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Modern orthopaedic implants use lattice structures that act as 3D scaffolds to
enhance bone growth into and around implants. Stochastic scaffolds are of
particular interest as they mimic the architecture of trabecular bone and can
combine isotropic properties and adjustable structure. The existing research
mainly concentrates on controlling the mechanical and biological performance
of periodic lattices by adjusting pore size and shape. Still, less is known on how we
can control the performance of stochastic lattices through their design
parameters: nodal connectivity, strut density and strut thickness. To elucidate
this, four lattice structures were evaluated with varied strut densities and
connectivity, hence different local geometry and mechanical properties: low
apparent modulus, high apparent modulus, and two with near-identical
modulus. Pre-osteoblast murine cells were seeded on scaffolds and cultured
in vitro for 28 days. Cell adhesion, proliferation and differentiation were evaluated.
Additionally, the expression levels of key osteogenic biomarkers were used to
assess the effect of each design parameter on the quality of newly formed tissue.
The main finding was that increasing connectivity increased the rate of osteoblast
maturation, tissue formation and mineralisation. In detail, doubling the
connectivity, over fixed strut density, increased collagen type-I by 140%,
increased osteopontin by 130% and osteocalcin by 110%. This was attributed to
the increased number of acute angles formed by the numerous connected struts,
which facilitated the organization of cells and accelerated the cell cycle. Overall,
increasing connectivity and adjusting strut density is a novel technique to design
stochastic structures which combine a broad range of biomimetic properties and
rapid ossification.
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1 Introduction

Additive manufacturing has revolutionised the production of
modern orthopaedic implants that partially or fully consist of lattice
structures. Lattice structures are 3D porous networks formed by
interconnected struts or sheets with fully controllable micro-
architecture and macro-properties. A lattice structure on an
implant serves as a scaffold that mimics the network of
trabecular bone enabling cells from the host bone to migrate
inside it and form new bone extracellular matrix (ECM) directly
on implant’s surface–a process termed as osseointegration
(Albrektsson and Johansson, 2001). Bone, however, is a dynamic
tissue that continually remodels in response to the physiological
loading that arises from daily activity. Thus, an osseointragative
implant should not only provide a biomimetic environment for bone
regeneration but should also aid bone maintain its homeostasis.

The stiffness of trabecular bone typically ranges between
0.02 and 5 GPa depending on age, health condition and
anatomical site (Morgan et al., 2003). Lattice-based implants
made of much stiffer materials, such as titanium and cobalt-
chrome alloys, can be designed to match this range of stiffness
and allow bone to experience more physiological loading upon
implantation by preventing the “stress shielding” phenomenon
(Joshi et al., 2000; Hadjidakis and Androulakis, 2006). However,
reduced lattice stiffness is accompanied by drastic reduction of its
mechanical strength. The mechanical properties of a lattice depend
on its structural material, its porosity and its topology (pores’ shape
and strut connectivity) (Kechagias et al., 2022). Porosity which is
controlled by the pore sizing and strut thickness, has a negative
correlation to mechanical properties, while increased connectivity
results to more rigid structures with higher fatigue strength (Ashby,
2006; Kechagias et al., 2022). Therefore, the design of lattice
structures for bone replacement implants remains a challenge
due to the simultaneous need of micro-architectures that provide
cues for tissue growth and macro-properties that offer a stimulative
environment with high load-bearing capabilities.

From a biological perspective, scaffolds should have interconnected
open pores with size and shape that favours bone tissue formation and
maturation for superior implant-to-bone fixation (Chen et al., 2020).
Small pores increase scaffold’s specific surface area that benefits initially
cell adhesion and later cells communication towards rapid
differentiation, tissue formation and mineralisation (Van Bael et al.,
2012; Torres-Sanchez et al., 2022). Large pores, on the other hand, result
in high fluid permeability allowing deep cell migration, oxygen and
nutrients transportation, aiding tissue in-growth and vascularisation in
large-sized implants (Van Bael et al., 2012; Taniguchi et al., 2016; Shah
et al., 2019). Pore sizes between 300 and 1,000 μm satisfy these criteria
while avoiding phenomena such as precocious pore occlusion due to
very small pores (Van Bael et al., 2012) or poor tissue formation and
mineralisation due to very large pores (Frosch et al., 2002). Many
in vitro and in vivo studies conclude that pore sizes of approximately
600 μm optimise scaffold biological properties, yet holistic review of
literature suggests that an optimal pore size highly depends on pore
geometry and topology (Karageorgiou and Kaplan, 2005; Wang et al.,
2017; Deering and Grandfield, 2021).

Lattice topologies where struts form acute angles (i.e., triangulated
pores) have found to accelerate cell differentiation compared to
topologies with obtuse-angled or circular-shaped pores (Van Bael

et al., 2012; Markhoff et al., 2015; Man et al., 2021). While studies in
channels of different shapes report that small radius of curvature and the
presence of concavities greatly accelerate tissue growth (Rumpler et al.,
2008; Bidan et al., 2013). This is typically attributed to the curvature-
driven tissue formation, where tissue preferably grows in concave regions
of 3D environments like pore corners (Rumpler et al., 2008). ECM
bridges the corners to increase the radius of curvature and progressively
occludes the pores as more cells sense and bind to the ECM (Callens
et al., 2020), with smaller pores accelerating the rate of tissue formation
(Bidan et al., 2013; Knychala et al., 2013; Buenzli et al., 2020). Cell
proliferation and differentiation are driven by local forces that cells sense
from substrate geometry, thus scaffold design has always focused on
tuning pore size and geometry to provide physical cues for beneficial cell
motility and communication (Vogel and Sheetz, 2006; Nune et al., 2016).

