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Abstract

Increased occurrence of antimicrobial resistance leads to a huge burden on patients, the 

healthcare system, and society worldwide. Developing antimicrobial materials through doping 

rare-earth elements is a new strategy to overcome this challenge. To this end, we design 

antibacterial films containing CeO2-x-TiO2, xanthan-gum, poly (acrylic acid), and hyaluronic 

acid. The CeO2-x-TiO2 inks are additionally integrated into a hexagonal grid for prominent 

transparency. Such design yields not only an antibacterial efficacy of approximately 100 % 

toward Staphylococcus aureus and Escherichia coli but also excellent anti-fog performance for 

72 h in a 100 % humidity atmosphere. Moreover, FluidFM is employed to understand the 

interaction in-depth between bacteria and materials. We further reveal that reactive oxygen 

species (ROS) are crucial for the bactericidal activity of E. coli through fluorescent 

spectroscopic analysis and SEM imaging. We meanwhile confirm that Ce3+ ions are involved 

in the stripping phosphate groups, damaging the cell membrane of S. aureus. Therefore, the 

hexagonal mesh and xanthan-gum cross-linking chains act as a reservoir for ROS and Ce3+ ions, 

realizing a long-lasting antibacterial function. We hence develop an antibacterial and anti-fog 

dual-functional material that has the potential for a broad application in display devices, medical 

devices, food packaging, and wearable electronics.   

Keywords: CeO2-x-TiO2 grid film, antibacterial activity, anti-fog, coating bonding strength, 

photo-activation, 
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1. Introduction

Bacterial colonization on surfaces and the subsequent biofilm formation, especially in medical 

devices, food packaging, wearable electronics, or textile industries, can lead to severe infections 

and mortality1-4. Moreover, the formation of a fogging film on a substrate can not only blur 

vision causing inconvenience in daily usage but also lead to fatal risks during surgery3, 5, 6. 

Therefore, antibacterial and anti-fog properties are preferable for healthcare when designing 

functional polymer materials7-10. However, hydrophobic surfaces used as anti-fog contain a 

number of non-polar groups and textures, which could accelerate bacteria adhesion and 

proliferation8, 10. Additionally, the emergence of antimicrobial-resistant bacteria due to overuse 

and abuse of antibiotics brings difficulties in defeating bacterial infections. Therefore, an 

effective antibacterial surface of a dedicated design is necessary to efficiently fight bacterial 

infections 1, 11.  

Among various antibacterial materials, Ag nanoparticles embedded in films have prominent 

antimicrobial properties, but the oxidation of silver is detrimental to the antibacterial activity2, 

3, 12, 13. However, modified surfaces, which can release antimicrobial agents or metal ions (Ag+, 

Cu2+, and Zn2+) to inhibit bacterial colonization, can cause critical issues such as cytotoxicity, 

short antimicrobial durability, and resistance12-14. Contact-killing surfaces exploit either 

incorporated natural macromolecules, e.g., polysaccharides[15], or material surfaces (e.g., TiO2) 
[16], generating reactive oxygen species (ROS) to confer antibacterial activity14, 15. The ROS 

concentration and the resultant antibacterial efficacy on TiO2-based surfaces rely on the 

duration of UV irradiation and humid surrounding16-18. However, both Ag+ ions and ROS 

manifest better antibacterial activity toward E. coli than S. aureus, likely caused by different 

bacterial membrane structures2, 12, 13, 16. 

CeO2 is drawing more and more attention in the biomedical industry thanks to its antioxidant, 

antibacterial, anticancer, and biocompatibility properties19, 20. In addition, the TiO2 

nanoparticles doped with CeO2 display an improved photocatalysis and photo-induced 

hydrophilicity in the visible spectrum compared with the anatase TiO2 with a band-gap of 3.2-

3.35 eV, which is attributed to the lower band-gap (2.9-3.2eV) of CeO2
21, 22. Noteworthily, the 

Ce3+/Ce4+ redox couple can easily switch between two states (CeO2 ↔ CeO2-x + x/2O2), which 

is crucial for ceria nanoparticles manifesting catalytic activity, enzyme-like activities, and 

germ-killing19, 23, 24. CeO2 nanoparticles with high Ce3+ content usually have abundant oxygen 

vacancies, facilitating oxygen exchange and redox reactions. However, the antimicrobial 

activity and durability of Gram-positive bacteria remain to be revealed due to an ambiguous 

understanding of the antibacterial mechanism19, 20, 24, 25. In this work, the CeO2-x-TiO2 films 
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stabilized by the xanthan-gum were prepared using a micro-stamping method with three 

different patterns. Effects of the Ce/Ti molar ratios and mesh patterns on antibacterial activity, 

optical properties, bacteria adhesion, interface adhesion, surface hydrophilicity, and fogging 

resistance were systematically investigated, and the long-lasting antibacterial mechanism was 

explored.

2. Results and discussion

2.1. Morphology and composition of as-synthesized CeO2-x-TiO2 particles

The morphologies and lattice structures of the as-synthesized CeO2-x, TiO2, and 75 mol% CeO2-

x-TiO2 particles (containing 75 mol% CeO2-x) were analyzed and displayed with representative 

images in Figure 1a-f. Additions of the CeO2-x reduced the crystalline size of pure CeO2-x and 

TiO2 (Figure 1a&d). The crystalline size of the 75 mol% CeO2-x-TiO2 particles was 3-5nm 

(Figure 1f). The 25 mol% CeO2-x-TiO2 and 50 mol% CeO2-x-TiO2 systems led to transmission 

electron microscopy (TEM) images and X-ray diffraction (XRD) similar to the 75 mol% CeO2-

x-TiO2. The loose CeO2-x-TiO2 nanoparticles benefit the Ce3+ preservation and the related 

photocatalytic effect26, which are the advantages of using the microwave reaction method in 

the Benzyl alcohol bath. With an increasing ratio of CeO2-x, TiO2 crystallinity became lower 

(Figure 1g), displaying an amorphous-like structure (Figure 1f). 

XRD patterns revealed that the TiO2 system yielded a single anatase phase (Figure 1g). 

However, the further addition of the Ce precursor decreased the anatase TiO2. In the presence 

of CeO2-x, the absorption spectrum of TiO2 shifted from the UV to the Vis light range 

(wavelength >372 nm) according to the UV-Vis absorption spectrum in Figure 1h. The UV-Vis 

absorption spectrum of the 75 mol% CeO2-x-TiO2 particles showed high absorbance at 400-800 

nm. The absorption edges shifted to the Vis region, and the high absorbance for 75 mol% CeO2-

x-TiO2 particles indicated that these particles have narrower band gaps than the TiO2 particles. 

