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Introduction

Vaccination has made an enormous contribution to global health and is considered one of the greatest medical accomplishments for achieving global safety against dangerous diseases.

Since the efficiency of a particular vaccine correlates directly with the percentage of a given population that has been vaccinated, the vaccine market requires cost-effective and efficient solutions to attain broad vaccination coverage [1]. The technologies involved in manufacturing different types of vaccines influence 42 strongly vaccine costs. The high price of antigen expression 43 makes many vaccines less affordable to (and thus less used by) 44 low-income population [2]. Adding effective adjuvants to vac-vants to enhance the body's immune response to an antigen would allow the development of next generation of safer, more effective, and more affordable vaccines. Aluminum (Al) salt-based adjuvants (most commonly in the form of aluminum oxyhydroxide (AlOOH), aluminum hydroxide (Al(OH) 3 ) are used in human vaccines since 1930s and are commonly referred to as "alum" [4][5][6]. The presence of oxygencontaining groups on their surface [7][8][9] provides fast antigen adsorption and yield a vigorous response from the immune system compared to alternatives [10]. While aluminum oxide (Al 2 O 3 ) is more robust, it is significantly less effective than other Al-based adjuvants and is commonly much less used. Furthermore, Al salt-based adjuvants exhibit relatively low cytotoxicity as compared to pathogen stimulants or virusomes and have proven to cause a fewer number of local severities [11,12].

Recent studies showed that the shape and dimensions of the adjuvant particles may affect the immune response against protein and peptide antigens [13,14]. For example, enhanced adjuvant activity of small, elongated particles (nanorods or nanosticks) of AlOOH and Al(OH) 3 with diameters of 4-20 nm and aspect ratio of 8-10 was recently reported [14][15][16], although the origin of the improved performance remained largely unclear.

Earlier, some of us demonstrated that different size nanoparticles thrust the activity of neutrophils, which boosts the immune system response toward co-injected antigens [17,[START_REF] Muñoz | Proc. Natl. Acad. Sci[END_REF]. This mechanism of neutrophils activation is highly dependent on the size of the particles, e.g. bacteria, fungi, nano-and microparticles [START_REF] Muñoz | Proc. Natl. Acad. Sci[END_REF][START_REF] Desai | [END_REF]. It results in the formation of neutrophil extracellular traps (NETs), which effectively isolate foreign bodies and suppress local self-limiting inflammation [20]. The mechanism of NETs' action is realized by the entrapping of foreign particles by unbound DNA and histones, both decorated by toxic proteinous content of neutrophils' granules [21]. Formation of NETs was recently demonstrated as an important player responsible for adjuvant action of injected alum, reported to recruit neutrophils, and their activation leading to stimulation of DNA sensors and provoking local inflammatory response [22].

Since the NETs' formation is particles' size-dependent, we hypothesized that the utilization of high-aspect ratio Al-based vaccine adjuvants can greatly contribute to establishing more potent immune responses through neutrophils' activation.

Unfortunately, relatively expensive synthesis of nanorods (due to the use of harsh chemicals, elevated reaction temperatures, and low reaction yields), which was demonstrated earlier [14], as well as their potential damages to the smallest blood vessels may become barriers for their use in low-cost vaccination.

In this article, we have chosen to investigate if Al 2 O 3 nanowires (NWs) can activate neutrophil cells upon injection to the body and possibly enhance adjuvant properties over other Albased adjuvants. We choose to compare our findings to aluminum-based adjuvants, commonly used in commercially available vaccine formulations. Our interest was partially triggered by our recent discovery of an innovative approach for ultra-low-cost synthesis of c-alumina NWs (c-Al 2 O 3 NWs) of variable dimensions and controllable aspect ratio [23,24]. These nanomaterials are produced by exposing bulk Al alloys to alcohols at near room temperature and atmospheric pressure, fol- S1). This is only slightly (Fig. 2b), as indicated by the significantly higher amount of anti- Some of us have recently shown that nanoscaffolds may be able to induce activation of polymorphonuclear neutrophils to form neutrophil extracellular traps [START_REF] Muñoz | Proc. Natl. Acad. Sci[END_REF], networks of extracellular fibers produced as an immune response to neutralize infection [START_REF] Brinkmann | [END_REF]. Localization of neutrophils leads to localized self-limiting inflammation, which results in isolation of inflammatory stimuli with NETs [31] and, as discovered recently, is an important trigger of alum action [22]. This phenomenon is mainly responsible for the strong self-limiting (fast resolved) inflammation caused by some nanoparticles [START_REF] Muñoz | Proc. Natl. Acad. Sci[END_REF] (best illustrated by gout attack, caused by monosodium urate needle-like crystals, to be as spontaneously resolved as it appears).

