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Abstract: The development of antibacterial materials has great importance in avoiding bacterial
contamination and the risk of infection for implantable biomaterials. An antibacterial thin film coating
on the surface via chemical bonding is a promising technique to keep native bulk material properties
unchanged. However, most of the polymeric materials are chemically inert and highly hydrophobic,
which makes chemical agent coating challenging Herein, immobilization of chlorhexidine, a broadspectrum bactericidal cationic compound, onto the polylactic acid surface was performed in a
multistep physicochemical method. Direct current plasma was used for surface functionalization,
followed by carbodiimide chemistry to link the coupling reagents of N-(3-Dimethylaminopropyl)N0 -ethylcarbodiimide hydrochloride (EDAC) and N-Hydroxysuccinimide (NHs) to create a free
bonding site to anchor the chlorhexidine. Surface characterizations were performed by water contact
angle test, X-ray photoelectron spectroscopy (XPS) and scanning electron microscope (SEM). X-ray
photoelectron spectroscopy (XPS) and scanning electron microscope (SEM). The antibacterial activity
was tested using Staphylococcus aureus and Escherichia coli. Finally, in vitro cytocompatibility of
the samples was studied using primary mouse embryonic fibroblast cells. It was found that all
samples were cytocompatible and the best antibacterial performance observed was the Chlorhexidine
immobilized sample after NHs activation.

Published: 8 April 2021

Publisher’s Note: MDPI stays neutral

Keywords: chlorhexidine; polylactic acid; biomaterial associated infection; plasma treatment; cytocompatibility

with regard to jurisdictional claims in
published maps and institutional affiliations.

1. Introduction

Copyright: © 2021 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses/by/
4.0/).

