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A B S T R A C T   

High charge swelling micas are layered silicates used in adsorption of several inorganic and organic species. In 
this study, we evaluated the adsorption of chlorhexidine digluconate on highly charge mica Na-mica-4. Drug 
release and antibacterial action against Staphylococcus aureus (S. aureus) and Escherichia coli (E. coli) using the 
direct contact test for mica/chlorhexidine hybrids were evaluated. The hybrids were characterized using X-ray 
diffraction, Fourier transform infrared spectroscopy, zeta potential measurements, CHN elemental analysis, and 
scanning electron microscopy. Chlorhexidine interacts successfully with the mica surface. The maximum amount 
of chlorhexidine incorporated was 583 mg g− 1, and the characterizations indicated that electrostatic attraction 
between the protonated amino group of the drug and the negative surface of clay was predominant in the for-
mation of hybrids. Release kinetics study indicated that 80% of the drug release occurred in the first 12 h. The 
antibacterial test proved to be dependent on the time of chlorhexidine release, reaching 100% inhibition against 
S. aureus and E. coli after 0.5 h and 6 h, respectively.   

1. Introduction 

Microbial resistance has become a worldwide concern due to the 
possible complications to human and animal health that these micro-
organisms can cause (Yu et al., 2020). Recently, nanotechnology has 
become one of the emerging technologies in the field of drug delivery for 
the treatment of infectious diseases (Saadat et al., 2022). Therefore, the 
use of pharmacological molecules that can act against these microor-
ganisms and consequently be able to replace or at least reduce the use of 
antibiotics has been studied (de Oliveira et al., 2022; Oliveira et al., 
2023; S. C. Wu et al., 2019), and among them stands out chlorhexidine 
(de Oliveira et al., 2023a; Kathuria et al., 2021). Chlorhexidine (CHX) is 
a bivalent cationic biguanide molecule with high activity against gram- 
positive and gram-negative bacteria and fungi (de Oliveira et al., 2023a; 
Kathuria et al., 2021). Due to its cationic nature, chlorhexidine is 
attracted to anionic residues present on the bacterial surface and is 

adsorbed on the cytoplasmic membrane by electrostatic interactions, 
thus increasing its permeability, resulting in extravasation of low mo-
lecular weight microbial components, leading to lysis and death (de 
Oliveira et al., 2023a; Kathuria et al., 2021; Williamson et al., 2017). 

However, the uncontrolled and rapid release of chlorhexidine for-
mulations becomes the main disadvantage of using this molecule as an 
antibacterial agent, especially in prolonged applications (Brookes et al., 
2020). As an alternative, chlorhexidine-controlled release systems have 
been carried out, mainly using clay minerals as a release vehicle (de 
Oliveira et al., 2023a). 

Clay minerals stand out due to their high absorbability and swelling 
capacity (Saadat et al., 2022). Furthermore, the adsorption/incorpora-
tion of chlorhexidine in clay minerals, such as montmorillonite (de 
Oliveira et al., 2023a; Sun et al., 2018; Wu et al., 2013), kaolinite 
(Bardoňová et al., 2020; Isah et al., 2020; Jou and Malek, 2016) and 
vermiculite (Holešová et al., 2010, 2014; Samlíková et al., 2017) can 
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provide stability to this molecule. However, for natural clay minerals, 
they may have impurities such as quartz, which may reduce the use of 
these materials for medicinal purposes. However, for natural clay min-
erals, they may have impurities such as quartz, which may reduce the 
use of these materials for medicinal purposes (Carretero et al., 2006). In 
this way, the high-purity synthetic Na-mica-4 stands out. 

Na-mica-x micas are 2:1 silicate, with a high exchange capacity. 
These fluoromicas have an ideal formula of Nan(Si8-nAln)(Mg6)O20F4, 
with a trioctahedral structure that has only Si4+ and Al3+ cations in the 
tetrahedral sheets, Mg2+ cations in the octahedral sites and groups F− on 
its edges (Osuna et al., 2019a; Osuna et al., 2019b; Taruta et al., 2022). 
This clay has a negative charge counterbalanced by Na + ions, resulting 
in CEC between 245 and 468 cmol(+)/kg, derived from isomorphic 
substitution in the tetrahedral site, which provides layer charge of 2, 3 or 
4 (Osuna et al., 2021; Osuna et al., 2019a). 

