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ABSTRACT 

Since the discovery that nanostructured surfaces were able to kill bacteria, many works have been 

published focusing on the design of nanopatterned surfaces with antimicrobial properties. Synthetic 

bone grafts, based on calcium phosphate (CaP) formulations, can greatly benefit from this discovery 

if adequate nanotopographies can be developed. However, CaP are reactive materials and 

experience ionic exchanges when placed into aqueous solutions which may in turn affect cell 

behaviour and complicate the interpretation of the bactericidal results. The present study explores 

the bactericidal potential of two nanopillared CaP prepared by hydrolysis of two different sizes of 

α-tricalcium phosphate (α-TCP) powders under biomimetic or hydrothermal conditions. A more 

lethal bactericidal response towards Pseudomonas aeruginosa (~75% killing efficiency of adhered 

bacteria) was obtained from the hydrothermally treated CaP which consisted in a more irregular 

topography in terms of pillar size (radius: 20-60 nm), interpillar distances (100-1500 nm) and pillar 

distribution (pillar groups forming bouquets) than the biomimetically treated one (radius: 20-40 nm 

and interpillar distances: 50-200 nm with a homogeneous pillar distribution). The material reactivity 

was greatly influenced by the type of medium (nutrient-rich versus nutrient-free) and the presence 

or not of bacteria. A lower reactivity and superior bacterial attachment were observed in the 

nutrient-free medium while a lower attachment was observed for the nutrient rich medium which 

was explained by a superior reactivity of the material paired with the lower tendency of planktonic 

bacteria to adhere on surfaces in the presence of nutrients. Importantly, the ionic exchanges 

produced by the presence of materials were not toxic to planktonic cells. Thus, we can conclude that 

topography was the main contributor to mortality in the bacterial adhesion tests.    

 

  

 

1. INTRODUCTION 
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The use of synthetic bone grafts to treat bone defects resulting from trauma or diseases has helped 

millions of patients to improve their quality of life [1]. However, the complications derived from 

bone graft infection can be a serious health problem, resulting in delayed healing, graft failure and 

even death. The most common source of infection is the direct contamination of the wound and 

bone graft during surgery. In fact, orthopaedic treatments that require skin or mucosal breakdown or 

entry into a sterile body cavity, such as graft implantation or open fractures due to trauma, are 

considered to be at high risk of infection [2].  

 

The most frequently isolated microorganisms in implant-related infections are Gram-positive 

Staphylococcus aureus and Staphylococcus epidermidis, although other strains such as Gram-

negative Escherichia coli or Pseudomonas aeruginosa are also commonly detected [3,4]. When 

infection occurs, it starts with the attachment of bacteria to the implant surface, which in the worst 

case scenario leads to the formation of a biofilm, i.e. clusters of cells embedded in a protective  

extracellular polymeric substance (EPS) environment that shields the bacteria from the immune 

defence system, external physical stress, chemical biocides and antibiotics [3,5]. Even though the 

most common treatment to fight infection is through the administration of antibiotics [4,6], their 

limited penetration across biofilms [7,8] paired with the low vascularity of the infected/dead tissues 

[3] compromise their success. Moreover, an additional concern is the widespread development of 

resistant bacterial strains due to the excessive abuse and misuse of antibiotics [9,10]. Indeed, 

superbugs or multidrug resistant bacteria, like methicillin-resistant Staphylococcus aureus and 

Pseudomonas aeruginosa (P. aeruginosa), among others, pose a serious health threat that is 

expected to worsen in the future [9–11]. Therefore, there is a need to find alternative ways to fight 

infections without using antibiotics.  

 

To date, several alternative strategies to the use of antibiotics have been proposed to prevent 

implant-associated infections. One of the most frequent strategies is to combine silver and its 

compounds with the desired material due to its broad-spectrum antimicrobial effects [12–15]. More 

recently, however, the design of bioinspired nanostructured bactericidal surfaces has emerged as a 

radically new strategy that relies on the ability of such topographies to lyse attached bacteria by 

physical mechanisms [16–18]. Due to a mechanical mechanism of rupture, surface topographies 

with patterns smaller than bacterial cells possess a potential universal bactericidal effect, regardless 

of the bacterial strain [19]. The bactericidal potential of contact-killing surfaces was discovered by 

Jo
ur

na
l P

re
-p

ro
of

Journal Pre-proof



 

 

Ivanova et al. in 2012 on the wings of the cicada (Psaltoda Claripennis), consisting of nanopillars 

200 nm tall, 60 nm in diameter and with an interpillar distance of 170 nm [20]. A year later, the 

same team successfully synthesized the first artificial bactericidal topography [21]. One of the main 

advantages of this approach is that bacteria are unable to develop resistance, and it is expected to 

have a more durable effect in the long term [22]. Additionally, with the exception of a few studies 

[23], eukaryotic cells can successfully colonize these nanostructured surfaces by accommodating 

the deformation stresses imposed by the nanopatterned substrates by invaginating the surface 

features, due to their larger dimensions and more elastic membrane.  

 

While the precise mechanism responsible for the antibacterial activity remains a matter of debate, 

one of the most widely accepted model  predicts that the bactericidal action comes upon bacterial 

adhesion by the excessive stretching of the cell membrane in the regions suspended between pillars, 

where the deformation is greater than at the site of adhesion itself [24]. Most bactericidal 

topographies are based on ―protrusions‖ such as nanopillars, nanowires, nanocolumns, nanocones, 

nanoneedles, nanospikes, etc. and their bactericidal efficacy can be optimized by suitably tuning 

the height, tip diameter, spacing (density) and pillars elasticity of their respective surface features to 

promote the largest stretching degree of the bacterial membrane [17,18]. Nevertheless, the 

efficiency also depends on the bacteria cell wall thickness, owing to the difference in the micro 

mechanical properties and surface chemistry of the cell wall in different bacterial species [18]. To 

date, several studies have reported on the nanotopographical action of different surfaces on bacteria. 

However, only some of the work has been done on biocompatible materials (titanium, titania, gold, 

zinc oxide and some polymers like polymethylmethacrylate, gecko skin replicas made of alginate, 

and silk fibroin) and, to the best of our knowledge, none on synthetic bone grafts [25–30]. Indeed, 

being able to endow synthetic bone grafts with bactericidal properties, in addition to having 

osteogenic or even osteoinductive properties, would be of great impact. 

