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1 | INTRODUCTION

Abstract

Critical-sized defects remain a significant challenge in orthopaedics. 3D printed
scaffolds are a promising treatment but are still limited due to inconsistent osseous
integration. The goal of the study is to understand how changing the surface rough-
ness of 3D printed titanium either by surface treatment or artificially printing rough
topography impacts the mechanical and biological properties of 3D printed titanium.
Titanium tensile samples and discs were printed via laser powder bed fusion. Rough-
ness was manipulated by post-processing printed samples or by directly printing
rough features. Experimental groups in order of increasing surface roughness were
Polished, Blasted, As Built, Sprouts, and Rough Sprouts. Tensile behavior of samples
showed reduced strength with increasing surface roughness. MC3T3 pre-osteoblasts
were seeded on discs and analyzed for cellular proliferation, differentiation, and
matrix deposition at O, 2, and 4 weeks. Printing roughness diminished mechanical
properties such as tensile strength and ductility without clear benefit to cell growth.
Roughness features were printed on mesoscale, unlike samples in literature in which
roughness on microscale demonstrated an increase in cell activity. The data suggest
that printing artificial roughness on titanium scaffold is not an effective strategy to

promote osseous integration.
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infection, nonunion after fracture, or congenital anomalies.* The prog-

nosis for patients with a CSD is poor, often undergoing multiple surgi-

Unlike most human tissues, bone has an innate ability to heal.! Bone
is constantly undergoing remodeling in response to stress. However,
there is a limit to the regenerative capacity of bone. Here we define
the limit of bone's regenerative capacity as a critical-sized defect
(CSD), or the minimum amount of bone injury at which bone will no
longer heal on its own despite appropriate alignment and fixation.2 In
general, the literature defines CSD as bone loss greater than 1-2 cm
in length or greater than 50% loss in circumference of bone.® These

large defects generally result from trauma, oncological resection,

cal procedures in an effort to reconstruct the defect, or amputation in
severe cases.’ Further research is necessary to tackle this unmet need
in orthopedics to find solutions, which can restore the defect and inte-
grate with native bone for long-term clinical success.

Autograft, which is bone harvested from the same patient from a
different site, is considered the gold standard for the treatment of a
CSD. However, autografts have drawbacks, which limit their clinical
use including limited size, donor site morbidity, need for

intraoperative modifications to fit the defect, and issues with
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integration of a different bone architecture from a distant donor site.®
Allograft, which is disease-screened bone harvested from a deceased
donor, has been an alternative for patients with contra-indications to
autografts. However, allografts also come with a host of drawbacks
including limited availability, poor revascularization, risk of transplant
rejection, infection, and long term mechanical failure.

Titanium has been frequently used in orthopaedics as an alterna-
tive to autografts and allografts. Unlike autografts and allografts, tita-
nium does not require harvesting nor lead to immunological reaction,
and its mechanical properties provide immediate structural support.”
The use of titanium implants have been limited by an increased risk
for bacterial infections, and the metals mismatch in stiffness to native
bone results in stress shielding and potential aseptic loosening of the

implant.8?

With advances in 3D printing technology, porous titanium
scaffolds now provide a unique alternative to allografts and autografts
for the treatment of CSDs. Porous titanium scaffolds are often man-
ufactured by laser powder bed fusion (L-PBF). L-PBF creates three-
dimensional parts in a layer by layer process consisting of distribution
of a layer of powder, typically 20-100 pm thick, which is selectively
melted by a laser energy source in 2D layer. The process is repeated
layer by layer to build up the final part, which can have complex
geometry due to the spatial control afforded by L-PBF.1° Utilizing L-
PBF techniques enables fabrication of complex porous architectures,
which were not previously possible with traditional molding or scaf-
fold manufacturing methods. Additionally, using 3D printing enables
creation of implants with anatomically matched geometry for a spe-
cific patient. This combination allows for the potential integration of
surrounding bone tissue to repair CSDs. Porous titanium scaffolds
have already proven clinically successful in spinal fusion.!**? In foot
and ankle surgical procedures, porous titanium scaffolds are used to
treat failed fusion surgeries, nonunion, and traumatic bone loss.?

However, 3D printed titanium implants are not yet optimized. In
a subset of cases, implants need to be removed due to infection or
poor osseous integration where surrounding bone does not grow onto
or through the scaffold. There is no one clear reason for poor osseous
integration and is likely due to a multitude of factors including
implant-related factors (e.g., implant fit, porous architecture, surface
roughness and chemistry, pore size, pore geometry), patient specific
factors (e.g., diabetes, smoking status, vascular disease, underlying
infection), and surgical technique (e.g., osteotomies, use of biologics,
additional fixation methods).*

One hypothesized factor impacting osseous integration of tita-
nium implants is surface roughness. By focusing on surface roughness,
this study evaluates the effect of surface roughness while minimizing
confounding variables. In vitro studies have demonstrated that
increasing the surface roughness of 3D printed titanium discs with
acid etching between R, values of 0.29-3.26 pm significantly
increased proliferation and activity of osteoblasts.'®> Micro and nano
roughness is theorized to impact osseointegration by providing local
asperities for osteoblast attachment, or by influencing the adsorption
of proteins on the surface, inducing the expression of certain integrin,
such as, ayB4, which in turn directly regulates osteoblast differentia-

tion.*¢*® However, there is a tradeoff between implant surface
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roughness and mechanical performance. Increased surface roughness
introduces surface mediated crack initiation sites, reducing strength
and fatigue life of 3D printed as well as traditionally manufactured
titanium implants.2”2° Intentionally incorporating roughness on tita-
nium implants for improved friction and osseointegration comes at a
cost to mechanical behavior as the additional topography creates
stress concentrations that can lead to fatigue of the construct.?! In
addition to theoretically enhancing osteoblast activity, roughness has
been shown to increase the potential for bacterial biofilm formation.??
In order to engineer an optimal titanium scaffold, tradeoffs associated
with modulating surface roughness must be clearly understood both
in terms of biological function and mechanical integrity.23 Therefore,
the purpose of this study was to understand how changing the sur-
face roughness of 3D printed titanium either by processing printed
samples or artificially printing rough topography impacts the mechani-
cal and biological properties of the titanium. We would expect that
printing rough topography would enhance the proliferation and differ-
entiation of cultured pre-osteoblasts while modestly diminishing the
mechanical properties.

