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Abstract: 3D-printed polylactic acid (PLA) scaffolds have been demonstrated as being a promising
tool for the development of tissue-engineered replacements of bone. However, this material lacks
a suitable surface chemistry to efficiently interact with extracellular proteins and, consequently,
to integrate into the surrounding tissue when implanted in vivo. In this study, aloe vera coatings
have been proposed as a strategy to improve the bioaffinity of this type of structures. Aloe vera
coatings were applied at three different values of pH (3, 4 and 5), after treating the surface of the PLA
scaffolds with oxygen plasma. The surface modification of the material has been assessed through
X-ray photoelectron spectroscopy (XPS) analysis and water contact angle measurements. In addition,
the evaluation of the enzymatic degradation of the structures showed that the pH of the aloe vera
extracts used as coating influences the degradation rate of the PLA-based scaffolds. Finally, the cell
metabolic activity of an in vitro culture of human fetal osteoblastic cells on the samples revealed an
improvement of this parameter on aloe vera coated samples, especially for those treated at pH 3.
Hence, these structures showed potential for being applied for bone tissue regeneration.

Keywords: regenerative medicine; additive manufacturing; plasma treatment; coating method; aloe
vera extracts; osteoblast cells

1. Introduction

Polylactic acid (PLA)-based scaffolds have been extensively used for bone regeneration [1-6], as
they have a suitable degradation rate and mechanical properties to replace the tissue in non-load-bearing
applications. However, PLA is a hydrophobic material and, as a consequence, its interaction with
the extracellular matrix (ECM) is low [7]. As the adsorption of adhesion-signaling proteins from the
ECM is a key step to promote a good osseointegration of the scaffolds [8], the limited affinity of this
biomaterial to these substances in the ECM is one of the main drawbacks of PLA-based structures.

Different strategies have been proposed to overcome this limitation and increase the number of
applications of PLA-based structures in the field of tissue engineering. An important approach
comprises the incorporation of additives, including bioceramics [9], graphene oxide [10] and
natural-derived polymers [11]. Another strategy is the surface modification of the scaffold [12]
by changing the roughness, wettability and/or surface chemistry of the structures [8]. The processes to
change the properties of the surface can be classified into two groups: the functionalization of PLA or
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the coating of the structure with a bioactive compound able to interact effectively with the proteins
in the ECM. In the first group of techniques, it is possible to mention the plasma [13,14] or alkaline
treatment [15] of the parts. These surface treatments can be used to provide anchoring points to link
bioactive compounds to the surface of PLA-based scaffolds. Different substances have been proposed
with this aim, including chitosan [16], alginate [17], collagen [7,12,18] or calcium phosphates [19].

In this work, the authors have tested the effect of applying an innovative coating based on extracts
of aloe vera to 3D-printed PLA-based scaffolds. Aloe vera is a plant from the Liliaceal family with
demonstrated healing properties [20]. In the tissue engineering field, it has been tested mainly for skin
regeneration [21,22]. However, the use of this natural substance in bone tissue engineering remains
limited [23] to the best of our knowledge and no references have been found regarding its use to
improve the affinity of PLA and promote the attachment and proliferation of osteoblastic cells.

According to the state of the art on the chemical characterization of aloe vera extracts [24,25],
acemannan is the main bioactive compound in the gel of the leaves. It is a mannose-containing
polysaccharide that has demonstrated the promotion of collagen synthesis during wound healing [21,26].
This characteristic could have positive implications for enhancing the osseointegration process in aloe
vera coated scaffolds. Besides, there is currently a high availability of this product at affordable prices,
which makes it a viable strategy from the economic point of view compared with other options, such
as the use of growth factors [27]. For these reasons, this strategy has been proposed in this work
as a promising approach to improve the performance of 3D-printed PLA scaffolds in vitro. Plasma
treatment was used as a first step to functionalize the surface of the materials and promote aloe
vera adhesion.

2. Materials and Methods

2.1. Materials

PLA 1105 (melt flow index of 65 g/10 min, molecular weight of approximately 105,000 g-mol~')
was purchased from Corbion Purac (Diemen, The Netherlands) in powder form. Aloe vera juice was
purchased from aloe vera Costa Canaria (Spain). The quality protocols from the company indicated
that the content in aloin is below 0.0007% w/w (analysis by high performance liquid chromatography).
Sodium hydroxide (NaOH) in pellets form was purchased from Honeycomb (30620, Fluka™), while
hydrochloric acid (HCI) was purchased from Merck (1090571000, Supelco).