Thus, the 75 mol% CeO2-x-TiO2 particles exhibited stronger photocatalytic activity under 

visible light. The high-resolution X-ray photoelectron spectroscopy (XPS) spectra of Ti 2p and 

Ce 3d acquired from the TiO2 and CeO2-x-TiO2 particles are displayed in Figure 1i&j. The 

measured binding energies of the Ti 2p3/2 peaks of the TiO2, CeO2-x, and 75 mol% CeO2-x-TiO2 

particles after surface charging corrections were 457.8 ± 0.02 eV and 457.5 ± 0.02 eV, 

respectively. The corresponding binding energies of the Ti 2p1/2 peaks were measured at 

463.5 ± 0.02 eV and 463.2 ± 0.02 eV, respectively. The binding energies and the separation 

between the two peaks at 5.70 ± 0.02 eV were close to the reported values27, 28. According to 
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the deconvolution results, the Ti 2p spectrum of the 75 mol% CeO2-x-TiO2 particles was mainly 

caused by the Ti4+ oxidation state and slightly contributed by the reduced species Ti3+, which 

is assigned to Ti3+ 2p3/2 and appears at a lower binding energy of 456.6 ± 0.02 eV (black arrow). 

The peaks located at 904.6 eV, 885.6 eV, and 880.8 eV corresponded to Ce3+ and the peaks at 

917.0 eV, 907.5 eV, 901.1 eV, 898.4 eV, 889.3 eV, and 882.5 eV belonged to Ce4+ 19-21, 28. By 

integrating high-resolution XPS spectra of Ce 3d, the contents of Ce3+ were 44.1 % and 36.8 %, 

respectively, for the CeO2-x and 75 mol% CeO2-x-TiO2 particles (Figure S-1). The previous 

studies19, 28 have confirmed that nanoceria showed oxidase-like activity, which was attributed 

to the valence states of Ce3+ and Ce4+, as well as oxygen vacancies. 
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Figure 1. Analysis of the morphology and composition. TEM observation of CeO2-x (a), its 
corresponding energy dispersive X-ray analysis (EDX) mapping of cerium (b), and the 
corresponding high-resolution image (c). (d) Morphological analysis of TiO2 particles by 
scanning electron microscopy (SEM). (e) 75 mol% CeO2-x-TiO2 particles and (f) the 
corresponding high-resolution TEM image with electron diffraction as the inset. (g) X-ray 
diffraction patterns, (h) UV-Vis absorbance, (i) Ti 2p peaks of XPS and (j) Ce 3d peaks of XPS 
acquired from TiO2, CeO2-x and 75 mol % CeO2-x-TiO2 particles.

2.2. Topographies and transmittance of polymer-CeO2-x-TiO2 grid films
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Three different polydimethylsiloxanes (PDMS) micro-stamps (see Figure 2a-c) were used to 

prepare grid films on polyethylene terephthalate foils (PET). As illustrated in Figure 2d&e, the 

grid film was composed of two layers: a framework and a polymer top layer. Figure S-2 shows 

that the polyvinyl pyrrolidone (PVP) solutions of different concentrations of TiO2, CeO2-x, and 

Ag+ ions (termed S1-S7 inks as described in Table 2 in the experimental methods) were utilized 

to prepare the framework. The polymer top layer was prepared by using the mixed solution of 

xanthan-gum (XG), hyaluronic acid (HA), and poly (acrylic acid) (PAA). The average 

transmission spectra and diffuse transmittance spectra were displayed in Figure 2 f&g, 

regarding the blank PET foils, the PET foil covered with a single framework, and the grid film 

prepared with the S7 ink (containing the 75 mol% CeO2-x-TiO2 particles). The S7 grid film 

manifested an average transmittance of 84 % and diffuse transmittance of 91.5 % over the 

visible light range of 380-800 nm, slightly lower than that of the blank PET foil of 95 % average 

transmittance. Although the color of the S7 grid film was light yellow, the pictures under the 

grid film remained clear and highly transparent.

Figure 2. Optical morphology and transparent properties of the grid films. (a-c) Three micro-
stamps to prepare the grid films;(d) a schematic and a photo of the grid film. Optical images of 
(e) the XG/HA/PAA top layer. (f) Transmittance and (g) Diffuse transmittance of a blank PET 
foil, the PET foil coated with a single framework, and the PET foil coated with the S7 grid film. 
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The grid films prepared by the two hexagonal mesh stamps exhibited high integrity compared 

with that prepared by the square mesh stamp (Figure 2a). The surface roughness (Ra=5.2μm) 

of the grid films prepared by the large hexagonal mesh stamp (Figure 3a, side length a=200 μm, 

width w=20 μm, and height h=5 μm) was much lower than that of the grid films (Ra=76.5μm) 

prepared by the small hexagonal mesh stamp (Figure 3e). There were no cracks in both stamp 

frameworks and on the surface of the large hexagonal grid film. However, penetrated cracks 

were observed in the small hexagonal grid film due to the drying stress in Figure 3d&h. 

Therefore, the large hexagonal mesh stamp was used for preparing the grid films in this study. 

Figure 3. (a) and (e) SEM images of the hexagonal micro-stamps of two different sizes. (b-c) 
and (f-g) optical images and surface roughness measurements of the two grid films prepared by 
the two micro-stamps. SEM images of the two grid films with the large hexagonal mesh (d) and 
the small hexagonal mesh (h), respectively. Figures 3b, c, f, and g were obtained through a non-
contact 3D-laser profilometry (ZegageTM, Zygo, USA). The profilometry was utilized to 
measure the surface roughness of the grid films investigated.

2.3. Bonding strength, surface wettability, and anti-fog of the S7 grid films

The bonding strength of PET foils coated with the S7 grid film was investigated by the tensile 

testing method (Figure 4a-c). Compared with the blank PET samples, the tensile strength of the 

PET coated with the S7 grid film increased from 37.3 ± 0.2 MPa to 41.7 ± 0.2 MPa, calculated 

from the force-displacement curves based on standard ISO 527-1:201229, 30. The enhanced 

tensile strength was probably due to the rigid chain properties of the 75 mol% CeO2-x-TiO2/PVP 

framework, which improved the mechanical property of the PET matrix30. The elongation of 

the coated PET was 76 % larger than that of the blank PET, which was probably caused by the 

high elasticity of polysaccharide molecular chains of xanthan-gum (XG) (Figure 4d)31. The 

sample modules of bone shape (Figure 4b) and strip-type (Figure 4c) were used to study the 

bonding strength of the S7 grid film. In the typical force-displacement curves of the 
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corresponding samples, the loads at the first yield point (see the black arrows) were attributed 

to the partially detached S7 film from the substrates (Figure 4e&f). Therefore, the loads that 

reached the first yield point were used to estimate the samples' bonding strength. The bonding 

strengths of the bone shape samples and the strip-type samples were 5.6 ± 0.12 MPa and 6.1 ± 

0.15 MPa, respectively, which indicated that the interface adhesion of the S7 grid film was more 

robust than most of the antibacterial coatings reported3, 8, 9, 32. We noticed that the bone shape 

sample broke at the neck area (see Figure 4b) when reaching the maximum load rather than 

breaking at the S7 grid film area in the strip-type sample. This final broken site probably led to 

the slightly lower bonding strength of bone shape samples than the strip-type samples.