2 | MATERIALS AND METHODS

21 | Sample fabrication

Both tensile test samples and discs for cell culture were produced via
L-PBF using a 3D Systems ProX DMP320 system. Parts were pro-
duced with medical grade titanium alloy powder (Ti6Al4V ELI) with an
average diameter of 35 pm, conforming with chemistry appropriate
for implanted medical device per ASTM F3001. To create samples
with varied surface topography, samples underwent either a post-
processing surface treatment or had topographical roughness features
designed and printed directly onto the surface. Post-processed sam-
ples were either micro-blasted ("Blasted") using the same powder
used in fabrication in order to not change the surface chemistry or
mechanically polished ("Polished") using successively finer grit paper
and a final diamond polishing paste. Three-dimensionally printed
topographical roughness features were designed to have 500 pm
height as tetrahedral ("Sprouts") or irregular ("Rough Sprouts")
extruded from the surface. Samples which underwent no post-
processing or additional surface features were used as a control ("As
Built"). Images of tensile samples are shown in Figure 1(a).

2.2 | Roughness measurements

Surface roughness measurements were made using an Olympus LEXT
OLS4000 Confocal Microscope at 20x magnification and wavelength
cutoff of 100 um. Line measurements were taken along the long axis
of tensile specimens (n = 6/group). Surface roughness is reported as
both R,, the arithmetical average of absolute distances of the profile
from the centerline, and R,, the maximum peak to valley distance of

the profile.



1794 Society For ABAR ET AL.
74 | Wi LEY_ T
(a) Laser Powder Bed Fusion Mechanical Testing (b)
T ES——al Polished
- H -
In Vitro Testing
) As B
> MTT
Experimental Groups 0 weeks > ALP
= > aeR . H Sprouts
Post-Printing Modifications Printed Topography A weeks : g]l;':;“““‘ Microscopy .
I—l—l » Enbloc Staining
¢ 6 06 & © et
E

Polished Blasted As Built (Control) Sprouts Rough Sprouts

FIGURE 1
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(a) Titanium samples were printed via Laser Powder Bed Fusion. Samples either underwent post printing surface modification such

as polishing and blasting to decrease surface roughness or had Sprouts or Rough Sprouts printed on surface to add topography. Tensile
specimens with analogous surface topography were tested under tensile loading to failure. Discs from each experimental group were seeded with
MCS3T3 pre-osteoblast and cultured for 0, 2, and 4 weeks. In vitro assays assessed for cell proliferation, differentiation, and matrix deposition at
each time point. (b) The left panel shows tensile specimens and cell disc samples with varied surfaces produced via post-processing, or designed
meso-scale topographical features. The black scale bar represents 10 mm . The right panel shows SEM images of disc samples are at 50x. The

black scale bar represents 2 mm

2.3 | Mechanical testing
The effects of surface topography were assessed with tensile testing.
Tension is the worst case loading mode and highlights the relative dif-
ference in mechanical properties caused by difference in surface
topography.*®

Tensile testing samples were printed in the direction of loading.
Samples were loaded under tension at a constant displacement rate
per ASTM E8M until failure using a Test Resources TR830 axial test-
ing frame with 50 kN capacity. Strain was captured using a video
extensometer. The diameters of tensile samples were measured with
digital calipers prior to testing and used to calculate strength. Yield

strength was calculated using the 2% offset method.

24 | Cell culture

MC3T3 (ATCC CRL-2593) pre-osteoblasts were obtained from Duke
University's Cell Culture Facility at passage three. MC3T3 cell line was
chosen to focus on the early phase of cell progression to model osteo-
blast proliferation and differentiation on a Ti implant. The cells cul-
tured to 80% confluence in culture media consisting of MEM «
(Gibco) with 10% FBS and 1% P/S. 31 Ti discs from each group were
autoclaved at 250°F for 85 min and placed in a sterile 48 well plate.
Wells were filled with culture media (MEM «a with 10% FBS, and 1%
P/S) to pre-wet discs. Cells were trypsinized with 0.25% Trypsin-
EDTA and resuspended to an average cell density of 2.3 x 10*
cells/ml. The pre-wet media was aspirated from each well after 24 hr
and a droplet of cell solution (250ul) was pipetted on each disc for cell
density of 2 x 10* cells/cm?. Discs were incubated at 37°C and 5%

CO,, for 5 hr to allow for cell adherence. Osteogenic media made up

of MEM « with 10% FBS, 1% P/S, 5 mM Beta Glycerol Phosphate,
and 50 pg/ml ascorbic acid was added to each well. Media was chan-
ged every 3 days. Week 0, 2, and 4 endpoints took place 1, 15, and
29 days after initial seeding, respectively.

