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Abstract: Background: The use of nanotechnology in the production of medical equipm ent has 
opened new  possibilities to fight bacterial biofilm developing on their surfaces, w hich can cause 
infectious complications. In this study, we decided to use gentamicin nanoparticles. An ultrasonic 
technique was used for their synthesis and immediate deposition onto the surface of tracheostomy 
tubes, and their effect on bacterial biofilm formation was evaluated. M ethods: Polyvinyl chloride 
was functionalized using oxygen plasma followed by sonochemical formation and the embedment 
of gentamicin nanoparticles. The resulting surfaces were characterized with the use of AFM, WCA, 
NTA, FTIR and evaluated for cytotoxicity w ith the use of A549 cell line and for bacterial adhesion 
using reference strains of S. aureus (ATCC® 25923™) and E. coli (ATCC® 25922™). Results: The use of 
gentamicin nanoparticles significantly reduced the adhesion of bacterial colonies on the surface of 
the tracheostomy tube for S. aureus from 6 x 105 CFU/mL to 5 x 103 CFU/mL and for E. coli from 
1.655 x 105 CFU/mL to 2 x 101 CFU/mL, and the functionalized surfaces did not show a cytotoxic 
effect on A549 cells (ATTC CCL 185). Conclusions: The use of gentamicin nanoparticles on the 
polyvinyl chloride surface may be an additional supporting method for patients after tracheostomy 
in order to prevent the colonization of the biomaterial by potentially pathogenic microorganisms.

Keywords: tracheostomy tube; gentamicin nanoparticles; surface functionalization; bacterial 
adhesion

1. Introduction

Tracheotom y is the m ost often  perform ed procedure in patients in cases of upper 
airw ay obstruction or prolonged m echanical ventilation. O f all patients hospitalized  in 
intensive care units, 12-20%  require this treatm ent [1,2]. Tracheotom y becam e an object 
of in terest of scientists in M arch 2020, w hen W H O  announced the C O V ID -19 pandem ic, 
and gained im portance am ong patients requiring long-term  ventilator therapy [3 ]. This 
procedure can be perform ed surgically or percutaneously using dedicated tools. Both tech
niques are characterized by a minimal risk of com plications and can be used in hospitalized 
patients after considering the contraindications to a given technique [4].

Each m edical device that encounters the patient's tissues is exposed to potential 
contact w ith  pathogenic m icroorganism s. The tracheostom y tube, due to its application 
and contact w ith three different environm ents— the patient's tissue, air, and secretions— is 
particularly exposed to the rapid developm ent of bacterial biofilm , and is thus a source of
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nosocom ial infections [5]. A m ong the com plications of the tracheostom y procedure are 
local and generalized infections, m ost often infections associated w ith long-term  mechanical 
ventilation [6] . For this reason, it is im portant to develop alternative effective m ethods of 
com bating em erging biofilm  on the surface of m edical devices.

In the tim es of m odern m edicine, the use of various polym ers for dedicated im plant 
applications has becom e a perm anent part of the standards of patient treatment. Polymeric 
biom aterials are used in  each field of m edicine to produce external equipm ent (syringes, 
catheters, bags, etc.) as w ell as im plants perm anently  placed inside the hum an body 
(vascular stents, breast im plants, hip prostheses, etc.) [7] . The dynam ic developm ent of 
nanom aterials and nanopolym ers has further consolidated the position of biom aterials in 
the field of m edical science. They have been used, for exam ple, in drug-releasing system s 
(including drugs used in  cancer therapies), anticorrosion coatings of m etal im plants, or 
antibacterial m em branes used in wound treatm ent [8 ]. Among the m ost popular polymers, 
polyvinyl chloride is w idely used. About 32% of m edical devices in hospitals are m ade of 
this material [9 ]. That is the reason why PVC is still extensively investigated to im prove its 
properties and therapeutic functions.

The formation of a biofilm  on the surface of biom aterials, including PVC, is one of the 
biggest problem s w ith recurrent infections. The term  bacterial biofilm  refers to clusters of 
bacterial colonies attached to surfaces or to each other and surrounded by a self-created 
bacterial m atrix. The matrix is a mixture of various biochem ical substances such as proteins, 
polysaccharides, and genetic m aterial derived from  bacterial colonies. These m olecules 
form a natural protective barrier, the crossing of which is a major challenge in the treatm ent 
of biofilm-associated infections. Bacterial colonies suspended in a biofilm  are characterized 
by increased resistance to antibiotics, becom ing invisible to the host's im mune system  and 
show ing greater tolerance to an anaerobic environm ent w ith  reduced access to nutrients. 
A ll these features m ean that infections associated w ith  biofilm s are usually  chronic, and 
the only effective m ethod to stop them  is the rem oval of the biom aterial and surgical 
intervention for the inflam ed tissue [9,10].

