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Disinfection of medical devices is crucial to patient safety. Notably, an incorrect selection of disinfectant can
damage the material surface and impact its performance. Ti-Zr-Cu-Pd bulk metallic glasses (BMGs) show
considerable potential for biomedical use, however standard sterilisation protocols remain undeveloped. This
study evaluates the effects of common clinical disinfection solutions, including NaOH, NaClO, and Virkon®, on
Ti-Zr-Cu-Pd BMGs, to assess their impact on surface characteristics (chemical composition, surface free energy)
and on biocompatibility (pre-osteoblast cells behaviour). The findings aim to inform practical guidelines for safe

and effective cleaning and sterilisation of devices that contain these alloys.

1. Introduction

Bulk Metallic Glasses (BMGs) are undercooled ‘frozen liquids’; very
rapid cooling to a temperature below glass transition makes them
amorphous when solidified. The absence of crystal structure and grain
boundaries imply that metallic bonding-related dislocations and atom-
array failure modes are not exhibited. Therefore, their mechanical
properties are superior to those of their crystalline counterparts. Ti-Zr-
Cu-Pd BMGs have attracted attention as materials for implantable de-
vices because their composition does not include Al, V, Cr, Co elements
[1], their mechanical strength and yield strain are high, Young's
modulus is low, and their oxide layer enhances cell behaviour [2,3].
Sterilisation of medical implants is vital to prevent bacterial growth and
infection in the host tissue. As new materials enter the selection palette
for medical devices and instruments manufacture [2], the material-
disinfectant pair selection is critical. Sodium hydroxide (NaOH) is
used to decontaminate surgical instruments [4], sodium hypochlorite
(NaClO) is typically used as endodontic irrigant [5], and non-
chlorinated oxidants such as potassium peroxymerosulphate triple salt
(e.g., Virkon®) are broadly used on surfaces where pathogen control is
necessary. Domestic bleach (i.e., NaOH/NaClO mixture) is also used in
surgical settings as disinfectant.

In this study a Ti-Zr-Cu-Pd BMG was exposed to commonly used
antibacterial and biocide solutions to assess their impact on surface
chemistry, and how this influenced the behaviour of pre-osteoblasts
attachment and proliferation stage. Immediate practical application
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includes disinfection recommendations in dental orthodontics and
surgery.

2. Materials and methods

Rods (3 mm diameter, composition TispZrgCusoPdg (at.%)) were
prepared from elements (purity >99.9%, ThermoFisherScientific, UK)
by arc melting and suction casting (MAM-1, Edmund-Biihler, Germany).
Full amorphicity was confirmed [3]. Sliced discs (1.5 mm thickness)
were polished (P400/P600/P1200 paper (AutoMet 250, Buehler, Ger-
many)) to obtain a baseline surface roughness of R, (6.78 + 0.75 pm)
and R; (27.89 + 4.57um). They were immersed (24 h, room tempera-
ture) in 1 M NaOH, 0.134 M (equiv. 1%) NaClO, a mixed solution
comprising 1 M NaOH and 1% NacClO, or 1% Virkon (Fisher Sci., UK).
Higher concentrations of those solvents resulted in excessive damage of
the surfaces (Supplementary material). The 24 h exposure simulated
intense cleaning routines in the abatement of persistent spores and
inactivation of microorganisms. Untreated discs served as control.
Characterisation included X-ray photoelectron (XPS, K-alpha, Thermo-
Scientific, UK), energy-dispersive X-ray spectroscopy (EDX), scanning
microscopy (SEM) (JEOL JSM-7800F, Japan), wettability (sessile drop)
and Surface Free Energy (SFE) (via OWRK method) [6].

MC3T3-E1 (passage 15, ECACC, 300 cells/mm?) seeded on the discs
were incubated for 9 days in complete medium (Minimum Essential
Medium (MEM), 10% fetal bovine serum (FBS), 1% penicillin-
streptomycin and 1% GlutaMAX™ (Gibco, UK)). PrestoBlue™ Cell
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Fig. 1. Deconvoluted core-level XPS spectra of (i) Ti2p, (ii) Zr3d, (iii) Cu2p and (iv) Pd3d for the untreated (U) and treated (A-D) surfaces with the four disinfectants.

Viability Reagent (Invitrogen™, UK) was used as a surrogate for cell
number (via the standard curve from fluorescence values (Ex 560/Em
590)) [6]. Readings were performed every 48 h. Staining with 0.01%
Toluidine Blue solution (Sigma, UK) allowed morphology observation
on day 5 (Nikon SMZ25, NL).

