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Abstract 

Mesenchymal stem cells (MSCs) play a vital role in bone formation process by 

differentiating into osteoblasts, in a tissue that offers not a flat but a discontinuous three-

dimensional (3D) topography in vivo. In order to understand how geometry may be 

affecting MSCs, this study explored the influence of 3D geometry on MSC-fate by 

comparing cell growth, viability and osteogenic potential using monolayer (two-

dimensional, 2D) with microsphere (3D) culture systems normalised to surface area. The 

results suggested lower cell viability and reduced cell growth in 3D. Alkaline 

phosphatase activity was higher in 3D; however, both collagen and mineral deposition 

appeared significantly lower in 3D, even after osteogenic supplementation. Also, there 

were signs of patchy mineralisation in 3D with or without osteogenic supplementation as 

early as day 7. These results suggest that the convex surfaces on microspheres and inter-

particulate porosity may have led to variable cell morphology and fate within the 3D 

culture. This study provides deeper insights into geometrical regulation of MSC 

responses applicable for bone tissue engineering. 
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Introduction 

Mesenchymal stem cells (MSCs) present in the bone marrow take part in bone 

remodelling by differentiating into bone forming osteoblasts (1). Since the standard 

methodology for studying these cells in vitro involves culture on a flat surface (as 
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monolayers), current understanding of physiological osteoblastogenesis and bone 

remodelling may not truly represent the three dimensional in vivo environment (2).  

Cells attach to the extracellular matrix (ECM) via integrins, which form a bridge between 

ECM and the actin-myosin cytoskeleton present inside the cell, thereby enabling bi-

directional transmission of forces across the plasma membrane (3,4). The concept of two-

dimensional (2D) and three-dimensional (3D) culture arises on the basis of different 

patterns of integrin expression in the two culture systems. In 2D (or monolayers), cells 

adhere to the underlying matrix in one plane and in 3D, adhesion is possible across 

multiple planes of the same cell (5). This results in differences in cell morphology, 

organisation of plasma membrane, cytoskeletal architecture, motility and nucleus 

structure and position that may ultimately lead to different cell fates via changes in 

molecular pathways (5–7). 

 

Effects of 3D culture environments were initially encountered in cancer biology. For 

example, growth of human breast tumour cells was arrested due to down-modulation of 

β1-integrin signalling only in 3D basement membrane assay and not in monolayers (8). 

More recently Sung et al. (9) demonstrated that human mammary fibroblasts secrete 

more paracrine factors in 3D than in 2D and these factors are capable of increasing the 

invasive behaviour of breast cancer cells. The difference between 2D and 3D cell culture 

systems has also been demonstrated in cell migration. On 2D matrix, cells are known to 

undergo lamellipodia-based movement, propagated by actomyosin contractility, after 

polarisation and adhesion of cells to matrix. However, there is another type of cell 

movement in 3D that is absent in 2D, which is called high-pressure migration. It relies on 

formation of a high intracellular pressure that is created towards the front of the cell (10). 

Bone marrow derived MSCs are responsive to 2D and 3D culture environments, as 

shown in studies from Maeno et al. (11) demonstrating that differentiation is differently 

regulated in 2D than 3D systems. One of the commonly used 3D culture system is 

smooth microspheres (MS), which have been developed in different sizes and with 

different biomaterials including hydroxyapatite, bioactive glass, polymers for a number 

of applications such as cancer therapy, large scale cell-expansion and as injectable 

materials for drug or cell delivery in tissue regeneration (12–15). In this study, the 

growth, viability and osteogenic fate of bone marrow derived-MSC were compared on 

monolayer format (referred to as 2D) and on microspheres (referred to as 3D geometry) 

with similar surface areas, using spheres of known radii of curvature in both normal as 

well osteogenic induction media. This study presents original data comparing cell culture 

efficiency in 2D and 3D models using a defined mesenchymal stem cell seeding density 

normalised to surface area, which suggest that the convex surfaces on microspheres and 

inter-particulate porosity may lead to variable cell morphology and fate within the 3D 

culture. This study provides deeper insights into geometrical regulation of MSC 

responses, and suggests that bone surface may trigger cytoskeletal changes and thus, 

early osteogenesis in vivo. 

 

Materials and Methods 
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Reagents used were purchased from Thermo Fisher Scientific (UK) unless otherwise 

stated. 

