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The growing biomedical challenges impose the continuous development of novel platforms. 

Ensuring the biocompatibility of drug delivery and implantable biomedical devices is an 

essential requirement. Calcium carbonate (𝐶𝑎𝐶𝑂3) in the form of vaterite nanoparticles is a 

promising platform, which has demonstrated distinctive optical and biochemical properties, 

including high porosity and metastability. In this study, the biocompatibility of differently 

shaped 𝐶𝑎𝐶𝑂3 vaterite particles (toroids, ellipsoids, and spheroids) are evaluated by 

bacterial toxicity mode-of-action with a whole-cell biosensor. Different Escherichia coli (E. 

coli) strains were used in the bioluminescent assay, including cytotoxicity, genotoxicity and 

quorum-sensing. Firstly, both scanning electron microscopy (SEM) and fluorescence 

microscopy characterizations were conducted. Bacterial cell death and aggregates were 

observed only in the highest tested concentration of the vaterite particles, especially in 

toroids 15-25µm. After, the bioluminescent bacterial panel was exposed to the vaterite 

particles, and their bioluminescent signal reflected their toxicity mode-of-action. The vaterite 

particles resulted in an induction factor (IF > 1) on the bacterial panel, which was higher after 

exposure to the toroids (1.557 ≤ IF ≤ 2.271) and ellipsoids particles (1.712 ≤ IF ≤ 2.018), as 

compared to the spheroids particles (1.134 ≤ IF ≤ 1.494), in all the tested bacterial strains. 

Furthermore, the vaterite particles did not affect the viability of the bacterial cells. The 

bacterial monitoring demonstrated the biofriendly nature of especially spheroids vaterite 

nanoparticles. 

Keywords: vaterite biocompatibility; calcium carbonate (𝐶𝑎𝐶𝑂3); whole-cell biosensor; 

toxicity mode-of-action; bioluminescence bioreporter bacteria; genotoxicity cytotoxicity 

quorum-sensing stress.  

 

1. Introduction 

The expanding biomedical challenges of modern medicine produce continuous 

developments of novel materials, physical processes, and functional platforms. Particularly, 

in drug delivery applications, the design of micro- and nanocarriers provides various 

advantages as compared to conventional injection, macroscopic polymer, or lipid carriers [1]. 

Efficient carriers encompass biocompatibility, as well as high loading capacity [2]. The 

biocompatibility of the utilized materials is the main challenge in fields such as drug delivery 

and implantable biomedical devices [3]. While biogenic materials often do not possess the 

needed features that are required for the devices performance [4]. Over the past years, 

inorganic complete the organic need, and inorganic nanoparticles are increasingly used in 

various theranostic applications [5]. Calcium carbonate (𝐶𝑎𝐶𝑂3) is explored as a 
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multifunctional platform, capable of accommodating several functionalities simultaneously. 

Generally, calcium carbonates also contribute to reducing carbon dioxide emission [6], the 

formation of sediments and rocks [7], elements in leaves [8], as well as global climate 

change [9, 10]; therefore, 𝐶𝑎𝐶𝑂3 is a fundamental research focus worldwide.  

Specifically, 𝐶𝑎𝐶𝑂3 in a form of vaterite is integrated as a biocompatible drug carrier in 

various biophotonic applications [11] (e.g., photothermal therapy [12, 13], photoacoustic 

tomography [14], and bioimaging), and in tissue engineering [15-20]. Vaterite is a metastable 

polymorph of 𝐶𝑎𝐶𝑂3 that was named after the German mineralogist Heinrich Vater in 1911, 

which seemed to synthesize it as early as 1894. Vaterite has demonstrated distinctive 

tunable optical and biochemical properties, including high porosity and metastability, which 

increases its utilization in various applications [21]. The low-cost self-assembly synthesis of 

vaterite, which is also simple to perform [22], contributes to its frequent usage [23]. The 

vaterite monocrystals can self-assemble naturally in polycrystal micro- and nanoparticles, 

which are termed spherulites. Their high porosity enables a high payload capacity [24]. For 

example, a recent study by the research group reported that polycrystalline sub-micrometer 

vaterite spherulites demonstrated a volumetric filling ratio exceeding 28% [13].  

Vaterite is mostly found in calcareous sediments in nature [25]. While its most natural 

occurrences are associated with biogenic activity (e.g. calcified tissues (gastropod shells 

[26]), mollusk pearls [27], gallstones [28, 29], pancreatic stones [30], human heart valves 

[30], green turtle eggshells [31], crustacean statoliths [32] and fish otoliths [33]) [34]. Still, the 

most prevalent carbonates are calcite and aragonite [35]. The geometrical (i.e., size and 

shape) and surface (i.e., charge and hydrophilicity) properties of the 𝐶𝑎𝐶𝑂3 particles are 

influenced by the ratios of the initial salts used in their synthesis [36]. The formation and 

stabilization of vaterite are aided by the presence of living organisms and even favored as 

compared to calcite and aragonite [37, 38]. The precipitation of vaterite is induced by various 

organic polymeric substances such as carboxylic groups [39], phosphonates [40], sulfonates 

[41], amino acids [42-44], and anionic surfactants [45]. Vaterite usually appears as micron-

sized spherulites when it is precipitated in the presence of bacteria [46]. A further 

understanding of the micro- and nano-structure of vaterite may contribute to its application in 

various fields [22, 47]. While, biocompatibility is a basic feature to be fully explored to justify 

the main established use of vaterite (i.e., drug delivery). The biocompatibility of vaterite is 

continuously and thoroughly explored over the past years, mainly by using various human 

cell lines [16, 17, 48-54]. 

