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A B S T R A C T   

Materials used for the manufacture of implants may suffer alterations in their surface properties as a result of 
continuous contact with physiological fluids. Moreover, in biodegradable and bioabsorbable materials, such as 
polylactic acid (PLA), these changes may be more accentuated, and their biological response may be affected by 
the presence of proteins, enzymes or other compounds of an oxidizing character. This research proposes to study 
the degradation of PLA in a close-to-reality environment by supplementing the physiological buffer m-SBF with 
concentrations of glucose and ketone bodies of healthy individuals. To this end, parameters such as hydropho
bicity, surface tension, topography and surface chemical composition of PLA films and PLA films doped with 
magnesium particles after degradation were evaluated to determine how these components influence these 
properties compared to degradation in standard buffer. The presence of glucose and/or ketone bodies in the 
degradation medium of PLA doped with magnesium particles altered the composition of the salt layers absorbed 
on the surface of the material due to the action of gluconate and/or hydroxybutyrate anions, which were able to 
coordinate with ions from the solution as well as Mg2+ cations from polymer degradation. The salt accumulation 
on polymeric films changes the surface mechanical response increasing the Young’s modulus after degradation.   

1. Introduction 

Biomaterials used to manufacture implants and medical devices, in 
addition to meeting a series of requirements for their implantation, such 
as biodegradability, biocompatibility and being bioabsorbable and non- 
toxic, must have appropriate surface properties that make them suitable 
for the purpose for which they were designed. In particular, these sur
face properties will determine the interaction between the implant and 
the surrounding tissues, affecting, among others, bacterial adhesion and 
cell adhesion and proliferation [1]. 

The chemical composition of the biomaterial and its reactivity, as 
well as its surface topography, hydrophobicity, surface charge or me
chanical surface behavior are part of the set of parameters that are 
evaluated to indicate its suitability for manufacturing medical implants, 
as they determine, for example, whether or not blood proteins will be 
adsorbed on its surface as a result of the interaction between the 

biomaterial and the surrounding fluids [2]. In the case of bioabsorbable 
materials it is convenient to carry out this characterization not only with 
the pristine surface but also after degrading the material in physiological 
environments, as it is to be expected that surface properties will change 
over time and, therefore, their biological response will be altered as 
well. In fact, recent investigations have shown that one of the reasons for 
the failure of certain implants, such as heart valves, is poor control of the 
degradation process in physiological environments [3]. 

The possibility of establishing a surface physico-chemical pattern of 
degradation for a bioabsorbable material will ensure that the device can 
successfully perform the function for which it has been designed, 
avoiding critical failures. However, degradation kinetics for each patient 
is unique, and depends on certain factors such as age, diet or previous 
illnesses [4]. In general, the media used to study in vitro degradation of 
biomaterials are buffer solutions such as PBS, SBF (and its variants) or 
Hank’s solution, which are relatively simple buffers because they 
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contain only inorganic species or species that do not interfere with 
cellular tissues. Only Hank’s solution contains a compound commonly 
found in blood, glucose. The reason for using these media is simple: to 
achieve physiological pH without the interference of proteins, enzymes 
and a number of other compounds present in the blood. This supple
mentation also provides a more realistic approximation of the in vivo 
system, where the presence of glucose is vital. In any case, it is also 
worth mentioning that, in some situations, in vitro results do not match 
in vivo results. Several authors report that the degradation of a bioma
terial in vivo is faster than in vitro due to the presence of enzymes [5–9]. 

Our research group has considerable experience in the study of a 
biodegradable and bioabsorbable polymer suitable for medical pur
poses, namely, polylactic acid (PLA) [10–13]. This research has incor
porated various dopants, such as the surfactant CTAB or magnesium 
particles to improve its functionality. Degradation of PLA leads to the 
generation of lactic acid, a compound that lowers the pH in the vicinity 
of the implant, which can trigger an anti-inflammatory response. 
Degradation of the polymer is an interplay of several mechanisms that 
may occur simultaneously, such as hydrolysis, enzyme-mediated bond 
cleavage or cleavage caused by other stimuli [14]. PLA is degraded in 
vitro via hydrolysis, and is absorbable in vivo because lactic acid is part of 
the Krebs cycle, into which it is incorporated [15,16]. 

Among the stimuli that favour PLA degradation is glucose. Moreover, 
it is known that when glucose concentration is very high (hyper
glycaemia condition), anti-inflammatory cells are activated [17,18], 
which generate reactive oxygen species that also promote the degrada
tion of polymeric biomaterials [5,19]. 

In addition, our group have reported that the presence of glucose 
and/or ketone bodies in the medium affects some surface properties of 
S. aureus bacteria. In particular, hydrophobicity increases as does the net 
surface charge and, consequently, the zeta potential changes. These 
conditions also influence bacterial growth and the ability of bacteria to 
produce biofilm [20]. 

On this basis, the propose of this research is to study degradation of 
PLA in an environment closer to reality, by supplementing the physio
logical buffer m-SBF with glucose and ketone bodies at concentrations 
corresponding to healthy individuals, as a preliminary step to the study 
of degradation by simulating diabetic conditions. Parameters such as 
surface chemical composition, hydrophobicity, surface tension, topog
raphy and Young’s modulus of films made with PLA and PLA doped with 
magnesium particles after degradation in m-SBF containing glucose, 
ketone bodies and a mixture of both will be evaluated in order to 
determine how these components influence such properties compared to 
degradation in the standard buffer. 