Preparation of borosilicate glass microspheres (BSG) 

Borosilicate glass (Samco, UK) was ground into particles using a Retsch PM100 milling 

machine. These particles were then sieved into the size range of interest (63-150 μm) and 

flame-spheroidised in an oxyacetylene flame utilising a flame spray gun (Metallisation 

Ltd, UK) (16). The resulting spherical particles thus collected (borosilicate glass 

microspheres, BSG), were used as 3D culture system. The BSG had major axis length 

ranging from 8-270 μm (mean ± S.D.: 90 ± 47 μm) and sphericity ranging from 0.1-1.0 

(mean ± S.D.: 0.8 ± 0.2 μm), measured using image analysis (Image J) (17) of scanning 

electron microscopy images of BSG (see Supplementary Figure 1). BSG had a chemical 

composition of B2O3-SiO2-Na2O-Al2O3-CaO at 9.5%-82.0%-5.5%-2.0%-1.0% with 

measurement error of 2%, measured using elemental dispersion X-ray spectroscopy 

analysis. Borosilicate was used as the choice of material for this study as it is known to be 

non-degradable under physiological conditions and does not release any bioactive 

substances that can affect cell fate (18). This allowed assessment of 2D vs 3D without 

interference from any inductive/toxic factors that may be released in case of other 

biodegradable materials (19). 

Human Mesenchymal Stem Cell (hMSC) culturing  

Adult human bone marrow-derived immortalised mesenchymal stem cells (hMSCs) (20–

22) and Green Fluorescent Protein (GFP) expressing hMSCs were used (23) in this study 

as previously described. Live cell images were taken using JuLITM FL (NanoEnTek, 

Korea). 

 

The cells were cultured in standard culture medium (SC) containing Dulbecco’s Modified 

Eagle Medium (DMEM) supplemented with 10% (v/v) foetal calf serum (FCS), 1% (v/v) 

non-essential amino acids, 1 mM L-glutamine and 0.5% (v/v) Penicillin/Streptomycin, 

and maintained at 37oC in humidified atmosphere with 5% CO2. At 70-90% confluency, 

the culture medium was removed; cells were then washed with phosphate saline buffer 

(PBS) and then harvested using 0.05% Trypsin-EDTA. 

Cell seeding 

In order to grow cells in 2D, glass coverslips (made from D263M borosilicate glass with 

chemical composition of B2O3-SiO2-Na2O-Al2O3-K2O-ZnO-TiO2-Sb2O3 at 8.4%-64.1%- 

6.4%-4.2%-6.9%-5.9%-4.0%-0.1% and supplied by SLS, UK) were added to each well in 

a non-tissue culture-treated 24-well plate (2 cm2 per well). For 3D culturing, BSG were 

weighed to provide a constant surface area of 2 cm2 (unless otherwise mentioned) by first 

measuring the tapped density of BSG and then nominalising to a nominal size 

distribution of 100 μm, followed by cleaning with IMS (Industrial Methylated Spirit, 

SLS, UK) for 2 h at constant agitation at 30 RPM, before air-drying overnight in cell 

culture hood. Particles were then washed three times with PBS and three times with SC 
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medium, before a 30 min incubation at room temperature (RT) in SC medium. BSG in 

medium were transferred to wells previously coated with 100 μl of pHEMA (poly(2-

hydroxyethyl methacrylate), Sigma-Aldrich, UK) solution at 10 mg/ml in 95% ethanol, to 

provide ultra-low cell attachment conditions (24). The BSG formed a single layer at the 

bottom of the well. Finally, medium was carefully removed and replaced with the cell 

suspension (200 µl per well in 3D and 500 µl per well in 2D). 3D samples were further 

agitated at 45 RPM for 5 min at RT, followed by 30 min static incubation at 37oC and 5% 

CO2. This regime was repeated 5 times before undisturbed incubation overnight at 37oC 

and 5% CO2 (16,25). Medium change was performed 24 h after cell seeding and 

subsequently every 2-3 days for the length of experiment. 

Osteogenic differentiation 

For osteogenic differentiation, 24 h after hMSC seeding (considered as Day 0 of 

differentiation), medium was changed to either fresh SC medium or osteogenic 

stimulation (OS) medium. The OS medium was made by supplementing the SC medium 

with 100 nM dexamethasone (Sigma-Aldrich, UK), 10 mM β-glycerophosphate (Sigma-

Aldrich, UK) and 0.05 mM L-ascorbic acid-2-phosphate (Sigma-Aldrich, UK) (22). 

Subsequently medium changes were performed every 2-3 days for up to 3 weeks of 

culture. 

