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Abstract.   

Porous calcium carbonate (CaCO3) particles have been shown to be highly advantageous for 
biological applications, mainly due to their large surface area and their stability in 
physiological media. Also, developing appropriate antibacterial materials presenting the 
benefits of non-formation of harmful compounds is of major interest. Two characteristics of 
CaCO3 particles were investigated herein: (i) antibiotic-loading capacity and (ii) the 
possibility of using CaCO3 particles as a template for the fabrication of biocapsules presenting 
inherent antibacterial capacity. The particles were tested against two representative 
pathogenic bacteria (Staphylococcus aureus and Escherichia coli). On one hand, a method for 
antibiotic (namely penicillin, ampicillin and ciprofloxacin) loading inside calcium carbonate 
particles was developed and antibacterial activity was investigated. Encapsulation efficiency 
and loading content were 95% and 5%, respectively. We showed that antibiotics prevented 
bacterial growth within 2 h, with no evidence of bacterial regrowth within 16 h; bactericidal 
effects were also observed. On the other hand, the self-assembly of charged polysaccharides, 
namely chitosan (chi+) and dextran sulphate (dex-), were assessed on calcium carbonate 
microparticles used as a sacrificial matrix. During bacterial growth in a liquid medium, an 
inhibitory effect of these particles was observed, i.e. Staphylococcus aureus (Gram-positive) 
(from 16.3% to 48.8% for (chi+/dex-)n-chi+ coated CaCO3 materials and from 41.9% to 93.0% 
for (chi+/dex-)n-chi+ capsules) and Escherichia coli (Gram-negative) (from 18.2% to 45.5% 
for (chi+/dex-)n-chi+ coated CaCO3 materials and from 40.0% to 89.1%  for (chi+/dex-)n-chi+ 
capsules). Staining with acridine orange highlighted the bactericidal effect of the designed 
particles. These findings demonstrate the excellent potential of using calcium carbonate 
particles in antibiotic therapy as a starting point for the development of smart materials.  
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1. Introduction 

The interest in using porous materials for biological purposes is mainly due to the possibility 

of controlling both their physico-chemical properties and characteristics 1. Porous particles are 

highly appropriate carriers for drug delivery purposes. Among them, we may cite silica, 

calcium carbonate and calcium phosphate particles 2. For more insight into the fabrication of 

porous materials, the reader may refer to the recent published review articles 3-4. Most of these 

particles are biodegradable, can be safely excreted by the human body through the kidney and 

are able to transport a high amount of therapeutic bioactive chemicals with high efficiency 

and few side effects 5. Interestingly, the surface of porous carriers such as silica or calcium 

carbonate particles can be easily functionalised by a variety of ligands for improved in vivo 

stability in the bloodstream 6. Among the different porous carriers, in our studies we focus on 

porous calcium carbonate (CaCO3) particles which have the advantages of being 

biocompatible, non-toxicity and easily produced by using standard methods. Among the 

different porous carriers, calcium carbonate (CaCO3) particles have the advantages of being 

biocompatible, non-toxicity and easily produced by using standard methods7.  

CaCO3 particles exist in three anhydrous crystalline polymorphs forms, i.e. calcite, aragonite 

and vaterite 8-9. Studies have reported the possibility of fabricating spherical mono-dispersed 

CaCO3 particles in the nano- to micrometre range 9-10 and loading drugs inside these porous 

materials 11-12. The cytotoxicity, influence on cell viability and efficient cellular uptake of 

substance-loaded CaCO3 containers have been investigated 13. In our study, we propose 

exploiting the excellent versatility of these materials for antibacterial purposes.   

Indeed, antibacterial resistance is a growing problem impacting the entire word 14. The 

emergence of intracellular bacterial infections and acquired resistance in pathogenic microbes 

has been a challenging issue in human medicine 15. The use of antibiotic is required for these 

infections, but due to their poor stability or solubility in biological media, a step of 

vectorisation is often required for their efficient administration. 16 

Using safe and efficient antibiotic delivery systems is thus needed that as to be able are 

required to deliver therapeutic agents at an adequate concentration within the intracellular 

medium to overcome antibacterial resistance 17-18. Developing an antibacterial carrier (loaded 

with an antibiotic or having inherent antibacterial capacity) could avoid/prevent antibiotic 

efflux and thus increase the intracellular retention of drugs. Indeed, as the antibacterial 

carriers are not substrates of efflux pump proteins 19. Interestingly; several studies have 

reported on the increased antibacterial activity of antibiotic-conjugated particles 20-22.  
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In this context, we have implemented two approaches based on calcium carbonate 

microparticles for developing an efficient antibacterial material. The first one involved the 

loading of antibiotics inside the pores of the particles. The second approach consisted in 

exploiting CaCO3 particles to develop new tailor-made antibacterial particles. 

We took advantage of the porosity of CaCO3 particles for loading antibiotics, namely 

penicillin, ampicillin and ciprofloxacin. Penicillin and ampicillin are widely employed to treat 

many different types of infections caused by bacteria such as E. coli or salmonella. 

Ciprofloxacin is a fluoroquinolone commonly used in cystic fibrosis to treat lung infections 23. 

However, at high concentrations, these antibiotics present toxicity in the blood. In contrast, at 

low concentrations, the resistance of bacteria is promoted at the site of infection 24. The 

concentration problem is also mediated by solubility limitations in aqueous solution. The 

selected antibiotics present a wide solubility range, i.e. highly soluble (solubility about 25 

mg/ml in water for penicillin G sodium), slightly soluble (solubility about 13 mg/ml in water 

for ampicillin) and practically insoluble in water (solubility less than 1 mg/ml in water for 

ciprofloxacin). Thus, their vectorisations are of major interest for both the achievement of 

high concentrations of theses antibiotics at the site of infection while preventing bacterial 

resistance. 

As alternative to antibiotics, some polyelectrolytes with inherent bactericidal components 

exist as quaternary ammonium or phosphonium groups. These charged polymers are able to 

interact with the negatively charged bacterial cell walls, resulting in compromised integrity of 

the bacterial cell envelope 25. This is the reason why these polymers have been naturally 

involved in self-assembly processes (e.g. the layer-by-layer,26-27 (LbL) approach) for 

developing materials with antibacterial activity. Polyelectrolyte multilayers can be used to 

obtain ultrathin films through the alternating deposition of oppositely charged 

polyelectrolytes. This offers well-defined compositions and physical properties. This process 

presents the following advantages: (i) no specific equipment is required, (ii) various chemical 

and biological compounds can be used and (iii) nanometre-ordered functional layers can be 

easily achieved. Moreover, the LbL process is an efficient method for fabricating carriers 

(namely capsules28-29) combining both templating particles and self-assembly methods. 

Particles provide a compelling alternative to antibiotic because they rely on entirely different 

mechanisms of antibacterial activity than antibiotics. The mode of action of particles is based 

on direct contact with the cell wall of the bacteria, leading to damage to of the bacterial cell 25.  

Herein, we propose to self-assemble biopolymers naturally charged onto the surface of 
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calcium carbonate particles as a sacrificial template 30-33; its selective removal provides 

hollow particle also called capsules.  