Na-mica-x synthetic micas have been successfully used in the 
adsorption/incorporation of medicines, including anti-inflammatory 
such as ibuprofen (Martín et al., 2019) and diclofenac (Martín et al., 
2018); for abnormal blood lipid levels such as gemfibrozil (Martín et al., 
2018), anticonvulsant medication such as carbamazepine (Martín et al., 
2018); and hypertension such as propranolol (Martín et al., 2018). 
However, the use of Na-mica-x in the adsorption/incorporation and 
release of drugs with potential antibacterial action, such as chlorhexi-
dine has not been investigated. 

Thus, the aim of this work is to study the formation of novel hybrids 
based on chlorhexidine and highly charged swelling synthetic mica (Na- 
mica-4). Furthermore, the CHX release kinetic profile of the mica/CHX 
hybrid in phosphate buffered saline at pH 7.4 was study. Evaluation of 
the antibacterial action against Gram-negative bacteria, E. coli, and 
Gram-positive, S. aureus, were also investigated. 

2. Experimental 

2.1. Materials 

SiO2 with a 0.011 μm particle size, mean pore size of 60 Å, and a 
surface area 175–225 m2/g (CAS: 112945–52-5, 99.8% purity), Al(OH)3 
(CAS: 21645–51-2), MgF2 (CAS: 7783-40-6, 99% purity) and NaCl (CAS: 
7647-14-5, 99.5% purity), chlorhexidine digluconate (CAS: 18472–51- 
0) and phosphate buffered saline pH = 7.4 (PBS), were purchased from 
Sigma-Aldrich. Brain Heart Infusion (BHI) agar and Muller-Hinton agar 
were purchased from Kasvi. Distillated water was used in all 
preparations. 

2.2. Na-mica-4 synthesis 

Na-mica-4 with ideal half formula [Si4Al4]Mg6O20F4⋅nH2O was 
synthesized following the procedure described by Alba et al. (2006). 
Based on the composition (8 - n) SiO2, (n/2) Al2O3, 6MgF2 and (2n) NaCl 
of the amount of SiO2, Al(OH)3, MgF2 and NaCl, they were 2.40, 3.12, 
3.74, 2.34 g, respectively. The chemicals were mixed in an agate mortar 
until a homogeneous mixture, and then the solid mixture was trans-
ferred to a platinum crucible and heated at 900 ◦C at a 10◦ min− 1 heating 
rate and system was maintained for 15 h. The product was thoroughly 
washed with distilled water, solid fration recovered by filtration, dried 
in an oven and deagglomerated in an agate mortar. The cation exchange 
capacity of the material is 468 cmol(+)/kg− 1 (Alba et al., 2006; Osuna 
et al., 2019b). 

2.3. Adsorption of chlorhexidine (CHX) on Na-mica-4 

The adsorption of CHX followed the previous procedure (de Oliveira 
et al., 2023a) with some modifications. Samples of 50 mg Na-mica-4 
were suspended in 20 mL of chlorhexidine digluconate aqueous solu-
tion at 0.05–2% v/v concentrations and pH 6.5. The systems were stirred 
for 24 h at 25 ◦C. The final pH was maintained at 6.4 without any 

adjustment. The CHX-loaded micas were recovered by centrifugation 
and samples were washed with deionized water and dried at 60 ◦C for 
24 h. The obtained hybrids were named mica/CHXx, where x corre-
sponds to the chlorhexidine concentration used in the synthesis. 

The amount of CHX incorporated was quantified by UV–Vis spec-
trophotometer at 254 nm according to the eq. 1. 

Qe =

(
Ci − Cf

)

m
.V (1) 

Where Ci and Cf are the initial and equilibrium CHX concentrations, 
V is the volume of drug solution and m is the mass of mica. 