G entam icin  belongs to the am inoglycoside group of antibiotics isolated from  M i- 
crom onospora purpurea. It w as discovered in 1963 and introduced for m edical use in 
1971. Its activity  is associated w ith  binding to the 30S subunit of the ribosom e, w hich 
disrupts the translation process in the bacterial cell. Thanks to its antibacterial properties, it 
is applied in the treatm ent of bacterial infections in orthopedics, cardiology, pulmonology, 
neurology, and laryngology. Unfortunately, it also has several side effects: nephrotoxicity, 
ototoxicity, or neurotoxicity. H ence, it is im portant to lim it its systemic im pact, e.g., by local 
delivery and action [11]. Its use in the form  of nanoparticles acting directly at the place 
of im plantation of the tracheostom y tube m ay be an alternative to its oral adm inistration, 
w hich can substantially reduce its side effects.

In this study, it w as decided to synthesize and im m ediately  deposit gentam icin  
nanoparticles onto the PVC surface using the ultrasonic technique. The use of ultrasounds 
to produce nanoparticles of controlled size and m orphology has proven to be an effective 
m ethod for various chem ical substances including bioactive m olecules. W hen solutions 
are exposed to ultrasounds (in the range of 20 k H z-1  M H z) the phenom enon of acoustic 
cavitation leads to bu bbles' form ation and growth. If the m olecules of interest are present 
in  the solution, som e population of them  is located at the bu bble-liqu id  interface. O n 
reaching a critical volum e, the bubbles im plode and the dissolved substance located at the 
interface forms nanoparticles. The m olecular m echanism  of this phenom enon w as recently 
described elsew here [12].

N ow adays, nanom edicine has becom e one of the branches of dynam ic research and 
is m ainly focused on  the developm ent of new  m ethods of preventing and treating d is
eases. The use o f nanom edicines allow s the drug doses used in  prevention to be con
trolled com pared to their classic versions [13]. O ne of the prom ising research directions 
in  nanom edicine is the use of targeted therapies and drug release in cancer treatm ent 
regim ens [14]. The m ain advantage of drugs used in nanom edicine is the possibility  of



using low er doses of antibiotics to obtain  the sam e therapeutic effects. This reduces the 
risk of developing m ultidrug resistant strains. Nanom edicine can not only reduce the dose 
of the antibiotic, but also increase its activity. O ne excellent exam ple of increasing activity 
w hile reducing the drug dose is the use of encapsulated vancom ycin  in  hybrid  m agnetic 
nanoparticles conjugated to a cell-penetrating peptide to fight against S. aureus and E. coli 
strains [15].

The m ain objective of the w ork was to functionalize the surface of typical tracheostomy 
tubes made of polyvinyl chloride (PVC) using oxygen plasma with the sonochemical incorpo
ration of gentamicin nanoparticles. Such a functionalization allows for local antibiotic delivery 
and the prevention of infections, the m ost com m on com plication after tracheostomy. The 
materials were biologically tested in terms of their cytotoxicity (A549 ATCC® CCL185) and risk 
of bacterial adhesion (Staphylococcus aureus ATCC® 25923™, Escherichia coli ATCC® 25922™).

2. Materials and Methods
2.1. Biomaterial Characteristics

In this study, polyvinyl chloride biom aterials supplied by the producer of tracheostomy 
tubes (SUMI, Sulejówek, Poland) were used in the form of cut discs 15 mm in diameter and 
2 m m  thick, supplied in packages of 50 pieces in sterile conditions.

2.2. Oxygen Plasma Modification
O xygen plasm a (FEM TO  system , D iener Electronics, Ebhausen, G erm any) w as used 

to generate surface functional groups containing oxygen atom s. O ptim ization of the 
plasm a m odification param eters o f polyvinyl chloride sam ples w as carried ou t using 
variable oxygen pressure, generator pow er, and treatm ent tim e. The effect o f surface 
functionalization w as carried out by  m onitoring the changes in w ater contact angle. The 
m easurem ents w ere perform ed using a goniom eter (Surftens U niversal Instrum ent, O EG 
G m bH , H essisch O ldendorf, Germ any). The im ages w ere analyzed using the Surftens 4.3 
softw are (O EG G m bH ). For each sam ple, 5 m easurem ents (droplet volum e 2 gL) w ere 
taken and the obtained values w ere averaged.