2. Materials and methods 

2.1. Preparation of films 

Polylactic acid (PLA) films were prepared on silicone discs as pre
viously described in our work [10]. Briefly, the silicone discs were first 
cleaned with absolute ethanol and then dried with a flow of N2. 
Thereafter, PLA particles (PLA2003D, with a D-isomer content of 4.25%, 
purchased from NatureWorks LLC, Blair, NE, USA) were dissolved in 
chloroform (Sigma-Aldrich, Merck, Darmstadt, Germany) (5% w/v) 
using a rotary stirrer (JP Selecta, Barcelona, Spain). To prepare the 
magnesium-containing solutions, magnesium particles (≤50 μm, Nitro
paris, Castellón, Spain) were added and stirred to a final concentration 
of 10% w/w relative to PLA. Once the solutions were prepared, 1 mL 
from each one was cast on the silicone substrates and dried at room 
temperature for 4 h. After that, the films were then dried in an oven at 
65 ◦C for 48 h, in order to completely remove any remaining solvent. 
These films were peeled off from the silicone after drying and stored in a 
desiccator until use. 

2.2. In vitro degradation 

The degradation media were m-SBF [21], which acts as a control, and 
m-SBF supplemented with glucose (Sigma-Aldrich, St. Louis, MO, USA) 
(SBF + G), ketone bodies (SBF + K or both (SBF + GK), to simulate 
close-to-reality environments. Ketone bodies were acetone (Panreac 
Chemistry SLU, Barcelona, Spain), methyl acetoacetate (MAA) (Sig
ma-Aldrich, St. Louis, MO, USA) and hydroxybutyric acid (HA) (Sig
ma-Aldrich, St. Louis, MO, USA). The concentrations chosen are based 
on the previous work of Fernández-Grajera et al. [20]: 0.9 g/L of glucose 
and 1 mM of ketone bodies, at a ratio of 1:6 for HA:MAA and 2% of 
acetone [22,23]. 

The films were degraded at 37 ◦C for 28 days by immersing them 
vertically, with the help of small hanger hooks, in 30 mL of each solu
tion. After that, the films were dried with a flow of N2 and stored in a 
desiccator until use. 

The pH of the degradation media before and after immersion of the 
samples was measured in duplicate with a pH-meter GLP 21 (Crison 
Instruments™, MO, Italy). The pH data are reported as mean values ±
standard error (SD). 

2.3. Contact angle measurements and surface tension determination 

Contact angle measurements of deionized water (Milli-Q Integral 5 
System, Merck, Darmstadt, Germany), formamide (Fluka, Thermo Fisher 
Scientific, Waltham, Massachusetts, USA) and diiodomethane (Fluka, 
Thermo Fisher Scientific, Waltham, Massachusetts, USA) were carried 
out with a Drop Shape Analyzer - DSA100E (Krüss, Hamburg, Germany) 
by the sessile drop method. The results of the contact angles were 
averaged values of at least three independent films for each of the 
studied conditions. The measured contact angles of the three liquids 
were used to calculate the surface tension and components of the sam
ples using the van Oss-Chaudhury-Good (VOCG) [24] approach. Briefly, 
the surface tension of the surface (γs) is the sum of the Lifshitz-van der 
Waals (γLW) and acid-base surface tension (γAB) components. And the 
γAB component can be expressed as the geometric mean of the 
electron-acceptor (γ+) and electron-donor (γ− ) parameters. 

2.4. Fourier-transform IR spectroscopy 

FTIR spectra were recorded on a VERTEX 70 spectrophotometer 
(Bruker, Billerica, Massachusetts, USA), working in DRIFT mode. The 
spectral resolution was 0.4 cm− 1 and the measuring range was between 
400 and 4000 cm− 1. For these measurements, 50 scans were taken per 
measurement, with an optical aperture of 5 mm and 5 kHz. 

2.5. Surface structure characterization 

Surface morphology of the PLA films was evaluated using a confocal 
profilometer (Leica DCM8, Wetzlar, Germany) and images were 
analyzed with LeicaMap®. The topography of each film was studied 
from an 880 × 660 μm2 area image taken with a 20x objective. The 
measured parameters were Sa and Sq, to quantify surface roughness, 
Sku, Ssk, Str and Sdr. The Sku parameter informs about how smooth or 
sharp the surface texture is, so that if it is greater than 3, distribution is 
sharp, the valleys and peaks being more abrupt, and if it is less than 3, 
distribution is flattened, as will be the peaks and valleys. Ssk values 
represent the degree of bias of the roughness shape: when Ssk is positive, 
peaks predominate, whereas if Ssk is negative, valleys predominate. The 
spatial parameter Str is an indicator of the isotropy or anisotropy of the 
surface, i.e. whether or not it has directionality. Its values range from 
0 (anisotropy) to 1 (isotropy). The hybrid parameter Sdr relates the 
actual area of the scanned surface to the projected area, and also pro
vides information on how smooth or rough the surface is. The surface is 
flat and smooth when its Sdr value is 0%, and the higher the percentage, 
the rougher it is. 
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Distribution of magnesium particles in the composite was observed 
with a scanning electron microscope (SEM, FEI Company, Quanta 3D 
FEG, Hillsboro, OR, USA). Images were taken from the external film 
surface and from the cross-sections of the films. The operation was 
carried out under low vacuum conditions, avoiding any metallic coating 
of the films. Images were taken in the backscattered electron detector 
(BSED) mode, and energy dispersive X-Ray (EDX) mode was used to 
provide the elemental analysis of the films. 