Biodegradable polymers, produced from renewable sources, are alternatives to conventional synthetic polymers with their competitive mechanical properties, biocompatibility,
processability, thermal stability, low-cost and environmentally-friendly properties [1–3].
Polylactic acid (PLA) is one of the most widely used biodegradable polymers in biomedical
applications, such as surgical plates, suture yards, and screws [2,3]. Like every other
biomaterial used in living tissue as an implant, PLA surface is also open to endogenous or
exogenous bacterial contamination. Such contamination may cause nosocomial infection
during hospitalization, followed by patient discomfort, extended hospitalization time, external drug load to recover, post-operation to remove the implant, and even morbidity [3–11].
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Biofilm formation on a biomaterial surface is a multistep process, which begins by bacterial
contamination, mediated by physicochemical interaction on the surface, followed by bacterial adhesion through hydrogen bonds and proliferation by multilayering and clustering.
Composed bacterial strain secretes an extracellular matrix (consist of polysaccharides,
nucleic acids and proteins) to cover the colonies and creates a biofilm [11,12]. The biofilm
ruptures after reaching the critical amount of bacteria and releases to the surrounding
tissue, resulting in potentially serious infections. Removing the existing biofilm is challenging by drug treatment and in most cases, the solution is the removal of the implant.
Therefore, bacterial contamination needs to be inhibited at the first stage of adhesion. Such
bacterial adhesion and biofilm formation depend on surface charge and density, the chemical composition of the surface, its topology (roughness) and hydrophilicity [4,13]. Since
only the biomaterial’s surface is in contact with the living tissue and environment during
the implantation, creating an antibacterial surface to prevent bacterial adhesion is a valid
and convenient approach, instead of blending the bulk material with antibacterial agents.
In this way, antibacterial drug loading can be lowered to avoid the patient from the side
effects of antibiotics as well as reduce the material cost and its release to the human body is
controlled by covalent immobilization. One of the most commonly used ways to fabricate
an antibacterial surface to prevent bacterial adhesion is using broad-spectrum antibacterial
agents to immobilize on the biomaterials surface. Chlorhexidine (CHx) is a broad-spectrum
bactericidal cationic compound belonging to the biguanide family and is toxic to both
Gram-negative and Gram-positive bacteria [14–18]. It is widely used as an ingredient
in household disinfectants, skin/hand antisepsis, hospital disinfectants, dental cleaning
products, and cosmetics [17,19,20]. The action mechanism of the CHx targets bacterial cell
membrane damage by electrostatic interactions of cationic CHx with anionic groups in the
bacterial lipid layer to reduce cell viability or even finalize by cell death [19–21].
Immobilization of the CHx onto an inert surface such as the poly(lactic) acid (PLA)
surface is challenging due to its high hydrophilic nature and lack of free bonding groups.
Antibacterial surface coating by the plasma mediated multistep physicochemical method
is a promising technique to overcome this drawback. Plasma treatment is a non-thermal,
fast and effective process without using any chemicals or toxins. Since most of the polymer
surfaces lack active functional groups for further chemical bonding and they are mostly
hydrophilic, plasma treatment can be used to functionalize the polymer surface by plasma
particles to create oxygen-containing functional groups (such as hydroxyl, carbonyl, carboxyl) and also increase the surface wettability/hydrophilicity by plasma etching [22–31].
The bulk material properties are not influenced by plasma treatment therefore its interaction is limited to the nanoscale [32,33]. In addition to antibacterial activity, the cytotoxicity
behavior of the antibacterial containing biomaterials is crucial because most of the antibacterial agents are toxic to cells, therefore their usage needs to be moderated to allow cell
growth on the biomaterials after implantation.
In this work, a plasma mediated multistep physicochemical method was used to
immobilize CHx onto the PLA surface. Apart from plasma functionalization, carbodiimide
chemistry was applied using the coupling reagents of N-(3-Dimethylaminopropyl)-N 0 ethylcarbodiimide hydrochloride (EDAC), and N-Hydroxysuccinimide (NHs) to increase
the anchoring of CHx onto the surface. Surface hydrophilicity analysis was carried out
using a water contact angle test, chemical analysis to observe elemental changes was
performed by x-ray photoelectron spectroscopy, and surface morphology was investigated
with a scanning electron microscope. Antibacterial performance of the samples was tested
against Staphylococcus aureus (CCM 4516) as Gram-positive and Escherichia coli (CCM 4517)
as Gram-negative representatives. Finally, in vitro cytocompatibility of the samples was
studied using primary mouse embryonic fibroblast cells.
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2.1.
Materialsand Methods
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2.2. Surface Modification
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washed with distilled water three times and dried at room temperature overnight; here-
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at 1486.6 eV for a 400 µm spot area under the chamber pressure of 6 × 10−8 Pa. The emitted
photoelectrons were detected with a hemispherical analyzer placed at an angle of 45° t
correlate with the normal plane of the samples.
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2.7. Antibacterial Test
The antibacterial activity was performed according to ISO 22,196 with modifications,
using bacterial strains of Staphylococcus aureus (CCM 4516) as Gram-positive and Escherichia
coli (CCM 4517) as Gram-negative representatives. Samples were prepared with the dimensions of 25 × 25 mm and disinfected by rinsing with 70% ethanol immediately before
testing. Bacterial suspensions were prepared in 1/500 nutrient broth (HiMedia Laboratories, India) for E. coli of 1.4 × 107 CFU mL−1 and S. aureus of 4.6 × 106 CFU mL−1 .
Each bacterial suspension was dispensed on the sample surfaces with a volume of 100 µL,
covered with polypropylene foil (20 × 20 mm), and subsequently cultivated at 35 ◦ C and
100% relative humidity for 24 h. After cultivation, polypropylene foils were removed and
samples were gently washed by SCDLP broth (HiMedia Laboratories, Mumbai, India).
Finally, the viable bacteria count was determined using the pour plate culture method
(PCA, HiMedia Laboratories, Mumbai, India).
2.8. Cytocompatibility Assay
In vitro cytocompatibility was studied using primary mouse embryonic fibroblast
cells (NIH/3T3, ATCC® CRL-1658TM , USA). The samples were prepared with dimensions of 10 × 10 mm foil and sterilized under UV-radiation (wavelength of 253.7 nm)
for 30 min. As a culture medium, the ATCC-formulated Dulbecco’s modified Eagle’s
medium (BioSera, France) containing 10% calf serum (BioSera, France) and 100 U mL−1
penicillin/streptomycin (BioSera, France). The cells were seeded onto the samples in a
concentration of 2 × 104 cells per mm2 and placed in an incubator for 24 h at 37 ◦ C.
After the incubation period, the cell viability was determined using the 3-(4,5Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay (Duchefa Biochemie,
Amsterdam, the Netherlands). First, the cells were washed with PBS (BioSera, France) and
a fresh medium containing MTT in the concentration of 0.5 mg per mL was added. After 4
h, formed formazan crystals were dissolved in DMSO and the absorbance was measured
by an Infinite M200 Pro NanoQuant absorbance reader (Tecan, Switzerland) at 570 nm and
the reference wavelength was adjusted to 690 nm. The results are presented as a reduction
of cell viability in percentage when compared to cells cultivated on pure PLA. All tests
were performed three times.
2.9. Statistical Analysis
All analysis performed in the manuscript were in triplicate, and one-way analysis of
ANOVA was performed. The GraphPad Prism software (Version 6.04, San Diego, CA, USA)
was used and p < 0.05 was considered as statistically significant.
3. Results and Discussion
3.1. Surface Wettability Results
The water contact angle test was performed by the sessile drop method to reveal the
surface wettability of the sample surfaces, which is related to its surface energy, as a result
of the interactions between the charges of the water molecules and polar contents of the
surface. The water contact angle value of 78.9◦ ± 2.3 was measured for the reference PLA
sample, as the highest contact angle value, which refers to the most hydrophilic surface
among all samples (Table 1). Thus, the pure PLA surface had the lowest surface energy
and therefore is not convenient for further chemical bonding. The water contact angle
value drastically dropped to 51.6◦ ± 1.0 for the PLA_DC sample due to the incorporation
of oxidative hydrophilic functional groups by applying direct current plasma and an
increased surface area by plasma etching. Therefore, appropriate surface condition for
further chemical immobilization was obtained after plasma treatment by increasing the
hydrophilicity and incorporating the oxidative functional groups. As listed in Figure 3,
EDAC and NHs activated samples of PLA_DC_EDAC and PLA_DC_NHs displayed
similar increased water contact angle values of 66.2◦ ± 1.8 and 67.3◦ ± 2.4, respectively,
compared to the PLA_DC sample. This indicates the successful bonding of the mediators
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of EDAC and NHs, and increased water contact angle values. Similarly, CHx immobilized
samples of PLA_DC_EDAC_CHx and PLA_DC_NHs_CHx showed the same hydrophilic
nature with 60.5◦ ± 3.7 and 60.3◦ ± 2.8 contact angle values respectively, as expected,
the same molecule was immobilized onto the mediators, which had a higher hydrophilic
nature than that of EDAC and NHs. Change in the water contact angle is an indicator of
the changes in surface conditions and immobilization of the mentioned chemicals, as was
demonstrated by XPS and SEM analysis.
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using the EDAC as a mediator led to a higher amount of CHx bonding on the surface,
compared to NHs, as was also proven by SEM analysis, due to the different stability and
reactivity of the intermediate. However, the level of bonded CHx is not directly related to
its antibacterial effect, but the release of CHx from the surface also needs to be considered,
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Figure 4. Surface morphology of the samples taken by scanning electron microscopy. (a) PLA, (b) PLA_DC,
(c) PLA_DC_EDAC, (d) PLA_DC_NHs, (e) PLA_DC_EDAC_CHx, and (f) PLA_DC_NHs_CHx.
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3.4. Antibacterial Activity Results
Antibacterial activity of the prepared PLA scaffolds was tested against Staphylococcus
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3.5. Cytocompatibility Results
Besides antibacterial activity, the biocompatibility of the antibacterial-containing biomaterials is crucial since most of the antibacterial agents are toxic to cells, therefore their

