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Abstract

In recent times, the global demand for multi-biofunctional tissue scaffolds is rising gradually. The present study deals with
the development of multifunctional biodegradable nanocomposites obtained by reinforcing PCL with silver—graphene oxide
(Ag—GO) nanohybrid with promising optical, mechanical and antibacterial attributes along with better biomineralization.
Herein, we proposed a facile and effectual methodology to embed AgNPs over GO sheets via modified Hummer’s and in-situ
approaches, without causing any reduction in the functional groups of GO. The attachment of AgNPs on the GO surface
was validated using XRD, FTIR, XPS, Raman and EDAX analyses. The uniform deposition of spherical AgNPs throughout
the graphene surface was ascertained by the SEM and TEM imaging techniques. Additionally, the optical aspects of the
as-prepared Ag—GO nanohybrid were investigated by UV—Vis and PL analyses, where the nanohybrid displayed enhanced
photoluminescence which could be attributed to the synergetic effect of the surface plasmon resonance of Ag nanoparticles
and the intrinsic luminescence of GO. Then, the incorporation of these nanoparticles into the PCL matrix considerably
enhanced the luminescent nature, mechanical strength and surface wettability of the nanocomposite. The PCL/GO-Ag
nanocomposites also displayed an excellent antibacterial efficiency towards S. aureus and E. coli, when compared to that of
the pure PCL and PCL/GO films, because of the combined effect of bacterial membrane puncturing by GO and the release of
silver ions. Further, a significant degradation rate was noted for PCL/GO-Ag nanocomposites with better biomineralization.
So, Ag—GO nanohybrid act as a potent nanofiller for making a multifunctional nanocomposite with luminescence, better
hydrophilicity, improved mechanical strength, high antibacterial property and effectual bioactivity which aids in developing
a versatile tool for applications in biomedical field.
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1 Introduction

Multifunctional biomaterials are said to be a rising exi-
gency for the betterment of the biomedical field globally.
For instance, they are employed in say drug or gene deliv-
ery, biological sensing, tissue engineering and molecular
imaging [1-5]. An extensive range of synthetic and natural
polymers are utilized as biomaterials [6]. While the benign
nature of these polymers makes them suitable for the bio-
logical platform, the absence of specific physical character-
istics tends to diminish the response to biological systems.
Such polymers are liable towards bacterial growth and sub-
sequent infection, which might engender malfunctioning of
implantable devices. Various kinds of antibiotics and drugs
are introduced to these materials to ward-off these implant-
related complications. Nevertheless, most of the drugs are
exorbitant and possess serious after-effects [7]. Therefore,
incorporating nanoparticles into the polymer matrix offers
a strategy to augment the preferred. Since, a tremendous
demand was found for nanomaterials because of their large
surface to volume ratio on account of its nano-sized dimen-
sions [8—12] as well as their feasibility in interacting with
live cells. Recent research focuses on tailoring one or more
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suchlike nanoparticles which could acquire distinguished
properties [13—18]. The advent of nanohybrids have enabled
appealing and innovative methods of developing multifunc-
tional nanocomposites [19-22].

Amongst numerous biodegradable polymers, Polycapro-
lactone (PCL) is well-known for its conspicuous properties
like non-toxicity, good in vivo bioresorbability, outstanding
biocompatibility, excellent spinnability and biodegradation
without toxic end-products [23-25]. Therefore, PCL is befit
for the preparation of biodegradable scaffolds as well as for
the implants used for the resorbable rupture fixing. Never-
theless, the ductile PCL is habitually prone to bacterial foul-
ing, owing to its weak inherent antibacterial efficiency, and
also its poor mechanical strength impede their application
in biomedical domain [26]. In consequence, diverse tech-
niques including amalgamation of two or more biopolymers
[27], surface functionalization [28] and inclusion of nano-
fillers [29], are being established for enhancing the polymer
characteristics. Among these techniques, PCL incorporated
with assorted fillers are being explored for improvising their
characteristics, in order to develop multifunctional biode-
gradable nanocomposites. In the study by Nirmala et al.,
silver loaded hydroxyapatite was added into PCL matrix
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which exhibited excellent cell adhesion and proliferation,
and also noticeable mechanical and thermal behaviour [30,
31]. Likewise, Santis et al. incorporated iron/hydroxyapatite
nanoparticles into PCL system and a notable enhancement
was observed in their biological, magnetic and mechanical
behaviours. Improved cell adhesion and mineralization over
the iron/hydroxyapatite doped PCL matrix was ascertained
via in vivo and in vitro methods, which could be ascribed
to the synergistic action of iron/hydroxyapatite nanohybrid
[32].

Recently, metal oxide and metal adorned graphene oxide
(GO) nanoparticles are finding wide range of applications
in biological systems [33-35]. The arising attention toward
these nanohybrids come about due to the synergistic action
of the elemental nanoparticles, which bring about excep-
tional characteristics in them. GO holds admirable physi-
cal and biological behaviour, as well as particularly larger
surface area [36-38]. Li et al. proposed GO incorporated
hydroxyapatite as a biomimetic nanohybrid with exceptional
mechanical strength as well as improved biocompatibility
[39]. When GO is incorporated into PCL framework, the
biophysical properties such as mechanical strength, hydro-
philicity and antibacterial efficacy, are said to amplify at
minimal concentrations [40, 41]. Mechanically enriched
nanocomposite could be exploited for applications like
the development of artificial bone grafts. Additionally, the
antibacterial activity of GO-based nanoparticles have been
studied, which could be ascribed to the mechanisms of either
puncturing the bacterial cell membrane or by generating
ROS [42, 43]. Yet, antibacterial agents are often made use
of, to uplift the nominal intrinsic antimicrobial property of
GO [44].