2.6. Young modulus examination 

Mechanical properties were analyzed through the study of surface 
Young’s modulus of degraded PLA films with and without Mg particles, 
by using an atomic force microscope (AFM) (Agilent AFM 5500, Agilent 
Technologies, California, CA, USA) operating at room temperature in 
contact mode. Rectangular cantilevers (FMV-PT, Bruker, Billerica, MA, 
USA) were used with a natural frequency of 75 kHz and a spring constant 
of 2.8 N/m, suitable for samples with Young’s modulus of MPa-GPa 
order [25]. Four-sided pyramidal tip radius had a nominal curvature 
radius of 25 nm and a half-opening angle of 22.5◦. Images were taken for 
a scanning length of 25 × 25 μm2. Experiments were performed in 
duplicate, studying two different films for each condition and five 
different areas for each film before and after degradation. Moreover, 
AFM tip morphology was characterized with a scanning electron mi
croscope (SEM, FEI Company, Quanta 3D FEG, Hillsboro, OR, USA) in 
order to verify its working dimensions with those provided by the 
manufacturer. Also, indentations were performed with no scale/area 
overlapping in the same zone and with a surface density of 256 mea
surements per image. 

The solution for a regular four-sided pyramidal tip proposed by Rico 
et al. [26] based on Bilodeau theory [27] has been chosen for obtaining 
Young’s modulus values in our work. The force-indentation relation 
proposed by Rico et al. is expressed in Eq. (1). 

F(δs)=
tan θ

̅̅̅
2

√ ERδ2
s (1)  

where F(δs) is the force exerted on the sample by the tip, δs is the sample 
deformation, θ is the half-opening angle of the tip pyramidal geometry 
and ER is the reduced Young modulus, which is related with Young 
modulus as shown in Eq. (2). 

1
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where νs and E are the Poisson ratio and Young modulus of the sample 
and νtip and Etip are the Poisson ratio and Young modulus of the AFM tip. 
Moreover, the solution proposed by Rico et al. [26] has been linearised 
with the purpose of obtaining a better fitting. From Eq. (2), the Young 
modulus of the surface, E, was calculated considering the approximation 
that AFM tip has a remarkably higher modulus than the sample. Then, if 
Etip ≫ E, Eq. (2) becomes: 
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E
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s

(3) 

And Eq. (1): 
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where the Poisson ratio of the sample, νs, was taken as 0.4 for all the 
conditions. Based on previous works [28–30], PLA Poisson ratio ranges 
from 0.36 to 0.42. Therefore, the selected value for νs was maintained 
even in dopant presence. 

Statistical analysis was carried out with R software (R Core Team 
(2022). After checking the presence of normality and a comparable 
homoscedasticity, data were analyzed using one-way analysis of 

variance (ANOVA). Consequently, post-hoc Tukey’s multiple compari
son test was applied. All analyses were considered at a significance level 
of p < 0.05 and the main results will be presented as mean ± standard 
deviation. 

3. Results 

3.1. pH measurement of degradation media 

The pH of the degradation media before and after immersion of PLA 
and PLA10Mg films is listed in Table 1. 

The addition of glucose does not alter the original pH of SBF 
although the addition of K or GK decreases it slightly. 

When PLA films, without Mg, are subjected to degradation in SBF 
and SBF + G, the pH of these media does not change (or scarcely 
changes) in relation to samples without degradation. This means that the 
initial pH is maintained, so the presence of glucose is not sufficient to 
significantly modify the pH. In contrast, the pH of degradation media 
containing ketone bodies, or ketone bodies and glucose, changes: an 
increase of 0.07 pH units is observed in the average values of SBF + K, 
but a decrease of 0.08 units happens when, in addition to K, the buffer 
contains glucose. 

After immersion, in the case of PLA10Mg films, there is in all cases an 
increase in pH with respect to each of the initial values, due to degra
dation of the polymer matrix and subsequent corrosion of the magne
sium particles. However, the variation depends on the composition of 
the medium. Thus, it is observed that the highest pH increase occurs in 
SBF + G (+0.22 units), while the lowest is in SBF + GK (+0.12 units). 

Table 1 
pH of the different degradation media before (ND) and after 28 days immersion 
of PLA and PLA10Mg films.  

Degradation media pH 

ND PLA-28 d PLA10Mg-28 d 

SBF 7.57 ± 0.02 7.57 ± 0.11 7.72 ± 0.03 
SBF + G 7.57 ± 0.01 7.55 ± 0.10 7.79 ± 0.11 
SBF + K 7.44 ± 0.01 7.51 ± 0.05 7.59 ± 0.00 
SBF + GK 7.41 ± 0.02 7.33 ± 0.01 7.53 ± 0.07  

Fig. 1. Contact angle of water (θW) on films made of PLA and PLA doped with 
Mg (10% w/w) particles, non-degraded (ND), after 28 days immersed in SBF, 
SBF + G, SBF + K and SBF + GK. 
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3.2. Contact angle measurements 

The water (θW), formamide (θF) and diiodomethane (θD) contact 
angles of films immersed in the degradation media are depicted in 
Figs. 1–3. 

In PLA films all the degradation media decrease the θW, θF and θD 
values in relation to the non-degraded sample and, considering the un
certainties of the measurements, there is no variation in θW, θF and θD, 
regardless of the degradation medium in which the samples have been 
immersed. 

Films containing 10% Mg (PLA10Mg) also decrease their θW, θF and 
θD after degradation, especially in the case of θW, θF, and for these last 
two liquids, the contact angles depend on the degradation medium. 
Comparing supplemented degradation media, the addition of glucose 
causes an increase in the average angle for water and formamide, the 
polar liquids, while the presence of ketone bodies (without or with 
glucose) causes a significant decrease in both angles. In the case of 
diiodomethane, the non-polar liquid, no changes are detected with any 

diabetic component, regardless of the presence of Mg in the film, 
although in all cases the values are higher than those obtained for PLA 
films. 

Table 2 shows the surface tension of the solid and the components 
obtained using the van Oss-Chaudhury-Good (VOCG) approach. 

Focusing on γS, all the films increase their surface free energy after 
degrading in a supplemented media with any of the diabetic 
components. 

