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ABSTRACT

For the first time, an electrophoretic deposition (EPD) method has been developed for the deposition of polymethylmethacrylate (PMMA) and PMMA-alumina films
for biomedical implant applications. The proposed biomimetic approach was based on the use of a bile salt, sodium cholate (NaCh), which served as a multifunctional
solubilizing, charging, dispersing and film-forming agent. Investigations revealed PMMA-Ch- and PMMA-alumina interactions, which facilitated the deposition of
PMMA and PMMA-alumina films. This approach allows for the use of a non-toxic water-ethanol solvent for PMMA. The proposed deposition strategy can also be used
for co-deposition of PMMA with other functional materials. The PMMA and composite films were tested for biomedical implant applications. The PMMA-alumina
films showed statistically improved metabolic results compared to both the bare stainless steel substrate and pure PMMA films. Alkaline phosphatase (ALP) activity

affirmed the bioactivity and osteoconductive potential of PMMA and composite films. PMMA-alumina films showed greater ALP activity than both the PMMA-coated
and uncoated stainless steel.

1. Introduction

Polymethylmethacrylate (PMMA) is widely recognized as an advanced material for biomedical applications. This polymer exhibits important properties,
such as biocompatibility, chemical stability, and a high Young’s modulus [1]. Major applications included ophthalmology and orthopaedic devices,
scaffolds, fillers for bone cavities, drug delivery systems, biosensors, bone and dental cements [2-5]. Addition of bioceramics, such as alumina, to
PMMA was also found to be advantageous due to its ability to promote osteoblast adhesion and formation of a new bone [6]. PMMA-alumina

composites showed im- proved mechanical properties [7,8]. PMMA composites have been developed for the fabrication of porous scaffolds [9],
filling materials for surgery and drug delivery systems [10].

Many PMMA applications involved the use of coatings and films, which were prepared using different techniques, such as dip coating [11], sol-gel
[12], casting [3], plasma polymerization [13], electrosynthesis [14], photoembossing [15], and other techniques [16]. Im- proved fixation of
metal alloy and Ti implants has been achieved using PMMA coatings [13,17]. PMMA-ZrTiO+ and PMMA-bioglass composite coatings on stainless
steel allowed for enhanced corrosion resistance and improved biocompatibility [18,19]. Bioactive PMMA-bioglass composite films improved
bioactivity in contact area of Ti implants and bone tissue [20]. PMMA coatings on Ti implants prevented ion release [14]. Furthermore, PMMA and
PMMA composite coatings have been developed for controlled drug delivery [21,22]. New chemical modification techniques [23] allowed the
fabrication of antimicrobial PMMA films. PMMA coatings and films have been developed for various functional applications in ophthalmology [24].
PMMA thin films have been designed for the fabrication of advanced eye lens [24,25] with enhanced optical, antibacterial, mechanical and
wettability properties. PMMA films have also generated significant interest for biosensor technology. It has been widely reported that PMMA
films offer ad- vantages for the fabrication of biosensors for the detection of nucleic acids [26], uric acid [27], drug resistant bacteria [28] and
different biomolecules [29]. Various biosensor platforms [28,29] have been developed based on PMMA films.

Increasing interest in the various applications of PMMA films and coatings has generated a need for development of new deposition techniques.
Electrophoretic deposition (EPD) is a promising technique that has been used for various biomedical applications. It has been widely reported that
EPD allows deposition of different anionic and cationic biopolymers, bioceramics, bioglasses, drugs, antimicrobial agents and various functional
biomolecules [30-36]. The ability to co-deposit different materials by EPD offers tremendous benefits for the fabrication of composites [33,37,38].

This technique is suitable for deposition of particles of different size, ranging from several nanometers to several microns and allows the fabrication
of nanocomposites and biosurfaces with desired topography [31,32]. EPD has facilitated the development of new drug delivery strategies [31]. This
method is capable of depositing functionally graded and multilayer coatings [31,39,40], uniform film formation on substrates of complex shape,
fabrication of patterned films and deposition on large surface area substrates. It offers benefits of high deposition rate, deposit purity and simple
control of deposit thickness [33].

