Sy
=
=
bl
—

,L.,.LL. ,.QLL"‘ ournal of fVlDPl
it Composites Science \)
fetatas © O -
Article

A Versatile Strategy for the Fabrication of Poly(ethyl
methacrylate) Composites

Kayla Baker and Igor Zhitomirsky *

check for
updates

Citation: Baker, K.; Zhitomirsky, I. A
Versatile Strategy for the Fabrication
of Poly(ethyl methacrylate)
Composites. J. Compos. Sci. 2022, 6,
40. https:/ /doi.org/10.3390/
jcs6020040

Academic Editor:

Francesco Tornabene

Received: 10 December 2021
Accepted: 21 January 2022
Published: 24 January 2022

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

Department of Materials Science and Engineering, McMaster University, Hamilton, ON L8S 4L7, Canada;
bakerk9@mcmaster.ca
* Correspondence: zhitom@mcmaster.ca

Abstract: Poly(ethyl methacrylate) (PEMA) is dissolved in ethanol, known to be a non-solvent for
PEMA, due to the solubilizing ability of an added bile acid biosurfactant, lithocholic acid (LA). The
ability to avoid traditional toxic and carcinogenic solvents is important for the fabrication of compos-
ites for biomedical applications. The formation of concentrated solutions of high molecular weight
PEMA is a key factor for the film deposition using the dip coating method. PEMA films provide
corrosion protection for stainless steel. Composite films are prepared, containing bioceramics, such
as hydroxyapatite and silica, for biomedical applications. LA facilitates dispersion of hydroxyapatite
and silica in suspensions for film deposition. Ibuprofen and tetracycline are used as model drugs for
the fabrication of composite films. PEMA-nanocellulose films are successfully prepared using the dip
coating method. The microstructure and composition of the films are investigated. The conceptually
new approach developed in this investigation represents a versatile strategy for the fabrication of
composites for biomedical and other applications, using natural biosurfactants as solubilizing and
dispersing agents.
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1. Introduction

This investigation was motivated by the advanced functional properties of poly(ethyl-
methacrylate) polymer (PEMA), which makes it the material of choice for the fabrication
of advanced composites. Of particular importance for composite development are the
biocompatibility, high chemical stability, flexibility, advanced mechanical properties, and
thermal stability of this polymer [1,2]. PEMA is a low-cost polymer, which has generated
significant interest for its corrosion protection of metals [3], packaging [4,5], energy storage
in capacitors [6] and batteries [7,8], thermal energy storage [9], and other applications.
Significant enhancement of its properties and functionality was achieved by combining
PEMA with other functional materials and fabrication of composites [8-10].

PEMA composites are especially promising for various biomedical applications [11].
Investigations focused on the development of PEMA composite biocements with enhanced
mechanical properties and biocompatibility [11,12], shape memory composites for biomed-
ical devices [13], composites for bone repair [14,15], and other applications in tissue engi-
neering [14,16]. PEMA has promising properties for dental and orthopedic applications,
craniofacial implants, and biosensors. However, PEMA is soluble only in highly car-
cinogenic and toxic solvents, such as benzene, toluene, and methyl ethyl ketone. This
limits PEMA applications in various fields of bioengineering. The ability to use non-toxic
solvents for dissolution of PEMA and fabrication of composites by colloidal techniques
can provide an avenue for many advanced biomedical applications. Various bioactive
ceramics such as hydroxyapatite, and silica are promising inorganic materials for the fab-
rication of organic-inorganic biocomposites [17-19]. There is a growing interest in the
application of nanocellulose for the development of advanced biocomposites [20,21]. The
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interest in various biomedical applications of nanocellulose is related to the biocompati-
bility and advanced mechanical properties of this material [22,23]. Polymer-nanocellulose
composites have many applications for food packaging [24], barrier coatings [25], and
supercapacitors [26]. Moreover, nanocellulose is under investigation for various optical
applications [27], protective barrier coatings [28], electrochromic thin film devices [29], and
solar cells [30]. Various drug materials were incorporated in polymer composites [31]. The
need for composite films in various biomedical applications was a motivating factor for the
development of new film deposition techniques [31,32].

