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a b s t r a c t 

Tissue engineering involves the seeding of cells into a structural scaffolding to regenerate the architecture 

of damaged or diseased tissue. To effectively design a scaffold, an understanding of how cells collectively 

sense and react to the geometry of their local environment is needed. Advances in the development of 

melt electro-writing have allowed micron and submicron polymeric fibres to be accurately printed into 

porous, complex and three-dimensional structures. By using melt electrowriting, we created a geomet- 

rically relevant in vitro scaffold model to study cellular spatial-temporal kinetics. These scaffolds were 

paired with custom computer vision algorithms to investigate cell nuclei, cell membrane actin and scaf- 

fold fibres over different pore sizes (20 0–60 0 μm) and time points (28 days). We find that cells prolif- 

erated much faster in the smaller (200 μm) pores which halved the time until confluence versus larger 

(500 and 600 μm) pores. Our analysis of stained actin fibres revealed that cells were highly aligned to 

the fibres and the leading edge of the pore filling front, and we found that cells behind the leading edge 

were not aligned in any particular direction. This study provides a systematic understanding of cellular 

spatial temporal kinetics within a 3D in vitro model to inform the design of more effective synthetic 

tissue engineering scaffolds for tissue regeneration. 

Statement of significance 

Advances in the development of melt electro-writing have allowed micron and submicron polymeric fi- 

bres to be accurately printed into porous, complex and three-dimensional structures. By using melt elec- 

trowriting, we created a geometrically relevant in vitro model to study cellular spatial-temporal kinetics 

to provide a systematic understanding of cellular spatial temporal kinetics within a 3D in vitro model. The 

insights presented in this work help to inform the design of more effective synthetic tissue engineering 

scaffolds by reducing cell culture time; which is valuable information for the implant or lab-grown-meat 

industries. 

© 2021 Published by Elsevier Ltd on behalf of Acta Materialia Inc. 
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. Introduction 

The study of tissue regeneration mechanics is critical to the de- 

elopment of effective synthetic tissue grafts to replace autografts 

or the repair of diseased and damaged tissues. Autografts remain 

he gold standard treatment for bone loss caused by conditions 

uch as osteoporosis [1] , chronic infection [2] , cancerous growth 

3] or trauma [ 4 , 5 ]. Autografts require transplanted tissue from the
∗ Corresponding author at: QUT Science and Engineering Faculty, GPO Box 2434, 

risbane, QLD 4001, Australia. 

E-mail address: matthew@lanaro.com.au (M. Lanaro). 
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ame patient [ 6 , 7 ] which eliminates the risk of disease, infection or

ejection that are associated with allografts or xenografts (tissue 

rom another person or species, respectively) [6] . Unfortunately, 

omplications can arise due to a limited available volume, addi- 

ional morbidity site and longer anaesthesia time [ 8 , 9 ]. 

The design of a successful synthetic bone graft substitute re- 

uires the characterisation and then biomimicry of physiological 

issue regeneration mechanisms [ 10 , 11 ]. Researchers have studied 

 wide range of physiochemical factors that affect bone cell re- 

ponses to implant surfaces such as surface chemistry [ 12 , 13 ], to-

ography [14] , roughness [ 15 , 16 , 17 ], electrical stimulation [ 18 , 19 ]

nd substrate stiffness [ 20 , 21 ]. While most of this research helps

https://doi.org/10.1016/j.actbio.2021.09.042
http://www.ScienceDirect.com
http://www.elsevier.com/locate/actbio
http://crossmark.crossref.org/dialog/?doi=10.1016/j.actbio.2021.09.042&domain=pdf
mailto:matthew@lanaro.com.au
https://doi.org/10.1016/j.actbio.2021.09.042
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Table 1 

Scaffold design data and printing parameters for melt electro-written scaffolds. 

Study Parameters 

Scaffold Pore size (μm) 200, 300, 400, 500, 600 

Width of scaffold (mm) 7 

Layers (crosshatch) 2 

Fabrication Speed (mm/min) 600 

Voltage (kV) 5 

TC Distance (mm) 3.5 

Temperature ( °C) 90 

Air Pressure (MPa) 0.05 

Nozzle 21G 

In 

vitro 

Time points (day) 1, 4, 7, 10, 14, 18, 28 

Replicates ( n = 3) All (exceptions below) 

Replicates ( n = 2) Day 18, 200, 400 & 500 μm 
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nform what material a scaffold should be made from, fewer stud- 

es focus on what architecture the scaffold should have. Recent 

tudies investigate how cells are able to collectively sense and re- 

ct to the geometry or microarchitecture of their local environment 

sing the model MC3T3 murine pre-osteoblast line [ 22 , 23 , 24 ]. This

s particularly evident with cells that have attached and prolifer- 

ted in the corner of scaffolds, where a concave shape helps gen- 

rate a high localised surface tension which is correlated with the 

lling of scaffold pores with cells and new tissue [ 24 , 25 , 26 , 27 , 28 ].

