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ABSTRACT: The electrophoretic deposition process (EPD) was Bioactivity
utilized to produce bioactive hydroxyapatite/chitosan (HAP/CS)
and hydroxyapatite/chitosan/gentamicin (HAP/CS/Gent) coat-
ings on titanium. The bioactivity of newly synthesized composite
coatings was investigated in the simulated body fluid (SBF) and
examined by X-ray diffraction, Fourier transform infrared spec-
troscopy, and field emission scanning electron microscopy. The

obtained results revealed carbonate-substituted hydroxyapatite U

after immersion in SBF, emphasizing the similarity of the Immersion
biomimetically grown HAP with the naturally occurring apatite I in SBF
in the bone. The formation of biomimetic HAP was confirmed by Electrophoretic HAP/CS/Gent

electrochemical impedance spectroscopy and polarization measure- deposition coating on Ti

ments, through the decrease in corrosion current density and

coating capacitance values after 28-day immersion in SBF. The osseointegration ability was further validated by measuring the
alkaline phosphatase activity (ALP) indicating the favorable osseopromotive properties of deposited coatings (significant increase in
ALP levels for both HAP/CS (3.206 U mL™"') and HAP/CS/Gent (4.039 U mL™") coatings, compared to the control (0.900 U
mL™")). Drug-release kinetics was investigated in deionized water at 37 °C by high-performance liquid chromatography coupled
with mass spectrometry. Release profiles revealed the beneficial “burst-release effect” (~21% of gentamicin released in the first 48 h)
as a potentially promising solution against the biofilm formation in the initial period. When tested against human and mice fibroblast
cells (MRC-$ and 1929), both composite coatings showed a noncytotoxic effect (viability >85%), providing a promising basis for
further medical application trials.

1. INTRODUCTION designed in such a manner can overcome the corrosion issues
by creating biocompatible, bioactive layers that would enhance
implant bonding with damaged bone.”® Due to the excellent
mechanical properties and high corrosion resistance, titanium
is often the metal of choice even though it lacks
osseopromotive properties.” Metal surface modification by
applying composite coatings could overcome the problem,
enhancing the biocompatibility at the same time. The
electrophoretic deposition process (EPD) is a convenient
technique that allows obtaining high-purity composite coatings
with controlled topography and morphology at room temper-
ature.” The production of biocompatible materials including
drugs and/or biologically active molecules, maintaining the

Orthopedics is nowadays turning to tissue engineering and its
tools to develop solutions for serious tissue damage and
extensive trauma of the bone tissue. The main requirement in
the bone implants field is to develop a functional, extended-life
biomaterial that should possess excellent biocompatibility,
good mechanical properties, corrosion resistance, antibacterial
activity, and bioactivity." Orthopedic implants are expected to
induce bonding with surrounding bone tissue, without causing
harmful effects to the host body.” Considering the mechanical
and load-bearing requirements that orthopedic implants have
to endure, metals and metal alloys are a primary choice due to
the excellent combination of stiffness, toughness, and strength.
However, metallic implants are usually prone to corrosion,

which in some cases can cause adverse effects on the host Received:  April 7, 2020
organism.” Moreover, the lack of the osseointegration process Accepted:  June 9, 2020
when metallic implants are used limits their application. A Published: June 22, 2020

promising approach for developing improved medical devices,
orthopedic implants in particular, could be applying thin
bioactive films on the metal surface.* Orthopedic implants
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Figure 1. XRD patterns for biomimetic HAP obtained on (a) HAP/CS and (b) HAP/CS/Gent coatings after 7-day immersion in SBF at 37 °C.

overall composite safety and nontoxicity for medical use, is the
main advantage of the EPD technique. The capability of
processing drugs and therapeutic agents at room temperature
singled out EPD as a prospective technique for obtaining
biomaterials, especially due to drug sensitivity to high
temperatures.g’lo

Due to its similarity to the natural bone and ability to
promote osteoblast adhesion, ie., formation of a new bone,
synthetic hydroxyapatite (HAP) could contribute to the bone
implant’s bioactivity improvement.'' ™" Certain in vivo
experiments confirmed improved adhesion and differentiation
of osteoprogenitor cells and the §rowth of a new bone, when
porous synthetic HAP was used.'” In combination with natural
polymers, it enables the production of improved composite
materials aimed for bone implants. Chitosan (CS) is a natural,
biodegradable polysaccharide possessing intrinsic antibacterial
activity, good adhesion properties, and high potential as a drug
carrier. Its role as a safe, reliable biomaterial has been
recognized by the Food and Drug Administration (FDA),
which alpproved its use in tissue engineering and drug
delivery.">"'® Moreover, CS exhibits unique polycationic nature
that enables its processing using the electrophoretic deposition
process. Since composite HAP/CS and HAP/CS/gentamicin
(Gent) coatings are intended for use in orthopedic implants, it
is crucial to mimic the structure of natural bone (HAP and
collagen). Among different polymers used in the biomaterials
field, chitosan is singled out as the best solution due to its
ability to induce cell adhesion, differentiation, and proliferation
supporting tissue repair.'” It has been demonstrated that in in
vivo conditions, some proteases (mostly lysozyme) are
responsible for CS degradation and formation of nonharmful
oligosaccharides, which can later be excreted from the
organism.'® Chitosan was included as a component of the
composite coatings to improve several crucial properties of
HAP, including enhanced adhesion of the coating to the
titanium surface, as well as decreased brittleness and improved
gentamicin binding and drug-delivery properties. Further,
chitosan also possesses well-documented intrinsic antibacterial
activity'® that could help in maintaining the sterility of the
implant even beyond the period of active antibiotic release.
Chitosan has also been shown to increase the success rate of
electrophoretic deposition of hydroxyapatite coatings'’ and
has been demonstrated to significantly influence the release of
vancomycin and gentamicin from composite chitosan/
bioactive glass coatings.”””" Patel et al.” also pointed to the
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efficacy of chitosan as a drug carrier that enables slow and
sustained antibiotic ampicillin release from the composite
chitosan—bioglass coating, which is highly opportune for
intended biomedical use. Moreover, the polar groups (—OH
and —NH,) carried by chitosan enable secondary interactions
with other components of the composite and, at the same time,
improve the hydrophilic properties.”> When used in the
composite combined with HAP, CS contributes to the
improvement of adhesive and antibacterial properties, serving
as an organic matrix for the hydroxyapatite and antibiotic
incorporation.”* The high risk of bacterial infection after
orthopedic surgeries often demands antibiotic administration
(locally and systemically).”**® Particularly, the attachment of
bacteria to the implant surface and biofilm formation are the
most sensitive issues that have to be addressed. Once formed,
the biofilm is difficult to eradicate and it can affect bacterial
resistance to antibiotic therapy.”’ Various studies verified
gentamicin as a powerful antibacterial agent for the treatment
of bone infections, due to its well-known antibacterial
activity.”**” Gentamicin is an aminoglycoside, water-soluble
antibiotic that is commonly used in both prophylaxis and
existing orthopedic bacterial infections.”® It is particularly
relevant for future applications to use drugs such as Gent that
are thermally stable since coated implants should be kept
sterile till the implantation surgery. When designed as part of
the orthopedic device, gentamicin could improve host
protection in the first days of recovery, preventing bacterial
adhesion and ensuring prolonged release. Gentamicin was
already commercially used for local treatment of orthopedic
bacterial infection, as a part of gentamicin-loaded poly(methyl
methacrylate) (PMMA) beads. However, there is a necessity
for a second surgery after 2 weeks since PMMA beads are not
biodegradable and can become a fertile ground for bacteria
adherence, developing biofilm.”’

