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Abstract

Stainless steel 316L (SS316L) is widely used in fracture management devices.
However, SS316L does not offer any bacterial infection resistance and can cause metal-ion
sensitivity due to Ni-ions' presence. 17-4PH can emerge as a promising substitute due to the
intrinsic antibacterial properties of copper, a 75% reduction in nickel content, and superior
mechanical properties. SS316L and 17-4 PH were manufactured using laser-directed energy
deposition (LDED). 17-4PH specimens surpassed the compressive strength of SS316L by over
150%. A static magnetic field was generated in 17-4 PH specimens to understand in vitro bone
cell-material interactions. /n vitro human fetal osteoblast cell culture and bacterial inhibition
study using Staphylococcus aureus and Pseudomonas aeruginosa were carried out on these
specimens with SS316L as control and as-processed and magnetized 17-4 PH as treatments.
Results demonstrated that magnetized 17-4 PH exhibited 25% enhancement in hFOB

proliferation and 70% reduction in bacterial colonization compared to SS316L.
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1 Introduction

More than 50 million road traffic accidents (RTAs) occur yearly, causing casualties and
disabilities, as published by the World Health Organization (WHO). Since most RTAs occur in
remote locations, the injuries are highly susceptible to infection due to the exposure of open
wounds for a prolonged duration [1], [2]. Notably, bacterial infections such as osteomyelitis are
one of the most lethal reasons for fatalities, with a mortality rate of ~24% and ~50% among
patients with ages > 65 and > 85, respectively [3]. Osteoporosis and osteoarthritis are also
prominent contributors to chronic disease morbidity, with osteoporotic fractures impacting over
8.9 million individuals and osteoarthritis affecting 58.5 million people in the United States alone
[4]. Globally, more than 178 million individuals are affected by fractures associated with
osteoporosis and osteoarthritis [5]. The increasing demand for orthopedic implants is thus
expected to witness exponential growth [3], [6]. Projections indicate that the global orthopedic
implant market will grow from 128 billion in 2023 to 144 billion in 2024 at a compound annual
growth rate (CAGR) of 12.6% and is poised to reach a business value of $218 billion by 2028 at
a CAGR of 10.9% [7]. It is imperative to innovate suitable orthopedic implants to meet the

burgeoning demand.

Throughout historical observations, elemental iron (Fe) has consistently manifested its
non-adverse engagement with human physiology. Stainless steels are widely used in various
biomedical applications [8]. Among different grades of stainless steel, 316L (SS316L) has had
the maximum number of biomedical applications, starting from fracture fixation to total
arthroplasty [9]. While the cost-effectiveness and robust corrosion resistance rendered austenitic
SS316L a material for biomedical applications, its predominant drawback as an implant material
lies with poor biocompatibility, high stiffness, and a lack of antibacterial resistance fostering
microbial-induced implant failure [10]. Infection of the implant surface can ultimately lead to
severe health complications such as inflammation, amputation, and even mortality [11].
Staphylococcus aureus (S. aureus) and Pseudomonas aeruginosa (P. aeruginosa) are the two
most common bacterial strains accounting for infections at the orthopedic, spinal, and dental

implant sites [12].

SS316L is a Chromium (Cr)-Nickel (Ni) steel with ~17% Cr and ~12% Ni as the major

alloying elements. Recent investigations have explored metal ion sensitivity, categorizing the
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elements in descending order of harmful potential as follows: cobalt > vanadium > nickel >
chromium > titanium > iron [8]. A high percentage of Ni in the physiological environment can
be potentially toxic [13] and lead to dermatitis, chronic rhinitis, and cancer-causing genetic
mutations [8]. It has been reported that SS316L metallic implants are prone to releasing Ni ions
when exposed to body fluids for an extended period and are the leading cause of metal ion
sensitivity [14]. An investigation is justified for an alternate implant material with inherent
antibacterial resistance and minimal metal ion sensitivity without compromising mechanical
properties. 17-4 PH is Cr-Ni stainless steel with an equivalent percentage of Cr and ~75% less Ni
than the SS316L. The mechanical attributes of 17-4 PH stainless steel are derived from the
precipitation of inherent copper particles [15]. Copper (Cu) possesses well-documented
antibacterial and infection-preventive properties [12]. Researchers discovered that superior
antibacterial activity associated with 17-4 PH is primarily due to the copper-rich precipitate that
results from a saturated quantity of copper in the steel matrix following an aging treatment [16].
There may be a likelihood of a chemical reaction between the copper-rich precipitation and the
stainless-steel matrix. This reaction will destroy bacterial cell membranes and walls, further
change cell permeability, and ultimately result in bacterial death [17]. It is hypothesized that Cu
and the reduced Ni in 17-4 PH will allow bacterial inhibition and minimization of the Ni-ion

sensitivity, respectively.

Among different metal additive manufacturing (AM) techniques [18], laser-directed
energy deposition (LDED) emerges prominently among the seven ASTM-classified AM
processes capable of depositing both powder and wire feedstock materials melted by a laser [19],
[20]. The progression of LDED technology has led to the proliferation of location- and
application-specific structures across diverse industries such as energy, automotive, aerospace,
nuclear, transport, and biomedical [21], [22], [23], [24]. Today, AM stands as a revolutionary
approach that evolved from the prototyping phase to an era of manufacturing on-demand,
patient-specific, and highly customized functional implants. Hence, the present investigation

employed additively manufactured SS316L and 17-4 PH specimens for the analysis.

The therapeutic effects associated with the magnetic field are expected to have
noninvasive healing properties for both hard and soft tissues. Researchers have claimed higher

cellular turnover rates upon applying static magnetic fields (SMF) in orthodontic applications



[25]. SMFs have already been acknowledged as a supplementary medicine tool because they
control specific cell metabolism and enhance regeneration [26], [27]. Researchers have produced
various findings on the bioeffects of cells associated with SMFs, both in vitro and in vivo, which
claim to promote cell migration, proliferation, and differentiation [28], [29]. Although numerous
experiments have been performed to understand the influence of magnetization on the growth,
proliferation, and differentiation of human tissue and cells [30], results have been contradictory
and have not yet been wholly explained [31], [32]. To this date, several biological studies have
been conducted in different species of animals and cell cultures, but little is known about the
biological effects of magnets on humans at this time [33], and there is still debate about the

biophysical rationale for their usage [34].

