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Abstract: The present study reports a specific method for preparation of silver-modified anodic alu-
mina substrates intended for biomaterial applications. Al,O3 coatings were obtained by anodization
of technically pure aluminum alloy in sulfuric acid electrolyte. Silver deposition into the pores of the
anodic structures was carried out employing in situ thermal reduction for different time periods. The
obtained coatings were characterized using scanning electron microscopy (SEM), potentiodynamic
scanning after 168 h in 3.5% NaCl solution and bioassays with human fibroblast and NIH/3T3 cell
lines. The modified alumina substrates demonstrated better biocompatibility compared to the control
anodic Al;O3 pads indicated by increased percent cell survival following in vitro culture with human
and mouse fibroblasts. The Ag-deposition time did not affect considerably the biocompatibility of the
investigated anodic layers. SEM analyses indicated that mouse NIH/3T3 cells and human fibroblasts
adhere to the silver-coated alumina substrates retaining normal morphology and ability to form
cell monolayer. Therefore, the present studies demonstrate that silver coating of anodic alumina
substrates improves their biocompatibility and their eventual biomedical application.

Keywords: Ag/AAO substrates; biocompatibility; fibroblasts; scanning electron microscopy

1. Introduction

Nowadays, various combinations of materials are under in-depth investigations when
creating medical devices. It is well known that the quintessential biomaterial has not yet
been introduced into the medical practice. In this regard, surface modification of implants
is considered to be the most promising method for preventing corrosion and promoting
biocompatibility [1].

Aluminum (Al) is widely applicable in different technological fields owing to its me-
chanical properties, for example high tensile strength, good heat and electrical conductivity,
low coefficients of friction and deformation, easy processing, etc. [2]. Due to its toxicity to
living organisms Al has not been extensively studied as a potential material for production
of medical devices [3]. However, the naturally formed in air oxide layer on aluminum
and its alloys passivates the metal surface and interrupts any further interactions with
the environment. There are studies stating that Al;O3 is an inert compound when intro-
duced to biological systems [4]. Moreover, anodizing is commonly used electrochemical
surface treatment resulting in a formation of anodic alumina oxide (AAQO) with controllable
thickness, porosity, morphology, etc. It is established that anodic films exhibit improved
mechanical and anti-corrosive properties [5]. Further, these oxide layers can be additionally
modified by deposition of different metals within their pores. There are various studies
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describing incorporation of Pb, Cd, Cr, Fe, Au, Co, Cu, Mn, Ni, Se, Ag, Te, Zn, Sn on
anodized aluminum substrates [6]. At the same time the use of noble metals, such as gold
and silver when creating biomaterials, is a very prospective approach to enhance bioactive
and antimicrobial properties [7,8].

The increasing resistance of bacteria to commonly used antibiotics imposes extensive
research activities in the field of new therapeutic agents with the aim to prevent or inhibit
infectious diseases [9]. A prominent fact is that silver induces excellent inhibitory effect on
different types of bacteria—P. aeruginosa, S. faecalis, S. aureus [10], M. luteus, E. coli, etc. [11],
but at the same time nanosized silver can cause toxicity to liver and stem cells, human and
mouse fibroblasts, as well as human carcinoma cells [12]. There are many investigations
dealing with the dependency of silver biological activity and its size, shape, morphology,
surface area, etc. [13]. Usually, the diameter of typical silver nanoparticles ranges from a
few to dozen nm [8]. Various types of methods (physical, chemical, photochemical and
biological) for their synthesis have been already reported [14]. However the resulting
products in nanoform have different characteristic parameters. Therefore, they should be
considered as different materials with non-identical mechanisms of action and resistance [13,
15]. Due to their unique physical and chemical properties silver nanoparticles have already
been used as biosensors, cosmetics, and pharmaceutical products [16], in fillers, food
packaging, wastewater treatment [14], catalysis, electronics, and photonics [17], cancer
treatment [18]. When deposited and interacting with a matrix, these nanostructures can
reveal new operating functions. For example, such combination of porous template and
incorporated nanomaterial can be useful as antibacterial drug release carrier, in orthopedics,
in dentistry, and other medical fields [19]. It is worth mentioning that the increased interest
in utilizing alumina coatings for biomedical applications is related to their good wear and
anticorrosive properties, low cost, improved surface functionalization, etc. [20].

