereas other cavities were sealed inside the chromosome, forming an average of 6% of the total chromosome volume (Figure 3B(ii)) [49]. Human polyamine chromosomes retain both their proteins and nucleic acid after preparation, compared to methanol acetic acid prepared chromosomes that have part of the histones removed, making them less condensed and potentially prone to structural degradation [55].



The role of structural proteins on chromosome stability has been explored using Correlative Light and Electron Microscopy (CLEM) [58]. Using CLEM, specific proteins are immunolabeled (fluorescence), giving positional information that can be investigated further for the ultrastructural features using SBFSEM at that same region. Depletion of Ki-67 (Figure 3C) [54] and SMC2 (scaffold protein) (Figure 3D) [56], essential proteins for maintaining the mitotic chromosome structure, led to disorganized chromosomal structures having a larger surface area [54,56] (Figure 3C,D). A targeted approach for visualizing chromatin at specific genomic regions combined SBFSEM with in situ hybridization known as 3D electron microscopic in situ hybridization (3D-EMISH). This approach enabled the visualization of 3D chromatin folding at targeted genomic regions using BAC probes (1.7 Mb segment) with ultra-resolution (5 × 5 × 30 nm in x, y, z dimensions, respectively) after hybridizing biotinylated DNA probes. Many chromatin structures from multiple human lymphoblastoid cells were analyzed simultaneously. Heterogeneity in chromatin folding structures and volume within individual nuclei was observed due to the differences in transcriptional and epigenetic states. An example of three distinct chromatin folding domains is given in Figure 3E(i), along with its 3D reconstruction in Figure 3E(ii) [57].




5. Spatial Chromosome Organization Using SBFSEM


To date, our understanding of the spatial organization of chromosomes remains sparse. SBFSEM has been helpful in providing insights into the 3D spatial organization of chromosomes within the nuclear space at different stages of the cell cycle. At prophase, all 46 lymphocyte chromosomes, segmented and reconstructed from the SBFSEM stack, were identified and analyzed for their radial positioning inside the nucleus. Chromosomes were shown to have gene-density-based correlation with the radius of the nucleus, where gene-poor chromosomes including chromosome y, 18 and a homolog of chromosome 13 were located towards the periphery of the nucleus, whereas gene-rich chromosomes including chromosomes 17, 22 and chromosome 19 occupied more central positions in the nucleus (Figure 4A(i)) [44]. SBFSEM also made possible the visual analysis of neighborhoods for individual chromosomes. Each chromosome and its spatial neighbors in closer proximity were identified. An example of a neighborhood cluster for chromosome 1b (‘1b’ is a representative of one of the two chromosome homologs) is shown in Figure 4A(ii) [44]. Radial organization of larger metaphase chromosomes from groups A and B and smaller metaphase chromosomes from groups E, F and G in an RPE cell was determined using SBFSEM. Larger chromosomes were present on the periphery, and smaller chromosomes were located towards the center of the nucleus (Figure 4B) [54]. These observations further attest to the importance of SBFSEM in providing information regarding the structure and the overall architecture of the chromosomes from different cell types and stages of the cell cycle.




6. Way Forward


We have just started witnessing the application of SBFSEM to the study of chromosomes. To date there have been a limited number of studies on chromosomes. However, application of SBFSEM has demonstrated its utility and increased our knowledge and understanding of chromosome ultra-structure and their spatial positioning at different cell cycle stages. This is due to the automated registration of images allowing access to comprehensive 3D information. This is an important milestone, and the journey has just begun.



Sample preparation procedures for imaging chromosomes/chromatin using SBFSEM have been performed from tissues [53], cells [54,56], nuclei [44,49] and isolated chromosomes [55]. Sample preparation must be considered; for example, the penetration of heavy metal stains, sample density and fixatives can impact the experimental observations. This, in part, has been ameliorated by the development of staining methods integrated with correlative microscopy, such as CLEM for protein and DNA imaging, which has helped unravel the structure–function relationship of proteins and DNA, e.g., during mitosis [54,56]. This is yet to be explored for the large repository of proteins that includes scaffold proteins involved in maintaining the chromosome stability and function [59,60]. Moreover, the effect of other factors such as divalent cations (calcium and magnesium) on the decondensation of chromosomes need to be explored [61,62].



Developing new generation back scattered electron (BSE) detectors would be useful. Improvement in resin strength or sturdiness that can withstand the heat generated during high-resolution imaging would allow a higher resolution to be achieved. Radiation damage or charging of the sample should be carefully considered and should enable a higher resolution to be achieved in all dimensions. As no cryogenic stage for the SBFSEM instrument has yet been developed, biological samples after freeze-substitution and high-pressure freezing would be a suitable way forward and is yet to be explored [63]. For quantitative analysis of chromosome samples, automated segmentation tools need to be developed in the software that will speed the analysis and allow data reproducibility.