The present investigation addresses a fundamental question: can we use 17-4 PH
stainless steel as an alternative to SS316L in fracture management-related load-bearing
implants? We employed the LDED technique [20], [35] to fabricate specimens of SS316L and
17-4 PH. Comprehensive assessments were performed to appraise their mechanical properties,
including microhardness measurements and quasistatic compression tests. Detailed phase and
microstructural analyses were done to understand their influence on mechanical properties. A set
of 17-4 PH samples were magnetized. In vitro tests were done using human fetal osteoblast
(hFOB) cells utilizing 3D printed SS316L as control, as-processed and magnetized 17-4 PH as
treatments to investigate the influence of induced magnetism cell proliferation. /n vitro studies
were carried out on both control and treatment samples using S. aureus and P. aeruginosa strains

to understand the impact of copper on bacterial inhibition.

2 Materials and methods

2.1 Laser-directed energy deposition (LDED) of SS316L and 17-4 PH

17-4 PH powders (Carpenter Tech. Corp., PA) with a mean particle size ranging from
15 to 53 um and SS316L powders (Hoganids, Sweden) between 53 and 150 um were used. Both
powders used in the current research are gas-atomized and spherical. Supplementary Table ST 1

provides a detailed breakdown of the elemental composition present in the starting powders.
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Figure 1: (a) Laser-directed energy deposition (LDED) system for fabrication of SS316L and
17-4 PH stainless steels; (b) schematics of mechanical testing and microstructural analysis of the
AMed samples, (c) schematics of in vitro hFOB cell culture, (d) schematics of S. aureus and P.

aeruginosa bacterial culture on the additively manufactured samples.

A laser-directed energy deposition (LDED) [36]setup, FormAlloy (Spring Valley, CA),
equipped with twin powder feeders and a 1-kW fiber laser, was employed to produce both
SS316L and 17-4 PH compositions. This LDED setup features an actively cooled build platform
with movement capabilities along the X and Y coordinates. The 1 kW laser source is placed on
the Z-spindle normal to the build platform, as shown in Fig. 1a. To prevent oxidation, the LDED
setup operates within an inert (Ar) environment, ensuring the O levels remain below 20 ppm.
The continuous fiber laser beam, with power reaching up to 1 kW, is used to melt deposited
powders onto a substrate.

To print the desired structures of SS316L and 17-4 PH, computer-aided design (CAD)

files containing the necessary dimensions were imported into the computer-aided manufacturing



(CAM) software to generate the required toolpath. Considering potential defects like lack of
fusion, porosity, and keyhole defects that could significantly impact the mechanical properties
and pose risks to the reliability of the printed components [35], a series of AM experiments were
conducted before the final printing stage. These experiments were conducted to determine the
optimal and refined processing parameters before the final printing step. Table 1 presents the
comprehensive optimal print parameters for both compositions. This table also illustrates the
volumetric energy density (Ev), representing the energy supplied by the laser power source to the
powder volume [35]. This relationship is expressed by the equation provided below.

P (1)

In the context of the equation, v denotes the scanning speed (mm/s), h represents the hatch
spacing (mm), maintaining a consistent value of 0.5 for all samples, t corresponds to the layer

thickness (mm), and P signifies the laser power in (W).



Table 1: Optimized process parameters and compositional nomenclature of the samples manufactured through powder-based LDED

process.
Laser power Speed Gas flow rate | Powder
Samples
(Watt) (mm/min) (liters/min) feeder
Volumetric
Layer Disc
Sample | Infill | Contour | Infill | Contour Shield | Carrier energy
Sample composition thickness rate
ID power | power | speed | speed gas gas density
(mm) (rpm)
(J/mm?)
Pure SS316L Si 350 350 800 800 0.6 175
0.3 13 9
Pure 17-4 PH Sa 400 400 1200 | 1200 0.5 133




2.2 Microstructural characterization and phase analysis

Specimens measuring 10 mm x 10 mm x 8 mm were processed for microstructural
characterization and phase analysis. The SS316L and 17-4 PH printed samples were subjected to
longitudinal cutting with a low-velocity diamond saw. Subsequently, they were ground with
silicon carbide (SiC) papers ranging from 80 to 2000 grit sizes and polished for 15 minutes each
using a suspension of 1-0.05 um AlO3/DI water. Etching followed, involving submersion in a
solution composed of 10 ml HNOs3, 15 ml HCI, 10 ml CH3COOH, and 2-5 drops of glycerol [37]
for 30 — 45 seconds. In order to investigate macro and microstructures, the etched metallographic
samples were analyzed at different magnifications using a digital optical microscope (Keyence
VHX 7000 series) and a field-emission scanning electron microscopy (SEM, Apreo
VolumescopeTM, Thermo Fisher Scientific, Waltham, MA). Phase analysis of the mirror-
polished surfaces of SS316L and 17-4 PH specimens was done using a Rigaku mini flex 600 X-
ray diffractometer. Equipped with a 2-D General Area Diffraction Detector (GADDS) on a 0-0
goniometer, the diffractometer scanned the samples using Cu-kq radiation (1.54 A at 40 kV and

20 mA) at a speed of 5° per minute within the range of 35° <26 < 100°.

