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The fabrication of biomaterials with structured surfaces for medical purposes is a topic of great interest. Pro-
ducing topographies with certain characteristics can benefit tissue formation and/or reduce the probability of
developing an infection due to the hindrance shown by certain micro-structures to microbial adhesion.

This work presents a new, economically attractive way to fabricate micro-structured patterns on the surface of
one of the currently most interesting bioabsorbable polymeric materials, polylactic acid (PLA). Formation of
homogeneously distributed holes is presented as a function of three factors: the concentration of cetyl-
trimethylammonium bromide (CTAB), the presence or not of the dispersant magnesium, and the hydrophobicity
of the support used in the PLA-film fabrication, silicone or glass. The size of the holes increases with the CTAB
concentration: from 1 to 5 um on silicone and 2 to 20 um on glass. Magnesium particles make CTAB to disperse
better inside the PLA matrix, provoking the irregular holes observed on glass become regular with sizes between
0.5 and 2 pm. The topographies obtained on silicone are highly stable over time, while on glass they degrade
after 28 days. Consequently, it is possible to design a wide spectrum of micro-structured topographies, covering

both antimicrobial and tissue integration targets.

1. Introduction

Nowadays, the concept of “green plastic” is very important in the
manufacture of polymers in any sector [1], since many of the polymers
produced are based on petroleum, a non-renewable raw material. In this
context, polylactic acid (PLA) is a highly interesting polymer due to its
recognized biodegradability, non-toxicity and biocompatibility, prop-
erties which make it extremely attractive from an industrial [2] and
biomedical [3] point of view.

Production of PLA films by solvent casting is a widely used and easy
to apply technique [4-8]. It consists of dissolving the polymer in a
suitable solvent, casting it on a substrate and allowing it to dry. In this
way, both the solvent and the substrate used for deposition can influence
the surface properties of the films and can be selected in accordance with
the surface properties desired. Paragkumar et al. [9] and Sato et al. [5],
in independent studies, showed that the solvent of choice induces
conformational changes in the polymer structure, and Byun et al. [4]

attributed these changes to alterations in crystallinity. For their part,
Fukuoka et al. [10] found changes in hydrophobicity depending on the
material on which the solution was cast, and our own studies have
recently reported that interaction free energy of two PLA surfaces
immersed in water is also highly influenced by the support surface [11].

Another way of changing the properties of casting-solvent PLA films
is by introducing dopants into the polymeric matrix [12-15] and there
are numerous possibilities to include these dopants into the PLA matrix.
A possibility related to improving the mechanical properties of PLA is
the inclusion of metallic particles. In this sense, copper, bronze and
silver have been used as micro-fillers of PLA nanocomposites, due to
their additional antibacterial properties [16]. PLA functional fillers are
also zinc oxide and silver-copper alloy nanoparticles [17] and silicon-
hydroxyapatite or magnesium-hydroxyapatite for promoting osteo-
genic properties [18]. One of the most used metallic particles is mag-
nesium [19,20]. The incorporation of magnesium particles into PLA
matrices is always associated to the manufacture of biodegradable
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materials, mainly in those cases where a change in the mechanical
properties of PLA is sought for use in temporary bone repairs. Adding
magnesium to PLA brings the Young’s modulus of the composite closer
to that of bone and modulates the polymer degradation rate of PLA that
in most of the biomedical applications is consider too low. Moreover,
these mechanical changes have been accompanied by beneficial bacte-
ricidal effects associated to the dissolution of magnesium particles,
which provokes microenvironments of high pH and hydrogen concen-
tration, favouring bacterial damage. Other types of dopants, e.g. sur-
factants such as cetyltrimethylammonium bromide (CTAB) can be used
to improve the wettability of PLA [10,21-23]. Moreover, CTAB is also a
surface modifier, so it is used to achieve a homogeneous distribution of
magnesium particles in the polymeric matrix [20,23]. This better dis-
tribution is mainly due to attractive electrical interactions between the
magnesium particles and the CTAB molecules, a fact that even affects the
distribution of the components in the matrix in an internal layer-like
model of the film.