Metal nanoparticles act as a prominent factor in inhibit-
ing the infection caused by the bacterial growth, on account
of their size and shape-related properties and also its larger
surface area [45, 46]. Among them, Silver nanoparticles
(AgNPs) exhibit excellent antibacterial activity without the
release of toxic biocides, and as a result, AgNPs are counted
as environment-friendly and non-toxic materials for biomedi-
cal applications [47-49]. The promising antibacterial and
antioxidant performances along with the cytotoxicity against
HepG?2 cell lines of AgNPs were investigated by Das et al., and
validated the vital role of AgNPs in biological system [50].
The self-luminescence and antibacterial property of AgNPs
makes it a potential candidate which can be used as antibacte-
rial agents, and also for imaging and tracking. As it is a dif-
ficult task to disperse AgNPs in the PCL matrix, it is vital to
use surfactants in order to minimalize its aggregation. This
surface functionalization is capable of hindering the Ag* ion
release and also exhibit cytotoxicity [7]. Recent studies show
that silver decorated GO proffers many exciting characteristics.
For instance, silver nanoparticles tend to prevent restacking
and aggregation between graphene sheets. Also, the sheets of
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graphene perform as an authentication for the stabilization of
silver nanoparticles, inhibiting the aggregation and promoting
dispersivity [51]. In a work by Shao et al., the decoration of
silver NPs on GO showed an enhancement in the antibacterial
activity of Ag—GO when compared to Ag and GO nanoparti-
cles individually [52]. In another work by Javad et al., AgNPs
were ornamented over the GO sheets, and it exhibited excellent
mechanical and antibacterial properties due to the synergistic
actions of GO and AgNPs [53]. While extensive studies have
been done on the suspension of Ag—GO nanoparticles, their
practicality in the construction of polymer nanocomposite is
not completely investigated, especially on PCL matrix. So far,
only very few works have been done based on PCL nanocom-
posites incorporated with graphene-Ag nanohybrid [51, 54,
55]. Kumar et al. utilized PCL/rGO-Ag nanocomposite for
tissue engineering applications [51] and also, Pan et al. devel-
oped an antibacterial polymeric mat comprising of PCL, rGO
and AgNPs against S. aureus and E. coli [55]. The bioactivity
and mechanical performance of GO, when compared to that of
rGO, is quite commendable in PCL matrix. In the work done
by Kumar et al., GO imparts an increment in the strength and
modulus as well as enhanced surface wettability rather than
rGO, when incorporated into PCL system [56]. Shahmoradi
et al. introduced GO/Ag/Arginine nanoparticle system into
PCL matrix which exhibited significant angiogenesis along
with antibacterial activity for wound healing applications [54].
So, extensive studies on the feasibility of Ag—GO in polymer
nanocomposites for bone tissue engineering applications are
required along with that of rGO-Ag, since the presence of
immense functional moieties in GO benefits in the augmenta-
tion of its bioactivity.

Based on the above mentioned points, we centered our
work on the utilization of Ag—GO nanohybrid for the fab-
rication of polymer-based nanocomposites with improved
nanoparticle dispersivity. In our work, we present a facile
and effectual method for anchoring AgNPs over GO sur-
face, where GO was synthesized by the modified Hummer’s
technique and AgNPs were embedded over GO via in-situ
growth technique, without causing any reduction in the
functional groups of GO. In addition, PCL was employed
as a platform for the synthesis of nanoparticle incorporated
composites. The physicochemical and biological properties
of various nanocomposites were investigated to validate the
distinctive aspects of our nanohybrid, which is capable of
imparting multifunctional attributes to the polymer matrix.

2 Materials and Methods
2.1 Materials

Graphite flakes (99% purity, Superior Company), potas-
sium permanganate (KMnO,, >99%, Sigma Aldrich),
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sulphuric acid (H,SO,4, 98%, Sigma Aldrich), orthophos-
phoric acid (H;PO,, 99.99%, Sigma Aldrich), hydrochloric
acid (HC1, ACS reagent, 37%, Sigma Aldrich), hydrogen
peroxide (H,0,, 35 wt%, Sigma Aldrich), silver nitrate
(AgNO;, 99.0%, ACS reagent, Sigma Aldrich), NaOH
pellets (99.99%, Sigma Aldrich), Polycaprolactone (PCL;
M, = 80,000 gmol_l, Sigma Aldrich), Tetrahydrofuran
(THF, 99.9%, Sigma Aldrich) and Phosphate Buffered
Saline solution (PBS, pH = 7.4, SRL) were procured and
used without any additional purification. Deionized (Mil-
lipore) water was used for all the experiments.

2.2 GO Synthesis by Chemical Oxidation Method

The synthesis of nanolayer of GO was carried out via a mod-
ified Hummer’s method using graphite flakes [56, 57]. In
brief, a mixture of sulphuric acid and orthophosphoric acid
(55:7) was taken in a 1 L beaker and graphite (1 g) powder
was added slowly into it. Subsequently, 5.6 g of KMnO,,
as an oxidizing agent, was added sluggishly to increase the
oxidation rate. The resultant mixture was stirred using a
magnetic stir bar under constant speed (400 rpm) for 72 h at
room temperature, for the oxidization of the graphite flakes.
Further, to stop the oxidation, H,0, solution was added drop
wise until the color changed from brownish-black to a yel-
lowish solution. The resulting solution was then subjected
to a cleaning process in which 1 M HCI and distilled water
were used alternatively. After centrifuging the solution at
5000 rpm for 30 min and drying at 40 °C under vacuum
condition for 3 days, the GO particles were collected from
the solution.
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2.3 Synthesis of Silver Decorated GO

Initially, 2.5 mg ml~!' of GO was disseminated in de-ion-
ized water using an ultra-bath sonicator, for 2 h followed
by probe-sonication procedure was carried out for 1 h in an
ice-bath (4 °C) to make a uniform dispersion. The result-
ant GO stock solution was maintained at 4 °C until further
use for experiments. Silver decorated GO was synthesized
in a one-step reaction via reducing AgNO; in GO disper-
sion. From the stock solution, 50 ml GO was added into a
100 ml three-neck flask and was kept for boiling condition.
The temperature was allowed to reach at 80 °C and, a suit-
able amount of AgNOj; solution (5§ wt%, 3 wt%, 1 wt%) was
slowly added to the mixture under an inert atmosphere using
argon gas. After continuous stirring for 3 h, NaOH solu-
tion was rapidly added into the mixture and it was boiled
again for 3 h. Finally, Ag-GO nanoparticles were centri-
fuged at 30,000 rpm for 45 min and dried at 60 °C under
vacuum condition for 15 h to obtain GO-5Ag, GO-3Ag and
GO-1Ag.