2.3 Microhardness and compression testing

Cylindrical specimens of SS316L and 17-4 PH, featuring an 8 mm diameter and 15 mm
height, were printed for compressive strength testing. According to the ASTM standard E92-23
[38], Vicker's cross-sectional hardness profile in the build direction of the samples, spanning
from the bottom zone to the top zone, was obtained employing a Phase II Plus Micro Vickers
hardness tester (Upper Saddle River, NJ, USA). A load of 1.961 N (HV.2) was applied for a
dwell period of 15s. Approximately 20-30 indents were taken in each zone. The cylindrical
compression specimens were further milled to a final diameter of 7 mm and then turned the
cross-sectional area to a final gauge length of 14 mm, which is per ISO/ ASTM E9-19 standard
[39] using a 3-axis CNC mill-turn setup. The specimens were subjected to quasistatic
compression testing utilizing the Instron servo-hydraulic universal testing machine (135 kN load
cell) at ambient temperature, employing a 0.1 mm/min crosshead displacement rate. The applied

load for all samples was aligned parallel to the build direction. At least three replicates from each
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composition underwent compression testing under an ambient temperature and quasistatic
environment to ensure statistical significance. The schematics of the mechanical testing and

microstructure analysis of the printed samples are shown in Fig. 1b.

2.4 Invitro study and magnetization of the 17-4 PH specimens

For in vitro human fetal osteoblast (hFOB) cell culture and bacterial inhibition study,
specific disc specimens of SS316L and 17-4 PH with 8 mm diameter and ~4.5mm height were
printed. The in vitro samples were cut along with the build plate using an abrasive water jet
machine (WAZER Inc., USA) and polished using 80-2000 grit size SiC papers to prepare them
for the study. Faraday's law of electromagnetic induction states that a moving charge (current)
generates a magnetic field. The principle of electromagnetic induction magnetized the 17-4 PH
samples. The setup is shown in supplementary Fig. S1. A DC power source of 20V is used to
deliver the desired amount of current for inducing magnetism in the AM'ed 17-4 PH samples.
The 17-4 PH stainless steel sample was wound using a 21 AWG magnet wire. The two ends of
the wire were then connected to the positive and negative terminals of the power source for 5s.
The average value of induced magnetism in the 17-4 PH samples was 168+13 uT. These
magnetic specimens were used as treatment samples to understand the effect of the magnetic

field on the hFOB proliferation.

The specimens were subjected to in vitro analysis to study bone-cell materials interaction
with human fetal osteoblast (hFOB cell linel.19) (ATCC, Manassas, VA, USA) cells [40] for 3
and 7 days. The schematics of the in vitro hFOB cell culture are shown in Fig. 1¢. SS316L
served as the control (C), while the samples designated as as-processed 17-4 PH (T1) and
magnetized 17-4 PH (T2) were considered as treatments. The disc specimens underwent
sterilization via autoclaving at 121°C for 1h. Following sterilization, 25x10° cells were seeded
per well onto the smooth surface of the printed samples, which were subsequently positioned in
24 well plates. A fusion of Ham's F12 Medium and Dulbecco's Modified Eagle's Medium
(DMEM/F12, Sigma, St. Louis, MO) was utilized at a 1:1 proportion, including 2.5 mM L-
glutamine (lacking phenol red), as the growth medium. This medium was fortified with 10%
fetal bovine serum (ATCC, Manassas, VA) and supplemented with 0.3 mg/ml G418 sulfate salt



(Sigma). Cultures were maintained at 34 °C in an incubator with 5% CO., and the cell media

were refreshed every 2 days throughout the experimental period.

The proliferation of viable hFOB cells on AM'ed samples was assessed using the MTT
assay. The MTT (3-(4, 5-dimethylthiazol-2-yl)-2, 5-diphenyl tetrazolium bromide) assay was
conducted at two-time points, 3- and 7-days post-incubation [40], [41]. A solution of MTT
(Sigma) salt at Smg/ml concentration in phosphate buffer saline (PBS) was prepared and
sterilized using a 0.2 um pore filter sterilization unit. Subsequently, 100 pl of the MTT solution
was mixed with 900 pl of DMEM culture media supplemented with 10% fetal bovine serum and
added to each sample to initiate formazan crystal formation catalyzed by mitochondrial
dehydrogenases. After incubation at 34 °C for 2 h, the samples were transferred to a new 24-well
plate. Formazan crystals were dissolved using a solubilization solution containing 10% Triton X-
100, 0.1 N HCI, and isopropanol (1 ml). Then, 100 pl of the resulting supernatant was transferred
to a 96-well plate, generating 3 data points per specimen. The optical density of the solution in
each well was measured at a wavelength of 570 nanometers using a microplate reader

(Cambridge Tech., MA, USA).

To evaluate the cellular structure of the cultured specimens via FESEM, a fixation
solution composed of 2% paraformaldehyde/ 2% glutaraldehyde in 0.1 M phosphate buffer was
employed to fix the samples overnight at 4 °C. After fixation, the specimens underwent triple
rinsing with PBS buffer to remove any residual fixative, after which 2% osmium tetroxide
(Os04) was introduced and allowed to react for 2 hours at ambient temperature. Serial
dehydration of the fixed specimens was performed using ethanol (30%, 50%, 70%, 95%, and
thrice with 100%), followed by critical drying using hexamethyldisilane (HMDS) [40], [41]. The
samples were gold-coated before FESEM imaging.

2.5 In vitro bacterial cell culture

The in vitro bacterial culture was carried out on the polished surface of the SS316L (C),
17-4 PH (T1), and magnetized 17-4 PH (T2) according to the modified ISO 22196:2011 standard
[42]. Fig. 1d illustrates the schematics of the in vitro bacterial culture executed using S. aureus