The goal of this investigation was to fabricate PEMA and composite films using
ethanol as a solvent. We found that PEMA can be dissolved in ethanol in the presence of
lithocholic acid as a natural dispersant. This process mimics the solubilization of different
biomolecules in a human body in the presence of bile salts, such as lithocholic acid sodium
salt. However, in contrast to the aqueous processes in the human body, we demonstrated the
solubilization power of water-insoluble lithocholic acid in ethanol. An important finding
was the solubilization of high molecular mass PEMA in ethanol and the ability to form
concentrated solutions, which facilitated film deposition by a simple dip-coating method.
The experimental results presented below indicated that PEMA films provided corrosion
protection for stainless steel. Following the goal of this investigation, we fabricated PEMA
based composites, containing hydroxyapatite, silica, nanocellulose and drugs. We analysed
the microstructure, and composition of obtained films. The approach developed in this
investigation opens a new avenue for the development of biocomposite films by colloidal
techniques using non-toxic solvents.

2. Materials and Methods

PEMA (My = 515,000), ibuprofen, tetracycline and lithocholic acid (LA) were pur-
chased from Millipore (Sigma, Oakville, ON, Canada). Hydroxyapatite nanorods (150 nm
length, 20 nm diameter) were prepared by the method developed in previous investiga-
tions [19,33]. Silica (0.5 pm size) was purchased from PCR Incorporated, (Arcade, NY,
USA). Cellulose nanocrystals (CNC) were purchased from CelluForce Inc., (Montreal, QC,
Canada).

LA was dissolved in ethanol at a concentration of 1 gL~!. PEMA was added at a
concentration of 10 gL ™! to the LA solution and also to pure ethanol without LA. Upon
heating to just 35 °C the PEMA suspension containing LA turned from an opaque cloudy
white to a clear and transparent solution, whereas the PEMA suspension without LA did
not turn clear until heating to 55 °C. This indicated the successful dissolution of PEMA in
ethanol facilitated by the small addition of the naturally occurring bile acid. After cooling
to room temperature while being continuously stirred, the PEMA solutions containing
LA remained stable and the PEMA solutions without LA showed precipitation of PEMA
(Figure 1).

Figure 1. Effect of the presence of LA on the dissolution of PEMA shown by 10 gL ~! PEMA in (A)
ethanol, (B) ethanol with 1 gL*1 LA.
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Substrates of 304 stainless steel (0.1 mm thick, 2.5 cm x 5.0 cm) were coated using
the dip coating method from 10 gL.~! PEMA solutions in ethanol with 1 gL~! LA. The
samples for electrochemical studies were annealed at 180 °C for one hour. Composite PEMA
coatings were subsequently created using the same procedure with the LA concentration
being increased to 3 gL ™! to help in its function as both a solubilizing agent for PEMA
and a dispersing agent for other components. Bioceramics hydroxyapatite and silica were
successfully dispersed at concentrations of 3-10 gL 1.

Composite coatings were also prepared containing drugs, such as tetracycline and
ibuprofen, as well as with the biologically functional material nanocellulose crystals. Con-
centrations of tetracycline, ibuprofen, and nanocellulose were in the range of 3-10 gL ~! in
the 10 gL' PEMA solution in ethanol containing 3 gL~ LA.

Fourier Transform Infrared Spectroscopy (FTIR) studies were performed using a
Bruker Vertex 70 spectrometer. A Bruker Smart 6000 X-ray diffractometer (CuKo radiation)
was used for X-ray diffraction analysis. All fabricated coatings were characterized by
scanning electron microscopy (SEM, JOEL 7000F, Tokyo, Japan). Electrochemical testing
was performed by a PARSTAT 2273 potentiostat in a 3% NaCl solution using a 3-electrode
cell composed of the coated or uncoated stainless-steel substrate as the working electrode,
a saturated calomel electrode (SCE) as the reference electrode, and a Pt counter electrode.
Potentiodynamic polarization tests were performed at a scan rate of 1 mVs~!. The deposits
were removed from the stainless-steel substrate for thermogravimetric analysis (TGA),
which was performed using a thermoanalyzer (Netzsch STA-409, Exton, PA, USA), operated

in air at a heating rate of 10 °C min 1.