In the present work, biological and anti-corrosive properties of silver-modified an-
odic films on the surface of technically pure aluminum alloy were investigated. For this
purpose, the obtained combined layers were analyzed by scanning electron microscopy.
The observations showed the presence of silver into the anodic alumina structures. The
size of the deposited particles was above the nanoscale, which indicates aggregation of
nanoparticles under the given conditions of in situ thermal reduction. The concentration
of the silver deposits was determined using inductively coupled plasma optical emission
spectroscopy (ICP-OES). The corrosion protective capabilities provided by the above men-
tioned modifications were studied using potentiodynamic scanning (PDS). Furthermore,
in vitro biocompatibility assays with two fibroblast cell lines combined with light and scan-
ning electron microscopy analyses were conducted to clarify the biological activity of the
modified alumina substrates.

2. Materials and Methods
2.1. Anodic Alumina Oxide Preparation

All experimental procedures were performed with EN AW 1050A aluminum alloy
with chemical composition corresponding to EN standard EN 573-3/485-2. The dimensions
of the specimens were 20 mm x 20 mm x 0.5 mm.

In order to remove accidental dirt and some defects, metal pads with working area of 8
cm? were pre-treated by degreasing in acetone, pickling in diluted nitric acid (1:1 v/v) and
electropolishing in a mixture of concentrated perchloric acid and ethanol (1:4 v/v) at con-
stant voltage of 10 V for 3 min. Then, the samples were anodized in 1.53 mol L~! HSOy at
constant current density of 15 x 1073 A em~2 at 20 = 2 °C for 30 or 60 min. A two electrode
cell was used with a lead plate as a counter electrode, placed symmetrically around the
anode. After each operation, the samples are repeatedly washed with double distilled
water and carefully dried. All solutions were prepared with analytical grade reagents.
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2.2. Chemical Deposition of Silver

Anodized aluminum substrates were immersed in a solution of 5 mM AgNOj for
different time periods (3 or 6 min) at 96 £ 1 °C. The addition of a reducing agent is
considered to be the start of the reaction. In the current work silver nitrate solutions
were reduced by 0.1 wt.% trisodium citrate (Na3CgH507). Volume ratio of NazCgHs07
to AgNO;3 was 1:10 [16]. Depending on the silver deposition time and respectively the
amount of the incorporated particles, the color of the anode film changes to pale yellow.

Finally, in order to close up the pores of the Ag-containing oxide layers, the latter were
soaked in boiling water at 96 £ 1 °C for 25 min. This method of simultaneously synthesis
and deposition of silver nanoparticles followed by pore sealing of the layers was previously
described [21].

2.3. Silver Amount Determination

The concentration of the deposited silver into the anodic films was determined by
inductively coupled plasma optical emission spectroscopy (ICP-OES) using Prodigy 7
spectrometer (Teledyne Leeman Labs). For this purpose silver-modified anodic layers were
dissolved in a mixture of concentrated nitric acid and water (1:1), at room temperature.

2.4. Microstructure Characterization of the Silver-Modified Structures

The as obtained Ag-doped anodic films were analyzed by scanning electron mi-
croscopy (Prisma™ E SEM by Thermo Fisher Scientific with an attachment for element
analysis—EDX analyzer, Waltham, MA, USA).

2.5. Electrochemical Analysis

Potentiodynamic scanning (PDS) (performed by Universal Galvanostat/Potentiostat
— AUTOLAB PG/STAT 30/2, product of Ecochemie, Kanaalweg, The Netherlands) was
performed after 168 h of exposure to 3.5% NaCl solution as model corrosive medium.
Ag/AgCl/3M KCl was used as a reference electrode and a platinum cylindrical mesh as a
counter electrode. PDS curves were obtained from —100 to 1000 mV against open circuit
potential with a voltage sweep rate of 10 mV s~!. The measurements were performed with
two identical samples of each type since the electrochemical behavior of anodized EN AW
1050 alloy has already been reported with good repeatability of the results [22].