(gram-positive) and P. aeruginosa (gram-negative) bacterial strains. The bacterial culture was
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conducted for both bacterial strains over 24 h and 72 h. Freeze-dried S. aureus (Carolina
Biological, NC, USA) and P. aeruginosa were rehydrated using rehydration media followed by
subsequent dilutions for 0.5 McFarland standard optical density measurement to identify the
correct dilution of 1.5 x 10% colony forming units (CFU) per ml. The polished disc specimens
were first sterilized by autoclaving at 121°C for one hour; then, the sterile specimens were placed
in 24 well plates. Triplicates of each specimen were taken to count the bacterial colony formed
over the agar plate. In contrast, duplicates of each specimen were taken to analyze the bacterial
cell morphology via SEM. In a 24-well plate, specimens were positioned individually, and 10°
CFU of bacterial colonies were introduced onto the sterile polished surfaces, supplemented with
2 ml of nutrient broth per well. At designated time intervals, bacterial cells were scraped from
the surfaces of three out of five specimens using cell scrapers. These cells were then mixed in 2
ml of 0.1 M phosphate buffer saline and subjected to serial dilution, aiming to yield solutions
with colonies ranging between 10 and 100 CFU in 10 pl. Subsequently, ten pl of the respective
solutions were streaked on a tryptic soy agar plate (Nutrient agar, Hardy Diagnostic, CA, USA)
for S. aureus and cetrimide agar plate (Pseudosel agar, Fisher Scientific, NH) for P. aeruginosa.
The count of bacterial colonies on agar plates was conducted after 24 h of incubation at 37 °C.
The antibacterial efficacy was calculated based on the number of bacterial colonies (N) present
on individual material compositions and was calculated using open-source image
processing(GIMP 2.10.32) software [43], [44]. The equation below expresses the antibacterial

resistance (R) (in %).

R = Ncontrol - Ntreatment % 100 (2)

N control

After the respective time points, the duplicate specimens dedicated for bacterial cell
morphology evaluation were preserved by putting 2 ml of the fixative solution followed by serial
dehydration, as described in section 2.4. These specimens were gold-coated and imaged under

FESEM for cell morphology analysis.
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2.6 Statistical Analysis

The data from multiple experiments are presented as the average + standard deviation,
visually represented through error bars. Statistical analyses were executed employing a 1-way
analysis of variance using Minitab software (Minitab, LLC, PA). Tukey-Kramer simulations
were conducted to facilitate pairwise comparisons of means among treatments, with a
significance level (a) set at 0.05. Statistical significance was denoted by a p-value < a.
Comprehensive analysis of variance tables for all treatments and respective p-value comparison

tables for Tukey-Kramer models are given in the supplemental document Supp_1.docx.

3 Results

Microstructural characterizations of additively manufactured SS316L and 17-4 PH
using optical and scanning electron microscopy (SEM) and phase analysis are shown in Fig. 2.
Mechanical properties, including microhardness profile and quasistatic compression testing, are
shown in Fig. 3. Fig. 4 shows findings from the MTT assay of hFOB cells after 3 and 7 days of
culture. In vitro, bacterial cell culture results, including agar plate count and the bacterial cell

morphology evaluation for S. aureus and P. aeruginosa, are presented in Figs. 5 to 8.

3.1 Microstructural characterization and phase analysis

The additively manufactured SS316L surface image in Fig. 2a demonstrates the robust
build quality. This is further evidenced by the high-definition optical image (Fig. 2a1) at higher
magnification, showing the build devoid of unmelted powder particles and defects. The SEM
micrographs of the SS316L show variation and can be classified into cellular (Fig. 2az2),
columnar dendritic (Fig. 2a3), and dendritic (Fig. 2a4). The low-magnification stereoscope image
(Fig. 2b) of the 17-4 PH also showed a build devoid of defects. The high-magnification optical
image (Fig. 2b1) also supports this, showing the initial layers without any remaining unmelted
powder particles. The primary microstructure of 17-4 PH was confirmed to be lathy martensite
from the images (Fig. 2b2, b3). Vunnam et al. [30] and Dash et al. [38] also reported a similar

microstructural evolution.
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Figure 2: (a) Stereoscope image of AMed SS316L, (a1) Macrostructure at high magnification
displaying the flawless interface between the printed SS316L and substrate, free of any defects
or unmelted particles, (a2, a3z) cellular and columnar dendritic microstructure present in the
SS316L print, (as) dendritic microstructure of the SS316L, (b) stereoscope image of AMed 17-4

PH, (b)) digital optical image at low magnification displaying the pristine interface between the
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substrate and the printed 17-4 PH with no unmelted particles, (b2, b3) SEM micrographs of the
AMed 17-4 PH at low and high magnification, (¢) X-ray diffractograms of 3D printed bulk
SS316L and 17-4 PH with scanning direction along the build direction.

Fig. 2¢ shows the X-ray diffraction patterns of both specimens, with the scan direction
aligned with the build direction. For SS316L, the predominant phase was identified as face-
centered cubic (FCC) y (JCPDS 96-900-8470), with a preferred orientation along the (111) plane
at 20 of 43.63°. Similar trends have been reported by Dash et al. [35]. For the bulk 17-4 PH
specimens, the dominant phase was body-centered cubic (BCC) a (JCPDS 96-901-3475), with a
favored orientation along the (011) plane at 44.62° of 20. The y phase is absent in 17-4 PH. SEM
micrographs in Fig. 2b2 and b3 for 17-4 PH showed martensitic microstructure. Introducing a
delay period between consecutive layers during the 17-4 PH printing process could be a potential
reason for this phase formation [35]. The bulk specimens show peak broadening and a positive

peak shift compared to their powder counterparts.

3.2 Microhardness and compression testing

Vickers microhardness tests were carried out on the polished surface of bulk SS316L
and 17-4 PH specimens. The measurements were initiated from the initial layer and were taken at
0.5 mm intervals along the build direction. Three hardness measurements were obtained, two at
the edges and one at the center along each print direction, shown in Supplementary Fig. S2. Such
measurements were taken from the first to the final printed layer. The resulting hardness values
and their standard deviation have been presented in Fig. 3a. The mean microhardness value for
SS316L and 17-4 PH was 220 + 9 HVy and 303 £ 9 HV ., respectively. Cu-rich clusters and
NbC particles could account for the increased hardness observed in the 17-4 PH samples [45]. It
can be visualized from Fig. 3a that the hardness profile for the SS316L showed a reducing trend

from the first layer to the final layer; however, the same was less pronounced for the 17-4 PH.