In order to assess how the PLA biomaterial may behave in an in vivo
setting, studies have focused on evaluating its response to bacterial and
cell adhesion and proliferation [7,24-27]. In this line of studies, the
surface is crucial because in addition to the active components that the
PLA matrix can support to prevent infection and promote cell integra-
tion [7,24,28,29], the topography of the surface can alter the adhesive
behaviour of these cells, whose size is within the micrometric scale.

In this regard, there are numerous studies that relate the topography
of a surface to both microbial and cellular adhesion processes [30-34].
The size, shape and distribution of topographical structures play an
important role in the attachment of bacteria and cells to the surface of
biomaterials.

Focusing on the antimicrobial properties of biosurfaces, several
studies have shown that certain structures, ranging from random
structures to ordered arrays, on the surface of biomaterials do not pro-
mote bacterial adhesion [30,31]. It is a common observation that when
the pitch size of the structure is smaller than the size of the bacteria,
fewer bacteria adhere to surfaces [35]. In addition, previous studies by
our research group demonstrated that surfaces with spatially organised
micro-topographical patterns lead to a significant reduction in bacterial
adhesion relative to smooth control samples [36]. In the same vein,
Xiang Ge and co-workers demonstrated that sub-micrometre-scale pat-
terns effectively inhibit bacterial adhesion, growth and colonisation by
physically preventing bacterial cell-cell interactions [37]. Studies by
Audrey Allion et al. showed that bacterial adhesion was reduced on
micro-topographies of the stainless-steel surface generated by a unidi-
rectional polish finish relative to the smooth surface [38]. More recent
studies by A.-K. Meinshausen et al. show that surface structuring can
decrease the amount of adherent bacteria on implants made of titanium
and polyester polyethylene terephthalate (PET) [39]. In the review by
Abinash Tripathy et al. a complete overview of natural and bio-inspired
nanostructured surfaces, both with random structures and ordered ar-
rays, with bactericidal power is provided [40].

In the particular case of biodegradable materials, the topography of a
surface can be modified as a result of degradation in physiological media
[41-43], especially if the materials are loaded with substances that are
very active or reactive in aqueous media, as is the case of magnesium
[7,44] and surfactants [23,45]. Particularly, in contact with water,
magnesium forms a hydroxide, soluble up to pH = 10.5, and precipitates
above this pH value. However, in physiological buffers containing
chloride anions, as in phosphate buffer saline (PBS), both metallic
magnesium and its hydroxide react with the chloride, resulting in
magnesium chloride, which is much more soluble in water and, in turn,
increases the solubility of the magnesium metal, increasing the Mg?*
cation concentration and pH [46]. This degradation of the biomaterial
can progressively release the active components into the environment
and significantly alter the topography that the material can expose to the
surrounding media and, in consequence, its response against cell and
bacterial adhesion.
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Within this scenario, the main objective of this work is to analyse
topographically the micro-structures formed “spontaneously” on the
surface of PLA films when different concentrations of the surfactant
CTAB are added and to evaluate how these structures are modified when
magnesium is added to the polymeric matrix. The study includes an
analysis of the stability of the structures as a function of time, by
immersing the films in PBS for 7 and 28 days. The procedure followed
and the diversity of structures observed will serve to propose a new
versatile method for the creation of structured patterns on biopolymers.

2. Materials and methods
2.1. Films preparation

Glass disks were cleaned with chromic acid, rinsed with deionized
water, and dried at 37 °C. Silicone disks were cleaned with absolute
ethanol and dried with a flow of N». All disks were stored in a desiccator
until use.

Films were prepared as described in our previous work [23]. In brief,
polylactic acid (PLA) particles (PLA2003D, with D-isomer content of
4.25%, purchased from NatureWorks LLC, Blair, NE, USA) were dis-
solved in chloroform (Sigma-Aldrich, Merck, Darmstadt, Germany) (5%
w/v) using a rotator stirrer (JP Selecta, Barcelona, Spain). Then,
different amounts of cetyltrimethylammonium bromide (CTAB, Sigma-
Aldrich, Merck, Darmstadt, Germany) (0, 1, 5 and 10% w/w with
respect to PLA) were added and the solutions were homogenised by
stirring. To prepare the batch of magnesium-containing solutions,
magnesium particles (<50 pm, Nitroparis, Castellon, Spain) were added
and stirred to achieve a final concentration of 3% w/w relative to PLA.