In this study, the biocompatibility of differently shaped 𝐶𝑎𝐶𝑂3 vaterite particles (toroids, 

ellipsoids, and spheroids) are estimated by bacterial toxicity mode-of-action with a whole-cell 
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biosensor. The whole-cell biosensor integrates the bacterial cells that are genetically 

modified to produce light with a transducer for signal measurement. Different Escherichia 

coli (E. coli) strains were used in the bioluminescent assay, including cytotoxicity (TV1061), 

genotoxicity (DPD2794), and quorum-sensing (K802NR). Also, the biological activity can be 

monitored by the analysis of viability, gene expression, and metabolic activity [55, 56]. The 

light signal change of the bacterial cells after exposure to the vaterite particles reflects their 

toxicity mode-of-action. The whole-cell biosensor was previously tested for the presence of 

specific chemicals [57-59] or general stresses [60-65]. This approach of bacterial monitoring 

identifies signatures of the toxicity mode-of-action. To the best of our knowledge, this is the 

first study to investigate the biocompatibility interaction of bacteria with 𝐶𝑎𝐶𝑂3 nanoparticles, 

while most previous studies investigated the contribution of bacteria to the precipitation of 

vaterite. 

 

2. Materials and Methods 

2.1. Materials  

Preparation of CaCO3 Particles: calcium chloride (𝐶𝑎𝐶𝑙2) 99.9%, sodium carbonate 

(𝑁𝑎2𝐶𝑂3) 99.9%, sodium bicarbonate (𝑁𝑎𝐻𝐶𝑂3) 99.9%, poly(styrene sulfonate) sodium salt 

(PSS) 97%, ethylene glycol 98%, ethanol AR, and dextrane sulphate 95% were purchased 

from Sigma Aldrich. Milli-Q water with a resistance greater than 18.2 MΩ cm−1 was used for 

all experiments. Bacterial panel: Nunc White opaque 96-well microtiter plates (30396) were 

purchased from SPL Life Sciences Co., Ltd. (Gyeonggi-do, Korea (11192)). Lennox Broth 

(LB) (DF0402-17-0) was purchased from Becton Dickinson & Co., BD Diagnostic Systems, 

(Sparks MD, United States). Ampicillin sodium salt (BP1760-25) was purchased from Fisher 

BioReagents (Pittsburgh, Pennsylvania, United States). SEM microscopy: Polylysine-L 

(P4832: Mw 150,000-300,000, 0.01%, sterile-filtered, BioReagent, suitable for cell culture) 

and Glutaraldehyde (G7526: Grade I, 8% in H2O, specially purified for use as an electron 

microscopy fixative or other sophisticated use) were purchased from Sigma-Aldrich (Merck 

group) (St. Louis, Missouri, United States). Fluorescence microscopy: Propidium Iodide 95% 

(PI) (440300250) was purchased from Acros Organics (Fair Lawn, New Jersey, United 

States). Deionized water (DW) was obtained by mechanical filtering through a Treion 

TS1173 column. All stock solutions were prepared and stored according to the instructions 

of the manufacturers. 
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2.2. Equipment  

Incubator (Binder (Bohemia, NY, United States)), and rotary thermo-shaker MaxQ 4450 

(Thermo scientific (Marietta, OH, United States)) were used to grow the bacterial panel. 

Ultrospec 2100 pro spectrometer (Amersham Bioscience (Cambridge, United Kingdom)) was 

used to measure absorbance to adjust the optical density of the bacterial panel culture. 

SynergyHTX multi-mode reader (BioTek Instruments Inc., Winooski, VT, United States) was 

used to measure the bioluminescent signal of the bacterial panel. High-resolution 

microscope Gemini SEM 300 from Zeiss (Carl-Zeiss-Strasse 22, Oberkochen, Germany), 

Q150T Turbo-Pumped Sputter of Palladium - Gold Coater (Quorom Technologies Pvt. Ltd., 

East Sussex, UK), and Helios 5UC system from Thermo Scientific ((Marietta, OH, United 

States)) were used for the SEM characterization of the vaterite particles. The scanning 

electron microscope (HRSEM-Jeol 7800, Jeol Ltd., Tokyo, Japan), and critical point dryer 

(K850 Critical Point Dryer, Quorom Technologies Ltd., East Sussex, UK) were used for the 

SEM characterization of the bacterial cells. Leica SP8 laser scanning microscope (Leica, 

Wetzlar, Germany), equipped with a solid-state laser with 552 nm light, HC PL APO CS2 

63x/1.2 water immersion objective (Leica, Wetzlar, Germany), and Leica Application Suite X 

software (LASX, Leica, Wetzlar, Germany) were used for the fluorescence microscopy 

characterization.  

 

2.3. Preparation of CaCO3 Particles 

The 𝐶𝑎𝐶𝑂3 particles in different shapes and sizes (toroids, ellipsoids, and spheroids) were 

synthesized by a conventional sustainable approach [66-68], based on coprecipitation of 

calcium chloride and sodium carbonate/hydrogen carbonate at different ratios in ethylene 

glycol medium [36]. The salts, 𝐶𝑎𝐶𝑙2  and 𝑁𝑎2𝐶𝑂3/𝑁𝑎𝐻𝐶𝑂3 are dissolved in 1M ethylene 

glycol:H2O in volumetric ratio of 85:15 mixture at selected concentrations (0.005M or 

0.025M) for all the reactions to the final volume V = 40 mL (spheroids (0.025M 𝐶𝑎𝐶𝑙2 and 