Lattice micro-architectures can be either periodic (pores with
regular shape) or stochastic (pores with random shapes). Most
studies have employed periodic lattices, however stochastic
lattices better mimic the architecture of trabecular bone and have
been shown to favour cellular behaviour over periodic lattices of
similar pore size or surface area (Wang et al., 2021; Liang et al., 2022;
Torres-Sanchez et al., 2022). From an engineering point of view,
stochastic designs benefit the fabrication of lattice-based parts with
irregular or curved geometry (Emmelmann et al., 2011) and can be
designed with more isotropic mechanical properties (Hossain et al.,
2021a). Limited data exist regarding how stochastic lattices affect
osseointegration, where existing studies have focused solely on the
influence of pore size (Wang et al., 2020; Jiao et al., 2023). Yet, pore
size typically varies inside such heterogeneous structures compared
to periodic lattices that demonstrate a more confined distribution
(Liang et al., 2019), thus pore size might not be adequate for
controlling cellular behaviour in stochastic designs.

We have previously shown that stochastic lattices can be fully
defined using three controllable design parameters: nodal
connectivity, strut density and strut thickness (Kechagias et al.,
2022). Each has positive correlation with stiffness and strength,
meaning that different parameter combinations can result in lattices
with different local geometries yet equivalent mechanical properties.
This gives a new element of design freedom, enabling simultaneous
design for mechanical properties and biological performance.

Pore size and spatial concavities standout as key factors that
benefit bone tissue formation. Thus, we hypothesized that high
connectivity lattices could combine biomimetic stiffness and high
mechanical performance together with suitable pore sizes and
multiple corners to help mature bone regeneration inside porous
implants. This work will employ lattices designed with different
connectivity levels and strut densities to examine how the junction
of these parameters affect in vitro cell proliferation, differentiation,
and tissue formation. Interpretation of our results should disclose a
novel perception for designing biomimetic bone scaffolds as next-
generation bone implants.

2 Materials and methods

2.1 Scaffolds design and manufacturing

Stochastic lattice structures were designed using Rhinoceros 3D
Software (Robert McNeel and Associates, United States) as line
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geometries which enables higher control of the fabrication process
(Ghouse et al., 2017). Ø12 × 6 mm cylinders were filled with pseudo-
randomly distributed nodal points. Zero thickness lines then
connected all nodes to each other, leading to the desired nodal
connectivity of each lattice. Lines with inclination angle <25° with
respect to the building bed were adapted to 25° by kinking their
midpoints, to overcome printing limitations (Hossain et al., 2021a).
Four scaffold designs were created using two connectivity levels (Z =
4 and Z = 8) and two values of strut density (i.e., number of struts
inside the design volume, here d = 3 and d = 7 struts/mm3) as
described in Kechagias et al. (2022) and shown in Figure 1–hereafter
they will be referred as Z4-d3, Z4-d7, Z8-d3, and Z8-d7.

Scaffolds were fabricated using an AM250 powder bed fusion
system (Renishaw plc, United Kingdom) with commercially pure
titanium powder (ASTM B348 Grade 2, Ø15-45 μm, D50: 27 μm,
Carpenter Additive, US). An in-house software was used to slice the
line geometries and assign tailored laser parameters depending on
struts’ angles in respect to the building bed to produce a uniform
strut thickness of 230 μm as described and assessed in (Ghouse et al.,
2017; Kechagias et al., 2022). Detailed laser parameters are provided
in the Supplementary Material (Supplementary Table S1).

A total of 120 scaffolds were fabricated (n = 30/design). Specimens
were removed from the building bed by wire electro discharge
machining (AQ400L, Sodick Inc., Japan) using water as dielectric
fluid, 30 V and feet rate of 0.4 mm/min. Scaffolds were cleaned
ultrasonically in acetone, left immersed in 4M NaOH for 24 h and
then washed with phosphate buffered saline (PBS) to stabilize their
pH value to 7.4. NaOH was used to remove any contaminants in
scaffolds and increase titanium surface hydrophilicity (Kim et al., 2013).
Difference in the surface topography due to alkali treatment withNaOH
is shown in Supplementary Figure S1.

Additionally, individual (12-mm long) struts were printed at
different angles with respect to the building bed using the same laser
parameters and their surface roughness was measured using a digital
microscope (RH200, Hirox, Japan). For this purpose, the heights
along a 75-μm long profile line were acquired using a 0.55 μm linear
step, 0.39 µm resolution and ×400 dry objective lens. Three unique
struts were used per building angle and the arithmetic average
roughness (Ra) for two profiles per strut (one at the upward-
and downward-facing surface as printed) was recorded.

2.2 Scaffolds’ micro-architecture
characterisation

After cleaning, all samples were weighted with an analytical scale
and measured with micro-callipers to define their porosity through
the gravimetric method:

Porosity� 1− ρa
ρs

Where, ρa corresponds to scaffold’s apparent density (the ratio
of specimen’s mass to measured volume) and ρs corresponds to the
density of solid pure titanium (ρs = 4.51 g/cm3).

Micro-CT scans were performed using an Xradia 510 Versa
(Carl Zeiss AG, Germany) to measure scaffolds’ local geometry. One
specimen per design was scanned using 80kV, 5 s exposure,
2041 projections and 12 μm pixel size. CTAn (Bruker Ltd.,
United Kingdom) was used to measure mean pore size (taken as
the trabeculae separation (Hildebrand and Ruegsegger, 1997)),
degree of anisotropy and the surface area of each scaffold using
the reconstructed scanned data.

Lattice specimens designed and printed with the same
parameters, but with larger dimensions (Ø13 mm × 21 mm)
according to mechanical testing standards (International
Organization for Standardization, 2011) to eliminate size effects
(Tekogu et al., 2011), have been assessed in a previous study
(Kechagias et al., 2022), with results provided in Table 1.

