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a b s t r a c t
Commercially pure titanium plates/coupons and pure titanium powders were soaked for 24 h in 5 M NaOH and
5 M KOH solutions, under identical conditions, over the temperature range of 37° to 90 °C. Wettability of the
surfaces of alkali-treated cpTi coupons was studied by using contact angle goniometry. cpTi coupons soaked in
5 M NaOH or 5 M KOH solutions were found to have hydrophilic surfaces. Hydrous alkali titanate nanoﬁbers and
nanotubes were identiﬁed with SEM/EDXS and grazing incidence XRD. Surface areas of Ti powders increased
>50–220 times, depending on the treatment, when soaked in the above solutions. A solution was developed to
coat amorphous calcium phosphate, instead of hydroxyapatite, on Ti coupon surfaces. In vitro cell culture tests
were performed with osteoblast-like cells on the alkali-treated samples.
© 2012 Elsevier B.V. All rights reserved.

1. Introduction
Commercially pure titanium (cpTi) and its alloys (e.g., Ti–35Nb–5Ta–
7Zr, TNZT) are lightweight and biocompatible metals clinically used as
orthopedic, maxillofacial, and dental implants under load-bearing conditions. They possess lower elastic modulus, superior biocompatibility and
enhanced corrosion resistance when compared to more conventional
stainless steels and cobalt-based alloys [1]. However, none of these
metals directly bond to living bone, and physical surface modiﬁcations,
including hydroxyapatite or Bioglass® coatings, aimed at providing
those with the bone-bonding ability [2–4]. Plasma-sprayed or thermalsprayed bioceramic coatings on titanium are susceptible to peel off
even during surgical implantation [2,5].
The direct chemical bond between the host tissues and an implant
surface would occur as the surface is conditioned by the plasma and
tissue ﬂuids, leading to the production of a layer of macromolecules,
proteins and water on the implant surface which shall determine
the behavior of cells when they come in contact with the surface
[6,7]. Vroman [8] indicated that on a surface, upon its contact with
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blood plasma, at least ﬁve proteins in succession displace each other
within 1 min. Nygren [9] directly compared the hydrophobic (i.e., titanium sheets soaked in butanol and then ethanol) versus hydrophilic
(i.e., titanium sheets heated at 700–800 °C in air followed by storing
in water) titanium surfaces in contact (for 5 s) with whole blood and
reported that the hydrophilic surfaces exhibited a higher amount of
protein adsorption. The submicron roughness, micro-topography, and
wettability of titanium surfaces are all inﬂuential in improving the macromolecule or protein attachment rate, and therefore, in determining
the fate of cell attachment/proliferation processes and the overall
bone-bonding ability of the material [10].
Sand blasting with acid etching has been the most widely used technique, in industrial setting, to impart surface roughness and microtopography to titanium implants [11–15]. However, especially when
the sand (or grit) blasting is performed by using bioinert ceramic particles, it is not impossible to ﬁnd a small percentage of those particles
embedded or mechanically locked to the surface, which may then create
a concern for the overall uniformity and reproducibility of the implant
surface. Such sand-blasted and acid etched titanium samples were also
stored in sealed glass tubes in nitrogen-saturated isotonic NaCl solutions
to render the otherwise hydrophobic surfaces of cpTi hydrophilic [15,16].
Zhang et al. [16] reported that hydrophilicity and roughness of Ti surfaces
both promoted the proliferation of osteoblast-like cells. On the other
hand, Linares et al. [17] found that bone-to-implant contact was around
65%, afﬁrming relatively good osteointegration, when hydrophilic sand
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blasted and acid etched Ti implants were used in a 6 month minipig
study.
In contrast to physical sand blasting, chemical treatment in alkali solutions is a strong contender to impart submicron- or nano-roughness
to Ti surfaces. T. Kokubo has extensively published on 5 M NaOH treatment of Ti at 60 °C and a consecutive 600 °C heating in air, followed by
the biomimetic hydroxyapatite coating via SBF (synthetic body ﬂuid)
solutions [18–25]. Kim et al. [26] reported the use of 10 M NaOH and
10 M KOH solutions to treat Ti however only the data of samples soaked
in 10 M NaOH solutions were published.
Tas et al. [27] were the ﬁrst to develop a two-step process which
consisted of ﬁrst soaking the Ti coupons/sheets in a 5 M KOH solution
at 60 °C for 24 h and 600 °C heating for 1 h in air, followed by coating
these alkali-modiﬁed surfaces, now containing a submicron surface
roughness and topography, with an apatitic calcium phosphate layer
at room temperature by using a supersaturated calciﬁcation solution
corresponding to 10× SBF. 5 M KOH treatment of Ti was then independently repeated by Ito et al. [28], Tanaka et al. [29], Lee et al. [30,31],
Giannoni et al. [32], and Cai et al. [33].
Masaki et al. [34,35] were the ﬁrst to extensively study the Ti–KOH–
H2O system over the temperature range of 150 to 350 °C, by using Ti
powder as the starting material, and suggested a diagram for the formation of crystalline or cryptocrystalline products at the region of KOH
concentrations from 1 to 90 M. A similar comprehensive study for the
Ti–NaOH–H2O system is still lacking. Ban [36] was the ﬁrst one which
treated the sand-blasted Ti plates separately in 5 M NaOH and 5 M
KOH at 60 °C for 20 h, but failed to compare the surface morphology
of those with one another. Tanaka et al. [29] only compared the surface
topography of Ti specimens after their immersion in 5 M NaOH and 5 M
KOH solutions at 80 °C for 1, 6, 12 and 20 h. However, wettability (by
using contact angle goniometry) of NaOH- or KOH-treated titanium surfaces has never been reported.
Based on the above short summary of previous literature, the current
study is designed to compare (1) the surface morphology (by using scanning electron microscopy), (2) wettability (by using contact angle goniometry), (3) BET (Brunauer–Emmett–Teller) surface areas, (4) phase
identiﬁcation of surface coatings by X-ray diffraction, and (5) the alkaline
phosphatase (ALP) secretion activity by osteoblast-like cells seeded on
cpTi specimens soaked separately in 5 M NaOH or 5 M KOH aqueous
solutions at 37°, 60° or 90 °C for 24 h. In contrast to the previous studies
alkali-treated cpTi samples of this study were not heat treated at 600 °C
[18–27].
To the best of our knowledge, the current study will be the ﬁrst one to
comparatively report the morphology, wettability, phase identiﬁcation
by X-ray diffraction and osteoblast response to the surfaces of titanium
coupons soaked in 5 M NaOH or 5 M KOH solutions.

