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Abstract 

Tissue curvature has long been recognized as an important anatomical parameter 

that affects intracellular behaviors, and there is emerging interest in applying 

cell-scale curvature as a designer property to drive cell fates for tissue 

engineering purposes. Although neural cells are known to undergo dramatic and 

terminal morphological changes during development and curvature-limiting 

behaviors have been demonstrated in neurite outgrowth studies, there are still 

crucial gaps in understanding neural cell behaviors, particularly in the context 

of a three-dimensional (3D) curvature landscape similar to an actual tissue 

engineering scaffold. In this study, we fabricated two substrates of 

microcurvature (curvature-substrates) that present a smooth and repeating 

landscape with focuses of either a concave or a convex pattern. Using these 

curvature-substrates, we studied the properties of morphological differentiation 

in N2a neuroblastoma cells. In contrast to other studies where two-dimensional 

(2D) curvature was demonstrated to limit neurite outgrowth, we found that both 

the concave and convex substrates acted as continuous and uniform mechanical 

protrusions that significantly enhanced neural polarity and differentiation with 

few morphological changes in the main cell body. This enhanced differentiation 

was manifested in various properties, including increased neurite length, 

increased nuclear displacement, and upregulation of various neural markers. By 

demonstrating how the micron-scale curvature landscape induces neuronal polarity, 

we provide further insights into the design of biomaterials utilizing the 

influence of surface curvature in neural tissue engineering. 
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Introduction 

Although tissue curvature was recognized as an important anatomical parameter 

that influences intracellular behaviors several decades ago [1, 2], its 

mechanism relies on a wide range of substrate factors beyond just the degree of 

curvature, including the surface roughness, material stiffness, and surface 

chemical composition [3]. With many mechanical studies that have decoupled the 

various roles in fundamental substrate mechanics [4,5,6,7], surface curvature is 

now modeled to be an independent factor that induces cell fates for tissue 

engineering purposes [8, 9]. Among possible applications, scaffolds for neural 

engineering have been investigated [10] due to the realization that brain tissues 

possess a mechanical microenvironment that exhibits a wide range of curvatures 

that could influence intracellular arrangement [11, 12]. Indeed, several studies 

have observed curvature as a limiting factor for neurite outgrowth, including 

curved channels of single-cell neurite outgrowth [13], microrods of varying 

curvature [14, 15], and circular grooves for neural cell seeding [10]. However, 

tissue engineering scaffolds are usually designed as biomimetic three-dimensional 

(3D) microenvironments that allow arbitrary tissue integration, which is how 

current studies were formulated to utilize curvature scaffolds for osteogenesis 

purposes [16,17,18,19], and there is a lack of similar mechanical studies for 

neural cells [20]. Therefore, it remains to be elucidated how a substrate of 

repeating curvature patterns can influence neural differentiation. 

In this study, we defined two microcurvature patterns, the microconcave pattern 

and the microconvex pattern, where they are mathematically opposite of one 

another so that we can study their effects on neural cells differentially. The 

patterns were fabricated onto a silicone substrate as a continuous and repeating 

curvature terrain, where cells were seeded onto them and continuously stimulated 

as they adhered, migrated, proliferated, and differentiated (Fig. 1a). We 

focused our experiments on neural differentiation since we are interested in how 
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curvature influences the fate of neural stem cells, which dictates distinct 

functions as neurons, astrocytes, or some other neural cell types [21]. This 

would provide key understandings of how curvature can be taken advantage of for 

neural tissue engineering, where their goals were to improve efficacy in 

regeneration by guiding cellular identity [22, 23]. 

 

Fig. 1 

Design and surface characterization of the curvature-substrates. a Parameters 

and designs of the microcurvature pattern. b1, b2 Data generated from the 3D 

laser microscope. The 3D surface plots of the measured curvature-substrates are 

constructed along with the surface roughness plot derived using a Savitzky–

Golay filter and the theoretical surface curvature model for comparison. c Key 

roughness parameters of the curvature-substrates against their theoretical (ideal) 

models. d Representative SEM images of the curvature-substrates. Scale bar: 

200 μm. Error bars are standard deviations. PDMS: polydimethylsiloxane; SEM: 

scanning electron microscope 

 

 

The article is organized as follows: we first introduce the designs of the 

microconcave and microconvex patterns. We mathematically defined these patterns 

as a 3D sinusoidal function and modified them to express either a continuous 

surface concave pattern or a continuous surface convex pattern (hereafter 

referred to collectively as curvature-substrates) and characterized their surface 
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roughness profile. Next, we seeded N2a neuroblastoma cells on the curvature-

substrates, induced their differentiation and observed different morphological 

and physical properties of the cells. We found that the cells primarily had 

increased neurite length and nuclear displacement on the curvature-substrates, 

demonstrating enhanced neural polarity. Finally, we evaluated their 

differentiation biomarkers (Tuj-1 and GFAP) to similarly conclude an improved 

effect on neural differentiation. Through this study, we provide the physical 

details and behaviors of neural cells under the effect of curvature, leading to 

curvature as potentially an integrated biophysical cue for biomaterial design in 

neural tissue engineering. 