One of the concerns about the current antimicrobial material is related to their highly toxic 

and irritant action in humans. Implementing new routes for the production of cost-effective 

and safe biocide systems is thus of major interest. Biopolymers like polysaccharides are a 

promising solution, mainly because of their weak toxicity toward mammalian cells and their 

effective antibacterial properties 34 Among such biopolymers, chitosan is a natural biopolymer 

that is both biocompatible and possesses antibacterial activity. The bactericidal mechanism of 

action of chitosan is mediated by (i) an electrostatic attraction between the negatively charged 

wall of the bacterial cell and polycationic chitosan, leading to the disruption of intracellular 

materials 35 and (ii) the inhibition of bacterial enzymatic activity 36. The preparation of 

chitosan-based particles has been successfully reported for antibacterial purposes37-40. For 

instance, chitosan can be easily formed through self-aggregation 41. Furthermore, chitosan 

tripolyphosphate nanoparticles have been reported to present antibacterial activity42.   

Thus, In the present study, we then aimed to investigate the use of calcium carbonate 

microparticles for the development of versatile antimicrobial agents. To this end, we 

developed two parts using the calcium carbonate microparticles as a basic material to design 

antibacterial agents. To accomplish this aim, we first First, we investigated the possibility of 

to load antibiotics (presenting a wide range of solubility) within the space available in the 

pores of porous calcium carbonate. Second, we were interested in exploring the use of 

calcium carbonate as a template for the production of capsules presenting inherent 

antibacterial activity. This last approach is particularly interesting and little studied in the 

literature because here the objective is not to see an effect of particle charge or concentration 

but to compare solid particles (considered as rigid) to particles with an aqueous liquid cores 

and multilayer shell materials (considered as flexible). For these two parts approaches, 

particles were tested to evaluate their effects on the growth of model pathogenic bacteria, 

namely Escherichia coli and Staphylococcus aureus. 

 

2. Experimental section  

2.1. Materials 

These following chemicals were purchased and used as received: chitosan (chi+, low 

molecular weight Sigma-aldrich), dextran sulfate (dex-, 40 000 g/moL, Sigma-aldrich), 
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ethylenediaminetetraacetic acid (EDTA), and calcium chloride (CaCl2, rectapur, 99%) and 

sodium carbonate (Na2CO3, rectapur, 99%). Penicillin, ampicillin and ciprofloxacin are bought 

from Sigma-Aldrich.  

 

2.2. Preparation of the porous calcium carbonate microparticles 

The calcium carbonate microparticles were fabricated by mixing equal volume of 0.33 M 

calcium chloride (CaCl2) and sodium carbonate (Na2CO3) solutions under a vigorous stirring 

for 3 min. This results in a rapid precipitation of the CaCO3 microparticles. They were 

centrifuged 10 min to remove all the residual ions. The particles were then rinsed several 

times with water and acetone to remove the water. Particles were dried at 80 °C. Pore size and 

distributions were recorded using the Brunauer, Emmett and Teller (BET). 

 

2.3. Antibiotic-loaded hybrid particles. 

500 µL of a solution of antibiotic (penicillin or ampicillin or ciprofloxacin) at 1g/L were 

mixed to 500 µL of a suspension of calcium carbonate particles and stirred for 24 h. The 

finale concentration of the particle is 1g/L. The particles were then centrifuged and washed 

with water to remove free drug. The entrapment efficiency is estimated as follows (equation 

1). 

 

               entrapment efficiency =  
������ �� ��������� �����

������� ������ �� �����
 X 100%   equation 1 

 

The antibiotic release rate studies were investigated by introducing each of loaded 

microparticles (10 mg) into a vial with 10 ml of phosphate-buffered saline (PBS; 0.1 M, pH 

7.4) with constant shaking (100 rpm) and at 37°C. The solution was replaced with fresh buffer 

solution and antibiotic concentration was determined by using a UV-visible 

spectrophotometer at the maximum absorbance. 

 

 

2.4. Preparation of capsules by using calcium carbonate microparticles as template   

Surface modification of the negatively charged calcium carbonate microparticles was 

performed by the LbL process. First, to 1000 µL of the negatively charged calcium carbonate 

microparticle, 100 µL of a solution of chitosan (1 g.L-1 prepared in 10 mM of buffer acetate, 

pH 4) was added and stirred during at least 15 min (1 g.L-1). Then, the particles were 



6 

 

centrifuged (5 min, 7 000 rpm) to remove the free polycation and 900 µL of water was added. 

To this coated calcium microparticles, 100 µL of a solution of dextran sulfate was added 

similarly (starting from a solution of 1 g.L-1 and mixed at least 15 min). Free polyanion was 

removed further by implying via a centrifugation technique (5 min, 7 000 rpm). The assembly 

of a single bilayer is then written as: (chitosan/dextran sulfate)n (with n representing the 

number of bilayers). Zeta potential measurements enable to monitor the adsorption of each 

polyelectrolyte onto the calcium carbonate microparticles (Zetasizer Nano-ZS, Malvern 

Instruments, Brookheaven Instruments Corporation USA and Varian, Cary 100). Zeta 

potential measurement was performed on a Zetasizer Nano-ZS (Malvern Instrument) to 

monitor the adsorption of each polyelectrolyte onto the CaCO3 core (Zetasizer 4700 Malvern 

Instruments, Brookheaven Instruments Corporation, USA). 

Dissolution of the calcium microparticle template enabled the elaboration of capsules. This 

was performed via addition of a solution of EDTA (0.2 M) to the coated calcium carbonate 

microparticles, whilst stirring at room temperature. A centrifugation process was applied to 

remove the complex.  

Scanning Electron Microscopy (SEM) enables to study the shape of the materials (Leo 

Elektronenmikroskopie, Oberkoche in Germany). Prior to analysis, the particles were covered 

with palladium. Structural characterization was performed by X-ray diffraction (XRD) using a 

D8 advance Bruker diffractometer (Cu Kα radiation). Data were recorded over a 2Ɵ range 

from 5 to 90° by step of 0.02° at an incident wavelength   of 1.54056 Å. The Inductively 

Coupled Plasma Optical Emission Spectrometry (ICP-OES) analyses (Ca2+ wt.%) were 

carried out with a ICP-OES spectrometer (Simultaneous Varian Vista Axial). 

 

2.5. Assay for antibacterial activity:  

Microbial cultures. Staphylococcus aureus ATCC6538 (Gram-positive) and Escherichia coli 

ATCC25922 (Gram-negative) were used as the model bacteria. They were grown aerobically 

at 37°C overnight during 24h in Luria-Bertani lysogeny broth medium (LB, Sigma Aldrich). 

To estimate the inhibitory impact of the sample on heterotrophic bacterial growth, 

Escherichia coli and Staphylococcus aureus were grown under shaking in Luria lysogeny 

broth medium (LB) at 37°C. For the assay, eight parallel wells of a 96-well microplates 

received 180 µL of bacterial suspension (eight replicates). 20 µL (1 mg/mL) of the suspension 

of materials were added to each well and then incubated at 37°C. The final volume is 200 µL. 

The initial optical density of the bacteria medium was 0.05 at 620 nm. A physiological 
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solution (9 g.L-1 NaCl in distilled water) was used as reference. Bacterial growth was followed 

periodically by reading the optical density of bacterial suspensions at 620 nm using a UV-

Visible UV-visible spectrophotometer from multiscan FC. 

The percentage of inhibition was estimated using equation 2:   

     I (%) : percentage of inhibition (I = 100 - ((ODsample / ODref) x 100) )    equation 2 

ODref and ODsample correspond to the optical density (OD) of the reference (suspension of 

bacteria containing water) and sample (suspension of bacteria containing a suspension of 

sample), respectively. 

To confirm results obtained through the optical density measurement, bacteria were counted 

with a Mallassez Cell.  

The studied samples are (i) calcium carbonate microparticles loaded with antibiotics (prepared 

in section 2.3) and (ii) coated CaCO3 particles and capsules (prepared in section section 2.4). 