Figure 4. (a-c) The mechanical performance of each sample was investigated utilizing tensile 
testing. (d-f) The typical force-displacement curves of the samples were investigated.

The uniform surface morphology of the S7 grid film without penetrated cracks was observed 

by an SEM (Figure 5a). The 75 mol% CeO2-x-TiO2 particles within the film were naturally 

spherical (Figure 5 a1&a2). The cross-sectional SEM images of the fractured S7 grid film were 

displayed in Figure 5b&b1-2, which presented many laminated cracks along the thickness 

direction, and the XG bridging fibers and flow track of adhesive XG mixed with the 75 mol% 

CeO2-x-TiO2 particles around the cracks (Figure 5b2). The thickness of the grid films was 5~10 

μm evaluated by the SEM image of cross-section of the grid film in Figure 5b. The 

XG/HA/PAA top layer exhibited self-healing characteristics towards wounds caused by 

external forces as well (Figure S-3). The molecular structure of XG was similar to cellulose, 
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having excellent viscoelasticity and shear strain resistance31. Therefore, the high interfacial 

bonding and self-healing performance of the S7 grid film were attributed to the high 

viscoelasticity of XG as the gap bridged and sufficient free hydroxyl groups were derived from 

the PAA and HA to reform H-bonds across the interfaces. Additionally, the hexagonal mesh of 

the CeO2-x-TiO2/PVP framework provided an effective energy barrier for impeding cracking 

propagation in the S7 grid film. The water contact angles of blank glass slides, blank PET foils, 

flat films, and grid films were analyzed and displayed in Figure 5c. The four different 

components of both flat films and grid films were investigated and prepared by using the inks 

containing CeO2-x (S2), TiO2 (S5), 50 mol% CeO2-x-TiO2 (S3), and 75 mol% CeO2-x-TiO2 (S7) 

particles. The S2 and S7 flat films displayed super-hydrophilicity in natural light. The water 

contact angle (θ) of the S2 and S7 grid films was around 8~10°, indicating that the grid films 

also had hydrophilic surfaces (Figure S-4). The S5 flat films and S5 grid films differed 

substantially in the θ values, and the S5 grid films displayed a hydrophobic surface with θ=92°. 

As shown in Figures S-3(a) and Figure S-5(a), cracking of the flat films is an inevitable problem 

of inorganic-based coatings during drying and application, which could greatly reduce the 

fogging resistance and light transmittance. The hexagonal mesh effectively prevented the grid 

films from cracking (Figures 5a&S5b) because of the alleviated stress concentration33. 

Figure 5. SEM images of (a, a1, a2) surface morphology and (b, b1, b2) cross-sectional 
microstructure of the grid film with the large hexagonal mesh. (c) Water contact angles of blank 
glass slides, blank PET foils, flat films, and grid films. The four different components of both 
flat and grid films were investigated and prepared using the inks made of TiO2, CeO2-x, 50 mol% 
CeO2-x -TiO2, and 75 mol% CeO2-x -TiO2 particles. The thickness of the grid films was 5-10 
μm.

The anti-fog property of glass slides and PET foils coated with the grid films was analyzed 

(Figure S-6). These coated glass slides remained clear, but the fog was instantaneously observed 

on the blank glass slides (Figure S-6). It is noted that the words under the grid films were still 

clearly readable after 5 min. Then, this situation was maintained for a long time related to the 
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grid film's thickness. The grid films will lose their anti-fog ability when they reach the swelling 

equilibrium of water. In addition, a prolonged anti-fog test was performed on the PET foils 

coated with the S7 grid films that were stored in an incubator at 37 °C with 100 % humidity for 

72 h. The grid films S7 were free of water mist and droplets, achieving good light transmittance 

and transparency compared with the blank PET (Figure S-6e&f). Hydrophilic surface and 

uniform film without cracking can ensure high light transmittance and fogging resistance. The 

free hydroxyl groups of PAA and HA polymers can provide a short-time hydrophilic surface 

rather than long-term hydrophilicity because of the low saturation of water adsorption [8,10]. 

Using this CeO2-x-TiO2 mixed system, TiO2 can be modified to respond to the visible 

wavelength (Figure 1h). Pavasupree et al.21 reported that the 50 mol% CeO2-x-TiO2 had a 

photocatalytic activity about 2-3 times higher than pure CeO2, while nanosized TiO2 materials 

had no catalytic activity under natural light. The films containing 75 mol% CeO2-x-TiO2 

nanoparticles can obtain hydrophilic groups due to photocatalytic activity in natural light, 

therefore providing fogging resistance. The films prepared using the S7 inks with 75 mol% 

CeO2-x-TiO2 nanoparticles achieved the minimum water contact angle, having optimized anti-

fog performance. Tap water was used for flushing the surface of the S7 flat films and S7 grid 

films to evaluate the interface bonding strength on the PET surface semi-quantitatively. 

Approximately 50 % film area remained for the S7 grid sample after 50 rinses, whereas less 

than 10 % of the film remained for the S7 flat sample after 3 rinses, implying the hexagonal 

grid film was firmly attached to the PET surface (Figure S-7).  

2.4. Antibacterial efficiency

The antibacterial efficacies of S1-S7 inks containing different concentrations of TiO2, CeO2-x, 

and Ag+ ions, and S8 (EtOH control solution) were analyzed against both E. coli and S. aureus 

by agar-diffusion test34 (Figure 6a-d). Under visible light, S7 (containing 0.06 mol% CeO2-x 

and 0.02 mol% TiO2), S1 (containing XG/HA/PAA polymers as the top layer), and S2 

(containing pure CeO2-x) displayed strong antibacterial activity and almost completely inhibited 

the growth of the tested bacteria. The S5 ink (pure TiO2) did not show antibacterial activity. 

The Ag-containing ink S6 reduced the colony forming unit (CFU) formation dramatically but 

not completely. The samples S3, S4, and S5 did not show a meaningful reduction of viable 

cells. The positive control S8 also failed to inhibit bacterial growth, likely due to the rapid 

evaporation of the ethanol loaded on the agar surface. The observed strong antibacterial activity 

of S1 ink can be caused by the generation of ROS, as reported previously [15,45-47].  

