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Abstract: Nanotechnology offers new tools for developing therapies to prevent and treat oral 

infections, particularly biofilm-dependent disorders, such as dental plaques and endodontic and 

periodontal diseases. Chlorhexidine (CHX) is a well-characterized antiseptic agent used in den-

tistry with broad spectrum activity. However, its application is limited due to inactivation in body 

fluid and cytotoxicity toward human cells, particularly at high concentrations. To overcome these 

limitations, we synthesized nanosystems composed of aminosilane-coated magnetic nanoparticles 

functionalized with chlorhexidine (MNP@CHX). In the presence of human saliva, MNPs@

CHX displayed significantly greater bactericidal and fungicidal activity against planktonic and 

biofilm-forming microorganisms than free CHX. In addition, CHX attached to MNPs has an 

increased ability to restrict the growth of mixed-species biofilms compared to free CHX. The 

observed depolarization of mitochondria in fungal cells treated with MNP@CHX suggests that 

induction of oxidative stress and oxidation of fungal structures may be a part of the mechanism 

responsible for pathogen killing. Nanoparticles functionalized by CHX did not affect host cell 

proliferation or their ability to release the proinflammatory cytokine, IL-8. The use of MNPs as 

a carrier of CHX has great potential for the development of antiseptic nanosystems.

Keywords: chlorhexidine, magnetic nanoparticles, antimicrobial properties, anti-biofilm

Introduction
Chlorhexidine (CHX) is a biguanide derivative with broad antimicrobial activity against 

bacteria, fungi and viruses.1–3 It targets compounds such as  lipopolysaccharide and 

lipoteichoic acid on the microorganism membrane,4,5 and at low  concentrations CHX 

affects membrane integrity, while at higher concentrations it causes the cytoplasm to 

congeal. Previously published data indicate that CHX may be toxic to mammalian 

cells.6 CHX is one of the most frequently used antiseptics in medicine, particularly in 

dentistry and surgery.7–9 It is used for the treatment and prevention of gingivitis and 

periodontitis, and as agents for the treatment of wounds or burns.10–13 The antimicro-

bial activity of CHX is pH sensitive and the optimal pH value is ~7.0.14 Furthermore, 

its antimicrobial activity is reduced in the presence of serum, plasma, pus and other 

organic material, such as surfactants and anionic polyelectrolytes.1,14,15 Interestingly, 

recent data suggest that certain Gram-negative bacterial isolates are able to grow in 

the presence of 1% CHX.16 It has also been noted that CHX is responsible for the 

induction of VanA-type vancomycin resistance genes in Enterococcus species.17 In 

addition, Liu et al demonstrated the increasing prevalence of CHX-tolerant high-level 

mupirocin-resistant, methicillin-resistant Staphylococcus aureus (MRSA) strains.18  

Taken together, these observations suggest that the use of CHX may be limited in 
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certain settings and may require higher doses to obtain the 

desired therapeutic effects. An emerging therapeutic strategy 

is the use of nanoparticles as drug carriers.19,20 Studies show 

that the immobilization/encapsulation process improves the 

overall biological effectiveness of active agents including 

pharmacokinetic parameters (bioavailability, clearance) and 

reduces the side effects.21–23 In addition, it has been noted 

that the antibiotic resistance of drug-resistant pathogens may 

be overcome by using nanoparticles as antibiotic carriers.24 

Among the many types of nanostructures, core–shell mag-

netic iron oxide nanoparticles are the most commonly used 

drug carriers in biomedical studies.20,25 Due to their unique 

properties (size, magnetic moment, surface properties), the 

use of magnetic nanomaterials (MNPs) may represent a new 

approach for the treatment of infections caused by drug-

resistant pathogens. These nanoparticles are able to interact 

with planktonic bacteria as well as those embedded in a 

biofilm matrix.26,27 The general mechanism of nanoparticle 

toxicity against pathogens involves binding to the cell wall 

and subsequent disruption of the membrane through either 

direct interaction and/or oxidation of macromolecules.28 

Interestingly, recent reports indicate that metal-oxide nano-

particles are nontoxic to mammalian cells due to their 

ability to phagocytose and degrade nanoparticles through 

lysosomal fusion.28 These properties allow treatment with 

nanoparticles to maintain normal cell function while also 

restricting the processes that promote pathogen growth and 

infection development. These properties govern nanomaterial 

selectivity to enhance tissue-forming cell function, while also 

restricting pathogen growth and viability that are responsible 

for infection development. Our previous studies indicate 

that the immobilization of ceragenin on the MNP surface 

increases its antibacterial activity in the presence of body flu-

ids.22 In addition, recent work suggests that the application of 

nanosystems composed of MNPs and polyene antibiotic may 

be used for the treatment of infections caused by polyene-

resistant fungal strain.29 In the present study, we evaluate 

the activity of magnetic nanosystems functionalized with 

chlorhexidine against clinical isolates of pathogens from dif-

ferent groups including representatives of Gram-positive and 

Gram-negative bacteria and fungal cells. We demonstrate that 

covalent attachment of CHX on the magnetic carrier improves 

their antimicrobial activity compared to a nonimmobilized 

agent in conditions that mimic the oral cavity environment. 

