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SUMMARY

Antibiotics have been considered as effective weapons against bacterial infec-
tions since they were discovered. However, antibiotic resistance caused by over-
use and abuse of antibiotics is an emerging public health threat nowadays. Fully
defeating bacterial infections has become a tough challenge. In this work, cerium
oxide was fabricated on medical titanium by thermolysis of cerium-containing
metal-organic framework (Ce-BTC). Regulation of Ce (lll)/Ce (IV) ratios was real-
ized by pyrolysis of Ce-BTC in different gas environment, and the antibacterial
properties were studied. The results indicated that, in acidic conditions, ceria
with a high Ce (lll)/Ce (IV) ratio owned high oxidase-like activity which could pro-
duce reactive oxygen species. Moreover, ceria with high Ce (lll) content
possessed strong ATP deprivation capacity which could cut off the energy supply
of bacteria. Based on this, ceria with a high Ce (lll)/Ce (IV) ratio exhibited superior
antibacterial activity

INTRODUCTION

There is no doubt that antibiotics are the most successful drugs developed over the past few centuries
which not only save countless lives but also enable modern medical procedures (Wright, 2011). Unfortu-
nately, due to the abuse of antibiotics, antibiotic resistance has become an emerging public health threat
where antibacterial resistance brings about 700,000 deaths per year and the number of deaths will keep
rising unless actions are taken. Fully defeating bacterial infections has become a tough challenge in various
fields including biomedical implants and devices (Chen et al., 2018).

To address this problem, many works have been done to develop alternative antibacterial materials. For
instance, metal or metal oxide nanoparticles such as Cu, Ag, and ZnO are used (Cao et al., 2018b; Li
etal., 2016,2019a; Sirelkhatim et al., 2015; Xia et al., 2020; Yang et al., 2020). Nevertheless, the dose-depen-
dent cytotoxicity limits their applications. Currently, cerium oxide has attracted increasing attention for
biological applications due to its catalytic activity which derives from the reversible switch between redox
pairs Ce (ll1)/Ce (IV) (Li et al., 2019b). In general, the catalytic activity of cerium oxide is closely related to the
content of Ce (lll) and oxygen vacancies (Dong and Huang, 2019). Cerium oxide with a high content of Ce
(1) usually has abundant oxygen vacancies which are beneficial to easier oxygen exchange and redox
reactions (Cao et al., 2018a). At basic physicochemical pH, Ce (Ill)/Ce (IV) couple exhibits antioxidant prop-
erties by scavenging reactive oxygen species (ROS). At acidic pH, the Ce (Ill)/Ce (IV) couple shows proox-
idant properties by producing ROS (Mehmood et al., 2018). This unique redox potential of cerium oxide
can be used to provide protection for normal cells and exhibit cytotoxic effects for bacteria in an acidic
environment. Moreover, lanthanide-based materials such as cerium oxide usually possess high deprivation
capacity toward ATP and cause cell death by cutting off the energy supply (Cao et al., 2018a).

Based on the high oxidase-like activity and ATP deprivation ability, cerium oxide may show tremendous
potential for antibacterial applications in the field of biomedical implants and devices. Many methods
have been used to construct cerium oxide coatings on implant surface with different Ce (Il1)/Ce (IV) ratio,
such as plasma sprayed (Shao et al., 2020), magnetron sputtering (Hu et al., 2018), and atomic layer depo-
sition (Gupta et al., 2019), but cerium oxides in these coatings tend to exist in aggregated states with
limited catalytic activity. Currently, porous metal oxides derived from metal-organic frameworks (MOFs)
with high surface areas and tunable porosity have been widely utilized as high-performance catalysts (Li
et al., 2015). Moreover, the porous carbonaceous structures which transformed from organic linkers of
MOFs during thermolysis process in inert atmosphere can avoid the potential aggregation from metal
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Figure 1. Material characterizations

(A) SEM surface morphology of Ti, Ce-BTC, CeO,, and CeO, . The scale bar is 2 pm.
(B) XRD patterns acquired from Ti, Ce-BTC, CeO,, and CeO,.x.

(C) FTIR spectra of Ti, Ce-BTC, CeO,, and CeO,.x.

(D) Raman spectra of Ti, Ce-BTC, CeO,, and CeO, x.

oxide nanocrystals (Cao et al., 2018a; Rahul et al., 2015; Xiao et al., 2018). As for cerium oxide, the fraction of
Ce (Ill) is size dependent and generally increases with decreases in the particle size. Therefore, in this work,
cerium oxide films were fabricated on medical titanium surface by thermolysis of cerium-containing MOFs,
and the Ce (Ill)/Ce (IV) ratio was regulated by conducting thermolysis process in the air or Ar atmosphere.
Antibacterial activities of cerium oxide with different Ce (Il1)/Ce (IV) ratios were systematically investigated.

RESULTS
Surface characterization

Surface morphologies of Ti, Ce-BTC, CeO,, and CeO,_ x are shown in Figure 1A. Ti presents a relatively flat
surface with slight ups and downs after mixed acid cleaning. Ce-BTC exhibits rod-like morphology. After
thermolysis in air, CeO; inherits the rod-like morphology with slight deformation. Similarly, CeO,.x also
shows a rod-like shape after pyrolysis in Ar atmosphere.