2.4. Characterizations 

X-Ray Diffraction (XRD) analysis was performed using LABX-XDR 
600 equipment (Shimadzu) with Cu-Kα (λ = 1.5406 Å) and operating 
at 2kVA, 40kV, and 30mA. Scans were performed in the 2θ range be-
tween 3 and 80◦. Fourier transform infrared (FT-IR) spectra of the 
samples were recorded using a Shimadzu IRPrestige-21 spectrometer 
over a range of 4000–400 cm− 1 at a resolution of 4 cm− 1 and 30 scans 
per run. For the Zeta potential, aqueous suspensions were made with 0.1 
g L− 1 of Na-mica-4 or hybrids with chlorhexidine and 0.1 mol L− 1 of 
NaNO3. The pH was adjusted to the necessary point with solutions of 0.1 
mol L− 1 HNO3 or 0.1 mol L− 1 NaOH. Zeta potential measurements were 
performed using a Malvern dynamic light scattering device (Zetasizer 
Nano-ZS90). Scanning electron microscopy (SEM) images of the samples 
were obtained using a field emission gun (FEG) microscope (TESCAN 
MIRA3 LMH) operating at an accelerating voltage of 30 kV, equipped 
with an energy-dispersive X-ray spectroscopy (EDS, Oxford Ultim Max 
65) and an electron backscatter diffraction detector (EBSD, Oxford 
Symmetry). The plasma was generated under an argon atmosphere. 
Transmision electron microscopy (TEM) was performed using a Talos 
S200 FEI equipment. A voltage acceleration of 200 kV and a current of 4 
nA in STEM were used to obtain HAADF images, and EDS was performed 
at 200 kV and a current of 200 pA. The elemental analysis (CHN) of the 
solids was performed using a Perkin-Elmer PE-2400 microelemental 
analyzer. 

2.5. In vitro CHX release study 

The in vitro test for the release of CHX from the hybrid mica/CHX1% 
was carried out according to a previous study (Meng et al., 2009), with 
some modifications. The CHX release test was carried out in phosphate 
buffer saline medium (PBS) at pH 7.4. Initially, 50 mg of the mica/ 
CHX1% hybrid was dispersed in 50 ml of PBS solution at pH 7.4, agitated 
at 37 ◦C in an incubator at 150 rpm. At regular intervals (0.08–72 h) an 
aliquot of 5.0 mL was withdrawn and the same volume of PBS was 
immediately added to the system to keep the volume constant over time. 
Aliquots were analyzed to determine the amount of CHX by UV–Vis 
spectroscopy at 254 nm. The study was performed in triplicate. The 
corrected concentration of drug released was calculated according to the 
eq. 4 (Xu et al., 2009; Zhu et al., 2005). 

Cc = Ct +
Va

VT

∑t− 1

0
Ct (4)  

where Cc is the corrected concentration at time t, Ct is the apparent 
concentration at time t, Va is the volume of sample taken and VT is the 
total volume of release medium. 

The release was analyzed, and the kinetic profile involved was sta-
tistically investigated by the Excel add-in DDSolver applying specific 
mathematical calculations to models: First-Order (Polli et al., 1997), 
Higuchi (Higuchi, 1961), Korsmeyer-Peppas (Korsmeyer et al., 1983) 
and Peppas-Sahlin (Peppas and Sahlin, 1989), according to the Eqs. 5–8. 

Frist − Order logF = log k+ n log (t) (5) 
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Higuchi : F = k Ht
1
2 (6)  

Korsmeyer–Peppas : F = k tn (7)  

Peppas − Sahlin : F = k1tm + k2t2m (8)  

where F corresponds to the fraction of the drug released at each time (t), 
n is the release coefficient, k the release kinetic constant, k1 the 
contribution of Fickian diffusion, k2 the contribution of relaxation to the 
release mechanism and m o Fickian diffusion coefficient. 

2.6. Antibacterial activity 

The antibacterial activity of mica Na-mica-4 and the chlorhexidine 
hybrid mica/CHX1% were evaluated against both Gram-negative 
(Escherichia coli ATCC 25922) and Gram-positive (Staphylococcus 
aureus ATCC 25923) strains by the direct contact method (Zheng and 
Zhu, 2003), with some modifications. Bacterial cultures were prepared 
by transferring the inoculum from the nutrient medium to Brain Heart 
Infusion Medium (BHI). Aliquots of 50 μL were transferred to tubes 
containing 3 mL of saline solution and incubated at 37 ◦C for 24 h. The 
standardized inoculum was successively diluted to a concentration of 
approximately 1.5 × 104 CFU mL− 1 (Colony Forming Unit) for later use 
in antimicrobial assays. 