DNA assay 

All samples were lysed by 3 cycles of freeze thawing at –80oC. The 3D samples were 

further sonicated using Bioruptor®, Diagenode, USA. The cell lysates (n≥3) were then 

diluted (1 in 100 in Tris-EDTA buffer) and 100 μl of samples was added to a flat 96-well 

plate. DNA content was quantified using Quant-iTM PicoGreen® dsDNA Assay kit 

according to manufacturer’s instruction. Florescence intensity readings were taken on a 

Tecan Infinite M200 microplate reader (Tecan, UK) at 480 nm excitation and 520 nm 

emission. The DNA concentration was extrapolated using a standard curve prepared from 

calf thymus standard DNA provided with the assay kit. 

Cell metabolic activity assay 

To measure cell metabolic activity, a PrestoBlue® assay was performed. Briefly, medium 

was removed and cells were washed with PBS before adding PrestoBlue® working 

solution (1:9 Reagent:warm Hanks Balanced Salt Solution (HBSS) to each test well (n≥3) 

and three blank wells. The volume of working solution added to each test well was equal 

to the volume of culture medium initially present. Cells were then incubated at 37oC and 

5% CO2 until colour change according to manufacturer’s instructions. Then 100 μl of 

reaction solution was transferred to a clear 96-well plate and fluorescence reading was 

measured at 530 nm excitation and 590 nm emission filters on a Tecan Infinite M200 

microplate reader. Cell metabolic activity was expressed after subtracting the reading for 

unreduced (blank) reagent and normalising to the reaction time.  

Scanning Electron Microscopy (SEM) 
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The 3D samples were first fixed in 4% PFA (paraformaldehyde, VWR Chemical, UK) in 

PBS (at 4oC) and then incubated in 100 µl/well of 1% Osmium tetroxide (Sigma-Aldrich, 

UK) for 45 min at RT, followed by dehydration by washing with increasing 

concentrations of ethanol (20%, 40%, 60%, 70%, 80%, 90% and up to 100%) and finally, 

Hexamethyldisilazane (HMDS, Sigma-Aldrich, UK) for approximately 5 min each. After 

washes, the samples were mounted on Aluminium stubs using Carbon adhesive tabs and 

left overnight in HMDS, to air dry in a fume hood. The following day, samples were 

sputter-coated in platinum and secondary electron images were acquired using Philips 

(FEI) XL (30)-w SEM at electron beam of 5-10 kV. The 3D agglomerates were also 

sectioned into two halves using a fine spatula, without penetrating or touching the inside 

of the agglomerate. The sectioned samples were again coated with platinum before 

visualising under SEM. 

Fluorescein diacetate (FDA)/ propidium iodide (PI) staining 

At each time point, cells were washed with PBS, and then DMEM containing 8 µg/ml 

FDA (Merck Millipore, UK) and 20 µg/ml PI (Sigma-Aldrich, UK) was added (26). Cells 

were incubated at RT for 5 minutes in the dark, then after removing DMEM containing 

dyes, fresh DMEM only was added for imaging. Images were acquired using a Nikon 

TS100 Inverted fluorescent microscope with filters for Texas Red and FITC. Images 

(n≥4) were used to quantify red and green fluorescence signals on days 1 and 4 of culture 

using Image J. Percentage cell viability was calculated by dividing the green pixels by 

total pixels (green + red) in the same field of view.  

Alkaline Phosphatase (ALP) activity  

ALP activity was measured using SIGMAFASTTM p-Nitrophenyl phosphate tablets 

(substrate) (Sigma-Aldrich, UK). Briefly, 100 μl of cell lysates (or sterile distilled water 

for 3 blank wells) and 100 μl of substrate were added to each assay well and absorbance 

at 405 nm was measured on Tecan Infinite M200 microplate reader every 3 min upto 2 h, 

to identify the kinetic phase of the reaction. The ALP activity is expressed as 

absorbance/min/μg of DNA (n≥3) after removing background. 

Sectioning of 3D agglomerates 

After removing culture medium, 3D agglomerates were fixed in 4% PFA in PBS (at 4oC) 

for 10 min, washed with PBS for 5 min, followed by immersion in sucrose solution, until 

the agglomerates sank. The samples were then transferred to a custom mould, embedded 

in OCT medium (VWR Chemical, UK) and stored in -20oC until sectioning. 

 

Agglomerates were cryosectioned and 20 μm sections were collected on slides, air-dried 

overnight at RT and stored at 4oC. These sections were used to perform Sirius Red 

staining and Haematoxylin and Eosin (H&E) staining (Supplementary Figure 2). 

