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Abstract

Porous titanium scaffolds fabricated by powder bed fusion additive manufacturing
techniques have been widely adopted for orthopedic and bone tissue engineering
applications. Despite the many advantages of this approach, topological defects
inherited from the fabrication process are well understood to negatively affect
mechanical properties and pose a high risk if dislodged after implantation. Conse-
quently, there is a need for further post-process surface cleaning. Traditional tech-
niques such as grinding or polishing are not suited to lattice structures, due to lack
of a line of sight to internal features. Chemical etching is a promising alternative;
however, it remains unclear if changes to surface properties associated with such
protocols will influence how cells respond to the material surface. In this study,
we explored the response of bone marrow derived mesenchymal stem/stromal
cells (MSCs) to Ti-6Al-4V whose surface was exposed to different durations of
chemical etching. Cell morphology was influenced by local topological features
inherited from the SLM fabrication process. On the as-built surface, topological
nonhomogeneities such as partially adhered powder drove a stretched anisotropic
cellular morphology, with large areas of the cell suspended across the nonhomoge-
neous powder interface. As the etching process was continued, surface defects
were gradually removed, and cell morphology appeared more isotropic and was
suggestive of MSC differentiation along an osteoblastic-lineage. This was accom-
panied by more extensive mineralization, indicative of progression along an osteo-
genic pathway. These findings point to the benefit of post-process chemical
etching of additively manufactured Ti-6Al-4V biomaterials targeting orthopedic

applications.
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1 | INTRODUCTION

Powder bed fusion is an additive manufacturing technique, which has
enabled the fabrication of geometrically complex metallic struc-
tures.>? The basis of this technology is the selective consolidation of
thin layers of metallic powders via processing with a focused high
energy laser beam based on a computer aided design model. Among
these technologies, selective laser melting (SLM) is arguably more
suited to small feature resolution.®™® This has lent itself well to the
fabrication of intricate porous metallic lattice structures.® Applied to
biomedical implants, these lattices offer advantages over traditional
nonporous implants by allowing bone in-growth and more closely
recapitulating native tissue stiffness gradients.°”® Osteointegration
and the overall success of orthopedic implants is driven by cellular
responses at the implant surface. Surface topology of the implant
plays an important role in mediating cell behavior.*® Topological fea-
tures act as biophysical stimuli, which are recognized by cells and con-
verted into a cellular response via mechanotransduction. This occurs
through activation of complex signaling pathways, rooted in the relay
of stimuli through integrin activity, stretch activated ion channels, or
cell-surface receptor proteins. Ultimately, these pathways regulate
gene transcription to control cellular functions and phenotypes.1°*3
In light of these factors, surface topology is a crucial design consider-
ation for modulating cell behaviors in biomedical implants and tissue
engineering strategies. Surface roughness is an important topological
feature, which has been shown to mediate cell behavior.'>'* Despite
no consensus on an ideal value, it is becoming apparent that both
overly rough and overly smooth surfaces are not ideal for osteogenic
differentiation.’®'* On excessively rough surfaces, cells may adapt to
minimize contact with high energy topological discontinuities, conse-
quently hindering mechanotransductive factors such as F-actin forma-
tion or cell spreading.}®!* On the other hand, excessively smooth
surfaces may not provide enough topological features to modulate
the actin cytoskeleton and activate associated mechanosensitive sig-
naling pathways, 101415

The surface of SLM fabricated components is inherently
rough.2472 Powder granule size and morphology combined with the
physics of the melt pool result in partially adhered powder on external
surfaces.*® This occurs in varying degrees as a result of factors such
as geometrical design and printing parameters. This likely contributes
to the varied cell-substrate interactions reported in the literature.222°
Furthermore, the presence of such topological defects is well under-
stood to detrimentally effect mechanical properties and pose a high
risk if dislodged after implantation.'82124-27 Consequently, whether
the as-built surface is beneficial to osteointegration or not, there is a
need for further post-processing surface cleaning steps. For traditional
nonporous SLM fabricated components, a range of treatment options
are available, such as abrasive blasting or mechanical polishing.>2®
The effect of these treatments on subsequent cellular responses is
unclear.?* On the one hand, the as-built surface has been shown to be
excessively rough for osteogenic differentiation, and better results
have been observed after post-process surface cleaning.24#?6-%° On

the other hand, surface cleaning can also lead to unfavorably smooth
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surfaces, with superior results observed on the rough as-built surface
before any post processing.31*2 Despite no consensus on an ideal
roughness value, it is clear that both excessively rough and excessively
smooth surfaces can impede bone differentiation, motivating the
implementation of systematic studies to identify appropriate surface
treatments.’®* For additively manufactured metal surfaces, such
studies are still lacking.