2.6. Cell Lines and In Vitro Cultivation Conditions

Silver-modified alumina substrates biocompatibility was evaluated in vitro using
murine and human fibroblasts: NIH/3T3 (ATCC CRL-1658)—an immortalized mouse
embryonic cell line, and a finite human cell line established from preputium-derived
fibroblasts. The cells were cultured in vitro in complete Dulbecco’s modified Eagles’s
medium (DMEM), i.e. DMEM supplemented with 10% heat-inactivated fetal calf serum
(FCS), 100 U mL ! penicillin and 100 pg mL~! streptomycin (all purchased from Sigma-
Aldrich Inc., Merck KGaA, Darmstadt, Germany). The cultures were maintained at 37 °C,
5% CO, /atmospheric air mixture and high humidity. Before the biocompatibility evalu-
ations the cells were grown in 75 cm? culture flasks (TPP, Trasadingen, Switzerland) and
subcultured at 80% confluency. In brief, cell monolayers were washed with Dulbecco’s
modified phosphate buffered saline (DPBS) (Sigma-Aldrich Inc., Merck KGaA, Darm-
stadt, Germany) and detached using 0.2% trypsin/0.53 mM EDTA buffer solution. The
concentration of viable cells in the resulting suspensions was determined by the Trypan
blue assay [23]. A total 50 pL cell suspension were mixed with equal volume of 0.4%
Trypan blue solution (Sigma-Aldrich Inc., Merck KGaA, Darmstadt, Germany), loaded on
a Burker chamber (Boeco, Hamburg, Germany) and counted using Ceti Max III compound
microscope (Medline scientific, Oxon, UK). Then, concentration of live cells per mL was
calculated, the suspensions containing detached NIH/3T3 and human fibroblasts were
diluted to appropriate concentration and new cultures were established.
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2.7. Biocompatibility Evaluations

Anodized aluminum substrates and silver-doped alumina pads were placed on the
bottom of separate wells in 6-well culture plates (TPP, Trasadingen, Switzerland). After
that, 1 x 10° cells mL~! NIH/3T3 and human fibroblasts (2 mL cell suspension per well)
were seeded on the plates containing alumina test-substrates and cultured for 48 h. Control
cells were grown for the same time period in wells containing a glass coverslip. The size of
the glass substrate corresponded to the size of the analyzed alumina pads. After the end of
the incubation period the test-substrates and control glass coverslips were removed from
the culture plates and 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT)
solution was added to the cell culture medium to a final concentration of 0.5 mg mL~!.

The MTT assay principle was initially described by Mossman [24]. In the present
experiments, the MTT tests were performed in accordance to the methodology published
by Edmondson et al. [25]. In brief, the cells were incubated in MTT containing medium
for 2 h under standard conditions (37 °C, 5% CO; and high humidity). After that, the cells
were washed with pre-warmed (37 °C) DPBS and 1 mL dimethyl sulfoxide (DMSO) was
added to each well of the culture vessels. After 15 min incubation with DMSO at 37 °C,
absorbance at 570 nm was measured using Synergy-2 reader (BioTek, Winooski, VT, USA).
Percent cell survival was determined based on the data for cells co-cultured with alumina
substrates and control cells. All substrates were tested in duplicates.

2.8. Cell Morphology Analysis

Cellular morphology and culture monolayer integrity after 48 h co-cultivation with
alumina test-substrates were evaluated using a standard inverted microscope Inverso (Med-
line Scientific, Oxon, UK) and Si-3000 high definition digital camera (Medline Scientific,
Oxon, UK).