Absorbance spectra measurements were recorded with a UV-Visible UV-visible 

spectrophotometer microplate reader (bacterial assay). 

 

2.6. Bacterial viability assay: microscopic observation 

The effect of the particles on bacterial viability was assessed using an orange acridine test 

followed by fluorescence microscopy observation. 10 µL of acridine orange (0.1 % wt) was 

added to 100 µL of bacterial suspension taken at the end of the antibacterial assay (described 

in section 2.5). A 10 µL drop was then introduced on a cover slip to observe the bacteria.43 

Images were obtained with an optical fluorescence ZEISS microscope equipped with a CCD 

camera and a fluorescence illuminator and various mirror units (ZEN software).  

2.7. Zeta -Potential Measurements  

Zeta potential measurement was performed on a Zetasizer Nano-ZS (Malvern Instrument) to 

monitor the adsorption of each polyelectrolytes onto the CaCO3 core (Zetasizer 4700 

Malvern Instruments, Brookheaven Instruments Corporation, USA).  

2.8. Scanning Electron Microscopy (SEM) 

This technique enables to study the shape of the materials (Leo Elektronenmikroskopie, 

Oberkoche in Germany). Prior to analysis, the particles were covered with palladium.  

 

2.9. X-ray diffraction (XRD) 
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Structural characterization was performed by X-ray diffraction (XRD) using a D8 advance 

Bruker diffractometer (Cu Kα radiation). Data were recorded over a 2Ɵ range from 5 to 90° 

by step of 0.02° at an incident wavelength   of 1.54056 Å.  

2.10. Fluorescence microscope 

Images were obtained with an optical fluorescence ZEISS microscope equipped with a CCD 

camera and a fluorescence illuminator and various mirror units (ZEN software).  

2.11. Absorbance measurement  

Absorbance were recorded with a UV-Visible spectrophotometer micro plate reader (bacterial 

assay). 

 

3. Results and discussion 

As presented in Figure 1, our overall strategy relied on the use of calcium carbonate 

microparticles for antibiotics loading (strategy A, Figure 1) and as the template for the 

production of capsules presenting inherent antibacterial property (strategy B, Figure 2). 

The antibacterial activity of the fabricated materials in strategies A and B were investigated 

on two environmental bacteria, namely Escherichia coli (E. coli) and Staphylococcus aureus 

(S. aureus) in liquid LB medium. E. coli is a Gram-negative bacterium and an important 

component of the normal intestinal microflora of humans, but it can be a highly versatile and 

frequently deadly pathogen.  S. aureus is a Gram-positive bacterium and is virulent pathogen 

responsible for infections in hospitalised patients.  



9 

 

 

Figure 1. Schematic illustration of A) the antibiotic-loaded calcium carbonate microparticles 

and B) the fabrication of the capsules coated with polysaccharides using calcium carbonate 

microparticles as template.  

 

3.1. Antibiotic loading inside the pores of calcium carbonate particles 

Calcium carbonate microparticles were selected due to their non-toxic nature, low price and 

easy preparation. Herein, we prepared them via the direct mixing of soluble salts containing 

both of the ions, Ca2+ and CO3
2-. This immediately led to the fabrication of CaCO3 

microparticles. SEM measurements (Figure 2) showed that such particles were uniform, 

homogeneously sized (around 4-6 µm average size 5±1 µm) and well-dispersed.  

 

 

Figure 2. SEM images of calcium carbonate microparticles 
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Herein, the studying of the their porosity was a key point because we aimed at taking 

advantage of these pores for antibiotic loading. The Brunauer-Emmett-Teller (BET) method 

of nitrogen adsorption/desorption was used to estimate the surface area of the fabricated 

CaCO3 microparticles and the effective pore size distribution. From these nitrogen adsorption-

desorption measurements, the surface area was found to be above 9 m2.g-1, and the average 

pore size was 40 nm and the average pore volume was 0.2 cm3.g-1. These values are in 

accordance with the values determined by Sukhorukov et al. who reported on the production 

of CaCO3 microparticles (35 nm for the average pore size) 44.To demonstrate the high 

porosity of the produced microparticles, we then theoretically calculated the surface area of 

non-porous microparticles presenting the same diameter; we found a surface area value of 0.9 

m2.g-1. Thus, the fabricated CaCO3 microparticles were found to be highly porous, as the 

effective surface area was about 10 times greater than that of the compact particles (i.e. non-

porous particles). 

Penicillin, ampicillin and ciprofloxacin have a short active half-life in the human body. There 

is therefore a need to administer consecutive doses of antibiotic to cure patients. However, the 

use of excessive amounts of antibiotics may induce bacterial resistance and toxicity. 

Furthermore, one commonly encountered problem is solubility in aqueous media. The 

selected antibiotics present a broad range of solubility, i.e. highly soluble (solubility about 25 

mg/ml in water for penicillin G sodium), slightly soluble (solubility about 13 mg/ml in water 

for ampicillin) and practically insoluble in water (solubility less than or equal to1 mg/ml in 

water for ciprofloxacin). The vectorisation of antibiotics is therefore crucial to deliver them to 

the site of infection a controlled amount of drug to achieve a dose above the antibiotic’s MIC 

(Minimum Inhibitory Concentration) over a prolonged period. Moreover, it is important to 

take into account antibiotic resistance in bacteria. In the search for more efficient antibacterial 

treatments, we evaluated the use of biodegradable CaCO3 microparticles as they are highly 

porous for the loading and subsequent release of selected antibiotics. 44  

Loading was accomplished by soaking the calcium carbonate material into antibiotic 

solutions. These molecules have an average size of above 3-4 nm; thus, they can easily 

permeate into the internal volume of CaCO3 microparticles through the pores (40 nm). This is 

in supported by the fact that both the pore volume value and the surface area decreased, i.e. 

0.15 cm3.g-1 and 5 m2.g-1, respectively. Images of the particle obtained via SEM revealed the 

unaltered spherical shape of the particles and uniformly distributed. The size of bare particles 

was found to be the same as that of antibiotic-loaded particles. This result is in agreement 



11 

 

with the work of Mu et al., who showed that loading of a drug into microparticles does not 

affect the size of the particle 45.  

The percentage loading content (LC) was found to be above 5% and up to 95% for the 

encapsulation efficiency (EE). Our results indicated that the fabricated calcium carbonate 

microparticles provided high drug loading and entrapment efficiency for the studied 

antibiotics. This result is in accordance with those of Isa. et al. 46 who loaded ciprofloxacin 

inside calcium particles (LC 5.9% and EE was 99.5%). The loading process enables minimal 

loss of the antibiotic during the loading process inside the pores of the calcium carbonate 

particles. This finding is also in accordance with the results reported in the literature 47-48.  

