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Metallic implants are integral in modern medicine, offering excellent biocompatibility and mechanical
properties. However, implant-related infections pose a major challenge. Current drug delivery
methods, such as surface-coated and drug-eluting implants, are limited by finite drug supplies and
complex manufacturing steps. Recent approaches like local drug synthesis, including enzyme-
prodrug therapies, present innovative solutions but are hampered by the inherent limitations of
enzymes as well as complex procedures. Here, we introduce a simpler alternative: using the intrinsic
properties of implant materials to activate prodrugs. Through a simple thermal treatment, metallic
implants gain catalytic properties to locally generate nitric oxide, an antibacterial agent. Our findings
show this treatment is non-toxic to cells, does not affect cell proliferation rates, and effectively inhibits
bacterial biofilm formation. This material-driven approach eliminates the need for external chemical or
enzymatic interventions, offering a promising solution to prevent implant-related infections and

improve patient outcomes in implant medicine.

Metallic implant materials have gained significant clinical importance in the
medical field, with the global orthopaedic market being expected to grow
from USD$45.19 billion in 2023 to $64.27 billion by 2030". The rapid growth
in biomaterial development has led to an increase in metal-based medical
products including dental implants, craniofacial plates and screws, clips,
valves, catheters, and bone fixation devices, among various others’.
Although ceramics, polymers, metals, and their alloys, can be used as
implant materials, the majority are metal-based, most commonly titanium,
stainless steel, or cobalt-based alloys’. Metal-based implants are preferred
over other materials due to their excellent biocompatibility, favourable
mechanical properties, good corrosion resistance, low cost, and stability™’.
However, implant-associated infections are considered one of the most
common complications, ranging from 0.5 to up to 30% of cases, depending
on the type of orthopaedic surgery” . This is because the implants them-
selves are susceptible to the formation of a biofilm on their surface, which
protects bacteria from the patient’s immune system and are usually resistant
to antibiotics'". These infections are a serious issue as they can lead to
implant failure, longer treatments, the need for more antibiotics, surgical
interventions, as well as a significant economic burden on the patient”’. A
promising approach to tackle this problem involves the use of localized
therapeutic strategies'.

Two main approaches can be taken to achieve localized therapy. The
first involves using drug-eluting implants which slowly release the agent
around the microenvironment of the implant with efficient biological

utilization rate. Research into these systems is plentiful, with conventional
implants including anti-inflammatory drugs", antibiotics”’, growth
factors'®, and various others'”. However, this approach is limited by a finite
drug reservoir, which restricts the longevity of the drug delivery. The second
approach involves localized synthesis of a drug through the conversion of a
prodrug into an active agent. Materials can be engineered to decompose
natural prodrugs present in the body, enabling continuous generation of the
therapeutic agent. For instance, a well-known approach involves enzyme-
prodrug therapies that rely on enzyme-containing coatings for prodrug
bioconversion, such as for the synthesis of anti-proliferative drugsm,
gasotransmitters'’, or antibacterials™. A key challenge in enzyme-activated
prodrug therapy is the biodegradability and membrane-impermeable nat-
ure of exogenous enzymes. This requires the use of suitable carriers to
effectively protect and deliver them. Finding carriers that can efficiently
navigate these biological barriers while maintaining the stability and activity
of the enzymes is a significant hurdle’’. Furthermore, despite the inherent
selectivity of enzymes, ensuring that the prodrug activation occurs exclu-
sively at the target site, without affecting other tissues, is difficult. The body’s
complex environment and the presence of similar enzymes or substrates in
non-target tissues can affect the specificity of these therapies. Therefore,
challenges also lie in harnessing the enzymes’ selectivity in a way that
maximizes therapeutic efficacy while minimizing off-target effects”. Con-
sidering these limitations, an alternative more attractive approach involves
the use of inherent qualities present in the implant material itself to convert
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the prodrug. This was recently serendipitously demonstrated in Zelikin’s
research group, where iron-containing metallic implants were shown to
mediate the hydrolysis of glucuronide prodrugs to antibiotics, inhibiting
bacterial growth around the material”’. Metal/metal ion-catalysed nitric
oxide (NO) generation from prodrugs has garnered significant interest in
biomedical applications due to its well-known antibacterial, antibiofilm, and
wound healing therapeutic potential”’. As such, various studies have
investigated the ability of numerous transition metal ions (e.g. Cu**, Co’",
Fe**)*” as well as metal-based complexes” towards NO prodrug decom-
position. Despite the extensive research in this area, there remains a need for
approaches that can enhance the efficiency and practicality of NO genera-
tion for real-world biomedical applications.

The present study was conceived after an opportune observation where
thermally treated wires, henceforth referred to as calcinated wires, could
catalytically degrade S-nitrosothiols, which are NO-releasing prodrugs. This
discovery opened up a new avenue for material engineering, specifically in
the context of localized drug synthesis, where a simple calcination process
can endow metallic implant materials with therapeutic properties. Herein,
we evaluate the ability of calcinated stainless steel, stellite, titanium, and
silver wires to catalytically generate NO from an endogenous NO prodrug,
S-nitrosoglutathione (GSNO). GSNO was chosen as the NO prodrug as it is
one of the most biologically abundant NO donors™?. Specifically, we have
determined the effect that calcination has on NO generation by evaluating
variables including wire length, GSNO concentration, alternative NO pro-
drugs, calcination conditions, and recyclability. Furthermore, the cyto-
toxicity, effect on the rate of cell proliferation, and biofilm inhibition
properties of the calcinated wires were also assessed. Collectively, we present
a simple calcination method to modify commonly used metallic implant
materials with potential therapeutic benefits via endogenous NO generation
without requiring chemicals or enzymatic catalysis.

