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1. Introduction

It has been predicted that the demand for arthroplasty surgeries
in the US by 2030 will increase by 673% and 174% for knee and
hip replacement surgeries, respectively.[1] It is inevitable that

some implants will require revision
arthroplasty. Hence, a 2017 survey by the
National Joint Registries (NJR) of
Australia[2] revealed that primary arthro-
plasty surgeries in Australia increased by
5.7% and 1.1% for knee and hip replace-
ments, respectively, while the respective
revision surgeries increased by 7.4% and
8.9%. These numbers were slightly differ-
ent in a similar survey for the US,[3] where
primary arthroplasty surgeries for knee and
hip replacements increased, respectively,
8.2% and 27.3% and revision by 9.1%
and 5.6%.

Of the two leading causes of implant
failures, bacterial infection accounted for
�20% of failures and poor osseointegration
was responsible for �18% of failures.[4] In
many cases, bacterial infection remains the
principal cause of implant failure.[5–7] Two
of the most common bacteria found at
infected implant sites are Staphylococcus
aureus and Escherichia coli, which are gram-
positive and gram-negative, respectively.[8,9]

S. aureus is responsible for approximately
two-thirds of all implant infections.[10,11]

If bacteria attach and propagate on
implants, the resultant infection can lead to implant failure. In
addition, the success of an implant after surgery is strongly
dependent on the adhesion and growth of healthy cells, which
results in osseointegration followed by tissue integration.[12]

Osseointegration depends on success in fixation initially, during
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The present work reports a detailed interpretation of the role of Ga and Mn
dopants, solid solubility mechanisms, charge compensation mechanisms,
intervalence charge transfer, antibacterial performance, and cell attachment and
proliferation. Sol–gel undoped and doped (1, 5, and 9 mol%) CeO2 films are spin-
coated on 3D printed Ti6Al4V biomedical alloy substrates and annealed at 650 °C
for 2 h in air. Material characterization includes scanning electron microscopy
(SEM), 3D scanning laser confocal microscopy, glancing angle X-ray diffraction
(GAXRD), and X-ray photoelectron spectroscopy (XPS). In vitro testing includes
inhibition of bacterial growth, simulated body fluid (SBF) testing, and cell
attachment and proliferation studies. The most significant outcome is that the
bioactivity of ceria derives directly from the Ce3þ concentration, which itself
results from solid solubility (substitutional and interstitial) and charge com-
pensation and redox. This challenges the common assumption of the dominance
of oxygen vacancies in the performance of ceria. The antibacterial activity is
dependent on the type, amount, and valence of the dopant, where opposite
trends are observed for gram-positive Staphylococcus aureus and gram-negative
Escherichia coli bacteria. All of the doped samples result in enhanced cell pro-
liferation, although this is greatest at the lowest dopant concentration. Surface
hydroxyapatite formation on the samples is achieved by soaking in SBF at
2 weeks and 1month.
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surgery, and postoperatively. However, aseptic loosening can
occur owing to implant micromotion relative to the host bone,
which triggers the generation of wear particles and consequent
inflammation.[4] Although aseptic loosening and bacterial infec-
tion generally are unrelated, recent work has revealed that aseptic
loosening can stimulate bacterial infection.[13] Consequently, it is
relevant to examine both issues simultaneously despite their
general acceptance as independent variables.

Orthopedic materials include a range of polymers, ceramics,
and metals.[14] Metallic materials are favored for many load-
bearing applications largely owing to their suitable chemical
durability, high tensile strength, limited elasticity, and adequate
wear resistance. The most favorable choice of such materials
depends on a combination of design, structural, microstructural,
mechanical, chemical, and physiological issues.[15]

Titanium-based alloys have emerged as the lead metallic mate-
rial for implants owing to their bioinertness, biocompatibility,
and potential for the introduction of bioactivity through surface
modification. Pure titanium is used mostly for dental implants,
whereas the biomedical titanium alloy Ti6Al4V is used most
commonly for orthopedic implants. The presence of aluminum
and vanadium enhances the mechanical strength of the alloy.[16]

Materials applied to the surface to enhance bioactivity include
in situ passivating TiO2,

[17] ex situ applied TiO2,
[18] hydroxyapa-

tite (HA),[19] hybrid inorganic–organic coating,[20] glass-ceramic
coating,[21] and ceramic-metal composite coating.[22]

One of the key approaches to prevent the adhesion and
colonization of bacteria on implants is to modify their surface,[23]

thus allowing bone cells to attach to the surface.[4] Antibacterial
approaches include antiadhesive coatings,[24] bactericidal
coatings,[25] and altered surface topographies (to expose
nanowires,[26] nanotubes,[27] or cicada wings-like biomimetic
surface[28]). The cell-attachment approaches include calcium
phosphate coatings,[29] biomolecular coatings,[30] and engineered
surface topographies.[31] CeO2 or ceria has emerged as a key bio-
catalytic material.[32,33] However, its applicability as a surface
coating has not been explored extensively even though ceria
has been shown to have antimicrobial activity. The key materials
variables that can be engineered to improve the performance are
summarized in Table S1, Supporting Information.

Contact between ceria and bacteria can result in destruction of
the bacteria by several mechanisms, including cell wall disrup-
tion; oxidative stress from the generation of reactive oxygen spe-
cies; chemical degradation of bacterial DNA, RNA, and proteins;
as well as dysregulation of nutrient transport.[34,35] Ceria also can
interfere with bacterial respiration and electron flow,[36] followed
by reaction with thiol (–SH) groups or adsorption on transporters
and resultant hindrance of nutrient transportation.[37,38]

The two main strategies for promoting osseointegration of
implant materials are alteration of the implant surface
topography and deposition of a coating to enhance implant
biocompatibility, cell adhesion, cell proliferation, and hence bone
regeneration.[39] Alteration of implant surface topography
changes the surface microstructure or nanostructure to improve
interactions between bone cells and implant surface,[4]

generally by roughening the surface topography for mechanical
interlocking.[40] Surface coatings on metallic implants to improve
bone tissue deposition and in-growth at the implant surface
include calcium phosphate coatings,[41] bioactive glass

coatings,[42] bioinert oxide coatings,[43] and biomolecular
coatings.[44]

There also are strategies to combine the hindrance of bacterial
infection and the enhancement of osseointegration. These
include the insertion of therapeutic ions[45–51] into resorbable
metallic alloys,[52] resorbable bioceramics,[53] and resorbable
biomolecules[54] as well as doping of the surfaces by methods
such diffusion[55] and ion implantation.[56] Relevant information
about these therapeutic ions is summarized in Table S2,
Supporting Information.

In addition to ceria’s direct antimicrobial action, it can be
doped with other substances to enhance this activity. Ga3þ

has been shown to exhibit bactericidal activity upon substitution
for biological Fe3þ, which plays a key role in a microorganism’s
metabolic processes, including respiration, oxygen transport,
DNA regulation, and survival of bacteria.[57,58] Ga3þ has been
reported not only to accelerate early osteoblastic differentiation
but also to interrupt osteoclastogenesis albeit as an adsorbed salt
rather than a solid solute.[59,60] The bactericidal activity of Mn has
been reported to result from the formation of reactive oxygen
species (ROS) at the nanoparticle surfaces. Mesaros et al.[61]

reported that interstitial solid solubility of Mn2þ in ZnO and
the associated electronic charge compensation resulted in
enhanced antibacterial activity, presumably through the genera-
tion of hydroxyl radicals. Mn2þ also has been shown to have
promising effects on implant bone in-growth the strong affinity
with extracellular matrix proteins.[62–64]

The aims of the current research were to investigate the effects
of the doping of CeO2 thin films deposited on biomedical grade
Ti6Al4V alloy by Ga as proxy for Fe and by Mn in terms of the
antibacterial performance and osteoblastic cell proliferation.

2. Results and Discussion

2.1. Sample Nomenclature

There were four types of samples: 1) Uncoated: Ti6Al4V sub-
strate; 2) CeO2-coated: undoped CeO2 thin film on substrate;
3) Ga-doped: CeO2 thin films on substrate; doped with Ga at lev-
els of: a) 1 mol% (1GC), b) 5 mol% (5GC), and c) 9mol% (9GC);
4) Mn-doped: CeO2 thin films; doped with Mn at levels of:
a) 1 mol% (1MC); b) 5 mol% (5MC); and c) 9 mol% (9MC).

2.2. Material Characterization

Figure 1 shows the nanostructures of the thin films the text read.
Figure 1a shows a characteristic cross section that reveals that the
substrate was uneven, the thin films were porous, the substrate/
coating interface was intimate, and the top surface of the thin
film was rough. Figure 1b–e highlights the protrusion of the
asperities of the 3D printed substrate, the filling of the interstices
with the sol–gel precursor, and the drying or calcining cracks in
the thin films. The top surfaces of the thin films not shown were
similar to that of Figure 1e.