3. Results and Discussion

The successful application of the dip coating method for the polymer film deposition
depends largely on the ability to achieve high polymer concentration in solutions. Another
important factor is the molecular weight of a polymer. The use of a high molecular weight
polymer is critically important for the film deposition. However, the polymer solubility in a
solvent usually decreases with increasing molecular mass of polymer macromolecules due
to enhanced interactions of long polymer chains. Ethanol is known as a non-solvent for
PEMA. Despite the insolubility of PEMA in ethanol solvent, we dissolved PEMA in ethanol
in the presence of LA as a solubilizing agent. Therefore, the use of toxic and carcinogenic
solvents for PEMA deposition can be avoided. Moreover, we achieved solutions of relatively
high concentrations using high molecular mass PEMA, which was a key factor of film
deposition by a dip-coating method. The use of LA was motivated by the analysis of
literature [34,35] on solubilization of different biomolecules in a human body by bile salts.
The remarkable solubilization power of bile salts in water are related to their electric charge
and amphiphilic structure. It should be noted that in contrast to bile salts, which are highly
soluble in water, LA and other bile acids are water insoluble. Bile salts solubilize small
lipid molecules, such as cholesterol and fatty acids in water. In contrast we solubilized
large PEMA polymer macromolecules in ethanol using LA.

The dissolution of polymers in pure solvents usually involves solvent diffusion and
polymer chain disentanglement [36]. It is suggested that small LA molecules in ethanol
penetrated between PEMA chains and adsorbed on PEMA. The adsorption mechanism in-
volved hydrophobic interactions of PEMA and LA. The increase in the solvent temperature
to 35 °C facilitated LA diffusion. The adsorbed charged LA molecules provided electrostatic
repulsion of the PEMA chains and promoted dissolution. After cooling down to room
temperature, LA remained adsorbed on PEMA chains and allowed for the fabrication of
stable solutions for the dip coating (Supplementary information, Figure S1).

Figure 2A shows an SEM image of a PEMA film. It contains a relatively dense
bottom layer and a porous fibrous network on the surface. Annealing resulted in the
formation of dense smooth films (Figure 2B). The morphological changes in the films during
annealing can be attributed to the enhanced mobility of the polymer macromolecules with
increased temperature, which can result in the merging of individual particles, reduction or
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elimination of porosity and formation of dense films [37,38]. The formation of dense films
after annealing was critical for their corrosion protection ability. The dense layer acted as a
physical barrier, thus preventing electrolyte contact with the stainless-steel substrate. The
corrosion protection abilities were verified by potentiodynamic polarization studies in a 3%
NaCl solution (Figure 3).

Figure 2. SEM micrographs for a film, prepared from 10 gL_1 PEMA with 1 gL_l LA solution: (A)
as-deposited and (B) after annealing at 180 °C for one hour.
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Figure 3. Tafel plots for (a) uncoated and (b) coated stainless steel sample prepared from a 10 gL~
PEMA solution containing 1 gL~! LA in ethanol and annealed at 180 °C for one hour.

The generated Tafel plot (Figure 3) compares the uncoated stainless-steel substrate
to the substrate containing the annealed PEMA film. A substantial increase in corrosion
potential can be observed for the coated sample relative to the bare substrate, as well as a
decrease in anodic current, indicating increased corrosion resistance. In addition to the use
of non-toxic and biocompatible solvents and solubilizing agents, the corrosion protection
ability of the fabricated film further enhances their potential use in biomedical applications.

The addition of inorganic bioactive materials, such as hydroxyapatite and silica, to
polymer films is widely used for the surface modification of biomedical implants [39,40].
These two materials have specific advantageous properties for orthopaedic applications.
Hydroxyapatite is notably bioactive. Nanostructured hydroxyapatite makes up 70% of
natural bone, thus its presence in coatings can contribute to promoting new bone growth.

Silica is biocompatible and its presence in coatings for biomedical applications can help
to inhibit inflammatory responses. It can also aid in the formation of new bone material,
such as hydroxyapatite [41].

