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a b s t r a c t 

The global diffusion of antibiotic resistance poses a severe threat to public health. Addressing antibiotic- 

resistant infections requires innovative approaches, such as antibacterial nanostructured surfaces (ANSs). 

These surfaces, featuring ordered arrays of nanostructures, exhibit the ability to kill bacteria upon con- 

tact. However, most currently developed ANSs utilize bioinert materials, lacking bioactivity crucial for 

promoting tissue regeneration, particularly in the context of bone infections. This study introduces 

ANSs composed of bioactive calcium phosphate nanocrystals. Two distinct ANSs were created through a 

biomineralization-inspired growth of amorphous calcium phosphate (ACP) precursors. The ANSs demon- 

strated efficient antibacterial properties against both Gram-negative ( P. aeruginosa ) and Gram-positive ( S. 

aureus ) antibiotic resistant bacteria, with up to 75 % mortality in adhered bacteria after only 4 h of con- 

tact. Notably, the ANS featuring thinner and less oriented nano-needles exhibited superior efficacy at- 

tributed to simultaneous membrane rupturing and oxidative stress induction. Moreover, the ANSs facili- 

tate the proliferation of mammalian cells, enhancing adhesion, spreading, and reducing oxidative stress. 

The ANSs displayed also significant bioactivity towards human mesenchymal stem cells, promoting col- 

onization and inducing osteogenic differentiation. Specifically, the ANS with thicker and more ordered 

nano-needles demonstrated heightened effects. In conclusion, ANSs introduced in this work have the 

potential to serve as foundation for developing bone graft materials capable of eradicate site infections 

while concurrently stimulating bone regeneration. 

Statement of significance 

Nanostructured surfaces with antibacterial properties through a mechano-bactericidal mechanism have 

shown significant potential in fighting antibiotic resistance. However, these surfaces have not been fab- 

ricated with bioactive materials necessary for developing devices that are both antibacterial and able 

to stimulate tissue regeneration. This study demonstrates the feasibility of creating nanostructured sur- 

faces of ordered calcium phosphate nano-needles through a biomineralization-inspired growth. These sur- 

faces exhibit dual functionality, serving as effective bactericidal agents against Gram-negative and Gram- 

positive antibiotic-resistant bacteria while also promoting the proliferation of mammalian cells and in- 

ducing osteogenic differentiation of human mesenchymal stem cells. Consequently, this approach holds 

promise in the context of bone infections, introducing innovative nanostructured surfaces that could be 

utilized in the development of antimicrobial and osteogenic grafts. 

© 2024 The Author(s). Published by Elsevier Ltd on behalf of Acta Materialia Inc. 

This is an open access article under the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ) 
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. Introduction 

According to the World Health Organization (WHO), antimicro- 

ial resistance is one of the top 10 global public health threats fac- 

ng humanity. The diffusion of drug-resistant pathogens increases 

he risk of disease spread, severe illness, and death [ 1 ]. Antibiotic- 

esistant bacterial strains are usually treated with massive doses 

f broad-spectrum antibiotics, but this approach has a low efficacy 

nd poses the risk of inducing the emergence of new multi- and 

an-resistant bacteria, also known as “superbugs”, which are not 

reatable with any existing antimicrobial drug [ 2 ]. 

This urgently calls for novel alternatives to fight infections. In 

his regard, there is high interest on antibacterial nanostructured 

urfaces (ANSs). This term refers to materials that possess micro- 

r nanostructured surfaces with the ability to inhibit bacterial ad- 

esion (antifouling effect) or to kill bacteria (bactericidal effect) [ 3 ]. 

NSs were inspired by biological structures; for example certain 

nsect wings as those of some cicada species are endowed with an- 

ibacterial and antifungal properties [ 4 ]. In detail, they are covered 

y ordered arrays of nano-pillars with height of less than 1 μm and 

iameter of less than 100 nm, which can kill bacteria by rupturing 

r exerting an excessive mechanical stretching on the bacterial cell 

all - a multi-layered structure protecting the microbe [ 4 , 5 ]. 

The development of biocide-free surfaces for killing bacteria 

ould potentially offer an advantage against antibiotic resistance, 

s this physical bactericidal mechanism is nonspecific. Unlike an- 

ibiotic drugs, which disrupt specific bacterial metabolic pathways 

nd can be rapidly counteracted via mutations and horizontal 

ene transfer [ 6 ], the a-specific nature of this physical mechanism 

ay mitigate resistance development. Additionally, ANSs were also 

roved to be non-cytotoxic toward eukaryotic cells, as these cells 

xhibit resilience to the deformational stress due to their larger di- 

ensions and more elastic membrane compared to bacteria [ 7 ]. 

ANSs were generated on various materials using several top- 

own methods including lithography, casting, etching, etc. The 

esulting structures take the form of ordered arrays of nano- 

illars, nano-needles, nano-cones, nano-spikes, nano-wires, nano- 

ores, etc. [ 8 ]. Despite achieving significant milestones, this re- 

earch has a key gap: ANSs were primarily produced using materi- 

ls that are biocompatible but inert, lacking bioactivity. These ma- 

erials include silicon, diamond, metals (e.g. titanium and its alloys, 

old, etc.) and some polymers (PMMA, PEEK, etc.) [ 8 , 9 ]. This issue

nderscores the need for the development of materials that are 

ntimicrobial upon contact while also being cell-instructive and 

ioactive. For example, in the case of bone infection, the therapeu- 

ic approach requires not only eradicating the infection, but also 

imultaneously regenerating the destroyed bone, typically using 

steo-inductive graft materials. Therefore, biomaterials-based bone 

rafts for the regeneration of infected osseous tissue should locally 

mpede bacterial growth while providing favorable host reparative 

ells that stimulate immunomodulatory, angiogenic and osteogenic 

vents. 

In this regard, the aim of this work is to generate ANSs made 

f biocompatible, bioactive, and osteo-inductive synthetic calcium 

hosphate (CaP) materials. CaPs are considered among the best 

aterials for developing bone graft substitutes due to their chemi- 

al similarity to the bone mineral, which leads to high biocompat- 

bility and bioactivity that promotes bone formation [ 10 ]. Typically 

aP materials have been rendered antimicrobial through function- 

lization with antibiotics such as drugs, silver and other ions, and 

uaternary ammonium salts [ 11 ]. However, a critical limitation of 

hese strategies is their transience, as the leaching of the antimi- 

robials is subject to depletion over time. The decreasing antibiotic 

oncentration leads to a progressively weaker antibacterial effect, 

hich, at the same time, may also promote antimicrobial resis- 

ance [ 12 , 13 ]. 
471
Another advantage of CaPs for the development of ANSs is 

hat they can be finely shaped by biomineralization-inspired ap- 

roaches. Biomineralization is defined as the forming process of 

norganic minerals by living organisms. Through evolution, nature 

as established robust pathways and mechanisms to produce pre- 

isely controlled biominerals distinct from minerals found in non- 

iological systems. These pathways involve the presence of soluble 

dditives such as crystallization modifiers, inhibitors, or nucleation 

gents [ 14 ]. The accumulating knowledge on biomineralization has 

ttracted the attention of materials scientists as a source of inspira- 

ion to achieve advanced CaP materials with complex shape, hier- 

rchical organization and well-defined size, morphology, and struc- 

ure [ 14 ]. For example, previous works have shown that is possible 

o grow ordered CaP nano-needles hierarchically-organized in pre- 

ise arrays [ 15-17 ]. In brief, it was found that in presence of an

queous solution of calcium, phosphate, and fluoride ions the sur- 

ace of an amorphous calcium phosphate (ACP) substrate first par- 

ially dissolves and then recrystallizes into oriented arrays of fluo- 

apatite (FA, Ca10 (PO4 )6 F2 ) nanocrystals [ 15-17 ]. 

Currently, the number of CaP-based ANSs reported in litera- 

ure is scarce [ 18-20 ]. In these limited studies, hydroxyapatite (HA, 

a10 (PO4 )6 (OH)2 ) nano-pillars were grown using bottom-up ap- 

roaches either onto titanium surfaces by electrophoretic deposi- 

ion or onto CaP substrates by hydrolysis and reprecipitation of a 

aP precursor. In all cases, a significant antibacterial effect against 

ram-negative bacteria was observed [ 18-20 ]. Similarly to other 

NSs, it was found for CaPs that the antibacterial effect depended 

n the nano-topographical features (nanocrystals height, spacing, 

iameter, etc.) [ 18 ]. However, the structure-effect correlation is still 

nclear, and many questions remain unanswered. Moreover, there 

re no reports on the efficacy of CaP-based ANSs against Gram- 

ositive bacteria. This type of bacteria are known to be more re- 

istant to physical bactericidal effect due to their thicker peptido- 

lycan layer attached to teichoic and lipoteichoic acids in the cyto- 

lasmic membrane, compared to the thinner outer membrane of 

ram-negative bacteria, which possesses porins and lipopolysac- 

harides [ 13 ]. Additionally, there is no information on the interac- 

ion of CaP-based ANSs with eukaryotic cells. Therefore, the devel- 

pment of ANSs using CaP materials is an exciting new field that 

equires further investigations. 

In this work we have generated two ANSs based on organized 

aP nano-needles arrays, differing in terms of nano-topography, 

y using a bottom-up approach inspired by biomineralization pro- 

esses. We assessed the morphology, chemical and structural com- 

osition of ANS through X-ray diffraction in theta/2theta geometry 

nd electron microscopy as well as by X-ray scattering techniques 

n transmission (scanning SAXS/WAXS) and grazing incidence (GI- 

AXS/GISAXS) reflection geometry. The antimicrobial activity of 

hese ANSs was evaluated against clinically relevant antibiotic- 

esistant bacterial strains. Specifically, an extensively drug-resistant 

. aeruginosa strain isolated from a respiratory sample was cho- 

en as Gram-negative bacteria model, while Methicillin-resistant S. 

ureus strain isolated from a positive blood culture was used as 

ram-positive representative. Bacteria adhesion onto ANSs, micro- 

ial viability and morphology were studied to correlate antibacte- 

ial activity of the samples with their nanostructure. Furthermore, 

e preliminarily assessed the in vitro biocompatibility of the ANSs 

owards VERO epithelial cells, a mammalian cell line commonly 

sed to evaluate cytotoxicity. This assessment involved studying 

ell viability, adhesion, and morphology. The induction of oxidative 

tress in bacterial and mammalian cells by ANSs was also eval- 

ated. Finally, we examined the influence of the CaP-based ANSs 

n human Adipose-derived Mesenchymal Stem Cells (Ad-MSCs), a 

ell-known in vitro model suitable for testing the osteogenic dif- 

erentiation and regenerative potential of bone tissue [ 21 , 22 ]. This 

ssessment included analyzing cell viability and proliferation, cell 
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C  
dhesion and morphology, and the potential ability of samples to 

rigger the osteogenic differentiation pathway. 