2.5 | Alkaline phosphatase assay

Supernatant was collected from each well at the defined endpoints
above. 24 hr before collection, media was aspirated off wells and
osteogenic media (500 pl) was pipetted into each well. On day of col-
lection, 300 pl of supernatant was pipetted into 1.5 ml tube and
stored in —80°C. Media was replaced into well and culture plate was
put back into incubator. After all samples were collected and frozen,
they were thawed for alkaline phosphatase (ALP) assay (ab83369,
ABCAM). Undiluted samples (80 ul) and reagents were added to a
96 well plate per manufacturer's instruction. The plates were incu-
bated for 1 hr and stop solution was added to each well. Plate was
shaken for 90 s and absorbance was measured at 405 nm using a
SPARK® Multimode Microplate Reader (Tecan). ALP activity was cal-
culated from absorbance values and standard curve using manufac-

turer's instructions.

2.6 | Cellviability

Three discs from each group were placed in a new 48 well plate. Fresh
osteogenic media was added to each well with MTT (3-[4,5-
dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bromide) (12 mM) per
Vybrant® MTT Cell Proliferation Assay Kit instructions. Plate was
incubated for 6 hr and media removed from each well. Dimethyl
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sulfoxide (500 pl) (Sigma-Aldrich) was added to each well. Plate was
shaken for 90 s with a SPARK® Multimode Microplate Reader (Tecan).
Titanium discs were removed from each well and plate was shaken for
90 s. Absorbance was measured at 470 nm and normalized by dividing

by average absorbance calculated for As Built group.

2.7 | En bloc staining

Discs used in MTT assay were placed in a new 24 well plate. Each rep-
licate was stained with Picrosirius Red or Alizarin Red solutions. Each
disc was stained with respective dye (500 pl) for 30 min. Dye was
removed and samples were rinsed with 1x Phosphate-buffered saline
(PBS) until PBS was clear. Discs were imaged with Leica Mé0 stereo

microscope and Leica IC80 HD camera.

2.8 | Fluorescent microscopy

Discs with cells were fixed with 4% paraformaldehyde (PFA) for
20 min after aspirating media. Upon fixation, samples were rinsed
with PBS for 30 min. Fresh PBS was added and samples were stored
at 4°C. PBS was removed and Hoechst dye (600 uM, Thermo Fisher)
was added to each well to cover discs. Samples were incubated for
5 min. Hoechst dye was removed and replaced with PBS. Discs were
imaged with a confocal microscope (Leica SP8 Upright Confocal)
using a 405 nm Diode laser. Images were taken using a 2.5x dry

objective.

2.9 | Reverse-transcription quantitative
polymerase chain reaction

RT-gPCR was performed to measure expression levels of Osteocalcin
(Bglap) and Sclerostin (Sost) relative to a housekeeping gene (s-actin).
Cell lysate and RNA isolation was performed using the RNeasy mini
kit (Qiagen) per manufacture's instructions. Cell lysates were collected
at each time point and stored at —80°C until completion of experi-
ment and then RNA isolated for all samples at one time. The concen-
tration and purity of RNA was assessed using NANODROP 2000
(Thermo Scientific). RNA (250 ng) from week 2 and 4 was reverse
transcribed into cDNA using iScript cDNA Synthesis Kit (Bio-Rad Lab-
oratories) as there was not sufficient RNA for week O samples. RT-
QPCR was perform using SsoAdvanced™ Universal SYBR® Green
Supermix (Bio-Rad Laboratories) and CFX96™ Real-Time System
Thermal Cycler (Bio-Rad Laboratories) according to manufacturer's
instructions with two technical replicates.

The following primers (Integrated DNA Technologies) were used
in RT-QPCR reactions:

p-actin forward: 5'-AGATGTGGATCAGCAAGCAG -3'.

p-actin reverse: 5'- GCGCAAGTTAGGTTTTGTCA-3'.

Bglap forward: 5'-CTTGAAGACCGCCTAAC-3'.

Bglap reverse: 5'-GCTGCTGTGACATCCATA-3'.

Jii—WI LEY_| 7

Sost forward; 5'-TCCTCCTGAGAACAACCAGAC-3'.

Sost reverse; 5-TGTCAGGAAGCGGGTGTAGTG-3'.

The primers spanned different exons to ensure there was no
amplification of the genomic DNA. Relative gene expression com-
pared to reference gene, p-actin, was calculated from gquantitative
cycles (Cq) by following formula:

Relative RNA Expression = 2C%setactin = Cararget

210 | Scanning electron microscopy

Fixed samples were washed twice with 1x PBS for 10 min each. Sam-
ples were dehydrated with increasing ethanol concentrations and
washed 3 times for 10 min each in respective concentrations (10, 30,
50, 70, 90, 100%). Samples were washed with Hexamethyldisilazane
(Electron Microscopy Sciences) 3 times and left in the chemical fume
hood until reagent evaporated. Samples were sputter coated with
gold for 400 s at 12 v (Denton Desk V). Samples were imaged at 50x
and 1,000x magnifications with a Tabletop Scanning Electron Micro-
scope (Hitachi TM3030Plus).

211 | Statistical analysis

One-way ANOVA was used to compare average measurements
between the roughness groups. Tukey HSD test was done if one-way
ANOVA indicated differences between groups for tensile testing and
in vitro assay results. Student's t test was performed to compare
means between 2 groups. Statistical analysis was conducted with
RStudio. Alpha was set at 0.05.

