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Out-of-plane curvature is an important, but poorly explored geometric parameter that influences cell behavior. We address the impact of curvature on epithelial proliferation through monitoring how MDCK cells proliferate on planar and curved toroidal hydrogel substrates with a broad range of Gaussian curvatures. We illustrate in detail the imaging processing methodology to characterize curved surfaces and quantify proliferation of cells. We find that MDCK cells grow readily on both curved and flat surfaces and can cover the entire surface of the toroidal structure as long as the initial seeding is uniform. Our analysis shows that proliferation does not depend on Gaussian curvature within the range probed in our experiment, but rather on cell density. Despite epithelial proliferation is insensitive to the curvature range presented in this study, the toroidal-construct fabrication technique and image processing methodology may find utility for probing cell processes like collective migration, as it involves long-range force transmission.
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1 INTRODUCTION
The physical environment of tissue plays a significant role in controlling the dynamic properties of cells, and through mechanical transduction, work synchronously with the chemical cues and biomolecular signaling processes to direct cell proliferation, migration, differentiation, and apoptosis [1–4]. Relevant physical parameters include stiffness, confinement, topology, and geometry. While many of these have been investigated extensively, substrate curvature has recently been highlighted as one of the least explored and perhaps most overlooked properties, despite its omnipresence in the in vivo environment [5, 6].
Subcellular topology on the order of nano- and micrometers, like those in fibril collagen matrixes or electrospun fibers, are well known to influence single cell alignment, cytoskeleton organization, and the direction in which cells grow [7, 8], a phenomena referred to as contact guidance [9]. The influence of larger geometric features that are on the order of a cell or more on cell behavior, however, are relatively unknown. Recently, several groups have shown evidence that macroscale curvature can direct cytoskeleton organization and cell alignment for different cell types, albeit to different extent depending on the cell type and confluency. Bade et al. showed that isolated human vascular smooth muscle cells and mouse embryonic fibroblasts on cylinders align weakly with the cylinder axis when the cylinder radius is larger than the cell size, while cells within confluent monolayers align strongly [10]. The study by Yu et al. showed that the density effect on epithelial cell alignment within confluent monolayers is enhanced on convex surfaces compared to concave surfaces [11]. An elevated cell polarization-marker expression was also found when comparing epithelial growth on curved versus flat surfaces. Curvature also drives distinct migration behavior [12–15] and can induce cell sheet delamination via large-scale force sensing and transmission [16, 17]. Madin-Darby Canine Kidney (MDCK) epithelial cells have been shown to sense curvature through nuclear shape changes [18], grow to have different cell heights [19], and elongate [20–23] and even migrate [24] differently depending on substrate curvature. Noteworthily, curvature effects on proliferation, the cellular process associated with cell fate and metastatic state in epithelial tissue, has yet to be explored and will be the focus of this study. Previous studies of cells on patterned planar substrates have suggested that in-plane curvature and tension at the cell interface is an important factor regulating proliferation [25]. However, these geometric confinements do not reflect the out-of-plane curvature seen in native tissue architectures; many epithelial structures in biology have, in fact, out-of-plane curvature, including instentinal villi, tubes and ascini [26, 27].
Fabrication of precisely curved and smooth surfaces at the micrometer-to-millimeter scale is challenging. Methods to create curved substrates such as hemispheres, circular channels, and cylinders include micromachining, photolithography, chemical etching, electrospinning, and replica molding of microfabricated or precision-printed 3D structures [6, 28, 29]. Substrate materials range from glass, quartz, synthetic polymers, polydimethylsiloxane elastomers to hydrogels, with the choice of substrate material often depending on the availability of fabrication techniques. Simple geometries based on spheres and cylinders have been the most used. Curvature at any point along surfaces can be characterized by its Gaussian and mean curvatures, which are the product and the mean of the two principal curvatures at that point, respectively. Tortuous organs and vessels can have a range of positive to negative Gaussian curvatures that are not reflected in spheres or in cylindrical geometries. Spheres or spherical caps have constant positive Gaussian curvature and constant mean curvature, and cylinders have zero Gaussian curvature and constant mean curvature. In this work, we use a supported 3D printing technique [30–32] to generate toroidal hydrogels that have varying signs of Gaussian curvature along their surface.