In the case of PLA films, considering the experimental uncertainties, 
there are no significant differences in γs when degrading in the four 
supplemented media. However, when the films contain magnesium, 
differences are observed. Thus, the average γs is lower in SBF + G with 
respect to the control (SBF) and to SBF + K and SBF + GK. Moreover, in 
the latter two media the average γs increases to almost the same value 
(52 mJ/m2). 

The polar Lewis acid-base (γAB) always increases after degradation in 
SBF (without or with supplements), the changes being dependent on film 
composition and type of supplement. These changes are always associ
ated to the important increase of the γ− and γ+ parameters after 
degradation (one order of magnitude). The apolar Lishitz-van der Waals 
(γLW) also increases after degradation in films without Mg and, in the 
case of films with Mg, it remains constant or slightly decreases on 
average. 

When comparing components, the same pattern is observed: the 
significant differences between degradation media are obtained in PLA 
films containing magnesium. 

Comparing degraded films without and with Mg, γLW decreases 
about 5 mJ/m2 in all media except SBF + G, whose value is practically 
the same as that calculated for PLA films. In γAB there is a significant 
decrease in SBF + G and an increase by approximately double in SBF + K 
and SBF + GK, so that in PLA10Mg films degraded in the medium 
containing only glucose the apolar interactions will be favoured against 
polar interactions, The low value obtained in γAB for PLA10Mg degraded 
with glucose is due to the low electron-donor parameter found in this 
sample, in relation to the value of this parameter with the other 
degradation media containing ketonic bodies. 

3.3. Surface structure characterization 

The surface of the degraded films in the different media was analyzed 
by profilometry. Topographic parameters described previously were 
obtained from images taken at 20x, scanning 3 areas of each of the 
samples. The results obtained are included in Table 3 in order to visu
alize any change after degradation of the films. Non-degraded PLA films 
are flatter and smoother than PLA10Mg films. After degradation, in the 
PLA films, a clear increase in roughness is observed, regardless of the 

Fig. 2. Contact angle of formamide (θF) on films made of PLA and PLA doped 
with Mg (10% w/w) particles, non-degraded (ND), after 28 days immersed in 
SBF, SBF + G, SBF + K and SBF + GK. 

Fig. 3. Contact angle of diiodomethane (θD) on films made of PLA and PLA 
doped with Mg (10% w/w) particles, non-degraded (ND), after 28 days 
immersed in SBF, SBF + G, SBF + K and SBF + GK. 

Table 2 
The surface tension (γs), the Lifshitz-van der Waals (γLW) and Lewis acid-base 
(γAB) components, and the electron-acceptor (γ+) and electron-donor (γ− ) pa
rameters calculated according to the van Oss-Chaudhury-Good (VOCG) 
approach.   

Degradation 
media 

γLW 

(mJ/ 
m2) 

γAB 

(mJ/ 
m2) 

γ+

(mJ/ 
m2) 

γ−

(mJ/ 
m2) 

γs 

(mJ/ 
m2) 

PLA ND 24 ± 1 1 ± 1 0 ± 0 1 ± 1 25 ± 2 
SBF 31 ± 2 15 ± 6 3 ± 1 20 ± 7 46 ± 8 
SBF + G 31 ± 2 15 ± 6 2 ± 1 25 ±

10 
46 ± 8 

SBF + K 30 ± 1 17 ± 3 3 ± 1 25 ± 4 47 ± 4 
SBF + GK 30 ± 2 14 ± 3 2 ± 1 21 ± 4 44 ± 5 

PLA10Mg ND 28 ± 2 2 ± 1 1 ± 0 1 ± 0 30 ± 2 
SBF 25 ± 2 18 ± 8 2 ± 1 36 ± 9 43 ±

10 
SBF + G 30 ± 2 9 ± 5 1 ± 1 16 ± 7 39 ± 7 
SBF + K 25 ± 2 27 ± 4 4 ± 1 43 ± 4 52 ± 6 
SBF + GK 24 ± 2 29 ± 6 5 ± 1 40 ± 5 53 ± 8  
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medium in which the degradation takes place, except for the sample 
degraded in SBF + GK, which does not follow this trend. This is not the 
case for the PLA10Mg films, where the roughness of the ND film is 
comparable to that of the degraded samples, SBF-GK having the 
roughest surface. In general, for degraded samples it seems that surfaces 
without Mg are less homogeneous in terms of roughness than those with 
Mg, considering the uncertainties obtained after averaging the data 
obtained in the three measured areas of each surface. Even so, these 

films are, in general, less rough than those containing Mg. 
A clear difference is also observed for the Ssk value between ND and 

degraded samples in the different media. The ND films have a negative 
Ssk value and therefore there are more valleys than peaks in their 
topography with respect to the mean height line. In the case of PLA 
degraded samples where the Ssk value, regardless of the degradation 
medium, is practically zero, the number of peaks and valleys is similar. 
However, in PLA10Mg films, peaks predominate, since Ssk is positive. 

Table 3 
Topographic parameters calculated from profilometry images taken at 20x for all degraded films. Results are presented as mean ± standard deviation. (*) In one of the 
parameters calculated it is not possible to obtain results for all three areas examined and so the mean and variance cannot be calculated and the result is for one area 
only. The Str parameter of the ND sample cannot be calculated for the analyzed areas (–).   