Figure 1B shows the X-ray diffraction (XRD) patterns of Ti, Ce-BTC, CeO,, and CeO,.x. Peaks located at
35.1°, 38.4°, 40.2°, and 53.0° correspond to the (100), (002), (101), and (102) facets of titanium, respectively
(JCPDS Card No. 44-1,294). A peak of TiO; located at 62.8° appears which indicates that the TiO, oxide
layer exists on the titanium substrate due to the natural oxidation. The diffraction patterns located at
10.1° and 17.2° suggest the high quality crystalline of the prepared Ce-BTC (Luo et al., 2018). CeO, sample
shows a diffraction peak of (111) facet of ceria located at 28.5° indicating the thermolysis of organic ligands
and change of valence states from Ce®* to Ce** (He et al., 2020).

The Fourier transform infrared (FTIR) spectra of Ti, Ce-BTC, CeO,, and CeO, x are presented in Figure 1C.
No obvious peaks are observed from Ti. For Ce-BTC, characteristic peaks appear in the regions at 1,612
em™,550 cm~" and 1,435 cm™",369 cm ™" which correspond to the asymmetric vibrations (V,s(-COO-)) and
symmetric vibrations (Vs(-COO-)), respectively (Zhang et al., 2018). After thermolysis in air, the feature peaks
of Ce-BTC disappear in the CeO, sample. However, for the CeO, x sample with thermolysis in the Ar atmo-
sphere, characteristic peaks in the regions 1,612 cm™,550 cm™" and 1,435 cm™,369 cm™" still remain,
although the peak intensities decrease.

Figure 1D is the Raman spectra of Ti, Ce-BTC, CeO,, and CeO,.x. Ti sample exhibits a straight line with no
peaks observed. For Ce-BTC, CeO,, and CeO,.x samples, a Raman peak at ~462 cm~ ' is detected which is
attributed to the Fpq vibration mode of O atoms around each Ce (IV) cation (Zhang et al., 2017).

The high-resolution X-ray photoelectron spectroscopy (XPS) spectra of Ce 3d acquired from Ce-BTC,
CeO,, and CeO,.x are presented in Figures 2A-2C. The peaks located at 904.6 eV, 885.6 eV, and 880.8
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Figure 2. XPS high-resolution spectra of Ce 3d and O 1s
(A) XPS high-resolution spectrum of Ce 3d from Ce-BTC.

(B) XPS high-resolution spectrum of Ce 3d from CeO,.

(C) XPS high-resolution spectrum of Ce 3d from CeO,.x.

(D) XPS high-resolution spectrum of O 1s from Ce-BTC.

(E) XPS high-resolution spectrum of O 1s from CeO,.

(F) XPS high-resolution spectrum of O 1s from CeO,.x.

eV are assigned to Ce (lll) and the peaks at 917.0 eV, 907.5 eV, 901.1 eV, 898.4 eV, 889.3 eV, and 882.5 eV
belong to Ce (IV) (Tavarez-Martinez et al., 2019). By computing the areas of high-resolution XPS spectra of
Ce 3d, the percentage content of Ce (lll) can be obtained with the values of 57.0%, 12.7%, and 52.1% for Ce-
BTC, CeO,, and CeO,.x, respectively (Table 1). It indicates that a higher Ce (ll1)/Ce (IV) ratio can be acquired
after thermolysis in Ar atmosphere. Figures 2D-2F shows the high-resolution XPS spectra of O 1s from the
surfaces of Ce-BTC, CeOy, and CeO, . The O 1s peaks can be divided into three sub-peaks at the binding
energies of 529.9 eV, 531.4 eV, and 532.4 eV, which correspond to lattice oxygen (O, surface active ox-
ygen (Os,,), and adsorbed oxygen (Oags), respectively (He et al., 2020). The percent contents of O i, Osyr,
and Oags were calculated by integrating the XPS peaks areas, and the results are shown in Table 1. The
contents of O,y from Ce-BTC, CeO,, and CeO,.x are 0.6%, 74.1%, and 7.8%, respectively. Os,, contents
from Ce-BTC, CeO,, and CeO,.x are 58.4%, 15.5%, and 57.5%, respectively. For Oags contents, they are
41.0%, 10.4%, and 34.7% for Ce-BTC, CeO,, and CeO, x, respectively. In general, oxygen vacancy is the
indicator of the degree of lattice defects and it can be generated when high valent Ce ions can be con-
verted into lower valent Ce ions. Accordingly, the increase of Os,,, contents can be ascribed to the forma-
tion of oxygen vacancies.
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Table 1. Percentage contents of Ce (lll) and Ce (V) from Ce-BTC, CeO,, and CeO,.x and of O .4t Osyrs and Opgys from
Ce-BTC, CeO,, and CeO,.x

Ce valence concentration

(%) O 1s concentration (%)
Samples Ce (Il) Ce (IV) OLatt Osur Onds
Ce-BTC 57.0 43.0 0.6 58.4 41.0
CeO, 12.7 87.3 741 15.5 10.4
CeOyy 52.1 47.9 7.8 57.5 34.7