Once the solutions were prepared, 1 or 2 mL of each mixture was cast
on silicone and glass disks, respectively, and left to dry at room tem-
perature for 24 h. Then, films were dried in an oven at 70 °C for 24 h, in
order to remove completely any remaining solvent. After drying, the
films were peeled off from the host surfaces. Films were stored in a
desiccator until use. Characterisation of the films by the techniques
described in the following sections was carried out before and/or after
gently rinsing the film surface with a volume of 1 mL of Milli-Q water for
5 min. Rinsing was followed by air-drying prior to characterisation.

2.2. In vitro degradation

Films were immersed in 30 mL of phosphate buffer saline (PBS) at
37 °C for 7 and 28 days. After degradation, films were dried with a flow
of N» and stored in a desiccator until use.

Since the number of samples is high, to better follow the results, the
notation used is the following: X-Y/Zp, X being the substrate used (S or
G), Y the amount of magnesium added (0 or 3% w/w), Z the amount of
surfactant added (0, 1, 5 or 10% w/w) and D the number of days of
degradation (7 or 28).

2.3. Surface structure characterization

Surface morphology of PLA films was evaluated using an atomic
force microscope (AFM) (Agilent AFM 5500, Agilent Technologies,
California, CA, USA) operating at room temperature and in contact
mode. Rectangular cantilevers (FMV-PT, Bruker, USA) were used with a
nominal spring constant of 75 kHz and a force constant of 3 N/m. Images
were taken at different scanning lengths from 50 x 50 pm? to 5 x 5 pm?
depending on the size of the features to be analysed. In each scanning
area, topographical, deflection and friction images were acquired. Three
different films were studied of each condition (triplicate) and 5 different
regions on each film surface were scanned. Since roughness is a scale-
dependent function, all the comparisons were made with the average
roughness (Sa) obtained from 50 x 50 pm? images. Any features
observed in the images were characterized from line profiles, and their
width and depth measured. Results are given as average values and
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standard deviations. dose used to acquire each spectrum was above 10'2 ions/cm?. Negative
spectra were recorded, and a pulsed low energy electron flood gun was
used for charge neutralization.

2.4. Surface chemical composition

Time of flight secondary ion mass spectrometry (ToF-SIMS) analyses 2.5. Hydrophobicity

of samples were performed with a Tof-SIMS® (ION TOF, Miinster, Ger-
many) using a Bi3" as primary gun, operating at 25 keV. The total ion Water contact angles on films were used as a measure of their

S-0/0

009

Fig. 1. AFM images of films cast on silicone, without magnesium and with different concentrations of CTAB. Left and right images are topographical and deflection
images, respectively.
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hydrophobicity. Films were placed on the stage of a Drop Shape
Analyzer-DSA100E system (Kriiss, Hamburg, Germany) and drops of 5
uL of Milli-Q water were placed on their surface. Sessile drops were
analysed by ADVANCE for Drop Shape Analyzer (Version 1.12-01). At
least two drops were measured in the central part of each film and three
different films were studied of each condition.

2.6. Surface tension of degradation media: CTAB release quantification

Drop Shape Analyzer-DSA100E system (Kriiss, Hamburg, Germany)
was used for pen-dant drop tensiometry to measure the surface tension
of the PBS degradation media after immersing the films for 7 and 28
days. The volume of the drops ranged between 20 and 30 pL, and 5
measurements were made for each liquid analysed.

The changes in the surface tension of the PBS after film degradation
were used to estimate the concentration of CTAB released. For this
purpose, the surface tensions of a series of solutions with concentrations
ranging from 0 to 0.16 mg/mL of CTAB (minimum and maximum CTAB
concentrations expected) were measured, and the data were fitted to an
exponential-like equation. The CTAB concentrations of the immersion
media for each film and time were calculated from this equation.
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3. Results and discussion

3.1. Silicone-cast films

Films prepared by solvent-casting permit working with both sides:
the one in contact with the substrate and the one exposed to the air.
Some works discuss the surface properties of the films depending on the
side chosen [10] and in some cases the research is carried out on one
specific side [11]. In our study we fixed the side in contact with the
substrate (bottom side) to allow a better comparison between samples.

