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Porous bioceramics are commonly used as support structures for bone growth and repair.
However, their mechanical properties have been limited by high macroporosity and
microporosity. Alumina ceramics (Al203) are preferred for bone implants due to their
mechanical reliability, chemical stability, and biological compatibility. However, the
bioinert nature of aluminum oxide makes it challenging for bone ingrowth and implant
anchorage. To address this, ceramic scaffold samples with concentrated porosity have
been developed. This study aimed to create porous Al:0s and explore surface
modifications using UV exposure, amino acid treatment (L-lysine), and alkaline
treatment (NaOH) for applications in orthopedics and dentistry. The porous alumina
samples underwent sintering at 1400°C and drying at 100°C. They were then analyzed
for mechanical, morphological, and structural characteristics through various tests and
microscopy techniques. The results revealed increased surface roughness after 16 hours
of alkaline treatment and one hour of UV treatment, and decreased roughness with amino
acid treatment for samples pre-treated with NaOH for 16 hours. Our results showed an
increase in porosity with Alkaline and UV treatment and decrease with amino acid
treatment, also results shows decrease in mechanical properties for alkali and UV
treatments (Hardness and Compressive Strength) as it is in the range of cancellous bone
strength. According to the current work, the contact angle between the untreated and
treated samples with UV, amino acid, and NaOH was zero, which indicates that these
surfaces are hyper hydrophilic. High porosity and surface roughness may be the cause of
this behavior. Biological test evaluated by XRD and FESEM exhibited formation of
Hydroxyapatite film when immersed in SBF for 7 days.

1. INTRODUCTION

cell behavior, affecting how fibroblasts and cells similar to
bone-forming osteoblasts grow, attach, and transform [9, 10].

Bio-inert ceramics are resistant to corrosion, sufficiently
robust, biocompatible, and usually appealing (in the dental
profession). However, its drawbacks, such as the absence of a
direct bone-material interface, stress shielding, and the
possibility for aseptic loosening, highlight the importance of
surface changes [1]. With excellent strength, resistance to
wear, and a smooth finish, alumina ceramics prove highly
suitable as biomaterials [2-4]. They have created multiple
items for the sockets or head of a hip joint prosthesis and are
very helpful in orthopedic surgery for bone healing [2, 3].
Moreover, these ceramics are already in use in clinical settings
for knee and ankle prosthesis components [3-5]. a-alumina is
the most studied alumina phase [6], and it has recently been
utilized in composite systems as a porous a-alumina base for
bioactive materials [7]. The unique structure and composition
of alumina substrates, coupled with their ability to attract cells
and undergo chemical modifications that influence the growth
of neural stem cells, make them excellent platforms for cell
cultivation [8]. Studies have revealed that changing the
chemical and surface properties of a-alumina can impact early
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To increase the surface area on ceramic materials, various
techniques like oxidation, adding specific functional groups,
silanization, heat treatments in controlled atmospheres, melt
infiltration, or using ionizing liquid etching are employed,
including processes like sol-gel methods and co-precipitation
[11-15]. In dentistry, ceramics have been treated with
mechanical techniques like sandblasting. However,
sandblasting creates surface defects and residual stresses,
which are significant drawbacks compared to chemical
modification techniques. Fischer et al. [16] reported in 2005
that after a 24-hour soaking in a solution of 1 M NaOH at
100 °C, hydroxyl (OH") functional groups had been effectively
bound onto alumina substrates. When compared to the original,
unmodified oxide of aluminum, it was shown that alkaline
alteration of the adsorbent's surface improved the adsorption
capacity [17]. A report by some researchers, an increase in
aluminol, AI-OH, groups under specific conditions are
achieved, these groups promote bioactivity and become
nucleation centers for apatite growth also enhancing
biointeraction with bone cells and can promote cell adhesion
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to the artificial surface containing hydroxyl. As a result,
aluminum hydroxide [Al(OH)4]-may be a good choice for a
bioactive substance [16], as these groups aid in the absorption
of proteins and raise the material's wetness, which permits cell
attachment and growth [18]. In order to manage the implant
tissue interface, bio-functionalization enables the attachment
of organic components on the implant surface, such as
enzymes, proteins, and peptides [19]. L-arginine and L-lysine
are two important amino acids that are involved in the
formation and metabolism of bones [20, 21]. L-lysine is a
renewable material that is found naturally [22]. L-lysine has
been demonstrated to support osteogenic differentiation and
proliferation of cells [23]. Patricia Comeau et al. in 2018
evaluated a three amino acids' affinity for the surface of non-
stoichiometric hydroxyapatite nanoparticles. The degree of
surface binding that was achieved actually seems to have been
enhanced by the strong interaction that amine groups had with
the negatively charged ns-nHA surface. Consequently, lysine
and glycine bound to ns-nHA more firmly than aspartic acid
at the reaction conditions that were investigated [24]. It has
been reported that ultraviolet (UV) photo functionalization
might enhance the conditions surrounding the implant
abutment [25, 26]. Chairside application of the approach has
multiple advantages, include a significant reduction in surface
carbon concentration as well as enhanced wetting,
proliferating, and adhesion of structure to cells [27, 28].
According to research conducted in 2022 by Rutkunas et al.
[29], UV photo functionalization of Zirconia-based materials
for abutment fabrication is a promising technique that may
have an impact on the development of a strong peri-implant
cover and support the integration of hard and soft tissue
implants over the long term. They discovered that ZrO»-based
materials photo functionalized on their UV surfaces change
the survival of human gingival fibroblast cells, which may
have positive effects on cell proliferation [29]. Henningsen et
al. [30] assessed and contrasted the changes in the
physicochemical surface conditions of zirconia surfaces
following brief exposure to UV light. Zirconia samples with
slightly rough surfaces underwent a 12-minute treatment in an
ultraviolet (UV) oven, the tests revealed that the wetting
ability zirconia surface was greatly enhanced by UV radiation.
The goal of present study was to evaluate the effect of surface
functionalization by NaOH solution, Lysine amino acid, and
UV radiation on the mechanical, morphological and biological
properties of alumina for bio applications. The advantages of
these techniques are the creation of an active and rough surface
that promotes adhesion and biologic fixation of implant and
avoiding the drawback of other modification techniques like
defects and residual stresses from sandblasting and creation of
wear debris from coating.