The host response to the biomaterial presence is usually
unpredictable, and it depends on various factors, mainly
surface properties and the ability to induce the osseointegra-
tion process.”” In vitro bioactivity of orthopedic implant
materials is usually investigated in simulated body fluid (SBF),
due to its similarity with human blood plasma. This method
facilitates stronger bonding to the affected bone, i.e., bioactivity
through the formation of a new apatite layer in the SBF
solution.*

The HAP/CS/Gent coating deposition was carried out in a
single step, i.e., by co-electrodeposition from a three-
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component aqueous suspension.26 This achievement repre-
sents a significant improvement over the methods available
thus far in the field of biomedical implants with antibiotic-
loaded bioactive coatings, which are usually produced in
several steps”"**** since the drug is incorporated within the
coating rather than on the coating surface.

This paper deals with the bioactivity and cytotoxicity of
electrophoretically deposited HAP/CS and HAP/CS/Gent
composite coatings on Ti substrate and drug-release profiles
modeling.

2. RESULTS AND DISCUSSION

2.1. Formation of Biomimetic HAP on the HAP/CS
and HAP/CS/Gent Coatings during Immersion in SBF. In
vitro bioactivity of composite HAP/CS and HAP/CS/Gent
coatings was investigated by immersion in 20 mL of an SBF
solution at 37 °C. The concentrations of ions in the SBF
solution obtained after dissolution of reagent-grade salts were
as follows: Na* (142.0 mM), K* (5.0 mM), Mg** (1.5 mM),
Ca?* (2.5 mM), HCO;™ (4.2 mM), ClI~ (147.8 mM), HPO,*~
(1.0 mM), and SO,>~ (0.5 mM). The final solution was
buffered in Tris and pH-adjusted to 7.40 with 1.0 M HCIL. After
exposure to the SBF solution, the coatings were taken out,
dried at room temperature, and characterized by X-ray
diffraction (XRD), Fourier transform infrared (FT-IR) spec-
troscopy, and field emission scanning electron microscopy
(FE-SEM).

2.1.1. XRD. Figure 1 shows the XRD patterns for
biomimetic HAP obtained on HAP/CS (Figure la) and
HAP/CS/Gent (Figure 1b) coatings after soaking in SBF at 37
°C for 7 days.

Diffraction maxima of biomimetic coating, obtained on the
top of both HAP/CS and HAP/CS/Gent coatings after
soaking in SBF, were assigned to HAP (JCPDS 09-0432) and
the underlying titanium substrate (JCPDS 89-2762). The HAP
diffraction maxima broadening suggested fine crystallite size of
the biomimetic coatings. The differences in the diffraction
patterns of biomimetic HAP grown on the HAP/CS (Figure
la) and HAP/CS/Gent (Figure 1b) coatings at the 20 values
of 30—40° can be explained by the differences between the as-
deposited HAP/CS and HAP/CS/Gent coatings, i.e., before
soaking in SBF, that were caused by different mechanisms of
their formation, as discussed in detail in our previous paper.*®
Briefly, at a suspension pH of 4.4 for both coatings deposition,
primary amino groups of chitosan become protonated (CS—
NH;*). At the same time, HAP acquires a positive charge due
to the protonation of hydroxyl groups. During EPD,
protonated CS and HAP molecules migrate toward the
cathode (Ti) and react with OH™ ions evolved in the water
electrolysis reaction, thus forming insoluble HAP/CS deposit
on the cathode. Additionally, hydrogen bonding occurs
between the amino and hydroxyl groups from CS with
hydroxyl groups from HAP. In the case of HAP/CS/Gent
coating, gentamicin molecules are also positively charged due
to protonation of hydroxyl and amino groups, enabling the
reaction of positively charged CS, HAP, and Gent molecules
with OH™ ions at the cathode, as explained above, thus
forming an insoluble HAP/CS/Gent deposit on the cathode
surface. The amino and hydroxyl groups in chitosan and
gentamicin along with hydroxyl groups in HAP can form more
hydrogen bonds compared to HAP/CS coating.

The calculated diffraction data including crystallite domain
size, cell volume, V, and unit cell parameters, a and ¢, as well as

d-spacing for HAP (002), (211), (112), and (300) planes, are
presented in Table 1. A slightly smaller crystallite domain size

Table 1. Calculated Values of d-Spacing, Unit Cell
Parameters (a and c), Cell Volume (V), and Crystallite
Domain Size for Biomimetic HAP Formed on the HAP/CS
and HAP/CS/Gent Coatings after Immersion in SBF for 7
days

coating HAP/CS HAP/CS/Gent
crystal planes  (002)  d-spacing (A) 3.4247 34122
(211) 2.8046 2.8125
(112) 27642 2.7878
(300) 27379 27504
parameters a (A) 9.440 9.491
¢ (A) 6.881 6.820
V (A3) 531.1 532.1
crystallite domain size (A) 387 374

of biomimetic HAP on the HAP/CS/Gent coating (374 A),
compared to biomimetic HAP on the HAP/CS coating (387
A), could be the consequence of a smaller HAP/CS/Gent
coating crystallite domain size before soaking (397 A), with
respect to HAP/CS coating before soaking (511 A), as
reported in our previous paper.2