Degradation media Sq (μm) Sa (μm) Ssk Sku Str (%) Sdr (%) 

PLA ND 0.76 ± 0.36 0.60 ± 0.30 − 0.44 ± 0.31 2.91 ± 0.66 – 0.0089 ± 0.0005 
SBF 1.97 ± 1.63 1.63 ± 1.38 0.28 ± 0.43 3.65 ± 2.39 0.72 ± 0.26 0.12 ± 0.17 
SBF + G 3.68 ± 4.01 3.19 ± 3.61 0.34 ± 0.16 2.81 ± 1.57 0.53±* 0.22 ± 0.27 
SBF + K 1.08 ± 0.45 0.86 ± 0.37 0.02 ± 0.15 2.70 ± 0.43 0.59 ± 0.19 0.13 ± 0.17 
SBF + GK 0.41 ± 0.13 0.31 ± 0.10 0.19 ± 1.32 8.50 ± 9.17 0.84 ± 0.06 0.04 ± 0.03 

PLA10Mg ND 3.29 ± 0.63 1.82 ± 0.41 − 2.86 ± 1.20 27.13 ± 7.28 0.80 ± 0.04 2.15 ± 0.47 
SBF 2.53 ± 0.42 1.77 ± 0.16 1.43 ± 0.36 7.81 ± 2.03 0.58 ± 0.06 3.91 ± 2.68 
SBF + G 3.42 ± 0.23 2.13 ± 0.15 3.11 ± 0.20 15.60 ± 1.80 0.80 ± 0.07 2.07 ± 0.28 
SBF + K 2.63 ± 0.54 1.91 ± 0.43 1.67 ± 0.15 6.99 ± 0.96 0.70 ± 0.15 1.30 ± 0.27 
SBF + GK 4.02 ± 0.77 2.52 ± 0.60 2.74 ± 0.47 11.18 ± 2.96 0.75 ± 0.13 5.04 ± 1.56  

Fig. 4. SEM images of PLA (top) and PLA10Mg (down) films degraded in the different close-to-reality environments.  

Fig. 5. Cross-section images of PLA films degraded in SBF (a), SBF + G (b), SBF + K (c) and SBF + GK (d) and PLA10Mg films degraded in SBF (e), SBF + G (f), SBF +
K (g) and SBF + GK (h). 
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Moreover, within this group, it is observed that the films immersed in 
SBF present a topography quite similar to those immersed in SBF + K. 

Of all the samples analyzed, only three present Sku values lower than 
3 (PLA ND, PLA degraded in SBF + G and SBF + K), while the rest are 
characterized by sharp peaks and valleys. Also noteworthy is the simi
larity of Sku values for PLA10Mg films degraded in SBF and SBF + K, as 
was the case for Ssk. 

In all the films, the Str parameter has a value of less than, and close 
to, 1, so the surfaces are isotropic and do not show directionality. 

The surfaces of the samples were also analyzed by SEM images 
(Fig. 4). 

Images show that the salts present in the degradation medium have 
been deposited on all the films that have been immersed in the degra
dation medium. The EDX results show that it was not possible to 
determine whether glucose, hydroxybutyric acid, acetone or methyl 
acetoacetate have also been adsorbed, since their elemental composition 
is the same as that of the polymer under study. 

The effect of degradation on the films’ thickness was also followed by 
cross-sections SEM images (Fig. 5). Non-degraded films had similar 
thicknesses in PLA areas (30 μm) but, in the case of degraded films, 
accumulation of deposits changes the thickness of the samples. 

The most important observation is that PLA films are thicker after 
immersion than PLA10Mg films regardless of the degradation medium, 
and that this is because those containing magnesium undergo faster 
degradation. 

The chemical composition of the surface of the degraded samples 
was determined by Fourier transform IR spectroscopy (FTIR), in order to 
elucidate whether the deposited layers differed depending on the 
degradation medium. 

In the spectra corresponding to PLA films immersed in the four 
degradation media (Fig. 6), bands due to CaP (1463, 1371 cm− 1) and 
salts such as calcium and magnesium chloride (1464, 1394 cm− 1), 
present in the m-SBF, can be assigned. In the supplemented media there 
are also species present; thus, in the PLA-SBF + G and PLA-SBF + GK 
films, bands due to calcium gluconate (1686, 984, 754 cm− 1) and glu
conic acid (1725 and the region around 700-500 cm− 1) are assigned. In 
PLA-SBF + KB films, bands assignable to hydroxybutyric acid (1734, 
875, 436 cm− 1) and methyl acetoacetate (1734, 1024, 817 cm− 1) are 
detected. 

Analysis of the IR spectra of PLA10Mg films subjected to degradation 
reveals that all 4 media cause similar changes on the polymer surface, as 
the spectra are almost superimposable (Fig. 7). Thus, bands 

Fig. 6. FTIR spectra of PLA films degraded in SBF (blue), SBF + G (green), SBF + K (red) and SBF + GK (yellow). Only the region between 2000 and 400 cm− 1 is 
represented. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 

Fig. 7. FTIR spectra of PLA10Mg films degraded in SBF (blue), SBF + G (green), SBF + KB (red) and SBF + G + KB (yellow). Only the region between 2000 and 400 
cm− 1 is represented. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 
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corresponding to MgP (1464, 1377 cm− 1) and CaP, magnesium oxide 
and hydroxide (1463, 1378, 410 cm− 1) and even magnesium lactate 
(1713 cm− 1) can be seen. However, a more detailed analysis reveals the 
presence of magnesium gluconate in the films immersed in SBF + G 
(1616 and 570 cm− 1, [31]). These bands also appear in the SBF + GK 
degradation medium, but appear to be masked by other bands, which 
could indicate that these species are formed to a much lesser extent. 

It is important to note that only the bands that do not correspond to 
PLA were assigned. The assignment is complex because the functional 
groups of the polymer (carbonyl and carboxyl groups and hydrocarbon 
chain) match those of the species supplemented to the degradation 
media (glucose/gluconic acid and ketone bodies). Even the character
istic bands of the calcium and magnesium phosphates match or are very 
close to the bands mentioned above, hence the use of bands found in the 
fingerprint region. 