2.2. Scaffolds Manufacturing

Firstly, continuous PLA filaments were obtained using a lab prototype extruder consisting of
an 8 mm screw, a cylinder with an L/D ratio of 10 and a 1.6 mm diameter nozzle tip. The extrusion
was carried out at a rotating speed of 7 rpm, at a temperature of 180 °C and with a final air-cooling
stage. These filaments were used to print the scaffolds by using a BQ Hephestos 2 3D printer (Spain).
This additive manufacturing technique is based on the extrusion of heated material, so it can be
classified as a “material extrusion” process (ISO/ASTM 52900:2015), commonly known as fused
deposition modelling (FDM). Structures with a rectangular 0/90° pattern, square-shaped pores and a
theoretical porosity of 50%, were manufactured. The printing settings included a nozzle diameter of
0.4 mm, a layer height of 0.3 mm, a speed of extrusion of 40 mm-s~! and a printing temperature of
215 °C.

In order to better characterize the PLA surface after applying the plasma treatment or the different
coatings proposed, flat-surface samples with dimensions of 80 X 10 X 1 mm were also manufactured
by compression molding, using a Collin P 200 P/M press and a cycle comprising of the following steps:
heating up to 190 °C at a heating rate of 20 °C-min’!; maintaining the temperature at that constant
value for 90 s at 10 bar of pressure; and finally cooling at a rate of 20 °C-min~! while maintaining the
pressure applied in the second step.
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2.3. Surface Treatment and Coating Process

The plasma treatment was carried out in a low-pressure device (Zepto Diener electronic GmbH,
Ebhause, Germany) using oxygen as a carrier gas (Carburos metdlicos, Spain). The oxygen supply
contains less than 500 ppb of H,0 and less than 400 ppb of Nj. The oxygen pressure inside the chamber
was fixed at 1.8 mbar. The treatment was applied at a power of 30 W for 1 minute.

The commercial aloe vera juice was centrifuged at 3000 rpm for 15 min in a Mixtasel BL centrifuge
(JP Selecta), in order to separate the water-soluble fraction (rich in acetylated polysaccharides) from the
cellulose-rich solid fraction. The water-soluble fraction (the supernatant) was used to carry out the
coating of the structures and it contains, apart from the bioactive polysaccharides, phenolic compounds,
soluble carbohydrates, proteins and minerals [24,28]. The supernatant has a pH value of around 4
(measured with a senslON™+PH1 pHmeter +0.01, HACH). The slightly acid behavior of the extracts
can be explained by the presence of different organic acids (acetic acid, lactic acid, succinic acid,
etc.) [29] Three types of samples of aloe vera extracts were obtained through pH adjustment: a pH 3
solution (adjusted with HC1 0.018 M); a pH 5 solution (adjusted with NaOH 0.5 M); and the as-obtained
gel with a pH of 4 (pH was adjusted when needed).

Each scaffold to be tested was individually immersed in 1 mL of aloe vera extract solution and
stirred for 3 h, allowing the interaction between the functional groups created on the surface of the
plasma-treated scaffolds and the functional groups in the polysaccharides’ structures to take place.
Afterwards, the samples were rinsed with 70% ethanol to remove the excess of aloe vera which was
not able to attach to the surface. Furthermore, as polysaccharides are not soluble in ethanol [30], their
precipitation helps to fix the coating to the surface of the 3D-printed PLA scaffolds.

2.4. Water Contact Angle (WCA)

In order to analyze the effect of the coating on the hydrophilicity of the surface, the WCA was
measured through the sessile drop method. For this technique, as it is recommended to use flat-surface
samples [31], the samples obtained by compression molding described in Section 2.2 were used.
The different group of samples tested were PLA, PLA plasma, PLA aloe vera pH 3, PLA aloe vera
pH 4 and PLA aloe vera pH 5. The WCA measurements were carried out at room temperature using a
Kriiss DSA100 water contact angle measuring device (KRUSS GmbH, Germany) and the open source
software Image] was used to measure the static contact angle of 2 pL distilled water droplets placed
onto the surface of the samples. Reported contact angles are the average of six measurements per
group of samples.