Results and discussion

Effect of wire length on NO generation

Stainless steel, stellite, titanium, and silver wires were calcinated and
screened for their capacity to generate NO when exposed to an NO donor,
specifically GSNO. Briefly, non-calcinated or calcinated wires for each

material were placed in glass vials, followed by the addition of 200 pL of
50 uM GSNO in PBS, and incubated at 37 °C for 24 h. After incubation, a
Griess assay was performed on the supernatant to quantify the NO gener-
ated (Fig. 1). This procedure was carried out using 0, 5, 10, 15, or 20 wires
(5 mm length, 0.25 mm diameter), where an increasing number of wires
correspond to a greater wire length. The choice to increase the number of
wires rather than the wire length facilitates practical lab-scale procedures. To
illustrate, it is more practical to use 20 wires that are 5 mm in length rather
than 1 wire that is 100 mm in length. However, the exposed surface area is
greater compared to the latter single-wire approach. Nevertheless, the dif-
ference in surface area, even with 20 wires, is less than 2.4%, which can be
considered negligible. This extra surface area was calculated assuming the
wires are perfect cylinders. As an example, the surface area of 1 wire 100 mm
inlength is 78.64 mm?. On the other hand, the surface area of 20 wires 5 mm
in length is 80.5 mm” (4.03 mm” x 20 wires) which accounts for a 2.37%
increase when using our “length” approach. The percentage increase dif-
ference is lower when using fewer wires.

As shown in Fig. 1, when comparing calcinated wires with their non-
calcinated counterpart, a difference in NO generation was only observed for
stainless steel and stellite wires, while little-to-no difference was observed
when using titanium or silver wires. For stainless steel, a linear increase in
NO generation with an increasing number of both non-calcinated or cal-
cinated wires can be observed. This means that non-calcinated stainless steel
wires have inherent catalytic properties to decompose GSNO and generate
NO, however the calcination process further improves the catalytic activity.
The inherent catalytic activity of non-calcinated wires will be discussed later.
Stellite demonstrated a greater efficiency in generating NO from GSNO
compared to stainless steel. This is because only 5 wires were required to
reach the NO generation plateau within the same time frame. Nevertheless,
as with stainless steel, a linear increase in NO generation was observed for an
increasing number of non-calcinated wires. This catalytic activity inherent
in stainless steel and stellite wires can be attributed to the presence of
transition metal elements (Fe, Ni, Mn, Cr, Co) within these alloys. Transi-
tion metals are known to act as effective catalysts due to their capacity to
either donate or accept electrons from a reagent, depending on the nature of
the reaction. Studies have shown that multimetallic catalysts abundant in

Fig. 1| NO generation from increasingamountsof ~ a) Stainless Steel
non-calcinated or calcinated metal wires. Cumu-
lative NO generation after incubating 0, 5, 10, 15, or
20 non-calcinated or calcinated a stainless steel,

b stellite, ¢ titanium, or d silver wires in 200 pL of
50 uM GSNO in PBS for 24 hours at 37 °C. *p < 0.05,
#Ep < 0.01, ¥¥¥p < 0.001 (ANOVA followed by
Tukey post-hoc test). n > 3; error bars represent
standard deviation.
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Fig. 2 | XPS spectra of the three most abundant

a) Stainless steel (non-calcinated)

elements before and after calcination of stainless
steel and stellite wires. XPS spectra for a non-
calcinated and b calcinated stainless steel wires. i) Fe
2p, i) Cr 2p, iii) Ni 2p. XPS spectra for ¢ non-
calcinated and d calcinated stellite wires. i) Co 2p, ii)
Cr 2p, iii) Fe 2p.
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these metal elements exhibit catalytic properties’™™". Thus, materials like
stainless steel and stellite have a great potential to exhibit such properties.
However, they are commonly used after being surface modified (e.g. acid
leaching or coatings”), as has been shown in the fields of pollutant
abatement”, organic synthesis”, and clean energy”. This is because
they exhibit insufficient active sites for catalytic reactions and require sig-
nificant energy (high overpotential) to initiate the reaction®>”, with
many cases showing no activity unless surface modified*. These results
show that GSNO can be catalytically degraded by unmodified stainless steel
or stellite wires, whilst calcination further improves this degradation. To
the best of our knowledge, this is the first reported case documenting
this finding.

To investigate the contributing factors of this enhanced catalytic
activity, we performed X-ray Photoelectron Spectroscopy (XPS). The
spectra obtained for both materials before and after calcination showed the
presence of the respective transition metal elements, but after calcination the
high-resolution spectra show a greater coexistence of different oxidation
states for all species (Fig. 2 for most abundant elements, Supplementary
Figs. 1, 2 for all others, Supplementary Table 1 for binding energies of each
species for both materials). The ability of transition metals to adopt various
oxidations has also been associated with enhanced catalytic activity™. In
other words, their ability to easily change oxidation states allows them to act
as electron transfer catalysts in many reactions.

Furthermore, it has been shown that treatment via calcination or
surface etching of these metals can activate their surface, endowing greater
catalytic properties”. High-temperature conditions can cause these com-
ponents to migrate from the bulk phase to the surface of the material,
generating an oxide layer that significantly alters their physicochemical
properties. To confirm the formation of this oxide layer after calcination,
Energy-Dispersive X-ray Spectroscopy (EDS), Raman Spectroscopy, and
XPS were carried out. For the former, an increase in the relative weight
percentage of oxygen from 1.5 to 4.5% for stainless steel (Fig. 3a,b) and 1.2 to
5.1% for stellite (Fig. 4a, b) was observed. The Raman spectra were also
shown to significantly change for both materials after calcination, indicating
the presence of the oxide layer (Figs. 3¢, 4c), as previously demonstrated***.
Finally, for XPS, an increase in the ratio between M-O and oxygen defects is
indicative of the presence of more metal oxides on the surface of the
materials (Figs. 3d, 4d).

