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1. Introduction

The clinical demand of orthopedic implants has raised
tremendously over the past couple of decades with increasing
population needing surgeries each year, making it a staple of

medical industry.[1,2] Orthopedic implants
are mostly used for structural reinforce-
ment and are inserted inside body either
temporarily or permanently. Temporary
implants such as screws and plates are pri-
marily employed for fracture fixation and
removed after fewmonths, whereas perma-
nent implants are designed to replace dam-
aged body parts such as hip, knee, ankle,
shoulder, or elbow and are expected to stay
within the patient throughout the
lifespan.[3,4] Fractures of metacarpals and
phalanges are common and in many cases
treated nonoperatively if the fracture is
stable.[5] Unstable fractures are operatively
treated using internal fixation methods
with Kirschner wires (K-wires), pins,
screws plates, or a combination.[6] K-wire
fixation creates a biomechanical environ-
ment that is stable enough to allow early
postoperative mobilization mostly for prox-
imal third and metacarpal neck fractures
and is generally associated with better
aesthetic outcome than open reduction
internal fixation.[6,7] Plate and screw fixa-
tion are considered an ideal option to treat

difficult fractures as it provides absolute construct rigidity com-
pared to other methods of fracture fixation.[7] The design of med-
ical implants should be very specific to the fractured or damaged
bone, especially in plate and screw scenarios, where strategic
pores are utilized to promote bone healing in the correct orien-
tation to last for a long time. However, in most cases, standard-
ized implants are bought directly from the manufacturer and
modifications are made during surgery by bending, twisting,
or trimming the implants to conform to the patient’s bone, with
verification from the surgeon’s judgment.[4] Manufacturing
defect arising from the fabrication process and lack of proper
quality control impacts the overall mechanical properties of
the implants. Changing critical parameters such as shape, diam-
eter, and length affects the stress distribution in complicated
loading scenarios. This highlights the importance of introducing
engineered implant to suit specific bone fractures to reduce the
likelihood of implant failures.[8–13] Moreover, traditional meth-
ods such as die casting and post-processing computer numerical
control milling are expensive processes that require specialized
equipment and lead times to manufacture and transport, and
hence seldom utilized for patient-specific needs. Unlike tradi-
tional manufacturing methods, additive manufacturing (AM)
uses a layer-by-layer manufacturing technique allowing fabrica-
tion of complex geometries with various materials in a cheaper
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Additive manufacturing has opened the door to patient-tailored orthopedic
implants, which can significantly minimize implant failures associated with
prosthesis-to-bone mismatch. Success of an implant also depends on the choice
of implant materials, effective osseointegration, implant quality, and the
mechanical properties together with its capability to limit infection due to
bacterial contamination. Herein, nanospikes are created on 3D-printed titanium-
alloyed implant surfaces, which can kill bacteria to minimize any implant-
associated infections. For the first time, orthopedic implants with a fracture to the
proximal phalanx are fabricated using selective laser melting (SLM) followed by a
heat-treatment step and the hydrothermal process. It is showed in the results that
by optimizing SLM parameters, dimensionally consistent parts can be produced
and tensile properties of the 3D-printed implants can be significantly improved
via a simple cyclic heat-treatment process compared to the traditionally manu-
factured implants. Nanospikes similar to those present on dragonfly wings
fabricated on 3D-printed implants surface are able to kill above 90% of adhering
bacteria by rupturing the membranes upon contact. These results indicate that
fabrication of patient-specific 3D-printed implants with inherent bactericidal
properties has the potential to eliminate postsurgical infections and possible
implant failures.
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and faster pace.[14] The global market of additively manufactured
medical devices is rapidly increasing owing to the favorable
surgeon–patient outcome along with fabrication ease.[15,16]

Currently, additively manufactured medical implants are applied
to various parts of the human body as vascular stents, heart valve
prosthesis, artificial joint prosthesis, orthopedic implants such as
hips and knees, fracture fixation devices, customized dental
crowns, cranial implants, prosthetic limbs, etc.[15] Choice of
implant material is also a key factor to consider while designing
an implant. An ideal implant material would be chemically inert,
biocompatible, corrosion resistant, and fatigue resistant, and has
low elastic modulus. AM allows the fabrication of implants in a
range of materials such as polymers, ceramics, composites, and
metals. Polymers, ceramics, and composites are mainly used in
the fabrication of prosthetic implants, surgical guides, and bone
tissue engineering products while metals are primarily used to
provide structural reinforcement due to its increased fatigue
strength and excellent corrosion properties.[16–18] Biocompatible
titanium alloy (Ti–6Al–4V) exhibiting excellent mechanical
properties compared to polymeric materials has recently fallen
into this category upon successful fabrication of pentamode
meta-materials from Ti–6Al–4V via AM technology.[19]

