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Titanium and its alloys stand out as the preferred materials for crafting implant prostheses. However,
there exists a need to enhance the surface physicochemical properties of titanium alloys to optimize
their surface activity as implant materials. While various surface modification techniques demand
intricate and costly infrastructure, our study introduces a simple solution — a straightforward dual alkali
treatment for titanium alloys. This approach aimed to establish a simple method for achieving osseointegra-
tion while also enhancing the bacteriostatic nature of the material. In our investigation, Ti-6Al-4V samples
were subject to sequential treatment with NH4,OH and NaOH for 24 hours at room temperature and vice
versa. Subsequent analyses employing XRD, SEM, XPS, and optical profilometry, were performed to examine
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the effect of the treatment on the morphology and phase composition of the treated samples. The modified
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1. Introduction

Dental implants have become a sine qua non for the replace-
ment of lost teeth and restoration of the chewing function and
aesthetic appearance. Titanium is considered the gold standard
for dental implants owing to its presence and usage in dentistry
for 6-7 decades.” Titanium and its alloys are known for
their suitable mechanical and biocompatible properties in the
implant industry. However, the low bioactivity of titanium
poses a limitation in osseointegration. Many studies have
therefore attempted to improve the biointegration of titanium
implants by modifying their surface.

Research has demonstrated that the physical topography,
chemical composition, and wettability of the implant surface,
play a key role in its ability to integrate into the host tissue/
bone. Several physical surface modification techniques have
been developed and used in commercial implants, the most
popular being sandblasting, grit blasting, acid-etching, plasma
spraying, anodization and laser ablation.®* Additionally, SLA is
one of the successful surfaces in clinical implant dentistry with
a 10-year survival rate reported to be 95-97%.* Although SLA is

“ Applied Materials Science, Department of Materials Science and Engineering,
Uppsala University, Uppsala, Sweden. E-mail: Wei.Xia@angstrom.uu.se

b Department of Physics, Sri Sathya Sai Institute of Higher Learning, Andhra
Pradesh, India. E-mail: deepaseetharaman@sssihl.edu.in

¢ Department of Orthopedics, Peking Union Medical College Hospital, Chinese
Academy of Medical Sciences & Peking Union Medical College, Beijing, China

3084 | Mater. Adv., 2025, 6, 3084-3094

samples exhibited satisfactory bioactivity coupled with enhanced bacteriostatic behavior.

a satisfactory surface treatment, there is a search for a techni-
que that encourages stable and early osseointegration. Simi-
larly, anodic oxidation of the implant surface has revealed
clinical long-term survival and success rate.” Plasma spray
coatings of hydroxyapatite (HAP) on titanium implant surfaces
are commonly used, as they demonstrate excellent biocompat-
ibility with good mechanical properties. However, many con-
cerns have been raised regarding the stability of these coatings.
High porosity and amorphous content weaken the coating and
affect bone-implant integration. Moreover, the disintegration
of coatings may cause inflammation around the implant.®
Thermochemical treatments, with acid, base, or a combination
of both, have also proved to activate osseointegrative Ti sur-
faces, which are otherwise bioinert.”®

The colonization and proliferation of bacteria that form a
biofilm on the implant surface can result in peri-implantitis - a
gum-associated disease that leads to inflammation and bone
loss. Microbial adhesion is tackled by designing the implant’s
surface to inhibit biofilm formation. Grafting of antibacterial
peptides and coating with a drug-releasing antibacterial agent
or anti-adhesive polymer surface are some of the strategies
adopted.”> However, the loss of the coated material in the long
term is always a concern. Furthermore, the equipment asso-
ciated with techniques such as plasma spraying and laser
ablation, involve significant cost and infrastructure.