Surface cleaning is more complicated for lattice structures, as the
aforementioned traditional line of sight techniques is unsuitable for
materials with complex architectures and internal features. In such
cases, chemical etching is proving a suitable alternative.>?73> Applied
to titanium alloys, hydrofluoric acid (HF) is most commonly employed
as an effective etching reagent, removing material by readily reacting
with Ti to form Ti hexafluoride complexes and hydrogen gas.>¢~%? In
our previous work, we showed this technique could achieve a spec-
trum of topologies, using an incremental approach which gradually
refined the material surface.?’ After continued etching, surface
defects could be entirely removed, revealing a smooth, defect-free
surface more representative of the bulk material. We further demon-
strated that improvements in the structural and mechanical properties
of as-built lattice structures can be achieved via such etching strate-
gies. These improvements are directly related to the removal of sur-
face defects, and are achieved incrementally, with better results
observed after longer etching times. It remains unclear, however, if
changes to surface properties associated with such chemical etching
protocols will influence how cells respond to the material surface. In
addition to mechanical properties, the cellular response will be critical
to the overall success of metallic orthopedic implants and scaffolds
developed using SLM. Therefore, the goal of this study was to engi-
neer a spectrum of topologies by gradually refining the surface of
SLM fabricated Ti-6Al-4V using an incremental HF /HNO3 etching pro-
cess. Bone marrow derived mesenchymal stem/stromal cells (MSCs)
were then seeded onto each surface, and the cell-substrate interac-
tions were analyzed. This analysis was performed for both a simple
flat plate geometry and a more clinically relevant grid-like lattice
structure.

2 | METHODS

21 | Design and manufacturing

Two sample groups including (1) a plate and (2) a grid, were ideated
(Figure 1). Within each group, sub-groups were created to account for
the evolution of surface topology as an as-built SLM surface is gradu-
ally chemically etched toward a smooth surface.

Both groups were designed using the computer-aided-design
(CAD) software Autodesk Netfabb. For the plate group, all post-
etching sub-groups (PO, P12, P30, and P105) were derived from Plate
Design 1. For the grid group, three different variations of this design
(Grid Design 1-3) were used, with the intention of having sub-groups
(GO, G12, and G30) at each etching timepoint (0, 12, and 30 min) with
comparable strut diameters. Therefore, struts in the GO group were
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FIGURE 1 Experimental
design extended to (A) a simple
flat plate geometry, and (B) a
grid-like lattice. Sub-groups were
created accounting for the
evolution of surface topology
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504
strut diameter (um)

designed as @500 um, whereas struts in the G12 and G30 groups
were designed slightly thicker as 2520 and @550 pum respectively. This
also led to a post-etching pore size of 500 x 500 um in each group.
All samples were built using a Realiser SLM 50 manufacturing sys-
and Ti6Al4V, Grade 23
size = 24.5-55 um) powder under an argon-controlled atmosphere

tem (spot size = 160 pum) (particle
(05 < 0.2%). Powder size was measured with a Malvern Instruments
Mastersizer 2000 by laser diffraction. The CAD geometry was pro-
cessed in 0.25-um slices, using a contour-and-hatch (C&H) laser scan-
ning strategy (Table 1).

After printing, samples were removed from the build plate using
electrical discharge machining and sonicated in an alcohol solution for

30 min to remove loose powder.

2.2 | Chemical etching

Samples were incrementally chemical etched in a mixture of HF and
HNO; (Kroll's Etching Reagent, Labquip) with the intention of having
sub-groups accounting for the evolution of surface topology as sur-
face defects inherited from the fabrication process were gradually
removed. This resulted in four plate subgroups, namely PO, P12, P30,
and P105 etched for 0, 12, 30, and 105 min respectively, and in three

499
strut diameter (um)

498
strut diameter (um)

TABLE 1 Metal constructs were processed with a contour-
and-hatch laser scanning strategy.
Hatch and contour scans Layer thickness 25 pm
Spot size 160 pm
Point distance 10 pm
Hatch scan Exposure time 132 ps
Power 100 W
Hatch spacing 100 pm
Contour scan Exposure time 33 us
Power 100 W
Offset from CAD boundary 100 pm

Note: In this approach each slice of the CAD geometry is processed with
an outer scan, tracing the contour boundary of the CAD geometry
(contour scan). Subsequently, the enclosed area is filled with inner scans
tracing a hatching pattern (hatch scan).

Abbreviation: CAD, computer-aided-design.

grid subgroups, namely GO, G12, G30, and G105 etched for 0, 12, and
30 min respectively.

After etching, samples were sonicated in isopropyl alcohol for
30 min, submerged in deionized water for 30 min, and left to dry at

room temperature.
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Brightfield microscopy was used to ensure consistent stut diame-
ter across PO, P12, and P105 groups. Micrographs of the strut sec-
tions were acquired at 5.6x magnification using an Olympus SZX7
stereomicroscope, and strut diameter was measured in the program-
ming software MATLAB using a thresholding technique to extract a
boundary profile of the strut, and subsequently measuring the diame-

ter across a number of points perpendicular the centroidal axis.

