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ARTICLE INFO ABSTRACT

Keywords: In the quest for advancing the performance of metallic implants, surface modification emerges as a pivotal
Electrophoretic deposition strategy to mitigate ion depletion, enhance the host’s biological response, and exhibit anti-microbial behavior
Anatase with reduced cytotoxicity. In this study, we developed a non-traditional electrophoretic deposition (EPD) hybrid
g:;[‘amicin coating for medical-grade stainless steel 316 L (SS316L) surfaces covered with a segmented polyurethane (SPU).
Polyurethane These coatings are composed of anatase TiO3 nanotubes (TiO3_A), and antibiotics (nisin N or gentamicin G). We
Coatings characterized the modified metals using FTIR and Raman spectroscopy, contact angle measurements, AFM, TGA,

SEM-EDX, as well as assessing their antimicrobial response and cell cytotoxicity. The results demonstrate the
formation of porous surfaces with embedded nanotubes and antibiotics within and on the polyurethane surfaces.
Samples with SPU+ TiO_AG EPD exhibited superior coverage, antimicrobial properties, and enhanced viability
compared to cases where only particles or antibiotics were coated individually. Additionally, samples of SPU+
TiO2_AN EPD displayed favorable hydrophilicity and suitable cytotoxicity. Therefore, the synergistic effect of
nanoparticles and antibiotics positively influences the functionality of the coating.

1. Introduction

Metals find extensive applications in the field of medical implants
owing to their exceptional mechanical strength and chemical stability.
In particular, medical grade stainless steel (SS) emerges as a favorable
choice in the manufacturing of osteosynthesis plates and screws,
commonly utilized for the correction of bone tissue fractures [1]. The
predilection of SS respect other metals (titanium and titanium alloys)
relies in its cost-effectiveness and superior mechanical resistance.

Although biocompatible, SS faces suboptimal bone and tissue
bonding due to a tenfold stiffness compared to human bones [2]. SS is
particularly susceptible to corrosion and release of harmful metal ions
for prolonged periods of implantation, as some works report a high
incidence of corrosion in SS implanted pieces (> 70 %) [3,4].
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Additionally, the lack of inherent antimicrobial properties, might
complicate the heal of possible infections occurred during surgery and
eventually impede a smooth assimilation of the implant [2,5]. Another
problem involves SS bio inertness, which greatly limits the implants
osteointegration capacity with bone and surrounding tissue.

Several proposals from the material community have been raised to
improve the biocompatibility of metallic implant surfaces. One of the
approaches include surface treatments, either physical [6,7] or chemical
[8,9]. Among the reported physical methods there is the grit-blasting,
consisting of the induction of roughness of metal surfaces by spraying
at high velocity particles of alumina, silica, or titanium dioxide [10].
Laser ablation and patterning is another physical method explored
mainly for dental implant applications; an asset of this method is the
high tunability of the technique [11]. Other physical methods are
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plasma coating and glow discharge ion implantation which not only are
meant to improve the biocompatibility of the metals but also to improve
their mechanical properties and resistance to corrosion [7]. Chemical
methods comprise acid or alkali etching which have shown excellent
results in bone adhesion and osteoblast proliferation [12].

Surface coatings, especially those based on bioactive glass [13],
biopolymers [14,15] or hydroxyapatite [16], have become crucial in
improving biocompatibility since they facilitate the adhesion of the
biological entities and trigger bioactive responses. Other strategies have
made use of the addition of nanoparticles (metallic and non-metallic)
[17-19], peptides [20] and antibiotics [21] which are being explored for
prevention of nosocomial infections that are considered the main com-
plications of medical implants [22,23].

Several techniques are being developed for deposition of polymers,
particles, and biomolecules onto metallic surfaces [24,25]. Among these
techniques, electrospinning, sputtering, dip coating, and electrophoretic
deposition have received considerable attention [24-26].

Electrophoretic deposition (EPD) is a versatile technique that allows
the incorporation of polymers and particles either individually or
simultaneously. Additionally, EPD enables the formation of homoge-
neous coatings and layers of controlled thickness onto (mainly) metallic
surfaces [27-30]. Some of the advantages of EPD are that operates at
room temperature, allows the coating on irregular surfaces, is compat-
ible with biological entities (cells, proteins, etc.) and uses accessible lab
equipment. Since EPD coatings adhere directly to metals, it is an
excellent method to produce coating for medical implants. For example,
EPD was used to deposit alginate/bioglass on magnesium alloys [31]
where the authors found out an improvement in the bioactivity of the
coated implant. Also, hydroxyapatite (HA)/Chitosan deposited by EPD
on titanium substrates exhibited excellent cell adhesion and prolifera-
tion [32]. Many more examples can be found in literature with medical
metals coated with EPD where the biocompatibility is improved in
contrast with bare metals [33,34]. An additional feature that can be
implemented with EPD is the antibacterial function. Bocaccini et al. [35]
reviewed the state of art about in this respect and describes the main
bacterial mechanisms of EPD coating in four stages/steps: 1) release of
antibiotics, 2) death by direct contact with the surface, 3)
stimuli-response killing 4) antifouling coating towards bacteria.