3.4. Mechanical characterization 

The mechanical characterization of the films before and after 
degradation was carried out by measuring the Young’s modulus of the 
film (E) (Fig. 8). 

It is observed that the ND samples containing Mg particles decrease 
their elastic modulus compared to PLA films. Significant differences are 
observed in the Young’s modulus of the non-degraded films with respect 
to the degraded ones in the different medium. With regard to degraded 
samples, clear differences are also found between PLA and PLA10Mg 
films. For PLA films, degradation in SBF increases in 78% GPa its 
compressive stiffness with respect to PLA ND samples. When glucose is 
present in the degradation medium, the E value decreases slightly with 
respect to the sample degraded in SBF and this decrease in E is much 
more evident when ketone bodies are introduced into the degradation 
medium. Interestingly, the mixture of ketone bodies and glucose ach
ieves an intermediate E value, between SBF + G and SBF + K. In the case 
of PLA10Mg films, the Young’s modulus of all degraded samples in the 
different media increases in about 130–160% GPa and has very close 
values. Only in the case of SBF + K a slight decrease in the Young’s 
modulus value is observed. In both films, PLA and PLA10Mg, the single 
addition of ketone bodies in the degradation medium provokes the 
lowest E value within degraded samples. 

4. Discussion 

Experimental results show that both the degradation medium and 
the presence of Mg inside PLA films can alter the surface characteristics 
of these materials when aged. 

Considering the data presented in Table 1, it can be deduced that 
corrosion of the magnesium particles involves their oxidation and the 
generation of hydroxide ions, thus increasing the pH. This increase will 
be greater the more magnesium particles leave the polymer matrix and 
are exposed to the aqueous medium. In a buffered medium this pH 
variation is small because it is modulated by the buffer components 
themselves, but this does not mean that a certain amount of magnesium 
has been released and oxidized from the matrix. 

Let us focus on the chemical interactions that can take place inside 
the buffered degradation media. These media contain glucose, ketone 
bodies or both, and there are also species present per se in the SBF and/or 
those that are released from the polymer films. For this reason, it is first 
necessary to determine in which chemical form each of them is found in 
solution at physiological pH. 

Glucose in solution is predominantly found in its cyclic form, as 
glucopyranose. This form is in equilibrium with its acyclic form (open- 
chain glucose). Only 0.02% of glucose is in open-chain form, but at 
neutral and basic pH and in the presence of O2 the aldehyde group of the 
acyclic glucose is oxidized via δ-lactone. This intermediate lactone is 
hydrolyzed at neutral or alkaline pH at a high rate to generate the glu
conate anion (Gluc− ) (it is ionized because the pKa of gluconic acid is 
3.72). 

Ketone bodies are acetone, acetoacetic acid and 3-hydroxybutyric 
acid (HB). Media are supplemented with methyl acetoacetate (MAA), 
which is an ester and under neutral or weakly basic conditions is stable 
to hydrolysis. Acetone also does not react under these conditions, but HB 
has a pKa of 4.41, so at pH 7.4 (m-SBF) it will be ionized and will be 
found as hydroxybutyrate (HB− ). Thus, in the m-SBF gluconate, 
hydroxybutyrate, acetone and MAA will be present. 

In addition, in the degradation volume (320 mL) of m-SBF supple
mented with glucose, ketone bodies and both, molar amounts of species 
of interest are summarized in Table 4: 

On the one hand, it is necessary to differentiate the behaviour of 
gluconate in solution depending on whether the solution contains Ca2+

cations or not. If the solution contains Mg2+ but not Ca2+, the gluconate 
anion attacks the magnesium oxide and hydroxide, dissolving them and 
forming the corresponding magnesium gluconate, which is soluble in 
water. If Ca2+ is present in the medium, then both cations compete to 
complex with the gluconate anion (acting as a ligand). Both complexes 
are soluble in water. In this case, it is important to look at the stability 
and stoichiometry of these complexes. The CaGluc+ complex is more 
stable than the MgGluc+ complex, and, in general, the order of stability 
of 1:1 stoichiometry complexes between alkaline-earth and glycolates/ 
lactates/glycerates is [32]:  

Mg2+< Ca2+<Sr2+<Ba2+

This has to do with the different coordination spheres of the com
plexes and the flexibility of the Ca2+ cation to lose water of hydration 
molecules. Thus, the CaGluc+ complex is a chelate (at least two covalent 
bonding points), cyclic, whereas the MgGluc+ complex is a complex 

Fig. 8. Young modulus of PLA (black) and PLA10Mg (red) for non-degraded 
(ND) and degraded PLA films in SBF, SBF + G, SBF + K and SBF + GK. The 
statistical results (in blue) of the Tukey’s post-hoc multiple comparison test are 
attached to each corresponding mean ± s.d. value, where the inclusion or not of 
Mg and the different degradation media were taken as factors. (For interpre
tation of the references to colour in this figure legend, the reader is referred to 
the Web version of this article.) 

Table 4 
Molar amounts of species of interest in 320 mL of m-SBF.  