Importantly, these nanosystems are characterized by lower 

cytotoxic effects on dental osteoblasts indicating enhanced 

biocompatibility. Furthermore, CHX-functionalized nanopar-

ticles did not affect cell proliferation or the ability to release 

IL-8 from human osteoblast cells.

Materials and methods
synthesis of magnetic nanoparticles 
functionalized by chX
The magnetic core was synthesized using a well-known 

modification of the Massart method, which is based on the 

coprecipitation of hydrated iron chloride salts under treat-

ment by ammonium hydroxide (25%).25,30 Stöber methods 

were used to obtain core–shell magnetic nanostructures with 

terminal propylamine groups.26,31 Immobilization of CHX 

onto the surface of nanoparticles was achieved by interac-

tion between the primary amine group of nanoparticles and 

the chloride group from CHX. After anchoring, the precipi-

tate was magnetically collected, washed with ethanol and 

phosphate-buffered saline (PBS) and dried at 50°C.

Nanoparticle characterization
Fourier transform infrared spectroscopy (FTIR) spectra 

were recorded using the Thermo Fisher Scientific Nicolet 

iN10 MX FTIR microscope. A 10 μL sample (1 mg/mL) 

was dropped on the surface of a glossy metal plate, and the 

solvent was left to evaporate. All spectra were collected 

in the 4,000–800 cm-1 range by co-adding 64 scans with 

a resolution of 4 cm-1. Data analysis was performed using 

OMNIC software (Thermo Fisher Scientific). UV–VIS spec-

tra were recorded using Thermo Fisher Scientific Varioskan 

LUX. The absorbance spectra (200–400 nm) of a 100 μL 

sample (1 mg/mL) were registered. A METTLER TOLEDO 

DSC 1 STAR system was used to perform differential scan-

ning calorimetry (DSC). Nitrogen was used as a purge gas 

(10 mL/min). Samples (2 mg) were placed in aluminum 

pans and heated from 25°C to 450°C with a heating rate of 

20°C/min. Thermogravimetric analysis (TGA) was recorded 

using a Mettler Toledo Star TGA/DSC unit. Nanoparticles 

(2 mg) were placed in the aluminum pans (40 μL) and heated 

from 50°C to 900°C with a heating rate of 10°C/min. Mag-

netic properties of the tested nanoparticles were determined 

using a Quantum Design MPMS 5XL SQUID-type magne-

tometer; the samples were prepared as described previously.32 

The morphology of MNP@CHX was studied using trans-

mission electron microscopy (TEM; Tecnai G2 X-TWIN). 

Samples for TEM were prepared by solvent evaporation 

from nanoparticle dispersion on holey carbon copper grids.

Determination of minimum inhibitory 
concentration (MIc)/minimal fungicidal 
concentration (MFC)/minimal biofilm 
inhibitory concentration (MBIc) values
The MIC and minimal bactericidal concentration (MBC) or 

MFC were determined using pathogens at the logarithmic 
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phase of growth. All experiments were performed using 

CHX and MNP@CHX at a concentration range of 

32–0.125 μg/mL. The activity of the tested agents was 

evaluated against representatives of Gram-positive bacteria 

such as MRSA, methicillin-sensitive Staphylococcus aureus 

(MSSA) and Enterococcus faecalis, and Gram-negative 

bacteria such as Escherichia coli (ESBL) and Pseudomo-

nas aeruginosa Xen 5 (MDR) and fungal Candida sp. 

laboratory strains and clinical isolates (~103 CFU/mL). 

The microbial identification was performed using VITEK® 

2 SYSTEM (bioMérieux). The MIC/MBC or MFC values 

were determined using the microdilution method. An MTT 

assay was performed to evaluate the MBIC.33 The MIC 

values were determined visually as the lowest concentra-

tion of tested antimicrobial agents that inhibit pathogen 

growth. MBC or MFC was performed by spotting treated 

samples of microbial cells on Luria–Bertani (LB) agar or 

Sabouraud dextrose agar plates. To evaluate the impact of 

saliva on the antimicrobial activity of CHX and MNP@

CHX, the MIC/MFC/MBIC values were determined in the 

presence of 50% saliva. The chemiluminescent intensity 

of P. aeruginosa Xen5 (OD
600

 =0.5) following treatment 

with CHX/MNP@CHX in the presence or absence of 

saliva was measured as an additional method to assess 

bacterial viability.

