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INTRODUCTION

Applications of bioglasses in medical fields become
innumerable, particularly for wound healing, ulcer treatment
and ophthalmology through angiogenesis. Borate glass matrices
doped with biologically active bioinorganic ions like copper,
cobalt, lithium, gallium, silver, zinc, efc., that act as biochemical
cues and accelerate soft tissue regeneration by prompting angio-
genesis, osteogenesis and boost bone formation [1-3].

It is expected that Cu* and Cu** are effective in killing
bacteria through the generation of reactive oxygen species
(ROS), protein oxidation, lipid peroxidation and DNA degra-
dation [4]. Addition of ions of copper (Cu* and Cu**) and cobalt
(Co™) to the bioglasses enhances angiogenesis in vitro and in
vivo [5,6]. Copper ions regulate several factors such as vascular
endothelial growth factor (VEGF), fibronectin, angiogenin,
collagenase, prostaglandin E-1, ceruloplasmin and FGF1/2 that
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A set of sodium borosilicate glasses mixed with different modifier oxides, viz., Li,O, MgO, CaO and ZnO, doped with antimicrobial oxide |
viz. CuO were synthesized. The structural (FT-IR spectroscopy, SEM and XRD) and bioactivity studies of the glasses were carried out |
before and after 30 days of immersion in simulated body fluid (SBF) under static conditions. Optical absorption spectra of all the glasses
exhibited a broad absorption band identified due to *Bi;—>’Ba, octahedral transition of Cu** ions. Glass microstructure is analyzed using |
SEM images and XRD patterns to authenticate glass bioactivity (viz. to confirm whether there is formation of hydroxyapatite (HAp) layer |
on the surface). For further confirmation of the formation of HAp on the surface of the post immerse samples, the FTIR spectra were |
recorded. The spectra revealed some vibrational peaks of calcium phosphate. Solubility (weight loss due to immersion in SBF) percentage |
is found to be different for different modifiers mixed glasses containing antibacterial CuO. SEM results confirm apparent nodular calcium |
phosphate microcrystalites. It is observed that the addition of antimicrobial oxide has a positive effect on the bioactivity of glass and make
these glasses as fourth-generation biomaterials, which are being extensively used to heal the wounds in the human body by facilitating the I
|
|
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initiate vasodilation and vascular permeabilization, endothelial
cell proliferation, migration and morphogenesis and blood vessel
formation through extracellular matrix in angiogenesis therapy
[7].

From the molecular point of view, copper induces two
signaling pathways in angiogenesis. The first one is owed to
copper-activated HIF-1 (hypoxia inducible factor) that initiates
angiogenesis [8] and the other is mitogen-activated protein
kinase (MAPK) cascades that play a key role in transduction
extracellular signals to cellular responses called cell prolife-
ration [9]. It is evident from several earlier reports that copper
ions as angiogenic dopants support both hard and soft tissues
and hence these ions in combination with bioactive glass become
an excellent multifunctional viz., antibacterial, osteoinductive
and angiogenic material [10,11].

Antibiotic resistance has become a serious risk to public
health. Patients in more than 70% of hospital acquire bacterial
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infections, which are resistant to one or more of the traditional
antibiotics [12]. The mono and divalent network-modifier ions
(e.g., Li*, Na*, Ca* or Mg*™) in the glass involve in ion-
exchange process called electrochemical method. Alkali ions
leaching increases from lithium to potassium and incorporation
of alkaline earth ions (Ca**, Mg**) and Zn**ions in glass system
reduces the probability of chemical etching. Certain hydrogen-
bearing species, such as H", H;0*, molecular water (OH") or
even larger aggregates of the simulated body fluid (SBF) solution
are responsible for charge compensation mechanism. Faster
healing of wounds is achieved by the release of trace elements
such as boron, zinc, silicone, calcium, magnesium, copper, iron
and manganese from a bioactive glass [13].