2.5. X-ray Photoelectron Spectroscopy (XPS) Analysis

The assessment of the chemical modifications induced into the PLA surface was carried out
by the XPS analysis of non-treated, plasma-treated and coated samples, using a Thermo Scientific
K-Alpha XPS system (Thermo Fisher Scientific, UK) and the CasaXPS software (version 2.3.19PR1.0,
Casa Software Ltd., Teignmouth, UK) for data analysis. Flat-surface samples obtained by compression
molding (as detailed in Section 2.2.) were used for this test and three samples per group were analyzed.
The oxygen/carbon (O/C) ratio of the surface was evaluated from the peak areas of the XPS survey
using a U2 Tougaard background for peak fitting. In a first step, the hydrocarbon component of the
Cls spectrum (284.80 eV) was used to calibrate the energy scale.

2.6. Mechanical Characterization

Plasma treatment is the most common technique to modify the surface chemistry of different
biomaterials, since it does not alter their bulk properties [14]. However, this golden standard depends
on the operating conditions that are used. Two mechanisms have been reported about the chemical
reactions during the plasma treatment of polylactic acid: an oxidative one and a destructive one [32].
The interaction of oxygen and free radicals could lead to the formation of hydroxyl and peroxide groups,
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while the mechanism of destruction of plasma-treated PLA generates free radicals, accompanied with
the formation of volatile gases. If the treatment is too aggressive, the chemical reaction may take place
preferentially through the destruction mechanism rather than the oxidation one and, as a consequence,
the mechanical properties of the structure could be affected. Therefore, it is recommended to confirm
the lack of modification on the mechanical properties of the structure after plasma treatment. For this
reason, non-treated and plasma-treated samples were subjected to mechanical characterization in
the compression mode. In addition, aloe vera coated scaffolds after plasma treatment were tested to
assess the effect of the different coatings (pH 3, 4 and 5) on the mechanical properties of the structures.
Four replicas per group were used. Scaffolds with a diameter of 9.8 mm and a height of 5 mm were
tested in a LIYI (LI-1065, Dongguan Liyi Environmental Technology Co., Ltd., China) testing machine
in displacement control mode. Crosshead speed was set at 1 mm-min~'. The compressive modulus
and the offset compressive yield strength (2% deviation from linearity) were calculated according to
ASTM D695-15.

2.7. Degradation Analysis

In order to confirm if the presence of the aloe vera coating increases the degradation rate of the
base material, an enzymatic degradation test was carried out. The enzymatic degradation test was
preferred over a more common hydrolytic degradation study in PBS, since the first one offers the
possibility of accelerating the test while obtaining comparative results. The enzymatic degradation test
was carried out using proteinase K enzymes from Tritirachium album (30 units per mg of protein, Merck)
diluted in Tris-HCI buffer pH 8.6 (BioReagent, Merck), at a concentration of 0.2 mg-mL~!. Sodium
azide (ReagentPlus® , >99.5%, Merck) was added at the same concentration, in order to diminish the
probability of bacterial contamination. Several examples can be found in the literature about the use of
this type of enzymes to accelerate the degradation study of PLA samples from several months to a
few days or even hours [33-36]. Under enzymatic degradation and according to the literature, PLA
structures are able to retain their properties almost unchanged for up to 8 months [37].

Scaffolds with a diameter of 9.8 mm and a height of 7 mm were used for the enzymatic degradation
test. Four replicas were analyzed per group: PLA, PLA plasma, PLA aloe vera pH 3, PLA aloe vera
pH 4 and PLA aloe vera pH 5. The samples were placed in a non-treated 24-well plate and 2 mL
of degradation media were added to each well. In addition, non-treated PLA samples immersed in
Tris—-HCI solution without enzymes were used as control samples. The buffer-enzyme solution was
replaced daily to maintain a high enzymatic activity, as the reduction of the pH value due to the release
of lactic acid would cause the denaturation of the enzyme [37]. The weight loss of the structures after
5 days of degradation at 37 °C was assessed by using an analytical balance (+0.1 mg, A&D Scales
Gemini Series, GR-200, Germany), to measure the weight of the scaffolds before and after the test.
In addition, the pH value of the media was measured (+0.01) in order to follow up the evolution of this
parameter during the enzymatic degradation process. The morphology of the scaffolds’ surface before
and after degradation was evaluated by scanning electron microscopy (SEM; Hitachi TM 3030 at an
acceleration voltage of 15 kV).

