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a b s t r a c t

Mesoporous titanium nanoparticles (MTNs) have emerged as an important porous semiconductor owning

to their large surface area and unique electronic/optical properties. However, the fundamental research for

rational manufacturing MTNs in a highly scalable manner remains a challenge. In this study, we report

a two-step flash nanocomplexation (FNC) approach to large-scalable generate MTNs through the sequen-

tial combination of two multi-inlet vortex mixers. By optimizing the concentrated titanium precursor,

polyethylene glycol (PEG)-functionalized silane amount and pH, we have been able to produce MTNs with

small particle size (31.5 nm), larger surface area (416.9 m²/g) and pore volume (0.59 cm3/g). Different from

the traditional MTNs bulk, FNC-produced MTNs exhibited well-controlled manner and exceptional photo-

catalytic and antibacterial properties. Importantly, the optimized MTNs outperformed commercial P25 not

only in protecting ultraviolet A (UVA)-exposed skin, but also in treating P. aeruginosa-infected wound. We

believe that the high controllability and scalability of sequential flash nanocomplexation method offers

great opportunities in enhancing the performance of mesoporous titanium nanoparticles.

© 2024 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Titanium dioxide (TiO2) is a well-established material with a

long history of use as a white pigment. Its affordable cost, chemi-

cal stability, environmental friendliness, and biocompatibility have

attracted substantial attention in recent decades [1]. The discov-

ery by Fujishima and Honda in 1972 of the photocatalytic split-

ting of water on TiO2 electrodes for hydrogen production has un-

veiled the wide-ranging potential of titanium dioxide in the field

of photocatalysis [2]. This discovery not only led to the identifica-

tion of the broad potential of TiO2 in photocatalysis but also in-

spired extensive investigation of its photocatalytic properties [3–

6]. TiO2 is employed in diverse areas, including degrading organic

waste in water and air [7], acting as a sunscreen against ultravi-

olet (UV) damage [8,9], and killing bacterial through light irradi-

ation [10]. In this context, nanoparticulate titanium dioxides espe-
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cially commercial Degussa TiO2 P25 contribute to the technological

application including photocatalysis, batteries, sensors, and opto-

electronic devices. Mesoporous titanium nanoparticles (MTNs) ex-

hibit a higher specific surface area and larger pore volume com-

pared to traditional TiO2 nanoparticles. The abundance of active

sites on surface and interface of MTNs facilitates the diffusion of

reactants and products for adsorption and catalysis [11–15]. The

well-known sol-gel method is a conventional approach for MTNs

synthesis through targeting the process of hydrolysis and conden-

sation [16]. However, MTNs from self-assembly to date irregulate

structure and large size, mainly attributed to two sequential phase,

the rapid hydrolysis of titanium precursor and subsequent uncon-

trolled condensation and terminalization [17]. In addition to this,

scale-up of nanoformulations feature fabrication and reproducibil-

ity of manufacturing remain key challenges, in particular for the

nanoparticles with small size and complex structure, which can

be time consuming and require specialized equipment. From these

considerations, the development of refined synthetic methods al-
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lowing MTNs to be tailored with the control of indiscriminate hy-

drolysis and condensation can facilitate their performance in com-

mercial application.

Flash-based technology, the combination of rapid mixing tech-

nique with the self-assembly of molecules, generates nanoformu-

lations in a continuous manner [18–21]. Flash nanocomplexation

(FNC) is a kinetically controlled mixing process adapted from flash

nanoprecipitation, which was driven by ionic, hydrophobic, hydro-

gen bonding, metal coordination, and specific ligand or host-guest

interactions. To achieve uniform phase separation and nanoforma-

tion, a multi-inlet vortex mixer (MIVM) is employed to facilitate

rapid and efficient turbulent mixing of two or more solutions,

allowing scalable, repeatable, and robust fabrication of diverse

nanoformations with well-controlled structure, composition, size,

and surface properties for a more expansive range of potential ap-

plications [22,23]. Specifically, the utilization of the FNC has been

demonstrated to accelerate the diffusion of molecules, thereby pro-

moting rapid nucleation and self-assembly into the corresponding

nanostructures [24–26]. Based on these findings, we hypothesize

that FNC hold great promise on controlling the hydrolysis and con-

densation process during the production of MTNs. However, com-

bining all the building materials into one MIVM could not regulate

the sequence of hydrolysis and condensation at very short time,

leading to the uncontrolled fabrication of MTNs. Thus, develop-

ment of reliable FNC-based approaches for constructing controlled

MTNs through ordered reaction sequence remains highly desirable.