3.1.1. Topography of non-degraded films

Fig. 1 shows some representative images of the topography of films
cast on silicone without magnesium, with the different amounts of
CTAB. Left and right images are topographical and deflection images,
respectively. In the case of S-0/0, the film surface replicated the
topography of the silicone substrate, where some scratches and in-
dentations appeared, revealing areas with a different polymer accumu-
lation. This caused the images to have two different roughness values:
Sa = 240 + 30 nm, (in areas with higher accumulations of PLA, this is
the case shown in Fig. 1) and Sa = 50 £+ 20 nm (very flat and uniform
PLA finish, see Fig. S1 in the Supporting Information). The 1 mL volume
of water deposited on the film surface to gently clean the surface of these
films (without CTAB) did not alter the topography or the roughness
(images of films prior to cleaning not shown).
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Fig. 2. Quantification of the features (holes) observed on films deposited on silicone through their width (A) and depth (B). Two bars for the same sample indicate

the presence of two completely different hole populations.
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As CTAB was added (S-0/1, S-0/5, S-0/10), hole-like structures
appeared on the surface of the films after rinsing, whose sizes increased
with the amount of surfactant. Fig. 2 statistically quantifies the features
of each sample: Fig. 2A-width and Fig. 2B-depth. The inlet of Fig. 2A is
only an example of two line profiles (two holes each), used to carry out
the measurements. It should be noted that in any case the roughness of
the samples is dominated by the roughness of the polymer and therefore
it is difficult to find significant differences in this parameter in relation
to the control (S-0/0). Differences were found in the size of the struc-
tures, the width changing from 1.3 £ 0.3 um in the case of S-0/1 to 2.5
+ 0.7 um for S-0/5 and 5.0 &+ 1.2 pm in the case of S-0/10. The depth
was significantly increased with the highest amount of surfactant: from
about 60 nm to 300 nm (average).

The formation of holes in the surface of the films must be related with
the distribution of surfactant inside the polymeric matrix. During the
drying process, the excess of surfactant in the polymeric matrix is
segregated to the surface and it accumulates in specific very well-
distributed areas of the surfaces. During the gentle washing of the sur-
face, the surfactant dissolves rapidly in the water, leaving its “footprint™
on the surface. The size of these areas depends on the amount secreted
which, in turn, is a function of the surfactant concentration in the film.

To demonstrate this hypothesis, freshly prepared films were visual-
ized without rinsing and after gentle washing. As an example, Fig. 3
shows the appearance of an S-0/10 film before rinsing (Fig. 3A) and after
gentle cleaning (Fig. 3B). In the case of the films before rinsing, there is
no evidence of holes on the surface in the topographic images; the sur-
face appears relatively flat, with circular-like contours slightly visible in
some areas (see the arrows). However, the friction images offer useful
information: these images can give us details of compositional changes
as long as the modifications in colour are not directly associated to
topographic features, and this is what happens experimentally: circular-
like structures with different compositions from the rest of the materials
are appreciated, coinciding in diameter with the width of the hollows of
the sample S-0/10. When the surface is slightly washed (Fig. 3B) these

Topography

Deflection
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“filled” cavities are rapidly emptied, giving rise to the patterns already
observed in Fig. 1.