Sirius Red staining 
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For staining, a working solution of 0.1 % Sirius Red (Sigma-Aldrich, UK) was prepared 

in saturated picric acid (Sigma-Aldrich, UK) (27,28). For qualitative assessment, 

monolayers on coverslips and 3D-cryosections were incubated in Sirius Red working 

solution for 30 min with occasional agitation. In case of 3D cryosections, the excess stain 

was removed by blot drying and mounted using DPX (Dibutyl Phathalate Xylene, Sigma-

Aldrich, UK) before visualising under an ECLIPSE 90i Nikon Microscope. In case of 2D, 

imaging was performed using a Nikon Eclipse TS100, after washing with sterile distilled 

water to remove excess stain in the well plates. Mouse calvarial tissue was used as a 

positive control for collagen staining.  

 

For quantification assessment, intact 3D agglomerates or 2D coverslips (n≥3) were used. 

Fixed samples were incubated with Sirius Red for 30 min at RT with occasional 

agitation, washed with sterile distilled water and incubated with de-staining solution (1:1 

0.1 N NaOH:Methanol) for 30 min, before using 100 μl to measure OD at 540 nm using a 

Tecan Infinite M200 microplate reader. The background was subtracted using the 

absorbance readings of three blank wells and total collagen per sample was extrapolated 

using a standard curve prepared from rat tail collagen type 1 (Sigma-Aldrich, UK). 

Alizarin Red staining 

Cells were washed three times with PBS and fixed in 4% PFA in PBS (at 4oC) for 15 min 

before staining with 1% Alizarin red solution for 10 minutes at RT with occasional 

agitation. Excess stain was removed with distilled water. For 3D samples, the 

agglomerates were crushed slightly using a fine spatula before imaging. For 

quantification analysis, stained samples were incubated in de-staining solution (20% 

methanol and 10% acetic acid in dH2O) for 15 min, before 100 μl were used to measure 

OD at 540 nm using a Tecan Infinite M200 microplate reader (n≥3). Calcium deposition 

was expressed as absorbance units after subtracting background using three blank wells, 

and normalising to the initial volume of de-staining solution added and to DNA content. 

Haematoxylin and Eosin (H&E) staining 

To study the extent of ECM formation in 3D, GFP-labelled hMSCs were seeded at 

10,000 cells/cm2 and cultured in SC and OS medium. On day 21 of differentiation, 3D 

cryosections were stained in haematoxylin and eosin (29). The samples were dehydrated 

and mounted with DPX before imaging under an ECLIPSE 90i Nikon Microscope. 

Mouse calvarial tissue was used as control. 

Statistical Analyses 

All statistical analyses were performed using IBM SPSS Statistics 22. Mean, standard 

deviation and standard errors were computed for at least three replicate samples in all 

experiments. For all investigations, except calcium deposition, two-way ANOVA was 

performed with days and culture condition as two fixed factors. For quantitative 

assessment of calcium deposition, one-way ANOVA was performed with culture 

condition as a fixed factor. For pairwise comparisons, post-hoc analyses using Least 
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Significant Difference (LSD, equivalent to no adjustments) were carried out. P values 

<0.05 were considered significant. ANOVA was performed after testing for data 

normality using a Shapiro-Wilk test. 

Results 

Cell attachment 

For assessment of cell attachment, GFP-labelled hMSCs were seeded at 625, 1,250, 

2,500, 5,000 and 10,000 cells/cm2 and after 24 h, cell metabolic activity and DNA 

measurements were performed. The cell metabolic assay results (Figure 1A) showed 

higher activity in 3D than in 2D at cell seeding densities 2,500, 5,000 and 10,000 

cells/cm2, respectively (p<0.001). DNA quantification for same biological replicates 

(Figure 1B) confirmed higher DNA content in 3D compared to 2D at higher cell seeding 

densities of 5,000 and 10,000 cells/cm2 (p<0.001). 

Live cell fluorescent imaging 24 h after cell seeding (Figure 1C) indicated that there was 

aggregate formation in 3D at higher densities, and these aggregates seemed to form as a 

result of cells present in inter-particulate regions, bridging across from one microsphere 

to another. 

 
[insert Figure 1] 

Figure 1: Cell attachment of hMSCs 24h after seeding in 2D and 3D cultures. Cells were 

seeded at 625, 1,250, 2,500, 5,000 and 10,000 cells/cm2. (A) Cell metabolic activity, (B) 

DNA content assay and (C) Representative fluorescent channel images taken on day 1 of 

culture. Aggregate formation is highlighted in white circles. **p<0.01, ***p<0.001 

between 2D and 3D at same time point, n=3, error bars represent S.E.M. Scale bar- 250 

μm.  