2. EXPERIMENTAL PROCEDURES
2.1 Sample preparation

A cylinder compacted samples prepared using a- alumina
powders (provided by Changsha Santech) with 99.9% purity
and (1.3-12) um particle size, that compressed by uniaxial
pressure devices [(CT340-CT440)] green samples were dried
at 100°C for 24 hours then sintered at 1400°C with heating rate
(10°C/min) for 4 hours. Sintered samples were polished to get
the smooth and perfect surface for treatments.
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2.2 Surface treatments

2.2.1 Treatment by alkali solution

The samples were washed by deionized, then placed in a 5
M NaOH solution at 100°C for different times (12,16,20) hour.
After that, samples were washed in deionized water and finally
dried at 100°C. this process was done using the system in
Figure 1.

Three—neck flask
Thermometer
HWater bath

Glass beaker

Figure 1. Working system

2.2.2 Amino acid treatment

The pre- treated samples with 5SM NaOH solution for 16
hours were chosen as it has the highest roughness and surface
area. Samples were soaked in a glass beaker with 50% w/v of
Lysine (Provided by Transhuman Technologies) with 99.9
purity. for 24 hours at room temperature.

2.2.3 UV treatment

Pure alumina samples were exposed to UV radiation with
wave length 254 nm for one hour using (NASWIETLACZ UV
254-8), as shown in Table 1.

Table 1. Explaining specimens symbols according to the
surface treatments

Ao Pure Specimens before Treatment

An Specimen treated with 5SM NaOH for 12 hours at 100°C

Aie Specimen treated with 5SM NaOH for 16 hours at 100°C

Lie Pre-treated specimen with 5SM NaOH for 16 hours than
S50W/V% amino acid (Lysine) 24 hours

U Specimen treated with ultraviolet waves for 1 hour

3. CHARACTERIZATION
3.1 X-ray diffractometer

X-ray diffractometer device (XRD 6000, Shimadzo, Japan)
with Cu ka radiation (A=1.5405 A), and 5°/min scanning speed
was used to characterize the phase composition and fixing the
structural properties of samples.

3.2 Fourier Transforms Infrared Spectrometer (FTIR)

The functional groups (OH, NH, COOH, CH) present on the
surface before and after treatment was recognized by FTIR
(Fourier Transform Infrared Spectrophotometer, SHIMADZU
1800, Japan). The wavenumber was in the middle of the range
(500-4000 cm™).

3.3 Roughness assessment

The roughness of the surfaces in the samples was measured
using AFM (Atomic Force Microscopy) before and after



treatment to observe how the treatment impacted the surface
area. The AFM concept relies on the mechanical interaction
between the surface and the tip. The AFM (AA3000) tapping
mode was employed for the analysis. The findings were
illustrated using surface roughness, specifically the average
roughness (Ra).

