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Abstract

The application of electric field to graft materials has significant contribution
in bone healing mechanism. Hence, the aim of this study is to develop con-
ductive hydroxyapatite (HAp) scaffolds by introducing different concentra-
tions of silver ion into its structure and demonstrate its impact on in vitro
bioactivity and electrical properties. Hydroxyapatite was synthesized by wet
chemical method and calcium ions from HAp structure have been partially
replaced by silver ions. The HAp and Ag-HAp nanocomposites were charac-
terized by Fourier-transform infrared, Raman spectroscopy, XRD and EDAX
for functional group and phase formation analysis as well as to confirm exis-
tence of silver ions in HAp structure respectively. Bioactivity of these scaf-
folds was assessed by using simulated body fluid. The surface morphology,
structural analysis and electrical properties of scaffolds before and after for-
mation of newly calcified tissues on its surface were examined via scanning
electron microscopy (SEM), XRD, FTIR, dielectric and impedance spectros-
copy techniques. Overall, our finding suggests that the administration of sil-
ver ions in HAp scaffold boosts bioactivity and has strong correlation with
electrical properties.
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1. Introduction

Bone loss is major concern worldwide due to several reasons such as accidents,
bone diseases like osteoporosis, bone tumor as a consequence bone turns to be

fracture. Though minor fracture can be healed by themselves by causing in-
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flammatory reaction at fracture site, major bone defect needs to endure surgical
treatment by grafting biocompatible material at fracture region. Hydroxyapatite
[Ca,((PO,)s(OH),, abbreviated as HAp], being bioactive and biocompatible, can
be an exciting material in emerging field of synthetic bone graft due to its chem-
ical similarity with the mineral part of the human bone [1] [2] [3]. In the bio-
medical field, HAp has been explored for biosensor, bioimaging, drug delivery,
protein purification, gene delivery and other biomedical applications [4] [5] [6].
Also, it is reported that the efficacy of HAp in terms of its physical and biological
properties could be enhanced by doing advancement into its structure [7] [8].
Hence, the immense research has been explored in modification of HAp struc-
ture by substituting metal ion species like copper (Cu**), manganese (Mn*"), sil-
icon (Si*), iron (Fe’*), strontium (Sr**), cobalt (CO*), zinc (Zn™), silver (Ag")
for improvement in its biological premises for specific applications in biomedi-
cal field [8]-[15]. However, among various trace metal ions, introduction of Ag*
ion in HAp can have an advantage of excellent biocompatibility, satisfactory sta-
bility, antibacterial nature and noncytotoxicity and this can help to prevent post
transplantation infection risk of implant material [16] [17]. The inclusion of sil-
ver ions in HAp structure promotes bioactivity and such coating on metal offers
corrosion resistance [18] [19] [20]. Therefore, silver particles are widely used in
various medical applications like bone prostheses, artificial teeth, and bone
coating [21] [22]. Furthermore, the cation exchange rate of HAp is found to be
very high with silver ions.

Recent advances in orthopedic therapy have shown that application of elec-
trical field to bone stimulates bone growth, promotes osseointegration, and
boosts bone density [23] [24] [25] [26]. Further, few studies demonstrated that
accumulation of electrical charges on HAp graft plays a significant role in os-
teoconduction mechanism and in reconstruction of bone occupancy at damaged
part of bone after implantation [27] [28] [29]. Also, Maharbiz et al have ob-
served that impedance measurements can be used to monitor early stage bone
healing process and recovery of bone fracture [30]. Similarly, Tian ef a/ detected
the variations in HAp electrical impedance value due to structural changes dur-
ing bone regeneration process and illustrated that impedance spectroscopy can
hold considerable potential for quantitative bone healing analysis [31]. The di-
electric properties of HAp, Sr-HAp and Mn-HAp incubated in simulated body
fluid as a function of incubation period have been studied by our group [9] [32]
[33]. These studies have shown that electrical properties, specifically dielectric
properties of biomaterials are of great interest to understand bone healing me-
chanism.