According to the presented results of unit cell parameters,
the biomimetic HAP (grown on both HAP/CS and HAP/CS/
Gent coatings) exhibited a slight a-axis increase (9.440 and
9.491 A, respectively) compared to the theoretically reported
value of 9.418 A for HAP hexagonal crystal structure with a
P6;/m space group.36 On the other hand, a slight c-axis
decrease (6.881 and 6.820 A, respectively, compared to the
literature value of 6.884 A’®) suggested carbonate group
incorporation in the hydroxyapatite structure. Hydroxyl- and
phosphate-ion sites in the biological apatites can be substituted
by various anions. When the OH™ or PO,’” sites become
occupied by carbonate ions, A- or B-type carbonated
hydroxyapatites, respectively, can be achieved.’” Replacing
the linear OH™ or tetrahedral PO, ions with planar CO;*~
ions causes changes in unit cell parameters (expansion or
contraction of a or c-axis).”® Biological apatites, e.g., bone
mineral, usually belong to the so-called AB-type mineral,
meaning that simultaneous carbonate substitution of OH™ and
PO,*” sites occurs, while greater changes in lattice parameters
can point to a higher carbonate substitution degree in the
hydroxyapatite structure.” The changes in unit cell parameters
(Table 1) suggested that biomimetically grown HAP on the
top of HAP/CS and HAP/CS/Gent coatings is in fact
carbonate-substituted hydroxyapatite. Greater changes in a
and ¢ parameters with respect to the theoretical ones®® were
observed in the case of biomimetic HAP on HAP/CS/Gent
coating, suggesting that more OH™ and PO,’” ions were
substituted by CO5>~, compared to biomimetic HAP on HAP/
CS coating.

Considering that apatites with a Ca/P ratio lower than 1.67
are usually considered as carbonate-substituted,””*" energy-
dispersive spectrometry (EDS) analysis (data not shown)
additionally proved that biomimetic HAP grown on the top of
both HAP/CS and HAP/CS/Gent coatings is carbonate-
substituted HAP since the Ca/P ratios were calculated to be
1.64 and 1.46, respectively. The obtained results are
encouraging since substituted HAP is known to improve the
bioactivity and osteoconductivity and increase adhesion,

https://dx.doi.org/10.1021/acsomega.0c01583
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growth, and differentiation of osteoblast cells compared to the
HAP that retains the stoichiometric ratio."”*’

2.1.2. FT-IR Spectroscopy. Figure 2 shows the FT-IR
spectrum for biomimetic HAP obtained on HAP/CS and
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Figure 2. FT-IR spectra of biomimetic HAP obtained on (a) HAP/
CS and HAP/CS/Gent coatings on titanium after 7-day immersion in
SBF at 37 °C, and (b) details of carbonate band positions.

HAP/CS/Gent (Figure 2a) coatings after soaking in SBF at 37
°C for 7 days, as well as the details of carbonate band positions
(Figure 2b).

Intense bands in the 960—1200 cm™* region (i.e., 960, 1014,
and 1087 cm™! for HAP/CS coating, and 959, 985, and 1087
cm™ for HAP/CS/Gent coating) were assigned to (P—O)
stretching vibrations of the PO,*” group (Figure 2a). The
phosphate group band position shifts can be explained by the
deviation of phosphate ions from their ideal tetrahedral
structure.** The O—P—O bending modes were detected as
bands at 558 and 600 cm™! for both coatings, confirming the
formation of calcium phosphate phases.**** The structural
OH™ groups in HAP gave rise to a band at around 630 cm™ in
the spectra of both coatings.46‘47

Usually, in the HAP structure, a sharp band at about 3570
cm ™! can be detected and assigned to the OH ™ stretching from
the HAP structure.”®*® However, this band was absent from
the FT-IR spectra for both HAP coatings (Figure 2a),
suggesting the existence of substituted, i.e., biomimetic HAP,
occurring through the carbonate groups occupying the OH™
sites. The biomimetic nature of HAP grown on both coatings
was thus confirmed, as this particular band is also usually
absent from the natural bone apatite spectrum.’”

There are also several bands whose positions indicated the
AB-type nature of carbonate substitution in biomimetic
HAP.****7>° Various vibrational modes of the CO;>~ group
were detected in the FT-IR spectra of both coatings (Figure
2ab): 878 cm™ (O—C-0), 1415 and 1456 cm™ (0O-C),
“shoulder” at 1466 cm™ (HAP/CS) and ~1470 cm™' (HAP/
CS/Gent), and finally ~1546 cm™ (HAP/CS) and ~1548
cm™ (HAP/CS/Gent). These carbonate band locations
suggested that the structure of biomimetically obtained HAP
was similar to the structure of all biological apatites.*®
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Figure 3. SEM microphotographs of (a, c) HAP/CS and (b, d) HAP/CS/Gent coatings on titanium (a, b) before and (¢, d) after soaking in SBF at

37 °C. Inset in (a): bare Ti.
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For both biomimetic coatings, XRD and EDS results are in
accordance with the FT-IR analysis, confirming that biomi-
metic HAP corresponds to carbonate-substituted hydroxyapa-
tite.

2.1.3. FE-SEM. The FE-SEM microphotographs of bare Ti
plate, HAP/CS, and HAP/CS/Gent coatings on Ti before and
after 7-day soaking in SBF at 37 °C are presented in Figure 3.
It is important to point out that the gentamicin encapsulation
did not change the coating’s morphology—spherical agglom-
erates of different sizes were observed at the surfaces of both
coatings (Figure 3a,3b). After 7-day immersion in SBF,
spherical agglomerates of biomimetic HAP were observed on
the HAP/CS coating surface (Figure 3c), whereas non-
spherical particles appeared in the case of biomimetic HAP
on the HAP/CS/Gent coating (Figure 3d). Besides changes in
the shape of the newly formed particles, the size of the
agglomerates of biomimetic HAP shrank in the case of drug-
loaded coatings (HAP/CS/Gent) with respect to the coating
without gentamicin (HAP/CS). This morphology change can
be attributed to the presence of gentamicin, encapsulated
inside the chitosan/hydroxyapatite coating, confirming the
successful incorporation of the antibiotic during deposition.
Namely, during the immersion in SBF, water penetrates into
the coating and dissolves the drug. In this initial drug
dissolution period, a pronounced burst-release effect was
observed in the first 48 h, which will be discussed in detail in
Section 2.2. As a consequence of drug dissolution, change of
coating topography occurs, leading to precipitation of
nonspherical hydroxyapatite agglomerates.