Compound/element Molar amount (mmol) 

Gluc- 3.375 
HB− 2.363 
Acetone 0.110 
MMA 0.354 
Ca2+ 0.845 
Mg2+ 0.489  
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stabilized only by a covalent bond and a hydrogen bridge interaction 
with the –OH of C6. This is evident from the values of the formation 
constant of the 1:1 stoichiometric complexes, listed in Table 5 [32]: 

Furthermore, in the work by Dudás et al. [33] (also reported in the 
review by Kutus et al., [34]), the authors state that, although the pre
dominant complex at neutral pH is CaGluc+, when there is an excess of 
ligand, CaGluc2 is also formed. In our conditions, the L/M ratio is ≈ 3 
(understanding M as the addition of Ca2+ and Mg2+), so we can consider 
that CaGluc2 is the species we have in solution. This agrees with Zeng 
et al. [35], who established that the presence of varying amounts of 
glucose in Hank’s solution inhibits the corrosion of pure Mg thanks to 
the formation of CaP precipitates, via coordination of these Ca2+ ions 
with glucose molecules adsorbed on the surface of this pure Mg. In the 
case of the films without magnesium, the presence of Gluc− and Ca2+

ions as well as the complex formed can alter the surface electrical charge 
of the films as these compounds adsorb on the surface. It is very likely 
that after the degradation time studied the net surface charge of PLA 
exposed to the medium is very similar to that found with the SBF control 
medium since the polarity of both surfaces (Table 2) is equal within the 
experimental error. In this respect, there are previous works that relate 
changes in the electrical interaction potential of a surface with changes 
in the electron donor and electron acceptor parameters [36]. 

In PLA10Mg films, the Ca2+ ions in the buffer are added to the Mg2+

ions generated during film degradation, which compete for coordination 
with Gluc− , so there are more ionic species able to adsorbe on the sur
face than in the case of PLA films. The favoured reaction is Ca- 
complexation, as the complex is more stable, and occurs until satura
tion. Thus, the coordination of Ca2+ with Gluc− adsorbed on the surface 
of PLA10Mg films also promotes the formation of CaP by reaction with 
the phosphates present in the buffer. 

This hypothesis is demonstrated by analysing the FTIR spectra of the 
degraded samples in the different media. In PLA films immersed in 
media containing glucose, bands assignable to calcium gluconate and 
CaP are detected, whereas if they do not contain glucose, only CaP is 
found. In PLA10Mg films degraded in SBF + G and SBF + GK, bands 
corresponding to calcium and magnesium gluconates are observed, 
although magnesium gluconate is found in lower proportion due to the 
competition between both cations to complex with the anion, which is 
favourable to calcium. In all the media, bands corresponding to CaP and 
MgP are detected either because Ca-Gluc2 promotes phosphate precip
itation or because of the magnesium hydroxide formed during the 
degradation of PLA10Mg films, and whose bands have also been 
detected by FTIR. 

The formation of this CaP layer explains the results obtained. The 
most noticeable pH variations occur in films containing Mg, because the 
Mg particles themselves promote the hydrolysis of the polymer and, in 
addition, the corrosion of Mg in aqueous media generates magnesium 
hydroxide, the dissolution of which is promoted by the chloride anions 
present in the m-SBF, thus increasing the pH. These pH increases are of a 
different magnitude depending on the composition of the degradation 
medium. Mg(OH)2 must be forming in the control medium and in the 
medium containing ketone bodies, and this salt is subsequently dis
solving by displacement of the hydroxide by the chloride anions. When 
the medium contains glucose, the pH also increases due to the release of 
hydroxide ions, but in this case, they are displaced by both Gluc− and 

Cl− , and so the pH increase is higher. 
This fast degradation of the polymer enriched with Mg is also the 

reason for the lower film thickness in PLA10Mg than in PLA: neither the 
deposition of salts nor the growth of metal phosphates can counteract 
this thinning of the film. Only in the case of PLA films immersed in SBF 
+ GK is there a thickness comparable to that of PLA films, probably due 
to the predominance of salt deposition over hydrolytic degradation of 
the polymer. 

The salt deposition on the films surface after degradation, favoured 
by the magnesium release in the case of PLA10Mg samples, is behind the 
changes in the Young’s modulus of degraded samples, in relation to ND 
samples. In the case of PLA10Mg films the salt layers must have a me
chanically stable distribution and configuration, regardless of the com
ponents of the degradation medium, since the compressive stiffness of 
the films is independent on the presence of glucose and/or ketone bodies 
and, on average, an increase in E of approximately 150% can be re
ported. This agrees with the equal FTIR spectra obtained in the 4 
PLA10Mg degraded samples. Comparing the elastic response of films 
with Mg versus that shown by films without Mg, the results show that 
when ketone bodies are added without the presence of glucose, the 
elastic modulus after degradation is the lowest, even reaching values 
equal to the non-degraded sample in the case of films without Mg, 
probably because in this last case there is an inhomogeneous salt 
distribution. 

Moreover, the salt deposition must be behind the increase in hy
drophilicity of the films, together with the hydrolysis of the polymer 
itself and the corrosion of the magnesium particles (if present). The 
presence of these salts is demonstrated by the FTIR spectra of the 
degraded samples. Thus, in PLA films, no significant differences are 
found in the contact angle values depending on the degradation medium 
because the deposited/adsorbed species must be similarly charged. In 
PLA10Mg films when the medium contains only glucose, the values of 
θW and θF are the highest of all degraded samples and this is translated to 
the lowest surface polarity (within degraded films): Gluc− anion co
ordinates with Ca2+ and, to a lesser extent, with Mg2+ cations, making, 
probably, a less negatively charged surface, as indicated by the low 
electron-donor parameter. In media containing ketone bodies, with and 
without glucose, in addition to the CaP and MgP layers, respectively, 
HB− is adsorbed/deposited, so that it is a more electron-donating layer 
and, therefore, the surface is more hydrophilic. This reasoning also ex
plains the higher interaction of SBF + G degraded films with diiodo
methane (slightly lower θD was determined) compared to the other two 
media simulating diabetic environments. 

