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1. Multifunctional Mg(OH)2-PLA/f-CNTs coating were prepared on Mg using the dip-coating method. 

2. Mg(OH)2-PLA/f-CNTs coated Mg alloy results in superior corrosion resistance and cytocompatibility 

than uncoated Mg alloy. 

3. Antibacterial performance of Mg(OH)2-PLA/f-CNTs coating increases with increasing f-CNTs 

concentration. 

4. Corrosion and antibacterial mechanism of the Mg(OH)2-PLA/f-CNTs coating on Mg alloy is proposed. 
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Abstract 

The present study explores the effect of combined alkaline treatments (NaOH) and the 

incorporation of functionalized carbon nanotubes (f-CNTs) into poly(lactic acid) (PLA) composite 

coatings on the corrosion resistance, biocompatibility, and antibacterial efficacy of AZ31 

magnesium (Mg) alloy. Various pretreatment techniques and coating layers have been found to 

exert considerable influence on the phase composition, morphology, thickness, wettability, as well 

as corrosion resistance, and biological characteristics of the Mg alloy. The formation of an 

Mg(OH)2 layer on alkaline-treated Mg alloy has proven to enhance hydrophilicity, corrosion 

resistance, and biocompatibility. Moreover, the findings highlight that incorporating f-CNTs into 

PLA improves the corrosion resistance, cytocompatibility, and antibacterial activity of Mg alloy 

in physiological solutions and the extent of these improvements is related to the quantity of f-

CNTs present in the composite coating. Additionally, the outcomes have shown that the inclusion 

of f-CNTs promotes the formation of hydroxyapatite (HAp) during a 14-day immersion in 

simulated body fluid (SBF). Overall, the combination of alkaline treatments and the PLA/f-CNTs 

composite coating is showcased as a promising surface modification approach for orthopedic 

applications. 

Keywords: Mg alloys; Alkaline treatments; PLA/f-CNTs composite coating; Corrosion, Biocompatibility; 

Antibacterial activity 
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1. Introduction 

Magnesium (Mg) alloys exhibit mechanical properties similar to those of natural bone, excellent 

biocompatibility, and are susceptible to corrosion within the pH range of 7.4–7.6, especially in 

environments with high chloride concentrations typical of physiological systems [1-3]. The 

fascinating attributes of Mg alloys have garnered significant interest, particularly in the context of 

biodegradable bone implant applications [4-6]. In connection with this aspect, a considerable 

amount of investigations have been carried out on both in vitro and in vivo corrosion of Mg-based 

alloys [7-9]. The density and elastic modulus of Mg alloy fall within a comparable range to that of 

natural human bone. This attribute makes it a promising option as a bone replacement, providing 

a more pleasant experience in contrast to traditional non-reactive metal biomaterials like stainless 

steel and titanium alloys. In contrast to these traditional biomaterials, Mg alloy can be assimilated 

by tissues, making it well-suited for applications in fixation areas. This quality eliminates the 

necessity for a subsequent surgical intervention once the tissues have completely recovered [10-

12].  

Nevertheless, the corrosion rate of Mg-based alloys remains relatively high, ranging from 3 to 8 

mm/y within the initial 24-hour immersion period in simulated body fluid (SBF), due to the 

electrochemical activity of Mg [13-16]. Consequently, an untreated Mg-based component 

undergoes complete degradation within a period of 2 weeks upon immersion. This situation has 

the potential to lead to the failure of Mg-based implants before the complete healing of the 

corresponding damaged tissue, and triggering inflammation in surrounding tissues. This poses a 

challenge to the broader application of Mg-based implants in clinical settings [17-20]. Hence, 

various approaches have been suggested to improve the corrosion properties of Mg-based alloys 

[17, 21, 22]. Surface modification is recognized as a potential technique for enhancing the 

corrosion properties of Mg-based alloys, as it establishes a protective barrier between the metal 

and its surrounding environment [23-26]. In this context, polymer coating films remain among the 

most effective surface treatments. Poly(lactic acid) (PLA), sourced from renewable biomass like 

wheat, corn, or rice, emerges as a highly favorable eco-friendly polymer compared to traditional 

petroleum-based plastics [27-29]. PLA has been widely employed in various fields, including 

biomedical materials and biocomposites, owing to its exceptional biodegradability and favorable 

processing characteristics [30]. Furthermore, owing to its biocompatibility, PLA emerges as a 

promising material for implant development, given its easy absorption via hydrolytic degradation 



processes within the human body. Lactic acid, naturally present in the human body, facilitates the 

degradation of the polymer, leading to the generation of H2O and CO2 through the Krebs cycle 

[31]. Nonetheless, the intrinsic brittleness and absence of antiradical activity in PLA limit its 

application in the biomedical fields. To enhance the toughness and antiradical properties of PLA, 

the addition of nanofillers has been employed [32, 33]. Likewise, the reported issues of PLA 

surface contamination and the formation of biofilms pose significant challenges for its broader 

adoption in the biomedical field, as they serve as potential sources of infection [33]. In this context, 

the incorporation of antibacterial nanofillers is employed to create PLA-matrix composites with 

antibacterial properties [34, 35]. Gaining prominence in a range of biomedical uses, such as 

biological diagnosis and drug delivery, the oral delivery of carbon nanotubes (CNTs) continues to 

be the favored approach for pharmaceutical administration [36, 37]. This selection is made due to 

its cost-effectiveness, absorbent characteristics, non-invasiveness, and patient comfort [38, 39]. 