2.1.4. Electrochemical Properties. Electrochemical
measurements were also performed to investigate the
bioactivity of HAP/CS and HAP/CS/Gent coatings and the
growth of a new apatite phase during exposure to the SBF at
37 °C. Titanium is generally not very prone to corrosion, due
to the thermodynamically favorable formation of a stable oxide
layer on the metal surface in a very wide range of potentials
and pH values.’' This oxide layer is passive and serves to
protect the metal underneath from corrosion. However,
electrochemical investigation of corrosion parameters for
coated titanium samples can provide insight into the
bioactivity of the coating itself."”>” Different electrochemical
tests were conducted to elucidate the apatite growth over a
prolonged period of exposure to SBF as a biomineralization-
inducing environment.

2.1.4.1. Open-Circuit Potential. Figure 4 shows the time
dependence of the open-circuit potential (E,,) for both coated
samples during the investigated 28-day period of immersion in
SBF at 37 °C. The initial values were negative for both samples
(—80 mV for HAP/CS and —23 mV for HAP/CS/Gent), but
the E,, values quickly became more positive during exposure
to the SBF solution. The E,, increased during the first S days
and reached almost constant values in the latter time period.
This could indicate rapid apatite growth upon initial exposure
to SBF, after which the newly formed apatite layer remained
virtually unchanged until the end of the 28-day investigation.
This apatite layer formation was further investigated by
electrochemical impedance spectroscopy (EIS) and potentio-
dynamic sweep (PDS) measurements.

2.1.4.2. EIS. EIS spectra for both coatings after different
immersion periods (up to 28 days) in SBF at 37 °C are shown
in Figure S. Bode modulus plots (Figure Sab) indicated
increased overall impedance for both HAP/CS and HAP/CS/
Gent coatings that confirmed the formation and growth of a
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Figure 4. Time dependence of open-circuit potentials (E,,) for
HAP/CS and HAP/CS/Gent coatings during 28-day immersion in
SBF at 37 °C.

new apatite layer during immersion in SBF. The largest
impedance increase was observed between initial immersion
and 4 days, suggesting that the fastest apatite formation
occurred upon initial contact with SBF, as also noted from E,,
measurements (Figure 4). Theoretically, the biomineralization
process is a reversible one, where the dissolution of the coating
and apatite precipitation occur simultaneously and the
dominant reaction depends on Ca®**- and PO,* -ions
concentrations.” However, the mechanisms of dissolution
and precipitation are different—ion exchange governs the
dissolution process, while the concentration gradient and
particle solubility influence the precipitation.”>>" The quick
impedance increase during the first 4 days indicated that the
predominant reaction was precipitation of calcium phosphate
and the formation of a new HAP layer. Further apatite growth
could slow down upon reaching equilibrium since the
impedance increase was much slower between days 11 and
28 (Figure Sa,b).

With the aim to investigate the electrochemical behavior of
the samples, impedance spectra were fitted with an equivalent
electrical circuit (EEC) presented in Figure Sc. The EEC
contained ohmic resistance (Rg), coupled in series with a
parallel RC circuit, depicting the coating behavior (with
CPE.—coating capacitance and R,—coating pore resistance).
The constant phase element (CPE) was used instead of a pure
capacitor to account for deviations from ideal dielectric
behavior. Another parallel RC circuit was coupled in series
with R, and contained double-layer capacitance (CPEy) and
charge-transfer resistance (R.). This second time constant
described charge-transfer processes and electrochemical
reactions on the metal/electrolyte interface and was present
due to the high porosity of the coating, which enabled the
electrolyte to enter the pores and reach the metal underneath.

The impedance of a CPE element (Z¢pg) can be expressed
using eq 1,°° where Y, ! is the admittance, @ is the angular
frequency, a is a parameter that quantifies the deviation from
an ideal capacitor, and i* = —1. The capacitance value can be
calculated using eq 2, where w,,,, is the angular frequency at
which the imaginary component of the impedance reaches its
maximum.””

Zepg = Yo_l'(i'w)_a (1)

CCPE = Y;)(wmax)a_l (2)

It is obvious that for a values close to unity, Ccpg = Y. As in
our case @ was always higher than 0.8, the Y, values obtained
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obtained from EIS measurements during 28-day exposure to SBF at 37 °C.

from the fit were used as the coating and double-layer
capacitances without further calculations. The goodness-of-fit
values (y*) were always in the range of 107°—107*

The C. and Cy values over the investigated immersion
period are presented in Figure 6. Both C. and Cy exhibited
decreasing trends over the investigated 28-day period, which is
in line with improving the anticorrosion performance of the
metal/coating system. The lower C_ values indicated the
thicker coating layer obtained due to the biomimetic HAP
precipitation that obtruded the coating pores and prevented
electrolyte penetration. The initial behavior of log C. curves
(Figure 6a) is in line with E,, measurements (Figure 4) as
well as Bode plots (Figure S), showing the most significant
changes between days 0 and 4, followed by a period of relative
stagnation. This would indicate that the crucial period in the
formation of a new apatite layer is the one upon short-term
initial exposure to the biomineralization-inducing environment.
The Cg4 values (Figure 6b) also decreased following a similar
trend. It is known that the double-layer capacitance value is
proportional to the surface area of the metal directly exposed
to the electrolyte. Therefore, the decrease in the Cy values
correlates with the decreased area of the metal/electrolyte
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interface, either through the new apatite layer deposition or
due to the formation of a thin passive titanium oxide layer on
the metal surface. Regarding the coating pore and charge-
transfer resistances, similar behavior was observed. The

values increased for both coatings after 4 days (27.8 kQ cm
for HAP/CS and 33.1 kQ cm® for HAP/CS/Gent), compared
to initial immersion (17.6 kQ cm? for HAP/CS and 25.9 kQ
cm® for HAP/CS/Gent), indicating the coating thickness
increase due to the precipitation of the newly formed HAP
layer. After this initial 4-day phase, further increase was slower,
reaching 38.7 kQ cm” for HAP/CS and 32.4 kQ cm? for HAP/
CS/Gent after 28 days. As discussed above, HAP dissolution
and precipitation are parallel processes and their simultaneous
occurrence was expected during exposure to SBF. The coatings
with smaller crystallites are more prone to dissolution as the
specific contact area with the solution is higher in this case.>
Thus, the smaller R, values of HAP/CS/Gent coating could be
attributed to the smaller crystallite domain size before soaking,
as determined from XRD (397 A for HAP/CS/Gent compared
to 511 A for HAP/CS).> Charge-transfer resistances, R, did
not change significantly upon initial contact between 0 and 4
days (0.087—-0.12 GQ cm? for HAP/CS and 2.97—2.68 GQ
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Figure 7. Potentiodynamic polarization curves of (a) HAP/CS and (b) HAP/CS/Gent coatings during 28-day immersion in SBF at 37 °C.

cm? for HAP/CS/Gent) as the electrolyte made contact with
the metal through coating pores, suggesting that a thin oxide
layer was already present on the metal surface that prevented
direct contact of bare metal and electrolyte. Further, R
increased toward the end of the monitored period (1.24 GQ
cm? for HAP/CS and 13.1 GQ cm? for HAP/CS/Gent),
indicating passivation of the metal surface hindering the
corrosion process. Moreover, the R, values were always in the
order of magnitude of 10’—10° Q cm?, suggesting low overall
proneness of Ti to corrosion in SBF.