Fig. 3b presents the stress vs. strain plots and the post-compression microstructures for
SS316L and 17-4 PH. The 0.2% offset yield strength under un-axial compression for the SS316L
and 17-4 PH was measured to be 356 + 17 MPa and 914 + 8 MPa, respectively. The 0.2% offset
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yield strength for the AMed 17-4 PH showed lower numbers than the conventional counterparts
under the H900 condition [46]. The 0.2% offset yield strength for the AMed SS316L showed
elevated numbers than that of the wrought counterparts [47]. A linear strain hardening
phenomenon can be seen in the plastic deformation zone for SS316L. However, a constant
plastic deformation zone is observed in the case of 17-4 PH, possibly due to the presence of
isotropic lath martensitic microstructure. Post-compression SEM micrographs of the 17-4 PH

and SS316L showed the cracks and presence of slip lines in Fig. 3b1 and b2, respectively.
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Figure 3: (a) Vicker's microhardness profile, (b) representative stress vs. strain curve of AMed
SS316L and 17-4 PH samples (Insert images taken after compression testing is done), (b1) SEM
image showing cracks post-compression in the microstructure of 17-4 PH, (b2) SEM image

showing the flow of grains post compression in the microstructure of SS316L.
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3.3 Invitro hFOB cell culture

An MTT assay and morphological study using SEM have been carried out on the
surface of AMed SS316L (C), 17-4 PH (T1), and magnetized 17-4 PH (T>) to understand the
effect of static magnetism on cellular proliferation. The MTT assay was used to quantitatively
determine the proliferation of viable hFOB cells on the surfaces of SS316L and 17-4 PH. Fig. 4a
compares viable cell densities for different specimens after 3 and 7 days of incubation. Cells
proliferated better on the 17-4 PH magnetized specimens for the culture duration than the
SS316L. The differences in optical density (OD) were almost 24.5% higher on the magnetized
17-4 PH specimens than the SS316L control surfaces after 7 days of culture. However, there is
only a 7% increase in OD value on as-processed 17-4 PH than SS316L control after 7 days of
culture. No cytotoxicity can be seen due to the presence of copper in the 17-4 PH specimens.
Statistical analysis revealed that a significant difference (p < 0.05) and an extremely high
significant difference (p < 0.01) in optical density were present between the 17-4 PH and
SS316L specimens and magnetized 17-4 PH and SS316L specimens, respectively.

Cell morphology was observed after 3 and 7 days of incubation by FESEM. The
FESEM observation showed the attachment, growth, and proliferation of the hFOB cells. Fig. 4b
revealed the cell morphologies after 3 and 7 days of incubation. Cells were observed to adhere to
each other with a filopodial extension on the surfaces of both as-processed and magnetized 17-4
PH specimens after 3 days. However, limited growth and proliferation of the cells were observed
with an under-developed filopodial extension on the surface of the SS316L specimen after 3
days. However, after 7 days, the surfaces of both as-processed and magnetized 17-4 PH
specimens were covered with cells having an abundant amount of filopodial extensions, Fig. 4b.
On the smooth surface of as-processed and magnetized 17-4 PH, cells displayed a flat, evenly
dispersed appearance and developed in a monolayer. However, the growth of the cells was not
prominent on the control SS16L surface, Fig. 4b. It was observed that the cells formed multi-
layer clusters on the smooth surface of the magnetized 17-4 PH sample, implying better cell

attachment and proliferation.
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Figure 4: (a) The MTT assay was performed on hFOB cells incubated for 3 and 7 days on
control samples (SS316L) and treatment samples (17-4 PH and magnetized 17-4 PH). Statistical
analyses were conducted using a one-way analysis of variance for a sample size (n) of 3 and a p-

value of 0.05. Statistical significance was determined through pairwise assessment of means
between control and treatments and among treatments. Results with p < 0.05 were considered
significantly different and marked with '*', while those with p <0.01 were regarded as
exceptionally statistically significant and denoted by "**'; (b) SEM micrographs showing
osteoblast proliferation at day three and day seven incubation periods for control (SS316L) and

treatment samples (17-4 PH and magnetized 17-4PH).
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3.4 Invitro gram-positive S. aureus bacterial culture

With 3 - 5% copper content, a well-known antibacterial agent, 17-4 PH can potentially
thwart bacterial infections at the implant site. In order to validate this, the bacterial activity
employing a gram-positive S. aureus strain underwent an investigation for 24 and 72 h. The
quantification of viable S. aureus colonies for each composition is shown in the bar chart, Fig.
Sa. 17-4 PH exhibited an antibacterial efficacy of 58% and 71% against the S. aureus after 24
and 72 h, respectively (Fig. Sb). Magnetized 17-4 PH demonstrated antibacterial efficacy of 42
and 60% against S. aureus after 24 and 72 h, respectively (Fig. Sb). Morphological analysis of
S. aureus exhibited increased bacterial growth on the surface of SS316L control from 24 to 72 h.
This enhancement was corroborated by ultra-high-resolution SEM images showing healthy
bacterial colonies. However, the treatment specimens, as-processed and magnetized 17-4 PH,
demonstrated a decline in bacterial colony growth over the same period. The SEM micrographs
revealed septum formation for magnetized 17-4 PH as early as 24 h, while as-processed 17-4 PH
exhibited complete cytoplasm dilation within 72 h of surface exposure. SEM micrographs
unveiled septum formation for magnetized 17-4 PH as early as 24 h, whereas 17-4 PH displayed
complete cytoplasm dilation within 72 h of exposure. The 17-4 PH compositions minimized

bacterial growth for up to 72 h, Fig. 6.
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Figure 5: Results from the in vitro bacterial inhibition experiment against S. aureus. (a)
quantitative representation of the number of CFUs after 24 and 72 h culture of the S. aureus
bacterial strain. Statistical analyses were conducted using a one-way analysis of variance for a
sample size (n) of 3 and a p-value of 0.05. Statistical significance was determined through
pairwise assessment of means between control and treatments and among treatments. Results
with p < 0.05 were considered significantly different and marked with '*', while those with p <
0.01 were regarded as extremely significant and denoted by "**'; (b) plot showing relative
bacterial viability after 24 and 72 h culture, (c) high-definition agar plate images showing the
CFU formation for S. aureus for 24 and 72h.
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Bacterial cell dilation