Hence, by considering the coalition between the electrical properties and bone
healing process, efforts have been made to investigate the 7n vitro electrical
property of newly calcified tissue on silver ion incorporated HAp scaffold. Em-
phasis has also been given to correlate the dielectric, photoluminescence proper-
ties of Ag-HAp with the bioactivity.
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2. Methods
2.1. Hydroxyapatite Modification

Nano crystalline hydroxyapatite (HAp) bioceramic was synthesized by wet-chemical
precipitation method [32]. Further, HAp structure was modified by partial re-
placement of calcium ions by silver ions (Ag") via ion exchange process, carried
out at room temperature. Synthesized Ca-HAp and Ag-HAp nano-bioceramic
materials were characterized by XRD, FTIR, SEM/EDAX, Raman spectroscopy
and BET techniques. The Ag-HAp samples with variable silver concentrations
(0.001 M, 0.005 M, and 0.025 M) were uniaxially pressed at 5-ton pressure to
form compact disc shaped scaffolds of 13 mm diameter and 2 mm thickness.
The prepared scaffolds were then heat treated at 500°C for 2 h and used as scaf-
folds to study further 7n vitro bioactivity and electrical properties.

2.2. Preparation of Simulated Body Fluid (SBF) and In Vitro
Bioactivity

In vitro bioactivity study of HAp and Ag-HAp scaffolds was carried out using
pseudo body fluid (SBF) in static mode condition. The pseudo body fluid was
prepared by dissolving, one by one, appropriate amount of various chemicals
viz. NaCl, NaHCO;, KCl, Na,HPO,-2H,0, MgCl,-6 H,0, CaCl,-2H,0, Na,SO, in
double distilled water so as to have molar concentrations of various inorganic
ions, pH, and temperature similar to natural body fluid [34]. Ag-HAp scaffolds
with variable silver ion concentrations were incubated in freshly prepared SBF
for fixed time duration. Similarly, Ag-HAp scaffolds with fixed silver concentra-
tion (0.005 M) were placed in SBF for variable time durations for detail dielectric
studies. At the end of predetermined incubation duration, the scaffolds were
removed from the SBF solution and rinsed with distilled water. Further, these

scaffolds were dried at room temperature and used for analysis.

2.3. Dielectric and Electrical Characterization

The dielectric measurements such as dielectric constant, dissipation factor, and
impedance were carried out using Quad Tech make LCR 7600 meter at room

temperature in frequency range of 10 Hz to 1 MHz for already prepared scaffolds.

2.4. Characterization

The structural analysis was carried out using Rigaku to make X-ray diffractome-
ter with CuKa radiation (K = 1.543A). FTIR and Raman spectroscopic tech-
niques were used for identification and conformation of the functional groups.
Fourier transform infrared (FTIR) spectra of scaffolds were recorded in 400 to
4000 cm™ range with a resolution of 4 cm™ by using Shimadzu make spectro-
photometer. Raman spectra of scaffolds were analyzed in the spectral range of
100 to 1100 cm™ with the spectral resolution of 4 cm™ by using Raman micro-
scope (Horiba 800, France). Surface morphology and elemental analysis of
Ag-HAp scaffolds before and after SBF treatment were examined by scanning
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electron microscope (SEM) (with LiecaStereoscan 440 model SEM) coupled with
Energy dispersive X-ray analyzer (EDAX). Further, surface area and porosity of
these scaffolds were decided by Bruaauer-Emmett-Teller (BET) method (Sup-
plementary information). The PL spectra for Ag-HAp scaffolds were conducted,
before and after SBF incubation, at room temperature using Horiba
FL3-22-1186C-2609 (1, = 415 nm).

3. Results and Discussion
3.1. XRD Analysis

The XRD profiles of Ag-HAp samples as a function concentration is presented
in Figure 1(a). The profiles of Ag" containing hydroxyapatite samples resemble
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Figure 1. XRD spectra of Ag-HAp Scaffolds: (a) as a function of Ag* concentration; (b)

for 8 days of SBF treatment; and (c) after SBF treatment for variable time durations rang-
ing from 8 - 32 days.
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with XRD pattern of the parent Ca-HAp (JCPDS 09-0432) wherein major cha-
racteristic apatite peaks are found to be present. This not only indicates the de-
velopment of hexagonal hydroxyapatite phase but also confirms that ionic subs-
titution does not change the apatite structure. No evidence is found for any oth-
er phases. It is also observed from Figure 1(a) that due to the incorporation of
silver ions in hydroxyapatite matrix, intensities of almost all peaks decrease
compared to Ca-HAp. In particular the intensity of peak assigned to (211) plane
decreases with increase in silver concentration. The XRD spectra of Ag-HAp
samples after incubation in SBF are presented in Figure 1(b) & Figure 1(c). The
XRD of all incubated samples are found to be essentially indistinguishable and
matches well with that of Ca-HAp as provided in JCPDS 09-0432.