Cell proliferation  

To investigate the effects of 2D and 3D culture on cell proliferation, GFP-labelled 

hMSCs were seeded at 2,500 cells/cm2 and DNA and cell metabolic activity 

measurements were performed over 42 days of culture. The results (Figure 2A-B) 

showed that there was significantly higher DNA content and metabolic activity in 2D 

compared to 3D after 4 days of culture and beyond, despite same surface area available 

for growth in both conditions (p<0.001). This indicated lower proliferative activity in 3D 

than in 2D. Using, the DNA content measurements on day 31 of culture, it was calculated 

that 3D contained only 23% of the cells as compared to in 2D, which indicated that cells 

in 3D possibly occupied only 23% of the surface area provided for cell proliferation. 

 
[insert Figure 2] 

Figure 2: Growth of hMSCs in 2D and 3D after cell seeding at 2,500 cells/cm2. DNA and 

cell metabolic activity measurements were performed over 42 days. **p<0.01, 

***p<0.001, compared to other condition on same time point, n=3, error bars represent 

S.E.M.  



 

 

8 

Heterogeneity in 3D system 

To investigate reasons for reduced cell proliferation of hMSCs in 3D, SEM was carried 

out and the images of typical 3D agglomerate have been shown in Figure 3A-D. These 

images show thick cell layers (>2 layers thick) surrounding the agglomerate. However, 

when this agglomerate was split, there were more cells present near the edges as 

compared to the central (internal) regions of the agglomerate, which suggested 

heterogeneity in hMSC colonisation across the 3D sample. Similar observations were 

also made after haematoxylin and eosin staining of cryosectioned 3D cultures (see 

Supplementary Figure 2A). SEM images also indicated presence of more cells in inter-

particulate region and relatively fewer cells present directly in contact with the surface of 

BSG, where they acquired either a flat or a rounded morphology, see Figure 3 E-F. This 

again suggested heterogeneity in cell distribution within the same 3D sample. 

 

 

[insert Figure 3] 

 

Figure 3: SEM images of 3D agglomerates on Day 14 after cell seeding at 167 cells/cm2. 

Increasing magnification images (A to C) of intact 3D agglomerate showed cells covering 

the entire agglomerate in multiple layers (arrow). This agglomerate (D) was sectioned 

and images of cells were acquired from three internal regions (E). There seemed to be 

more cells near the edges of the agglomerate compared to central regions (arrows in E). 

Also, note the presence of both rounded cells (arrows) and flat cells (arrow heads, F) in 

the sample.  

Cell viability 

To determine whether the difference in DNA content and metabolic profile in 2D and 3D 

may be due to differences in cell viability, hMSCs were seeded at 2,500 cell/cm2 and 

FDA/PI staining was performed over 3 weeks of culture. The results (Figure 4A-B) 

showed significantly higher proportion of dead cells in 3D compared to 2D on day 1 

(p<0.001) and day 4 (p<0.01) and the same was also observed qualitatively on day 7. 

However, by end of 21 days of culture, the proportion of viable cells seemed to have 

improved in 3D and very few dead cells were observed. 

 
[insert Figure 4] 

 

Figure 4: Viability of hMSCs in 2D and 3D. (A) Overlay of FITC/Texas Red channels 

images for days 1, 4, 7 and 21 of culture. (B) Percentage cell viability in 2D and 3D after 

1 and 4 days of culture was calculated using image analysis by quantifying the pixels for 

green (live) and red (dead) signal. **p<0.01 and ***p<0.001, n≥4. Error bars represent 

S.E.M. Scale bar -200 μm. 

Alkaline Phosphatase activity 
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To evaluate changes in differentiation response, ALP activity was measured in 2D and 

3D, GFP-labelled hMSCs were seeded at higher cell seeding density of 10,000 cells/cm2 

(30) and measurements were taken over 3 weeks of culture in SC and OS media. The 

results (Figure 5) showed that hMSCs increased ALP activity in response to OS medium 

in both 3D and 2D cultures, compared to respective SC medium cultures (p<0.001). Also, 

there was higher ALP activity in OS-treated cells in 3D cultures compared to 2D cultures 

on day 7, 14 and 21. 

  
[insert Figure 5] 

 

Figure 5: Alkaline phosphatase (ALP) activity measurements of hMSCs in 2D and 3D 

culture in standard culture (SC) medium and osteogenic (OS) medium over 21 days, 

normalised to DNA content. Cells were seeded at 10,000 cells/cm2. ***, ** and * 

indicate p<0.001, p<0.01 and p<0.05, respectively, n=3, error bars represent S.E.M. 

Collagen production 

To assess collagen production in 2D and 3D, GFP-labelled hMSCs were seeded at 10,000 

cells/cm2 and Sirius Red staining was performed after 3 weeks of culture in SC and OS 

media (Figure 6A). OS treatment led to more intense collagen staining in 2D cultures 

compared to SC medium on day 21 of differentiation. In 3D cultures, cryosectioned 

samples showed the presence of red-coloured spots indicating collagen production in 

both OS and SC conditions. 