3.4 Field emission Scanning Electron Microscopy (FESEM)

Surface morphology of all Sample groups was described by
(FESEM-Imaging-EDX-Mapping-Line-EBSD/Germany)
using Field emission Scanning Electron Microscopy (FESEM)
after coating with a thin layer of gold.

3.5 Physical and mechanical properties

The Archimedes method was employed to determine the
density and apparent porosity of alumina sample both before
and after treatment, according to with ASTM C20. Using the
following equations

Density is equal to WD /(Ws — W) (1
Appearance Porosity @)
=(Ws—-WD/WS—-WI) x 100
where, WD is weight of the dry scaffold; WS is weight of the
soaked scaffold; and WT is weight of the immersed scaffold.

Maximum compressive strength were estimated for samples
before and after treatments by (Model(DSCK) ). A mechanical
tester with 0.2 mm/sec crosshead speed was used; three
samples at least, were tested to get the average strength value.

Vickers Micro-hardness of specimens was examined using
an HVS-1000, Laryee, Digital Micro-hardness tester with a
force of 49N and a holding duration of 15 seconds. three
samples, at least, were tested to get the average hardness value,
which was carried out in accordance with ASTM E3841. using
the following equation:

Hv = 1.854(p/d?) 3)
where, Hv is the Vickers hardness (Mpa); p is load (N); D is
diagonal length of the indentation impression (um). For all
physical and mechanical tests; three samples, at least, were
used to get the average value.

3.6 Bioactivity evaluation

In order to evaluate the bioactivity of treated samples, they
immerged in SBF at 37°C for 7 days. FESEM was used and
XRD analysis was carried out for the surfaces at the end of
immersion time to check hydroxyapatite formation.

4. RESULT AND DISCUSSION
4.1 X-ray diffraction

4.1.1 Alkaline treatment

Figure 2 shows XRD patterns for alumina samples treated
with NaOH solution at different time. It can be noted the
appearance of AL(OH)s;, and ALO(OH) peaks for Aj, that
approved with standard cards number (JCPDS No.01-089-
4333) and, (01-070-2138) respectively. While the surface of

261

Ais and Ay samples exhibit the AL(OH); according to
(JCPDS) card No. (00-018-0031) and (00-026-0025)
respectively. the characteristic peaks of AlOs; appeared
according to (JCPDS) card No. 01-089-3072). These results
proved an increasing hydroxyl group on the surface with
increasing the treatment time [31-33]. Gibbsite's layered
structure's volatilization of water most likely initiated the
phase shift from gibbsite to boehmite [34]. The following the
procedure converted the aluminum dioxide that was exposed
at the outer layer to aluminum hydroxide [16]:

ALOs+ 2NaOH +3H,0—2Na+2 2[Al(OH)4]~ (4)
oo ] [
180 J A]_z
5 o] A L]
g ::: * ° ]
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Figure 2. XRD pattern for alkali treated samples (A2, A,
Ag)

4.1.2 Acid treatment, UV treatment

Figure 3 displays X-ray diffraction (XRD) patterns of the
(Lis) Alumina sample treated with lysine at a 50%
weight/volume ratio for 24 hours. The pattern confirms the
presence of C¢H14N,O», matching the standard card number
(JCPDS  No.00-021-1717)  [35, 36].  Additionally,
characteristic peaks of Al,O; are identified based on the
standard card number (JCPDS No. JCPDS: 00-046-1212).
Furthermore, Figure 3 illustrates the XRD pattern of the (U1)
Alumina samples treated with ultraviolet (UV) light for one
hour, indicating the existence of AL(OH); in accordance with
the standard card number (JCPDS No. 01-085-1049).

4.2 Fourier TRANSFORMS Infrared Spectrometer (FTIR)

Figure 4 reveals FTIR spectra for samples treated with
NaOH solution in different time. For all samples the functional
group (OH") are characteristic band of absorbed water (at the
range 3417.86-3471.87 cm’! at different intensities. Broad
peak occurs at 3424 cm! is related to the OH- groups that are
adsorbed on the surface [32]. The band at 455cm’!, 462cm™,
60lcm™ in A, A, An respectively is assigned for the
stretching modes of (Al-O) bond. In general Figure 4



confirmed that with increasing the treatment time the broad
band related to OH" vibration increased in intensity. The
results of this treatment confirmed by Niedhart et al. [37], who
treated alumina ceramic surface by sodium hydroxide solution
to produce biologically active OH groups.