To circumvent these problems, we designed a two-step flash

nanocomplexation approach with sequential combination of two

MIVMs for the rapid and scalable fabrication of MTNs. By initiating

nucleation and growth in the first MIVM and subsequently seal-

ing the formed nanoparticles with the second MIVM, the growth

process can be effectively controlled to prevent further expansion.

We systematically investigated how the size and structure of MTNs

can be regulated by tuning the concentration of titanium precur-

sor, polyethylene glycol (PEG)-functionalized silane and pH. Hav-

ing optimized the best-performing MTNs and characterized their

pore properties, we compared the photocatalytic and antibacterial

properties between FNC-produced MTNs, MTNs bulk, and commer-

cial P25 in vitro. Finally, we demonstrated the advantages of FNC-

produced MTNs in the treatment of UV damage resistance of skin

and P. aeruginosa-infected wound healing in vivo. Our study pro-

vides a promising sequential FNC approach for the scalable fabri-

cation of sophisticated nanoformulations with ordered structures.

Although MTNs have been widely prepared by so-gel bulk

methods [27], generating MTNs with smaller size and regular mor-

phology remains a challenge. In this study, we developed a sequen-

tial system through ordered combination of two MIVMs to fabri-

cate MTNs at a short time scale (Scheme 1A). In the first MIVM, ti-

tanium precursor and surfactant were co-injected to produce MTNs

without surface modification. Then, such raw nanomaterials were

immediately transferred into the second MIVM with the aid of

PEG-functionalized silane to stop the growth of TiO2. We systemat-

ically investigated into how the concentration of titanium precur-

sors, PEG-silane and pH affect the size and morphology of MTNs

(Figs. S1–S3 in Supporting information). We found that increas-

ing the concentration of titanium precursors from 0.075mmol/mL

to 0.5mmol/mL induced very different size and morphology, the

middle concentration (0.3mmol/mL) led to the most regular mor-

phology with the smallest size. The concentration of PEG-silane at

0.15mmol/mL made more uniform morphology of MTNs. After tun-

ing the pH from 5 to 10, we demonstrated the optimized pH for

the best nanoparticulate size and morphology was 8. Collectively,

the regulation of the concentrated titanium precursors, PEG-silane

and pH were crucial in achieving uniform particle size. Moreover,

we investigated how velocity ratios between surfactant and tita-

nium precursors in the first MIVM affect the size of products (Fig.

Scheme 1. Schematic illustration of the development of the two-step flash

nanocomplexation (FNC) process to fabricate mesoporous titanium nanoparticles

(MTNs) for biomedical applications. (A) Synthesis of the MTNs with sequential FNC

method. (B) MTNs enabled ultraviolet absorption and photocatalytic properties to

degrade organic waste and kill bacteria.

S4 in Supporting information). We confirmed that the size of MTNs

was decreased with the increasing the velocity ratios from 1:1 to

5:1, providing the optimal condition of surfactant/titanium precur-

sors ratio at 5:1. Based on these findings, we prepared the outper-

forming MTNs with the optimal concentration of titanium precur-

sors (0.3mmol/mL) and PEG-silane (0.15mmol/mL), pH 8, and sur-

factant/titanium precursors ratio (5:1). After calcination at 500 °C
for 4h, the FNC-based MTNs (referred to as “MTNs” for simplic-

ity) were obtained. In parallel, we prepared control MTNs through

single MIVM or bulk method (referred to as “BULK” for simplicity)