To evaluate antibacterial activity, 1000 μL of aliquots from the mica/ 
CHX1% hybrid release study at times 0.5, 2, 6, 12 and 24 h were dis-
solved in 1000 μL of saline (0.85% NaCl solution). As a control, the same 
aliquot was removed within 24 h in a similar delivery system containing 
Na-mica-4. The direct contact test was performed according to the 
previous procedure (Zheng and Zhu, 2003). 100 μL of each aliquot so-
lution of release/saline was added to a plate containing Muller-Hinton 
agar medium, after the addition of 100 μL of the standardized bacte-
rial suspension. Then, plates were seeded using the spread plate method 
and incubated at 37 ◦C for 24 h. As a control, 100 μL of the bacterial 
suspension and 100 μL of saline were seeded, using the spread plate 
method, in plates with culture medium. All tests were performed in 
triplicate. The inhibitory effect of each solution was calculated using eq. 
(9). 

n(%) =
N1 − N2

N1
x100 (9) 

Where n (%) is the percentage of inhibitory effect, N1 is the ratio of 
the number of CFU that grew in the control plates and N2 is the ratio of 
the number of CFU that grew in the plates containing the bacterial 
suspension and the test solution. 

2.7. Statistical analysis 

Antibacterial activity assays were performed in triplicate and the 
results normalized by calculating the arithmetic mean and standard 
deviation values using Microsoft Excel software. 

3. Results and discussion 

3.1. Adsorption of chlorhexidine on mica Na-mica-4 

The results of the amount of CHX adsorbed on Na-mica-4 are shown 
in Table 1. The amount of adsorbed CHX increases with increasing 
concentration in each system, with a maximum amount of adsorbed 
CHX of 583 mg g− 1, indicating a good interaction between both species. 
The value corresponds to 1.15 of the mica CEC. Furthermore, it was 
observed that from the mica/CHX1% sample the amount of adsorbed 
CHX remains constant. 

Furthermore, the amount of adsorbed CHX was also quantified by 
elemental analysis CHN and results are present in Table 1. The amount 
of nitrogen and carbon increased as a function of the CHX concentra-
tions. For example, the nitrogen content increased from 2.0 (1.4 mmol 
g− 1) to 16.2% (11.4 mmol g− 1) by using 0.05% and 2% v/v concen-
trations in the preparations, indicating a good interaction between CHX 
and mica. 

By CHN elemental analysis, the amount of organic groups (q) present 
in the materials was estimated considering that the CHX molecule has 10 
nitrogen atoms (Oliveira et al., 2023). In this case, the amount of 
incorporated CHX increased as a function of the initial CHX concen-
tration, and the values are in good agreement with the CHX amount 
quantified by UV–Vis. 

3.2. XRD 

The XRD patterns of Na-mica-4 and the mica/CHX hybrid are shown 
in Fig. 1. For Na-mica-4, the 001 reflection of the mica was observed at 
2θ equal to 7.24◦, corresponding to a d distance (d001) of 1.21 nm, 
indicating the presence of a pseudo-monolayer of water in the interlayer 
spacing of clay mineral (Alba et al., 2006; Osuna et al., 2021; Osuna 
et al., 2019a; Pazos et al., 2012). Other reflections at 14.6◦, 19.3◦, 24.5◦, 
29.3◦, 34.0◦, 34.9◦, 35.7◦, 43.5◦, 60.0◦ were indexed to mica phase (Alba 
et al., 2006). After CHX adsorption, the d001 values were maintained at 
1.21 nm, suggesting that CHX molecule was not intercalated in the 
interlayer space of the mica, and that possible interaction between 
species on external surface of the clay minerals. CHX is a bisguanide 
with pKa1 10.3 and pKa2 2 (Agarwal et al., 2012; Ambrogi et al., 2017). 
Under the conditions of synthesis, the pH before and after adsorption 
was 6.5 ± 0.1. At pH 6.5, CHX is predominantly dicationic (100%) (Fig. 
SM1 (Ambrogi et al., 2017; de Oliveira et al., 2023a), − figure, tables or 
text in SM can be found online-). Furthermore, changes in the surface 
charge of the mica/CHX samples were followed by measurements of the 
Zeta potential and the results are present in Fig. 1(ii). Alterations in the 
Zeta potential were observed as a function of the CHX concentrations 
used in the preparations. For example, mica/CHX1% sample presented a 
zero-charge potential (pHpcz) at 7.61. This behavior was observed for 
interaction of other cationic molecules with Na-mica-4 such as chitosan 
(Alba et al., 2019), octadecylamine (Martín et al., 2019), and primary 
alkylammonium salt dodecylamine (del Orta et al., 2018), in addition to 

Table 1 
CHX adsorption on Na-mica-4 at pH 6.5, 25 ◦C and 50 mg adsorbent dosage, and elemental analysis, in percentages and mmol g− 1, of carbon (C), hydrogen (H), 
nitrogen (N) and organic groups (q) for mica/CHX hybrids.  