ecent findings suggest that the concave shape of filling pores is 

ade up of ‘chords’ of cells and ECM elements, but there is lim- 

ted research into this [ 29 , 30 ]. The process whereby local geom-

try affects surface tension to drive pore filling has been termed 

Curvature Controlled Tissue Growth’ [ 22 , 30 , 28 ] which has many

imilarities to fluid-like behaviour [ 31 , 30 , 28 ] or energy minimizing

unctions [32] at a longer timescale. 

To further investigate the relationship between pore filling and 

caffold geometry, we need to develop a physiologically accurate in 

itro model of 3D porous bone. Technologies such as bioprinting, 

rganoid and organ-on-a-chip enable 3D cell culture models to be 

reated and offer a viable alternative to traditional 2D in vitro cul- 

ures [ 33 , 34 , 35 , 36 , 37 , 38 , 39 ]. Flat, 2D cultures suffer from a number

f limitations that stem from poorly reflecting the environmental 

hysiology of tissue [ 37 , 40 ]: such as removing the gradated ex- 

hange with media [ 40 , 41 ] or altering cellular patterns such as mi-

ration and differentiation [ 42 , 41 , 43 ]. Bioprinting has arisen as a

seful 3D scaffold fabrication system for a wide variety of mate- 

ials including polymers and hydrogels to create porous, complex 

nd three-dimensional structures [44] . Most bioprinting technolo- 

ies (bioinks, hydrogels, polymers) rely on extrusion-based tech- 

ology which results in large millimetre and sub millimetre scale 

bre diameters [ 45 , 46 , 47 , 4 8 , 4 9 ]. However, recent advances in the

evelopment of melt electro-writing have decreased the fibre size 

o the micron and sub-micron scale [ 50 , 51 , 52 ], which better mim-

cs natural tissue structure. 

To analyse how populations of cells fill scaffold pores within 

 bioprinted 3D in vitro model, we need to quantify cellular num- 

ers, positions and membrane coverage over a large sample of pore 

izes and time points. Current analysis of spatial-temporal cellu- 

ar kinetics is frequently limited by the number of samples and 

ells that can feasibly be imaged and analysed. Fields such as drug 

iscovery utilize high-throughput, high-quality imaging pipelines 

o increase the effectiveness and speed of R&D [ 53 , 54 , 55 ]. High-

hroughput, high-content imaging methods allow the advance- 

ents made in computer vision, artificial intelligence and big data 

o be applied to cell culture [ 56 , 57 , 58 ]. This allows the ‘scaling-

p’ of both the quantity (throughput) and quality (content) of data 

hat can be collected from cell culture and analysis [59] . While the 

tility of micron-scale scaffolds f or studying cellular-geometric re- 

ationships has been shown [60] , the study of cellular geometric 

elationships in a melt electrowritten 3D model has not, to the au- 

hors’ knowledge, been widely undertaken. 

The combination of a 3D bioprinted in vitro model with an 

utomated, high-content computer vision analysis system offers 

 compelling platform for studying pore filling behaviour. Bio- 

rinted melt electrowritten scaffolds allow submicron to micron 

cale fibres to be fabricated into porous, complex, three dimen- 

ional structures to model bone tissue. This bone tissue model can 

e used to study pore filling mechanics, by using customised com- 

uter vision algorithms. In our previous work, we applied math- 

matical modelling using the Porous-Fisher model to study pore 

lling mechanics [ 61 , 62 ]. 

The aim of this study is to demonstrate how customised com- 

uter vision algorithms can analyse the pore filling behaviour of 

ells cultured on a highly ordered melt electrowritten scaffolds of 

arious pore sizes. A deeper understanding of cellular pore filling 
430 
ehaviour within a quasi 3D in vitro model will lead to the design 

f more effective synthetic tissue engineering scaffolds f or bone re- 

eneration. 

. Materials and methods 

.1. Polymer preparation 

Polycaprolactone (PCL, Capa 6430, 43,0 0 0 MW) pellets were 

laced into a 2 ml syringe and then placed into a printing head 

or a heat treatment at 80 °C for 2 h before melt electro- writing 

63] . 

.2. Scaffold fabrication 

The scaffolds for this study were prepared by melt electro- 

riting as discussed in previous work [ 51 , 52 ]. The scaffold pat- 

ern was designed as a 7 mm square which could fit inside a 48 

ell plate to enable subsequent cell culture (Supplementary Infor- 

ation S1). The scaffolds had 5 pore sizes (either 20 0, 30 0, 40 0,

0 0 or 60 0 μm) and were fabricated with the printing parameters 

isted in Table 1 . 