Despite the significant benefits of EPD, deposition of PMMA using this method faces significant challenges. EPD is based on electro- phoretic motion of
charged molecules or particles. However, PMMA is an electrically neutral polymer. Imparting charge to PMMA is difficult due to weak adsorption of
charged dispersants on the chemically inert PMMA.

The goal of this investigation was to achieve EPD of PMMA and fabricate composite PMMA-alumina films for biomedical applications. We have
developed a biomimetic approach, which was based on the use of sodium cholate (NaCh) as a solubilizing, charging and dispersing agent. NaCh is a
primary bile salt, which exhibits the unique ability to solubilise different biomolecules in a human body. The experimental data presented below
indicate that NaCh facilitated the solubilization of PMMA in a mixed water-ethanol solvent and formed charged complexes with PMMA macromolecules.
For the first time we demonstrate the feasibility of PMMA film deposition by the EPD method. Moreover, the interaction of PMMA complexes with
alumina allowed the fabrication of PMMA films on stainless steel foils. The PMMA and PMMA-alumina films showed promising performance for
biomedical implant applications.



2. Experimental procedures

Sodium cholate hydrate (NaCh) and polymethylmethacrylate (PMMA, average Mw ~ 120,000) were purchased from Millipore Sigma. Al203

particles (0.13 um) were supplied by the Baikowski Company. To fabricate the PMMA coating, 4 g L-1 PMMA and 1 g L-! NaCh were added to a
mixture of 85% ethanol and 15% deionized water. The resulting solution was continuously stirred and heated to a temperature of 55 °C. When the
PMMA was fully dissolved, the solution was then slowly cooled back to room temperature.

The cell for electrophoretic deposition (EPD) contained a stainless steel anodic substrate (30 x 50 < 0.1 mm foil) and Pt counterelectrode, and the
distance between the electrodes was 15 mm. A constant voltage of 30 V was used for deposition, with a deposition time of 3 min. Upon successful
deposition of pure PMMA coatings, 1 g L~! of Al:0O3 particles were dispersed within the PMMA-NaCh solution. The resulting suspensions were

used for the fabrication of organic-inorganic nano- composite coatings, using the same deposition conditions as the pure PMMA coatings.

Resulting coatings were thoroughly characterized using Fourier transform infrared spectroscopy (FTIR), X-ray diffraction (XRD) and scanning electron
microscopy (SEM). A Bruker Vertex 70 Spectrometer was used for FTIR experiments, designed to determine if successful deposition of the pure
PMMA coatings and co-deposition of Al:03- PMMA had been achieved. A diffractometer equipped with a Rigaku RU200 Cu Ko rotating anode,
Bruker 3-circle D8 goniometer and Bruker SMART6000 CCD area detector was used to conduct XRD experiments, to further confirm successful
deposition of alumina using PMMA. Coating morphology was characterized using a JEOL JMS- 7000 F scanning electron microscope. The coating
adhesion strength was measured according to the ASTM D3359-09 standard.

Osteosarcoma (Saos-2) cells (ATCC) were grown in McCoy’s Modified 5A Media in 15% fetal bovine serum, and 1% penicillin-
streptomycin (Life Technologies Inc.). These cells were seeded on the coated substrates at a density of 10,000 cells cm~2. Well plates containing
six replicates for each coating were incubated at 37.0 °C for one, three, and seven days in 5% CO2. At each time point, the existing media solution
was removed and a 1.0 mL solution of 5% alamarBlue™ (Life Technologies Inc.) in McCoy’s 5A media was added for 60 min. Fluorescence was
measured with a Tecan Infinite M200 Tecan at an excitation-emission wavelength of 540—580 nm to evaluate cellular metabolism.