2.4 Synthesis of PCL/GO-Ag Nanocomposites

Pure and nanoparticle incorporated PCL films were pre-
pared by the solvent casting method (Fig. 1) and Table 1
enlists the acronyms of the samples and their correspond-
ing compositions. Firstly, pure GO, GO-1Ag, GO-3Ag
and GO-5Ag were dispersed separately, in THF using
magnetic stirrer for 24 h. Later, PCL beads (0.1 g ml™!)
were added into the nanoparticle dispersions and again
stirred for 24 h, for obtaining homogeneous solution. The
concentration of GO, GO-1Ag, GO-3Ag and GO-5Ag

Ag-GO
Nanohybrid

PCL/GO-Ag
solution

Solvent

ti :
evaporation Solvent Casting

Fig. 1 A schematic on preparation route of GO, Ag-GO nanohybrid and multifunctional PCL/GO-Ag nanocomposite
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Table1 The composition and nomenclature of the as-synthesized
polymer composites

Sample code Sample composition

PP Pure PCL
PGO GO incorporated PCL
PGA-1 1 wt% Ag doped GO in PCL

PGA-3
PGA-5

3 wt% Ag doped GO in PCL
5 wt% Ag doped GO in PCL

were taken to be 5% of PCL. And in the case of Ag—-GO
nanohybrid, the strategic weight percentages of the Ag
nanoparticles on GO were considered. So, surplus amount
of Ag—GO were taken when compared to pure GO, for
maintaining the same amount of GO in the polymer. The
resultant solutions were molded into polymer films (PGO,
PGA-1, PGA-3 and PGA-5) via solvent casting method
and the films were dried at room temperature. For the
preparation of pure PCL film (PP), the same procedure as
above was followed, without the addition of nanoparticles.
Figure 1 shows a schematic representation of the synthesis
of polymer nanocomposites and their application.

Thus, the synthesis of PCL/GO—-Ag nanocomposites
comprises two steps: first, the preparation of the Ag—-GO
nanohybrid and second, its incorporation into the PCL
matrix. In the Ag—-GO nanohybrid, the spectroscopic
results provide information on the formation of Ag’ NPs
and not the formation of Ag™ complexes with the GO. It
means that the AgNPs were physically adsorbed to the
GO sheets. It follows that the composite involves a simple
dipolar interaction and not covalent bonding. It can be per-
ceived that the AgNPs are distributed throughout the GO
layer as any aggregation in a confined area would lead to
a change of absorption wavelength by a significant extent
than the actual observed shift. Further information on the
contribution of various elements are provided in the dis-
cussion on XPS spectra. These AgNPs over the GO sheet
surface act as spacers which makes the adjacent GO sheets
separate and help in preventing restacking or aggregation
of the sheets [58]. As a result, well exfoliated GO sheets
with uniformly decorated AgNPs were obtained and were
used as effective nanofillers in the PCL system to enhance
the mechanical behaviour, surface wettability, antibacterial
efficacy and biomineralization of the polymer. The pres-
ence of oxygen rich functional groups improves the dis-
persivity of the exfoliated GO sheets adorned with metal-
lic AgNPs and results in its strong interaction with the
polymer, which results in the formation of PCL/GO-Ag
nanocomposite. Accordingly, the physical and biological
properties of the polymeric nanocomposites are enhanced.
Also, the wrinkled curves on the GO surface increased its
interlocking with the polymer matrix [59].
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2.5 Characterizations

The morphologies and elemental compositions of Ag—-GO
nanohybrids and PCL nanocomposites, were analyzed using
a scanning electron microscope (Jeol Japan-6390) along with
EDAX and HR-TEM (Jeol-2100+). The diffraction patterns
of GO, Ag—GO and PCL nanocomposites were detected
via automated X-ray diffractometer (XRD-6000 Shimadzu,
Japan), employing a CuKa monochromatic radiation with an
execution voltage of 40 kV, A=1.54056 A, 40 mA operat-
ing current, and a scanning rate of 5° min~!. The anchored
functional groups over GO and the as-synthesized Ag—GO
nanohybrid were examined by the Fourier-transform infra-
red spectroscopy (FTIR). The samples were combined with
KBr and then converted to pellets, and a spectrum between
500 and 4000 cm™! was noted using a Shimadzu prestige-21
FT-IR instrument. He-Ne laser with excitation wavelength
633 nm was used for Raman measurement. A JASCO V-770
spectrophotometer was used to record UV-Vis absorption
spectra in the range of 300-800 nm. The photoluminescence
spectra of Ag—GO nanohybrid and PCL nanocomposites
were determined using a Fluorolog, Horiba Jobin Yvon spec-
trophotometer, with a He-Cd laser source. The dispersibility
states of AgNPs, GO and Ag—GO nanohybrid were evalu-
ated in THF by ultra-sonicating it for 2 h, and the disper-
sions were kept unruffled for an hour at room temperature.
The hydrophilic behaviour of all PCL films were assessed
by automated contact angle goniometer (290-U1, RAME-
HART). Deionised water was utilized for the Sessile droplet
contact angle measurement, where the reported angles cover
the average of 10 individual measurements. The mechanical
attributes of the PCL nanocomposites were measured using
computerized universal testing machine (CUTM-50KN), in
consonance with the ASTM standards.

The method of immersion was followed in order to ana-
lyze the influence of the nanohybrid on the degradation rate
of casted PCL films. All the samples (in triplicates) were
submerged in 2 ml of phosphate buffer saline (PBS) solution
and incubated at room temperature for 6, 12, 18 and 24 days.
The films were taken out, dried in vaccum and weighed, on
the decided days. The reduction in the mass (in %) of differ-
ent polymer films was evaluated by the following equation:

. MO B Mt
Mass loss (in %) = ———— X 100 €))

M,
where, M, represents the initial mass of the film prior to
degradation in buffer and M, represents the mass of the
film at different times. The antibacterial activity of the PCL
nanocomposites were investigated against E. coli (gram-
negative) and S. aureus (gram-positive) through the disk-
diffusion assay. The experimental section involved two
distinct batches (n=3) for E. coli and S. aureus, and their
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average value was considered. For evaluating the extent of
biomineralization of the polymer films (PP, PGO, PGA-1,
PGA-3, PGA-5), they were soaked in SBF (simulated body
fluid) solution. After a period of 15 days, the samples were
vaccum dried and examined by SEM and EDAX analyses for
confirming the formation of apatite over its surfaces.