Other challenges for accessing curvature effects on cell behavior stem from the three-dimensional nature of the resultant constructs, which makes imaging and morphological assessment more difficult than in planar surfaces. Various tools and open-source software or add-ons have been developed for 3D/4D data visualization and morphological analysis of developing tissues [33–35]. Here, we built on our previous work to quantify biofilms and active systems on toroidal surfaces [36, 37], incorporating 3D cell segmentation tools [38], to extract quantitative data on the effect of curvature on epithelial proliferation.
In particular, we investigate the effect of Gaussian curvature on epithelial proliferation by growing model MDCK epithelial cells on toroidal-shaped hydrogels with curvatures on the order of ten cell lengths (sub-millimeters). To quantify how curvature affects proliferation, we develop methods to locate cells on surfaces and evaluate the curvature where each cell attaches. We also introduce a robust 3D segmentation scheme and an intensity comparison method for accurate identification of proliferating cells. We find that proliferation, measured by tracking the percentage of proliferating cells within the population, is independent of Gaussian curvature within the range probed in our experiments. Additionally, we find that proliferation is strongly affected by cell density on both toroidal and planar substrates, suggesting the relevance of acquiring time-dependent data when looking at active, dynamic systems like cells. Our work opens the door to additional studies with surfaces with higher curvatures and different cell types that could model a variety of complex real-life systems.
2 MATERIALS AND METHODS
2.1 Cell culture, substrate preparation, and imaging
2.1.1 Cell culture
Madin-Darby canine kidney cells strain II (MDCK II) were obtained from Sigma-Aldrich and were maintained in Eagle’s minimal essential media (EMEM; ATCC) supplemented with fetal bovine serum (Life Technologies) at 10% (vol/vol), penicillin (100 IU/ml), and streptomycin (100 μg/ml) under standard tissue culture conditions (humidified 5% CO2 and 37°C). MDCKs were passaged at 70∼80% confluence from the culture surface and reseeded to the required cell density on hydrogel surfaces.
2.1.2 Fabrication of planar and toroidal substrates
To prepare planar polyacrylamide (PA) hydrogels, solutions containing acrylamide, bis-acrylamide, tetramethylethylenediamine (TEMED), and potassium persulfate were cast into 9 mm-diameter disks using silicone molds (Sigma Press-To-Seal silicone isolator, 2 mm thick) and allowed to polymerize for 15 min at room temperature. The hydrogel disks were then rinsed with and stored in deionized water. To prepare toroidal PA hydrogels, we replace the catalyst TEMED and the persulfate initiator with 0.2% of photoinitiator Irgacure 2959 and added 1% Pluronic F127 to reduce interfacial tension and be able to make small toroidal droplets. Similar to the preparation of toroidal poly-N-isopropylacriamide hydrogels [31], toroidal droplets of the precursor solution were made by injecting the solution via a 34-gauge needle into a rotating bath of silicone-oil-based yield stress material consisting of 84% Dow Corning 9041 silicone elastomer blend and 16% 10cst silicone oil, after which the sample was polymerized with a UV-curing spot lamp (BlueWave 75 with 5 mm-lightguide) at an intensity of 370 mW/cm2 for 10 s. The photopolymerized toroidal PA hydrogels were removed from the yield-stress material and cleaned repeatedly with 0.01% Tween 20 and water for 5 times or until no silicone oil residue remained (Figure 1A). The PA toroidal hydrogels were stored in deionized water at 45°C until use (Figure 1B).