Anti-biofilm assay
To evaluate the inhibitory activity of tested agents against 

biofilm formation, cells (~106 CFU/mL) were grown for 48 h 

at 37°C in the presence or absence of CHX or MNP@CHX 

in the concentration range of 0.5–50 μg/mL in LB liquid 

medium. After incubation, the biofilm was washed four times 

with 100 μL PBS to remove planktonic nonadherent cells. 

Crystal violet (CV) staining (0.1%) was used to determine 

the total biofilm mass. The viability of cells embedded in the 

biofilm matrix was performed using an MTT assay and by 

CFU determination via spotting on an agar plate. Measure-

ment of OD to evaluate biofilm mass (CV) and cell viability 

(MTT) was performed using Varioskan LUX. The positive 

control was pathogen growth without the presence of tested 

agents, while the negative control was empty well without 

bacteria/fungal cells.34,35

Determination of oxidative stress
Oxidative stress was analyzed using a Mitochondrial Poten-

tial Kit and the NucleoCounter® NC-3000™ system follow-

ing the manufacturer’s instructions. Fungal cells stained 

with JC-1/DAPI were immediately loaded into an NCSlide. 

Mitochondrial depolarization was calculated as a decrease 

in the red/green fluorescence intensity ratio. Necrotic and 

late apoptotic cells were detected as blue fluorescent DAPI 

stained cells.

cell culture
Human osteoblast cells hFOB 1.19 were purchased from 

American Type Culture Collection (Manassas, Virginia, 

USA) and maintained in a 1:1 mixture of Ham’s F12 

Medium Dulbecco’s Modified Eagle’s Medium, with 2.5 mM 

l-glutamine, without phenol red, supplemented with 10% 

fetal bovine serum, 50 U/mL penicillin, 50 mg/mL strep-

tomycin and 0.3 mg/mL G418 in a humidified incubator 

containing 5% CO
2
 in air at 34°C.

evaluation of Il-8 concentration and 
cytotoxicity using hFOB 1.19 cell line
To evaluate interleukin-8 (IL-8) release and cytotoxicity 

after CHX and MNP@CHX addition, cells were seeded at a 

density of 2×104 cells per well in 1 mL of growth medium in 

24-well plates. After 24 h of culture, cells were treated with 

the tested agents at a concentration range of 1–150 μg/mL. 

After 24 h incubation, an IL-8 and LDH assay was per-

formed. The average of all the experiments is shown as the 

percentage of cell viability compared to control, while cells 

treated with lytic solution were considered as 100% LDH 

release. IL-8 concentration was determined using an IL-8 

ELISA kit (Invitrogen).

Proliferation assay
To assess the effect of free CHX or immobilized on 

the magnetic nanoparticles, hFOB 1.19 cells prolifera-

tion was assessed. Cells were seeded in 96-well plates at 

2×104 cells/well with 100 μL of growth medium. Then the 

tested agents were added to subconfluent cells at a con-

centration range of 5–250 μg/mL. After 24 h incubation at 

34°C, resazurin (5 μg/mL) was added and fluorescence was 

recorded for 6 h with excitation/emission wavelengths of 

520/590 nm.

ethics statement
To perform the evaluation of tested agents in the presence 

of saliva, the materials were collected under IRB proto-

col: R-I-002/575/2013. This study was approved by the 

institutional review board (IRB) of the Medical Univer-

sity of Białystok. For both studies, all subjects provided 

informed written consent and collected samples were  

anonymous.
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Results
Nanoparticle characterization
The synthesized chlorhexidine-coated magnetic nano-