23 |
surfaces

Scanning electron microscopy—metal

Characterization of surface topologies was assessed using scanning
electron microscopy (SEM). Images were taken using a Zeiss ULTRA
SEM microscope and SE2 detector with 60-um aperture, 15-kV exci-

tation voltage, and 12-mm working distance.

2.4 | Surface roughness measurements

Surface roughness was characterized using white light interferometry
(WLI). Measurements were taken at 50x magnification, and used to
calculate surface roughness, quantified by the S, and S, values in
accordance with I1SO 4287.

25 | Cell culture

Bone marrow derived MSCs were harvested from the sternum of
adult, female, Saanen goats according to previously established labo-
ratory protocols. This was approved by the University College Dublin
Animal Research Ethics Committee (Approval number—AREC 18-17)
and the Irish Health Products Regulatory Authority (Approval
number—AE18982/P42). MSCs were expanded in the expansion
medium Dulbecco's modified eagle's medium (hgDMEM) GlutaMAX
supplemented with 10% v/v fetal bovine serum, 100-U/mL penicillin,
and 100-pg/mL streptomycin (all Gibco, Biosciences).

MSCs (passage 3) were seeded onto Ti-6Al-4V samples (soaked in
media for 2 h prior to seeding) that were placed in agarose coated
48-well plates, at a density of 60,000 cells/sample. These constructs
were cultured in the expansion medium for 7 days, followed by
14 days incubation in the osteogenic medium. The osteogenic
medium was composed of the expansion medium supplemented addi-
tionally with 100-nM dexamethasone, 10-mM B-glycerol phosphate,
and 0.05-mM ascorbic acid (all Sigma-Aldrich).

2.6 | Live/Dead imaging

Cell viability was assessed qualitatively using Live/Dead assay
(Thermo Fisher Scientific) according to the manufacturer's instruc-
tions. Samples on days 1, 3, and 7 were washed in Dulbecco's phos-
phate buffered saline (DPBS), followed by incubation in DPBS
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containing 1-uM calcein acetoxymethyl (calcein AM) and 4-uM ethi-
dium homodimer-1 (EthD-1) under light protected conditions for
30 min. Samples were then washed again in PBS, before imaging at
20x on a Leica SP8 inverted confocal microscope, excited at 494 and
528 nm.

2.7 | Cell proliferation assay

Cell proliferation was assessed by quantifying DNA content using a
Quant-iT Pico Green dsDNA assay kit (Invitrogen) according to the
manufacture's guidelines. Samples were washed in DPBS and frozen
at —80°C on days 1, 3, 7, and 21. Cellular content from samples was
lysed by incubation in 0.2% Triton X-100 solution in ddH,O on an
orbital shaker for 2 h. A 100-pL Pico Green solution was added to
100-uL sample lysate, incubated for 10 min under light protection,
and measured using a BioTek Synergy HTX microplate reader at
485 nm excitation and 528 nm emission.

2.8 | Immunofluorescence staining

Samples on days 1, 3, 7, and 21 were fixed in 4% paraformaldehyde
overnight and then washed in DPBS. Before staining, the constructs
were permeabilized in 0.1% TWEEN 20 in DPBS, and incubated in a
blocking solution composed of 2% (w/v) bovine serum albumin for
30 min at room temperature.

A primary antibody for vinculin (ab18058, Abcam) was prepared at
1:50 dilution in the blocking solution and the samples were incubated
in the solution 1 h at room temperature. From this point, all subsequent
steps were conducted under light protected conditions. Samples were
washed in DPBS, and the secondary antibody (Goat Anti-MOUSE Alexa
Flour 488, Thermo Fisher) in DPBS at a concentration of 1:500, for 1 h.
Subsequently, samples were washed again and stained for F-actin (phal-
loidin-tetramethyl rhodamine B isothiocyanate peptide, Thermo Fisher)
in PBS at a concentration of 1:40, for 1 h. Finally, samples were washed
and stained using DAPI (4,6-diamidino-2-phenylindole solution, Sigma-
Aldrich) in PBS at a concentration of 1:500, for 20 min. Images were

taken on a Leica SP8 inverted confocal microscope at 20x.

2.9 | SEM and energy dispersive x-ray
spectroscopy—Cells

Samples were fixed in 3% glutaraldehyde solution overnight, dehy-
drated in a graded ethanol series (25%, 50%, 75%, 90%, and 100%)
and immersed in hexamethyldisilazane. After drying, samples were
mounted on SEM pin stubs with carbon adhesive discs and coated
with gold/palladium for 30 s at a current of 40 mA using a Cressing-
ton 208HR sputter coater. Images were taken using a Zeiss ULTRA
SEM microscope and SE2 detector with 60-um aperture, 7.5-kV exci-
tation voltage, and 5-mm working distance. Imaging was coupled with

elemental identification using a 20 mm? Oxford Inca EDX detector.