Further, the artifacts of the asperities suggest the relative vis-
cosities of the sol–gel precursors. That is, the low viscosity of the
CeO2-coated film results in fluid flow into the voids, leaving
thinly coated small spheres as asperities. The intermediate
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viscosity of the 9MC thin film shows increased filling of the voids
with little change in the sizes of the spherical asperities. The high
viscosity of the 9GC thin film shows a low concentration of
thickly coated spheres of large size. This interpretation is con-
firmed by the tabulated data in Figure 1f, which reveals Ra rough-
nesses in the order uncoated >CeO2-coated> 9MC> 9GC.
This trend is consistent with the effect of ionic field strength
(valence/radius) for the three compositions. This ranking and
the field emission scanning electron microscopy (FESEM)
images suggest that, with increasing dopant levels, the Ra rough-
ness of the Mn-doped films decreased owing to enhanced filling
of the voids from the decreasing viscosity while the Ra roughness
of the Ga-doped films decreased owing to enhanced coverage of
the substrate surface by the increasing viscosity. The leveling of
the Ra roughness at the highest Mn dopant level is attributed to
void filling with 5MC and 9MC. This leveling was not observed
with Ga doping owing to the reduced tendency to fill voids from
the overlay effect of the greater viscosity.

Figure S1, Supporting Information, reveals that increasing the
Ga dopant concentration reduced the extent of wetting while all
of the Mn dopant concentrations readily wet the substrates.
These data confirm the previous comments about the effects
of the viscosity differences between the two dopant systems
on the physical processes of coating.

The glancing angle X-ray diffraction (GAXRD) data indicate
(graphs previously published[65]) that Ga2O3 is highly soluble
in CeO2 because no Ga2O3 was detected. The low GAXRD peak
intensities (not shown) indicate that Ga2O3 destabilized the CeO2

structure but it still enhanced the gel! crystalline conversion,
probably by acting as a nucleating agent. In contrast, the solubil-
ity of Mn in CeO2 was lower than for Ga2O3, as evidenced by the

precipitation of Mn3O4 with 5MC and 9MC. It is uncertain
whether the nondetection of Mn3O4 resulted from its dissolution
or its precipitation at a level below the limit of detection of the
instrument (typically �1 vol%.[66]). However, the higher GAXRD
peak intensities (not shown) for all of the Mn-doped samples
than those for the CeO2-coated samples is a clear indication
of Mn dissolving and enhancing recrystallization. This is empha-
sized by the greater extent of crystallinity of these samples com-
pared to the Ga-doped samples. Further, it appears that this effect
was maximized for 5MC, suggesting saturation solubility in the
range 1–5mol% Mn and supersaturation and consequent struc-
tural destabilization at 9 mol%Mn. These differential solubilities
may reflect not only intrinsic behavior but they also may reflect
the extrinsic effect of precursor viscosity and consequent inti-
macy of interfacial contact area.

Table 1 also shows that Mn doping resulted in the formation
of rutile. This probably resulted from the dual effect of superior
wetting and chemical attack of the Ti by the nitrate(s), which oxi-
dized during calcination at 650 °C.

The X-ray photoelectron spectroscopy (XPS) analyses, which are
shown for the dopants in Figure S2, Supporting Information, and
summarized for all species in Table 2, reveal that Ga3þ, Mn2þ,
Mn3þ, and Mn4þ were detected. These data, in conjunction with
the GAXRD data, confirm the dissolution of Ga in CeO2 as well as
that of Mn4þ in CeO2; it is uncertain if the identification of Mn2þ

and Mn3þ is a result of their presence as solutes in CeO2, as pre-
cipitated Mn3O4 (MnO·Mn2O3), or both. Also, it is possible that
the detection of Mn2þ resulted from the presence of MnO but this
was not confirmed by GAXRD. As the XPS beam (10 μm Ø[67])
scanned a large area and the Mn3O4 was present as a minor phase,
it is likely that the XPS data reflect soluble Mn.

Figure 1. FIB image: a) cross section of undoped CeO2-coated sample; SEM images: b) uncoated substrate, c) undoped CeO2 coating, d) 9 mol%
Ga-doped CeO2 coating, e) 9 mol% Mn-doped CeO2 coating; f ) tabulated summary of roughnesses (Ra) determined by 3D laser scanning confocal
microscopy; all coatings calcined at 650 °C for 2 h.
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It should be noted that the valences indicated in these
Equations are not integral valences but fractional valences that
are reflected in XPS peak shifts. These fractional shifts are
observed commonly in XPS[68] and can be explained by electro-
negativity (Figure S3, Supporting Information).

2.2.1. Doped versus Undoped

As the sol–gel precursor was Mn(NO3)2·4H2O (i.e., Mn2þ), then
it is likely that the conversion to Mn3þ and/or Mn4þ resulted
from intervalence charge transfer (IVCT)[69–71] according to

Mn2þþCe4þ ! Mn3þþCe3þ (1)

Mn3þþCe4þ ! Mn4þþCe3þ (2)

Consequently, Mn solubility can enhance the Ce redox to
increase the [Ce3þ]. However, this also is the case for Ga doping,
which suggests the IVCT reaction

Ga3þþCe4þ ! Ga4þþCe3þ (3)

Although an integral valence of Ga4þ is known in biological
systems,[72,73] it is not cited generally for inorganic systems; frac-
tional changes in valence from XPS data are observed commonly.

2.2.2. Undoped Films

Table S4, Supporting Information, reveals that the surface
[Ce3þ] is 17 at% but the subsurface [Ce3þ] is �26 at%. As surfa-
ces are associated with broken bonds and associated oxygen
vacancies,[74] while the subsurface and bulk reflect lattice bond-
ing, these data are the reverse of those expected. As there are no
dopants present, then the only possible means of enhancing
the subsurface [Ce3þ] is interaction with the substrate. Here,
the Ce3þ ions at the surface are exposed to two interfaces, these
being air/Ce and Ti/Ce, while the Ce3þ ions at the subsurface are
exposed only to the air/Ce interface. The equilibria at the
substrate/coating interface suggest the reaction

Ti0þ 3Ce4þ ! Ti3þþ 3Ce3þ (4)

Further, there is the possibility of IVCT through the following
exchange reactions

Ti0þ 4Ce4þ ! Ti4þþ 4Ce3þ (5)

Ti3þþCe4þ ! Ti4þþCe3þ (6)

The potential to form Ti4þ is supported by the fact that 1) the
samples were heated in air at 650 °C for 2 h, which could have
caused oxidation from air; 2) Ti is well known as a strong
reducing agent,[75] which could remove oxygen from CeO2

(Equation (4) and (5)); and 3) the detection of rutile in all of
the Mn-doped films (Table 1), although the more-protected
Ga-doped and the less-protected CeO2-coated samples
(Figure 1) exhibited no rutile.

2.2.3. Ga Doping

The XPS data for the changes in concentrations upon Ga doping
are provided in Figure S2 and S4 and Table S4, Supporting
Information. These data are plotted for the surface ([Ce3þ] in
Figure 2; these data are relative to the initial (baseline) [Ce3þ]
(viz., [Ce3þ]/([Ce3þ]þ [Ce4þ]) of 17% for undoped CeO2 in order
to show the changes caused by doping. These data show that Ga
doping resulted in an initial increase in [Ce3þ] (1 mol%). The rea-
son for this has been elucidated elsewhere,[69,76] where inhomo-
geneously distributed dopants at low concentrations destabilize
the lattice by inhibiting recrystallization and grain growth and by
introducing structural defects. This is confirmed by the GAXRD
peak intensities for CeO2�x (not shown), which increase with
increasing Ga dopant level (Table 1), thus revealing slightly
increasing crystallinity. However, more importantly increasing
the Ga dopant levels to 5mol% and 9mol% consistently
decreased [Ce3þ].

These data must be interpreted in light of the potential solid
solubility and charge compensation mechanisms using
Kröger–Vink notation,[77] which are given in Text S1 in the
Supplementary Information.

Table 2. Identification of ions and valences based on XPS spectra.

Sample Phase

Ce3þ/Ce4þ Ga3þ Mn2þ/Mn3þ Mn3þ Mn4þ

CeO2-coated ✓ – – – –

1GC ✓ ✓ – – –

5GC ✓ ✓ – – –

9GC ✓ ✓ – – –

1MC ✓ – – ✓ (✓)

5MC ✓ – ✓ ✓ ✓

9MC ✓ – ✓ ✓ ✓

Table 1. Relative proportions of thin film phases based on maximal
GAXRD peak heights.