It is observed that hydroxyapatite structure is retained by all samples during
incubation in SBF. This also indicates that no other ions, such as sodium, am-
monium, potassium, magnesium, chloride and nitrate, are involved into HAp
structure after incubation in SBF. The absence of such ions in HAp may be at-
tributed to the formation of calcium and phosphate rich apatite layer on surface
of Ag-HAp scaffolds.

3.2. FTIR Analysis

The FTIR spectra of ion exchanged hydroxyapatite nano-bioceramics, in the
range of 500 - 1300 cm™', are presented in Figure 2(a) and the spectrum of pris-
tine HAp (before incubation) is considered as a reference. The FTIR spectra of
pristine Ca-HAp and Ag-HAp samples as a function of ion concentration, prior
to immersion in SBF, clearly demonstrate the presence of characteristic apatite
absorption peaks corresponding to the various vibrational modes of phosphate
and hydroxyl groups. The absorption peaks appearing near 1090 and 1030 cm™*
are because of v, fundamental stretching vibrations of (PO} ) functional group
[35]. The bands appearing at 967 and 941 cm™" are attributed to v, symmetric
stretching mode of (POi“) [36]. The absorption band near 632 cm™ corres-
ponds to hydroxyl liberation mode. The absorption bands due to v, fundamental
bending mode of (POi“) group are present near 543 cm™ and 603 cm™ [35]
[36]. It is found that the absorption increases with increase in ion concentration.
Hence, it can be concluded that higher the ion concentration, higher is the ab-
sorption.

Typical FTIR spectra of incubated HAp samples, showing change in absorp-
tion peak intensities of various groups, are presented in Figure 2(b) & Figure
2(c). The FTIR spectra of the Ca-HAp and Ag-HAp scaffolds after incubation,
for all incubation durations (Figure 2(c)) & for fixed incubation period (Figure
2(b)), demonstrate presence of phosphate and hydroxyl functional groups. The
most appreciable change is observed for the phosphate peak centered at 1030
cm™ compared to other peaks. A new distinct phosphate group band has ap-
peared near to 1120 cm™". The change in absorption intensities corresponding to

the phosphate and hydroxyl groups, after immersion in SBF for fixed & variable
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Figure 2. FTIR spectra of Ag-HAp scaffolds: (a) with variation in Ag* concentration; (b)

for 8 days of incubation in SBF; and (c) upon SBF treatment for 8 - 32 days time dura-
tions.

durations, and the appearance of absorption peak near 1120 cm™ for HPO?"
confirms the apatite growth.

The Raman spectra of SBF incubated Ag-HAp scaffolds (0.005 M), provided
in supplementary data, also show presence of characteristic phosphate modes at
~429, 705 and 958 cm ™' which can be assigned to hydroxyapatite vibration mod-
es. Almost all Ag-HAp scaffolds, prior to & upon incubation, manifest highest
intensity vibrational mode at ~958 cm™' with shoulders at 943 and 970 cm™.

This strong Raman peak at ~958 cm™ provides complementary information in
g p p p ry

DOI: 10.4236/jbnb.2020.112006

88 Journal of Biomaterials and Nanobiotechnology


https://doi.org/10.4236/jbnb.2020.112006

M. M. Bahiretal.

tune with FTIR and clearly corroborates growth of apatite on scaffold surface

during incubation.

3.3. SEM Analysis

Figure 3(a) represents the surface morphology of Ca-HAp and Ag-HAp scaf-
folds as a function of ionic concentration. The surface of Ca-HAp scaffold exhi-
bits the presence of a large number of grains but of very small size. In addition,
small pores are observed on the surface. The surface of Ag-HAp scaffold with
lowest silver concentration shows larger size grains whereas Ag-HAp scaffold
with highest silver concentration possesses highest porosity. The corresponding
EDAX spectra show the increase in atomic weight percent of silver with increase
in ion concentrations ensuring incorporation of silver ions in Ca-HAp scaffolds.

The SEM micrographs of Ca-HAp and Ag-HAp scaffolds, after incubation for
8 days, are presented in Figure 3(b). Presence of small size spherical grains on

the surface Ca-HAp scaffold compared to Ag-HAp scaffolds reveals slow growth
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Figure 3. (a) SEM images and corresponding EDAX spectra of Ag-HAp scaffolds prior to
incubation in SBF as a function of Ag" concentration; (b) SEM images after SBF treat-
ment for 8 days; and (c) SEM images after SBF treatment for variable time of immersion
and EDAX analysis.
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rate. The surfaces of Ag-HAp scaffolds are found to be fully covered with newly
formed calcified tissues wherein size of new formed grains scaffold surface ob-
served to be increasing with silver ion contents. This indicates dominance of
higher growth rates and coalescence phenomenon with silver ion concentration.
It is also observed that for fixed silver ion loading and variable incubation pe-
riods, agglomeration phenomenon plays important role for higher incubation
period (Figure 3(c)).