Oxidase-like activity at different pH values

Many research studies have confirmed that ceria showed enzyme-mimicking activities, which are attributed
to the valence states of Ce®* and Ce*", as well as oxygen vacancies (Artiglia et al., 2014; Tian et al., 2015;
Weiand Wang, 2013). To investigate the oxidase-like activity of Ce-BTC, CeO,, and CeO, .« at different pH
values, TMB (3,3',5,5'-tetramethylbenzidine) was used. TMB is a typical oxidase chromogenic substrate that
can be oxidized to its colored product (oxidized TMB, TMB,,,) which has characteristic absorption peaks at
370 and 652 nm (Huang et al., 2017). Adsorption spectra from Ti, Ce-BTC, CeO,, and CeO,.x (pH = 6.0) are
shown in Figure 3A. No peaks are observed from Ti, while characteristic peaks of TMB,, at 370 and 652 nm
are detected from Ce-BTC, which indicates that Ce-BTC has oxidase-like activity in acidic conditions. After
pyrolysis in air, characteristic peaks of TMB,, at 370 and 652 nm can still be obtained from CeO, while the
adsorption intensities decrease. It suggests that the oxidase-like activity of CeO; is lower than that of Ce-
BTC. However, adsorption intensities of TMB,, at 370 and 652 nm from CeO, . significantly increase indi-
cating the enhanced oxidase-like activity. The highest oxidase-like activity of CeO,.x had also been
confirmed in acetate buffer, PBS, and bacterial culture media (Figure S1). As presented in Figure 3B,
when the reaction was carried out in an alkaline environment, the absorption spectra from Ce-BTC,
CeOy, and CeO, x do not show any obvious peaks at 370 and 652 nm. It indicates that TMB, is not pro-
duced, which confirms that catalytic reaction does not occur because of low oxidase-like activity in alkaline
conditions.

ATP hydrolysis assay

Compounds based on lanthanide series including Ce-containing materials own high ATP deprivation abil-
ity which can hydrolyze ATP to release phosphate and adenosine leading to serious cell death. The ATP
deprivation abilities of Ti, Ce-BTC, CeO,, and CeO,.x were investigated, and the corresponding results
are shown in Figure 3C. The ATP deprivation contents of Ti, Ce-BTC, CeO,, and CeO,.x are 7.5%,
88.2%, 59.5%, and 97.7%, respectively. CeO,.x has the highest ATP deprivation ability, followed by Ce-
BTC and CeO,, It indicates that, compared with Ce-BTC, the ATP deprivation ability of CeO, decreases
while it increases for CeO,.x. Moreover, the high ATP deprivation capacity of CeO,.x was also verified in
the bacterial growth medium and PBS (Figure S2).

ROS levels

To examine the ROS levels produced by Ti, Ce-BTC, CeO,, and CeO,.x, 2',7'-dichlorodihydrofluorescein
(DCFH) assay was used, and the results are presented in Figure 3D. At pH = 6.0, the ROS level of Ce-BTC is
about 19 times than that of the black group. Compared with Ce-BTC, the ROS level of CeO, decreases which
is about 6 times than that of the black group. However, CeO, x shows the highest ROS level which is approx-
imately 62 times than that of the black group. At pH = 7.4, the abilities of ROS production of Ce-BTC, CeO,,
and CeO, .y significantly decrease. It indicates that, in alkaline conditions, the catalytic activities of Ce-BTC,
CeO,, and CeO, .« decline, especially for CeO,.x.

Antibacterial activity assessment

Gram-negative E. coli and gram-positive S. aureus were applied to assess the antibacterial activities of Ti,
Ce-BTC, CeO,, and CeO,.x. Plate colony counting and scanning electronic microscopy (SEM) cell
morphology observation were carried out, and the results are presented in Figure 4. From Figure 4A,
a lot of bacteria colonies of S. aureus can be seen from Ti. Compared with Ti, numbers of bacteria col-
onies from Ce-BTC, CeO,, and CeO,.x reduce, especially for CeO,.x where almost no colonies are
observed. Based on the plate colony counting results, antibacterial rates are obtained and presented
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Figure 3. Oxidase-like activity, ATP hydrolysis ability, and ROS level assessment

(A) Catalytic activity of Ti, Ce-BTC, CeO,, and CeO,.x toward TMB at pH of 6.0.

(B) Catalytic activity of Ti, Ce-BTC, CeO,, and CeO, x toward TMB at pH of 7.4.

(C) ATP hydrolysis ability of Ti, Ce-BTC, CeO,, and CeO,.x. ***p < 0.001 versus Ti; &&p < 0.01 versus CeOy; $$p < 0.01
versus Ce-BTC.

(D) ROS levels produced from Ti, Ce-BTC, CeO, and CeO,.x. ***p < 0.001 versus Ti; &&&p < 0.001 versus Ce-BTC;
335 < 0.001 versus CeO,. " p <0.001 versus Ti.

See also Figures ST and S2.

in Figure 4B. Antibacterial rates of Ce-BTC, CeO,, and CeO,.x are 46.2%, 9.7%, and 100%, respectively. It
suggests that CeO,.x exhibits the highest antibacterial rate, followed by Ce-BTC and CeO,. Figure 4C
shows the SEM morphologies of S. aureus from Ti, Ce-BTC, CeO,, and CeO,.x. S. aureus with round
and intact morphology is observed from Ti. No significant change of cell morphology of S. aureus can
be seen from Ce-BTC and CeO,. However, S. aureus on CeQO,.x is dead with deformed and wizened
cell morphology as indicated in red arrows. A similar trend can be obtained from E. coli on Ti, Ce-
BTC, CeO,, and CeO,.x. Lots of bacteria colonies of E. coli can be seen from Ti, whereas bacteria
numbers on Ce-BTC, CeO,, and CeO, x decrease (Figure 4D). As shown in Figure 4E, the antibacterial
rates of Ce-BTC, CeO,, and CeO,.x are 60.8%, 23.8%, and 91.6%, respectively. It indicates that CeO,.x
exhibits the highest antibacterial activity. SEM cell morphologies of E. coli from Ti, Ce-BTC, CeO,, and
CeO,.x are presented in Figure 4F. Bacterial flagella of E. coli can be clearly seen from Ti which suggests
that E. coli grow well on Ti. However, some bacteria with slight deformation can be observed from Ce-
BTC and CeO, as shown in red arrows. For E. coli on CeO;.x, they are badly wizened as presented in red
arrows.