 

An ideal synthetic bone graft should induce bone regeneration of the defect site [1]. Calcium 

phosphates (CaP) are particularly suited for this application due to their close similarity to the bone 

mineral phase, which gives them the capacity to rebuild damaged bone [31,32]. This contrasts with 

metallic implants which, despite having the ability to also bind to bone, are intended to replace 

damaged bone rather than stimulate regeneration. Calcium orthophosphates, when synthesized at 

low temperature, such as those involved in the processing of CaP cements and biomimetic 

precipitation, can efficiently lead to nanotopographies consisting of nano-size needles, rods and 
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plates that provide great benefits from the point of view of their osteogenic/osteoinductive potential 

[33–35]. Despite the ease with which nanostructured substrates can be prepared, little work has 

focused on studying the biocidal potential of such nano-topographic structures, being CaP coatings 

on titanium implants the closer application found in the literature to date [36]. Interestingly, some 

studies have investigated nanostructured CaP coatings not for the biocidal potential of their 

topography, but for the ability of these coatings to release biocidal agents by exploiting their high 

specific surface area [37,38]. This makes the investigation of potential nanotopographies in CaP a 

largely unexplored field. 

 

But working with nanostructured CaP involves a property that most of the previously reported 

nanostructured bactericidal surfaces do not share, reactivity. Indeed, CaP, and in particular 

hydroxyapatite, is known to be a bioactive material with the ability to chemically bind to bone. This 

property is triggered by surface ionic reactions between the material and the surrounding medium, 

which ultimately lead to binding to bone [39]. In vitro cell culture studies of nanostructured CaP 

with eukaryotic cells have demonstrated that reactivity could dramatically affect cell behaviour, but 

without any visible change in the microstructure of the material [40,41]. We expect that, since Ca 

and P are essential nutrients for bacteria, ionic exchanges, in addition to the effect of 

nanotopography, may play a role in the final bactericidal response of nanostructured CaP.  

 

Thus, the aim of this work is to explore the bactericidal properties of different nanopillared 

hydroxyapatite surfaces prepared by hydrolysis of alpha-tricalcium phosphate (α-TCP) under 

different conditions. Specifically, α-TCP powders are consolidated under biomimetic or 

hydrothermal conditions (biomimetic: immersed in water at 37.5ºC, atmospheric pressure; 

hydrothermal: immersed in water at 121ºC and 2 atm pressure) to adjust pillar size, diameter and 

interpillar distance. As a control, a flat and smooth surface is obtained by grinding and compacting 

one of the nanopillared substrates. In addition, the reactivity and antimicrobial potential of the 

different substrates is evaluated in two media: phosphate buffer saline and Luria broth, to assess if 

there is any effect/synergy between the bactericidal potential and the reactivity of the material. P. 

aeruginosa is used as the bacterial strain, as it has been widely explored in the investigation of 

mechano-bactericidal surfaces. 
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2. MATERIALS AND METHODS 

2.1. Powder preparation 

α-TCP was synthesized mixing calcium hydrogen phosphate (CaHPO4, Sigma-Aldrich, St. Louis, 

USA) and calcium carbonate (CaCO3, Sigma-Aldrich, St. Louis, USA) in a 1:2 molar ratio 

respectively. The mixture was sintered for 15.5 h until 1400ºC and quenched in air at room 

temperature to retain the high temperature α-phase. The obtained solid was then milled in an agate 

planetary ball mill (Fritsch, Pulverisette) following two different procedures to obtain powders with 

coarse (C: 5.2 µm median size) and fine (F: 2.8 µm) particle size. C powder was milled during 15 

min at 450 rpm with 10 agate balls (30 mm diameter) and F powder was milled during 40 min at 

450 rpm with 10 agate balls (d=30 mm), then for 60 min at 500 rpm with the same agate balls and 

finally for 60 min at 500 rpm with 100 agate balls (d=10 mm). After milling, F and C powders 

were mixed with a 2 wt.% of precipitated hydroxyapatite (pHA; Merck 2143, Merck, Darmstardt, 

Germany). The C powder was further sieved with a 40 μm sieve (Filtra, Spain) and the powder >40 

μm was kept to further prepare the samples. 

2.2. Sample preparation 

Three different samples were elaborated consisting of: coarse nanopillared topography, fine 

nanopillared topography and a flat sample derived from a fine nanopillared topography. Samples 

were processed differently according to the desired topography: 

- Coarse nanopillared discs of 5 mm diameter by ~1.1 mm height were elaborated from C 

powder by compacting 50 mg of powder at a pressure of 2 tons for 2 min (Atlas™ Manual 

Hydraulic Press, Specac). The discs were subsequently immersed in water (~20 μ per disc) 

and hydrolysed by hydrothermal treatment (autoclave) at 121ºC and 2 atm for 30 min. The 

samples were coded as H (hydrothermally treated) discs. 

 

- Fine nanopillared discs of 5 mm diameter and ~1.1 mm height were elaborated from F 

powder by compacting 50 mg of powder at a pressure of 2 tons for 2 min (Atlas™ Manual 

Hydraulic Press, Specac). The discs were subsequently hydrolysed by immersing them in 

~20 mL of water for 7 days at 37.5°C (biomimetic treatment). The samples were coded as B 

(biomimetically treated) discs. 

 

- Biomimetic flat (BF) samples were prepared by first hydrolysing F α-TCP powder by 

immersion in water for 7 days at 37.5°C (biomimetic treatment) and subsequently the 
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powder was dried and pressed as earlier explained to get disks of 5 mm diameter by ~1.1 

mm height. 

 

All these reactions are based in the hydrolysis of α-TCP to calcium deficient hydroxyapatite 

(CDHA) according to the reaction: 

3 Ca3(PO4)2 + H2O  Ca9(HPO4)(PO4)5(OH)     (Equation 1) 

 

2.3. Physico-chemical characterization 

2.3.1. Microstructural characterization 

The morphology and topography of the surface and cross-section of the discs was observed under a 

field emission scanning electron microscope (FESEM JEOL JSM7001F, Toyo, Japan) operating at 

5 kV. Previously, the samples were carbon-evaporated to minimise charging effects (K950X Turbo 

Evaporator, Emitech). 

 

Image analysis was performed to determine the distributions of the distance between crystals, the 

crystal radius, the crystal height, and the crystal orientation with respect to the surface. Pillar 

density and surface skewness were also measured. The value of skewness was used to indicate if the 

surface tended toward having more high narrow peaks with broader valleys (positive skewness), 

while negative skewness indicated a tendency to broader peaks with deep and narrow valleys [42]. 

These values were obtained from 3 different micrographs of each sample type. The different 

topographies were analysed using the software Gwyddion 2.59. Statistical differences in surface 

skewness and pillar density between samples were calculated using Welch t-test in Prism 

GraphPad. 