2.3 Cell expansion and seeding

Pre-osteoblast cells (MC3T3-E1 Subclone 4, American Type
Culture Collection, USA) were expanded with complete culture
medium containing of MEM (Minimum Essential Medium,
Gibco™, Thermo Fisher Scientific, United States), 10% FBS
(Gibco™, Thermo Fisher Scientific, United States), and 1%
antimicrobial solution (Penicillin-Streptomycin-Amphotericin B,
MP Biomedicals, Gibco™, Thermo Fisher Scientific,
United States) till Passage 4. Prior cell seeding, scaffolds were
autoclaved and immersed in culture medium and incubated
(37°C, 5%CO2 and 21%O2) for at least 2 h to allow for surface

FIGURE 1
Sketches of the design parameters. Scaffolds were designed by combining two levels of nodal connectivity Z and two levels of strut density d.
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protein adsorption (Wilson et al., 2005). Pre-wetted scaffolds were
placed in 24-well plates for cell suspension. Cells were counted using
a Neubauer chamber, and a total of 1 × 106 cells/scaffold were
suspended on the scaffolds, half on the top and half on the bottom
surface. After cell suspension on each surface, scaffolds were
incubated for 1 h at 37°C, 5%CO2 and 21%O2, to allow cell
attachment within the porous structures. Seeded scaffolds were
then transferred to 12-well plates and filled with 5 mL of
complete culture medium. Cell seeded scaffolds were cultured for
a total of 28 days. Media changes were performed every 3 or 7 days
as needed.

2.4 Biological assays

2.4.1 Cell adhesion and proliferation rate
A high-resolution sensitivity kit (CCK-8, Enzo Life Sciences,

United States) was used to assess cell adhesion within all scaffold
designs, 24 h after seeding. Cell seeded scaffolds were transferred to
24-well plates and incubated for 4 h with 0.8 mL of fresh culture
medium and 80 µL of CCK-8 solution. Stained media were then
added to a 96-well plate and the absorbance wasmeasured at 450 nm
using a microplate reader (CLARIOstar Plus, BMG LABTECH,
Germany). The assay was also performed using the initial well
plates (where the same scaffolds had been seeded) to account for
the cells that did not adhere to the scaffolds to estimate cell seeding
efficiency.

Cell proliferation rate on scaffolds was evaluated by measuring
cellular metabolic activity from the beginning of the experiment and
for the next 15 days. For that purpose, 10% v/v AlamarBlue
(Invitrogen, USA) was added to each well of all scaffold designs
and incubated for 4 h. Stained media from the wells were replaced
with fresh culture media to continue their culture, given that
AlamarBlue is a non-toxic reagent for cells. Stain media were
used to measure fluorescent intensity at 560 nm excitation and
600 nm emission. This measurement was repeated every 3 days.

2.4.2 Collagen content
Newly formed ECM was evaluated for collagen concentration at

days 7 and 28 using Picrosirius Red staining (1 mg/mL Sirius Red in

saturated Picric acid). Scaffolds were initially stored in 10% neutral
buffered formalin, cleaned with PBS and immersed in Picrosirius
Red overnight. All scaffolds were then washed with distilled water to
remove any unbound dye and dried at 37°C. Collagen content was
quantified using colorimetry. Bounded dye was removed by
immersing scaffolds in 0.1 mol/L NaOH in PBS and incubating
for 45 min with 30 rpm shaking. Afterwards, the absorbance of the
dissolved dye was measured at 550 nm using a microplate reader.

2.4.3 Pre-osteoblasts maturation
Pre-osteoblasts’ maturation was assessed by measuring the

expression levels of key biomarkers linked to osteogenic
differentiation.

Alkaline phosphatase activity, which is considered an early
marker for osteogenesis, was measured through supernatants
collected from all scaffolds at days 7, 14, 21 and 28 using an
alkaline phosphatase detection kit (MilliporeSigma,
United States). Additionally, the expression levels of collagen
type-I (the most abundant collagen type in bone tissue),
osteopontin and osteocalcin (bone-specific ECM proteins) were
measured at days 7 and 28 through quantitative real-time
Polymerase Chain Reaction (RT-qPCR). For the RT-qPCR
analysis, cells were extracted from scaffolds using Trypsin-EDTA
solution and stored in RNAlater™ Stabilization Solution
(Thermofisher, USA). Nucleic acid extraction was performed
using the RNeasy kit (QIAGEN, Germany) and the GoTaq 1-step
RT-qPCR kit (Promega United Kingdom Ltd., United Kingdom)
was used for the analysis. The PCR reaction methodology is
described in detail in the Supplementary Material. The sequences
of the selected qPCR primers are shown in Table 2. The relative
expression levels of the genes of interest compared to untreated
samples were determined and normalised to the expression of the
reference gene (β-actin) using a modified ΔΔCt method.

2.5 Imaging and image processing

2.5.1 Scanning electron microscopy (SEM)
SEM was used to observe the morphology of cells and formed

ECM in all scaffold designs at days 7, 14, 21 and 28. Cell-seeded

TABLE 1 Measured properties and feature sizes of scaffolds designed with different connectivity Z and strut density d, but fixed strut thickness of 230 μm * Data
were retrieved from (Kechagias et al, 2022). ** Values rounded to nearest 10.

Design

Property and feature sizes Z4–d3 Z4–d7 Z8–d3 Z8–d7

Porosity [%] (n = 30) 91.6 ± 0.1 86.4 ± 0.4 87.9 ± 0.3 81.3 ± 0.5

Elastic modulus [MPa] (n = 5) * 140.3 ± 11.0 605.0 ± 21.1 711.1 ± 42.5 2149.2 ± 149.9

Ultimate strength [MPa] (n = 5) * 2.2 ± 0.1 8.5 ± 0.2 8.1 ± 0.3 22.2 ± 0.6

Node density [nodes/mm3] 1.6 3.4 0.7 1.7

Degree of Anisotropy 1.10 1.05 1.08 1.12

Pore size [µm]** 1,040 ± 310 750 ± 210 880 ± 370 680 ± 270

Strut length [µm]** 940 ± 220 720 ± 160 1,320 ± 230 990 ± 180

Surface area [mm2] 1,354.9 1869.0 2108.9 2392.3
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scaffolds were fixed in 10% neutral buffered formalin, and prior
imaging, they were cleaned with PBS and dehydrated through
ethanol series (30%, 50%, 70%, 96% and 100% ethanol dilution),
air-dried for 24 h and were sputter-coated by a 15-nm-thick
chromium layer. SEM was performed using a Mira microscope
(TESCAN, Czech Republic) at 10keV and 1 nA.