2.2. Alkaline treatment

2. Materials and methods

2.5. BET surface area

2.1. Starting materials

BET (Brunauer–Emmett–Teller) surface area measurements were
performed on both as received (or as is, ai) Ti powders and Ti powders
soaked in 5 M NaOH or 5 M KOH solutions for 24 h at 37°, 60°, and

Titanium coupons (10 mm × 10 mm × 1 mm) were cut from a
larger cpTi sheet (ASTM-B265). Coupons were washed in boiling
deionized water for 15 min, rinsed with water and ﬁnally dried at
RT (room temperature, 22 ± 1 °C) in clean watch glasses. Analytical
grade NaOH (No: S318, Fisher Scientiﬁc, Fair Lawn, NJ) and KOH
(No: 484016, Sigma-Aldrich St. Louis, MO) were used throughout
the study in preparing the 5 M NaOH and 5 M KOH solutions. Ti
powder (No: 268496, − 100 mesh, 99.7%, Sigma-Aldrich) was
used to prepare the samples for BET surface area measurements.
Analytical grade NaCl (No: S9888, Sigma-Aldrich), KCl (No: P3911,
Sigma-Aldrich), MgCl2·6H2O (No: AC19753, Fisher), CaCl2·2H2O
(No: C79, Fisher), NaHCO3 (No: S233, Fisher), and NaH2PO4·H2O
(No: SX-0710, EMD-Merck) were used in preparing the amorphous
calcium phosphate deposition solutions described below.

Alkaline treatments of Ti coupons (and powders, mainly for BET
measurements) were performed in brand-new 250 mL-capacity, screw
capped HDPE (high density polyethylene, Nalgene®, Fisher Scientiﬁc)
bottles. 5 M NaOH or KOH solutions were ﬁrst prepared in glass beakers.
After placing one Ti coupon (with a mean weight of 0.35 g each) into one
HDPE bottle, 50 mL of 5 M NaOH (i.e., 10 g NaOH in 50 mL water) or
5 M KOH (i.e., 14.02 g KOH in 50 mL water) was added. The isothermal
heatings at 37°, 60° or 90 °C for 24 h were performed in a
microprocessor-controlled oven. Samples were then washed with an
ample amount of deionized water and dried at RT. For the preparation
of BET powder samples, 0.35 g Ti powder was placed in a 50 mL of
5 M NaOH or 5 M KOH solution. At the end of the alkaline treatments
powders were ﬁltered and then washed with water, followed by drying
at RT.
Ti coupons were needed basically for the contact angle goniometry,
grazing incidence X-ray diffraction (GIXRD) and in vitro cell culture
studies. Ti specimens in powder form were for surface area measurements and electron microscopy studies.
2.3. Amorphous calcium phosphate deposition
Select Ti coupons were deposited at 37 °C with a layer of amorphous
calcium phosphate (ACP). The preparation of solution used in ACP coating is described in Table 1. This solution was free of any pH buffering
agent such as Tris or Hepes. The BM-7 solution of pH 7.5, recently formulated by Temizel et al. [37], resembles the inorganic, amino acidand vitamin-free portion of DMEM (Dulbecco's Modiﬁed Eagle Medium)
solution commonly used for in vitro cell culture studies. DMEM solutions do have a Ca/P molar ratio of 1.99, while the same ratio for this
solution is adjusted to 2.50.
One alkali-treated Ti coupon was placed vertically inside a 125 mLcapacity glass bottle together with 100 mL of BM-7 solution shown in
Table 1 and the screw capped bottle was stored in a 37 °C oven for
96 h. The solution was replenished at every 24 h. At the end of 96 h,
the CaP-coated Ti coupon was washed with deionized water and dried
at RT.
2.4. Scanning electron microscopy
Morphology of all samples was studied by using a scanning electron
microscope (SEM, JEOL JSM-840A, Tokyo, Japan). Energy dispersive
X-ray spectroscopy (EDXS) was used to check the presence of Na or K
on the surfaces of NaOH- or KOH-treated specimens and also to perform
semi-quantitative chemical analyses. SEM and EDXS samples were
sputter-coated with a thin layer of Au–Pd alloy prior to imaging.