Figure 6: SEM micrographs showing the bacterial morphology of the S. aureus strain after 24
and 72 h culture. The surface of the SS316L control specimen showed increased bacterial
proliferation from 24 to 72 h. Ultra-high magnification image of the control specimen showed
the healthy morphology of the S. aureus bacterial strain. However, the surface of the 17- 4 PH
and the Magnetized 17-4 PH treatment specimens showed reduced bacterial proliferation from
24 to 72 h. The ultra-high magnification image of the treatment specimens shows bacterial cell

apoptosis, which could be attributed to the presence of the antibacterial agent copper.
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3.5 Invitro gram-negative P. aeruginosa bacterial culture

To bolster the outcomes derived from the in vitro gram-positive bacterial culture, a
secondary bacterial inhibition study involving a gram-negative bacterial strain, P. aeruginosa,
was conducted. In contrast to the S. aureus bacterium, the P. aeruginosa strain necessitates a
distinctive Pseudosel agar medium for culture. Pyoverdine (PVDI), a vital nutrient intrinsic to P.
aeruginosa, exhibits a distinct bright green fluorescence under UV light exposure when cultured
on a Pseudosel agar medium. This approach offers a comprehensive exploration of bacterial
responses across different strains and further enriches the diversity of the experimental

framework.

The quantitative representation of viable P. aeruginosa colonies for each composition is
shown in Fig. 7a. 17-4 PH exhibited antibacterial efficacy, 54% and 70% against the P.
aeruginosa strain after 24 and 72 h, respectively, Fig. 7b. Magnetized 17-4 PH showed
antibacterial efficacy of 45% and 66% against the P. aeruginosa strain after 24 and 72 h,
respectively, Fig. 7b. The morphological study of P. aeruginosa using SEM revealed an upsurge
in bacterial growth on the surface of SS316L control specimens from 24 to 72 h. This
augmentation was substantiated by SEM images showing the presence of robust and healthy
bacterial colonies on the surface. In contrast, the treatment specimens, as-processed and
magnetized 17-4 PH, exhibited a decline in bacterial growth over the same duration. Fig. 8
shows SEM micrographs of the complete rupture of the bacterial cell membrane for as-processed

and magnetized 17-4 PH within 72 h of exposure.
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Figure 7: Results from the in vitro bacterial inhibition experiment against P. aeruginosa. (a)
quantitative representation of the number of CFUs after 24 and 72 h culture of the P. aeruginosa
bacterial strain. Statistical analyses were conducted using a one-way analysis of variance for a
sample size (n) of 3 and a p-value of 0.05. Statistical significance was determined through
pairwise assessment of means between control and treatments and among treatments. Results
with p < 0.05 were considered significantly different and marked with '*', while those with p <
0.01 were regarded as extremely significant and denoted by '**'; (b) plot showing relative
bacterial viability after 24 and 72 h culture, (c¢) high-definition agar plate images showing the
CFU formation for P. aeruginosa for 24 and 72h.
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Figure 8: SEM micrographs showing the bacterial morphology of the P. aeruginosa strain after
24 and 72 h culture. The surface of the SS316L control specimen showed increased bacterial
proliferation from 24 to 72 h. Ultra-high magnification image of the control specimen showed
the healthy morphology of the P. aeruginosa bacterial strain. However, the surface of the 17- 4
PH and the Magnetized 17-4 PH treatment specimens showed reduced bacterial proliferation
from 24 to 72 h. The ultra-high magnification image of the treatment specimens shows bacterial

cell apoptosis, which could be attributed to the presence of the antibacterial agent copper.

Both the bacterial strains showed a reduced bacterial colony count i.e., enhanced anti-
bacterial property for the treatment samples 17-4 PH (T1) and magnetized 17-4 PH (T2) relative
to control SS316L for the 24h and 72 h time points. This can be attributed to the presence of
copper in T1 and T2. The release of copper from the surface of T1 and T2 successfully kills the
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bacterial strains and inhibits further bacterial growth from 24h. to 72 h. The absence of copper in

the control sample increases bacterial growth from 24h. to 72 h.

4 Discussion

Within the spectrum of stainless-steel grades, a selective fifteen find prevalent use
across diverse commercial sectors [9]. Conforming to ASTM standard F899-23 [48], surgical
applications gravitate toward austenitic (Class 3) and precipitation-hardened (Class 5) stainless
steels among the commonly employed commercial grades [48]. SS316L, an ideal nonmagnetic
austenitic stainless steel, has entrenched itself in numerous biomedical applications owing to its
commercial availability and mechanical properties, particularly corrosion resistance [49]. From a
pragmatic perspective, SS316L emerges as the material of choice in various biomedical
applications, ranging from total arthroplasty to fracture fixations. However, designated as a 'first-
gen biomaterial' [S0], SS316L faces challenges, notably bacterial adhesion to its surface,
osteomyelitis, and leading to implant failure. 17-4 PH emerges as a recognized precipitation-
hardened magnetic surgical stainless steel [48], distinguished by exceptional mechanical
properties, intrinsic copper content, and reduced levels of metals like nickel. The presence of
copper, known for its infection-prevention properties, holds promise for averting potential
infections at the implant site. The ensuing discourse delves into a comprehensive exploration of
the potential advantages of 17-4 PH stainless steel as a viable substitute for SS316L in some

fracture management devices.