Incorporation of silver, cerium, copper, strontium and zinc
ions in glass matrix stimulate antibacterial effects [14-17].
Antibacterial properties of borate ions against Gram-positive
and Gram-negative bacterial species make B,Os glasses as a
reliable biological and optical glass-forming oxides [18,19].
There is almost no cytotoxicity or inflammation of boron cont-
aining bioactive glasses in vivo. Calcium, sodium and lithium
oxides were integrated in borosilicate glasses individually.
However Li* ions have been discovered to be great glass modi-
fiers in the non-bridging oxygen locations within borosilicate
constructions [20].

Magnesium plays a crucial role in the development, repair
and maintenance of human bones by augmenting the prolife-
ration of osteoblasts [21] and facilitates more than three hundred
chemical reactions in the human body, the most significant of
which is calcium transport control [22,23]. Magnesium and
calcium oxides in contrast, function as network modifiers in a
silicate glass system, replacing CaO with MgO slowly [24-26].

Lithium is more stable and reactive and is therefore used
in several biological processes. The introduction of Li,O to the
borate glass network moves several boron atoms from triangle
BO:s to tetrahedral BO, units and adds extra oxygen atoms to
the network [27]. Higher bioactive response was demonstrated
by lithium-containing bioactive glass samples, points out that
the apatite formation is developed by the lithium content [28].
The inclusion of lithium oxide in silicate glasses produces non-
bridging oxygen (NBO) and several other structural units of
silicate within the glass network [29]. Presence of the OH group
shows absorption band at about 3426 cm™ and organic subs-
tances peak based about 2963 cm™ in the glasses prepared [30].
Formation of non-bridging oxygen, when boric acid is mixed
with glass modifiers such as Li,CO; or other alkali oxides rearr-
anges the internal structure of the glass network [31,32]. Lithium
oxide and sodium oxide improve the glass forming ability by
increasing oxygen-free bonds leading to decrease of chemical
durability and enriching biodegradability.

Like copper, zinc is an important trace mineral well meta-
bolized by humans and exhibits antifungal characteristics. ZnO
along with borate glass systems become exceptional materials
and attracts attention for many applications. ZnO acts as a
network former or modifier. It breaks B—-O-B bonds while
acting as a network modifier and contributes to the creation of
non-bridging oxygen (NBO) ions along with the defects known
as strained bonds. ZnO, however, forms the glass network

through functional units of ZnO,, where zinc ions are bonded
covalently to four oxygen ions [33-36].

Motivated by these predictions, the present study is aimed
to study the influence of some modifier oxides viz., CaO, MgO,
Li,O and ZnO on the bioactivity of sodium borosilicate glass
containing small amount of copper oxide.

EXPERIMENTAL

Small amount of copper oxide was doped to sodium boro-
silicate glass samples and the effect of modifier oxides, viz.,
Li,O, MgO, CaO and ZnO were studied. Table-1 shows the
chemical compositions (mol%) used for preparation of glasses.
The chemical compounds are mechanically mixed and melted
in the temperature range 900-950 °C for 0.5 h in silica crucibles.
Other details of the methods adopted for the synthesis of the
glass are described previously [37]. The descriptions of the
methods adopted and the instruments used for certain measure-
ments (namely, OA spectra and IR spectra) are also mentioned
in earlier reports [38,39].

TABLE-1
CHEMICAL COMPOSITION OF THE GLASSES (mol%)
Sample . Modifier oxides
b B0 S0 NaO O (Li,O/MgO/Ca0/ZnO)
LD 545 5 20 05 20
MgD 545 5 20 05 20
D 545 5 20 05 20
7D 545 5 20 05 20

To evaluate, the chemical durability of the samples in
simulated body fluid (SBF) solution, weight loss was measured
by immersing them in this fluid for different intervals of time.
Such measurements were performed by maintaining the ratio
of surface area of the sample/volume of the solution as 1:10.
The samples were soaked in SBF solution contained in a closed
polyethylene bottle and was placed in an incubator at 37 °C.
Interfacial technique (potentiometer) was used by the specific
electrodes to determine pH and to track the abundance of ions
in the residual solution. The pH value of the leftover physio-
logical fluid was also measured at the periodical intervals.