2.5.2 Fluorescence microscopy
2.5.2.1 Cell viability

A viability/cytotoxicity (live/dead) assay kit (Biotium, USA) was
used to stain live and dead cells in one sample per design at days 7,
14, 21 and 28 of culture. The kit employed calcein AM and Ethidium
Homodimer III dyes for staining live and dead cells, respectively.
Samples were imaged in a SP8 confocal microscope (Leica,
Germany) using 496 and 514 nm laser excitation.

2.5.2.2 Mineralised matrix labelling
To assess mineralised ECM regions, a fluorochrome (Calcein,

Sigma-Aldrich, USA) was added to the media on day 7, 14, 21 and
28 at a concentration of 50 μg/mL and replaced with fresh media
after 24 h. Scaffolds were imaged in a Thunder widefield microscope
(Leica, Germany) using 519 nm laser excitation and 535 nm
emission, and the acquired images were post-processed using the
microscope’s software. Calcein dye is widely used to label bone tissue
as it binds to calcium crystals in osteoprogenitor 2D and 3D cell
cultures (Hale et al., 2000), thus fluorometric analysis was used to
observe the progress of ECM mineralisation.

2.6 Statistical analysis

Differences between measured values were assessed using either
a 2-way or 3-way analysis of variance (ANOVA) followed by Tukey’s
post hoc test using GraphPad Prism (GraphPad Software Inc.,
United States). Connectivity, strut density and day of culture
were the independent variables depending on the assay and the
significance level was set to α = 0.05. Data are presented as mean ±
standard deviation with n = 3, unless otherwise stated. In figures (*)
indicates p < 0.05, (**) indicates p < 0.01 (***) indicates p < 0.001,
and no notation indicates that no difference was found (p > 0.05).

3 Results

3.1 Scaffolds characterisation

The structural and mechanical characteristics of the lattice designs
are summarised in Table 1. High connectivity with high strut density

(Z8-d7) led to highmechanical properties and low porosity, the low-low
(Z4-d3) combination led to low mechanical properties and high
porosity, and the two high-low combinations (Z4-d7 and Z8-d3)
resulted in similar porosity and mechanical properties. For all
samples the porosity fell within the range associate with trabecular
bone (typically 70%–90%) (Wang et al., 2017). Increasing Z or d
resulted in less porous structures with smaller pore sizes and higher
surface area. The high connectivity structures (Z8-d3 and Z8-d7)
exhibited the highest surface area which can be attributed to their
longer struts (40% increased strut length for fixed strut density) and
bulgier nodes (the Z8 nodes had ~2.5 times higher surface area than the
Z4 nodes, see Supplementary Figure S2).

Pore size demonstrated a more confined distribution in low
connectivity (Z = 4) scaffolds and distinctly greater variance in high
connectivity (Z = 8) scaffolds (see Figure 2). This is because high
connectivity results in higher spatial tessellation, introducing
multiple corners around the nodes and multiple pores inside the
structure. Nevertheless, structures followed a pseudo-random
architecture with similar strut orientation in space leading to
similar degrees of anisotropy (Hossain et al., 2021a). In addition,
structures employed struts in all directions resulting in a degree of
anisotropy near 1 (i.e., isotropic material). While trabecular bone is a
highly anisotropic material where the degree of anisotropy ranges
from 1.1 to ≈5 (Kersh et al., 2013), having isotropic properties in a
lattice is important from a design perspective as it allows better
prediction of lattice behaviour in situ.

The physical samples exhibited typical forms of roughness found in
additively manufactured overhanging surfaces (such as struts) as
illustrated in Figure 3A. Surface roughness originated from semi-
sintered powder particles and dross formation at the downward-
facing struts’ surface due to overheating as well as waviness at the
upward-facing struts’ surfaces due to the overlap of consecutive melt-
pools. These micro-scale features were able to be quantified using a
microscope’s 3D optical profilometer. As shown in Figure 3B, the
average roughness (Ra) was found to range between 5 and 30 μm. Ra
values tend to increase with decreasing build angle, while the
downward-facing surface of struts is always rougher than the
upward-facing surface due to higher heat accumulation.

3.2 Cell adhesion and proliferation

All samples achieved similar metabolic activity in the first 24 h
(Figure 4A), indicating that cell seeding and cell adhesion was
equivalent among all scaffold designs. Cell seeding efficiency was
estimated to approximately 85% for all scaffolds.

To investigate the proliferation progress on all scaffold designs,
from the beginning of the experiment till the 15th day, fluorescent

TABLE 2 qPCR primer sequences for multiple RNA targets.

Target Forward 5’ → 3′ Reverse 5’ → 3′ Ref

Collagen Type-I CCTCAGGGTATTGCTGGACAAC CAGAAGGACCTTGTTTGCCAGG He et al. (2021)

Osteopontin CCTCCCGGTGAAAGTGAC CTGTGGCGCAAGGAGATT Liang and Yu (2018)

Osteocalcin TGCTTGTGACGAGCTATCAR GAGGACAGGGAGGATCAAGT Xu et al. (2020)

β-actin GGGTCAGAAGGACTCCTATG GGTCTCAAACATGATCTGGG Liang and Yu (2018)
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FIGURE 2
Pore size distribution in the stochastic lattice structures. Increasing connectivity Z appears to increase the spread of pore size inside the structure.