(Fig. S5 in Supporting information). Scanning electron microscopy

(SEM) and transmission electron microscope (TEM) revealed the

outperforming MTNs to be uniformly spherical with a size of ap-

proximately 31.5 nm with a mesoporous structure (Figs. 1A and

B). In contrast, both single MIVM- and BULK-based MTNs exhib-

ited irregular size and morphology including uneven size distri-

bution, morphology collapse and severe aggregation. X-ray diffrac-

tion (XRD) patterns indicated the presence of both anatase (JCPDS

No. 21–1272) and rutile (JCPDS No. 21–1276) phases (Fig. 1C),

which have better photocatalytic activity. The nitrogen adsorption-

desorption isotherms of MTNs belongs to typical type IV adsorp-

tion curve, showed bimodal mesopore distributions with high sur-

face area and pore volume, as calculated using the Brunauer-

Emmett-Teller (BET) method. The BET surface area and pore vol-

ume of outperforming MTNs were 461.9 m2/g and 0.59 cm3/g

(Fig. 1D), respectively, which were significantly higher than those

of single MIVM-based MTNs (167.8 m2/g and 0.27 cm3/g), BULK

(180.4 m2/g and 0.34 cm3/g), as well as commercial P25 (85.7

m2/g and 0.23 cm3/g). The pore size of MTNs, calculated using

the Barrett-Joyner-Halenda (BJH) model, revealed the presence of

pores with diameters centered at 6.5 nm (the inset in Fig. 1D),

which was considerably larger than that of single MIVM-based

MTNs (0.9 nm), BULK (1.2 nm), and P25 (1.5 nm) (Fig. S5). Taken

together, these findings demonstrated the advantages of sequen-

tial FNC-based MTNs in the regular size, morphology and pore

properties, indicating their outstanding performance on photocat-

alytic and antibacterial activities. Drawing on prior investigations

and existing theories surrounding MTNs preparation, we presented

a coherent conceptualization of the growth mechanism underly-

ing the formation of MTNs. In the first MIVM, the formation of

template micelle was initiated by the violent mixing of hydropho-

bic tetrabutyl titanate (TBOT) molecules in ethanol phase and N-
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Fig. 1. Characterization of MTNs. (A) SEM image (scale bar, 100nm) and (B) TEM image (scale bar, 20nm) of the mesoporous titanium nanoparticles. (C) XRD patterns of the

mesoporous titanium nanoparticles compared with the standard rutile (R) and anatase (A). (D) Nitrogen adsorption-desorption isotherms and pore-size distribution (inset)

of the mesoporous titanium nanoparticles. Photocatalytic efficiency for the degradation of (E) methylene blue and (F) tetracycline. Results are shown as mean ± standard

deviation (SD) (n=3).

hexadecyltrimethylammonium chloride (CTAC) in aqueous phase

within MIVM’s minuscule mixing chamber, resulting in the formu-

lation with TBOT/ethanol phase inside and water outside. Subse-

quently, the TBOT molecules inside the cores of templates diffused

out and underwent hydrolysis at the outside water-rich interface.

In view of the high hydrolysis and condensation rate of TBOT, the

hydrolysis reaction must be terminated swiftly to produce MTNs

with small and controllable particles in the second MIVM. Thus,

we introduced the capping agent PEG-silane in the second step to

prevent TBOT from further contact with water, ultimately bring-

ing the entire reaction to an end to generate MTNs. For the sin-

gle MIVM-based production, the hydrolysis, condensation, and ter-

mination of the titanium precursor occur at the same time when

CTAC and TBOT were concurrently present within single MIVM de-

vice, leading to the irregular growth of MTNs due to the imme-

diately disturbance of PEG-silane. For the BULK-based production,

the titanium precursor might hydrolyze completely before the in-

troduction of PEG-silane due to the rapid hydrolysis rate of ti-

tanium precursor, resulting in the overgrowth of MTNs. Different

from these two methods, our sequential MIVM-based production

separated the process of hydrolysis, condensation and terminaliza-

tion in different MIVMs, offering strong and interference-free driv-

ing force for the sophisticated fabrication of MTNs with regulated

size, morphology and pore structures.