After the seven-day cell metabolism measurements, a 300 pL solution of 0.1% triton in phosphate buffer solution (Gibco) was added to each well to
lyse cells. Three replicates of 10 pL from each well were pipetted into a 96-well plate and an ALP assay was performed (Abcam). 100 pL of assay
reagent solution was added to each well and the plate was incubated for 20 min at 37 °C and 5% COz. Absorbance readings were taken at a 405 nm
wavelength using a Tecan Infinite M200 and a calibration curve was used to correlate absorbance readings to alkaline phosphatase (ALP) activity.

Datasets were screened for outliers using Dixon’s Q-Test with 95% confidence. A two-way ANOVA was performed and Tukey’s HSD test was
used to evaluate comparisons using the statistical software package R. Statistical significance was assumed when p < 0.05.

3. Results and discussion

Fig. 1 shows chemical structures of PMMA and NaCh. Many functional properties of PMMA are governed by its ester groups (Fig.1A). The
amphiphilic NaCh structure involves a carboxylic group and three OH groups, bonded to a steroid core, containing four rings. The convex hydrophobic
side of NaCh allows its adsorption on hydrophobic particles and surfaces, whereas the concave hydrophilic side, containing OHand COO- groups

governs the NaCh solubility and anaphoretic behavior in water [41].

PMMA is a water-insoluble polymer, which is soluble in various organic solvents, such as toluene or dichloromethane. Avoiding the use of toxic
organic solvents is crucial for many biomedical applications. It has been found previously that low molecular weight PMMA macro- molecules
(Mw~14,000) were soluble [42] in a mixed ethanol-water solvent, containing 15-25 % water. However, PMMA macromolecules with larger

molecular mass are insoluble in water, ethanol and water- ethanol mixtures at room temperature. Dissolution of high molecular
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Fig. 1. Chemical structures of PMMA and NaCh.



Fig. 2. SEM image of a PMMA film.

weight PMMA macromolecules in non-toxic solvents is essential to the EPD of high-quality films for biomedical applications, because polymer
macromolecules with low molecular mass have been found to exhibit poor film-forming and binding properties. The typical size of polymer

macromolecules used for successful fabrication of high quality films by EPD was 100,000-400,000 [37,40,43].

The molecular mass of PMMA used in this investigation was 120,000. We found that 4 g L~ PMMA of such molecular mass can be dissolved in
ethanol-water solvent (15 % water) at 55°C.

However, the reduction of temperature to 20°C resulted in PMMA precipitation. In contrast, the use of 1 g L-1 NaCh additive allowed for PMMA
solubilization not only at 55°C but also after cooling to room temperature. Moreover, anodic EPD was achieved using 4 g L~ PMMA solutions,
containing 1 g L-! NaCh. Fig.2 shows a microstructure of the film formed on a stainless-steel substrate. The film was porous and contained a
network of nanoparticles. The maximum film thickness was about 2—3 pm. The adhesion strength of the film, measured according to ASTM D3359-
09 standard, corresponded to 4B classification. Suc- cessful deposition of PMMA was confirmed by FTIR analysis of the film. Fig.3 compares the FTIR
spectra of as-received PMMA and deposited material. The FTIR spectrum of PMMA shows an absorption at 1149 cm-! related to C-0O - C

group symmetric stretching. The peak at 1438 cm~1! resulted from CH: bending and C—CH3s out of plane de- formation [44]. The absorptions at
1720 cm~! corresponded to C]JO stretching of the COOCH3s group, the band at 2951 cm~! was observed due to asymmetric —CHz stretching [44].
Similar bands were observed in the spectrum of the deposited material.

It is important to note that PMMA is an electrically neutral polymer. Therefore, PMMA film formation by EPD provided evidence of PMMA
association with cholate anions (Ch~) in the solutions. Such association
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Fig. 3. FTIR spectrum of (a) as-received PMMA and (b) deposited PMMA.