Moreover, this oxide layer formation can also lead to an increase in
the surface roughness and thereby exposure of the active metal
species” ™. To quantify differences in surface roughness, atomic force
microscopy (AFM) was carried out and showed that the calcination
process increased the root-mean-square roughness (Rq) of stainless steel
and stellite wires by 2.6 and 19.7 times, respectively (Figs. 5, 6). In
addition to the difference in metal alloy composition, this large differ-
ence in surface roughness can explain the higher catalytic activity of
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Fig. 3 | EDS elemental mapping and spectraaswell @) EDS mapping
as Raman and XPS (O 1 s) spectra before and after
calcination of stainless steel wires. EDS a elemental
mapping and b spectra of i) non-calcinated and ii)
calcinated stainless steel wires. ¢ Raman spectra of
stainless steel wires before and after calcination.

d XPS spectra (O 1 s) of i) non-calcinated and ii)
calcinated stainless steel wires.
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stellite compared to stainless steel. It should be noted that titanium wires
also exhibited a change in Raman spectra upon calcination (Supple-
mentary Fig. 3), indicative of the formation of an oxide layer*’, however a
negligible change in surface roughness was observed (Supplementary
Fig. 4). This could explain the trend observed in Fig. 1 which depicts
statistically significant NO generation, albeit small, when using >15
wires. On the other hand, silver wires did not show any significant
changes in Raman spectra (Supplementary Fig. 5) when compared to the
other three materials, as well as a negligible change in surface roughness
(Supplementary Fig. 6). Since titanium and silver did not generate NO,
they are not considered viable materials and will not be investigated
further. Considering that both surface roughness and surface elements
were altered following the heat treatment process, it was essential to
determine which change had a more significant impact on NO genera-
tion. To investigate this, the surface roughness of stainless steel and
stellite wires was modified using chemical etching (HCI) or mechanical
abrasion (sandpaper, 120-grit), and an increase in surface roughness was
observed (Supplementary Figs. 7, 8). Notably, neither surface roughness
treatment affected NO generation in stainless steel wires compared to
calcination, indicating that surface elements play a more critical role in
NO generation. Conversely, mechanically abraded stellite wires gener-
ated NO to a similar extent as calcinated wires, suggesting that surface
roughness is a significant factor for stellite (Supplementary Fig. 9).
Although chemical etching led to a small increase in NO generation
compared to untreated samples, it was not as effective as mechanical
abrasion. Further optimization of treatment variables for chemical

etching could potentially enhance NO generation. Nevertheless, calci-
nation remains the ideal treatment to simply and consistently lead to NO
generation for both materials and will be utilized henceforth.

Kinetic NO generation

Upon confirming only stainless steel and stellite wires could generate NO
from GSNO, their generation profile was determined. Understanding the
NO generation kinetics of the material is crucial in evaluating its effective-
ness. Maintaining a constant generation of NO over time is preferred over a
burst generation when considering antibacterial applications. While the
latter case may initially eliminate bacteria, there is a potential risk of bacterial
regrowth later. Therefore, it is essential to assess whether the generation rate
of the wires exhibits a burst or constant NO generation over time. To obtain
this profile, a Griess assay was performed at various time points on the
supernatant of 5 non-calcinated or calcinated wires that had been incubated
for 24 h at 37 °C with 200 pL of 50 uM GSNO in PBS. A linear profile was
observed for both cases, suggesting a stable generation profile can be
achieved (Fig. 7a, b). Consistent with the previous section, stellite showed an
averaged generation rate 57% higher compared to stainless steel for the same
number of wires. These results in conjunction with the previous section
highlight the tunability of NO generation via material choice and number
(or length) of wires.

Effect of GSNO concentration on NO generation
In addition to evaluating the kinetic generation profile of both materials, the
effect of GSNO concentration on NO generation was also investigated. This
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is because NO has concentration-dependent effects”, therefore achieving
tunable generation profiles that are biologically and therapeutically relevant
is a desired feature. To achieve this, 5 non-calcinated or calcinated wires
were incubated with 200 pL of 0, 12.5, 25, 50, 100, or 200 uM GSNO in PBS
for 24 h at 37 °C. A Griess assay was carried out and, as expected for both
stainless steel and stellite, NO generation increased with increasing GSNO
concentration (Fig. 7¢c, d). The same trend was also observed for other
systems which generate NO from GSNO using polymeric amines®, ceria
nanoparticles”, zinc oxide particles™, or metal-organic frameworks’".
Therefore, in addition to material choice and number of wires, the GSNO
concentration can also be used to tune NO generation.

Alternative donors for NO generation

Thus far, GSNO has been used as the NO donor as it is a natural NO prodrug
present in the body and is therefore suitable to enable localized and sus-
tained NO generation™. However, various other NO donors can be con-
sidered to expand potential applications for these heat-treated wires.
Structural variations between NO donors can lead to significantly different
NO-generation mechanisms. There are three main mechanisms by which
NO can be generated from NO donors: (i) spontaneous generation through
thermal or photochemical self-decomposition, (ii) enzymatic oxidation/
hydrolysis through metabolic activation, or (iii) chemical reactions with
acids, alkalis, metals, or thiols**. GSNO falls within the latter mechanism.
NO donors from each category were chosen and incubated with non-

calcinated and calcinated wires for both materials to determine whether NO
could be generated. For the spontaneous generation donors, DPTA
NONOate, DETA NONOate, and NOC-5 were chosen. f-gal NONOQate
was chosen as a donor of the enzymatic hydrolysis mechanism, while SNAP
was included as an exogenous (rather than endogenous, as is the case with
GSNO) donor, which generates NO via chemical reactions. Briefly, non-
calcinated or calcinated wires were incubated with 200 uL of 50 uM DPTA
NONOate, DETA NONOate, NOC-5, 3-gal NONOate, SNAP, or GSNO
(Fig. 7, f). In contrast to previous sections, the incubation time was reduced
from 24 to 0.5h since the former was too long to show any difference
between non-calcinated and calcinated wires. As expected, there was no
difference in NO generation between non-calcinated or calcinated wires for
NO donors which generate via the spontaneous mechanism. In other words,
the spontaneous generation rate of these donors is more rapid than the
benefit that could have been provided by the wires, if any. Similarly, the NO
donor that relies on enzymatic hydrolysis, f-gal NONOate, did not show
any difference in NO generation for either stainless steel or stellite wires.
This is to be expected given that f-Gal-NONOate generates NO following
activation by B-galactosidase™. Nevertheless, f-gal NONOQate was still
evaluated to determine whether calcinated wires could potentially demon-
strate enzyme-mimicking properties. Finally, SNAP was able to generate
NO for both wire materials. Interestingly, stainless steel wires were able to
generate more NO from SNAP compared to stellite wires, 41.3 vs. 27.8 uM
NO, respectively. This is in contrast to GSNO, where stellite wires proved to
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a) SEM - Stainless Steel
i) Non-calcinated