The suitability of TiO2 as a photocatalyst has been substantiated

by its favorable band gap and position, elevated quantum efficiency

and sustained stability. Consequently, this material has found ex-

tensive application in the elimination of contaminants during wa-

ter and air purification [28,29]. To assess the catalytic performance

of MTNs for organic matter decomposition, methylene blue (MB)

and tetracycline (TC) were selected as model pollutants to mea-

sure the change in their respective colors. As shown in Fig. 1E,

the degradation of MB was found to be significantly more effi-

cient with MTNs than with other groups upon the exposure to

light, with MTNs degrading approximately half of the MB within

a 10 min timeframe. In contrast, both BULK and P25 required at

least 30 min to achieve the same level of degradation. Similarly, it

was observed that approximately 50% of the total TC was degraded

within a 30-min timeframe when exposed to light with MTNs,

while the BULK and P25 groups only achieved approximately 35%

TC degradation in a 75-min timeframe (Fig. 1F). These findings

demonstrated that MTNs exhibited superior catalytic activity com-

pared to the P25 and BULK under light conditions. Furthermore,

the catalytic efficiency of MTNs was notably enhanced under light

irradiation, highlighting the significance of illumination in promot-

ing MTNs’ catalytic performance. This phenomenon might be at-

tributed to the semiconductor property of TiO2 with a band gap

of approximately 3.0 eV, which enabled the excitation of electrons

and holes when exposed to UV light (with wavelengths shorter

than ∼400nm). The photogenerated electrons then react with O2

to produce ·O2
−, while the photogenerated holes react with water

to produce ·OH [30–33]. These reactive radicals worked together

to decompose organic compounds. The prolonged exposure of the

TiO2 to UV light lead to the degradation of a greater quantity of

organic material, indicating the excellent catalytic performance of

MTNs might have great potential in bacterial killing under light ir-

radiation.

In this study, we conducted a systematic investigation into the

antibacterial properties of MTNs, BULK, and P25. In order to as-

certain the effectiveness of the treatment, an evaluation was per-

formed on the bacterial growth curves, and contact sterilization

assays were carried out, respectively. As a proof of concept, Gram-

negative E. coli, P. aeruginosa and Gram-positive S. aureus were cho-

sen as model bacteria assays. As shown in Figs. 2A–C, we found

that the OD600 values of the control group in all three bacterial

strains significantly increased after 3h. However, the OD600 values

of MTNs group did not increase after 24h of light irradiation. MTNs

demonstrated a 100% bacterial killing efficiency in all three bacte-

rial strains, while both BULK and P25 did not exhibit a significant

antibacterial effect. In this study, the minimum inhibitory concen-

trations (MICs) of MTNs, BULK, and P25 were determined against

three bacterial strains, E. coli, S. aureus, and P. aeruginosa. The MIC

values for MTNs against E. coli, S. aureus, and P. aeruginosa were

found to be 125, 62.5, and 62.5 μg/mL, respectively, as depicted in

Fig. 2D. On the other hand, the MIC values for BULK against the

same bacterial strains were found to be 250, 500, and 250μg/mL,

respectively. Similarly, for P25, the MIC values against the three

bacterial strains were found to be 500, 500, and 250μg/mL. These

findings collectively confirmed that FNC-produced MTNs exhibited

greater light-activable anti-bacterial effect than BULK and P25. Cor-

respondingly, the antimicrobial properties of MTNs were evaluated

through a systematic diffusion analysis conducted on agar plates.

We found that only the MTNs group completely inhibited bac-

terial growth after 24h of light irradiation in all three bacterial

strains (Fig. 2E and Fig. S6 in Supporting information). However,

the bacterial colonies were obvious in plates containing equal con-
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Fig. 2. In vitro antibacterial activity of the MTNs. (A–C) Growth curves of E. coli, S. aureus, and P. aeruginosa after incubating with MTNs, P25, and BULK for 24h. (D) Heat

map of the MIC for MTNs, P25, and BULK against bacteria for 24h. (E) Surface antibacterial behaviors of MTNs, P25, and BULK (scale bar, 10mm). (F) Living and dead bacteria

staining of MTNs, P25, and BULK (scale bar, 100μm). Results are shown as mean ± SD (n=3). PI, propidium iodide; DAPI, 4′ ,6-diamidino-2-phenylindole.

centrations of BULK or P25. Consistently, the observation from liv-

ing and dead bacteria staining indicated that only MTNs demon-

strated almost 100% bacterial killing efficiency (Fig. 2F and Fig.