Dental implants have a clinical success rate of around
90% over a 10-15 year implantation period.’ The associated
failure could be mainly attributed to microbial adhesion and

© 2025 The Author(s). Published by the Royal Society of Chemistry


https://orcid.org/0000-0002-5793-7537
https://orcid.org/0000-0002-2267-8635
https://orcid.org/0000-0002-7356-3002
http://crossmark.crossref.org/dialog/?doi=10.1039/d4ma01223b&domain=pdf&date_stamp=2025-04-04
https://rsc.li/materials-advances
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4ma01223b
https://pubs.rsc.org/en/journals/journal/MA
https://pubs.rsc.org/en/journals/journal/MA?issueid=MA006010

Open Access Article. Published on 31 March 2025. Downloaded on 7/30/2025 4:37:54 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

insufficient bone-promoting characteristics.'® Surface modifi-
cation strategies that focus on one of the above issues are
therefore insufficient and do not guarantee implant success.
Hence, it is imperative to develop a simple and cost-effective
surface modification technique that simultaneously improves
osseointegration and minimizes the risk of peri-implant com-
plications, while ensuring swift and assured healing.

In this study, dual alkaline etching has been performed to
investigate the effect of the alkaline solutions on the bioactivity
and bacteriostatic behaviour of Ti and its alloy. Alkali treatment
of Ti alloy with NaOH followed by heating at high temperature,
or alkaline etching of the alloy at temperatures higher than
room temperature has been well studied earlier."*™* Though
these studies have shown good results, they involve subjecting
the material to high temperatures, which may result in changes
in its intrinsic properties. Alkali treatments have been per-
formed predominantly using NaOH solution or combining it
with H,0,."® The present study highlights the potential of room
temperature alkaline etching on the surface of Grade 5 titanium
alloy. Furthermore, the study examines the effect of sequential
etching with combination of NaOH and another less explored
alkali, NH,OH. The aim of the study is to demonstrate a successful
room temperature protocol that can be easily performed in a
clinical environment before implantation. Thus, the study brings
a simple and cost-efficient surface treatment strategy and its role
in improving bioactivity and bacteriostatic behavior on the mod-
ified Ti alloy surface.

2. Materials and methods

2.1. Materials

Grade 5 titanium (Ti-6Al-4V) plates, having a diameter of 10 mm
and a thickness of 0.5 mm, were used for this study. 5 M and 10 M
NaOH (extremely pure, 98-100.5% pellets from Sigma-Aldrich) and
NH,OH (ACS reagent, 28-30% NH; basis from Sigma Aldrich)
solutions were selected as the alkaline solutions for the chemical
treatment of the Ti-6Al-4V samples. Additionally, Ti-6Al-4V mini-
implant screws of length = 3.1 mm and diameter = 1.4 mm (Fig. 1)
were used for the in vivo study.

2.2. Dual alkaline etching (DAE)

DAE was performed to investigate the effect of the double
alkaline solution on the bioactivity and bacteriostatic behaviour
of Ti-6Al-4V. The as-received Ti plates were thoroughly washed

Fig. 1 Image of the untreated (top) and dual alkaline treated (bottom)
mini-implants having dimensions 3.1 mm length and 1.4 mm diameter. The
marked portion indicates the implant region.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Summary of the treatment sequence for dual alkaline etching of
Ti plates

Soaking  Alkali
time (h)  concentration (M)  Step 1 Step 2 Sample name
24 5 NaOH NH,OH NaN5
NH,OH NaOH NNa5
10 NaOH NH,OH NaN10
NH,OH NaOH NNa10

and ultrasonicated with 20 ml of acetone, ethanol (95%), and
deionized water for 15 min each. Pre-treatment cleaning was
performed to ensure the removal of the surface impurities on
the Ti samples. The cleaned plates were then dried at 100 °C for
30 min. The chemical etching was done in two different
sequences for each set of samples. The first set of samples
(named NaN) were soaked in 10 ml of NaOH followed by 10 ml
of NH,OH for 24 h each. It was made sure that the surfaces of
the samples are completely immersed in the solution. The
soaking sequence was reversed for the second set (NNa).

The soaking process was performed with two different
concentrations of the alkalis, as summarized in Table 1. After
soaking for 24 h, each plate was gently cleaned with 20 ml of
deionized water to wash off the excess chemical residue.
Necessary caution was taken not to rub away any chemical
compounds that may have formed on the Ti surface. The same
procedure was adopted for the implants to examine the in vivo
ability of the DAE surface treatment.