. Materials and methods 

.1. Reagents 

Acetic acid (C2 H4 O2 , ≥99.0 % pure), calcium chloride dihy- 

rate (CaCl2 ·2H2 O, ≥99,0 % pure), dexamethasone (water soluble, 

ioReagent, suitable for cell culture), ethanol absolute anhydrous 

CH3 CH2 OH, 99,9 % pure), β-glycerophosphate disodium salt hy- 

rate (BioUltra, ≥99.0 %), hydrochloric acid (HCl, ≥37,0 % pure), 

lutaraldehyde solution (grade II, 25 % in H2 O, OHC(CH2 )3 CHO) 

agnesium ascorbyl phosphate (C6 H6 Mg1.5 O9 P ·xH2 O, powder 

orm, white, ≥95 % pure), paraformaldehyde (PFA, HO(CH2 O)n H, 

eagent grade, crystalline), monobasic potassium phosphate 

KH2 PO4 , ≥98,0 % pure), dibasic potassium phosphate (K2 HPO4 , 

98,0 % pure), 2-propanol (C3 H8 O, ≥99,5 % pure), sodium acetate 

C2 H3 O2 Na, referred as CH3 COONa, ≥99.0 % pure), sodium ca- 

odylate trihydrate ((CH3 )2 AsO2 Na ·3H2 O, ≥98,0 % pure), sodium 

arbonate monohydrate (Na2 CO3 ·H2 O, 99.5 % pure), sodium cit- 

ate tribasic dihydrate (Na3 (C6 H5 O7 ) ·2H2 O, referred as Na3 Cit, 

99,0 % pure), sodium chloride (NaCl, ≥98 % pure), sodium de- 

xycholate (C24 H39 NaO4 , ≥97 % pure), sodium dodecyl sulphate 

CH3 (CH2 )11 OSO3 Na, ≥99 % pure) sodium fluoride (NaF, ≥99,0 % 

ure), disodium p-nitrophenyl phosphate (pNP-PO4 , ≥97 % pure), 

odium phosphate dibasic (Na2 HPO4 , ≥99,0 % pure), TritonX-100 

2-[4-(2,4,4-trimethylpentan-2-yl)phenoxy]ethan-1-ol), Tris–HCl 

 ≥99 % pure), and Trypan Blue powder (BioReagent, suitable for 

ell culture) were supplied by Sigma-Aldrich (St. Louis, MO, USA). 

etal Bovine Serum (FBS), Minimum Essential Medium supple- 

ented with l-Glutamine (MEM), Minimum Essential Medium 

GlutaMAX with l-Glutamine ( α-MEM GlutaMAX), 1 % Peni- 

illin/Streptomycin solution (pen/strep, 100 U/mL-100 μg/mL), 

ecombinant human basic-Fibroblast Growth Factor (hbFGF), 

rypsine- EDTA 0.5 % no phenol red (10X) and Phosphate Buffer 

aline (PBS) were supplied by Gibco (Life technologies - Thermo 

isher scientific, Waltham, Massachusetts, USA). Presto Blue Cell 

iability reagent, LIVE/DEAD Viability/Cytotoxicity kit (for mam- 

alian cells), Actin-Red 555 ReadyProbes reagent (rhodamine 

halloidin), 4′ ,6-diamidino-2-phenylindole dihydrochloride (DAPI) 

nd Tri Reagent solution were supplied by Invitrogen (Life tech- 

ologies - Thermo Fisher scientific, Waltham, Massachusetts, 

SA). The High-Capacity cDNA Reverse Transcription Kit and 

he TaqMan Gene Expression Assay Kits were purchased from 

pplied Biosystems (Life technologies - Thermo Fisher scientific, 

altham, Massachusetts, USA). Saline solution (0,9 wt.% sodium 

hloride) was purchased from bioMérieux (Marcy-l’Étoile, France). 

rypsin-EDTA 10x and Normal Goat Serum (NGS) was supplied 

rom Euroclone (AddLife AB, Stockholm, Sweden). Bovine Serum 

lbumin Low Endotoxin (BSA) was purchased from PAA – The 

ell Culture Company (Headquarter Austria, 4061 Pasching). The 

irect-zol RNA MiniPrep purification kit was purchased from 

ymo Research (Irvine, 17062 Murphy Ave, United States). All the 

olutions were prepared with ultrapure water (18.2 M �·cm, 25 °C, 

rium pro, Sartorius). 

.2. ACPs synthesis 

Two different ACPs were prepared, one without stabilizer (ACP) 

nd the other stabilized by citrate (Cit-ACP). ACP was synthe- 

ized according to the procedure reported by Carella et al. [ 15 ]. 

qual volumes of two solutions composed of (A) 20 mM CaCl2 

nd (B) 20 mM Na2 HPO4 were mixed at 4 °C under vigorous stir- 

ing. The precipitate was immediately collected by centrifugation 

12,500 rpm, 2 min, 0 °C) and washed twice - first with ultrapure 
472
ater at 4 °C and then with absolute ethanol at 4 °C. The product 

as freeze-dried and stored at −20 °C. 

Cit-ACP was synthesized as reported in [ 23 ] by vigorous stir- 

ing at room temperature equal volumes of two solutions com- 

osed of (A) 100 mM CaCl2 + 400 mM Na3 Cit and (B) 120 mM 

a2 HPO4 + 200 mM Na2 CO3 . Before mixing, the pH of solution (B) 

as adjusted to 9.5 with HCl. After 60 s of stirring, the formed 

recipitate was collected by centrifugation (70 0 0 rpm, 5 min, 4 °C) 

nd repeatedly washed with ultrapure water. Subsequently, it was 

reeze-dried overnight and stored at 4 °C until use. 

.3. Substrate disks preparation 

Cit-ACP and ACP powders were compression-molded to form 

isk substrates. For each molding, 150 mg of Cit-ACP or ACP pow- 

ers were placed in a cylindrical steel mold with an inner diame- 

er of Ø 12 mm and hydraulic pressure was applied at levels of 37, 

37, or 800 MPa for 10 min. After molding, disks with a thickness 

f 1 mm were obtained. The substrates were stored at 4 °C until 

se. 

.4. Growth of ANSs 

To grow oriented arrays of nanocrystals on the surface of ACP 

nd Cit-ACP substrates, a growth solution (GS) was prepared fol- 

owing the methods reported by Onuma et al. and Carella et al. 

 15 , 16 ] with some modifications. The composition of the GS is re-

orted in Supplementary Table 1. It was prepared by adding the 

ollowing solutions to 31.5 mL of ultrapure water: (A) 3.5 mL of 

0 mM K2 HPO4 + 40 mM KH2 PO4 + 1 M CH3 COONa, (B) 140 μL 

f 1 M CaCl2 , and (C) 350 μL of 52.6 mM NaF. Before mixing, the

H of solution A was adjusted to 6.3 with 1 M acetic acid. The so-

utions were added in the specific order and left to stir for 2 min 

etween each addition. 

Each substrate was placed in a Petri dish, immersed in 35 mL 

f GS, and subjected to static incubation at 37 °C for 24 h. The 

odes of the prepared samples are detailed in Table 1 . Samples ob- 

ained from ACP and Cit-ACP substrates pressed at 137 MPa were 

amed ACP GS and Cit-ACP GS, respectively. Control samples were 

repared by incubating the substrates pressed at 137 MPa in 35 mL 

f ultrapure water at 37 °C for 24 h (ACP H2 O and Cit-ACP H2 O).

fter incubation, whether in GS or water, the substrates were re- 

oved from the solution, washed first with water and then with 

ure ethanol, and left to dry at room temperature. 

.5. Materials characterization 

Field emission-gun scanning electron microscopy (FEG-SEM) 

nalyses of the samples were conducted using a �IGMA FEG-SEM 

icroscope (ZEISS NTS Gmbh, Oberkochen, Germany). The sam- 

les were cut into pieces with a surgical blade and fixed to alu- 

inum SEM stubs using graphitic glue, positioning the surface up- 

ard for observing nanocrystals morphology from a top view. For 

icrographs of arrays in section, fractured substrate pieces were 

ounted sideways. All samples were sputter-coated with gold us- 

ng an E5100 Sputter Coater (Polaron Equipment, Watford, Hert- 

ordshire, UK) to enhance electrical conductance. FEG-SEM mi- 

rographs were captured in secondary electrons mode at an ac- 

eleration voltage of 4 kV. For each sample at least four ran- 

omly selected fields were acquired at magnifications ranging from 

0 0 0 × to 50,0 0 0 ×. Nanocrystals morphology was analyzed with 

oftware ImageJ [ 24 ]. 

X-ray diffraction (XRD) patterns of the samples were recorded 

n a D8 Advance diffractometer (Bruker, Karlsruhe, Germany) using 

u K α radiation ( λ= 1.54178 Å) generated at 40 kV and 40 mA in
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Table 1 

Code of the samples and preparation conditions. The selected samples tested with bacteria and eukaryotic cells 

are reported in italics. 

Sample Mineral phase Substrate compression condition Growth condition 

ACP 37 MPa GS ACP 37 MPa GS solution 

ACP 137 MPa GS (ACP GS) ACP 137 MPa GS solution 

ACP 800 MPa GS ACP 800 MPa GS solution 

Cit-ACP 37 MPa GS Cit-ACP 37 MPa GS solution 

Cit-ACP 137 MPa GS (Cit-ACP GS) Cit-ACP 137 MPa GS solution 

Cit-ACP 800 MPa GS Cit-ACP 800 MPa GS solution 

ACP H2 O ACP 137 MPa Water 

Cit-ACP H2 O Cit-ACP 137 MPa Water 
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heta/2theta geometry. XRD patterns were recorded from 10 to 80 °
 θ with a step size of 0.02 ° and a counting time of 1 s. 

(GI)SAXS/(GI)WAXS measurements were performed at the XMI- 

ab [ 25 ], equipped with a Fr-E + Superbright X-ray micro-source 

Rigaku, Tokyo, Japan) coupled to a SMAX30 0 0 SAXS/WAXS cam- 

ra via a focusing optics and a three-pinhole beam shaping system 

elivering a 0.2 mm (diameter) beam spot at sample position. A 

uji Image Plate served as detector, placed downstream the sam- 

le at 87 mm for GIWAXS or 28 mm for WAXS, and read off-line

y a Raxia scanner. SAXS data were collected in scanning mode by 

 Triton multiwire gas-filled detector placed at about 2 m distance 

ownstream the sample. The transmitted (unscattered) X-ray in- 

ensity was collected simultaneously at each sample position by a 

in-diode located inside the beamstop, to obtain absorption con- 

rast microscopies and transmission coefficients for SAXS intensity 

ormalization. The average WAXS pattern over the scanned sample 

rea was also collected simultaneously to the SAXS data, thanks to 

 hole in the middle of the Image Plate letting the small-angle- 

cattered beam pass through. Scanning SAXS data were composed 

n microscopies by using the in-house developed program SUNBIM 

 26 ]. SAXS and WAXS data were calibrated by using Ag Behenate 

deposited as a thin film) or Si (from NIST, deposited on a glass 

ubstrate) powder standards, respectively, and in the case of WAXS 

ata a flat detector correction was applied as implemented in SUN- 

IM, without any baseline interpolation. A high-precision goniome- 

er with piezoelectric motors was used for sample alignment in GI- 

AXS measurements: the incidence angle was set to 0.2 °, 1 ° or 2 °
or all measurements to check depth-dependence of the diffraction 

ignal. Samples were kept at about 0.1 mbar vacuum pressure dur- 

ng measurements. GIWAXS and WAXS data were fitted by using 

he program FullProf [ 27 ]. 

Transmission electron microscopy (TEM) in bright field mode 

nd selected area electron diffraction (SAED) mode were used to 

bserve morphology, size, and crystallinity of individual nanocrys- 

als in a dry state. Micrographs were acquired with a Tecnai F20 

icroscope (Fei Corp., Hillsboro, OR, USA) equipped with a Schot- 

ky emitter and operating at 200 KeV. The overgrown layers of 

anocrystals were scraped from the substrates and dispersed in 

sopropanol by sonication. A droplet of the finely dispersed sus- 

ension was then allowed to evaporate under room temperature 

nd atmospheric pressure on a holey film supported on a copper 

rid. Single crystal spot SAED patterns were indexed with the soft- 

are ProcessDiffraction [ 28 ]. 