In this context, it is proposed a hybrid coating of SS316 L metallic
substrates that addresses the potential problems of corrosion, poor
osseointegration and bacterial hosting. For this purpose, a layer of
polyurethane was loaded with TiO, nanotubes and antibiotics by EPD.
We were inspired in the multiple works in literature that use EPD to
achieve hybrid multifunctional coatings onto metals [36-39]. These
materials were used considering their known medical application.
Segmented polyurethanes like Tecoflex SPU are widely used in the
biomedical field for a variety of devices such as catheters, cardiac valves,
dialysis membranes, even as pacemaker lead and stent coating [40,41].
This aliphatic polyether-based thermoplastic medical grade poly-
urethane can be applied by extrusion, injection or even in solution and
can be formulated with radiopacifiers for a better follow up. Although
SS316L is expected not to corrode easily, the presence acidic media,
saline solutions, high voltages, typically used in EPD and continuous use
in biological media might leads to degradation. Therefore, SPUs can
provide a suitable cover to SS316L to prevent erosion and possibly
corrosion while softening the contact surface. There exists a body of
literature supporting the efficacy of coatings in enhancing corrosion
resistance across different metal substrates [42-44].

Furthermore, TiO, nanoparticles, especially as anatase, possess
antibacterial and antiproliferative properties so they can be used as
additive in medical devices [45]. The deposit of titania nanotubes on a
SPU coated SS is expected to enhance tissue-implant interaction as re-
ported in nanostructured titania coatings on 99.5 % titanium substrates
[46] or to prevent orthopedic implant infections on titanium plates
coated with TiO; nanotube arrays with planar TiAg [47]. TiO2 nano-
structures (nanofibers, nanoneedles and nanowires) were found to
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provide suited topographies to host fibroblasts and to have photoactive
antibacterial properties [48]. Nisin is a peptide that has been mainly
considered as a food preservative [49] but thanks to its bactericide
properties, especially for gram positive bacteria, it has only recently
been studied as a safe additive for dental caries and other medical ap-
plications [50-52]. More recently, it has been used to modify
Ti6Al4V-ELI alloy to reduce the risk of peri-implant infections [53].

Gentamicin is a broad-spectrum aminoglycoside antibiotic with ap-
plications on treatments of septicemia, meningitis, urinary tract in-
fections and intestinal tract infections, among others [54] and widely
used in bone cement formulations. However, there are a few studies on
gentamicin deposition by EPD [27].

This study offers a comprehensive physicochemical characterization
of the EPD coatings, and an examination on the influence of porosity,
contact area, and interactions with cellular and bacterial entities. In
essence, this work constitutes an exploration of the capabilities of
Electrophoretic Deposition (EPD) for the development of hybrid coat-
ings, with particular relevance to potential applications in the realm of
biomedical metallic implants.

2. Material and methods

Chloroform was purchased from J.T Baker (NJ, USA) whereas the
antibiotics (Gentamicin sulphate and Nisin) were purchased from Sigma
Aldrich (MO USA) and Silver-Elephant BIO-ENGINEERING CO., LTD,
(Zhejiang, China) respectively. Polyurethane Tecoflex™ SG 80 A was
obtained from Lubrizol (Ohio, USA). The 316 L medical grade stainless
steel metal (SS316 L) plates (15 cm x 15 cm) were purchased from
Jindong Store (Beijing, China). Metallic coupons were cut and shaped
inhouse in circles of 14 mm diameter with a small edge for electrical
connection. Metal coupons were ground with 60 grit sandpaper and
subsequent finer grit with 280 sandpaper with an average surface
roughness of 0.53+0.21 um.

Titanium dioxide nanotubes (TiO3_A) used in this study were sup-
plied by Petropipe (Veracruz, México). These particles were used as
received where large agglomerates were observed by SEM (see supple-
mentary information S1). EDX analysis also showed that they contained
carbon in their composition as shown in the S2 section of the supple-
mentary information. These particles possess filament shape and have
an approximate width of 50+ 20 nm with approximate lengths 760 +
120 nm. Crystalline phase of nanotubes is anatase according to Raman
spectroscopy.

2.1. Substrate preparation and electrophoretic deposition

Polyurethane coated SS316L was prepared first by dissolving Teco-
flex (SPU) in chloroform at a concentration of 50 mg/ml. Stainless steel
coupons were dipped in the chloroform-SPU solution twice during 3 s
with a waiting interval of 10 min, then samples were dried at 25 °C for
48 hours. TiOy nanotubes at a concentration of 1.25 mg/ml were
dispersed in deionized water and then the pH adjusted to 3 using acetic
acid. Then, antibiotics were added, at a concentration of 1 mg/ml. The
mixtures of nanotubes/antibiotics were placed in an ultrasonic bath for
30 min and then continuously stirred to ensure that the particles were
homogeneously dispersed. Fresh solutions were used after each depo-
sition. Thickness of layers was measured before and after deposition
using a Mitutoyo 547-500 S Digital Thickness Gauge with Flat Anvil.

Electrophoretic deposition was conducted by using a direct voltage
source (MPS-6005 L-1, MATRIX, China). The working cell consisted of a
bare SS316 L anode and a cathode of Tecoflex coated SS316 L separated
at a fixed distance of 8 mm. Electrodes were immersed in the mixture
containing TiO, and antibiotics and a voltage of 25 V was applied for
3 min. After that the samples were dried at room temperature for at least
48 hours. Several samples were produced as needed for each analysis.
The following notation was employed (see Table 1) for prepared sam-
ples. It is important to mention that despite the low zeta potential of
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Table 1

Notation used for samples. Note: Voltage = 25 V and Time = 3 min.
Solution Notation*
water SPU EPD

1.25 mg/ml nanotubes

1.25 m/ml nanotubes + 1 mg/ml nisin

1.25 m/ml nanotubes + 1 mg/ml gentamicin
1 mg/ml of nisin

1 mg/ml of gentamicin sulphate

SPU+TiO, A EPD
SPU+ TiO2 AN EPD
SPU+ TiO5 AG EPD
SPU+ N EPD

SPU+ G EPD

* When EPD does not appear in the sample name it means that no EPD treatment
was employed. When no SPU appears in the sample name it means that exper-
iments were applied on bare SS316L

titanium dioxide nanotubes, the high electrical resistance of the SPU
coating and voltage and time, these conditions were used to avoid hy-
drolysis considering the high salt content of nisin during EPD.