Elimelech et al. have reported the bactericidal properties of CNTs against Escherichia coli and 

Staphylococcus aureus bacteria. They studied both single-walled carbon nanotubes (SWCNTs) 

and multi-walled carbon nanotubes (MWCNTs) types of CNTs, in which SWCNTs exhibited a 

pronounced bactericidal effect, attributed to their smaller tube diameter. Comparable outcomes 

have been observed for both Gram-negative and Gram-positive bacteria [38-40]. The mechanism 

likely involves membrane disruption and oxidative stress, which are associated with the chemical 

and physical characteristics of CNTs [39-43]. 

Moreover, reports indicate that the functionalization of CNTs through non-covalent association 

with polymers has been suggested as an effective strategy to enhance their water dispersibility and, 

consequently, their biocompatibility. Numerous studies by various researchers have illustrated that 

well-dispersed CNTs are non-toxic to various cell lines and primary cells, such as mesenchymal 

stem cells. Overcoming this challenge is crucial in the processing or engineering of CNTs because, 

in their pristine form, they tend to exist as aggregates or bundles held together by hydrophobic 

interactions between the sp2 carbon tube shells [39, 40, 43-46]. An earlier in vitro investigation 

has shown that the toxicity of MWCNTs to human cells was notably impacted by the clustering 

phenomenon. Kang et al. discovered that partially unbundled MWCNTs with a diameter of 4.1 

µm (achieved through functionalization in a mixture of H2SO4 and HNO3) exhibited greater 

toxicity towards bacteria in comparison to larger MWCNT bundles with a diameter of 77 µm [40, 

47]. Nevertheless, there is limited knowledge regarding the antibacterial efficacy of functionalized 



carbon nanotubes (f-CNTs)/PLA-Mg(OH)2 against bacteria. In the course of this investigation, 

PLA was utilized to coat CNTs, creating PLA/CNTs composites. Consequently, we delved into 

the electrochemical behavior and antibacterial properties of Mg-based alloy subsequent to 

anodization in sodium hydroxide (NaOH) alkaline solutions. A comparable study demonstrated 

the synthesis of a nonstructural film of Mg(OH)2 on the AZ31 Mg alloy substrate using the 

hydrothermal method. In this process, NaOH solution acted as a mineralizer to decrease the 

corrosion rate of materials based on Mg. Hence, this initiative is expected to be beneficial in 

enhancing the corrosion resistance and antibacterial properties of PLA/f-CNTs nanocomposites, 

and potentially other types of nanocomposites as well.  

2. Materials and methods 

2.1. Sample pretreatment and coating 

The substrate of Mg-based alloy was obtained by machining AZ31 alloy commercial ingots, which 

were then cut into several specimens with approximate dimensions of 10×10×7 mm³. Each sample 

underwent a stepwise polishing process using SiC papers with grit sizes ranging from 800 to 2000. 

Subsequently, the prepared specimens were cleaned in ethanol and distilled water ultrasonically 

for 10 minutes each and left to dry at ambient conditions before utilization. As part of the alkaline 

pretreatment, the Mg alloy samples underwent immersion in a 1 M NaOH solution for 24 h at 

75°C. Following this treatment, the samples were cleaned with deionized water, and the resulting 

sample was labeled as Mg-OH. Following the pretreatment, the samples were washed with distilled 

water and then dried using warm air. The coating layers of PLA and PLA/f-CNTs were applied to 

the surfaces of the alkaline-treated samples using the dip-coating method according to Ref. [17]. 

To reduce the Van der Waals force between CNTs, functional groups like carboxyl (–COOH) and 

hydroxyl (–OH) were introduced onto the surface of the CNTs. This was accomplished by soaking 

the CNTs in a solution of H2SO4 and HNO3 with a volume ratio of 1:3 for 4 h at 40°C. The resulting 

slurry was filtered and subsequently rinsed with both distilled water and ethanol based on Ref. 

[48]. Solutions of PLA with concentrations of 10 wt.% were formulated by dissolving PLA 

granules in dichloromethane (DCM) solvent under magnetic stirring for 5 h. Colloids were then 

created by combining various concentrations (0.1, 0.3, and 0.5 wt%) of f-CNTs with the PLA 

polymer solution (10 wt%). The resulting colloidal solution underwent continuous stirring for 10 

h (Schem. 1). Finally, the prepared samples were immersed in the mixed solutions for 30 seconds 

and then withdrawn from the solution.  



 
Schem. 1. Schematic illustrating the formulation process for Mg(OH)2-PLA/f-CNTs 

nanocomposite coating on Mg alloy. 

 

2.2. Characterizations 

Microstructures of the samples were analyzed using a Mira3 TE.SCAN field emission scanning 

electron microscope (FESEM). Phase analysis was conducted using a Bruker D8 X-ray 

diffractometer. The energy-dispersive X-ray spectrometer (EDS) integrated into the FESEM 

microscope was utilized for the elemental analysis. X-ray diffraction (XRD) experiments involved 

Cu–Kα X-ray with a scanning speed of 8° per minute within a 2θ range of 20–80°. The wetting 

characteristics of the specimens were evaluated using the sessile drop procedure, employing a 

GBX Digidrop, Romans-sur-Isère (made in France) video contact angle device with a drop size of 

10 mL at ambient conditions. Fourier transform infrared (FTIR) spectra were captured employing 

a Nicolet 5700 spectrophotometer. The outcomes presented are derived from examining three 

samples within each composite material group. 