Composite PEMA-hydroxyapatite and PEMA-silica films were prepared by a dip
coating method (Supplementary information, Figure S1). In this approach, LA acted as a
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solubilizing agent for PEMA and a dispersant for the ceramic particles, which facilitated
the fabrication of stable suspensions of the particles in the PEMA solutions. Figure 4 shows
SEM images for PEMA-hydroxyapatite films.

Figure 4. SEM micrographs at different magnifications for films prepared from 10 gL~! PEMA
solutions in ethanol, containing 3 gL' LA and 3 gL~! hydroxyapatite: (A,B) as deposited (C,D)
annealed at 180 °C for one hour.

The SEM images for as-deposited films showed a porous microstructure; film an-
nealing resulted in the formation of dense layers. High magnification images showed
non-agglomerated hydroxyapatite nanorods in the PEMA matrix. Figure 5 shows SEM
images of PEMA-silica films.

Figure 5. SEM micrographs at different magnifications for films prepared from 10 gL~! PEMA
solutions in ethanol, containing 3 gL_1 LA and 3 gL_1 silica: (A,B) as deposited (C,D) annealed at
180 °C for one hour.

The SEM images of as-deposited PEMA-silica films show a porous microstructure.
Annealed films showed spherical silica particles in the PEMA matrix. The silica particles
were relatively densely packed and PEMA was distributed between the particles.
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Concentrations of the bioceramics were able to be increased from 3 up to 10 gL ! due
to the excellent dispersing ability of LA. In order to quantifiably confirm the increased
amount of inorganics within the films, TGA studies were carried out (Figure 6). The
PEMA-hydroxyapatite and PEMA-silica deposits were analysed by TGA. Figure 6 shows
TGA data for films prepared from suspensions with different concentrations of ceramic
particles. The observed mass loss was related to the burning out of PEMA and LA. The
total mass loss for PEMA-hydroxyapatite films prepared from 10 gL.~! PEMA solutions
with 3 gL~! LA, containing 3 gL ! and 10 gL ! hydroxyapatite was found to be 82.4%
and 56.4%, which corresponded to hydroxyapatite content in the composite films of 17.6%,
and 43.6%, respectively. The total mass loss for PEMA-silica films prepared from 10 gL ~!
PEMA solutions with 3 gL ™! LA, containing 3 gL ! and 10 gL ! silica was found to be
74.2% and 50.3%, which corresponded to silica content in the composite films of 25.8%, and
49.7%, respectively. TGA testing results indicated that hydroxyapatite and silica content
in the composite films increased with increasing particle concentration in the suspensions
and the film composition can be varied.
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Figure 6. TGA data for composites prepared from 10 gL ~! PEMA and 3 gL.~! LA solutions in ethanol,
containing (A) (a) 3, (b) 10 gL*1 hydroxyapatites, and (B) (a) 3 and (b) 10 gL*1 silica.

In this work composite films were obtained from PEMA solutions in ethanol that
also contained other biologically functional materials. These materials included drugs
such as the antibiotic tetracycline and anti-inflammatory ibuprofen, as well as the quickly
emerging biomaterial nanocellulose. In this investigation, ibuprofen and tetracycline were
used as model drugs for the fabrication of composite films. The analysis of SEM images
of as-deposited films at different magnification indicated that such films were porous
(Figure 7). The SEM images of as-deposited PEMA-nanocellulose films showed a similar
microstructure (Figure 8). The composite coatings were studied by XRD and FTIR methods.