Figure 5 shows FTIR spectra for samples treated with amino
acid (Li¢). The bands at the range 447.94-678.94 cm™!' are
assigned to the Al-O. while the bands at the range 2816.07-
3425.58 cm! are assigned to the CH,, OH. we notice a
decrease in the OH group at different intensities L. the range
at 1427.32-1581.63cm™ related peaks to COOH [38, 39].
Based on results, a chemical reaction between superficial
hydroxyl groups of the alumina Sample and the amino acids
molecules, causing the formation of amino acids as coupling
agents on the surface of Sample [38]. Also Figure 5 appear
FTIR spectra for samples treated with UV (U;). The bands at
the range 462.92-655.80 cm™ are assigned to the Al-O. The
broad absorption peak at range 3417.86-3479.58 cm’! at
different intensities attributed to OH™ group [39].
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Figure 3. XRD pattern for alumina samples treated with:
Amino acid (L), Ultraviolet radiation (U)
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Figure 4. FTIR spectra for alkali treated samples (A12, Ais,
A)
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Figure 5. FTIR spectra for alumina samples treated with:
Amino acid (L), Ultraviolet radiation (U1)

4.3 Roughness results

Figure 6 shows the variation of surface roughness for
alumina samples after different treatments. It is worth pointing
out that high roughness belongs to UV treatment as confirmed
by FESEM images. Table 2 summarizes the surface roughness
and surface area for samples groups. The results demonstrate
that increasing treatment time in NaOH, leading to rise of
roughness and surface area these results confirmed by other
researches [40]. While roughness decreases after amino acid
(Lysine) treatment, this result achieved to formation of thin
layer of amino acid molecules as confirmed by XRD results in
Figure 3. The capacity to change the surface characteristics of
porous o-alumina to generate the ideal biocompatible and
bioactive material is demonstrated by all of the above
outcomes. It was discovered that the adhesion, proliferating,
and differentiating of living osteoblast-like cells were
significantly impacted by the surface rough of an alumina-
based scaffold [41].
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Figure 6. Surface roughness for alumina samples treated
with different condition

Roughness (nm)

Table 2. Surface roughness for alumina samples treated with
different condition

Sample Roughness Average Surface Area Ratio
Ao 39.8 4.649
An 494 9.35
Aie 914 17.5
Lie 67 10.6
Ui 86.8 16.74




4.4 Microstructure characterization

In Figure 7, we can observe the surface topography of
alumina samples subjected to various treatments. The images
obtained from FESEM validate the findings on the materials'
physical and mechanical characteristics. Treating the samples
with a sodium hydroxide solution resulted in a porous and
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rough surface. According to Abegunde et al. [40], the specific
surface area and pore volume concentration increased as the
concentration of the alkali solution rose. On the other hand, the
Lis image displays lower porosity and smaller pore sizes.
Conversely, UV treatment led to a surface with clearly visible
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Figure 7. FESEM of sample treated with different conditions (Ais, Lis, U1), Ao:pure sample

4.5 Physical and mechanical results
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Figure 8 clearly shows that all surface treatments increase
the porosity of the original alumina (Ao) and result in a
decrease in density, as depicted in Figure 9. These findings are
confirmed by FESEM images. A study revealed that a
selective chemical etching of zirconia toughened alumina
surfaces led to a nano-rough and interconnected porous
surface [8]. Ais, Lis, and U; exhibit acceptable porosity to
serve as a scaffold for bone tissue engineering, as confirmed
by Costa et al. [42] who developed micro-macroporous alpha-
alumina scaffolds with high potential for use in bone tissue
engineering.

The physical property results indicate a reduction in
hardness and compressive strength, as illustrated in Figure 10
and Figure 11. The original alumina sample demonstrates the
highest mechanical properties, while treatment with a 5SM
NaOH alkali solution for 16 hours, as well as UV treatment,
led to a significant decrease in compressive strength due to
surface attack and roughening. There is also a less pronounced
decrease in compressive strength for alumina samples treated
with amino acid, resulting from the creation of a thin layer
covering the small pores and filling micro cracks on the
surfaces, inducing a crack bridging mechanism [43, 44]. This
causes an increase in the compressive resistance of Lig
compared with A6 and Uj.

Table 3 shows that the compressive strength of the porous
alumina sample before surface treatment falls within the range
0f 90-209 MPa, which is comparable to the strength of human
cortical bone. This indicates that it is well-suited for
applications that require bearing heavy loads. However, after
undergoing surface treatment, the compressive strength of the
treated samples falls within the range of 1.5-45 MPa, which is
similar to cancellous bone [45].