Currently, titanium alloys are one of the widely used materials
for orthopedic implants.[9]

Implant failures arise due to implant-related infections, peri
prosthetic fractures, aseptic loosening, flaws in diagnosis, patient
management, poor choice of implants, and inadequate surgical
techniques.[10–13] This creates a significant burden on healthcare
in providing the services for surgeries that could have been suc-
cessful. The surface quality of the additively manufactured
implants plays a critical role in determining the success of an
implant.[20] To enhance the biological performance, the surface
of additively manufactured implants is either coated with bioac-
tive materials such as hydroxyapatite or chemically roughened
using acids or alkalis or mechanically stabilized using shot
peeing or ultrasonic techniques.[20] Such surface modifications
on AM implants are primarily to promote osseointegration
and cell adhesion. A recent retrospective chart review reported
major complications for 52.2% of phalanx fractures treated with
plate fixation arriving from stiffness, complex regional pain
syndrome, infection (8.7%), delayed union, nonunion,
malunion, and plate loosening with 30.4% requiring revision
surgergy.[21] Therefore, understanding the failure modes is
critical in reducing the burden on hospitals and improving
patient satisfaction. Fracture-related infections (FRIs) are com-
mon complications after fracture fixation and may cause the
implant to be rejected by the body and often results in urgent
removal.[22] FRIs are generally caused by Gram-positive bacteria
(GPB) such as Staphylococci such as Staphylococcus aureus or
Staphylococcus epidermidis and treated using antibiotics.[23]

Although less common, Gram-negative bacteria (GNB) are
responsible for 10–23% of all infections[24] and is considered
to be the most difficult to treat infections, whereas treatment
strategies for Staphylococcal implant-associated infections are
standardized with high success rate.[25] GNB infections require
long duration of antibiotic treatment (3 months) to combat infec-
tion. This process, however, is still causing failures and current
research is looking into circumventing bacterial infections
via physical measures such as creating “bacteria-killing

nanostructures” on implant surface utilizing techniques such
as electron beam lithography, nanoimprint lithography, vacuum
casting, reactive ion etching, or hydrothermal synthesis.[26,27]

Such “bacteria-killing nanostructures” are inspired by naturally
occurring surfaces, in particular lotus leaves, shark skin, dragon-
fly wings, and gecko skin.[26] When bacterial cells come into con-
tact with a nanostructured surface, cell membranes stretch in the
regions between the structures, disfiguring the cell wall. If this
stretching is sufficient, cell rupture and death occur.[28] However,
in a recent study, Amar et al. indicates that nano-patterned sur-
faces do not kill bacteria predominantly by rupturing in between
protruding pillars but by creating a critical site at the pillar apex
leading to significant in-plane strains that may locally rupture
and penetrate the cell.[29]

In our previous work, we have successfully fabricated nano-
structures on titanium surfaces to kill bacteria via hydrothermal
etching and electron-beam lithography.[27,30,31] For titanium
materials, hydrothermal etching has been identified as the
cheapest and most effective method to create nanostructures.
This study aims to fabricate nanospikes onto a 3D-printed
implant surface and assess its antibacterial efficacy against
Pseudomonas aeruginosa (P. aeruginosa), one of the most diffi-
cult to treat GNB. Most 3D-printed implants studied so far are
relatively large in size.[32,33] The 3D printing metallic parts with
small, thin curved features with holes is still a challenge. Hence,
as a proof of concept, a curved medial/lateral plate was designed
for a fracture to the proximal phalanx. We hypothesize that plate
loosening can be avoided/minimized by using patient-specific
3D-printed implants and hard to treat GNB infections can be
controlled by fabricating nanospikes on implant/plate surface
which can kill bacteria upon contact.