FIGURE 3
(A) SEM images demonstrating typical forms of surface roughness in struts fabricated using powder bed fusion. Numerous semi-sintered particles
are stand out from strut surface and around the nodes (B) The arithmetic average roughness of the upward and downward facing surfaces of struts built at
different angles.
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intensity values were measured every 3 days and all measurements
from the third day and afterwards were normalised to day 0
(Figure 4B). Cells proliferated on all scaffold designs, as expected.
The proliferation rate depended on the culture day (p < 0.001): it
increased from day 0 to day 6, then plateaued. The rate also
depended on the design: Z4-d3 scaffolds showed a 20%–161%
increased proliferation rate compared to the other scaffold
designs (p < 0.01). This is a typical pattern of cell growth of the
MC3T3 cell line suggesting the end of cell proliferation, the
initiation of cell differentiation and ECM formation, as well as
lack of any prevalent cytotoxicity (Quarles et al., 1992; St-Pierre
et al., 2005).

3.3 Cell viability

Representative fluorescent images of the live/dead assay at four time
points were displayed in Figure 5 with similar characteristics seen at all
designs. The pervasiveness of live cells over dead cells was apparent in all
scaffolds, suggesting a high cell viability. Observation of the top and
bottom surfaces of the scaffolds as well as their periphery demonstrated
that cells successfully migrated inside the lattice structures of the
scaffolds. Distinct cells spread along struts were seen at day 7, while
scattered small green regions of cell clusters were seen after day 14 along
struts and around the nodes. On day 21 and 28, larger green regions of
more accumulated cell clusters were stained. These groups of cells were
closer to each other covering larger areas of the scaffold’s network,
indicative of new ECM and tissue formation.

3.4 Evaluation under SEM

SEM images in Figure 6 highlight key aspects of cellular
migration and proliferation inside porous scaffolds. Individual
cells along struts (e.g., Figure 6A) and formed ECM at the
corners (Figure 6B) were seen at day 7. In the early stages of cell

culture (day 7 and 14), cells were spread and anchored around the
semi-sintered powder particles (Figures 6B, C). Formed ECM
bridging the corners of nodes was seen after day 14 (Figures 6D,
F) with concave angles facilitating the phenomenon. Yet, the
bridging of the corners was not as pronounced as expected,
instead ECM was seen to wrap along struts’ length (Figure 6H).
This can be attributed to the favourable “as-built” rough surface of
the additively manufactured struts as well as the coating film due to
the alkali treatment (notated with red arrows). SEM images, here,
demonstrated that this thin micro-porous coating provided a cell-
friendly substrate topography aiding the initial cell adhesion and
later the anchoring and spreading of ECM inside the scaffolds
(Figures 6E, G).

3.5 Collagen content

Macroscopic images demonstrated that ECM rich in collagen
content was formed deep inside all scaffolds and covered most of
their surface area (Figure 7A). Measurements of the absorbance of
dissolved dye are shown in Figure 7B. At day 7, both the higher strut
density designs (Z8-d7 and Z4-d7) had more than double the collagen
content compared to the low-low combination (Z4-d3, both p < 0.05).
Collagen content increased by 87%–265% for all samples from day 7 to
day 28 (p < 0.001) indicating the progressive growth and maturation of
the ECM. By day 28, the densest scaffold (Z8-d7) had ~30% more
collagen accumulation that the other designs (p < 0.05).

3.6 Mineralised matrix labelling

As expected, no fluorescence was detected in any scaffold at day
7 as pre-osteoblasts were still on their proliferative phase. Minor
green stained dots were observed at day 14 (Figures 8A, B) indicating
the initiation of minerals deposition. At days 21 and 28 abundant
green regions covered larger areas of the scaffolds’ surface (Figures

FIGURE 4
Cellular metabolic activity was used to compare (A) cell adhesion in the first 24 h and (B) proliferation rate over the first 15 days between different
designs. Each column corresponds to themean value of n = 3. ANOVA results are provided in Supplementary Material (Supplementary Tables S2, S3). The
main effect of day (p < 0.001) is not highlighted.
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8C, D), indicating gradual mineralisation and bone tissue formation.
At the end of the culture, extended mineralised zones were found at
multiple regions (corners) around nodes mostly in high connectivity
(Z8) scaffolds (Figure 8F). This differed from the low connectivity
(Z4) scaffolds where mineralised ECM was observed on struts’
surface with limited bridging of the corners (Figure 8E).

3.7 Tissue maturation

Representative time-points (days 7, 14, 21 and 28) were chosen
to compare the progress of pre-osteoblasts differentiation among
designs. The ALP activity changed with day of culture (Figure 9).
Enzyme’s activity only started to increase by day 14, where it
increased by 314%–607% for all designs between days 14 and
21 in all designs (p < 0.05), indicating the initiation of cell
differentiation. After 28 days, only the strut density d3 continued
to express 49%–128% increased level of the enzyme’s activity (p <
0.05), while the activity was similar for the d7 designs.

The expression levels of collagen type-I, osteopontin and
osteocalcin at day 7 and day 28 are shown in Figure 10. Differences
between designs were only apparent at day 28 (p < 0.05), agreeing with
the ALP finding that cell differentiation had not measurably initiated by
day 7. Thus, the levels of these (mainly late-stage) osteogenic
biomarkers had more than doubled by day 28 compared to day 7
(p < 0.001). More importantly, though, different effect of each design
parameter was observed depending on biomarker.

Connectivity and strut density alone were found to influence the
expression of Collagen Type-I (p < 0.05). For fixed strut density,
high connectivity (Z8) scaffolds had higher expression of collagen.
While for fixed connectivity, scaffolds with higher strut density (d7)
scaffolds exhibited relatively upregulated levels of collagen
compared to low strut density (d3) scaffolds.

Only connectivity had affected the expression level of
osteopontin (p < 0.05) with high connectivity (Z8) scaffolds
exhibiting ~2x more upregulated levels than low connectivity
(Z4) scaffolds (p < 0.001). Lastly, connectivity (Z) also influenced
the expression levels of Osteocalcin (p < 0.05), but it depended on
the strut density. This can be perceived by the 112% increased levels
of osteocalcin in the Z8 scaffolds compared to the Z4 scaffolds for
the low strut density (d3).