Since c-Al 2 O 3 NWs provoked increased humoral immune response, we were interested to follow up the fate of the c-Al 2 O 3 NWs upon injection in the body. We used a lately described mouse air pouch model [32], where sterile air is injected under the skin at the back of the mouse to form a cavity, which is being infiltrated with immune cells followed by c-Al 2 O 3 

Cell viability and internalization

The HeLa cell line derived from cervical carcinoma [ATCC Ò CCL- 
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 3 lowed by heat treatment in air. No catalysts, toxic metals, 111 external stimuli, or costly synthesis systems are required. We 112 expect the future industrialization will allow formation of these 113 c-Al 2 O 3 NWs at a cost of a few dollars per pound, which is almost 114 negligible for vaccination applications. The tests conducted for 115 the first time on 20-to 60-micron-long, 20-40 nm diameter, 116 $1000 aspect ratio NWs substantially exceeded our expectations 117 and demonstrated c-Al 2 O 3 NWs to be extremely effective vaccine 118 adjuvant, inducing excellent humoral immune response. Quite 119 remarkably, c-Al 2 O 3 NWs did not damage the microvasculature 120 of the tissues and were found to be easily entrapped by NETs 121 and passivated. When compared with state of the art commercial 122 Al-based adjuvant, the proposed low-cost c-Al 2 O 3 NWs were 123 found to be both more efficient and safer. Our findings highlight 124 great promises of NWs for substantial breakthroughs in the 125 development of safer, more effective, and more affordable 126 vaccines. 127 Results and discussion 128 c-Al 2 O 3 NWs have been synthesized by the protocol described by 129 some of us previously [23]. It relies on the de-alloying of bulk Al-130 Li alloy in ethanol at 60 °C for 24 h, which yields Al ethoxide 131 NWs. Subsequent heat-treatment at 800 °C for 1 h results in 132 the formation of c-Al 2 O 3 NWs, as shown in the scanning elec-133 tron microscopy (SEM) micrograph (Fig. 1a). The microstructure 134 of the NWs is uniform. The average NWs' thickness is $20 nm, 135 average length 20-60 mm, and aspect ratio exceeding $1000. 136 We believe that the dimensions of the NWs are sufficient to acti-137 vate neutrophils (typically 12-17 mm in diameter). In particular, 138 of a typical length of 35 lm [25], the crystals of monosodium 139 urate, which are formed in the condition of the gout, can be 140 effectively ingested by the neutrophils [26,27]. The crystallinity 141 of the c-Al 2 O 3 NWs was revealed by the transmission electron 142 microscopy micrograph (TEM, Fig. 1b). The c-Al 2 O 3 NWs are 143 polycrystalline with an average crystal diameter of 15-20 nm. 144 The rough surface and sharp ends of the c-Al 2 O 3 NWs can pro-145 mote the membrane damage in neutrophils, resulting in the pro-146 motion of the NET formation [18]. The characteristic selected 147 area electron diffraction (SAED) pattern in Fig. 1b area exhibits 148 strong and prominent diffraction rings indexed as 311, 222, 149 400, and 440 reflections of c-Al 2 O 3 (Fig. 1c). Thermogravimetric 150 analysis (TGA) shows clearly the conversion of Al(OEt) 3 NWs to 151 Al 2 O 3 NWs (Fig. 1c). Organic carbon-and hydrogen-containing 152 groups, which constitute almost $40 wt.% of the mass, burn in 153 air until 400 °C. In the range of 500-1000 °C, the mass of the Al 2 O 3 NWs is stabilized. The high-angle XRD pattern (Fig. 1d) 155 of the Al 2 O 3 NWs displays diffraction peaks at 2h of 14.66°, 156 37.18°, 39.03°, 45.36°, 60.15°, and 66.70°, indexed as (2 crystal planes of c-158 Al 2 O 3 NWs, respectively. The chemical composition of c-Al 2 ONWs was further validated by FTIR (Fig.1e) and XPS analysis 160 (Fig.1f). The FTIR spectrum exhibits a broad band centered at 161 3495 cm À1 due to OH (stretching) band and/or adsorbed water. 162 There is a general lack of peaks related to oxygen-containing 163 groups besides the presence of bands related to AlOOH, such as 164 the bands at 3298, 3091, 1070, and 1165, assigned to v as (Al)-165 OH, v s (Al)-OH, stretching vibrations, and d as Al-O-H modes for RESEARCH: Original Research AlOOH. The bands below 1000 cm À1 at 864, 749, and 583 cm À1 167 are caused by the formation of the c-Al 2 O 3 phase. Furthermore, 168 the XPS survey spectrum, together with the high-resolution 169 core-level spectrum of Al 2p (74.6 eV), is shown in Fig. 1f,g (inset). 170 The atomic ratio between Al 2p /O 1s is 0.65 close to that of the the-171 oretical value of 0.66 for c-Al 2 O 3 . 172 A commercial Al-based adjuvant (alum) (Fig. S1a) and com-173 mercial aluminum oxide microparticles (Al 2 O 3 MPs) (Fig. S1b) 174 were used as control materials throughout this study. Fig. S1c 175 shows X-ray diffraction (XRD) patterns of alum. The XRD pat-176 terns indicate that alum has an aluminum oxide hydroxide (c-177 AlO(OH)) (boehmite) structure with the average crystallite size 178 2.2 nm (Fig. S1). Zeta-potential measurements in water at 25 °C 179 (Fig. S1d) indicate that alum adjuvant formulation has a positive 180 surface charge of +6.6 ± 0.3 mV (Table