Cytocompatibility evaluation

MC3T3-E1 cells were used to evaluate the biocompatibility of Ti, Ce-BTC, CeO,, and CeO, x. Figure 5A
shows the cell live/dead staining fluorescence images of Ti, Ce-BTC, CeO,, and CeO,.x. Green fluores-
cence represents the live cells while red fluorescence indicates the dead cells. Lots of green fluorescence
can be observed from Ti, Ce-BTC, CeO,, and CeO,_x while almost no red fluorescence can be seen, which
indicates that Ti, Ce-BTC, CeO,, and CeO,_x have no cytotoxicity. AlamarBlue assay was used to assess the
cell proliferation of Ti, Ce-BTC, CeO,, and CeO,.x, and the results are presented in Figure 5B. On day 1,
there is no significant difference of cell proliferation among Ti, Ce-BTC, CeO,, and CeO,_x. With the exten-
sion of culture time, cell viabilities of Ti, Ce-BTC, CeO,, and CeO,_x increase. On day 7, Ce-BTC, CeO,, and
CeO, .« present a higher cell proliferation rate than that of Ti (p < 0.01). Figure 5C shows the SEM cell mor-
phologies of Ti, Ce-BTC, CeO,, and CeO, x after culturing for 1, 4, and 7 days. Cells with the whole contour
can be observed on Ti, Ce-BTC, CeO,, and CeO,.x after culturing for 1 day. As the culture time increases,
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Figure 4. Antibacterial activity assessment

(A) Photographs of agar culture plates cultured with S. aureus suspension detached from Ti, Ce-BTC, CeO,, and CeO,.x.
(B) Antibacterial rates of Ti, Ce-BTC, CeO,, and CeO, x against S. aureus based on the plate colony counting method.
#**p < 0.001 versus Ti; %¥&p < 0.001 versus CeO,; *¥%p < 0.001 versus Ce-BTC.

(C) SEM cell morphology of S. aureus on Ti, Ce-BTC, CeO,, and CeO,.x. The scale baris 1 um.

(D) Photographs of agar culture plates cultured with E. coli suspension detached from Ti, Ce-BTC, CeO,, and CeO,.x.
(E) Antibacterial rates of Ti, Ce-BTC, CeO,, and CeO,.x against E. coli based on the plate colony counting method.
**p < 0.01 and ***p < 0.001 versus Ti; *4¥p < 0.001 versus CeOy; *¥%p < 0.001 versus Ce-BTC.

(F) SEM cell morphology of E. colion Ti, Ce-BTC, CeO,, and CeO, . The scale baris 1 pm.

See also Figures S3 and S4.

cells grow and gradually cover the sample surface. On day 7, the cells almost cover the whole surfaces of Ti,
Ce-BTC, CeO,, and CeO,.x. Based on the results of cell live/dead staining, cell proliferation, and cell
morphology observation, it can be concluded that Ce-BTC, CeO,, and CeO,_x show good biocompatibility
against MC3T3-E1 cells.

DISCUSSION

Ce-containing MOF pyrolysis strategy was used to obtain cerium oxide in the present study. The Raman
peak at ~462 cm ™" was detected in Ce-BTC, CeO,, and CeO,.x, which indicated the existence of cerium
oxygen clusters or cerium oxide nanocrystalline in those samples (Figure 1D). The characteristic peaks
appear in the regions at 1,612 em™",550 em ™" and 1,435 cm™",369 cm ™" which corresponded to the vibra-
tional modes of -COO- presented in the FTIR spectra of Ce-BTC nearly total vanished after thermolysis in
air (Figure 1C). However, the characteristic peaks still remained although the peak intensities decreased
after thermolysis in the Ar atmosphere, which indicated that the organic frameworks still existed after
the incomplete carbonization of Ce-BTC. The XRD results showed that Ce-BTC could be converted into
CeO, with high crystallinity after thermolysis in air, which may be originated from the aggregation of cerium
oxide nanocrystals without the restriction of carbonaceous frameworks. On the contrary, due to the exis-
tence of carbonaceous frameworks and potential loose structure, cerium oxide nanocrystals were
restricted to aggregate and exhibited relative weakly crystallized form (Cao et al., 2018a).

What's more, the proportion of Ce (Ill) in ceria nanoparticles is size dependent and generally increases with
decreases in the particle size. Hence, modulation of valence states of cerium could be realized by thermolysis
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Figure 5. Biocompatibility evaluation

(A) Live/dead cell staining of MC3TC-E1 cells on Ti, Ce-BTC, CeO,, and CeO, x. Green fluorescence represents live cells
while red fluorescence indicates dead cells. The scale bar is 100 pm.