Sample Phase

Major Substantial Minor Trace

Uncoated α-Ti – – –

CeO2-coated α-Ti CeO2 – –

1GC α-Ti – – –

CeO2

5GC CeO2 α-Ti – –

9GC CeO2 – α-Ti –

1MC α-Ti CeO2 (–) α-Mn3O4 –

5MC α-Ti CeO2 (þ) Rutile –

α-Mn3O4

9MC α-Ti – CeO2 –

Rutile

α-Mn3O4
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However, the data in Table S4, Supporting Information, are
critical in that they decouple the concentrations of Ce and O
at the outermost surface layer ([Ce3þ] and [Ce4þ]), where there
are terminating bonds, and the underlying layer (subsurface
[Ce3þ─O] and [Ce4þ─O]), where there are lattice bonds. These
data for the three doped samples can be examined stepwise to
determine the operating mechanisms: 1) Ga doping enriched
the surface with Ce (viz., CexS, which is Cemigrated to the surface
in response to dopant addition), which could result from both
substitutional solid solubility/ionic charge compensation
(Equation S1, Supporting Information), substitutional solid sol-
ubility/electronic charge compensation (Equation S2, Supporting
Information), or interstitial solid solubility/ionic charge compen-
sation (Equation S4, Supporting Information). 2) The surface
also was enriched with oxygen, which means that both solubility
mechanisms are possible but charge compensation must be elec-
tronic (Equation S4 and S5, Supporting Information) and/or by
redox (Equation S3 and S6, Supporting Information). 3) The
change in [Ce3þ] eliminates electronic charge compensation
(Equation S(2) and S(5), Supporting Information) from consid-
eration because this mechanism does not alter the Ce valence.
4) As the preceding requires redox charge compensation, the
change in [Ce3þ] also eliminates interstitial solid solubility/ionic
charge compensation (Equation S(4), Supporting Information)
from consideration. 5) The decreasing [Ce3þ] with Ga doping
could result only from substitutional solid solubility/redox
(oxidation) charge compensation (Equation S(3), Supporting
Information). 6) As the source of oxygen enrichment is O2

(g), then it is highly unlikely that substitutional solid solubil-
ity/ionic charge compensation (Equation S(1), Supporting
Information) is possible because the V••

O formed in this mecha-
nism would be annihilated. 7) As Equation (S1, S2, and S4–S6),
Supporting Information, have been eliminated owing to incon-
sistency with the data in Table S4, Supporting Information, then
the operating mechanism is substitutional solid solubility/redox

charge compensation (Equation (S3), Supporting Information);
8) Figure S2a–c, Supporting Information, shows that the
Ga valence increased with Ga doping, which is explained
by the IVCT exchange reaction (Ce4þ!Ce3þ reduction) in
Equation (6). Consequently, this partially offsets the
Ce3þ!Ce4þ oxidation in Equation S3, Supporting
Information, which explains why the changes in [Ce3þ] are less
than expected from the changes (i.e., doping levels) in [Ga3þ].
9) Electronegativity plays an insignificant role as this would cause
the Ga valence to decrease, which is not the case.

The preceding discussion demonstrates the following for the
Ga-doped CeO2 thin films: 1) The solubility mechanism is
substitutional solid solubility. 2) Charge compensation
is by Ce3þ!Ce4þ oxidation, thereby decreasing [Ce3þ].
3) Ce4þ!Ce3þ reduction from IVCT partly reverses this trend
by increasing the [Ce3þ]. 4) The decreasing [Ce3þ] with increas-
ing [Ga3þ] indicates that the dominant mechanism is redox
charge compensation, not IVCT. and 5) Electronegativity plays
little or no role in these effects.

2.2.4. Mn Doping

The XPS data for the changes in concentrations upon Mn doping
are provided in Figure S2 and Table S4, Supporting Information.
These data are plotted for the surface ([Ce3þ] in Figure 2; these
data are relative to the initial (baseline) [Ce3þ] (viz., [Ce3þ]/
([Ce3þ]þ [Ce4þ]) of 17% for undoped CeO2 in order to show
the changes caused by doping. These data show that Mn doping
resulted in an initial increase in [Ce3þ], followed by a significant
decrease in [Ce3þ] for 5MC and then a significant increase for
9MC (but not to the level of 1MC). For the three doped samples,
these specific data suggest that the solubility mechanism is the
same as for Ga doping because the general trends are the same.
However, closer examination of the data reveal significant differ-
ences in trends for the two dopants for [Ce], [O], and [Ce3þ], so
this assumption may be incorrect. The possible defect equilibria
are given in Text S1, Supporting Information.

Again, the only mechanism capable of decreasing the [Ce3þ]
overall is Equation (S9), Supporting Information, which illus-
trates substitutional solid solubility and redox charge compensa-
tion. However, the XPS data show that Mn doping resulted inMn
valence increase, so the IVCT exchange reactions (Ce4þ!Ce3þ

reduction) in Equation (1 and 2) would offset the decreasing the
[Ce3þ]. The situation is complicated by other IVCT possibilities

Ce3þþMn3þ ! Ce4þþMn2þ (7)

Ce3þþMn4þ ! Ce4þþMn3þ (8)

Ce3þþMn5þ ! Ce4þþMn4þ (9)

In effect, decoupling the solid solubility, charge compensa-
tion, IVCT, and electronegativity mechanisms is complicated
by the inflection in the data for the three Mn-doped samples.
It is noted that the trends for [Ce] and [Ce3þ] for 1MC and
5MC are identical to those for Ga doping but the reverse trend
for [O] (viz., a decrease) is the case. This can be interpreted in
terms of substitutional solid solubility/ionic charge compensa-
tion (Equation S(7), Supporting Information), which generates

Figure 2. XPS data for effects of Ga and Mn doping in terms of changes
in [Ce3þ] relative to the baseline undoped value of 17%; subscripts:
0¼ undoped, T¼ doped.
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V••
O. However, this trend is reversed for 9MC, so it is not consid-

ered to be likely. Further, the [Ce] decrease for 9MC cannot be
explained by conventional considerations. These inconsistencies
suggest the influence of another mechanism beyond the present
considerations.

The XPS data in Figure S2, Supporting Information, and in
Figure 2 differ somewhat from those for Ga doping: 1) 5MC:
[Ce3þ] decreases and the valences of Mn3þ and Mn4þ decrease
(any change inMn2þ is unknown). These data are consistent with
Equation (7) and (8) in the forward direction. 2) 9MC: [Ce3þ]
increases and the valences of Mn2þ, Mn3þ, and Mn4þ increase.
These data are consistent with Equation (7–9) in the reverse
direction.

The relevant electronegativities for Mn2þ (1.50), Mn3þ (1.85),
and Mn4þ (unknown but >1.85) compared to those of Ce4þ

(1.50) and Ce3þ (1.15)[78] indicate that the valences of Mn should
decrease, which is consistent with 5MC but not 9MC. Again, this
indicates the influence of another mechanism. Consequently, it
is concluded that the charge compensation mechanism is not
ionic (Equation S7, Supporting Information) but redox
(Equation S9, Supporting Information) and that this may be
altered by the effects of IVCT and electronegativity. In conclu-
sion: 1) The solubility mechanism is substitutional. 2) For
5mol% Mn: a) charge compensation is by redox through
Ce3þ ! Ce4þ oxidation (Ce valence increase), thereby decreasing
[Ce3þ]; b) IVCT enhances this Ce oxidation effect and decreases
the valence of Mn; and c) electronegativity contributes to these
effects. 3) For 9mol% Mn: a) at the highest dopant level, the sys-
tem becomes effectively overdoped and saturates the substitu-
tional sites, thereby initiating interstitial solid solubility.
Dual solubility mechanisms have been observed before.[79]

Charge compensation then is dominated by redox
through Ce4þ!Ce3þ reduction (Equation S(12), Supporting
Information), thereby increasing [Ce3þ]; b) IVCT should enhance
Ce oxidation and Mn reduction (Equation (7–9) in the forward
direction) but these are not the case. Hence, IVCT enhances
the reduction effect and so is consistent with Equation (7–9)
in the reverse direction; and c) electronegativity should enhance

Ce oxidation and Mn reduction but these are not the case, so its
role is minimal.

2.2.5. Surface versus Subsurface

Figure S4 and Table S4, Supporting Information, show that the
values of the surface [Ce3þ] were uniformly higher for all doped
films compared to that of the CeO2-coated substrate. However,
while increasing [Ga] decreased the surface [Ce3þ], the trend for
[Mn] revealed a minimum in the surface [Ce3þ]. With the
exception of this minimum, the surface [Ce3þ] values for
the Mn-doped films were the highest of all samples.

The data for the subsurface [Ce3þ] are a reflection of 1) the
difference between the broken bonds at the surface (increasing
the [Ce3þ]) versus the underlying lattice bonds (decreasing the
[Ce3þ]); 2) dilution from the presence of dopant oxide surface
precipitates; 3) dopant concentration gradient into the film;
and 4) interaction between the film and substrate. The last effect
is likely to be responsible for the instances where subsurface
[Ce3þ]> surface [Ce3þ]. For the other three films, the first effect
probably is responsible for surface [Ce3þ]> subsurface [Ce3þ].
While 5GC and 9GC are compositionally similar, the same trend
for 5MC is likely to be the case because Table 1 shows that this
film exhibited the highest CeO2 proportion.

2.2.6. Biological Analyses

Figure 3 summarizes the potential biological responses to the
relevant ions Ti, Ce, Ga, and Mn. Ti has been observed to favor
osteoblast attachment, differentiation, and hence bone regener-
ation; it also has exhibited minimization of bacterial
growth.[80–84] Ce is known to regulate the proliferation and dif-
ferentiation of osteoblasts as well as promote hydroxyapatite
(HA) precipitation.[85–88] Like Ti, Ce is a catalyst that can inhibit
bacterial proliferation; Ce also exhibits anti-inflammatory capa-
bilities.[37,89,90] Ga has been reported to show antibacterial activity
as well as osteoblast proliferation and osteoclast minimization

Figure 3. Schematic of biological responses to bioactive ions. Reproduced (adapted) with permission from publisher (22 April 2022), Springer
International Publishing, Switzerland (2016).[97,98]
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capabilities.[59,91–93] In common with the other ions, Mn is a bio-
logically active ion and it can enhance osteoblast adhesion, dif-
ferentiation, and mineralization as well as provide antibacterial
properties.[61,94–96] While the present work confirms the bioactiv-
ities of these ions, it also reveals that Ga enhances hydroxyapatite
precipitation upon exposure to simulated body fluid (SBF) and
Mn has the capacity kill both S. aureus and E. coli.