Measurements in triplicate reported means + SD. One-way ANOVA
using Shapiro normality tests were used for the statistical analysis. A
value p < 0.05 was considered significant.

3. Results and discussion

The surfaces were characterised to understand the chemical and
physical changes after exposure to the different disinfectants. The XPS
deconvolution spectra of Ti2p, Zr3d, Cu2p (Fig. 1i-iii) indicate the
presence of their oxide species, and for Pd 3d (Fig. 1iv) in its metal
species. After treatment with NaOH the intensity of Cu2p peaks
decreased, Zr3d peaks increased, with less noticeable changes to Ti2p
and Pd3d peaks. When the samples were treated with NaClO the peak
intensity of Ti2p, Zr 3d and Cu2p decreased and the Pd3d increased.
These results agree with the oxide layers composition (Table 1). While
the CuyO was removed from the surface exposing the Pd(0) metal, the
attack mechanism was different for the two disinfectants. The species
formed from the dissolution of NaOH interacted with the surface

through hydrolysis (Eq. 1) and the increase of Pd(0) was accompanied
by an increase also in ZrO; and TiOs, a robust self-passivation layer.
Conversely, when Cl™ ions were present, the dismantling of the Cu oxide
layer (via an anodic mechanism, Eq. 2 [7]) was less marked, and the
depletion in CuyO was accompanied by Pd(0) increase and TiOs
decrease.

Cu*"4q +2 OH ,q>Cu(OH), . .4 (blue, precipitate) @
Cu',q 4 Cl™4q= CuCl (insoluble, brief lifespan)
+ Cl" > CuCl ; (soluble complex) 2)

When NaOH and NaClO were mixed their effect was synergistic; the
Cu and Zr oxides were depleted leaving the outermost layer enriched in
TiO4 and Pd(0) (Fig. 1, Table 1). Cuprous oxide was attacked by both
OH™ and Cl ions, forming soluble complexes (Cu(OH), (AH’f =
—611.5 kJ/mol) and CuCl; (—220.1 kJ/mol)) and doubling the con-
sumption of Cu*" ions, expediting metal dissolution. Furthermore,
cuprous oxide production in the presence of Cl™ ions is a precipitation
reaction (Eq. 3) of right-shifted equilibrium when the concentration of
[CuClz] species increases [8]; CupO was deposited in response, hence
increasing Cu concentration in pitting cavities (Fig. 2ix, xiii). The for-
mation of Zr(OH)4 (arising from the dissociation of NaOH, Eq. 4) is very
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Table 1
Chemical composition, physical and biocompatibility properties of the surfaces.

Untreated 1M 1% 1 M NaOH 1%
NaOH NaClO + 1% NaClO  Virkon
Label U A B C D
Oxide layer composition (at. %)
TiO, 66.08 69.05 60.08 76.86 64.30
ZrO, 9.48 15.65 9.58 3.38 12.36
CuxO 21.83 9.14 15.74 2.06 19.69
Pd (metal)  2.61 6.16 14.60 17.70 3.65
Contact angle (°)
44.2 + 82.3 + 61.0 +
DI water 67.3 £ 2.5 36 37 489 +2.9 1.9
Surface free energy (mN/m)
18.88 + 3.81 + 16.52 + 10.87 +
Polar 8.96 + 0.83 0.85 1.03 071 0.79
Dispersive 32.97 + 35.23 + 29.63 + 36.40 + 35.58 +
P 0.56 0.68 0.57 0.54 0.55
Total 41.93 £ 54.11 + 33.44 + 5291 + 46.46 +
1.00 1.09 1.18 0.98 0.96

Cell seeding efficiency (%) (incl statistical significance: (ns) when p-value >0.05; (*)
< 0.05)

128.8 +

16.9 (ns)

93.1 + 7.5+ 85.7 £ 13.9
9.0 (ns) 5.0 (*) (ns)

77.1 +
22.3 (ns)

favourable (AH’f = —6706 kJ/mol), and the formation of a very soluble
salt, ZrOCl,.8H0 (AH°f = —3475 kJ/mol) [9], in the acidic environ-
ment provided by the higher concentration of H'CIO™ [10] led to the
sharp decline of Zr content in the oxide layer (Eq. 5). This is in contrast
with the samples treated with NaClO only, whose Zr content did not
plummet in the oxide layer because ZrOCl,.8H30 salt only forms in
acidic conditions (i.e., HCIO is a weak acid that does not break down in
water readily (AH solution = +37.49 kJ/mol). (Thermodynamic data
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source: [11]).