Samples CHX adsorbed C H N q 

mg g− 1 mmol g− 1 % mmol g− 1 % % mmol g− 1 mmol g− 1 

Na-mica-4 – – – – – – – – 
mica/CHX0.05% 76 ± 5 0.15 ± 0.01 4.2 3.5 0.78 2.0 1.4 0.14 ± 0.01 
mica/CHX0.1% 116.7 ± 7 0.23 ± 0.01 5.5 4.6 1.70 2.8 2.0 0.20 ± 0.01 
mica/CHX0.3% 195.6 ± 7 0.38 ± 0.01 8.0 6.70 2.51 5.2 3.7 0.37 ± 0.01 
mica/CHX0.5% 297 ± 6 0.58 ± 0.01 12.4 10.3 2.43 8.0 5.7 0.57 ± 0.01 
mica/CHX0.7% 404 ± 8 0.79 ± 0.02 14.8 12.3 2.85 11 7.7 0.77 ± 0.02 
mica/CHX1% 574 ± 7 1.13 ± 0.01 21.4 17.8 2.88 15.4 11 1.10 ± 0.01 
mica/CHX1.5% 579 ± 5 1.14 ± 0.01 22.2 18.5 2.09 15.9 11.3 1.13 ± 0.02 
mica/CHX2% 583 ± 3 1.15 ± 0.01 22.7 18.9 2.75 16.2 11.4 1.14 ± 0.02  
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the interaction of CHX with montmorillonite (Oliveira et al., 2023). 
Thus, possibly the main mechanism of interaction in the formation of 

Na-mica-4/CHX hybrids is between the protonated amine groups of CHX 
and the negative external surface of Na-mica-4, as proposed in Fig. 2. 

3.3. FTIR spectroscopy 

The FTIR spectra of the mica samples before and after CHX adsorp-
tion are shown in Fig. 3. The FTIR spectrum of the Na-mica-4 sample 
presents a broad absorption at 3477 and a sharp band at 1648 cm− 1 

associated with OH stretching and vibration of deformation in water, 
respectively (Alba et al., 2019; Osuna et al., 2020). Furthermore, bands 
at 950, 824, 684 and 468 cm− 1 were attributed to Si-O-Si and Si-O-Al 
stretchings and Si-O-Al deformation, respectively (Madejová et al., 
2017; Osuna et al., 2020). 

After CHX adsorption, new bands were observed in all spectra of the 
hybrids. The absorptions at 3200, 2940 and 2850 cm− 1 were attributed 
to the N–H stretching and to the antisymmetric and symmetric CH 
stretchings, respectively (Lin-Vien et al., 1991; Saha et al., 2014; Yang 
et al., 2007). Absorptions at 1586 and 1536 cm− 1 were assigned to C––C 
stretching (De Oliveira et al., 2023b; Pal et al., 2009). The bands at 1488 
and 1417 cm− 1 were assigned to C-N-H vibrations (Lin-Vien et al., 1991; 
Onnainty et al., 2016). The absorption at 1250 cm− 1 was related to the 
C–N stretching (Lin-Vien et al., 1991; Y. Wu et al., 2013). OH stretching 
band was dislocated to lower wavenumber, suggesting possible inter-
action between the OH surface and the groups of the CHX. 

3.4. Scanning electron microscopy (SEM) 

SEM images of the Na-mica-4 samples and the mica/CHX hybrids are 
shown in Fig. 4. For Na-mica-4, a plate-like morphology characteristic of 
micas was observed in Fig. 4(a) (Komarneni et al., 1999; Park et al., 
2002). 

For CHX loaded samples, the same morphological profile was 
observed in all samples. However, some disorganised plates were 
observed with the increase in the CHX concentration with small changes 
in morphology. For example, with increasing chlorhexidine concentra-
tion, a finer structure was observed, in addition to smaller particles 
distributed in the larger particles. This fact is more evident in the mica/ 
CHX0.7% to mica/CHX2% hybrids. 