[image: Figure 1]FIGURE 1 | (A) Schematic of a hydrogel tori made by printing into a silicone support bath that is subsequently surface-activated via protein grafting. (B) Image of PA toroidal hydrogels in water after being released from the support bath. The dark regions are shadows of objects placed in the light path to enhance contrast of the hydrogel edge viewed with bright field imaging. (C) Confocal images of collagen-coated PA toroidal hydrogels viewed in 2D (left) via maximum intensity projection onto the xy-plane and in 3D (right) for the section of the hydrogel highlighted with a square box in the 2D image. Geometric parameters of a torus: ring radius R and tube radius a.
Before cells were seeded onto the hydrogels, the substrates were UV-sterilized and functionalized with collagen I. We adapted the PA hydrogel functionalization scheme of Yamatoto et al [39]. The basis of the procedure consisted in hydrolysing the PA hydrogels with 0.1 M NaOH for 1.5 h at 45°C. The carbonyl groups generated in this way were then activated at room temperature and pH 7 using 1-ethyl-3-[3-dimethylaminopropyl]carbodiimide hydrochloride (EDC) and N-hydroxysulfosuccinimide (NHS) at 36 mM and 72 mM, respectively, after which the unreacted EDC and NHS were removed through repeated rinsing with phosphate buffer. The activated hydrogels were then submerged in a collagen-I solution containing fluorescein-labeled collagen and unlabeled collagen at 1:6 ratio and a total collagen concentration of 0.2 mg/ml for ∼12 h at 4°C. Excess collagen was rinsed off with phosphate buffer and the gels were stored in phosphate buffer containing 0.01% sodium azide at 4°C until use (Figure 1C). The fluorescein-labeled collagen was synthesized and purified according to the following procedure [40]: 5 ml of rat tail collagen-I was dialyzed against 0.05 M borate buffer containing 0.04 M NaCl at pH 9.5. The solution was then reacted with fluorescein isothiocyanate overnight at 4°C. The excess fluorescein reagent was removed by dialysis, first against borate buffer and then against 0.2% acetic acid solution. The protein concentration of the fluorescein-labeled collagen solution was determined from the absorption intensity at 280 nm using a Nanodrop Spectrophotometer.
2.1.3 Cell treatment and staining
For planar substrate experiments, we place each hydrogel disk in 48 well plates and seeded the cells statically at 300 cells/mm2. The seeding density was controlled by adding a known number of cells, as estimated using a hemocytometer, to each well. For toroidal substrate experiments, individual toroidal hydrogels were placed into 2-ml tubes containing either 104 or 4 × 104 cells/mL and incubated for 2 h with periodic mixing by gently inverting the tube three times every 15 min. The cell-coated toroidal gels were then gently rinsed with fresh medium to remove non-adherent cells and transferred into ultra-low attachment plates. Cells were allowed to spread and grow on the substrate at least overnight before they were assayed. Proliferation was assayed using the Click-iT EdU Imaging Kit (Life Technologies) to identify those that are actively proliferating or synthesizing DNA in the population. The procedure consisted in exposing the cells to EdU-containing growth media for 30 min, and then fixing and staining for EdU incorporation according to the manufacturer’s instructions. This was combined with immunostaining: Cells were fixed in 4% formaldehyde, blocked and permeabilized with universal blocking buffer (1% bovine serum albumin, 1% goat serum, 0.1% fish skin gelatin, 0.5% Triton X-100, and 0.05% sodium azide in PBS), and incubated with primary antibody anti-E-cadherin DECMA-1 (Sigma), followed by the secondary antibody goat anti-rat IgG Alexa Fluor 633 (Life Technologies) and nuclei DNA stain (Hoechst 33342). All assayed cells were triple-labeled for E-cadherin, nuclei, and EdU-containing nuclei.
2.1.4 Imaging
All stained samples were placed in chambered coverglass for imaging. Planar samples were imaged with a 10× objective on a Nikon Ni-U upright microscope equipped with a Ds-Ri2 CMOS camera. 3D images of toroidal samples were taken on a Nikon A1R confocal microscope using a 20× objective with a resolution of 1.24 μm in the xy-plane and 2 μm along the z-axis. Images were acquired using Nikon NIS-Elements software on both systems. Up to four fluorescent channels were used.