The distribution of surfactants within polymer films is of great in-
terest in the case of films prepared from aqueous colloidal dispersions, in
which surfactants are primarily required to ensure the stability of the
colloidal particles. Within this scenario, the idea of segregation-
exclusion of the surfactant is in agreement with the research of other
authors. The previous work of Du Chesne et al. showed that, using en-
ergy filtering transmission electron microscopy, it was possible to detect
domains of emulsifiers (surfactants) on the surface and in the bulk of
thin latex films prepared from solvent-casting at temperatures higher
than the so-called minimum film-forming temperature [47]. An excess
of surfactant at the film-air interface is also deduced by Mallegol et al. in
their work with waterborne acrylic pressure-sensitive adhesives, causing
latex particles not to aggregate [48]. The migration of surfactant to in-
terfaces is driven by its tendency to lower its interfacial free energy in
the water solution, provoking a decrease in the interfacial energy at the
polymer/air and polymer/substrate interfaces. An excess concentration
of surfactants can develop at and near interfaces during the drying stage,
and segregation and exudation can also occur depending on the film
formation or storage temperature. However, although in that work they
make an interesting topographical study of the films by AFM, they do not
clearly observe the surfactant exclusion zones on the surface. The work
of Monteiro et al. does describe the formation of holes in latexes of block
copolymers, after removing the surfactant by rinsing, and associates this
effect to the slow coalescence of the particles during drying [49].

In any case, the studies carried out on these structures have been
associated with the particular distribution of particles in latex-like lat-
tices, and they have not been observed so far in polymeric matrices such
as PLA as a function of magnesium content and substrata
hydrophobicity.

Although, as mentioned, we focussed on the bottom side of the films
(in contact with the substrate), some extra experiments were also made
on the top part (in contact with air) to support the hypothesis of

Friction
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3440

Fig. 3. Topographic, deflection and friction AFM images of S-0/10 freshly prepared films, without rinsing (A) and after washing (B).
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surfactant accumulation and exclusion areas. This information is
included in the supporting information (Fig. S2) and the results agree
with the previous work of Zhang and Severtson, who reported that the
faster drying on the top surface than on the bottom surface caused a
more abrupt and less organized accumulation of surfactant than on the
bottom side [21]. Images from Fig. S2 show the formation of irregular
holes in the S-0/10 (top) sample, much higher than in the case of S-0/10
(bottom). For the sake of comparison, the features width from the top
reached values of up to 20 ym, while from bottom they were not, in
general, higher than 7 um.

When magnesium particles were added to PLA films containing
varying amounts of CTAB, the hole-like structures described above in
Fig. 1 did not alter significantly and the sizes were similar to those ob-
tained for non-containing magnesium samples, as can be seen in Fig. 2. It
is worth noting that in the case of S-3/1 no area of the film surface was
found to show the small holes observed in S-0/1. Magnesium probably
helps to homogenize the CTAB content, as the surfactant adsorbs on the
surface of the magnesium particles. This reflection is in line with the
work of other authors who used CTAB to better disperse these particles
in the PLA polymeric matrix, when working with higher magnesium
concentrations than those used in this research [20].

3.1.2. Topography of degraded films

The next step for characterizing these structures on the surface of the
films was to check how stable they are against degradation of the ma-
terial, taking into account that this polymer can be used for biomedical
purposes.

In the cases without magnesium (Fig. 2, left) the immersion in
physiological buffer at 37 °C for 7 and 28 days did not seem to affect
significantly the holes width for S-0/5 and S-0/10; in the case of S-0/1
the small holes disappeared, probably because of the deposition of salts
coming from the PBS during degradation. In the case of depth, only for S-
0/5 was the hole depth increased from 50 nm to about 230 nm (in
average) with degradation, which could be associated to a more efficient
cleaning of the hole by the surfactant.

s-3/5,
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In the case of films containing magnesium particles, degradation
significatively affected films with the highest amount of CTAB (Fig. 2
right), regardless of the degradation time. Fig. 4 presents some example
images of S-3/57 and S-3/103g. In S-3/102g some structures became
wider and deeper than in the case of S-3/10 with a more irregular
conformation; their quantification in Fig. 2 shows that changes were
close to 200 % for width and to 450% and 670% for depth in S-3/107 and
S-3/104g, respectively. In these cases, there were also a number of small
holes on the images with sizes close to the sample without degradation
These hole populations are also plotted in Fig. 2 (including a second
column in the figure for that sample).

The absence of topographical changes between 1 week and 4 weeks
of degradation must be related to a certain balance between surfactant
release (increase in the hole dimensions) and an accumulation of salts
from the PBS in the holes (decrease in the hole dimensions). This idea is
based on the studies carried out on the quantification of surfactant in the
degradation medium with the degradation time.