2.1.4.3. PDS. Polarization measurements were conducted
to evaluate the bioactivity of HAP/CS and HAP/CS/Gent
coatings, after predetermined periods (0, 7, and 28 days) of
exposure to SBF. Generally, PDS measurements provide
information about corrosion parameters, but these could also
be used to evaluate the coating behavior regarding its
biomineralization. The polarization curves shown in Figure 7
indicated increasing corrosion stability with prolonged
exposure to SBF for both samples, which suggested improved
coating properties due to biomimetic HAP formation, as
already discussed in Section 2.1.4.2. Corrosion potentials
(Eore) Were obtained from PDS curves, and corrosion current
densities (j.o,) were calculated by extrapolating the cathodic
curves, which were linear over at least a decade of current, to
E.... The obtained data are presented in Table 2. A steady

Table 2. PDS Parameters”

(mV%so 'SCE) (/4A} ‘em™2)  (mV IZicec_l)
day 0 HAP/CS —145 0.061 —220
HAP/CS/Gent —238 0.52 —-220
day 7 HAP/CS —351 0.012 —150
HAP/CS/Gent —-365 0.035 —140
day 28 HAP/CS —258 0.011 —180
HAP/CS/Gent —128 0.017 —-200

“Corrosion potentials, corrosion current densities, and cathodic Tafel
slopes for HAP/CS and HAP/CS/Gent coatings during exposure to
SBF at 37 °C.

decrease in j., values was observed for both samples
confirming the improved corrosion resistance as a consequence
of the newly formed apatite layer. Cathodic Tafel slopes
suggested a multistep mechanism of the cathodic reaction,
whereas the anodic ones could not be calculated at all due to
the changing nature of anodic reactions.

The PDS results agreed well with EIS data, suggesting
bioactivity of both HAP/CS and HAP/CS/Gent coatings and
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growth of biomimetic hydroxyapatite layer that should greatly
improve the osseointegration process of hard tissue implants.

2.2. Gentamicin-Release Study. Local drug administra-
tion offers a lot of advantages in comparison to conventional
drug therapies. Such a drug-delivery route offers the ability to
lower the administered dose while achieving a satisfactory
therapeutic effect. When designing drug-eluting orthopedic
devices, a lot of aspects have to be considered, such as coating’s
composition, thickness, and porosity and the medium in which
the drug should be released. Moreover, the released antibiotic
concentration should be equal to or higher than the minimum
inhibitory concentration (MIC) so as not to cause bacterial
resistance and, in turn, should not be too high to cause toxic
effects on the human cells.

Both the amount of loaded gentamicin in the composite
coating and the corresponding release profile were obtained by
high-performance liquid chromatography coupled with mass
spectrometry (HPLC-MS). The total gentamicin loading was
determined by scraping off the coating and dissolving it in
slightly acidified dH,0, before measuring the amount of Gent
in the HPLC-MS instrument. Thus, the measured amount of
gentamicin loaded on 1 cm? of the HAP/CS/Gent composite
coating was 9.4 ug. Gentamicin release from composite HAP/
CS/Gent coating was studied during 21-day immersion in
deionized water. The cumulative release profile for HAP/CS/
Gent coating in predetermined periods of time (24 h, 48 h, 7
days, 14 days, and 21 days) is represented in Figure 8 as an
average of three samples. Gentamicin-release profile verified
the initial burst-release effect of gentamicin from the composite
coating, i.e, more than 50% of the loaded antibiotic was

Cumulative released gentamicin (%)
- N w H (4] (22} ~
o o o o o o o

o
o

10 15
Time (day)

20 25

Figure 8. Cumulative gentamicin release from HAP/CS/Gent coating
during 21 days in deionized water at 37 °C.
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Figure 9. Results of gentamicin-release profile fitting for HAP/CS/Gent coating: (a) Korsmeyer—Peppas model and (b) early time approximation

(ETA).

released within 7 days. A pronounced burst-release effect
(~21%) was also observed in the first 48 h, which could be
very useful in preventing biofilm formation. This initial 7-day
period was followed by a slower release pattern, where only
13% of the drug was released until day 21. Considering the
gentamicin-release profiles, the obtained composite coatings
could have potential use as prolonged drug-delivery systems for
treating orthopedic infections.

To investigate the governing mechanisms and diffusion
coeficient of release, experimental data fitting was performed.

The first model used was the Korsmeyer—Peppas model,*®
described by eq 3, where m, represents the mass of gentamicin
released at time t, m,,, represents the initial (total) gentamicin
mass in the composite coating before experiment, kyp is the
Korsmeyer—Peppas constant, which encompasses the partic-
ular carrier system properties, and n is a coeflicient that
depends on the diffusion type (n ~ 0.5 for Fickian and n > 0.5
for non-Fickian diffusion) and is supposed to imply the
mechanism of mass transport during the release process. The
Korsmeyer—Peppas model was applied in its linear form,
where the data were transformed to the logarithmic scale (eq

4) 56

m
—t = kKP.t”
Mot (3)
log = log kyp + n-log t

mtOt (4)

Thus, we were able to calculate exponent n from the slope of
the Korsmeyer—Peppas graph (Figure 9a). A value of 0.528
was obtained for HAP/CS/Gent. Since n was close to 0.5, it
was safe to conclude that the mechanism of gentamicin release
from HAP/CS/Gent was governed by Fick’s diffusion law.
As the time exponent from the Korsmeyer—Peppas model
was approximately 0.5 (0.528), another model was applied,
which assumes the linear correlation of the amount of drug
released and the square root of time. This is the early time
approximation (ETA) that enables us to calculate the diffusion
coefficient of gentamicin during its release from composite
coatings (eq 5). According to Ritger and Peppas,”” this model
is appropriate for the one-dimensional release from thin films.