Table 2 

.3. Cell culture 

.3.1. Scaffold pr eparation 

Prior to cell seeding, scaffolds were immersed in 5 M NaOH 

Univar, Illinois, US) for 20 min to etch the surface providing 

ore hydrophilic characteristics to enable improved cell attach- 

ent, then removed to fresh wells and immersed in 70% ethanol 

or 1 hr for sterilization [52] . Scaffolds were then placed individu- 

lly in fresh 48-well plates and further sterilized under UV light for 

0 mins then finally allowed to dry for 24 hrs. Scaffolds were in- 

ubated, at 37 °C with 5% CO2, in complete media containing MEM 

lpha (Thermo Fisher Scientific, Massachusetts, US) with 10% foetal 

ovine serum (Thermo Fisher Scientific, Massachusetts, US) and 1% 

enicillin Streptomycin overnight prior to seeding ( ∼18 hrs). 

.3.2. Cell seeding and culturing 

The plates used for cell culture were non-treated 48-well plates 

Nunc, Thermo Fisher) and each well was coated with 100uL of 

% agarose to further limit cellular attachment. This was to ensure 

hat the cellular interactions of the scaffolds were not confounded 

y their interactions with the tissue culture wells. 

Murine calvarial preosteoblastic cells (MC3T3 E1) were seeded 

nto the scaffolds [52] . Cells were seeded at 7500 cells in 250 μL 

uspension onto each scaffold and allowed to attach for 4 hrs be- 

ore adding the remaining 250 μL of complete media. Cell seeded 

caffolds were incubated in a humidified environment at 37 °C 

ith 5% CO2. Media was changed every 2 to 3 days as required. 
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Table 2 

Comparison of cell nuclei detection using human counting, ImageJ 3D Objects counter 

and our computer vision script. 

Stage Sample Count ImageJ 3D Objs Script 

Attachment Pore 300 μm, day 4 17 17 (100%) 22 (129.4%) 

Early Filling Pore 300 μm day 10 231 85 (36.8%) 204 (88.3%) 

Fully Filled Pore 300 μm, day 18 324 102 (31.5%) 295 (91%) 
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.3.3. Cell viability staining 

Cell viability was accessed with the Live/Dead Viabil- 

ty/Cytotoxicity Kit (Invitrogen, California, US) at Day 10, 14 

nd 28 with calcein AM and ethidium homodimer1 used at 2 μM 

nd 4 μM respectively. The cell seeded scaffolds were removed to 

 fresh well plate at the designated time points and incubated in 

ive/Dead reagents for 20 min, washed once with PBS (Phosphate- 

uffered saline), (Thermo Fisher Scientific, Massachusetts) then 

maged within 1 hour of staining. The calcein AM is retained 

ithin live cells and the ethidium homodimer1 binds to the nu- 

leic acids of cells with damaged membranes producing green or 

ed fluorescence, respectively. Imaging was performed on a Leica 

CS SP5 confocal microscope (Supplementary Information S2). 

.3.4. Cell morphology staining 

Scaffolds were washed in PBS twice before being fixed in 4% 

araformaldehyde/PBS (Sigma Aldrich, Missouri, US) for 30 min. 

etween each of the following steps the scaffolds were rinsed with 

BS 3X. Scaffolds were then incubated in 0.1% Triton X-100 (Merck, 

ew Jersay, US) for 5 min to permeabilize the cells followed by 

% BSA/PBS incubation (Sigma-Aldrich, Missouri, US) for 5 min. 

lexa Fluor 488 Phalloidin at 1:40 dilution(Invitrogen, California, 

S) and 300 nM of 4 ′ ,6 diamidino 2 phenylindole (DAPI) counter 

tain (Thermo Fisher Scientific, Massachusetts, US) were used to 

tain the actin cytoskeleton and cell nuclei, respectively. Scaffolds 

ere incubated at room temperature and in the dark with Alexa 

luor 488 and DAPI for 20 and 5 min respectively. Scaffolds were 

tored at 4 °C in well plates containing PBS, wrapped in foil until 

maged. Imaging was performed on a Leica AF60 0 0 LX microscope. 