2.2. Physicochemical characterization

A NANO ZEN3600 setup (Malvern, Worcestershire, UK) was used to
determine the parameters of the TiO5 suspensions (Size, Z-potential) at
room temperature. The electrophoretic mobility and Z potential of ti-
tanium dioxide nanotubes (TiO3_A), was determined at different pH
with a concentration of 1 mg/ml. Each zeta value represented an
average for three different measurements.

FTIR spectra were recorded using a Thermo Scientific Nicolet 8700
(MA, USA) spectrometer. Attenuated total reflectance (ATR) FTIR was
obtained in the 4000 and 650 cm ! (or 600 em™ D) spectral range
averaging 100 scans with a resolution of 4 cm™'. Raman spectra was
acquired using an inVia Renishaw Raman spectrometer (IL USA). The
system collected a Raman shift spectral range of approximately
3200-100 cm L. A 633 nm argon laser was used as the excitation ra-
diation source.

In addition, the morphology of the surfaces was assessed by using a
SEM JSM 6360 LV or a SEM JSM-7601 F (JEOL, Tokio, Japan) setup with
acceleration voltage of 20 kV. Microanalysis mapping and composition
analysis were conducted with Energy-dispersive X-ray spectroscopy
(EDX) (INCA X-sight Model 7582, Oxford Instruments). To study the
topography (height and phase) of samples, Atomic Force Microscope
(AFM) Bruker Innova IRIS (MA, USA) setup was used in tapping mode.
Software Gwyddion was used to measure AFM parameters, Rq was
determined for several areas on the polyurethane, in this case, holes
were excluded. To analyze AFM phase contrast measurements, Image J
software was employed with the Analyze particles plugin.

To estimate the surface density and mass of coatings, a thermogra-
vimetric analysis was conducted. Mass loss and residual mass percentage
was calculated using a TGA-7 from Perkin-Elmer (CT, USA). Samples of
known initial mass were heated from 50 °C to 700 °C at 10 C/min under
nitrogen atmosphere. Metal coupons with the deposits were peeled
(since the small scale only allows few mg samples) and a fraction of the
coating was weighted for posterior analysis. From the initial and resid-
ual masses of SPU and TiO,_A measured separately, a % of survival= mf/
mO was obtained. Then the mass fraction of TiO, nanotubes was
determined in samples of SPU+TiOz_A.

To measure the wettability of our samples, contact angle measure-
ments were performed. A Ramé-hart model goniometer/tensiometer
was used, in combination with DropImage Advanced v2.8 software.
Static contact angle measurements were made by sessile drop method
using deionized water on the prepared surfaces at room temperature.
Three samples were measured at an interval of 10 s from the droplet
deposit.

2.3. Antimicrobial susceptibility assay

Staphylococcus aureus (ATCC- 25923) and wild type E. coli strains
were used for our susceptibility assays. A Kirby-Bauer disc diffusion
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method in the pour plate mode [55] was implemented. Bacteria were
cultured in a Muller-Hinton medium, and the concentration of bacteria
was adjusted to 0.5 in the Mc Farland scale equivalent to 1x 108 CFU/ml.
Finally, 1.7 ml of the bacterial solution was added to 168.3 ml of
Muller-Hinton Agar to achieve a 100X dilution. Samples were sterilized
with UV light, placed on 150 mm petri dishes, and covered with
approximately 55 ml of inoculated agar. Petri dishes were incubated for
24 h at 37 °C and the inhibition halo was checked. To contrast the
inhibitory halos of EPD deposited samples, reference samples were
prepared by simple adsorption on SS316 L coupons covered with SPU.
Briefly, TiOy_A, gentamicin and nisin were dissolved in water and pH
adjusted to 3 with acetic acid. Then, 100 ul of 1 mg/ml solutions of
TiO,_A, gentamicin and nisin were incubated (100 pg) on coupon trip-
licates and left to evaporate at room temperature for 48 h. In reference
samples, the EPD suffix does not appear in the sample name.

2.4. Resazurin cell viability

Cytotoxicity was assessed using human fibroblasts (Detroit 548
ATCC, CCL-116, American Type Culture Collection, Rockville, MD,
USA). Extracts of the materials were obtained for indirect cytotoxicity
tests. SS316L disks were plated in sterile 48-well plates with low glucose
Dulbecco’s Modified Eagle’s Medium (DMEM) culture medium (Caisson
Laboratories, Smithfield, UT) supplemented with 10 % fetal calf serum
(Biowest) and streptomycin/ 1 % penicillin (Sigma Aldrich), at 37°C and
5 % CO4, following a ratio of 1 disk per 1.5 ml of medium. The effect of
the extracts was evaluated by seeding CCL-116 in a 96-well plate to a
density of 1 x 10* cells per well in 100 pl of supplemented culture
medium. Four wells were used as positive control. After 24 h, the me-
dium was removed and the extracts were added to the cells, followed by
further incubation for 24, 48, and 72 h. Consequently, its viability was
evaluated by measuring the reduction of Resazurin. The absorbance of
the samples was measured using a Cytation 3 plate reader (Biotek) at
570 and 600 nm. Data are expressed as percentages of viability. After
24 hours of incubation, the extracts were tested with the cell culture.
Absorbance was recorded at 24, 48 and 72 hours. To contrast the
viability of EPD prepared samples, reference samples were prepared by
simple adsorption on SS316 L coupons coated with SPU as reported
before. Briefly, TiO3_A, gentamicin and nisin were dissolved in water
and pH adjusted to 3 with acetic acid. Then, 100 pl of 1 mg/ml sus-
pensions of TiOy_ A, gentamicin and nisin were incubated (100 pg) on
coupon triplicates and left to evaporate at room temperature for 48 h. In
reference samples, the EPD suffix does not appear in the sample name.