858017 SUOWILLOD BAIEaID e jdde au Aq peusenob are sajoie VO ‘8sn Jo SN 10} ARIq1T8UIIUO /8|1 UO (SUORIPUOD-PUB-SWLBI W00 A8 1M Arelq 1 pul|UO//SdNY) SUORIPUOD PUe Sws 1 8y} 885 *[1Z0z/0T/T0] Uo ARiqiaulluo Ae|im 9be]00 AnuniL JO A%iqiT Aq 60..€ WA l/Z00T OT/10p/w0d A8 | Aeiq1jeuljuo//Sdny Wwouy pepeojumod ‘6 #7202 ‘S9652GST



O'KEEFFE ET AL.

32 | Wi LEY— |

210 | Alizarin red staining

Alizarin red powder (Sigma-Aldrich) was dissolved at 2% (w/v) con-
centration in distilled water, the pH was adjusted within a range of
4.1-4.3 and filtered (40 um). The mineralization was assessed on day
21. The samples were incubated in the alizarin red solution for 30 min
while being shaken. Samples were then washed five times with shak-
ing in distilled water and allowed to dry before imaging at 1.2x and
3.2x using brightfield microscopy (Olympus SZX7). Acellular samples
were used as controls to exclude any nonspecific binding of alizarin

red to the metallic surfaces.

211 | RNA solation and quantitative
real-time PCR

Samples were washed in PBS before snap freezing and kept in —80°C
until additional process. RNA was isolated via Trizol method (Sigma-
Aldrich) followed by chloroform extraction and isopropanol precipitation
as per manufacturer's instructions. RNA was resuspended in RNase free
water, and 500 ng of RNA was immediately reversed transcribed into
cDNA with a high-capacity cDNA reverse transcription kit (Thermo
Fisher). The levels of gene expression were measured with real-time
PCR (Applied Biosystems) using SYBR green master mix (Applied Bio-
systems) and caprine specific primers (Table 2). method and normalized
to the arithmetic average of two housekeeping genes PGK1 and RPL19.

2.12 | Statistical analysis

Statistical analysis was performed using the software package Graph-
Pad Prism. Statistical tests used to compare groups are indicated in

TABLE 2  List of specific primers for real-time PCR.
Gene name Gene full name
CDH11 Cadherin 11
FAK Protein tyrosine kinase 2
RUNX2 Runt-related transcription factor 2
SSP1 Osteopontin
IBSP Bone sialoprotein
PGK1 Phosphoglycerate kinase 1
RPL19 Ribosomal protein L19

figure legends. Significance was accepted at a level of p < .05. Results

are expressed as mean * standard deviation.

3 | RESULTS AND DISCUSSION

3.1 | Chemical etching
A mixture of HF and HNO3; was adopted for chemically etching the
Ti6Al4V flat plates and grid-like lattice structures (Figure 1a,b). HF
readily reacts with Ti to form Ti hexafluoride complexes and hydrogen
gas resulting in material removal, and in the case of lattice structures a
reduction in strut size. Consequently, for the lattice structures, a slightly
different grid design was required for each etching timepoint (GO, G12,
and G30) to ensure comparable strut diameter and pore size between
groups (Figure 1b). After etching, strut size was measured using optical
microscopy (Figure 1c). The strut diameter for GO, G12, and G30 groups
was normally distributed, with mean values of 504, 499, and 498 um,
respectfully (Figure 1d). The as-designed strut diameter and pore size
are within the range considered suitable for osteointegration.*®

The design of the lattice is critical to controlling its functional
properties.** =% Consequently, it is important to note that the grid like
design is a simplification of the full lattice structure which is com-
monly implemented for biomedical applications.®” In order to study
the cell behavior in response to modifications in the surface alone, it
is useful to minimize the effects of other factors, which might influ-
ence the behavior of the cell. However, for a lattice structure, a gradi-
ent in regulatory factors may develop within the implant. For example,
the delivery of nutrients and oxygen inside the lattice may be less
effective than to the periphery.** Such gradients are less likely to
develop in the open cell grid design adopted here and consequently

may be more appropriate for the aims of this study.

Forward/reverse

F:5' GTACCCACGTTGGACCTCTC &

R:5 TACCTCCCCAGAGCATCCAT 3’

F:5' CCACCGAGTCCCCTACTACA 3’

R:5 TGGTATTACGTGGTGCTGGG 3’

F:5 GAGTCAAAGCGGGGTGAGAA 3’
R:5" CTCCTTTCAACCACGTCGGA 3

F:5' GGCTACCACATTACAAAATCATCAZ'
R:5" AGATCCAGGGCTGATGTCCT 3’

F:5' TCACAGACTTCACATACTAGGGG 3’
R:5" GGGTGCTACACGTTGTGAGA 3’
F:5' AGCCTTCCGAGCTTCACTTT 3’

R:5" AAACCTCCAGCCTTCTTTGGCA 3
F:5' CTTGTACACACCCACGCTCC 3’

R:5" CAATTGCCGAGGCCACTATG 3’

Note: CDH11 and FAK were identified as potential targets associated with adhesion, and RUNX2, osteopontin (SPP1), and IBSP with osteogenic

differentiation. PGK1 and RPL19 are housekeeping genes.