The SBF solution was prepared according to Kokubo’s
formula [40] and used to evaluate in vitro bioactivity of the
samples in the present study. Description of the concentrations
of the different constituents used to prepare the SBF are shown
in Table-2. Bioactivity performance of the samples was
evaluated by measuring the quantity of apatite deposition when
soaked in SBF solution. In the present study, the specimens
were completely immersed in SBF solution (at 37 °C) for a
period of 30 days. The quantity of hydroxyapatite (HAp) layer
deposited on the surface of the samples was evaluated at
different time intervals by measuring variations in the weight
of samples and the pH of the residual solution. It may be noted
that throughout the study period there was no exchange of the
solution. The SEM images of the samples were recorded using
Carl Zeiss EVO-MA 15 scanning electron microscope. X-ray
diffraction analysis was performed on a PANalytical X pert
Powder X-ray diffractometer).
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TABLE-2
CONCENTRATIONS OF IONS IN HUMAN BLOOD
PLASMA AND SIMULATED BODY FLUID

Human blood plasma  Simulated body fluid

Tons

(mM/L) (c-SBF) (mM/L)
Na* 142 142
K* 5 5
Mg 15 L5
Ca 2.5 2.5
cr 103 147.8
HCO; 27 42
X 1 1
Neks 0.5 0.5
RESULTS AND DISCUSSION

UV-visible studies: Strength of the internal augmentation
between various structural units in the glass network is reflected
by the value of optical band gap. Optical absorption spectra
exhibited lowest cut-off wavelength for ZnO mixed glasses,
among the four glasses studied (Fig. 1). Additionally, the spectra
of all the glasses exhibited a broad absorption band in the
spectral region 600-800 nm region. This band is identified
due to *B;—"Ba, octahedral transition of Cu® ions. This band
is found to be more intense in the spectrum of Li,O mixed
glasses and the lowest in the spectrum of ZnO mixed glasses.
In addition, the spectra of all the glasses have exhibited a weak
kink at about 385 nm due to charge transfer from Cu** ions to
Cu* ions (3d"® —3d’4s"). It may be noted here that inspite of
the fact, that this transition is spin forbidden, the low symmetry
of local electric field in the vicinity of cupric ions makes it
possible [41,42]. Moreover, it appears that this band is more
intense in the spectrum of ZnO mixed glasses and feeble in
the spectrum of Li,O mixed glasses suggesting more concen-
tration of Cu** ions were reduced into Cu* ions in ZnO mixed
glasses. In Li,O mixed glasses, by and large the copper ions
exist in divalent state. The spectra further indicate a gradual
reduction of Cu®* ions takes place as modifier LiO is succe-
ssively replaced by MgO, CaO and ZnO. Further, the colour
of the glasses mixed with Li,O was observed to be thick blue
while ZnO mixed glasses exhibited a slight green tinge. This
observation supports, our argument that copper ions predomin-

3d"°—3d’°4s’

Absorption coefficient (Arb) Units)

300 400 500 600 700 800
Wavelength (nm)

Fig. 1. Optical absorption plots for B,Os—SiO,~Na,O—CuO:MO glasses

antly exist in divalent state in Li,O mixed glasses and there is
a possibility for the existence for a small fraction of these ions
in monovalent state in ZnO mixed glasses.

A decrease in the magnitude of optical bands indicates
less compactness in the glass network leading to the production
of non-bridging oxygen (NBOs) that affects the absorption
edge. Table-3 shows the values of energy band gap E, and
absorption edges for the glasses under investigation.

TABLE-3
OPTICAL ABSORPTION DATA OF
GLASSES B,0,-Si0,-Na,0-CuO: MO GLASSES

Glass Optical band gap E, (eV) Cut-off wavelength (nm)
LiD 2.61 322
MgD 2.72 317
CaD 2.83 308
ZnD 297 302