0.005M 𝑁𝑎2𝐶𝑂3); ellipsoids (0.005M 𝐶𝑎𝐶𝑙2 and 0.025M 𝑁𝑎2𝐶𝑂3); toroids (0.0025M 𝐶𝑎𝐶𝑙2  

and 0.005M 𝑁𝑎2𝐶𝑂3 + an organic additive 0.5 mg/mL poly(styrene sulfonate) (PSS)). Then, 

20 mL 𝐶𝑎𝐶𝑙2  and 20 mL 𝑁𝑎2𝐶𝑂3 were mixed under magnetic stirring at 400 rpm for 24 h at 

room temperature. Afterward, the particles were washed with DIW and twice with ethanol by 

centrifugation (5 krpm for 2 min). The yielded 𝐶𝑎𝐶𝑂3  particles were dispersed in ethanol to 

prevent recrystallization. An X-ray diffraction analysis (XRD) is presented in Figure 1, which 
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was conducted to validate the stability of the resulted CaCO3 particles in the bacterial and LB 

medium solutions. The characteristic peaks remain the same for all three scenarios, verifying 

that the vaterite particles did not undergo a phase transition to calcite.  

 

Figure 1. Preparation of CaCO3 Particles. X-ray diffraction analysis (XRD) was conducted 

to validate the stability of the resulted CaCO3 particles in the bacterial (‘Vaterite Cells’) and 

LB medium (‘Vaterite LB’) solutions, while only CaCO3 particles were used as control 

('Vaterite ref’). 

 

2.4. Bacterial panel 

Different E. coli strains were used (Table 1), including DPD2794, TV1061 (obtained from 

Shimshon Belkin (Hebrew University, Jerusalem, Israel)), and K806NR (obtained from Jan 

Davies (University of Calgary, Calgary, Canada)). These strains contain a multi-copy 

plasmid (mcp) of plasmid-borne promoter fusion to the lux CDABE reporter operon. This lux 

operon contains 5 genes that are responsible for the synthesis of luciferase and its substrate 

tetradecanal [55]. Each of the strains consists of a different promoter as follows recA 

(DPD2794), grpE (TV1061), and lasI (K802NR). The translation of the plasmid is determined 

by the specific promoter. Therefore, according to the different promoter fusions the bacterial 

strains are sensitive to different types of stressors, including DNA-repair mechanisms such 

as DNA degradation and cross-link mutations (recA) [69, 70], metabolic changes such as 

cytotoxic substances (grpE) [71, 72], and bacterial communication as part of a positive 

feedback loop of N-3-oxo-dodecanoyl homoserine lactone (3OC12-HSL) that is used for 

quorum sensing (lasI) [73, 74].  
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Table 1. The bioluminescent bioreporter bacterial panel. 

Mode of Action Sensitivity 
Bacterial 

Strain 
Promoter 

lux Fusion 

Location 
Ref. 

Genotoxicity DNA-Damage DPD2794 recA::lux mcp [69, 70] 

Cytotoxicity Heat-Shock TV1061 grpE::lux mcp [71, 72] 

Quorum Sensing 3OC12-HSL K802NR lasI::lux mcp [73, 74] 

* multi-copy plasmid (mcp); N-3-oxo-dodecanoyl homoserine lactone (3OC12-HSL) 

 

2.5. Bacteria growing conditions 

Firstly, the bacterial cells were grown on LB-agar plates from a strain stock with 20% (v/v) 

glycerol as a cell cryoprotectant additive that is stored at -80°C. The LB-agar plates (10g/L 

Tryptone; 5 𝑔/𝐿 Yeast Extract; 5 g/L NaCl) also contain 100 µg/mL ampicillin. After placing 

the cells on the plates, they were incubated for two days at 37°C in an incubator. After, the 

bacterial strains were grown in a 10 mL Lennox broth (LB) with 100 µg/mL ampicillin 

overnight at 37oC on a rotary thermo-shaker at 120 rpm [75]. Then, the bacterial cultures 

were diluted to approximately 107 cell/mL (100 µL of the inoculum was transferred into 10 

mL of fresh medium) and regrown in the same medium without antibiotics at 26 oC without 

shaking to the early exponential phase (𝑂𝐷600 𝑛𝑚 = 0.2) as determined by a spectrometer. 

 

2.6. Scanning electron microscopy (SEM) characterization 

The 𝐶𝑎𝐶𝑂3 particles were characterized by SEM. After the particles were dispersed in 

ethanol, they were then dropped (5 µL) onto indium tin oxide (ITO) glass or n-doped silicon 

substrate and dried for a few minutes. The dried particles were coated by sputtering with 

several nanometers of gold-palladium film. Quanta 200 FEG SEM was used to obtain 

images of the synthesized particles. A backscattered electron mode was used with an 

acceleration voltage of 5 kV at 0°C and under the pressure of 7.81 × 10−7 mbar. In addition, 

prior to the SEM characterization, the fixation and dehydration of the bacteria cells were 

done on a sample disc glass. After an early exponential phase was reached (grown as 
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explained in section 2.5), 1 mL of the bacterial culture was centrifuged for 2 min at 10 krpm 

and the supernatant was removed, then the bacteria cells were rinsed two times with double-

distilled water (DDW). After, 40 µL of DDW was added to the bacteria cells pellet. The 

vaterite nanoparticles were added into the bacteria culture solution (the initial concentration 

is 5 mg/mL) at the tested dilutions of 1/10, 1/100, 1/1K, 1/10K, 1/10M, and 1/10B. In parallel, 