2.3. Material characterization

Optical profilometry (ZYGO, Middlefield, CT, USA) was per-
formed to investigate the effect of the dual alkaline treatment
on the nano/micro scale surface roughness of the samples.
A vertical scanning interferometry mode was considered with
10x magnification to scan a square area of 2.1 mm? Each
sample was subjected to five measurements, and three samples
were tested in each experimental group. The video-based opti-
cal contact angle measuring system (OCA 25, Data-physics
Instruments GmbH, Germany) was used to obtain the contact
angle of distilled water on the samples. The angle measurement
was made using Image] software.

An X-ray diffractometer (Siemens, Diffractometer D5000, Cu
K, X-ray source, A = 1.54 A, Germany) was used to examine the
surface phase composition of the treated samples in a parallel
beam geometry. Grazing incidence X-ray diffractometry was
employed at an incidence angle of 5° and a step size of 0.02°.
The scanning procedure encompassed the 20 range from 10° to
80°, with each step lasting 3 s.

The effect of the chemical treatment on the surface mor-
phology of the treated samples was assessed using scanning
electron microscopy (SEM) (Merlin, Zeiss, Germany). The mea-
surements were conducted at 10 nA and 5 kV for each sample.
For elemental analysis, X-ray photoelectron spectroscopy (XPS)
(Physical Electronics Quantum 2000, Al K, X-ray source,
USA) was used. Spectral energy calibration was performed by
setting the binding energy of C-C at 284.8 eV, referred to as
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adventitious surface carbon. The surface chemistry and electronic
states of the chemical species in the obtained spectra were
analyzed using CasaXPS software (Physical Electronics).

2.4. Colony forming unit assay

2.4.1. Bacterial culture. In this study, Gram-positive bac-
teria, Staphylococcus aureus, were used. A volume of 10 pl of this
bacterial strain was streaked onto an LB agar plate and left to
incubate overnight at 37 °C. Subsequently, a single fresh colony
was extracted from the agar plate and introduced into 25 ml of
lysogeny (Luria) broth (LB). The bacterial suspension was then
subjected to a 16-hour incubation at 37 °C. Following this, the
suspension underwent centrifugation at 1500 rpm for 5 min to
isolate the bacteria. The isolated bacteria were re-suspended in
25 ml of fresh LB broth. The bacterial culture was further
diluted to an ODggo of 0.2 using an OD600 DiluPhotometer
(Implen, Germany).

2.4.2. Bacterial attachment assay. Each sample was thor-
oughly sterilized using 10 ml of 75% ethanol and meticulously
positioned on a sterilized 24-well culture plate. The surfaces of
the sterile samples were seeded with 15 pl of the bacterial
suspension. The remaining empty wells were filled with 500 pl
of phosphate buffer solution (PBS) and the entire culture plate
was placed in a water bath to prevent dehydration of the
bacterial suspension seeded on the samples. It was then
incubated at 37 °C for 1.5 hours to facilitate the interaction
between the bacteria and samples. After incubation, each
sample was transferred to a tube containing 1 ml of PBS (Sigma
Aldrich). The tubes were then vortexed for 1 minute to detach
and re-suspend the adhered bacteria in the PBS solution. This
solution was subjected to a tenfold dilution in four steps, with
100 pl taken from each dilution and placed on LB agar plates.
The agar plates were then incubated overnight to allow the
growth of bacterial colonies, which were subsequently counted.

2.5. Immersion test in simulated body fluid (SBF)

The titanium samples from each group were immersed in
simulated body fluid (SBF) for 7 days, to mimic the early-
stage bone bonding environment around the implant site.
SBF was regularly replenished every two days. Utilizing SBF
for material bioactivity assessment has been well-established
in various studies.'®'” After the immersion, samples were
extracted from the solution, rinsed with distilled water, and
carefully dried. Subsequently, SEM was employed for a com-
prehensive examination of the samples to assess the extent of
apatite formation.