2.3. Preparation o f Gentamicin Nanoparticles and Their Instant Deposition on PVC Surface
To deposit the antibiotic on the PV C  surface, nanoparticles w ere produced from  an 

aqueous solution of pure gentam icin by sonication, after prior treatm ent of the surface with 
oxygen plasm a.

The synthesis of gentam icin  nanoparticles and their deposition w as perform ed in 
a single-stage process on a PVC  disc w ith  a d iam eter of 15 m m , m odified w ith  oxygen 
plasm a, supplied by the m anufacturer of tracheostom y tubes. A  solution of gentam icin  
sulfate in distilled w ater at a concentration of 50 m g/mL was used for the experim ents. The 
deposition of nanoparticles w as carried out using a hom ogenizer (Vibracell C V18, Sonics 
& M aterials Inc., N ew tow n, CT, USA ). Process param eters: frequency, 20 kHz; am plitude, 
30% ; tim e, 6 m in. To increase the efficiency of the synthesis of nanoparticles, 0.5 m L of 
ethanol (Avantor Performance M aterials, Gliwice, Poland) was added to the prepared 3  mL 
solution of gentam icin. A fter sonication, the m aterial w as dried on adsorptive nonw oven 
cloth to rem ove excess solution from the surface [16].

N anoparticle Tracking Analyses (NTA)

The size d istribution of the sonochem ically produced gentam icin nanoparticles w as 
determ ined using an LM 10 N anosight instrum ent (M alvern Instrum ents Ltd., M alvern, 
UK) equipped with an sCMOS cam era (Hamamatsu Photonics, Ham am atsu, Japan) using a 
non-blue 450 nm laser. Data analysis w as perform ed using NTA software (3.1 Build 3.1.45). 
M easurem ent parameters: cam era level, 15; shutter, 1206; gain, 366. A single measurem ent 
consisted of three 30 s video clips recorded at 25 fram es/s.



2.4. Characterization of Functionalized Biomaterial
2.4.1. Fourier Transform Infrared M icroscopy (FTIR)

To investigate the presence of gentam icin  nanoparticles on the PV C  surface, FTIR  
analysis w as perform ed. Characteristic bindings for gentam icin w ere sought. The analysis 
of the surface w as perform ed u sing a N icolet 6700 Therm o Scientific in the range of 
4 0 0 0 -6 5 0  cm - 1 , and the resultant spectra w ere averaged across 64 scans. Spectra in the 
range of 850-2000 cm -1  w ere used for the analysis, in w hich the m ost im portant changes 
w ere observed.

2.4.2. Analysis of D rug Loading on the Biom aterial Surface

For the quantitative analysis of the gentam icin loading, the kinetic of drug release was 
m onitored for parent and m odified PVC  surfaces. The release profile w as studied using 
the O PA -based m ethod. Each of the prepared discs w as placed in  a vial w ith  20 m L of 
PBS buffer for 5 days and continuously mixed at 100 rpm at 37 °C. To com pare the results, 
an experim ent w as perform ed on polyvinyl chloride discs w ith gentam ycin nanoparticles 
before and after oxygen plasm a treatm ent. At fixed tim e intervals (2 h), 2 mL of PBS w ere 
taken from  the vials, the collected liquid w as placed in 2 m L E ppendorf tubes, and the 
vials w ere replenished w ith  2 m L of fresh P BS solution. The am ount of drug released 
w as quantified using an OPA assay, as described before [17]. Then, 30 m g of OPA (orto- 
phthaldialdehyde, Sigma-Aldrich, St. Louis, M O, USA) was dissolved in 0.5 mL of methanol 
(Sigm a-A ldrich) and 0.1 m L of m ercaptoethanol (Sigm a-A ldrich), and the solution w as 
added to 50 m L of borate buffer (pH  = 10.4). The reagent thus obtained w as m ixed w ith  
50 uL of the collected sample at a fixed time interval in a 1:1 volum e ratio and incubated in 
the dark for 10 m in in a black 96-w ell plate. A fter that, fluorescence w as m easured in  an 
excitation w avelength of 340 -310  nm  and an em ission w avelength of 460 nm  (FLU -O star 
O m ega, BM G  Labtech, O rtenberg, Germ any).

2.4.3. Atom ic Force M icroscopy (AFM)

The surfaces of PVC  sam ples before and after the p lasm a treatm ent w ere investi
gated w ith  the use of NanoW izard® 4XP (Brucker, B illerica, M A , U SA ) equipped w ith  
SCANASYST-AIR (Brucker) probes. The im ages (20 x  20 gm, 256 x 256 px) were collected 
w ith  the set of the follow ing param eters: setpoint, 9.252 nN ; Z length, 650 nm ; Z speed, 
79.11 um /s; px tim e, 20.54 ms. The analysis w as perform ed w ith  JPK  D ata Processing 
softw are (ver. 7.0.153).