 

Materials and methods 

Curvature-micropatterned mold machining 

The curvature-micropatterned mold (both a concave mold and a convex mold) with 

dimensions of 1 cm×1 cm×1.5 cm (width×length×height) was fabricated by 

ultraprecision machining with fast-tool-servo assisted diamond turning 

technology on brass molds. The four-axis ultraprecision machine (Moore Nanotech 

350FG) in the State Key Laboratory of Ultra-Precision Machining Technology of 

The Hong Kong Polytechnic University was used. The surface roughness and surface 

topology of the molds were then measured using an optical profiling system (Zygo 

NexView), as shown in Fig. S1 (Supplementary Information). 

Curvature-micropatterned polydimethylsiloxane substrate (curvature-substrate) 

fabrication 

The curvature-micropatterned substrate in the form of a cell culture well 

(curvature-substrate) was fabricated using a standard soft lithography process 

with silicone polydimethylsiloxane (PDMS) [24]. Briefly, the PDMS prepolymer 

solution (Sylgard 184, Dow Corning, MI, USA) was mixed uniformly with curing 

agents at a mass ratio of 10:1. Then, the brass mold was submerged into the 

solution, and the air bubbles trapped during this process were removed via a 

vacuum chamber. After curing at 80 °C for at least two hours, a curvature 

substrate (either a concave substrate or a convex substrate) with a size of 1 

cm
2
 square was generated. 

Curvature-substrate surface characterization 

A 3D laser scanning microscope (Keyence VK-X200, USA) was used to obtain the 

surface roughness profile of the curvature-substrates from a random spot at 

10×magnification, and a scanning electron microscope (SEM, Tescan VEGA3, Czech 

Republic) was used to visualize the surface morphology of a random spot at the 

microscale. The raw data of the surface roughness profile were first extracted 

from the data file using vk4-python-driver (https://github.com/torkian/vk4-

python-driver) and then processed using a custom Python script to obtain the 

measurements. Mean height refers to the conventional arithmetical mean height 

(Sa), mean width was defined as the distance between the peaks of concave pits 

or pits of convex hills along the x and y axes using a typical peak-finding 

algorithm in [25], and roughness was defined as the difference to the 
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corresponding data point along the x axis that was fitted to a Savitzky-Golay 

filter with a window size of 51 and a polynomial order of three. 

Cell culture 

The mouse Neuro2a neuroblastoma cell line (N2a, ATCC, USA) was cultured in 

complete growth media composed of 89% high glucose Dulbecco’s modified Eagle 

medium (DMEM), 10% fetal bovine serum (FBS), and 1% penicillin‒streptomycin
solution (pen-strep), as recommended by the supplier (iCell-m040, GuangZhou 

Biolink Technology Co., Ltd., Guangzhou, China). During incubation, the medium 

was replaced every two days, and the cells were subcultured once in confluence. 

For the differentiation of N2a cells, we followed a common protocol [26, 27] 

based on serum deprivation and retinoic acid stimulation by using a 

differentiation medium composed of 98% high glucose DMEM, 1% FBS, and 10 μmol/L 

retinoic acid. 

Cell seeding on curvature-substrates 

Laminin solution (rh-Laminin521, 100 μg/mL, Thermo Fisher, USA) was diluted in 

1 μg/cm
2
 Hanks’ balanced salt solution (HBSS) to coat the curvature substrate 

overnight at 4 °C to promote cell adhesion. Before cell seeding, the laminin 

solution was removed from the curvature substrate and gently rinsed with warm 

phosphate buffered saline (PBS) twice. Then, N2a cells between the 5th and 10th 

passages were first seeded onto curvature-substrates with growth medium at 5000 

cells/cm
2
 for one day and then replaced with differentiation medium the next Day 

(marking Day 0). At least three replicates were used for each type of curvature 

substrate (concave, convex, or flat). 