Table 1
Preparation of ACP coating solution.
Chemical

BM-7 [37]

Ion

mM

NaCl
KCl
MgCl2·6H2O
CaCl2·2H2O
NaHCO3
NaH2PO4·H2O

4.7865
0.3975
0.1655
0.3330
3.7005
0.1250

Na+
Cl−
K+
Mg2+
Ca2+
HCO3−
H2PO4−
Ca/P molar ratio

126.86
93.39
5.33
0.81
2.27
44.05
0.91
2.50

The values of the 2nd column, next to the chemicals, are in grams per L of water.
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90 °C. Surface areas of powder samples were determined by using the
standard BET method to the nitrogen adsorption isotherm obtained at
−196 °C (Quantachrome Nova 2000e, Boynton Beach, FL).
2.6. Contact angle goniometry
The wettability of cpTi, NaOH-treated Ti, KOH-treated Ti and
ACP-coated Ti coupons were determined by using an OCA 15 Plus
(DataPhysics Instruments, Filderstadt, Germany) contact angle goniometer via the static sessile drop method (3 μL drop volume) with deionized
water at RT. The contact angle goniometer photographs, which served as
the sole comparison tool for wettability differences in the specimens of
this study, were originally captured as a 15 minute movie at the rate of
25 fps (frame-per-second).
2.7. Grazing-incidence X-ray diffraction
Grazing-incidence X-ray diffraction (GIXRD) data of the alkali soaked
or CaP-coated Ti samples were collected using a Rigaku Ultima IV X-ray
diffractometer with parallel beam optics at the University of Oklahoma
(Norman). A ﬁve mm divergence height limiting slit was used, and the
divergence, scattering, and receiving slits were open. The source to sample ﬁxed angle was 0.5°. X-ray tube settings of 40 kV, 44 mA, and
1.76 kW were used for all measurements. The data was collected in
0.02° steps for 15 s per step.
2.8. In vitro cell culture
MC3T3.E1 mouse osteoblast-like cells (a kind gift from Dr. Brenda J.
Smith of Oklahoma State University) were grown in T-175 cm2 culture
ﬂasks at 37 °C and 5% CO2 in alpha-MEM supplemented with 10% FBS
and 2 mM L-glutamine and 1 mM sodium pyruvate. The culture medium
was changed every other day until the cells reached a conﬂuence of
90–95%, as determined visually with an inverted microscope. The cells
were passaged using a 0.05% trypsin/0.53 mM EDTA solution (Cellgro,
Mediatech, Inc., Manassas, VA, USA). The cells were collected then counted and plated at a density of 30,000 cells/well in a 24-well dish. Alkaline
phosphatase (ALP) activity was assayed after 72 h. The ALP activity was
determined by Abcam Alkaline Phosphatase Colorimetric Assay kit
(ab83369, Abcam, Cambridge, MA, USA) per manufacturer's instruction.
Background was subtracted from all standards, samples, and background
controls. The pNPP (p-nitrophenylphosphate) standard curve was plotted in GraphPad Prism 4 and sample concentrations were extrapolated.
Extrapolated concentrations were then used to calculate ALP activity
based on the equation ALP activity (U/mL)=A/V/T where A equals
amount of pNPP generated by samples (in μmol), V is volume of sample
added in the assay well (in mL), and T is reaction time (in minutes).
Cell attachment/proliferation on the alkali-treated or amorphous
calcium phosphate-coated Ti coupons used in the cell culture study was
examined by scanning electron microscopy (SEM). Cells were ﬁrst ﬁxed
by immersing them in a solution of 2.5% glutaraldehyde in 0.1 M phosphate buffer at pH 7.4 for 4 days at 4 °C, and then washed twice with
phosphate buffer, followed by dehydrating through sequential washings
(10 min each) in 25%, 50%, 70%, 85%, 95%, and 100% ethanol solutions.
Samples were then CO2-critical point dried, prior to sputter coating
with a thin layer of Au–Pd.
2.9. Ca leaching test
Experiments were conducted to test the possibility for Ca leaching
from glassware. 100 mL solutions of 5 M NaOH were prepared in
HDPE and glass beakers. Triplicate samples were extracted by pipette
after 15 and 60 min. Samples were analyzed for dissolved Ca by ﬂame
atomic absorption spectrophotometry (AAnalyst 800, Perkin Elmer,
Sheldon, CT).