40 µL of ready-made commercial 0.01% polylysine-L solution was placed onto a glass disc 

and left for dehydration for over 1 hour at room temperature. Then, the polylysine-L residues 

were removed, and the glass discs were dried. After, 3 µL of the bacteria solution with the 

vaterite particles were incubated on the glass disc for 1 hour at room temperature, which 

was then rinsed by DDW. Afterwards, 50 µL of 4% (v/v) glutaraldehyde solution diluted in 

DDW was incubated on the glass discs for 1 hour. Then, the glass discs were rinsed three 

times for 10 minutes each with DDW under slow shaking. The bacteria cells were 

dehydrated by washing the glass discs in increasing concentrations of ethanol, as follow: two 

times in 10% (v/v) for 10 minutes, two times in 20% (v/v) for 10 minutes,  two times in 50% 

(v/v) for 10 minutes, two times in 70% (v/v) for 10 minutes, two times in 90% (v/v) for 10 

minutes, two times in 95% (v/v) for 10 minutes, and four times in 100% (v/v) for 10 minutes. 

After, the glass discs were further dried in a critical point dryer. Lastly, the dried bacteria 

sample was coated and characterized by SEM, and images were captured at an 

accelerating voltage of 3kV.  

 

2.7. Fluorescence microscopy characterization 

The bacteria cells (grown as explained in section 2.5) were incubated with the vaterite 

nanoparticles (the initial concentration is 5 mg/mL) at different dilutions of 1/10, 1/100, 1/1K, 

1/10K, 1/10M, and 1/10B. The red fluorescing propidium iodide (PI) which is a nucleic acid 

stain was used to indicate cell death. The bacterial cell solution with the vaterite particles 

was mixed with PI in a ratio of 80:10:10 µL, respectively. The samples were incubated in the 

dark at room temperature for 15 minutes. Then, 5 μL of stained bacteria suspensions were 

placed between a slide and 18 mm2 coverslips. Leica SP8 laser scanning microscope was 

used for image acquisition, equipped with a solid-state laser with 552 nm light. The PI red 

emission signals were detected with a HyD (hybrid) detector in ranges of 580–650 nm. 

 

2.8. Bioluminescence assay 
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A high-throughput approach was used to examine the bacterial panel responses in 96-well 

white opaque microtiter plates. The bacteria culture (grown as described in section 2.5) was 

mixed with the vaterite particles in different shapes and sizes (toroids, ellipsoids, and 

spheroids) in a 90 µL to 10 µL ratio, respectively (n = 3 for each tested sample). A total of six 

particle types were tested, including toroids 0.5-1 µm; toroids 15-25 µm; ellipsoids 0.5-1.2 

µm; spheroids 0.5-1.2 µm; spheroids 2-3 µm; spheroids 5-7 µm. The particles were tested in 

six dilutions (the initial concentration is 5 mg/mL), including 1/10, 1/100, 1/1K, 1/10K, 1/10M, 

and 1/10B. A relatively wide range of several tested concentrations of the vaterite 

nanoparticles was chosen, because it is important from the analysis aspect of the whole-cell 

bacterial biosensor responses. The bioreporter bacterial strains are sensitive and can show 

various response patterns to different concentrations of the same material, such as induction 

or inhibition of the bioluminescence signal. Therefore, in order to accurately determine the 

response of the bacterial cells to the vaterite nanoparticles, it is important to test a 

significantly wide range of concentrations. PSS buffered solution was used to dilute the 

vaterite particles, which is useful in stabilizing the vaterite particles and preventing their 

transformation into calcite. Therefore, both PSS solution and the growth medium of LB were 

tested as control samples. The same PSS concentration was used for the nanoparticles 

dispersion and in the control measurements. A SynergyHTX multi-mode reader was used to 

measure the bioluminescence activity of the bacterial panel, and the temperature of the 

samples was maintained at 26°C. Relative light units (RLU) represent the luminescence 

values.  

 

2.9. Viability assay 

The effect of the vaterite particles on bacterial growth was examined with a bacterial viability 

assay. After growing the bacteria in LB medium (as described in section 2.5), they were 

mixed with the six nanoparticle types, including toroids 0.5-1 and 15-25 µm; ellipsoids 0.5-

1.2 µm; spheroids 0.5-1.2, 2-3 and 5-7 µm. In addition, the same six dilutions were tested 

(the initial concentration is 5 mg/mL), including 1/10, 1/100, 1/1K, 1/10K, 1/10M, and 1/10B. 

After bacterial growth in LB, 10 µL of the vaterite particles solution was added to 90 µL of the 

bacterial culture inside the 96-well plate. After mixing the bacteria cells with the vaterite 

nanoparticles, the bacterial growth was monitored over 10 hours. The two samples of PSS 

and LB only were used as the controls. The same PSS concentration was used for the 

nanoparticles dispersion and in the control measurements. 
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2.10. Reproducibility and statistical analysis 

The bacterial panel responses are monitored by the bioluminescence signal that is reported 

as an induction factor (IF) and calculated as follows: IF = Bs/Bc, where Bs and Bc are the 

maximum bioluminescence signals (B) of the tested sample (s) and the control (c), 

respectively. The most stable bacterial growth and signal were seen in a testing period of 4 

hours. A minimum of thirty separate and different setups (independent repeats) were tested 

for each parameter. In addition, a range of values was defined based on the results for 

optimized analysis of the toxicity mode of action. When 1 ≤ IF ≤ 1.3, it was determined as 

having no particular effect (.). The positive induction effect was categorized into 3 level 

types: 1.3 < IF ≤ 1.5 marked as level 1 (+); 1.5 < IF < 1.8 marked as level 2 (++), and IF ≥ 

1.8 marked as level 3 (+++). The ranges of the IF values were also determined based on 

additional recent studies of the research group [57, 62-65, 76, 77].  