3 Results and Discussion

3.1 Characterization of Nanohybrid Materials

3.1.1 Morphological and Elemental Analyses

The surface morphology and compositional analysis of
GO and Ag decorated GO with different concentrations

of Ag are shown in Fig. 2. The SEM micrograph of GO
reveals the characteristic lamellar structures and the layered

.
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Fig.2 SEM micrographs of synthesized pure GO and Ag incorpo-
rated GO with different concentrations (arrows indicate Ag nano-
particles) and their corresponding EDAX analysis a GO, b GO-

morphology having curves and wrinkles. The exfoliated GO
sheets have coupled with each other, forming thick layers
owing to the presence of oxygen functional groups [60].
After decorating Ag over GO sheets, spherical shaped silver
nanoparticles homogenously deposited on the GO surface
were noticed and none of the particles were located beyond
the GO sheets. Here, the GO sheets act as both negatively
charged surface for arresting Ag" ions, as well as a sup-
porting platform for reducing Ag* ions to AgNPs [61].Fur-
thermore, the Ag nanoparticles perform as spacers which
make the adjacent GO sheets separate [62]. Besides, no vari-
ations were detected in the lamellar structure of hydrophilic
GO even after the silver attachment on to it. Also, the Ag
concentration affects the size and shape of silver nanoparti-
cles present in GO. At lower concentrations (GO-1Ag), the
detection of silver deposition on the GO sheet is difficult. As
the doping concentration increases (GO-3Ag, GO-5Ag), the
size of silver nanoparticles also increases and its deposition

1Ag, ¢ GO-3Ag, d GO-5Ag. e and f display the TEM micrographs
and SAED pattern (inset) of GO-5Ag
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Fig.3 a X- ray diffraction (XRD) patterns of pure graphite, graphene
oxide and Ag doped graphene oxide: (Graphite) commercially avail-
able graphite,(GO) synthesized graphene oxide, (GO-1Ag) is 1 wt%
Ag doped GO, (GO-3Ag) is 3 wt% Ag doped GO and (GO-5Ag)
is 5 wt% Ag doped GO. b FTIR spectrum of pure and hybrid nano-
particles: different samples: (GO) Hummer’s method synthesized

is visible on GO sheets (Fig. 3c, d). The EDAX plots of
Ag—GO nanoparticles attest the presence of Ag along with C
and O. Therefore, the results indicate the successful anchor-
ing of Ag nanoparticles on the GO surface.

As noticed from the typical TEM micrographs (Fig. 2e),
the adhesion of spherical AgNPs over the GO sheet sur-
face is evidently perceptible, and its highly magnified image
(Fig. 2f) elucidate the characteristic interplanar d-spacing
value of 0.25 nm for AgNPs, concordant with their crystal
plane (111). Also, the SAED pattern of Ag—GO nanohybrid
(inset of Fig. 2e) portrays bright spots and diffraction rings
which could be assigned to the FCC structure of AgNPs, and
the corresponding rings accord with the (111), (200), (220),
and (311) crystalline planes of silver. Thus, the procured
results signify the polycrystalline structure of AgNPs and
are also in good accordance with the XRD data.

3.1.2 XRD

Figure 3a gives the structural information of graphite, gra-
phene oxide (GO), and Ag—GO nanohybrid using XRD
analysis. Graphite shows a strong diffraction peak at
20=26.2° (002) and a minor peak at 20 ="77.6° (110), which
indicates the pure phase of the material (JCPDS No. 41-1487).
By Bragg equation (2dsin®=A2), the obtained inter-planar
d-spacing of graphite is 0.34007 nm. Nevertheless, GO shows
a narrow and sharp diffraction peak (20=9.5°) with an inter-
planer d-spacing of 0.9279 nm, which is a characteristic fea-
ture of (001) plane. The obtained increment in the d-spacing
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graphene oxide, (GO-2Ag) is 1 wt% Ag doped GO, (GO-3Ag) is 3
wt% Ag doped GO and (GO-5Ag) is 5 wt% Ag doped GO. ¢ Typical
Raman spectra of synthesized pure and hybrid nanoparticles, (GO)
the pure form of graphene oxide and (GO-5Ag) is 5 wt% Ag doped
GO

value indicates the raise in occurrence of the functional moie-
ties (epoxide, carboxyl, and phenolic) between graphene lay-
ers, when graphite is oxidized in the highly acidic medium
[56]. In Ag—GO, the observed peaks at 38.1°, 44.3°, 64.6°,
and 77.7° can be attributed to the planes (111), (200), (220),
and (311) respectively, which are in accordance with FCC Ag
(JCPDS Card No. 65-2871).The prominent peak spotted at
38.1° corresponds to pure crystalline Ag nanoparticles, which
authorizes that the nanohybrid comprises of Ag nanoparti-
cles in pure crystalline form [63]. Also, the peak intensity of
Ag was enhanced when the percentage of incorporation of
AgNPs was varied from 1 to 5%, which attests that a greater
number of Ag nanoparticles are decorated over the graphene
surface. The anchoring of AgNPs on graphene surface aids
in minimizing the restacking of GO sheets, which is apparent
through the reduction in the intensity of GO peak [64]. From
earlier literature, it has been revealed that the attenuation of
GO peaks, owes to reduced restacking of GO sheets, subse-
quent to the addition of metallic nanoparticles [65]. Thus the
attained outcomes attest that GO-5Ag with minimal GO peak,
exhibits effectual exfoliation.

3.1.3 Fourier-Transform Infrared Spectroscopy

Figure 3b depicts the FTIR spectra of GO and Ag—GO nano-
hybrid (GO-1Ag, GO-3Ag, GO-5Ag). Considering GO, a
broad and intense absorption band between 3600 cm™' and
2800 cm™'was obtained which points the stretching vibra-
tions of O-H from the hydroxyl group surface [66]. And a
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peak at 1718 cm™ relates to the C=0 stretching vibrations
in carboxylic moieties mounted at the edges of graphene
sheets [56]. The peak at 1631 cm™! denotes the C=C skel-
etal vibration of aromatic carbon or intramolecular hydrogen
bonds of unoxidized graphitic domains [51]. In addition,
1046 cm™!, 1209 cm™', and 1382 cm™! peaks indicate C—O
stretching vibrations, C-O-C stretching, and C—O—H defor-
mation respectively [52]. The acquired peaks validate the
abundance of functional groups comprising oxygen, which
aids GO to be suitable for further modification with plas-
monic nanoparticles, like silver. After decorating Ag on GO
sheets, some characteristic peak shifts were noted. Also,
the peak intensity of hydroxyl moeities were diminished
abruptly in Ag—GO nanohybrid. These outcomes reveal the
strong interactions amongst functional moeities and silver
ions [67]. Additionally, the peak position and peak inten-
sity of C=0 groups were varied significantly, which affirms
the formation of coordination bond due to the interaction
amid C=0 groups and silver ions [67]. Also, the peaks cor-
responding to the groups of C—O and C-O-C, altered the
absorption features. The perceived peak shift and intensity
deviation elucidate that the functional groups comprising
oxygen permit appropriate anchoring of AgNPs over gra-
phene surface. Thus, FTIR results corroborate the XRD data,
indicating the successful exfoliation of GO and attachment
of Ag over the GO surface.