Colour of the glass is an indicator of the ionic environment
of the metal ion. The glasses prepared for the present study
were blue in colour and formed due to the oxidation states (loss
of electrons) of copper ions in Cu** (3d’, *Ds;; ground state
and spin S = Y2). To be specific, three bands corresponding to
the transitions are predicted for copper ions; *B,—>’A g,
’B1;—>"Ba, and *B,—2E,. The OA spectra of CuO doped Li,O,
MgO, CaO and ZnO mixed glasses have exhibited the bands
at 385 and 700 nm in the samples of different modifier oxides
(Fig. 1). The broad band observed at about 700 nm is due to
’B1,—’Ba, transition of Cu* ions situated in tetragonally
distorted octahedral sites; this band is found to be more intense
in the spectrum of Li,O mixed glass. The kink observed at low
wavelength side is due to the 3d" transition of Cu* ions. UV-
visible spectra of electronic excitation states not only provide
the information on valence states of dopant transition metal
ions but also give the information on optical band gap E, of
glasses. The value of E, can be evaluated by drawing Tauc plots
between (othv)"? vs. hv and by extrapolation of linear portions
curves to the hv axis at (othv)"*as shown in Fig. 2.

LiD

MgD
CaD
ZnD

—1,1/2
)

)"2 (eVcm

(ohv

23 25 27 29 31 33 35 37 39
hv (eV)
Fig. 2. Tauc plots for evaluating optical band gap of B,O3;-SiO,—Na,O-
CuO:MO glasses

1.9 21

Among different glasses, the glass mixed with 20% Li,O
boro silicate doped glass system exhibited the lowest optical
band gap due to formation of NBOs [43]. As the concentration
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of non-bridging oxygens increases, the network bonds become
weaker and the absorption edge shifts toward longer wave-
length. Fig. 3 shows a considerable increase in E, for all glasses
under study after immersion in SBF with respect to those of
pre-immersed samples and are responsible for some structural
changes on glass surfaces. A decrease in the optical band gap
from2.97t0 2.61 eV observed due to the successive replacement
of modifier oxide ZnO by CaO, MgO and Li,O in CuO doped
soda borosilicate glass system suggests higher degree of disorder
in Li,O mixed glass (Table-4). A change in the band gap value
due to immersion is found to be the highest for the glass LiD.

3.1 ¢

# Before
1 After

28

E, (V)

2.5

22 . -
LiD MgD CaD ZnD
Sample code
Fig. 3. The optical band gap of B,03;-Si0,—Na,0-CuO:MO glasses before
and after immersion in SBF for 30 days

TABLE-4
VARIATIONS OF BAND GAPS OF PRE-SOAKED
AND POST-SOAKED SAMPLES IN SBF

Sample E, before immersion (¢V) E, after immersion (eV)
LiD 2.61 2.74
MgD 2.72 2.80
CaD 2.83 291
ZnD 2.97 3.01

FTIR studies: The infrared spectra of the glasses can be
recorded directly in absorption/transmitted/reflected modes.
In present study, we have adopted transmission mode. The
impact of addition of modifier oxide on the structure of the
borate network could be well understood from the fingerprint
region (1600-500 cm™) where in vibrations of the boron oxygen
units are active. IR spectrum of B,O;containing glass in general
consist three distinct active regions namely (i) symmetric stret-
ching vibrations in the range 1200-800 cm™ are due to tetra-
hedral borate (BO,) units such as diborate, triborate, tetraborate
and pentaborate; (ii) B-O stretching vibrations in the range
1600-1200 cm™ due to trigonal borate (BO;) units such as meta-
borate chains and rings, pyroborate and orthoborate and (iii)

vibrations of B-O-B linkage in borate networks around 700
cm’'. The details of other various IR band positions in the studied
glasses are presented in Table-5. Fig. 4 represents the transmi-
ttance spectra of the glass system B,03-Si0,-Na,O-CuO:MO
recorded before immersion in SBF solution.
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o = > SmE
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Fig. 4. FTIR spectra of glasses B,05—Si0,—Na,O—CuO:MO before immersion
in SBF solution. (The spectra are Y-shifted for the sake of clarity)

Fig. 5 presents the FTIR spectra of samples soaked in SBF
solution for 30 days. The spectra of all the glasses revealed the
vibrational bands phosphate and carbonate structural groups.
IR spectra of Li,O mixed glass before and after immersion
along with the standard spectrum of hydroxy-apatite (HAp)
layer is shown in Fig. 6. PO, groups show a sharp band at
430 cm™ and are associated with the v, double degenerated
bending mode. The bands at 505 and 603 cm™ are the charac-
teristic of v,of P-O-P bending and stretching vibration modes.
Further, the superimposed band found at 1020 cm™ is linked
to the v; vibration mode of the functional group Si—O-Si asym-
metry/BO./PO,* units. The bands in the region 1500 and 1400
cm are due to the asymmetric stretching vibrations of carbonate
group (CO;%). The band around 1640 cm™ is correlated to the
H-O-H stretching, the broad bands at about 2890, 3450 cm’
are linked to different modes of water band, O-H stretching
or silanol groups. These specific peaks ascertain the existence
of a crystalline process credited to apatite.