B PMMA PMMA

T"s n CH; n
"ZC_T Hzc_(:f

C=0 c—Do

HO ¢ e@
CH; \AI Al

+ CH3OH
C PMMA

CH; n
H,C—C

C=0-------HO—FAl

o
CH;

Fig. 4. (A) Hydrogen bonding of PMMA and Ch-, (B) interaction of PMMA with hydrated alumina surface and electrostatic interaction of PMMA and alumina,
(C) hydrogen bonding of PMMA and hydrated alumina particles.

imparted a charge to PMMA, which is necessary for PMMA film EPD. The association of PMMA and Ch~ can result from two different mechanisms,
described below or a combination of both.

It is known [45,46] that PMMA forms complexes with various organic molecules by hydrogen bonding type interactions of the PMMA carbonyl group
and hydroxyl group of the organic molecules. Therefore, a hydrogen bonding mechanism can be proposed for Ch~ bonding to PMMA (Fig.4A).
Another mechanism is related to the unique amphiphilic NaCh structure (Fig.1).

It is known [47] that bile salts, such as NaCh allow for the solubilization of cholesterol, lipids, different vitamins and other biomolecules. Moreover,
NaCh allowed for excellent dispersion of carbon nanotubes and solubilization of drugs [41,48,49]. The hydrophobic side of NaCh allowed for its
hydrophobic interaction with other molecules, whereas the charged hydrophilic side governed the solubility and electrokinetic properties.
Adsorption of Ch- imparted a negative charge to the carbon nanotubes and allowed for EPD of carbon nanotube films [49]. Therefore, the

hydrophobic interactions of Ch— with hydrophobic PMMA facilitated the solubilization of PMMA macro- molecules and their deposition.
Film formation involved a local pH decrease at the anode:
H20 — %02 + 2e~ + 2H+ (€))

followed by the protonation of adsorbed Ch- and discharge:

Ch- + H* — HCh )

Following the objective of this work, we also investigated the co- EPD of PMMA and alumina. Anodic films were obtained from alumina
suspensions, containing dissolved PMMA and NaCh. Composite films
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Fig. 5. SEM image of PMMA-alumina deposit on stainless steel.

with maximum thickness of about 10 pm were deposited. The films showed a porous morphology and contained submicrometre particles (Fig.5).
Successful co-deposition of PMMA and alumina was confirmed by XRD and FTIR (Fig.6). The X-ray diffraction pattern of the deposited material

showed well defined peaks corresponding to alumina (Fig.6A). The broad peak around 3400 cm~! in the FTIR spectrum (Fig.6B) resulted from the
stretching of OH groups on the alumina surface. Co- deposition of PMMA is evident from the peaks at 1723, 1436 and 1143 cm~! Similar peaks
were observed in the FTIR spectra of as-received and deposited PMMA (Fig.3). Moreover, additional absorption was found at 1646 cm~1. This
absorption is not observed in the spectrum of PMMA (Fig.3). The absorption at 1646 cm~! can result from vibrations of a carboxylic group,

adsorbed on the alumina surface.

Previous investigations revealed interactions of alumina and PMMA [50-53]. It was found that surface OH groups on the alumina surface reacted with
ester group of PMMA [50-53] to form a carboxylate group and methanol as a by-product (Fig.4B). This reaction resulted in ionic bond formation and
strong adsorption of PMMA on alumina [50-54]. Other investigations suggested a chelating carboxylate bonding mechanism [55]. The appearance of
the peak at 1646 cm~! is in agreement with FTIR results of other studies, which focused on investigating the reaction between PMMA and alumina
[51,53] leading to the formation of the carboxylate bonding.