.4. Computer vision algorithm 

A computer vision algorithm was designed to complete the 

igh-quality imaging pipeline. The scaffolds were designed to fit 

nto a 48 well plate and were 2 layers high (approximately 80 μm), 

o complete data in x-y and z axis could be captured with an op- 

ical z stack. The algorithm was written with a custom MATLAB 

cript (The Mathworks Inc., Natick, MA) and functions inside the 

ATLAB computer vision toolbox. The entire dataset consisted of 

0,315 files (mostly stacks of .tif files) and was processed on an 

th generation intel i8 processor. A universal modelling language 

UML) diagram of the MATLAB algorithm displays the high-quality 

maging pipeline in each step ( Fig. 1 ). 

1. Images that were collected in the cell morphology staining 

( Section 2.3.4 ) were saved into a database to be accessed pro- 

cedurally by the script. 

2. Images were broken up into smaller subregion ‘chunks’ to be 

processed. 

3. A local background subtraction was performed to remove noise. 

4. The DIC (Differential Interference Contrast) image was seg- 

mented (based on pixel intensity) into a binary image to label 

pixels as ‘fibre’ or ‘not fibre’. 

5. Individual cell nuclei were detected through an iterative local 

threshold algorithm which was performed on the DAPI stain 

[64] . 

6. Data from the cell membrane were found from a line detection 
algorithm with the Hough lines transformation. l

431 
The 3rd dimension is taken into consideration during the anal- 

sis for the detection of cell nuclei and membranes. For the de- 

ection of fibres and pores, only two-dimensional data is collected 

nd analysed. Segmentation and line detection were implemented 

hrough the computer vision toolbox within MATLAB, and do allow 

ome parameter tuning, see the online documentation for a full 

escription for how MATLAB implements these functions ( https: 

/au.mathworks.com/help/vision/ ). 

.5. Statistical analysis 

Data analysis is performed on the entire dataset, 513 GB, 20,315 

les. Each timepoint had 15 scaffolds, 3 replicates across 6 pore 

izes, with the exception of day 18, which had 2 replicates in the 

0 0, 40 0 and 500 μm pore sizes. The nine centre pores in each

caffold were analysed. All error bars represent standard deviation, 

rouping both the internal replicates (9 pores per scaffold) and ex- 

ernal replicates (3 scaffolds per pore size) together. 

. Results 

To investigate the feasibility of a 3D bioprinted scaffold’s ap- 

ropriateness for studying spatial-temporal cellular kinetics, cells 

ere seeded onto scaffolds comprising pore sizes which were ei- 

her 20 0, 30 0, 40 0, 50 0 and 60 0 μm and cultured for 28 days.

API and Phalloidin staining of the scaffolds highlighted the effect 

f time and pore size on spatial-temporal cellular kinetics ( Fig. 2 ). 

n day 1 there was uniform cell seeding but low attachment. Cells 

roliferate to day 4 where some cells in the smaller pore sizes (200 

nd 300 μm) begin to span perpendicular fibres. During days 7 and 

0, the cells proliferate and began to fill pores for the smaller sizes 

200 and 300 μm). The smaller pores were fully filled by day 14 

nd the 400 μm pore filled at day 18. The scaffolds with larger 

ores (pores 50 0 and 60 0 μm) did not fully fill by the final time

oint ‘Day 28 ′ however some of the individual pores did demon- 

trate pore filling. While images within Fig. 2 highlight the appro- 

riateness of melt electrowritten scaffolds to investigate osteoblast 

rowth, a quantitative image analysis pipeline was designed to 

uantitatively compare the relationship of pore size on growth ki- 

etics and morphology during bone tissue formation. 

.1. Computer vision analysis 

To improve the analysis of spatial-temporal cellular kinetics, 

he images acquired of the DIC, DAPI and Phalloidin image chan- 

els were sent through the high-throughput, high-quality analysis 

ipeline. The subsequent new dataset includes information on scaf- 

old fibre locations, cell nuclei numbers and locations and actin fi- 

re orientation. 

.1.1. Attachment and proliferation 

To quantify the attachment and proliferation of cells, the DAPI 

tained scaffolds were imaged, segmented and analysed with the 

eveloped computer vision algorithms to identify cell nuclei. The 

esults indicated that the cell proliferation followed the inverse 

ogarithmic relationship typical of attachment, proliferation and 

https://www.thermofisher.com/au/en/home/life-science/cell-analysis/fluorophores/dapi-stain.html
https://au.mathworks.com/help/vision/
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Fig. 1. Custom computer vision algorithm developed with MATLAB (The Mathworks, Inc., Natick, MA) in universal modelling language (UML) diagram. The script accepts 3 

channel images of a scaffold (DIC, DAPI and Phalloidin) to identify pores, cell nuclei and membranes respectively. A large data set is simply a dataset that must be opened 

in smaller chucks due to computer resource limitation, such as the amount of RAM. 