2.6. In vivo animal model

Twelve male Sprague-Dawley rats (340-360 g), fed on a stan-
dard diet of pellets and water, were anaesthetized using a
Univentor 400 anaesthesia unit (Univentor; Zejtun, Malta)
under isoflurane inhalation. Anaesthesia was maintained by
continuous administration of isoflurane via a mask. Each rat
received analgesic subcutaneously before the implantation, and
daily postoperatively. After shaving and cleaning (5 mg ml™"
chlorhexidine in 70% ethanol), the medial aspect of the
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proximal tibial metaphysis was exposed through an anterome-
dial skin incision, followed by skin and periosteum reflection
with a blunt instrument. After bone preparation with 1.4 mm
and 1.8 mm diameter burrs under profuse irrigation with 0.9%
NacCl, two implants from implant group NNa5, were inserted in
each animal (one implant/tibia) with a hexagonal screwdriver.
The locations of the implants were decided using a predetermined
schedule, ensuring alternation between legs and sites. The sub-
cutaneous layer of the wound was closed with resorbable poly-
glactin sutures, and the skin was closed with transcutaneously
placed nylon sutures. The retrieval procedure was done after 7 and
28 days, when the rats were sacrificed by an intraperitoneal over-
dose of sodium pentobarbital (60 mg ml~") under anaesthesia,
with 0.5 ml of a mixture of pentobarbital (60 mg ml "), NaCl and
diazepam (1:1:2), and were subsequently cleaned with 5 mg ml ™"
chlorhexidine in 70% ethanol.

The samples were scanned using a vivaCT 80 micro-CT
system (SCANCO Medical AG, Bassersdorf, Switzerland) at
a 12 pum resolution, applying an appropriate constrained
Gaussian filter to partially suppress noise. The acquired images
were reconstructed using CTAn software. Histomorphometric
analysis, including the bone volume to total volume (BV/TV)
ratio was conducted using CTAn software (gray value: 41000).
The animal experiments in this study were approved by the
Ethical Inspection Committee of Peking Union Medical College
Hospital (XHDW-2015-0034).

2.7. Statistical analysis:

The statistical analysis of the bacteriostatic effect of the surface
treatment was evaluated by one-way ANOVA using Prism software
(GraphPad Prism Software Version 10, USA). A p-value of <0.05
was used to determine the significant difference; refer to Fig. 10a
and b, where (¥) implies p < 0.05, and (ns) implies p > 0.05.

3. Results and discussion

3.1. Surface profilometry

Fig. 2 shows the surface profilometry of the control (untreated)
and the treated samples. The average surface roughness (S,
arithmetic mean of the surface points from the mean plane) of
the untreated samples was 0.4 um. The images (Fig. 2(b-e€))
indicate an increase in the S, value of the chemically treated
samples compared to the control. The treatment resulted in S,
values of 0.5 to 0.6 pm, with the NNa5 (Fig. 2(b)) combination
having the highest average S, = 0.56 pm, followed by NNa10,
which had an average S, = 0.52 um.

Fig. 3(a-e) shows the difference between water contact
angles for untreated and treated samples. The NNa5 and
NNa10 surfaces exhibited lower contact angle compared to
other test groups. This is in line with the magnitude of the
observed surface roughness for NNa5 and NNa10. The increase
in surface roughness could be attributed to the formation of a
nanoporous network structure on the Ti surface after the wet
etching.'® The SEM images (Fig. 6(c—j)) also indicate the for-
mation of such networks (discussed in Section 3.3). However,

© 2025 The Author(s). Published by the Royal Society of Chemistry
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(a)—(e) Results of optical profilometry measurements of the samples — difference in surface topography is indicated by the color scale;

(a) untreated, (b) NNa5, (c) NaN5, (d) NNal0 and (e) NaN10; (f) comparison of average surface roughness before and after the dual alkaline etching.
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Fig. 3 Plot of water contact angles of the untreated and treated samples;
(a) untreated (control), (b) NNa5, (c) NaN5, (d) NNa10 and (e) NaN10.

increasing the molarity of NaOH did not make a significant
difference in the average roughness value. The nanoscale surface
roughness has been identified as a significant factor affecting the
bacterial adhesion to the substrate."