TEM images of the samples, Na-mica-4 and after the reaction with 
chlorhexidine at the highest concentration, mica/CHX2%, are shown in 
Figures SM2 and SM3, respectively. In both images, it was observed that 
the plate structure of the clays was maintained. However, for the sample 
with chlorhexidine, small particles were observed. In the elemental 

Fig. 1. (i) XRD patterns and (ii) Zeta potential measurements of (a) hybrid Na-mica-4 and mica/CHX hybrid (b) mica/CHX0.05%, (c) mica/CHX0.1%, (d) mica/ 
CHX0.3%, (e) mica/CHX0.5%, (f) mica/CHX0.7%, (g) mica/CHX1%, (h) mica/CHX1.5% and (i) mica/CHX2%; 

Fig. 2. Illustrative scheme for the proposed interaction between chlorhexidine 
and Na-mica-4 at pH 6.5. 

Fig. 3. FTIR spectra for (a) Na-mica-4, and mica/CHX hybrids (b) mica/ 
CHX0.05%, (c) mica/CHX0.1%, (d) mica/CHX0.3%, (e) mica/CHX0.5%, (f) 
mica/CHX0.7%, (g) mica/CHX1%, (h) mica/CHX1.5%, and (i) mica/CHX2%. 
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mapping of these samples, Figure SM2 and SM3, the presence of the 
elements Si, O, Al, Na, Mg and F were observed for both samples, 
differing, however, in the presence of the element C in the sample with 
chlorhexidine, indicating the presence of this drug in the sample. 

3.5. In vitro drug release study 

Solid prepared at intermediate concentration of CHX was selected for 
the drug release and the CHX release profile is shown in Fig. 5. CHX was 
released over a period of 72 h, reaching approximately 80% in the first 
12 h. This fact may be associated with the drug interaction site in the 
clay. CHX adsorption on highly charged synthetic mica occurred on the 
external surface of the clay mineral, as observed in the XRD results. 
Thus, the high release rate (~80%) in the first 12 h is associated with the 
interaction of CHX on the outer surface of the mica, which may have 
facilitated drug release. In the following hours, ~10% more CHX was 
released more continuously and slowly, totaling approximately 90% in 
72 h. The current data were compared with CHX release studies based on 
some clay minerals, such as montmorillonite and palygorskite, Table 2. 
In general, for montmorillonite, CHX adsorption occurs at two possible 
sites involving the outer surface and the inner surface (interlayer space) 
(Meng et al., 2009; Oliveira et al., 2023; Saha et al., 2014), which may 
occur an initial drug burst, for those pharmacological molecules that 
interacted on the external surface of the clay mineral, and then a slower 
and controlled release of the drug present in the interlayer space. 

The kinetic profile of the mica/CHX1% hybrid was fitted to the first 
order, Higuchi, Korsmeyer-Peppas and Peppas-Sahlin models, and data 

are described in Table SM1. The model that best described the experi-
mental data was Peppas-Sahlin model, with a correlation coefficient of 
0.964. This model may indicate that the release mechanism can occur by 

Fig. 4. SEM images of (a) Na-mica-4 and mica/CHX hybrids (b) mica/CHX0.05%, (c) mica/CHX0.1%, (d) mica/CHX0.3%, (e) mica/CHX0.5%, (f) mica/CHX0.7%, 
(g) mica/CHX1%, (h) mica/CHX1.5% and (i) mica/CHX2%. 

Fig. 5. CHX release profile from mica/CHX1% in PBS medium at pH 7.4 and 
37 ◦C. 
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diffusion or by the relaxation of the polymeric chains, these models still 
obtain the values of K1 and K2, which represent the influence of diffusion 
and the polymeric relaxation, respectively. When K1 > K2, release oc-
curs predominantly by diffusion (Peppas and Sahlin, 1989). In this 
study, the parameters obtained were K1 and K2 were 28.1 and − 2.18, 
respectively, indicating that the release of CHX from the mica/CHX1% 
hybrid occurred by diffusion. 

3.6. Antibacterial assays 

The antibacterial activity of chlorhexidine solutions and samples 
against E. coli and S. aures was evaluated by the direct contact method 
and the results are given in Table 3. The formation of bacterial colonies 
is observed on the plates, Figures SM4 and SM5, and a high number of 
bacterial colonies are observed on the control plates for both bacteria. 