2.3. Antibacterial Assays

Figure 4 shows the percentage reduction in the number of live
bacteria released from the materials in the presence of CeO2

films with varying Ga doping (Figure 4a) and Mn doping
(Figure 4b) levels, varying Ga doping (Figure 4c) and Mn doping
(Figure 4d) levels with respect to the uncoated (control) samples.
Each point represents the mean number of viable counts for
three samples. The error bars give the standard deviations.
The bacterial survival percentages are given in Figure 4e.

All the undoped and Ga-doped samples have the antibacterial
performances higher than �86% against both S. aureus and
E. coli but the individual data are not statistically distinguishable
(Figure 4). This effectiveness may reflect the chemical similari-
ties between Ga3þ and Fe3þ and the bacterial inability to differ-
entiate these ions in the relevant metabolic processes.[99]

Considering only the average values in Figure 4a, the following
trends are suggested: 1) The thin films generally were more effec-
tive in killing S. aureus than E. coli, although 9GC was a clear
exception. 2) Increasing Ga doping levels generally increased
the bactericidal effects for both bacteria, although 9GC again
was a clear exception. 3) There was little difference in the bacte-
ricidal effects against S. aureus between the uncoated control and
the CeO2-coated samples, with 9GC again being an exception.
4) There was a greater improvement in bactericidal effects
against E. coli between the uncoated control and the CeO2-coated
samples. 5) The only statistically significant difference
(p< 0.001) was the greater bactericidal effect against E. coli
for 9GC (94.8%) relative to the uncoated control (90.4%).

Figure 4b reveals that all the Mn-doped samples exhibit antibac-
terial performances greater than�92% against both S. aureus and
E. coli with two statistically distinguishable data pairs. Again, con-
sidering just the averages, the following trends are suggested:
1) The thin films generally were more effective in killing S. aureus
than E. coli. 2) IncreasingMn doping levels generally increased the
bactericidal effects for S. aureus at significant differences
(p< 0.01) for both 5MC and 9MC relative to 1MC, although
the bactericidal activity against E. coli remained unchanged with
increasing Mn level. 3) There were significant differences
(p< 0.01) in the bactericidal effects against E. coli between the
uncoated sample and all of the Mn-doped samples. 4) There
was a slight improvement in bactericidal effects against E. coli
for the Mn-doped samples relative to the CeO2-coated sample.

Figure 5c,d shows the percentages of bacteria adhered to the
surfaces of the samples relative to that of the uncoated sample.
All the samples revealed significant improvements in bactericidal
activity against both S. aureus and E. coli relative to the uncoated
sample. Again, considering only the averages, the following
trends are suggested: 1) Relative to the uncoated sample, the bac-
tericidal activity of the samples against both S. aureus and E. coli

was enhanced, although E. coli showed a lower affinity toward the
GC-doped samples compared to that of S. aureus. 2) Increasing
the Ga dopant level decreased the bacterial adhesion for both S.
aureus and E. coli; 9GC exhibited the best performances against
both bacteria. 3) All of the samples revealed statistically signifi-
cant differences (p< 0.0001) relative to the uncoated sample
except for the CeO2-coated sample against S. aureus and 1GC
(p< 0.01) and 5GC (p< 0.05) against S. aureus. 4) The MC-
doped samples revealed a trend opposite to that of the GC-doped
samples, where the former exhibited superior antibacterial per-
formance against S. aureus. 5) With increasing MC doping, the
bacterial adhesion decreased significantly relative the uncoated
sample (p< 0.0001), although 1MC was slightly out of trend
(p< 0.001). 6) With increasing MC doping, the bacterial adhe-
sions showed reverse trends for the two bacteria, where S. aureus
decreased and E. coli increased.

The survival percentages of the bacteria, shown in Figure 4e,
were calculated according to

CFU24h

CFU0h
� 100 (10)

where CFU24 h is the number of colonies of surviving bacteria on
the sample after 24 h incubation and CFU0 h is the number of
colonies of bacteria before incubation.

The data for the uncoated and CeO2-coated samples show that,
in common with other comparative studies,[100–102] the killing of
gram-positive S. aureus was more effective than that of gram-
negative E. coli, suggesting that both the substrate and CeO2

coating were negatively charged.
Plakhova et al.[103] have shown that the isoelectric point of

CeO2 is at pH 6.3, where more acidic conditions establish a
positive surface charge (viz., Ce4þ) and more basic conditions
establish a negative surface charge (viz., Ce3þ).

The data for the uncoated and CeO2-coated samples also show
that CeO2 coating causes the surfaces to become less negatively
charged, where the killing of gram-positive S. aureus was less
effective by the substrate but the killing of gram-negative E. coli
by the substrate was more effective.

With Ga doping and gram-positive S. aureus: While Ga doping
caused both the roughnesses and [Ce3þ] to decrease, the bacterial
survival percentages relative to the CeO2-coated sample were not
consistent, decreasing for 1GC and 5GC and increasing for
9GC. This is interpreted in terms of three variables. For 1GC,
Figure S1, Supporting Information, and the roughness data in
Figure 1f indicate that the negatively charged Ti alloy asperities[104]

provide the dominant effect. For 5GC, the same data indicate again
that the roughness and Ti alloy surface charge are relevant but that
the former provides the dominant effect. For 9GC, which exhibited
the greatest coverage of the Ti alloy substrate, the significant
increase and reversal in trend in bacterial survival percentages
for gram-positive S. aureus are consistent with the dominant roles
of negatively charged Ce3þ, where the [Ce3þ] was the lowest value
for the doped samples (Table S4, Supporting Information).

With Ga doping and gram-negative E. coli: In comparison
to the CeO2-coated sample, the bacterial survival percentages
for the gram-negative E. coli were only slightly changed
for 1GC and 5GC, suggesting only minor if any effect of rough-
nesses, [Ce3þ], and Ti alloy asperities. However, for 9GC,
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the bacterial survival percentages for gram-negative E. coli was
decreased significantly, suggesting that the low roughness and

low [Ce3þ] are relevant. In light of the similarities in trends in
bacterial survival percentages for the Mn-doped samples

Figure 4. S. aureus and E. coli bacterial reduction: a) Ga-doped samples, b) Mn-doped samples, S. aureus and E. coli bacterial adhesion (relative to control
(uncoated sample): c) Ga-doped samples, d) Mn-doped samples, e) S. aureus and E. coli bacterial survival percentages after 24 h incubation (bacterial
concentration¼ CFUmL�1; *p< 0.05, **p< 0.01, ***p< 0.001, and ****p< 0.0001).
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(discussed subsequently), it is probable that the [Ce3þ] provides
the dominant effect.

With Mn doping and gram-positive S. aureus: The bacterial
survival percentages relative to the CeO2-coated sample were

Figure 5. FESEM images of HA precipitation after immersion in SBF for 2 weeks or 1 month: a,b) positive control, c,d) CeO2-coated, e,f ) 1GC, g,h) 5GC,
i,j) 9GC, k,l) 1MC, m,n) 5MC, o,p) 9MC; calcined at 650 °C (insets: 10 μm scale bar).
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decreased significantly. Critically, they correlate closely with both
the roughnesses (Figure 1f ) but they exhibit a reverse correlation
with [Ce3þ] (Table S4, Supporting Information), where the
negative Ce3þ surface would be expected to kill gram-positive
S. aureus but the opposite occurred. Consequently, the direct role
of the roughness is indicated. However, Mn3O4 was present in
increasing amounts with increasing [Mn] as a precipitate in all
three samples. Although this precipitation is a reflection of
the defect equilibria, the presence of the precipitates is consid-
ered an independent variable that is deleterious to bacterial
survival, although this effect is minor.

With Mn doping and gram-negative E. coli: In comparison to
the CeO2-coated sample, the bacterial survival percentages for
the gram-negative E. coli also were decreased, which indicates
that the surface charge through the [Ce3þ] does not provide
the dominant effect. The bacterial survival also does not correlate
with the roughness (Figure 1f ), so this also is not a dominant
effect. In contrast, the slight increase in bacterial survival corre-
lates with the Mn3O4 precipitation (Table 1), which is consistent
with its negative surface charge.[105,106]

The last point is not surprising because both sample rough-
ness and wetting also influence the bacterial response.
However, the importance of the role of Ce4þ↔Ce3þ redox
and V••

O generation in the formation and elimination of ROS
is well known.[107] Hence, the initiation of the mechanism of
the killing of S. aureus and E. coli is suggested by the IVCT pro-
cess indicated in Equation (1–3) and (7–9), which provides the
means by which Ga and Mn doping cause the Ce3þ↔Ce4þ

redox, as well as the direct generation of V••
O indicated by

Equation (S4 and S7), Supporting Information. Perhaps more
significantly, these analyses suggest the significant role of the
[Ce3þ] in the homogeneous Ga-doped CeO2 solid solutions
and how small changes of as little as 1 at% can exert a very domi-
nant effect on bacterial survival percentages. In contrast, for the
inhomogeneous Mn-doped samples, all three main factors
appear to play roles simultaneously.