2.3. Corrosion tests 

The measurements of potentiodynamic polarization were conducted on both bare and coated Mg 

alloys using a Zennium potentiostat from Zahner, Germany. In the electrochemical test, a standard 

3-electrode setup was employed, with platinum foil serving as the counter electrode (CE), a 

saturated calomel electrode (SCE, saturated KCl) as the reference electrode (RE), and the specimen 

as the working electrode (WE). The potentiodynamic polarization was recorded at a scan rate of 

0.5 mV.s-1. Electrochemical impedance spectroscopy (EIS) covered a frequency spectrum from 

105 to 10-2 Hz, utilizing a sinusoidal voltage with a 5 mV amplitude. The acquired experimental 



data underwent fitting and analysis using the commercial software ZsimpWin 3.50. Each 

measurement was replicated at least five times to ensure reproducibility. Specimens underwent 

immersion tests following the ASTM G31-72 standard. Subsequently, the specimens were 

immersed in a beaker with 200 ml of Ringer's solution at 37 °C. Post-immersion, the surface 

appearance of corroded specimens was assessed using scanning electron microscopy (SEM) and 

EDS. 

2.4 In vitro biocompatibility 

Human adipose mesenchymal stem cells (hADSCs) osteoblastic cells were cultured in α-MEM 

culture media supplemented with 10% FBS and 1% penicillin and streptomycin. Culturing the cell 

was performed in a humidified environment having 5% CO2 at 37 °C, and the culture media were 

replenished every 48 h. When the cells reached 80 to 90% confluency, they were detached utilizing 

0.25% trypsin/EDTA and then sub-cultured at a density of 105 cells per cm2 in a 100 mm petri 

dish. Cells from the 3rd-6th passage of hADSCs were utilized for the tests. All cell assay 

experiments were performed in triplicate for every sample type at every time point, and the 

experiments were repeated at least once. The cell viability assay was conducted employing an 

indirect contact technique. The hADSCs were seeded in a 96-well plate at a density of 2×104 cells 

per mL with 100 µL of suspension for every well and incubated for 24 h to allow attachment. 

Subsequently, the culture media were replaced with 100 µL of the sample extracts. Following the 

incubation, for all time points of 1, 3, and 5 days, 10 µL of CCK8 solution was added to each well 

and incubated for 2 h in a cell incubator. The optical density (OD) was then measured at 450 nm 

using an iMARK (Bio-Rad, USA) microplate reader according to Ref. [49]. 

2.5 Antibacterial activity test  

The plate counting technique was utilized for the evaluation of bacterial growth on both untreated 

and treated samples. The coated samples were subjected to sterilization using UV light and were 

placed in a sterile Petri dish. Subsequently, 100 µL of culture media containing 5×105 CFU/mL of  

Staphylococcus aureus (S. aureus) bacteria was applied to the surfaces of the samples. Afterwards, 

the samples were incubated at 37 °C for 1 h, and their surfaces were rinsed with a saline solution 

to retrieve the proliferated bacteria. The collected suspensions underwent a fourfold dilution and 

were then plated on agar-agar (TSA, Becton-Dickinson, Sparks, MD, USA) plates, which were 

incubated at 37 °C for 24 h. Following the incubation period, a light microscope was utilized to 



count the colonies formed on every plate, thereby evaluating the antibacterial effectiveness of the 

specimens against S. aureus bacteria. 

2.6. Statistical analysis  

The results obtained in this study were presented as the mean ± standard deviation, calculated from 

a sample size of n = 3. Statistical significance was evaluated through one-way analysis of variance 

(ANOVA), and P < 0.05 was deemed as the significance threshold. 

3. Results and discussion 

3.1. Characterization  

Fig. 1 shows the SEM micrographs of the initial powders used for Mg(OH)2, PLA, and PLA/f-

CNTs coatings. In the case of alkaline-treated (AB1) samples, it is noticeable that extensive 

overlapping flakes appear in a disordered manner on the surface of AB1 specimen, exhibiting the 

characteristic morphology of Mg(OH)2 under similar reaction conditions. It is important to 

highlight that the surface of AB1 specimen consists of compact nanoparticles, with a 

predominantly dense surface, yet some micropores of irregular sizes are detectable. These 

micropores could have a notable impact on the corrosion behavior of the samples. The PLA coating 

(AB2) displayed a surface that was smooth with cracks and featured some small nodules. However, 

the incorporation of f-CNTs into the PLA matrix resulted in the emergence of a highly flake-like 

morphology (AB5). The micrograph illustrates that in the PLA/f-CNTs coating with varying filler 

amounts, f-CNTs are dispersed relatively uniformly within PLA, without distinct regions rich in 

isolated f-CNTs. In the PLA/f-CNTs coating with a higher concentration of f-CNTs, the tips of 

incorporated f-CNTs can serve as nucleation sites within the matrix [50]. Additionally, the cross-

section of the PLA/0.3f-CNTs nanocomposite coating (AB4) reveals the formation of a substantial 

layer of Mg(OH)2-PLA/0.3f-CNTs, with a thickness of about 58.5 μm, that uniformly covers the 

surface of the bare nanocomposite. This comparatively high-thickness layer reduces the corrosion 

rate by acting as an impediment to metal dissolution. It is noteworthy that the incorporation of 

varying amounts of f-CNTs into the PLA layer has minimal impact on the film thickness. 