 

Quantitative results (see Figure 6B) showed significantly higher collagen in 2D cultures 

under OS treatment than SC medium on day 7 (p<0.01) and day 21 (p<0.001) of 

differentiation. However, in case of 3D cultures, there was no difference between OS and 

SC conditions on day 7 of differentiation. Moreover, there was also higher reading in 3D 

SC compared to 3D OS by day 21 (p<0.001) due to significant drop in staining for 3D 

OS samples between day 7 and day 21 (p<0.01).  

 

Comparison of 2D and 3D showed significantly higher staining in 3D SC compared to 

2D SC on day 7 (p<0.01). However, by day 21, there was 9 and 4 times more staining in 

2D OS and 2D SC conditions relative to 3D OS and 3D SC conditions, respectively 

(p<0.001). 

 
[insert Figure 6] 

 

Figure 6: Collagen staining in hMSCs maintained in 2D and 3D cultures in standard 

culture (SC) medium and osteogenic (OS) medium over 21 days. (A) Sirius red staining 

indicating the presence of collagen (arrows) at day 21. Mouse calvarial tissue was used as 

a positive control for staining. (B) Quantitative assessment of collagen staining at day 7 

and day 21. *** and ** indicate p<0.001 and p<0.01, respectively, n=3, error bars 

represent S.E.M. Scale bar- 100 μm. 
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Calcium deposition 

To assess the extent of mineral deposition in 2D and 3D, GFP-labelled hMSCs were 

seeded at 10,000 cells/cm2 and Alizarin Red staining was performed after 3 weeks culture 

in SC and OS medium. Figure 7A shows Alizarin Red stained cells in two culture formats 

after 7 and 21 days of differentiation. On day 7, cells in 2D condition did not show 

positive calcium staining but by day 21, there was presence of intense positive mineral 

staining in 2D OS. In 3D cultures, patchy stained regions were observed in both 3D OS 

and 3D SC conditions on day 7 as well as day 21 of differentiation, suggesting the 

influence of 3D geometry on hMSC response. Similar observation was also made through 

H&E stained 3D cryosections on day 21 (see Supplementary Figure 2B). 

The results for quantitative assessment (Figure 7B) showed significantly higher values in 

2D compared to 3D in both media. As expected, 2D cultures under OS treatment had 

significantly higher staining as compared to those under SC conditions. However, in the 

case of 3D, no statistically significant difference were seen between OS and SC 

conditions after 21 days of treatment, suggesting that induction medium did not enhance 

mineral deposition in 3D geometry. 

 
[insert Figure 7] 

 

Figure 7: Alizarin Red staining of hMSC cultures in 2D and 3D maintained in standard 

culture (SC) medium and osteogenic (OS) medium for 21 days after cell seeding at 

10,000 cells/cm2. (A) Staining images taken on day 7 and 21 of differentiation. BSG 

stained without cells were used as a negative control. (B) Quantitative assessment of 

staining on day 21 of differentiation. *** and ** indicate p<0.001 and p<0.01, 

respectively, n=3, error bars represent S.E.M. 

Discussion 

Metabolic differences exist in 2D and 3D 

In this study, hMSC growth, viability and osteogenic response was compared on 2D and 

3D geometries, using microspheres of known radii of curvature, in order to evaluate 

geometrical control of hMSC fate. 

 

It was expected that with increasing DNA content there would be a proportional increase 

in cell metabolic activity in 3D, similar as is seen is 2D. However, there was no linear 

correlation between cell metabolic activity and DNA content in 3D in extended culture 

periods. Similar observations have also been reported by Ng et al. (31), who showed that 

Cell Titer 96, [3H] thymidine and Alamar Blue assays provided an inaccurate measure of 

human dermal fibroblast numbers in contrast to DNA assay and cell counts, over 10 days 

culture period in 3D poly(lactic-co-glycolic) acid-poly(ε-caprolactone) (PLGA-PCL) 

mesh containing 80 μm-wide PCL fibers and 20 μm-wide PLGA fibers, which provided 

similar radii of curvatures as used in the current study. 
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Additionally, some studies have shown that mitochondrial metabolism in 2D and 3D may 

be different. For example, almost 50-60% down regulation in mitochondrial enzymes 

(involved in oxidative phosphorylation) and 50-60% upregulation in anaerobic glycolysis 

was seen in case of human liver cancer cells grown on collagen scaffolds (Lyostypt® 

from B. Braun, Germany, collagen type I as major constituent and with 10-25 μm approx. 

radii of curvature) as compared to monolayers (32). This indicates that cells in 2D and 3D 

may have different metabolism and therefore, extrapolating cell numbers in 3D samples 

using 2D standard curves may provide an inaccurate measure of cell proliferation in 3D, 

as done by some studies using titanium phosphate-based glass microspheres for MG63 

cell culture (16) and collagen-apatite microspheres for rat bone marrow derived MSC 

culture (33). Moreover, these topographically-based differences may not be limited to 

mitochondrial metabolism but may also be affecting other cellular processes such as 

osteogenic differentiation as demonstrated by Maeno et al. (11).  