To further analyze the antibacterial activity of S1-S8 films and quantitatively measure their 

antibacterial efficacy, the synthesized inks were coated on the wells of a 96-well plate, followed 
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by incubation with E. coli or S. aureus. Subsequently, the viable cells after the interaction were 

counted (Figure 7). Compared with the negative control (the uncoated wells), it was found the 

coatings of S3 and S7 almost completely killed the tested E. coli cells (more than 4 log 

reduction), while S1, S2, and S4 reduced the viable E. coli by 1.0 - 2.5 log (Figure 7a). Against 

S. aureus, only S7 coating was able to kill the bacteria completely (more than 4 log reduction), 

while S3 and S4 reached about 1.5 log reduction, and S1 and S2 coatings reduced the viable 

cells marginally (Figure 7b). Films S5 and S6 did not exhibit antibacterial activity towards 

either E. coli or S. aureus. Even though S6 in the form of ink showed strong bacterial growth 

inhibition against both E. coli and S. aureus (Figure 6b&d), the lack of antibacterial activity of 

S6 coatings (Figure 7a&b) indicated that Ag+ in S6 coating could not be efficiently released to 

confer antibacterial property of the coating. Therefore, S7 film is the most potent against both 

E. coli and S. aureus. The classical agar diffusion test was performed to understand whether the 

excellent antibacterial activity of S7 was caused by the released active compounds or by contact 

killing (Figure S-8). The S7 grid film led to complete inhibition of the growth of both E. coli 

and S. aureus. However, no inhibition zones around the film could be observed, implying that 

the antibacterial mechanism could be the contact mode rather than the release mode. Most 

antimicrobial materials (like Ag+ ions and ROS of TiO2 nanoparticles) enact a release 

mechanism that has been well investigated. The release mode of antimicrobial activity is faster 

but less stable and worse durable than the contact mode12-16. The strong antibacterial activity of 

metal oxides (e.g., AgO, ZnO) mainly depended on the metal ion release content (14~100 

μg·mL-1) and the contact area with microbes12, 13, 16, 35. The release contents of Ce ions in the 

prepared S2, S3, S4 samples are presented in Figure S-9. The S2, S3, and S7 samples showed 

similar Ce ions content of ~5 μg·mL-1 during the monitoring for 4 h of the Ce ions release for 

the given samples of the same amount. However, the Ce ions release of S4 was significantly 

lower than in other samples. Thus, Ce ions release is not the major reason for the strong 

antibacterial activity of the S2 and S7 inks. As such, studying the direct interactions between 

microbes and S1-S8 samples is necessary to unveil the antibacterial mechanism.
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Figure 6. (a-d) Antibacterial activity of S1-S7 inks containing different concentrations of TiO2, 
CeO2-x, and Ag+ ions, and the EtOH control solution of S8 by growing bacteria colonies on agar 
plates.

Figure 7. The viable cell number (CFU·mL-1) of (a) E. coli and (b) S. aureus strains after 24 h 
incubation with the S1-S9. 

2.5. ROS generation of the S1-S7 inks and microbial morphology on the S7 films
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The bacterial intracellular ROS content in Figure 8a&b indicated that the presence of CeO2-x 

caused significant increases in the production of ROS in E. coli and S. aureus. However, the 

TiO2 would rarely motivate ROS generation in live bacteria without UV light radiation16, 17. 

The ROS content for the S2 and S7 inks that interacted with E. coli was one order of magnitude 

higher than that for the two samples that interacted with S. aureus. At acidic pH, Ce3+/Ce4+ 

couples can exhibit high oxidase-like activity, which could promote the production of ROS. 

Such an effect would be enhanced by the increased Ce3+/Ce4+ ratio19, 20, 25. Furthermore, due to 

its tunable electronic configuration of Ce4+ and Ce3+, cerium can form mid-band gap in TiO2, 

which assists the absorption in the visible region 400-500 nm (Figure S-10) [24-27]. Such also 

partially explains S7 containing CeO2-x-TiO2 possesses excellent antibacterial activity against 

Gram-negative and -positive bacteria (Figure 7). The ROS level produced by the S2 (CeO2-x) 

and the S7 (CeO2-x-TiO2) further confirmed this point of view. Meanwhile, the pH values of S2 

and S7 were 4.9 and 3.0, respectively (Figure S-11). The measured ROS content did not 

significantly differ between the empty well, S3, S4, S5 inks, and S8, respectively. These 

findings were consistent with the agar-diffusion test (Figure 6a-d) and bacteria viability assay 

(Figure 7), indicating that ROS production induced by CeO2-x nanoparticles endowed the 

inhibitory effect of the CeO2-x-TiO2 composite inks toward bacterial growth and survival under 

visible light. However, it's not clear why S2 showed inconsistent results in ROS measurement 

and agar diffusion test. Although there was an extremely large difference in the intracellular 

ROS contents for E. coli and S. aureus, the antibacterial efficacy was similar. These findings 

suggested that the ROS mediates, but not completely, the polymer-CeO2-x-TiO2 inks induced 

inhibitory effects on bacterial growth and survival.

SEM morphologies were analyzed for E. coli and S. aureus from a blank glass slide and a glass 

slide coated with the S7 flat film (Figure 8 c&d). For E. coli on the S7 film, they were badly 

wizened and covered with granular particles (Figure 8c2-3). E. coli, as an example of Gram-

negative bacteria used in this work, has an outer membrane, a plasma membrane, and a 

periplasmic space of two or three layers of peptidoglycan, with the total cell wall being very 

thin (2-10 nm)1, 2, 16, 17. Therefore, the extremely high content of ROS (Figure 8a) could rapidly 

penetrate and oxidize the cell wall of Gram-negative bacteria, further leading to 

substantial oxidative damage to the nucleoid and cell envelope phospholipids domain16, 17. 

Some granular reaction by-products of the bio-chemical damaged cell wall, as illustrated 

in Figure 8c3. This is probably the main reason for reducing the viable E. coli (Figure 8a-d) 

after incubating overnight with the S2 and S7 inks. 
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Figure 8. (a, b) Bacterial intracellular ROS content after incubation with S1-S7 inks and one 
control group of S8 (50 % EtOH solution). Signals obtained from the empty wells but filled 
with bacterial suspension were applied as the control set as 100 %. E. coli and S. aureus were 
incubated with the samples for 30 min. Three replicates for each sample were measured. Under 
the same conditions, * denotes a significant difference for ROS generated on the samples, 
according to Student's t-test (p < 0.01). SEM morphology of E. coli from (c1) blank glass slide, 
(c2, c3) a glass slide coated with the S7 film. SEM morphology of S. aureus from (d1) blank 
glass slide, (d2, d3) a glass slide coated with the S7 film. 

S. aureus with slight deformation can be observed on the S7 film (Figure 8d1-3) without critical 

damage compared with the E. coli of Figure 8c3, suggesting the antibacterial effect of the CeO2-x 

nanoparticles against S. aureus and E. coli were different, which was closely related to cell wall 

structures. The S. aureus strain, a Gram-positive pathogen, comprises a thick hydrophobic cell 

wall (20-80 nm)13, 16, 36. The thick cell wall of S. aureus is more resistant to ROS than that of 

Gram-negative bacteria2, 13, 16. Besides, similar antibacterial rate of the S7 ink for S. aureus and 

E. coli (Figure 6a-d), but substantially low ROS content for S. aureus on the S7 film (Figure 7) 

supported that the electrostatic attraction between Ce3+/Ce4+ and bacteria was not the main 

antibacterial factor[13,14,20]. The agar diffusion assay of Figure S-8 showed no inhibition 
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zone around the samples, which suggested that CeO2-x species leached into the growth medium 

during the bacterial growth were negligible to the antibacterial effects. 