329

3. Results and discussion
Keeping the concentration of the NaOH and KOH solutions (at 5 M)
and the time of treatment (at 24 h) constant throughout this study enabled us to directly observe the inﬂuence of treatment temperature on
the surface morphology/topography of the Ti samples. Previous studies
[28–36] were not designed to study the effect of temperature alone in
comparing NaOH versus KOH treatments.
The SEM photomicrographs in Fig. 1 depicted the variation in the surface topography of the Ti samples (both in sheet/coupon, Fig. 1a, and
powder form, Fig. 1b) by changing the alkali solution and treatment
temperature. The as is (ai, as received) Ti samples had relatively smooth
surfaces. The surfaces of the as is samples were not altered by grinding or
polishing. NaOH- and KOH-treated Ti samples showed the formation of a
porous and submicron texture even starting at the lowest treatment
temperature of 37 °C (Fig. 1). All the insets of Fig. 1a and b were the
higher magniﬁcation images of the samples. The qualitative EDXS data
of Fig. 2a and b indicated that Na or K was incorporated into the microstructure, regardless of the sample form, whether they were coupons or
powders, following the NaOH or KOH treatments. It was also interesting
to note that both series of the Na- and K-samples contained small but
still detectable amounts of calcium, which might have originated from
the glass beakers in which the alkali solutions were initially prepared.
Fig. 1 shows that while the NaOH-soaked samples (at all temperatures) exhibit a porous but rather cellular-looking morphology, KOHtreated samples display unique microstructures consisting of a network
of tangled nanotubes or nanoﬁbers. The formation of such nanotubes
and nanoﬁbers of titanates was previously reported especially when researchers selected submicron titanium dioxide (TiO2) powders as the
starting material for the NaOH or KOH treatments [31,38–41]. Bavykin
et al. [39] reported the synthesis of titanate nanotubes after vigorously
stirring submicron TiO2 (anatase form) powders at 100 °C for 48 h with
relatively high surface areas (148 m2/g for 10 M NaOH and 115 m2/g
for 10 M KOH). Yin and Zhao [40], on the other hand, studied the formation of titanate nanotubes in 10 M NaOH or 10 M KOH solutions by
heating an amorphous titania gel in autoclaves at 90°, 110°, 130° and
150 °C for 72 h. Sikhwivhilu et al. [41] used submicron TiO2 (rutile form
with BET surface area of 50 m2/g) powders and heated those in 5, 10
and 18 M NaOH or KOH solutions at 120° or 150 °C, obtaining titanate
nanotubes with surface area values ranging from 90 to 260 m2/g.
Ti powders used in this study had the initial surface area less than
0.05 m2/g owing to their quite large particle sizes (ca 100 μm, Fig. 1)
and since this study was investigating the alkali treatments at much
lower temperatures, the surface areas of Ti samples soaked in static
5 M NaOH and 5 M KOH solutions were normally much lower than
those reported by the previous literature. BET surface area measurements
performed on the Ti powder samples show a signiﬁcant difference on the
ability of 5 M NaOH and 5 M KOH solutions in increasing the surface area
of Ti powders. BET data (one sample) are given in Table 2.
At every temperature studied, 5 M KOH solutions increased the surface area of Ti powders compared to the 5 M NaOH solutions (Table 2).
To the best of our knowledge, this has been the ﬁrst study to show the difference between the NaOH and KOH solutions in increasing the surface
area of the Ti powders at temperatures less than 100 °C. Composites of
hydroxyapatite (Ca10(PO4)6(OH)2) powders and titanium metal particles
were previously studied [42–44], and the alkali-treated, higher surface
area Ti particles could be an alternative starting material in preparing
such inorganic-metal hybrids.
To determine if 5 M NaOH or 5 M KOH solution treatments (from
37° to 90 °C) of Ti metal coupons/plates render the resultant surfaces
hydrophilic, equilibrium contact angle goniometry experiments were
performed. Fig. 3 compares the surface wettability (by deionized water
at RT) of all the coupon samples of this study. The data of the contact
angle goniometry runs were recorded in the form of 15 minute-long
movies. The as is (ai) Ti coupons were not hydrophilic, as the contact
angle at the moment of the touch of the sessile drop to the Ti-ai surface
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Fig. 1. A. SEM photomicrographs of Ti coupons soaked in 5 M NaOH or 5 M KOH (e.g., the legend N37 meant a sample soaked in 5 M NaOH at 37 °C, whereas AI meant as is). B. SEM
photomicrographs of Ti powders soaked in 5 M NaOH or 5 M KOH (e.g., the legend N37 meant a sample soaked in 5 M NaOH at 37 °C, whereas AI meant as is).
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Fig.1 (continued).
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Fig. 2. EDXS data of Ti coupons soaked in (A) 5 M NaOH and (B) 5 M KOH solutions (e.g., N37 = 5 M NaOH, 37 °C and AI = Ti coupon not soaked in alkali solutions).