To calculate the viability % the following equation was used:

(02 — A1) — (01 — Ap)

% v =
’ (O2P; — O,P)

Where:

01 = molar extinction coefficient € of oxidized alamar Blue (blue) at
570 nm = 80586

02 = E of oxidized alamar Blue at 600 nm = 117216

A1l = absorbance of test wells at 570 nm

A2 = absorbance of test wells at 600 nm

P1 = absorbance of positive growth control well (cells plus alamar
Blue but no test agent) at 570 nm

P2 = absorbance of positive growth control well (cells plus alamar
Blue but no test agent) at 600 nm

As indicated by the supplier [56]. The average and the standard
deviation of the viability % was calculated from four samples.

2.5. Statistical analysis

An ANOVA test was implemented to compare the cell viability ob-
tained from the extracts of our samples against the control SPU sample.
A Tukey test was used with a confidence level of 95 % (p<0.05) using
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the software Origin 8.5.
3. Results and discussion

The working principle of EPD relies on the application of an electric
field in a suspension of well-dispersed charged particles (in this case
nanotubes) which migrate towards the electrode of opposite charge
[57]. For example, if the net charge of particles in the suspension is
positive, they will migrate towards the cathode (negative electrode), this
configuration is considered cathodic EPD (cEPD). Accordingly, a
cathodic electrophoretic deposition cEPD was implemented as shown in
Fig. la.

There are several factors that influence the deposition yield; namely,
the solvent used, the stability of the suspension, the voltage applied (AC
or DC) and the time of actuation.

It is considered that good stability is achieved for ZP>+30 mV. To
investigate the stability of the suspensions, the zeta potential (ZP) was
measured as a function of pH (see Fig. 1b). ZP of nanotube suspensions is
negative for pHs above 4 and becomes positive around pH 3 (ZP = 2.8
+0.7 mV) and below. When antibiotics are added to the suspensions the
ZP increases towards positive values: 10.1+0.4 mV and 25.4+0.5 mV
for gentamicin and nisin respectively. Additionally, it is reported that in
acidic media both antibiotics are stable [58,59]. Due to an increase of
electropositivity in antibiotics-nanotubes suspensions, the cEPD exper-
iments were performed at pH 3. It would be of interest to investigate
deposit yields depending on pH, especially at pH > 5 in which an anodic
deposition would take place. In such cases suspensions of TiO3 nano-
tubes are more stable but there would be a counterbalance effect due to
the addition of antibiotics.

Water might not be a preferred solvent in terms of electrophoretic
mobility and deposition yield, respect other polar solvents such as
ethanol, acetone, isopropanol, etc. [60-62]. These solvents caused
swelling and degradation of the SPU layer and SPU detachment from the
electrode in our setup. Another aspect to consider was the stability of the
biomolecules, in the suspension particles-antibiotics TiO2 AN and
TiO2 AG as electrolysis was observed in addition to agglomeration. To

d.
/ ™
e o
(+) E s (-)
AN
=4

SPU

= TiO, particles + antibiotics
e Antibiotics (nisin/gentamicin)
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minimize these effects the actuation time was reduced to 3 min and the
voltage set at 25V in agreement to other literature works (1-30V,
1-5 min, water solvent w/acetic acid). For example, Aydemir et al. [37]
applied 18V for 5min for EPD coatings on SS316L
chitosan/gelatin/silica-gentamicin. An aspect to highlight is the fact
that the SPU is a nonconductive material, which might cause a reduction
in the yield of deposits. From Fig. 1c, it can be observed a layer of hybrid
coating with whiteish blots (being the SPU layer almost transparent) and
by zooming in (40X) with a traditional optical microscope, we can
observe the presence of agglomerates of clusters of particles/antibiotics.

Another significant aspect is the resistance to corrosion provided by
the SPU coating. For this, preliminary electrochemical experiments were
conducted and included in the supplementary information, (see section
$3). The information about the pitting potential, corrosion rate and the
difficulty of self-repair of the passive film can be obtained by potentio-
metric cyclic polarization curves (Figure S3b). Measurements indicate
that coated SPU SS316L, relative to bare SS316L specimens, exhibited
decreased passive current densities. Being the current densities in the
order of 107 to 10~ mA/cm? for SS316L and 10~° to 102 mA/cm? for
SPU SS316L. Therefore, in the event of corrosion, the rate would be at
least three orders of magnitude slower in the SPU coated sample than the
bare metal. The polarization curve of SS316L sample shows the char-
acteristic kink indicating the breakdown of the passive layer, giving
place to stable pitting corrosion [63]. The pitting potential of SS316L
sample Ep occurs at ~70 mV. In the case of the SS316L+SPU there is no
indication of breakdown of the passive layer even in potentials above the
Ep of SS316L. Furthermore, the hysteresis loop in sample SPU+SS316L
is negative, i.e. the current density of the reverse scan is less than the
current density of the forward scan, meaning that no irreversible dam-
age occurs at the electrode surface. In contrast, sample SS316L exhibits
positive hysteresis where the current density of the reverse scan exceeds
the forward scan’s current density, this behavior indicates undergoing
pitting corrosion [64]. Therefore, the SPU layer does not favor pitting
corrosion in our experiments. Yet, a thorough examination of corrosion
remains a fundamental aspect for further studies. The feasibility of
implementing a non-conductive layer on a metallic electrode has been

b.