Immunocytochemistry 

The procedures were performed at room temperature, and the samples were rinsed 

with PBS between every step at least twice with a 3-min interval. Briefly, the 

medium was removed from the sample and then fixed using 4% paraformaldehyde in 

PBS (PFA) for 20 min. The cells were then permeabilized with 0.1% Triton in PBS 

for 20 min. Finally, the samples were blocked with 1% bovine serum albumin (BSA) 

in PBS for 45 min and stored at 4 °C in PBS for a maximum of two days before 

further procedures. 

There were two sets of samples for each experimental group for a parallel study 

of two different sets of immunofluorescent markers. The first set of markers was 

the YAP and F-actin markers (i.e., morphological markers), and the second set 

was the Tuj-1 and GFAP markers (i.e., neural markers). For the first set of 

markers, rabbit anti-YAP (1:200, Proteintech, China) and Alexa Fluor 488-

conjugated phalloidin (1:500, Thermo Fisher, USA) were prepared by dilution in 

blocking buffer. The diluted anti-YAP was first incubated with the samples at 

4 °C overnight, and then the diluted phalloidin was incubated with the samples 

at room temperature for 45 min. The secondary antibody, goat pAb to rabbit 635 

red-conjugated (Abcam, 1:1000, UK), was then diluted into blocking buffer with 

the samples for 1 h at room temperature in the dark. For the second set of 

markers, mouse anti-Tuj-1 (GeneTex, 1:500, USA) and rabbit anti-GFAP (GeneTex, 

1:500, USA) were diluted in blocking buffer and incubated with the samples at 
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4 °C overnight. Then, the secondary antibodies, goat pAb to mouse 594 Red-

conjugated (Abcam, 1:1000, USA) and goat pAb to rabbit 488 fluorescein-

isothiocyanate (FITC)-conjugated (Abcam, 1:1000, USA), were diluted into blocking 

buffer and incubated for 1 h at room temperature in the dark. Finally, both 

sets of samples were stained with 4',6-diamidino-2-phenylindole (DAPI, 1:2000, 

Thermo Fisher, USA) for 3 min and mounted under a microscope for quantification. 

Quantitative methods for immunocytochemistry 

To extract morphological and fluorescence measurements from each single cell, 

the following protocol was devised. For each experimental group, we contained at 

least three replicates, and each replicate had at least two z-stacked (3D) 

images captured using a confocal microscope (Leica TCS SPE, German); see Table 

S1 (Supplementary Information) for the sample size. We first labeled each single 

cell using a cell segmentation algorithm, Cellpose [28]. The images were max-

projected into two-dimensional (2D) plane, and the nucleus for each cell was 

labeled using the “nuclei” model by Cellpose. For the F-actin-stained area and 

Tuj-1-stained area, two self-trained models were used: nine representative images 

(out of 78 for actin images and out of 84 for Tuj-1 images) were used to further 

train the pretrained “CP” model by Cellpose so that it could segment the 

neurites of the cells from the images better. The YAP-stained area and GFAP-

stained area were labeled using the direct results of the actin segmentation and 

Tuj-1 segmentation, respectively. Based on the 2D segmentation, we computed the 

3D segmentation by labeling the voxel of each single cell using the default 

autothreshold method in ImageJ. 

Based on the 2D and 3D segmentation of each single cell with either its F-actin- 

and YAP-stained region or its Tuj-1- and GFAP-stained region at the same time, 

various measurements were computed in Python. For integrated fluorescence 

intensity (e.g., YAP intensity), we first computed a normalized measure of DAPI 

intensity (normalized against the 405 nm laser power and the DAPI-stained area). 

Then, a sum of the pixel intensity of the protein signal (e.g., YAP fluorescence) 

was computed and normalized against its laser power (for YAP, 635 nm) and the 

normalized DAPI intensity. This obtained the integrated intensity independent of 

the confocal laser strength and its z-position on the substrate. Based on our 

segmentation, we also characterized the neurite features of each single cell 

based on the concept in [29]. Briefly, we skeletonized [30] the F-actin-stained 

area and Tuj-1-stained area and considered a branch as a neurite if its length 

from its attachment point (the point where it sprouts from the nucleus) to an 

ending point (terminating point of a branch) exceeded the major axis length of 

its nucleus. Neurite complexity is defined as the ratio of the number of ending 

points to the number of attachment points. 