3.2. Surface chemical composition

Fig. 4 shows the XRD patterns of the samples soaked in the dual
alkali solutions at room temperature. The diffraction patterns of
the treated samples were similar to the untreated Ti-6Al-4V discs;
the resulting peaks were fitted to the reported hexagonal close-
packed o-Ti (JCPDS file #44-1294).%° However, the treated samples
show an intensity reduction of the peaks at 53.3° (102) and also at
76.8° (112). According to previous research, this could be attributed
to the formation of amorphous sodium titanate hydrogel, a porous
structure, on the surface of the substrate.*!**

Fig. 5 depicts the XPS characterizations of the control and
the treated samples. The survey spectra of one of the treated

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 GIXRD pattern of the dual alkali treated groups and the untreated
samples at room temperature.

surfaces (NNa5) in Fig. 5b, consists of the representative peaks
of Ti 2p, Ti 1s, Na 2p, N 1s, C 1s, and O 1s, indicating the
influence of DAE on modifying surface chemistry post treat-
ment. The high-resolution spectra of N 1s could be deconvolved
into two sub-peaks between energy levels 394-408 eV. These
sub-peaks could be designated to N-H and N-O bonds.>*™*
NNa10 samples showed a higher proportion of 84% of N-O
bonds and 17% of N-H bonds. On the contrary, NaN10 samples
indicated 18% of N-O and 82% of N-H. In the samples NNa5
and NaNS5, the proportion of N-H bonds was found to be 75%
and 63%, respectively. The fraction of N-O bonds was 25% and
38% for these groups, respectively.

3.3. Surface morphology and apatite formation

The SEM images of the untreated and 24 h dual alkaline etched
Ti-6Al-4V samples are presented in Fig. 6. As compared to the
unetched samples, which appear to be smooth (Fig. 6(a and b)),
the etched surfaces show a change in surface morphology,

Mater. Adv,, 2025, 6, 3084-3094 | 3087
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Fig. 5 XPS survey spectrum of (a) control and (b) NNa5 sample; (c)-(f) spectra of the treated samples around the 400 keV region indicating the presence
of nitrogen in NO and NH bonds: (c) NNa5, (d) NaN5, (e) NNal0 and (f) NaN10.

exhibiting the formation of porous network-like structures as a
result of the alkali treatment. Fig. 6(c—j) shows that the porous
network formation occurred in both NaN and NNa etched
samples, for both molarities of the NaOH solution.

The SEM images in Fig. 7 were taken to study the apatite
formation on the control and treated samples after a week’s
immersion in SBF. The nucleation of nanospherical particles
has been observed on the surface of all the treated samples. The
apatite formation may be accelerated by the formation of
titanate layers on the surface of the sample after alkali treat-
ment with NaOH and NH,OH.>* The Ti-6Al-4V samples when
immersed in alkaline solution form negatively charged HTiO; -
nH,0 ions.?” These ions incorporate Na* and NH," ions to form

3088 | Mater. Adv, 2025, 6, 3084-3094

an alkali titanate layer. The thickness of the layer might depend
on the concentration of the alkaline solution, treatment time,
and temperature.”’>° When the alkaline-treated Ti-6Al-4V
samples are soaked in SBF, the Na* and NH," ions are released
from its alkali titanate layer into the SBF solution via H;0" ion
exchange forming Ti-OH groups on its surface."**° These
Ti-OH groups encourage apatite nucleation; the thicker the
titanate layer, the greater the release of Na* and NH," ions. The
samples showed no difference in the amount of apatite for-
mation with change in molarity of NaOH. No apatite formation
was observed in the control in one week’s time as seen in
Fig. 7(a and b). Fig. 8 depicts the titanate formation during DAE
and the chemical processes schematically.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 SEM images of the samples taken using the in-lens detector after
dual alkaline etching for 24 h; (a) and (b) untreated sample; (c) and (d)
NNa5; (e) and (f) NaN5; (g) and (h) NNa10 and (i) and (j) NaN10.