The growth curves of both S. aureus and E. coli were determined based on bacterial cell 

optical density (OD). It is worth noting that bacterial growth in the presence of the bare 

calcium carbonate microparticles was normal, indicating the non-impact of such particles on 

bacterial growth. However, bacterial growth was strongly impacted in the presence of calcium 

carbonate microparticles loaded with antibiotics. Figure 3 shows the bacterial growth 

response (OD) according to exposure to the antibiotic-loaded materials over time. For the 

particles loaded with penicillin or ampicillin, bacterial growth was inhibited within two hours 

and bacterial growth was immediately prevented when using loaded particles with 

ciprofloxacin. An initial burst release of the antibiotic from the microparticles was observed 

within 2 h. The observed burst release could be correlated to the fact the pores fill with the 

medium, leading to this initial surge. After that, the subsequent readings showed no 

significant change in the optical density of the bacteria throughout the rest of the assay, which 

was performed for a total of 15 h. After antibiotic release from the surface, it reached an 

equilibrium; the antibiotics stayed trapped in the pores of the particles and were then slowly 

released over time. Increasing the concentration of the antibiotic loaded nanoparticles (Figure 

3 A to C or Figure 3 D to E) led to a faster effect and more efficient inhibition of bacterial 

growth. Indeed, at the end of 14h, the absorbance decreases with the increase of the 

concentration of the loaded particles. The antibiotics were released at a sufficient amount for 

inhibiting the growth of both S. aureus and E. coli. For all the studied concentrations of 

loaded microparticles, using ciprofloxacin led to the direct inhibition of bacterial growth. This 

is a very interesting point because ciprofloxacin is almost insoluble in water (≤ 1 mg.mL-1) 

and bacterial resistance to this antibiotic has emerged 49. Indeed, Fantin et al. reported that a 

higher dose of this fluoroquinolone has a better bactericidal effect. However, increasing the 
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concentration of this antibiotic was found to induce resistance to ciprofloxacin in human 

commensal bacteria 49.   

The MICs of penicillin and ampicillin are reported to be above 1-32 μg/ml against S. aureus 

and E. coli 50. As for the MIC value of ciprofloxacin, it is reported to be above 0.15-4 μg/ml 

against S. aureus and E. coli 50-51. Thus, at least 2 h was required to release the necessary 

amount of ampicillin and penicillin to reach their MIC values; however, the required 

concentration was directly released when using ciprofloxacin, which is effective at a lower 

concentration (lower MIC against these bacteria compared to penicillin and ampicillin). This 

result is comfort by investigating the release of these antibiotics. As seen from Figure 4, the 

amount of released ciprofloxacin is immediately near the MIC value of ciprofloxacin, i.e., 2 

μg/ml is release within 10 minutes, whereas it takes at least 2 hours to release the necessary 

concentration of penicillin and ampicillin to reach the MICs of penicillin and ampicillin 

(above 30 μg/ml in 2 hours). This enabled the inhibition of bacterial growth. Our study also 

indicates that the present system continues to deliver antibiotics for an extended period of 

time (i.e. 15 h).  
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Figure 3. Growth study of E. coli (A to C) and S. aureus (D to E) in LB medium inoculated 

with bacteria in the presence of CaCO3 particles loaded with antibiotics (� bare calcium 

carbonate, ◊ ampicillin, Δ penicillin G and ○ ciprofloxacin).  

 

 

Figure 4. Release profile of ◊ ampicillin, Δ penicillin G and ○ ciprofloxacin in phosphate-

buffered saline 
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replication forks 52-53 Penicillin and ampicillin inhibit the transpeptidase catalysing the final 

step in cell wall biosynthesis and the cross-linking of peptidoglycan 54. The CaCO3 

microparticles loaded with these antibiotics may first interact with bacterial surfaces. Then, 

the antibiotic is released slowly, which leads to bacterial cell wall damage such that each of 

the above discussed bactericidal mechanisms can occur. This phenomenon enhances the 
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permeability of cell membranes by antibiotics, preventing bacterial growth and even leading 

to the death of bacteria. 

In this first part of our study, we clearly evidence the interest of using the porous calcium 

carbonate particles for the antibiotic loading presenting a wide range of solubility. In a second 

part, we will investigate the interest of using calcium carbonate particles as template to 

prepare capsule with well controlled size and surface chemistry. More specifically, the aim is 

to study the possibility to use the capsule as antibacterial agent by itself without any antibiotic 

loading.  

 

3.2. Design of antibacterial particles based on calcium carbonate particles as the 

template 

 

One of the concerns about the current antimicrobial material is related to their highly toxic 

and irritant action in humans. Implementing new routes for the production of cost-effective 

and safe biocide systems is thus of major interest. Biopolymers like polysaccharides are a 

promising solution, mainly because of their weak toxicity toward mammalian cells and their 

effective antibacterial properties 34 Among such biopolymers, chitosan is a natural biopolymer 

that is both biocompatible and possesses antibacterial activity. The bactericidal mechanism of 

action of chitosan is mediated by (i) an electrostatic attraction between the negatively charged 

wall of the bacterial cell and polycationic chitosan, leading to the disruption of intracellular 

materials 35 and (ii) the inhibition of bacterial enzymatic activity 36. The preparation of 

chitosan-based particles has been successfully reported for antibacterial purposes 37-40. For 

instance, chitosan can be easily formed through self-aggregation 41. Furthermore, chitosan 

tripolyphosphate nanoparticles have been reported to present antibacterial activity 42 

In this part of the study, the aim was to use calcium carbonate microparticles as a sacrificial 

template to develop a new antibacterial carrier. For this, charged polysaccharides (chitosan 

and a dextran derivative) were used for multilayer coatings on the surface of CaCO3 

microparticles (Figures 1 B and 4 5). In comparison to other synthetic routes, this approach is 

attractive because only water is used as the solvent in all steps, instead of organic solvents 

which are often toxic. Calcium carbonate microparticles allow for controlling the final size of 

the materials, and after coating is removed without affecting the multilayer shell, leading to 

the formation of a capsule. The antibacterial activity of these biocapsules was studied against 
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pathogenic bacteria (E. coli and S. aureus).In this study, we are interested in using capsules 

instead of self aggregation particles made of polysaccharides because i) the used process (i.e. 

templating method and self assembly process described in Figure 1B) enables to easily control 

the size of the resulting particles and the surface charge of particle surface and ii) the aim is to 

show if the capsule can act as an antibacterial-agent by itself without any addition of 

antibiotic. We want to evidence that as the capsules are supposed to be more flexible than the 

coated calcium carbonate particle, that they may interact more easily with bacteria walls and 

then disturb/inhibit their growth. 

 

Figure 4 5. Polyelectrolytes implied used for the coating of the calcium carbonate 

microparticles, i.e. the chitosan and the dextran sulfate Chemical structure of the chitosan and 

the dextran sulfate.  

 

The zeta potential of the microparticles was measured after the deposition of each 

polyelectrolyte layer on CaCO3 microparticle cores (Figure 5 6). As expected, the zeta 

potential of the bare calcium carbonate microparticles indicated a negatively charged surface 

(~ -5 mV). The addition of a chitosan layer led to a positive value (+30 mV), followed by a 

negatively charged surface after the deposition of the dextran sulfate layer (-25 mV), which 

could be correlated to complete charge reversal. Alternating zeta-potential values were 

observed, which is an excellent indicator of multilayer film growth on the surface of CaCO3 

particles. This result suggests that multilayers were formed on the particles via electrostatic 

adsorption as the main driving force 55. Our results are in accordance with those of Tripathy et 

al. who reported the adsorption of sodium carboxymethyl cellulose and poly(allylamine 
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hydrochloride) on calcium carbonate microparticles 56 and those of Belbekhouche et al. who 

showed the adsorption of cationic-polycyclodextrin and alginate on CaCO3 particles 57. 

 

 

Figure 5 6.  Zeta potential variation during the coating of the calcium carbonate microparticle 

by chitosan and dextran sulfate polyelectrolyte. 