Citrate release from Cit-ACP substrates with different 

ompression-molding pressures was determined by UV–VIS 

pectroscopy. Cit-ACP substrates were incubated in ultrapure water 

t 37 °C for 8 h. Afterwards, a 700 μL aliquot of the medium was

ollected and acidified with 100 μL of HCl 1 M to shift citrate 

issociation towards the non-deprotonated form as reported in lit- 

rature [ 29 ]. The resulting solution was measured with a Lambda 

50 spectrophotometer (Perkin-Elmer, Waltham, MA, USA) in the 

ange 20 0–30 0 nm. Citrate signal was revealed as an absorption 

houlder at 210 nm and quantified through a calibration curve of 

tandard Na Cit solutions. 
3 

473
.6. ANSs antimicrobial activity evaluation 

.6.1. Bacterial strains 

The antimicrobial efficacy of ANSs compared to flat surfaces 

as assessed using clinically relevant bacterial strains. An exten- 

ively drug-resistant (XDR) Gram-negative Pseudomonas aeruginosa 

train was isolated from a respiratory specimen, exhibiting resis- 

ance against Meropenem, Ertapenem, and Imipenem. Additionally, 

 Methicillin-resistant Gram-positive Staphylococcus aureus strain 

as obtained from a positive blood culture. Antibiotic susceptibil- 

ty testing followed the EUCAST 2023 clinical breakpoints (The Eu- 

opean Committee on Antimicrobial Susceptibility Testing- Clinical 

reakpoints - bacteria (v 13.1). Both strains were cultured on 5 % 

heep blood Tryptic Soy Agar (bioMérieux, Marcy-l’Étoile, France). 

.6.2. Bacteria viability evaluation 

Confocal imaging was conducted to assess cytocidal effect of 

NSs against bacteria. Bacteria inocula equal to 1 McFarland stan- 

ard turbidity (approximately 3 × 108 CFU/mL) in saline solution 

ere prepared with Densicheck plus (bioMérieux, Marcy-l’Étoile, 

rance). One milliliter of each inoculum was then brought into 

ontact with tested surfaces in a 24-wells plate (Corning, New 

ork, USA), which was incubated at 37 °C, 5 % CO2 for 4 h in New

runswick Excella E24 Series (New Brunswick scientific; Edison, 

ew Jersey, USA). To perform the differential staining between live 

nd dead bacterial cells the LIVE/DEAD BacLight bacterial viability 

it (Thermo Fisher scientific, Waltham, Massachusetts, USA) was 

sed according to manufacturer’s instructions. Fluorescent stain- 

ng visualization was carried out with Eclipse Ti-E Nikon confo- 

al microcopy (Nikon Europe B.V, Amstelveen, The Netherlands). 

he excitation wavelengths used were 469 nm and 586 nm while 

mission wavelengths used were at 525 nm and 647 nm for green 

nd red channels, respectively. Quantitative analysis of fluorescence 

mission was performed with ImageJ Fiji Software (Version 1.53 c) 

 30 ]. 

.7. ANSs biocompatibility evaluation 

.7.1. Mammalian cell line 

Biocompatibility studies on ANSs were conducted using the re- 

al epithelial cell line of VERO E6 monkey (ATCC No CRL-1586). 

he cells were cultured and amplified in 25 cm ² rectangular canted 

eck cell culture flask (Corning, New York, USA) with MEM ad- 

usted to contain 10 % FBS and 1 % Penicillin/Streptomycin solution. 

.7.2. Mammalian cells viability evaluation 

VERO cells at 90 % of confluence, assessed with bright field 

icroscopy, were completely detached with Trypsin-EDTA 1x ob- 

ained by dilution in PBS through a 3-minute incubation at 37 °C 

nd 5 % CO2 in Steri-cult CO2 incubator (Thermo Fisher scien- 

ific, Waltham, Massachusetts, USA). To neutralize trypsin action 

 mL of FBS were added. Subsequently, the cells were transferred 

o 50 mL conical tube (Corning, New York, USA) and centrifu- 

ated at 10 0 0 rpm for 10 min with Consul 21R centrifuge (Or- 
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oalresa, Madrid, Spain). The obtained pellets were then resus- 

ended and counted with NucleoCounter® NC-200TM (Chemome- 

ec, Allerød, Denmark). Approximately 106 cells/mL were seeded 

nto the tested surfaces in a 24-wells plate and incubated for 

4 h at 37 °C and 5 % CO2 . Subsequently, the LIVE/DEAD via- 

ility/cytotoxicity kit for mammalian cells (Thermo Fisher scien- 

ific, Waltham, Massachusetts, USA) was used according to man- 

facturer’s instructions. Fluorescent staining visualization was an- 

lyzed with Cytation5 multimode reader (Biotek, Winooski, Ver- 

ont, USA). The excitation wavelengths used were 469 nm and 

86 nm, while emission wavelengths were at 525 nm and 647 nm 

or green and red channels, respectively. Quantitative analysis of 

uorescence emission was conducted with ImageJ Fiji Software 

Version 1.53 c). 

.8. Cell morphology evaluation 

Bacteria inocula and VERO cells were prepared and incubated 

n ANSs and control surfaces as reported above. Subsequently, 

oth types of samples were dehydrated through immersion in cres- 

ent gradient of ethanol concentration, from 30 to 100 %, with 

 multi-step procedure lasting 10 min each. The samples were 

hen metallized with gold using a High-Resolution Sputter Coater 

GB7234 (Agar Scientific, Stansted, UK). The morphology of cells 

n surfaces at low magnification were observed with a Supra 25 

EM microscope (Zeiss, Oberkochen, Germany). Representative mi- 

rographs were acquired in secondary electrons mode at an ac- 

eleration voltage of 15 kV. For each sample at least four ran- 

omly selected fields were acquired at magnification of 15,0 0 0 ×. 

igh-magnification SEM micrographs of cells were observed with 

 �IGMA FEG-SEM microscope (Zeiss, Oberkochen, Germany), in 

his case representative micrographs were acquired in secondary 

lectrons mode at an acceleration voltage of 4 kV at magnifica- 

ion up to 150,0 0 0 ×. For ease of visualization, cells in SEM mi-

rographs were colorized with the software GIMP as micrograph 

ost-processing. 

.9. Quantification of reactive oxygen species induced by ANSs 

The induction of oxidative stress by nanostructured surfaces 

owards bacterial and mammalian cells was evaluated using the 

CFDA/H2DCFDA cellular ROS assay kit (Abcam, Cambridge, United 

ingdom). P. aeruginosa and S. aureus cells (around 3 × 108 

FU/mL) in saline solution were placed in contact with tested and 

ontrol surfaces in a 24-well plate for 4 h. VERO cells at a con- 

entration ranging from 1.2 × 106 cells/mL to 4 × 106 cells/mL 

ere grown in DMEM + 10 % FBS in contact to ACP and Cit-ACP 

urfaces (along with their respective controls). Subsequently, bac- 

erial and mammalian cells were collected by centrifugation, and 

he DCFDA staining was performed according to manufacturer’s in- 

tructions. Fluorescent quantification was conducted in a 96-wells 

lack plate optimized for fluorescence contexts (Nunc, Roskilde, 

enmark) using a Cytation5 multimode reader (Biotek, Winooski, 

ermont, USA). The fluorescent readings were performed with ex- 

itation / emission wavelength at 485 nm / 535 nm. 

.10. Cytocompatibility and differentiation of Human Adipose-Derived 

esenchymal Stem Cells evaluation 

.10.1. Cell culture 

Human Primary Adipose-Derived Mesenchymal Stem Cells (Ad- 

SCs) purchased from American Type Culture Collection (ATCC 

CS-500–011) were cultured in α-MEM GlutaMAX with 15 % FBS, 

0 ng/mL, hb-FGF and 1 % of pen/strep, hereafter referred to as 

tandard media. Cells were detached from the culture flask by 

rypsinization, centrifuged, and the cell number and viability were 
474
etermined by Trypan Blue Dye Exclusion test. All cell-handling 

rocedures were performed under sterile laminar flow hood and 

ell cultures were incubated at 37 °C with 5 % CO2 under con- 

rolled humidity conditions. 

.10.2. Sterilization and cell seeding on ANSs 

The ANSs were sterilized twice in absolute ethanol for 10 min 

ollowed by 20 min UV irradiation in MilliQ water. Before cell 

eeding, the ANSs were pre-conditioned in standard media over 

he weekend at 37 °C before the cell seeding. Ad-MSCs were 

eeded at a density of 30.0 0 0 cells/sample by dripping 100 μL 

f cell suspension on the upper surface of ANSs, followed by 20- 

inute incubation at 37 °C to allow cellular pre-adhesion be- 

ore the addition of the osteogenic media. The osteogenic me- 

ia used was α-MEM GlutaMAX with 10 % FBS, 1 % of Pen/Strep, 

0 mM β-Glycerophosphate disodium salt hydrate, 50 μg/mL Mag- 

esium Ascorbyl Phosphate and 100 nM Dexamethasone. The sam- 

les were then incubated at 37 °C with 5 % CO2 under controlled 

umidity conditions for 14 days. All cell-handling procedures were 

erformed under sterile laminar flow hood. 

.10.3. Cell proliferation and viability evaluation 

The proliferation and viability of Ad-MSCs was quantitatively 

nalysed by Presto Blue Cell viability reagent after 1, 2, 3, 7, 10 

nd 14 days of culture, following the manufacturer’s instructions. 

t each time point, the ANSs were incubated with 10 % (v/v) Presto 

lue Reagent for 2 h at 37 °C in a 5 % CO2 atmosphere under 

ontrolled humidity conditions. The reading was performed by us- 

ng Fluoroskan Microplate Fluorometer (Thermo Fisher Scientific, 

altham, Massachusetts, USA) at excitation and emission wave- 

ength of 544 and 590 nm, respectively. Three replicates were per- 

ormed at each time point ( N = 3) . 

A qualitative evaluation of the cell viability of Ad-MSCs was 

onducted using the LIVE/DEAD Assay at day 1 of culture, following 

he manufacturer’s instructions. Briefly, the cells were washed with 

BS1X and incubated with 1.3 μM of Calcein-AM to stain live cells 

n green and 4 μM of Ethidium homodimer-1 to stain dead cells in 

ed for 15 min at 37 °C. Images were acquired using an Inverted 

i-E Fluorescent Microscope (Nikon, Tokyo, Japan). One biological 

eplicate was analysed for each group ( N = 1). 

.10.4. Cell morphology evaluation 

The morphology of Ad-MSCs on the ANSs was assessed at day 

 and 14 of culture by fluorescent microscopy with Actin/DAPI 

taining and FEG-SEM microscopy. For the fluorescence analysis, 

ollowing the manufacturer’s instructions, the cells were fixed in 

 % PFA for 10 min, permeabilized in 0.1 % (v/v) Triton X-100 in 

BS1X for 5 min and then incubated in the dark with Actin-Red 

55 ReadyProbes reagent for 30 min. The cell nuclei were coun- 

erstained with DAPI (600 nM) reagent for 7 min in the dark. The 

amples were imaged by using the Inverted Ti-E Fluorescent Micro- 

cope. For the FEG-SEM analysis, the cells were washed in 0.1 M 

w/v) Sodium Cacodylate Buffer (pH 7.4) and fixed in 2.5 % (v/v) 

lutaraldehyde solution in 0.1 M Sodium Cacodylate Buffer for 2 h 

t 4 °C. The cells were dehydrated in an increasing scale of alcohol 

from 30 to 100 %), mounted on aluminium stubs, and dried un- 

er hood. For the analysis, the samples were sputter-coated with 

0 nm film of gold and the images were acquired under high vac- 

um conditions by using �IGMA FEG-SEM microscope (ZEISS NTS 

mbh, Oberkochen, Germany) at an acceleration voltage of 4 kV. 