As already indicated, the different composition of the layers depos
ited on the films and/or their ionic nature is related to the observed 
changes in the surface tension components, especially in the polar 
component and in their electron-acceptor and electron-donor parame
ters. HB− does not adsorb on the surface of the films with the same af
finity as Gluc− does and, moreover, its complexes with both Ca2+ and 
Mg2+ are very labile (Table 5). This is why when the medium does not 
contain glucose, HB− must adsorb weakly and non-uniformly on the 
surface of PLA10Mg films (cross-sections of Fig. 5g) are among the 
smallest and within this deposited layer are surface precipitates from 
media such as MgP. When PLA10Mg films are subjected to degradation 
in SBF + GK, besides the Gluc− layer formation, which complexes with 
Ca2+ and induces CaP formation, simultaneously, other species in so
lution are adsorbed, such as MgP and also HB− , which can also interact 
weakly with Ca2+ and Mg2+, resulting in an adsorbed layer with ionic 
diversity and high polarity (Table 2). This can be also manifested in the 
cross sections of these films, which show that the films are thicker after 
degradation in SBF + G + KB compared to degradations in SBF + G and 
SBF + KB. 

The scenario in which the discussion of this work has been con
ducted, based on the deposition of different salts and ionic species on the 
surface of the samples, fits well with the description of isotropic surfaces 
that do not show preferential directionality in space (Str always lower 

Table 5 
Complex formation constants of 1:1 stoichiometry between the ligands and 
cations of interest.   

Log Kf 

Ligand (L) Cation (M)  

Ca2+ Mg2+

Gluc- 1.21 0.70 
HB− 0.60 0.60  
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than 1 or close to it). In spite of this, the roughness values were different 
between samples and, therefore, we have considered whether the 
experimentally measured contact angles were affected not only by the 
physical properties of the surfaces but also by topographic characteris
tics. In this respect, the Wenzel approximation [37] was used to contrast 
the value of the experimental contact angle (θW,measured) and that cor
responding to an ideally smooth surface (θW,ideal) (Table 6). Thus, the 
relationship between the measured and ideal contact angle is given by 
Eq. (5): 

cos θm = r • cos θideal (5)  

where θm is the measured angle, θideal is the ideal contact angle and r is 
the roughness ratio, which is calculated from the parameter Sdr (Eq. 
(6)): 

r = 1 +
Sdr
100

(6) 

According to Wenzel, the addition of roughness to a surface can alter 
the wettability due to the chemical composition of the surface: if the 
surface is chemically hydrophobic, it will become even more hydro
phobic when surface roughness comes into play and vice versa. This 
effect also depends on whether the droplet penetrates into the nooks and 
crannies of the surface or whether there are air pockets between both 
phases. 

The equal values of θW,measured and θW,ideal show that the experi
mental values of water contact angle, on which we have based the dis
cussion of our results, faithfully reflect the properties of the aged 
surfaces. 

5. Conclusions 

The presence of glucose and/or ketone bodies in the degradation 
medium of Mg-supplemented polylactic acid introduces ionic species 
into the environment that directly influence the composition of the 
adsorbed salt surface layers as well as the aging of the polymer. The 
presence of glucose promotes the formation of a CaP protective layer 
through the coordination of Ca2+ ions with the glucose (in the gluconate 
form) adsorbed on the surface. The presence of ketone bodies, especially 
the action of hydroxybutyrate anion, promotes an increase in hydro
philicity on Mg-enriched surfaces. 

After degradation, the accumulation of salts on the polymer causes a 
significant hardening of the material surface, obtaining changes in 
Young’s modulus in the order of 150% for PLA enriched with Mg. 

In any case, the thickness of the salt layers deposited on the films 
without and with Mg increases in the case of aging with both glucose +
ketone bodies, which may indicate that these components can be deci
sive in any in vitro degradation model. 
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L. González-Martín, C. Pérez-Giraldo, M.C. Fernández-Calderón, Modification of 
physico-chemical surface properties and growth of Staphylococcus aureus under 
hyperglycemia and ketoacidosis conditions, Colloids Surf. B Biointerfaces 209 
(2022), https://doi.org/10.1016/j.colsurfb.2021.112137. 

[21] A. Oyane, H.M. Kim, T. Furuya, T. Kokubo, T. Miyazaki, T. Nakamura, Preparation 
and assessment of revised simulated body fluids, J. Biomed. Mater. Res. 65 (2003) 
188–195, https://doi.org/10.1002/jbm.a.10482. 

[22] J. Brooke, M. Stiell, O. Ojo, Evaluation of the accuracy of capillary 
hydroxybutyrate measurement compared with other measurements in the 
diagnosis of diabetic ketoacidosis: a systematic review, Int. J. Environ. Res. Publ. 
Health 13 (2016), https://doi.org/10.3390/ijerph13090837. 

[23] L. Laffel, Ketone bodies: a review of physiology, pathophysiology and application 
of monitoring to diabetes, Diabetes Metab. Res. Rev. 15 (1999) 412–426, https:// 
doi.org/10.1002/(sici)1520-7560(199911/12)15:6<412::aid-dmrr72>3.0.co;2-8. 

[24] C.J. van Oss, R.J. Good, M.K. Chaudhury, Additive and nonadditive surface tension 
components and the interpretation of contact angles, Langmuir 4 (1988) 884–891, 
https://doi.org/10.1021/la00082a018. 

[25] N. Erina, C. Su, Quantitative Mechanical Property Mapping at the Nanoscale with 
PeakForce QNM, 2010, https://doi.org/10.13140/RG.2.1.4463.8246. 

[26] F. Rico, P. Roca-Cusachs, N. Gavara, R. Farré, M. Rotger, D. Navajas, Probing 
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Comparison of the Ca2+ complexing properties of isosaccharinate and gluconate-is 
gluconate a reliable structural and functional model of isosaccharinate? Dalton 
Trans. 46 (2017) 13888–13896, https://doi.org/10.1039/c7dt03120c. 
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