2. Results and Discussion

2.1. 3D-Printed Implant Fabrication and Characterization

A curved medial/lateral plate was designed for a fracture to the
proximal phalanx using Solidworks and was converted to a
patient-specific plate from a computed tomography (CT) scan
of a hand using Materialise Mimics and 3-Matic software. The
construction steps of the implant design are presented in
Figure 1a–e. In this study, Ti–6Al–4V powder was chosen as
the core material as this is currently the most conventional
material for bone medical implants. A total of 60 implants were
3D printed using the Renishaw AM400 SLM system. All
implants had a rough finish with high levels of surface granular-
ity (Figure 1f ). Out of 60 implants, the surface finish of 59
implants was consistent. Only one implant had a major crack
around its edge (Figure S1, Supporting Information).

Such defects may occur with SLM printing technique due to
trapped air in the powder causing porosity and pore crystalliza-
tion of the structure.[34,35] Thermal stresses can also cause crack-
ing. Figure 1g,h shows front and side profiles of the implant
placed onto a representative model of 5th proximal phalanx.
The photo illustrates the excellent fit of the implant on the rep-
resentative model supporting the design and fabrication process.
Additive consolidation of metal powders to print parts with com-
plex shapes and thin structural forms to the exact geometrical
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Figure 1. a–e) Steps involved in computer-aided design of 5th proximal phalanx fixation plate. a) Smoothening of computed tomography (CT) scan of a
hand was performed using Materialize Mimics software. Then, 6 points of connectivity was applied followed by removal of every other bone except for the
5th proximal phalanx indicated in golden color. b) Highlighted region (green) indicates implant location. c) A thickness of 1 mm given to the highlighted
section. d) Traditional implant designed via Solidworks was placed on the surface of 1mm thick surface on bone, making sure that the implant was
protruding from the top and bottom surface. Once in place, a Boolean intersection was preformed to create an implant to 5th bone structure of the CT
scan. The 0.2 mm fillets were applied to the holes to allow for the bolts to sit within the implant as is industry standard. e) Final design of patient-specific
implant. f ) Fifth proximal phalanx fixation plate printed via selective laser-melting (SLM) process. g) Front and h) side profiles of the implant placed onto a
representative model of 5th proximal phalanx. i) Implant dimension. j) Graph indicates the printing accuracy of SLM process.
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topology of the design model remains a challenge, considering
the need to use support structures. A reduction in hole size can
occur as a result of powder adhesion to the interior walls of the
structure, uneven heating, and laser penetration.[36–38] Under
such scenarios, the holes are enlarged, post fabrication, by
drilling, so that screws can be inserted accurately. The size of
the holes can also be corrected to the required dimensions by
calculating the error and enlarging the size of the hole during
the design stage.[36]

As seen in Figure 1i,j, the measurements across 8 different
locations of the implant including the regions D5, D6, and
D7, which had holes in design, were matching with the initial
computer-aided design (CAD) design. Percentage errors for fea-
tures D5, D6, and D7 with 2mm diameter in the initial design

were 0.5%, 1.2%, and 0.55%, respectively. Dimensional accuracy
of the product was achieved by optimizing the build orientation.
A 45° inclined orientation was identified to be the optimum posi-
tion for this component (Figure S2, Supporting Information).
Figure 2a,b illustrates the scanning electron microscopy
(SEM) images of as-fabricated Ti–6Al–4V implant. Unadhered,
adhered and melted microspheres ranging from 20–45 μm were
identified on the surface which is typical of SLM process. During
SLM process, Ti–6Al–4V powder goes through a repeated melt-
ing and solidifying process resulting in the formation of long
columnar β grains along the building direction.[39,40] These β
grains are randomly embedded with α 0 martensite phases due
to a faster cooling rate (410 °C s�1) of Ti–6Al–4V.[41] The pres-
ence of martensite phase imparts poor mechanical properties

Figure 2. Scanning electron microscopy (SEM) images showing the surface of a,b) SLM-printed implant, c,d) SLM-printed implant post cyclic heat
treatment (cHT), e,f ) nanospike formation on the surface of SLM-printed implant without cHT and post hydrothermal etching process (HEP), and
g,h) nanospike formation on the surface of SLM-printed implant post cHT and HEP treatment.

www.advancedsciencenews.com www.aem-journal.com

Adv. Eng. Mater. 2023, 25, 2201306 2201306 (4 of 10) © 2022 The Authors. Advanced Engineering Materials published by Wiley-VCH GmbH

http://www.advancedsciencenews.com
http://www.aem-journal.com


such as reduced strength and toughness.[42] Hence, a cyclic heat
treatment (cHT) was performed on the implants (Figure 3a).