(B) Cell proliferation of MC3TC-E1 cells on Ti, Ce-BTC, CeO,, and CeO, .« after culturing for 1, 4, and 7 days. **p < 0.01.
(C) SEM cell morphologies of MC3TC-E1 cells on Ti, Ce-BTC, CeO,, and CeO, .« after culturing for 1, 4, and 7 days. The
scale bar is 50 pm.

of Ce-containing MOFs in different gas environment by controlling the aggregation of cerium oxide nanocrys-
tals. As shown in Figures 2 A-2C and Table 1, CeO,.x, obtained by pyrolysis of Ce-BTC in Ar atmosphere, has
the percentage content of Ce (lll) with 52.1% whereas the percentage content of Ce (lll) from CeO, with ther-
molysis of Ce-BTC in air is 12.7%. It indicates that Ce (Ill)/Ce (IV) ratio from CeO,.x is much higher than that
from CeO,. Cerium oxide with a high Ce (Ill)/Ce (IV) ratio usually has abundant oxygen vacancies (Cao
et al., 2018a; Vernekar et al., 2016). As presented in Figures 2D-2F and Table 1, O 1s high-resolution XPS
spectra can be divided into three sub-peaks which correspond to lattice oxygen, surface active oxygen,
and adsorbed oxygen. Low content of lattice oxygen and high content of surface active oxygen indicates a
high concentration of oxygen vacancies. Thus, CeO,.x has higher oxygen vacancy concentration than that
of CeO, which can adsorb more O,. Therefore, CeO,.x has high percentage content of adsorbed oxygen
with 34.7%.

The catalytic activity of cerium oxide is closely related to the content of Ce (Ill) and oxygen vacancies. At
acidic pH of 6.0, Ce-BTC, CeO;, and CeO, x can oxidize TMB to TMBox which show absorption peaks at
370 nm and 652 nm. It suggests the oxidase-like activity of Ce-BTC, CeO,, and CeO5, . Due to the higher
content of Ce (Ill) and oxygen vacancies, CeO,.x exhibits higher adsorption intensity at 370 nm and 652 nm.
Cheng et al.(Cheng et al., 2016) have investigated the reaction mechanism of oxidase-like activity. From
their perspective, under acidic condition, O, adsorbed onto the cerium oxide surface, would be converted
to O, by Ce (Ill) and TMB would be oxidized to TMBoyx by O, . Meanwhile, Ce (IV) would be reduced to Ce
(1) with the oxidation of TMB to TMBox and the reduced Ce (Ill) could be re-oxidized to Ce (IV) by O, in
situ. However, at basic physiological pH of 7.4, oxidation of TMB did not occur (Figure 3B) and MC3TC-E1
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cells grew well on Ce-BTC, CeO,, and CeO,.x (Figure 5). Based on this, it can be concluded that, at acidic
pH, Ce (Ill)/Ce (IV) couple serves as prooxidant for the production of ROS and the effect would be enhanced
with the increase of Ce (lll)/Ce (IV) ratio. ROS levels produced by Ti, Ce-BTC, CeO,, and CeO,.x further
confirm this view (Figure 3D). Besides, compounds based on lanthanide series including Ce-containing ma-
terials own high ATP deprivation ability by hydrolyzing ATP to release phosphate and adenosine which can
cut off the energy supply and lead to serious cell death. As shown in Figure 3C, CeO,_.x shows the highest
ATP deprivation ability, followed by Ce-BTC and CeOs.

The antibacterial mechanisms of CeO, nanoparticles proposed in most literatures are the electrostatic
attraction between CeO, nanoparticles and bacteria where CeO, nanoparticles are positively charged
and bacteria are negatively charged, leading to oxidative stress and interfering with the nutrient transport
functions (Nadeem et al., 2020; Qi et al., 2020; Zhang et al., 2019). Moreover, the antibacterial effects of
CeO, nanoparticles against S. aureus and E. coli are different, which is closely related to cell membrane
structures. In general, gram-positive bacteria are composed of thicker, waxy cell wall, making them
more resistant to the CeO, nanoparticles than gram-negative bacteria. For example, the gram-positive Ba-
cillus cereus has a cell wall of 55.4 nm, while the gram-negative S. typhimurium has a cell wall of only 2.4 nm
(Kalantari et al., 2020; Pop et al., 2020). However, in this study, bacteria are living well on CeO,, meaning
that the electrostatic attraction between CeO, and bacteria is not the main antibacterial factor. Besides,
antibacterial rate of CeO,.x against S. aureus is higher than that to E. coli, which further confirms that
the antibacterial mechanism mentioned above is not suitable here. Results of agar diffusion assay (Fig-
ure S3) showed that no inhibition zone could be seen around the samples which suggested that CeO,
species leached into the growth medium during the bacterial growth were negligible to the antibacterial
effects. The pH of bacterial culture media (Luria-Bertani medium and Nutrient Broth No.2 medium) used in
this study was weakly acidic (Figure S4), and the oxidase-like activity of Ce-BTC, CeO,, and CeO,.x had
been confirmed in acetate buffer, PBS, and bacterial culture media with the similar pH (Figure S1). More-
over, the high ATP deprivation capacity of CeO,.x was also verified in the bacterial growth medium and
PBS, and the ATP deprivation capacity of CeO,.x had no significant difference at pH of 6.0 and 7.4 which
were similar to the pH of bacterial culture medium and cell culture medium in this study, respectively (Fig-
ure S2). Compared with Ce-BTC and CeO,, the oxidase-like activity and ATP deprivation ability of CeO,.x
were the highest, which corresponded to the highest antibacterial rate against S. aureus and E. coli. There-
fore, we believe that CeO,.x shows antibacterial activity which is ascribed to the both oxidase-like activity
by producing ROS in the acidic bacterial environment and ATP deprivation ability. Based on the results in
this study, it can be seen that the antibacterial activity of cerium oxide can be tailed by regulating of Ce (Ill)/
Ce (IV) ratio which higher Ce (lll)/Ce (IV) ratio indicates higher ROS levels and ATP deprivation capacity
leading to higher antibacterial activity. Although the percentage content of Ce (lll) from Ce-BTC is slightly
higher than that from CeO,.x, the central Ce atom on Ce-BTC is nine coordinated by six oxygen atoms from
water molecule and three oxygen atoms from the carboxylate groups of 1,3,5-H3BTC ligands, leading to
less active sites (Zhang et al., 2018). Therefore, the oxidase-like activity and ATP deprivation capacity of
Ce-BTC are lower than those of CeO,.x«.