2.5. Microbiological Tests
2.5.1. Bacterial Strains

Two reference (indicator) strains w ere used in the study, including a representative of 
the G ram -positive bacteria Staphylococcus aureus ATCC25923 and a representative of the 
G ram -negative bacteria Escherichia coli A TCC25922. The strains w ere from  the A m erican 
Type C ulture C ollection, ATCC. The selection of strains w as based on a previous study of 
clinical m aterial from patients w ith a tracheostom y [18].

2.5.2. Quantification of Bacterial A dhesion on the Surface of Polyvinyl Chloride

From  the reference bacterial strains of Staphylococcus aureus and Escherichia coli after 
an 18 h incubation, 0.5 M cF suspensions w ere obtained in  Tryptic Soy Broth (TSB). The 
functionalized and control discs were placed in sterile polystyrene 24-well microtiter plates 
(C ostar® C orning) and 1 m L of bacterial inoculum  w as added. The plates w ere incubated 
for 2 h at 37 ° C, and the attached bacterial colonies w ere detached from  the biom aterial. 
The resulting bacterial suspension w as plated at 100 gL on Tryptic Soy Agar (TSA, Becton 
D ickinson) grow th m edium  in serial ten-fold dilutions. A fter 24 h  of incubation at 37  °C, 
the result w as read in CFU/m L.



2.5.3. Evaluation of the C ytotoxicity of G entam icin (GM NPs) on the A549 C ell Line

The adenocarcinom ic hum an alveolar basal epithelial cell line A 549 w as used to test 
the cytotoxicity  of gentam icin. C ells w ere grow n in D M EM  m edium  w ith  -L-glutam ine 
supplem ented w ith  10% FBS and 1% Z ellShield  (M B M inerva Biolabs, Berlin, G erm any) 
at 5%  CO 2 and 37 °C  w ith  L-alanyl-L-glutam ine. Cells w ere harvested w ith  0.5%  trypsin, 
suspended in  5  m L D M EM . The cells contained in  1 m L of the suspension w ere counted 
and diluted to give 1 x  104 cells per sam ple. The experim ent w as carried ou t in 96-w ell 
plates. Then, 200 gL of solution w ith a decreasing gentam icin concentration (10-0 mg) was 
added to the cell cultures. The M TT test w as used to determine the metabolic activity of the 
cells. The results were read on an Infinite® M Nano (TECAN) m icroplate reader at 563 nm 
after 1 and 24 h of incubation [19].

2.5.4. Evaluation of the Effect of Polyvinyl C hloride Surface on the A549 C ell Line Using 
the LIVE/D EA D  M ethod

The cell lines w ere prepared as in  Section 2 .5 .3 . PVC  discs before and after func- 
tionalization w ere placed in 24-w ell plates, filled w ith  cell suspension, and incubated for 
24 h. Then, double staining w as applied to the tested surfaces using the LIVE/DEAD® 
kit (Live/D ead C ell D ouble Staining K it, M olecular Probes, Eugene, O R, U SA ). The use 
of the double staining m ethod u sing the LIV E/D EA D  kit allow s for an easy and quick 
determ ination of cell viability in a population based on the integrity of the cell mem brane. 
F luorescein  d iacetate, due to its low  m olecular w eight, can penetrate inside the cell w ith 
preserved cytoplasm ic m em branes. The second dye, propidium  iodide, PI, having a high 
m olecular w eight, penetrates only into cells w ith  dam age in the cytoplasm ic m em brane. 
The dyes used in a fluorescence microscope BX63 (Olympus, Tokyo, Japan) divide the cells 
into live (green fluorescence) and dead (red fluorescence) [20].

2.6. Statistic
A ll experim ents w ere perform ed in triplicate on separate sam ples. The data w ere 

treated using the Statistica softw are 13.1 (TIBC O  Softw are Inc., Palo A lto, C A , U SA ), 
applying param etric t-student tests, and a p-value < 0.05 w as considered statistically 
significant. The error presented in the figures represents the standard deviation of the data.