 

X-ray powder diffraction (XRD) analysis was performed to monitor the calcium carbonate 

microparticle removal (Figure 6 7a). The diffraction patterns of CaCO3 microparticles MPs 

showed characteristic peaks, indicating the crystallinity of the synthesised calcium carbonate 

microparticles. A dominant phase of vaterite was observed evidenced, although a trace of 

calcite was also seen. The broad diffraction peaks indicates that the fabricated vaterite 

microparticles were composed of small nanoparticles. Calcite and vaterite were the principal 

crystalline polymorphs corresponding respectively to hkl: 012, 104, 006, 110, 113 and 004, 

110, 112, 114.  
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Figure 6 7. XRD pattern of (a) pristine CaCO3 microparticle, (b) modified CaCO3 

microparticle (chi+/dex-SO3
-)n and (c) capsule (chi+/dex-SO3

-)n. Note that C and V correspond 

to calcite and vaterite, respectively. 

From Rao’s equation (equation 3) 58, which defines the relative fraction of vaterite (fv) and the 

XRD pattern, we can report that the surface modification of CaCO3 did not have an impact on 

the composition or crystalline structure (Table 1). 

!" =
($%%&' ($%%)' ($%%*')

($%%&' ($%%)' ($%%*'($%&*,
     equation 3 

 

Table 1: Relative fraction of vaterite and calcite 

 !"* !-** 

pristine CaCO3 microparticle 0.33 0.67 

 modified CaCO3 microparticle (chi+/dex-SO3
-)n 0.33 0.67 

* fv: fraction of vaterite; ** fc: fraction of calcite 

 

For the modified CaCO3 microparticles, as expected, the peaks correlated to the CaCO3 

structure were still present (Figure 6a compared to Figure 6b) 35. 
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To fabricate hollow microparticles, the CaCO3 template was removed after a selected number 

of layers using EDTA 59. The dissolution process of the particle could be described as follows 

(equations 4 and 5):   

   CaCO3 (s) → Ca2+ (aq) + CO3
2- (aq)     equation 4 

Ca2+ (aq) + EDTA (aq) → Ca-EDTA (aq)    equation 5 

 

X-ray powder diffraction studies were performed on the capsules after drying to investigate 

the extent of core dissolution. Upon comparison of the X-ray powder diffraction results of 

CaCO3 microparticles and the hollow microparticles (Figure 6b compared to Figure 6c), the 

crystalline polymorphs had completely disappeared, leaving only the polysaccharides. It can 

conclude that there was no peak due to the CaCO3 core, indicating complete removal. 

Moreover, no presence of calcium was detected by ICP analysis in such suspension; which 

strongly comforts the calcium carbonate core removal. We confirm the capsule formation by 

SEM measurement (Figure S1A) and that capsules in suspension kept a spherical shape by 

confocal microscopy by using rhodamine-labelled chitosan during the multilayer build-up 

(Figure S1B).  

An antibacterial assay was performed on the obtained coated particles and capsules. The 

kinetics of bacterial growth was monitored in LB (Luria-Bertani lysogeny broth) medium via 

the variation in optical density (OD) versus time. The influence of the presence or absence of 

the core was studied. Each assay was replicated eight times. It is worth noting that no 

inhibition was seen with bare calcium microparticles or with physiological solution under 

these experimental conditions. 

For E. coli (Table 2), the following OD values were measured at the end of the study at the 

end of the bacterial assay: 0.55, 0.45, 0.40 and 0.30 for the reference and calcium carbonate 

microparticles coated with (chi+/dex-)n-chi+ (n = 1, 2 and 3), respectively. For microcapsules, 

the OD values were as follows: 0.33, 0.28 and 0.06, still according to the number of layers. 

Interestingly, the same behaviour was noted for S. aureus (Table 2); the measured OD values 

were 0.43, 0.36, 0.32 and 0.22 for the reference and calcium carbonate microparticles coated 

with (chi+/dex-)n-chi+ (n = 1, 2 and 3), respectively. For microcapsules based on (chi+/dex-) n-

chi+ (n = 1, 2 and 3), the OD values were 0.25, 0.18 and 0.03. The percentage of inhibition 

was calculated for each bacterium. Thus, for Escherichia coli, this parameter varied from 

18.2% to 45.5% for the calcium carbonate nanoparticles coated with (chi+/ dex-)n-chi+ and 
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from 40% to 89.1% for (chi+/ dex-)n-chi+ microcapsules (n increasing from 1 to 3). For the 

coated particles (supposed to be more rigid particles than the capsule), we observed same 

tendency as Prodana et al., who studied the functionalisation of carbon nanotubes by 

introducing COOH groups. They observed an increase in the percentage inhibition of E. coli 

growth from 19% to 34%60. Adams et al. showed 38% growth inhibition in these bacteria in 

presence of oxide nanoparticles 61. A study with S. aureus led to the same observation, i.e. this 

parameter was enhanced from 16.3% to 48.8% for calcium carbonate microparticles coated 

with (chi+/dex-)n-chi+ and from 41.9% to 93.0% for (chi+/ dex-)n-chi+ nanocapsules (n 

increasing from 1 to 3). Namasivayam et al. obtained inhibition close to that obtained in the 

present study using coated silver nanoparticles (50-60 nm) 61. Interestingly, the number of 

bacteria in  suspension was confirmed by counting bacteria with a Mallassez Cell. Compared 

to some systems reported in the literature, the systems studied here were found to be more 

efficient. 

Comparing the two strains, quite similar effects were shown, i.e. a significant inhibitory effect 

on the growth of both bacteria with an increase in the number of layers and the removal of 

calcium carbonate. For the same conditions of layer-by-layer assembly (number of layers and 

concentration), capsules presented remarkable inhibitory effects compared to the calcium 

carbonate coated particles. This could only be related to the rigidity of the particles. Stiff 

particles (capsules) seem to impact bacterial growth more than rigid ones. The last layer of the 

particle was chitosan. The antibacterial activity of chitosan can be correlated directly with the 

characteristics of bacterial cell walls 37. 

For the two bacteria, a significant inhibitory effect on their growth was observed with an 

increase in the number of the polyelectrolyte layers and the removal of calcium carbonate 

(formation of capsule). For the same conditions of layer-by-layer assembly (number of layers 

and concentration), capsules show a remarkable inhibitory effects compared to the calcium 

carbonate coated particles. We assume that this is due to the fact that the capsules are more 

flexible then the coated particles which may interact more efficiently/easily with the bacterial 

cell walls 37 and then inhibit their growth. According to previous work 38-39, the antibacterial 

activity of chitosan could be related to its polycationic form. Positively charged chitosan can 

interact with the bacterial cell wall, which is negatively charged. This involves the disruption 

of the normal functions of the bacterial wall, for instance by inhibiting the transport of 

nutrients into cells or by promoting the leakage of intracellular components 40, 62-63. 
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Table 2. Inhibitions of E. coli (EC) and S. aureus (SA) by coated CaCO3 microparticles and microcapsules  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Note that for enterobacteria like E. Coli and S. Aureus, 1 OD at 620 nm is equivalent to 8 x 108 CFU/mL 64 
 
 

EC  CaCO3 coated particle Microcapsules 
n value in  the multilayer 

(chi+/dex-)n-chi+  

 OD 

Bacteria per 
mL 

I 
(%) 

OD 

Bacteria per 
ml 

I 
(%) 

0 0.55 4.40.108 0 0.55 4.40 108 0 
1 0.45 3.6 108 18.2 0.33 2.6 108 40.0 
2 0.4 3.2 108 27.3 0.28 2.2 108 49.1 
3 0.3 2.4 108 45.5 0.06 4.8 107 89.1 