The SEM images of the implant surface post cHT are repre-
sented in Figure 2c,d. Nanospikes were formed on the surface
3D-printed samples following hydrothermal etching process
(HEP). The surface topography of the nanospikes generated
via HEP with or without cHT is represented in Figure 2e–h.
Nanospikes formed on 3D-printed surface with or without
cHT were similar in morphology. During hydrothermal process,
the surface of 3D-printed titanium was first converted into oxide
and then etched by the dissolution of titanium and growth of
titanium oxides to form nanospikes.[43] These nanospikes were
randomly spaced and were distinct from one another in length
and orientation. The average length of the nanospike was around
403� 117 nm, base diameter 40� 4 nm, and tip diameter
8� 5 nm. The irregular shape of the nanospikes formed from
the HEP resembled the surface topography of dragonfly wing
surface.[26] The length and shape of the TiO2 nanospikes was
attributed by the sodium hydroxide (NaOH) concentration
(1 M), reaction time (2 h), and reaction temperature (180 °C)
employed in this study. Our previous studies have shown that
the size and shape of the nanostructures can be varied changing
the concentration of NaOH, reaction time, and temperature.[44]

X-ray diffraction spectroscopy indicates the presence of anatase
TiO2 nano-crystallites upon HEP (Figure S3, Supporting
Information).

Figure 3b shows the stress–strain curves of 3D-printed
implants with or without cHT and HEP. It can be seen from
the figure that all test samples exhibit i) an initial elastic region,
ii) a plateau to a plastic region, and then iii) a steep decline to a
fracture point. The Young’s modulus of Ti–6Al–4V produced by
a traditional manufacturing process (excluding AM process) is
around 110 GPa.[45,46] This was used to compare the Young’s
modulus that is developed in the elastic regions of the stress–

strain graphs for each of the test sample. The elastic region of
the graphs is identifiable by the linear relationship between
the strain and stress before any significant plateauing effect hap-
pens. Young’s modulus is the gradient of this linear relationship
and will identify if the implants are comparable to each other.
Table 1 shows the average Young’s modulus (gradient) of the lin-
ear section of each of the test set. The 3D-printed samples before
cHT displayed reduced modulus values (88.5� 0.0.14 GPa),
compared to the conventional manufacturing process.
Porosity, residual stress and cracks within the prints are attrib-
uting to the weaker mechanical properties of titanium compared
to traditional process. It was observed that upon cHT, the
Young’s modulus of 3D-printed samples were around
109� 0.499 GPa significantly higher than as printed parts
(p≤ 0.0001) (Table 1). The heat-treatment cycle reduces the
residual stress from printing and creates a globularized
microstructure improving the strength of the materials.[47]

Interestingly, it was also noted that HEP was slightly reducing
the modulus values, with 3D-printed implants with HEP treat-
ment and 3D-printed implants with cHT and HEP displaying
Young’s modulus around 87.5� 0.32 and 104� 0.28 GPa,
respectively. cHT and HEP did not significantly affect the yield
strength (YS) and ultimate tensile strength (UTS) of the 3D-
printed implants. However, UTS values under tensile loading
of all samples were in the range of 640–790MPa, which were
lower compared to previous reports (1017–1274MPa).[47] This
might be due to the thin intrinsic porous structure of the
implants compared to conventionally used dog bone specimen.
Although traditionally manufactured titanium parts impart
superior mechanical properties compared to 3D-printed parts,
it should be noted that all 3D-printed implants with or without
heat treatment were able to withstand load around 800 N, which
is reasonably high for finger implants for its intended purpose.

2.2. Antibacterial Performance of Surface Modified 3D-Printed
Implants

The bactericidal efficacy of the 3D-printed implants upon surface
modification with nanospikes was evaluated against P. aerugi-
nosa, hard to treat GNB. Results indicate that 94.2%� 5.3%
of bacterial cells were killed upon its interaction with the sharp
nanospikes within 2 h of incubation while both 3D-printed
implant surface and flat Ti6Al4V surface did not exhibit any sig-
nificant (1.5%� 2.5% and 2.8%� 1.01% killing) bactericidal
properties (Figure 4a–c,e). Bacterial attachment on flat,

Figure 3. a) Schematic of cHT-involving thermal cycling between 975 and
875 °C with heating rate of 2.5 °C min�1 and cooling rate of 1 °C min�1 for
24 h. b) Stress–strain curves for as printed 3D-printed implants,
3D-printed implants post HEP, 3D-printed implants post cHT and
3D-printed implants post cHT and HEP derived from tensile mechanical
testing.