2.2 Image data analysis
All images were processed using custom-written MATLAB codes. Three widefield fluorescent image datasets and five 3D confocal image datasets are used in the analysis. Each dataset consists of a minimum of 24 image stacks from three replicated experiments. Each image stack was analyzed separately and the results were aggregated post-processing.
2.2.1 Multi-channel confocal data processing
Multi-channel confocal images of MDCK II cells on collagen-functionalized toroidal hydrogels were separated into individual z-stacks and processed according to the workflow shown in Figure 2: We start by reconstructing the substrate or adherent surface from the FITC-collagen channel. This is accomplished by image binarization and locating the lowest voxel that contains labeled collagen at each xy-position, followed by surface smoothing. We used Otsu’s method to determine the threshold value for binarization, which finds the optimum threshold value that minimizes the total error of fitting two Gaussian distributions, one corresponding to the background and the other to the foreground [41]. We also remove connected objects that have a diameter of 1.2 μm or lower, a cutoff size that efficiently eliminates noise in the data while keeping the large connected volumes that constitute the gel surface. The smoothing algorithm for the interface is based on minimizing the residual sum-of-squares between the input and output interface combined with a penalty function proportional to the resultant curvature [42] (see supplementary information). This method requires an input smoothing parameter s that tunes the strength of the penalty function. The value of the square root of s is an estimate of the size of features in pixels that are smoothed out. Hence, the parameter is chosen to be only a few pixels, large enough to remove the local experimental noise, but small enough to retain the overall curvature of the system. The reconstructed surface is then triangulated (Supplementary Figure S1), and the Gaussian and mean curvatures are measured using local displacement vectors and changes in the surface normal [36].
[image: Figure 2]FIGURE 2 | Workflow of confocal data processing of MDCK II cells on a toroidal hydrogel section.
Separately, we identify each individual cell nucleus from the nuclei channel. First, the image was binarized using the triangle algorithm for thresholding, where the threshold value is determined by constructing a line between the maximum and minimum non-zero values in the histogram and finding the value with the maximum distance from the constructed line to the histogram distribution [43]. This thresholding strategy was chosen due to the absence of an apparent foreground and background in the intensity histograms and is best represented with a single distribution instead of two (see comparison of histogram distribution for collagen versus nuclei channel in Supplementary Figure S2). Then, a 3D cell segmentation routine that uses the watershed algorithm in the CellSegm toolbox [38] was implemented. Connected volumes smaller than a cutoff size were filtered while those larger than a critical size were passed through the watersheld splitting algorithm (Supplementary Figures S3, S4). An additional filtering step consists in measuring the distance of cell centroids to the reconstructed substrate and removing any cell that is over 20 μm away from the surface, as the height of an adhered epithelial monolayer is within 10 μm from the substrate [44]; doing this removes noise and any volume that is not an adherent cell. We then combined the processed data from the FITC-collagen channel and the nuclei channel, namely the reconstructed substrate and the segmented cell volumes, and projected the centroid of each cell onto the surface by finding the closest point on the collagen surface to each cell (Supplementary Figure S5), which enables the identification of each cell with their corresponding adherent substrate location as well as its curvature. Finally, as the EdU stain co-localize with nuclei DNA stain, we referenced the nuclei channel to determine cell volumes within which intensities in the proliferation channel will be integrated and compared to determine which cells were actively proliferating during the assay (Supplementary Figure S6).
2.2.2 Wide-field fluorescence data processing
For cells on planar substrates, only two channels were used for data processing, namely the nuclei and proliferation channel. A 2D version of the cell segmentation routine used in confocal data processing is employed to find the individual cell nuclei.