  

2.3.2. Phase composition 

The phases constituting the samples were identified by X-ray powder diffraction (XRD) and Fourier 

transform confocal laser Raman spectrometry. 

 

The diffractometer (D8 Advance, Brucker, Karlsruhe, Germany) equipped with a Cu Kα X-ray tube 

and a primary monochromator was operated at 40 kV and 40 mA. The data collection set up was 

0.02 steps over 10-60º with a counting time of 2s per step. Prior to analysis the samples were 

manually crushed in an agate mortar. Phase quantification was performed by Rietveld refinement 
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using the Profex software (Profex 4.3.5) [43]. Crystalline models for CDHA and β-TCP were taken 

from ICDD PDF 01-086-1201 and ICDD PDF 00-003-0681 respectively. 

 

An inVia™ Qontor
®
 confocal Raman microscope (Renishaw Centrus 2957T2, Gloucestershire, 

UK) was used for the characterization of the surface of each sample type. Spectra were acquired 

with lasers with a power of 150 mW, wavelengths of 532/785 nm and a grating of 2400/1200 l/mm 

were used respectively. Spectra were acquired with an objective of 100x, and 40 accumulations of 

1s each. To assess repeatability, three random measurements were taken per sample. 

 

2.4. Antimicrobial activity 

2.4.1. Bacteria cultures 

Pseudomonas aeruginosa (P. aeruginosa, CECT 110, from the Colección Española de Cultivos 

Tipo, Valencia, Spain) was used in the different antibacterial essays. Luria-Broth Base (Miller’s LB 

broth base™-, powder, Thermo Fisher scientific, ref. 12795-027) was used to grow the inoculums. 

 

2.4.2. Sample sterilization 

For sample sterilisation the samples were first immersed in water and autoclaved at 2 atm of 

absolute pressure and 121ºC for 30 min. This was done with the double purpose of sterilising the 

samples and ensuring complete wetting of the samples (i.e., removal of the air entrapped between 

nanopillars that could lead to a misleading antifouling effect [44]). 

 

2.4.3. Bacteria adhesion 

Bacteria were overnight cultured in LB broth at 37.5ºC. The next day, cultures were centrifuged at 

4000 rfc for 10 min to separate bacteria from the media. Cells were then resuspended in either LB 

or phosphate-buffered saline (PBS) solution (PBS tablets, Gibco
®

, ref. 18912- 014, lot 2153555) 

and their optical density (OD600) adjusted to 0.25. Sterile discs were transferred to 48-well plates 

and inoculated with 0.7 mL of each suspension for 1.5 h, 4 h and 24 h at 37.5ºC. After each time 

point, discs were removed from the well plate and gently rinsed by submerging into wells pre-filled 

with PBS. This was repeated twice before fixation with 2.5% glutaraldehyde solution in PBS for 15 

min in the fridge. Upon fixation the samples were washed with PBS thrice and stained using a 

live/dead bacterial viability kit (LIVE/DEAD
®
 BacLight™ Bacterial Viability Kit, for microscopy, 

Cat. No. L7012, Molecular Probes, Invitrogen, USA). For this, 2.5 μL of the mixture 1.67 mM 

SYTO9/18.3 mM Propidium iodide was diluted in 1 mL of PBS and 500 μL of this solution was 
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added to the discs. After 7 min of incubation at room temperature in the dark, the discs were 

washed three times with PBS, and the samples imaged in a confocal laser microscope (Zeiss LSM 

800, Germany). The samples were kept wet during imaging. Two independent lasers (488 nm and 

561 nm) and band-pass filters for each fluorophore were used in the receptor region of 410-546 nm 

for SYTO9 and 600-700 nm for propidium iodide (PI) to not to have overlapping between green 

and red fluorescence. Three independent experiments were performed to confirm the consistency of 

results. In addition, a minimum of 3 images were taken per sample condition. 

 

Zen Blue 2.3 lite (Zeiss Microscopy) software was used to acquire and analyse the fluorescent 

confocal images. Cells stained in green (SYTO 9) were considered viable and cells stained in red 

(propidium iodide) or with a superposition of both fluorophores were considered to have a damaged 

membrane. Statistical comparisons between samples and time points were based on one-way 

ANOVA and statistically significant differences were considered if the p value was less than 0.05 

(Minitab18
TM

 software, Minitab Inc.). Different graphs were plotted reporting the average 

percentage of dead bacteria over the total adhered population (read area/total covered area) [%] and 

the total covered area [%]. 

 

After confocal observations, the samples were dehydrated by washings through a graded sequence 

of aqueous ethanol (PanReac Applichem, Lot 0000936500) solutions (50%, 70%, 90%, 96% and 

100% twice) for 10 min and finally dried overnight at room temperature for examination under 

FESEM. 

 

2.4.4. Reactivity tests 

2.4.4.1. Evaluation of the materials’ reactivity 

The reactivity of the samples was assessed by measuring the Ca and P concentration by inductive 

coupled plasma-mass spectroscopy (ICP-MS, Agilent 7800 ICP - MS, CA, USA). To assess the 

ionic exchanges due to the material reactivity, discs were placed in a 48-well plate and incubated 

with 1 mL of LB or PBS. For the assessment of the ionic exchanges in the presence of bacteria, 

discs were immersed in 1 mL of P. aeruginosa at a OD600 of 0.25 in LB or PBS. In all the cases the 

discs were incubated at 37.5ºC for 24 h to maximize chemical activity. As controls, PBS and LB 

with/without P. aeruginosa were measured. Upon incubation all supernatants were filtered with a 

0.22 μm pore size PES membrane (Millex-GP PES, Millipore) and 200 μL of the filtered solution 

was diluted in 2.3 mL of a 2% nitric acid solution (Nitric Acid 69% TMA, HIPERPUR, Panreac) 
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prior to ICP-MS quantification. Three samples were measured per condition. For the ICP 

measurements 44Ca and 31P signals were calibrated against a multi-element standard solution 

(Inorganic Ventures, USA). pH measurements were recorded using a selective electrode (CRISON 

INSTRUMENTS, MultiMeter MM 41). 

 

2.4.4.2. Effect of materials’ reactivity on planktonic bacteria growth 

To determine if the reactivity of the samples with the medium could compromise the viability of 

planktonic bacteria, bacterial growth curves were monitored under the following conditions: 

a) 100 μL of the filtered supernatants that were obtained in the previous section from 

incubation of the samples in either LB or PBS for 24 h at 37.5ºC were supplemented with 

100 μL of a bacteria inoculum diluted to 10
7 

and 10
4
 cfu/mL and placed in a 96-well plate to 

monitor bacterial growth. 

b) 100 μL of the filtered supernatants from the previous section that were obtained from 

incubation of the samples with P. aeruginosa either in LB or PBS for 24 h at 37.5ºC were 

supplemented with 100 μL of a bacteria inoculum diluted to 10
7 

and 10
4
 cfu/mL and placed 

in a 96-well plate to monitor bacterial growth. 