Importantly, when the substrate is exposed to a corrosive solution, the protective efficacy is 

improved by incorporating a layer with increased thickness and density. Thus, it can be deduced 

that there is a direct correlation between the thickness of the coating and the effectiveness of 

protection. 



 
Fig. 1. FESEM micrographs depict the surfaces of alkaline-treated (AB1), PLA (AB2), PLA/0.1f-CNTs 

(AB3), PLA/0.3f-CNTs (AB4), and PLA/0.5f-CNTs (AB5) composite coatings. Additionally, a cross-

sectional image of the PLA/0.3f-CNTs (AB4) composite coating sample is included 

In Figs. 2A, and 2B, the XRD patterns of the untreated AZ31 alloy, Mg(OH)2, PLA, and PLA/f-

CNTs coating samples are presented. The XRD pattern of the alkaline treatment (AB1) sample 

reveals that the primary phase of the alkaline pretreatment was Mg(OH)2, consistent with findings 

from earlier investigations [15,25]. Nevertheless, only the diffraction peaks of Mg (JCPDS No. 

35-0821) are evident in the XRD pattern of the uncoated Mg alloy [17]. The XRD analysis reveals 

two prominent peaks at 16.5° and 19° in the specimens. These two peaks indicate the diffraction 

of (110)/(200) and (203) crystal planes of PLA/f-CNTs, respectively [50]. It is important to 

mention that other peaks of f-CNTs are not observed, likely due to their low content, falling below 

the detection limit of the XRD instrument. 

The outcomes of the investigation into the presence and characteristics of interfacial interactions 

are depicted in Figs. 2C and 2D, showcasing the FTIR patterns of the Mg alloy, Mg(OH)2, PLA, 

and PLA/f-CNTs coatings. Notably, no peaks were seen on the original Mg alloy, revealing the 

absence of chemical groups on the surface. Following alkaline treatment, a robust absorption peak 

appeared at about 3700 cm–1, corresponding to the characteristic peak of hydroxyl groups. This 

suggests the formation of a protective passive layer with an increased number of hydroxyl groups 

[10]. In Figs. 2C and 2D, the acquired FTIR spectra reveal three distinctive absorption bands: 



2918, 1749, and 1181 to 1083 cm–1, corresponding to the stretching vibrations of –OH, C=O, and 

C–O groups of PLA, respectively. Additionally, a bending vibration of CH3 groups is observed at 

1456 cm–1, and at 1379 to 1362 cm–1 (not denoted), bands arise from the C–H deformation and 

asymmetric/symmetric bending, respectively. The bands at 868 and 758 cm–1 correlate to the 

bending vibration of C=C and C–H groups, respectively [34]. The FTIR spectra of PLA/f-CNTs 

samples did not exhibit a characteristic vibration of intermolecular –OH (3550 to 3200 cm–1). 

However, a weak vibration at 2918 cm–1 correlated to the existence of intramolecular –OH was 

seen in both PLA and PLA/f-CNTs. Additionally, a band at 1210 cm–1 in PLA/f-CNTs may be 

attributed to the stretching vibrations of C-O bonds. Moreover, the stretching vibrations of C-O 

groups from PLA at 1083 cm–1 shifted to a lower wavenumber for PLA/f-CNTs. This suggests that 

the adhesion mechanism between f-CNTs and the PLA matrix might be associated with an 

interaction of terminal hydroxyl groups of PLA, included in carboxyl groups, with hydroxyl groups 

on the CNTs surface via a condensation reaction [34]. It is noteworthy that groups of f-CNTs 

exhibit peaks at 1631 cm–1 and 2852 cm–1/2923 cm–1, relating to the C=C and C–H vibrations, 

respectively. Two new bands are observed, representing the vibrations of C=O at 1661 cm–1 and 

O–H at 920 cm–1/1430 cm−1, arising from the carboxylic (–COOH) groups [33, 34]. These findings 

indicate the successful introduction of oxygenic functional groups after HNO3/H2O2 treatment. 

Similarly, a characteristic band was observed in the PLA/f-CNTs coating containing a higher 

amount of f-CNTs. 



 
Fig. 2. (A, B) XRD patterns, (C, D) FTIR analysis of uncoated (AB), alkaline-treated (AB1), PLA (AB2), 

PLA/0.1f-CNTs (AB3), PLA/0.3f-CNTs (AB4), and PLA/0.5f-CNTs (AB5) composite coatings. 

 

3.2. Water contact angle 

The microstructure and chemical composition of a material's surface are recognized as influential 

factors in in-vitro bioactivity within aqueous environments. Consequently, surface properties, 

including surface free energy and wettability, play a vital role in determining the biological 

performance of materials [10]. In this context, water contact angle (WCA) measurements were 

conducted to assess surface wettability. As depicted in Fig. 3, a noticeable decrease from 70.8° for 

the pristine Mg to 51.4° was observed after alkaline treatment. This reduction can be correlated to 

the introduction of a large number of –OH groups on the Mg alloy surface during treatment, 

facilitating the formation of hydrogen bonds and resulting in enhanced hydrophilicity [10, 51]. 