NSs not seeded with cells were analysed as blank . One biological 

eplicate was analysed at each time point for both types of analysis 

 N = 1). For ease of visualization, cells in SEM micrographs were 

olorized with the software GIMP as micrograph post-processing. 
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.10.5. Cellular adhesion evaluation 

The cell adhesion to the ANSs was evaluated at day 3 of cul- 

ure by fluorescent immunolocalization of specific markers, follow- 

ng the manufacturer’s instructions. Briefly, the cells were fixed in 

 % PFA and blocked for nonspecific binding sites in 20 % NGS in

BS 1X for 15-minute incubation. Then, the cells were permeabi- 

ized in 0.1 % Triton X-100 in PBS 1X for 5 min and incubated

vernight at 4 °C in humidity chamber with primary antibodies for 

ocal Adhesion Kinase (FAK, Novus Biologicals, Rabbit, 1:100) and 

axillin (Novus Biologicals, Rabbit, 1:100) in 1 % BSA in PBS 1X. The 

oat Anti-Rabbit IgG Alexa 546 (Molecular Probes, Thermo Fisher 

cientific, Waltham, Massachusetts, USA) was used as a secondary 

ntibody in 1 % BSA in PBS1X solution for 1-hour incubation at 

oom temperature in the dark. The cell nuclei were counterstained 

ith DAPI for 7 min incubation in the dark. Images were acquired 

t the Inverted Ti-E Fluorescent Microscope. For each primary anti- 

ody, one biological replicate for each group was analysed ( N = 1). 

.10.6. Gene expression 

The gene expression profile of Ad-MSCs at 7 and 14 days 

f culture was analysed in terms of osteogenic potential. At 

ach time point, total RNA extraction and purification were per- 

ormed by Tri Reagent and Direct-zol RNA MiniPrep purification 

it, following the manufacturer’s instructions. The RNA quantifi- 

ation and purity were evaluated using the NanoDrop One Mi- 

rovolume UV–Vis Spectrophotometer (Thermo Fisher Scientific, 

altham, Massachusetts, USA). The single strand cDNA was pro- 

uced by performing the High-Capacity cDNA Reverse Transcrip- 

ion Kit (Applied Biosystems, Thermo Fisher Scientific, Waltham, 

assachusetts, USA) starting from 500 ng of purified RNA. Real- 

ime PCR was performed on cDNA by TaqMan Gene Expres- 

ion Assay Kits (Applied Biosystems, Thermo Fisher Scientific, 

altham, Massachusetts, USA) to determine the relative quan- 

ification of the target genes’ expression: Bone Morphogenetic 

rotein 2 (BMP-2) (Hs00154192_m1), Runt-related transcription 

actor 2 (RUNX-2) (Hs00231692_m1) and Alkaline Phosphatase 

ALP) (Hs01029144_m1). Glyceraldehyde-3-Phosphate Dehydroge- 

ase (GAPDH) (Hs99999905_m1) was used as the housekeeping 

ene. Two biological samples for each condition ( N = 2) were 

nalysed via three technical replicates. Data were collected from 

uantStudio 1 Real-Time PCR System (Applied Biosystem, Thermo 

isher Scientific, Waltham, Massachusetts, USA) and the Compara- 

ive Threshold (CT) method ( ��CT) was performed to determine 

he relative quantification of target genes, where relative gene ex- 

ression level equals to 2−��CT [ 31 ]. 

.10.7. ALP activity 

To evaluate the potential ability of ANSs in differentiating Ad- 

SCs toward the osteogenic lineage, ALP activity was measured 

sing an enzymatic assay based on the hydrolysis of p-nitrophenyl 

hosphate (pNP-PO4 ) to p-nitrophenol (pNO) [ 32 ]. Briefly, the sam- 

les were washed in PBS1X and incubated twice in RIPA buffer (ra- 

ioimmunoprecipitation buffer: 150 mM sodium chloride, 1.0 wt.% 

riton X-100, 0.5 wt.% sodium deoxycholate, 0.1 wt.% sodium do- 

ecyl sulphate, 50 mM Tris–HCl, pH 7.4) supplemented with pro- 

ease inhibitors for 15 min on ice, using a cell scraper to lyse the 

ells on the material’ surface. The cells lysates were collected, son- 

cated for 5 min at 120 Watt and 28 Hertz, and centrifuged at 

500 x g for 15 min at 4 °C to remove debris. The supernatants

ere combined to increase the extraction yields, obtaining a total 

f 200 μL of cell lysate per sample with two replicates for each 

roup ( N = 2). For the enzymatic assay, 25 μL of cell lysate was

dded to pNP-PO4 solution (10 mM solution in carbonate buffer) 

nd allowed to react at 37 °C. The absorbance was red after 24 h of

ncubation at λ = 405 nm, using a Multiskan FC spectrophotometer 
475
Thermo Fisher Scientific, Waltham, Massachusetts, USA). ALP ac- 

ivity was calculated by referencing a standard curve of nanomoles 

f p-nitrophenol, normalized to total cell number measured by 

resto Blue Cell Viability Reagent, and expressed as picomoles of 

-nitrophenol liberated per cell. 

.11. Statistical methods 

All experiments on bacteria and VERO cells were repeated at 

east in triplicate to ensure reproducibility. Statistical significance 

etween the three groups in ROS quantification was assessed with 

ne-way analysis of variance, while LIVE/DEAD fluorescence quan- 

ification was analyzed with Two-way analysis of variance [ 33 ]. 

ignificant difference was defined as p-value < 0.05. For Presto 

lue Cell Viability Reagent, the RFU data were subtracted from the 

lank and presented in the graph as normalization respect to day 

 ± standard error of the mean. The gene expression data of Ad- 

SCs were reported in the graphs as fold-change 2−��CT with re- 

pect to cells only as control group. For the enzymatic assay, ALP 

ctivity was reported in the graphs as picomoles/cell ± standard 

rror of the mean. The three sets of data were analysed by Two- 

ay analysis of Variance and Tukey’s multiple comparison test. All 

tatistical analyses were performed using GraphPad Prism software 

8.0.1 version). 

. Results and discussion 

.1. Development of CaP-based ANSs 

CaP-based ANSs were prepared using a biomineralization- 

nspired bottom-up approach. We previously demonstrated that is 

ossible to obtain an array of oriented nanocrystals by immers- 

ng an ACP substrate in a growth solution (GS) containing calcium, 

hosphate, and fluoride ions [ 15 , 16 ]. All the three ions are neces-

ary to achieve the organized nanostructure. In fact, ACP in pure 

ater crystallizes into non-oriented HA nanoparticles ( Fig. 1 A). 

onversely, when ACP is immersed in a solution of calcium and 

hosphates ions but in absence of fluoride octacalcium phosphate 

Ca8 H2 (PO4 )6 �5H2 O) platelets are formed [ 15 , 17 ]. 

Compression-molded ACP and Cit-ACP substrates exhibit a flat 

urface composed of rounded nanoparticles, approximately 50 nm 

n diameter, with no significant morphological differences between 

he two materials ( Fig. 1 A, upper row). After incubation in wa- 

er, both substrates have a flat surface composed by unoriented 

longated nanocrystals, approximately 100 nm long and 20–50 nm 

ide, due to water-mediated crystallization of ACP or Cit-ACP into 

A ( Fig. 1 A, middle row). After incubation in GS, the ANS is formed

nto ACP and Cit-ACP substrates ( Fig. 1 A, bottom row). The for- 

ation mechanism was elucidated in previous works; in brief, the 

resence of F− ions combined with ACP’s high reactivity and dis- 

olution induces the formation of elongated FA nanocrystals onto 

CP. During their growth, FA nanorods self-align perpendicularly to 

he substrate surface, forming the oriented array of nano-needles, 

s “vertical” is the only available growth direction [ 15 ]. In the 

ase of the Cit-ACP substrate, the dissolution of the nanoparti- 

les releases citrate anions in GS; these ions adsorb to the newly- 

ormed FA nanorods, inhibiting their growth [ 15 ]. As consequence, 

he crystals grown onto Cit-ACP substrate are thinner, less crys- 

alline, and less oriented as nano-needles ( Fig. 1 B) than those 

n ACP substrate. Here we further demonstrate that the crystal 

rowth inhibiting effect of citrate is inversely proportional to sub- 

trate molding pressure (Supplementary Fig. 1). Cit-ACP 800 MPa 

ubstrate produces an ANS morphology similar to ACP GS, while 

t molding pressure of 37 MPa the ANS is not formed due to 

trong inhibition effect of citrate. We correlated this trend to cit- 

ate release from Cit-ACP substrate (Supplementary Fig. 2) as high- 
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Fig. 1. Morphology, crystallinity, and morphological parameters of ANSs grown onto ACP. (A) Top-view SEM micrographs of ACP and Cit-ACP substrate surfaces after molding 

at 137 MPa (as prepared), after 24 h of incubation in water at 37 °C (H2 O), or after 24 h of incubation in GS at 37 °C (GS). (B) SEM micrographs of the ANSs of ACP GS and 

Cit-ACP GS (top row) and their respective cross-sections (bottom row). (C) XRD patterns of ACP (left) and Cit-ACP (right) before and after 24 h of incubation in water or in 

GS for at 37 °C. (D) Gaussian fitting of morphological features of ACP GS and Cit-ACP GS topographies measured by FEG-SEM. From left to right: needle diameter, needle tip 

diameter, needle length, needle angle with respect to the surface. 
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ressured, denser, and less porous substrates have a lower citrate 

elease compared to less-compacted substrates. On the other hand, 

he formation of ANS onto ACP immersed in GS is independent 

f molding pressure (Supplementary Fig. 2). Considering this find- 

ng, in this work we focused on the ANSs obtained from substrates 

ormed with 137 MPa of molding pressure, referred to thereafter 

s ACP GS and Cit-ACP GS. 

The crystalline nature of the arrays of nano-needles was investi- 

ated by XRD ( Fig. 1 C). XRD patterns of ACP and Cit-ACP substrates

efore incubation are similar and do not present any diffraction 

eak, proving their amorphous nature. On the other hand, the 

RD patterns of ACP GS, Cit-ACP GS, and their negative controls 

ncubated in water (identified as ACP H2 O and Cit-ACP H2 O) all 

how diffraction peaks, attributed to crystalline apatite phase. The 

resence of these peaks indicates that incubation with GS or wa- 

er induced the crystallization of ACP in an apatitic phase, ei- 

her by direct crystallization of ACP or by epitaxial growth of the 

ano-needles. However, XRD patterns do not allow distinguishing 

hether this phase is hydroxyapatite or fluorapatite, as peak res- 

lution is low and the two phases differ only by approximately 
o

476
.05 Å in a-b cell axis length [ 34 ]. For ACP GS and Cit-ACP GS,

iffraction peaks are higher, and sharper compared to ACP H2 O and 

it-ACP H2 O, respectively. The same holds when comparing ACP 

amples to the corresponding Cit-ACP ones. In particular, the (002) 

eak at 25.9 ° and the (004) peak at 53.2 °, highlighted in Fig. 1 C,

re even higher and sharper in the case of ACP GS sample, reveal- 

ng a crystalline preferred orientation with the c-axis perpendicu- 

ar to sample surface. Previous works support that HA nanocrystals 

row along the crystalline c -axis [ 35 ], thus the preferential orien- 

ation in this direction indicates that the nano-needles are in an 

rdered structure parallel one to the other. The intensity of prefer- 

ntial orientation effect is correlated to the uniformity of nanocrys- 

als array, thus the higher intensity of (00 l ) peaks for ACP GS in

omparison to Cit-ACP GS confirms that ACP GS nano-needles are 

ore ordered than Cit-ACP GS ones. Finally, the broader and less 

efined HA peaks for Cit-ACP GS and Cit-ACP H2 O compared to 

heir ACP counterparts indicate a lower crystallinity and proving 

hat citrate has inhibited the crystal growth. 