This now opens an opportunity to explore SBFSEM for determining the structure and spatial architecture of chromosomes in different tissues and cell types during disease and development. This could provide important clues into the differential proximity patterning of chromosomes during various cell cycle stages, in daughter cells after division, after disease progression such as cancers, and be useful for regenerative medicine and stem cell research.




7. Conclusions


SBFSEM can generate 3D images of the nucleus, chromosomes and chromatin at a nanoscale resolution over large volumes. Indeed, SBFSEM should be considered a valuable tool for solving problems in the chromosome field. Future developments of the instrument, improved sample preparations and staining will be helpful in imaging chromosomes using this approach in 3D. This will enhance our understanding into the subcellular structures and functional processes of chromatin condensation. In the future, technologies such as SBFSEM together with super-resolution microscopy, and parallel sample imaging using transmission electron microscopy and Hi-C, will provide comprehensive insight of the 3D genome maps of single cells.
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Figure 1. Principle of SBFSEM and a 3D model of a single chromosome. (A) Showing basic workflow of SBFSEM volume imaging; (B) different slices from an SBFSEM data stack showing segmentation (i–iii) and (iv) a 3D modelled X-shaped chromosome; scale bar—0.5 µM [44]. 
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Figure 2. SBFSEM examination of chromosomes at different mitotic stages. (A(i)) A 2D orthoslice of a prophase nucleus from the acquired SBFSEM stack showing chromosomes in contrast (white); (A(ii)) 3D reconstruction of all 46 chromosomes from a prophase nucleus (red); (A(iii)) 3D cluster of all 46 modelled and identified chromosomes. Each of the 23 pairs are labelled in different colors. Scale bar—2 µm [44]. (B(i)) A 2D orthoslice of a metaphase cell from the acquired SBFSEM images; (B(ii)) 3D segmentation of a chromosome complement consisting of 46 metaphase chromosomes (red); (B(iii)) 3D reconstructions of 46 metaphase chromosomes labelled in different colors. Scale bar—10 µm [54]. Average diameters during different stages of mitosis were examined by measuring chromosomes imaged using SBFSEM. At early prophase, they measured 0.64 µm [54], 1.53 µm (765 nm for each chromatid) [49], and 1.06 µm [44] at late prophase and 1.15 µm in metaphase [54]. These studies performed on different cell lines provide preliminary data on the 3D gradual chromosome condensation process during mitosis but requires further examination from the same cell line. 
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Figure 3. Determination of chromatin and chromosome structure using SBFSEM. (A(i)) An orthoslice showing a single polyamine prepared mitotic chromosome appearing as a dark blob; (A(ii)) 3D reconstruction of an X-shaped mitotic chromosome from the same stack as (A(i)). Length of chromosome is 2.09 microns. Diameter of q arm chromatid is 0.53 microns and p arm is 0.41. Bounding box size: 4.253 × 3.741 × 1.6 µm [55]. (B(i)) An orthoslice from the stack showing a methanol acetic acid prepared prophase chromosome with a network of cavities on the chromatids; (B(ii)) 3D reconstruction of the prophase chromosome from (B(i)). Cavities present on each chromatid are labelled in blue, green and light green color. Scale bar—2 µm [49]. (C) A 3D reconstruction of Ki-67-depleted mitotic chromosomes from an orthoslice showing chromosome clumps rather than 46 discrete units. Scale bar—5 µm [54]. (D) A 3D reconstruction of SMC2-depleted mitotic chromosomes from an orthoslice showing disorganization of the chromatin. Scale bar—4 µm [56]. (E(i)) A 3D-EMISH image showing a chromatin folding structure having three distinctive domains in xy. Red dots represent the calculated center points of each domain; (E(ii)) 3D visualization of the three distinctive chromatin folding domains from (E(i)) in different colors magenta, green and cyan. Scale bar—500 nm [57]. 
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Figure 4. Spatial chromosome organization using SBFSEM. (A(i)) A 2D scatter diagram showing the radial organization of 46 chromosomes within a prophase nucleus. These chromosomes have a gene-density-based correlation with the radius of the nucleus. (A(ii)) A reconstructed 3D neighborhood cluster of prophase chromosomes (prepared from lymphocytes), showing 10 chromosomes that are in close proximity to chromosome 1 (1b) Scale bar—1 µm [44]. (B) A 2D scatter diagram showing the radial organization of largest (1–5) and smallest (19–22) metaphase chromosomes within an RPE cell. The chromosomes followed a volume-based correlation [54]. 
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