was 82° and it only dropped to 73° after 60 s. Contact angle on a surface
is deﬁned by the Young equation and the shape of a drop resting on a
surface depends on the material properties of the drop, the atmosphere
surrounding it, and perhaps most importantly the surface on which it
was placed [45]. The data in Fig. 3, therefore, are able to distinguish between different substrate surfaces according to their surface wettability
when deionized water at RT was used as the liquid. If one compared all
the t = 0 frames (see Fig. 3 caption) of alkali-soaked samples with that
of “Ti as is,” it would be apparent that alkali treatments increased the
wettability of the surfaces. In all the t = 0 frames of N- and K-series,
the initial contact angle was less than 11°, and with the passage of
time, for instance, only 2 or 4 s, the initial drop spread almost fully on
the surface, indicating the hydrophilic character of the alkali-treated
surfaces. CaP-coating on the alkali-treated samples drastically reduced
that hydrophilic character, with the contact angles seen on photos.

N90 and K90 (Fig. 1) samples showed the presence of crystals on the
surfaces and, especially in the case of the N90 samples, those large crystals
probably forced the droplet to remain in the Cassie state [46] meaning
that air trapped in between the crystal facets causes a slight decrease in
Table 2
BET surface area of Ti powders soaked in 5 M NaOH or KOH solutions.
Sample

Surface area (m2/g)

Ti-as is
N37 (5 M NaOH–37 °C)
N60
N90
K37 (5 M KOH–37 °C)
K60
K90

b0.05
2.50
2.50
3.65
6.74
8.45
10.95
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Fig. 3. Contact angle measurements on Ti coupons (e.g., N37 = 5 M NaOH-37 °C, CaP-K60 = 5 M KOH-60 °C plus amorphous CaP-coated; numbers at the top right corner of the
frames denoted the time in seconds after the sessile drop touched the surface; t = 0 meaning the very ﬁrst frame captured at the movie recording rate of 25 fps). No difference
was detected between, for instance, the photo frame given at the 4th second and the frame captured at the end of the 15 min movie.

the superhydrophilic character of the N90 samples, in comparison to, for
instance, those of N37 and K60. N90 and K90 samples exempliﬁed rough
hydrophilic surfaces (Fig. 1). The high value of the contact angle of water
on CaP-coated K60 samples (i.e., 73° to 55° in Fig. 3) is in relatively good
agreement with the one reported (64°) by Yang et al. [47] for hydroxyapatite surfaces. To the best of our knowledge, this has been the ﬁrst study
to report the results of the contact angle measurements on Ti samples
soaked in 5 M NaOH and 5 M KOH aqueous solutions.
X-ray diffraction is an indispensable tool in determining the phase
assemblage of materials, however, in the conventional Bragg–Brentano
powder diffractometer geometry the incoming X-rays penetrate the sample deeply making it difﬁcult to distinguish between the phases present at
the surface and the bulk of the samples. Since the Ti samples soaked in
5 M NaOH or 5 M KOH solutions throughout this study produced surface
coating nanotubes or nanowires as shown in Fig. 1, grazing incidence
X-ray diffraction (GIXRD) was chosen to probe the assemblage of the

surface phases. Fig. 4 summarizes the GIXRD data of Ti coupons soaked
in 5 M NaOH and 5 M KOH solutions at different temperatures.
Three crystalline phases were identiﬁed in the data of Fig. 4. The ﬁrst
of these phases was titanium. Titanium peaks (labeled 1 in Fig. 4,
ICDD-PDF 44-1294) are the result of diffraction by the metal coupon.
The second phase in (labeled 2 in Fig. 4) belonged to the phase of
nanotubes or nanowires seen (Fig. 1) on the surface of alkali-soaked
Ti samples. This phase should either have the formula of Na2Ti2O4(OH)2
(ICDD-PDF 57-0123) or K2Ti2O4(OH)2 (ICDD-PDF 56-0687 and Ref.
[34]), depending on the alkali solution the sample was immersed in.
Yang et al. [48] synthesized Na2Ti2O4(OH)2 nanotubes by stirring TiO2
powders in concentrated NaOH solutions at 110 °C for 20 h and
reported its XRD data. Na2Ti2O4(OH)2 has a crystal structure similar to
that of H2Ti2O4(OH)2 [49]. The third phase (labeled 3 in Fig. 4) was
ﬁrst encountered on the surfaces of N90 samples (rosette-shaped
large crystals shown in Fig. 1). It was of high crystallinity and its peaks
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Fig. 4. GIXRD data of Ti coupons soaked in 5 M NaOH and 5 M KOH solutions (1: Ti, 2: Na2Ti2O4(OH)2 or K2Ti2O4(OH)2, 3: a phase with a crystal structure similar to the mineral
Kassite (CaTi2O4(OH)2)).