Fig. 5 | FE-SEM and AFM before and after calci-
nation of stainless steel wires. a FE-SEM images of
i) non-calcinated and ii) calcinated stainless steel
wires. b AFM images of i) non-calcinated and ii)
calcinated stainless steel wires.

i) Calcinated

.

b) AFM - Stainless Steel
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be more efficient than stainless steel (Fig. 1). Finally, despite both SNAP and
GSNO falling under the same generation mechanism category, SNAP shows
significantly greater NO generation rates compared to GSNO. To clarify, a
greater amount of NO is generated over a shorter time period. This corre-
sponds with the known stabilities of each compound, with SNAP being less
stable than GSNO at these reaction conditions™.

Effect of calcination conditions on NO generation

As previously discussed, heat treatment of both stainless steel and stellite
wires can cause transition metal components within these alloys to migrate
towards the surface, generating an oxide layer that alters their physico-
chemical properties. Differences in calcination temperature and time can
result in changes in the abundance of major elements in the oxide layer™.
Therefore, the effect of temperature and time were evaluated to determine
whether differences in these variables could enhance the catalytic properties

of the wires. First, the effect of calcination temperature was investigated by
heat treating stainless steel or stellite wires for 0.5 h at 300, 600, or 900 °C.
Then, 5 non-calcinated and calcinated wires were incubated with 200 pL of
50 uM GSNO in PBS for 8 h (Fig. 8). It should be noted that 8 h incubation
was used instead of 24 h to ensure the NO generation plateau was not
reached and each condition could be compared. Notably, stainless steel
showed negligible-to-no NO generation for both 300 and 900 °C. These
results correspond with the Raman spectra obtained for each condition,
where only 600 °C calcination led to a different spectrum corresponding to
Fe,0; (hematite)*', while the other temperatures are similar to the control,
corresponding to Fe;O, (magnetite)””. On the other hand, stellite showed
similar NO generation when using 600 and 900 °C calcination temperatures,
while 300 °C resulted in no generation of NO. Interestingly, the Raman
spectra peaks for both 300 and 600 °C are similar, corresponding to Cr,05
and Co;0;, (first and second major peak, respectively)”. Since the spectra
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a) SEM - Stellite
i) Non-calcinated

Fig. 6 | FE-SEM and AFM before and after calci-
nation of stellite wires. a FE-SEM images of i) non-
calcinated and ii) calcinated stellite wires. b AFM
images of i) non-calcinated and ii) calcinated stel-
lite wires.
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are similar, it suggests that a likely reason for the lack of NO generation
could be due to the difference in the amount of oxide layer formed and
surface roughness. On the other hand, the spectra for 900 °C also show the
peaks corresponding to Cr,O3 and Co;0,, with additional peaks around 300
and 1350 cm™". Since the difference in NO generation between 600 and 900
°C is negligible, a lower calcination temperature is preferable from an eco-
nomic point of view. Therefore, these results show that the optimal calci-
nation temperature for both stainless steel and stellite wires is 600 °C.
Having confirmed the optimal calcination temperature of 600 °C, the
calcination time was then investigated. Briefly, the wires were calcinated for
0.5, 1, or 2 h, and evaluated for their NO generating capacity (Fig. 9). Similar
trends can be observed for calcination times as were observed with calci-
nation temperatures. Briefly, for stainless steel negligible NO generation was
shown when calcinating for 0.5 and 2h when compared to the non-
calcinated counterpart, while calcinating for 1 h resulted in NO generation.

On the other hand, stellite showed similar NO generation when calcinating
for 1 and 2 h while a 0.5 h calcination led to a reduction of approximately
50% in NO generation. Interestingly, the Raman spectra were similar for all
cases, regardless of calcination time, suggesting that differences in NO
generation arise from differences in the quantity of oxide layer formed and
surface roughness.

Recyclability of wires

A crucial aspect to consider when evaluating long-term sustained delivery is
the ability to generate NO even after multiple uses. As such, this variable was
examined for both stainless steel and stellite wires. As before, 5 non-
calcinated or calcinated wires were incubated with 200 pL of 50 pM GSNO
in PBS for 24 h at 37 °C, followed by a Griess assay on the supernatant to
quantify the cumulative NO generated. The wires were then washed by
dipping with ultrapure water and the process was repeated a total of 5 times

Communications Materials | (2024)5:120



https://doi.org/10.1038/s43246-024-00564-7

Article

Fig. 7 | NO release from non-calcinated and cal-
cinated stainless steel and steillite wires. Cumula- 40 -
tive NO generation after incubating 5 non-
calcinated or calcinated a stainless steel or b stellite
wires in 200 uL of 50 uM GSNO in PBS over a 24 h
time period at 37 °C. Cumulative NO generation
after incubating 5 non-calcinated or calcinated

c stainless steel or d stellite wires in 200 pL of 0, 12.5,
25,50, 100, or 200 uM GSNO in PBS over a 24 h time
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(Fig. 10a, b). Interestingly, stainless steel showed a significant decrease in NO
generation of approximately 64% after 1 use, with no NO being generated
after 2 uses. On the other hand, stellite wires showed no decrease in NO
generation even after 5 uses, suggesting greater stability over multiple uses.
These results indicate that stellite is a more attractive material for sustained
NO generation. Additionally, calcinated stainless steel and stellite wires were
stored for 10 months in a glass vial at room temperature to evaluate the effect
of long-term storage. A small decrease in NO generation was observed for
stainless steel, while no decrease was observed for stellite wires (Fig. 10c). Itis
also worth noting the wire samples after GSNO incubation showed
negligible-to-small changes in XPS spectra for all elements except for oxygen
(Supplementary Figs. 10, 11). For stainless steel, the ratio of oxygen defects
to M-O increased after one cycle of GSNO incubation, similar to before the
calcination process (Fig. 3di), suggesting a decrease in the oxide layer. This
implies the oxide layer had a significant effect on the catalytic performance
of the calcinated wire given the decrease in NO generation after one GSNO
cycle. On the other hand, this was not the case with stellite, where a low ratio
of oxygen defects to M-O was still observed, similar to after the calcination

process (Fig. 4dii),. However, additional C=0 and C-O peaks were observed
upon GSNO incubation.