particles (MNP@CHX) were characterized by FTIR spec-

troscopy. Figure 1A shows FTIR spectra for CHX in free 

(CHX) and immobilized form – MNP@CHX. The presence 

of the aminosilane shell around the magnetic core is indicated 

by a broad band at ~1,038–1,249 cm-1 corresponding to Si–O, 

Si–O–Si and Fe–O–Si stretching vibrations. In both samples, 

the bands at 3,355 and 3,393 cm-1 correspond to N–H bending 

° °

Figure 1 Physicochemical properties of chlorhexidine-coated magnetic nanoparticles.
Notes: ATR FTIR spectra of the CHX and MNP@CHX (A). The UV–VIS spectra of uncoated MNP, MNP@CHX and free CHX (B). The Dsc thermographs of chX and 
MNP@CHX (C). Thermogravimetric analysis curves of magnetic nanoparticles coated by aminosilane and MNP@CHX (D). Transmission electron microscopy images (E) 
and size distribution (F) of MNP@CHX.
Abbreviations: ATR, attenuated total reflectance; CHX, chlorhexidine; DSC, differential scan ning calorimetry; FTIR, Fourier transform infrared spectroscopy; MNP, 
magnetic nanoparticles; MNP@CHX, MNP functionalized by chlorhexidine; TG, thermogravimetric; UV-VIS, ultraviolet-visible.
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and stretching vibrations, respectively. Bonds registered 

at 1,530–1,581 cm-1 have been assigned for the NH
2
 in-

plane deformation vibration. The weak signals observed at 

868 cm-1 for CHX and at 847 cm-1 from MNP@CHX are due 

to NH wagging. Strong adsorption bonds around 1,600 cm-1 

might be ascribed to C=N stretching vibration which is char-

acteristic for biguanide derivatives. After functionalization 

with CHX, a stretching vibration of the C=O bond around 

1,734 cm-1 was recorded. The occurrence of C–H stretching 

bonds around 2,900 cm-1 was associated with symmetric 

and asymmetric ethyl and alkyl groups, which confirm the 

existence of an aminosilane shell on the MNP surface and the 

presence of CHX. UV–VIS spectroscopy was used to confirm 

successful functionalization of the nanoparticle surface. The 

absorbance spectra were obtained for aminosilane-coated 

MNPs (filled triangles) before functionalization. The simi-

larity between the CHX curves (empty squares) and CHX 

functionalized nanocarriers MNP@CHX (filled squares) 

registered at specific for biguanide region (255–275 nm) 

strongly supports our results that CHX was successfully 

attached to the nanoparticle surface (Figure 1B).

The thermal properties of synthesized nanoparticles were 

characterized by DSC (Figure 1C). The heating curves of free 

CHX (empty squares) and MNP@CHX (filled squares) indi-

cate similarity in the chemical nature of the tested compounds. 

The decomposition of the organic skeleton at temperatures 

higher than 150°C was observed in the DSC curve of both 

agents. However, a weaker effect was observed for MNP@

CHX. In both cases, large exothermic peaks were found 

around 370°C–400°C. Figure 1D shows the thermogravimet-

ric analysis of the aminosilane- and CHX-decorated MNPs, 

respectively. In accordance with previously published results, 

a 6%–8% weight loss was observed for bare MNPs in the 

temperature range of 50°C–800°C, which is ascribed to the 

removal of adsorbed water and decomposition of hydroxyl 

surface groups.36 The thermogravimetric analysis curves for 

aminosilane-coated MNPs (filled squares) show that the weight 

loss is about 9% (Figure 1D). The thermogravimetric analysis 

of CHX-functionalized MNPs (empty squares) shows a weight 

loss around 40% compared to the weight loss recorded for bare 

and aminosilane-coated MNPs. This indicates successful CHX 

immobilization on the MNP surface, with ~40% yield.

The analysis of saturation magnetization value of tested 

nanoparticles indicated a value of 68.7 emu/g for MNP@

CHX. A relatively narrow size distribution of magnetic 

nanoparticles functionalized with CHX showed that MNP@

CHX was characterized by spherical shape with a diameter of 

12±2 nm as determined from the TEM image (the size was 

calculated using 100 randomly selected particles; Figure 1E 

and F). In comparison with previously characterized amin-

osilane-coated MNPs, the obtained size of CHX-decorated 

MNPs did not significantly differ.37

covalent immobilization of chX 
increases antimicrobial properties and 
enhances activity in the presence of saliva
In order to evaluate the antimicrobial potential of the synthe-

sized derivative, MIC/MBC or MFC/MBIC values of CHX 

and MNP@CHX against bacterial and fungal pathogens were 

assessed. As shown in Table 1, the functionalization of CHX 

onto the MNP surface strongly enhances the killing effect of 

CHX against all the tested strains. We observed a significant 

decrease in MIC/MBC or MFC/MBIC concentrations from 2 

to 32 times. In the case of activity of magnetic nanocarriers, 

their activity against all tested strains was .32 μg/mL. 