resembled a phase with a crystal structure quite similar to that of the
mineral kassite (CaTi2O4(OH)2), deﬁned by ICDD PDF 57-0596,
72-6913, or 88-1722 [50–52]. Chen et al. [53] prepared the nanotubes
again by reacting TiO2 powders with NaOH solutions, analyzed the samples by XRD, and obtained a very similar XRD pattern as Yang et al. [48],
and hypothesized that the nanotubes could have the trititanate formula
of H2Ti3O7, free of Na. If a sample was ever found to contain Na, by chemical analysis, such a formula free of Na may not be adequate [54,55].
The synthesis practices and procedures of this study related to the
alkali solution soaking did not include Ca 2+, nevertheless, the presence
of small amounts of Ca was detected in all of our samples as supported
by EDXS data (Fig. 2). This was probably due to the use of glass beakers,
for a few minutes, in dissolving the solid NaOH or KOH pellets in water

to prepare the 5 M NaOH or KOH solutions, which were then transferred
into the HDPE bottles for 24 h soaking runs. The dissolution of NaOH or
KOH in water is exothermic and the temperature instantly rose to around
60 °C in those beakers, probably resulting in the unintentional leaching of
some Ca2+ ions from the glass into the solutions at the extremely high pH
values (≥13.5) of such solutions. Indeed, analysis of 5 M NaOH prepared
in glass beakers demonstrated that ~800 nM Ca was preferentially
leached from glass containers after 15 min compared with identical solutions prepared in plastic. The presence of Ca on the sample surfaces
(Fig. 2) could have triggered the crystallization of a phase similar to
kassite but perhaps with extensive monovalent alkali cation substitutions
over the Ca sites of the kassite-type structure. Although the K90 samples
did not possess those rosette-shaped large crystals (Fig. 1), their GIXRD
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data (Fig. 4) exhibited the low intensity peaks (labeled 3) of the same
phase. The experimental methods and the scope of this study unfortunately did not enable us to carefully analyze the chemical composition
of those rosette-shaped large crystals.
The nanotubes formed on Ti metal coupons in this study and those
synthesized by previous researchers [48–55] by mainly using TiO2
powders as the starting material seems to have one common point:
they are not hard-ﬁred ceramic phases in the conventional sense, they
contain hydroxyl ions or water molecules or even H in their formula,
they are hydrophilic, and unfortunately their in vitro solubility or biocompatibility is not well known or studied. However, some researchers
[18–27] always add a heat treatment step (typically performed at
600 °C for 1 h) to the process of NaOH-soaking of Ti, causing a thermal
decomposition of these high surface area nanotubes, transforming them
into ceramic oxides (i.e., titanates) containing either Na or K depending
on the alkali solution treatment they previously received. Such a phase
change to the ceramic oxide form may cause a decrease in their in vitro
solubility, and thus the transformation from “wet, hydrated nanotubes”
to “ceramic titanates” warrants more research in this ﬁeld.
A plausible model to explain the solution formation of titanate
nanotubes has been previously offered by Bavykin et al. [54]. According
to this model, the Ti metal surface will ﬁrst be rapidly oxidized into
TiO2 upon immersion into the alkali solution. The passage from Ti to
TiO2 would then proceed with the formation of TiO2 nanosheets on the
metal surface, which may then stack upon one another. One can also consider here the peeling off of titania or titanate sheets from a disordered or
fragmented raw material initially formed, thus providing bendable sheets
[56], which may serve as precursors for the formation of a tangled network of nanotubes (Fig. 1). Na+ or K+ ions present in the alkali aqueous
media could also participate in the formation of those titania nanosheets,
and the size difference between Na+ (0.095 nm) and K+ (0.133 nm)
may have a strong inﬂuence on their ability to intercalate. This probably
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explains why we observed a difference in the surface morphology of Ti
treated in NaOH versus those treated in KOH (Fig. 1). The formed sheets
would ﬁnally go through a process of scrolling or wrapping, mainly to
minimize their surface energy, leading to the formation of nanotubes.
We have hereby suggested a simple solution to coat amorphous calcium phosphate (ACP) on the surfaces of alkali-treated Ti. ACP has a higher
bioactivity than stoichiometric hydroxyapatite bioceramic owing to its
disordered structure and higher solubility [57,58]. The solution (i.e., BM7 [37]) used for this purpose was free of any organic buffer, such as Tris
or Hepes. Tris, by being a strong buffering agent present in signiﬁcant
amounts in supersaturated calciﬁcation solutions (such as SBF, synthetic
body ﬂuid [22]), was recently shown by Rohanova et al. [59] to signiﬁcantly interfere with the nature and sequence of phases to be nucleated
on substrates immersed into the Tris-buffered SBF solutions to test their
in vitro bioactivity. BM-7 solution does not have any buffering agent, it
has the same HCO3− concentration as those of the cell culture solution
DMEM and has a Ca/P molar ratio of 2.5 identical with that of the
human blood plasma. Fig. 5 shows the progress of ACP coating of K60
samples as a function of time at 37 °C in BM-7 solutions. Until now, all formulations of SBF solutions were able to deposit only hydroxyapatite-like
cryptocrystalline calcium phosphate on Ti substrates [18–27]; the solution suggested here was able to coat ACP, for the ﬁrst time, on Ti.
K60 samples soaked in the BM-7 solution for only 24 h showed the
deposition of CaP onto the Ti nanotubes (Fig. 5). The sample kept in the
BM-7 solution for 48 h showed a more extensive coverage of the Ti
nanotubes with CaP. However, the increase in soaking time at 37 °C
from 48 h to 96 h had the most drastic inﬂuence on the surface coverage, and the entire surface was covered with ACP, as shown in the
GIXRD data of Fig. 5. The 96 h sample was directly washed with deionized water upon its removal from the BM-7 solution, followed by drying
in air. The cracks seen in the SEM photo of Fig. 5 were unfortunately due
to rapid drying; such samples should ﬁrst be dehydrated through