4 Discussion

Nodal connectivity and strut density can be tailored to generate
stochastic lattice structures that match the mechanical properties of
trabecular bone. This study demonstrated how these design
parameters can also regulate the micro-architecture and
biological performance of cell-seeded scaffolds. Increasing strut
density leads to denser structures with smaller pore size, while
high connectivity, not only decreases porosity, but also results in
tightly interconnected structures with increased surface area,
numerous pores, and corners around nodes. Our findings suggest
that increasing connectivity in stochastic designs is a novel
technique to generate stiffness-matched scaffolds with a micro-
architecture that favours osteoblastic differentiation.

4.1 Comparing the biological performance
among designs

Additively manufactured titanium scaffolds with different
geometrical characteristics were evaluated for their performance
on cell adhesion, cell proliferation, cell differentiation and their
ability to form bone-like tissue.

FIGURE 5
Fluorescence images showing live and dead staining on the top surface of scaffolds with different connectivity Z. All samples shown had strut density
d = 3 struts/mm3. Green colour indicates live cells and red colour indicates dead cells. Images were taken using ×10 objective lens. Scale bars correspond
to 100 μm in all images.
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Equal number of cells was found in all scaffold designs 24 h after
cell seeding, despite their different mean pore size which ranged
from 680 to 1,040 μm. Our results differ from previous studies which

evaluated cell adhesion (i.e., cell seeding efficiency) on periodic
scaffolds of similar pore sizes (500–1,000 μm) (Van Bael et al., 2012;
Ran et al., 2018). Specifically, in these studies, scaffolds with smaller

FIGURE 6
Representative SEM images at different days of cell culture (grouped by row). Isolated cells (A) and ECM formed at the nodes (B)were seen at day 7.
Formed ECM bridging the corners of nodes were seen at day 14 (C, D) and day 21 (E, F). Backscatter images show thick ECM parts anchored onto the
coating porous film and ECM covering large areas of the struts at day 28 (G, H). Yellow arrows indicate formed ECM and red arrows indicate the porous
film due to NaOH treatment. Scaffold Z4-d3 is depicted in (A, B, D); the Z4-d7 in (F, G, H); the Z8-d3 in (E); and the Z8-d7 in (C)
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pores demonstrated significantly higher cell attachment than
scaffolds with larger pores, albeit scaffolds were made of the
same material and pore geometry. Although cell adhesion on
periodic scaffolds has been associated with the available surface

area that cells can adhere to (Hsu et al., 2007), in our case scaffolds
with different surface area demonstrated equivalent seeding
efficiency and cell adhesion. This can be attributed the lower
fluid permeability of stochastic lattices compared to periodic

FIGURE 7
(A) Macroscopic images of scaffolds stained with picrosirius red at day 28. (B) Collagen content was quantified by measuring the fluorescence
intensity of the bound dye. Each column corresponds to the mean value of n = 3. ANOVA results are provided in Supplementary Material (Supplementary
Table S4).

FIGURE 8
Fluorescent images from the top surface of scaffolds with similar porosity stained with Calcein. Macroscopic images from day 14 (A, B) and 21 (C, D)
demonstrate the progress of mineralisation. Magnified images from day 28 (E, F) demonstrate the beneficial role of multiple corners at high connectivity
scaffolds. Arrows indicate mineralised tissue bridging the corners.
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lattices (Stallard et al., 2023). And the difference in permeability has
shown to originate from the increased tortuosity in stochastic micro-
architectures (like the trabecular bone) compared to periodic ones
(Prakoso et al., 2023). Ultimately, lower permeability and higher
tortuosity result in lower velocity and impeded flow of the cell
suspension during seeding which allows cells to attach on scaffold’s
surface (Van Bael et al., 2012; Ali, 2019).

Regardless of the equal cell attachment on all scaffolds at day 1, the
most porous scaffold (Z4-d3) exhibited the highest proliferation rate
with cell number quadrupling the following days of culture, while less
than threefold increase was seen in the rest of designs. These
observations are in line with previous studies in periodic scaffolds
with similar pore sizes (500–1,000 μm) (Van Bael et al., 2012; Ran et al.,
2018), where larger pores have shown to induce higher cell proliferation.
Nevertheless, colorimetric measurement of the bound Picrosirius Red
indicated that the denser scaffold (Z8-d7) induced significant amount of
collagen within expanded areas of newly formed ECM compared to the
rest of designs. The contradiction between the prolonged cell
proliferation in the most porous Z4-d3 compared to the enhanced
ECM maturation in the densest Z8-d7 should be attributed to the
combination of high connectivity, smaller mean pore size and larger
surface area of the Z8-d7. High porosity results in uneven cell
distribution inside scaffolds where cells attach to single struts distant
to each other, while large pores further hinder cell migration to adjacent
struts (Sobral et al., 2011; Van Bael et al., 2012). Small pores are known
to facilitate cell migration and accelerate tissue formation due to smaller
span gaps between struts (Frosch et al., 2002; Van Bael et al., 2012). The
Z8-d7 was the design with the smallest pores, but also the one with the
highest surface area (mainly due to numerous and more pronounced
nodes). Given that all scaffolds demonstrated a wide range of pore size
distribution with relatively large pores (>600 μm), we consider that the
combination of high connectivity and high surface of nodes favoured
cell-to-cell communication and cell differentiation over proliferation
due to the accumulation of numerous cells over distinct locations
(i.e., the nodes) inside the dense scaffolds. This suggests that the
combination of scaffold porosity and topology (i.e., connectivity)
drive differentiation independently to proliferation.

RT-qPCR analysis (Figure 9) further highlighted that both
connectivity and strut density had a positive effect in osteoblast

differentiation and ECM maturation. Increasing connectivity or strut
density led to reduced porosity and mean pore size with simultaneous
increase in surface area which favoured the expression of collagen type-I
as suggested by previous in vitro studies (Chen et al., 2020).