m, ( Dt )1/2
— =4 =
My, o

©)

The parameters of eq S are as follows: m—the mass of
gentamicin released at the time, my,—the initial (total)
gentamicin mass in the composite coating before the
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experiment, D—the diffusion coeflicient of gentamicin, t—
time, and S—the thickness of the coating. ETA is the
approximation that refers to the Fickian diffusion model for
release from thin polymer/composite samples, and it is valid
for the first 60% of release®” (which was exactly achieved in
this experiment). The ETA model was applied to the release
profile of composite HAP/CS/Gent coating and is shown in
Figure 9b. The diffusion coefficient, D, for composite HAP/
CS/Gent coating was calculated to be 2.4 X 10™"*cm?s™,
indicating a slow release from the coating over the course of 21
days. The slow 21-day release could point to good binding of
gentamicin to the coating matrix and successful EPD transfer
of the antibiotic. These results are also in agreement with
gentamicin-release studies, by Pishbin et al,”" where it was
found that ~70% of gentamicin was released after 56 days from
EPD-deposited bioglass coating. This slow and sustained
release could be beneficial for the intended application as
orthopedic implants, where postoperative infection rate is high
and systemic antibiotics administration bears many risks, such
as the emergence of resistant bacterial strains. Therefore, the
antibiotic-loaded coatings could be a good solution, as they
provide quick and targeted drug delivery. The burst release, as
seen in the Gent release profile (Figure 8), is required to curb
the initial bacterial infection and prevent the formation of
biofilm. However, it would not be acceptable if all of the
loaded drugs were to be released immediately, as this could
cause dose-induced toxicity to the surrounding tissue and there
would be no antibiotic left for treatment in the subsequent
period. With sustained release up to 21 days, and potentially
beyond this period, protection of the implant site against
infection is ensured in the critical several-week period after
implantation.

These results are particularly interesting compared to the
antibacterial activity of HAP/CS/Gent coating, which was
evaluated in our previous paper.”® There, we have shown that
HAP/CS/Gent coating caused complete eradication (~5
logarithmic units) against Staphylococcus aureus and a
significant reduction (~2 logarithmic units) against Escherichia
coli, indicating potent antibacterial activity in a short period of
time, i.e., in the first 24 h of incubation. This effect was
particularly strong against S. aureus—a common postoperative
implant infection culprit, causing a 100% decrease in viable
bacteria number within 3 h,*® which is in line with the
observed initial burst-release effect.

2.3. Biological Testing. 2.3.1. Dye Exclusion Test (DET).
Trypan blue DET is a commonly used method for estimating
the proportion of viable cells.”® Tested cells are simply mixed
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with a solution of a dye; stained cells are assumed to be
damaged, and those unstained are assumed to be undamaged.

The percent of stained/unstained cells or inhibition of
growth (% K) was expressed as a percent of the control. The
results of the DET test for MRC-S (human fibroblasts) and
1929 (mice fibroblasts) when tested in the presence of HAP/
CS and HAP/CS/Gent coatings on Ti are given in Figure 10.

120

= MRC-5

100 =929

Cell viability (% of control)

HAP/CS

HAP/CS/Gent

Figure 10. Cell viability (expressed as percent of control) of MRC-S
and L1929 cell cultures in the presence of HAP/CS and HAP/CS/
Gent coatings.

There was no inhibition of growth in the case of either cell
line, MRC-5 and 1929, for HAP/CS coating on Ti, since
values were ~100%. Gentamicin release resulted in decreased
cell growth in the presence of HAP/CS/Gent-coated Ti
samples (Figure 10), but percent viabilities were above 85% for
both cell lines. According to the one-way analysis of variance
statistical test, the differences in viability of both MRC-5 and
L1929 cell lines were statistically negligible (p > 0.01) between
the two samples when DET testing was considered. Therefore,
DET provided strong evidence to support the noncytotoxic
effect for both HAP/CS and HAP/CS/Gent coatings, which
could be thus considered a safe material for biomedical use.

2.3.2. Alkaline Phosphatase (ALP) Assay. Alkaline
phosphatase (ALP) is the most widely recognized biochemical
marker for osteoblast activity. Although its precise function is
poorly understood, it is believed to play a role in skeletal
mineralization. Alkaline phosphatase (ALP, EC 3.1.3.1)
catalyzes the hydrolysis of phosphate esters in the alkaline
buffer and produces an organic radical and inorganic
phosphate. Changes in alkaline phosphatase level and activity
are associated with various bone disease states. The differ-
entiation of osteoblast-like cells is important in the healing
process, and inducing biomineralization is required for a
biomaterial to be considered bioactive. ALP is a membrane-
bound biochemical marker of bone turnover that is secreted
from osteoblasts. Usually, the ALP assay is performed on
osteoblast cells or other cell lines that can differentiate into
osteoblasts; however, within the scope of this study, we have
decided to test the basic ALP expression potential of the
coatings on the nonspecific cell lines first, with a twofold
reason in mind: to confirm the basic biomineralization
potential of HAP/CS and HAP/CS/Gent coatings before
moving on to more tissue-specific cells such as osteoblasts, and
to ensure consistency of the two biological assays using the
same cell lines (MRC-5 and 1929) that were used in the
biocompatibility study (i.e., DET cytotoxicity test). Moreover,
it was shown that MRC-5 fibroblasts respond to differentiating
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factors that promote osteoblastic phenotype in bone-derived
cell cultures.” The results of the ALP assay performed on the
cell extract showed that HAP/CS/Gent coating had the
highest levels of ALP in the cell extract (Figure 11).
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Figure 11. ALP assay results showing the levels of ALP in the MRC-5
and L1929 cell extract in the presence of HAP/CS and HAP/CS/Gent
coatings.

Both HAP/CS and HAP/CS/Gent coatings had significantly
increased ALP activity compared to the control (3 and 4 times
increase in ALP expression levels for MRC-5 cell line,
respectively). However, HAP/CS/Gent (4.039 U mL™")
coating increased ALP expression levels of MRC-5 cells
more than HAP/CS (3.206 U mL™"), suggesting improved
biomineralization potential of the gentamicin-loaded coating.
Due to cell compatibility, there was no surprise that the MRC-
5 cell line overall performed better in this assay. The ALP assay
results indicated that both of these materials could induce
biomineralization and are therefore strong candidates for
further studies with tissue-specific (i.e., osteoblasts) or stem
cells, and could be considered as prospective bone implant
coatings.