Additionally, it was observed that the WCA for the PLA coating was 87.3°. With an increase in 

the f-CNTs content to 0.1 and 0.5 wt% in the composite coating, a slight decrease in the WCA was 



noted. This reduction in the WCA may be attributed to the presence of interconnecting f-CNTs 

particles within the PLA matrix [44]. The incorporation of f-CNTs significantly enhanced the 

hydrophilic properties of the PLA-based coating, primarily attributed to the hydrophilic nature of 

f-CNTs containing a substantial number of oxygenated functional groups [10, 52]. It's noteworthy 

that the WCA remained smaller than that of the PLA coating even with the introduction of 

hydrophilic carboxyl groups. A consistent trend of decreased WCA was observed with the 

incorporation of f-CNTs, indicating a continuous enhancement of hydrophilicity by encapsulating 

f-CNTs in the PLA matrix. 

 
Fig. 3. Results of WCA measurements for (AB), alkaline treated (AB1), PLA (AB2), PLA/0.1f-CNTs 

(AB3), PLA/0.3f-CNTs (AB4) and PLA/0.5f-CNTs (AB5) composite coatings 

 

3.3. Corrosion studies 

Figs 4A, and 4B present the Tafel polarization curves of AZ31 Mg-based substrate and the treated 

specimens after a 15-minute soaking in Ringer's solution at 37 ± 1°C. Also, the electrochemical 

parameters derived from the Tafel polarization curves for each sample are tabulated in Table 4. 

Initially, it is notable that the corrosion current density (icorr) of all the treated samples has shifted 

to more negative values compared to the AZ31 Mg alloy. It can be deduced that after alkaline 

treatment, the icorr declined, which indicates an enhancement in the corrosion properties of the Mg-

based alloy. Forming a magnesium hydroxide layer on the surface of AZ31 Mg alloy led to a 

reduction in current density and an increase in corrosion resistance. Furthermore, PLA/f-CNTs 

coatings with lower f-CNTs content exhibited superior corrosion resistance compared to their 



counterparts with higher f-CNTs content. The presence of a smaller amount of CNTs decreases 

the dynamic and kinetic inclination towards corrosion, as evidenced by the icorr values. Regarding 

the effect of CNTs, their presence in the coatings enhances the barrier effectiveness in resistance 

to the corrosive solution compared to PLA coating alone. This enhancement can be attributed to 

the bridging mechanism of CNTs within the PLA matrix, creating a more compact coating 

structure that restricts the access of the corrosive solution to the base material [32, 53-55]. 

However, increasing the CNTs content up to 0.5 wt.% in the composite coatings leads to an 

elevated corrosion rate. This could be attributed to the non-uniform coating morphology of 

PLA/0.5f-CNTs samples, possibly caused by the agglomeration of CNTs. In this context, the 

polarization resistance (Rp) associated with the PLA/0.3f-CNT (4.17 kΩ.cm2) was significantly 

higher than that of PLA (2.25 kΩ.cm2) and PLA/0.5f-CNTs (1.03 kΩ.cm2). This difference is 

possibly attributed to the higher thickness of the dense barrier layer [40], resulting in enhanced 

corrosion protection in the f-CNTs reinforced PLA coating than the PLA coating without f-CNTs, 

as presented in Table 1. Moreover, it can be inferred that the diffusion resistance of the dense 

barrier layer primarily contributes to the corrosion protection of the coating system. 

Figs. 4C, and 4D depict the Nyquist diagrams corresponding to untreated Mg alloy, Mg(OH)2, 

PLA, and PLA/f-CNTs coatings samples in Ringer's solution. In the figure, all the curves of the 

samples exhibit a capacitive semi-circle, indicative of load transfer resistance. As evident, the 

untreated sample displays a capacitive semi-circle with the smallest radius, while alkaline 

treatment on the sample surface increases the diameter of the capacitive semi-circles to 2054 

Ω.cm2. This suggests that the formation of the Mg(OH)2 layer on the Mg alloy surface has 

enhanced its corrosion resistance. Comparing the diameters of semi-circles related to PLA/f-CNTs 

coated and uncoated samples in Figs. 4C and 4D show not only a remarkable enhancement in the 

corrosion behavior of AZ31 alloy but also the prevention of local corrosion. Additionally, a 

preliminary comparison between the Nyquist diagrams of PLA and PLA/0.3f-CNTs suggests that 

PLA/0.3f-CNTs provide higher protection in comparison with PLA for both immersion times. 

Building upon the prior discourse, a proper equivalent electrical circuit was used for the fitting of 

individual data series. Instead of an ideal capacitor, a constant phase element was utilized to 

account for non-ideal characteristics associated with surface irregularities and/or roughness.  

In this context, Rs, CPE, and CPEdl represent the resistance of the solution, constant phase element, 

and double-layer capacitance, respectively. On the other hand, Rct and Rpore denote the resistance 



to charge transfer and resistance in the pores of the surface film. The PLA/0.3f-CNT (Rct: 14120 

Ω.cm2) exhibits significantly higher resistance than PLA/0.5f-CNTs (Rct: 3623 Ω.cm2), possibly 

attributed to the absence of agglomeration and the compact nature of the PLA-coated film 

containing f-CNTs, as presented in Table 2. Conversely, uncoated and alkaline-treated samples 

show lower corrosion resistance due to lower thermodynamic stability and the formation of a thin 

film with less compactness of Mg(OH)2. 