 

In each experimental condition, a positive control was used consisting in 100 μL of bacteria 

inoculum (P. aeruginosa in LB) with 100 μL of fresh LB or PBS depending on the experimental 

condition.  As negative controls 100 μL of LB was mixed with either 100 μL of LB or PBS. All 

bacteria inoculums were grown in LB at 37.5ºC for 24 h prior to experimentation and centrifuged to 

4000 rfc for 10 min to separate the bacteria from the old media. For the quantification of the growth 

curves an absorbance measurement was made every 15 min at λ = 600 nm using a Synergy HTX 

Hybrid Multi Mode Microplate Reader (BioTek Instruments, Inc.).  

 

3. RESULTS AND DISCUSSION 

 

3.1. Physico-chemical characterization 

 

The present study sets out to understand how the surface topography of calcium phosphates can be 

used to combat bacterial infection. Different nanopillared surfaces were prepared taking advantage 

of the hydrolysis of α-TCP into calcium deficient hydroxyapatite (CDHA) (Eq. 1) (Figure 1).  
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The surface topography of CDHA can be easily tuned by changing the size of the α-TCP and the 

consolidation/hydrolysis route (biomimetic: 37.5ºC / 1 atm versus autoclave: 121ºC /2 atm) as 

observed in Figure 1. Indeed, scanning electron micrographs showed that B discs -prepared using 

fine (F) powder consolidated under biomimetic conditions- resulted in a topography made of a 

dense network of fine pillars of nanometric size growing perpendicular to the disk surface. H discs 

instead, -prepared using coarse (C) powder consolidated in an autoclave-, led to the formation of 

taller pillared coarse crystals, which clustered together leaving large pocket-like structures between 

clusters. For comparison purposes a flat CDHA surface was also prepared compacting the 

biomimetically consolidated F powder (BF-Fine flat in Figure 1A). A closer look into the BF 

surface microstructure (inset image) allowed distinguishing the individual crystals.   

 

The ability of CDHA to consolidate as small or larger pillars is tightly connected to the reactivity of 

the powder, which depends on the available surface area for reaction (specific surface area) and the 

consolidation conditions [45]. Depending on both, reactivity of the reagents and consolidation 

conditions, different supersaturation degrees can be achieved at a given temperature which, will 

ultimately control the crystallization process [46]. Indeed, the larger the surface area of the more 

energetically milled F α-TCP powder favors a high concentration of dissolved species (high 

supersaturation) and the formation of many nucleation points. When this is paired to a low 

temperature consolidation route (i.e., biomimetic) the process of crystal growth results in the 

development of finer and smaller CDHA crystals compared to a high temperature consolidation 

route. Conversely, the larger the size of α-TCP is connected to a lower concentration of ionic 

species which results in the formation of lesser nucleation points and the development of larger 

CDHA crystals. Indeed, it has been reported that the consolidation of C powder at 37.5ºC results in 

the formation of large crystal plates [33]. Nevertheless, by combining the low dissolution ability of 

C powders with a high temperature consolidation route, as it is achieved in the autoclave process, 

we can form clustered pillars of larger dimensions. Similar findings have been recently reported by 

Raymond et al. [47]. 
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Figure 1. a) SEM micrographs showing the surface topography (top row) and cross-section of the samples 

(bottom row); b) Histograms of the inter-crystal distances (interpillar distance), pillar radius, pillar height 

and pillar orientation with respect to the surface for the hydrothermal (H) and biomimetic (B) topographies. 

Surface skewness and pillar density for the H and B samples are also plotted. ‘*’ indicates significant 

differences between samples (p<0.05) analyzed with a Welch t-test.  
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To quantify the major characteristics between H and B microstructures, image processing analysis 

were performed (Figure 1B). The more homogeneous and densely packed microstructure observed 

in the B discs tended to an intercrystalline distance of ~100 nm which contrasted with the wider 

range of intercrystalline distances observed in the H discs that spanned from 100 to 1500 nm. 

Similarly, B discs presented a narrower size distribution in terms of the needle radius centered at 

~30 nm (radius range 20-40 nm) while a wider range in pillar radius were obtained in the H discs, 

i.e., 20-60 nm. In terms of crystal height, the B crystals grew up to ~640 nm perpendicular to the 

disc surface, while H pillars exceeded twice this height. Along the same line, the spectrum of needle 

heights was broader in H, spanning from 700 to 1600 nm, than in B, which was narrower and more 

homogeneous. The orientation of the pillars, as expected, was predominant in the vertical direction 

on both topographies, but deviations up to ±45º were found. Globally, the topographical features of 

H and B align with the recently published characteristics that nanopillared surfaces should present 

to kill bacteria [48]. Indeed, Cui et al. concluded after screening of 12 different regular and well-

controlled pillared topographies formed on polycarbonate, that the highest bactericidal rates were 

obtained from topographies consisting of pillars above 200 nm height, less than 60 nm of pillar 

diameter and around 170 nm interpillar spacing. These values closely matched the topographical 

features of Psaltoda cleripennis wings onto which it was discovered the bactericidal action of 

nanotopographies [20]. However, extrapolation of these values to our CDHA is not straightforward 

as differences may appear depending not only on the material but also on experimental conditions 

and methodologies (bacterial type/strain, culture medium, etc.) [49]. 

 

Further analyses in terms of skewness (Ssk) were performed to quantify the surface properties of 

the samples [50]. Ssk is used as a sensitive measure of the degree of asymmetry of the height 

distribution about a mean surface level. Positive values for skewness indicate if a surface tend 

toward having more high narrow peaks with broader valleys, while negative skewness indicates a 

tendency to have broader peaks with deep and narrow valleys. As expected, the obtained results 

(Figure 1B) showed that both B and H had positive skewness as both topographies consisted of 

peaked topographies. By comparing the values obtained, H topography had statistically significant 

greater skeweness than B. This implied that the H topography was less dense than B despite its 

intercrystalline distance distribution overlapped B values. 

 

The works available in the literature concerning the use nanostructured surfaces with bactericidal 

properties assume inert, unreactive surfaces. But nanostructured CaP are inherently reactive. The 
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degree of reactivity depends on the type of CaP that develops during the consolidation of the 

samples. To determine the composition of H and B discs X-ray diffraction (XRD) and Raman 

spectroscopy analysis were performed (Figure 2). The measurements were taken from the surface 

of the discs. In line with other reported works the results showed that the hydrolysis of α-TCP under 

biomimetic conditions (B and BF samples) mostly consisted of CDHA (>96 wt%) and a small 

fraction of β-TCP (<4 wt%). This later phase is believed to be stabilized during the quenching 

process of α -TCP due to the presence of impurities or to an insufficient cooling rate [51]. 