Material integrity and performance evaluation

Thus far, we have successfully demonstrated that our heat treatment process
enables the catalytic generation of NO from stainless steel and stellite wires.
We investigated various parameters affecting NO generation, including wire
length, kinetic generation rate, GSNO concentration, alternative NO pro-
drugs, and wire recyclability. However, recognizing that the heat treatment
process could potentially alter mechanical properties, it is essential to
evaluate these differences, as any changes could compromise the structural
integrity of implants and increase the risk of failure. This section aims to
highlight the differences in mechanical properties, rather than assert that the
treated materials can still be used as implant materials. Further testing is
required to ensure that they meet the necessary standards for medical
implants, depending on their final application. To this end, tensile testing
was carried out on both non-calcinated and calcinated stainless steel and
stellite wires. The untreated and treated metal wires were subjected to
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Fig. 8 | Effect of calcination temperature on NO a) Stainless Steel b) Stellite

release from stainless steel and stellite wires. i) i) NO release i) NO release

Cumulative NO generation and ii) corresponding

Raman spectra after incubating 5 non-calcinated or 20 5 ---- Non-calcinated Bl Calcinated 20 4 ---- Non-calcinated Calcinated
calcinated a stainless steel or b stellite wires in 200 uL
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were calcinated at 300, 600, or 900 °C for 0.5 h.

*p < 0.05, ¥p < 0.01, ***p < 0.001 (ANOVA fol-
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grey shaded area represent standard deviation.
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controlled loading conditions until failure, allowing for the measurement of
tensile strength, ductility, and Young’s modulus (Fig. 11). The mechanical
properties of both stainless steel and stellite wires showed small changes after
calcination (Supplementary Table 2). Specifically, for stainless steel it was
observed that after the heat treatment process, the tensile strength decreased
from 1336.8 to 1318.4 MPa, the ductility as measured by tensile strain at
maximum force decreased from 6.3 to 3.9%, and the Young’s modulus
increased from 32.4 to 43.2 GPa. On the other hand, for stellite the tensile
strength increased from 1934.3 to 2436.5 MPa, while the ductility decreased
from 8.2 t0 6.5%, and the Young’s modulus increased from 33.1 to 48.7 GPa.
These results confirm that the calcination process does not adversely affect
the critical mechanical properties of the metal wires, in both cases leading to
a small increase in stiffness and decrease in ductility.

In addition to changes in mechanical properties, it is also important to
evaluate leaching of metal ions into the surrounding environment. ICP-MS
was used to quantify the elemental composition of the supernatant of
solutions incubating untreated and treated wires at various time points (24 h,
1 week, 2 weeks, and 4 weeks). For both materials, an increase in elemental
concentration was observed, suggesting the heat treatment process indeed
enhances leaching of certain elements (Supplementary Tables 3, 4), albeit in
the ppb range. It is therefore necessary to evaluate two additional variables:
(i) the biological impact of increased ion release (reviewed in Sec-
tion Cytotoxicity, rate of proliferation, and biofilm inhibition properties), as
well as (ii) the effect these transition metal ions have on NO production. For
the latter case, EDTA was added as a chelating agent to ensure NO gen-
eration in previous sections was not significantly affected by the metal ions

leached from the samples. Briefly, 5 non-calcinated or calcinated wires for
both materials were incubated with GSNO in the presence of EDTA for 24 h
and the NO generated was quantified (Supplementary Fig. 12). A small
decrease in overall NO generation was observed for all cases, suggesting the
leached metal ions did not significantly contribute to NO generation. It is
important to acknowledge that implant materials must exhibit high corro-
sion resistance to withstand the harsh physiological environment within the
human body. The calcination process, by altering the microstructure or
surface characteristics of the alloy, may impact its corrosion resistance. While
this study primarily focuses on the catalytic generation of NO, we recognize
the importance of corrosion resistance in medical implants™. Addressing the
corrosion behavior of calcined alloys is outside the scope of this study.
However, future investigations will be necessary to comprehensively assess
their long-term stability in physiological conditions.

Cytotoxicity, rate of proliferation, and biofilm inhibition properties
Next, the biocompatibility of the heat-treated wires was evaluated in
order to ensure the heat treatment process does not result in cell toxicity.
Specifically, non-calcinated or calcinated wires were exposed to HUVEC
or HCASMC for 24 h and an alamarBlue assay was used to confirm their
viability after exposure. As shown in Fig. 12a, b, no decrease in cell
viability was observed for either material regardless of being heat treated
or not. Although the wires do not affect either cell viability, it is also
important to determine whether they affect the rate at which the cells
proliferate. To evaluate this, HUVEC or HCASMC were seeded with
wires and their cell viability over a 3-day period was monitored. No
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Fig. 9 | Effect of calcination time on NO release a) Stainless Steel b) Stellite
from stainless steel and stellite wires. i) Cumulative i) NO release i) NO release
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difference in cell viability was observed for all materials, indicating the
calcination process does not affect the rate at which cells proliferate
(Fig. 12¢, d). This was further supported by optical microscope images
which showed the morphology and number of the cells did not change
between samples for the same time points (Supplementary Figs. 13-16).
Upon confirming the calcination process does not affect cell viability, the
performance of the wires to inhibit biofilm formation was evaluated. As
previously mentioned, biofilm formation in implantable medical devices