The analysis of Bode modulus curves in Figs. 4E and 4F reveal that PLA/0.3f-CNTs coated sample 

exhibits the highest impedance modulus at low frequencies, confirming its superior resistance to 

aggressive ions. Moreover, the PLA/0.3f-CNTs coating layer proves to be more effective in 

inhibiting the corrosion phenomenon in the substrate. Additionally, the phase angle at the highest 

frequency (–Ɵ) serves as a relevant parameter for assessing the corrosion resistance of the uncoated 

and PLA-coated specimens containing f-CNTs, as derived from the phase plots presented in Figs. 

4E and 4F. The –Ɵ value for the PLA/0.3f-CNTs coating experiences a significant decrease from 

approximately 62º to about 58º for PLA/0.1f-CNTs and 43º for PLA/0.5f-CNTs. Meanwhile, the 

–Ɵ values for PLA with a low amount of CNTs undergo minor changes, underscoring the role of 

f-CNTs in the PLA matrix in maintaining the barrier performance of the PLA/f-CNTs composite 

coating. Consequently, it can be deduced that the primary factor contributing to the reduction in 

the corrosion rate of the substrate is the mass transfer resistance of the corrosion products layer. 

Table 1. Electrochemical parameters of samples in SBF solution obtained from the polarization 

experiment 
Rp  

(kΩ.cm2) 

icorr 

(μA/cm2) 

Ecorr 

(V) 

-βc 

(v.dec-1) 

βa 

(v.dec-1) 
Samples 

0.97 19.05 -1.55 0.261 0.051 AB 

1.03 19.95 -1.49 0.385 0.054 AB1 

2.25 10.47 -1.54 0.496 0.061 AB2 

2.28 8.12 -1.52 0.378 0.048 AB3 

4.17 4.89 -1.61 0.323 0.055 AB4 

1.34 19.67 -1.58 0.357 0.073 AB5 

 

Table 2. Outcomes of Fitting of impedance experiment on the electrochemically equivalent circuit 

Samples Rs (ohm.cm2) CPEdl (S.secn/cm2) n Rct  (ohm.cm2) 

AB 10.6 3.63E-5 0.80 812 

AB1 145.2 5.73E-6 0.78 2054 

AB2 146.7 6.54E-6 0.74 6583 

AB3 104.2 3.38E-6 0.82 7500 

AB4 236.4 2.30E-6 0.57 14120 

AB5 28.87 3.86E-5 0.69 3623 



 
Fig. 4. (A, B) Polarization curves, (C, D) Nyquist curves, and (E, F) Bode modulus and Bode phase plots 

of for uncoated (AB), alkaline treated (AB1), PLA (AB2), PLA/0.1f-CNTs (AB3), PLA/0.3f-CNTs 

(AB4) and PLA/0.5f-CNTs (AB5) composite coatings 

 

To validate the conclusions drawn from potentiodynamic polarization and EIS studies, an 

immersion test was conducted on bare and coated Mg-based samples. SEM images of the 

specimens taken after 14 days of soaking in Ringer's solution are presented in Fig. 5. The surface 

of the uncoated Mg alloy is covered with corrosion products, along with a large number of pits 

and cracks, while a partial area of the corrosion products covers the surface of the alkaline-treated 

Mg alloy [10, 56]. In this context, pitting corrosion occurred for Mg-OH samples, but it was 

remarkably smaller than that of the uncoated AZ31 alloy. This observation further confirms that a 

barrier layer of Mg(OH)2 was formed after alkaline treatment. This barrier layer can isolate the 

Mg matrix from the corrosion in the medium to some extent, contributing to the enhanced 

corrosion resistance. The morphology of the PLA/f-CNT coating reveals aggregation, with a 

combination of spherical and irregular structures in regions with lower f-CNT content. The f-CNTs 



may agglomerate in certain areas, creating additional nucleation sites. However, in regions with 

higher f-CNT content, there is a transformation of some corrosion product regions from spherical 

to plate shape, leading to structural heterogeneity in PLA with increased f-CNT content [48, 54]. 

SEM images additionally illustrate that the f-CNTs enhance the nucleation sites of hydroxyapatite 

(HAp) after the application of alkaline treatment following deposition. The increased HAp nuclei 

may decrease and fill the passageways in the composite coatings, preventing Ringer's solution 

from penetrating into the substrate. However, the high incorporation of f-CNTs reduced corrosion 

resistance because of the clustering of CNTs and the decreased homogeneity of the PLA/0.5f-

CNTs coatings. The incorporation of CNTs and graphene can concurrently improve the structural 

integrity and bioactivity of metallic biomaterials, as demonstrated by Zanello et al. [57]. They 

explored the interaction between osteoblast cells and CNT, concluding that CNTs promote the 

growth of osteoblast cells, leading to subsequent new bone formation [43]. Additionally, previous 

studies have indicated that the bioactivity of CNTs is largely attributed to their presence, which 

accelerates bone growth, and biomineralization, and inhibits osteoclastic bone resorption [58]. The 

enhanced bone repair is facilitated by CNTs stimulating osteoblast proliferation and adhesion [43, 

59]. Furthermore, CNTs can serve as an efficient nano matrix for the growth of HAp crystals with 

stoichiometric values aligned with natural HAp [60-62]. As a result, CNTs serve as an effective 

nucleation surface, promoting the formation of a biomimetic apatite coating [63]. Additionally, in 

coatings with added CNTs, the newly deposited layer covers the pre-existing layer. This 

observation suggests that the increase in nucleation sites, facilitated by f-CNTs, can compensate 

for the low concentration of calcium and phosphate ions, leading to a reduction in the nucleation 

formation energy of new deposits. Furthermore, the higher specific area of CNTs allows for more 

sites for the absorption of Ca2+, PO4
3−, and OH− ions from the SBF solution, leading to the 

formation of a new Ca-P layer [54].  