S6). We attributed these superior surface antibacterial effects of

MTNs to their small size and large mesoporous structure, which

enabled more efficient photocatalytic performance and greater pro-

duction of radicals that could destroy bacterial membranes. Taken

together, these findings demonstrated that MTNs exhibited excel-

lent antibacterial ability against multiple bacterial strains, mak-

ing them an appealing candidate for the treatment of bacterial-

infected wounds [34–36].

Having demonstrated the potent antibacterial properties of

MTNs under light irradiation, we aimed to evaluate their sunlight-

activable performance on promoting wound healing in a P.

aeruginosa-infected wound model [37,38]. All animal experiments

were conducted in agreement with the guidelines outlined in the

Guide for the Care and Use of Laboratory Animals, and the pro-

cedures were approved by the Institutional Animal Care and Use

Committee of South China University of Technology (Guangzhou,

China). We created a round wound of 10mm diameter on the back

of mice and infected the wound with P. aeruginosa to develop a

wound infection model. We treated the P. aeruginosa-challenged

mice with phosphate buffered saline (PBS) (as a model), MTNs,

BULK, and P25 under the exposure of sunlight for 14 days, while

injured mice without infection served as a control group (Fig.

3A). The representative images of the wounds at every 3 or 4

days were presented in Fig. 3B. Mice treated with MTNs, BULK,

and P25 outperformed P. aeruginosa-infected mice on the accelera-

tion of wound healing. Notably, the infected wound treated with

MTNs exhibited faster wound healing than BULK or P25-treated

mice. On day 6, the MTNs group showed a significantly smaller

wound area, while there was no significant change in other groups.

By day 14, wounds treated with MTNs were almost completely

healed, while those treated with other materials were still open.

Corresponding wound area changes diagram (Fig. 3C) was consis-

tent with the results of wound photos. Furthermore, the closure

rate of the wound at various time points was computed and il-

lustrated (Fig. 3D). Correspondingly, the wound area of the MTNs

group (63.19%) was significantly smaller than which of the control

(77.93%), model (90.53%), BULK (76.52%), and P25 groups (85.94%)

after 6 days of treatment. Consistently, the application of MTNs re-

sulted in nearly complete wound closure, as evidenced by a mean

wound area of 4.64%, a statistically significant reduction compared

to the model group (24.93%), BULK (15.35%), and P25 (16.63%)

groups after 14 days of treatment. These findings together demon-

strated that MTNs remarkably accelerated P. aeruginosa-challenged

wound healing under the exposure of sunlight.

Bacterial infection and excessive inflammation seriously delay

the chronic wounds healing [39–42]. The levels of tumor necrosis

factor-α (TNF-α) and interleukin-6 (IL-6) were significantly lower

in the MTNs group compared with other groups after treatment

(Figs. 3E and F). Histological analysis of wound specimens was

performed on day 14 to assess the healing and regeneration pro-

cess (Fig. 3G). The tissue hematoxylin and eosin (H&E) staining

images showed that the epidermal thickness of the MTNs group

was the highest in experimental groups, indicating that MTNs

had the best wound healing activity after light irradiation (Fig.