Table 1. Tensile test results showing young’s modulus, yield strength
(YS), and ultimate tensile strength (UTS).

Samples Young’s modulus
[GPa]

YS [MPa] UTS [MPa]

3D-printed implant 88.6� 0.014 686.96� 65.1 724.9� 110.7

3D-printed implantþHEP 87.5� 0.320 632.6� 149.1 640.528� 163.9

3D-printed implantþ cHT 109� 0.499 654.9� 106.6 655.5� 30.64

3D-printed
implantþ cHTþHEP

105� 0.282 742.6� 109.9 797.9� 92.28
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3D-printed, and nanospike-modified 3D-printed surfaces were
20.9� 108� 2.8� 108, 12.3� 108� 3.6� 108 and 6.4� 108
� 2.0� 108 cells mm�2, respectively (Figure 4d). Interestingly,
bacterial attachment on 3D-printed surface was significantly
lower than flat Ti6Al4V. Results also indicate that the attachment
of bacteria on to nanospiked surfaces was also significantly
reduced (p≤ 0.0001) compared to flat Ti6Al4V and 3D-printed
surface. Figure 5 represents the SEM images of P. aeruginosa
attachment onto flat Ti6Al4V, 3D-printed implant surface, and
3D-printed implant surface post HEP within 2 h of contact.
The sharp apex of nanospikes formed via HEP appeared to pen-
etrate the cell wall and rupture the cell membrane, eventually
killing the bacterial cells. Figure 5f clearly demonstrates the pen-
etration of nanospikes through several locations on the single
bacterial cell membrane within 2 h of contact which is attributed
to turgor loss.[48] It is worth to note that the bactericidal efficiency
of nanospiked surface on 3D-printed parts is higher than the
previously reported flat surfaces with thinner and sharper
nanostructures.[30,31,49]

When cells were left for 18 h on the nanospiked implant sur-
face, almost all cell which came into contact with the implant
surface got lysed (Figure 6). Lysed cell get sunk into the

nanospikes as shown in Figure 6a, allowing more room for fur-
ther cell death. Certain areas of the implant displayed multiple
layers of cell death as shown in Figure 6b indicating the efficacy
of nanospikes against GNB. Even after multiple layer of cell
death, nanospikes were still visible on the implant surface. In
addition to thinner, sharper, and randomly spaced nanospikes,
the presence of microspheres on 3D-printed surface can generate
randomly orientated of nanospikes. Having nanospikes in all
directions will increase the chance of bacterial contact with
the nanospikes. Such tip-localized mechanism rules the major
proportion of the cell–nanospike interaction especially for
multidrug-resistant Gram-negative strains like P. aeruginosa.[49]

The rod-shape structure of P. aeruginosa enables multiple
nanospike contact points within a single cell. Hence, upon con-
tact with the sharp apex of the nanospike, the thin peptidoglycan
layer (�2.5 nm) of P. aeruginosa is easily deformed and pene-
trated into the nanospike. This mechanism triggers the produc-
tion of reactive oxygen species (ROS) resulting in increased
levels of oxidative stress proteins within cells leading to cell
death. Cell–nanospike interaction mechanism can also inhibit
bacterial cell division eliminating the chances of biofilm
formation.[50,51]

Figure 4. Fluorescent microscopy images revealing the viability of the attached Pseudomonas aeruginosa on flat Ti6Al4V surface. a) The 3D-printed
surface b) and nanospike-modified 3D-printed surface. c) The live cells are stained green, whereas dead cells are stained red. d) Significant reduction in
attachment of P. aeruginosa on nanospike-modified surface and as such 3D-printed surface compared to flat surface. e) Viability analysis showing percent
of viable bacterial cells on flat, 3D-printed and nanospike-modified surface calculated using fluorescent signals from the LIVE/DEAD stains. Results
indicate significant bactericidal efficiency of nanospike-modified surface compared to nonmodified surfaces.
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Figure 5. SEM images of P. aeruginosa adhesion on to various Ti6Al4V plates after 2 h incubation. a,b) Bacterial cell adheres significantly higher on flat
Ti6Al4V plates, showing viable cells with no indication of distress or change in morphology. c,d) Bacterial cells also adhere onto 3D-printed surface with
less cell density compared to flat surface also displaying no change in morphology indicating healthy viable cell. e,f ) Bacteria-killing efficiency of nanospike
surface is demonstrated. Bacterial cell membrane is punctured at various location within the single cell demonstrating total loss of turgor.