SEM micrographs of ANS of ACP GS ( Fig. 1 B, left) show highly 
riented thick nano-needles. The needles are ≈ 200 nm wide and 
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radually become narrower on their tips, down to 30–50 nm. Mi- 

rographs of sectioned samples show that the crystals are almost 

erpendicular to the substrate and are several micrometers long. 

verall, the overgrown layer is approximately 10 μm thick and 

s constituted by tightly packed nanocrystals, as shown by low- 

agnification micrographs (Supplementary Fig. 3). In contrast, the 

opography of ANS of Cit-ACP GS is made up of thin, less ori- 

nted, and less densely packed nano-needles ( Fig. 1 B, right). Cit- 

CP GS nanoneedles have a diameter of ≈ 100 nm and become 

arrower at the tips. Cross-section micrographs show that these 

rystals are shorter (the overgrown layer is < 4 μm thick) and less 

ligned (Supplementary Fig. 3). The morphological parameters of 

NSs were studied through image analysis ( Fig. 1 D). The thicker 

anocrystals of ACP GS have an average diameter of approximately 

10 nm (with a diameter in the range 100 - 300 nm), while those 

f Cit-ACP GS were thinner (with an average diameter of approxi- 

ately 60 nm) and have a narrower size distribution (20 - 100 nm) 

 Fig. 1 D, left). Both ACP GS and Cit-ACP GS nanocrystals wear thin

n the tips, with a tip diameter of 35 ± 15 nm for ACP GS and

0 ± 6 nm for Cit-ACP GS, ( Fig. 1 D, middle-left). Regarding nee- 

le length, Cit-ACP GS has an average length of 1.4 μm and spans 

rom 0.8 to 1.8 μm (measured from the top of the rod to its base,

s schematized in Supplementary Fig. 4) ( Fig. 1 D, middle-right). In 

he case of ACP GS, the length of the needles is of several mi- 

rons, but they are densely packed without voids at their base (see 

upplementary Fig. 3). This is an important feature, as the bacte- 

icidal action of ANSs is attributed to the mechanical strain be- 

ween bacterial membrane regions in contact with the needles and 

hose that are suspended, therefore voids between nano-features 

re essential [ 5 ]. For this reason, in “needle length” measurement 

f ACP GS we considered as “bactericidal region” only the top part 

f the overgrown layer, where the needles are thin and less packed 

as schematized in Supplementary Fig. 4). With this assumption 

CP GS nano-needles resulted to be shorter than Cit-ACP GS, with 

n average length of 0.4 μm and a range between 0.2 to 0.8 μm 

 Fig. 1 D, middle-right). Finally, the measurement of needle incli- 

ation showed that the nanocrystals were almost perpendicular to 

ubstrate surface for both ANSs, with a limited deviation for ACP 

S ( ± 10 °) and a broader tilting for Cit-ACP GS ( ± 25 °) ( Fig. 1 D,

ight). 

We have compared the morphological parameters of the ANSs 

repared in this work with those reported in the study by Iglesias- 

ernandez et al. [ 18 ], which is one of the first papers on CaP-

ased ANSs obtained through a bottom-up approach. In this study, 

he nano-needles were grown by the hydrolysis of compres- 

ion molded disks of α-tricalcium phosphate ( α-Ca3 (PO4 )2 ) either 

hrough hydrothermal treatment (120 °C, 2 atm, 30 min) or by im- 

ersion in water for a long time (37.5 °C, 1 atm, 7 days) and were

roved to be effective against Gram-negative bacteria. In compari- 

on, our ANSs formed with a simpler and biomimetic process have 

 thinner needle tip (Cit-ACP GS) but a broader base. They also ex- 

ibit a comparable needle height and have a narrower tilting angle 

istribution. The bactericidal effect of ANSs is widely reported, but 

here is little information on the correlation between morphologi- 

al features of ANSs and optimal antibacterial activity. In the meta- 

nalysis of natural and synthetic ANSs reported by Linklater et al. , 

t can be inferred that the bactericidal effect of ANSs is achieved 

hen the nano-needles have a height of 10 0–90 0 nm, a tip diam-

ter of 20–200 nm, and a spacing of 10–400 nm [ 13 ]. A more nar-

ow size range suitable to kill Gram-negative bacteria is provided 

y the systematic study on ANSs of polycarbonate by Cui et al. 

 36 ] and the literature meta-analysis of Iglesias-Fernandez et al. 

 18 ]. According to these sources, to achieve the best bactericidal 

ffect, the nano-needles must have (i) a height higher than a crit- 

cal threshold of ≈ 200 nm and lower than 1 μm, (ii) a tip diam-

ter as thin as possible, at least < 60 nm, and (iii) an interpillar
477
pacing between 100 and 200 nm. Therefore, the ANSs developed 

n this work possess all the structural characteristics necessary for 

igh antibacterial activity. 

Fragments of single nanocrystals were observed by TEM (Sup- 

lementary Fig. 5). At high magnification, it can be observed that 

oth ACP GS and Cit-ACP GS nano-needles appear as cohesive 

tructures and do not present sub-particles (Supplementary Fig. 

A). TEM micrographs confirm that the crystals are 20 0–30 0 nm 

ide at the base and progressively become thinner, ending with a 

ip that is < 100 nm. Interestingly, the SAED patterns of the two 

amples are different (Supplementary Fig. 5A). ACP GS exhibits 

 well-ordered spot pattern, indicating a single crystal behavior, 

hile the non-ordered spots of Cit-ACP GS indicate its polycrys- 

allinity. Indexing of ACP GS SAED patterns collected at several 

ilting angles (Supplementary Fig. 5B) confirmed that the needle 

as a single crystal with an apatitic structure. The SAED pattern 

ollected with the electron beam perpendicular to the nanocrys- 

al’s main axis (Supplementary Fig. 5A) corresponded to the [120] 

one axis of apatitic structure. This confirmed that the nanonee- 

le’s main axis was oriented along the crystalline c -axis. [ 37 ]. 

To obtain more structural information on ANSs, different X-ray 

iffraction techniques with specific sensitivities were employed. 

pecifically, to distinguish the different scattering contributions 

rising from the anisotropy and preferred orientations of nano- 

eedles in ANSs, diffraction patterns were also collected by a 2D 

etector in grazing incidence (GIWAXS) and transmission (WAXS) 

eometry. The combination of GIWAXS and WAXS allows for prob- 

ng both sample’s surface and bulk, respectively, as well as crystal 

attice planes with different orientations to sample surface. Indeed, 

hile the XRD theta/2theta scan directly selects only the peaks re- 

ated to the lattice planes with a preferred orientation parallel to 

lm surface, GIWAXS patterns contain more structural information 

ue to the large number of peaks visible along different azimuthal 

irections on the 2D detector. This allows fitting the entire diffrac- 

ion pattern folded into a 1D profile, while also clearly highlight- 

ng the preferred orientations. GIWAXS 2D and relevant 1D-folded 

atterns are reported in Fig. 2 A and 2 B, respectively. GIWAXS pat- 

erns of ACP GS and Cit-ACP GS (top and middle rows) clearly 

emonstrate an increase of crystallinity of the topmost layers (i.e. 

he ANSs overgrowth) compared to ACP and Cit-ACP substrates 

bottom row). This is evident from the well-defined diffraction 

ings/peaks observed for Cit-ACP GS and ACP GS. Furthermore, ACP 

S is characterized by much sharper peaks (higher crystallinity) 

nd uneven distribution of the diffracted intensity along the az- 

muth, indicating a high preferred crystallographic orientation. The 

ame trend is observed in the WAXS (transmission geometry) pat- 

erns ( Fig. 2 C and 2 D). However, these patterns more closely re- 

emble the typical diffraction pattern of randomly oriented poly- 

rystalline HA. Indeed, the patterns also represent the layer un- 

erneath the nano-needles, which is composed by non-oriented 

A nanocrystals as reported previously [ 15 ]. Nevertheless, WAXS 

atterns collected at various positions in the sample ( Fig. 2 D) re- 

eal, in some instances, unusual relative peak intensities. In these 

ases, the HA (030) peak has a higher intensity than expected for a 

andomly oriented powder. This anomalous intensity confirms the 

rientation of the a -axis parallel to the substrate surface and, con- 

equently, the preferred orientation of the c -axis perpendicular to 

t. The local appearance or disappearance of such contributions is 

scribed to the occurrence of both the Bragg condition (i.e., suit- 

ble tilt of the needles to the incoming X-ray beam for diffraction 

axima) and the possible shadowing effect of neighboring needles. 

his latter factor depends on the local density of the needles per 

nit area, and on the exit angle of the diffracted beam. As a result, 

D WAXS patterns occasionally (e.g. Supplementary Fig. 6) show 

alf rings in different azimuthal directions. Therefore, WAXS pat- 

erns contain diffraction contributions from the non-oriented HA 
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Fig. 2. Grazing incidence and transmission X-Ray diffraction of substrates and ANSs. (A) 2D and (B) relevant 1D-folded profiles of GIWAXS patterns of ACP GS, Cit-ACP GS, 

ACP (only 1D is reported), and Cit-ACP. For ACP GS and Cit-ACP GS, GIWAXS 1D cuts were extracted in different azimuthal sectors (where 0 ° and 90 ° directions represent 

parallel and perpendicular to the surface, respectively). (C) 2D and (D) relevant 1D-folded profiles of WAXS patterns of ACP GS, Cit-ACP GS, ACP (only 1D is reported), and 

Cit-ACP. For ACP GS and Cit-ACP GS WAXS patterns were collected at different sample positions, as indicated by the specific x and y coordinates. 

n

a

o

p

w

u

a

W

G

s

c

A  

m

t

m

f

(

t

o

l

t

t

m

t

3

G

t

w

d  

s

t

t

f

s

s

w

A

e

[

b

v

d

d

A

i

w

i

t

r

c

m

a

b

t

m

b

r  

B

b

anocrystals below the ANSs as well as from the oriented needles, 

lbeit to a lesser extent for the latter. 

Quantitative results were obtained through whole profile fitting 

f WAXS and GIWAXS patterns of ACP GS and Cit-ACP GS (fits re- 

orted in Supplementary Fig. 7). For both samples, the patterns 

ere fitted with hexagonal HA (database code ICSD 187,840) as 

nique crystalline phase in the sample, with unit cell parameters 

 = 9.542 Å; b = 9.542 Å; c = 6.8832 Å; α = β = 90 °; γ = 120 °
AXS patterns were fitted for both samples, whereas only ACP 

S GIWAXS pattern was fitted, as Cit-ACP GS GIWAXS pattern 

howed no differences with the corresponding WAXS ( Fig. 2 ). The 

rystalline domains derived from WAXS whole profile fitting of 

CP GS are twice as large as those of Cit-ACP GS ones, in agree-

ent with the dimensions of their respective growth layers. Crys- 

alline domains aspect ratios (ratio between the maximum and 

inimum dimension, i.e. crystallite major and minor axes) derived 

rom WAXS patterns are similar between ACP GS and Cit-ACP GS 

about 1.6). These similar aspect ratios confirm that the main scat- 

ering contribution of WAXS patterns is derived from the non- 

riented HA nanocrystals layer. In contrast, the aspect ratio calcu- 

ated from ACP GS GIWAXS pattern is about 2, as GIWAXS captures 

he preferred (002) orientation as well as the anisotropic growth of 

he needles. Data collected at different sam ple positions in trans- 

ission geometry demonstrate the local homogeneity of the crys- 

alline phase ( Fig. 2 D). 