2.6. Adhesion force of bacteria on the S5 and S7 films

The force spectroscopy curves of the S5 and S7 films after interacting with E. coli and S. aureus 

for 1 min and 5 min were obtained by atomic force microscopy (AFM) in Figure 9a-d, 

investigating the effect of TiO2 (S5) and 75 mol% CeO2-x-TiO2 (S7) on adhesion force and 

elastic properties of bacteria 6, 37, 38. The elastic moduli estimated from the force spectroscopy 

curves are listed in Table1. The force spectroscopy revealed that the cell wall of both E. coli 

and S. aureus became less rigid, and their elastic moduli respectively decreased by about 13.7 % 

and 29.6 % after 5 min interaction with the S7 films. The cell-surface adhesion forces for the 5 

min interaction were 1780 pN, which was more than three times higher than that for the 1 min 

interaction of 550 pN (Figure 9e-f). It was speculated that the effects of ROS and Ce3+ ions 

induced the changes in the chemical composition of the outer membrane and exposure of some 

proteins inside the envelope, which correlated with the SEM observation in Figure 9c&d2, 13, 15, 

19, 24. No appreciable change in elastic moduli and adhesion forces were found after the bacterial 

interaction with the TiO2 film even for 5min, suggesting that the cell membrane remained 

relative integrity, consistent with the negligible ROS content and antibacterial activity of the 

TiO2 ink in visible light. 
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Figure 9. The force spectroscopy curves of the S5 and S7 films interacting with bacteria were 
examined by AFM. (a1) S5-E. coli-1 min, (a2) S5-E. coli-5 min, (b1) S7-E. coli-1 min, (b2) S7-
E. coli-5 min, (c1) S5-S. aureus-1 min, (c2) S5-S. aureus-5 min, (d1) S7-S. aureus-1 min, (d2) 
S7-S. aureus-5 min. Based on the force spectroscopy curves, the estimated adhesion force of 
the S5 and S7 films interacting with (e) E. coli and (f) S. aureus. 

Table 1. Elastic moduli of the S5 and the S7 films interacting with bacteria are estimated from 
the force spectroscopy curves shown in Figure 9(a-d). 

E. coli AFM tip S. aureus AFM tip

S5-1min S5-5min S7-1min S7-5min S5-1min S5-5min S7-1min S7-5min

Elastic Modulus (pa) 56.1 64 76.1 62.4 15.6 15 16.9 11.9

Std 3.1 3.2 3.9 5.1 0.05 0.05 0.05 0.03

R2 0.964 0.976 0.987 0.93 0.993 0.993 0.995 0.997

Recently, Liu et al.19 verified the high triphosadenine (ATP) deprivation capacity (97%) of 

CeO2-x nanoparticles by analyzing in vitro bacterial growth in medium and PBS media. The 
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ATP molecules were subsequently hydrolyzed to cause an intracellular starving condition, 

leading to cell death in apoptosis and autophagy. Therefore, the authors believed that ATP 

deprivation ability contributed to the S. aureus death after contact with the CeO2-x nanoparticles 

due to cutting off the energy supply for bacteria. However, such an antibacterial mechanism 

can only work if Ce3+ ions penetrate the thick and waxy plasma membrane of S. aureus. 

Regretfully, there was a lack of evidence concerning ATP deprivation in bacteria. Teichoic and 

lipoteichoic acids (made of polyglycerol phosphate) in the cell membrane promoted adhesion 

and anchor wall to the plasma membrane of Gram-positive bacteria36. The trivalent rare-earth 

ions (RE3+) released from rare earth oxides could strip lysosomal membrane phosphate groups 

and bind by the lysosomal phosphates, resulting in organelle damage39. The biochemical 

reaction led to the crystallization of REPO4 on the surface of RE2O3 nanoparticles and 

morphological transformation to urchin-shaped or mesh-like structures (as shown the white 

arrows in Figure 8d2-d3) depending on the rare earth oxide species. Therefore, we propose that 

the Ce3+ ions could be firstly bound by either glycerol phosphate or ribitol phosphate groups of 

the cell wall of S. aureus, stripping the phosphate groups. The deficient cell wall and plasma 

membrane could provide entrances for ROS invasion. Then significant oxidation damage would 

occur within bacteria. XPS results indicated that the highest content of Ce3+ of 44.1 % occurred 

in the pure CeO2-x particles rather than the 75 mol% CeO2-x-TiO2 nanoparticles with the Ce3+ of 

36.8 %, but the antibacterial efficacy of >99 % occurred in the S7 inks. The antibacterial activity 

induced by the phosphate complexation of Ce3+ ions of Ce3+/Ce4+ couples depends on Ce3+ 

concentration in the culture media, and RE2O3 was known to be more soluble under acidic 

conditions19, 39. The pH values of the S7 inks and the S2 inks were ~3.0 and ~4.9, respectively, 

which implied that the S7 inks should achieve stronger affinity with phosphate groups of the 

cell membranes compared with the S2 inks, resulting in the enhanced antibacterial efficiency 

(Figure S-10). The increased UV-Vis absorbance over the 400-800 nm wavelength shown in 

Figure 1 indicated that the 75 mol% CeO2-x-TiO2 nanoparticles achieved stronger photocatalytic 

activity than the other synthesized particles, leading to abundant hydrogen ions and hydroxyl 

ions decomposed from the S7 inks under natural light. Collectively, the results from XPS 

analysis, antibacterial rate, cell re-growth kinetics, ROS content, and SEM morphology of 

bacteria all indicated that the antibacterial mechanism was related to the oxidase-like activity 

of the CeO2-x-TiO2 and the binding capacity of cell membrane phosphate groups with ceria of 

high Ce3+ content. The inks with high Ce3+ content and Ti3+ had high oxidase-like activity, which 

could produce a large amount of ROS while contacting. Moreover, the Ce3+/Ce4+ couples in 

acidic conditions possessed a strong reaction with either glycerol phosphate or ribitol phosphate 
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groups, stripping the phosphate groups of cell membranes of S. aureus. Based on the above 

mechanism, the XG stabilized grid films with 75 mol% CeO2-x-TiO2 nanoparticles exhibited 

excellent antibacterial activity for both E. coli and S.aureus.

2.7. Cytotoxicity 

The cytotoxicity of the extracts obtained from S1-S8 inks toward normal human dermal 

fibroblasts (nHDFs) was displayed in Figure 10. The viable nHDFs exposed to DMEM medium 

containing 1 % PSN were used as a negative control and set as 100 % 16. The cytotoxic cut-off 

was set as 70 % viable cells of the negative control. We observed that all the film surfaces 

showed more than 96 % cell viability aligned to the negative control. Thus, the treated samples 

did not exhibit a cytotoxic effect after 24 h.
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Figure 10 Cytotoxicity of extracts obtained from the S1-S8 inks toward nHDFs. Error bars 
display the standard deviations from 3 replicates of three technical repeats for each in one 
experiment. 