(e.g., stents, catheters, vascular grafts, etc.) are a key limitation towards
their application™, and NO has been reported to disperse biofilms by
inducing bacterial death*. Therefore, the gram-negative Pseudomonas
aeruginosa (PAO1) was chosen to evaluate the antibiofilm properties of
both wire materials. Pseudomonas aeruginosa was chosen as it is one of
the most common pathogens causing nosocomial infections in
hospitals®. Briefly, bacterial suspensions of PAO1 were incubated with
5 stainless steel or stellite wires as well as GSNO (50 uM) and

Fig. 10 | Recyclability and long-term storage of a) Stainless Steel b) Stellite c) 10 month storage
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L-glutathione reduced (GSH) (1mM) for 6h. Then crystal violet
staining was performed on the washed wires to quantify the biofilm
(Fig. 12e). It should be noted that GSH was also included in this study as
it is a biologically abundant biothiol®" and has been shown to act as a
reducing agent®. Firstly, although the heat treatment process itself
(wires non-cal. vs. wires cal.) resulted in an averaged 13% decrease in
biofilm biomass prior to GSNO and GSH exposure, statistical analysis
showed this difference was not significant. This was also the case
between non-calcinated wires and non-calcinated wires exposed to
GSNO. On the other hand, when exposed to GSNO and GSH, a statis-
tically significant averaged decrease of 16% for both materials was
observed. Consistent with previous results, calcinated stellite wires
showed the highest reduction in biofilm formation when exposed to both
GSNO and GSH, leading to 28% less biofilm formation compared to
non-calcinated wires exposed to the same conditions, i.e. GSNO and
GSH. When compared to non-calcinated wires which were not exposed
to GSNO and GSH, a 40% inhibition in biofilm formation was observed.
For stainless steel, the percentage decreases were 13 and 27%, respec-
tively. These results demonstrate that the heat treatment process of the
wires leads to an inhibition of bacterial biofilm formation via the gen-
eration of NO from GSNO. As demonstrated in the previous sections,
the extent of biofilm inhibition can then be controlled by the amount of
NO generated, which can be tuned via material choice, number of wires,
GSNO concentration, and heat-treatment conditions. In practical
applications, metallic implants will be subjected to a continuous expo-
sure of GSNO and GSH rather than a single dose. Therefore, to assess the
sustained antibiofilm efficacy under such conditions, repeated additions
of GSNO and GSH were performed to simulate a biological environ-
ment. Specifically, GSNO and GSH were administered up to four times
to determine if this would enhance the inhibitory effect. Consistent with
expectations, both materials exhibited increased biofilm inhibition with
additional GSNO and GSH doses (Fig. 12f). Comparatively, this
approach aligns with recent studies on biofilm inhibition against Pseu-
domonas aeruginosa and other bacteria. Similar efficacy has been
observed with other methods, including antibiotic-loaded block

copolymers (58% or 74%)*, enzyme-loaded silver-doped silica nano-
particles (58.8% or 72.4%)*, or hydrogels (82%-98% or 64%)%, with
inhibition ranges varying based on the bacterial species.

Conclusions

Metallic implants are valued for their exceptional biocompatibility and
mechanical properties, however, implant-related infections remain a
significant challenge in orthopaedic surgery. Various drug delivery
methods, including surface-coated and drug-eluting implants, have
shown effectiveness in mitigating this issue. However, these methods are
limited by finite drug reserves and complex production processes.
Likewise, techniques such as local drug synthesis, specifically enzyme-
prodrug therapies, offer novel solutions yet are constrained by the
inherent limitations of enzymes. Furthermore, these approaches would
require a significant change in the implant’s manufacturing process,
leading to a need for reclassification and new approval from the FDA,
compromising commercial feasibility*. In response, we have explored a
simpler alternative that can potentially maintain the device classification
by harnessing the intrinsic qualities of the implant materials themselves
for drug synthesis. Through a thermal treatment method, we have
successfully imparted catalytic properties to commonly used implant
materials, including stainless steel and stellite, specifically for the gen-
eration of NO. By modulating variables such as wire length, NO prodrug
concentration, and heat treatment conditions, the NO generated could
be controlled. Stellite proved to be a more ideal material which allowed
for sustained NO delivery over multiple cycles without a loss in per-
formance. We have also demonstrated the biocompatibility of the heat-
treated wires, where both stainless steel and stellite wires exhibited no
cytotoxic effects and did not disrupt cell proliferation rates, whilst dis-
playing Pseudomonas aeruginosa biofilm inhibition properties. By
relying on the intrinsic properties of the implant material itself to syn-
thesize therapeutic agents, we have introduced a materials-driven
solution that not only simplifies the process but also offers a promising
avenue for the future of implant technology in healthcare. Moreover, this
method offers a simple and efficient means of endowing potential
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therapeutic properties to implant materials without the need for external
chemicals or intricate enzymatic systems.

Methods

Materials

Stainless steel (AISI 316 L alloy, FeCr18Nil0Mo3, 250 um diameter),
stellite (Co40Cr20Fe15Nil5Mo7Mn2CBe, 250 pm diameter), titanium
(250 pm diameter), silver (250 pm diameter), phosphate-buffered sal-
ine (PBS) tablets, ethylenediaminetetraacetic acid (EDTA), Griess
reagent (modified), L-glutathione reduced (GSH), ethanol, ammonium
chloride (NH,4Cl), potassium phosphate monobasic (KH,PO,), sodium
chloride (NaCl), magnesium sulfate (MgSO,), sodium phosphate
dibasic (Na,HPO,), glucose, calcium chloride (CaCl,), tryptone, and
yeast were purchased from Merck (Australia). GSNO, DPTA NON-
Oate, DETA NONOate, NOC-5, p-gal NONOate, and SNAP were
purchased from Cayman Chemicals. Human umbilical vein endothelial
cells (HUVECs) and MV Microvascular Endothelial Cell Growth
Medium-2 BulletKit™ (EGM™-2) were purchased from Lonza
Bioscience. Human coronary artery smooth muscle cells (HCASMC)

and smooth muscle cell growth medium kit were purchased from Cell
Applications. AlamarBlue cell viability reagent was purchased from
ThermoFisher Scientific. Ultrapure water (18.2 MQcm™") was provided
by Arium pro Ultrapure Water Systems (Sartorius). PBS buffer was
prepared by dissolving 1 PBS tablet in 200 mL ultrapure water and
gently shaking until fully dissolved, for a final concentration of 10 mM
phosphate buffer, 2.7 mM potassium chloride (KCI), and 137 mM
sodium chloride (NaCl) (pH 7.4, 25 °C).