Importantly, this trend is preserved in the presence of human 

saliva (Table 2). It is noteworthy that covalent immobilization 

of CHX on the MNPs not only increases the antimicrobial 

properties of CHX against individual bacterial and fungal 

strains but is also effective against samples containing 

mixed bacterial and fungal pathogens. Reduction of biofilm 

formation, particularly those formed by mixed species in 

conditions mimicking the oral cavity, is important for the 

creation of multimode antimicrobial agents. The preventive 

Table 1 MIc (μg/ml) and MBc/MFc (μg/ml) of chX and 
MNP@CHX against different pathogens including different clinical 
isolated from oral cavity/throat*

Strain Pathogen 
source

CHX MNP@CHX

MIC/MBC or  
MFC/MBIC

MIC/MBC or  
MFC/MBIC

Staphylococcus 
aureus (Mrsa)

laboratory strain 16/16/32 4/8/16

Staphylococcus 
aureus (Mssa)

laboratory strain 16/16/32 4/4/16

Enterococcus faecalis surgery wound 16/32/.32 8/16/32
Escherichia coli surgery wound 8/16/.32 0.25/1/2
Pseudomonas 
aeruginosa

laboratory strain 32/.32/.32 16/32/.32

Candida albicans laboratory strain 16/32/.32 2/4/8
Candida albicans* Oral swabs 16/32/.32 8/8/8
Candida albicans* Oral swabs 16/16/16 2/2/2
Candida albicans* Throat swabs 4/8/8 4/4/4
Candida glabrata* Throat swabs 8/16/32 4/4/8
Candida tropicalis* Oral swabs 4/8/8 4/4/4

Note: *Indicates clinical isolates from oral cavity/throat.
Abbreviations: CHX, chlorhexidine; MBC, minimal bactericidal concentration; 
MBIC, minimal biofilm inhibitory concentration; MFC, minimal fungicidal 
concentration; MIC, minimal inhibitory concentration; MNP@CHX, magnetic 
nanoparticles functionalized by chlorhexidine; MRSA, methicillin-resistant 
Staphylococcus aureus; MSSA, methicillin-sensitive Staphylococcus aureus.

Powered by TCPDF (www.tcpdf.org)

www.dovepress.com
www.dovepress.com
www.dovepress.com


International Journal of Nanomedicine 2017:12submit your manuscript | www.dovepress.com

Dovepress 

Dovepress

7838

Tokajuk et al

activities of CHX and MNP@CHX against biofilms repre-

sentative of Gram-positive and Gram-negative bacteria and 

fungi are shown in Figure 2. Functionalization of CHX to 

the MNP surface enhanced bactericidal activity two times 

in dosage range from 0.5 to 20 μg/mL for S. aureus, E. coli 

and C. albicans (Figure 2A, D, and E). Furthermore, com-

pared to CHX, MNP@CHX restricted biofilm formation 

by .50% (Figure 2A and C). Functionalization of CHX 

does not improve efficacy against all tested strains; similar 

activity of CHX and MNP@CHX were observed against 

E. faecalis biofilm formation (Figure 2B). We then tested 

the activity of CHX and MNP@CHX in the presence of 

human saliva, conditions designed to mimic the oral cavity. 

For all tested species, human saliva impaired the activity of 

free CHX (Figure 3). However, this effect was not observed 

for MNP@CHX. We observed two- to sixfold enhanced 

inhibition of biofilm formation after addition of MNP@

CHX at concentrations from 1 to 50 μg/mL (Figure 3A–D). 

Additionally, data in Figure 3E–G suggest that MNP@CHX 

has an increased ability to restrict growth of mixed-species 

biofilms compared to nonimmobilized agents. When CHX is 

covalently immobilized on the surface of MNPs, the growth 

of pathogenic cells is inhibited two times in all conditions 

(Figure 3E–G). The ability of the tested agents to inhibit 

fungal biofilm formation was further demonstrated in the 

Figure 2 Anti-biofilm activity of chlorhexidine-coated magnetic nanoparticles against different biofilm-forming pathogens.
Notes: (A–E) Preventive effect of free CHX and MNP@CHX against biofilm-forming representative of Gram-positive and Gram-negative bacteria and fungi. *Statistically 
significant (P#0.05) activity of MNP@CHX compared to CHX.
Abbreviations: CHX, chlorhexidine; MNP@CHX, magnetic nanoparticles functionalized by chlorhexidine; MRSA, methicillin-resistant Staphylococcus aureus.