In addition to the three discussed variables of roughnesses,
[Ce3þ], and Ti alloy asperities, the fourth variable of the [Ga]
or [Mn] also must be considered. The data in Figure 4e indicate
that there is no clear correlation between bacterial survival per-
centages and dopant concentration. If this were the case, then
similar general trends for both gram-positive and gram-negative
bacteria, which was not the case. In fact, opposite trends

generally were observed. Further, Table S2, Supporting
Information, shows that both ions are known to exhibit antibac-
terial activity, so only decreasing trends in survival percentages
would be expected, again not the case. Consequently, this vari-
able cannot be decoupled from the other three. However, in
the case of Ga doping, the effectively mirror images of the trends
suggest the critical role of [Ce3þ]. In the case of Mn doping, the
absence of parallel or mirror image trends is indicative of the
contributions of multiple effects, although the [Mn] does not
appear to be dominant.

2.4. Acellular Mineralization (Apatite Formation)

The outcomes of the investigation of the capacity of the samples
to facilitate HA formation in vitro by immersion in SBF are
revealed in the GAXRD patterns of Figure S5, Supporting
Information; these data are summarized in Table 3. FESEM
images after immersion in SBF for 2 weeks and 1month are
shown in Figure 5. The main conclusions from these data are
as follows:

2.5. CeO2-Coated

The reversal in the major phase from CeO2 (2 weeks) to α-Ti
suggests that, in the absence of HA peaks, 1) amorphous HA
preferential precipitates on the α-Ti and/or 2) SBF enhances
the precipitation of CeO2. Although the FESEM images
(Figure 6a–d) confirm the formation of HA, the absence of a
hump at �32° 2θ in the GAXRD data (Figure S5a, Supporting
Information) suggests that the former is the case.

2.6. Ga-Doped (1GC, 5GC, 9GC)

1GC shows attenuation the GAXRD intensities for both CeO2

and α-Ti, again in the absence of HA peaks. There also is an
unidentified peak at �45° 2θ, which does not correspond to
any Ce-based or Ti-based phases or Ce titanites. The observation
of HA in the FESEM images (Figure 6e, f ), in conjunction with
the GAXRD data, supports the view that amorphous HA precip-
itates on both phases. This indicates that Ga doping at this low
level enhances HA precipitation on CeO2.

5GC at only 1month shows the maximal HA (211) peak only.
It is unexpected that no peaks of minor intensity are apparent.

Table 3. Relative proportions of thin film phases following soaking in SBF based on maximal GAXRD peak heights.

Sample Phase

Major Substantial Minor Trace

2 weeks 1 month 2 weeks 1 month 2 weeks 1 month 2 weeks 1 month

CeO2-coated CeO2 α-Ti α-Ti CeO2 – – Unknown –

1GC α-Ti α-Ti CeO2 CeO2 – – – –

5GC CeO2 HA α-Ti – – CeO2 α-Ti – –

9GC HA HA – – α-Ti CeO2 – α-Ti Unknown

1MC CeO2 α-Ti HA – – HA CeO2 – α-Ti

5MC CeO2 α-Ti HA Amorphous CeO2 α-Ti Anatase – – – –

9MC α-Ti α-Ti – – HA CeO2 CeO2 HA – –
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Although this could be a result of preferred orientation, the (211)
generally does not exhibit this.[108] However, it is known that
increasing crystallinity increases the intensity of the (211) while
the intensities of the neighboring strong (112) and (300) peaks
decrease.[109] However, it is most likely that the single HA peak
observed on these uneven samples is not the (211) peak (31.8° 2θ)

but the (300) peak (32.9° 2θ), which is known to occur with little
indication of minor peaks.[110] The range of locations of this peak
in the present work was 31.50°� 33.03° 2θ. As the peak intensi-
ties of α-Ti increased but those of CeO2 decreased, this supports
the conclusion that Ga doping enhances HA precipitation on
CeO2. However, the role of time in increasing precipitation is

Figure 6. ICP-OES results for ionic concentrations of residual SBF after immersion for 2 weeks or 1month: a) Ce, b) Ga, c) Mn (single-point data) and
d) Ca, e) P (multiple-point data), f ) Ca/P ratio; calcined at 650 °C for 2 h (* for 5GC (a) was off-scale).
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clear. The FESEM images (Figure 5g, h) reveal the precipitation
of HA at both 2 weeks and 1month (at greater levels than for
1GC), so the former would involve amorphous HA and the latter
crystalline HA.

9GC at both 2 weeks and 1month shows that the amount of
Ga doping is relevant in that increasing [Ga] increases the extent
of HA precipitation. The ready precipitation at this [Ga] results in
peak intensity decreases for both α-Ti and CeO2. What appears to
be the same unidentified peak at �45° 2θ is present. The FESEM
images (Figure 5i, j) reveal high levels of HA, which confirms the
effect of both [Ga] and time in enhancing HA precipitation.
However, as with 1GC and 5GC, the extent of coverage of the
surface by HA is incomplete.

2.7. Mn-Doped (1MC, 5MC, 9MC)

1MC reveals low GAXRD intensities (Figure S5f, Supporting
Information) and the FESEM images show a high level of cover-
age by HA (Figure 5k). These data confirm that precipitated HA
is amorphous and that time converts it to crystalline. This is a
well-known phenomenon, where the amorphous precipitation
is known as amorphous calcium phosphate (ACP).[111–113]

5MC at 2 weeks is similar to 1MC at the same time point both
in terms of mineralogy (Figure S5g) and microstructure
(Figure 5m). However, at 1month, the results are completely dif-
ferent. These data reveal the presence of well crystallized HA and
anatase; the GAXRD peak intensities for CeO2 and α-Ti also are
increased. There also is a broad amorphous hump centered
under the HA peak. These results are interpreted in terms of
attenuation of the GAXRD peak intensities by amorphous HA
(Figure 5n), its increased crystallinity over time (Figure S5g,
Supporting Information), and increased exposure of the under-
lying substrate owing to decreased volume and shrinkage of HA
upon recrystallization. Although the location of the amorphous
hump would suggest that it is HA, this is not supported by its
absence in all other GAXRD patterns and the decrease in amor-
phous HA at 1month. Consequently, this amorphous phase
remains unidentified. The cause of formation of anatase also
remains unknown. In light of the number of anomalies that are
not consistent with other samples, it is concluded that this sam-
ple is not representative of the phenomena and that this probably
lies in an unknown processing variation.

9MC at both 2 weeks and 1month reveal the negative impact
of the [Mn] on the precipitation of HA (Figure S5h, Supporting
Information); this is confirmed by the microstructures
(Figure 5o,p), which indicate a lower HA distribution density
than for 5MC.

The preceding discussion leads to the conclusions that precip-
itation is enhanced by increasing [Ga], decreasing [Mn] concen-
tration (but not nil [Mn]), and increasing time.

Another factor that may be relevant is the surface roughness,
which has been observed before, where the asperities provide
high-surface-energy nucleation sites for HA precipitation.[114]

However, comparison with the roughness data in Figure 1f
reveals no apparent correlation.

Another possible factor investigated in the present work is the
[Ce3þ] values, which are shown in Figure 2. These data show that,
for the doped samples, increasing [Ga] and [Mn] both decrease

[Ce3þ]. However, the GAXRD data (Figure S5c–h, Supporting
Information) show that increasing [Ga] in these homogeneous
solid solutions enhanced HA formation but increasing [Mn]
in these inhomogeneous samples had the reverse effect. From
this, it is concluded that [Ga] and HA formation were inversely
proportional, where the Ce3þ acts as a nucleation site, but that
this effect was not observed in the Mn-doped samples owing to
their inhomogeneity and lower solubility levels, as evidenced by
the formation of precipitates.

2.8. SBF

The interaction of the films with SBF was investigated by analyz-
ing the residual solutions after film immersion for 2 weeks and
1month. The [Ce], [Ga], and [Mn] are shown in Figure 7a–c,
respectively. These data show that Ce is only slightly soluble
in SBF, which has been observed before.[115] Both Ga and Mn
show increasing solubilities of the dopant ions with increasing
dopant concentrations, which is expected. However, Ga is con-
siderably more soluble, which also has been noted previously.[116]

Figure 6b shows that the solubility of Ga increased significantly
with time, which is consistent with the GAXRD data in
Figure S5c–e, Supporting Information. That is, increasing cover-
age by HA over time reduced the free film surface subject to
leaching by SBF and the corresponding Ga solubility. The Mn
solubility, which has been observed before,[117–119] is substan-
tially less than that of Ga, decreasing only slightly over time.
The GAXRD data for 9MC in Figure S5h, Supporting
Information, show that crystalline HA is present at a low level
and the FESEM data. The probable reason for this is that exami-
nation of Figure S5f–h, Supporting Information, for 2 weeks
immersion shows that the amount of HA was significant only
for 9MC while the converse was the case for 1month immersion.
These trends suggest that the apparently anomalous data in
Figure 6c result from the initial blockage by HA after 2 weeks
immersion and deterioration of the HA (from the high [Mn])
after 1 month immersion.

Figure 6a confirms the anomalous nature of 5GC by the obser-
vation that the [Ce] for this sample was off-scale.