3H). Furthermore, Masson’s trichrome staining showed the poten-

tial impact of MTNs on the promotion of collagen formation and

deposition (Fig. 3I). Immunohistochemistry staining of CD31 was

performed to evaluate the neovascularization and angiogenesis of

wound sites. We observed that wounds treated with MTNs ex-

pressed more CD31 than other groups, indicating the formation

of mature blood vessels and new capillaries (Fig. 3J). These re-

sults suggested that light-triggered MTNs promoted the healing

of P. aeruginosa-infected wounds by facilitating collagen deposi-

tion and angiogenesis. Following a 14-day period of treatment, the

biosafety profile of MTNs was evaluated by the H&E staining of

collected major organs including heart, liver, spleen, lung, and kid-

ney. The pathological sections demonstrated no observable damage

in all treatment groups (Fig. S7A in Supporting information). Fur-

thermore, serum biochemical biomarkers of alanine transaminase

(ALT), aspartate transaminase (AST), blood urea nitrogen (BUN),

and creatinine (CRE) were analyzed to assess the potential sys-

temic toxicity associated with MTNs, BULK, and P25 treatment

(Figs. S7B–E in Supporting information). There were no significant

changes in serum biochemical biomarkers, together demonstrating

that all titanium nanoparticles did not induce obvious systematic

toxicity during the light-based treatment.

Encouraged by these findings, we supposed that MTNs might

exhibit photoprotection to ultraviolet A (UVA)-exposed skin af-

ter being loaded with oxybenzone (OBZ), an approved UVA or-

ganic filter to avoid photoaging. We thus prepared three kinds

of OBZ-loaded titanium nanoparticles. The loading content of OBZ
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Fig. 3. In vivo performance of promoting P. aeruginosa-infected wound healing of MTNs. (A) Schematic construction and treatment of a P. aeruginosa-infected wound mouse

model. (B) Representative images of wounds treated with MTNs, BULK, and P25 at different time points (n=6; scale bar, 5mm). (C) Corresponding schematic diagram of

wound area changes at different time points. (D) Wound area (%) at different time points after treatment. (E, F) Levels of proinflammatory cytokines, including TNF-α and

IL-6 on day 3, n=3. (G) Representative images of H&E (scale bar, 100μm), Masson’s trichrome staining (scale bar, 100μm), and immunohistochemistry staining of CD31

(scale bar, 50 μm) of the regenerated wound tissues on the 14th day, n=3. (H–J) Corresponding quantification of epidermis thickness, collagen content, and regenerated

blood vessels in wound tissues on the 14th day based on (G). Results are shown as mean ± SD. (∗P < 0.05, ∗∗P < 0.01, and ∗∗∗P < 0.001).

was 82.6%, 44.8%, and 15.3% for MTNs, BULK, and P25, respec-

tively. The remarkedly greater loading content in MTNs might ex-

plained by their regular size and higher surface area. The biocom-

patibility of titanium nanoparticles was a critical prerequisite for

their utilization in biomaterial applications [43–45]. The present

study aimed to assess the cytotoxicity of titanium nanoparticles

and OBZ-loaded nanoparticles using human immortalized epider-

mal cells (HaCaT). Herein, HaCaT cells were co-incubated with

oxybenzone, titanium nanoparticles, and avobenzone-loaded tita-

nium nanoparticles at various concentrations for 24h. Our find-

ings demonstrated that there was no obvious cytotoxicity at con-

centrations ranging from 1μg/mL to 1000μg/mL after a 24-h ex-

posure of MTNs and OBZ-MTNs (Fig. S8 in Supporting informa-

tion), while oxybenzone showed notable cytotoxicity at higher

concentrations (Fig. S8G). MTNs, BULK, and P25 showed no ev-

ident cytotoxicity even at high concentrations, suggesting their

excellent cytocompatibility and promising safety in practical ap-

plication. Taken together, the results of our study indicated that

both titanium nanoparticles and OBZ-loaded nanoparticles pos-

sessed good cytocompatibility and hold promise for further in vivo

applications.

Since the antibacterial properties of MTNs, titanium dioxide has

been explored as a potential inorganic sunscreen [46–48]. Due to

MTNs have excellent mesoporous structure, which can be used as

a carrier to support some UV filters. Beyond to be a carrier, MTNs

could also be considered as a full-band physical sunscreen that

protects against both UVA and UVB damage. The photoprotective

activity of OBZ-loaded titanium nanoparticles were appraised in

a murine model of photoaging. In detail, we exposed the backs

of mice to a UVA lamp for 10min to create a skin photodamage

model (Fig. 4A). We applied different nanomaterials to the backs

of the mice when they were exposed to UVA light, and monitored

the back skin of mice 2 days later. As shown in Fig. 4B, the UVA-

challenged skin showed severe peeling, scaling, and furrows. Such

a photoaging mouse model used in the current study exhibited

consistent clinical signs of wrinkling and laxity on the skin surface,

similar to those observed in humans. By contrast, free OBZ, OBZ-

loaded MTNs and OBZ-BULK significantly protected UVA-induced

damage, while the OBZ-P25 exhibited serious erythema and dam-

age. Notably, MTNs and BULK was able to load a greater measure

of OBZ in comparison to P25 due to their mesoporous structure.