Further, the EDAX data for incubated Ag-HAp samples reveals that Ca/P ra-
tio reaches to a maximum value of 1.43 after 24 days. These results show that
Ag-HAp nano-ceramic scaffolds have ability to act as templates for apatite layer
formation on their surfaces and can be considered as superior bioactive na-
no-ceramics than Ca-HAp.

Since the process of apatite layer formation takes place at the bioactive HAp
scaffold surface/SBF solution interface, it depends on majorly on surface ions.
Due to presence of hydroxyl (OH") and phosphate (PO} ) ions on the HAp
surface, the HAp surface carries negative charge. These negative ions attract the
positive calcium ions from the SBF solution and result in the formation of
Ca-rich surface acquiring positive charge. This positively charged surface then
interacts with negatively charged phosphate ions from SBF fluid and formation
of Ca-poor HAp layer takes place on the surface. This is followed by the trans-
formation of Ca-poor HAp layer to crystalline, stoichiometric HAp via crystalli-

zation process during further incubation period.

3.4. Dielectric Studies

3.4.1. Dielectric Constant

Figure 4(a) presents the change in dielectric constant for Ag-HAp scaffolds with
change in frequency of an applied ac field as a function of concentration and the
plots are compared with that for Ca-HAp. All the scaffolds show similar beha-
vior of decrease in dielectric constant with increase in frequency. The dielectric
constant of Ca-HAp drastically changes after addition of silver ions into HAp
structure. The dielectric constants for Ag-HAp scaffolds are found to be smaller
than that for Ca-HAp as depicted in Figure 4(a). It is observed that as the silver
ion content increases, dielectric constant decreases. The dielectric constant for
higher silver ion concentration (0.025 M) is observed to the smallest (approx-
imately near to 8) in comparison with other silver concentrations. The study
clearly reveals the dependence of dielectric constant on ionic concentration.

The effect of incubation on dielectric constant of Ag-HAp as a function of
frequency of applied ac field is depicted in Figure 4(b) & Figure 4(c). It can be
concluded that dielectric constant changes upon SBF treatment. The dielectric
constant of Ag-HAp scaffold (0.005 M) enhances from 24 (prior to incubation)
to =58 when incubated for 8 days. The typical trend of decrease in dielectric
constant with increase in incubation period can be visualized from Figure 4(c).
It is well known that the dielectric properties of hydroxyapatite are mainly due
to the motions of OH" ions with applied ac field and inclusion of silver ions may
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Figure 4. Dielectric constant as a function of frequency for Ag-HAp nano-ceramic scaf-
folds: (a) before incubation; (b) after incubation for fixed duration for variable silver ion
content; and (c) after incubation for variable time duration for fixed silver ion content.

be responsible for change of electrical dipoles of OH" ions leading to the de-
crease in dielectric permittivity of Ag-HAp.

The dielectric properties of Ag-HAp, before and after incubation, display high
dielectric permittivity at low frequencies which falls off with increase in fre-
quency reaching a constant value for all samples. High values of dielectric con-
stants at low frequencies are obvious because the hydroxyapatite belongs to
bio-ceramic category and the behavior of dielectric permittivity is related to free
dipoles oscillating in an applied alternating field. At very low alternating field
frequencies, electric dipoles specifically due to hydroxyl ions follow the field al-
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terations and contribute to high value of dielectric constant at lower frequency.
With increase in frequency of ac field, the dipoles start lagging behind the
field reversal leading to slight decrease in dielectric constant followed by abrupt
drop in dielectric constant. At still higher frequencies, the ions cannot follow the
alternating field. As a result, polarization decreases and capacitor offers low
reactance to the sinusoidal signal minimizing the conduction losses in the resis-
tor and hence, dielectric constant decreases. The high dielectric constant for
lower incubation period at lower frequencies may be due to the fact that the free
charges buildup at interfaces within bulk of the scaffold (interfacial Max-

well-Wagner polarization) indicating apatite layer formation.