Abbreviations: CDH11, cadherin 11; FAK, focal adhesion kinase; IBSP, bone sialoprotein; PGK1, phosphoglycerate kinase 1; RPL19, ribosomal protein L19;

RUNX2, runt related-transcription factor 2.
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The surface topology of as-built SLM fabricated components is a
result of the aforementioned surface defects inherited from the fabri-
cation process. Modifications in surface topology can be expected by
the removal of these defects using chemical etching.?33-3545 Here,
we sought to assess the evolution of surface topology through a sys-
tematic etching process for a simple plate geometry, and a more com-
plicated grid-like lattice structure.

From the SEM images, it is clear that the as-built surface topology
of both the plate and grid groups is characterized by partially adhered
powder (Figure 2). In addition to driving surface roughness and topol-
ogy, these defects may also lead to a degradation of mechanical prop-
erties. This is particularly notable in small diameter struts, as these
defects account for a significant portion of the material volume.2? In
addition to these effects, partially adhered powder may also become
dislodged in vivo if subjected to frictional forces and subsequently
pose a high risk to implant loosening and to an immunogenic
response.*¢*”

On the flat plate, surface defects appear relatively homogenous
across the geometry.*® However, in the grid geometry, characteristic
up-skin and down-down surfaces can be observed. Here, a rougher
surface may arise on down-skin facing surfaces, as molten material
more easily flows downwards by gravity and the capillary effect into

voids in the underlying powder bed.*®

This also highlights the poten-
tial of other defects to arise as a result of geometry during SLM fabri-
cation. For example, in triply periodic minimal surface lattice
structures, powder may become trapped in the as-designed internal
pores. This can occur alongside the aforementioned effects of partially
adhered powder. Consequently, additional processing techniques such
as ultrasonic vibration may be implemented in addition to chemical
etching, as to minimize these effects.*” However, trapped powder
was not as much of an issue in this study due to the open cell grid
structure that was implemented.

In both groups, chemical etching is successfully employed for the
gradual removal of these defects. After the first time point, pitting can
be observed, indicative of the corrosive attack of the etchant. By the
final timepoint, the majority of remaining defects have been removed,
revealing a relatively smooth surface. Despite this, discrepancies can
be noted in the evolution of the surface between the two groups,
with a slower etching rate apparent in the plate structures. This is evi-
dent in a higher frequency of defects remaining on the surface after
the first and second time points. Additionally, a longer etching time is
required to reach a smooth, defect-free surface. A number of studies
have made comparable observations, and come to the conclusion that
the effectiveness of the etching process is affected by geometry.?145

We next sought to quantitively reinforce these observations
using WLI. In both geometries, the side-skin surface was character-
ized. This acted as a more normalized location for assessment of the
improvement in surface roughness throughout etching, compared
with the up-skin or down-skin surfaces. Measurement of the up-skin
or down-skin surfaces were also limited by the requirement of a line
of sight using the WLI method. The S, and S, values changed as etch-
ing time was increased (Figure 2). In general, the surface roughness

decreases up to the final etching timepoint. However, an initial
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increase in S, can also be observed for the plate geometry after the
first timepoint. This can be attributed to the slower etching rate. At
this point, the same frequency of defects remain, however, their sur-
face roughness has increased due to the onset of pitting. After this
point, the frequency of defects decreases, and surface roughness con-
tinues to decrease. At the final etching timepoint, the inherent surface
roughness of the bulk material becomes the dominant factor in deter-
mining the overall surface roughness. We have previously shown that
there is little change in surface roughness beyond this point.?*

From SEM and WL, it is also clear that topological nonhomo-
geneities are primarily a consequence of partially adhered powder.
Powder size was characterized using laser diffraction, noting a spheri-
cal morphology, with a nominal effective diameter between 24.5 um
(D10) and 55 um (D90).

3.2 | Cellular viability and proliferation

In general, titanium is considered a biocompatible material and good
cell viability has been observed on as-built and post-processed surfaces
fabricated by SLM.>°° However, varied results have been reported in
regard to cell attachment and proliferation.>* Here MSCs were directly
seeded onto the metal surfaces to assess cellular viability, proliferation,
and osteogenic differentiation. Fluorescence imaging indicated MSCs
were largely viable on day 1, with a larger number of viable cells
observed at day 7, demonstrating cell proliferation on all material sur-
faces (Figure 3). Less cellular attachment was observed on the grid-like
structures, which is likely due to their more complex geometry which
negatively impacts the initial cell seeding. Despite this, extensive prolif-
eration can be observed between day 1 and 7 across all constructs.