Statistical analysis 

All statistical significance tests were computed by the Scipy package [25] in 

Python. Welch’s t test was used for statistical tests of any two samples 

unless otherwise stated, and the Pearson correlation coefficient was computed 

for any correlation test. The threshold of the p values for statistical 
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significance is noted in the relevant figures. The error bars either express the 

standard deviation or the error at the 99% confidence interval (ci) (computed 

based on bootstrapping), as noted correspondingly. For all samples, data points 

that were higher than or equal to the 99% quantile were considered outliers and 

removed unless otherwise stated. 

 

Results 

Curvature-substrate designs and characterizations 

To induce a microcurvature effect on cells in general, our micropatterned 

landscapes should fulfil two criteria: the microcurvature (for both concave and 

convex) should have a depth (height) and width that are at least bigger than the 

cells so that the cells can sense active perturbations from the substrate [3, 16], 

and the stimulation from the microcurvature should be sufficiently (but not 

overly) mild so that the cells maintain an even distribution across the curvature-

substrate similar to a flat substrate [17]. In this study, we modeled the 

substrate surface based on a 3D sinusoidal function (similar design was also 

used in [17]), where we further modified the function so that we can emphasize 

either its concave feature or its convex feature. Figure 1a demonstrates our 

design. First, to emphasize the concave feature, we defined the width and height 

of the concave part in a sine wave twice as large as the convex part, and the 

same applies when we instead emphasize the convex feature. For the actual size 

of the micropattern, we considered the physical measurements of our cell model, 

Neuro-2a, where it has been reported that the cells usually have a diameter 

ranging from 20 to 50 μm [31]. We also referred to similar systemic curvature 

studies, where several studies have defined curvature 𝜅𝜅=0.01�=0.01 (or −0.01), 
a moderate value that induced changes in cell fates (e.g., improved osteogenesis 

[16], neurite-limiting microrods [14] and microchannels [10]). We, therefore, 

defined the concave pit or the convex hill to have a width of 100 μm and a 

height of 10 μm, which yield a maximum curvature 𝜅𝜅� of ≈≈0.01 (concave) 

or −0.01 (convex) (see Supplementary Information S1 for full definition). Using 
a comparable design parameter to other studies, this allowed us to establish 

similar hypotheses and investigate from here on how curvature affects neural 

cells similarly and differently. 

An ultraprecision machine with a nanometric level was used (Sect. "Curvature-

micropatterned mold machining") to fabricate the micropattern molds, and the 

resulting profiles of the microcurvature molds are shown in Fig. S1 

(Supplementary Information). Briefly, both the microcurvature molds had a maximum 

height (Sz) of approximately 13 μm, which was within 1 μm of the theoretical 

height (12 μm), demonstrating their form accuracy. Using the mold, we obtained 

the PDMS curvature substrate via replica molding, and Figs. 1b1, 1b2, and 1d 

show the resulting measurements. In terms of the major features of the curvature-

substrates, the 3D surface retained its fidelity compared to the theoretical 

curvature model, where both a continuous surface of concave pits and a continuous 

surface of convex hills can be observed on the concave substrate and the convex 
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substrate, respectively. We also obtained their surface roughness plot to 

evaluate its surface accuracy (Figs. 1b1 and 1b2). Here, we observed that the 

regions with high roughness followed a distinct and universal grid-like pattern 

aligned with the minor features of the 3D surface plots (i.e., the minor convex 

hills between the major concave pits for concave substrates and similarly for 

convex substrates), which can be attributed to the imperfections of PDMS molding 

at a micrometric scale. In Fig. 1c, we can also see that the errors from the 

theoretical models were minimal, where the standard deviations for both the mean 

height and mean width of the curvature-substrates were similar to those of the 

theoretical models and that both the height and width have a similar difference 

compared to the theoretical values (roughly 30% higher), further showing a 

consistent but minimal demolding imperfection. 

Changes in whole-cell morphology of neural cells on curvature-substrates 

After the fabrication of the curvature-substrates (i.e., concave substrate, 

convex substrate, and flat substrate), we then seeded the cells onto them and 

incubated the cells with differentiation medium to observe their phenotypic 

changes. The N2a neuroblastoma cell line was used as the model and differentiated 

using a protocol of serum deprivation and retinoic acid stimulation (10 μmol/L) 

[27, 32], which induces growth arrest and activates morphological 

differentiation [33, 34]. Samples were examined after 1, 2, 3, or 5 days of 

differentiation (details in Sect. "Cell seeding on curvature-substrates"). 