.2. Antibacterial activity of ANSs 

The bactericidal activity of ANSs was assessed against both 

ram-negative and Gram-positive bacterial strains resistant to an- 

ibiotics. To evaluate the antibacterial efficacy of different surfaces, 

e conducted an adhesion-based assay to assess contact-killing 
478
esigns [ 4 ]. PBS was utilized as the cell medium to ensure a con-

istent evaluation of bacterial viability on ANSs over time, main- 

aining stability in the number of attached populations throughout 

he experiment. In many studies evaluating the antimicrobial ef- 

ectiveness of ANSs, a nutrient-deficient medium was intentionally 

elected [ 38 , 39 ]. This approach aims to promote microbial adhe- 

ion to the surface, mimicking the first phase of biofilm formation, 

hich is a common virulence factor in prosthetic joint infections. 

 relatively short bacteria incubation period (4 h) was chosen to 

xclude any relevant mortality effect due to nutrient deprivation 

 40 ]. Moreover, PBS creates an isotonic environment that maintains 

acterial cell wall and membrane physiology. We used a Live/Dead 

iability kit that relies on the absence or presence of bacterial wall 

amage to indicate bacterial viability. This factor is crucial in un- 

erstanding the mechanism by which bacterial cells succumb to 

NS-induced effects [ 3 ]. In detail, using this kit, viable cells with 

ntact cell membranes were stained green (SYTO 9), while cells 

ith damaged membranes were stained red (propidium iodide, PI), 

ndicating non-viability. The Live/Dead kit enabled quantification of 

he total number of cells adhered to various substrates and the 

elative ratio of dead cells. As negative control, bacteria were in- 

ubated on flat ACP H2 O and Cit-ACP H2 O surfaces. Indeed, CaP 

aterials can influence bacterial metabolism by altering the pH 

nd ion concentration of the medium. Therefore, to decouple the 

iological response induced by ANSs’ chemical composition from 

hat induced by their nano-needle structure, the comparison was 

ade with the non-nanostructured surfaces possessing compara- 

le chemical composition. 

Confocal microscopy micrographs of P. aeruginosa and S. au- 

eus adhered onto ACP GS and Cit-ACP GS are reported in Fig. 3 A-

. Live/Dead assay demonstrated that, after only 4 h of adhesion, 

oth samples exhibited notable cytocidal activity against P. aerug- 
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Fig. 3. Cell viability, morphology, and ROS generation of antibiotic-resistant bacterial strains adhered to ANSs. (A-B) Confocal microscopy micrographs of (A) XDR P. aeruginosa 

and (B) Methicillin-resistant S. aureus adhered to ACP GS, ACP H2 O, Cit-ACP GS, and Cit-ACP. Both bacterial strains were stained for Live/Dead assay; red cells correspond to 

bacteria with damaged membrane, green cells correspond to viable bacteria. When viable and damaged bacteria overlap, a yellow color is observed. (C) Quantitative analysis 

of Syto9 and PI fluorescence emission expressed as percentage of total fluorescence emission. The bactericidal action of the different ANSs (viable and dead cell density) is 

compared to Live/Dead assay fluorescence emission. Data are expressed as mean ± standard deviation ( n = 3 from 3 independent experiments). (D-E) SEM micrographs of 

(D) XDR P. aeruginosa and (E) Methicillin-resistant S. aureus adhered on ACP GS, ACP H2O, Cit-ACP GS, and Cit-ACP H2O. P. aeruginosa cells are colorized in red, S. aureus in 

yellow. (F) Quantitative analysis of ROS release from for P. aeruginosa and S. aureus bacterial cells adhered for 4 h to ANS and flat surfaces. Data are expressed as mean ±
standard deviation ( n = 3 from 3 independent experiments). 

479
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nosa and S. aureus , showing an average bactericidal activity that 

as statistically significant when compared to that measured on 

at ACP H2 O and Cit-ACP H2 O surfaces. All viability and adhesion 

ata were quantified based on live/dead fluorescence signals and 

re presented in Fig. 3 C. Cit-ACP GS demonstrated the highest bac- 

ericidal activity among the ANSs, causing 74.1 ± 0.9 % mortality 

f P. aeruginosa cells. ACP GS induced 56.1 ± 0.2 % of non-viable 

ells, indicating the death of around half of the adherent popu- 

ation ( Fig. 3 A,C). Conversely, ACP H2 O and Cit-ACP H2 O flat con- 

rols showed a statistically significant lower percentage of dead 

ells, with 28 ±3 % and 25 ±2 % of non-viable cells, respectively. 

acterial viability data against P. aeruginosa indicate that the thin- 

er nano-needles of Cit-ACP GS were more bactericidal than the 

hicker nano-needles of ACP GS, as a small needle tip is critical 

or bactericidal activity [ 13 ]. In this regard, at comparable adhesion 

imes both ACP GS and Cit-ACP GS have a superior bactericidal ac- 

ivity than the CaP-based ASN grown by hydrothermal hydrolysis 

y Iglesias et al., where a 35–45 % of dead cells against a non-

ntibiotic resistant P. aeruginosa strain is reported [ 18 ]. The higher 

fficacy of ANSs grown on ACPs might be due to their smaller nee- 

le tip diameter (20–30 nm for ACP GS and Cit-ACP GS vs 60 nm 

f the needles obtained through hydrothermal treatment). 

The antibacterial activity against S. aureus ( Fig. 3 B-C) is lower 

han against P. aeruginosa . This result is consistent with literature 

hich reports greater resistance of Gram-positive bacteria against 

imilar surfaces [ 5 , 41 ]. Nevertheless, ACP GS and Cit-ACP GS exhibit

ignificant bacterial mortality (44 ±4 % and 41 ±2 %, respectively), 

tatistically different from negative controls (17 ±5 % and 14 ±1 % 

or ACP H2 O and Cit-ACP H2 O) with efficacy comparable to other 

ypes of ANSs [ 42-44 ]. S. aureus displays a less pronounced sensi- 

ivity to nano-needle morphologies in comparison to P. aeruginosa , 

s there is no significant difference in mortality between thinner 

r thicker nanorods. 

Overall, our CaP-based ANSs have a significant antibacterial ef- 

ect against both Gram + and Gram- cells, especially considering 

hat a short contact time was tested (4 h). Previous works have 

hown that for ANSs the amount of dead bacteria increases over 

ontact time, tentatively attributed to bacteria rupture during cell 

ivision or to intracellular accumulation of ROS during the perma- 

ence onto nano-needles [ 18 , 45 ]. Therefore, for our ANSs, we an-

icipate a higher antibacterial activity for longer contact times, pro- 

ided that the nanostructure is preserved. 

The bactericidal effect of ANSs is thought to stem from either 

i) the direct rupture of the bacterial membrane, resulting in the 

elease of cytoplasm (occurring during cell adhesion to the nano- 

eedles or when an adhered cell attempts to move or to divide), 

r/plus (ii) the induction of oxidative stress due to mechanical 

tresses imposed on the membrane [ 5 , 45 ]. To unravel the bacte-

icidal mechanisms of our ANSs, we measured the release of reac- 

ive oxygen species (ROS) from bacterial cells, as ROS production 

s indicative of oxidative stress. ROS release was quantified after 

 4-hours period of bacterial adhesion onto the ANSs, control sur- 

aces, or bare plastic, as illustrated in Fig. 3 F. Notably, irrespective 

f the bacterial strain, contact with Cit-ACP GS induced a signif- 

cantly higher ROS release ( P. aeruginosa 4368 ± 764 RFU; S. au- 

eus 3980 ± 250 RFU) compared to both the Cit-ACP H2 O ( P. aerug- 

nosa 1898 ± 436 RFU; S. aureus 1525 ± 215 RFU) and bare plastic 

ontrol ( P. aeruginosa 435 ± 27 RFU; S. aureus 531 ± 24 RFU).This 

nding underscores the importance of the oxidative stress on the 

actericidal mechanism for this particular ANS. The flat ACP H2 O 

 P. aeruginosa 612 ± 50 RFU; S. aureus 1697 ± 279 RFU) and 

it-ACP H2 O surfaces slightly increased ROS generation compared 

o plastic, suggesting a mild bactericidal effect even on a non- 

riented apatite substrate, as suggested by others [ 18 , 46 ]. ACP GS

 P. aeruginosa 523 ± 30 RFU; S. aureus 2208 ± 441 RFU) possessed 

 notably lower ROS production than Cit-ACP GS, yet significant 
480
ifferences were observed compared to plastic for both bacterial 

trains ( Fig. 3 F). Remarkably, with P. aeruginosa, ACP GS demon- 

trated even lower ROS generation than ACP H2 O. Given that ACP 

S bactericidal activity is higher than that of ACP H2 O and ap- 

roached that of Cit-ACP GS, we assume that ACP GS bactericidal 

ction is likely independent of ROS generation and involves other 

echanisms. 

SEM microscopy was employed to assess the morphology of 

. aeruginosa and S. aureus adhered to our ANSs, as illustrated in 

igs. 3 D and 3 E. On ACP GS and Cit-ACP GS P. aeruginosa cells un-

erwent significant bactericidal effects, exhibiting a distorted and 

eflated appearance ( Fig. 3 D). This pronounced alteration in cell 

orphology suggests membrane damage or rupture with the re- 

ease of the inner content. In contrast, bacterial cells in negative 

ontrols remained plump and undamaged, confirming the integrity 

f their membranes. For both ANSs, the nano-needles penetrated 

he bacterial cells, and for Cit-ACP GS the needles appear bent due 

o bacteria adhesion. In the case of S. aureus ( Fig. 3 E), perforated

nd deflated cocci are observable on both ACP GS and Cit-ACP GS, 

lthough some intact cells are present. As evident in Fig. 4 , high 

agnification micrographs better clarify the differential morpholo- 

ies that P. aeruginosa and S. aureus can assume in response to 

erforation-associated mechanical stresses. As already stated, the 

ram-negative bacteria demonstrate a marked morphological al- 

eration between control and both ANSs ( Fig. 4 A), and protrusions 

f nano-needles are visible through the bacillus body, which ap- 

ears pierced in several places. The Gram-positive coccus S. au- 

eus appears as more resilient, even if is clearly damaged by ANSs 

 Fig. 4 B). The micrographs taken from a lateral perspective of ANSs 

urfaces ( Fig. 4 C) enrich the morphological characterization, giv- 

ng a tridimensional overview of the severity of cell-damage and 

howing the partial or complete cells deflation. 

Overall, our results confirm that the CaP nano-needles arrays 

re bactericidal against both Gram-negative and Gram-positive 

acteria. The antibacterial action of ACP GS and Cit-ACP GS against 

. aeruginosa is based on bacterial membrane rupturing, deforma- 

ion, or perforation after cell adhesion. Additionally, only for Cit- 

CP GS the induction of oxidative stress due to mechanical de- 

ormation is a significant co-cause of death at longer incubation 

imes. The thinner nano-needles of Cit-ACP GS have higher bacte- 

icidal activity compared to thicker ACP GS ones, suggesting that 

he smaller needle diameter is more efficient in killing P. aerugi- 

osa as it induces both membrane damage and oxidative stress. As 

eported previously for other types of ANSs, Gram-positive S. au- 

eus is more resistant to membrane rupturing, and thus, a lower 

actericidal activity compared to P. aeruginosa is observed. There is 

 limited difference in bactericidal effect between thicker and thin- 

er nano-needles, but also in this case Cit-ACP GS induces a signifi- 

antly higher ROS generation in comparison to ACP GS. Considering 

hese two factors together we hypothesize that against S. aureus 

he thicker nano-needles are more efficient in inducing membrane 

amage than the thinner ones, but the bactericidal activity of the 

atter is enhanced by higher induction of oxidative stress, obtaining 

t the end a comparable efficacy between the two ANSs. 

.3. Interaction of mammalian cells with ANSs 

After establishing the bactericidal effectiveness of CaP-based 

NSs, we verified their cytocompatibility with mammalian cells. 

or this preliminary evaluation, we used the VERO cell line, a 

idely recognized immortalized cell line often employed in cy- 

otoxicity assays [ 47 ]. Cell viability was measured following a 24- 

our incubation period, and an adhesion-based assay similar to the 

ne applied to bacteria was employed, where viable cells with in- 

act membranes were stained in green (calcein-AM), while dead 
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Fig. 4. Morphology of antibiotic-resistant bacterial strains adhered to ANSs at high magnification . SEM micrographs of (A) XDR P. aeruginosa and (B) Methicillin-resistant 

S. aureus adhered on ACP GS, ACP H2 O, Cit-ACP GS, and Cit-ACP H2 O. (C) Cross-section micrographs of P. aeruginosa and S. aureus adhered on ACP GS and Cit-ACP GS. P. 

aeruginosa cells are colorized in red, S. aureus in yellow. 
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ells with damaged membranes were stained in red (ethidium 

omodimer-1, EthD-1). 