3.1.4 Raman Spectra Analysis

The GO and silver incorporated GO were characterized by
Raman spectroscopy and Fig. 3c show the attained results.
The Raman spectrum of GO reveals two bands at about
1590 cm™'and 1327 cm™!, analogous to the graphitic (G)
and diamondoid (D) bands, respectively [68]. Likewise, in
Ag-GO nanohybrid, two distinctive bands at 1395 cm™" (D
band) and at 1529 cm™" (G band) were noted. Resulting from
the vibrations of hybrid C atoms, the D-band asserts the
C ring breathing mode, which might be considered as the
structural defect of graphene, while the G-band is deriving
from the C—C bonds stretching vibration [69]. Furthermore,
the enriched Raman peak intensities of the G-band and
D-band for Ag—GO nanohybrid, owes to the SERS offered
by local electromagnetic fields generated by silver nanopar-
ticles, accompanied by the plasmon resonance [62]. Moreo-
ver, it was witnessed that the D peak intensity was more than
that of the G peak for Ag—GO nanohybrid, which could be
accredited to a rise in defect concentration [70]. Thus, the
perceived spectra substantiate the effectual decoration of
AgNPs on the graphene surface.

3.1.5 XPS Analysis

Figure 4 depict the XPS spectra of various elements that are
components of the Ag—GO nanohybrid. The deconvoluted
spectrum of carbon (Fig. 4b) reveals the C-O carbon peak
at 286.3 eV. The Is electron peaks of C corresponding to the
sp® hybridized state at 284.5 eV and the O—C=0 at 288.9 eV
imply the presence of graphene in its oxidized form [71].
The 1s electrons of oxygen are present in O~ state mainly,
as shown by the 530.9 eV peak (Fig. 4c). It occupies a major
portion of the XPS spectrum. The XPS peaks of oxygen fur-
ther confirm the GO formation. In addition to the evidence
on the GO structure, the presence of Ag in the nanohybrid is
evidenced by the XPS peaks of Ag. The Ag 3d,/, and 3ds,,
states are observed at 368.7 eV and 374.7 eV respectively
(Fig. 4d). These peaks reveal that they arise from the elec-
tronic states of the elemental Ag [61]. Since the contribution
by Ag" states are not apparent in the spectrum, it follows
that the AgNPs are surrounded by the oxygen atoms of GO.
The negative ions of O may lead to a chemisorbed structure
around the AgNPs.

3.1.6 UV-Visible Spectroscopy

As-prepared samples were subjected to UV—Visible analysis
and Fig. 5a discloses the UV-Visible absorption spectra of
pure and Ag—GO nanohybrid. The © — n* transitions of
aromatic C—C bond is the foremost reason for the occur-
rence of the characteristic absorption peak at 230 nm [72].
The shoulder peak at about 302 nm can be attributed to the
n— ¥ transitions of C=0 bonds indicating the formation
of GO [73]. These achieved results corroborate the XRD
and FTIR results that confirm the presence of oxygen func-
tional groups in Ag—GO nanohybrid. In Ag—GO nanohybrid
absorption spectrum, the distribution of AgNPs over GO
surface was divulged by the SPR peak around 380 nm, which
could also be authenticated from prior studies [52]. From the
SEM results, also in accordance with the previous reports,
the AgNPs seem to be spherical in shape when its absorp-
tion peak is around 400 nm. [52]. The enhanced resonance
peak of GO-5Ag can be ascribed to the strong interaction
amongst GO and metallic Ag.

3.1.7 Photoluminescence

The photoluminescence (PL) spectra of Ag—GO nanohybrids
of varying Ag concentrations; GO-1Ag, GO-3Ag, GO-5Ag
are shown in Fig. 5b. PL spectra provide information about
the photo-induced transfer and recombination of electron-
hole pairs in semiconductors. In GO, a very weak PL is
exhibited because of the existence of oxygen-related spe-
cies (e.g. epoxy and hydroxyl groups) which produce non-
radiating re-combinations, due to the electron-hole (e-h)
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Fig.4 a XPS spectrum of the as-prepared Ag—GO nanohybrid, deconvoluted XPS spectra of b Cls of GO nanosheet, ¢ Ols of graphene nano-

particles and d Ag 3d of Ag—GO nanohybrid

recombination in the sp? clusters [74]. The present study
demonstrates an enhancement in photoluminescence of GO
by embedding silver over its surface. In AgNPs, a promi-
nent emission peak around 400 nm [75] in the visible range,
could be attributed to the electron excitation from the occu-
pied D bands to the bands above Fermi level [76]. The PL
spectra for Ag—GO nanohybrid illustrate emission peaks at
407 nm and 430 nm for GO-1Ag, at 418 nm and 440 nm for
GO-3Ag, and at 418 nm and 440 nm for GO-5Ag, which
could be accredited to the interaction amid luminescence of
atomically thin-layered GO and the LSPR effect from the
AgNPs. The anchoring of AgNPs over GO enhances the
luminescence on account of the recombination of electron-
hole pair of GO and oscillating electrons of AgNPs [77].
Further, an increment in the luminescence peak intensity
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was noted in accordance with the increasing concentration of
AgNPs, as a consequence of LSPR effect [75].The resultant
luminescence in Ag—GO nanohybrid, influence from this
resonance effect of AgNPs on GO sheet can be deployed for
imaging applications.

3.1.8 Dispersivity Studies

The dispersions of GO, Ag and Ag—GO nanoparticles
in THF after ultrasonication are displayed in Fig. 6. The
agglomerating tendency and rapid settling behaviour of Ag
nanoparticles hinder their even dispersion in organic sol-
vents. The exhibited cloudiness of Ag can be attributed to
an incomplete dispersion in THF, and later on this turbid
solution turns into a transparent solution with sedimented
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Fig.5 a UV—Vis absorption
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Ag nanoparticles. On the other hand, GO as well as Ag—-GO
revealed excellent stability and uniform dispersion in THF.
The anchoring of Ag over the chemically stable GO sheets
enabled it to disperse evenly into the organic solvent. There-
fore, the attained stable Ag—GO nanohybrid in organic sol-
vents can be utilized in the designing of a metal-GO-poly-
mer nanocomposite.