Figure 2a shows a representative sample of the F-actin-stained cells in each 

experimental group, and one apparent feature was the higher cell density in the 

flat substrate compared to the concave and convex substrates among all groups 

(Days 1, 2, 3, and 5). This could be attributed to either the increased surface 

area or a reduced proliferation (due to better differentiation) of the curvature 

groups. We also evaluated the degree of neurite outgrowth in our samples, a key 

phenotype of neural differentiation. Qualitatively, we observed improved neurite 

outgrowth in curvature groups on Day 3 and Day 5 (Fig. 2a). Importantly, our 

measurements (Fig. 2b) showed that the total neurite length in the curvature 

groups was indeed significantly higher. This demonstrated a promising curvature 

effect on neural differentiation. 
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Fig. 2 

Representative samples and measurements related to the mechanotransduction of 

cells in each group. a Representativez-projected fluorescent samples with 

nuclear (blue), F-actin (green), and YAP (red) staining (scale bar: 

50 μm). b Boxen plots illustrate the population distribution of the total 

neurite length of each group. c The mean integrated intensity of the YAP-

stained area among the cells in each group (see Sect. "Quantitative methods for 

immunocytochemistry" for computation details). d The mean ratio of the YAP 

intensity in the nuclear region to the YAP intensity in the cytoplasmic region 

among the cells in each group. This expresses the level of YAP translocated into 

the nucleus. A horizontal statistical bar indicates statistical significance 

among all pairs of samples (otherwise only the indicated pairs), ***p<0.001. The 

error bar indicates ci=99% 

 

We then evaluated the morphological changes in the neural cells. Typically, 

morphological changes indicate the activation of mechanotransduction [35]; e.g., 

an increased cell spreading area correlates with focal adhesion that rearranges 

the F-actin cytoskeleton for gene expression [36, 37]. Figure S2 (Supplementary 

Information) shows the physical measurements we examined for mechanical changes 

in the cells. Although we found that the cell volume (Fig. S2b in Supplementary 

Information) in the curvature groups was significantly higher (likely due to the 
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vertical variation in the substrate), we did not find consistent differences in 

cell area (i.e., spreading area, Fig. S2a in Supplementary Information). We also 

evaluated the cell shape and positioning in our samples, which could indicate 

nuclear deformation (another strong curvature factor that induces 

mechanotransduction [38]). Similarly, however, we also did not find any 

consistent difference in nucleus diameter and area among different groups (Figs. 

S2c and S2d in Supplementary Information) or in the z-level of cells between 

concave and convex groups (Fig. S2e in Supplementary Information). Considering 

existing curvature studies associated nuclear deformation with changes in nuclear 

morphology (e.g., nucleus was “stressed” when positioned on top of convex 

patterns [16, 17]), with no significant differences in the nucleus diameter, 

area, and z-level for cells in curvature groups, nuclear deformation (and its 

effect) is likely not induced in cells on the curvature-substrates. Similarly, 

we did not find a difference in cell eccentricity (shape) in different groups 

(Fig. S2f in Supplementary Information), indicating that the cell bodies may not 

be deformed by the curvature. The absence of a typical curvature effect may be 

attributed to our curvature design. Although the cell diameter was relatively 

small (on average twice as small) compared to the major concave or convex features 

(Fig. S2g in Supplementary Information), the cell heights slightly exceeded the 

curvature height (Fig. S2h in Supplementary Information); hence, without a larger 

size or degree of curvature, the micropatterns may not have exerted their 

mechanical effect (e.g., “stressed”) on the main cell bodies. 

Changes in mechanotransduction of neural cells on curvature-substrates 

Despite the significant difference in neurite outgrowth, since we found that 

there was little morphological difference between cells on curvature-substrates 

and flat substrates, we further characterized more specifically the protein 

expression of YAP to examine events of mechanotransduction. YAP is one of the 

ubiquitous mechano-sensing proteins [39, 40] that is expressed in response to 

changes in cytoskeleton arrangements (due to mechanical factors). Additionally, 

YAP was shown to be downregulated during neuronal differentiation [41,42,43]. As 

shown in Fig. 2c, although we found a higher YAP intensity in the curvature-

substrates compared to flat substrates across different groups, Fig. 2d showed 

that they were actually cytoplasmic expression instead of nuclear expression 

(i.e., not translocated into the nucleus). This actually implies inhibition of 

YAP expression in the curvature-substrates, showing results consistent with the 

literature that neuronal differentiation is activated by the inhibition of YAP, 

as noted above, and additionally consistent with our data where there were 

improved neurite outgrowth. Regarding the difference between concave and convex 

substrates, although some significance can be identified, it is neither 

consistent nor comparable to the significant difference compared to the flat 

substrates. 