The biocompatibility of Ce-BTC, CeO,, and CeO,.x was also investigated in this study. Interestingly, the
oxidase-like activity of Ce-BTC, CeO, and CeO,.x is pH dependent, and the oxidation of TMB by Ce-
BTC, CeO,, and CeO,.x can only occur under acidic conditions. Thus, in the weak alkaline environment
of cell culture medium, the generation of ROS can be negligible. Moreover, the CeO,-based coating
can directly contact the bacterial membrane and cut off the energy supply of bacteria. However, mamma-
lian-based cells are much bigger than bacteria cells, and the mitochondria serve as the main organelles in
the production of ATP for the mammalian-based cells which is membrane bounded into a more complex
endomembrane system (Cao et al., 2011). It is difficult for CeO,-based coating to interfere with the ATP
synthesized in mammalian-based cells. Therefore, Ce-BTC, CeO,, and CeO,.x showed negligible side ef-
fects to MC3T3-E1 cells.

In conclusion, cerium oxide was fabricated on the medical titanium surface by pyrolysis of Ce-BTC, and
regulation of Ce (lll)/Ce (IV) ratio was realized by thermolysis of Ce-BTC in different gas environment.
CeO,.x, obtained by thermolysis of Ce-BTC in Ar atmosphere, has higher Ce (Ill) content and oxygen va-
cancies than those of CeO, with thermolysis of Ce-BTC in air. Therefore, CeO,.x shows a higher ROS level
and ATP deprivation capacity which exhibits superior antibacterial activity.
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Limitations of the study

In this study, cerium oxide with alterable ratios of Ce (lll)/Ce (IV) was constructed on titanium surface by pyrol-
ysis of Ce-BTC in different gas atmosphere. However, the cerium-oxygen clusters in Ce-BTC will inevitably
agglomerate together to form ceria nanoparticles during the pyrolysis process. The enzyme-like catalytic ac-
tivity of cerium oxide will be partially inhibited when the content of surface oxygen vacancies decreases as the
nanoparticles grow up. Moreover, only S. aureus and E. coliwere used to evaluate the antibacterial properties
in this study, and broad-spectrum antibacterial effect should be further investigated.
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Figure S1. Catalytic activity of Ti, Ce-BTC, CeO2 and CeO2-x towards TMB in
acetate buffer (A), PBS (B), Nutrient Broth No.2 medium (C), and Luria-Bertani
medium (D). Related to Figure 3. The oxidase-like activities of various samples were
investigated in different biological buffers similar to pH of the growth media (weakly
acidic environment). The results showed that TMB could be oxidized to its colored
product TMBox in different buffers, including acetate buffer, PBS, Luria-Bertani

medium and Nutrient Broth No.2 medium.
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Figure S2. (A) ATP hydrolysis ability of CeO2-x in aqueous solution, NB medium,
LB medium, and PBS; (B) ATP hydrolysis ability of CeO2-x in PBS with different
pH. Related to Figure 3. The ATP deprivation assay was also conducted in bacterial
growth medium (Nutrient Broth No.2 (NB) medium and Luria-Bertani (LB) medium)
and PBS. As shown in Figure S4A, the ATP deprivation contents of CeO,.x was 96.9%
in aqueous solution, 89.8% in NB medium, 88.2% in LB medium, and 94.2% in PBS,
respectively, which indicated that bacterial medium had slight influence on the ATP
deprivation ability of CeO2.x. The result in Figure S4B showed that ATP deprivation
contents of CeOz-x in PBS were 94.2% at pH=6 and 94.6% at pH=7.4, which implied
the ATP deprivation ability of CeO».x had no significant difference at pH of 6.0 and 7.4

in this study:.
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Figure S3. Inhibition zones around different samples against S. aureus and E. coli.
Related to Figure 4. The agar diffusion was performed as followed: bacterial
suspension (100 P, 107 cfu mL ™) was introduced to the standard Nutrient Broth No.2
or Luria-Bertani agar culture medium where the samples were put subsequently,
followed by incubation at 37 <C for 24 h. The result showed that no inhibition zone
could be seen around the samples which suggested that CeO2-species leached into the

growth medium during the bacterial growth were negligible to the antibacterial effects.



X
o

= 0Oh

24 h

il O
A [=2) [--]
1 1 1

pH value of medium
with bacteria
o
N

o
o

S.aureus E.coli

Figure S4. pH changes of bacterial medium with S. aureus or E. coli. Related to
Figure 4. The pH of bacterial culture media used in this study were weakly acidic and

further decreased as the culture time extended, which may be resulted from the bacteria

metabolism products.