4.1 Microstructure, phase analysis, and mechanical properties

The SEM micrographs of the SS316L surfaces can be categorized into cellular (Fig.
2a2), columnar dendritic (Fig. 2a3), and dendritic (Fig. 2a4) microstructures. The primary reason
for this inconsistency is the faster cooling and scanning direction of the energy source associated
with the DED process [51]. The dynamic transformation of microstructure can be understood
using the relationship between the rate of solidification growth (R) and the temperature gradient
(G). The proportion of G to R is a critical determinant in understanding the morphology of the

solidification microstructure. A higher value of G/R is the reason for cellular microstructure

24



(Fig. 2a2), whereas a moderate value of G/R leads to a columnar dendritic (Fig. 2a3) and
slenderer dendritic (Fig. 2a4) microstructure, respectively [35]. Unlike the SS316L, the SEM
micrographs of the 17-4 PH surfaces exhibit a consistent lathy martensitic morphology. This
microstructural homogeneity can be ascribed to a synergistic effect of the printing process, raw
material used, and the chromium equivalent (Creq) to nickel equivalent (Nieq) ratio. During
printing 17-4 PH specimens, a delay time between consecutive layers was implemented to
mitigate specimen overheating. This strategic delay resulted in accelerated and uniform cooling
at each layer, ultimately yielding a homogeneous microstructure. It has also been reported that
minor fluctuations in the chemical composition of the powder, particularly in the concentrations
of ferrite and austenite stabilizers, exert a substantial influence on the phases in the as-printed
samples. The Creq/Nieq for the 17-4 PH specimen was calculated as 2.43, and according to
previous research [35], [52], higher martensite transformation is observed when Creq/Nieq~ 2.36.
The convergence of these three mechanisms is the underlying cause for the homogeneous lathy

martensitic microstructure in 17-4 PH specimens.

The phase analysis results obtained from the XRD analysis are in line with the
microstructure analysis. Only y (FCC) and a (BCC) phases were observed on the SS316L and
17-4 PH specimens. However, both specimens demonstrate a positive peak shift and broadening
compared to their powder counterparts. Peak broadening may occur due to repeated cycles of
melting and solidification. However, the primary factors contributing to the shift in diffraction
peaks will likely be residual stresses due to faster cooling. The SS316L showed a reducing trend
for the hardness values from the first to the final layer, while the same was less pronounced for
the 17-4 PH. This behavior is due to the variation in microstructural grain size between the final
and initial layers of both specimens. It was found that the printed SS316L experienced a
reduction in grain size by approximately 75% from the final layer to the initial layer, whereas the
reduction for the 17-4 PH specimen was around 46%. The Hall-Petch equation shows an inverse
relationship between grain size and mechanical properties. Given that the variation in grain size
is more pronounced in the SS316L than in the 17-4 PH, the reduction in the trend of the hardness

profile is more noticeable in the former [35].

The SS316L demonstrated an improved yield strength than conventionally

manufactured samples, stemming from the enhanced dislocation density inherent to additively
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manufactured materials [47]. This correlation adheres to Taylor-strengthening principles,
conceptualizing the cells as an assembly of forest dislocations [53]. The SS316L specimen
showed linear strain hardening in the plastic deformation zone, attributed to microstructural
anisotropy arising from rapid cooling and solidification, inducing residual stresses. Upon phase
and microstructural analyses, it was unveiled that the SS316L primarily comprises y-phase with
an FCC structure, exhibiting superior ductility. This is visibly demonstrated in the protruding
edges of the post-compressed specimen. The insert Fig. 3b2 shows the deformation behavior of
the SS316L specimen. The 17-4 PH specimen demonstrated an increase of over 150% in the
compressive yield strength compared to the SS316L. The martensitic structure of the 17—4 PH is
known for its high dislocation density in both as-printed and solution-annealed states [54]. This
mechanism accelerates the formation of nanometric Cu-rich precipitates [55], with sizes ranging
from 10 to 20 nm under optimal aging conditions. These precipitates act as obstacles, impeding
dislocation mobility through the Orowan mechanism and enhancing the compressive strength of
the as-printed 17-4 PH specimens [56]. The post-compression sample's SEM micrograph in Fig.
3b1 shows numerous surface cracks attributed to the inherent brittleness of the samples [35]. The
17-4 PH specimen exhibits superior mechanical properties, necessitating its exploration in

subsequent analyses of biological properties.

4.2 Effect of magnetization on hFOB proliferation

Static magnetic fields (SMFs) have been shown to modulate the proliferation,
differentiation, and functionality of various bone cell types, including bone marrow
mesenchymal stem cells (BMSCs), osteoblasts, bone marrow monocytes (BMMs), osteoclasts,
and osteocytes [57]. In the current investigation, an average magnetic field intensity of 168+13
uT is generated in a batch of 17-4 PH specimens using an electromagnetic induction process, and
hFOB cells were cultured on the top surfaces. After 3 days of culture, the magnetized 17-4 PH
specimens showed 17% more OD value, and after 7 days, they showed a 25% increase over the
SS316L control. Numerous studies have reported that the proliferation of OB cells was improved
by applying a magnetic field [58], [59]. Another critical factor that regulates the proliferation of
bone cells is the initial seeding density [60]. We have seeded 25 x 10° hFOB cells per well.

While the precise impact of SMFs on cellular development remains incompletely elucidated, the
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mechanical transduction hypothesis is the most widely accepted explanation for SMFs' influence
on cellular proliferation behavior [61]. SMFs stimulate both the cytoskeleton and cellular
membrane, initiating a cascade of intracellular signals that culminate in the regulation of gene
expression, thereby influencing cellular proliferation. The primary building blocks of orthopedic
tissues comprise collagen fibers and hydroxyapatites, which are diamagnetic [62]. It was
reported that the force exerted by the external magnetic field on the diamagnetic material is
directly proportional to the intensity of magnetic induction and the gradient of the external
magnetic field. Antimagnetic levitation [63], a phenomenon where the external magnetic field
force is equal and opposite to the gravitational field force, is considered a crucial factor for the
growth of osteoblasts [64]. Cellular and biological macromolecules, when exposed to a magnetic
field, exhibit alignment either parallel or perpendicular to the field direction. Collagen aligns
perpendicular to an applied external magnetic field, while OB cells without collagen align
parallel to the field. Research indicates that the directional influence of magnetic fields could

also enhance hFOB proliferation [65].

The interaction between SMFs and common bone growth factors promotes OB
proliferation and growth. Multiple experiments have provided substantial evidence that SMFs
enhance the production and expression of key growth factors such as 'transforming growth
factor-B' (TGF-B1 [60], TGF-B3 [66]), 'leucine-rich transmembrane protein 3' (FLRT3) and
'BMP2' [67]. Moreover, these growth factors regulate OB proliferation through various signaling
pathways, including canonical and noncanonical Mitogen-activated kinases (MAPKs) signaling
pathways [68] involving p38, extracellular signal-regulated kinase (ERK), c-Jun N-terminal
kinase (JNK), etc. [69]. Collectively, drawing on these references, it can be inferred that external
magnetic fields can stimulate the proliferation and growth of OBs. Our research findings align

with the existing literature and are schematically shown in Fig 9.
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Figure 9: Schematics showing expected mechanisms for hFOB differentiation and proliferation

due to the applied magnetic field.