Fluorescence micrographs in Fig. 5 A show VERO cells on sam- 

les with high viability and minimal dead cells. Fluorescence quan- 

itative analysis ( Fig. 5 B) highlights that ACP GS, Cit-ACP GS and 

it-ACP H2 O have the highest cell viability of 79 ±2 %, 90 ±1 %, and

9 ±7 % respectively. Notably, ANSs exhibit superior cytocompati- 

ility compared to flat controls (ACP substrate, p-value = 0.0287; 

it-ACP substrate, p-value = 0.0225), indicating enhanced cell pro- 

iferation. Even the ACP negative control, ACP H2 O, demonstrates 

obust cell viability at 68 ±3 %, highlighting the cytocompatibil- 

ty of CaP-based materials. The significant difference between ACP 

S and Cit-ACP GS suggests a more efficient VERO cell prolifera- 

ion on thinner nanoneedles. Micrographs and cell coverage anal- 

sis show higher cell counts and a more uniform distribution on 

anostructured surfaces, indicating that ANSs promote cell multi- 

lication and spreading. 

We examined cell morphology of VERO adhered to ANSs 

 Fig. 5 C), revealing a clear distinction from flat controls. In ACP 

2 O and Cit-ACP H2 O, cells clustered, formed few protrusions, 

nd covered a limited surface. In contrast, ACP GS and Cit-ACP 

S showed widespread and even cell spreading, preventing aggre- 

ate formation. SEM micrographs highlighted filaments and mem- 

rane protrusions attaching to the nano-needles, suggesting cells 

nchor to the nanostructured surface. Comparison with negative 

ontrols emphasizes the heightened bioactivity of nanostructured 

urfaces over biocompatible flat CaP surfaces. Enhanced cell col- 

nization of ANSs due to nanostructure was previously observed 

n several bioinert materials, and it was hypothesized to be cor- 
481
elated to improved adhesion by nano-needles [ 7 , 4 8 , 4 9 ]. This an-

horing, crucial for cell colonization and propagation on a bioac- 

ive surface, corroborate that our samples promote mammal cell 

roliferation [ 50 ]. 

The impact of ANSs on VERO cells was also evaluated by exam- 

ning potential oxidative stress and membrane damage. The quan- 

ification of ROS release ( Fig. 5 D) reveals that both ANSs result in

ower ROS generation compared to the control group on bare plas- 

ic, with Cit-ACP GS demonstrating particularly reduced ROS pro- 

uction. In contrast, flat controls exhibit a ROS production compa- 

able to the baseline level on plastic substrate. These interesting 

esults strongly suggests that when VERO cells adhere and spread 

n ANSs surfaces their oxidative stress undergoes a notable reduc- 

ion compared to the conventional plastic or flat substrates. Signif- 

cantly, this effect can be traced back to the distinct features in- 

erent in the ANSs. Notably, the thinner and less oriented Cit-ACP 

S demonstrated a superior ability in keeping ROS levels low com- 

ared to its ACP GS counterpart. 

These preliminary analyses indicate a promising high cytocom- 

atibility of CaP-based ANSs towards mammalian cells. The ANSs 

anostructures promote cell adhesion, spreading, and decrease ox- 

dative stress, parameters that suggest a propensity for being an 

ptimal surface for mammalian cell colonization. There is a signif- 

cant difference with flat controls, which are cytocompatible but 

ot optimal for colonization, as cells tend to aggregate with each 

ther. Our data indicate that nano-needle morphological parame- 

ers are relevant for VERO cells colonization, as the highest cell vi- 

bility and lowest oxidative stress are achieved with thinner and 

ess ordered nanocrystals. 
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Fig. 5. Cell viability, morphology, and ROS generation of VERO cells adhered to the ANSs . (A) Confocal microscopy micrographs of VERO cells adhered to the ANSs for 24 h 

and stained with Live/Dead assay. Green cells represent viable cells, while red cells indicate dead cells. (B) Quantitative viability analysis and cell coverage on the ANSs. The 

data show the percentage of viable and dead cells compared to total cells. Data are expressed as mean ± standard deviation ( n = 3 from 3 independent experiments). (C) 

SEM micrographs of VERO cells adhered to the ANSs; cells are colorized in light blue. (D) Quantitative analysis of ROS release from VERO cells adhered to the ANSs for 24 h. 

Data are expressed as mean ± standard deviation ( n = 3 from 3 independent experiments). 
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.4. Interaction of Adipose-derived Mesenchymal Stem Cells with 

NSs 

After proving the cytocompatibility of ANSs with mammalian 

ells, we proceed to test the materials in vitro with Adipose- 

erived Mesenchymal Stem Cells (Ad-MSCs), assessing cytocompat- 

bility, cell-material interaction, and their potential to induce the 

xpression of osteogenic-related genes. These tests aim to provide 

 preliminary evaluation of ANSs as substrates to potentially sup- 

ort local bone tissue regeneration following infection resolution 

t the damaged site. 

Human Ad-MSCs were cultured on ANSs for a total of 14 days 

nder specific osteogenic media conditions. This well-established 

odel is favoured for its ease of access, trilineage differentiation 

otential, and suitability for in vitro bone tissue regeneration eval- 

ation [ 21 , 22 , 51 ]. Cell-material interactions were firstly analysed in

erms of cell proliferation, viability, and cell morphology. 

The Presto Blue viability results shown in Fig. 6 A clearly 

emonstrated that both ACP GS and Cit-ACP GS are significantly 

ore bioactive compared to the flat surfaces of ACP H2 O (p value 

0.0 0 01) and Cit-ACP H2 O (p value ≤ 0.01), respectively, used as 

ontrols. This indicates that the nano-needle structures play a cru- 

ial role in modulating Ad-MSCs viability and proliferation [ 52 ]. 
482
Looking in detail at the cell viability, it was observed that ACP 

S shows overall the best bioactivity in respect to the other sam- 

les, as it presents a statistically significant higher cell viability 

ompared to both controls starting from day 2 of culture (Supple- 

entary Table 2) and compared to Cit-ACP GS starting from day 7 

Supplementary Table 2). Notably, also Cit-ACP GS induces a statis- 

ically significant higher cell viability compared to its control (Cit- 

CP H2 O) at day 3 and 7, but this induction seems to drastically 

isappear starting from day 10 ( Fig. 6 A and Supplementary Table 

). 

Focusing on the proliferative potential, it was observed that Ad- 

SCs cultured on ACP GS exhibited significant growth at all exper- 

mental time points (p value ≤ 0.001). This robust trend was not 

bserved for the other tested samples. In fact, in ACP H2 O, Cit-ACP 

S, and Cit-ACP H2 O only an initial growth occurred, resulting in 

 significant difference on day 1 and 2. Subsequently, the prolifer- 

tive trend reached a plateau, followed by a decrease on day 7 for 

he control samples and on day 14 for Cit-ACP GS (Supplementary 

able 3). 

The qualitative evaluation of cell viability at day 1 by 

IVE/DEAD assay ( Fig. 6 B) confirmed the Presto Blue analysis data. 

n summary, cell viability was confirmed on all surfaces, with 

ostly green live cells and few red dead cells observed. However, 
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Fig. 6. Cell proliferation, viability, and morphology of human Ad-MSCs cultured onto ANSs . (A) Cell proliferation measured by Presto BlueTM Cell viability reagent. The RFU 

data normalization on day 1 (mean ± SEM) are presented in the graph. Statistically significant differences between ANSs and the controls are indicated in the graph: ∗∗ = p 

value ≤ 0.01, ∗∗∗ = p value ≤ 0.001 and ∗∗∗∗ = p value ≤ 0.0 0 01. (B) Fluorescence microscopy of Ad-MSCs at day 1 stained with LIVE/DEAD viability assay. Live cells are 

shown green, dead cells in red. (C) Fluorescence microscopy of Ad-MSCs at day 3 and day 14 stained with actin and DAPI. The cytoskeleton is shown in red and cell nuclei 

in blue. (D) FEG-SEM micrographs of Ad-MSCs at day 3 and day 14. Ad-MSCs are colorized in green. 
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6  
 slight increase in cellular aggregates was noted for both flat con- 

rols. The LIVE/DEAD assay also indicated a distinct morphology 

ehaviour when cells were cultured on ANSs compared to flat sur- 

aces, which was further examined in detail through morphologi- 

al analysis. Fluorescence micrographs with actin and DAPI stain- 

ng and FEG-SEM micrographs ( Fig. 6 C and D, respectively) of the 

d-MSCs at day 3 and 14 of culture clearly confirmed that, com- 

ared to flat surfaces, Ad-MSCs grown on ANSs exhibited an elon- 
483
ated shape with long cytoplasmic protrusions. This morphology 

s indicative of excellent cell adhesion and is considered a healthy 

ppearance, supporting the widely reported role of ANSs in pro- 

oting such cell behaviour [ 52 , 53 ]. Moreover, cell elongation sug- 

ests that Ad-MSCs were able to accommodate the deformation 

tresses imposed by the nano-needles, likely due to their larger di- 

ensions and more elastic membrane compared to bacteria ( Fig. 

 C and D) [ 18 ]. The evaluation of cell morphology also revealed a
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otable difference between the two ANS surfaces. While a dense 

ellular layer was observed on ACP GS after just 3 days of culture, 

 lower number of cells was observed on Cit-ACP GS at both time 

oints ( Fig. 6 C). In contrast, cells grown on the flat control sur-

aces tended to aggregate, resulting in a non-uniform distribution 

nd limited anchoring points ( Fig. 6 C and D). 

SEM analysis also allowed for the observation at a higher mag- 

ification of the interaction between Ad-MSCs and the nanostruc- 

ured surfaces in terms of cell-nanoneedle contact points (Supple- 

entary Fig. 8). Micrographs showed the ability of cell membrane 

o stretch and distort following the shape of the nano-needles 

ithout disrupting the cytoplasm, suggesting that the nanostruc- 

ures may provide anchoring points for cell adhesion (Supplemen- 

ary Fig. 8 and Fig. 6 D). 

The SEM micrographs of Supplementary Fig. 8–9 depict the evo- 

ution of the ANSs during incubation in osteogenic media. While 

he morphology of the samples on day 3 is comparable to pris- 

ine materials, by day 14, distinctions emerge between ACP GS, Cit- 

CP GS, and their flat counterparts (Supplementary Fig. 8E,F and 

upplementary Fig. 9A,B). Specifically, ACP GS at day 14 exhibits 

 smooth surface due to a layer of acicular nanoparticles (Supple- 

entary Fig. 8E and Supplementary Fig. 9A). These nanoparticles, 

easuring approximately 20–40 nm in width and 60–100 nm in 

ength, adhere and conceal ACP GS nano-needles, filling the voids 

etween the crystals and forming a 150–200 nm thick cohesive 

ayer (Supplementary Fig. 9E). In contrast, for Cit-ACP GS at day 

4 the nano-needles can still be observed but are thicker and in- 

erconnected by acicular nanoparticles, creating a net-like struc- 

ure (Supplementary Fig. 8F and Supplementary Fig. 9B). Notably, 

hese alterations are unrelated to cellular activity, as cell-free ANS 

amples at day 14 present the same morphology (Supplementary 

ig. 9). Conversely, the flat ACP H2 O and Cit-ACP H2 O samples do 

ot display such nanoparticle deposits (Supplementary Fig. 8 G,H 

nd Supplementary Fig. 9C,D,G,H). It is probable that these de- 

osited nanoparticles result from the nucleation of calcium and 

hosphate ions present in the cell medium onto nano-needles, 

orming CaP nanocrystals. This phenomenon is pronounced in ANS 

amples due to the high exposed surface area. Therefore, the data 

ndicate that the ANSs are stable and do not get degrade in cell 

edium. However, over a longer timeframe, the formation of a 

ew mineral phase on them might alter the physical effects of 

anostructure. 