3.4.2. Dielectric Loss

Typical variation in dielectric loss with frequency for Ag-HAp scaffolds, prior to
incubation, is presented in Figure 5(a). The Ag-HAp scaffolds demonstrate sim-
ilar trend wherein dielectric loss initially decreases with increase in frequency in
the lower frequency region followed by sudden increase with a hump occurring
near about 100 Hz. Further increase in frequency leads to decrease in loss. The
position of this maximum remains unchanged, but height of loss maxima de-
creases with increase in silver concentration. This indicates that height of loss
maxima depends on silver ion concentration.

The dielectric loss for incubated HAp scaffolds, for fixed & variable incuba-
tion periods, as a function of frequency of applied ac field is presented in Figure
5(b) and Figure 5(c). The incubated Ag-HAp scaffolds show same behavior
with a hump occurring near about 100 Hz. However, in case of incubated sam-
ples, the position and value of these maxima (height) are observed to be the
function of immersion time. As the SBF treatment period increases, position of
peak shifts to lower frequency. In case of 32 days of incubation, frequency cor-
responding maxima coinciding with that for prior to incubation. Moreover, it is
observed that height of dielectric loss decreases with increase in period of incu-
bation. Shift in frequencies corresponding to maxima as a function of incubation
period leads to change in relaxation time. The sharp peaks in dielectric loss
spectra, in the lower frequency region, can be attributed to ionic conduction re-
laxation. The fast decreasing trend of dissipation factor at low frequency may be
due to the presence of high ionic conductivity in Ag-HAp scaffolds. A relative
decrease in magnitude of loss with increase in incubation period is an indication
of weakening of the dipolar ordering in the material at that frequency.

The Debye relaxation theory states that the loss peak appears when the alter-
nating field is in phase with dielectrics since the condition of 7w =1 (where w =

2nf& Tis relaxation time) is satisfied.

3.4.3. Cole-Cole Plot
Cole-Cole plots for Ag-HAp scaffolds are presented in Figures 6(a)-(c). The ho-
rizontal axis is the resistance (Z) ie. the real part of the impedance and vertical

axis is the reactance (Z") ie. imaginary part of the impedance. The presence
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of two semicircles for all scaffolds reveals the poly-dispersed nature of the ma-
terial and represents two RC elements. The low frequency arcs are due to grain
boundaries and higher frequency arcs indicate grain effect. The intercepts of low
frequency arc & high frequency arc on the real axis designate grain boundary re-
sistance (R,;) and bulk resistance (R,) respectively. The values of R, rand R,
are listed in Table 1. Similarly, grain capacitance (C,), grain boundary capacit-
ance (C;) values are calculated from following equation:
1
Ca/Ca = R, /Ry, x 2,
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Figure 6. Impedance spectra of Ag-HAp scaffolds: (a) before incubation as a function of
silver ion loading; (b) after incubation for 8 days for variable silver ion contents; and (c)
after incubation for variable time duration for fixed silver ion content (0.005 M).

Table 1. Bulk resistance (R,), relaxation time (t) and grain boundary resistance (Ry,) de-
rived from impedance spectra of Ca-HAp and Ag-HAp scaffolds before and after incuba-

tion in SBF.

Before incubation in SBF After incubation in SBF for 8 days
Bulk Grai Bulk Grai
Scaffolds ) u rain Relaxation ) u rain Relaxation
resistance boundary . resistance boundary .
. time (7) . time (7)
(Rg) resistance (Rgb) (Rg) resistance (Rgb)
HAp 93.9 KQ - 3.6msec  952KQ - 1.0 m sec
(0.001 M)
69.0 KQ 253.6 KQ 1.7msec  74.9 KQ 437.9KQ 2.1 m sec
Ag-HAp
(0.005 M)
69.01 KQ 221.7 KQ 20msec 87.9KQ 609.1 KQ 2.7 m sec
Ag-HAp
(0.025M)
432 KQ 346.5 KQ 1.7msec  63.9 KQ 517.3 KQ 1.3 m sec
Ag-HAp
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where, R, is grain resistance determined from the intercept of high frequency arc
on the real Z"axis of impedance spectra and £ is the relaxation frequency cor-
responding to the maximum value of Z" The C, and C,, values calculated for
Ca-HAp and Ag-HAp scaffolds, before and after incubation in SBF, are shown
in Table 2.

High frequency arcs for all scaffolds before incubation as a function of con-
centration are depicted in Figure 6(a). The heights of high frequency arcs of
impedance spectra do not show any appreciable change for variations in ion
concentration excluding scaffold with 0.005 M silver ion content. This scaffold
exhibits lowest amplitude with the lowest grain resistance effect.