3 RESULTS AND DISCUSSION
3.1 Epithelial proliferation on planar and curved hydrogel surfaces
To examine the role of substrate curvature on cell population growth, we culture MDCK II cells on top of bio-adhesive polymer hydrogels that are toroidal-shaped. The surface of the hydrogel is functionalized with a mixture of unlabeled and FITC-labeled collagen. As a control, we also seed cells on top of planar hydrogels with identical composition and surface treatment. This ensures that all hydrogels, despite shape, have identical mechanical properties and present the same protein density for cell attachment. The elastic modulus of the hydrogels is [image: image](10) kPa, which is two orders of magnitude stiffer than that of epithelial tissues. The mesh size of such stiff gels is much smaller than the cell size, hence cells cannot penetrate into the bulk hydrogel and remain on the surface. In static cultures with planar substrates, cells sediment on top of the hydrogel and establish spread morphology within 2 hours (Figure 3A). Cells continue proliferating at 26 h and 52 h, and mature into robust epithelial structures, as characterized by the formation of large cohesive cell clusters and mature cell-cell junctions enriched with E-cadherin (Figures 3B,C). For curved substrates, cells are dynamically seeded at concentrations and duration determined experimentally, where consistent cell attachment and robust seeding density control is demonstrated. Note that the agitation method has also been optimized to prevent large location-dependent shear differences, and consequently preferential adhesion during dynamic culture (Supplementary Figure S7). After the initial attachment (Figure 3D), toroidal gel supported cells are maintained in static culture, similarly to those on planar substrates. We do not observe any curvature-directed migration, i.e., there is no depletion of cell clusters from any specific regions on the toroidal gel, as the cell-free domains appear everywhere. Overtime, the cohesive patches merge and cover the entire hydrogel surface with an epithelial monolayer (Figures 3E,F and Supplementary Figure S8).
[image: Figure 3]FIGURE 3 | Fluorescence microscopy images of MDCK II cells cultured on planar (top row) and toroidal (bottom row) PA hydrogels after (A,D) 2 h (B,E) 26 h, and (C,F) 52 h. Images in the bottom row are maximum intensity projections of confocal stacks. Samples were stained for nuclei (DNA) and E-cadherin, which are false-colored in blue and red, respectively. Newly synthesized DNA was labeled by EdU for the 26 and 52 h samples, shown in green. Scale bars: 100 μm.
3.2 Quantifying the role of curvature on cell proliferation
To quantify any spatial variation in proliferation, three-dimensional data containing substrate surface, nuclei of all and proliferating (false-labeled green in Figures 3B,C,E,F) MDCK cells on toroidal gels was collected and analyzed. Multiple image stacks were taken of a single toroid to cover as much of the toroidal surface as possible and three independent toroid were imaged at each condition. Note that only the lower half of the toroid was imaged as the loss in intensity becomes significant as light passes through two layers of dense tissue. Each image stack was then processed as follows:
3.2.1 Surface extraction and curvature calculation
To the confocal images from the collagen channel, we apply an intensity threshold using Otsu’s method as described in the methods section for each slice (each z-position) of the image. The threshold is scaled by the mean intensity of each slice, thus ensuring that light attenuation as we move deeper into the sample is accounted for. We then locate the surface by finding the lowest point with labeled collagen, and apply a smoothing parameter that is a few microns to eliminate voxel-level noise and artificial roughness from data extraction (Figures 4A,B). To measure the Gaussian curvature K and the mean curvature H, we follow the methods by Ellis et al. [36], fitting the triangulated surface to the Weingarten curvature matrix, and calculate K and H at each (x,y) point on the surface (Figures 4C,D). The range of Gaussian and mean curvatures sampled in the toroidal section is in the range (−6, 6) mm−2 and (−4, −1) mm−1, respectively. Note H < 0, as we choose the normal of a curve in an elliptic region of the surface to have negative normal curvature. As expected, the value of K becomes negative towards the inside of the torus, where |H| also becomes smaller. The Gaussian and mean curvature of a torus, a surface obtained by revolving a circle of radius a, about a central axis, vary along the surface and are solely functions of the tube radius a, the ring radius R, and the polar angle in the circular cross section. The structures here, however, are not that of a torus but a toroid. This is better observed by representing each surface point with Gaussian and mean curvature, where we capture the deviation of the surface from that of a torus. The H versus K curve of our hydrogel section (Figure 4D) is only loosely linearly related and does not fit well with the known relationship between the two curvatures: [image: image]. This is not surprising as the toroidal drop templates themselves are not perfect tori due to the manufacturing method, which relied on expanding a circular jet in a yield stress material that typically results in the creation of toroidal drops with non-circular cross-sections.