Fig. 2. PCL melt electro-written scaffolds fabricated with pore sizes (200 to 600 μm) and seeded with MC3T3 cell line and cultured over 28 days. Each scaffold was imaged 

with differential interference contrast (DIC), Alexa Fluor 488 Phalloidin and 4 ′ , 6- diamidino- 2- phenylindole (DAPI). Adapted with permission from [61] . 

432 
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Fig. 3. Semi-log plot shows the attachment and proliferation of MC3T3 cells on PCL scaffolds with various pore sizes (200 to 600 μm) across 28 days. Cell density is 

displayed in cell number/total surface area rather than cell number to normalise various pore sizes. (B) Contains density of cells on the scaffold vs density of cells in the 

pore, expressed as a semi-log line plot. To calculate the density of cells on scaffold vs pore, the distance that a cell nuclei (centre point) is away from the fibre is found, if 

== 0 the cell is classified as on the scaffold, if > 0 the cell is classified as in the pore. Error bars for both (A) and (B) represent the standard deviation applied across all 

culture replicates. 
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onfluence cell culture stages ( Fig. 3 A). Even though all cell cul- 

ures were run until day 28, only the 200 μm pore scaffold indi- 

ated a small decrease in cell number at day 28 ( p < 0.025). Each

ore size had a clear effect on cell proliferation, where larger pore 

izes had slow initial proliferation rates compared to smaller pore 

izes. 

We also quantified cell proliferation rates on fibres and within 

ores. Each identified cell contains a field named ‘distance’ that 

easures the distance of the cell nuclei centre point to the near- 

st fibre (Euclidean distance). Therefore, cells with a distance of 

ero are defined as being on the fibre and cells with a positive 

istance are located in the pore. Fig. 3 B displays the density of 

ells on the fibre vs in the pore (blue and orange line respectively). 

he total cell number increases at each time point until confluence 

s reached, which is indicated by the upper asymptote on the y 

xis. The data shows that cells begin proliferating inside the pores 

g

433 
efore the limit is reached for cells on the scaffold, indicating the 

ore filling begins before confluence on the scaffold is reached. 

.1.2. Pore filling 

Pore filling within the porous microenvironment is a critical 

tage of the tissue regeneration process. To study the rate of pore 

ridging, we have taken the segmented pores and applied a logical 

AND’ operation (truth functional operator) to the phalloidin image 

hannel. The logical operation was applied to the central 9 pores 

n all 3 scaffolds to give an n of 27 and the result was recorded as

 percentage ( Fig. 4 A). Pore coverage exhibited a higher standard 

eviation in comparison with cell numbers throughout culture. 

Each single cell measurement was grouped into regions so that 

ell density in concentric regions of the pore could be plotted 

nd analysed ( Fig. 4 B). Each pore size has been split into 5 re-

ions, where cell numbers between each region were summed and 
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Fig. 4. (A) Coverage of pores (200 to 600 μm) over timepoints (days 1 to 28). Coverage is the logical ADD operation between the segmented pores and phalloidin image 

channels expressed as a percentage. Each datapoint has 27 repeats (9 pores, 3 scaffolds) with the exception of day 18 ( n = 18). (B) Cell density within the pores, where each 

pore size (200 to 600 μm) is split into 5 regions and cell density found and averaged over each scaffold. 
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ivided by surface area. For example, the 200 μm scaffold will have 

 regions between 0 μm (the fibre) and 100 μm (the pore centre 

oint). The results show how the regions close to the fibre (regions 

 and 2) fill up slowly whereas the regions further away (regions 

, 4, 5) become full relatively quickly ( Fig. 7 ). The middle regions

ll up faster with the smaller pore sizes than the larger pore sizes, 

upporting the data on pore coverage. 

.1.3. Cellular alignment 

It is known that cells fill pores in an ordered process, span- 

ing large regions and following an energy minimizing function 

32] . The alignment and orientation of cells as they fill a pore 

an be quantitatively analysed using an edge detection (canny) and 

ine finding (hough) algorithm to detect actin filament morphology. 

ach scaffold had the angle of the detected lines within all 9 pores 

lotted in a rose plot ( Fig. 5 A). Each individual rose plot represents

 different scaffold. 