Fig. 5 presents the estimation of the surfactant concentration in the
degradation media. For films without and with magnesium, the con-
centration of CTAB in the degradation medium increased with the sur-
factant content. Similar values of CTAB were found in samples with 1%
CTAB and 5% CTAB at both degradation times and only in the case of
10% CTAB was the released surfactant amount significantly higher at 28
days than at 7 days. Since we found no differences in feature sizes of S-0/
107 and S-0/109g or of S-3/107 and S-3/104g, it is very likely that the
release of CTAB occurred simultaneously with the deposition of salts
during degradation. Probably the presence in the case of S-3/107 and S-
3/105g of small holes is due to the release of CTAB from the whole
polymer matrix, a fact that is also supported by the fact that magnesium
helps to disperse the surfactant within the polymer. It is very likely that
the surfactant located on the surface of the magnesium particles (or
near) forms small aggregates when these particles are degraded with
time: the dissolution of magnesium particles and its transformation into
Mg?* is associated with a significant local increase in pH which may
favour the agglutination of the CTAB molecules due to the suppression

031 pm
0.00 pm

| 092pm 139V

0.00 ym

Fig. 4. Some representative AFM images of films deposited on silicone with magnesium and with CTAB after degradation. Left and right images are topographical

and deflection images, respectively.
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Fig. 5. Estimation of the surfactant concentration in the degradation media of
films cast on silicone.

of the electrical repulsions between the cationic parts of the CTAB [46].
This idea is in line with the adsorption model proposed by Ferrandez-
Montero et al, where positive CTAB chains were adsorbed on the
negative-charged magnesium particles [20]. The release into the me-
dium of these aggregates would leave small footprints in the polymer
that would be associated with the small holes observed. This process
may be enhanced by degradation time and perhaps for this reason also
the amount of CTAB at 28 days of the samples with magnesium reached
the highest values.

Estimation of CTAB release to the degradation media was also
combined with information of the chemical surface analysis of the films
provided by the ToF-SIMS surface mass spectra, the bromide ion (Br™)
being chosen as a representative fragment of the CTAB and the C4H;02
fragment as a representative for PLA. Focussing on the cases with sig-
nificant changes in CTAB concentration, Fig. 6A indicates that, within
experimental error, Br™ is poorly detected on the surface of films from 7
days of degradation i.e. the most external film surface is “without”
CTAB. For this reason, the differences in the surfactant concentration in
the suspending liquid between 7 days and 28 days should come from the
surfactant diffusion from the bulk PLA matrix. Considering that the
amount of CTAB loaded to the film represents 100% of the amount that
can be found in the degradation medium, the average amount of CTAB
found in the degradation medium for S-0/107, S-3/107, S-0/10,g and S-
3/105g was 5.5%, 4.2%, 22% and 47%, respectively, indicating that at
28 days the release of CTAB with magnesium is twice as much as without
magnesium.
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3.2. Glass-cast films

3.2.1. Topography of non-degraded films

Fig. 7 presents some representative images of the films without
magnesium, G-0/0, G-0/1, G-0/5 and G-0/10. The topography of control
films deposited on glass, G-0/0, was very uniform and smooth, repli-
cating the glass surface, without areas of higher or lower polymer
accumulation, as happened with silicone, and their roughness was low,
Sa = 4 + 1 nm. When CTAB was added to the film this roughness
increased with the CTAB concentration: 12 + 5 nm; 70 4 12 nm; 150 +
15 nm for G-0/1, G-0/5 and G-0/10, respectively. The addition of CTAB
caused structures to appear on the surface of the film. In the case of G-0/
1 such patterns were more clearly visible than on silicone and larger. By
adding more CTAB, these structures became larger and more irregular,
especially in the case of G-0/10. Fig. 8 quantifies, on average, the size
(width and depth): in the case of G-0/10, two groups were made,
relating to larger and smaller structures (Fig. 7). The width of the holes
doubled from G-0/1 to G-0/5 (2.0 £+ 0.5 um to 4.1 + 1.5 ym) and these
structures became extremely wide for the G-0/10 condition (20 + 5 pm).
In the case of depth, it increased from 110 + 30 nm (G-0/1) to values
close to 400 nm (G-0/5 and G-0/10).