3. Results
3.1. Optimization of Oxygen Plasma Parameters

The systematic water contact angle m easurements were taken for PVC material treated 
w ith  oxygen plasm a w ith  the use of the follow ing sets of param eters: 50 W, 0.2 mbar, 
6-600  s (Figure 1). The contact angle for PVC w ithout surface m odification by plasm a was 
86° ±  2°. The sm allest contact angle of the surface w as obtained after 180 s o f plasm a 
treatm ent w ith  a pow er of 50 W  and a pressure o f 0.2 m bar of oxygen, and w as equal to 
32° ±  2°. From the profile in Figure 1, the contact angle decreased most rapidly for the first 
12 s of plasm a exposure, and then the curve flattened out and decreased after 180 s before 
increasing again.

Based on the results, it w as found that the m ost optimal param eters for modifying the 
PVC surface w ith oxygen plasm a w ere 180 s, 50 W, and 0.2 mbar.

The form ation of reactive functional groups containing oxygen atom s increased the 
hydrophilicity of the surface. It is im portant that this process takes place w ithout damaging 
the bulk properties of the surface, which w ere tested by the A FM  observation described in 
the next section.



Figure 1. Changes in water contact angle as a function of oxygen plasma treatment time 0-600 s, 
150 W, 0.2 mbar. The lowest contact angle was obtained for samp less; treated for 180 s.

3.2. AFM Imaging for Polymer Topography
The topography of the parent and oxygen-plasm a-m odified PVC surgace w as char

acterized b y  AFM . The com parison is show n in  I7igure 2 . The surfaces represent typical 
polym eric m aterials w ith chauacteristic groves that osiginate d from  the production process. 
A dditionally, som e nansm etric debris can be noted. Sn general, the sam e topography was 
e ssentially observed for bstO samples, indicating Ili at the plasm a treatm ent did not change 
it at the m icroscale. It is also w orth m entioning tOat the changes in contact engle resulted 
irom  the polar functional g rru p s g en era ted b y  the applied m ild p lasm  a treatm ent, and 
not from  tines topogsaphieal changes. Such effects have b fo n  prevfeuslyreported  for other 
polom eric m aterials [a l ].

(A) (B)

Figure 2. The AFM images of unmodified (A) mnd plasma (50 W, 0 .2 mbar of O2 and 180 s)-modified 
(B) PVC surfaces.

3.3. Analysis o f Gentamicin Nanoparticles' Size
Figure 3 shows the size distribution of sonochem ically prepared gentam icin nanopar

ticles. Several m axim a in the range of 50-350 nm  can be distinguished. The first ones, at 50 
and 75 nm , w ere sharp and high, w hile the other m axim a w ere w ider and lower. For the 
design and m anufacture of drug delivery system s, the size distribution of nanoparticles is 
crucial, and the use of the NTA technique provides this inform ation in detail. The analysis 
took 90 s, w hich w as enough tim e to observe the nanoparticles' agglom eration, so several 
successive peaks w ith low er m axim a can be observed. The m axim a representing individual 
nanoparticles w ere those w ith  the highest intensity, i.e., 50 and 75 nm , and the num erous 
maxima at ~ 1 2 5 ,150,225, and 375 nm  were m ultiplications associated with the aggregation 
process over time. The intensity of the last m axim a increased w ith  time.



Figurei 3. NTA imaging. Size distribution of gentamicin nanoparticles obtained sonochemically.

3.4. Fourier-Transform Infrared Spectroscopy (FTIR)
The analysis of the IR  spectra show  ed no e ffect of the oxygen plasm a on the PVC 

structure (Figure 4 ) . The spectrum  fisr the gentam tcin-loaded polym eric sam ple show ed 
characteristic absorption bands at 16)16», w ith  1558 cm -1  belonging to the am ide I (C=O 
stretching mode), and amide II (N -H  bending m ode, and C -N  stretching mode) present in 
gentamicm. The peak located at 1030 cm -1  was associated with the H SO4-  group character
istic for the sulfate form of the drug [22]. In the 3000-3600 cm -1  region, a broad m aximum, 
observed for gentam icin functionalized PVC, w as associated w ith hydrogen-bonded O H  
groups, indicating their tnvolvem ent in tire surface anchoring of the drug. The presence 
of these peaks confirm s that gentam icin  nanoparticles w ere successfully  em bedded into 
the PVC surface. N o structural changes in the drug m olecule or b iom aterial bu lk  proper
ties w ere observed after the functionalization (plasm a and ultrasound treatm ents). These 
observations are essential for preserving the bioactivity  of the antibiotic and providing a 
therapeutic function for the PVC m aterial.

Figure 4. FTIR spectra of PVC (A), oxygen-plasma-modified PVC (B), gentamycin sulfate (C) and after 
sonochemical incorporation of gentamicin nanoparticles onto the PVC surface (D). Gray shadowing 
indicates characteristic regions for gentamicin sulfate.