Additionally, Raman results confirmed the presence of the typical vibrational bands for the PO4
3-

 

and HPO4
2-

 groups in CDHA [52,53] as indicated in Figure 2B. The major difference of the H 

samples consolidated in the autoclave compared to the biomimetically consolidated ones, can be 

seen in the greater proportion of β-TCP (β-TCP=39%wt and CDHA=61%wt) detected by XRD. 

The stabilization of  β-TCP has been commonly reported when α-TCP is hydrolyzed in an autoclave 

[54] and although it is not well understood why this phase is formed, its stabilization is favored by 

the application of pressure in the process. Interestingly, Raman spectroscopy results performed on 

the H samples did not show bands attributable to the β-TCP phase which was explained from the 

fact that the beta phase was not exposed to the sample surface but was located within. This is in line 

with other published works [55]. Only X-Rays, capable of penetrating underneath the surface were 

thus capable of detecting β-TCP during the analysis. 

 
Figure 2. a) XRD patterns and b) Raman spectra of the different calcium phosphate substrates. The vertical 

lines at the bottom of the XRD graph represent CDHA and β-TCP peaks obtained from PDF 01-086-1201 

and PDF 00-003-0681 respectively. The vertical dotted lines in the Raman spectra indicate the vibrational 

modes and their respective molecular bonding.  
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Overall, the analysis of the B and H samples resulted in different nanopillar structures with single-

phase and two-phase composition. Although compositional differences could complicate the 

interpretation of the effect of topography, it has been shown that, in terms of surface composition, 

both B and H nanopillars were composed solely of CDHA. However, the overall reactivity of the 

sample could still be affected due to the diffusion of ions through the sample. The contribution of 

reactivity and its effect on bacteria will be tackled in sections 3.3 and 3.4.   

 

 

3.2. Antimicrobial activity 

The antibacterial efficacy of the different surfaces was assessed by an adhesion-based assay, which 

is typically suited for evaluating contact-killing designs [18]. The relative proportion of dead cells 

and the total number of adherent cells on the different substrates was assessed using Live/Dead 

Viability Kits which demonstrate the viability of bacteria by the absence or presence of bacterial 

wall damage. Cells with intact cell membrane were stained green (SYTO 9) and were considered 

viable cells and cells with compromised membrane were stained red (propidium iodide, PI) and 

were considered dead. This makes Live/Dead kit an interesting assay to evaluate the bactericidal 

efficacy of a topography, as this method reflects the integrity of the cells membrane, which is 

precisely the mechanism by which a bacterial cell dies by a topography-mediated effect [56]. 

Additionally, in the preparation step of the samples prior to the cell culture, care was taken to 

ensure complete wetting of the surface before contacting the bacterial suspension with the 

substrates. Indeed, the presence of air entrapped between pillars can restrict the available area for 

bacterial adhesion leading to an antifouling effect and misleading results [44]. This issue was solved 

by subjecting the samples, before analysis, to an autoclave cycle in which the samples were 

immersed in water with the double purpose of eliminating air bubbles and sterilization. Moreover, 

the bactericidal potential of the different CaP was evaluated using two different media: a nutrient 

depleted medium (phosphate buffer saline, PBS), and a nutrient rich medium (Luria broth, LB). 

PBS medium was chosen to evaluate the viability of bacteria on the nanotopographies over time, 

ensuring that the attached population undergoes minimum changes in number from the start of the 

experiment. LB medium was chosen to evaluate the bactericidal potential of the topographies in an 

optimal environment for bacteria in which they can thrive comfortably and proliferate, implying an 

increment in the population since the beginning of the experiment.  
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3.2.1. Bacterial adhesion in phosphate buffer saline 

Figure 3 shows the bactericidal effect of the developed CDHA surfaces at different time-points 

using P. aeruginosa in phosphate buffer saline (PBS). PBS was used to create an oligotrophic 

habitat, that is an environment depleted of nutrients to halt bacteria replication. This was of interest 

in our experiments to assess the bactericidal properties with a stable cell population throughout the 

duration of the experiment. The lack of nutrients did not suppose a problem for the viability of P. 

aeruginosa, which are able to persist under nutrient-poor conditions [57], including long-term 

survivability in PBS [58]. This was confirmed adding glass coverslips in our experiments which 

showed a level of mortality equivalent to other studies in rich-nutrient media [29,59,60]. Moreover, 

the strategy of working in nutrient depleted medium such as PBS has been widely used by many 

authors [23,61–66]. Nevertheless, bacteria responds to starvation reducing the cell size during the 

so-called ―dwarfing‖ phase, whereby the cell undergoes metabolic and structural organization to 

resist starvation [67]. This explains the progressive reduction of the cell volume observed in the 

live/dead confocal images of viable bacteria with incubation time (Figure 3).  

 

The behavior of P. aeruginosa on the different substrates confirmed the bactericidal potential of the 

CDHA nanopillar substrates. Indeed, images from live/dead staining showed that the average 

bactericidal activity was greater on the pillared topographies (B and H) than on flat topographies 

(BF and glass coverslip) at all time points and at 24 hours the bactericidal effect of the C pillars was 

greater than any other topography. In fact, on C samples almost half the cell population was already 

dead after 1.5 h and 70% after 24 h. On F samples ~40% of the population died at 1.5 h and a 60% 

after 4 h. These results were further confirmed by SEM where the micrographs showed extensive 

cell damage on B and H bacteria after 24 h (Figure 4). Importantly, the percentage of dead bacteria 

on the flat BF sample was always below 25%. However, the slight increment in bacterial mortality 

comparing BF with the ~15% of bacterial mortality on the control glass coverslips, points to an 

additional source of cytotoxicity -other than the mechano-bactericidal mechanism- which may 

relate to the reactivity of CDHA and will be addressed in the next sections. Of note, for all the 

conditions (B, H and BF), there were no significant differences in the percentages of total cell 

number amounting to approximately 15% of the total available surface. Table S1 and Figure S1 in 

the Supplementary Information compares the bactericidal action of our topographies with other 

reported works. 
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Figure 3. a) Representative CSLM images of P. aeruginosa adhered on the samples at the different time 

points. Bacteria were stained with Live/Dead BacLight. Red bacteria correspond to bacteria with damaged 

membrane, green bacteria correspond to viable bacteria. b) Quantitative analysis of the % of dead/total 

bacteria and % of bacterial coverage at 1.5, 4 and 24 h incubation on the different topographies. 