Cole-Cole plots for SBF incubated Ag-HAp scaffolds as a function of incuba-
tion period and silver ion concentration are depicted in Figure 6(b) and Figure
6(c). Scaffolds incubated for 8 days do not reveal any perceptible change in am-
plitude of high frequency arcs. However, incubation for variable time durations
show influence on the amplitude of high frequency arcs. The diameter and am-
plitude of each semi-circle in low frequency region found to be increasing with
increase in silver ion concentration (Figure 6(a)). A scaffold with highest silver
content results in higher grain boundary resistance. It is also observed that the
amplitude and position of low frequency arcs change significantly upon incuba-
tion (Figure 6(b) and Figure 6(c)).

For fixed SBF treatment duration, the maximum height for semi-circle is ex-
hibited by Ca-HAp scaffold followed by Ag-HAp scaffold (0.005 M) along with
highest grain boundary resistance. The dependence of amplitudes of low fre-
quency arcs and grain boundary resistances on duration of SBF treatment can be
revealed from Figure 6(c). The grain boundary resistance decreases with in-
crease in incubation duration from 8 - 32 days for Ag-HAp scaffold (0.005 M).
The change in amplitude & position of low frequency arcs in impedance spectra
for incubated scaffolds may be due to the development of calcified tissues on the
surface of scaffolds. These changes in scaffolds, after SBF treatment, affect the
gain boundary resistance. These findings suggest that the impedance spectros-

copy can be useful technique to determine in-vitro bioactivity of scaffolds.

Table 2. Grain capacitance (C,) and grain boundary capacitance (Cy,) for Ca-HAp and
Ag-HAp scaffolds prior to incubation and after incubation in SBF.

Before incubation in SBF After incubation in SBF for 8 days
Scaffolds Bulk Grain boundary Bulk Grain boundary
capacitance capacitance capacitance capacitance
(Cg) (Cgb) (Cg) (Cgb)
HAp 38 nf - 10 nf -
(0.001 M) Ag-HAp 24 nf 76 nf 28 nf 44 nf
(0.005 M) Ag-HAp 29 nf 85 nf 31 nf 31 nf
((0.025 M) Ag-HAp 39 nf 43 nf 20 nf 29 nf
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3.5. Photoluminescence Analysis

The photoluminescence spectra of SBF treated Ag-HAp scaffold (0.005 M) as a
function of immersion period is shown in Figure 7. From the figure, it can be
concluded that all Ag-HAp scaffolds follow similar trend. With an excitation
wavelength of 415 nm, the emission spectrum of Ag-HAp, prior to incubation,
exhibits a very intense, sharp and narrow blue emission band localized at ~470
nm. It can also be seen clearly that the relative photoluminescence intensity of
this peak changes with change in SBF incubation period. Higher the period of
incubation, higher is the intensity. It may be due to increase in thickness of addi-

tional biologically active layer formed on the surface upon incubation.

—(0.005M) Ag-HAp
——(0.005M) Ag-HAp-8D
——(0.005M) Ag-HAp-16D
———(0.005M) Ag-HAp-24D
——(0.005M) Ag-HAp-32D

Intensity (a.u)

450 500 550 600 650 700
Wavelength (nm)

Figure 7. Photoluminescence spectra for Ag-HAp scaffolds after incubation in SBF for

various time durations with an excitation wavelength, A,,. = 415 nm carried out at room

exc

temperature.

4. Conclusions

Ag-HAp scaffolds can be a potential bioactive biomaterial. The in-vitro bioactiv-
ity studies, which reveal development of biological apatite layer on surface of
Ag-HAp, are well supported by various characterization techniques like XRD,
FTIR, Raman, SEM/EDAX. The XRD profiles of the hydroxyapatite samples,
before and after incubation, clearly demonstrate that partial replacement of cal-
cium ions by silver ions does not show any appreciable effect on hexagonal
phase and structure remains intact during the incubation process.

Dielectric parameters are found to be dependent on concentration of silver
ions and period of incubation. The changes in dielectric constant and dissipation
factor can be attributed to accumulation of phosphate and calcium ions layer on
the surface of HAp and Ag-HAp scaffolds upon SBF treatment. The changes in
amplitude and position of low & high frequency branches in Cole-Cole plots,
upon incubation & with ion content, indicate formation of apatite layer on scaf-
fold surface. Also, Ag-HAp scaffolds, with and without incubation in SBF, show
excellent optical performance.
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