3.5. Drug Loading on the Surface o f PVC
The gentam icin  release kinetics m ethod w as used to quantify  the loading efficiency 

of gentam icin  on the PVC  surface and the effect of its p lasm a functionalization. As the 
concentration in the substrate solution w as too h igh to assess the residual concentration 
of gentam icin after the sonification, the drug loading w as estim ated to be at the obtained 
concentration of the release study, w hen the am ount of gentam icin in the buffer solution 
had not been rising anymore. All of the drug has been released from the surface of modified 
and unmodified sam ples in 8 h and 2 h, respectively. The com parison betw een the samples 
before and after oxygen plasm a treatm ent is shown in Figure 5 . The release profiles show an 
eight-fold increase in the amount of gentam icin for the sample with surface oxygen groups 
(orange curve) com pared to the untreated sam ple (blue curve). It  can thus be concluded 
that the generated surface groups led to the form ation of adsorption sites for the effective 
n on-covalent bonding of gentam icin  m olecules on the PVC  surface. Such a spectacular 
effect of increasing the drug loading on the PVC has im portant practical im plications. The 
~1.5 m g of gentam icin  on the polym eric biom aterial surface of ~2 cm 2 w as w ith in  the 
therapeutic w indow for in-site release, e.g., gentamicin-loaded sponges, Garam ycin Sponge 
(EUSA Pharm a, H ertfordshire, UK) [23].

Figure 5. Kinetic curvee of gentnmicin relrase from the surface of PVC, functionalizen (orange gaaph) 
and not functionalized (blue graph) with oxygen plasma (180 s, 50 W, 0.2 mbar).

3.6. Adhesion of Bacteria on the Surface of the Biomaterial
The study assessed the effect of the surface of polyvinyl chloride w ith gentam icin 

nanoparticles on the adhesion of bacteria (test group) in relation to the control group, which 
w as a sterila, non-functionalized disc (Figure 6 ). The average C FU /m L from  the tested 
sam ples of the tes ted bacterial strains of S. aureus and E. coli w as determ ined. The antibac
terial property w as show n to decneare the num ber of bacteria from  5.77 log CFU/mL to 
3.69 log CFU/m L of PVCm odified with gentamicin nanoparticles (GMNPs) against S. aureus 
ATCC25923 (p < 0.05). The antibacterial property w as dem onstrated by  a decrease in the 
num ber of bacteria from 5.2 log CFU/m L to 1.26 log CFU/m L PVC modified with genfam- 
ic ia  nanoparticles (GM NPs) against E. coli ATCC25922 (p < 0.05). A  statistically tignificant 
inhibitory effect of nanoparticles on adhesion to polyvinyl chloride was confirmed.



Figure 6. Logarithm of the CFU after incubation of the bacterial suspension at a concentration of 
0.5 McF on the PVC surface (orange graph) and on the PVC surface with gentamicin nanoparticles 
(blue graph) for 2 h for S. aureus and E. coli (*** results statistically significant between the indicated 
surfaces, p < 0.001, Student's t-test).

3.7. Cytotoxic Effect o f Gentamicin Nanoparticles on A549 Cell. Line
To investigate the; effect of gentam icin nanoparticles on the A549 cell line and their 

survival, the MTT colorimetric test was performed to determine half of the maximum inhibitory 
concentration after exposure to gentamicin (Figure 7). If !-5)0 was evaluated in 2-time intervals 
(1 and 24 hC setting its value at the level of 1.25 m g/2(tf pL (6.2C m g /1 mL). The greatgst 
decrease in viable cells wms observed aftes exceeding the concentration of 0 .3f m g/200 pL 
(1.55 mg/1 m g( from g5% to 60% at a concentration of 0.63 m g/200 pL (3.15 mg/1 mL). No 
increased cytotoxicity was observed with the time of exposure to the antibiotic.

Figure 7. Evaluation of the cytotoxicity (relative to the control) of the gentamicin concentration 
against the A549 cell line after 1 h (orange) and 241 h (btue) incubation using the MTT colorimetric 
assay. The results were react using; a TECAN reader at a wavelength of 563 nm. A 50% inhibition oC 
growth of She cell population tegted is indicated by? a horizontal red line.