Figure 6d,e contrasts the initial [Ca] and [P] with those after
immersion for the undoped and doped films; the data for the
positive control also are included.

2.8.1. Positive Control

These data appear to be anomalous in that, while the [Ca] exhib-
ited the expected decrease with immersion, the [P] remained
effectively unchanged. The positive control was Unigraft, which
is a bioactive and resorbable bioglass with principal components
Ca, P, and Si. The explanation for this lies in the FESEM images,
which show highly agglomerated particles after 2 weeks immer-
sion but individual and slightly agglomerated particles of the
same (individual) grain size after 1month immersion. These
images indicate that the resorbable bioglass was deagglomerated
over time, suggesting resorption by the SBF. Consequently, there
are two competing diffusion mechanisms, where HA formation
diffuses Ca and P to the bioglass and bioglass resorption diffuses
Ca and P into the SBF. Figure S6, Supporting Information,
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shows the peak-containing section of the GAXRD pattern.
Although the indexing is uncertain, there appears to be α-quartz
and HA, although these are represented by only single peaks.
Three other peaks could not be assigned to any of the common
phases that precipitate from silicate glasses,[120] form by reaction
between the bioglass and SBF,[121] or precipitate from
SBF.[112,122–125] In the latter case, it has been established that
the precipitation of HA from bioglass does not necessarily follow
the stoichiometric Ca/P ratio of 1.67 for HA (Ca10(PO4)6(OH)2).
Consequently, the approximately constant [P] is likely to have
resulted from the establishment of interfacial chemical equilib-
rium between P released from the bioglass and its immediate
incorporation in the adjacent HA, leaving the [P] of the surround-
ing SBF unchanged. As the [Ca] in the residual SBF decreased,
this equilibrium would not apply to this ion and so the rate of
deposition of Ca was greater than that of P transfer. It is probable
that the commencement stage of deposition of Ca from the SBF
initiated the transfer of P from the bioglass. The summary data in
Figure 6f show that the Ca/P varied significantly between time
points, which is consistent with the differential Ca deposition
(fast) and P transfer (slow) rates.

2.8.2. CeO2-Coated

The CeO2-coated films showed more conventional behavior,
where both the [Ce] and [P] decreased in response to the precipi-
tation of HA. In this case, Figure 6f reveals that the Ca/P
remained constant between time points, thus suggesting a single
precipitation mechanism (from SBF), in contrast to the positive
control. Comparison of these two sets of data is informative in
that both show that, compared to the SBF composition, the Ca/P
ratio in the residual SBF increased, meaning that it decreased in
the HA. This comparison confirms that the deposition rate of Ca
from SBF is greater than that of transfer of P from the
bioglass but that the deposition rate of P from SBF is equivalent
to that of Ca.

2.8.3. Ga-Doped (1GC, 5GC, 9GC)

Figure 7d,e shows that, compared to the CeO2-coated films, the
residual [Ca] after 2 weeks immersion was the same but that,
after 1 month, the residual [Ca] decreased. At the same time,
the residual [P] was higher after 2 weeks but it was approximately

Figure 7. a,b) Cell attachment and proliferation of MG-63 cells cultured up to 7 days on: TCP, uncoated, CeO2-coated, Ga-doped CeO2-coated, and Mn-
doped CeO2-coated substrates analyzed by the MTS assay (OD at 490 nm), and c,d) effects of dopants on cytotoxicity values (for samples cultured for
7 days) and [Ce] from XPS data.
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unchanged after 1 month. However, Figure 6f shows that the
Ca/P ratio remained approximate constant for 1GC, 5GC, and
9GC at both time points. These data reflect the different Ca/P
ratios between the CeO2-coated films and the Ga-doped films;
they also show that the HA deposits from SBF in a consistent
manner. Ultimately, it is apparent that Ga doping does not affect
the Ca/P ratio.

2.8.4. Mn-Doped (1MC, 5MC, 9MC)

The data for the Mn-doped films are essentially the same as those
for the Ga-doped samples, with the exception of 9MC after
2 weeks immersion. Here, the residual [Ca] was lower and the
residual [P] was higher than those for the CeO2-coated films.
This probably resulted from the low amount of precipitated
HA, as indicated in Figure S5h, Supporting Information.
However, with even less HA precipitation after 1 month immer-
sion, this difference is absent. Consequently, the reason for this
differential is not clear.

For both the Ga-doped and Mn-doped films, the Ca/P ratios of
the residual SBF were lower than those for the CeO2-coated
films, meaning that they were higher in the HA precipitates.
Consequently, it is clear that both dopants effectively increased
the Ca/P ratios in the HA films relative to those of the CeO2-
coated films. Although not overt in Figure 6f, there appears to
be a slight decreasing Ca/P trend with increasing dopant level,
thus further supporting this conclusion. The cause of this is
unlikely to be the effect of dissolved Ga and Mn because
Figure 7b,c reveals that the solubilities of the two ions are
considerably different. It is possible that lattice distortion from
the dopant dissolution alters the lattice parameters, thus cause
lattice strain in the precipitated HA to be compensated by alter-
ation of the Ca/P ratio. This has been shown to be the case
elsewhere.[126–128]

2.9. Cell Adhesion and Proliferation Assays

The results of cell adhesion and cell viability, which were
assessed in vitro by the MTS assay, are shown in Figure 7;
FESEM micrographs at the 4 h and 2 day time points are shown
in Figure 8. The data in Figure 7 reveal the following.

2.9.1. Figure 7a

The numbers of cells increased for all of the samples up to 7 days.
Of these, 1MC and 1GC reached the highest levels of cell
numbers. The relative peak heights show that the dose depen-
dence is the most significant factor and that the type of dopant
is secondary. Although other studies confirm the priority of the
dose dependence,[63,91,129,130] there do not appear to be any other
studies allowing comparison with the type of dopant. The prob-
able reason for this is that Mn is a natural component of bone[131]

while this is not the case for Ga.
The CeO2-coated sample exhibited much lower numbers of

cells, even lower than those for TCP and the uncoated sample.
Consequently, it is clear that CeO2 is not favored by osteoblastic-
like cells but that minor amounts of Ga and Mn alter this
significantly.

The dose dependency is emphasized by the different trends
for the increasing dopant levels, where Ga decreased regularly
while Mn exhibited a minimum. Figure 2 reveals the great sig-
nificance of [Ce3þ] in that these two trends are duplicated.

The trend of cell numbers was descending for Ga-doped sam-
ples as a result of increasing the [Ga]. However, Mn revealed a
little different trend, with the lowest cell numbers at 5 mol% and
slightly increased at 9 mol%, which was still lower than that of for
1mol%.

2.9.2. Figure 7b

4 h: At the shortest time point, there is little differentiation
between samples, with the exception of the statistically signifi-
cant difference (p< 0.001) between TCP and 9MC, where the
latter supports the conclusion of the dose dependency of the
growth and associated attachment delay for this biological cation.
However, the similarity of the other data supports the view that
there is a significant chemistry dependence.

2 Days: The cell growth increased only marginally at this time
point, including 9MC. This is unusual in that it is normal for the
cell growth to double at this time point.[132] These data emphasize
the primacy of the chemistry dependence at the shorter time
points during the growth phase.

4 Days: There are several statistically significant differences:
1) The 1MC (highest) and uncoated (lowest) samples relative
to TCP exhibited the greatest difference (p< 0.0001). 2) 1GC,
5GC, 9GC, and 1MC were extremely increasing relative to the
uncoated and CeO2-coated samples (p< 0.0001). 3) 5MC was
very significantly increasing relative to the uncoated sample
(p< 0.01). 4) The CeO2-coated sample and 9MC also were very
significantly decreasing relative to TCP (p< 0.01).

These data confirm that doping improved the cell proliferation
over that of CeO2. They also confirm the dose dependency of the
cell proliferation, which was more significant Mn compared to
Ga. This observation indicates that, even though Mn is intrinsic
to bone, there is an overdoped point of diminishing returns.

7 Days: There are several statistically significant differences:
1) All of the doped samples were extremely increasing relative
to TCP and the CeO2-coated samples (p< 0.0001). 2) 1GC,
5GC, and all the Mn-doped samples were extremely increasing
relative to the uncoated sample (p< 0.0001). 3) The CeO2-coated
sample was very significantly decreasing relative to the uncoated
sample (p< 0.01).

All but one of the samples, even the uncoated sample, revealed
improvements in cell proliferation. The single exception was the
CeO2-coated sample. Although this showed the least cell prolif-
eration, the OD still increased fivefold over that at 4 h. These data
highlight the primary of the dose dependency on cell prolifera-
tion rather than the chemistry (which better reflects the cell
growth).

2.9.3. Figure 7c

All of the samples exhibited cell viabilities >86%, which are sig-
nificantly greater than the commonly accepted benchmark of
70% (EN ISO 10993-5: 2009) for acceptable cell viability.[133–135]
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The data for [Ce3þ] in Figure 2 are repeated here and con-
trasted with those for cell viability after 7 days. The close parallels
are clearly apparent, where both (specific) chemistry dependence
and dose dependence are clear.

The chemistry dependence is revealed by the slightly superior
performance of the Mn-doped samples. The dose dependence is
revealed by the initial increase (from undoped) and the subse-
quent decreases with increasing dopant concentration.