Interestingly, the addition of magnesium particles changed the
appearance of the films with surfactant (Fig. 7). In the case of G-3/0 a
completely flat surface was observed, similar to G-0/0, with no
remarkable singularities, and with a roughness very close to G-0/0 (Sa
= 7 + 2 nm). When the surfactant was added, magnesium particles
caused the structures to become very regular and well distributed, and
the size was slightly higher for G-3/10 (Fig. 8, width 1.8 + 0.6 pm and
depth 340 + 140 nm) than for G-3/1 and G-3/5. Again, note that
magnesium helped to disperse the surfactant in the PLA matrix.

3.2.2. Topography of degraded films

Films cast on glass degrade differently from those cast on silicone,
especially in the case of absence of surfactant: looking at Fig. 8, holes
appeared after 28 days in the sample without magnesium, and if mag-
nesium was present, holes had already appeared at 7 days (no such
degradation was observed with silicone). Some representative images
are given in Fig. 9.

In addition to topography, hydrophobicity of the film is affected by
the surface on which it is deposited. A previous work of our group
showed that films deposited on silicone and glass have different values
of hydrophobicity [23], the films deposited on glass being hydrophilic,
while those deposited on silicone are hydrophobic, with the
hydrophilicity-hydrophobicity threshold set at 90° [50]. The films of
this study were also characterized by goniometry and the water contact
angles obtained were 107° + 1°; 99° + 5°; 75° + 5° and 67° + 5° for S-
0/0; S-3/0; G-0/0 and G-3/0, respectively. The hydrophilicity of films on
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Fig. 6. Chemical surface analysis of the films provided by ToF-SIMS surface mass spectra. Br™ is taken as a representative fragment of the CTAB and C4H,05 is taken

as representative of PLA.
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Fig. 7. Representative images of the films deposited on glass without and with magnesium and with different concentrations of CTAB. All the images are

topographical.

glass facilitates the degradation of the polymer in an aqueous environ-
ment such as PBS, with small holes appearing on the polymer favouring
its release into the environment.

Degradation of films with surfactant must be associated with two
contributions: on the one hand, release of the surfactant, and on the
other hand, release of the polymer. This means that for films without
magnesium, the density of the holes increases and they become more
irregular and increase in size (compare Figs. 7 and 9); in the case of G-0/
10,5 the smaller holes are not visible (also Fig. 8).

In the case of magnesium-containing films, degradation also causes

the circular geometry of the holes to become more irregular, with the
formation of bonds between nearby holes, which, in the case of G-3/
1043, leads to the appearance of a labyrinth-like surface lattice.
Compositional analysis of the outermost surface layer of the films
after degradation (Fig. 6) shows that the films surface released all sur-
face surfactant content after 7 days of degradation. It should be noted
that the hydrophilicity of glass causes a small amount of the polymer/
surfactant mixture to spill over the edges of the support when preparing
the samples. This unavoidable artifact causes estimation of surfactant
content in the solution to be affected with considerable uncertainty.
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Fig. 8. Quantification of the features (holes) observed on films deposited on glass through their width (A) and depth (B). Two bars for the same sample indicate the

presence of two completely different hole populations.

The formation of structures as well as their shape is associated with
the three variables we have studied: surfactant concentration, presence
of magnesium and type of support used in the preparation of the films.
Table 1 summarizes the effect of each of the variables used on shape and
size of the structures. It can be seen that structures on silicone are more
stable than on glass. The degradation process modifies them less; only
the magnesium causes, in the case of higher CTAB, these structures to
deform over time, doubling their size. The high hydrophobicity of the
silicone probably favours hydrophobic interactions between the surface
and the PLA polymeric chains, forming a more compact matrix that is
less susceptible to alteration in aqueous environments, as is the case
with PBS. This idea is also supported by the fact that the surface of films
deposited on silicone is hydrophobic, as opposed to glass, which is
hydrophilic.