 
Fig. 5. FESEM micrographs of uncoated (AB), alkaline treated (AB1), PLA (AB2), PLA/0.1f-CNTs 

(AB3), PLA/0.3f-CNTs (AB4) and PLA/0.5f-CNTs (AB5) composite coatings after a 14-day immersion 

in SBF solution. 

 

Fig. 6 provides additional insights into the morphology and EDS spectra of the Mg alloys and 

PLA/f-CNTs composite coating sample after a 14-day immersion in Ringer's solution. EDS 

surface analysis conducted on the top view of the uncoated and PLA/f-CNTs composite coating 

can trigger Mg(OH)2 and MgCO3 formation during immersion in the Ringer's solution. EDS 

precipitation mapping results revealed the existence of Mg, O, C, P, and Cl on the surfaces of both 

the uncoated and PLA/f-CNTs composite-coated samples. The composite coated samples 

displayed a more evenly distributed surface composition of O, C, Na, and P with a lower amount 

of Cl compared to the uncoated samples. The consistent distribution of carbon verified the 

existence of f-CNTs in the PLA/f-CNTs composite. Oxygen (O) is derived from Mg degradation 

reactions in the Ringer's solution. When comparing the element mappings of Mg and O, it was 

noticed that regions abundant in Mg corresponded with regions rich in O, suggesting the formation 

of magnesium hydroxide (Mg(OH)2) on the surface of the Mg-based composite specimen during 

immersion in Ringer's solution. 



 

Fig. 6. FESEM micrographs and EDS analyses of (A) uncoated Mg specimen, and (b) PLA/0.5f-CNTs 

composite coatings after 14 days of immersion in SBF solution. 

3.4. Antibacterial activities 

The antibacterial activities of untreated Mg alloy, Mg(OH)2, PLA, and PLA/f-CNTs coated 

samples with different concentrations of f-CNTs were assessed using the colony counting method 

against Staphylococcus aureus (S. aureus) as a bacterial model. The antibacterial performance of 

all samples is illustrated in Fig. 7. Notably, after approximately 24 h of incubation, the as-prepared 

PLA/f-CNTs coatings with a high f-CNTs concentration exhibited robust antibacterial activity 

compared to the coatings with a low f-CNTs concentration. By comparing the abundance of 

colonies on the surface in the images of the figure, it can be inferred that the PLA/f-CNTs coatings 

with a high f-CNTs concentration led to a slight decrease in the growth of this bacterium, by 

approximately 10%. The untreated Mg alloy, Mg(OH)2, and PLA samples showed less significant 

antibacterial activity under the test conditions, as depicted in the figure. The enhanced antibacterial 



efficacy of the PLA/f-CNTs coatings is likely attributed to the well-dispersed f-CNTs encapsulated 

into the matrix of PLA. In this context, f-CNTs function as nano-darts within the solution, 

consistently targeting the bacteria. This process degrades the bacterial cell integration, ultimately 

resulting in cell death. Therefore, the antibacterial efficacy of f-CNTs can be significantly 

enhanced by augmenting the physical puncture of bacteria by f-CNTs. This suggests that cell death 

is not primarily attributed to the inhibition of cell growth and oxidative stress. Increasing the 

concentration of f-CNTs raises the population density of nano-darts, consequently improving the 

antibacterial activity of PLA/f-CNTs coatings [37, 40]. 

 

Fig. 7. Antibacterial experiment photograph of colony counting method against S. aureus bacterium for 

uncoated (AB), alkaline treated (AB1), PLA (AB2), PLA/0.1f-CNTs (AB3), PLA/0.3f-CNTs (AB4) and 

PLA/0.5f-CNTs (AB5) composite coatings 

3.5. In vitro biocompatibility 

To evaluate cell viability, a CCK-8 assay was conducted, and the outcomes are depicted in Fig. 

8A. The treated samples with the modified surface exhibited increased cell viability compared to 

the AZ31 alloy, indicating that endothelial cells could grow and proliferate more effectively on the 

treated specimens. The addition of a large quantity of –OH groups on the surface through alkaline 

treatment improved hydrophilicity, leading to higher values [10, 64]. The results show that the 



number of cells that grew on the alkaline-treated, PLA-coated, and PLA/f-CNTs-coated specimens 

increased in a time-dependent manner. The cell viability on the PLA/0.3f-CNTs scaffold was 

slightly better than that on the PLA and PLA/0.5f-CNTs coatings during the entire culture period. 