For chlorhexidine solutions at the same concentrations as used for 
hybrid preparation (1% v/v) exhibit 100% inhibition against both bac-
teria, (Figs. SM4 and SM5), indicating that both strains are sensitive to 

chlorhexidine at this concentration (de Oliveira et al., 2023a). However, 
the Na-mica-4 sample showed low antibacterial activity for both strains, 
with inhibition values of 18.45 and 17.8% against E. coli and S. aureus, 
respectively. Similar results were found for other clay minerals such as 
montmorillonite (de Oliveira et al., 2023a; Saha et al., 2014) and 
palygorskite (Lobato-Aguilar et al., 2020), indicating the low antibac-
terial activity of the pristine clay minerals against both strains tested. 

However, the release aliquots of the hybrid mica/CHX1% showed 
high antibacterial action against both tested strains. For example, the 
action against E. coli, from the release aliquot at 6 h, showed 100% in-
hibition. At the lower times of 0.5 and 2 h, approximately 70 and 95% 
inhibition were achieved, respectively. Compared to the bacteria 
S. aureus, the release aliquot at 0.5 h exhibited 100% inhibition. These 
results indicated the effective antibacterial action of the mica/CHX1% 
hybrid against both E. coli and S. aureus bacteria (Table 3). Similar re-
sults were found in montmorillonite/CHX hybrids (Oliveira et al., 2023; 
Sun et al., 2018) and kaolinite/CHX hybrids (Jou and Malek, 2016; Wu 
et al., 2017). 

4. Conclusions 

In this study, the adsorption of chlorhexidine digluconate at different 
concentrations on highly loaded synthetic mica, Na-mica-4, was inves-
tigated. Characterizations confirmed the interaction of the organic 
molecule on the external surface of the clay. The interaction between 
species possibly occurred by electrostatic interaction between the pro-
tonated amine groups of chlorhexidine and the negative surface of mica 
and between the OH surface of mica and the groups of the CHX. A high 
amount of chlorhexidine was adsorbed and release kinetics data indi-
cated that the Peppas-Sahlin mode satisfied the release process. The 
antibacterial action of the mica/CHX hybrid was effective, reaching 

Table 2 
Systems based on CHX and clays for CHX release.  

System of CHX release Experimental conditions for drug release Results Ref 

Mt/CS/CHX 
bionanacomposite 

Conducted at room temperature with the dialysis bag at pH 1.2 
(0.1 M HCl), 4.2 and 6.8 (mixing acetic acid: sodium acetate) 

The release of CHX from Mt./CS/CHX after 24 h at pH 1.2, 4.2 
and 6.8 was ~35%, ~30% and ~ 20%, respectively. 

(Onnainty 
et al., 2016) 

CHX/Mt. and CHX/Mt./ 
CS film 

The in vitro release of CHX from films was carried out for 48 h 
with a 
Franz diffusion cell at 37 ◦C using saline solution (8.29 g of NaCl 
and 0.27 g of CaCl2 in 1000 mL solution) 

After a moderate burst effect with a 25% of CHX released, the film 
based on CHX/mt/CS it continued slowly and did not reach a 50% 
of release either after 24 h. 

(Ambrogi et al., 
2017) 

CHX-Cu/Mt. 
nanocomposite 

The release was carried out in 0.9% saline solution by 
using a dialysis bag technique 

CHX–Cu complexes were released continuously over 288 h and 
16% of total CHX–Cu complexes were released. In the initial 6 h, 
approximately 6% of the CHX-Cu complexes were released 
burstly from the surface of Mt. 

(Wu et al., 
2013) 

Palygorskite/CHX and 
Mt./CHX 

The release was carried out in PBS media (pH = 7.3) during 24 h 
at 37 ◦C. 

Drug release kinetic in PBS media shows a continuous release 
over 25 h for both systems (Mt and Pal), existing a burst release in 
the first 5 h. 

(Lobato- 
Aguilar et al., 
2018) 

Both materials show a release within 24 h, containing an initial 
burst-like release in the first 5 h continuing with a more sustained 
release for the next 19 h. 

(Lobato- 
Aguilar et al., 
2020) 

CHX/Mt In vitro release studies were carried out in PBS media of pH 7.4 
using the dialysis bag at 37 ◦C. 

CHX was continuously released over 72 h and burst release of 
CHX was observed for initial 24 h. 

(Meng et al., 
2009) 

Lap-APTES/CHX The release was conducted by using deionized water at pH 7.2 
and 25 ◦C. 