NIH/3T3 and human fibroblasts attached to the surface of alumina specimens were
observed by scanning electron microscope (Prisma™ E SEM by Thermo Fisher Scientific).
Prior to the SEM evaluations, the cells were seeded on test-substrates placed in 6-well
plates (TPP, Trasadingen, Switzerland) and cultured for 48 h as described in the previous
subsection. Then, alumina pads and control glass coverslips were removed from the plates
and processed as described by Osahor et al. [26]. The specimens were washed twice in
pre-warmed (37 °C) DPBS and fixed with 2.5% glutaraldehyde for 30 min at 37 °C. After
that, the cells were immediately subjected to alcohol dehydration using 25%, 40%, 60%,
80%, 90% and 100% ethanol gradient treatment for 15 min for each concentration. The
specimens were dried in a simple desiccator for 30 min.

2.9. Statistics

Statistics was calculated based on analysis of variance (ANOVA) using the StatView
software version 5.0 (SAS Institute, Cary, NC, USA). Significant differences between data
from control anodic alumina substrates and silver-modified samples were determined by
Fisher’s PLSD method. Estimated p values lower than 0.05 were considered statistically
significant.

3. Results and Discussion

All set of samples used in the current work and the corresponding treatment proce-
dures are described in Table 1.

It is considered that cell growth, cytotoxicity, genotoxicity and biocompatibility depend
on the morphological characteristics such as size, shape, surface charge, concentration,
distribution of particles, exposure time and cell type [27,28]. In order to determine the
concentration of deposited Ag particles into the anodized alumina layers, all samples
were submitted to induction coupled plasma optical emission spectroscopy (ICP-OES)
and the acquired quantitative data are graphically represented in Figure 1. As expected,
the Ag amount is proportional to the silver deposition time. It was also found that the
concentration of Ag is higher at the anodic films formed in the acid electrolyte for 60 min.
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Table 1. Sample groups and their abbreviation used in the manuscript.
Corresponding Surface Treatments
1
SZ?lfr:vci;:t(i) :I}:s Preliminary Anodization Time, Silver Deposition,
Treatments (min) (min)
AA 0 0
AAO-30 30 0
AAO-60 preliminary treated 60 0
Ag-3/AAO-30 EN AW 1050A 30 3
Ag-6/AAO-30 coupons 30 6
Ag-3/AAO-60 60 3
Ag-6/AAO-60 60 6
STy 5.275+0.088
o Ag 5.088 4 0.063 %
5.0 =
4.5+
@
g 4.0
o
=T 3.350 +0.038
5::0 3.0
254
2094 688 £ 0.050
154 B

T T T T
Ag-3/AAO-30  Ag-6/AAD-30  Ag-3/AAO-60 Ag-6/AAD-50
Sample

Figure 1. Correlation between the deposited Ag content, silvering time and anodization time periods.
The mean value of Ag content (ug cm~2) and standard deviation (SD) of it are presented at the figure.
All analysis were performed three times (n = 3).

The images in Figure 2 show potentiodynamic polarization curves of different metal
pads of chosen sample groups. As it can be seen, the bare aluminum coupons suffer uniform
corrosion attack. At the same time, the curves of anodized samples (with or without silver
deposits) have almost horizontal branches, revealing good passivation properties by the
thick alumina layers. In Table 2 the obtained experimental results of the PDS analysis
are summarized. The corrosion potentials of all samples underwent anodic oxidation are
shifted to more positive values. This fact is consequence of the modifications of the surface
chemical composition, as proposed in Kozhukharov et al. [22]. Significant difference of the
polarization resistance and corrosion current density values was observed only between
the untreated aluminum coupons and all AAO samples. The presence of silver particles in
these layers does not significantly change the barrier ability of the combined films.
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Figure 2. Potentiodynamic curves acquired after 168 h for (a) AA coupons, (b) AAO-30, (c) AAO-60,
(d) Ag-6/AAO-30, (e) Ag-6/ AAO-60.

Table 2. A summary of PDS data results, acquired from Tafel slope analysis.