Geometrical regulation of hMSC survival and fate 

Some studies have demonstrated that cells are able to sense the radii of curvature smaller 

or much larger than the size of the cells themselves affecting cell attachment (34,35) 

migration (36–38), growth (39–44) and differentiation (45–50). Where concave surfaces 

in 3D support cell growth, convex or flat surfaces in same 3D system can inhibit it 

(42,43). There is also evidence that the level of concavity can dictate rate of cell growth 

and extracellular matrix deposition (49). At the molecular level, it is suggested that once 

the curvature-sensing proteins and lipids in plasma membrane sense the local curvature of 

adhesion surface, they accumulate themselves in the regions of membrane that needs to 

be bended, thus inducing a local membrane curvature. This curved membrane region 

causes a physical tension on plasma membrane via the integrin-focal adhesion proteins-

actomyosin fibers-RhoA assembly, affecting the signalling pathways involved in 

osteogenic differentiation and survival (51–56). 

 

In the present study, MS ranged between 8-270 μm in diameter with means and S.D. of 

90 μm and 47 μm, respectively (Supplementary Figure 1) and they presented the cells 

with a range of radii of curvatures between 4-130 μm. Thus, it is possible that different 

regions of the same 3D agglomerate may have led to different cell-fates (see 

Supplementary Figure 3 A). The regions with high convexities (sharper edges on MS 

surfaces) may have induced high cytoskeletal-mediated tension on the plasma membrane, 

leading to damage and ultimately cell death in some cells. In other cells, reduced cell 

membrane integrity may have negatively affected cellular processes, such as cell division 

and cell migration, limiting their growth (57) (see Supplementary Figure 3 B-D). This 

may explain significantly reduced cell viability on MS as compared to flat 2D surface and 

therefore, reduced cell proliferation in 3D. 

 

The Supplementary Table 1 summarizes results from some previous studies reporting 

growth of different cell-types on different MS systems with similar radii of curvature as 

BSG. Though most of these studies do not clearly define the cell seeding density with 

respect to surface area, there seems to be a general trend of significantly reduced cell 

proliferation in MS culture as compared to monolayers, irrespective of the chemical 
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composition of MS, of the culture medium used (33,58–60) or of the surface area offered 

by MS. This suggests that convex surfaces in general may be limiting cell growth (43). 

 

Recently, it has been shown that cells may be able to adapt to physical stresses in their 

environment by distributing proliferative activity and integrating the mechanical 

equilibrium through cell-cell adhesion and communication, spread across layers of cells 

(61–63). This suggests that hMSCs may be able to develop a growth pattern such that 

they collectively overcome harsher convexities of MS. This may explain the presence of 

viable cells in 3D on day 21 of culture in the present study. Similar observations have 

also been reported for human osteocytes grown on angular particles (60% hydroxyapatite 

and 40% of β-tricalcium phosphate, 20-40 μm radii of curvature) where there was 70% 

and 99% viability after 20 h and 28 days of culture, respectively (64). 

 

Live cell images, SEM images and H&E staining also showed that cells tend to grow and 

form aggregates predominantly in the inter-particulate spaces or at the outer edges of 3D 

agglomerates. This MS aggregation has also been reported for a range of MS including 

Ti-doped phosphate based glass MS (59), collagen or collagen-apatite MS (33) and 

commercially available Cytodex 1, Cytodex 3, Cultispher GL, and HyQsphere P102-L 

MC (65), all in comparable size range of BSG, hinting that aggregation may be primarily 

due to MS 3D geometry rather than their composition. One possible explanation for this 

may be the reduced physical tension experienced by the cells in inter-particulate porosity, 

(see Supplementary Figure 3D-E) and flatter regions (in the outer edges of the same 

agglomerate), which may have allowed these cells to grow more rapidly as compared to 

cells spread over convex MS surfaces. Additionally, pores may have different patterns of 

cell colonisation due to their different sizes (62), which could lead to formation of 

heterogonous growth microenvironments within the same 3D sample. Some optimal-

sized pores may have been more osteoinductive than others and led to the deposition of 

extracellular matrix and mineral by differentiated MSCs (49). Hence, giving it a patchy 

appearance on as early as day 7, even without osteogenic supplements. At the same time, 

the addition of osteogenic factors unexpectedly fail to significantly enhance collagen or 

calcium deposition in 3D cultures. These results suggest that geometry rather than 

medium composition may play a leading role in osteogenic differentiation (52,55) and 

would support some previous in vivo studies which have also shown preferential 

mineralisation on concave surfaces of implants rather than convex features in osteogenic 

sites (48) as well as ectopic sites (66).  