Table 2 MIc (μg/ml) and MBc/MFc (μg/ml) of chX and 
MNP@CHX against different pathogens in the presence of 
human saliva

Strain CHX MNP@CHX

MIC/MBC or 
MFC/MBIC

MIC/MBC or 
MFC/MBIC

Staphylococcus aureus (Mrsa) 32/.32/.32 16/16/32
Enterococcus faecalis 16/32/.32 16/16/32
Pseudomonas aeruginosa 4/16/32 4/4/8
Candida albicans 16/16/32 4/4/4
C. albicans + S. aureus 32/32/.32 8/16/16
C. albicans + E. faecalis 32/.32/.32 16/16/32
C. albicans + P. aeruginosa 32/.32/.32 8/16/16

Abbreviations: CHX, chlorhexidine; MBC, minimal bactericidal concentration; 
MBIC, minimal biofilm inhibitory concentration; MFC, minimal fungicidal concentration; 
MIC, minimal inhibitory concentration; MNP@CHX, magnetic nanoparticles 
functionalized by chlorhexidine; MRSA, methicillin-resistant Staphylococcus aureus.
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Figure 3 (Continued)
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presence of human saliva (Figure 4). Biofilm mass as well as 

biofilm viability on the surface of dental fillings were reduced 

by twofold after the addition of CHX and fourfold following 

the addition of MNP@CHX. The aforementioned results 

were further confirmed by microtomography (Figure 4). 

A similar result was obtained in the case of acryl substrate 

(data not shown).

Magnetic nanoparticles modify chX 
mode of action
As shown in Figure 5, the treatment of Candida cells by 

magnetic derivatives of CHX caused ~15% increase in mito-

chondrial damage compared to free drug (Figure 5C and D). 

The level of oxidative stress induced by MNP@CHX is 

comparable to that caused by hydrogen peroxide (Figure 5B 

and D). Moreover, luminomeric analysis indicates that 

MNP@CHX inhibit the metabolic activity of bacterial cells 

by twofold (Figure 6A). In addition, data in Figure 6B show 

that the presence of human saliva significantly decreases 

CHX metabolic effects while the effects of MNP@CHX 

remain unchanged.

Magnetic nanoparticles increase 
biocompatibility of chX toward human 
osteoblast cells
The lytic activities of the pure agents, bare magnetic nano-

carrier and tested nanosystem on hFOB 1.19 cells are shown 

in Figure 7A. Application of nanosystems at concentrations 

from 1 to 50 μg/mL did not disrupt osteoblast membranes. 

In comparison with MNP@CHX, bare nanocarriers and free 

CHX induced significantly toxic effects. As shown in 

Figure 7B, the tested agents caused IL-8 release from human 

osteoblast cells at concentration ranges similar to those 

required for effective pathogen killing and prevention of 

biofilm formation. Data in Figure 7C–F demonstrate that 

compared to control CHX exerts high inhibition effect on 

hFOB 1.19 cell proliferation. The twofold decrease of cell 

proliferation was also observed after the addition of bare and 

CHX-decorated carriers at 250 μg/mL. Notably, treatment 

of cells with MNP@CHX did not affect cell proliferation at 

the concentration range of 5–150 μg/mL.

Discussion
In recent years, inorganic metallic-based core–shell nano-

materials, especially those composed of an iron oxide 

core, have emerged as drug delivery systems with unique 

properties, such as the easier synthesis, the ability for drug 

loading, release of their cargo in a specified manner as well as 

improved biocompatibility. In addition, iron oxide magnetic 

nanomaterials are able to disrupt pathogen membranes and 

generate reactive oxygen species, which cause mitochondrial 

damage. These beneficial features support the application of 

magnetic nanomaterials as a drug carrier in modern therapies. 

The number of infections caused by drug-resistant patho-

gens is constantly growing; it is estimated that patients with 

MDR strains have .60% mortality compared to those with 

nonresistant infections. A consequence of increasing drug 

resistance is persistence of infection with increased risk of 

Figure 3 Magnetic nanoparticles increase anti-biofilm activity of chlorhexidine in the presence of human saliva.
Notes: Preventive activity of free CHX and MNP@CHX against biofilm-forming pathogens in the presence of human saliva (A–D). Effective inhibition of mixed-species biofilm 
formation in the presence of human saliva (E–G). *Statistically significant (P#0.05) activity of magnetic nanoparticles coated by chlorhexidine compared to nonimmobilized drugs.
Abbreviations: CHX, chlorhexidine; MNP@CHX, magnetic nanoparticles functionalized by chlorhexidine; MRSA, methicillin-resistant Staphylococcus aureus.
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spread. Development of resistance is directly associated with 