Wire calcination

Stainless steel, stellite, titanium, and silver wires 0.25 mm in diameter
were cut to 5 mm in length using wire cutters and washed by sonicating
(POWERSONIC 510) in acetone for 15 min followed by ultrapure water
for 15 min. The wires were left to dry at room temperature and stored for
later use. Washed wires are referred to as non-calcinated wires within
this study. Unless otherwise stated, calcinated wires were prepared by
heat-treating non-calcinated wires for 30 min at 600 °C (Nabertherm
muffle furnace, P330, 30 - 3000 °C). A heating rate of 7.5°C/min
was used.
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NO generation quantification via Griess Assay

NO generation was determined using a Griess Assay. This was done by
mixing 90 uL of the sample supernatant with 90 pL. of 40 mg mL ™" Griess
reagent solution prepared in PBS, and allowed to react in a 96-well plate for
15 min. The absorption at 546 nm was then measured using a SpectraMax
MS5 microplate reader. The corresponding NO concentration was deter-
mined via a calibration curve.

Effect of wire length on NO generation

The effect of wire length on NO generation was determined by placing 0, 5,
10, 15, or 20 wires in a 1.5 mL glass vial, followed by the addition of 200 pL of
50 uM GSNO in PBS. The vial was immediately closed with a screw cap and
placed inside an incubator at 200 RPM and 37 °C for 24 h, protected from
light. NO generation was quantified via a Griess assay as previously outlined.

Kinetic NO generation

The NO generation over time was evaluated by placing 5 wires in a 1.5 mL
glass vial, followed by the addition of 200 pL of 50 uM GSNO in PBS. The
vial was immediately closed with a screw cap and placed inside an incubator
at 200 RPM and 37 °C for 0.5, 1, 2, 4, 6, 8, or 24 h, protected from light. NO
generation was quantified via a Griess assay as previously outlined.

Effect of GSNO concentration on NO generation

The tunability of NO generation was evaluated by placing 5 wiresina 1.5 mL
glass vial, followed by the addition of 200 uL of 0, 12.5, 25, 50, 100, or 200 pM
GSNO in PBS. The vial was immediately closed with a screw cap and placed
inside an incubator at 200 RPM and 37 °C for 24 h, protected from light. NO
generation was quantified via a Griess assay as previously outlined.

Alternative donors for NO generation

To determine whether the wires could also promote the generation of NO
using other NO donors, 5 wires were placed in a 1.5 mL glass vial, followed
by the addition of 200 uL of 50 uM DPTA NONOate, DETA NONOate,
NOC-5, B-gal NONOate, or SNAP in PBS. The vial was immediately closed
with a screw cap and placed inside an incubator at 200 RPM and 37 °C for
0.5 h, protected from light. NO generation was quantified via a Griess assay
as previously outlined.

Effect of EDTA on NO generation

The effect of EDTA on NO generation was determined by placing 5 wires in
a 1.5 mL glass vial, followed by the addition of 200 pL of 50 pM GSNO in
PBS containing 0.1 mM EDTA. The vial was immediately closed with a
screw cap and placed inside an incubator at 200 RPM and 37 °C for 24 h,
protected from light. NO generation was quantified via a Griess assay as
previously outlined.

Recyclability

The capacity for long-term NO generation was determined by placing 5
wires in a 1.5 mL glass vial, followed by the addition of 200 uL of 50 uM
GSNO in PBS. The vial was immediately closed with a screw cap and placed
inside an incubator at 200 RPM and 37 °C for 24 h, protected from light. NO
generation was quantified via a Griess assay as previously outlined. The
wires were then washed with ultrapure water via immersion and the above
procedure was repeated a total of 5 times.

Cytotoxicity and rate of proliferation

HUVEC and HCASMC were cultured in EGM™-2 BulletKit™ or smooth
muscle cell growth medium Kkit, respectively, and subcultured when they
reached a near confluent state. For the cytotoxicity test, HUVEC or
HCASMC suspended in cell culture media were seeded onto 24-well plates
with a density of 20000 cells/500 pL/well and incubated for 24 h at 37 °Cina
5% CO, humidified incubator. Then, the cell supernatant was aspirated and
500 uL of fresh media was added in addition to 2 or 5 non-calcinated or
calcinated stainless steel or stellite wires, and incubated for another 24 h.
Finally, the wires were gently removed, the supernatant was aspirated, the

cells were washed with sterile PBS, and fresh medium containing 10%
alarmarBlue was added to each well and incubated for 3 h, protected from
light. The fluorescence values (Ex/Em = 560/590 nm) were measured using
a microplate reader (SpectraMax M5) and the cell viability was calculated as
cell viability (%) = I/I. x 100%, where I, represents the fluorescence of the
experimental groups and I, represents the fluorescence of control groups.

For the rate of proliferation test, HUVEC or HCASMC suspended in
cell culture media were seeded onto 24-well plates with a density of 5000
cells/500 uL/well in addition to 5 non-calcinated or calcinated stainless steel
or stellite wires. After a 24-, 48-, or 72-h incubation at 37 °C in a 5% CO,
humidified incubator, the wires were gently removed, the supernatant was
aspirated, the cells were washed with sterile PBS, and fresh medium con-
taining 10% alarmarBlue was added to each well and incubated for 3 h,
protected from the light. The fluorescence values (Ex/Em=560/590 nm)
were measured using a microplate reader (SpectraMax M5) and the cell
viability was calculated as before.