 

3. Results and Discussion 

3.1. Particles characterization 

The SEM characterization was conducted on the differently shaped 𝐶𝑎𝐶𝑂3 vaterite particles, 

including toroids 0.5-1 and 15-25 µm, ellipsoids 0.5-1.2 µm, and spheroids 0.5-1.2, 2-3, and 

5-7 µm (Figure 2). In the cases of toroids (0.5-1 µm (Figure 2 (a)) and 15-25 µm (Figure 2 

(b))), the vaterite particles formed several-steps kinetics (additional magnifications can be 

seen in Figure 1S in supplementary data). The Toroidal particle formation occurs in the 

presence of an organic polymer chelator. The calcium chelating group of sulfonate shields 

the ions restricting the spherical radial growth to a defined toroidal thickness related to the 

polymeric chain length. The smaller size toroids particles (0.5-1 µm (Figure 2 (a))) 

demonstrated a rounded vaterite toroids form, while the bigger size toroids particles (15-25 

µm (Figure 2 (b))) demonstrated flat vaterite particles. In the case of ellipsoids (0.5-1.2 µm 

(Figure 2 (c))), the aggregation of nano-seeds into ellipsoidal particles can be identified 

(additional magnifications can be seen in Figure 2S in supplementary data). This may be 

caused by an increment of their number and total surface energy [78], in our case, such 

surface charge control is applied by ion ration in the growth bath. There are several phases 

in the crystallization process [22]. In general, the first stage of crystallization is the 

amorphous phase, then nanoparticles are formed that later construct the big crystals of 

several hundreds of nanometres, the ration between ions creating vaterite. The presence of 
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more carbonate ions results in lower zeta potential and less negative surface charge. The 

phenomenon of changes in surface charge occurs due to the initial stage of crystallization 

and the creation of different amorphous phases, which are the result of kinetic rates of 

𝐶𝑎𝐶𝑂3 resulting in different outer charge. Generally, a higher ratio of carbonate to calcium 

ions reduces the negatively charged surface. In addition, in the cases of spheroids (0.5-1.2 

µm Figure 2 (d), 2-3 µm (Figure 2 (e)), and 5-7 µm (Figure 2 (f))), the self-assembled 

nanoscale crystals can be seen in a grain-based mesoporous structure (additional 

magnifications can be seen in Figure 3S in supplementary data) [8, 79]. The spherulite 

surface roughness is of the same order as the size of single monocrystals (∼30 nm) and it is 

mostly dictated by the size of individual grains as well as leads to diffuse light scattering, and 

other attractive optical properties. Generally, the effect of surface roughness along with 

geometrical properties of refractive index can for example generate a resonant scattering [8, 

80, 81]. 

The SEM characterization was also conducted on a mixture of the bacteria cells with the 

various 𝐶𝑎𝐶𝑂3 vaterite particles (size of 0.5 µm, and three different geometries) (Figure 3). 

The structure of the E. coli cells is clearly identified with their standard morphology [82], 

while the particles might have washed away during the fixation process of the cells 

(additional magnifications can be seen in Figure 4S in supplementary data). For example, 

SEM characterization was previously used to examine calcified bacteria cells within vaterite 

particles [83]. Visual effects on the morphology of the bacterial cells were not observed. 

Thus, it is an indication that the tested vaterite particles did not integrate with the bacterial 

cell wall. The results of the SEM characterization are strengthened by the SEM images of 

differently shaped 𝐶𝑎𝐶𝑂3 particles in the literature [11], as well as specifically with the 

findings of H. Barhom et al. that investigated the same particles [36]. It was reported that the 

specific surface area is the lowest in spheroids (40.6 m2/g) as compared to those of 

ellipsoids (43.1 m2/g) and toroids (75.5 m2/g). This can also affect the enhanced adsorption 

capacity of the toroids particles. The addition of the organic additive poly(styrene sulfonate) 

(PSS) that can locate on the particles surface may explain the increased surface area of the 

toroidal particles and may also contribute to their porosity. Moreover, the average pore size 

of the toroidal particles (3.57 nm) is lower than those of spheroidal and ellipsoidal particles 

(12.7 and 15.7 nm, respectively), which can be explained by the filling of pores by PSS. As a 

result, the pore volume of the differently shaped particles also varies (ellipsoids (0.172 

cm3/g), spheroids (0.127 cm3/g), and toroids (0.084 cm3/g)). In addition, PSS is negatively 

charged and thus contributes to the more negative zeta-potential of the toroidal particles 

(−12 mV), compared to those of spheroids and ellipsoids (−2 and −0.8 mV). To conclude, 
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the SEM characterization demonstrated the expected sizes and shapes of the various 

vaterite particles.   

 

Figure 2. SEM images of vaterite particles. (a, b) Toroidal particles in the sizes of 0.5-1 

µm and 15-25 µm respectively (c) Ellipsoids 0.5-1.2 µm; (d, e, f) Spheroids 0.5-1.2 µm; 

Spheroids 2-3 µm; Spheroids 5-7 µm in average sizes, statistical processing was performed 

by image analysis. 
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Figure 3. SEM characterization of bacteria cells exposed to vaterite particles. The SEM 

characterization was conducted on a mixture of the bacteria cells with the various 𝐶𝑎𝐶𝑂3 

vaterite particles (size of 0.5 µm, and three different geometries). The structure of the 

Escherichia coli (E. coli) cells ((a) and (b)) is clearly identified with their standard 

morphology, while the particles might have washed away during the fixation process of the 

cells.   