Changes in the nuclear positioning of neural cells on curvature-substrates 

Since there was indeed a significant difference in mechanotransduction as 

evaluated above, we examined other possible subcellular changes that can be 
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influenced mechanically to identify the effect of curvature. The nucleus is a 

major mechano-sensing unit since it is one of the stiffer components of a cell 

[44], and nuclear positioning is a process that can be induced mechanically to 

introduce polarity in differentiating cells [45, 46]. Such processes are 

essential to establish neuronal polarity for neurite outgrowth and neuronal 

differentiation [47, 48]. We therefore computed the nuclear displacement for 

our samples, as shown in Fig. 3. Indeed, the curvature groups have a 

significantly higher mean nuclear displacement compared to the flat groups 

(Fig. 3b), although similar to other data, the difference between the concave 

and convex substrates was not as significant. We also examined the top 10 cells 

with the highest nuclear displacement in each group (Fig. 3a); however, we did 

not find cells in different groups to have particularly distinct morphology or 

displacement. Overall, our data showed that there were more cells with higher 

nuclear displacement in the curvature groups than in the flat groups. 

 

 
Fig. 3 

Nuclear positioning of neural cells on curvature-substrates. a z-projected 

representative samples. In each group, 10 samples with the highest nuclear 

displacement were examined, and two representative samples were selected for the 

figures. The outer red outline depicts the F-actin-stained component, the inner 

red outline depicts the nuclear component, and the white dot depicts the centroid 

based on the YAP-stained area, determined algorithmically (d shows the 

displacement distance). b Mean nuclear displacement for all cells in each group. 

A horizontal statistical bar indicates statistical significance among all pairs 
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of samples (otherwise only the indicated pairs), ***p<0.001. The error bar 

indicates ci=99% 

 

Associations of mechanical changes in neural cells on curvature-substrates 

Although we identified that curvature-substrates were able to influence their 

cells in various aspects (e.g., physical measurements, mechanotransduction, and 

nuclear displacement), it was unclear whether these changes manifested 

synergically in the same groups of cells and whether there were other mechanisms 

(apart from curvature as a mechanical stimulus) that influenced the outcome of 

the curvature groups. To this end, we first examined the distance of the nearest 

neighbor (DNN) for cells in different groups. DNN is often used to characterize 

the effect of contact inhibition between cells [49,50,51], and in our case, it 

may influence the cell behaviors if the lower surface area of the flat substrates 

limits the behaviors of its cells. Figure 4a shows the mean distance to the 

nearest neighbor of different groups. Apart from a difference on Day 1 where the 

curvature groups had a lower distance than the flat groups, the rest of the 

groups had insignificant differences, indicating that the effect from the 

increased surface area in the curvature-substrates was minimal (the slight 

difference on Day 1 could be attributed to a mild cell colony-arranging effect 

by the curvature pattern initially). 

 

 

Fig. 4 

a Mean distance to the nearest cell neighbor for each group. For each cell, the 

cell with the minimum Euclidean distance to itself was obtained, and the distance 

was calculated using the nucleus centroid. A horizontal statistical bar indicates 

statistical significance among all pairs of samples (otherwise only the indicated 

pairs), ***p<0.001. The error bar indicates ci=99%. b Heatmap illustrating the 

linear correlation between the measurements of the corresponding group. The 

number denotes the Pearson r coefficient (denoted also by the color of the 

tile) and is highlighted in red if it is statistically significant (p<0.001). We 
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consider r<−0.2 or r>0.2 as a moderate correlation 

 

We then evaluated the association between different key measurements that were 

shown to be significant in other figures. Figure 4b illustrates the heatmap 

based on the Pearson correlation coefficient (−1 indicates a negative correlation, 
1 indicates a positive correlation, and 0 indicates no correlation). We 

considered samples from different days collectively (e.g., the concave heatmap 

computed the samples together from Days 1, 2, 3, and 5) since the relationship 

between the measurements was assumed to be unchanged, which is manifested in our 

data in the above figures. We found that most measurement pairs showed a moderate 

correlation (e.g., the level of nuclear displacement is moderately correlated to 

both the level of total neurite length and YAP translocation) except for YAP 

intensity. Nonetheless, considering that each of the other measurements (i.e., 

total neurite length, nuclear displacement, YAP translocation) showed significant 

difference compared to the flat groups, this reinforced the idea that curvature 

is a mechanical stimulus that induces nuclear displacement, changes in YAP 

translocation, and neurite extension in the same cell, and the cause remains to 

be investigated. 