Furthermore, the presence of the mesoporous structure might fa-
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Fig. 4. Examination of UVA protection capability of OBZ-MTNs on mouse back skin.

(A) Schematic construction of an acute ultraviolet injury mouse model. (B) Repre-

sentative images of skin lesions treated with OBZ, OBZ-MTNs, OBZ-BULK and OBZ-

P25 at different time points (n=6; scale bar, 10mm) and images of H&E (scale bar,

100μm), Masson’s trichrome staining (scale bar, 100μm) of the skin tissues on the

2nd day, n=3. (C, D) Corresponding quantification of epidermis thickness and colla-

gen content in skin tissues on the 2nd day based on (A). (E, F) Levels of proinflam-

matory cytokines, including TNF-α and IL-6 on day 2, n=3. Results are shown as

mean ± SD (∗P < 0.05, ∗∗P < 0.01, and ∗∗∗P < 0.001).

cilitate superior UV absorption characteristics in OBZ-MTNs and

OBZ-BULK. As expected, OBZ-MTNs outperformed OBZ-BULK and

free OBZ in ameliorating furrow formation in UVA-irradiated skin.

Epidermal thickness serves as a surrogate marker for skin edema

severity, the phenotypic characterization of the skin was then cap-

tured via H&E staining images. The H&E pictures of skin demon-

strated a marginal increase in epidermal thickness in the OBZ-

MTN group, in contrast to the other compartments where a sig-

nificant rise in thickness was observed (Fig. 4C). These findings

were indicative of the exceptional UV absorption ability of OBZ-

MTNs. Masson’s trichrome staining also demonstrated that OBZ-

MTNs group formed more collagen than other formulations (Fig.

4D). Additionally, we determined the levels of TNF-α and IL-6 in

the skin since they play an important role in photodamage. As

shown in Figs. 4E and F, OBZ-MTNs possessed the highest reduc-

tion of TNF-α and IL-6 levels, together demonstrating their great

potential as a photoprotective agent against UVA-exposed skin. Fi-

nally, we evaluated the histopathological sections to demonstrate

that there was no any systemic damage of main organs in all treat-

ment groups (Fig. S9 in Supporting information).

In this study, we devised a sequential flash nanocomplexation

strategy for scalable fabrication of mesoporous titanium nanopar-

ticles with controlled particle size and uniformity for protect-

ing UVA-exposed skin and improving infected wound healing.

Having optimized the concentration of titanium precursor, PEG-

functionalized silane and pH during the synthesis, the small size

and mesoporous structure of MTNs were found to exhibit excep-

tional antibacterial properties when exposed to light, providing

significant protection against UVA exposure-challenged skin dam-

age in mice. The broad-spectrum antibacterial activities of MTNs

were demonstrated against E. coli, S. aureus, and P. aeruginosa un-

der light irradiation, and the nanoparticles were observed to accel-

erate P. aeruginosa-infected wound healing. With detailed in vitro

and in vivo characterization, FNC-produced MTNs demonstrated

the best performance than BULK and commercial P25 on photo-

catalytic and antibacterial activities. Our study expanded the ca-

pability of flash nanocomplexation as a continuous manufacture

method to produce mesoporous titanium nanoparticles, thus al-

lowing incorporating additional functionalities in a scalable fash-

ion with ease. Such a simple method enabled the design and fab-

rication of mesoporous titanium nanoparticles with small size and

large pore structures in a highly controllable manner, which was

expected to be engineered to generate numerous delicate nanos-

tructures with diverse compositions under facile and scalable con-

ditions.
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