3.2 Characterization of Polymer Nanocomposite
3.2.1 SEM

The surface morphologies and elemental compositions of
casted pure PCL and composite films are displayed in Fig. 7.
The surface mapping done by the back scattered electrons
procured from the polymer surface, reveals the Ag nanopar-
ticles as glittering spots in contrast to the dark PCL matrix.
And the EDAX spectrum of PCL/GO-Ag nanocomposite

Fig.6 The digital images of the dispersions of GO, AgNPs, and Ag—
GO nanoparticles in THF

Wavelength (nm) Wavelength (nm)

affirm the existence of Ag along with C and O (Fig. 7d). The
PCL-GO film surface evinced an increase in the roughness
because of the incorporation of GO nanoparticles that leads
to the formation of uneven protuberance over the polymer
surface, when compared to the plain PCL surface. According
to the former reports, the inclusion of GO into the polymer
resulted in the formation of protrusions with a wave-like
morphology [78, 79], which raised the roughness of its sur-
face and thus, is said to intensify the composite surface area
[80]. In addition, the SEM micrographs substantiated the
behaviour of nanoparticle dispersion in the polymer matrix
[56]. Efficient adherence of GO onto the PCL surface indi-
cated well-fused and uniform dispersion of GO nanosheets
in the nanocomposite. Also, the decoration of Ag nanopar-
ticles on the GO surface, likely prevented the formation of
Ag nanoparticle aggregation which in turn aided the even
dispersion of Ag—GO nanoparticles. The Ag nanoparticle
growth over the GO sheet strengthens the compatibility
and interactions between hydrophobic polymer matrix and
hydrophilic Ag nanoparticles [51]. Thus, blending inorganic
particles with stabilizers or surfactants (polymer or organic
nanoparticle) boost the nanoparticle dispersivity within the
polymer and enriches the nanocomposite properties [81].

3.2.2 XRD

The X-ray diffraction profiles of pure and hybrid PCL
films incorporated with GO and Ag—GO are represented
in the Fig. 8a. The characteristic peaks at 20=21.3° and
23.6° of pure PCL, that are consigned to the (110) and
(200) planes, respectively, correspond to its crystalline
orthorhombic structure and are in good accordance with
the previous literature [82]. The unaffected positions of
these peaks suggested that the PCL crystal structure was
unaltered, even after the addition of the nanoparticles.
Nevertheless, the diffraction peak of GO was suppressed
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by the strong polymer peak. The absence of GO peaks
symbolizes the formation of uniformly dispersed and
well exfoliated structure of GO nanosheets in the poly-
mer matrix [83]. Thus, the inclusion of GO nanoparticles
caused a minor augmentation of FWHM (full width at half
maximum) of the nanocomposite peak (110), from 1.06 to
1.08. The perceived increment of FWHM of the nanocom-
posite could be attributed to its crystallite size reduction,
in comparison to the pure PCL matrix. Earlier studies had
reported that the nanoparticle dispersion could behave as
a hindrance to the polymer crystal growth [84]. Therefore,
the obtained results confirm that the mobility of the poly-
mer matrix is limited by the GO dispersion, which results
in the reduced crystallite size. The acquired similarity in
FWHM of GO incorporated PCL peaks ((110) and (200))
suggests a constricted distribution of polymer crystal size
[56]. The typical diffraction peaks corresponding to Ag
were observed at 38.1° and 44.3° analogous to the planes
(111) and (200) respectively, for the PCL-GO-Ag (5%)
nanocomposite. This strengthens the fact that the Ag nano-
particles are reinforced into the polymer matrix and are in
pure crystalline form. The broadness of the achieved Ag

@ Springer

peaks authenticate the existence of small—scale Ag nano-
particles [51] which is also evident in the SEM images
(Fig. 7c). Hence, the integration of GO and Ag—GO into
the polymer matrix is established through these X-Ray
diffraction results.

3.2.3 UV-Vis Absorption

Figure 8b reveals the UV—-Vis absorption spectra of pure and
nanoparticle incorporated PCL films. A broader band with-
out a distinct absorption maximum was seen. When AgNPs
were incorporated (PGA-5), an additional band correspond-
ing to AgNPs was observed. The broad absorption is not
observed in the case of pure PCL (PP). The broadening of
the spectra of PGA-1, PGA-3, and PGA-5 suggest that the
energy states of Ag, GO and the polymer coalesce. It enables
the excitation of the samples over a range of wavelengths in
the UV-Vis-NIR region.
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Fig.8 a The XRD profiles of the pure PCL and nanoparticle incor-
porated PCL films: PP- pure PCL, PGO-PCL film comprising of GO,
PGA-1—PCL film with Ag—GO nanohybrid (1 wt% Ag), PGA-3
PCL film with Ag-GO nanohybrid (3 wt% Ag), PGA-5—PCL film
with Ag—GO nanohybrid (5 wt% Ag). b UV-Vis absorption spectra
of the casted polymer films — PP- pure PCL, PGO-PCL film compris-

3.2.4 Photoluminescence

The PL spectra of various samples viz., PP, PGO, PGA-1,
PGA-3 and PGA-5, are shown in Fig. 8c. On excitation at
410 nm, the PL spectra showed broad bands at 399 nm, 421
nm, 428 nm, 427 nm ,423 nm for PP, PGO, PGA-1, PGA-3
and PGA-5, respectively. This result is strikingly different
from that obtained for the nanoparticle systems. Thus, the
emission property is influenced by the polymer and it con-
tributes to the broad emission. In addition, only one broad
band is observed for Ag—GO incorporated polymer samples.
In the case of PP, the band is centred at 400 nm while PGO
shows two bands at 378 and 421 nm. These distinct bands
are not observed for the Ag—GO nanoparticles incorporated
in the polymer matrix. Therefore, it is inferred that the emis-
sion bands arise from excited states that are close in energy,
contributed by Ag, GO and PCL.