3 | RESULTS

Surface roughness and tensile testing results are summarized in
Table 1. Representative stress-strain curves are shown in
Figure 2a. As Built samples had an average R, of 6.7 pm as a result
of the partially adhered powder particles characteristic of the L-
PBF process. Surface roughness measurements showed an
increased surface roughness with the addition of surface topogra-
phy features for both the sprout and rough sprout groups. Con-
versely, blasting and polishing of the surface reduced surface
roughness, as expected. Although Polished samples had the highest
average strength and elongation, no statistically significant differ-
ence was observed in the ultimate strength, yield strength, or elon-
gation of As Built, Blasted, and Polished samples (Figure 2b).
However, the increased surface roughness for the spout and rough
sprout samples significantly reduced ultimate strength, yield
strength, and elongation at failure. The additional printed topogra-
phy increased sites for crack initiation at the surface leading to

reduced elongation.
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TABLE 1 Summary of surface roughness and tensile properties of titanium samples with varied topography
Surface R, (pm) R, (pm) Diameter of tensile sample (mm) UTS (MPa) Yield strength (MPa) Elongation at failure (%)
Polish 0.5 2.6 5.96 1,078.2 989.6 14.4
(0.0 (0.1) (0.02) (11.1) (59.4) (1.7)
Blasted 3.2 22.6 6.09 1,039.1 952.6 11.9
(0.7) (3.2) (0.04) (16.5) (38.8) (1.0)
As built 6.7 33.0 6.05 1,053.7 992.1 12.6
(1.1) (4.5) (0.02) (8.2) (8.1) (1.3)
Sprouts 5.8 41.4 6.59 970.0 907.1 6.7
(1.9) (13) (0.02) (12.6) (41.2) (1.3)
Rough sprouts 9.9 65.1 6.45 951.9 875.2 8.3
(1.8) (14) (0.03) (9.8) (12.3) (1.2)
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ALP assay measured the activity of ALP in the supernatant of
each of the discs and cell samples. One-way ANOVA showed no sta-
tistical difference in ALP activity among all groups within each time
point. There was a marked decrease in ALP activity between 2 and
4 weeks across all groups. (Figure 3a). One-way ANOVA of MTT assay
results did not show any statistical difference in cell metabolic activity
among all groups for week 2 and week 4 time points. At the week
4 time point, the As Built group displayed statistically higher metabolic
activity than Sprouts group. (Figure 3b).

RT-gPCR showed roughness had a significant effect on gene
expression of Bglap (Figure 4a,c). By grouping rough and non-rough
discs together, results showed that the rougher groups had a decrease
in Bglap expression at both time points (Figure 4c). No difference
among roughness groups was seen for Sost expression (Figure 4b,d).
Fluorescent microscopy shows that cells adhered to disc surface after
1 day of culture. (Figure 5a). By week 2, the cells appeared to reach
confluence. By week 4, the cultured cells formed a film over the disc

(Figure 5a). Qualitatively, the studied rough surfaces did not impact
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FIGURE 3 (a) Activity of ALP in supernatant of MC3T3 osteoblasts cultured on titanium disc with varying topography and increasing

roughness across groups. Results are presented as the mean * standard error (S.E.) (n = 5 per group). (b) Absorbance at 540 nm reflective of MTT
activity of MC3T3 osteoblast cultured on titanium disc with varying topography and increasing roughness across groups. (a) Cells cultured for
0 weeks (1 day). (b) Cells cultured for 2 weeks. (c) Cells cultured for 4 weeks. Results are presented as the mean + standard error (S.E.) (n = 3 per

group). p value from one-way ANOVA is reported in the top right corner

cell growth. It appears that there is less fluorescent signal from the
rough groups, Sprouts and Rough Sprouts. However, the topography
of disc is large enough where all the cells cannot be imaged on one
focal place with confocal microscope.

SEM images showed that the extracellular matrix formed by week
2 and had become more fibrous at week 4 (Figure 5b). Cell matrix was
qualitatively more visible on the rougher titanium discs indicating that
either there was more ECM deposition on rougher discs or that the
ECM film on rough disc was more resistant to multiple rounds of
washing needed to process SEM samples. En bloc staining of discs
with Picrosirius Red to highlight collagen show ECM covering the
discs by week 2 and becoming more prominent at week 4 (Figure 6a).
En bloc stain with Alizarin Red show scant mineralization at week
2 and widespread mineralization at week 4 (Figure 6éb). As with other
imaging techniques done in this study, en bloc staining did not show
clear difference between experimental groups. The collagen and cal-
cium deposition confirm that the time points and MC3T3 cell line
used in the study captured the progression of preosteoblast differen-
tiation ending with the deposition of calcium in the extracellular

matrix.

4 | DISCUSSION

While current 3D printed titanium implants have been successfully
used to treat CSD, the implant fails in a subset of these patients
resulting in revision surgery and potentially amputation when all other
therapeutic options are exhausted. The significant morbidity of
implant failure highlights the unmet need to optimize implant design
parameters including roughness. In this study, surface roughness was
shown to impact the tensile behavior of titanium samples produced
via L-PBF. The observed reduction in ductility with increasing surface
roughness for present results as well as comparable studies in the lit-
erature is shown in Figure 7. High surface roughness (in the absence
of internal voids or other stress risers) leads to increased initiation of
fracture from surface defects, reducing ductility as well as fatigue life
of titanium.*”2° Although no significant increase in strength or ductil-
ity was seen for the Blasted or Polished samples as compared to the
As Built control, previous results have shown an increase in fatigue
life for surface treated titanium.° It should also be noted that due to
the increase in sample diameter by the protrusion of the sprout and

rough sprout features, the area used in stress calculations was larger
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FIGURE 4 Relative expression of Bglap (left column) and Sost (right column) compared to g-actin of MC3T3 cells cultured on 3D printed
titanium discs for 2 and 4 weeks. First row displays relative gene expression for individual groups in order of increasing roughness. Bottom rows
shows relative gene expression for disc grouped based on the addition of artificial topography. Polished, Blasted and As Built groups were
classified as Not Rough, and Sprouts and Rough Sprouts are classified as Rough. Results are presented as the mean + standard error (S.E.) p value

from Students t test is reported for each comparison

than other groups. Due to lack of interconnectivity of the surface fea-
tures, load bearing area was not increased. Therefore, when adding
additional surface roughness to orthopedic implants it is important to
understand the tradeoffs to mechanical properties of topographical
features. Further investigation will include the effect of post-
processing surface treatments and additional topographical features
on tensile fatigue behavior.