Figure 6. Bactericidal efficacy of nanospiked 3D-printed implant surface. SEM images showing P. aeruginosa cell death after 18 h incubation.
a) Single-layer cell death and b) multilayer cell death.
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3. Conclusion

In summary, patient-specific curved medial/lateral plate was fab-
ricated via SLM technology for a fracture to the proximal phalanx.
Using the advanced additive metal-processing method SLM and
by optimizing the build orientation, we were able to produce
personalized implants with the high-dimensional accuracies.
Young’s moduli values similar to conventional fabrication
method were achieved on 3D-printed parts through a cHT pro-
cess, overcoming one of the major drawbacks of the AM process.
Nanospikes similar to those found on dragon fly wings were suc-
cessfully fabricated on 3D-printed patient-specific lateral plates
via hydrothermal etching process. These bio-inspired nanospikes
were able to kill more than 90% of bacteria efficiently within 2 h
of contact and were able to kill multiple layers of bacteria within
18 h. Such antibacterial personalized implants can significantly
reduce prosthetic joint infections caused by multidrug-resistant
Gram-negative strain and side effects caused by long-term anti-
biotic use. Healthcare industry burden can thereby beminimized
by saving millions of dollars spent on the cost of treatment and
complex revision surgery and will also aid patients seeking
implant surgery, by improving their quality of life.

4. Experimental Section

Implant Design and Fabrication: Computed tomography (CT) scans of
model hand were provided by Metro North Hospital. Using Solidworks, a
3D model of the traditional implant was first designed. Utilizing
Materialise Mimics, 3-Matic software, and the threshold tool, bone was
identified, and a mesh was created from the imported CT scans. The
5th Proximal Phalanx was identified and recalculated as an object. This
object was then used in the personalization of the implant design.
Using the final CAD files, Ti6Al4V implants were printed based on the
Renishaw AM400 SLM system at the AM research Centre, Auckland
University of Technology, Auckland. The Ti6Al4V alloy powders with an
average particle size of 30 μmwere sourced from Renishaw. SLM chamber
was maintained at room temperature and filled with Argon, maintaining
the O2 level at 0%. The critical process parameters used are as listed in
Table S1, Supporting Information. Considering the thin structural form of
the implant, it was a challenge to find the optimal orientation for the build
direction, where the need for the support structures is minimized. After a
few trials, a 45° inclined orientation with the build plate was identified to be
the optimum orientation for the part over the build platform with which,
the support structures were minimized and confined only to the bottom
most strand of the structure, attaching it to the build plate. These minimal
support structures were easily removed once the printing and post-
process handling were completed.

Heat Treatment of Implants: Following the 3D-printing process, a cHT
was undergone to generate a microstructure (Figure 2b). Briefly, the sam-
ple was heated in a furnace to 975 °C at a heating rate of 5 °Cmin�1 after
which thermal cycling was employed for 24 h between 975 and 875 °C at a
cooling rate of 1 °Cmin�1 and heating rate of 2.5 °Cmin�1.

Fabrication of Nanospikes on 3D-Printed Implant Surface: Following heat
treatment, implants were undergone HEP to generate nanospikes on
implant surface as we previously described with slight modifications.[23]

Briefly, 3D-printed titanium implants were first rinsed three times in etha-
nol and dried with N2 gas. Implants were placed in a custom-made poly-
tetrafluoroethylene holder (with implants leaning on an angle) in a 125mL
Parr acid digestion vessel, with 50–60mL 1 M NaOH. The sealed vessel
was placed in the oven (Thermoline Scientific) and temperature increased
to the specified reaction temperature. Start time was recorded as the time
when the oven had reached temperature and was stable without fluctua-
tion. After the given reaction time (2 h at 180 °C), implants were removed

from the oven and cooled inside a fume hood. When completely cooled,
implants were removed from the vessel, rinsed three times in 18.2MΩ
H2O and dried with N2 gas. Implants were then placed in a furnace
and annealed for 1 h at 300 °C (10 °Cmin�1 heating rate), and removed
when furnace temperature had cooled below 80 °C. Once at room temper-
ature, implants were submerged in 20mL of 0.6 M hydrochloric acid solu-
tion for 30min, to exchange ions. After this step, implants were once again
rinsed three times in 18.2MΩH2O and dried with N2 gas. The final step of
fabrication was to calcine the implants in the furnace for 2 h at 600 °C
(10 °Cmin�1 heating rate). Implants were left to cool in the furnace
and were removed when the temperature reached below 80 °C and stored
in an airtight container until further use.