[image: Figure 4]FIGURE 4 | Image processing with collagen channel. The dimensions of the toroidal gels are a ≈ 0.2 mm and R ≈ 0.7 mm (aspect ratio ζ = R/a = 3.5) as measured by fitting circles to bright field images of multiple tori. (A) Maximum intensity projection of the raw data and the binarized data after thresholding. (B) 3D view of the interpolated and smoothed surface from locating the lowest point of each xy-postion through the entire image stack. (C) Gaussian and mean curvatures of the surface. (D) Gaussian versus mean curvature of every point on the surface. The dashed line represents the theoretical relationship between H and K for a torus with a tube radius of 250 μm and a ring radius of 800 μm.
3.2.2 3D cell segmentation and validation of proliferation
For stained nuclei (DNA), we implement the triangle algorithm for thresholding (Supplementary Figure S2). To identify solid objects, i.e., cell nuclei, in our images, we find connected (voxel) elements that are above a certain size to be potential cell nuclei volumes (Figures 5A,B). We then apply the 3D watersheld algorithm to segment cell volumes that do not have distinct boundaries between neighboring cells. Cell volume histogram before and after segmentation show that connected volumes of multiple cells are successfully split into smaller individual volumes, corresponding to single cell nuclei (Figures 5C,D). The last filtering step is based on cell centroid-to-surface distance, where any segmented volume whose centroid distance from the surface is larger than one typical cell size is removed (Figures 5E,F). This removes any remaining noise or cell volumes that are not attached to the gel surface.
[image: Figure 5]FIGURE 5 | Proliferation and nuclei data segmentation results. (A) Merged maximum intensity projection from the whole nuclei staining (DNA) and proliferation channel (EdU). (B) xy-projected view of processed nuclei data showing connected volume elements. (C,D) Cell volume histogram before (C) and after (D) segmentation. (E) Histogram of cell centroid-to-surface distance. The vertical line at 20 μm is the cut-off distance. (F) xy-projected view of processed nuclei data after segmentation. (G) Sum of voxel intensities in every cell volume of all cells as detected in the proliferation (EdU) channel. The crosses represent the corresponding background intensity, as defined in the text. (H) Normalized cell intensity over background intensity for all cell volumes. The horizontal line marks the intensity cutoff for proliferating cells. (I) xy-projected view of proliferating cells using the Icell/Ib = 1 cutoff criteria.
To distinguish proliferating from non-proliferating cells, we compare the average intensity within the cell volume to that of the background in the EdU channel. Since most of the voxels in the EdU image stack contains no cells, the background intensity Ib is defined as the average intensity of all voxels [image: image], plus five standard deviations σ: [image: image]. We then add up the voxel intensity within each cell volume, as shown in Figure 5G. To compare with the background intensity, we normalize the cell intensity by the number of voxels in the cell volume, noted as Icell. This is equivalent to taking the mean intensity within the cell volume. The cell is then considered proliferating if its intensity is such that Icell/Ib > 1, as shown in Figure 5H. The population whose intensity falls below this threshold is removed, leaving the cell volumes of only the proliferating cells (Figure 5I).
3.2.3 Locating cells on the hydrogel surface
Combining the interpolated surface and segmented nuclei data allow us to re-parametrize each cell in terms of the local curvature of the substrate. The centroid of each cell, obtained from the 3D cell segmentation procedure is projected onto the collagen surface, as shown in Figure 6A. This is done by finding the point on the surface with the shortest distance to the cell centroid. Since curvatures K and H are calculated at each point on the surface (Figures 4C,D), we can map the xyz-coordinate of each projected cell centroid onto the curvature plane. Note that all points on the surface have a unique (x,y) coordinate because we only image the bottom half of the toroid. With this, each proliferating and non-proliferating cell can be identified by its local Gaussian and mean curvatures on the substrate, as shown by the discrete points in Figures 6B,C.