The results of the cell study did not definitively demonstrate that
one roughness group was superior in terms of cell proliferation or dif-
ferentiation. MC3T3 cells undergo three stages of growth in culture:
proliferation (days 0-9), differentiation (days 10-20) and mineraliza-
tion (days 20+).2* The various assays done in this study were designed
to assess the effect of surface topography at all three stages. How-
ever, specific timepoints were primarily chosen to examine markers
with clinically meaningful impacts on mineralization. Proliferation was
quantitatively measured using a MTT assay.2” Cellular metabolic activ-
ity was not significantly different in the earliest two time points
(Figure 3b). Although, there was an increased MTT activity in the As
Built group compared to sprout group at the week 4 time point, the
primarily conclusion should be based on data from the proliferation
time point.2® The results of MTT assay are corroborated by the flores-
cent images of the discs that show robust cell growth in all groups.
The differentiation phase of the MC3T3 occurs between 10 and
20 days where matrix formation and maturation takes place and is

marked by increased ALP activity followed by a drop in ALP as cells
progress into the mineralization phase.?* The presence of cell matrices
was reflected by the ECM film where collagen stained with picrosirius
red that was present at week 2 and became more prominent at week
4 (Figure 6a). The ALP assay demonstrated no difference between
roughness group, but the reduction of ALP at week 4 followed trends
reported in literature indicating that cells have progressed past differ-
entiation phase. The transition to the mineralization phase is further
illustrated by the large increase in Alizarin red staining, indicating cal-
cium deposits?” (Figure 6b). The inclusion of sprouts appreciably
increases the surface area of the disc. The ability to increase the sur-
face area without significantly increasing the volume of a construct is
a theoretical advantage of printing topography. Therefore, the quanti-
tative MTT and ALP results were not normalized by surface area so
any change in those values due to variation in the surface area could
be captured.

In contrast to the other cell assays, RT-qPCR revealed that rough-
ness had an impact on Bglap gene expression of the MC3T3 cells.
Bglap is a calcium binding protein that is initially expressed in the dif-
ferentiation phase before becoming highly expressed in the minerali-
zation phase of osteoblast differentiation.24?® By grouping samples
based on similar mechanical properties (post-processed vs artificial
topographical features), RT-gPCR results indicate that total RNA
encoding for Bglap was significantly diminished in the cells grown on
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discs with artificially printed roughness compared to the less rough
surfaces (Figure 4a,c). Moreover, the sprout and rough sprout discs
did not have the increased Bglap activity from week 2 to week
4 expected as cells move into the mineralization phase and as
observed in the discs with reduced roughness. Sost was poorly
expressed in all groups across both time points (Figure 4b,d). Sost is a
late stage osteocyte marker needed for the regulation of mineraliza-
tion.?” The low expression of Sost in all both types suggests the

MC3T3 cells have not differentiated into mature osteocyte. Future

As Built Sprouts Rou

[ WILEY- L2

h Sprouts

(a) Confocal fluorescent images of titanium discs with varying topography stained with Hoechst, a nuclear stain. White scale bar
represents 500 pm. (b) SEM images of titanium discs with varying topography imaged at 1000x. Black scale bar represents 100 um

studies with longer culture timepoints or additional genetic markers of
osteoblast differentiation allow for determination of a difference.

The results seemingly indicate that adding roughness either has
no affect or a slightly negative affect on osteoblast activity in contrast
to past studies that assert that increasing roughness of titanium sub-
strate enhanced cell proliferation or differentiation.*>2?-%1 However,
many of these studies produce roughness via subtractive manufactur-
ing, often using acid etching techniques which produce roughness on

a smaller scale than was able to be produced in this study using
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FIGURE 6 Titanium discs with varying surface topography stained en bloc with (a) Picrosirius Red to highlight collagen deposition and

(b) Alizarin Red to highlight calcium deposition

25
209 ©
£ 15 @
» ° L
[0}
510
2 °
w [ J
5| o Literature
@® Present
ot | | | | | |
0 2 4 6 8 10 12
Ra (um)

FIGURE 7 Tensile failure strain as a function of surface
roughness for current experiments and results from the literature for
Ti6Al4V fabricated via L-PBF

additive manufacturing. The minimum feature size for LBF printer
used in this study is 100 pm.3? Acid etching has been show to create
hierarchical micro/nano structures that were not recapitulated with L-
PBF followed by polishing or blasting.3® Microroughness and nano-
scale roughness can be sensed by the cell and therefore influence cell

behavior, while roughness on the macroscale is important for bone

fixation.>*3> The maximum distance between the peak and valley, R,,
indicate that artificially printed topography pushed the boundary of
microscale into the meso-scale regime.>¢ The sprouts and the rough
sprouts groups have the microscale topography as the as built group.
The SEM images (Figure 5b) show the fused Ti powder particles in all
three groups that did not undergo any postprocessing. The addition of
sprouts did not change the microscale and nanoscale topography.
Therefore, no significance biological difference in cell behavior was
observed in our model because microscale and nanoscale topography
are the most important factors influencing cell behavior.