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 31 Fig.S3, FigS4a-b). The humoral immune response after a second vaccination caused by the "c-Al 2 O 3 NWs + OVA" was significantly stronger compared to that effect of "alum + OVA"
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  IgG antibodies formed 35 days after immunization at the 220 dilution factor of 1/2000. Further analysis of antibody titers 221 (dilution factor at which antibody is still effective) revealed 222 (Fig. S3) that titers of antibodies obtained after c-Al 2 O 3 NWs 223 + OVA immunization were 1/64000; after the use of alum -224 1/16000, for Al 2 O 3 MPs and OVA alone, they were as low as 225 1/2000 and 1/1000, correspondingly; the cut-off was set to 0.5 226 OD value (Fig. S3). Both adjuvants were not inducing acute-227 phase antibodies of IgM type (Fig S4b), which signifies that there 228 is no inflammation left. 229 The cellular immune response was assessed using an estab-230 lished model of delayed type hypersensitivity (DTH) reaction 231 [29], modified by us to be less invasive animal treatment protocol 232 [18]. The DTH is a part of the cell-mediated immune response 233 associated with Th1 reactivity in response to insoluble foreign 234 antigens. It is a localized inflammatory reaction prototypical 235 in vivo assay to study cell-mediated host immune response medi-236 ated by CD4+ T lymphocytes (small leukocytes, white blood 237 cells). These cells promote T-helper cell type 1 (Th1) production 238 of interferon-c (a soluble cytokine). This immune response is 239 characterized by an influx of innate immune cells, with macro-240 phages and the dendritic cells predominating. Therefore, after 241 the formation of antibodies (day 28), mice were challenged with 242 OVA injected between the fingers of the footpad (right foot), 243 while PBS served as control and injected to the left foot 244 (Fig. 2a). Footpad swelling, being proportional to the strengths 245 of cellular immune response, was measured in dynamics for few days, until swelling disappeared. The DTH reaction (usually evaluated at 6-24 h after antigen exposure) was comparable for both groups of animals, immunized with OVA in the presence of either alum or c-Al 2 O 3 NWs (Fig. 2c), while it was significantly lower for Al 2 O 3 MPs or OVA alone. The swelling of the footpad faded after 72 h of the DTH challenge, which correlates with the normal responsiveness to the antigen. Absence of exaggerated cellular response with much stronger humoral response for c-Al 2 O 3 NWs makes them immunologically favorable agents for the use in vaccines.
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 23 FIG. 2 Humoral and cellular immune responses in Balb/c mice provoked by OVA using alum, cc-Al 2 O 3 NWs, Al 2 O 3 MPs, or OVA alone acting as adjuvants: (a) experimental design and (b) humoral immune response. Anti-OVA IgG-specific levels in serum (humoral immune response), each dot represent the response of specific animal; sera dilution was 1:2000; (c) cellular immune response; DTH reaction measured as a foot swelling. Data are M ± sem for all studied animals in the group; n = 12, 13, 4, 5, correspondingly.
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 3 FIG. 3 Formation of neutrophil extracellular traps (NETs): sequestering of c-Al 2 O 3 NWs and alum by aggregated NETs after 24 h of incubation in mouse air pouch. Dotted red circles show capillary damage and edema. No significant damage to capillaries is observed after c-Al 2 O 3 NWs' treatment.
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 45 FIG. 4 Activation of peripheral blood-derived neutrophils upon the contact of Al-based adjuvants. Data of three different healthy donors (a-c) are presented. Intensity of NETs' formation is presented as a mean fluorescent intensity of Sytox green dye upon the contact with extracellular DNA: c-Al 2 O 3 NWs and alum but not Al 2 O 3 MPs cause rapid activation of human peripheral blood neutrophils (d-f), which is noticeable during the first minutes of incubation. Strong (PMA) and weak (48 mM bicarbonate) inducers of NETs' formation show their response after 120 min.
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 23 Refinement). Totally, 34 mice were analyzed: 12 mice immu-470 nized with alum + OVA, 13 mice immunized with c-Al 2 O 3 NWs 471 + OVA, 4 mice immunized in Al 2 O 3 MPs + OVA, 5 mice immu-472 nized with OVA alone; immunization was done in 3 indepen-Al 2 O 3 NW, and Al(OH) 3 were 476 used as pure compounds and prepared as dispersions just before 477 immunization after pre-heating to 150 °C for 2 h to eliminate 478 LPS. The dispersions of 'alum + OVA', 'Al 2 O 3 MPs + OVA', and The 50 mL of 'adjuvant (20 mg mL-1) + 50 mL OVA (1 mg mL-1)' RESEARCH: Original Research in PBS were injected intraperitoneally (PI) in mice at day 1 and 486 day 15 of the experiment. The DTH test was performed 28 days layer on top of RBCs was taken and subjected to hypotonic lysis of RBCs. Isolated granulocytes were cultured in 96-well culture plates at 5 Â 10 6 cells per milliliter with special inducers of NETosis and with the fluorescent nucleic acid dye Sytox green (Life Technologies). The fluorescence was measured in kinetics for 3 h using BioAssay Reader HTS7000 (Perkin Elmer), excitation 480/15 nm, emission 535/20 nm.