Quantitative data are expressed as mean ± standard deviation (n=9 from 3 independent experiments). 

Groups identified with the same superscripts are not statistically different (p > 0.05). Numbers identify 

differences between samples at each time point (p < 0.05), letters indicate differences between time points 

for the same sample type (p < 0.05). 
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Figure 4. SEM micrographs of adhered bacteria inoculated in PBS on the different topographies. Notice the 

difference in bacteria with damaged cell wall which are flat and deformed and viable bacteria that maintain 

their rod-shaped morphology. Arrows indicate bacteria that had experience cell division.    

 

The results thus far support the general finding that nanostructured materials can mechanically kill 

bacteria upon contact through physical forces (mechano-bactericidal) provided the surface 

possesses high aspect ratio pillars with appropriate dimensions and spacing. Given these premises 

two possible bactericidal mechanisms can operate [18]: the one involving stretching and tearing of 

the bacterial cell between nanopillars or by directly piercing the bacterial membrane. In any case, 

since the driving force for the mechano-bactericidal action is the physical attraction between the 

bacterial cell wall and the material, surfaces promoting strong adhesion forces should be more 

bactericidal. The less lethal behavior of B compared to H could be explained by a bed-of-nails 

effect in which the topography of B -thanks to its densely packed nanopillar structure- is able to 

more evenly distribute the force supported by the bacterial cell making membrane rupture more 

difficult. Improving the bactericidal effect of nanopillars is possible, but requires adjusting the 

height, tip diameter, interpillar distance and pillar density to stretch and rupture the bacterial 

membrane more effectively [68,69].  Unfortunately, there is still no consensus on the exact 

parameters for lysing cells. Regarding the pillar radius, for example, some studies argue that the 
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smaller the pillar tip, the greater the pressure that enhances lysis. However, other studies suggest 

that larger radius enhances the contact area between the bacteria and the pillar, leading to stretching 

of the suspended region of the bacterial membrane to accommodate the change in perimeter and, 

ultimately, rupture. Similarly, in terms of pillar density/spacing, an optimal range is needed. If the 

spacing is larger than the bacteria dimensions, bacteria would settle between pillars without 

experiencing any lysis effect, and if the spacing is too close, a bed-of-nails effect is produced. 

 

 Interestingly, SEM micrographs corresponding to B and BF (Figure 4) captured some bacteria 

after they had undergone cell division. It is not incompatible to observe a minimum of cell 

proliferation even when working under starvation conditions because of the storage of nutrients 

inside the cell. Thus, proliferating bacteria can be easily distinguished by their alignment, as cell 

division in rod-shaped bacteria occurs by in-plane elongation (arrows in Figure 4). The state of the 

cells in B was totally deflated indicating cell death. The images may point to an additional 

mechanism of cytotoxicity which occurs when well-adhered bacteria undergo cell division and, in 

the process, frictional forces between the cell membrane and the underlying nanopillars tears the 

cell wall [70]. Cell division in BF left the bacteria with their typical shape, indicating viability even 

after division, and thus in this case frictional forces did not cause membrane tearing. For this latter 

mechanism to work, apart from the presence of nanopillars, the bacteria must be firmly attached to 

the sample surface to create sufficient frictional forces to break the cell membrane [69,71]. 

 

One aspect that deserves consideration is to what extent the topography of nanopillars, lethal in 

bacteria, could damage the membrane of eukaryotic cells. The bactericidal nature of nanopillar 

surfaces is explained by morphological and structural differences between prokaryotic and 

eukaryotic cells. Since eukaryotic cells are larger than prokaryotic cells, the membrane perturbation 

caused by the nanoscale pillars is proportionally less significant for eukaryotic cells. In addition, the 

absence of the rigid peptidoglycan layer in eukaryotic cells makes them more flexible than 

prokaryotic cells, allowing eukaryotic cells to wrap around the nanostructured surface without 

rupturing [72,73]. 

 

 

3.2.2. Bacterial adhesion in Luria Broth 

Figure 5 summarizes the live/dead staining results showing the bactericidal effect of the different 

substrates using P. aeruginosa in LB (nutrient rich environment). Unlike in PBS, working with LB 
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promotes unrestricted cell division and thus continuous bacterial growth until nutrient depletion. 

Although it could be argued that conducting experiments in LB has the advantage of being more 

physiologically relevant, it makes interpretation of the mechano-bactericidal action more difficult. 

Indeed, assessing the bactericidal potential in a condition where bacteria divide every 25-35 min is 

challenging, as the results may capture a population of alive bacteria adhered minutes before the 

completion of the experiment. But in any case, and considering this limitation, the results obtained 

were quite surprising. The most striking aspect was the low population of bacteria detected in all the 

substrates, nanopillared (B, and H) and flat (BF), for all the time points. Less than a 5% of surface 

coverage was obtained, which contrasted with the three-fold value observed in PBS. This was even 

more surprising when considering than in LB the cell population was substantially high due to 

continuous cell division.  

 

One possible explanation to the limited attachment could be the presence of nutrients in the 

incubation medium. Indeed, bacterial attachment in nutrient-rich growth medium is known to be 

less favoured than in starving conditions [74]. This is because the presence of nutrients in 

suspension eliminates the need for planktonic bacteria to adhere seeking for an ―accumulation of 

nutrients‖ on the sample surface [75]. However, the observation of a higher population of bacteria 

adhered on the glass coverslips incubated in nutrient rich medium (Figure 5) suggests that there 

could be additional explanations to this behaviour. Indeed, the inherent reactivity of CDHA coupled 

with the P. aeruginosa’s own metabolism can also play a role in bacterial attachment. CDHA is 

inherently reactive and capable of establishing ionic exchanges with the surrounding media fostered 

by the nanometric size of the crystals, their non-stoichiometry and poor crystallinity [40,41]. In fact, 

in many studies in which similar CDHA were cultured with eukaryotic cells, ionic exchanges in 

terms of Ca, Pi and pH changes were detected that significantly affected cell behaviour -this, 

without alteration of the materials’ surface topography- [40,41]. In the case of bacterial cultures, 

and depending on the bacterial strain and culture conditions, ionic exchanges are also likely to 

occur, and may influence adhesion. Moreover, the bacteria’s own metabolism could also play a 

major role. In fact, phosphorous is an essential component of core biological molecules and in 

bacteria, P is acquired mainly as inorganic orthophosphate. One particular case is that of phosphate 

solubilising microorganisms (PSM), where some Gram-negative bacteria, such as certain P. 

aeruginosa strains, have demonstrated the ability to hydrolyse organic and inorganic phosphorous 

compounds from insoluble sources when there is no available soluble P [76,77]. The principal 

mechanism for mineral phosphate solubilisation is the production of organic acids by bacteria. 
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These organic acids act through local acidification of the microbial cell and its surroundings and by 

chelation of divalent cations (e.g. Ca
2+

 from the substrate) resulting in CaP dissolution [57,78]. 