After chemical etching, it is critical that the residual etchant is
adequately removed from the surfaces. As discussed in the methods
section, samples were sonicated in isopropyl alcohol and deionized
water. Given the low number of dead cells (Figure 3), it is likely that
there is little or no remaining etchant on these surfaces.

Cell proliferation was also quantitatively assessed by measuring
changes in DNA content over 21 days of culture (Figure 4). There
were no statistically significant differences observed as a function of
surface type. However, a statistically significant increase in DNA con-
tent was observed between day 1 and 21 for all surface types. Cells
continued to proliferate between day 7 and 21, therefore it is unclear
if and when confluency is reached. Once cell density reaches a critical
threshold, further cell division is typically constrained by contact
inhibition.*>52

3.3 | Cellular morphology and organization

Cell morphology, including cell spreading and elongation, has been
shown to regulate osteogenic differentiation of MSCs. Changes in
morphology act as a biophysical cue for the activation of mechano-
sensitive signaling pathways, with consequential regulation of gene

transcription to control cellular functions and phenotypes.*?*3
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FIGURE 2 A spectrum of topologies was created by gradually refining the surface of selective laser melting fabricated Ti-6Al-4V using an
incremental HF/HNOgetching process. At each timepoint, surface topology was characterized using scanning electron microscopy (SEM) and
white light interferometry (WLI) analysis. (A, E) SEM micrographs and (B, F) WLI reconstructions clearly show the gradual removal of surface
inhomogeneities as etching time is increased. (C, D, G, H.) The evolution of surface roughness is also quantitatively assessed from WLI S, and S,
measurements (n = 3 samples, taken as the mean of three measurements). All error bars denote standard deviation. All scale bars (white) are equal
to 250 um.
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FIGURE 3 All surfaces support high cell viability. After etching, mesenchymal stem/stromal cells were seeded on the metal surfaces. Cell
viability and proliferation were assessed on day 1, 3, and 7 for cells seeded on. (A) the flat plate groups, and (B) the grid groups. All scale bars
(white) are equal to 100 um.

In this work, changes in cellular morphology and organization were typically spherical morphology in suspension. This is followed by a more
assessed using SEM (Figure 5). In general, early cell-substrate interac- active phase of reorganization, characterized by the formation of focal
tions are characterized by passive adhesion and spreading from the adhesion complexes, which transduce continuous mechanosensitive
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FIGURE 4 All constructs exhibit extensive cell proliferation. DNA Pico green measurements were used to assess cellular proliferation across
day 1, 3, 7, and 21 for cells seeded on (A) the flat plate groups, and (B) the grid groups. Extensive proliferation can be observed within each
construct across this timeframe. All error bars denote standard deviation, *, **, ***, and **** indicate statistically significant differences

(*p <.0332; **p < .0021; ***p < .0002; and ****p < .0002, student's t-test). n = 3 samples, taken as the mean of three measurements.

FIGURE 5 Cell morphology is influenced by local topological features. After seeding on the grid constructs, cellular morphology and
organization were assessed using scanning electron microscopy across days 1 and 7. It is clear that refinement of the as-built surface using
chemical etching has an extensive effect cell spreading. Similar to confocal observations, it appears that cell spreading is guided by surface
inhomogeneities such as partially adhered powder. As defects are gradually removed via etching, cell spreading appears more homogeneous.
Scale bars are equal to 20 pum (blue), to 10 pum (red), and to 5 um (green).

remodeling.1>% Here, extensive cell spreading could be observed with MSC differentiation along an osteogenic lineage (toward osteo-
across all experimental groups. This was apparent by day 1, with the blasts), having been shown to increase intracellular tension, with subse-
majority of cells beginning to flatten and spread. This is also associated quent activation of osteoinductive signaling pathways.>*
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FIGURE 6 Confocal imaging of mesenchymal stem/stromal cells on the surface of the plate constructs. Confocal imaging was used to assess
the development of cellular morphology and organization across days 1, 3, and 7, after seeding on the flat plate constructs, with staining for cell
nuclei (blue), F-actin (red), and vinculin (green). All scale bars (white) are equal to 250 um.
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It is also clear that cell morphology is largely influenced by local
topological features. Independent of overall roughness, feature size
and patterning can direct cell migration by contact guidance. This
largely occurs as a response to avoid high energy discontinuities
across topological inhomogeneities.>>>® Previous studies have shown
better cell alignment on features the same order of magnitude as their

own size.>”*® In this work, we have shown that the as-built surface is
characterized by a high frequency of spherical particles, spanning a
magnitude close to that of a typical MSC. From SEM, we can also note
that cell spreading on the as-built ‘GO’ surface appears to be directed
by these local topological features. It is well understood that surface
energy is an important regulator of cellular attachment and