2.8. Cell Seeding and Culture

A human fetal osteoblastic cell line (hFOB 1.19, from ATCC® CRL-11372TM) was used to analyze
the influence of the surface modifications proposed on the bioactivity of the scaffold’s surface. The cell
culture medium used was a mixture 1:1 of DMEM and Ham'’s F-12 without fenol red (Dulbecco’s
Modified Eagle Medium/Nutrient Mixture F-12, high glucose, L-glutamine, Gibco), supplemented
with 10% of FBS (Gibco) and 0.3 mg-mL_l of G-148 antibiotic solution (Geneticin, Biowest). The cells
were cultured in 75 cm? flasks (T75, Sarstedt) until reaching an 80-90% confluence. At this level, they
were trypsinized with trypsin-EDTA 0.5% (no phenol red, HyClone).

The scaffolds to be seeded were 9.8 mm in diameter and 5 mm in height. Four replicas were used
per group of samples: PLA plasma, PLA aloe vera pH 3, PLA aloe vera pH 4 and PLA aloe vera pH 5.
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The scaffolds were sterilized by soaking them in ethanol 75% v/v followed by later exposure to UV
light under the fume hood for 30 min. Afterwards, they were washed three times with PBS (59321C
Dulbecco’s Phosphate Buffered Saline, Merck) and with the culture medium in order to remove any
trace of ethanol. Then, for cell seeding, the scaffolds were placed individually in sterilized centrifuge
tubes (CFT011150, 15 mL sterile tubes, Jet Biofil) and immersed in 2 mL of culture media containing
110,000 hFOB cells. The constructs were kept in an incubator at 37 °C and 5% CO, for 3 h before adding
2 mL of fresh culture medium to the tubes, in order to provide enough nutrients for cell culture during
the first 24 h.

2.9. Cell Metabolic Activity Evaluation

Cell metabolic activity was evaluated through the CCK-8 protocol (Cell Counting Kit-8, Dojindo
Molecular Technologies). At day 1 of cell culture, the samples were transferred from the tubes to a
non-treated 24-well plate (Thermo Scientific™ Nunc™), where they were kept until the end of the
experiment. The scaffolds were washed with 1 mL of PBS and afterwards 1 mL of a solution of the
CCK-8 reagent in supplemented media was added (10% v/v). The same procedure was followed
with 4 empty wells, so the data from these replicas could be used as negative controls. The plate
was incubated at 37 °C and 5% CO; for 4 h. After incubation, two 100 pL-aliquots were transferred
from each well of the culture plate to a 96-well reader plate (Thermo Scientific™ Nunc™ MicroWell™).
The absorbance of the samples was read at an excitation wavelength of 450 nm with a BioTek ELx800
reader (Bio Tek Instruments Inc., Winooski, VI, USA). After sampling, the solution containing the
CCK-8 was removed from the culture, the samples were rinsed with PBS three times and 2 mL of fresh
supplement media was added, before placing the plate into the incubator again. This procedure was
repeated at days 3, 7 and 10 of cell culture, while the culture medium was changed every 2-3 days.

2.10. Statistical Analysis

Statistical analysis was performed using MATLAB software (MATLAB and Statistics Toolbox
Release 2017a, The MathWorks, Inc., Natick, USA). The data obtained during this study were analyzed
by the Wilcoxon two-sided rank sum test when comparing two groups and by the Kruskal-Wallis test
when more than two groups were compared. The significance level was set to * p < 0.05, ** p < 0.01
and *** p < 0.001, for statistically significant, highly statistically significant and very highly statistically
significant differences, respectively. All the figures show the mean values of each group, and their
standard deviations are represented with error bars.

3. Results

3.1. Water Contact Angle (WCA) Measurement

A water contact angle of 79 + 4° was obtained for the PLA samples, while the treated and coated
samples showed a value around 50° (Figure 1). As expected, the plasma treatment of PLA surfaces
decreases their WCA significantly (p < 0.01) compared to the non-treated samples. The aloe vera
coating of the samples at pH 4 and 5 does not reduce this effect, as these groups provide similar results
to the ones obtained for the samples that were only plasma-treated. However, a very highly statistically
significant difference (p < 0.001) was obtained for the PLA samples coated with aloe vera at pH 3,
when compared to the non-treated samples.
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Figure 1. Water contact angle values for the non-treated, plasma-treated and coated samples obtained
by compression molding (** p < 0.01 and *** p < 0.001), compared to the group of non-treated polylactic
acid (PLA) samples.