This interaction between PMMA and alumina was essential for de- position of composite films. Without PMMA, alumina particles showed poor colloidal
stability in NaCh solutions. As a result, EPD of alumina was unsuccessful using NaCh alone. In contrast, improved suspension stability was achieved

using solutions containing both PMMA and NaCh. The 1 g L-! alumina suspensions, containing 4 g L~ PMMA and
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Fig. 6. (A) X-ray diffraction pattern, M- peaks corresponding to JCPDS file 10-0425 and (B) FTIR spectrum of PMMA-alumina deposit.
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Fig. 7. Cell metabolism for Saos-2 cells seeded on coated and bare substrates, showing increased cell viability over time. PMMA-alumina films statistically
outperform PMMA films and stainless steel substrates after three and seven days.
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1g L-1 NaCh were stable for more than 72 h. We suggest that solutions containing both PMMA and NacCh facilitated successful EPD of alumina

due to PMMA-Ch- adsorption on the particle surface, which provided electrosteric dispersion and imparted a charge. PMMA-alumina inter- actions
play a vital role in adsorption, which can be attributed to carboxylate-type bonding [50-54] (Fig.4B). However, PMMA can also be adsorbed on oxide
particles by a hydrogen bonding mechanism (Fig.4C) [56]. The approach developed in this investigation can potentially be used for co-EPD of
PMMA with other bioceramics and other functional materials. Preliminary investigations showed that PMMA can be co- deposited with
hydroxyapatite, titania and zirconia.

In vitro characterization was used to assess the PMMA and composite PMMA-alumina films for potential biomedical implant applications. The metabolic
results are shown in Fig.7, where cell proliferation was evident across the seven-day study period for the bare and coated stainless steel substrates.
PMMA films with alumina additions showed statistically improved cell metabolism results over both the bare stainless steel substrate (p < 0.05) and
pure PMMA (p < 0.05) films after three and seven days, but no significant difference was noted between the pure PMMA and the stainless steel
substrate after one, three, or seven days.

ALP activity, an enzyme expressed during bone formation and indicative of a bone forming phenotype, affirmed the bioactivity of PMMA films by
showing a similar trend to the metabolic assay. After seven days, the PMMA-alumina films showed greater ALP activity than both the PMMA-coated
(p < 0.05) and uncoated stainless steel (p < 0.05) substrates, as shown in Fig.8. For the first time we can confirm that EPD of PMMA films on
stainless steel improve the proliferation and differentiation of bone-like cells. In addition, NaCh in- corporation to enable EPD of PMMA did not
appear to cause any

~ 70

=

2 600

= 500

g

S X

400

E

L

Z 200}

9

&

; 100 }
0

Stainless Steel PMMA PMMA-ALOs

Fig. 8. ALP activity for Saos-2 cells seeded on coated and bare substrates after seven days of incubation. Each activity is statistically significant from one another.

cytotoxic effects in the PMMA composites when compared to a bare stainless steel substrates, highlighting the efficacy of NaCh as a solubilizing agent
for the deposition of osteoconductive coatings.



4. Conclusion

We discovered that PMMA can be successfully dissolved in water- ethanol solvent, using NaCh as a solubilizing agent. Chemical interactions
between Ch- and PMMA allowed for charging of the PMMA molecules and subsequent film deposition using EPD. The deposition mechanism

is based on anaphoresis of charged PMMA-Ch- complexes, local pH decrease at the anode, protonation and discharge of Ch- species. Interaction

between PMMA and alumina facilitated the fabrication of composite PMMA-alumina films using EPD. The feasibility studies of this work pave the way
for various thin film applications of PMMA. Our new deposition strategy can potentially be used for co- deposition of PMMA with other bioceramics.
The PMMA and composite films were tested for biomedical implant applications. PMMA-alumina films showed statistically improved bone-like cell
metabolism results over both the bare stainless steel substrate and pure PMMA. ALP activity affirmed the bioactivity of PMMA and composite films.
PMMA- alumina films showed greater ALP activity, and therefore greater osteoconductive capacity, than both the PMMA-coated and uncoated stainless
steel.
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