3.4. DAE-modified bacteriostatic effect on Ti-6Al-4V

Peri-implantitis is a complex inflammatory condition hindering
osseointegration post implantation, causing delayed healing,
bone loss, and even implant failure. S. aureus is one of the
predominant bacteria that causes peri-implantitis.>'* Hence,
in this preliminary stage of the study, the focus was on the
inhibition efficacy of the treated surface against S. aureus.
The bacteriostatic behaviour of the treated surfaces was
evaluated using colony forming units (CFU) counting after
incubation with S. aureus. Fig. 9 shows the viable colony-
forming units on agar plates seeded with S. aureus after 1.5
hours of in vitro incubation. The untreated Ti-6Al-4V was
considered as the control. Fig. 10a shows the average CFU per ml ™"

© 2025 The Author(s). Published by the Royal Society of Chemistry

View Article Online

Materials Advances

Fig. 7 SEM images of the control and the treated samples taken using the
in-lens detector after immersion in SBF solution for 1 week: (a) and (b)
control; the treated surfaces show the nucleation of apatite (c) and (d)
NNa5; (e) and (f) NaN5; (g) and (h) NNa10; (i) and (j) NaN10; (k) and (1) low
magnification, large apatite formation on the surface of NaN5 and NNa10.

(x10°) of the DAE treated samples in comparison with the control.
It could be observed that the DAE samples show improved bacterial
inhibition compared to the control. Fig. 10a also indicates that the
NNa5 samples show the best bacteriostatic ability against S. aureus
among all the considered groups. The control was highly colonized,
almost 7 times more than the treated samples, as seen in Fig. 10a.
Fig. 10b shows the inhibition efficiency (%) of the treated samples
with respect to the control. NNa5 shows 90% inhibition efficiency
compared to the control, followed by NaN10 (82%), NNa10 (74%)
and NaN5 (73%). Fig. 10(c and d) shows the SEM image of S. aureus

Mater. Adv., 2025, 6, 3084-3094 | 3089
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Dual alkaline treatment

Alkali titanate layer
TiO2

Fig. 8 Schematic representation of titanate formation and presence of
ionic species as a result of dual alkaline treatment.

on the control and NNa5 after the bacterial contact for 1.5 h. The
number of colonies in the control is much more than that in NNa5
implying that the bacterial adhesion is not favourable on the
morphology achieved through the dual alkaline etching.

Several factors such as surface chemistry, morphology,
wettability, etc., contribute to the bacteriostatic behaviour of a
biomaterial. Previous studies have shown that the reactive
nitrogen species (RNS), in contact with the bacterial cell,
exhibits a crucial role in destroying the bacterial membranes
by penetrating them and destroying the proteins essential for
their survival.**

In this study, the antibacterial effect may be attributed to the
presence of RNS, such as nitrides (NO, N,0) and amorphous
oxynitride (NO,~).>* The XPS analysis confirmed the presence
of nitrogen on all the treated samples, though in a low amount
(Fig. 5). Hence, it could be deduced that the treated samples
may release active RNS when in contact with body fluids.
The DAE-treated samples have also shown differences in the
chemical composition (Fig. 5) and morphology (Fig. 6) and
water contact angles (Fig. 3). Additionally, surface charge also
affects the antimicrobial activity by inducing repulsive inter-
action to the bacterial cell. As the bacteria acquires negative
charge in the biological environment, there will be a repulsive
interaction between the bacterial cell and the surface, if the
surface also acquires a negative charge.*® Furthermore, the iso-
electric point (IEP) of Ti-6Al-4V oxide is found to be ~4.4.%
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Hence, it could be implied that the treated substrate may also
exhibit a negative charge in the physiological environment
resulting in some degree of repulsion towards the bacterial
cells. This result can also be correlated with the formation of
nanometric surface roughness of the samples after alkaline
treatment. Prior studies show that increase in nanometric
roughness also inhibits bacterial adhesion.>®

3.5. In vivo study of bone-implant formation

A preliminary in vivo test was conducted on Sprague-Dawley
rats to study the early onset of osseointegration. The ratio of
bone volume to total volume (BV/TV) was evaluated after one
week and four weeks of implantation. The BV/TV ratio is a vital
metric in assessing implant stability, predicting its function-
ality under load, and its long-term success. Fig. 11a shows the
micro-CT images conducted after 1 week and 4 weeks of in vivo
study for NNa5 treated screws. The NNa5 group was selected as
it showed the best bacteriostatic inhibition efficiency among
the other groups. The green zone indicates the area analysed
for assessing BV/TV ratio. Fig. 11b, presenting the plot of the
BV/TV (%) of the control and NNa5 after 4 weeks of implanta-
tion, indicates a slightly higher BV/TV ratio for the treated
implants than the control. This implies that the initial degree
of osseointegration of the NNa5 modified surface is better than
that of the control. It can additionally be said that NNa5 has the
potential to impart effective early osseointegration on further
improvement of this technique.