3.2. X-ray Photoelectron Spectroscopy (XPS) Analysis

The oxygen and carbon composition (%), as well as the O/C ratio of each group of samples,
are shown in Table 1. Non-significant differences were obtained between the non-treated and
plasma-treated samples. On the other hand, the aloe vera coating of the plasma-treated samples
promoted the reduction of the O/C ratio. Highly statistically significant (p < 0.01) and statistically
significant (p < 0.05) differences were obtained between the plasma-treated samples and the ones
coated with aloe vera at pH 3 and 4, respectively. In contrast, a non-significant difference (p > 0.05) was
obtained between the PLA group and the group coated with aloe vera at pH 5. Therefore, in the case of
the coated samples, the reduction of the O/C ratio could be an indicator of the attachment efficiency of
the aloe vera extracts to the plasma-treated surface.

Table 1. XPS results, including the oxygen and carbon content of the surface and the O/C ratio of the
non-treated, plasma-treated and coated samples analyzed.

Group of Scaffolds O % C % o/C
PLA 33.89 +1.87 66.11 + 1.87 0.51 £ 0.04
PLA plasma 35.44 +£1.05 61.89 +2.53 0.57 £ 0.03
PLA aloe vera pH 3 17.13 + 1.99 82.14 £ 1.40 0.21 £ 0.03
PLA aloe vera pH 4 28.83 = 0.79 70.60 +£1.78 0.41 +£0.02
PLA aloe vera pH 5 34.09 +£1.30 65.91 £ 1.30 0.52 +£0.03

3.3. Mechanical Characterization

Prior to the compression test, the scaffolds” morphology was assessed in terms of porosity and
pore size by the methods described in our previous work [38]. Non-significant differences were
obtained between the non-treated, plasma-treated and aloe vera coated samples in regard to these
parameters. The average pore size and porosity of all groups of samples were 480 + 66 um and 61 + 5%,
respectively. As shown in Figure 2, no significant differences were obtained in terms of compressive
modulus or compressive yield strength between the different groups of scaffolds tested. Regarding
the compressive modulus, the values obtained were 31.60 + 7.97 MPa for non-treated scaffolds and
28.52 + 3.53 MPa for the plasma-treated ones. The compressive modulus of aloe vera coated samples
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at pH 3, 4 and 5 were 29.79 + 10.36 MPa, 25.07 + 8.04 MPa and 36.11 + 11.16 MPa, respectively. These
values are in the range of values reported for cancellous bone (20-500 MPa) [39].
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Figure 2. Mechanical properties of non-treated, plasma-treated and aloe vera-coated PLA 3D-printed
scaffolds under compression testing.

3.4. Degradation Study

The mean weight loss of each group of samples after five days of enzymatic degradation is shown
in Table 2. Non-significant differences (p > 0.05) were obtained among the groups tested, resulting
in a total mean value of around 5.5%. The weight of the PLA scaffolds used as control (immersed in
Tris-HCl buffer solution with sodium azide but without enzymes) showed no variation during the
degradation test.

Table 2. Average weight loss (%) of the scaffolds after five-day enzymatic degradation.

Group of Scaffolds Weight Loss %
PLA 5.62 + 0.37
PLA plasma 537 +£0.85
PLA aloe vera pH 3 4.81+£0.79
PLA aloe vera pH 4 6.01 +0.90
PLA aloe vera pH 5 5.85+0.75

Regarding the pH of the degradation media during the experiment, its value decreased remarkably
from day 2 for all the group of scaffolds tested (Figure 3). This reduction was less drastic for the
plasma-treated samples and for the samples coated with aloe vera at pH 3, which maintained a pH
value greater than 6 at day 3. However, at days 4 and 5, similar results were obtained for all the groups
of samples tested. While the coating at pH 3 seems to influence the maintenance of the pH at a higher
level, the samples coated with aloe vera at pH 4 or 5 showed a degradation profile that nearly matched
the one of the non-treated PLA scaffolds.
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Figure 3. Variation of the pH level of the degradation medium during the enzymatic degradation study
of the 3D-printed scaffolds.