Similarly, the in vitro data in this study showed artificially printed
roughness had either no effect or slightly negative effect on cell
behavior, but may suggest that the meso- scale roughness is impor-
tant for bone fixation to the implant. SEM images showed extensive
cell matrix structures for the groups with meso-scale roughness, but
less ECM formation on As Built, Blasted, or Polished discs. The flores-
cent images showed extensive cell growth in all the groups. To pro-
cess the samples for SEM the discs underwent several rounds of
washes. The rougher discs may have been more resistant to the sheer
force of the washes supporting the claim that macroroughness helps
with adhesion to the implant. Further in vitro studies are needed to



ABAR ET AL

specifically evaluate the effect of 3D printed meso-scale topographi-
cal features on cell matrix fixation. If 3D printed roughness does in
fact aid in implant fixation, artificial roughness will be designed on
implant surfaces opposed to bone to increase early fixation at the
bone-implant interface. In addition, it is well known that porosity

37-42 and recent work has

enhances osseointegration in metal implants
shown that porosity is a larger factor in controlling osseointegration
versus surface roughness alone.**** Osseous integration remains a
challenging problem in orthopedic implants likely requiring a multifac-
eted solution. 3D printing has opened the doors to new geometries
that were not practical with traditional manufacturing methods.

This study evaluated the strategy of artificially printing rough
topography on a substrate. The tensile behavior showed that the addi-
tionally printed roughness produced less favorable mechanical proper-
ties, specifically diminishing elongation. The in vitro experiment did not
show a clear advantage of artificially printed roughness in enhancing
osteoblast proliferation and differentiation as hypothesized. This was
likely due to scale of the printed features being too large to influence
activity at the cellular level but may enhance adhesion of cell matrix at
the meso-scale. While in vitro studies are a useful tool to ethically, and
efficiently evaluate scaffold design parameters, in vivo models are ulti-
mately needed before results can be translated to clinical practice.

In conclusion, the addition of 3D printed artificial roughness leads
to inferior mechanical properties and confers no clear benefit regard-
ing cellular proliferation. Printed topography increases the initiation of
fractures resulting in diminished tensile strength and ductility. Concur-
rently, the resolution of LBF is not fine enough at this time to create
surface features that enhance cell behavior. Therefore, data in this
study suggest that artificially printing roughness is not an effective
strategy to enhance osseous integration into titanium implants for
critical sized defects.

ACKNOWLEDGMENT

Research reported in this publication was supported by the National
Center For Advancing Translational Sciences of the National Institutes
of Health (NIH) under award number TL1 TR0O02555 and the National
Institute for Arthritis and Musculoskeletal and Skin Diseases of the
NIH under award number RO1 AR071722 (MJH). This work was per-
formed in part at the Duke University Shared Materials Instrumenta-
tion Facility (SMIF), a member of the North Carolina Research
Triangle Nanotechnology Network (RTNN), which is supported by the
National Science Foundation (Grant ECCS-1542015) as part of the
National Nanotechnology Coordinated Infrastructure (NNCI).The con-
tent is solely the responsibility of the authors and does not necessarily

represent the official views of the National Institutes of Health.

CONFLICT OF INTEREST
Samuel B. Adams, Cambre Kelly, Ken Gall, own stock and/or stock
options in restor3d, Inc.

DATA AVAILABILITY STATEMENT
The data that support the findings of this study are available from the
corresponding author upon reasonable request.

Jii—WI LEY_|

ORCID
Bijan Abar 2 https://orcid.org/0000-0002-5184-5762
REFERENCES

1. Henkel J, Woodruff MA, Epari DR, et al. Bone regeneration based on
tissue engineering conceptions-a 21st century perspective. Bone Res.
2013;1:216.

2. Nauth A, McKee MD, Einhorn TA, Watson JT, Li R, Schemitsch EH.
Managing bone defects. J Orthop Trauma. 2011;25:462-466.

3. Schemitsch EH. Size matters: defining critical in bone defect size.
J Orthop Trauma. Lippincott Williams Wilkins. 2017;31:520-522.

4. Jariwala SH, Lewis GS, Bushman ZJ, Adair JH, Donahue HJ,
Scaffolds B. 3D printing of personalized artificial 2015;2.

5. Nauth A, Schemitsch E, Norris B, Nollin Z, Watson JT. Critical-size
bone defects: is there a consensus for diagnosis and treatment.
J Orthop Trauma Lippincott Williams Wilkins. 2018;32:57-S11.

6. De Long WG, Einhorn TA, Koval K, et al. Bone grafts and bone graft
substitutes in Orthopaedic trauma surgery. J Bone Jt Surg Ovid
Technol. 2007;89:649-658.

7. Kaur M, Singh K. Review on titanium and titanium based alloys as bio-
materials for orthopaedic applications. Mater Sci Eng C Mater Biol Appl.
2019;102:844.

8. Shayesteh Moghaddam N, Taheri Andani M, Amerinatanzi A, et al.
Metals for bone implants: safety, design, and efficacy. Biomanufacturing
Rev. 2016;1:1-16.

9. Pei X, Wu L, Zhou C, et al. 3D printed titanium scaffolds with homo-
geneous diamond-like structures mimicking that of the osteocyte
microenvironment and its bone regeneration study. Biofabrication.
2020;13:015008.

10. Kelly CN, Miller AT, Hollister SJ, Guldberg RE, Gall K. Design and
structure-function characterization of 3D printed synthetic porous bioma-
terials for tissue engineering. Adv Healthcare Mater. 2018;7:¢1701095.