30 : : ; . : : : :
® 254:05
20 4 s —=—TiO,_A 1
o TiO_A+N
< 104 a 10104 4 TiO_A+G ]
E - 2807
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Fig. 1. a. Diagram of the electrophoretic deposition setup b. Zeta potentials of TiO,_A suspensions at different pH values ranging from 2 to 9 (mean + SD, n = 3). c.
Photo and micrography of a SS 316 L coupon with TiO;_A nanotubes and gentamicin.
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demonstrated before [65-67] where carbon nanotubes have been
deposited on rubber, silicon and ceramics. To our knowledge, the work
presented here is the first report in which a SPU covers a metallic
electrode and EPD is used for coating, all in the context of medical
implants.

FTIR spectra of raw materials and modified surfaces are shown in
Fig. 2a. Spectrum of gentamicin sulphate (G) shows characteristic peaks
reported previously in literature. [68] The bands at 3423 and 2960 cm ™!
correspond to N-H and C-H stretching vibrations respectively. The ab-
sorption bands at 1619 and 1520 cm ! can be ascribed to the N-H
bending of the amides (I and II respectively) in the aminoglucoside. The
band at 1124 indicates HSO4 vibration while absorptions at 1042 and
619 cm~! indicate S-O bending as reported in [69]. Nisin FTIR (N)
shows bands at 3386 and 2965 cm ™ 'which are attributed to O-H and
N-H stretching. The bands at 1648 and 1536 cm ™ are assigned to pri-
mary and secondary amides. TiO2 A spectra showed features reported
elsewhere for anatase. [70] A broad band around 3465 cm ! is indica-
tive of stretching of OH groups, the band at 1641 is related to the bonds
Ti-OH of water absorbed in the nanotubes; a band related to Ti-O-Ti
bonds is expected between 400 and 600 cm™! bands, but it was not
observed as this interval was not recorded due to the ATR technique.
SPU spectrum exhibits multiple peaks in accordance with previous re-
sults in literature [71] i.e. the band at 3326 cm ' relates to NH
stretching while bands between 2936 and 2854 cm™! relate to CHa
stretching; the peak at 1719 indicates C=O0 stretching in urethanes and
the band at 1533 reveals C-N+N-H bond bending; finally, the intense
band at 1100 shows asymmetric C-O-C (polyether) stretching. Spectra of
SPU+TiO2 AN and SPU+TiO, AG showed absorptions mainly corre-
sponding to the SPU phase due to the low number of deposits.

Raman spectroscopy was also used to identify components on the
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surface (see Fig. 2b). In this regard, gentamicin shows an intense ab-
sorption at 977 cm ™! related to C-O-C stretching as reported previously.
[72] Nisin spectra showed high fluorescence and is not included here
due to signal saturation; however, N-H stretching band near
~3270 cm ™! and peaks located near ~1656 and ~1537 cm ™! assigned
to Amide I and Amide II has been reported in literature.[73] TiOy A
nanotubes exhibited anatase spectra features [70,74] where peaks at
153, 195, 393, 509 and 635 cm ™! are observed. SPU signal also showed
main bands at 2919 and 2860 cm™! corresponding to CH stretching,
whereas peak at 1436 cm ™! relates to aliphatic CH, bending while the
1296 cm ! peak is attributed to the C-O and C-N stretching. [75] Spectra
of both SPU+TiO,_ AN and SPU+TiO2 AG showed peaks corresponding
to the SPU and to the TiO,_A nanotubes. However, SPU+TiO5 AG
exhibited a small peak at 977 cm ™! demonstrating gentamicin presence.

As mentioned earlier Tecoflex SPU was chosen since it is widely used
in the biomedical field. Prior to EPD, SS316 L was coated with layers of
SPU by fast evaporation method. On average (n=20), the SPU layers
corresponded to a thickness of 210 + 10 um. After EPD coating, a
change in thickness could not be measured with a digital thickness
gauge as no changes were detected. The vast majority (> 95 %) of the
prepared SPU surfaces exhibited a porous surface instead of a flat ho-
mogeneous surface. Porosity originates from the fast evaporation of the
chloroform solvent, which is a stochastic process and therefore the size
of the pores is not controlled and was not further investigated as an
experiment variable. Fig. 3a shows the SEM micrographs of porous
surfaces of two SPU coated SS samples. The micrographs show that the
pore size distribution varies from sample to sample. In the first sample, a
mean diameter of 3.9 um was observed while for the second sample a
mean pore size of 7.2 ym predominates. Fig. 3b shows an AFM scanning
and the profile analysis of a few pores of a third sample showing a
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Fig. 2. a. Infrared spectra of samples and b. Raman spectra of G (gentamicin powder), N (nisin powder), TiO,_A (nanotubes powder), SPU (polyurethane layer),
SPU+TiO, AN (EPD coated SPU with nanotubes and nisin), SPU+TiO, AG (EPD coated SPU with nanotubes and gentamicin).
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Fig. 3. a. SEM micrographs of two different samples of SS 316 L coupons covered with SPU under the same preparation. The in-sets show the distribution size of the
pores formed b. Profilometry analysis of multiple pores showing a depth of 2.1 &+ 0.3 pm.

relatively homogeneous depth of the diameter of 2.1+0.3 pm. Some
reports in literature have studied the creation of porous structures in a
systematic manner [76,77]. In spite of the lack of control, we believe
that this feature will aid the attachment of cells and will promote a

better integration with biological entities, as have been reported pre-
viously [78,79] In addition, porosity provided more surface area but did
not increase the number of deposits as discussed later.