. . Polarization Corrosion Current
Corrosion Potential . .
Resistance Density
Sample Groups
Ecorr/ (mV) vs. Rp Icorr
Ag/AgCl kQ em—2) (A cm~2)

AA —720£11 83.01 £ 12 (4.7 £0.6) x 1078
AAO-30 —231+45 7862 + 900 23+11)x 10710
AAO-60 —162 £+ 36 4207 £ 517 (1.8 £1.1) x 10710

Ag-3/AAO-30 —155 + 28 6980 + 723 (1.0 £0.9) x 10~10
Ag-6/AAO-30 —288 + 57 7000 + 657 (1.4 £ 1.0) x 10710
Ag-3/AAO-60 —720£11 83.01 + 12 (4.7 £0.6) x 1078
Ag-6/ AAO-60 —231 +£45 7862 + 900 23+11)x10°10

3.1. Scanning Electron Microscope Observations

In order to examine the morphological futures of the silver doped alumina films
systematic SEM observations of all types of silver modified probes were performed. The
topological and compositional characteristics of similar anodic alumina coatings are in-
vestigated in detail. The presence of equally distributed pits and cavities on the anodized
specimens has already been described [29]. These imperfections of the alumina films are
formed on sites of heavier intermetallic inclusions, which are typical contaminants for
the technically pure aluminum alloy. On Figure 3 micrographs of Ag-doped anodic oxide
surfaces at magnification x20,000 are presented. As it can be seen, the performance of
the anodic processes at these conditions results in the formation of Al,O3 with irregular
distribution and structure of its pores. More interesting is the fact that depending on the
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silver deposition time and the following sealing procedure the final Ag/AAO morphology
is unique. Silver particles with different size (over nanoscale) are not evenly distributed on
the alumina surfaces. The chemical compositions of specimens were investigated by the
attachment for element analysis—EDX analyzer.

0kv &1pA ETD SE 20

Figure 3. SEM micrographs of (a) Ag-6/AAO-30, (b) Ag-6/AAO-30, (c) Ag-3/AAO-60 (d) Ag-
6/AAO-60 at x20,000 magnification.

In Figure 3a it can be seen the irregular porous structure of the oxide, individual silver
particles and agglomerates. In Figure 3b, probably as a result of the longer silvering time
(6 min), the Ag particles are located on the edges of the pits and cavities of the alumina.
In addition, the oxide film looks less porous. Presumably, the extended silver deposition
time in a combination with the sealing treatment of the sample results in the production
of crystalline hydrate phase which fills the pores of the oxide film. Hydrothermal sealing
of anodized aluminum at temperatures above 95 °C is previously reported to promote
hydration of porous oxides and barrier layers, producing boehmite (y-AIO(OH)) [30]. More
obvious this can be seen in Figure 3c where the anodic film formation is extended to 60 min.
In Figure 3d (60 min anodization and 6 min silver deposition time) the surface morphology
of the alumina layer is substantially different. There is a total lack of the porous skeleton
of the Al,O3 probably due to the filling of the pore mouths with hydrated products like
boehmite, Aly(SO4)3 [30].

It should be pointed out that for better detection of the silver particles with the EDX
analyzer detailed observations of the top-view of the surfaces at different magnifications
were performed. In Figure 4 a micrograph of a specimen corresponding to Ag-6/AAO-60
at x 35,000 is presented. It can be seen that silver particles are incorporated in the hydrated
porous structure.
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Figure 4. SEM image of Ag-6/AAO-60 specimen at magnification x35,000.