3. Conclusions

The CeO2-x-TiO2 nanoparticles with crystalline size of 3-5 nm were synthesized using a 

microwave reaction in an organic bath. The UV-Vis absorption spectrum of the CeO2-x-TiO2 

nanoparticles showed high absorbance over the 400-800 nm wavelength. The novel 

antibacterial films comprised of the hexagonal grid of 75 mol% CeO2-x-TiO2 nanoparticles and 

the top layer of xanthan-gum-based polymers were prepared using a micro-stamping method. 

The grid film with 75 mol% CeO2-x-TiO2 nanoparticles achieved an optimized antibacterial 

activity of nearly 100 %, high film adhesion force, and fogging resistance. The hexagonal mesh 
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can prevent the grid films from cracking, which, combined with the self-healing property due 

to sufficient hydroxyl groups, supplied a high interface bonding strength of 6.1 ± 0.15 MPa. 

The anti-fog property was mainly attributed to the photo-induced super-hydrophilicity of TiO2 

doped with Ce3+ and self-healing property due to sufficient hydroxyl groups derived from HA 

and PAA. The grid film's average transmittance and diffuse transmittances were 84 % and 91.5 

%, respectively, over the visible light range of 380-800 nm. The excellent antibacterial rate of 

the 75 mol% CeO2-x-TiO2 inks for E. coli was related to high ROS content produced from the 

oxidase-like activity, while that for S. aureus was mainly due to the stripping damage of cell 

membrane phosphate groups induced by the high Ce3+ ions. The long-lasting films showed very 

high initial bacteria-killing efficiency due to the release of ROS and retained significant 

antibacterial activity. The top layer cannot completely seal the release of the formed ROS and 

the Ce3+ ions. Instead, it impeded a fast release of such ROS and Ce3+ ions. Therefore, both the 

top lay and the framework can function as a reservoir for a long-term release of ROS and 

Ce3+ions, enabling a durable antibacterial function. This work has provided not only 

mechanistic insight into how the anti-fog coating interacts with bacterial pathogens but also 

manifested translation potential for application in various fields, e.g., biomedical devices, food 

packing, and wearable devices. 

4. Experimental Methods 

4.1. Materials

Titanium (IV) tetrachloride (99.9 % trace metals basis), benzyl alcohol (purity 99–100.5% 

(GC)), 2-amino-2-(hydroxymethyl)-1,3-propanediol (Trizma ® base, purity ≥99.7%), 

CeIII acetylacetonate hydrate (≥99.99 % trace metal basis), AgNO3 (99.9999% trace metals 

basis ) and benzyl alcohol (anhydrous, 99.8 %), chloroform (≥ 99.8%), diethyl ether (for HPLC, 

≥99.9%, inhibitor-free), ethanol (absolute), methanol (analytic grade), and acetone (for HPLC 

≥ 99.8%), xanthan-gum from Xanthomonas campestris, polyvinylpyrrolidone 40 (PVP), 

poly(acrylic acid) (PAA, Mv ~450,000), and glass slides (size: 7.5 cm × 2.5 cm × 0.1 cm) were 

purchased from Sigma–Aldrich (St Louis, MO, USA). HA (hyaluronic acid from cockscomb) 

was purchased from abcr GmbH (Karlsruhe Germany). PDMS and PET foils (thickness: 2mm) 

were purchased from Shanghai Pramers Chemical Tech. Co., LTD, used as substrates. All 

chemicals were applied as received without further purification.

4.2 Synthesis of CeO2-x and CeO2-x -TiO2 Nanoparticles 
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CeO2-x and CeO2-x-TiO2 nanoparticles (CeO2-x-TiO2) were synthesized using a microwave ‐

assisted nonaqueous sol‐gel method. In a glovebox under argon (O2 < 1 ppm, H2O < 1 ppm), 

CeIII acetylacetonate (1 mmol) was added into a 10 mL pressurized glass vessel. For the CeO2-

x-TiO2 solid solutions, the Ce precursor was added to the Ti precursor solution with the three 

contents of 25 mol%, 50 mol%, and 75 mol%. Afterward, benzyl alcohol (5 mL) was added, 

and the vessel was sealed with a Teflon cap and taken out of the glove box. The reaction mixture 

was heated employing a microwave reactor (CEM Discover) at 210 °C for 10 min with a high, 

stirring rate. The as-synthesized precipitate was separated from the liquid phase by 

centrifugation and washed three times with acetone. After drying the powder at 60 °C overnight, 

it was ground in a mortar and heated in air at 300 °C for 60 min in a muffle furnace. The as-

synthesized CeO2-x, TiO2, and CeO2-x -TiO2 nanocrystals were analyzed by a transmission 

electron microscope (JEOL JEM-2100, Japan). For the Rietveld refinement analysis, the CeO2-

x powder was further annealed at 500 °C for 2 h and 700 °C for 30 min. The doped powders 

were only annealed at 700 °C for 30 min to grow the nanoparticles and obtain sharper XRD 

peaks (measurement described below). EDX analysis was performed on the samples annealed 

at 700 °C to have a good comparison with the Rietveld refinement results. All other 

characterization methods were carried out on the samples obtained directly after thermal 

treatment at 300 °C. 

4.3 Preparation of CeO2-x -TiO2 dispersion 

The as-synthesized CeO2-x and CeO2-x-TiO2 precipitates were washed with 30 mL chloroform 

three times by dispersion-centrifugation cycles. Afterward, the precipitates were washed with 

diethyl ether in the same way. Finally, the wet precipitates were dispersed in the mixture solvent 

composed of deionized water and pure ethanol by a volume ratio of 1:1, resulting in a highly 

stable CeO2-x-TiO2 dispersion with a concentration of 10 g·L−1. 

4.4 Preparation of CeO2-x -TiO2 inks and the Xanthan-gum/HA/PAA polymer ink

The stock 50 % EtOH solution were prepared by 1:1 (v/v) 96 % EtOH/dH2O at room 

temperature. The 2.5 wt.% PVP polymer solution was prepared by dissolving the PVP powder 

in the 50 % EtOH solution at 40 °C with magnetic stirring for 1h. The stable CeO2-x, or TiO2 or 

CeO2-x-TiO2 dispersion, was added dropwise into the 2.5 wt.% PVP polymer solution while 

stirring to obtain the clear and stable CeO2-x-TiO2 inks after ultrasonic deaeration. The five inks, 

containing CeO2-x concentration of ψ = 0, 0.02, 0.04, 0.06, 0.08 mmol·L−1, were investigated. 
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The stock solution of xanthan-gum (XG) was prepared by dissolving the XG powder and 

hyaluronic acid (HA) in dH2O at 40 °C with magnetic stirring for 24h to obtain a 1 

wt.% aqueous solution by the XG/HA mass ratio of 2:1. The PAA power was dissolved in the 

1 wt.% XG aqueous solution at 95 °C for 1 h to obtain a 2.0 wt.% aqueous solution. According 

to the reference, the 0.08 mmol·L−1 AgNO3 ink was prepared by dissolving the AgNO3 powder 

in the 2.5 wt.% PVP polymer solution and was used as the control group2, 12, 13.