the ability of pathogens to form biofilms. Biofilm formation 

usually exhibits resistance to classical antibiotic treatment, 

which is conditioned by an increase of total macromolecules 

contents of the biofilm matrix.38,39 In effect, nanotechnology-

based therapies may be promising in the eradication of 

bacterial and fungal pathogens, including those resistant to 

conventional antibiotic therapy.19

In our study, the antimicrobial properties of magnetic 

nanoparticles functionalized by the well-known antisep-

tic, CHX, were thoroughly analyzed. CHX is a biguanide 

derivative and, due to both hydrophilic amine groups and 

hydrophobic structure, causes disruptions to membrane 

permeability at low doses. This is additionally facilitated 

by the positive charge of CHX, which allows for binding 

of antimicrobial agents to anionic molecules present on the 

pathogen cell wall.1 Importantly, it has been shown that 

this phenomenon is more likely than the inhibition of cell 

membrane ATPases and that destabilization of pathogen 

membranes is the lethal event in the CHX mechanism of 

action.40 At higher concentrations, CHX attacks the bacterial 

cytoplasmic membrane and denatures microbial proteins. 

CHX has both a rapid onset of bactericidal action and 

prolonged antimicrobial efficacy through residual effects.1 

It is established that CHX possess broad spectrum of activ-

ity against Gram-positive and Gram-negative bacteria and 

fungi. However, in that case, interestingly, Barrett-Bee et al 

demonstrated the treatment of Gram-negative bacteria with 

CHX leads to the release of periplasmic enzymes, but not 

the disruption of inner membranes.41 Moreover, Audus et al 

showed that CHX strongly inhibits adherence of C. albicans 

to human buccal epithelial cells and altered epithelial-cell 

membrane-lipid packing order, which is likely involved in the 

antifungal actions of the drug.42 According to the data shown 

here, immobilization of CHX on magnetic nanocarriers mod-

ulates its mechanism of action, resulting in depolarization 

Figure 4 Chlorhexidine in free and immobilized form activity against fungal biofilm formation on the surface of dental filling.
Notes: Reduction of biofilm mass (A) and cell viability (B, C) after addition of CHX and MNP@CHX at 20 μg/ml. Panels (E and F) represent effective restriction of biofilm 
formation during 72 h on the surface of dental fillings after addition of chlorhexidine and MNP@CHX at 20 μg/ml compared to control (D). X-ray microtomography 3D 
images and cross sections of dental fillings with mature fungal biofilm before (G) and after treatment by chlorhexidine (H) and MNP@CHX (I) at 20 μg/ml. *statistically 
significant (P#0.05) activity tested agents compared to untreated control (CT). **Statistically significant (P#0.05) activity of magnetic nanoparticles coated by chlorhexidine 
compared to nonimmobilized drugs. Red color indicates dental filling; green color shows the presence of fungal biofilm. The “A”s, arrows, and line segments indicate the 
place of cutting of material (technical drawing); the “A–A”s indicate cross-section of material.
Abbreviations: CFU, colony forming units; CHX, chlorhexidine; MNP@CHX, magnetic nanoparticles functionalized by chlorhexidine.
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Figure 5 Magnetic nanoparticles induce oxidative stress in Candida cells.
Notes: Flow cytometry analysis of the oxidative damage of untreated (A) and treated by 3% h2O2 (B) Candida albicans cells compared to cells treated by 10 μg/ml 
chlorhexidine (C) and chlorhexidine-coated magnetic nanoparticles (D) after 30 min incubation.

Figure 6 Magnetic nanoparticles accelerate chlorhexidine antibacterial action.
Notes: reduction of Pseudomonas aeruginosa Xen 5 chemiluminescence signal after addition of chlorhexidine in free and immobilized forms (A) and in the presence of human 
saliva (B). *Statistically significant (P,0.05) compared to chX in free form.
Abbreviations: CHX, chlorhexidine; CT, untreated control; MNP@CHX, magnetic nanoparticles functionalized by chlorhexidine.
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of mitochondria in treated fungal cells. Taken together, we 

propose that induction of oxidative stress and oxidation of 

fungal structures are additional mechanisms responsible for 

pathogen killing in the presence of MNP@CHX.

Development of modern dentistry using nanotechnology 

approaches is focusing on esthetics by making the materi-

als more translucent, modify the wear properties as well as 

prevent rather than treat biofilm-dependent oral diseases 

Figure 7 Effect of chlorhexidine in free and immobilized forms on human osteoblast cell integrity, interleukin release and their growth.
Notes: Panels (A, B) show the release of lDh and Il-8 from human osteoblast after 24 h of treatment. The growth curves of untreated osteoblast cells (C) and after addition 
of magnetic nanoparticles (D), chlorhexidine (E) and MNP@CHX (F) from 5 to 250 μg/mL. *Statistically significant (P,0.05) compared to chX in immobilized form.
Abbreviations: CHX, chlorhexidine; CT, untreated control; MNP@CHX, magnetic nanoparticles functionalized by chlorhexidine.
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including formation of dental caries and endodontic and peri-