The overall dependency on the [Ce3þ] is revealed by the paral-
lels in the data for cell viability.

2.9.4. Figure 7d

These data for [Ce4þ] show converse trends of those of [Ce3þ] for
the reason that these data are normalized to 100% from the
respective XPS peak areas.

These data are presented in order to emphasize the role of
ROS generation in reducing the cell viability, as exemplified
by, for example

Ce3þ þ O2 ! Ce4þ þ O · �
2 (11)

It is common practice to attribute these effects to the role of
V••
O and to equate the [V••

O] with one half the [Ce3þ].[69,136] Further,
it is implicit that these interpretations assume substitutional
solid solubility and ionic charge compensation. However, the
present work demonstrates that ionic charge compensation is
not the case and that redox charge compensation from substitu-
tional solid solubility and IVCT (with perhaps a small influence
from electronegativity) are. Therefore, the addition of acceptor
dopants, such as Mn2þ, Mn3þ, and Ga3þ, cannot generate oxygen
vacancies. Instead, they generate Ce3þ, which can be determined

Figure 8. FESEM images of cell attachment (4 h) and cell proliferation (2 days) following seeding by MG-63 cells on the substrates for: a,b) uncoated,
c,d) CeO2-coated, e–j) Ga-doped CeO2-coated, and k–p) Ga-doped CeO2-coated substrates (5 μm scale bar).
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directly by XPS. The data in Figure 7c confirm the critical impor-
tance of Ce3þ as it provides a direct reflection of its dominant
influence on the cell viability, where this ion is beneficial.

The images in Figure 8a–p reveal that all the substrates sup-
ported the initial cellular attachment after 4 h, followed by cellu-
lar extension and continuous growth during the following 2 days.
After 2 days, the cells had become interconnected, as indicated by
the elongated lamellipodia, which are common features of MG-
63 cells.[137]

2.9.5. Importance of Ce4þ ↔ Ce3þ Redox

The cytoprotective capacity of ceria derives mainly from the con-
tinuously reversible Ce4þ↔Ce4þ redox switching, which regu-
lates the ROS level.[138] That is, ceria acts as an antioxidant by
scavenging the ROS at basic physiological pH, thereby protecting
normal cells, while ceria acts as a prooxidant by generating ROS
at acidic tumor microenvironment (TME) pH, thereby killing
cancerous cells.[139,140] A critical consideration is valence impli-
cations of this redox switching,[138] where it is known that the
[Ce3þ] is higher in basic physiological pH while [Ce4þ] is higher
in acidic TME.[141]

2.10. Summary and Conclusions

2.10.1. Summary

For the porous films of ceria doped with 1, 5, or 9 mol% Ga or
Mn, spin coated on rough Ti6Al4V substrates, Table 4 contrasts
the combinations of factors that affect the bacterial survival and
cell viabilities.

With increasing [Ga], the increasing viscosity led to greater
continuity of the film as coating; with increasing [Mn], a reverse
but reduced effect was observed, so the substrate asperities
remained discrete projections above all of the films.
Consequently, the dopant concentrations to which the bacteria
and cells were exposed were a function of the dopant concentra-
tion (from doping), the area of exposed film surrounding the pro-
jecting asperities (from viscosity), and oxide precipitation (from
precipitation). For Ga doping, the first two trends were in parallel

(precipitation was absent) but, for Mn doping, the increasing
trends from doping and precipitation did not match the con-
stancy of film exposure from the lower viscosity compared to
the increasing viscosity trend for Ga doping.

The final variables examined were surface and subsurface
[Ce3þ]. For Ga doping, the trend for the surface [Ce3þ] was
the reverse of that expected from the dopant concentration, indi-
cating that this parameter is controlled by Ce redox and IVCT
(Equation (3)). For Mn doping, the trend revealed a minimum
in [Ce3þ], suggesting differential effects, which result from over-
doping and the introduction of a second solubility mechanism.
Further contributions could derive from IVCT between film and
substrate (Equation (4–6)) and/or surface broken bonds versus
lattice bonds. For both Ga doping and Mn doping, the subsurface
[Ce3þ] reflects the competition between surface broken bonds
versus lattice bonds and the interaction between the film and
substrate.

2.10.2. Bacterial Survival

All of the films exhibited superior bactericidal activity against
S. aureus (gram-positive) compared to that against E. coli
(gram-negative). As stated, this suggests that the surface charge
of all of the films is negative, which indicates the dominant effect
on the bacteria of Ce3þ over that of Ce4þ, despite the fact that
[Ce4þ]> [Ce3þ] (Figure 2 and Table S4, Supporting
Information). Further, the bactericidal activity of Mn generally
was superior to that of Ga.

The bacterial survival percentages depend on the combined
effects of the variables roughness, [Ce3þ], Ti alloy surface charge
from the asperities, and dopant concentration. For the homoge-
neous solid solutions 1GC and 5GC, the effects of both rough-
ness and Ti alloy surface charge dominated while 9GC was
dominated by the low [Ce3þ] owing to the greater coverage of
the Ti alloy substrate. For the inhomogeneous Mn-doped
samples and gram-positive S. aureus, the dominant effects of
roughness and negatively charged Mn3O4 were apparent. For
gram-negative E. coli, the only notable effect was that of the
low roughness and low [Ce3þ] for 9MC.

Table 4. Summative comparison of data.

Sample Parameter CeO2-coated Ga-doped Mn-doped

1GC 5GC 9GC 1Mn 5Mn 9Mn

Bacterial survival (gram þ) [%] 6.4 4.9 4.2 8.5 5.4 0.8 0.9

Bacterial survival (gram –) [%] 9.2 9.6 9.2 5.2 6.8 7.5 7.5

Mammallian cell viability [%] 90 169 129 115 177 136 143

Wettability High High Medium Low High High High

Ra roughness [μm] 14 17 13 5 25 12 11

[Dopant] from doping [mol%] 0 1 5 9 1 5 9

[Dopant] from precipitation – Nil Nil Nil Low Medium High

[Dopant] from viscosity – Low Medium High Low Low Low

Surface [Ce3þ] [at%] 17 22 20 19 24 19 22

Subsurface [Ce3þ] [at%] 26 26 13 14 31 17 24
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2.10.3. Acellular Mineralization

The results for HA formation was distinctive, yielding Ca/P
ratios in the general range �1.6–2.1. Following soaking in
SBF for 2 weeks or 1month, no HA formation on the CeO2-
coated samples was observed. In contrast, the presence of the
homogeneous Ga-doped CeO2 solid solution enhanced HA for-
mation considerably, where it was clear that the [Ga] was propor-
tional to the extent of HA formation. In contrast, the Mn-doped
samples showed the reverse trend. These differences are attrib-
uted to the role of [Ce3þ], where the extent of HA formation on
the homogeneous Ga-doped solid solutions is inversely propor-
tional to the [Ce3þ], which may act as a nucleation site. This effect
was reversed for the inhomogeneous Mn-doped samples.

2.10.4. Mammalian Cell Viability

The direct relation between cell attachment and proliferation and
the [Ce3þ] was overt, where both undoped and doped samples
exhibited direct correlations between these factors. Further,
the bioactivity increased in the order CeO2-coated<Ga-
doped<Mn-doped. The interpretation of these data is distinctive
in light of the fact that the defect equilibria indicate the absence
of a role for oxygen vacancies. As stated previously, essentially all
of the reports of the effects of Ce redox on cell interactions attri-
bute the resultant effects to oxygen vacancies, the formation of
which is assumed to result from Ce4þ!Ce3þ reduction and
charge compensation. In the present work, this assumption
has been shown to be unjustified, leading to the conclusion that
the dominant effect derives of the surface [Ce3þ].

3. Conclusions

The present work highlights a number of conclusions that can be
made on the basis of the data analysis. First, the solubility mech-
anisms of Ga and Mn in CeO2 have been considered. Second, the
simultaneous examination of these two dopants, as opposed to
the more typical examination of a single dopant, allows the
decoupling of many of the phenomena. Third, data analysis that
combines XPS data with defect equilibria is shown to be a pow-
erful tool to determine solid solubility mechanisms, charge com-
pensation mechanisms, the formation of different defect types,
and their roles in the performance of materials. Fourth, anoma-
lous data (5MC vs 9MC) elucidate the potential for a change in
solubility mechanism and resultant charge compensation mech-
anisms as a function of dopant level. Fifth, the bacterial survival
percentages, acellular mineralization, and cell viability are
strongly dependent on the [Ce3þ], not the [V••

O]. Sixth, cytoxicity
derives from formation of ROS, which results fromCe3þ! Ce4þ.