  Sigma) and seeded at a density of 1.5 Â 10 4 -449 cells/well in a 96-well plate. The culture medium was replaced 450 with a fresh medium without b-mercaptoethanol that contains 451 the compounds from 0 to 400 mg mL À1 . After 24 h, the cell viabil-452 ity was evaluated using Calcein-AM and PI co-staining. The cells

	2 TM , ECACC, Sigma-Aldrich, Saint-Quentin Fallavier, France] and the U-87 MG cell line derived from human brain (glioblastoma astrocytoma) [ATCC Ò HTB-14 TM , Sigma-Aldrich, Saint-Quentin Fallavier, France] were cultured and maintained in Dulbecco's Modified Eagle's medium (DMEM, Gibco Ò ) supplemented with 10% fetal bovine serum (FBS, Gibco Ò ) and 1% penicillin-strepto-mycin (Gibco 436 590 nm) was measured using a microplate reader (PHERAstar 437 FS, BMG LABTECH GmbH, Germany). Each condition was repli-438 cated five times and the mean absorbance value of non-exposed 439 cells was taken as 100% cellular viability. 440 Cytotoxicity studies on macrophages 441 The human monocytic THP-1 cells were cultured and main-442 tained in culture in Roswell Park Memorial Institute medium 443 (RPMI 1640, Invitrogen) supplemented with 10% fetal bovine 444 serum (FBS, Gibco Ò ), 1% penicillin-streptomycin (Gibco Ò ) and 445 50 mM b-mercaptoethanol in a humidified incubator at 37 °C 446 and 5% CO 2 . THP-1 monocytes were differentiated into macro-447 phages by a 5-day incubation with 20 nM phorbol 12-myristate 448 13-acetate (PMA,

Ò ) in a humidified incubator at 37 °C and 5% CO 2 .

Cells were seeded at a density of 10 4 cells/well in a 96-well plate and grown for 24 h before assay. The culture medium was replaced with a fresh medium that contains c-Al 2 O 3 NWs and alum hydroxide 2% at different concentrations. After 24 h, the old medium was aspirated, washed with PBS and replaced with 431 a fresh medium. The cell viability was evaluated using Uptiblue 432 (Interchim) method. Briefly, 10 lL of the Uptiblue solution was 433 added to each well containing 100 mL of DMEM with 10% FBS 434 and the plate was incubated for 4 h in the humidified incubator. 435 The fluorescence of each well (excitation 540 nm/emission 453 were stained without any washing by addition of 10 mL of 454 Calcein-AM/PI mix solution (45 mM/30 mM) in each well and 455 incubated at 37 °C for 30 min. Subsequently, the stained cells 456 were observed with 4Â objective (GFP and Texas Red filter cubes) 457 using a Cytation TM 5 Cell Imaging Multi-Mode Reader (BioTek 458 Instruments SAS, France). 459 Animals 460 Six-week-old male Balb/c mice were used. The mice were housed 461 in cages covered with air filters in a temperature-controlled room 462 with a 12-h light and 12-h dark schedule and kept on a standard 463 diet with drinking water available ad libitum. Studies involving 464 animals, including housing and care, method of euthanasia, 465 and experimental protocols, were approved by the Ethics com-466 mittee of Danylo Halytsky Lviv National Medical University, pro-467 tocol 20180226/2 & 20130624/6; all experiments were designed 468 to comply with principles of the 3Rs (Replacement, Reduction
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