 

3.2. Fluorescence imaging of the bacterial cells 

The fluorescence microscopy characterization was also conducted on the differently shaped 

𝐶𝑎𝐶𝑂3 vaterite particles, including toroids 0.5-1 and 15-25 µm, ellipsoids 0.5-1.2 µm, and 

spheroids 0.5-1.2, 2-3, and 5-7 µm (Figure 4). For example, confocal fluorescence images 

were previously used to characterize E. coli cells that were incorporated into vaterite crystals 

[84]. In this study, the bacteria cells were grown and then incubated with the vaterite 

particles at different dilutions of 1/10, 1/100, 1/1K, 1/10K, 1/10M, and 1/10B. Then, a red 

fluorescing nucleic acid stain, propidium iodide (PI), was used to indicate cell death. PI is a 

DNA intercalator because of its positive charge that attaches to the bacteria DNA; thus, it 

only stains cells with damaged cytoplasmic membranes [85]. Therefore, PI allows to identify 

between bacteria with intact and damaged cytoplasmic membranes and is commonly used 

to indicate cell death [86]. In addition, PI has NH2 groups and thus can form hydrogen 

bonds, combining that with its charge it may enable the PI binding capabilities to proteins 

and nanomaterials [87].  

Generally, effects on the bacterial cells were seen only in the highest tested concentration of 

the vaterite particles (1/10) (Figure 4). While, in all the rest of the tested dilutions, no 

difference was seen from the control (Figure 5S in supplementary data). Among all the 
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tested particles, toroids 15-25 µm showed the strongest antibacterial effect and aggregates. 

Smaller aggregates and bacterial cells dyed in red (indicative of cell death) were also seen in 

all the tested sizes of spheroids, including 0.5-1.2, 2-3, and 5-7 µm. While bacterial cells 

dyed in red without visible aggregates were seen in the cases of toroids 0.5-1 µm and 

ellipsoids 0.5-1.2 µm. The differences seen between the results of the particles might also 

be explained by the findings of H. Barhom et al. [36]. For example, it was reported that in the 

case of ellipsoidal particles, the contact angle between the particles and the cell membrane 

is lower than for spheroidal and toroidal particles. In addition, previous studies investigated 

the survival of bacteria cells within 𝐶𝑎𝐶𝑂3 particles [88]. For example, fluorescence 

microscopy with green fluorescence by SYTO was utilized to depict total cells, and it was 

reported that the viability of the cells was affected by the carbon source in such that 𝑁𝑎𝐻𝐶𝑂3 

results in higher viability than CO2 supplementation [89]. Also, it was concluded that the 

survival of bacteria cells within 𝐶𝑎𝐶𝑂3 particles is dependent on the bacterial species and 

decreased with time [90]. To conclude, bacterial cell death and aggregates were seen only in 

the highest tested concentration of the vaterite particles (1/10), where it was most visible in 

the case of toroids 15-25 µm.  
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Figure 4. Fluorescence microscopy characterization. The highest tested concentration of 

1/10 dilution: (a) Toroids 0.5-1 µm; (b) Toroids 15-25 µm; (c) Ellipsoids 0.5-1.2 µm; (d) 

Spheroids 0.5-1.2 µm; (e) Spheroids 2-3 µm; (f) Spheroids 5-7 µm. 

 

3.3. Biocompatibility estimated by bacterial mode-of action 

The bioluminescent bacterial panel is based on bacterial cells that are genetically modified to 

produce light in the presence of specific chemicals. Three different E. coli strains were tested 

that are sensitive to different types of stressors, including cytotoxicity (TV1061), genotoxicity 

(DPD2794), and quorum-sensing stress (K802NR). A light signal change is generated after 

the exposure of the bioluminescent bacterial panel to the tested vaterite particles. This signal 

shift reflects the toxicity mode-of-action of the particles. All six vaterite particle types were 

tested, including toroids 0.5-1 and 15-25 µm, ellipsoids 0.5-1.2 µm, and spheroids 0.5-1.2, 2-

3, and 5-7 µm. The particles were tested in six dilutions (the initial concentration is 5 

mg/mL), including 1/10, 1/100, 1/1K, 1/10K, 1/10M, and 1/10B (Figure 5, Table 2, and Table 

1S in supplementary data). The results are reported as induction factor (IF) which is 

calculated as the light signal ratio relative to the control. Therefore, an IF = 1 means that the 

response of the bacteria strain produced a light signal that is equivalent to the control, 

whereas an IF > 1 means an induction effect, and IF < 1 means an inhibition effect. 

Generally, all the tested vaterite particles resulted in an induction effect (IF > 1) on the 

bacterial panel (Figure 5). Whilst the PSS showed IF values similar to the control (IF ~ 1.1).  

In addition, the results indicate that the bacterial panel responses were significantly higher 

after exposure to the toroids (1.557 ≤ IF ≤ 2.271) and ellipsoids particles (1.712 ≤ IF ≤ 

2.018), as compared to the spheroids particles (1.134 ≤ IF ≤ 1.494) (Table 1S in 
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supplementary data). Also, all the tested bacterial strains showed a clear induction effect 

after exposure to both toroids and ellipsoids particles (Table 2). This indicates that the tested 

toroids and ellipsoids particles have multiple toxicity mode-of-action on the bacterial panel, 

including metabolic changes such as with cytotoxic substances (TV1061) (Figure 5A) [71, 

72], DNA-repair mechanisms such as DNA degradation and cross-link mutations (DPD2794) 

(Figure 5B)  [69, 70], and bacterial communication as part of a positive feedback loop of N-

3-oxo-dodecanoyl homoserine lactone (3OC12-HSL) that is used for quorum sensing 

(K802NR) (Figure 5C) [73, 74]. Also, it is possible to identify that there is an effect of the 

vaterite particle size on the induction of the bacterial cytotoxic effect (TV1061). Toroids 

vaterite particles of smaller sizes (0.5-1 µm) resulted in a higher induction response (+++), 

which was observed only in the cytotoxic sensitive strains (Table 2). Moreover, dose-

dependent patterns in decreasing concentrations (increasing dilutions) were not seen in both 

cases of toroids and ellipsoids particles, as the IF values were mainly between 1.8 to 2.0. 