SA  CaCO3 coated particle Microcapsules 
n value in  the multilayer 

(chi+/dex-)n-chi+  OD 
Bacteria per 

mL 
I 

(%) OD 
Bacteria per 

ml 
I 

(%) 
0 0.43 3.40 108 0 0.43 3.4 108 0 
1 0.36 2.8 108 16.3 0.25 2.0 108 41.9 
2 0.32 2.5 108 25.6 0.18 1.4 108 58.1 
3 0.22 1.7 108 48.8 0.03 2.4 107 93.0 
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After having showing After observing the impact on bacterial growth, bacteria viability was 

assessed. For this purpose, acridine orange (AO) was used. This is a cell-permeant nucleic 

acid binding dye that can differentiate between double-stranded and single-stranded nucleic 

acids. Bound to denatured single stranded DNA, AO emits red fluorescence, highlighting 

dead of bacteria. In contrast, when bound to double stranded DNA, AO emits green 

fluorescence, showing that the bacteria are alive. Herein, at the end of the experiment, 

bacteria were stained with AO to assess bacterial death 65. As seen in Figure 7, red 

fluorescence was observed after staining bacteria, showing the death of bacterial cells as a 

result of exposure to the capsules. Note that green fluorescence was seen in E. coli without 

capsules (negative control, Figure 7 8), pointing out that the bacteria were alive in the absence 

of capsules or coated calcium carbonate microparticles. 

 

 

Figure 7 8. E. coli stained with acridine orange after the antibacterial assay, A) without 

capsules (negative control) and B) in contact with the capsules (magnification: x200) 

 

In the literature, interactions between materials and bacteria have been found to depend upon 

multiple factors such as electrostatic attraction, as well as hydrophobic and Van der Waals 

forces. Positively charged particles are to know to favourably interact with the negatively-

charged bacterial surface, leading in most cases to a bactericidal effect. Below its pKa (below 

7), chitosan is polycationic and acts as an antimicrobial agent. The antibacterial mechanism is 

recognised to be due to its adsorption onto the surface of bacteria, involving aggregation and 

the leakage of bacterial intracellular contents. Another mechanism could also involve 

alterations in cell permeability. This leads to chitosan binding with bacterial DNA, which is a 
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polyanion, as well as the chelation of trace metals, which interferes with both the production 

of virulence factors and bacterial growth.  

 

4. Conclusion 

Herein, we showed that calcium microcarbonate microparticles are good candidates for 

developing tailor-made antibacterial systems with controlled antibiotic release loaded with 

antibiotic (penicillin, ampicillin or ciprofloxacin). Furthermore, our approach is simple and 

able to tackle the problems of poor solubility in aqueous media and the resistance of bacteria 

against antibiotics. The percentage loading content was found to be above 5 % and the 

encapsulation efficiency was up to 95%. These particles could be stably loaded with a 

sufficient amount of antibiotics to prevent the growth of E. coli and S. aureus.  

We also propose a new approach concerning the development of particles presenting inherent 

antibacterial properties. The particles were synthesized via an easy and robust templating 

method based on the capacity of cationic-chitosan to be assembled layer-by-layer with 

anionic-dextran sulfate onto calcium carbonated used as sacrificial particles. The resulting 

charge-charge interaction was followed at each step in aqueous solution by zeta potential 

measurements. Capsules were obtained through the in-situ etching of the calcium carbonate 

core into aqueous EDTA solution evidenced by X-ray diffraction measurement. According to 

the rigidity of these particles, they have been evidenced to prevent the growth of pathogenic 

bacteria (Escherichia coli and Staphylococcus aureus). Moving forwards, we plan to start 

from the elaborated materials (rigid and stiff particles) and study how the mechanism of 

bacteria is impacted (mainly by proteomic assay). Membrane dysfunction and denaturation of 

cellular proteins are the two mechanisms of bacterial inhibition which may be implied. This 

behaviour may be facilitated with the use of “flexible” capsules rather than “rigid” one, 

explaining the greater inhibition seen for capsules than coated particles. We prospect to do 

both biochemical analysis and electron microscopy to determine the dominant inhibition 

mechanism of the bacteria. 

 

5. References 

1. Timin, A. S.; Rumyantsev, E. V.; Solomonov, A. V.; Musabirov, I. I.; Sergeev, S. N.; Ivanov, S. P.; 
Berlier, G.; Balantseva, E., Preparation and characterization of organo-functionalized silicas for 
bilirubin removal. Colloids and Surfaces A: Physicochemical and Engineering Aspects 2015, 464, 65-
77. 



23 

 

2. Wang, W.; Zhao, Y.; Yan, B.-B.; Dong, L.; Lu, Y.; Yu, S.-H., Calcium carbonate-doxorubicin@ 
silica-indocyanine green nanospheres with photo-triggered drug delivery enhance cell killing in drug-
resistant breast cancer cells. Nano Research 2018, 11 (6), 3385-3395. 
3. Du, X.; Kleitz, F.; Li, X.; Huang, H.; Zhang, X.; Qiao, S. Z., Disulfide-bridged organosilica 
frameworks: designed, synthesis, redox-triggered biodegradation, and nanobiomedical applications. 
Advanced Functional Materials 2018, 28 (26), 1707325. 
4. Li, Y.; Shi, J., Hollow-structured mesoporous materials: chemical synthesis, functionalization 
and applications. Advanced Materials 2014, 26 (20), 3176-3205. 
5. Croissant, J. G.; Cattoën, X.; Man, M. W. C.; Durand, J.-O.; Khashab, N. M., Syntheses and 
applications of periodic mesoporous organosilica nanoparticles. Nanoscale 2015, 7 (48), 20318-
20334. 
6. Croissant, J.; Cattoën, X.; Man, M. W. C.; Gallud, A.; Raehm, L.; Trens, P.; Maynadier, M.; 
Durand, J. O., Biodegradable ethylene-bis (Propyl) disulfide-based periodic mesoporous organosilica 
nanorods and nanospheres for efficient in-vitro drug delivery. Advanced Materials 2014, 26 (35), 
6174-6180. 
7. Yang, J.; Zhang, R.; Pan, H.; Li, Y.; Fang, Y.; Zhang, L.; Kopecek, J., Backbone Degradable N-(2-
Hydroxypropyl)methacrylamide Copolymer Conjugates with Gemcitabine and Paclitaxel: Impact of 
Molecular Weight on Activity toward Human Ovarian Carcinoma Xenografts. Molecular 

pharmaceutics 2017, 14 (5), 1384-1394. 
8. Volodkin, D. V.; Petrov, A. I.; Prevot, M.; Sukhorukov, G. B., Matrix polyelectrolyte 
microcapsules: new system for macromolecule encapsulation. Langmuir 2004, 20 (8), 3398-3406. 
9. Schmidt, S.; Volodkin, D., Microparticulate biomolecules by mild CaCO 3 templating. Journal 

of Materials Chemistry B 2013, 1 (9), 1210-1218. 
10. Parakhonskiy, B. V.; Haase, A.; Antolini, R., Sub-Micrometer Vaterite Containers: Synthesis, 
Substance Loading, and Release. Angewandte Chemie International Edition 2012, 51 (5), 1195-1197. 
11. Yang, H.; Wang, Y.; Liang, T.; Deng, Y.; Qi, X.; Jiang, H.; Wu, Y.; Gao, H., Hierarchical porous 
calcium carbonate microspheres as drug delivery vector. Progress in Natural Science: Materials 