4. Experimental Section

Preparation of Doped-CeO2 Thin Films: The substrates used were 3D-
printed biomedical-grade titanium-alloy sheets Ti6AlV4 (1� 1� 0.1 cm3,
Advanced Manufacturing Services, Australia) with an Ra roughness of
�16� 0.2 μm. These characteristics suggest the potential for good coat-
ing/substrate bond strength owing to the interlocking and facilitation of
cell adhesive owing to the presence of asperities. Prior to coating, each

substrate was cleaned ultrasonically for 1 h sequentially in acetone and
ethanol, followed by rapid drying in flowing N2. The precursor solution
for the CeO2 thin films was prepared by dissolving cerium nitrate hexahy-
drate (Ce(NO3)3·6H2O, 99.99 wt% trace metal basis, Sigma-Aldrich,
Australia) in isopropanol (Reagent Plus, 99 wt%, Sigma-Aldrich,
Australia) to obtain 1 M concentration (43.422 g of Ce(NO3)3·6H2O was
dissolved in 100mL of isopropanol) by magnetic stirring for 2 h in a
Pyrex beaker. Dopant salts Mn(NO3)2·4H2O (98 wt%, Sigma-Aldrich)
and Ga(NO3)3·9H2O (99.9 wt%, Sigma-Aldrich, Australia) were used at
the concentrations 0.00, 1.00, 5.00, and 9.00mol% (metal basis). Each
solution was stirred magnetically for 2 h in a Pyrex beaker. Although
the system was nonaqueous, the pH (Laquatwin, Horiba Scientific,
Japan) was measured to be in the range �1.2–1.6. Spin coating
(Laurell Technologies, WS-65052, USA) was carried out by deposition
of 0.2mL (�ten drops) of each solution onto a substrate while spinning
at 2000 rpm, followed by drying by spinning for �10 s and then placing on
a hot plate at preheated to 50 °C for 15min. These processes were
repeated nine additional times for a total of ten coatings, which resulted
in the fabrication of continuous coatings without macroscopic crack for-
mation. Following these procedures, all of the samples were placed simul-
taneously on a high-Al2O3 firebrick and calcined in a muffle furnace at
650 °C for 2 h (heating rate of 1 °Cmin�1; natural cooling).

Material Characterization: The samples were either platinum coated
(with fixed cells; Leica EM ACE600 Sputter Coater, Leica Microsystems,
Germany, 10 kPa) or carbon coated (without fixed cells; K575X Sputter
Coater, UK). Cross sections of the nanostructures were analyzed by
focused ion beam (FIB; FEI xT Nova NanoLab 200 FIB/SEM, USA,
300 kV) and the surface nanostructures were examined by FESEM (FEI
Nova NanoSEM 450, USA, 15 kV, 50 kV, secondary electron imaging
mode). The surface topographies were analyzed using 3D scanning laser
confocal microscopy (VK-X260K, USA, violet laser, 408 nm) at 20� mag-
nification. The mineralogy of the ceria samples was determined by
GAXRD(PANalytical Empyrean Thin Film XRD, UK, 45 kV, 40mA, 1° angle
of incidence (0.033° s�1 2θ step speed, 0.026° 2θ step size, 0°–100° 2θ
range). No peaks at angles lower than 20° 2θ were detected. The surface
chemistries and ion valences were analyzed by XPS (ESCALAB 250Xi X-ray
photoelectron spectrometer microprobe, Thermo Fisher Scientific, UK,
13 kV, 12mA, 500 μm spot size). The ionic concentrations of the Ce,
Ga, Mn, Ca, and PO4 after immersion in the SBF solution were determined
by inductively coupled plasma optical emission spectroscopy (ICP-OES,
PerkinElmer Optima, USA). The viscosities of the sol–gel precursors were
assessed by placing a drop of precursor on a fully dense Ti6Al4V substrate
(Sunray Oil Equipment Pty. Ltd., Singapore supplier), followed by photo-
graphing �10 s later.

Bacterial Culture: S. aureus strain 38 and E. coli strain K12 were grown
separately on nutrient agar (OXOID, UK) by incubating at 37 °C for 18 h.
Multiple colonies then were transferred to 10mL tryptone soy broth
medium (TSB; OXOID, UK) and incubated for 24 h. The bacteria were col-
lected by centrifugation (5000 g for 10min), washed two times with 1 M

phosphate-buffered saline (PBS; Thermo Fisher Scientific, UK), and pipet-
ted into 40mL of fresh TSB. The optical density (OD) was adjusted to 0.1
660 nm in TSB, which is equivalent to 108 colony forming units per mL of
suspension (CFUmL�1). All substrates and ceria samples were auto-
claved, rinsed with ethanol, and washed thoroughly with 1 M PBS. SEM
examination revealed no alteration of either the substrates or the films
from autoclaving. Following this, 4 mL of S. aureus or E. coli was pipetted
into each well of a 6-well plate containing the ceria and orbitally shaken
(120 rpm) for 24 h at 37 °C. The media were removed and each well was
rinsed twice with PBS to remove nonadherent bacteria. Each sample was
placed in a sterile lidded plastic tube containing 2 mL of PBS, sealed,
stirred with a magnetic stirring bar for 2 min, and vortexed vigorously
for 2 min in order to release the adhered bacteria from the surfaces.
Triplicate aliquots of the serial dilutions were cultured on nutrient agar
and incubated for 24 h at 37 °C, after which the numbers of CFU were
determined. These experiments were performed twice in triplicate, using
uncoated samples as negative controls. Statistical evaluation on the com-
parisons between coated and uncoated samples was done by one-way
analysis of variance (ANOVA) followed by Tukey’s multiple-comparison
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test. The statistical significance (p-values) was calculated using Prism 8
Software.

Acellular Mineralization: SBF containing NaCl, NaHCO3, KCl,
K2HP4·3H2O, MgCl2·6H2O, CaCl2, Na2SO4, Tris, and 1 M HCl (pH 7.4)
was prepared according to the Kokubo method.[142] The ionic concentra-
tions of the SBF compared with those of human blood plasma are given in
Table S3, Supporting Information. The samples were sterilized by
autoclaving, dip-cleaned in ethanol, washed in triplicate by spray (pipette)
washing with 1 M PBS, and immersed in SBF solution. CeO2, Ga-doped
CeO2, and Mn-doped CeO2 coatings as well as a powdered, resorbable,
bioactive, glass material (Bioactive Bone Graft, 200–400 μmUnigraft, USA;
containing Ca, P, and Si; as positive control) were placed in individual poly-
propylene containers containing 150mL SBF solution. Each container was
incubated at 37 °C and samples removed after 2 weeks (15 d) or 1 month
(30 d). Each solution of residual SBF was analyzed by ICP-OES
(PerkinElmer Optima, USA). These tests were done independently, not
contiguously. Analyses for the concentrations of Ce, Ga, and Mn were
done as single measurements but those for Ca and P were done in tripli-
cate. The samples subsequently were examined by FESEM and GAXRD.

Cell Culture: Human osteoblast-like cells (MG-63; ATCC CRL-1427TM)
were used as they have functional characteristics similar to those of pre-
osteoblastic cells and they have been shown to serve as a successful model
for the study of cell adhesion, proliferation, and differentiation.[143–146]

MG-63 cells were cultured in Dulbecco’s Modified Eagle Medium
(DMEM; Sigma-Aldrich, Australia) supplemented with 1 mM sodium pyru-
vate, 4 mM L-glutamine, 100mg L�1 streptomycin, 10% v/v fetal bovine
serum, and 1% v/v nonessential amino acids.[147] The samples were ster-
ilized by autoclaving, dip-cleaning in ethanol, and washing in triplicate by
spray (pipette) washing with 1 M PBS. The cells were seeded at 2� 104

cells/well into each well of a 24-well polystyrene plate (Ultra-Low
Attachment 24-Well Plate, Corning Inc., USA) that contained either sample
(uncoated ceria, CeO2, Ga-doped CeO2, or Mn-doped CeO2 ceria), or no
sample. Of the latter, positive controls (treated culture plate [TCP]) were
wells containing cells and media only while negative controls were wells
with media alone. The cell culturing was performed in triplicate and sam-
ples analyzed after 4 h, 2, 4, and 7 d.

The plates were incubated in a humidified atmosphere (95% RH) at
37 °C and 5% CO2. Cell adhesion and proliferation were examined by
the MTS assay (MTS assay, Promega, Australia) according to the
manufacturer’s instructions. The MTS reagent, tetrazolium inner salt
3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-
2H-tetrazolium, was added to all wells 4 h prior to each abovenamed time
point, followed by 4 h further incubation (the exception was for the first
time point, when MTS was added at 3.5 h, followed by incubation for
30min). Subsequently, 100 μL from each well was pipetted and transferred
to a 96-well polystyrene plate (Sigma-Aldrich) and analyzed immediately by
UV–vis absorbance spectrophotometry at 490 nm using a plate reader
(SynergyTMHTXMulti-ModeMicroplate Reader, BioTek Instruments, USA).

For analysis by electron microscopy, samples with attached cells were
removed from the wells and placed in the wells of a new 24-well polysty-
rene plate (Corning Inc., USA). Any dead cells were removed by washing in
1mL of 0.1 M PBS after which cells were fixed in 2.5% v/v glutaraldehyde,
followed by curing in air at 20 °C for 30min. The fixative was removed from
each well and the samples were washed three times by soaking for 5 min in
0.1 M PBS. The samples then were dehydrated by soaking in a series of
aqueous ethanol solutions of increasing concentration (30%, 50%, 70%,
90%, and 100%) for 30min each, with the final soak being performed
twice. After removal of the ethanol, 0.5 mL of bis(trimethylsilyl)amine
(HMDS, Sigma-Aldrich) was added to each well and the plate was cured
in air at 20 °C for 20min. Following removal of the HMDS, the plate was
dried in air at 20 °C for 12 h.
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