To elucidate the various morphological behaviours observed, 

e conducted immunofluorescence analysis of specific cell adhe- 

ion molecules ( Fig. 7 A). Cell adhesion molecules play a pivotal 

ole in regulating cellular anchoring, shape, motility, and, con- 

equently, cell survival, proliferation, migration, and differentia- 

ion. It is widely acknowledged that cell adhesion primarily occurs 

hrough the activation of transmembrane integrin molecules by ex- 

racellular matrix (ECM) ligands. This activation initiates a series 

f intracellular signalling events that ultimately lead to the reorga- 

ization of the actin cytoskeleton. In particular, the integrin acti- 

ation is facilitated by cell-substratum contact sites known as fo- 

al adhesions (FA). These sites contain an array of proteins, such 

s Focal Adhesion Kinase (FAK), Paxillin, Vinculin, Talin, and others 

hich co-cluster with integrin at cytoplasmic tails level in adher- 

nt cells. This clustering provides a structural link to the actin cy- 

oskeleton [ 54 , 55 ]. The principal components of FA, namely FAK as

on-receptor tyrosine kinase [ 56 ], and Paxillin as FAK partner that 

ecruits diverse actin-binding proteins into a FA-cytoskeleton an- 

horing complex [ 57 ], were investigated using immunolocalization 

uorescence microscopy ( Fig. 7 A). Micrographs revealed a distinc- 

ive “point-like” positivity of both FAK and Paxillin in ANSs, partic- 

larly in ACP GS, confirming that the nano-needle surfaces can ini- 

iate and reinforce the cell adhesion process ( Fig. 7 A). The height- 

ned involvement of cell adhesion molecules observed in ANSs 
484
ompared to the controls suggest that ANSs may expose cells to 

xternal mechanical forces, leading to an increase in FA points, as 

eported in various studies [ 58-60 ]. 

Indeed, the involvement of FA, specifically FAK [ 56 , 60 ] and Pax- 

lin [ 57 , 61 ], in mechano-sensitivity to extracellular cues has been 

xtensively demonstrated in various settings. This results in an 

verall increase in focal adhesions [ 58-60 ], which counterbalances 

he forces acting on the cell, causing changes in the cytoskele- 

on that can activate or deactivate downstream signalling path- 

ays [ 62 ]. The cell shape, adhesion and actin organization of the 

ytoskeleton are intricately linked to the topographical design of 

he substrate, consequently affecting the cellular ability to colonize 

urfaces and proliferate. Specifically, nano-topographical features 

nhance cell anchoring and spreading compared to flat surfaces 

 63 ] due to the multiple extrinsic and intrinsic forces they exert on 

ells [ 62 ]. Preliminary systematic studies indicate that nanometric 

NS needle tips induce the formation of focal adhesion points and 

ubstrate adhesion, and closely packed nanoneedles facilitate cell 

preading and colonization, particularly for MSCs, aligning with our 

ndings [ 64 ]. 

Our experimental data on both Ad-MSC and VERO cells consis- 

ently show enhanced cell adhesion, colonization, and proliferation 

n ANS surfaces compared to the flat surfaces. Literature on CaP 

aterials has associated in vitro cell adhesion with various surface 

arameters, such as micro- and nano-roughness [ 65-67 ]. Morpho- 

ogical analysis suggests that our ANSs have higher microrough- 

ess compared to flat controls. However, current technology does 

ot allow for a quantitative assessment of ANSs roughness, limiting 

he comparison to a qualitative evaluation. 

The expression of genes involved in the early stages of os- 

eogenic differentiation of Ad-MSCs was also analyzed with the 

nal aim of investigating ANSs as a potential guide for dam- 

ged bone tissue regeneration after the resolution of the infection 

 Fig. 7 B) [ 68-70 ]. After 7 days of culture an upregulation of RUNX-

 induced by both ANSs and controls has been reported, with sta- 

istical significances in ACP H2 O (fold-change 3.728), Cit-ACP H2 O 

fold-change 4.190, p value ≤ 0.01), and Cit-ACP GS (fold-change 

.612, p value ≤ 0.001), compared to the cells grown in standard 

lastic culture systems used as internal control for the mRNA rela- 

ive quantifications (referred to as “cells only”). The trend of RUNX- 

 upregulation was observed on all tested surfaces at 14 days of 

ulture compared to cells only, although no significant differences 

ere reported. This suggests the commitment of Ad-MSCs to os- 

eogenic lineage and confirms the well-known bioactivity of CaP 

n terms of osteoconductivity and osteoinductivity of stem cells 

 Fig. 6 B) [ 71 ]. 

It is noteworthy that at day 7 RUNX-2 is significantly upregu- 

ated in Cit-ACP GS (fold-change 4.612) compared to ACP GS (fold- 

hange 2.467, p value ≤ 0.05). In contrast ALP is statistically sig- 

ificantly upregulated in ACP GS (fold-change 4.752) compared to 

it-ACP GS (fold-change 0.5690, p value ≤ 0.001) as well as com- 

ared to the controls ACP H2 O (fold-change 2.622) and Cit-ACP 

2 O (fold-change 2.964, p value ≤ 0.05). These findings align with 

he well-established roles and timing of gene expression pathways 

f these genes [ 68 , 69 ]. Indeed, during the early osteogenic pro-

ess, RUNX2 functions as a transcriptional downstream activator of 

ignalling molecules, including bone morphogenetic protein (BMP), 

rucial for osteoblast differentiation [ 68 , 69 ]. In this phase, cells ini-

iate the synthesis of ECM, primarily composed of collagen type I. 

ubsequently, cells produce ALP and various non-collagenous pro- 

eins, followed by induction of ECM calcification [ 70 ]. Confirming 

revious reports, the expression of BMP-2 follows the expected 

rofile. The results show a slight upregulation trend of BMP-2 at 

oth time points, specifically in Cit-ACP GS (fold-change 2.547 and 

.743 at day 7 and 14, respectively), even though no statistically 

ignificant differences were observed. This suggests its interplay 
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Fig. 7. Cell adhesion, gene expression and ALP activity of human Ad-MSCs adhered to ANSs . (A) Immunofluorescence microscopy of FAK and Paxillin adhesion markers at 

day 3 of culture. Positivity is shown in red and cell nuclei in blue. (B) Gene expression of osteogenic markers by Real Time PCR. The data are presented as 2−��ct fold-change 

with respect to cells only (mean ± SEM). (C) Quantification of ALP enzyme by p-nitrophenyl phosphate (pNP-PO4 ) hydrolysis-based assay. The data are reported as picomoles 

of p-nitrophenol liberated per cell ± SEM. Statistically significant differences among samples are indicated in the graph as follows: ∗ = p value ≤ 0.05, ∗∗ = p value ≤ 0.01, 
∗∗∗ = p value ≤ 0.001 and ∗∗∗∗ = p value ≤ 0.0 0 01. 
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ole with RUNX-2 in the early commitment of MSCs in the os- 

eogenic differentiation process ( Fig. 7 B). 

The results support the notion that ACP GS exerts an earlier 

ioactive effect compared to the other samples, enabling the ob- 

ervation of an overexpression of genes related to later stages of 

ifferentiation as early as 7 days ( Fig. 7 B). 

The expression of ALP appears to be downregulated in all the 

amples after 14 days compared to the expression at day 7. This 
485
s consistent with the expected expression trend observed for this 

ene in the osteogenic pathway, characterized by the activation 

nd deactivation of ALP expression over a defined time of com- 

itment [ 72 ]. 

To better understand the osteogenic potential of ANSs, ALP en- 

ymatic activity was quantified ( Fig. 7 C). Significant activation was 

bserved starting from day 7 in ACP GS, compared to Cit-ACP GS (p 

alue ≤ 0.01) and both flat surfaces (p value ≤ 0.05 and ≤ 0.01). 
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nzyme activity significantly increased until day 14 compared to 

ay 7 (p value ≤ 0.05) in ACP GS, with statistically significant 

ifferences compared to Cit-ACP GS and flat surfaces (p value ≤
.0 0 01). These results confirmed the activation and preservation of 

LP protein and osteogenic commitment by Ad-MSCs seeded on 

CP GS, as ALP is a reliable marker for osteogenic differentiation 

roduced by osteogenic cells such as osteoblasts [ 73 , 74 ]. 

Therefore, the well-oriented and thicker nano-needles of ACP 

S may have a strong mechanical impact on cells, influencing the 

nduction and timing of the osteogenic differentiation process. In- 

eed, there is increasing recognition of the role played by the sym- 

etry, regularity, and periodicity of nano-topographical patterns 

n upregulating the expression of osteogenic markers during MSC 

ifferentiation [ 75-77 ]. The evaluation of the osteogenic potential 

y ANSs in the proposed experimental plan represents a prelim- 

nary investigation to determine if these surfaces can trigger the 

arly-stage regeneration process of bone tissue. Further evaluation 

hrough a longer-term experimental plan, focusing on the expres- 

ion and function of proteins and genes involved in the late-stage 

steogenic pathway, will be necessary to draw more solid conclu- 

ions and understand how different ANS properties can affect the 

ntire osteogenic process. 

In conclusion, both ANSs exhibited very high cytocompatibility 

ith human cells, demonstrating promising results in terms of cell 

iability, proliferation, and morphology compared to flat surfaces. 

pecifically, ACP GS significantly promotes cell adhesion and trig- 

ers the commitment of Ad-MSCs to the osteogenic lineage, mak- 

ng it potentially suitable as antibacterial surface which regenera- 

ive potential for bone tissue. While nanostructured surfaces elicit 

tronger responses from cells compared to flat surfaces, the mor- 

hology, organization, and size of ANS nano-needles has different 

mpacts on diverse cell populations. The thinner and less ordered 

it-ACP GS exhibited the strongest antibacterial action as well as 

he highest proliferation of VERO epithelial cells, while the well- 

ligned and thicker nano-needles of ACP GS demonstrate to stim- 

late more Ad-MSCs activity. 

. Conclusions 

In this work we have produced oriented nano-needle structures 

f CaP using a straightforward bottom-up biomimetic approach. 

mploying ACP and Cit-ACP as substrates enabled the growth of 

NSs with distinct topographic characteristics, including needle 

eight, diameter, tip diameter, inter-needle distance, crystallinity, 

nd crystal structure. Our analyses revealed that the ANSs exhib- 

ted a robust bactericidal effect against both antibiotic-resistant 

ram-negative and Gram-positive bacterial strains even at short 

ontact times, effectively eliminating up to 75 % of the bacte- 

ial population. The bactericidal activity demonstrated a correla- 

ion with nanostructure features, particularly the effectiveness of 

hinner and less oriented nano-needles, leading to the simulta- 

eous rupture of the bacterial membrane and induction of ox- 

dative stress in Gram-negative bacterial strains. Furthermore, we 

roved that the CaP-based ANS were highly biocompatible for 

ammalian epithelial cells and human mesenchymal stem cells, 

timulating their proliferation and colonization onto the nanos- 

ructured surfaces. Also, the cytocompatibility of MSCs was cor- 

elated to the nano-topography of ANSs where thicker and well- 

ligned nano-needles stimulated more proliferation, adhesion, and 

ccelerates differentiation timing of stem cells. These findings em- 

hasize the influential role that ANSs features can play in cel- 

ular responses, offering insights into potential strategies for de- 

eloping customized biomaterials with enhanced biocompatibility. 

his work advances the fundamental understanding of the contact- 

ased bactericidal mechanisms of ANSs, elucidating the influence 

f ANSs nanostructure on both bacterial and mammal cells. More- 
486
ver, these results provide an encouraging premise for the develop- 

ent of materials with ANS-functionalized surfaces that could ex- 

ibit simultaneously antibacterial, bioactive, and cell instructive to- 

ards regeneration. In particular, the generation of CaP-based ANSs 

ould be a promising approach for the treatment of antibiotic- 

esistant infections in orthopedics and implantology. 
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