Whilst, in the cases of spheroids particles, clearer dose-dependent patterns were identified 

where lower concentrations (higher dilutions) resulted in lower IF values, mainly identified in 

the smallest tested spheroids size of 0.5-1.2 µm (Figure 5). The biggest tested spheroids 

size of 5-7 µm resulted in only a mild induction effect with a stable IF value of ~ 1.4.  

The biocompatibility of vaterite particles was thoroughly tested in previous studies [17, 48]. 

The cytotoxicity of vaterite particles was not identified when tested with human ovarian 

carcinoma cells ES2 and human fibroblasts MRC5 [16], osteoblast cell line (MG‐63) [49], 

human gastric carcinoma cells (SGC-7901) [50], normal cells (HEK 293T cells) [51], normal 

human dermal fibroblasts (NHDF) [52], and primary human T-lymphocytes [53]. Moreover, a 

recent study examined the biological toxicological profile of 𝐶𝑎𝐶𝑂3 particles in cell lines (a 

mouse embryonic fibroblast cell line (NIH 3T3) and a human breast adenocarcinoma cell line 

(MCF7)), and in vivo on zebrafish (Danio Rerio), and concluded that no cytotoxicity or 

genotoxicity was identified [54]. Prior information was not found on quorum sensing 

influences of 𝐶𝑎𝐶𝑂3 particles. Moreover, another point for discussion is the optical features 

of the tested vaterite particles. In the bioluminescence assay in this study, only emission was 

detected without initial excitation. However, a possible effect is that the light signal emitted 

by the bacteria cells may be scattered by vaterite [8], which can later result in a higher total 

RLU value. However, the particle size influence may reject this possibility, because it was 

identified that there is an effect of the toroids vaterite particles size on the induction of the 

bacterial cytotoxic effect (TV1061). To conclude, the vaterite particles resulted in an 

induction effect (IF > 1) on the bacterial panel, which was significantly higher after exposure 

to the toroids (1.557 ≤ IF ≤ 2.271) and ellipsoids particles (1.712 ≤ IF ≤ 2.018), as compared 

to the spheroids particles (1.134 ≤ IF ≤ 1.494), in all the tested bacterial strains.  
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Figure 5. Bioluminescence assay. The bacterial panel responses are monitored by the 

bioluminescence signal that is reported as induction factor (IF) and calculated as follows: IF 

= Bs/Bc, where Bs and Bc are the maximum bioluminescence signals (B) of the tested 

sample (s) and the control (c), respectively. PSS (Poly(Styrene Sulfonate)). The initial 

concentration of the vaterite particles is 5 mg/mL. 
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Table 2. Induction and inhibition effects in the bioluminescence assay. 

Vaterite Particles Bacterial Strains 

Shape Size Dilution TV1061 DPD2794 K802NR 

Toroids 

0.5-1 µm 

1/10 +++ +++ +++ 

1/100 +++ ++ ++ 
1/1K +++ +++ ++ 

1/10K +++ +++ +++ 

1/10M +++ +++ +++ 

1/10B +++ +++ +++ 

15-25 µm 

1/10 ++ +++ +++ 

1/100 ++ +++ +++ 

1/1K +++ +++ ++ 

1/10K ++ +++ +++ 

1/10M ++ +++ +++ 

1/10B ++ +++ +++ 

Ellipsoids 0.5-1.2 µm 

1/10 ++ +++ +++ 

1/100 ++ ++ ++ 

1/1K +++ ++ ++ 

1/10K +++ +++ +++ 

1/10M +++ +++ +++ 

1/10B +++ +++ +++ 

Spheroids 

0.5-1 µm 

1/10 + + + 

1/100 . + + 
1/1K . . . 

1/10K . . . 

1/10M . . . 

1/10B . + + 

2-3 µm 

1/10 . + + 
1/100 + + + 

1/1K + . . 

1/10K . + . 

1/10M + . + 

1/10B . . + 

5-7 µm 

1/10 . + + 

1/100 + + + 

1/1K + + + 

1/10K + + + 
1/10M + + + 

1/10B + + + 

PSS . . . 

 

* Based on the results, a range of values was defined for optimized analysis of the toxicity 

mode of action. When 1 ≤ IF ≤ 1.3, it was determined as having no particular effect (.). The 

positive induction effect was categorized into 3 level types: 1.3 < IF ≤ 1.5 marked as level 1 

(+); 1.5 < IF < 1.8 marked as level 2 (++), and IF ≥ 1.8 marked as level 3 (+++). The initial 

concentration of the vaterite particles is 5 mg/mL. 
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3.4. Viability assay 

The viability of the bacteria strains was also examined after exposure to the various vaterite 

particles. All six vaterite particle types were tested, including toroids 0.5-1 and 15-25 µm, 

ellipsoids 0.5-1.2 µm, and spheroids 0.5-1.2, 2-3, and 5-7 µm. The particles were tested in 

four dilutions (the initial concentration is 5 mg/mL), including 1/10, 1/100, 1/1K, and 1/10K 

(Figure 6). In addition, a negative control (only LB growth medium) and a PSS sample were 

also tested. Generally, the vaterite particles did not affect the viability of the bacterial cells. 