This study employed pre-osteoblasts which are known to
differentiate to mature osteo cells a priori. Thus, any differences
in cellular behaviour found here should be attributed solely to
scaffold designs. In fact, all scaffold designs supported
osteoblastic differentiation and ECM formation and
mineralisation as evinced by the positively expressed osteogenic
biomarkers and the positive staining with calcein (Figure 8),
respectively. Measurements of ALP activity, osteopontin, and
osteocalcin indicate that both strut density and connectivity
positively influenced cell differentiation. However, the expression
of these proteins is known to be asynchronous, thus the time of their
peak expression is key for comparing the progress of cell
differentiation between designs (Weinreb et al., 1990).

During the pre-osteoblastic cycle, ALP is expressed when
accumulated inorganic phosphate groups (Pi) are generated. Pi
groups with calcium ions further deposit amorphous calcium
phosphate or hydroxyapatite crystals within the secreted ECM
(Vimalraj, 2020; Ansari et al., 2022). This is considered as an
early phase marker of bone tissue formation, while at later
phases ALP expression reaches a peak (plateau) value and finally
decreases indicating the mineralisation of ECM (Choi et al., 1996;
Beck et al., 1998; St-Pierre et al., 2005). This pattern was observed
only in the d7 scaffolds (Figure 9), while the d3 scaffolds exhibited a
continuously increasing activity of the enzyme suggesting either lag
in cell differentiation or a state of continuous ECM mineralisation.

Osteopontin is a multifunctional protein which is secreted early by
pre-osteoblasts to mediate cell adhesion and migration; however, its
expression levels peak inmorematured osteoblasts as it regulates collagen
organisation and minerals deposition in ECM (SODEK et al., 1995;
Carvalho et al., 2019). Osteocalcin, on the other hand, is principally
secreted from mature osteoblasts as its main role is the maintenance of
mineralised ECM as it binds to hydroxyapatite crystal (Hauschka and
Wians, 1989; Chou et al., 2005). Prolonged culturing of MC3T3 pre-
osteoblasts has shown that osteocalcin levels continuously increase over
the days of culture (Choi et al., 1996). Higher expression in any of these
two proteins due to higher strut density (d7) can again be attributed to the
beneficial role of small pore size and high surface area (Chen et al., 2020).
Still, connectivity appeared to have the most critical effect in the
expression of both ostopontin and osteocalcin regardless of strut density.

Scaffolds Z4-d7 and Z8-d3 which exhibited similar porosity and
pore sizes induced similar cell growth and expression levels of
osteogenic biomarkers. This can be considered an expected
outcome as the above morphological characteristics are known to
be detrimental for cellular behaviour.

However, the parameters used to control scaffold design were
connectivity and strut density. The existing results strongly support
that, in all cases, increasing connectivity over fixed strut density
favoured osteoblastic differentiation. This validated the initial
hypothesis that high connectivity would benefit ECM organisation
towards quicker maturation and mineralisation due to the presence of
multiple cavities in the 3D structure as suggested by literature (Rumpler
et al., 2008; Callens et al., 2020). High connectivity nodes were more
pronounced than the low connectivity nodes, and as a result, they
provided more available surface area at the junction of the struts for

FIGURE 9
Measured ALP activity over different days of culture per scaffold
design. Each column corresponds to the mean value of n = 3. ANOVA
results are provided in Supplementary Material (Supplementary Table
S5). Only differences within the sample design are shown.
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cells to accumulate and form ECM. After 2 weeks, the Z8 scaffolds
demonstrated distinguishable bridging of multiple corners around the
nodes, compared to the Z4 scaffolds where ECM was mainly formed
around the struts.

Out of all the designs, the dense Z8-d7 combining the highest tested
values of strut density and connectivity demonstrated the most
accelerated osteoblastic and ECM maturation. This scaffold was the
only with plateau in the ALP expression and highly expressed
osteopontin and osteocalcin at the end of culture (day 28). At the
same time, it led to the largest ECM formation (shown through
Picrosirius Red staining) and the most matured ECM (highest
expression of collagen type-I). These findings suggest that the ultimate
goal in stochastic scaffold design should focus on maximising the values
of both strut density and connectivity while assuring that structure
maintains a stiffness in the range found in natural trabecular bone.

4.2 A design framework for stochastic
lattices

In vivo animal trials (Pobloth et al., 2018; Reznikov et al., 2019)
suggest that bone in-growth and the quality of regenerated tissue
(lamellar versus woven bone) highly improves when scaffold
stiffness matches the stiffness of natural bone. This is attributed
to the positive bone remodelling of host bone due to the generation
of physiological strains upon implantation. Taking this observation
into account, scaffold designs can be designed and fabricated using
our stochastic model to match the properties of natural bone
(Kechagias et al., 2022). Strut density was selected to lay in the
range of trabeculae density (1/mm3) found in natural bone (Odgaard
and Gundersen, 1993). Nodal connectivity in natural bone ranges
between 3 and 5 (Reznikov et al., 2016), thus the majority of
stochastic lattices found in literature are designed with low
connectivity (Reznikov et al., 2019; Wang et al., 2021; Jiao et al.,
2023). Previous experimental data (Ahmadi et al., 2018; Zhao et al.,
2018; Kechagias et al., 2022) suggest that increasing connectivity can
lead to significant improvement of static and fatigue strength of
lattices due to more tightly interconnected struts, while the current
study further demonstrated that high connectivity positively
influences cellular behaviour.

Critical sized implants, however, are subject to gradient loads thus
they should combine regions of high and low porosities. Lattice designs
with locally graded porosity to match the stiffness of bone (Wieding
et al., 2014; Ghouse et al., 2019) and induce high strains to the host bone
(Shum et al., 2022) have been previously proposed to mechanically
stimulate osseointegration. In most cases, periodic lattices with varied
strut thickness or unit cell type/size were used. However, these
approaches require a variety of known laser parameters to fabricate
several strut thicknesses or introduce issues of unit cells mismatch
(Zhang et al., 2018; Kechagias et al., 2022). Varying strut thickness
remains the gold standard for generating graded structures, however
rigorousmechanical testing of each set of laser parameters is required to
accurately control strut and structure properties (Ahmadi et al., 2017;
Hossain et al., 2021b). Stochastic lattice structures with locally varied
properties can be designed using different combinations of strut density
and connectivity using constant strut thickness, while offering high
isotropy throughout the structure (struts are found in all directions
compared to periodic lattices) (Kechagias et al., 2022).