International 2017, 27 (6), 674-677. 
12. Trofimov, A. D.; Ivanova, A. A.; Zyuzin, M. V.; Timin, A. S., Porous inorganic carriers based on 
silica, calcium carbonate and calcium phosphate for controlled/modulated drug delivery: Fresh 
outlook and future perspectives. Pharmaceutics 2018, 10 (4), 167. 
13. Parakhonskiy, B. V.; Foss, C.; Carletti, E.; Fedel, M.; Haase, A.; Motta, A.; Migliaresi, C.; 
Antolini, R., Tailored intracellular delivery via a crystal phase transition in 400 nm vaterite particles. 
Biomaterials Science 2013, 1 (12), 1273-1281. 
14. Hajipour, M. J.; Fromm, K. M.; Ashkarran, A. A.; Jimenez de Aberasturi, D.; de Larramendi, I. 
R.; Rojo, T.; Serpooshan, V.; Parak, W. J.; Mahmoudi, M., Antibacterial properties of nanoparticles. 
Trends in biotechnology 2012, 30 (10), 499-511. 
15. Pinto-Alphandary, H.; Andremont, A.; Couvreur, P., Targeted delivery of antibiotics using 
liposomes and nanoparticles: research and applications. International journal of antimicrobial agents 

2000, 13 (3), 155-68. 
16. Mislin, G. L.; Schalk, I. J., Siderophore-dependent iron uptake systems as gates for antibiotic 
Trojan horse strategies against Pseudomonas aeruginosa. Metallomics 2014, 6 (3), 408-420. 
17. Zhao, D.; Zhuo, R.-X.; Cheng, S.-X., Modification of calcium carbonate based gene and drug 
delivery systems by a cell-penetrating peptide. Molecular BioSystems 2012, 8 (12), 3288-3294. 
18. Pelgrift, R. Y.; Friedman, A. J., Nanotechnology as a therapeutic tool to combat microbial 
resistance. Adv Drug Deliv Rev 2013, 65 (13-14), 1803-15. 
19. Plapied, L.; Duhem, N.; des Rieux, A.; Preat, V., Fate of polymeric nanocarriers for oral drug 
delivery. Current Opinion in Colloid & Interface Science 2011, 16, 228-237. 
20. Akbari, V.; Abedi, D.; Pardakhty, A.; Sadeghi-Aliabadi, H., Ciprofloxacin nano-niosomes for 
targeting intracellular infections: an in vitro evaluation. Journal of nanoparticle research 2013, 15 (4), 
1556. 



24 

 

21. Chono, S.; Tanino, T.; Seki, T.; Morimoto, K., Pharmacokinetic and pharmacodynamic efficacy 
of intrapulmonary administration of ciprofloxacin for the treatment of respiratory infections. Drug 

metabolism and pharmacokinetics 2007, 22 (2), 88-95. 
22. Ong, H. X.; Traini, D.; Cipolla, D.; Gonda, I.; Bebawy, M.; Agus, H.; Young, P. M., Liposomal 
nanoparticles control the uptake of ciprofloxacin across respiratory epithelia. Pharmaceutical 

research 2012, 29 (12), 3335-3346. 
23. Scully, B.; Nakatomi, M.; Ores, C.; Davidson, S.; Neu, H., Ciprofloxacin therapy in cystic 
fibrosis. The American journal of medicine 1987, 82 (4A), 196-201. 
24. Guillot, E.; Sermet, I.; Ferroni, A.; Chhun, S.; Pons, G.; Zahar, J. R.; Jullien, V., Suboptimal 
ciprofloxacin dosing as a potential cause of decreased Pseudomonas aeruginosa susceptibility in 
children with cystic fibrosis. Pharmacotherapy: The Journal of Human Pharmacology and Drug 

Therapy 2010, 30 (12), 1252-1258. 
25. Wang, L.; Hu, C.; Shao, L., The antimicrobial activity of nanoparticles: present situation and 
prospects for the future. International journal of nanomedicine 2017, 12, 1227. 
26. Manabe, K.; Matsuda, M.; Nakamura, C.; Takahashi, K.; Kyung, K.-H.; Shiratori, S., 
Antifibrinogen, Antireflective, Antifogging Surfaces with Biocompatible Nano-Ordered Hierarchical 
Texture Fabricated by Layer-by-Layer Self-Assembly. Chemistry of Materials 2017, 29 (11), 4745-
4753. 
27. Parakhonskiy, B. V.; Yashchenok, A. M.; Möhwald, H.; Volodkin, D.; Skirtach, A. G., Release 
from Polyelectrolyte Multilayer Capsules in Solution and on Polymeric Surfaces. Advanced Materials 

Interfaces 2017, 4 (1), 1600273. 
28. Kim, B.; Lee, S.; Kim, S.-H., Double-Emulsion-Templated Anisotropic Microcapsules for pH-
Triggered Release. Advanced Materials Interfaces 2018, 5 (4), 1701472. 
29. Svenskaya, Y. I.; Genina, E. A.; Parakhonskiy, B. V.; Lengert, E. V.; Talnikova, E. E.; Terentyuk, 
G. S.; Utz, S. R.; Gorin, D. A.; Tuchin, V. V.; Sukhorukov, G. B., A Simple Non-Invasive Approach toward 
Efficient Transdermal Drug Delivery Based on Biodegradable Particulate System. ACS Applied 

Materials & Interfaces 2019, 11 (19), 17270-17282. 
30. De Koker, S.; Hoogenboom, R.; De Geest, B. G., Polymeric multilayer capsules for drug 
delivery. Chem Soc Rev 2012, 41 (7), 2867-84. 
31. Gil, P. R.; del Mercato, L. L.; del_Pino, P.; Muñoz_Javier, A.; Parak, W. J., Nanoparticle-
modified polyelectrolyte capsules. Nano Today 2008, 3 (3), 12-21. 
32. Johnston, A. P. R.; Cortez, C.; Angelatos, A. S.; Caruso, F., Layer-by-layer engineered capsules 
and their applications. Current Opinion in Colloid & Interface Science 2006, 11 (4), 203-209. 
33. Yang, X.; Johnson, S.; Shi, J.; Holesinger, T.; Swanson, B., Polyelectrolyte and molecular host 
ion self-assembly to multilayer thin films: An approach to thin film chemical sensors. Sensors and 

Actuators B: Chemical 1997, 45 (2), 87-92. 
34. Tokura, S.; Nishimura, S. I.; Sakairi, N.; Nishi, N. In Biological activities of biodegradable 

polysaccharide, Macromolecular symposia, Wiley Online Library: 1996; pp 389-396. 
35. Qi, L.; Xu, Z.; Jiang, X.; Hu, C.; Zou, X., Preparation and antibacterial activity of chitosan 
nanoparticles. Carbohydrate Research 2004, 339 (16), 2693-2700. 
36. Rabea, E. I.; Badawy, M. E.; Stevens, C. V.; Smagghe, G.; Steurbaut, W., Chitosan as 
antimicrobial agent: applications and mode of action. Biomacromolecules 2003, 4 (6), 1457-1465. 
37. Kong, M.; Chen, X. G.; Xing, K.; Park, H. J., Antimicrobial properties of chitosan and mode of 
action: a state of the art review. International journal of food microbiology 2010, 144 (1), 51-63. 
38. Jia, Z.; Xu, W., Synthesis and antibacterial activities of quaternary ammonium salt of chitosan. 
Carbohydrate research 2001, 333 (1), 1-6. 
39. Yi, Y.; Wang, Y.; Liu, H., Preparation of new crosslinked chitosan with crown ether and their 
adsorption for silver ion for antibacterial activities. Carbohydrate Polymers 2003, 53 (4), 425-430. 
40. Sudarshan, N.; Hoover, D.; Knorr, D., Antibacterial action of chitosan. Food Biotechnology 

1992, 6 (3), 257-272. 