The bacterial growth is characterized by a starting value of 0.1 (𝑂𝐷600 𝑛𝑚) in the lag stage, 

reaching a value of 0.2 (𝑂𝐷600 𝑛𝑚) in the log stage in the time period of 2-4 hours, which 

continues to mildly increase with time in the stationary stage. Among the tested dilutions of 

the differently shaped particles, only the highest tested concentration (1/10 dilution) showed 

an influence on the viability of the bacterial cells in some particles, including toroids 15-25 

µm, and spheroids 0.5-1.2, 2-3, and 5-7 µm. The influence that was seen in these cases is 

an increase in the OD600nm values throughout the bacterial growth curve. Whilst still the 

normal bacterial growth curve was identified in these cases, with the lag, log, and stationary 

growth stages. The last death (decline) stage was not identified within the 10 hours testing 

period.  

A possible explanation for the increased 𝑂𝐷600 𝑛𝑚  values in the highest concentration only in 

the following four particle types of toroids 15-25 µm, and spheroids 0.5-1.2, 2-3, and 5-7 µm, 

can be the effect of these particles on the spectrophotometer absorbance measurement, and 

not necessarily on the viability of the bacterial cells. The effect is induced by the vaterite light 

scattering property, resulting in lower transmission of the beam. The latter fact is consistent 

with a characteristic family of optical modes that are supported in vaterite particles with 

similar diameters [8]. The particles in the mixture can also create sediment, and due to its 

high concentration to reduce the transmitted signal and interrupt the reading of the 

spectrophotometer. These results are strengthened by the findings of previous studies, 

which reported that no influence was found of vaterite particles on cell viability [16, 17, 49-

52, 54]. While it was even found to be enhanced [8]. Specifically, H. Barhom et al. also 

examined the viability influence of the same tested differently shaped vaterite particles 

(spheroids, ellipsoids, and toroids) on C6 glioma cell model, and the particles displayed the 

absence of cytotoxicity even at the highest cell-to-particle ratio [36]. To conclude, the vaterite 

particles did not affect the viability of the bacterial cells, and the death stage was not 

identified within the 10 hours testing period. 
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Figure 6. Viability assay. (a) Toroids 0.5-1 µm; (b) Toroids 15-25 µm; (c) Ellipsoids 0.5-1.2 

µm; (d) Spheroids 0.5-1.2 µm; (e) Spheroids 2-3 µm; (f) Spheroids 5-7 µm. PSS 

(Poly(Styrene Sulfonate)); N.C. (Negative Control). The initial concentration of the vaterite 

particles is 5 mg/mL. Normal bacterial growth curves were identified, with the lag, log, and 
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stationary growth stages. Only the highest tested concentration (1/10 dilution) showed some 

influence, in cases of toroids 15-25 µm, and spheroids 0.5-1.2, 2-3, and 5-7 µm. 

 

4. Conclusions 

The biocompatibility of differently shaped 𝐶𝑎𝐶𝑂3 vaterite particles (toroids, ellipsoids, and 

spheroids) were estimated by bacterial toxicity mode-of-action with a whole-cell biosensor. 

The bioluminescent bacterial panel is based on three different E. coli strains that are 

sensitive to general stresses, i.e., cytotoxicity (TV1061), genotoxicity (DPD2794), and 

quorum-sensing stress (K802NR). Firstly, both SEM and fluorescence microscopy 

characterizations were conducted. The SEM characterization demonstrated the expected 

sizes and shapes of the various vaterite particles. Also, the structure of the E. coli cells was 

clearly identified with their standard morphology. In the fluorescence microscopy 

characterization, bacterial cell death and aggregates were seen only in the highest tested 

concentration of the vaterite particles (1/10), where it was most visible in the case of toroids 

15-25 µm. After, bioluminescence and viability assays were performed. By exposing the 

bioluminescent bacterial panel to the vaterite particles, a light signal change is then 

generated, reflecting the toxicity mode-of-action of the particles. The vaterite particles 

resulted in an induction effect (IF > 1) on the bacterial panel, which were significantly higher 

after exposure to the toroids (1.557 ≤ IF ≤ 2.271) and ellipsoids particles (1.712 ≤ IF ≤ 

2.018), as compared to the spheroids particles (1.134 ≤ IF ≤ 1.494), in all the tested bacterial 

strains. This indicates that the tested toroids and ellipsoids particles have multiple toxicity 

mode-of-action on the bacterial panel. In addition, the vaterite particles did not affect the 

viability of the bacterial cells, and the death stage was not identified within the 10 hours 

testing period. The bacterial monitoring demonstrated the biofriendly nature of especially 

spheroids vaterite nanoparticles. Bacterial monitoring results in identifying specific 

signatures that will allow accurate detection of the toxicity mode-of-action.  

 

Supplementary Data: The data on the full SEM and fluorescence microscopy 

characterization results is available in the supplementary data file.  
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Highlights 
 Biocompatibility of vaterite particles (toroids, ellipsoids, and spheroids) 

 Bacterial panel sensitive to cytotoxicity, genotoxicity, and quorum-sensing 

 Cell death and aggregates were observed only in the highest particles 

concentration 

 Induction factor (IF > 1) after exposure to the toroids and ellipsoids particles  

 Demonstrated the biofriendly nature of especially spheroids vaterite nanoparticles 
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