In Figure 4, SEM images obtained for each type of scaffold tested are shown, including non-degraded
PLA samples for comparison (Figure 4a,g). A slight reduction of the diameter of the filaments is observed
after 5 days of enzymatic degradation. There is also an evident increment of the microporosity of the
scaffolds’ surface after the degradation test. This was an expected result, as while immersed in the
buffer solution the hydrolytic degradation of PLA takes place via a bulk erosion mechanism; in the
presence of the proteinase K enzymes the degradation of the structure is enhanced via a surface-erosion
mechanism [40]. The evaluation of the high magnification SEM images (Figure 4g-1) suggests that the
enzymatic degradation of the PLA samples followed a different mechanism than the plasma-treated or
coated samples, as for the latter, the presence of newly formed voids over the surface can be observed
(especially in Figure 41), which correspond to the scaffolds coated with aloe vera at pH 5). In contrast,
the non-treated PLA scaffolds surface showed some small fractures, from which the degradation of the
structure progresses.

3.5. Cell Metabolic Activity Evaluation

The values of absorbance obtained from the CCK-8 assay are shown in Figure 5. All the groups
of coated samples showed higher values of absorbance from day 3 until the end of the experiment
(day 10). It is remarkable that for the plasma-treated samples and the coated samples at pH 4 and 5
there was a decrease between day 1 and day 3. One possible explanation for this result may be that
some of the seeded cells were able to attach and survive until day 1, but the attachment was not steady
enough to live until day 3 or to proliferate. Only the group coated at pH 3 was able to support the
growth of cells from day 1 to day 3. Furthermore, this group offered the best results for the overall
experiment, as it provides a very highly statically significant difference (p < 0.001) compared to the
plasma-treated group of samples.
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Figure 4. SEM images (scale bar: 1 mm) of the 3D-printed PLA scaffolds analyzed: (a) non-degraded
PLA; (b) PLA; (c) PLA plasma; (d) PLA aloe vera pH 3; (e) PLA aloe vera pH 4 and (f) PLA aloe
vera pH 5. Additionally, SEM images with higher magnification (scale bar: 300 um) are shown for
(g) non-degraded PLA; (h) PLA; (i) PLA plasma; (j) PLA aloe vera pH 3; (k) PLA aloe vera pH 4 and

(I) PLA aloe vera pH 5.
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Figure 5. Metabolic activity of human fetal osteoblastic cell line (hFOB) cells on the plasma-treated and
coated scaffolds determined by the CCK-8 assay (* p < 0.05, ** p < 0.01 and *** p < 0.001).

4. Discussion

The aloe vera coating method proposed introduces several changes in the physicochemical
properties of the PLA surface and influences its biological activity. The increase of the hydrophilicity
of plasma-treated PLA scaffolds enhance the affinity of the surface to support the aloe vera coating in
an effective way. The functional groups created during plasma treatment of PLA are mainly hydroxyl
and carbonyl ones [13,41]. These groups are not reactive with the functional groups in the structure
of the polysaccharides in aloe vera extracts (mainly hydroxyl and acetyl) [42]. Nevertheless, they
provide an increase in the polarity of the surface which is more favorable for attaching the extract by
intermolecular forces.

The similarity of the WCA results between coated and non-coated groups indicates that
the hydrophilicity increases similarly (compared to untreated PLA samples) whether the surface
modification consisted only in the application of the plasma treatment or if it is followed by the aloe
vera coating. Therefore, any change in the biological properties of the scaffolds needs to be explained
by the change in the chemical composition of the surfaces, not by their surface energy.

Regarding the surface chemistry, despite being a non-significant difference (p > 0.05), the
modification in the O/C ratio of the PLA surface before and after the plasma treatment suggests the
prevalence of the oxidation mechanism over the destructive one [32]. It is important to take into
account that both mechanisms may take place simultaneously and the predominance of one of them
depends on the treatment time, as demonstrated by Izdebska-Podsiadly et al. [43] The prevalence of
the oxidation route during the plasma treatment in the present study is also supported by the results
from the mechanical characterization, as a non-significant difference (p > 0.05) was detected when
the plasma treated samples and the non-treated ones were compared (Figure 2). These results also
evidenced that the aloe vera coating does not play a role on the mechanical properties of the final
structure. The low thickness of the coating and the absence of etching compounds in the aloe vera
extract justify this lack of modification on the mechanical properties of the scaffolds after the coating.