odontal diseases.43 To data, several nanomaterials such as 

metallic (silver, zinc oxide) and polymeric (mesoporous silica, 

polyethylenimine) have been used for dental composite or 

dental adhesive creation to inhibit pathogen growth. This is 

due to the generation of reactive oxygen species, disruption of 

the cell membrane, inhibition metabolic processes, displace-

ment of magnesium ions required for the enzymatic activity 

of oral biofilms, disturbance of the electron transportation, 

oxidation of macromolecules and prevention of DNA repli-

cation.44 These nanoparticles are able to reduce the bacterial 

dental plaque biofilm formation in an in vitro setting.45 It has 

also been shown that coating teeth with antibacterial nano-

materials is effective in restricting bacteria growth as well as 

inhibiting bacterial adhesion and preserving its integrity in 

the presence of saliva.46 In our study, we report, for the first 

time, the enhanced activity of CHX-functionalized magnetic 

nanoparticles against Candida sp. which are the most common 

opportunistic pathogens in oral microbiota and play a key role 

in failure of root canal treatment.47,48 We have also shown that 

our nanosystem is able to restrict the growth of pathogens in 

monomicrobial and polymicrobial conditions. Broad spec-

trum activity that includes activity against Gram-positive and 

Gram-negative bacteria and fungi is important because mixed 

infections are common in oral cavity causing topical and 

postsurgery infections.49 Moreover, significant reduction of 

fungal biofilm growth and prevention before penetration into 

dental filling has been observed. Importantly, in agreement 

with previous reports, we confirmed that magnetic derivatives 

of CHX not only maintained the antimicrobial activity of 

CHX but also increased its killing properties in the presence 

of saliva. This observation is significant as previous reports 

demonstrate reduced antimicrobial activity of CHX against 

oral bacteria in human saliva.50,51 The neutralizing effect of 

saliva on CHX may be overcome by the addition of 7% etha-

nol due to its antimicrobial effect and its impact on salivary 

proteins.50 Despite the desirable synergistic effect of ethanol 

on the antimicrobial activity of CHX, some reports indicate 

that the addition of this compound into mouth rinse formula-

tions might be associated with the development of oral cancer 

due to DNA adduct formation and sister chromatid exchange 

in vitro.52 However, more recent research suggests that the 

protumorigenic effect of ethanol is observed if concentrations 

above 25% are used.53 The attachment of CHX onto magnetic 

nanoparticles considerably enhances the activity of CHX in 

human saliva and offers an alternative for ethanol in mouth 

rinse formulations. Importantly, this effect is not associated 

with the toxic effects initially observed for unmodified CHX. 

A number of studies confirm the cytotoxic effect of CHX on 

the viability of host cells. Balloni et al showed that CHX-

containing mouth rinses reduce fibroblast and keratinocyte 

adhesion and considerably affects cell proliferation due to 

downregulation of cell adhesion receptors and altered gene 

expression of matrix components.54 CHX is also considered as 

the one of the most cytotoxic of the commonly used root canal 

irrigants.55 Among other intracanal irritants, more toxic agents 

such as sodium hypochlorite might be distinguished.56,57 In 

contrast, CHX does not affect significantly the viability of 

murine macrophages, but may have an immunosuppressive 

effect on exposed macrophages.58 A recent study demon-

strated that cytotoxicity of CHX might be reduced using 

modified nonequilibrium plasma. Considering these data, 

plasma-based modification was proposed as a safe option for 

root canal treatment.59 Data presented in this study confirmed 

that immobilization of CHX on MNPs also decreases the 

toxic effect of CHX without affecting its killing properties. 

In effect, magnetic derivatives of CHX may be an interesting 

alternative for formulations presented by Chen et al.60 Impor-

tantly, the employment of nanotechnology-based structures 

in dentistry provides a way for the introduction of novel 

therapy approaches based on structures that allow to control 

drug release and to improve the regenerative processes with 

subsequent strong antimicrobial activity, even in the presence 

of salivary proteins.61

Conclusion
MNPs functionalized by CHX represent a novel approach for 

the therapy of oral pathogens. Due to the strong antimicrobial 

activity of magnetic derivatives, the proposed formulation is 

effective in the treatment of monomicrobial as well as polymi-

crobial infections, which is additionally intensified by the strong 

anti-biofilm activity of this derivative. Essentially, the enhanced 

killing activity of MNP@CHX in the presence of salivary pro-

teins coupled with its low toxicity against human osteoblasts 

strongly indicates the potential use of this formulation in the 

treatment of local infections caused by oral microflora.
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