Weight loss studies: Weight loss of the glass samples
shown in Fig. 7a reveals the chemical durability, a rise in the
percentage of weight loss in lithium glass is observed. This
change in weight loss is due to the transfer of the ions between
the glass sample and the solution; such transfer of ions causes
a change in the pH value of the residual solution yielding new
stable phases. The weight loss of the studied glass samples
exhibited the follows the trend LiD > MgD > CaD > ZnD.

TABLE-5
OBSERVED FTIR PEAKS AND THEIR ASSIGNMENT

Peak position (cm™)

Assignment

B-O-B bending 700-690
3-fold coordination

BO, stretching 900-850

BO; stretching 1250 and 1460-1400

690 Si—O-B linkage

Oxygen bridges between borons with 3- to 4-fold coordination or oxygen bridges between two borons with

tri-, penta- and diborate groups vibrations
B-O bond stretching of trigonal units
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Fig. 5. FTIR transmission spectra of B,O3;—Si0,—~Na,0—-CuO:MO glasses
soaked in SBF solution for 30 days
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Fig. 6. Comparative FTIR spectra showing variations in LiD mixed B,Os—
Si0,—-Na,0-CuO:MO glass (a) HA reference (b) after 30 days of
immersion (c) before immersion

Weight loss (%)
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Time (h)

Fig. 7a. Percentage of weight loss vs. dissolution time of B,Os—Si0,—Na,O—
CuO: MO glasses during degradation in SBF solution at 37 °C

Glass samples containing lithium oxide exhibited a higher
bioactive reaction than other samples. Higher charge intensity
of the Li* ions seem to support the full breakup of the borate

network into isolated groups and facilitate the formation of
apatite structure. Biological apatite constitutes the inorganic
mineral phase; in normal calcified tissues the phase consists
of carbonated hydroxyapatite (Ca;o(PO4)s(OH),:HA). It is the
primary structural component of bones and teeth and used as
amedical compound for the prevention and treatment of osteo-
porosis. As its formula suggests, it consists of carbonates of
Ca® ions surrounded by phosphates PO,* and hydroxides OH",
which are usually insoluble in solution. The apatite may also
be represented as Cas(PO.);X, where X = OH", F-or CI” (hydro-
xylapatite, fluorapatite and chlorapatite) which are bone mineral
crystals and actively communicate with body fluids through
the apatite channel.

pH effect: The observed high pH value of the residual SBF
(in which CuO-Li,0 glass is immersed) is due to the breaking
up of bridging oxygen bonds because of intensive reaction. It
forms non-bridging oxygens, which disrupts networks of the
glass. The high polarizing nature of non-bridging oxygens
decreases the optical transmission in the UV range. Na* ions
are more easily leached out as Na-O bonds are weaker than
B-O bonds due to intense ionic character than Na* ions under
chemical attack. Glass composition and the time of chemical
attack are the other significant factors that have to be consi-
dered in addition to the influence of the pH on the chemical
durability of glasses.

The pH triggering is another appropriate method for
crafting smart bioactive surfaces. Fig. 7b shows the pH shift
after sampling in SBF over different periods of time. A pH
change may affect the ability of the cells to adhere on the
surface. The pH values of SBF solution measured after 24, 72 h
(and an interval of every 72 h thereafter) are found to rise sharply
during first three days. It was also observed that Li,O and MgO
added glasses, the pH rises from 7.4 to 8.87 and 7.4 to 8.2,
respectively, after the immersion for 3 days. After this period,
the pH increases slowly and becomes almost constant as it
tended to day 30. Apatite-forming ability and bioactivity is
better for Li,O added glasses when compared to that of other
glasses; this could be justified from the maximum pH of 9 after
30 days of soaking in SBF solution [44,45]. The SEM and XRD
studies also supported this observation.