High load-bearing lattices are typically designed by decreasing pore
size and increasing strut density. Extreme strut densities accompanied
with low connectivity will eventually lead to very small pore sizes that will
hinder cell migration and vascularisation in vivo (Taniguchi et al., 2016;
Ran et al., 2018; Kelly et al., 2021), while the design of large-scale fully
porous implants requires generally considerably higher computational
times (Burge et al., 2023). Design of stiffness-matched lattices with
increased connectivity and adjusted strut density constitutes a solid
alternative for combining high mechanical endurance while allowing
room for deep bone in-growth and vascularisation.

4.3 Limitations and considerations for future
work

Our image-based analysis has several limitations. Firstly, our
observations emphasized on the distribution of cells and ECM
mainly on the top layers and the periphery of scaffolds. Cutting
the specimens and observing the extent of cell penetration and tissue
formation towards the middle of the scaffolds would provide
valuable insights for the development of large-scale porous
implants. However, this would require fixation in epoxy resin to

FIGURE 10
Measured expression levels of collagen type-I, osteopontin, and osteocalcin at days 7 and 28 through RT-PCR. Values normalised to β-actin. Each
column corresponds to the mean value of n = 3. Results of the 3-way ANOVA are provided in Supplementary Material (Supplementary Tables S6–S8).
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avoid damage of the cellular structure and the scaffold material due
to high-speed cutting. Secondly, monitoring cell proliferation and
ECM expansion along struts and around nodes at higher
magnification would better illustrate how connectivity and strut
dimensions guide tissue formation. Such study, however, would
require numerous timepoints.

Surface roughness has shown to benefit cell adhesion and
proliferation when it is comparable to cell size (<10 μm) (Bigerelle
et al., 2002). Strut roughness in the tested scaffolds was mainly above
this limit, with the semi-sintered particles acting as surface
discontinuities which led cells to cluster and secrete ECM around
them. Although, surface polishing of titanium scaffolds (Maleki et al.,
2021) has not shown to induce differences in osteoblastic activity
in vitro (Wysocki et al., 2019; Rovetta et al., 2023), removal of the
protruding semi-sintered particles can induce several advantages for
future clinical application. First, it can further increase surface
wettability and hydrophilicity (Rovetta et al., 2023), second it can
increase the fatigue life of lattices (Van Hooreweder et al., 2017),
and third it can minimise the chances of bone resorption that can
happen in vivo due to floating metallic debris (Vasconcelos et al., 2016).
Moreover, coating the titanium surface would further enhance the
bioactivity of scaffolds. Techniques such as plasma spraying,
electrochemical deposition and sol-gel have previously been used to
coat solid titanium implants with hydroxyapatite or calcium phosphate
compounds (Drevet et al., 2023) and could potentially applied to lattice
structures too.

This in vitro study was a cell-only model which emphasized on the
influence of two key design parameters on cellular behaviour. We aimed
tomake this study as detailed as possible by studying four novel designs at
a span of 4 weeks. A variety of different techniques collectively supported
the raised arguments through complementary optical and quantitative
means.However, cell-onlymodels are limited in that they do not consider
cellmigration fromnative tissue, the influence of physiological loading, or
vascularisation. A next step could be to consider how cells migrate from
bone tissue into lattices and the effect of physiological loading using an ex
vivomodel (Kohli et al., 2023). Hypoxic culturing conditions should also
be implemented in future lab-based works to better simulate the
environment of natural bone–also known to regulate osteo-
angiogenesis (Sheehy et al., 2012; Usategui-Martín et al., 2022).
Ultimately, the interplay between bone formation and vascularisation
needs to be examined with an in vivo model.

More in vivo data are needed to outline how scaffold morphology
and surface properties affect the bone-implant interface and how the
quality of tissue formed at this interface is changing over long periods of
healing (Shah et al., 2019; Stich et al., 2022). Additionally, while the use
of cell-seeded scaffolds has previously shown promising results for in
vivo bone regeneration in biodegradable scaffolds (Shin et al., 2004;
Mauney et al., 2005), there has been a lack of recent investigation of pre-
seeded titanium implants.

Finally, our results suggest that all scaffold designs can support
bone-like tissue formation, albeit with different in vitro maturation
time. Yet, the porous structure and properties of trabecular bone
varies depending on the anatomical site, age, sex, activity level and
health condition (Ghouse et al., 2019). Consequently, future research
should also focus on the production of anatomical site or patient-
specific implants by investigating how topologically different
stochastic scaffolds perform depending on the nature of the host bone.

5 Conclusion

• Nodal connectivity and strut density both positively influence
cell differentiation, ECM formation and maturation.

• Stochastic scaffolds enabled equivalent cell seeding among
designs with diverge surface areas and porosities, contrary to
what is usually observed in periodic scaffolds.

• High porosity (>90%) and large pore size (>1000 μm)
promote increased cell proliferation while suppressing cell
differentiation. This suggests that the qualitative tissue
formation in stochastic scaffolds is not correlated with cell
proliferation but rather with the scaffold’s internal geometry.

• High connectivity had the most pronounced effect on
osteoblastic differentiation due the increased surface area
and number of connections around the nodes.

• Increasing connectivity and adjusting strut density to match
the properties of natural bone is a novel technique offering
high mechanical endurance, high porosity, and favourable
micro-architecture for rapid ossification.

• The presented design approach provides high design freedom
and enables the integration of stochastic lattices into large-scale
implants with bespoken shape and mechanical properties.
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