Fig. 5. Amorphous CaP-coated K60 (and N60, XRD) samples with BM-7 solution at 37 °C (soaking times in BM-7 solution were indicated on the micrographs).
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sequential ethanol rinses, prior to their placement into the vacuum chamber of the electron microscope [60]. The 96 h-K60 samples of Fig. 5 were
not hydrophilic as proved before by the contact angle goniometry data
presented in Fig. 3. These ACP-coated samples, which happened to be
the ﬁrst ACP-coatings on Ti obtained by a biomimetic method (according
to the popular wording accepted for the SBF coatings) were mainly prepared to test their behavior during the in vitro cell culture studies
performed with the osteoblast-like cells. The EDXS chart shown in the
inset of the GIXRD data of Fig. 5 conﬁrmed that the deposited ACP layers
had a Ca/P molar ratio of around 1.38. This Ca/P molar is quite similar to
the ratio of the bones of newborn chicks [61]. In ACP synthesis experiments performed at 30° and 42 °C, the Ca/P molar ratio of the amorphous
phase formed in solutions varied between 1.35 and 1.38 [62].
In vitro cell culture tests showed that cells were readily attaching,
spreading and proliferating on all the samples of this study. The SEM
photomicrographs of Fig. 6 were captured to evaluate the extent of cell
attachment and spreading. Ti-as is samples showed (Fig. 6) quite extensive cell attachment and spreading. Within the set of NaOH-soaked Ti
samples, cell attachment and spreading declined (Fig. 6) signiﬁcantly
with treatment temperature over 37 °C. SEM photomicrographs of
KOH-soaked Ti samples also showed reduced cell adhesion and spreading apparent even at 37 °C. Cells were extending their ﬁlopodia on the
surfaces and covering the nanotubes.
At 72 h of tissue culture, the surface morphology of the ACP-coated
96 h-K60 sample (Fig. 6) signiﬁcantly changed (in comparison to that
shown in Fig. 5). The Ca/P molar ratio of these ACP 96 h-K60 cell culture
samples reduced slightly to about 1.29 by EDXS analyses. This suggests
that the morphological change was combined with a slight change in
chemistry as well. The rapid morphological change identiﬁed here has
not been previously noted [63]. Importantly, the ACP-coated Ti sample
of Fig. 6 shows early in vitro biomineralization. Heat-treated (such as
temperatures ≥600 °C) calcium phosphate coatings on Ti failed to
show this kind of rapid in vitro biomineralization [64]. Of note, the
highest temperature the ACP-coated Ti samples in this study have
been heated at was 37 °C, i.e., the human body temperature.
To determine whether the cells attached to the treated Ti samples
were maturing into osteoblasts, we quantiﬁed the alkaline phosphatase
(ALP) activity. ALP activity (Fig. 7) conﬁrmed that the coupons sustained
functional osteoblasts with as is Ti being similar to plastic or N37 treated
Ti. ALP activity conﬁrmed that the cells present on the KOH treated or
higher temperature NaOH-treated samples were still functional despite
their fewer numbers as seen in Fig. 6. The overall ALP activity displayed
by the K-group was much less than that of the N-group at all treatment
temperatures tested. ALP activity of the ACP-coated samples was higher
than the entire K-group. Thus, increasing temperature above 37 °C induced signiﬁcant reductions in cell attachment and spreading as well
as ALP activity.
The cause in the decline of ALP activity with increasing temperature within each group (either N-group or K-group) is not entirely
clear. Yang et al. [48] proposed that Na + and K + ions found in the
nanotubes on Ti surfaces might leach away from the nanotubes at
neutral pH values. If so, then the cells attached would face an inﬂux
of those ions originating from the substrates themselves that might
lead to altered cellular attachment and differentiation with a decline
in alkaline phosphatase production. However, under these conditions
NaOH treatment at 37 °C or KOH treatment at 60 °C coupled with
amorphous calcium phosphate (ACP) coating still maintains cellular
differentiation.
The research efforts focusing on the bioactivation of titanium surfaces,
including the development of methods to increase the surface area and
hydrophilic character of the substrates, were aimed at improving the in
vivo bonding between the natural bone and the metallic implant which
may greatly help to reduce particulate materials to result from the
wear-corrosion phenomena the implant may undergo [65,66].
Cell attachment, which is the ﬁrst step in bone tissue formation, to titanium implants usually follows the binding of blood or cell (odontoblasts