 

Our results also showed significantly higher ALP activity in 3D than in 2D. This may be 

due to acto-myosin contractility in cells as a result of 3D geometry, which may have 

enhanced RhoA expression and ROCKII activation, leading to increased ALP activity 

(56,67,68). Similar results have also been reported for pre-osteoblast (MC3T3) cells 

cultured on CaP cement-alginate MS with 75-150 μm radii of curvature (similar to BSG) 

and < 5 μm pore size on surface (absent on BSG) in osteogenic differentiation medium 

after 14 days (69). 

 

However, despite higher ALP activity, lower collagen and calcium deposition were 

observed in 3D as compared to 2D; this was also reported in case of MSCs derived from 
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dental pulp, which had higher ALP activity (after 48 h culture) but lower osteocalcin, 

osteonectin and BSP expression (after 30 days culture) on hydroxyapatite-convex 

surfaces (150 μm wide chips) compared to PLGA-concave surfaces (20 to 50 μm radii of 

curvature with micro-pits 3-10 μm wide) and Ti-flat surfaces (70).  

 

Considering that BSG used in this study did not provide MSCs with any specific 

osteoinductive chemistry or nanotopography, it seems that their convex surfaces and the 

resulting 3D geometry of adherent cells may have been sufficient to induce ALP 

expression in MSCs, but not late osteogenesis stages. This may be linked to the 

physiological environment in which these cells have been typically shown to form bone 

inside the resorption pits, which probably offers concave and not convex surfaces 

(71,72). 

 

Based on this hypothesis, a model for geometrical control of osteogenesis in vivo may be 

proposed (Figure 8): in Stage 1 (osteoblast progenitor stage), MSCs may be recruited for 

bone formation on relatively flat bone surface where they may attach and migrate 

towards the resorption pit created by osteoclasts. During migration in Stage 2 (pre-

osteoblast stage), these cells initially encounter the convex edges of concavity (resorption 

pits), which may cause actin-myosin contractility and cytoskeleton-tension, inducing 

early osteogenesis through RhoA-ROCKII-Runx2/ALP pathway. Finally, as these cells 

enter the concavity in Stage 3 (mature osteoblast stage), they may experience a concave 

topography, which may induce different cytoskeletal changes and subsequent molecular 

pathways, promoting the formation of collagen fibers and mineralised bone matrix. 

 
[insert Figure 8] 

 

Figure 8: Proposed model for geometrical regulation of bone formation, based on 

contributions also from (49,56,67,68,73). ROCK- Rho-associated protein kinase, ALP- 

alkaline phosphatase. 

It should be noted that the chemical composition of glass coverslips used might present 

slight differences from that of the BSG used, as these from different sources. Although 

the present study focused on the dominant effect of topography and geometry on cell fate 

(55) in 2D and 3D, in the future this may be tested by manufacturing glass coverslips and 

BSG from same the glass raw materials, and comparing hMSC growth and differentiation 

on their surfaces. 

 

Conclusion 

This study explored hMSC responses in 2D and microsphere (3D) culture systems, and 

showed was lower cell viability in 3D and also lower cell proliferation in 3D over 6 

weeks. Microscopic examination indicated that the cells tended to populate in inter-

particulate spaces and fewer cells grew on microsphere surfaces. There was higher ALP 

activity in 3D over 21 days of culture, however, collagen and calcium deposition was 

found to be significantly lower by 3 weeks of in 3D culture compared to standard 2D 
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culture. When culture medium was supplemented with osteogenic factors, the ALP 

activity seemed to increase in both 2D and 3D, while collagen and mineral deposition did 

not seem to increase upon OS treatment in 3D. These differences between the two culture 

formats may be due to variation in cell morphology resulting from cytoskeletal changes 

induced by convex microsphere-surfaces and inter-particulate regions in the 3D system. 

Based on these observations, a model for geometrical regulation of osteogenesis by 

hMSCs was proposed. Future work will focus on understanding how cell morphology 

modulates cell contractility and how this cytoskeletal tension transduces into molecular 

signals, possibly leading to osteogenesis. 
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