Physical Inspection: The physical inspection of the implants followed 2
main processes. First, the implants where visually inspected to identify any
defects such as cracks or anomalies on the surface finish to ensure con-
sistency of implant quality. Second, photos were taken of the implant and
the 3D-printed replica of proximal phalanx surface highlighting the patient-
specific design.

Dimensional Accuracy: Dimensional accuracy of implants was analyzed
over 30 implants printed in 3 different batches. The 30 implants were indi-
vidually measured in x, y, and z direction using a digital Vernier Caliper with
an accuracy of 0.01 mm to ensure consistency of SLM printing technology.
Eight different dimensions ranging from the length of the implant to the
holes were considered critical for the implant to function in the plate and
screw configuration (Figure 1h). This will allow for critical analysis between
different batches, with the same manufacturing conditions and the 3D
CAD model.

Microstructure Analysis: Microstructure of the 3D-printed implants was
analyzed using SEM. Samples were gold coated and images were taken
using the Jeol JSM-7001F SEM at an accelerated voltage of 15 kV.

Mechanical Testing: The tensile properties of the 3D-printed implants
with or without cHT and HEP were tested using Instron 5567. Four
implants from each group were taken to 2% elongation of the original
length, which is equivalent to a 0.4 mm of extension when placed in
the Instron5567 at a displacement rate of 1 mmmin�1.

Antibacterial Testing: The 3D-printed implants with or without surface
modification with HEP was tested against P. aeruginosa (obtained from
the American Type Culture Collection [ATCC], ATCC 27 853). Flat Ti-6A1-
4V plates were used as the control. Antibacterial testing was performed as
per previously described protocol.[46] Briefly, all test samples were soaked
in ethanol for 20 min, dried under fume hood and ultraviolet sterilized
prior to testing. Refreshed P. aeruginosa cultures were grown in 5mL
of sterile nutrient broth (Oxoid) at 37 °C with overnight shaking
at 180 rpm in an orbital shaker. At the logarithmic growth phase, bacterial
suspension was adjusted OD600 to 0.1 and further diluted (1:100)
in sterile phosphate-buffered saline (PBS). The 500 μL of bacteria
suspension in PBS was added onto each sample and incubated for 2
or 18 h at 37 °C in an orbital shaker at 80 rpm. Bactericidal properties
of the implant surface were characterized using LIVE/DEAD assay and
SEM imaging.

The viability analysis of the adherent P. aeruginosa on 3D-printed
implants and control surface was determined by staining the cells with
LIVE/DEAD BacLight Bacterial Viability kit (Molecular Probes,
Invitrogen). Staining solution was prepared as per manufacturer’s instruc-
tions. Briefly, 5 μL of propidium iodide (PI, 30mM or 20mgmL�1 in
dimethyl sulfoxide [DMSO]) and 5 μL of SYTO 9 dye (5 mM in DMSO)
were added to 1mL 0.8% sodium chloride (NaCl) buffer. After 2 h of incu-
bation with bacterial cell, 3D-printed implant with or without surface mod-
ification and the control flat Ti-6A1-4V plate were gently washed with 0.8%
NaCl buffer and incubated with staining solution for 15min and imaged
using fluorescent microscopy (inverted Nikon Eclipse TI-S microscope) for
live (green—SYTO 9) and dead (red—PI) cells. Quantification of LIVE/
DEAD assay was performed using Image J software. Fraction of viable
and nonviable cells was determined by counting the cells stained as both
green and red in color from 5 images of at least four independent
replicates.

For SEM imaging, the bacterial suspension was removed after 2 or 18 h
of incubation, rinsed gently with PBS and fixed using 3% glutaraldehyde
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over 2 h. Samples were then washed in 0.1 M cacodylate buffer, 1%
osmium tetroxide, ethanol series (from 50% to 100%), and lastly with
hexamethyldisiloxane. Samples were gold coated and images were taken
using the Jeol JSM-7001F SEM at an accelerated voltage of 15 kV.
Antibacterial tests were performed twice with at least four samples per
group for each test. Statistical analysis was performed by using a
one-way ANOVA Tukey’s multiple comparison test. Significant results
are indicated in the figures, where *p< 0.0001.
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