FIGURE 7 Cells have adequately bridged pores and are homogenously spread across the grid constructs. Confocal imaging was used to
assess the development of cellular morphology and organization across days 7 and 21, after seeding on the grid constructs. This was extended to
cell nuclei (blue), F-actin (red), and vinculin (green). By day 21, cells have completely bridged the pores and are homogeneously spread across each

surface. All scale bars (white) are equal to 250 pum.
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spreading.’®>? Higher surface energies have been associated with
higher roughness and consequently it is likely that the as-built surface
may impede initial wetting.>® As discussed in the following para-
graphs, subsequent cell spreading may adapt in order to minimize con-
tact with high energy discontinuities.>”>®

By day 1 of culture, cells have developed a stretched, anisotropic
morphology. Cells appear anchored to the powder, and are often
accompanied by a distinct trailing edge. Similar behavior has been
observed in the literature, and attributed to filopodia sensing, and
subsequently lamellipodium (a cytoskeletal actin projection on the
leading edge of the cell) forming a stable anchor by wrapping around
the spherical geometry.?2%° In addition, previous studies have demon-
strated that similar anisotropic spreading may impede mechanotrans-
ductive cytoskeletal stressing required for nuclear signaling and
subsequent osteogenic differentiation.®?

By day 7, cell spreading appears more isotropic on the as-built ‘GO’

surface. No obvious sign of a trailing edge is visible and anchoring
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appears more homogenous around the titanium powder. Cells are con-
tinuing to spread, as indicated by the filopodia protrusions bridging the
gap between adjacent powder particles. Consequently, large areas of
the cell are unsupported, bridging gaps across the nonhomogeneous
powder interface. Similar behavior on micro-patterned surfaces has
been attributed to contact guidance effects.’®¢%%% The lack of basolat-
eral support across these nonadhesive gaps has been associated with
low intracellular tension, and reduced osteogenic potential.®

As etching time is increased, the frequency of surface defects is
reduced. Consequently, cell spreading appears more isotropic and
is increasingly supported at the cell-substrate interface. MSC differen-
tiation toward an osteoblastic-lineage is usually accompanied by simi-
lar basolateral isotropic spreading.®® This behavior is apparent for the
majority of cells through days 1 to 7. However, a distinct second mor-
phology can also be observed in a small number of cells in the G30
group by day 7. Their morphology can be characterized by a stellate
shape with numerous dendritic protrusions and observed in vicinity of
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FIGURE 8 Gene expression. Cadherin 11 (CDH11) and focal adhesion kinase (FAK) were identified as potential targets associated with
adhesion, and runt related-transcription factor 2 (RUNX2), Osteopontin (SPP1), and bone sialoprotein (IBSP) with osteogenic differentiation. Data are
reported in fold change relative to the control group. All error bars denote standard deviation. n = 3 samples, taken as the mean of three

measurements.
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fibrous matrix. This is consistent with the change in morphology
observed for osteoblast maturation typically associated with entrap-
ment in the newly formed unmineralized bone matrix.®*

Confocal imaging-reinforced SEM observations (Figure 6). Simi-
larly, extensive cell spreading can be observed across all experimental
groups. As indicated by F-actin configuration, the majority of cells are
beginning to spread and flatten by day 1. On the as-built surface (PO),
it appears that cells are being arranged around local topological fea-

tures. As this is consistent with that observed under SEM, it is clear

that these features are most likely partially adhered titanium powder.
This behavior can also be observed in subsequent etching timepoints,
however in general, spreading appears more isotropic as etching time
is increased. This can be attributed to the gradual removal of surface
defects and inhomogeneities with increased etching time.

As we have discussed, early cell-substrate interactions are charac-
terized by passive spreading, which have been described as akin to
the manner in which liquid initially adheres to a surface. This phase of

cell-surface interaction is followed by the formation of focal adhesion

FIGURE 9 Mineralization is more extensive as etching time is increased. Mineralization was assessed on day 21 via Alizarin red staining
marking the deposition of calcium. Positive staining can be observed across all groups, but was clearly more pronounced as etching time is
increased. This trend is evident across both (A) the flat plate, and (B) the grid constructs. Mineralization was confirmed using scanning electron
microscopy-energy dispersive x-ray spectroscopy (EDX) analysis on the G30 grid construct. (C) Mineralized matrix is confirmed showing the
presence of calcium (Ca) and phosphate (P) EDX peaks. Scale bars are equal to 500 um (white) and 10 um (red).
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complexes, which bridge the gap between the substrate and actin
cytoskeleton.!1>® These adhesions exhibit continuous mechanosensi-
tive remodeling, exerting extensional and contractile forces on the
actin fibers, and reinforcing cell spreading.'%13°3¢> Consequently,
focal adhesions serve as indicators of cell-surface interaction, and cell
response can be studied by following the recruitment of focal adhe-
sion proteins such as vinculin. Here, vinculin suggested similar expres-
sion of contact points across all surfaces, indicating firm cell-substrate
contact (Figure 6).