951
LiD

T MgD
ksl CaD
Q
=
8 ZnD

7.0 . . . ,

0 200 400 600 800

Time (h)
Fig. 7b. Variation of pH of SBF solution measured on various time intervals
for the B,O5—Si0,—Na,0-CuO:MO glasses during immersion
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In addition, the pH values of CaO doped glasses are lower
compared to Li,O and MgO, indicating a lower rate of disso-
lution. Among all the glasses, ZnO additive glasses shows highest
durability. The pH values of the residual SBF followed the
tendency pHyi,o> pHwmgeo > pHcao > pHzno.

XRD studies: Fig. 8 displays the variations in the XRD
patterns of four typical glass samples. The diffractograms exhi-
bited the diffraction peaks at 26 = 18.43°, 31.82°, 34.15° and
46.57° due to the reflections from different planes of crystalline
the HAp (JCPDS No. 09-432). The progressive development
of diffraction peaks assigned to hydroxyapatite after 30 days
of immersion in SBF indicates a steady increase in the hydroxy-
apatite crystal phase. In addition, most intense diffraction peaks
due to due HAp are observed in the diffractogram of Li,O
additive glasses. In the diffractogram of MgO added glasses
exhibited only two peaks at 20 = 31.82° and 46.57°. The diffra-
ctograms have further revealed the presence of minimal quantity
of hydroxyapatite in ZnO and CaO doped glasses after immer-
sion in SBF.

—
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Fig. 8. XRD patterns of B,03;—Si0,—-Na,0-CuO:MO glass samples after
immersion in SBF for 30 days

The intensity of X-ray diffraction peak related to crystalline
HA is found to the highest for LiD glass, whereas it is found
to be the lowest in the diffractogram of ZnD glass. The addition
of ZnO increases the overall network connectivity; this oxide
participates in the glass network with ZnOj, tetrahedral and
thereby increase the resistance of the glass network against
degradation. An increase in the number of topological restri-
ctions in the glass system has shown to improve the chemical
resilience of oxide glass by growing the glass network’s tolerance
to hydrolysis reactions. Zn>* ions improve mechanical strength
and chemical resistivity through the formation of tetrahedral
coordination [46]. Tetrahedral ions are involved in the formation
of the network and make the network of glass more rigid.

Surface morphology: Fig. 9 gives the surface morphology
of soda borosilicate glasses added with different modifier oxides
(Li,0O, MgO, CaO and ZnO) after soaking in SBF solution. A
significant change in the mineral deposition on CuO containing
sodium borosilicate bioglass samples was observed with the
addition of fixed quantity (20 mol%) of various modifier oxides.
The glass surfaces are clearly covered with the circular shaped
flake-like apatite microcrystals. Out of four modifier oxides

Li,O shows high surface reactivity (HAp layer formation ability)
than MgO, CaO and ZnO. Moreover, it is clearly visualized
from the SEM micrographs that the flake-like structure decre-
ases from LiD to ZnD, which is mainly due to decrease in degra-
dation behaviour of the glasses in SBF. The XRD, FTIR, pH
and weight loss results endorsed this inference.

EDS studies: Fig. 10 shows the energy dispersive spectra
(EDS) of glass samples under study; the spectra indicated the
stoichiometric proportion of all the elements present in the
glass samples along with the Ca, K and P. This is an indication
of the formation HAp layer over the glass samples after incu-
bation of glasses in SBF for 30 days. Moreover, it is clearly
observed from the EDS spectra that the peak intensities of
calcium and phosphate are more in LiD than ZnD glass system.

Favourable energy environments such as Li*, Na* attrac-
tions or ionic bonds with non-bridging oxygen (NBO) sites,
which are weaker than covalent oxygen bridge bonds (BO)
facilitate the diffusion of H* cations through the glass matrix.
Exchange of Li*, Na* and Ca® ions from the bioactive glass
with H"/H;0" ions in the SBF solution is responsible for the
increase of pH value. Presence of water bands in IR spectra
that results after SBF immersion validates the cycle of ion
interaction between the SBF solution and the glass surface.
Existence of additive lithium oxide in the glass system speeds
up the release of Li"and Na*ions from the specimen surface
to the SBF solution and enhances its pH value.

