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Introduction 
The special properties of clay minerals, their widespread 
availability, low cost and biocompatibility in contact with 
human tissues made them used as carriers in controlled 
drug delivery systems. One of these minerals is 
halloysite, which unique tubular structure makes it 
distinctive from all aluminosilicates. The empty lumen of 
halloysite nanotubes is an excellent space to locate 
various compounds inside, such as proteins or drugs. 
The main goal of the intercalation of the latter inside 
halloysite nanotubes is to extend their release time from 
minutes to even a few hours [1]. The mechanisms of the 
binding of ofloxacin [2], tetracycline and ciprofloxacin [3], 
belonging to cationic drugs, were investigated among 
others. The general observation from these scientific 
papers is that the maximum amount of bound drug is 
lower than it would be expected from the halloysite CEC 
[3]. The aim of this work was to investigate the 
possibilities of using halloysite nanotubes as a carrier for 
gentamicin. As part of the study, the effect of three 
parameters of preparation of the Hal-GS hybrids 
(temperature, mixing time and initial amount of drug) on 
the process of attaching the drug to halloysite nanotubes 
was analyzed. 
 
Materials and Methods 
Halloysite DragoniteTM HP (Hal) (Applied Minerals) and 
gentamicin sulfate (GS) (Amara) were used in the 
research. Samples were prepared at different 
temperatures (20, 60 and 80°C), varying the mixing time 
(2, 12 and 24 h) and using different amounts of the drug 
determined by the cation exchange capacity (CEC) of 
Hal. The obtained hybrids were investigated by X-ray 
diffraction (XRD), infrared spectroscopy (FTIR), zeta 
potential measurement, thermal analysis (DSC/TG), 
infrared spectroscopy with total internal reflection (FTIR-
ATR) and X-ray photoelectron spectroscopy (XPS). 
Studies on the kinetics of gentamicin sulfate release were 
performed in buffered saline (PBS) at pH 7.4 by UV-Vis 
spectroscopy. Selected materials were subjected to 
antibacterial tests using the certified Escherichia coli 
ATCC 25922 reference strain (Gram-negative bacillus) to 
assess the effect of the production process and drug 
intercalation method on the antibacterial properties of 
Hal-GS hybrids. 
 
Results and Discussion 
The XRD results showed no shift of the peaks from 

halloysite towards higher values of the 2q angle, which 
indicates the lack of the effect of incorporating GS into 
the interlayer spaces of halloysite nanotubes, regardless 

of the amount of drug in the initial suspension. Analysis of 
FTIR spectra did not show bands originating from newly 
formed chemical bonds, which confirms the attachment of 
drug particles on the surface of the Hal nanotubes by 
weak intermolecular interactions. Based on 
measurements of Zeta potential, it can be estimated that 
the amount of drug accumulated on the surface of the 
nanotubes depends on the amount of drug in the initial 
suspension. The addition of the drug changes the value 
of Zeta Hal potential from negative to positive. DSC/TG 
measurements indicate a non-thermal GS thermal 
stabilization in the presence of Hal. Considering the 
conditions of formation of Hal-GS hybrids, the highest 
amount of drug was found in conjugates prepared at 
60ºC. The release curves (UV-Vis) indicate that the 
amount of released drug increases with its increasing 
content in Hal-GS conjugates. Lack of changes in XPS 
spectra of silicon, aluminum and oxygen indicates the 
lack of new chemical bonds. The presence of GS 
confirms the widening of the peak from carbon. A 
phenomenon of formation of asymmetric zones of 
bacterial growth inhibition (FIG. 1) around the Hal-GS 
pellets was observed. The higher GS content in the initial 
suspension was, the greater the bactericidal effect. 

 
FIG. 1. Hal-GS antibacterial activity. 

 
Conclusions 
The results of physicochemical tests indicated that 
gentamicin sulfate binding occurs only on the surface of 
nanotubes. The grafting of GS onto halloysite nanotubes 
is most effective at 60° C with a 24 h mixing time, and the 
increase in temperature to 80°C causes a dramatic 
decrease in the efficiency of Hal-GS hybrids formation. 
The release process of GS from hybrids in the PBS 
solution proceeded very rapidly, and a maximum time of 
the drug release measured by spectrophotometry did not 
exceed 20 minutes. Moreover, the amount of gentamicin 
sulfate was lower than it would result from CEC 
measurements, because only the surface of nanotubes 
was grafted with the drug. The process of producing the 
hybrids did not affect the antibacterial properties of GS 
against E. coli bacteria. The unusual asymmetry of zones 
inhibiting the growth of bacteria may lead to the 
conclusion that the tubular structure of the carrier affects 
the distribution of the drug in the biological environment. 
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