Dual alkaline etching, combining NaOH and NH,OH, is a
new approach designed to give desired results at room tem-
perature. It could provide benefits that are yet to be fully
explored. Several studies on alkaline etching are mostly focused
on either single alkaline etching or its combination with other
electrolytes, hydroxyapatite (HA) coatings, SLA, and hydrother-
mal treatment.>® For instance, Wu et al.*° reported that alkaline
etching can improve osseointegration and corrosion resistance
by forming a highly bioactive surface compared to conventional
acid etching methods. Toshiyuki et al.*' compared the bone-
bonding ability and bone-implant contact due to HA coating,
and alkali heat treatment using rabbit models. This research
reported that at 4, 8, and 16 weeks, the HA coated samples had
higher bone-to-implant contact compared to alkali heat-treated
ones. But at 8 and 16 weeks, alkali heat-treated samples showed
more bone-bonding strength than the HA-coated ones. The
untreated and HA-coated samples didn’t show significant difference

Fig. 9
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Images of colonies formed by S. aureus on agar plates after direct contact test with: (a) control, (b) NNa5, (c) NNal0, (d) NaN5, and (e) NaN10.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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(a) Colony forming units per ml (CFU per ml) measured after 1.5 hour in vitro incubation with S. aureus for the treated and untreated samples,

(b) inhibition efficiency (%) of the dual alkaline etched samples, (c) and (d) SEM images of S. aureus on the control and NNab5, respectively, after 1.5 h of
in vitro incubation. Yellow arrows represent etched residues and red rings engulf S. aureus on the etched surface. (e) Schematic representation of the

inhibition action due to DAE surface treatment.

in bone-bonding strength, mostly due to the absorption of the HA
layer, weakening its bond with the titanium substrate. Hence, they
concluded that the bone-bonding strength and bone-to-implant
contact on titanium implants can be effectively enhanced by alkali
heat treatment. Additionally, after alkali heat treatment followed by
vacuum storage for 52 weeks, the treated samples still exhibited
good bioactivity."> A comparative in vivo study on machined and
alkali-treated Ti alloy had also shown that the alkaline treatment
can play a key role in improving osteoconduction.****

© 2025 The Author(s). Published by the Royal Society of Chemistry

The primary difference and benefit of the dual alkaline
etching used in this study is that it is performed at room
temperature unlike other alkaline treatments, which involved
at least low temperature heat treatment. It is easy to perform,
independent of the shape of titanium, doesn’t require expen-
sive infrastructure, and has minimal effect on material compo-
sition and mechanical strength. It induces HA formation,
bacteriostatic nature and compatibility. Hence, this simple
dual alkali treatment could be utilized to achieve a good

Mater. Adv,, 2025, 6, 3084-3094 | 3091
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(a) Micro-CT images of the control and test group (NNa5) after 1 week and 4 weeks of implantation in rat tibia; the green zone indicates the area

of assessment used for BV/TV ratio. (b) Plot of BV/TV (%) in the control and test groups after 4 weeks of implantation.

bone-implant bonding, essential for a successful and stable
implantation.

4. Conclusions

A room temperature dual alkaline surface modification techni-
que was performed on Ti-6Al-4V plates. It is a surface-driven
technique that not only modifies surface topography but also
alters surface chemistry unlike SLA. The formation of a nano-
porous network-like structure on the surface resulted in
increased surface roughness and hydrophilicity. Antibacterial
assessment showed that the treated surface, especially NNa5,
exhibited 7 times greater bacterial inhibition than the control.
Furthermore, all the modified surfaces showed apatite for-
mation within a week’s immersion time, implying that this
treatment has the potential to promote rapid osseointegration
on further optimization. Additionally, the in vivo studies also
confirmed that NNa5-treated implants have better ability to
osseointegrate compared to the control group. Thus, the dual
alkaline etching performed at room temperature presents a
promising strategy for implant surface modification, which
promotes both bacterial inhibition and osseointegration on
the titanium surface.
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