3. CONCLUSIONS

Bioactive composite coatings based on HAP and CS, without
and with gentamicin (HAP/CS and HAP/CS/Gent, respec-
tively), aimed for orthopedic implant materials were produced
using electrophoretic deposition on titanium. Osseopromotive
features were investigated in the SBF solution at 37 °C, using
FE-SEM, XRD, and FT-IR spectroscopy that confirmed AB-
type carbonate-substituted HAP on the top of both
investigated coatings, giving insight into the similarity of
biomimetically grown HAP with naturally occurring biological
apatites and pointing to the highly promising medical
applications.

The corrosion current density values obtained from
polarization measurements exhibited a decreasing trend over
the time of immersion in SBF (0.011 uA cm™2 for HAP/CS
and 0.017 A cm™? for HAP/CS/Gent after 28 days, compared
to 0.061 and 0.52 uA cm™?, respectively, before immersion).
Similarly, the EIS measurements suggested increased impe-
dance of both coatings, along with decreased coating
capacitances and double-layer capacitances, indicating the
formation of a new biomimetic HAP layer. These results, along
with the XRD and FT-IR results, proved the strong potential
for biomimetic mineralization of HAP/CS and HAP/CS/Gent
coatings in SBF. The ability of both investigated composite
coatings to induce new bone growth was undoubtedly
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confirmed by the ALP assay. Almost 50% increase in ALP
activity compared to the control could classify these coatings as
prospective materials for bone implant design.

The noncytotoxicity effect of both HAP/CS and HAP/CS/
Gent coatings was confirmed, when tested toward MRC-$ and
L929 cell lines. High survival rates were detected, i.e., percent
viabilities of both cell lines were exceeding 85%. In vitro release
studies confirmed the successful loading of gentamicin (9.4 ug
cm™2) and the so-called “burst” effect in the first days of
coating exposure to deionized water. The amount of released
gentamicin in the first 7 days linearly increased (~50%),
followed by a slower release pattern in the next 14 days.
Concerning the biofilm preventing issues, highly promising
results were obtained for the first 48 h when ~21% of the drug
was released. Using the Korsmeyer—Peppas model, the
diffusion coeflicient of gentamicin, D, was calculated to be
2.4 X 107 cm?s7

Considering all of the above-mentioned results and findings,
it could be stated that bioactive HAP/CS/Gent composite
coating electrophoretically deposited on titanium can be
employed as a potential biomedical device with therapeutic
impact, due to the ability to induce the growth of new
hydroxyapatite.

4. EXPERIMENTAL SECTION

4.1. Materials. Electrophoretic deposition process was
performed on pure titanium plates (15 mm X 10 mm X 0.25
mm, 99.7%). Hydroxyapatite powder (particles <200 nm),
chitosan (medium molecular weight 190—310 kDa, 75—85%
deacetylation degree), and gentamicin sulfate (Figure 12)
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CHNHR;
NH;
(0]
x nH,SO,
6] NH;
[¢]
NH; CHjg
OH o
OH
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Figure 12. Chemical structure of gentamicin sulfate.

solution (50 mg mL™" in dH,0) were used for obtaining
composite coatings on Ti substrate. All listed chemicals and Ti
were purchased from Sigma-Aldrich. EPD was preceded by
mechanical polishing and ultrasonication of Ti plates (15 min

in acetone). Electrochemical measurements were performed
on Ti specimens of 30 mm X 20 mm X 0.25 mm dimensions.
For gentamicin-release studies, Ti plates were cut to 10 mm X
10 mm X 0.25 mm sizes and prepared in the same manner as
for the other measurements. All solvents used for drug-release
measurements were of HPLC grade from J.T. Baker or Sigma-
Aldrich. Deionized water was obtained by passing distilled
water through a GenPure ultrapure water system (TKA,
Germany).

4.2. Electrophoretic Deposition. Composite HAP/CS
coating was deposited from an aqueous suspension with the
following composition: 1 wt % HAP powder and 0.05 wt %
chitosan in 1% acetic acid solution. HAP/CS/Gent was
deposited from an aqueous suspension containing 1 wt % HAP
powder, 0.05 wt % chitosan, and 0.1 wt % gentamicin sulfate.
The measured pH values for both suspensions were 4.4. The
suspensions were prepared according to the same protocol as
reported in our previous research paper.26 Briefly, chitosan was
dissolved in 1% acetic acid, after which HAP powder was
added under vigorous stirring and sonicated for 30 min, and
thus obtained suspension contained 1 wt % HAP and 0.05 wt
% CS. HAP/CS/Gent was prepared in the same manner, then
gentamicin sulfate solution was added, and thus the obtained
suspension contained 1 wt % HAP powder, 0.05 wt % chitosan,
and 0.1 wt % gentamicin sulfate. EPD was performed as a
cataphoretic deposition process on a Ti plate, serving as a
working electrode (cathode) at previously determined
conditions of 12 min deposition time and S V constant
voltage.26 As counter electrodes (anodes), two platinum panels
were employed. Uniform coating on both sides of Ti was
achieved by placing the working electrode (Ti) between the Pt
anodes at an equal distance of 1.5 cm. The deposited coatings
were air-dried at room temperature for 24 h, and the difference
in cathode mass before and after deposition was taken as the
composite coating mass. The cross-sectional thicknesses of the
as-deposited HAP/CS and HAP/CS/Gent coatings, measured
by a polarized light microscope (Reichert MeF3), were 3.3 and
3.1 um, respectively.

4.3. Characterization. X-ray diffraction (XRD) analysis
was performed by a powder diffractometer (Philips PW 1710,
Philips, the Netherlands) with Ni-filtered Cu Ka radiation (4 =
1.5418 A). The intensity of diffraction was recorded at room
temperature, between 4 and 70°, at a step of 0.05°. PowderCell
software was utilized for phase analysis. Fourier transform
infrared (FT-IR) spectroscopy was performed by a Nicolet IS-
50 (Thermo Fisher Scientific) in ATR mode (400—4000 cm™
range). The achieved spectral resolution was 4 cm™. LEO
SUPRA S5 equipped with an In-Lens detector (Carl Zeiss AG,
Germany) operating at a 10 kV voltage acceleration was
employed for field emission scanning electron microscopy (FE-

Table 3. HPLC and MS Operating Parameters for the Determination of Gentamicin Compounds®

HPLC
time (min) flow (mL min~") A (%) B
gentamicin Cla 0.00 0.3 S0
3.00 0.3 50
gentamicin C2 3.01 0.5 100
8.00 0.5 100
gentamicin C1 8.01 0.3 S0
15.0 0.3 S0

(%)
49
49

0
0
49
49

MS
C (%) precursor ion (m/z) quantification reaction CE (%)
1 450[M + H]* 450 — 322 2
1
0 464[M + H]* 464 — 322 23
0
1 478[M + H]* 478 = 322 23
1

“Mobile-phase gradient, analytes’ precursor ions, fragmentation reactions used for quantification, and optimal collision energies (CEs).
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SEM) in a combined secondary electron—backscattered
electron (SE—BSE) mode.