substance is low. Thus, the cytocompatibility was determined using the direct contact o
cells with the surface of materials.
Table 2. Antibacterial and cytocompatibility test results using colony-forming units per cm2 and cell viability.
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Figure6.6.Cytotoxicity
Cytotoxicity
results
of samples,
the samples,
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4. Conclusions
Antibacterial agent, chlorhexidine was successfully immobilized onto the hydrophobic
polylactic acid surface after plasma treatment followed by EDAC and NHs activation. The
antibacterial effect of functionalized surfaces was tested against S. aureus and E. coli strains
and the cytocompatibility assay was studied using fibroblast cells. It was demonstrated
by XPS and SEM analysis that a higher amount of CHx was immobilized onto the EDAC
activated surface (PLA_DC_EDAC_CHx) compared to the NHs activated counterpart
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(PLA_DC_NHs_CHx). However, the antibacterial effect of the PLA_DC_NHs_CHx sample
demonstrated a higher effect, especially against E. coli. Furthermore, cell adhesion and
growth were higher on the PLA_DC_NHs_CHx sample compared to PLA_DC_EDAC_CHx.
Thus, the use of NHs, rather than EDAC, was found to be more effective for CHx immobilization onto the PLA surface to achieve higher antibacterial activity and cytocompatibility.
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