Fig. 4 shows the SEM micrographs of samples with EPD coatings of

Fig. 4. SEM micrographs at two magnifications of deposits of SPU+TiO2_A EPD a and b; deposits of SPU+TiO,_AG EPD, ¢ and d; deposits of SPU+TiO5 AN EPD, e

and f.
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SPU+TiO2_A EPD nanotubes and their mixture with antibiotics
(SPU+TiO2_AN EPD and SPU+TiO2_AG EPD). We observed that in all
cases the particles tend to agglomerate with a few individual nanotubes
distributed along the SPU surface. As mentioned before, TiO2_A formed
agglomerates before EDP and there is no evidence that it penetrates the
SPU coating due to the hydrophobic nature of Tecoflex. The coating
takes place both inside and, (predominantly) on the edges of the pores.
When N and G are present in the coating, the amount of particles located
inside the pores increases. To qualitatively compare the deposits TiOy
and antibiotics on metal vs metal with SPU coating, EPD was performed
on bare SS316L electrodes under the same conditions as the SPU coated
coupons. In Figure S4 of the supplemental section, SEM micrographs of
the obtained coatings on bare metal are presented. It is noteworthy that
the nanotubes TiO2_AG EPD (without SPU) do not form dense coating
layers but rather abundant agglomerates that are distributed through
the sample. This can be caused by a low zeta potential of TiO5 that is
translated in a low electrophoretic mobility as shown before. The sam-
ples TiO2_AG EPD also show the presence of agglomerates similarly to
its equivalent sample with SPU, SPU+TiO2_AG EPD. Distinctly, samples
TiO2_AN EPD show a different morphology of the nanotube agglomer-
ates where needle-like elongated structures are formed on the metal
surface. Meanwhile, SPU+TiO2_AN EPD shows round agglomerates.
From the SEM imaging it is not possible to determine whether
gentamicin and nisin are present in the EPD coatings, therefore EDX
mapping was performed, and the results shown in Fig. 5a and 5b. The

60 pum
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qualitative analysis indicates predominance of C and N which correlate
with the polyurethane composition [80] while Ti relates specifically to
(TiO2) nanotube’s location, as expected. Oxygen (O) relates to both SPU
and TiOg since is a main component of both species. Both antibiotics
include in their composition S, disulfide bonds in the case of Nisin [81]
and sulphate groups in the case of gentamicin; it was observed that
sulfur is distributed on all the surface with a slightly higher concentra-
tion on the particle location. Additionally, the sample SPU+TiOy AN
EPD showed the presence of Na and Cl due to salt content in the nisin
reagent.

Table 2

Quantitative analysis of prevalent elements on EPD samples.
Element SPU+TiO, AG SPU+TiO, AN

Weight% Atomic% Weight% Atomic%

C 46.05 61.55 56.02 70.37
(0] 32.02 32.13 25.18 23.75
Na - - 2.03 1.33
S 0.22 0.11 0.04 0.02
Cl - - 2.70 1.15
Ti 16.85 5.65 8.84 2.79
Fe 0.49 0.14 0.78 0.21
Pd 0.91 0.14 0.76 0.11
Au 3.46 0.28 3.64 0.28
Total 100 100.00

Fig. 5. Overview of prevalent surface elements and mapping of a. deposits of SPU+TiO,_AG EPD and b. deposits of SPU+TiO, AN EPD.
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Quantitative EDX analysis (see Table 2) revealed that the main
components of the coating were carbon and oxygen. A relative high
concentration of Ti (8-16 wt%) indicated enough deposited particles
with a low amount of S (detection of S < 0.2 %). The low percentage of
sulphur can be attributed to their low amount of this element on pristine
antibiotics (ca. to 5.1 at% and 1.1 at% for gentamicin and nisin
respectively). Since samples of SPU+TiO;_AG EPD and SPU+TiO; AN
EPD are measured directly on the SS316 L coupons, the presence of Fe is
attributed to defects on the SPU layer that allow the beam to reach the
316 L surface and thereby atoms of Fe are detected. Pd and Au are the
conducting elements used for samples observation.

AFM was used for the characterization of topography and
morphology of EPD coatings. In particular, two channels were selected
for imaging, namely topography and phase. The phase contrast imaging
principle comes from the monitoring of the shift between the frequency
of the AFM cantilever and the driver when tip interacts with the sample
surface while topography gives us an indication of depths of pores and
height of adhered TiO5 nanotubes. Phase imaging offers a higher reso-
lution to distinguish coatings since there is a better contrast between
materials with different mechanical properties like adhesion, friction,
and viscoelasticity [82,83]. Fig. 6 shows representative AFM measure-
ments of topography and phase contrast of SPU+TiO,_A EPD (a), (b),
SPU+TiO2_AG EPD (c),(d) and SPU+TiO3_AG EPD (e),(f), coatings. As
mentioned earlier, the pores vary in diameter, depth and size depending
on the solvent evaporation processes. Measured samples here indicate a
minimum in height of —2.0 um, —1.4 ym and —1.1 yum and a maximum
in height of 1.0um, 1.8 pym and 1.4um for SPU+TiOz A EPD,
SPU+TiO2_AG EPD and SPU+TiOy AN EPD respectively. The phase
contrast measurements show the coverage of nanotubes (clearer areas)
on the SPU surface (darker areas). Image analysis shows a coverage of
~17 % of sample area for the SPU+TiO,_A EPD sample, see Fig. 6b,d,f
and Table 3. For the samples with antibiotics the coverage increases up
to ~ 69 % coverage for SPU+TiO2 AG EPD and ~ 55% for
SPU+TiO,_AN EPD. Roughness of samples with nanotubes + antibiotics
resulted in higher values of Rq index. It is well known that the surface
roughness greatly influences the adhesion of cells on metal surfaces.
[79] For instance, osteoblast adhesion and proliferation were driven by
the topographic features of etched titanium surfaces, being the samples
with higher roughness the ones that performed better.[84] In this sense,
the roughness of sample SPU+TiO,_AG EPD is larger than the roughness
of the sample only coated with SPU (see Table 3), therefore, sample
SPU+TiO2_AG EPD provides and adequate surface for cell adhesion.