3.8. Cytotoxicity o f the Tested Surfaces on the A549 Cell Line
In the cytotoxicity; evaluation study on the A 549 cell line, no significant effect of func

tionalized surfaces (Figure 8A,B) was obsefved i n relation to the control group (Figute 8C,D)



on cell death, w hich proves its biocom patibility. The dyes used in a LIVE/D EA D  m ethod 
divided the cells under a fluorescence m icroscope into live (green fluorescence) and dead 
(red fluorescence), w hich can be seen in the figure below.

Figure 8. Cells of the A549 line seen under a fluorescence microscope after 24 h incubation on 
PVC discs without modification (A,B) and with gentamicin nanoparticles (C,D). The LIVE/DEAD 
method was used to image the cells. Live celli? were stainedgreen, dead cells stained red. White bars 
correspond to 50 pm.

4. Discussion

This paper highlights the possibility of the sonochem ical incorporation of antibiotics 
on the surface of the tracheostom y tube to slow down bacterial adhesion. Similar studies on 
gentam icin and its bac tericidal properties w ere carried out on other m aterials in different 
form s or using different technologies for itsp lacem en t on the surface, aa well.

The choice of an antibiotic for the functionsliza tion of th ep o ly v in y l chloride surface. 
w as dicta ted by  scientific reports [18,24] . R avenendra ei al., in their reaearch on bactsrial 
biofilm , pointed te  thee greatest effec tiveness of gentem icin  and ciprofloxacin 2nthe fight 
againut la acterial biofilm  on ihe surface of the tracheostom y tu fe  [24]. In our own research on 
bacterial bicfilm , w e also n otid  the high ef2ecfiveness of gentam icin ageinst bacterial strains 
isolated from  patients w ith  a tracheostom y [18] . The use of gentam icin  for the treatm ent 
of infections of the etiology of G ram -negative aerobic bacteria w as a breakthrough in the 
prevention of lai ofilm  form ation  on their basis, including; for those associated w ith  the 
presence df Pseudomonas eeeuginosa. For over 50 years of its history, infections caused 
by m ultidrug-resistant bacteria have been  successfully treated, e.g., ,
Escherichia colif Serratia marcescens, Staphylococcus spp. Ini tially used parenterally since -the 
1090s, gedtam icin has been  ueed for topical treaOment in the 2orm of a collagen sponge, 
ointm ent, inhalation, and others in the rapidly developing branch of nanom edicine [25].

In m ost cases, however, polym er surfapes are chem ically inert and devoid of reactive 
groups that can bind to other m olecules on their surface. To increase the adhesive properties 
of the poly (vinyl chloride) surface, oxygen plasm a treatm ent w as used, thanks to w hich 
functidnal groups contaim ng oxygen w ere generated. S uch polar groups m ake the aurface 
hydrophilic and ferm  active centers for gentam icin  m olecule adsorphon. T h e d ru g s can 
later be del2vored to a specific environm ent bacause of the action of stim uli-responsive 
polym ers [26] . In  addition , the -C O O H  end -O  H  gro upu, due to the acoum ulated loc al 
charges, m ay negatively affect the adhesion of bacteria l cells, thus prevanting inSection of 
the Sunctionalized surface [27] .



The effect of plasm a treatm ent w as m onitored using the value of the contact angle of 
the surface. The preferential contact angle for biom aterials used in medicine should be less 
than 65 degrees [28]. This is im portant for b iocom patibility  w ith  the tissues surrounding 
the biom aterial. The m oderate hydrophilic properties of the biom aterial provide optim al 
conditions for cell proliferation and differentiation [29] . In  addition, the hydrophilic 
character of the m aterial reduces the adhesion of bacteria to the surface. In  this w ork, 
the optim al param eters at w hich  the sm allest contact angle of the surface (32° ±  2° ) w as 
obtained were reached after 180 s of exposure to 50 W  plasma and 0.2 mbar oxygen pressure. 
Com parable results w ere obtained by  Balazs [30]. In his experim ent, after 120 s of oxygen 
plasma operation, the percentage of concentration of oxygen atoms on the PVC surface was 
the highest.

Such a strategy of surface functionalization w ith  gentam icin  on another popular 
m edical polym er— polyethylene— has been reported elsew here [31]. In another study, Bo- 
Yu Peng em phasized that the process of PVC depolym erization in the presence of intestinal 
bacteria is inhibited by  using gentam icin. This additionally em phasizes the im portance of 
using this antibiotic in our study on tracheostom y tubes [32] .