Biofilm prevention
The laboratory strain P. aeruginosa (PAO1) was used to grow a biofilm.
In all assays, a single colony of PAO1 was inoculated overnight in 10 mL
of Luria Bertani medium (LB 10) at 37 °C with shaking at 180 RPM. LB
10 was prepared by mixing 10 g of tryptone, 5 g yeast extract, and 5g
NaCl in 1L of ultrapure water followed by autoclaving at 120 °C for
25 mins. The overnight culture was diluted 1:200 in freshly prepared
M9 minimal medium containing 48 mM Na,HPO,, 22 mM KH,PO,,
9mM NaCl, and 19mM NH,Cl, pH 7.0, supplemented with 2 mM
MgSOy, 100 uM CaCl,, and 20 mM glucose. The bacterial suspension
was then aliquoted in a 24-well plate (Costar, Corning®) using 1 mL per
well, each containing 5 wires. For GSNO treated samples, 20 uL of
2.5mM GSNO prepared in M9 minimal medium was added to the
respective wells. Where applicable, 20 pL of 50 mM GSH was also added
into the sample wells. The plates were incubated at 37 °C with shaking at
180 RPM in an orbital shaker that does not stop agitation when the door
is opened (model OM11, Ratek, Australia) and the biofilm cultures were
allowed to grow for 6 h without any disruption. Biofilm biomass was
quantified using the crystal violet (CV) staining method. Then, the cul-
ture supernatant was removed, and the well was washed once with 1 mL
of PBS. The wires were then moved into a clean well before the addition
of 1 mL 0.03% CV stain made from a 1:10 dilution of Gram crystal violet
(BD) in PBS. The plates were incubated on the bench for 20 min before
the wells were washed twice with PBS. The CV-stained biofilms were
mixed with 1 mL 100% ethanol and quantified by measuring the ODso5
of the homogenized suspension (200 pL of aliquot) using a microtiter
plate reader (FLUOstar Omega, BMG Labtech). All assays included two
replicates and were repeated in at least three independent experiments.
The capacity for persistent biofilm prevention was determined by the
addition of 20 uL of 2.5 mM GSNO and 20 pL of 50 mM GSH to the cal-
cinated stellite and stainless steel wires. This addition was repeated every 2 h.
Both GSNO and GSH were initially added to all samples (labelled as 1x, 2x,
3x, 4x) except the control sample. Identical amounts of GSNO and GSH
were added to the 2x, 3x, and 4x wells after 2 hours of incubation. Subse-
quently, GSNO and GSH were added again to the 3x and 4x wells after an
additional 2 hours of incubation. Lastly, GSNO and GSH were added to the
4x wells and incubated for another 30 minutes. The biofilm cultures in all
wells were incubated for a total of 6.5 hours. The biofilm biomass was
quantified with the same procedures listed above.

Characterization

FE-SEM/EDS. The morphology and elemental composition of the wires
before and after calcination were characterized via field emission scan-
ning electron microscopy (FE-SEM, FEI Nova NanoSEM 230) and
energy dispersive spectroscopy (EDS, Bruker SDD-EDS), respectively.
An acceleration voltage of 5 and 15 kV and a spot size of 3 and 5 were used
for FESEM and EDS, respectively. Due to the nature of the material, no
carbon or platinum coating was added.
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Raman Spectra. The Raman spectra were obtained at room temperature
using a Renishaw inVia Qontor confocal Raman microscope with a
diode-pumped solid-state 532 nm laser, 1800 grooves/mm grating, and
100x objective (NA 0.85). An exposure time of 1 s, laser powder of 50%,
and 120 accumulations were used.

AFM. The AFM measurements were performed on the Bruker Dimen-
sion Icon SPM equipped with a Nanoscope V controller. Peak force
tapping mode with the SCANASYST-AIR probe (from Bruker AFM
probes) was used to measure all the samples. The scan size was set to 2 um.
The scan rate was set to 0.7 Hz, with a peak force of approximately 800pN.
The feedback gain was adjusted accordingly to optimize tracking of the
specimen surface, without any significant feedback noise. The resolution
of the image was set to 512 pixels per line. AFM images were analysed
using Gwyddion software, version 2.59.

XPS. XPS was conducted in tapping mode using a ESCALAB 250Xi
(Thermo Scientific) with binding energies calibrated to the Cls line at
284.8eV.

Tensile testing. A 5500 Series (5565) electromechanical Universal
Testing Machine (Instron) was used to carry out the tensile test. Wire
grips were used to securely fasten 60 cm of untreated or treated wire. A
gauge length of 70 mm was used, with a clear distance between grips of
15 mm. Wires were wound twice around the grips. A rate of 0.5 mm/min
was used.

ICP-MS. The supernatant (1 mL) of 30 non-calcinated or calcinated
stainless steel or stellite wires placed in 1.2 mL of PBS for 24 h, 1 week,
2 weeks, or 4 weeks was mixed with 0.15 mL HNO; (70%), 0.05 mL H,O,
(~30%),and 0.2 mL HCI (~36%). Element concentrations were measured
using inductively coupled plasma mass spectrometry (ICP-MS, Perkin
Elmer, Nexion 5000 multi quad). The instrument settings included: ICP
RF power: 1200 - 1500 Watt, vacuum pressure: <8 x 10~ torr, pulse stage
voltage: 800-1500 volt, analog stage voltage: - (1700-2300) volt, plasma
gas flow: 15-17 L/min, auxiliary gas flow: 1 - 2 L/min, nebulizer gas flow:
0.85-1.2 L/min, lense voltage: 4-12 volt, cell gas: He, NH3;, O,, CH,. The
instrument was calibrated with a freshly prepared series of standards
from a stock standard solution which included the required element (at
least 4 points including blank) before starting analysis of a batch.

Statistical Analysis

All data are presented as mean + standard deviation, with >3 independent
replicates. One-way ANOVA was conducted with Tukey post hoc analysis.
Statistical difference is denoted when p<0.05. *p<0.05, **p<0.01,
4% < 0,001, and ****p < 0.0001.

Reporting summary
Further information on research design is available in the Nature Portfolio
Reporting Summary linked to this article.

Data availability

The authors declare that the data supporting the findings of this study are
available within the paper and its supplementary information file or from
the corresponding author upon reasonable request.
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