4.4. Gentamicin-Release Profiles. The total amount of
gentamicin incorporated in the composite coating by the EPD
process was estimated from the scrapped-off coated surfaces by
resuspension and complete dissolution of the obtained powder
in acidified deionized water. For the drug-release assay, coated
samples were immersed in deionized water and kept at 37 °C.
Gentamicin release was monitored for 21 days. All of the
measurements were done in triplicate. The concentration of
released gentamicin was determined using a high-performance
liquid chromatograph (HPLC) (Thermo Fisher Scientific)
coupled with ion trap (LCQ Advantage, Thermo Fisher
Scientific) as a mass spectrometer (MS). The separation of
analytes was performed on a reverse-phase Zorbax Eclipse
XDB-C18 column (Agilent Technologies, 4.6 mm X 75 mm X
3.5 um). A precolumn (4.6 mm X 12.5 mm X 5 pm) was
placed in front of the column. The mobile phase consisted of
methanol (A), deionized water (B), and 10% acetic acid (C).
The optimal chromatographic separation of gentamicin
compounds was achieved using the mobile-phase gradient
shown in Table 3.

Gentamicin mass spectrum was recorded in the m/z 50—
1000 range, using the electrospray ionization technique. Since
gentamicin is a complex antibiotic consisting of a mixture of
three major compounds, gentamicins Cla, C2, and Cl1, there
were three most abundant ions in the MS spectrum that were
chosen as the precursor ions for each compound. Their most
sensitive transitions were selected for quantification purposes
(Table 3). Presented concentration results are sums of the
three determined gentamicins.

Experimental data were fitted using two kinetic models to
investigate the gentamicin-release mechanism and to calculate
the diffusion coefficient of gentamicin from composite
coatings.

4.5. Biomimetic Mineralization. In vitro bioactivity of
composite HAP/CS and HAP/CS/Gent coatings was
investigated by immersion in 20 mL of an SBF solution,
prepared according to a previously published protocol.”” The
SBF solution, stored under thermostatic conditions at 37 °C,
was refreshed every 24 h for 7 days. After exposure to the SBF
solution, the coatings were taken out, dried at room
temperature, and used for further characterization (XRD,
FT-IR, and FE-SEM).

4.6. Electrochemical Measurements. Biomimetic apatite
growth, monitored during the exposure of coating to SBF at 37
°C, up to 28 days, was evaluated by electrochemical impedance
spectroscopy (EIS) and potentiodynamic sweep (PDS)
measurements. Electrochemical measurements were conducted
in a Plexiglas electrochemical cell with a three-electrode setup.
The coated Ti plate served as the working electrode with a 1
cm? testing surface area, whereas the counter electrode was a
platinum mesh of a significantly larger surface area compared
to the working electrode. Saturated calomel electrode (SCE)
was utilized as the reference electrode. Reference 600
potentiostat/galvanostat/ZRA (Gamry Instruments, Inc.) was
used for all electrochemical measurements. Before each
experiment, the open-circuit potential (EOCP) was monitored
until a stability of 0.01 mV s™! was reached. Impedance data
were collected over a wide frequency range, applying a 5 mV
AC voltage amplitude at the open-circuit potential. Gamry
Instruments Echem Analyst software was used for impedance
data processing. PDS measurements were carried out over the
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+600 mV DC potential range with respect to E,,, with a 0.5
mV s™' scan rate.

4.7. Cytotoxicity. Cytotoxicity evaluation was performed
using the dye exclusion test (DET) assay toward mice
fibroblast cell line 1929 (ATCC CRL-636) following the
Biological Evaluation Guidance of the U.S. Food and Drug
Administration (FDA), as well as the international standard
ISO 10993-1.°" These institutions recommend that the
cytotoxicity testing of a new material for medical implant
application should be carried out on the 1929 cell line (ATCC
CRL-6364). The human lung fibroblast cell line (MRC-S,
ATCC CCL-171) was also examined, as it is the most similar
to both L929 line and the connective tissue that is present at
the target site and is often used in similar studies as a model
system for in vitro cytotoxicity.””~** Cells were cultured and
propagated in the same manner as already published in our
previous work.”® Viable cells were seeded in 12-well plates
(Costar) on the examined coated Ti plates at a concentration
of 1 X 10° mL™". Control wells contained only cells, without
coated samples. During the next 48 h, Petri dishes with disks
and seeded cells were incubated at 37 °C under air flow with
5% CO,. The following step included separation of cells from
coated samples by trypsinization treatment (addition of 0.1%
solution of trypsin). Cell viability and number were measured
using a trypan blue exclusion method. Inhibition of growth was
expressed as a percent of control according to the formula: K =
(N,/N,) X 100%, where N, is the overall number of cells in the
sample and N is the number of cells in the investigated
sample.

4.8. Alkaline Phosphatase Activity. Colorimetric assess-
ment of the release of alkaline phosphatase (ALP) by the cells
was performed using an ALP detection kit (Abcam’s alkaline
phosphatase assay kit) according to the manufacturer’s
instructions. The assay was repeated three times to ensure
the reproducibility of the test. The absorbance of the solution
was measured at 405 nm using a bioanalyzer. Abcam’s alkaline
phosphatase assay kit (colorimetric) (ab83369)° is a highly
sensitive, simple, direct, and high-throughput screening
(HTS)-ready colorimetric assay designed to measure ALP
activity in serum and biological samples. The kit uses p-
nitrophenyl phosphate (pNPP) as a phosphatase substrate,
which turns yellow (4,,,, = 40S nm) when dephosphorylated
by ALP.

4.9. Statistical Analysis. Cytotoxicity and ALP results
were subjected to statistical evaluation by one-way analysis of
variance, followed by a multiple-comparison post hoc test. The
results were considered statistically significant if the p-value
was lower than 0.01.
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