[image: Figure 6]FIGURE 6 | Identification of cells with substrate curvature. (A) Projection of cell centroids onto the recontructed hydrogel surface. (B) Gaussian curvature versus height for each cell. (C) Mean curvature versus height for each cell. The filled circles are points on the surface. The open circles represent all the cells and the crosses are proliferating cells.
3.2.4 Proliferation versus substrate curvature
To determine whether there are correlations between proliferation and local substrate curvature, we aggregate processed data from multiple image stacks and from at least three replicas with identical conditions, namely seeding density and incubation time, and bin the results by Gaussian curvature. Figures 7A,B show the number of all cells Nall and proliferating cells Np in 0.25 mm2 Gaussian curvature bins for four different conditions: starting cell concentrations of 4 × 104 cell/mL, incubated for 26 and 52 h, and of 104 cell/mL, incubated for 72 and 112 h. The fraction of cycling cells during the 30-min proliferation assay is determined by dividing the number of proliferation cells by all cells Np/Nall in each bin. We find that the proliferation fraction is independent of Gaussian curvatures in the (−10,10) mm−2 range of our studies, which include cultures on both toroidal and flat surfaces (Figure 7C). Proliferation fractions outside of this range (K < − 10 and K > 10 mm−2) appear larger, but the data is noisy and not so reliable due to the smaller number of cells counted. Instead, the proliferation fraction depends more strongly on the incubation time and the seeding density of the MDCK II cells. Increasing incubation time for cells on flat substrates and toroidal substrates all show reduction in the proliferation fraction Np/Nall: Proliferation fraction decreased from ∼50% to ∼25% when the incubation time increased from 26 h to 52 h for cells grown on flat substrates with a seeding area density of ∼300/mm2 and on toroidal gel substrates when seeded at 40K/ml. Similar values were also observed for cells grown on toroidal gels seeded at 10K/ml, but at longer incubation times, namely 72 h and 112 h. This can be explained by considering the time required to reach similar cell densities or cell area for a lower seeding concentration. The decrease in proliferation fraction with increasing incubation time or cell packing density (Table 1), on the other hand, is consistent with collective behavior and contact inhibition of proliferation of epithelial cells, where a progressive decrease in proliferation is observed until mitotic arrest is achieved [45, 46].
[image: Figure 7]FIGURE 7 | Proliferation as a function of curvature. (A) Number of cells as a function of Gaussian curvature on toroidal gels. (B) Number of proliferating cells as a function of Gaussian curvature on toroidal gels. (C) Proliferation fraction as a function of Gaussian curvature on toroidal and planar gel surfaces. Solid symbols are toroidal gel data and open symbols are planar gel data. The horizontal lines are averages over all Gaussian curvature ranges for toroidal data, with standard errors estimated from the background ± 10%.
TABLE 1 | Average cell density and proliferation fraction.
[image: Table 1]4 CONCLUSION
We have introduced a 3D printing-based fabrication technique to generate “living” toroidal constructs and detailed a method of analysis for quantifying proliferation of epithelial cells on toroidal surfaces. We have shown that reconstructing 3D surfaces and mapping cell positions onto curved substrates can help determine whether curvature plays a role in epithelial proliferation. We found that, within the curvature range of our experiments, carried out on toroidal surfaces of dimensions a ≈ 0.2 mm and R ≈ 0.7 mm, proliferation is independent of Gaussian curvature. We also found that proliferation is influenced by the overall cell density regardless of the substrate geometry or seeding density. The results here suggest that curvature at this length scale has no overriding effect on the rate of proliferation for epithelial cells. However, additional work on substrates with higher curvatures, preferably up to one or a couple inverse cell sizes, is desirable to further address whether curvature can be used to affect cell proliferation. In fact, there is recent work reporting that the rate for MDCK cells to achieve confluency changes for curvatures on the order of the inverse cell size [47].
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