In the FTIR spectra of all the starting materials (Figure 9A), important characteristic
peaks are labelled, and then seen again in the FTIR spectra from deposits of the composite
coatings (Figure 9B). Ibuprofen’s FTIR spectrum has peaks at 779, 933, 1230, 1420 and
1706 cm ! due to CH, rocking, CHj3 rocking, C-C stretching, and CH-CO deformation and
C=0 stretching, respectively [42]. The spectrum of tetracycline has peaks at 1024, 1143,
1236 cm ! related to C-H in plane deformation and 1448 cm ! due to C-H bending [43].
The spectrum of nanocellulose showed absorptions at 1053, 1107 and 1161 cm~ 1, attributed
to the C-O-C pyranose ring vibrations [44,45]. The FTIR spectrum of pure PEMA shows
absorptions at 1022, 1140 and 1720 cm ! related to C-H bending, C-O-C symmetric stretch-
ing and C=0 stretching, respectively [46,47]. The deposited material of all three composite
films contained peaks characteristic of PEMA and the specific added functional materials.
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Figure 7. SEM micrographs of films at different magnifications for 10 gL ~! PEMA solutions, with
3 gL~! LA and containing (A,B) 3 gL.~! ibuprofen and (C,D) 3 gL ! tetracycline.
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Figure 8. SEM micrographs at different magnifications of films, prepared from 10 gL.~! PEMA with
3gL~! LA and 3 gL~! nanocellulose. ((A) 5000x),((B) 30,000 ).
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Figure 9. FTIR spectra of (A) pure materials: (a) ibuprofen, (b) tetracycline, (c) nanocellulose, and (d)
PEMA. (B) composite films: (a) PEMA-ibuprofen, (b) PEMA-tetracycline and (c) PEMA-nanocellulose.

In addition to FTIR characterization, XRD was also used to analyse the composite
coatings. The X-ray diffraction patterns for starting materials are shown in Figure 10A.
PEMA showed very broad peaks in the range of 10-20°. Nanocellulose, tetracycline,
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and ibuprofen showed peaks corresponding to their JCPDS files 058-1718, 039-1985, and
0032-1723, respectively. The X-ray diffraction patterns of composite films are presented
in Figure 10B. Composite PEMA-ibuprofen films showed peaks of ibuprofen combined
with broad peaks of PEMA. The deposition of tetracycline with PEMA in ethanol led
to its amorphization, but the most dominant peaks were still slightly visible. The X-ray
diffraction pattern of PEMA-nanocellulose films showed peaks of nanocellulose. It is
suggested that broad peaks of PEMA overlapped with nanocellulose peaks and were not
observed in the X-ray diffraction pattern of the composite. It is also known that polymer
amorphization can be observed in composites under the influence of another polymer or
additive [48-50].
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Figure 10. XRD patterns of (A) pure materials: (a) ibuprofen, (b) tetracycline, (c) nanocellulose,
and (d) PEMA, (B) composite coatings: (a) PEMA-ibuprofen, (b) PEMA-tetracycline and (c) PEMA-
nanocellulose (peaks corresponding to JCPDS files: #-0032-1723 ¥-039-1985, x-058-1718).

The XRD studies in addition to the FTIR spectra proved the co-deposition of PEMA
with drugs and nanocellulose. The results of this investigation indicated that the dip
coating methods presents a versatile strategy for the co-deposition of various functional
materials for biomedical applications. Water droplet contact angle measurements showed
that as-deposited PEMA films and composite films reduced surface wettability of the
substrates (Supplementary information, Figures S2 and S3 and Table S1). We found that
the dip coating method can be used for the fabrication of multilayer films, containing
individual layers with different functionalities.

4. Conclusions

This study showed that PEMA can be dissolved in ethanol in the presence of LA. The
ability to avoid the use of toxic solvents for PEMA opens an avenue for the fabrication
of composite films for biomedical and other applications. Of particular importance is the
use of a natural bile acid as a solubilizing agent for PEMA and as a dispersing agent for
inorganic particles. The formation of concentrated solutions of high molecular mass PEMA
was one of the key factors for the successful deposition of PEMA films by a dip-coating
method. The annealed PEMA films provided corrosion protection for stainless steel. It was
found that LA acted as a dispersant for the hydroxyapatite and silica and facilitated the
fabrication of composite PEMA-hydroxyapatite and PEMA-silica films. The composition of
the films can be varied and controlled by the variation in concentration of the inorganic
particles in the suspensions. The dip coating method has been used for the fabrication of
composite coatings, containing drugs and nanocellulose. Therefore, the proposed method
represents a versatile platform for the fabrication of composite films, containing various
functional materials.
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Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/jcs6020040/s1, Figure S1: Photographs of uncoated and coated
substrates, Figures S2 and S3 and Table S1: Water droplet contact angle measurements data for
uncoated and coated substrates.
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