Although not a primary focus of this study, pore size plays a criti-
cal role in osteointegration of porous biomedical implants. In general,
pores must be large enough to allow cell migration and capillary for-
mation. However, pores that are too large can bring about their own
problems, including insufficient mechanical properties and slow prolif-
eration.*® For additively manufactured Ti64, a pore size in the range
of 200-700 pm is widely considered suitable for osteointegration.*°
In this study, a 500 um pore size was targeted. From confocal imaging,
it is clear that by day 21, cells have adequately bridged the pores and
are homogenously spread across the scaffold (Figure 7).

3.4 | MSC osteogenesis on etched surfaces

We next assessed the expression of genes associated with MSC oste-
ogenesis and the activation of mechanosensitive signaling pathways
for cells seeded on the different metal surfaces (Figure 9). Focal adhe-
sions play a central role in mediating cell-substrate adhesion. Cadherin
11 (CDH11) and focal adhesion kinase (FAK) were identified as
potential targets associated with this process. CDH11 is part of the
cadherin family of transmembrane proteins that play a critical role in
cell-cell adhesion.®¢¢® CDH11 is distinct from other cadherins in that
it can dually interact with the substrate by binding with syndecan-4
and participate in focal adhesion related signaling pathways.®”¢® FAK,
a signaling protein involved in early cell-substrate interactions, is
recruited to focal adhesions by integrin activity, and activated through

autophosphorylation. 111314

It is an initial step to activate further
mechanosensitive signaling cascades.>* Despite differences in surface
topology, no obvious trends could be observed in CDH11 or FAK
expression across the experimental groups (Figure 8). This was per-
haps unsurprising given the expression of vinculin, which suggested
comparable development of focal adhesion contact points across all
surfaces (Figures 6 and 7).

Similarly, runt related-transcription factor 2 (RUNX2), osteopontin
(SPP1), and bone sialoprotein (IBSP) were identified as potential targets
associated with osteogenic differentiation. RUNX2 is a transcription
factor involved in early osteogenic differentiation and associated with

5469.70 It's level

commitment of MSCs toward an osteoblast lineage.
peaks in immature osteoblasts, having activated the expression of
osteogenic markers, including SPP1 and IBSP.”%”* Subsequently, SPP1
and IBSP are associated with later stage differentiation. While some
trends toward increased gene expression was observed on the P105

substrate at day 21, no significant differences were observed in

Y sk W LE Y-t

RUNX2, SPP1, or IBSP expression across the experimental groups
(Figure 8). However, PCR analysis is merely a snapshot in time, and it
is possible our timepoints did not align with the upregulation of these
genes.

Despite no significant differences in mRNA expression, we finally
sought to examine if changes to the metal surface would impact min-
eralization. Osteoblasts are primarily responsible for the active devel-
opment of new bone.>*4#%?7° During early maturation, they begin to
secrete osteoid, an unmineralized organic matrix primarily comprised
of collagen type 1 and non-collagenous proteins.>*”° Following this,
matrix mineralization occurs in the osteoid through growth of
hydroxyapatite nanocrystals; derived from calcium and phosphate ion
concentrations.®” In this work, mineralized matrix deposition was
assessed via Alizarin Red staining marking the deposition of calcium.
Positive staining can be observed across all groups, but is clearly more
pronounced as etching time is increased, indicating more extensive
mineralization on the P105 and G30 samples (Figure 9a,b). EDX ele-
mental microanalysis also confirmed the presence of calcium and
phosphorous peaks in the most extensively stained samples
(Figure 9c¢).

4 | CONCLUSION

In this work, MSCs were directly seeded onto additively manufactured
Ti-6Al-4V surfaces. The potential benefits of treating these surfaces
with post-process chemical etching in a solution of HF and HNO3; was
investigated. We found that by using an incremental etching process,
surface defects could be gradually removed from the as-built surface,
allowing cell-substrate interactions to be studied across a spectrum.
As these defects were gradually removed, cells remained viable, and
extensive proliferation could be observed across all surfaces through
the 21 days of culture. Cell morphology was clearly influenced by local
topological features. Topological nonhomogeneities on the as-built
surface, such as partially adhered powder, drove a stretched, aniso-
tropic morphology. Continued spreading across the nonhomogeneous
powder interface resulted in large areas of the cell being unsupported
as they bridged gaps across the material surface. As the etching pro-
cess was continued, surface defects were gradually removed and cell
morphology appeared more isotropic, which is generally supportive of
MSC differentiation along an osteoblastic-lineage. By day
21, increased mineralization could be observed on the most exten-
sively etched surfaces, indicative of progression along an osteogenic
pathway. These findings point to the benefit of post-process chemical
etching of additively manufactured Ti-6Al-4V biomaterials targeting

orthopedic applications.
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