11. Burnard JL, Parr WCH, Choy WJ, Walsh WR, Mobbs RJ (2020). 3D-
printed spine surgery implants: a systematic review of the efficacy
and clinical safety profile of patient-specific and off-the-shelf devices.
European Spine Journal, 29(6):1248-1260. http://dx.doi.org/10.1007/
s00586-019-06236-2.

12. McGilvray KC, Easley J, Seim HB, et al. Bony ingrowth potential of
3D-printed porous titanium alloy: a direct comparison of interbody
cage materials in an in vivo ovine lumbar fusion model. Spine.
J Elsevier Inc. 2018;18:1250-1260.

13. Dekker TJ, Steele JR, Federer AE, Hamid KS, Adams SB. Use of
patient-specific 3D-printed titanium implants for complex foot and
ankle limb salvage, deformity correction, and arthrodesis procedures.
Foot Ankle Int SAGE Publications Inc. 2018;39:916-921.

14. Parithimarkalaignan S, Padmanabhan TV. Osseointegration: an
update. J Indian Prosthodont Soc. 2013;13:2-6.

15. Yokose S, Klokkevold PR, Takei HH, et al. Effects of surface micro-
topography of titanium disks on cell proliferation and differentiation
of osteoblast-like cells isolated from rat calvariae. Dent Mater J. 2018;
37:272-277.

16. Olivares-Navarrete R, Raz P, Zhao G, et al. Integrin a2p1 plays a criti-
cal role in osteoblast response to micron-scale surface structure and
surface energy of titanium substrates. Proc Natl Acad Sci U S A. 2008;
105:15767-15772.

17. Hacking SA, Boyraz P, Powers BM, et al. Surface roughness enhances
the osseointegration of titanium headposts in non-human primates.
J Neurosci Methods. 2012;211:237-244.

18. Song P, Hu C, Pei X, et al. Dual modulation of crystallinity and macro-/
microstructures of 3D printed porous titanium implants to enhance stabil-
ity and osseointegration. J Mater Chem B. 2019;7:2865-2877.

19. Greitemeier D, Dalle Donne C, Syassen F, Eufinger J, Melz T. Effect
of surface roughness on fatigue performance of additive man-
ufactured Ti-6Al-4V. Mater Sci Technol. 2016;32:629-634.


https://orcid.org/0000-0002-5184-5762
https://orcid.org/0000-0002-5184-5762
http://dx.doi.org/10.1007/s00586-019-06236-2
http://dx.doi.org/10.1007/s00586-019-06236-2

102 | \WA/ LEY_Y Socien For

20.

21

22.
23.

24.

25.

26.
27.

28.
29.

30.

31

32.

ABAR ET AL

Kelly CN, Evans NT, Irvin CW, Chapman SC, Gall K, Safranski DL. The
effect of surface topography and porosity on the tensile fatigue of
3D printed Ti-6Al-4V fabricated by selective laser melting. Mater Sci
Eng C. 2019;98:726-736.

Cheng Z, Liao R. Effect of surface topography on stress concentration
factor. Chinese J Mech Eng. 2015;28:1141-1148.

McGaffey M, zur Linden A, Bachynski N, Oblak M, James F,
Weese JS (2019). Manual polishing of 3D printed metals produced by
laser powder bed fusion reduces biofilm formation. PLOS ONE, 14(2):
€0212995. http://dx.doi.org/10.1371/journal.pone.0212995.

Yi T, Zhou C, Ma L, et al. Direct 3-D printing of Ti-6Al-4V/HA com-
posite porous scaffolds for customized mechanical properties and
biological functions. J Tissue Eng Regen Med. 2020;14:486-496.
https://doi.org/10.1002/term.3013.

Raouf A, Seth A. Ets transcription factors and targets in osteogenesis.
Oncogene. 2000;19:6455-6463.

Fu C, Yang X, Tan S, Song L (2017). Enhancing cell proliferation and
osteogenic differentiation of MC3T3-E1 pre-osteoblasts by BMP-2
delivery in graphene oxide-incorporated PLGA/HA biodegradable
microcarriers. Scientific Reports, 7(1):12549. http://dx.doi.org/10.
1038/541598-017-12935-x.

Quarles LD, Yohay DA, Lever LW, Caton R, Wenstrup RJ. Distinct
proliferative and differentiated stages of murine MC3T3-E1 cells in
culture: an in vitro model of osteoblast development. J Bone Miner
Res. 1992;7:683-692.

Gregory CA, Gunn WG, Peister A, Prockop DJ. An alizarin red-
based assay of mineralization by adherent cells in culture: compari-
son with cetylpyridinium chloride extraction. Anal Biochem. 2004;
329:77-84.

Xiao G, Cui Y, Ducy P, Karsenty G, Franceschi RT. Ascorbic acid-
dependent activation of the Osteocalcin promoter in MC3T3-E1
Preosteoblasts: requirement for collagen matrix synthesis and the
presence of an intact OSE2 sequence. Mol Endocrinol. 1997;11:
1103-1113.

Mullen CA, Haugh MG, Schaffler MB, Majeska RJ, McNamara LM.
Osteocyte differentiation is regulated by extracellular matrix stiffness
and intercellular separation. J Mech Behav Biomed Mater. 2013;28:
183-194.

Martin JY, Schwartz Z, Hummert TW, Schraub DM, Simpson J,
Lankford J., Dean DD, Cochran DL, Boyan BD. Effect of titanium sur-
face roughness on proliferation, differentiation, and protein synthesis
of human osteoblast-like cells (MG63). Journal of Biomedical Materials
Research.  1995;29(3):389-401.  http://dx.doi.org/10.1002/jbm.
820290314.