3.2.5 Water Contact Angle

The variation of hydrophobic nature of pure PCL with
that of the hybrid polymer nanocomposites was estimated
through the water contact angle analysis as shown in Fig. 9a.
Water contact angle around 76.4° for pure PCL, validates its
notable hydrophobic nature. A diminution in the angle meas-
urement to 73.8° was noticed for PCL-GO nanocomposite,

ing of GO, PGA-1—PCL film with Ag-GO nanohybrid (1 wt% Ag),
PGA-3—PCL film with Ag—GO nanohybrid (3 wt% Ag), PGA-5
PCL film with Ag—GO nanohybrid (5 wt% Ag). ¢ Photoluminescence
emission spectra of PCL films incorporated with GO, GO-1Ag, GO-
3Ag, and GO-5Ag nanofillers

following the inclusion of GO nanoparticles. The introduc-
tion of Ag—GO nanohybrid, with varying AgNP concen-
trations (1%, 3% and 5%), into the PCL matrix showed a
considerable reduction in its hydrophobicity with values
70.1°, 64.8° and 56° for PCL-GO-Ag (1%), PCL-GO-Ag
(3%) and PCL-GO-Ag (5%) respectively. In a work done
by Kumar et al., the nanocomposite composed of PCL and
GO displayed an improved surface wettability with a con-
tact angle of 77° than that of the PCL/rGO nanocomposite,
which authenticates the vital role of GO in PCL matrix for
enriched bioactivity [56]. Also, in a similar work on PCL/
rGO-Ag nanocomposite system by Kumar et al., a notable
hydrophilic behaviour was depicted by the prepared nano-
composite with a contact angle of 79.2°, in comparison with
that of the pure PCL [51]. An essential relationship exists
between the biological behaviour of a particular nanomate-
rial and its extent of surface wettability. Biomaterials with
hydrophilic nature accelerate the process of cell adhesion
and its proliferation [85, 86]. Thus, functionalization of
polymers that are hydrophobic, for example PCL, is nor-
mally done in order to enhance its surface wettability [85].
Incorporation of nanoparticles like GO and Ag into PCL,
drastically improvised its wettability nature. Therefore, by
incorporating the hydrophilic nanohybrids into the polymer
intensify its surface wettability [41].
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Fig.9 a Water contact angle measurements of pure and nanoparticle
incorporated PCL films by Sessile drop method. b The stress-strain
curve of the prepared PCL, PCL/GO, PCL/GO-Ag (1 wt%), PCL/
GO-Ag (3 wt%), and PCL/GO-Ag (5 wt%) films. ¢ The rate of bio-
degradation of as-synthesized polymer films - PCL, PCL/GO, PCL/

3.2.6 Mechanical Behaviour of PCL Nanocomposites

Various mechanical attributes of pure PCL and the nano-
particle incorporated composites are enlisted in Table 2 and
its corresponding stress-strain plot is given in Fig. 9b. Pure
PCL film displayed tensile strength of 9.2 MPa and a cor-
responding Young’s Modulus value of 1.5 MPa. The incor-
poration of GO as nanofillers into the PCL matrix slightly
improved the tensile strength and Young’s modulus to
11.8 MPa and 2.8 MPa, respectively. It was seen that as the
concentration of AgNPs in the nanocomposites is increas-
ing, the tensile strength is also considerably enhanced upto
41.6 MPa with an appealing Young’s modulus of 38.8 MPa.
The Ag—GO nanohybrid was found to be more efficient in
boosting the mechanical attributes of PCL. Uniform disper-
sivity and ameliorated surface interactions of graphene in
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GO-Ag (1 wt%), PCL/GO-Ag (3 wt%), and PCL/GO-Ag (5 wt%) —
in PBS solution. d Antibacterial behaviour of PCL, PCL/GO, PCL/
GO-Ag (1 wt%), PCL/IGO-Ag (3 wt%), and PCL/GO-Ag (5 wt%)
films against E. coli and S. aureus

Table 2 Mechanical attributes of PCL, PCL/GO, PCL/GO-Ag (1
wt%), PCL/GO-Ag (3 wt%) and PCL/GO-Ag (5 wt%)

Sample code Tensile strength (MPa) Young’s
modulus
(MPa)
PP 9.2 1.5
PGO 11.8 2.8
PGA-1 19.9 43
PGA-3 21.6 63.7
PGA-5 41.6 38.8

PCL, convincingly strengthens the PCL nanocomposites and
also shows improved load transfer from PCL to the nano-
filler [87]. The visible growth in the mechanical behaviours
of PCL/GO-Ag nanocomposites could be credited to the
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even dispersion of nanofillers in the polymer. Due to high
exfoliation of Ag—GO when compared to that of the GO
sheets, PCL/GO-Ag showed better mechanical properties
than PCL/GO. It is seen that the mechanical attributes of
a polymer matrix is highly influenced by the dispersivity
of the nanofiller [88]. In addition to it, the stacking of GO
sheets could be prevented by decorating AgNPs over GO,
which leads to highly exfoliated Ag—GO dispersion in the
PCL nanocomposite. Prior studies also substantiated that the
metallic nanoparticle adornment over the GO sheet, reduced
the graphene sheet restacking, and thus hindered its aggrega-
tion [65]. For instance, Jaidev et al. have shown that anchor-
ing of CulNPs over graphene sheets prevented graphene layer
restacking as well as reduced the agglomeration of nano-
particles, which facilitated the homogenous dispersivity of
graphene flakes in the polymeric system, followed by better
load transfer [89]. Therefore, from the obtained data, it can
be concluded that anchoring AgNPs over GO surface could
improve the mechanical characteristics of PCL, as a result
of an excellent dispersivity in the polymer.

3.2.7 Biodegradation Studies

The degradation rate and the bioresorbability of PCL frame
is notably affected when nanofillers are incorporated into it.
Biodegradation rates of pure and nanoparticle incorporated
PCL films in phosphate buffer saline (PBS) are shown in
Fig. 9c. Pure polymer film (PP) displayed a slower rate of
degradation where 1% weight reduction was seen on day 12.
This could be ascribed towards the hydrophobicity of pure
PCL. In addition, PCL/GO and PCL/GO-Ag nanocomposite
exhibited a comparatively quicker degradation rate because
of the existence of hydrophilic nanohybrid, which is clearly
validated by the surface wettability studies as detailed ear-
lier. Seyedsalehi et al. demonstrated that the incorporation
of rGO into the PCL matrix enhanced the rate of degradation
from 0.75 to 1.25% in 14 days [90]. In our work, the pres-
ence of enormous hydrophilic functional moieties on GO
surface than rGO, augments the hydrophilic nature of the
PCL matrix, which could hydrate the polymer and promote
its water uptaking nature, thus resulting in swift biodeg-
radation [91]. Furthermore, the silver ion release from the
nanocomposites create voids, which act as suitable sites to
be occupied by water molecules. In the same manner, Kumar
et al. substantiated that the strontium ion release from the
fabricated PCL/rGO/Sr nanocomposite eased its rate of deg-
radation [41].