In particular, after 72 h of culture, the OD value for the PLA/0.3f-CNTs coating was higher than 

that of the uncoated, alkaline-treated, and PLA-based coated samples. The advantageous rod-

shaped morphology and nanoscale dimensions of CNTs offer a morphological resemblance to key 

structural proteins found in the body, such as fibrillar proteins within the extracellular matrix 

(ECM) [43]. Furthermore, the enhancement of biocompatibility in CNTs is achieved through their 

interaction with proteins, rendering them non-toxic. The primary adsorption mechanism for 

proteins onto CNT surfaces involves π–π stacking driven by robust van der Waals forces. This 

stacking predominantly occurs between the sturdy sp2 bonding of carbon atoms in carbon 

nanomaterials and the benzene rings present in amino acids, the fundamental components of 

proteins. A notable illustration involves bone morphogenetic protein (BMP), a widely recognized 

protein known for promoting the osteogenic differentiation of metallic implants [43].  

Studies have indicated that f-CNTs possess the ability to traverse cell membranes and amass within 

the cytoplasm, without displaying any harmful effects on the cells [43, 65]. Research conducted 

by Chen et al. [66] proposes that the positive impact on diminishing the cytotoxicity of CNTs is 

attributed to the adsorption and binding of blood proteins [43]. However, the incorporation of 

0.5wt% f-CNTs into PLA-based coated samples had an adverse effect on cell viability, suggesting 

that composite coatings with high f-CNT content may have adverse impacts on the attachment, 

spreading, and proliferation of osteoblasts. This could be attributed to the release of a high amount 

of CNTs, causing alterations in the cellular-level physiological environment, potentially damaging 

cell membranes, and accumulating in unfavorable positions inside cellular structures [43]. 

When biomaterials are implanted into the body, surrounding cells undergo changes in morphology, 

including cell adhesion and spreading [10]. To assess in vitro cytocompatibility, direct cell 

adhesion assays were conducted using hADSC on Mg(OH)2, PLA/0.3f-CNTs, and PLA/0.5f-

CNTs samples. The cell adhesion densities and morphologies after 1 day and 3 days of culture are 

depicted in Fig. 8A. SEM images of adherent cells reveal cell density and morphology on different 

samples, as shown in Fig. 8B. Over the culture period, there is an overall trend of enhanced 

attachment of cells on pre-treated and coated Mg-based substrates. The PLA containing f-CNTs 

exhibits a similar adherent cell density throughout the complete incubation duration, with 



significantly more adherent cells on the PLA/0.3f-CNTs specimen than samples containing f-CNT, 

indicating superior cytocompatibility of PLA/0.3f-CNTs. Furthermore, while hADSC on 

Mg(OH)2 and PLA/0.5f-CNTs show a roundish and poorly spread morphology subsequent to 

incubating, cells grown on PLA/0.3f-CNTs samples appear well spread out, with clearly visible 

filopodia. Overall, fewer cells were seen on the uncoated Mg-based alloy and Mg-OH specimens, 

while relatively more cells adhered to PLA and PLA/0.3f-CNTs coated samples. The polymer-

containing f-CNTs coating contributed to the protection of the substrates, creating a favorable 

environment for cell attachment and proliferation [67-73]. The f-CNTs and graphene have 

demonstrated outstanding adherence of extracellular and serum proteins upon exposure to in vitro 

conditions, promoting cell attachment to these nanomaterials. 

 
Fig. 8. (A) cell viability, and (B) SEM image of hADSC adhesion for different times on uncoated (AB), 

alkaline treated (AB1), PLA (AB2), PLA/0.1f-CNTs (AB3), PLA/0.3f-CNTs (AB4) and PLA/0.5f-CNTs 

(AB5) composite coatings (*p < 0.05). 



5. Conclusions 

In the present work, a combination of alkaline treatments and a composite coating containing 

Mg(OH)2 and PLA/f-CNTs was successfully made on the Mg-based AZ31 alloy. Alkaline 

treatments resulted in the formation of the Mg(OH)2 film on the Mg-based alloy surface and 

introduced a large amount of hydroxyl groups. The results indicated that alkaline treatments led to 

a notable enhancement in the hydrophilicity (as indexed by the water contact angle, WCA) of the 

AZ31B Mg-based alloy, while a slight increase in hydrophobicity was observed after applying the 

PLA/f-CNTs composite coating. Also, it was observed that the composite coatings effectively 

provided corrosion protection for the Mg-based alloy substrate. Additionally, the findings showed 

that the PLA/0.3f-CNTs composite coating demonstrated the lowest corrosion current density 

(icorr) in comparison to other composite coatings with varying concentrations of f-CNTs, 

signifying its outstanding corrosion resistance. Moreover, the MTT assay demonstrated that the 

alkaline-treated Mg-based alloy exhibited acceptable cytocompatibility for human adipose 

mesenchymal stem cells (hADSC). Particularly, the PLA/0.3f-CNTs composite coating 

successfully improved cell viability, cell attachment, and growth of AZ31 alloy. The research 

demonstrated that PLA/f-CNTs composite coatings with elevated concentrations of f-CNTs 

exhibit greater antibacterial activities compared to coatings with lower concentrations, particularly 

against S. aureus bacteria. The f-CNTs act as nano-darts moving within the solution, which can 

actively attack bacteria. This mechanism results in the breakdown of bacterial cell integrity, 

ultimately leading to cell death. Moreover, the results showed that uncoated and alkaline-treated 

Mg-based alloy presented less significant antibacterial activities compared to the PLA/f-CNTs 

composite coated samples. The approach to surface modification presented in this study not only 

provides insights into enhancing the corrosion resistance of Mg-based alloys but also achieves 

favorable antibacterial activity and cytocompatibility with hADSCs, broadening the potential 

applications of Mg-based alloys in biomedical contexts. 
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