G entam icin nanoparticles w ere created and incorporated into the biom aterial using 
a hom ogenizer and ultrasonic technology. The sonochem ical process can be used for the 
form ation of nanoparticles of bioactive substances but also, w hich is of particular interest, 
the ultrasonic waves facilitate the direct em bedm ent of the nanoparticles into the polymeric 
surfaces. This is due to u ltrasonic energy access, w hich  facilitates the loosening of the 
polym eric m aterial structure. Such a sonochem ical m ethod w as successfully em ployed for 
the fabrication and em bedm ent of gentam icin  nanoparticles into the surface of parylene 
C used for m etal im plant coating [16]. H ere, w e applied the sam e approach and show ed 
that the m ethod can be used for the functionalization of the P V C  m aterial used for the 
production of tracheostom y tubes.

We did not find gentam icin  m acrom olecules in the tested solution, and the largest 
nanoparticles had a size of ~350 nm. The largest num ber of nanoparticles w as obtained for 
a size of 50-75  nm. In a study by Kam al et al. [33], using the sol-gel m ethod, they obtained 
nanoparticles w ith a size of 68 nm and confirm ed their higher efficiency compared to stan
dard gentam icin. The m ultiplicity of nanoparticles is of great im portance in phagocytosis 
and pinocytosis. The larger the nanoparticle, the m ore difficult it is for it to get inside 
the cell using the above m echanism s. H ence, the sm aller the size of the nanoparticle, the 
greater its biological activity  [34]. Since drug nanoparticles are d irectly  deposited on the 
polym eric surface during the sonochem ical process, their stability in the solutions w ere of 
secondary im portance for the proposed approach and w e did not investigate it in detail.

In our study, the loading of gentam icin w as perform ed in two steps. In the first stage, 
as a result of surface treatm ent w ith oxygen plasma, covalent bonds of groups -CO, COOH, 
O H  w ith  the PV C  surface w ere form ed. In the second stage, non-covalent bonds w ere 
form ed betw een the functionalized surface and gentam icin  (through the use of a large 
num ber of w eak interactions such as electrostatic, ionic, van  der W alls and hydrophobic 
interactions, adsorption, and hydrogen bonds) [25] .

According to the analysis of bacterial adhesion on the PV C  surface, it w as possible to 
reduce the population of selected strains statistically significantly. Reducing the num ber of 
m ultidrug-resistant bacteria reduces the risk of developing system ic infections, including 
pneum onia, due to prolonged m echanical ventilation.

The therapeutic dose of gentam icin adm inistered parenterally is 3 -6  m g/kg of body 
w eight per day [35] . D ue to the narrow  therapeutic range, patients should be m oni
tored, especially  those w ith  im paired renal function. G entam icin  penetrates w ell into 
soft tissues (the highest concentration in  the kidneys w as 2 5 -1 0 0  tim es higher than in 
serum ), but in  the bronchial secretion it is only  25% , w hich lim its its use in patients w ith  
a tracheostom y [36]. Therefore, in the case of indications for its adm inistration, it seem s 
im portant to deliver it topically. The incorporation of gentam icin  nanoparticles onto the 
surface of the tracheostom y tube enables the use of sm aller doses of the antibiotic to fight



infections resulting from the presence of an artificial opening in the patient's neck. The tests 
performed confirmed the possibility of using the sonochem ical method to functionalize the 
surface of the polyvinyl chloride m aterial.

An im portant aspect is the cytotoxicity of gentamicin, especially in terms of its nephro
toxicity, neurotoxicity, and ototoxicity. Research by  Kovacik et al. [37] on V ERO  cell lines 
(kidney epithelial cells extracted from  A frican green m onkeys) show ed a decrease in cell 
survival and the inhibition of m itochondrial activity at gentam icin concentrations above 
2 m g/m L. Similarly, research by  Rathbone et al. [38], w ho evaluated the effect of various 
antibiotics, including gentam icin, on osteoblast viability, show ed a decrease in cell count 
(>75%) with higher doses of gentamicin (>2 mg/mL). Our studies showed a decrease in the 
cell viability of the A549 line at concentrations >1.5 mg/mL; however, they seem to be more 
resistant to gentamicin, as at concentrations of 6.25 mg/mL 50% of the cells remained viable.

5. Conclusions
The incorporation of nanoparticles onto the surface of tracheostom y tubes can sig

nificantly reduce the adhesion of bacteria to their surface and, thus, inhibit the form ation 
of a bacterial biofilm . These studies provide a good exam ple of how  to effectively  fight 
m icroorganism s w hile reducing the dose of gentam icin through targeted on-site delivery. 
They also illustrate the efficacy of com bined oxygen plasm a (generation of surface polar 
groups) and sonochem ical (em bedm ent of gentam icin nanoparticles) functionalization of 
the PV C  tracheostom y tubes to im prove their therapeutic and bactericidal perform ance.
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