While Cu plays a critical role as an essential trace element in biological systems, higher
concentrations of ionic copper (Cu") can lead to cytotoxicity by generating excessive amounts
of reactive oxygen species (ROS) through the Fenton and Haber-Weiss reactions [12], [70]. On

the contrary, prior investigations have indicated that an optimal concentration of ionic Cu fosters
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enhanced proliferation of OB cells and promotes superior cytocompatibility [71]. In the current
study, the OD values of hFOB cells exhibited an upward trend on days 3 and 7. On day 3, the
OD values of the as-processed and magnetized 17-4 PH specimens exhibited a 5% and 17%
increase, respectively, compared to the SS316L control. Similarly, on day 7, the OD values of
the as-processed and magnetized 17-4 PH specimens demonstrated a 7% and 25% increase to the
SS316L control. These findings were statistically significant based on analysis of variance
experiments. The non-cytotoxic behavior observed in the 17-4 PH specimens can be attributed to
their enhanced corrosion resistance property, which ensures that the released ionic Cu from the

specimen's surface remains within the bio-safety limit [72].

4.3 Effect of composition on bacterial inhibition

The historical documentation of copper's earliest medical utilization is found in the
Smith Papyrus, one of the ancient manuscripts with enduring significance in the annals of
medical literature [73]. Since then, Cu has been used globally as a bactericidal material. The
bactericidal efficacy of Cu hinges on various influential factors, encompassing, yet not
exhaustively, the physical state of Cu (nanoparticles or ions), the ionic form of Cu, the
concentration of Cu interfacing with bacteria, the spatial vicinity of bacteria to surfaces
comprising of Cu, the modality of application, such as wet or dry, etc. [12]. While the exact
bactericidal mechanism of copper remains equivocal, the 'contact-killing' process is the most
widely accepted theory. This process involves a series of events commencing with the
dissolution of bacterial cell membranes due to the attack of Cu?* ions. Subsequent steps include
reducing membrane potential and cytoplasmic content, generating reactive oxygen species
(ROS), and degrading bacterial DNA [73]. Further investigations have affirmed that the Cu**
ions damage the respiratory enzymes and extract electrons from bacterial cell membranes,
leading to membrane dissolution and cytoplasmic overflow and culminating in bacterial

apoptosis [74]. The illustration showing the contact-killing process is given in Fig. 10.
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Figure 10: Illustrations showing the different events of contact killing of the bacteria on the 17-4
PH surface; (A) Copper ions dissolved from the 17-4 PH surface and attacking the bacterial cell
surface, (B) The rupturing of the bacterial cell membrane due to the copper ions, leading to a
reduction in membrane potential and cytoplasmic content, (C) generation of reactive oxygen

species, (D) DNA degradation

Cu in the 17-4 PH demonstrated notable efficacy against S. aureus and P. aeruginosa
strains. The 17-4 PH and the magnetized 17-4 PH specimens demonstrate bacterial efficacy as
early as 24 h for both bacterial strains. Although the bacterial efficacy for S. aureus and P.
aeruginosa on the magnetized 17-4 PH specimen was marginally lesser than that of the non-
magnetized 17-4 PH, this difference did not reach extreme statistical significance. SEM images
of the bacterial cell on as-processed and the magnetized 17-4 PH specimens revealed the
cytoplasmic outflow and bacterial cell lysis after 24h of culture for both strains. These

observations serve as morphological evidence indicating the bactericidal effect of copper.

5 Conclusions

SS316L and 17-4 PH samples were additively manufactured using the LDED process.

The specimens were prepared and tested under three broad categories: metallurgical
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characterization, mechanical characterization, and in vitro biological characterization. Key

conclusions that can be drawn from this study are:

e Throughout the SS316L build, various microstructures, including cellular, columnar
dendritic, and dendritic formations, were observed. However, 17-4 PH exhibited a
consistent lathy martensite structure along its build. Phase analysis concurred with these
microstructural findings, with SS316L displaying y phases and 17-4 PH exhibiting
martensitic o phase.

e The average microhardness of 17-4 PH surpassed that of SS316L by 48%. The
compressive yield strength of 17-4 PH increased by over 150% compared to SS316L.

e FElectromagnetic induction generated a static magnetic field in 17-4 PH specimens.

e The magnetized 17-4 PH specimens demonstrated 17% and 25% more optical density
than SS316L specimens during in vitro hFOB cell culture.

e The 17-4 PH and magnetized 17-4 PH specimens demonstrated notable efficacy against

S. aureus and P. aeruginosa bacterial strains as early as 24 h.

Considering these findings, it can be inferred that additively manufactured 17-4 PH possess
notable significance to be used as a potential alternative to the SS316L in temporary fracture
management devices, specifically locking and stabilization screws and pins designed to be

removed within 1-2 years post-wound healing.
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Tables

Supplemental Information

ST 1: Powder characteristics for SS3116L and 17-PH.

Composition SS316L 17-4 PH
Min (%) Max (%)
Fe Balance Balance
Cr 17 15.00 17.50
Ni 12 3.00 5.00
Mn 1.5 1
Si 0.8 1
Mo 2.5 0.50
C 0.01 0.07
Cu Nil 3.00 5.00
Nb+Ta Nil 0.15 0.45
O 0.06 0.040
Al Nil 0.050
P Nil 0.040
N Nil 0.030
S Nil 0.030
Sn Nil 0.020
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Figure S1: Magnetizing the additively manufactured 17-4 PH samples via electromagnetic

induction process.
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Figure S2: Hardness profile of (a) SS316L, (b) 17-4 PH with scanning direction along the build
direction.
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