Although PSM could explain the limited bacterial adhesion by surface degradation, we do not 

expect PSM to play a major role due to the presence of P soluble salts in the formulation of the LB 

broth. This is indeed supported by the lack of changes (i.e., degraded surfaces) in the topography of 

the samples incubated with P. aeruginosa in LB when compared to the pristine substrates (Figure 1 

and Figure 6).  
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Figure 5. a) Representative CSLM images of P. aeruginosa adhered on the samples at the different time 

points. Bacteria were stained with Live/Dead BacLigth. Red bacteria correspond to bacteria with damaged 

membrane, green bacteria correspond to viable bacteria. b) Quantitative analysis of the % of dead/total 

bacteria and % of bacterial coverage at 1.5, 4 and 24 h incubation on the different topographies. 

Quantitative data are expressed as mean ± standard deviation (n=9 from 3 independent experiments). 

Groups identified with the same superscripts are not statistically different (p > 0.05). Numbers identify 
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differences between samples at each time point (p < 0.05), letters indicate differences between time points 

for the same sample type (p < 0.05). 

In general, and despite the low bacterial population on the different substrates, H samples still 

showed the highest bactericidal potential. Nevertheless, no differences in bactericidal potential were 

found between B and BF, except at the 4 h time point, which is partly explained by the large 

dispersion in the measurements. SEM micrographs (Figure 6) allowed not only to confirm the 

damaged state of some of the bacteria adhered to the H and B surfaces but were also useful to rule 

out any sign of degradation of the samples. However, the contribution of ion exchange to bacterial 

adhesion remained to be revealed and to this end a detailed study of Ca, P and H concentrations in 

the absence and presence of P. aeruginosa was carried out and is presented in the following section. 

 

Figure 6. SEM micrographs of adhered bacteria inoculated in LB on the different topographies. Notice the 

difference in bacteria with damaged cell wall which are flat and deformed and viable bacteria that maintain 

their rod-shaped morphology. 

 

 

 

3.3. Evaluation of material’s reactivity 
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When CDHA are incubated into any solution (buffer, cell culture media, bacterial broth…), they 

can interact with their ionic environment in several ways, including crystal growth/precipitation, 

crystal dissolution and through ion exchange events between the media and the so-called hydrated 

layer of the material. The hydrated layer is described as a structurally ordered layer that develops on 

the surface of nanostructured crystals and consists in loosely bound ions that can be easily and 

reversibly substituted by other ions in fast aqueous ion exchange reactions [79,80]. Reactions across 

the hydrated layer are particularly relevant as they are both quick and easy due to the increased 

ionic mobility within the layer. In any case, all the above-mentioned reactions can potentially occur 

and affect cell interaction as had been widely demonstrated with eukaryotic cells [40,41,81].  

 

We have evaluated the reactivity of the samples with the surrounding medium by quantifying by 

ICP the Ca and P concentrations. The different samples were incubated in PBS and LB, exactly as 

in the adhesion assay. The analyses were performed under the following experimental conditions: 

on the one hand, the samples were incubated in fresh PBS (Figure 7a left -white bars-) and in fresh 

LB (Figure 7a right -white bars-) to evaluate the intrinsic reactivity of the material with the 

surrounding medium, without bacteria. On the other hand, the samples were incubated in a bacterial 

inoculum diluted in PBS (Figure 7a left -orange bars-) and in LB (Figure 7a right -orange bars-) to 

evaluate the reactivity of the samples interacting with the possible changes that may take place in 

the presence of bacteria, in addition to the effect of the different compositions of the different 

media. The time point chosen was 24 h to maximize chemical activity. In addition, the pH values of 

the different suspensions were recorded. 

 

Analysis of the Ca and P concentration of the samples incubated in PBS did not result in drastic 

changes when compared to the control (PBS) other than a global decrease in P and a slight release 

of Ca from the samples. The limited calcium dissolution was coherent with the low solubility of 

CDHA in the assayed conditions [82]. Globally, the results pointed that both, dissolution and 

sorption events simultaneously took place [83] without apparent changes of the surface 

microstructure (Figure 7). In the presence of bacteria, similar results (i.e., limited reactivity) were 

obtained which were attributed to the low bacterial metabolic activity in oligotrophic environments. 

However, the fact that in the presence of bacteria Ca was no longer detected in the suspensions 

incubated with samples (with the exception of H) could be explained by different reasons: a) the 

metabolization of this ion by the bacterial cells themselves [84] or its association with molecules 

secreted by the cells (divalent cations are known to intervene in the flocculation or gelation of 
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extracellular polymeric substances, EPS)  [85,86] but also by b) the increase in pH due to the 

release of alkaloid metabolites from the bacteria causing a simultaneous reduction in the solubility 

of CDHA. Unfortunately, the current study does not allow determining which of these mechanisms 

prevails. 

 

The pH increase observed in the presence of bacteria is supported by the wide range of external pH 

values in which non-extremophilic bacteria can grow (from 5.5–9), while keeping a cytoplasmic pH 

within the narrow range of pH 7.4-7.8 [87]. Furthermore, in the particular case of P. aeruginosa, pH 

has been found to increase markedly after infection in intestinal mucosa [88] and skin [89]. In 

addition, investigation of P. aeruginosa biofilm-mediated infection in synthetic calcium phosphate 

also led to an increase in pH [90]. All these results indicate that alkalinisation of the medium is not 

uncommon for P. aeruginosa, as it supports bacterial colonization and /or invasion. As previously 

mentioned, this rise in pH leads to a decrease in CDHA solubility, which explains the decrease in 

Ca
2+

 content observed in Figure 7. 