Cellular alignment on days 1 and 4 was highly anisotropic in 

he direction of the scaffold fibres: 270 to 90 ° and 0 to 180 °. As

he cells bridged the pore, the rose plots became less and less 

nisotropic, until full pore bridging was reached (see red circle) at 

hich point cell orientations were distributed in all directions. As 

hown in Fig. 5 B and F, a few cells can be seen spanning two per-
434 
endicular fibres, demonstrating how the rose plots became less 

nisotropic as the pore fills. In images 5C and G, it is evident that 

he cells at the leading edge and just behind were aligned perpen- 

icular to the pore filling direction. The rose plots circled in red 

ndicate pore wide alignment to be equal in all directions, this mo- 

ent corresponds to the day at which the pores were mostly filled 

 Fig. 5 ). When the pore had recently filled ( Fig. 5 D, H) and in-filled

orners (circled region in Fig. 5 G) very few actin fibres could be 

etected, indicating weak or non-existent tension in these regions. 

fter the pores were filled the rose plots became random, where 

everal confluently covered scaffolds exhibited a global alignment 

gain ( Fig. 5 E, I), corresponding to the formation of a sheet of cells

rowing on top or beneath the scaffold. 

.2. Phenomenal observations 

.2.1. Pore bridging front 

An analysis of the membrane alignment showed that the cells 

lose to the pore filling front were highly aligned perpendicular 

o the direction of pore filling. The DAPI stain of the cell nuclei 

hows a similar result, where the nuclei are also highly aligned 

erpendicular to the direction of pore filling ( Fig. 6 ). 



M. Lanaro, M.P. Mclaughlin, M.J. Simpson et al. Acta Biomaterialia 136 (2021) 429–440 

Fig. 5. (A) Membrane alignment of MC3T3 cells seeded onto scaffolds (pore size 200 to 600 μm) and cultured to day 28. Membrane alignment was calculated from an edge 

detection (canny) and line finding (hough) algorithm that was performed on the phalloidin fluorescent channel. The frequency of the angle of detected lines to x-axis was 

plotted in a rose plot, where each rose plot represents a unique individual scaffold. Therefore, if the cell is aligned to a horizontal fibre, then the line detection algorithm 

will likely detect a horizontal line with 0 or 180 ° to the x axis, which will counted and displayed in the rose plot. When full cell bridging occurs, the rose plots become less 

aniotropic, this timpoint has been circles in red for each pore size. Images (B), (C), (D), (E) are a DAPI/Phalloidin image of regions of interest, where images (F), (G), (H), (I) 

display the associated detected lines. Arrows indicate areas of strong membrane alignment, the circle in image O1 shows the lack of alignment (or disorganised alignment) 

behind the circular pore filling front. 
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Fig. 6. Cell bridging front illustrating an alignment of nuclei perpendicular to cell bridging direction. 
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.2.2. Spanning teams of cells 

Several images were observed ( Fig. 7 ) to ascertain the mecha- 

ism behind pore filling. The images all show groups of cells span- 

ing the distance between two perpendicular fibres. The images H 

o I and J of K show that cell spanning teams not only operate at

he leading edge but make up the cells that sit behind the leading 

dge. Image A is particularly interesting since it shows that 2 to 3 

ells had formed a chain while on a fibre and are just starting to 

pan off onto another fibre. These observations are important as it 

hows that pore filling is performed by numerous somewhat inde- 

endent cell spanning teams. It is increasingly difficult to visualise 

his behaviour at later time points as cell densities are too high to 

ifferentiate between different spanning teams. 

.3. Validation of computer vision algorithm 

To validate the operation of the computer vision algorithm, the 

cript’s performance was compared to ImageJ 3D Object Counter 

nd human counting. ImageJ was chosen for comparison over MAT- 

AB due to its wide availability as free and open source software. 

he algorithm performed well when compared to manual count- 

ng of cells in largely populated images, capturing 88.3% and 91% 

f the total cells at days 10 and 18. The script had difficulty captur- 

ng cells that were on top of each other. ImageJ 3D object counter 

erformed far worse, capturing 36.8% and 31.5% of the cell nuclei 

t days 10 and 18. Both the computer vision algorithm and ImageJ 

D Object Counter use threshold-based object segmentation, but 

ur computer vision algorithm used an iterative threshold which 

erformed better than ImageJ. Our script oversampled during the 

arlier timepoint with very low cell numbers, perhaps capturing 

onspecific staining or background fluorescence. 

. Discussion 

Our scaffold based 3D in vitro model was successfully paired 

ith a high quality computer vision analysis algorithm to inves- 

igate spatial temporal cellular kinetics. We showed how a highly 

rdered melt electrowritten PCL scaffold could be used as a 3D in 

itro model with a minimized height ∼80 μm so that volumetric 

maging data of cells could be gathered from the DIC, DAPI and 

halloidin channels. This dataset (513 GB, 20,315 files) could then 

e sent through a high-quality imaging pipeline to generate quan- 

itative data involving scaffold fibres, cells and cytoskeleton mem- 

ranes and draw out interconnected relationships between these 
436 
lements. We have applied our model to the study of pore filling, 

 complex spatial temporal phenomenon of high importance to tis- 

ue regeneration, which in turn will help to design better implants. 