2 CuCly g +20H™ < Cu0 + H,0 4+ 4 Cl™ 3)
Zr** + OH >Zr(OH), C)]
Zr*" + ClO™ (excess)~> ZrOCl,.8 H,O (very soluble) 5)

When the samples were treated with Virkon® solution their oxide
layer did not change significantly compared to the untreated samples. A
slight decrease of the Cu2p peak (CuyO content) and an increase in Zr3d
peaks (ZrO, content) indicate the oxidising effect of the solution on the
surface. This also explains the shoulder in the Cu2p spectrum, attributed
to the oxidation of cuprous oxide (Cuz0) to cupric oxide (CuO) (x =
1-2) (Fig. 1iii).

The surfaces display macroscale and microscopic differences (Fig. 2).
The blue hue on the samples treated with NaOH and NaOH/NaClO
mixture (Fig. 2ii, iv) confirms the presence of precipitated copper salts
(Eq. 1). A micro-scale texturing pattern was present in the NaOH-treated
samples (Fig. 2vii, xi). The Cu-enriched micropits in the NaClO
(Fig. 2viii, xii) and the mixture-treated samples (Fig. 2ix, xiii) confirm
the mechanism for the dissolution of the Cu metal, i.e., Cu-rich zones
resulting from the solution of CuCl/Cl, complexes (Eq. 2). The mixture-
treated surfaces presented both pitting and a textured pattern (Fig. 2ix).
The samples treated with Virkon® did not show pitting corrosion cav-
ities (Fig. 2x), confirming the safety of the solution for this alloy
composition.

The Surface Free Energy (SFE) value (and the contact angle) differed
with the disinfectant employed (Table 1). The total SFE was lowest in
the NaClO-treated samples, the most hydrophobic surface (contact angle
>80°) of the set. These two variables are negatively correlated (Sup-
plementary material). The largest SFE magnitude was measured on the
NaOH-treated samples, and they possessed the lowest contact angle and

Fig. 2. Optical images and SEM/EDX of the (i, vi) untreated surfaces and treated with (ii, vii, xi) 1 M NaOH; (iii, viii, xii) 1% NaClO; (iv, ix, xiii) 1 M NaOH/1%

NaClO mixture; and (v, x) 1% Virkon® solutions.
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Fig. 3. (i) Cell number on surfaces during proliferation stage; (ii-vi) Pre-osteoblast morphology on day 5 on the untreated surfaces and those treated with NaOH,

NaClO, NaOH/NaClO mixture and Virkon®, respectively.

largest at.% of TiO5 and ZrO,. The TiO, correlation has also been re-
ported [6].

Cell incubation studies offer a functional validation of the effect of
these disinfectants. Seeding efficiency was lowest on NaClO-treated
surfaces (Table 1). This is attributed to the lowest TiO, content and
SFE, and highest hydrophobicity (contact angle). The SFE polar
component was markedly low and this has been reported to correlate
positively with cell seeding efficiency [6]. Cell numbers during the
proliferation stage (days 1-9) (Fig. 3i) showed that NaClO-treated sur-
faces were least conducive to sustain cell growth, with statistical sig-
nificance. Leached Cu®" ions from the Cu-rich micropits (Fig. 2 viii)
contribute to this phenomenon, since Cu is cytotoxic, arrests early
mitosis and induces cell death [12]. There exists a positive correlation
between cell proliferation, TiO, content, SFE and cell seeding efficiency;
and negative with CuxO, Pd content and contact angle (Supplementary
material). The morphology of the osteoblasts captured on day 5 (Fig. 3ii-
vi), with stretching pseudopodia, indicate good attachment onto the
treated surfaces, though cracked and damaged (Fig. 3iv, v), and the
colony sizes match cell number (Fig. 3i).

4. Conclusions

We recommend the use of non-chlorinated disinfection solutions for
medical devices made of Ti-Zr-Cu-Pd BMGs. Otherwise, the oxide layer

is modified by decreasing TiO2 or ZrO; (components of a robust pro-
tective layer), forming CuyO-rich pits, reducing SFE and increasing hy-
drophobicity. Those changes correlate with poor cell behaviour. This
study intends to have value to surgery practitioners handling implant-
able medical devices which require disinfection prior to surgical
deployment.
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