 

Analysis of the results in LB media in the absence of bacteria indicated a superior reactivity of the 

samples as observed by the substantial increase in the Ca of the medium (at least for H and BF 

samples) despite the presence of soluble Ca and P in LB. Indeed, there was almost 10x more release 

of Ca from H samples in LB than in PBS (Figure 7) and 4x more release in the case of BF. We 

suspect that the lower pH of LB compared to PBS and the presence of organic molecules in the LB 

formulation with affinity for Ca
2+

 are responsible for the higher reactivity of the different materials 

in LB. However, this did not translate into an overall increase in the P content which indicated that 

complex dissolution/sorption reactions were occurring. In the presence of bacteria there was a 

substantial decrease in both Ca and P concentrations expectable for a copiotroph strain which 

requires of high levels of nutrients for growth. The need for Ca and P in the metabolism of a 

growing bacterium is what suggests the involvement of these ions during bacterial growth, 

however, the increased pH observed in the presence of bacteria decreases the solubility of CDHA, 

which should also result in a reduction of Ca and P ions in solution. We hypothesize that this 

reactivity, paired with the less favorable attachment of bacterial cells in nutrients rich medium could 

be the reason for the overall limited attachment. However, more in-depth studies are needed to fully 

disclose the role of reactivity in bacterial attachment.  
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Figure 7. a) Quantification of phosphorus and calcium concentrations detected in PBS (white bars) and LB 

(orange bars) in presence (+PA, P. aeruginosa) or absence of bacteria by ICP-MS and H
+
 determination 

by pH measurements.  Controls correspond to pure media (PBS in grey color, LB in deep orange 

color). Bars represent means ± standard deviation (SD) of three samples. Groups identified with the same 

superscripts are not statistically different (p > 0.05). Letters indicate differences between conditions (p < 

0.05). b) SEM micrographs showing with white arrows EPS (extracellular polymeric substances) production 

on the samples after bacterial incubation. 

Moreover, as part of P. aeruginosa’s metabolism, there is secretion of hydrophilic extracellular 

polymeric substances (EPS) (Figure 7b) which have strong affinity for Ca. Since the Ca 

Jo
ur

na
l P

re
-p

ro
of

Journal Pre-proof



 

 

sequestered during EPS development [85] is not taken into account in the ICP measurements as 

remains on the sample surface (Figure 7b), we expect in fact superior Ca releases, i.e. superior 

reactivity, than the levels detected by ICP. Interestingly, all these ionic reactions take place without 

alteration of the material’s microstructure.  

 

 

3.4 Effect of material’s reactivity on planktonic bacterial growth  

 

One question that arises when interpreting the bactericidal potential of reactive CaP is to what 

extent the chemical activity of the material is playing a role in the viability of planktonic bacteria. 

This is of interest to better understand the contribution of the physical properties and the chemical 

factors in the interpretation of the bacterial adhesion tests. To answer this question, the following 

studies were made. On the one hand it was explored if the supernatants obtained upon immersion of 

the samples in PBS/LB for 24h were toxic to P. aeruginosa. For this, a known amount of P. 

aeruginosa was added to the supernatant and the growth curve of bacteria was monitored with time 

(Figure 8 a). In addition, since the sample’s reactivity is affected by the presence of bacteria, and 

bacteria itself can secrete metabolites that can influence bacterial growth, a similar experiment was 

done using the supernatant from samples incubated in LB/PBS in the presence of bacteria (Figure 8 

b). This supernatant was subsequently filtered (to remove bacteria) before adding a known amount 

of fresh P. aeruginosa to monitor their growth curve. In case a supernatant was toxic to bacteria, a 

longer lag phase would be detected, which should be seen by a delay in the appearance of the 

exponential phase in that condition. As the lethality of a supernatant depends on the concentration 

of the toxins, two different concentrations of bacteria were tested in case a larger population of 

bacteria would be less sensitive to possible toxic effects, while a smaller population would be more 

lethal. 

 

Analysis of the growth curves for the different conditions proved that none of the supernatants were 

toxic to the cells. This was inferred from the fact that the lag phase and the shape of the growth 

curves under any experimental condition did not differ between samples and positive controls for 

the same media and bacterial dilution. As expected, all conditions in which bacteria were incubated 

with LB reached greater levels of OD due to the greater amount of nutrients available. In contrast, 

the lower OD levels achieved when bacteria were supplemented in bacteria pre-cultured LB 

supernatants were due to nutrients uptake during pre-culture (Figure 8 bottom right versus bottom 

left). From these results it is concluded that planktonic bacteria are not affected from the ionic 

Jo
ur

na
l P

re
-p

ro
of

Journal Pre-proof



 

 

activity of the material neither from any of the released metabolites from bacteria. However, we 

cannot exclude that locally, on the surface of the H samples, where the highest concentration of ions 

accumulates, an increase in toxicity could be attained. In any case, the comparison of the 

bactericidal behaviour of the B and BF samples with identical composition guarantees the 

hypothesis that the main factor of mortality in the adhesion test is attributed to a physical effect of 

the topography. 

 

 
Figure 8. Growth curves monitored at 600 nm in PBS (a) and LB (b). Graphs from the first column 

correspond to supernatants of PBS and LB incubated for 24 h with the samples and subsequently filtered and 

supplemented with two different concentrations of fresh inoculum. Graphs from the second column 

correspond to supernatants of PBS and LB incubated for 24 h with the samples and P. aeruginosa and 

subsequently filtered and supplemented with two different concentrations of fresh inoculum. Positive controls 

correspond to incubation of bacteria with supernatant in which no sample was added. Negative controls 

correspond to incubation in PBS/LB without bacteria. Coloured shades correspond to the standard deviation 

of 3 measurements. 
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CONCLUSIONS 

In this work, we reported the bactericidal potential of two different CDHA nanopillar substrates (B 

and F) prepared through simple and robust strategies based on the hydrolysis of α-TCP. By 

controlling the starting size of α-TCP and the consolidation conditions, the size, distribution, and 

density of the pillars were easily controlled. We further proved that the CDHA nanopillars were 

bactericidal with a lethality of up to 75% for the C substrate and 60% for F after 24 h incubation in 

PBS. This lethality was reduced to 20% for the flat control sample (BF). Importantly, the lethality 

of the nanopillared substrates depended on the type of medium used for the incubation of bacteria. 

In the absence of nutrients (in phosphate-buffered saline solution) more bacteria adhered (20% 

surface coverage) and adhesion was stronger, leading to higher lethality. However, in Luria broth 

(nutrient-containing medium) bacteria were less likely to adhere (5% surface coverage) and lower 

lethality was observed. The different substrates exhibited different degrees of reactivity, as observed 

by the levels of Ca and P ions in solution. Yet, the overall ionic exchanges in the solutions were not 

toxic to the planktonic cells. In view of this, we conclude that the main contributor to cell death was 

topography.  
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Highlights: 

 

 Nanopatterned topographies on calcium phosphates can kill bacteria 

 

 Different nanopatterns show different degrees of bacteria mortality 

 

 The incubation media has an impact on bacterial adhesion 

 

 Ionic exchanges in calcium phosphates have a minor contribution to bacterial lethality 
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