.1. Spatial-Temporal kinetics 

Work by Kommareddy et al. categorised the tissue growth ki- 

etics in pore filling into early and late stage growth, whose tran- 

ition is dependant on a delay time (t 0 ) [24] . In Fig. 3 , we also

bserve a delay time between initial attachment and pore filling 

hat is dependant on pore size. Interestingly, in Fig. 3 we show 

hat pore filling begins long before the cells reach confluence on 

he fibres. This suggests that cells do not prefer to attach to the 

CL scaffold but to each other, and will begin pore filling once a 

ocal density threshold has been overcome [65] . 

We indicate that the proliferation rate within a scaffold pore 

epends on the distance to the nearest fibre ( Fig. 4 ). For 200 μm

caffold pores, cells grew to their maximum density in 4 and 7 

ays within 0 to 20 and 20 to 40 μm distances from fibres and 

hen rapidly reached maximum density within all 40 to 100 μm 

istances by day 10. This rapid filling of the final concentric re- 

ions across all pore sizes seems to indicate that once pore filling 

egins, it is self-sustaining and promotes further pore filling. Note 

he differential maximum density between regions could simply be 

ue to the fact that the regions next to the fibres can support more 

ells and not indicative of larger kinetics [26] . 

Our analyses of the number, position and orientation of cell 

uclei in combination with actin fibres indicate four stages to 

caffold-confined cell growth from a single pore’s perspective, il- 

ustrated in Fig. 5 B to I: 

1. Fibre Attachment. Cells during this phase are highly 

anisotropic to the fibers. Fig. 5 B shows 2 to 3 cells in a 

link that have just attached onto a perpendicular fibre, indicat- 

ing that cells during this phase are forming the links needed 

to begin pore filling. 

2. Pore Filling. We identified that independent teams of cells 

span the distance between perpendicular fibers. Our alignment 

plot ( Fig. 5 A) shows that the global membrane alignment be- 

comes less and less anisotropic as the membranes begin to be- 

come aligned to the closing pore. The images in Figs. 5 C and 

G show that the cells behind the leading edge are also highly 

aligned to the leading edge but that the cells close to the fibre 

are not. 
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Fig. 7. DAPI/Phalloidin images of teams of cells spanning two perpendicular fibres, at day 7. 
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3. Pore Confluency. Once the pore has completely filled there is 

no global alignment within individual pores (intra pore) as in- 

dicated in Fig. 5 D, 5 H. 

4. Pore Overgrowth. Cell alignment then starts to occur across 

multiple pores (inter pore), where membrane plots show cells 

interacting across the whole scaffold above or below the bridg- 

ing monolayer ( Fig. 5 E, I). 

.2. Pore filling model 

Previous work by Rumpler et al., Bidan et al., and Knychala 

t al. used a ‘Curvature Controlled Tissue Growth’ (CCTG) model 
437 
o show how tissue growth is a function of localised curvature 

 30 , 22 , 28 , 66 , 26 ]. In this model, local curvature was calculated from

ither the radius of the current location i and immediate neigh- 

ours ( i -1) and ( i + 1) along a surface or from a structuring el-

ment using Frette’s algorithm [ 67 , 68 ]. Tissue growth was then 

omputed as the product of a growth constant and local curvature 

alue towards the centre of the pore. Previous work by Alias and 

uenzli used a cell-based model to investigate the influence of cur- 

ature on the collective crowding or spreading of cells during pore 

lling [ 69 , 70 , 71 ]. The key difference from previous modelling work

as that the normal velocity of tissue surface (pore filling) was de- 

ermined by the product of surface density of tissue-synthesising 
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Fig. 8. ‘Spanning Teams’ pore filling model is shown in A, B, C and E, F, G respectively. In this model (E) MC3T3 cells search in their immediate surroundings for another 

MC3T3 or fibre to attach onto that will maintain tension. (F, G) this process can continue forming teams of 2 or more cells. The filling pore is therefore a collection of 

spanning teams of 2 or more cells giving the appearance of a leading edge (D, H). 
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ells and the cells secretory rate (volume of new tissue formed per 

ell per unit time). 