Although we have shown that there was overall minimum change in the z-level of 

cells on curvature-substrates, the cell population at a specific range of z-

levels may still manifest phenotypic changes that constitute the significant 

changes above (in other words, although cells were distributed evenly along 

the z-axis even on curvature-substrates, the cell behaviors may still be 

different along the z-axis). We therefore evaluated whether there were 

associations between various key measurements and its z-level in Fig. S3 

(Supplementary Information). We found no consistent significant difference in 

the neurite extension direction (Fig. S3a in Supplementary Information; a 

significant difference would indicate that neurite outgrowth is restricted by 

curvature otherwise), nor was there a correlation between key phenotypes (total 

neurite length, YAP translocation, and nuclear displacement) and their 

corresponding z-position (Fig. S3b in Supplementary Information). This further 

reinforced the idea that our curvature samples did not interact with the cell 

bodies but rather with subcellular changes (as also noted in Sect. "Changes in 

whole-cell morphology of neural cells on curvature-substrates"). 

Changes in neural cell differentiation on curvature-substrates 

Since we identified collective phenotypic changes in mechanotransduction and 

neural differentiation, we then proceeded to evaluate using more specific neural 

markers by staining the cells with Tuj-1 and GFAP (instead of F-actin and YAP). 

Both of them are intermediate neural markers, where GFAP is a neurofilament 

protein that is expressed transiently during neuronal differentiation and 

persistently during astrocytic differentiation [52], and Class-III β-tubulin 

(stained by Tuj-1) is a neurotubule protein that constitutes the cytoskeleton of 

neurites [53, 54]. Both of them have also been shown to be upregulated in N2a 

cells during induced differentiation [55,56,57]. 
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The Tuj-1 neural marker was used to quantify neurites more clearly and 

functionally than F-actin (although F-actin drives and colocalizes with 

microtubule polymerization, it manifests as an actin wave that distributes less 

evenly along the neurite compared to microtubule proteins [58,59,60]). 

Figure 5 shows the results. Similar to Fig. 2, we see a lower cell density 

and clearer neurite growth in the curvature-substrates than in the flat 

substrates. Since Tuj-1 constitutes a major component of differentiating neural 

cells, we further evaluated their area and volume (Figs. S4a and S4b in 

Supplementary Information), and it manifested a similar result as their actin 

counterparts (Fig. S2 in Supplementary Information, mean cell volume in 

curvature-substrates is significantly higher than in the flat substrates). We 

then characterized the expression level of morphological differentiation in 

curvature-substrates, and indeed, we found a consistently higher Tuj-1 integrated 

intensity in curvature-substrates than in flat substrates (with concave and 

convex substrates again having smaller and inconsistent differences) (Fig. 5b). 

GFAP was also significantly higher in the curvature-substrates than in the flat 

substrate (Fig. 5c). Additionally, although the Tuj-1 intensity seems to be 

brighter in flat samples on Day 1 and Day 2 (Fig. 5a), this is simply due to 

the samples having an even lower GFAP intensity, which we further validated by 

computing the ratio of Tuj-1 intensity to GFAP intensity in Fig. S4c 

(Supplementary Information); the flat substrates indeed have a higher Tuj-1-GFAP 

ratio across different groups. This also confirmed that the Tuj-1 and GFAP 

intensities were associated, where cells in the curvature groups manifested both 

increased microtubule (according to Tuj-1) and GFAP expression. Overall, our 

results indicated better and more complete morphological differentiation in the 

curvature-substrates than in the flat substrates. 
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Fig. 5 

Representative samples and measurements related to the neural differentiation 

markers of each group. a Representative z-projected fluorescent samples with 

nuclear (blue), GFAP (green), and Tuj-1 (red) staining. Scale bar: 50 μm. The 

mean integrated intensities of b Tuj-1-stained and c GFAP-stained areas 

among the cells in each group. Normalization details are discussed in Sect. 

"Quantitative methods for immunocytochemistry". A horizontal statistical bar 

indicates statistical significance among all pairs of samples (otherwise only 

the indicated pairs), ***p<0.001. The error bar indicates ci=99% 

 

Since the Tuj-1 marker characterizes neurite details more clearly, we further 

expanded our previous investigation on neurite features, as shown in Fig. 6. We 

found that the difference between the total neurite length in the curvature 

groups compared to the flat groups was significantly higher than the data using 

the F-actin-stained area (Figs. 6a and 6b). We also characterized neurite 

complexity (i.e., the level of neurite branching, Fig. 6c), and similarly, we 

found that the neurites in the curvature groups were significantly more complex. 