25 

 

41. Li, Y.-Y.; Chen, X.-G.; Yu, L.-M.; Wang, S.-X.; Sun, G.-Z.; Zhou, H.-Y., Aggregation of 
hydrophobically modified chitosan in solution and at the air–water interface. Journal of Applied 

Polymer Science 2006, 102 (2), 1968-1973. 
42. Leonida, M. D.; Belbekhouche, S.; Benzecry, A.; Peddineni, M.; Suria, A.; Carbonnier, B., 
Antibacterial hop extracts encapsulated in nanochitosan matrices. Int. J. Biol. Macromol. 2018. 
43. Boulos, L.; Prevost, M.; Barbeau, B.; Coallier, J.; Desjardins, R., LIVE/DEAD® BacLight™: 
application of a new rapid staining method for direct enumeration of viable and total bacteria in 
drinking water. Journal of microbiological Methods 1999, 37 (1), 77-86. 
44. Sukhorukov, G. B.; Volodkin, D. V.; Günther, A. M.; Petrov, A. I.; Shenoy, D. B.; Möhwald, H., 
Porous calcium carbonate microparticles as templates for encapsulation of bioactive compounds. 
Journal of Materials Chemistry 2004, 14 (14), 2073-2081. 
45. Mu, L.; Feng, S.-S., PLGA/TPGS nanoparticles for controlled release of paclitaxel: effects of 
the emulsifier and drug loading ratio. Pharmaceutical research 2003, 20 (11), 1864-1872. 
46. Isa, T.; Zakaria, Z.; Rukayadi, Y.; Mohd Hezmee, M.; Jaji, A.; Imam, M.; Hammadi, N.; 
Mahmood, S., Antibacterial activity of ciprofloxacin-encapsulated cockle shells calcium carbonate 
(Aragonite) nanoparticles and its biocompatability in macrophage J774A. 1. International journal of 

molecular sciences 2016, 17 (5), 713. 
47. Jeong, Y.-I.; Na, H.-S.; Seo, D.-H.; Kim, D.-G.; Lee, H.-C.; Jang, M.-K.; Na, S.-K.; Roh, S.-H.; Kim, 
S.-I.; Nah, J.-W., Ciprofloxacin-encapsulated poly (DL-lactide-co-glycolide) nanoparticles and its 
antibacterial activity. International journal of pharmaceutics 2008, 352 (1-2), 317-323. 
48. Cheang, T.-y.; Wang, S.-m.; Hu, Z.-j.; Xing, Z.-H.; Chang, G.-q.; Yao, C.; Liu, Y.; Zhang, H.; Xu, 
A.-W., Calcium carbonate/CaIP 6 nanocomposite particles as gene delivery vehicles for human 
vascular smooth muscle cells. Journal of Materials Chemistry 2010, 20 (37), 8050-8055. 
49. Fantin, B.; Duval, X.; Massias, L.; Alavoine, L.; Chau, F.; Retout, S.; Andremont, A.; Mentré, F., 
Ciprofloxacin dosage and emergence of resistance in human commensal bacteria. J Infect Dis 2009, 
200 (3), 390-398. 
50. Kidsley, A. K.; Abraham, S.; Bell, J. M.; O'Dea, M.; Laird, T. J.; Jordan, D.; Mitchell, P.; 
McDevitt, C. A.; Trott, D. J., Antimicrobial Susceptibility of Escherichia coli and Salmonella spp. 
Isolates From Healthy Pigs in Australia: Results of a Pilot National Survey. Frontiers in Microbiology 

2018, 9 (1207). 
51. Didier, J.-P.; Villet, R.; Huggler, E.; Lew, D. P.; Hooper, D. C.; Kelley, W. L.; Vaudaux, P., Impact 
of ciprofloxacin exposure on Staphylococcus aureus genomic alterations linked with emergence of 
rifampin resistance. Antimicrob. Agents Chemother. 2011, 55 (5), 1946-1952. 
52. Drlica, K.; Malik, M.; Kerns, R. J.; Zhao, X., Quinolone-mediated bacterial death. Antimicrob. 

Agents Chemother. 2008, 52 (2), 385-392. 
53. Malik, M.; Zhao, X.; Drlica, K., Lethal fragmentation of bacterial chromosomes mediated by 
DNA gyrase and quinolones. Mol. Microbiol. 2006, 61 (3), 810-825. 
54. Yocum, R. R.; Rasmussen, J. R.; Strominger, J. L., The mechanism of action of penicillin. 
Penicillin acylates the active site of Bacillus stearothermophilus D-alanine carboxypeptidase. J. Biol. 

Chem. 1980, 255 (9), 3977-86. 
55. Belbekhouche, S.; Mansour, O.; Carbonnier, B., Promising sub-100 nm tailor made hollow 
chitosan/poly (acrylic acid) nanocapsules for antibiotic therapy. Journal of colloid and interface 

science 2018, 522, 183-190. 
56. Tripathy, J.; Raichur, A. M., Designing carboxymethyl cellulose based layer-by-layer capsules 
as a carrier for protein delivery. Colloids and Surfaces B: Biointerfaces 2013, 101, 487-492. 
57. Belbekhouche, S.; Bousserrhine, N.; Alphonse, V.; Carbonnier, B., From beta-cyclodextrin 
polyelectrolyte to layer-by-layer self-assembly microcapsules: From inhibition of bacterial growth to 
bactericidal effect. Food Hydrocolloids 2019, 95, 219-227. 
58. Wei, H.; Shen, Q.; Zhao, Y.; Wang, D.-J.; Xu, D.-F., Influence of polyvinylpyrrolidone on the 
precipitation of calcium carbonate and on the transformation of vaterite to calcite. Journal of Crystal 

Growth 2003, 250 (3-4), 516-524. 



26 

 

59. Kallay, N.; Tomašić, V.; Žalac, S.; Brečević, L., Calorimetric Investigation of Kinetics of Solid 
Phase Dissolution: Calcium Carbonate Dissolution in Aqueous EDTA Solution. Journal of Colloid and 

Interface Science 1997, 188 (1), 68-74. 
60. Prodana, M.; Ionita, D.; Ungureanu, C.; Bojin, D.; Demetrescu, I., Enhancing antibacterial 
effect of multiwalled carbon nanotubes using silver nanoparticles. Microscopy 2011, 6 (2), 549-556. 
61. Adams, L. K.; Lyon, D. Y.; Alvarez, P. J., Comparative eco-toxicity of nanoscale TiO2, SiO2, and 
ZnO water suspensions. Water research 2006, 40 (19), 3527-32. 
62. Xu, Y.; Du, Y., Effect of molecular structure of chitosan on protein delivery properties of 
chitosan nanoparticles. International journal of pharmaceutics 2003, 250 (1), 215-226. 
63. Helander, I.; Nurmiaho-Lassila, E.-L.; Ahvenainen, R.; Rhoades, J.; Roller, S., Chitosan disrupts 
the barrier properties of the outer membrane of Gram-negative bacteria. International journal of 

food microbiology 2001, 71 (2-3), 235-244. 
64. Willey, J. M.; Woolverton, C. J.; Sherwood, L. M.; Prescott, L. M.; Harley, J. P.; Klein, D. A., 
Prescott, Harley, and Klein's microbiology. McGraw-Hill: Boston, 2008. 
65. Francisco, D. E.; Mah, R. A.; Rabin, A. C., Acridine orange-epifluorescence technique for 
counting bacteria in natural waters. Transactions of the American Microscopical Society 1973, 416-
421. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Graphical Abstract 

 

 

 