Transparent Methods

Materials

Commercial pure titanium plates (Cp Ti, Grade 2) with dimensions of 10 mm <10 mm
%1 mm were purchased from Xi’an Saite Metal Materials Development Co. Ltd, China.
Trimesic acid (H3sBTC, 98%), cerium nitrate hexahydrate (Ce(NOz)s; 6H20, 99.95%
metals basis) and Hexamethyldisilazane (HMDS, 98%) were bought from Aladdin
Industrial Co. (Shanghai, China). Potassium hydroxide (KOH, AR), ethanol absolute
(>99.7%), N, N-Dimethylformamide (DMF, >99.5%), and Hydrofluoric acid (HF,
>40.0%) were purchased from Shanghai Lingfeng Chemical Reagents Co., Ltd,
Shanghai, China. Nitric acid (HNOs, AR) and Glacial acetic acid (AR) were obtained
from HUSHI, Shanghai, China. 2',7'-Dichlorodihydrofluorescein diacetate was
provided by Sigma Chemical Co. (MO, USA). Glutaraldehyde solution (25%) was
purchased from Sinooharm Group Co. LTD., Beijing, China. 3,355
Tetramethylbenzidine (TMB, 98%) was provided by damas-beta (Shanghai, China).
ATP and ATP Assay Kit were obtained from Beyotime Biotechnology, Shanghai, China.
All reagents were used as received without further purification. The water used in all

experiments was purified by a Millipore system.

Experimental section
Preparation of Ce-BTC on titanium surface
Commercial pure titanium plates with dimensions of 10 mm > 10 mm >1 mm were

cleaned with mixed HF and HNOs aqueous solution to eliminate the surface



contaminants, followed by ultrasonically cleaning in ethanol and ultrapure water. The
corresponding samples were denoted as Ti. Then, Ti samples were pre-treated with 5M
KOH solutions at 80 °C for 6 h. Ce-BTC was fabricated on pre-treated titanium surface
via solvothermal reaction and the detailed experimental operation is as follows. First,
31.5 mg of HsBTC and 217 mg of Ce(NOs)s 6H20 were dissolved in 50 mL of DMF.
Next, pre-treated Ti samples were soaked in the mixture solution and sealed in a 100
mL Teflon-lined stainless-steel autoclave and reacted at 120 °C for 18 h. Finally, the
samples were collected and cleaned with ultrapure water and ethanol under an

ultrasonic condition, and the corresponding samples were denoted as Ce-BTC.

Preparation of CeO2 and CeO2-x

The as-obtained Ce-BTC samples were put into a muffle furnace and heated at 450 °C
for 2 h in an ambient atmosphere with a heating rate of 5 °C/min. At last, the samples
were cooled down to room temperature and the corresponding samples are named as
CeO>. To obtain a high Ce3*/Ce*" ratio of cerium oxide with more oxygen vacancies,
the as-obtained Ce-BTC samples were put into a tube furnace and heated at 450 °C for
2 h in Ar atmosphere (10 sccm) with the heating rate of 5 °C/min. Finally, the samples

were cooled down to room temperature and labeled as CeOz-x.

Materials Characterization
Surface morphologies of Ti, Ce-BTC, CeOz, and CeO2.x were examined by Tungsten

filament scanning electron microscopy (SEM; S-3400N, HITACHI, Japan). X-ray



diffraction (XRD, D2, Bruker, Germany) with Cu Ka radiation (A = 0.154 nm) was
applied to detect the phase structures of the samples. The chemical compositions and
valence states of the sample surfaces were analyzed via X-ray photoelectron
spectroscopy (XPS, RBD upgraded PHI-5000C ESCA system, Perkin Elmer, USA).

Fourier transform infrared (FTIR) analyses were measured on a Bruker Tensor 27 FTIR
spectrometer. Raman spectroscopy characterizations were carried out using a Raman
microscope system (LabRAM, Horiba Jobin Yvon, France) with a 514.5 nm laser

Source.

Oxidase-Like Activity Assessment

The oxidase-like activities of Ti, Ce-BTC, CeO., and CeO».x were studied by evaluating
the catalytic performance of TMB in acetate buffer. In brief, Ti, Ce-BTC, CeOg, and
CeO2.x were placed in a 24-well plate and 980 uL of acetate buffer (0.2 M, pH values
are 6.0 and 7.4, respectively) were added. Subsequently, 20 uLL of TMB solution (40
mM) was added and incubated at room temperature for 30 min. At last, 100 pL of the
solution mentioned above was pipetted and transformed to a 96-well black plate and

the absorbance was measured by Cytation 5 Multi-Mode Reader (BioTek, USA).

Detection of Reactive Oxygen Species (ROS)
ROS levels generated by Ti, Ce-BTC, CeO2, and CeO2.x were detected by DCFH-DA
assay. In detail, 0.5 mL of DCFH-DA (20 mM) was reacted with 2 mL of NaOH (0.01M)

for 30 min at room temperature in the dark. Subsequently, the reaction was stopped by



adding 10 mL of acetate buffer (0.2 M, pH 7.0) and then DCFH was obtained.
Afterwards, Ti, Ce-BTC, CeO, and CeO2x were immersed in 950 pL of acetate buffer
with pH = 6.0 and 7.4, followed by adding 50 uL of DCFH solution. After incubation
for 90 min at room temperature in the dark, 100 uL of the as-mentioned solution was
pipetted and transformed to a 96-well black plate, and the fluorescence intensity was
examined by Cytation 5 Multi-Mode Reader with an excitation wavelength of 488 nm
and an emission wavelength of 525 nm. The final result was expressed as the folds

increase of fluorescence intensity to the control sample (Ti).