Apatite layer formation is evident from the highest disso-
lution of Li,O additive glass system after immersion compared
to all the other glasses and the simultaneous appearance of
carbonate, phosphate bands and decrease in BO; strength in
IR spectral results. Glasses with a high dissolution degree are
expected to have good antibacterial effects. Study of change
in weight loss of samples is an easy method of measuring glass
dissolution. Higher the glass dissolution tendency, higher the
rise in local pH and alkali ion concentrations in the solution
provides a stronger antibacterial effect to the glass, thus making
dissolution mechanism study as essential tool to assess antibac-
terial effects of the glass. Consistent breakdown of the glass
in the SBF solution could be seen from the curves of weight
loss.

Optical studies: The optical absorption spectra indicated
the presence of copper ions in Cu** and Cu* valence states in
the glass matrix. The Cu®* ions occupy octahedral positions
and act as modifiers, whereas Cu* ions occupy tetrahedral posi-
tions in the glass network [47,48]. The optical absorption
spectrum shows the highest fraction of Cu®* ions that occupy
octahedral positions in LiD glass compared to other three
glasses, The Cu* ions and tetrahedral ZnO, units in ZnD glass
form linkages with BO, structural units. The IR spectral studies
have clearly suggested the increase in the degree of internal
augmentation between various structural units as the modifier
Li,O is successively replaced by other modifier oxides, viz. MgO,
CaO and ZnO.

Degradation studies: Lower degradability of glasses in
ZnO doped glasses is observed with higher concentration of
Cu" ions. This may be the reason for the formation of lower
HAp layer content on the surface of ZnD glass when compared
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with LiD. Similarly, the lower solubility of the glass is observed
in CaO added glass due to the high field strength that stren-
gthens vibration binding function. These results are fully in
line with the results of weight loss and pH studies.

The dissolution of borate glasses takes place through the
breakdown of the borate network where hydrolysis of B-O-B
bonds is the predominant mode. Tetrahedral borate units convert
back to trigonal borate groups for even higher oxide additions

¢ - L 2 um

Fig. 9. SEM micrographs of B,05-Si0,-Na,0-CuO:MO glasses after immersion in SBF solution for 30 days: (a) LiD (b) MgD (c) CaD (d)

keV
Fig. 10. Energy dispersive spectra (EDS) of glasses recorded after immersion in SBF for about 30 days: (a) LiD and (b) ZnD

and the network becomes more depolymerized as the number
of NBO ions increases. The smallest size of alkali ion with its
high charge density has favoured the complete de-augmen-
tation of the borate network into isolated meta, pyro, ortho-
borate (BO3)* type units [49]. The reactions that take place
upon immersion in SBF solution, favour the formation of the
hydroxyl carbonate apatite like layer on the surface of all samples
and make them promising candidates for biomedical applications.
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Conclusion

Analysis of the results of degradation studies showed that
Li,0 has a slightly stronger impact in the rise of pH in equal
amounts of CaO, MgO and ZnO replacement. The optical absor-
ption studies showed the presence of Cu* and Cu** ions concur-
rently in samples. The remarkable difference in band gap energy
is more in Li,O glass system indicates an increase in the concen-
tration of non-bridging oxygen (NBO) ions in the glass network
leading to increased bioactivity of the material. The analysis
of the results show that Li,O is the efficient modifier to boost
the bioactive properties of the glass with 0.5 mol% of CuO.
The spectral analysis of XRD, SEM and IR results on the post-
immersed specimens clearly showed the presence of crystalline
hydroxyapatite (HAp) coating on the glass sample sheet. The
quantum of the HAp coating relies heavily on the modifier in
the glass matrix. The results also revealed that the replacement
of 20 mol% modifier oxides i.e. the alkali, alkaline earth oxide
and transition metal oxide in glass matrix causes inhibition of
bioactivity in the following order Li,O < MgO < CaO < ZnO,
respectively. Hence, the Li,O mixed glasses seems to be more
suitable as an antibacterial CuO doped bioactive glass.
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