Due to the sample size and deposit yield, it was challenging to
determine the total surface particle density by standard gravimetric
methods. Therefore, thermogravimetric analysis (TGA) was performed
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Table 3
AFM parameters of TiO, and antibiotics deposited by EPD on SPU coated SS.
Sample Coverage Roughness Maximum Maximum
% (Rq, nm) height (um) depth (um)
SPU-+TiO A 17+4 75+ 40 2.3 -1.9
EPD
SPU+TiO, AG 69+15 304+ 50 1.8 -1.4
EPD
SPU-+TiO, AN 55+5 250+ 40 1.7 -1.1
EPD
SPU 0 50+ 20 0.9 -1.6

and reported in Fig. 7, which is a quantitative method with high sensi-
tivity for mass changes [85] The SPU thermogram showed the typical
response for Tecoflex© SPU reported elsewhere [40], the weight loss of
SPU was of 100 % at 550 °C. TiO» particles showed a weight loss of 20 %
at 700 °C as similarly shown in literature [86,87] SPU+TiO, sample
show a shift in the degradation temperature and the residual mass was
different from zero (see inset Fig. 7), therefore this mass is directly
related to the TiO5 content. Calculations from the weight loss and the
initial mass allowed us to determine the amount of particles initially
deposited and thereby the surface density of 140 + 50 pg/cm?. Samples
with of SPU+TiO,_A with G and N show a similar behavior as samples
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Fig. 7. TGA thermograms of EPD coatings, the inset shows a zoom in of the
area highlighted in yellow. SPU and TiO, A are samples that correspond to
pristine materials.
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Fig. 6. AFM scans in topography mode (3D) and phase contrast mode respectively for SPU+TiO,_A EPD a, b, SPU+TiO, AG EPD ¢, d, and SPU+TiO5 AN EPD e, f.
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without. Considering that the residual masses of SPU+TiO AN and
SPU+TiO2 AG samples originate only from the nanotubes and that
complete degradation of N and G was achieved at 700 °C, the obtained
surface densities of nanotubes were 50 + 10 pg/cm? and 70 +
50 pg/cm? respectively.

Another aspect to look at is the wettability of EPD coatings by the
measurement of the contact angle (CA), see Fig. 8. A control sample of
bare SPU was measured prior to any treatment and showed a CA of 94
+5° corresponding to a hydrophobic substrate. The addition of nano-
tubes has a mild effect in the wetting properties as the contact angle
measured is 88°+1°, probably due to a low particle density as being
suggested by AFM measurements. In literature the effect of forming a
layer of TiOy nanoparticles [34] and nanotubes [88] causes an increase
in hydrophilicity but in our study, the addition of nisin to the TiOy
nanotubes increases the hydrophilicity and lowers the CA by 75°+8°,
being this effect more dramatic when only nisin is deposited where the
CA is 60°4+10°. However, Ollé Resa et al. [89] measured the wetting
properties of samples with nisin adsorbed surfaces and determined an
increment in the CA, in contrast to our findings. On the other hand,
gentamicin deposition does not greatly modified SPU wettability as
deposits containing TiO; and G showed CAs of 94°+1° while for samples
where only gentamicin is deposited the CAs was 96°+6°. [81]. For
biomedical applications angles between 35° and 80° are acceptable [90]
to establish an optimal protein absorption and therefore improved the
biocompatibility. Therefore, based on this criterion the sample
SPU+TiO2_AN EPD provides an optimal condition to favor biological
interactions.

To evaluate the antibacterial properties of the EPD coating a disk
diffusion assay was implemented against gram-positive S. aureus and
gram-negative E.coli (see Fig. 9a,b respectively and Table 4). Since
Tecoflex is bioinert, it is thought to not produce antibacterial responses
on the coating. TiO, nanoparticles are a highly used as additive in
medical coatings since they possess antibacterial and non-toxic prop-
erties [45]. Therefore, it was interesting to study if there is a synergistic
effect by the addition of nisin or gentamicin to the TiO5 nanoparticles.
Discs of SS316L coated with SPU and treated by EPD used as negative
control showed no inhibition in both bacterial strains. In contrast, a
reference sample of 100 ug of gentamicin impregnated on SPU coated
SS3316L (indicated as SPU+G) showed effective inhibition for both
strains, which is in line with literature reports [91,92]. Note that EPD
suffix is not added to reference samples since they were prepared by
simple absorption. Gentamicin had a marked inhibitory response on the
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Fig. 8. Contact angle measurements of coatings.
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E. coli agars as it showed 35.7 + 2.6 mm (see Table 4). Similarly,
SPU+TiO2_AG showed antibacterial inhibition in both strains, which
means that gentamicin preserved its antibacterial properties even after
voltage application during EPD. TiO nanoparticles in any crystalline
phase are a recurred additive for implant coatings due to their antimi-
crobial properties and the potential to proliferate and grow cells [91].
However, samples with SPU+TiO3 A and SPU+TiO5 A EPD did not
show any inhibition on any strain. Likewise, reference samples with
nisin coatings (indicated as SPU+N) showed a mild inhibitory behavior
against S. aureus but not against E. coli. Even when in literature it is
reported the antibacterial properties of nisin against gram positive bac-
teria [93]. Furthermore, samples SPU+TiO2_AN EPD and SPU+N EPD
did not show inhibition in S. aureus. The lack of antimicrobial response
of nisin could be due to 1) a low concentration of nisin present in the
surface and/or 2) denaturation of nisin due to water electrolysis. Seuss
et al. [27] and Sikkema et al. [29] discuss the challenge of depositing
with EPD proteins, enzymes, and biopolymers. In general, all samples
containing gentamicin show inhibitory behavior even after EPD treat-
ment. Some authors have produced hybrid EPD coatings with genta-
micin as antibiotic and have reported similar results [94,95]