In water, the CHX release rate was constant up to 8 h (total CHX 
release ~10%). A plateau was not reached, which evidenced the 
very slow release of the drug within the first 24 h. 

(Peraro et al., 
2020) 

CHX/Mt The release was carried out in PBS media of pH 7.4 using the 
dialysis bag at 37 ◦C 

Initial burst release lasted up 12 h, with a total drug released of 
20%. After 180 h, the total drug released was 54%. 

(Saha et al., 
2014) 

BisGMA/TEGDMA. 
/Cloisite 30B/ CHX 

Disc shaped specimens of 5 mm diameter and 1 mm high were 
made only for the composites. The initial mass of the speciments 
was registered prior to immersion in 5 mL of 50 mM phosphate 
buffered saline solution (pH 7) at 37 ◦C. 

The hybrid presented a CHX release of about 10–15% its initial 
content over time if compared during the experiment period. 

(Boaro et al., 
2019) 

Halloysite/CHX Drug release was investigated in deionized water at room 
temperature. 

The composite showed a relatively sustained drug release profile; 
only 25% of CHX was released from nanotubes within the first 
hour 

(Wu et al., 
2017) 

Mt/CHX and Mt./CHX/ 
TBH 

The dissolution test was performed using a shaker bath (SV1422, 
Schutzart, Germany) by suspending dialysis bags containing 
Mt./CHX (or Mt./TBH or Mt./CA/TBH) in 200 mL of 0.9 wt% 
NaCl solution at 37 ◦C. 

Mt/CHX hybrid had a burst release of ~30% within the first 24 h (Sun et al., 
2018) 

Mt: montmorillonite; CS: chitosan; Cu: copper; Pal: palygorskite; PBS: phosphate buffered saline; Lap: Laponite; APTES: 3-aminopropyl triethoxysilane; BisMGa: Bis(2- 
hydroxy-3-methacryloxypropyl)Ether; TEGDMA: Triethyleneglycol dimethacrylate TBH: terbinafine hydrochloride. 

Table 3 
Inhibitory potential of samples Na-mica-4 at time 24 h and mica/CHX1% hy-
brids, at times 0.5 h, 2 h, 6 h, 12 h and 24 h against E. coli and S. aureus.  

Sample Time release (h) Antibacterial action (% inhibition) 

E. coli S. aureus 

Na-mica-4 24 18.4 ± 4 17.8 ± 3 
mica/CHX1% 0.5 70 ± 8 100 

2 93 ± 6 100 
6 100 100 
12 100 100 
24 100 100  
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100% inhibition against E.coli and S. aures. 
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Kloprogge, J.T., Madejová, J. (Eds.), Developments in Clay Science, vol. 8. Elsevier. 
https://doi.org/10.1016/B978-0-08-100355-8.00005-9. 

Martín, J., del Orta, M.M., Medina-Carrasco, S., Santos, J.L., Aparicio, I., Alonso, E., 
2018. Removal of priority and emerging pollutants from aqueous media by 
adsorption onto synthetic organo-funtionalized high-charge swelling micas. Environ. 
Res. 164 (January), 488–494. https://doi.org/10.1016/j.envres.2018.03.037. 

Martín, J., del Orta, M.M., Medina-Carrasco, S., Santos, J.L., Aparicio, I., Alonso, E., 
2019. Evaluation of a modified mica and montmorillonite for the adsorption of 
ibuprofen from aqueous media. Appl. Clay Sci. 171 (January), 29–37. https://doi. 
org/10.1016/j.clay.2019.02.002. 

Meng, N., Zhou, N.L., Zhang, S.Q., Shen, J., 2009. Controlled release and antibacterial 
activity chlorhexidine acetate (CA) intercalated in montmorillonite. Int. J. Pharm. 
382 (1–2), 45–49. https://doi.org/10.1016/j.ijpharm.2009.08.004. 

Oliveira, L.H., de Lima, I.S.S., da Neta, E.R., de Lima, S.G., Trigueiro, P., Osajima, J.A., da 
Silva-Filho, E.C., Jaber, M., Fonseca, M.G., 2023. Essential oil in bentonite: effect of 
organofunctionalization on antibacterial activities. Appl. Clay Sci. 245 (October), 
107158 https://doi.org/10.1016/j.clay.2023.107158. 
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