or osteoblasts)-produced proteins (such as ﬁbronectin) to the available
surfaces [67]. As shown in this study, static immersion in NaOH or KOH
solutions increased the BET surface area of titanium (Table 2) and
changed the hydrophobic surfaces of the as received cpTi coupons to
hydrophilic (Fig. 3). An increase in the BET surface area of a synthetic biomaterial correlates to increased availability of binding sites for proteins.
Moreover, Eriksson et al. [68] reported in an animal study that the
implanted hydrophilic Ti discs (produced by boiling Ti samples in a
H2O2–NH4OH–H2O solution) were able to bind more bone morphogenetic protein-2 (BMP-2) and viable cells on their surfaces within the
ﬁrst 8 days of implantation than the hydrophobic Ti discs (produced by
ultrasonication in a water–butanol solution). Prior to the current study
surface wettability (quantitatively determined via contact angle measurements) of cpTi samples immersed in different alkali solutions was
not available. Titanium implants with hydrophilic and high BET-value
surfaces are good candidates for the delivery of pharmacologic agents
as well.
Titanium implants used in oral and orthopedic surgeries are usually
coated with bioinert (e.g., alumina) or bioactive (calcium phosphate)
ceramics to improve their osteointegrative capability and surface
roughness. Prior to this study, there was no means of coating cpTi at
the human body temperature of 37 °C with X-ray amorphous calcium
phosphate (ACP) by static immersion in precipitate-free, carbonated
calcium phosphate solutions similar in composition to the electrolyte
portion of the human blood plasma. The solution (Table 1) used here
to coat cpTi, for the ﬁrst time, with ACP may also be used to coat other
bioceramics, metals and biopolymers with an ACP layer. The stateof-the-art (prior to this study) in the solution coating of titanium implants at 37 °C was only able to deposit layers of poorly crystalline
(namely, cryptocrystalline) apatitic calcium phosphate [22,62]. On the
other hand, there is a strong evidence that in biological systems [69]
and in calcium-supplemented synthetic osteogenic media [70], the formation of cryptocrystalline calcium phosphate seems to be preceded by
the formation of nano-aggregates of an amorphous calcium phosphate
(ACP) precursor. The current study, therefore, demonstrated the possibility of biomimetic coating of cpTi implants at 37 °C in easy-to-prepare,
non-stirred aqueous media with an ACP layer which shall act as a facilitator or precursor (upon in vivo implantation) to the in vivo nucleation
of biological apatites on the implant surface.
4. Conclusions
cpTi coupons statically soaked in 5 M NaOH or 5 M KOH aqueous
solutions for 24 h at 37°, 60° and 90 °C were all found to form nanostructures of hydrated titanate layers on their surfaces. Hydrated titanate
layers were characterized by using SEM, EDXS, XRD, contact angle measurements, and in vitro cell culture tests performed with osteoblast-like
cells. Contact angle goniometry tests were conducted, for the ﬁrst time,
on alkali-treated metal coupons to show that these simple chemical treatments caused the hydrophobic as received Ti to become hydrophilic.
Powder samples of pure Ti were treated in alkali solutions under the
same conditions and BET surface area measurements showed that the Ti
powders soaked in KOH solutions resulted in much higher surface areas
than NaOH-soaked samples at all three temperatures. A calciﬁcation solution free of any organic buffers was used to coat the alkali-treated Ti coupons at 37 °C in 96 h with a layer of amorphous calcium phosphate for
the ﬁrst time. Osteoblast-like cells cultured for 72 h on treated Ti coupons
differentiated and produced alkaline phosphatase but KOH treatment or
higher temperatures (60° or 90 °C) induced declining cell attachment
and differentiation.
Notes
Certain commercial instruments or materials are identiﬁed in this
article solely to foster understanding. Such identiﬁcation does not
imply recommendation or endorsement by the authors, nor does it
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Fig. 6. SEM photomicrographs of coupons after the in vitro cell culture study showing the cell attachment and differentiation.
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Fig. 7. Alkaline phosphatase activity of osteoblast-like cell cultures on coupons. P values determined by one way ANOVA comparing Ti versus each other treatment. ns =
non-signiﬁcant (plastic: tissue culture polystyrene).

imply that the instruments or materials identiﬁed are necessarily the
best available for the purpose.
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