ATP Deprivation Evaluation

To evaluate the ATP deprivation properties of Ti, Ce-BTC, CeO2, and CeO,.x, an APT
assay kit was used. First, Ti, Ce-BTC, CeO2, and CeO2.x were placed in a 24-well plate
and incubated with 1 mL of ATP aqueous solution (200 uM) at 37 °C for 12 h in the
dark. After that, the ATP contents remained were determined by the ATP assay Kit. In
detail, the luminescence of the solutions was detected by Cytation 5 Multi-Mode Reader
and the ATP concentration remained in solutions were calculated according to a

standard curve.

Antibacterial activity evaluation
Bacterial culture
Gram-positive Staphylococcus aureus (S. aureus, ATCC 25923) and Gram-negative

Escherichia coli (E. coli, ATCC 25922) were applied to investigate the antibacterial



activity of various samples. Luria-Bertani medium and Nutrient Broth No.2 medium
were used for bacterial culture of E. coli and S. aureus, respectively. Before the
inoculation of bacteria on sample surfaces, all the samples were sterilized with 75 vol%
alcohol for 2 h and dried on the super clean bench. Afterwards, 60 pL of bacterial
suspensions (10’ CFU mL™) was dropped onto Ti, Ce-BTC, CeO,, and CeO2x and
cultured for 24 h at 37 <C.

Plate Colony Counting

To quantitatively characterize the antibacterial ability of Ti, Ce-BTC, CeO, and CeO»-
x, plate colony counting experiments were performed. To be specific, when bacteria
cultured on the sample surfaces for 24 h, the samples with bacterial suspension were
transformed into test tubes with 4 mL of physiological saline, and shaken for 1 min to
detach the bacteria from the sample surfaces. Then, the obtained bacterial suspension
was diluted with physiological saline. Subsequently, 100 pL of the diluted bacterial
suspension was introduced to a standard agar culture plate and cultured for another 18
h at 37°C. At last, photos of agar culture plates were taken and colonies were counted.

The antibacterial ratio was calculated as the following equation

Antibacterial ratio (%) = X 100%
Where A and B denote the average number of colonies (CFU per sample) on the control

group (Ti) and test groups (Ce-BTC, CeO,, and CeOz.x).

SEM Bacteria Morphology Observation

To observe the SEM bacteria morphology, bacteria on the samples were fixed with



glutaraldehyde solution (2.5 vol%, 500 L) overnight at 4 °Cafter culturing at 37 <C for
24 h. Afterwards, the bacteria were further dehydrated in a series of ethanol solutions
(30, 50, 75, 90, 95, and 100 v/v%) and ethanol-Hexamethyldisilazane mixture solution
(2:1, 1:1, 1:2 and 0:1, volume ratio) for 10 min each. Finally, bacteria morphology was

observed using a scanning electron microscope (SEM, S3400, HITACHI, Japan).

Cytocompatibility Evaluation

Cell Culture

Mouse osteoblasts cells (MC3T3-E1) (cells were kindly provided by Cell Bank of
Chinese Academy of Sciences, Shanghai, China) were used to evaluate the
cytocompatibility of Ti, Ce-BTC, CeO», and CeO2.x. The cells were cultured with a-
minimum essential medium containing 10% fetal bovine serum and 1% antimicrobial
of penicillin and streptomycin under standard cell culture conditions (5% COo,
37 °Cand 100% humidity). The cell culture medium was refreshed every 3 days and the
cells were sub-cultured when they reached 80-90% confluence.

Cell Proliferation and Morphology Observation

AlamarBlue assay was performed to evaluate cell proliferation. More specifically,
MC3T3-E1 cells with the cell density of 5 x10% cells/mL were introduced into a 24-
well plate and cultured with various samples for 1, 4, and 7 days. At each time point,
the culture medium was discarded and 0.5 mL of a-MEM with 10% (v/v) alamarBlue
was introduced and cultured for another 2 h. Afterwards, the fluorescence intensity of

the as-mentioned solution was examined by Cytation 5 Multi-Mode Reader (BioTek,



USA) with an excitation wavelength of 560 nm and an emission wavelength of 590 nm.
For SEM morphology observation, the cells were fixed with glutaraldehyde solution
(2.5%) overnight and dehydrated in accordance with the descriptions as mentioned in
the section of SEM Bacteria Morphology Observation.

Cell Live/Dead Staining

A Live/Dead cell staining kit (Thermo Fisher Scientific Inc., USA) was used to assess
the cytotoxicity of Ti, Ce-BTC, CeO, and CeO2.x. Briefly, MC3T3-E1 cells with the
cell density of 5 x<10* cells/mL were inoculated on Ti, Ce-BTC, CeO2, and CeOz« and
cultured for 4 days. After culturing for 4 days, the cell medium was discarded and the
samples were rinsed with PBS. Then, 200 pL of PBS with propidium iodide (5 pM) and
calcium-AM (2 uM) was introduced to each sample and incubated at 37 <C for 15 min.
At last, the cells were rinsed with PBS twice and observed with a fluorescence

microscope (Olympus, Japan).
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