With respect to the coated samples, it is worth mentioning that there is a significant decrease of
the O/C ratio (p < 0.05) for the samples coated at pH 3 and pH 4, but not for those coated at pH 5.
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This trend could be related to the amount and type of bioactive compounds that are able to be fixed on
the PLA surface. The O/C ratio expected from the coating depends on the mannose:glucose:galactose
ratio of the polysaccharides in the extracts [25]. The composition of aloe vera extracts is complex and it
depends on different parameters, such as the geographical location of the plants or the season when the
leaves are harvested, as the carbohydrates have a storage biological function in the living plants [25],
or the extraction and processing procedures used; so it is difficult to predict a clear expected trend of
this parameter.

Regarding the enzymatic degradation of the scaffolds, the results confirm an influence of the
coating on the degradation rate of the material. As the adsorption of the enzymes to the surface is the
first step of any enzymatic degradation process, the modifications introduced on the surface chemistry
can potentially modify the enzymatic degradation mechanism of PLA. In fact, the adsorption process
has been demonstrated to be a key element to understand the enzymatic degradation of PLA and,
in general, of any poly(hydroxyalkanoates), according to Yamashita et al. [44]. These authors stated
that the adsorption of proteinase K on PLA surfaces is an irreversible process that could be related to
a hydrophobic interaction between the PLA and the enzymes. This conclusion can explain why the
degradation of the scaffolds is delayed (during the first steps of the test) when they are plasma-treated
or coated. As demonstrated by the WCA results (Figure 1), any of the strategies applied lead to a
decrease of the hydrophobicity. Consequently, according to the conclusions of Yamashita et al., this
trend would hinder the adsorption of the enzymes on the PLA surface and delay the degradation
process. The coating applied at pH 3 seems to limit this adsorption step especially, as this group
of samples shows the lowest levels of degradation measured as mass loss (Table 2). The protein
adsorption on solid surfaces is a complex process affected by different parameters [45], so the reason
why the coating at this pH value limits the adsorption process needs to be further analyzed, although
it is out of the scope of the present work.

The trend evidenced by the mass loss results is also supported by the pH measurements of
the degradation media (Figure 3), as the decrease of this parameter is explained by the presence of
carboxylic acids released during the degradation process [46]. If the degradation is delayed (as it is
especially for plasma-treated samples and pH 3 coated samples), the pH value of the media will be
higher during the process, as confirmed in this experiment. The results obtained from the enzymatic
degradation test open the possibility of controlling the degradation rate of the proposed constructs
intended for bone regeneration, aiming to match this rate to the specific tissue growth rate.

Finally, the results of the cell viability evaluation prove that the aloe vera coating offers an
improvement on the ability of the bone cells to proliferate and remain viable on the scaffolds compared
to the results from the structures that were plasma-treated but not coated. As plasma treatment is the
most common method to modify the surface of PLA scaffolds [14,47,48], the results from this work
confirm the potential of the coating strategy to increase the biological performance of PLA-based
scaffolds for bone regeneration.

In addition, the pH of the aloe vera extracts has been demonstrated to be a parameter that strongly
affects the bioaffinity of the surface coating, as the best results were obtained for the aloe vera coating
applied at pH 3. The adjustment of the pH may change the chemistry of the bioactive polysaccharides
in the aloe vera extracts. According to different studies, the presence of the acetyl group in the
acemannan structure (one of the most important components in the aloe vera extracts) seems to be
a key parameter to explain its bioactivity [42]. Chokboribal et al. [49] have already proven that the
deacetylation in alkaline conditions of acemannan decreases its bioactivity. Although in this work, the
pH level is not aggressive enough to produce the deacetylation of the bioactive molecules, it is possible
that the introduction of an alkali (NaOH used for pH adjustment of the extract solutions) changed the
conformation of these active functional groups. This modification could hinder the effectiveness of the
aloe vera attachment to the surface, leading to a lower bioactivity of the coating at pH 5 compared to
the coating applied at pH 3.
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5. Conclusions

This study shows the feasibility of improving the biological response of PLA-based scaffolds
by applying a coating of aloe vera extracts. The pH value used during the coating process has
demonstrated to be a parameter that strongly influences the characteristics of the final surface, as the
pH 3 level offers better results in terms of cell viability during the cell culture of human osteoblasts.
Regarding the effect of the coating on the enzymatic degradation of the structures, the coating applied
at pH 3 seems to hinder the enzyme adsorption and, consequently, delays the degradation of the
scaffold. Therefore, the pH level of the aloe vera coating can be used as an important parameter, in
order to tune the degradation process of the structures intended for bone regeneration.
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