While both models accurately fit experimental data of pore fill- 

ng, the mechanism underlining how surface tension drives pore 

lling is only recently being understood. Work by Bidan et al., 

nd Joly et al., developed a geometric ‘chord model’, whereby 

urvature-controlled growth can be derived from the assembly of 

ensile elements on a curved substrate [ 29 , 30 ]. These tensile ele-

ents can be clearly seen in Fig. 7 , where actin-linked teams of 

t least 1–3 cells span across the pore. The formation of these 

eams arises in part due to durotaxis and morphogenesis, where 

ndividual cells seek to attain and maintain tensional homoeosta- 

is between the substrate and other cells [ 72 , 73 ]. Work by Ingber

t al., and Wang et al., have shown how external mechanical sig- 

als propagate through the cytoplasm, which, coordinates changes 

n cell, cytoskeletal and nuclear structure [ 74 , 75 , 76 , 77 , 78 ]. We ob-

erve that both actin and the nucleus are aligned in parallel to 

he leading bridging front, indicating shared mechanical stimulus. 

hrough the integrin/focal adhesion complex, teams of cells span 

istances within the local microarchitecture ( Fig. 8 A, B, C, E, F, G)

73] . Multiple spanning teams give the appearance of a spanning 

ircle ( Fig. 8 D, H). Due to the desire to reach tensional homoeosta-

is, pore filling begins long before confluence has been reached on 

he scaffold fibres ( Fig. 3 ). In our work we were able to confirm the

chord model’, and move one step further to reveal the underlying 

tructure of the ‘chords’ how they form, what they are made up of 

nd how their structure changes in time and space. 

While phalloidin staining revealed elongated actin fibres within 

ells at the leading edge, less were identified between the lead- 

ng edge and the scaffold fibres ( Fig. 5 C, G). This has also be ob-

erved by Bidan et al., where phalloidin stain intensity increases 

ith proximity to the leading edge [79] . 

During this present study we observed a few examples of off- 

entre pore filling (Supplementary Information S3). Previous re- 

earch indicates that the contractile forces produced by cells is suf- 

cient to rupture the ECM-substrate interface causing cell sheets 

o ‘break away’ from concave surfaces [80] . While this may explain 

ur observations, another alternative possibility is that the initial 

ell seeding and attachment was variable and led to this non- 

fi

438 
niform arrangement (or possibly even damage caused by handling 

he thin ∼80 μm scaffolds directly). 

This data can move towards helping to inform the design of 

issue engineered grafts by enabling implant biomanufacturers to 

alculate optimal scaffold geometry, culture time, and product cost 

or a desired tissue density, coverage, and morphology. For ex- 

mple, a 200 μm pore scaffold was filled by day 14, whereas a 

00 or 600 μm pore scaffold has not filled by day 28, more than 

wice as long. The difficulty filling these larger pores indicates 

hat some cells such as MC3T3’s prefer scaffolds with smaller pore 

izes. These outcomes correlate with the published data for the 

ize of human osteons, the fundamental unit that makes up com- 

act bone. Osteons feature a central blood vessel which supplies 

ells with nutrients, and removes waste. The size of the osteon is 

ritical since it determines the maximum distance that a cell re- 

ides from the central blood vessel. The diameter of an osteon can 

ary depending on factors such as age, race or location of bone, 

rom 186 to 244 μm [81] or 231 to 296 μm [82] . Our in vitro plat-

orm may be reflective of in vivo tissue ingrowth kinetics for bio- 

ogical studies that may assist the design of scaffold implants for 

se within regenerative medicine strategy to assist healing. Future 

ork could apply the method developed in this work to investigate 

any other questions, such as pore shapes, cell lines, mechanical 

orces, materials or drugs. 

. Conclusion 

The study of tissue regeneration mechanics is critical to the 

evelopment of effective synthetic tissue grafts for the repair of 

iseased and damaged tissues. In this study, we used micron- 

cale melt electrowritten porous scaffolds and created an appro- 

riate custom made computer vision algorithm to analyse cell- 

icrostructure interactions. This allowed us to investigate cellular 

inetics of cells cultured on highly ordered scaffolds with varying 

ore sizes to quantify cellular proliferation, pore filling and mem- 

rane orientation in a range of pore sizes consistent with a hu- 

an osteon canal. We found that cells proliferated much faster in 

he smaller (200 μm) pores which halved the time until confluence 

ersus larger (500 and 600 μm) pores. Our analysis of stained actin 

bres revealed that cells were highly aligned to the fibres and the 
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eading edge of the pore filling front. We also found that cells in 

etween the scaffold and pore filling front were less aligned to ei- 

her the fibres or the pore filling front. Our results build on previ- 

us research in pore filling mechanics by detailing how high curva- 

ure leads to pore filling. We found that groups of cells in all pore

izes worked together to span unsupported space between scaf- 

old surfaces. These results have implications for scaling up tissue 

ngineering in the clinic, as significant cost and time savings can 

e made from reducing cell culture time and consumables. This 

tudy informs the design of more effective synthetic tissue en- 

ineering scaffolds f or bone regeneration by providing systematic 

nderstanding of cellular spatial temporal kinetics within a 3D in 

itro model. 
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