3.2.8 Antibacterial Studies
The antibacterial activities of the polymer nanocomposites

against the gram positive (S. aureus) and gram negative
(E. coli) bacteria were investigated (Fig. 9d). The procured

results point out the enhanced antibacterial effect of Ag
incorporated polymer scaffolds in comparison to pure PCL.
The noticed inhibition zone by the PCL/GO film could be
ascribed to the antibacterial property of graphene-based
nanomaterials either from the creation of oxidative stress or
by puncturing the membrane of the bacterial cells [44]. The
two-dimensional planar GO structure enabled it to serve as
nano-knives and pierce the bacterial cell wall, which ulti-
mately causes its destruction. The bacterial cell wall system
influences GO nanosheets to interact differently with E. coli
and S. aureus, i.e. the presence of additional layer in gram
negative bacteria (E. coli), contrary to gram positive bacteria
(S. aureus), decelerate the perforation rate of the GO sheets
through the bacterial cell wall [92]. The incorporation of
silver decorated GO into the polymer matrix significantly
enhanced the antibacterial efficiency, which accredited to the
combined upshot of both GO and silver nanoparticles. For
Ag decorated GO nanohybrid, the considerable surface area
of GO provide Ag* ion release and effectively support the
bacterial cell interaction with the anchored AgNPs [93]. The
released Ag" ions then firmly attaches with the thiol groups
of the proteins and enzymes present on the bacterial cell
surface, which may inhibit their replication and give onto
their death [94]. The production of ROS by the silver nano-
particles can create oxidative stress, damage the proteins
and enzymes, and finally cause irreparable disruption to the
process of replication of DNA [95]. In addition, nanoparti-
cles with antibacterial property when affixed over the GO
frame, is found to be highly stable and effectively dispersed.
Pure AgNPs tend to agglomerate when they interact with
the bacterial membrane, which give rise to reduced vital
surface area and thus, diminished antibacterial effect [96,
97]. In a similar work by Reza et al., incorporation of GO/
Ag nanohybrid into PLLA polymeric system, efficaciously
improvised the antibacterial performance of the nanocom-
posite against both E. coli and S. aureus [98]. Therefore, in
our work, AgNPs have been introduced onto GO substrate
to effectually get rid of such limitations.

3.2.9 Biomineralization

Figure 10 depict the SEM micrographs and EDAX spectra
of the PCL nanocomposites after 15 days of immersion in
SBF, at room temperature. In PCL/GO-Ag film (Fig. 10f),
a compact formation of aggregates was found over its sur-
face when compared to pure and GO incorporated PCL
films (Fig. 10d, e), which indicates that the addition of
GO and Ag-GO effectuates the alteration of the surface
behaviour of pure polymer. That is, the occurrence of ani-
onic moieties in GO and Ag—GO promote the deposition
of Ca®* cations over the polymer nanocomposite and thus
induces biomineralization. Additionally, it is clearly evident
from the obtained spectra that PCL/GO-Ag film (Fig. 10c)

@ Springer



926

Journal of Inorganic and Organometallic Polymers and Materials (2022) 32:912-930

encourages biomineralization over its surface with a Ca/P
ratio of 1.5, when compared to that of pure and GO incorpo-
rated PCL films (Fig. 10a, b), which validates the formation
of apatite.

So, the results obtained throughout our work validate
that incorporating Ag—GO nanohybrid into polymer frame
provides a versatile nanocomposite in contrast with PCL
and PCL/GO films. Ag—GO nanohybrid act as an effectual
nanofiller for making a better nanocomposite with lumines-
cence, better hydrophilicity, improved mechanical strength,
high antibacterial property and effectual bioactivity. These
biodegradable polymer complexes are envisioned for utili-
zation in bio-applications like bioimaging, synthetic bone
grafts and ecological food packing materials.

4 Conclusions

In summary, an easy and effective route to synthesize a
nanohybrid that encompass GO nanosheets and metallic
AgNPs was established. The physicochemical and opti-
cal behaviours of the as-synthesized nanoparticles were
comprehensively evaluated by various characterization
methods such as XRD, SEM-EDAX, TEM, FTIR, XPS,
Raman analysis, UV—-Vis spectroscopy and PL. The SEM
and TEM micrographs establish the efficacious adhesion
of spherical AgNPs over the GO sheet surface and the

8000

8000

corresponding EDAX spectra attest the same. The pure
crystalline AgNPs over graphene surface were detected in
the XRD pattern and the anchored functional groups in the
nanoparticles were analysed from the FTIR spectrum. The
intensification in the Raman spectrum for Ag—GO, evinces
the SERS activity offered by the AgNPs over the GO sheet
surface. In addition, the chemical state and composition
of the as-prepared Ag—GO nanohybrid was analysed by
the XPS technique. The increment in the luminescence
peak intensity of Ag decorated GO owes to the combined
effect of surface plasmon resonance (LSPR) of Ag nano-
particles and the intrinsic luminescence of GO. Finally,
the as-synthesized nanoparticles were incorporated into
PCL matrix and were casted into polymeric films. Further
characterizations on these nanocomposites showed that
they enabled enhanced exfoliation and better dispersion
of GO and Ag—GO in the polymer frame. Even dispersion
of Ag—GO nanohybrid in the PCL matrix augmented its
surface wettability and mechanical strength. The combined
effect of GO and Ag nanoparticles in the polymer film
significantly improvised its antibacterial effect against E.
coli and S. aureus. Furthermore, a notable degradation
rate was observed for PCL/GO-Ag nanocomposites with
improved biomineralization. Thus, Ag—GO nanohybrid
perform as a potent nanofiller for fabricating a suitable
nanocomposite with luminescence, better hydrophilicity,
improved mechanical strength, high antibacterial property
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Fig. 10 EDAX spectra of a pure PCL, b GO incorporated PCL, ¢
Ag—GO incorporated PCL after 15 days biomineralization activity
using simulated body fluid (SBF) solution and the corresponding apa-
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and effectual bioactivity. Therefore, the obtained nano-
composite films act as a biodegradable multifunctional
agent with conceivable applications comprising of bioim-
aging, scaffolds for tissue engineering and bioresorbable
bone repairing devices.
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