4.5. Fabrication of grid films and flat films 

Poly(dimethylsiloxane) (PDMS) stamps were prepared as described in the literature33. Figure 1 

graphically illustrates the fabrication process of the transparent polymer-CeO2-x-TiO2 grid film. 

First, 5 × 5 cm2 polyethylene terephthalate foils (PET, 0.05 mm thick, Toray) and a 3 × 

3 cm2 PDMS stamp (1 cm thick) were treated in Air plasma to obtain hydrophilic surfaces. To 

stamp the PET surface, 2 mL of CeO2-x-TiO2 ink was then dropped by pipette around the edges 

of the PDMS stamp. Immediately after contact, a 780-g weight was placed on top of the stamp 

for 30 minutes, followed by drying at room temperature for 30 min and baking at 80 °C for 10 

min to remain the CeO2-x-TiO2 framework adhered to the PET foil. In the following step, the 

XG/HA/PAA ink (both dissolved in 50 % EtOH solution) was similarly applied on the edges 

of the PDMS stamp and then dried at 80 °C for 4h. After peeling off the PDMS stamp, the 

transparent micro-meshed films were obtained on the glass slide or PET foils as a two-layer 

architecture composed of a CeO2-x-TiO2 framework and a thin topcoat of XG/HA/PAA ink. The 

flat films composed of the CeO2-x-TiO2 ink and the XG/HA/PAA ink were prepared on PET 

foils/glass slides using the dip-coating method described in references1, 7-10 as the control group. 

4.6.  Surface characterization and anti-fog tests

The surface wettability of bare substrates and the polymer-CeO2-x-TiO2 grid film-coated 

substrates was determined by a contact angle meter (Pow-ereach, Shanghai, China). Contact 

angle measurements were conducted directly by using the sessile drop technique. Testing 

liquids were deionized water. Contact angles were automatically calculated by the equipped 

software implementing the Laplace–Young fit. Measurements were conducted with 3 drops of 

each liquid. 

Scanning electron microscopy (SEM) images were recorded on a Zeiss Leo-1530. Before SEM 

analysis, the samples were coated with 5 nm Pt. High-resolution transmission electron 

microscopy (HRTEM) in both TEM and scanning (STEM) modes was performed on an FEI 

Talos F200X operated at 200 kV. Powder X-ray diffraction (XRD) measurements were 

performed on a PANalytical Empyrean equipped with a PIXcel 1D detector and Cu Kα X-ray 
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irradiation. X-ray photoelectron spectra (XPS) were recorded by a Sigma 2 spectrometer 

(Thermo Scientific) using a polychromatic Al Kα X-ray source by taking C 1s = 284.8 eV as 

the calibration peak. The atomic concentration was calculated from the individual peak area of 

Ce, Ti, and O and their respective atomic sensitivity factor. The surface topography of the films 

was provided by a non-contact 3D-laser profilometry (ZegageTM, Zygo, USA) with a 10x 

objective lens. Transmittance spectra in UV–visible spectra range were recorded using a 

JASCO V-770 spectrophotometer equipped with an ILN-725 integrating sphere. Attenuated 

total reflectance Fourier transform infrared (ATR-FTIR) spectroscopy results were obtained 

using a Bruker Alpha FT-IR spectrometer equipped with diamond ATR optics.

The grid films deposited on the PET foils/glass slides were placed above bakers containing 

50 °C water to test anti-fog properties. The PET foils coated with the S7 grid film were placed 

inside an incubator at 37 °C with 100 % humidity for 72 h. Samples were then removed from 

the incubator (into the air with a minimum of 30% relative humidity (RH)), and placed above 

a meshed surface at room temperature to see if fogging or obscuring of the mesh could be 

observed. When multiple testing cycles were required, the samples were kept at room 

temperature for around 10 minutes before returning to the incubator. This test was repeated up 

to 10 times.

4.7 Interface adhesion test and self-healing test

The interface adhesion behavior of the grid films was studied by uniaxial tensile tests using a 

universal testing machine (Trapezium Shimadzu AGS-X) with standard ISO 527-1:2012 at a 

deformation rate of 1 mm·min–1 29, 30. The tensile specimens were prepared according to 

standard ISO 527-3:1995, involving the bone shape (20 mm × 3mm × 1 mm) and strip-type (20 

mm × 5mm × 1 mm) as shown in Figure 4c&d. Three repeated specimens were measured to 

determine the final tensile properties. An anti-flushing test was performed on the surface of 

samples under the running tap water within the 5 cm distance to test the durability in heavy 

humid environments, as illustrated in Figure S-7. The self-healing performance and roughness 

of the polymer-CeO2-x-TiO2 films were observed via the 3D-laser profilometry.

4.8 Antimicrobial activity testing

The synthesized materials' antimicrobial activity was tested with a similarly reported method34 

against the commonly occurring pathogens, namely Gram-positive Staphylococcus aureus A1 

mecA and Gram-negative Escherichia coli DSM 1576. Pre-cultures of the strains were 

incubated overnight in 5 mL 30 % TSB containing 0.25 % glucose and were diluted to OD600 

0.1 with fresh medium for re-growth. The re-growth culture was further incubated for 1.5 h to 
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obtain exponentially growing bacterial cells and then diluted to OD600 0.001. 100 µL E. coli 

and S. aureus suspensions were spread on the corresponding agar plate with the EasySpiral 

plater. A drop of 10 µL of the synthesized ink was loaded onto the PC-Agar plate, which was 

incubated overnight at 37°C to observe the formation of inhibition zones. Quantitative 

antibacterial assays were performed in 96-well plates as previously described40. Briefly, 10 µL 

of the synthesized materials were added to coat a 96-well plate in triplicates, followed by adding 

100 µL bacterial suspension in the exponential growth phase (roughly in a concentration of 105 

CFU·mL-1 in 30% TSB + 0.25% Glucose). The plate was incubated at room temperature for 4 

h. Afterwards, the bacterial suspension was carefully removed, and wells were washed three 

times with 150 µL 0.9 % NaCl. 100 μL bacterial suspensions were plated in triplicates on PC 

agar, and viable cells were counted after overnight growth at 37°C. Viable cells were counted 

after plating the bacterial culture in triplicates on PC agar after overnight growth at 37°C.