In addition to osteoblasts, fibroblast cells are a key component in the
mediation of osseointegration and remolding of soft tissues surrounding
the implants, [96] therefore it is essential to study the interaction of
coatings obtained by EPD with these cells. To evaluate the cell response,
a resazurin cell viability assay on fibroblasts was performed (see
Fig. 10). Note that EPD suffix is not added to reference samples since
they were prepared by simple absorption. Fig. 10 shows that SPU alone
exhibited a viability larger than 90 % after 24 h, which decreases down
to to 75 % after 72 h. In addition, samples of SPU+TiOz A EPD and
SPU+TiO2_A showed a nontoxic behavior after 72 h and non-significant
differences are found respect the SPU (control) sample. Samples with
SPU+N EPD show a somewhat reduced viability after 72 h but close to
75 %. Significant differences arise for sample SPU+ N (100 pg of Nisin
impregnated) where an initial cytotoxic behavior is measured even at
48 hours; however, viability levels up at 72 hours suggesting that for
longer times a higher proliferation can be achieved. Interestingly, when
nisin is simultaneously deposited with TiOy_ A (sample SPU+TiOy AN
EPD), the viability is maintained, and samples become non cytotoxic. In
the case of gentamicin loaded samples (SPU +G and SPU+ G EPD) a
cytotoxic behavior is observed. However, the toxic effect is minimized
when particles and the antibiotic are deposited simultaneously by EPD
(sample SPU+TiO2_AG EPD) where a viability close to 100 % is recov-
ered after 72 h.

4. Conclusions

In this work the coating of metallic supports was carried out. Firstly,
a layer of segmented polyurethane was applied. Secondly a mixture of
nanotubes of TiO, anatase phase and antibiotics (gentamicin and nisin)
was deposited by means of electrophoretic deposition. We showed the
feasibility of having a SPU nonconductive layer as a substrate for EPD
coatings. The addition of a polyurethane coating induced a porous sur-
face for cell adhesion. Preliminary findings also indicate that the Teco-
flex coating is an alternative in preventing corrosion and pitting of the
SS316L surfaces.

In recent years the need for new types of antibiotics has grown due to
bacterial resistance. In this sense, nanoparticle antimicrobial peptides
and/or combination with traditional antibiotics have shed light on
finding new ways to kill bacteria [97]. In this study, we have shown that
the combination of TiO,_A/Nisin or Gentamicin show interesting fea-
tures for biological activity. TiO,_A nanotubes alone deposited with EPD
show agglomerates that are distributed all over de SPU layer; TiO AN
and TiO,_AG samples show a larger surface coverage as observed with
SEM and AFM. TiO; AN samples show an acceptable hydrophilicity
range for cellular adhesion. Samples TiOy_AG performed better in the
viability test respect the samples with only gentamicin deposited with
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Fig. 9. Antibacterial response of EPD coatings against (a)S. aureus (b) E. coli. 1: SPU EPD, 2: SPU+G 3: SPU+G EPD, 4: SPU+TiO;_A, 5: SPU+TiO,_A EPD, 6: SPU+N,
7: SPU+N EPD, 8: SPU+TiO, AN EPD, 9: SPU+TiO,_AG EPD. The arrow indicates the measurement of the diameters reported in Table 4. * Sample 9 pictures is taken

from a different plate.

Table 4

Halo size of samples that showed inhibitory behavior.
Sample E. coli (mm) S. aureus

(mm)

SPU+G 35.7 £26 29.5 + 2.4
SPU+N R 17.5 £ 3.0
SPU+G EPD 27.0 £5.7 23.3+ 49
SPU+TiO,_AG EPD 28.3 + 0.5 21.5+1.0

EPD and by simple absorption. Yet, TiO» AG showed antibacterial
properties comparable with control sample of only absorbed genta-
micin. Therefore, the synergy nanoparticle/antibiotic brings a positive
effect on the coating functionality.

One limitation of our approach is the limited yield, and a strategy to
increase the deposition rate is by using organic solvents or other types of
particles. In this sense, studies with spherical titania nanoparticles are
being performed to establish a comparison between the two cases.
Another aspect to discuss is the assessment of the biological integrity of
the biomolecules under EPD deposition, whereas gentamicin sulphate
showed antibacterial properties after EPD treatment, nisin did not
exhibit bacterial inhibition. As an alternative, it would be interesting to
explore the use of alternating current EPD i.e. the DC electric field is
replaced by AC field as it has been suggested to be compatible with all
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types of biomolecules. Also, the in vitro release as well as the minimum
inhibitory concentration of antibiotics and nanotubes must be deter-
mined to understand the mechanism by which our coatings work and to
understand their underlying stability. Finally, the porosity was not
controlled here and will be interesting to obtain either a dense coating or
to control the pore size by using different solvents and the rate of
evaporation.

This research contributes to advancing the utilization of the EPD
technique as a valuable method for developing customized coatings with
biological activity within the context of metallic implants.
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