Sola-Ruiz MF, Pérez-Martinez C, Martin-del-Llano JJ, Carda-Batalla C,
Labaig-Rueda C. In vitro preliminary study of osteoblast response to
surface roughness of titanium discs and topical application of melato-
nin. Med Oral Patol Oral Cir Bucal, 2015;20:e88-e93.

Chua CK, Matham MV, Kim YJ. Lasers in 3D printing and manufactur-
ing. Singapore: World Scientific Publishing; 2018.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

Liang J, Xu S, Shen M, et al. Osteogenic activity of titanium surfaces
with hierarchical micro—/nano-structures obtained by hydrofluoric
acid treatment. Int J Nanomed. 2017;12:1317-1328.

Gittens RA, Olivares-Navarrete R, Schwartz Z, Boyan BD. Implant
osseointegration and the role of microroughness and nanostructures:
lessons for spine implants. Acta Biomater. 2014;10:3363.

Schwartz Z, Raz P, Zhao G, et al. Effect of micrometer-scale rough-
ness of the surface of ti6al4v pedicle screws in vitro and in vivo.
J Bone Joint Surg Am. 2008;90(11):2485-2498.

Yip S, Short MP. Multiscale materials modelling at the mesoscale. Nat
Mater. 2013;12:774-777.

Karageorgiou V, Kaplan D. Porosity of 3D biomaterial scaffolds and
osteogenesis. Biomaterials, 2005;26(27):5474-5491. http://dx.doi.
org/10.1016/j.biomaterials.2005.02.002.

Ryan G, Pandit A, Apatsidis D. Fabrication methods of porous metals
for use in orthopaedic applications. Biomaterials, 2006;27(13):2651-
2670. http://dx.doi.org/10.1016/j.biomaterials.2005.12.002.

Balla VK, Bodhak S, Bose S, Bandyopadhyay A. Porous tantalum
structures for bone implants: fabrication, mechanical and in vitro bio-
logical properties. Acta Biomater Elsevier BV. 2010;6:3349-3359.
Lewallen EA, Riester SM, Bonin CA, et al. Biological Strategies for
Improved Osseointegration and Osteoinduction of Porous Metal
Orthopedic Implants. Tissue Engineering Part B: Reviews, 2015;21(2):
218-230. http://dx.doi.org/10.1089/ten.teb.2014.0333.

Chen D, Bertollo N, Lau A, et al. Osseointegration of porous titanium
implants with and without electrochemically deposited DCPD coating
in an ovine model. Journal of Orthopaedic Surgery and Research, 2011;
6(1):56. http://dx.doi.org/10.1186/1749-799x-6-56.

Rao PJ, Pelletier MH, Walsh WR, Mobbs RJ. Spine Interbody
implants: material selection and modification, functionalization and
bioactivation of surfaces to improve osseointegration. Orthop Surg.
2014,6:81-89. https://doi.org/10.1111/0s.12098.

Torstrick FB, Lin ASP, Safranski DL, et al. Effects of Surface Topogra-
phy and Chemistry on Polyether-Ether-Ketone (PEEK) and Titanium
Osseointegration. Spine, 2020;45(8):E417-E424. http://dx.doi.org/
10.1097/brs.0000000000003303.

Cheng A, Cohen DJ, Kahn A, et al. Laser sintered porous Ti-6Al-4V
implants stimulate vertical bone growth. Annals of Biomedical Engi-
neering, 2017;45(8):2025-2035. http://dx.doi.org/10.1007/s10439-
017-1831-7.

How to cite this article: Abar B, Kelly C, Pham A, et al. Effect
of surface topography on in vitro osteoblast function and
mechanical performance of 3D printed titanium. J Biomed
Mater Res. 2021;109:1792-1802. https://doi.org/10.1002/
jbm.a.37172



http://dx.doi.org/10.1371/journal.pone.0212995
https://doi.org/10.1002/term.3013
http://dx.doi.org/10.1038/s41598-017-12935-x
http://dx.doi.org/10.1038/s41598-017-12935-x
http://dx.doi.org/10.1002/jbm.820290314
http://dx.doi.org/10.1002/jbm.820290314
http://dx.doi.org/10.1016/j.biomaterials.2005.02.002
http://dx.doi.org/10.1016/j.biomaterials.2005.02.002
http://dx.doi.org/10.1016/j.biomaterials.2005.12.002
http://dx.doi.org/10.1089/ten.teb.2014.0333
http://dx.doi.org/10.1186/1749-799x-6-56
https://doi.org/10.1111/os.12098
http://dx.doi.org/10.1097/brs.0000000000003303
http://dx.doi.org/10.1097/brs.0000000000003303
http://dx.doi.org/10.1007/s10439-017-1831-7
http://dx.doi.org/10.1007/s10439-017-1831-7
https://doi.org/10.1002/jbm.a.37172
https://doi.org/10.1002/jbm.a.37172

	Effect of surface topography on in vitro osteoblast function and mechanical performance of 3D printed titanium
	1  INTRODUCTION
	2  MATERIALS AND METHODS
	2.1  Sample fabrication
	2.2  Roughness measurements
	2.3  Mechanical testing
	2.4  Cell culture
	2.5  Alkaline phosphatase assay
	2.6  Cell viability
	2.7  En bloc staining
	2.8  Fluorescent microscopy
	2.9  Reverse-transcription quantitative polymerase chain reaction
	2.10  Scanning electron microscopy
	2.11  Statistical analysis

	3  RESULTS
	4  DISCUSSION
	ACKNOWLEDGMENT
	  CONFLICT OF INTEREST
	  DATA AVAILABILITY STATEMENT

	REFERENCES