4.9 Optical observation and SEM imaging

10 µL of the eight solutions S1-S8 were investigated on the standard glass slide ( 6 mm), then 

dried overnight, which were listed in Table 2. The glass slides were coated overnight by adding 

10 µL of the different solutions. After coating, all EtOH was evaporated, and the agent remained 

on the glass slide. Thereafter, 10 µL bacterial suspension with a concentration of 105 CFU·mL-1 

was added for 4 hours. The supernatant was washed away after the incubation, and the samples 

were fixed in Kanovsky overnight at 4 °C to increase the chance of bacteria being maintained 

on the sample. After removing the Kanovsky, we washed the samples with PBS and 

immediately microscope the samples w/o putting a glass cover on top to avoid physical stress 

by which we might lose some more bacteria. The live bacteria (E. coli and S. aureus) on the 

bare glass slides, different glass slides coated with polymer-CeO2-x-TiO2 solutions, and the 

control samples were observed under an optical microscope. After the optical microscope 

observation, we started with the dehydration in EtOH extremely carefully. The interaction of 

E. coli on the S7 film surface was observed using a scanning electron microscope (SEM, 

Hitachi, S-4800, USA). Bacteria were allowed to adhere to the S7 samples with different 

stiffness for 4 h in PBS before being washed and fixed with 4 % paraformaldehyde (Sigma, 

252549, 37 % solution, The Netherlands) and 2.5 % glutaraldehyde (Sigma Aldrich, G5882, 25 

% solution, USA) for 1 h at room temperature. Dehydration was performed by immersion in 

different ethanol concentrations (50, 70, 80, 90, and 100 %). Samples were stored under a 

vacuum overnight and sputtered to obtain a 10 nm gold layer (Leica, EM ACE600, Switzerland) 

and finally analyzed by SEM.
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Table 2 The composition of the S1-S7 inks, the S8, and the S9 control groups.

Sample No. Solutes Solvent

S1 XG/HA/PAA polymer solutions

S2 pure CeO2-x with 0.08 mmo·L-1 concentration

S3 50 mol% CeO2-x-TiO2 with 0.08 mmo·L-1 concentration (Ce: Ti=1:1)

S4 25 mol% CeO2-x-TiO2 with 0.08 mmol·L-1 concentration (Ce: Ti=1:3)

S5 pure TiO2 with 0.08 mmol·L-1 concentration

S6 pure AgNO3 with 0.08 mmol·L-1 concentration

S7 75 mol% CeO2-x-TiO2 with 0.08 mmo·L-1 concentration (Ce: Ti=3:1)

S8 the 50 % EtOH control

S9 bare glass slides as an extra control

50 % EtOH: DI Water
in a volume ratio of 1:1

4.10 Atomic force microscope (AFM) analysis

Single bacterial adhesion force was measured toward the sample surfaces following the 

previously reported method37, 41, 42. A Flex Bio-AFM and a digital pressure controller 

(Cytosurge, Switzerland) were applied alongside an AxioObserver Z1 inverted microscope 

(Carl Zeiss, Germany) to guarantee precise control. Pyramidal hollow cantilevers (Nanopipette, 

Cytosurge, Switzerland) of a nominal spring constant of 2 N·m-1 and an aperture of 300 nm at 

the distal end were exploited to quantify the adhesion forces of bacterium towards different 

samples. All the cantilevers were pre-treated with air plasma for 30 s. AFM probes were then 

kept in a desiccator having 1 mL of Sigmacote siliconizing reagent for 12 hours and dried at 

100 °C for 60 minutes. Thereafter, the spring constant of the cantilevers was measured 

according to the resonance frequency in PBS buffer. The microchannel in the cantilever was 

pre-filled with deionized water before applying pressure through the digital pressure controller. 
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The spring constant and sensitivity of the cantilever were calibrated every time a cell was 

immobilized onto the cantilever. 

Single bacterial force spectroscopies were recorded at room temperature in PBS with E. coli 

and S. aureus, which were added to the center region of a glass dish. Cantilevers were 

programmed into contact with the selected bacterium (Nanopipette) till a force-setpoint (10 nN). 

Once contact, a negative pressure (800 mbar) was immediately exerted to immobilize a 

bacterium reversibly on the cantilever. The cantilever immobilized with a bacterium was 

immediately transferred to a new glass dish having the sample and remained in PBS buffer. The 

bacterium probe was programmed to approach the surface at a speed of 1 µm·s-1 until the force-

setpoint. To guarantee a reproducible interaction between a bacterium and a surface, such force 

was kept for 60 s and 300 s. The bacterium-probe was subsequently retracted at a piezo velocity 

of 1 µm·s-1, and the measured forces were meanwhile recorded. At least ten measurements were 

conducted for every surface, and at least five different bacterial cells were utilized for every 

tested surface. The adhesion force was analyzed as reported41 with SPIP software (Image 

Metrology A/S, Denmark).

4.11 ROS measurement 

To quantify intracellular ROS that had penetrated E. coli and S. aureus, 10 mL of the bacterial 

inocula (preparation see above) diluted to OD600 0.01 were incubated with 2', 7'- 

dichlorofluorescin diacetate (H2DCFDA) at a final concentration of 50 μM for 1 h, then washed 

with PBS three times and subsequently diluted to approximately 105 CFU∙mL-1. 500 μL 

bacterial suspension was added to a plate well containing S1-S8 ink samples, using empty wells 

without samples but filled with the same bacterial suspension as control. After 30 and 240 min 

incubation, 100 μL bacterial suspension was transferred into a 96 well plate to measure 

fluorescence intensity with a spectrometer (excitation/emission=485 nm/535 nm, Synergy H1, 

BioTek, Germany). 

4.12 Metal ion release measurement 

The concentrations of Ce ions in the prepared samples were determined by ICP-OES, which 

determined the amount of CeO2-x in the grid films. The 200 µL inks (S2, S3, S4, and S7) were 

loaded on a 20 mm (diameter) glass slide, followed by evaporation of the solvent for about 72h. 

The dried samples were put into 3 mL H2O for 4 h. Afterwards, the solution was mixed with 3 

mL HNO3, and the mixture was heated in the microwave for digestion. The digested solutions 

were transferred to 15 mL plastic containers and used further for the metal ion release 

measurement.
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4.13 Cytotoxicity assay

Cytotoxic effects of S1-S8 ink samples were investigated as reported43 using normal human 

dermal fibroblasts (nHDFs, female, Caucasian, skin/temple, PromoCell, C-12352). Extracts of 

the ink samples were prepared in DMEM (Dulbecco's Modified Eagle Medium) containing 1% 

penicillin/streptomycin/neomycin (PSN) with an extraction ratio of surface area per medium 

volume of 0.3 mL·cm−2. Negative control of DMEM containing 1 % PSN without samples was 

applied. The extraction process was carried out in an incubator (37 °C, 100 % humidity, and 

5 % CO2) for 1 h. nHDFs were in parallel seeded at a density of 10 000 cells per well (100 μL 

volume) in a 96-well plate (TPP Techno Plastic Products AG, Trasadingen, Switzerland), and 

incubated for 24 h at 37 °C with 5 % CO2. Thereafter, the nHDFs were incubated with 100 μL 

95 % extracts (diluted with foetal calf serum (FCS)) for 24 h. The negative control was 

normalized to 100 %, and cells incubated with 1 % Triton X-100 in DMEM containing 5 % 

FCS were evaluated as the positive control. Cell viability was determined by employing an 

MTS [(3-(4,5-Dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-

tetrazolium), a tetrazole] assay for measuring the absorbance at 490 nm to evaluate the 

metabolic activity of the nHDFs.

4.14 Statistics

Statistical differences were evaluated by utilizing unpaired and two-tailed Student's t-

test. Differences among the means were accepted as significant for p < 0.05. 
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