3.2. Biocompatibility of Silver-Modified Alumina Substrates

NIH/3T3 cells and human dermal fibroblasts were co-cultured for 48 h with silver-
doped alumina pads and control anodized alumina specimens without silver modification.
After the end of the incubation period cell survival was determined by MTT assays. Figure 5
represents the obtained results. In accordance with our previous findings [27] NIH/3T3
cells demonstrated higher sensitivity to anodic alumina and silver-modified alumina sub-
strates compared to human fibroblasts. The two specimens with anodized for 30 or 60 min
alumina film showed the lowest cell survival level. A statistically significant difference
was present between anodized alumina samples and the silver-doped substrates when
co-cultured with the mouse fibroblast cell line (Figure 5a,b). These results demonstrate that
the generated silver layers on AAO-30 and AAO-60 substrates improved their biocompati-
bility when tested with NIH/3T3 cells. The same tendency was demonstrated by human
fibroblasts (Figure 5¢,d) confirming the biocompatibility of silver-doped samples. The cells
were not affected significantly by co-cultivation with AAO-30 and AAO-60 samples—the
calculated cell survival level was approximately 90%. However, when co-cultured with
silver-modified alumina substrates, human fibroblasts survival was higher, even similar to
the control cells co-cultured with a glass substrate. These results suggest that silver modifi-
cation enhances fibroblast cell survival rates when co-cultured with anodic alumina pads. It
could be assumed that these positive effects are induced by changes in the substrate surface.
Silver particles incorporate in the porous hydrated structure of the pads (Figure 4) and thus,
affect their roughness and possibly improve cellular adhesion and survival. Additional
experiments are needed to confirm this hypothesis. AAO-30 and AAO-60 specimens doped
with silver for 3 and 6 min did not show significant difference in survival of both NIH/3T3
and human fibroblasts. Although SEM analyses indicated surface differences between
AAO-30 and AAO-60 specimens doped with silver for 3 and 6 min cell survival levels did
not show significant variance. It could be suggested that silver modification eliminates
sites of intermetallic inclusions/imperfections of anodic alumina substrates independent of
time for deposition (3 or 6 min), which leads to improved cell survival.
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Figure 5. Cell survival levels determined after 48 h in vitro culture of NIH/3T3 cells (a), (b) and
human fibroblasts (c), (d) with anodized alumina and silver-modified alumina substrates. All samples
were tested in duplicates (n = 2). Figure bars represent mean =+ standard error of the mean and 4 SD
is indicated for each sample. * Indicates p < 0.05, ** p < 0.01.

To support the data from MTT assays, light microscopy observations were performed.
As shown on Figure 6 NIH/3T3 cells (Figure 6a) and human fibroblasts (Figure 6b) retained
normal morphology, as well as ability to proliferate and form integral monolayer during
co-culture with silver-modified alumina specimens. These findings confirm the high cell
survival rates detected by the colorimetric assays. In addition, we were interested to find
whether the cells are able to attach to the alumina substrates. Therefore, SEM analyses
were performed. They revealed that NIH/3T3 and human fibroblasts adhere to both
AAOQ (data not shown) and silver-doped AAO pads (Figure 6¢,d). The cells displayed
typical morphology that could be observed only after characteristic reorganization of
the cytoskeleton during the experiment, formation of specific cellular protrusions and
focal adhesions to the substrate followed by stable attachment. Moreover, SEM pictures
showed individual rounded cells with discrete contact to the substrate. Generally, they
were located above the plane of the layer formed by the majority of attached cells with
characteristic morphology. Such position and the spherical form of the cells indicate a
proliferative phenotype. The presence of mitotic cells on the silver-modified substrates
proves further the biocompatibility of the tested materials. These findings show that both
mouse and human fibroblasts are able to attach to the test-substrates. Moreover, as shown
on Figure 6e,f the cells develop and proliferate giving rise to a stable monolayer on the
surface of silver-modified alumina specimens.
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Figure 6. Light (a,b) and scanning electron microscopy (c—f) pictures of NIH/3T3 (a,c,e) and human
fibroblasts (b,d,f) co-cultured with silver-modified alumina substrates.

4. Conclusions

The present work demonstrates the biocompatibility of silver-modified anodic alumina
pads based on in vitro assays with mouse NIH/3T3 and human fibroblasts. The mouse cell
cultures demonstrated higher sensitivity to all anodic layers. However, when co-cultured
with silver-modified AAO films, the cell survival levels of the two cell lines were sufficient.
The concentration of the deposited silver particles did not affect these levels. The cell ability
to attach to the surface of the samples was proven by scanning electron microscopy. SEM
analyses were also performed in order to examine the morphological characteristics of
the silver-modified layers. Depending on the Ag deposition time and the hydrothermal
sealing procedure the resulting morphology of each specimen type was unique. Finally,
regardless the structural differences all AAO layers (underwent or not silver modification)
demonstrated good barrier ability in potentiodynamic polarization studies.
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