The surfactant exclusion zones on the surfaces of films deposited on
glass are large and irregular, reaching dimensions of 20 ym in width.
Nevertheless, interestingly, magnesium was able to distribute this sur-
factant very uniformly on the matrix and, in this case, highly regular
exclusion zones of no more than 2 um were observed. In general, the
hydrophilic character of the films on glass leads to degradation of the
structures formed with immersion time in PBS.

Among the various applications of the structures presented in this
work are the design of antimicrobial surfaces as well as the development
of surfaces that enhance cell adhesion. The size of the structures would
determine one utility or another and, in the case of antibacterial to-
pographies, it is usually worked with sizes below (or of the order) of the

dimensions of the bacteria [30,40], so films deposited on glass with low
concentrations of CTAB and with magnesium as a dispersant can be a
good option. Some authors have even shown reductions in the order of
30-45% in adhesion of different bacterial strains to surfaces with hole-
like structures with widths of 3 um to 6 um [36] and films on silicone can
also develop anti-adhesive behaviour, with temporary stability. In the
case of cell adhesion, beneficial topographies can include patterns up to
several microns in size. Certain applications require porous materials
that can reproduce biological architectures such as that which exists in
highly porous bone matrices. Porous interfaces can increase the
biomechanical interlocking between implant and the native bone tissue,
upregulating implant fixation. In a very recent paper by R. Akoumeh
et al. authors prepared microporous surfaces from immiscible polymers
and observed, working with porosity ranges from approximately 7 um to
37 um, that cell adhesion on microporous surfaces was enhanced,
evidencing the role of surface topography in cell adhesion [27]. We
would also like to point out that, although we have quantified the
changes in the micro-topographies with degradation, it is very likely that
an in vivo environment will modify these patterns, especially considering
that the adhesion of cells and/or bacteria to the surface can enhance or
slow down the process of CTAB release to the medium as well as alter the
deposition of salts from the degradation medium.

The different surface finishes observed for PLA-magnesium/CTAB
provide a wide spectrum of topographies with micro-structures or mi-
cropores of different sizes that can be very useful in the biomedical field.
The advantage of this study over others is the versatility in terms of
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Fig. 9. AFM topographical images of degraded films cast on glass, without and with magnesium and with different concentrations of CTAB.

fabrication: film production can be made on a massive scale and very
cost-effectively, without the need for equipment based on lithography,
laser etching, molecular self-assembly, plasma spraying or ion implan-
tation [40,42].

4. Conclusions

It is possible to generate micro-structured surfaces with hole-like
patterns of different sizes on PLA films by adding different concentra-
tions of surfactant to the polymer matrix, using magnesium as a
dispersant, and using different support-substrates.

The diversity of conditions allows hole sizes from sub-micrometer
scale to several microns in width to be obtained, these patterns being
more stable when silicone is used as a solvent-casting support. The bio-
applications are therefore wide-ranging, from the generation of anti-
microbial surfaces to surfaces that promote cell integration.

10

The film production method can be done on a massive scale and it is
economically very attractive, since it does not need any equipment
based on lithography, laser etching, molecular self-assembly, plasma
spraying or ion implantation, which are currently being used with
polymers to generate structured surfaces.
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Table 1

Summary of the effect of magnesium, CTAB, substrate and degradation time on
the size of the micro-structures found. Size quantification in this table is
approximate, exact values are in Figs. 2 and 8.

Silicone
CTAB YES: circular-like structures (between 1 and 5 um)
(1%, 5%, 10%) Size increases with CTAB concentration
Magnesium NO
Degradation 7 days NO: deformation of structures
(without Mg) 28 days NO: deformation of structures
Degradation 7 days SOME: deformation with S-3/10;
(with Mg) 28 days SOME: deformation with S-3/104g
Glass
CTAB YES: irregular and large structures (between 2 and 20
(1%, 5%, 10%) pm)
Size increases with CTAB concentration
Magnesium YES: Mg makes regular and small structures (between
0.5 and 2 pm)
Degradation 7 days NO: deformation of structures
(without 28 YES: deformation of structures in all cases
Mg) days
Degradation 7 days YES: deformation of structures in all cases
(with Mg) 28 YES: deformation of structures in all cases
days
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