Table 3. Summarized some physical and mechanical
properties of alumina samples treated with different

conditions
Density .. o, Hardness Compressive

Sample /om3) POrosity% vy Strength (MPa)

Ao 2.315 255 817.1 113.1

An 2.25 322 362.7

Al 1.25 58 155.4 33.7

Lie 1.75 50 289.9 67.5

Ui 1.75 55 158.5 327
4.6 Biological results

4.6.1 Bioactivity evaluation

In Figure 12 All XRD profiles confirm the formation of
hydroxyapatite (HA) phase. (AL2O3) peaks were present for
all samples with different intensity approving with standard
cards number (JCPDS No.00-046-1212) which indicate the
substrate material. Also, the figure demonstrates the existence
of Cajo(PO4)s(OH), phase that approving with standard cards
number (JCPDS No.01-072-1243) for Ajs and (JCPDS No.
01-086-0740) for Lic. It has been found that for the
hydroxylated surfaces, certain conditions lead to a rise in
aluminol, or AI-OH, groups, which then serve as nucleation
nuclei for the formation of apatite [16]. A surface that is
strongly hydroxylated enhances the capacity of a-alumina to
absorb calcium ions and initiates the nucleation of calcium
phosphate, resulting to the formation of apatite on alumina in
vitro. Additionally, the XRD pattern for (U;) demonstrates the
presence of a typical card number (JCPDS No. 00-010-0348),
which is the Ca approval.
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4.6.2 FESEM images

Figure 13 shows FESEM images for alumina samples
treated with different conditions after immersed in SBF for 7
days. Obvious changes were noticed on all surfaces indicate to
the formation of a hydroxyapatite agglomeration which
confirmed by XRD results. As reported by Mozafari et al. [46],
alumina ceramic that had been treated with NaOH had better
apatite nucleation than untreated alumina surface. On etched
samples, a thin, granular in nature nano-porous layer of apatite
nucleated, approximately covering all of the surface. The
etched samples are thought to have created a thin film of
sodium f-alumina, which is resistant to being removed
through washing due to their nano-rough surface. The same
indication presents on the image of Li¢. This agrees with the
finding of Tavafoghi and Cerruti [47] who mentioned that
amino acids bound to surfaces promote HA precipitation by
attracting Ca?>" and PO43 ions and increasing the local
supersaturation, that could introduce to new research filed for
bone regeneration as a therapeutic manner. Matsumoto et al.
[48] found flake-like particles consisting of nano-sized
platelets for HA precipitation in the presence of Amin acids.
The flake-like HA morphology was also reported by Eiden-
ABmann et al. [49] who found that presence of charged Amino
Acids , such as Glu, Asp, arginine (Arg) and lysine (Lys),
show a significantly stronger effect than non-charged
ones .similar hydroxyapatite agglomeration had been shown
on the surface of U; sample indicating that UV-irradiated
AL,Os3 possess good apatite-forming ability which supported
by the results of Lee et al. [50, 51] who found that UV light
treatment could effectively induce bone-like apatite formation
in a short time in SBF as it play a crucial role in producing OH
groups on the surface of oxide layer helped to induce the
growth of bone-like apatite by providing more nucleation sites.
Also, Yeo [52] reported that the stability of implants inserted
into the patients’ jaw bones increased more rapidly when the
implants were UV-photo functionalized.
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Figure 12. XRD analysis for treated alumina samples after
immersed in SBF for 7 days
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5. CONCLUSION

The use of alumina in prosthetic hip and knee joints has the
advantage of significantly reducing bearing wear rates porous
alumina has attracted a lot of interest for usage as scaffolds,
especially when it comes to cell loading and bone grafting.
Different surface modification techniques were successfully
used to modify alumina surface for bioapplications it was
found that alumina treated by alkali solution (5 M NaOH),
amino acid (lysine) and ultraviolet radiation showed presence
of hydroxyl group on the surface with increasing porosity and
surface roughness leading to a reduction in compressive
strength. According to these finding, treated alumina samples
could introduce as scaffold for bone tissue engineering in non-
load bearing sites. Because all treated samples showed
bioactivity behavior via forming agglomeration of HA in vitro.
it was found that by controlling the formation of functional
groups on alumina surface, the physical, chemical and
biological properties of implant could be changed to create a
successful implant with acceptable roughness for direct
fixation and promote tissue ingrowth. The higher wettability
of samples has been associated to great lubrication introducing
it as good candidate for joints prosthetic. Finally it is important
to recommend for cell culture test to evaluate cell response
towards treated surfaces, also estimating wear rate for
modified surfaces will provide an evaluation for using them in
joint prosthetic.
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