Both further support the enhanced differentiation in curvature groups. Examining 

the cells with the highest total neurite length, we indeed observed more complex 
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and longer neurites for cells in the curvature groups, and in particular, there 

were more cells with zero total neurite length in the flat groups than in the 

curvature groups (Table S2 in Supplementary Information). 

 

 

Fig. 6 

Neurite outgrowth in neural cells on curvature-substrates. a z-projected 

representative samples. In each group, 10 samples with the highest total neurite 

length were examined, and two representative samples were selected for the 

figures. The outer green outline depicts the identified cells, determined 

algorithmically. See Sect. “Quantitative methods for immunocytochemistry” for 

details; L shows the total neurite length. Boxen plots illustrate the 

population distribution of b mean total neurite length and c neurite 

complexity for cells of each group. A single data point depicts the outliers. 

Statistical details are arranged the same way as the other figures. A horizontal 

statistical bar indicates statistical significance among all pairs of samples 

(otherwise only the indicated pairs), ***p<0.001. The error bar indicates ci=99% 

 

Discussion 

In this study, we showed that microcurvature induced better morphological 

differentiation, as demonstrated in several aspects, including increased nuclear 

displacement, increased total neurite length, and increased YAP, Tuj-1, and GFAP 
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expression (summarized in Table 1). We have also shown that both concave and 

convex substrates possessed similar curvature effects. This curvature effect was 

also unlike many of the other recent studies, where our samples showed minimum 

morphological changes to the main cell bodies. Thus, nuclear deformation and F-

actin tension were excluded as the main mechanisms of the curvature effect. There 

were two possible reasons in combination for the absence of these effects. First, 

curvature as a mechanical stimulus highly depends on the material mechanics to 

begin with [8], and our results imply that our curvature-substrates have a low 

surface contractility and/or a high surface adhesion strength to the cells due 

to both the surface coating (laminin coating specifically) and the curvature 

parameter. Second, and perhaps most importantly, the cell type limited how 

curvature affects its behaviors. Most recent studies have focused on the 

curvature effect on osteogenesis in the form of mesenchymal stem cells 

[19, 61, 62], with some also using a similar curvature 𝜅𝜅� at a similar scale 

as in our study (e.g., 1/82.5 μm−
1
 [18], 1/125 μm−

1
 [16]). However, for 

neural cells, the factor that is known to be most decisive is to establish 

neuronal polarity by guiding neurite outgrowth [63]. This is usually achieved by 

microgrooves [64], but the curvature of microrods [14, 15] or microchannels 

[10, 13] has also been shown to inhibit neurite outgrowth to some extent (which 

also depends on the type of neuronal cells [15]). Although there have been 

studies on the effect of the 3D curvature landscape on neural differentiation 

[20], the molecular mechanisms were not investigated. Therefore, our study 

provided comprehensive physical descriptions for neural cells on curvature-

substrates using a similar curvature 𝜅𝜅� as in other studies, and we 

established that 3D curvature landscapes enhanced neural differentiation, unlike 

other studies that focused on the 2D aspect (the neurite-limiting aspect) of 

curvature. Finally, although we did not elucidate the upstream mechanism in this 

study, among the key properties that were significantly regulated due to 

curvature, we believe that increased nuclear displacement is the most essential 

event that improves neuronal polarity, which is supported by many studies 

centralizing the role of the centrosome in neuronal differentiation (the 

centrosome regulates nuclear localization mechanically to establish asymmetry 

and hence neurite outgrowth) [65,66,67]. The molecular details remain to be 

elucidated in further studies. Altogether, this study documented enhanced neural 

differentiation using 3D curvature landscapes for possible tissue engineering 

applications in the future. 

 

Table 1 Summary depicting key measurements with significant changes to neural 

cells seeded onto the curvature-substrates compared to flat substrates 

 Physical changes Other phenotypic changes 

Curvature-

substrates 

• Inscreased total neurite 

length 

• Increased YAP intensity 

• Increased nuclear 

displacement 

• Decreased YAP 

translocation 
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• Increased neurite 

complexity 

• Increased Tuj-1 

intensity 

  • Increased GFAP 

intensity 
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