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a  b  s  t  r  a  c  t

Polylactic acid (PLA), although has many interesting physicochemical characteristics, the

strong hydrophobicity and a lack of antibacterial activity restricting its widespread appli-

cation in the medical sector. In a view of addressing some of the limitations of PLA, the

current study aimed to test the antibacterial efficacy of active metal-doped bioceramic/PLA

composite formed by the fused deposition manufacturing (FDM) technique. For the testing,

we  prepared polyvinyl alcohol (PVA) bound silver-hydroxyapatite (Ag-HAp) composite and

further applied as a low-temperature coating onto the PLA scaffold designed for the appro-

priate cell development, differentiation, and bio-mineral establishment. From the analysis,

we  revealed that the larger surface area of three-dimensional (3D) printed composite mate-

rial  having the matrix porosity makes it a perfect biocompatible material with no loss to its

mechanical potency. The HAp/PLA and Ag-HAp/PLA composites were tested for the hemo-

compatibility, and antibacterial activity (gram-positive and gram-negative bacteria). Further,

the  mechanical property of the Ag-HAp/PLA scaffold was tested. The results demonstrated

that the Ag-HAp/PLA composite offers the biocompatibility and antibacterial ability and
therefore can serve as the potential bone implant material.
©  2020 The Author(s). 
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.  Introduction

dditive manufacturing (AM), commonly known as three-
imensional (3D) printing offers a range of fascinating
athways for the fabrication of composite materials over other
onolithic prototyping. Thus, by making use of this AM tech-

ique, several biomaterials are being fabricated like tissue
ngineering [1,2], soft composites [3], ceramics [4], magnetic
aterials [5], and direct biological material printings [6]. Based

n the application, this technique can particularly be helpful
n the biomedical sector for the regeneration of defective bone
issues caused because of accidents or surgical amputation
f tumors [7]. Since the usage of synthetic materials for the
evelopment of bone implants helps to reconstruct the bone
issues with strong structural support and no loss to the inter-
erences of biological tissue [8,9]. To serve for such behavior,
he biodegradable matrices are indicated to provide momen-
ary scaffolds within which the bone tissues can regenerate.
mong many  different polymers, polylactic acid (PLA) offers
xcellent biocompatibility, biodegradability, non-toxicity, and
echanical strength and hence finds its usage in many  differ-

nt clinical applications like drug delivery systems, surgical
titches, medical implantable devices etc. [10].

Fused deposition manufacturing (FDM) is the most fre-
uently used practice for the construction of pure plastic parts
ith low costs, negligible wastes, and simplicity with mate-

ial switching [11,12]. PLA is one of the most encouraging
ynthetic polymers that can be used as a source biomate-
ial in the FDM technique and is due to the fact that it can
ndergo degradation in the aqueous medium and is bio-
ompatible in the biological surrounding [12]. In general, the
echanical properties of pure PLA scaffolds are comparable
ith the natural bone and so, it can be used for cranio-

acial bone restoration and cranial defects [10]. Conversely,
he PLA has strong hydrophobicity that limits its extensive
pplication in medicine and so there is a strong need for
he ideal bio implantable scaffold material that can facilitate
he growth and activity of cells like cell adhesion, prolif-
ration, and functional differentiation [13]. Besides that, it
ust be bioactive or bioresorbable with adequate mechani-

al property to endure stress states that might appear at the
mplanted site. In that way, the implantable scaffold can act
s extracellular matrix (ECM) for tissue rejuvenation. In recent
orks by Alvarez-Barreto et al. [14] fabricated Arg––Gly–Asp-
odified PLA scaffolds to regulate the cell characteristics and

rogress tissue functioning for a better and well-organized tis-
ue engineering approaches. The deposited CaP ceramic over
LA nanofibrous scaffolds was comparable to the constituents
f natural bone, but not able to achieve the desired osteoin-
uction [15]. Bearing in mind that the main constituents of
atural bone are collagen fibers and hydroxyapatite (HAp)
rystals, and in that way, the nano-HAp has excellent prop-
rties such as biocompatibility and bioactivity that are crucial
or cell development [9]. Consequently, the inorganic/organic
omposite materials enclose a greater potential for bone tis-
ue engineering applications. Numerous scaffolds have been

abricated by directly mixing the composite active additives
ut leads to uncontrolled homogeneity in the polymer matrix

12].
;9(6):12824–12833 12825

In our day today life deals with various viruses, fungi, and
bacteria and thus, the manufactured HAp implantable mate-
rial should not allow any of these microorganisms to grow on
its surface. The synthetic HAp does not exhibit any antibac-
terial property and thus it becomes important to modify its
surface with active bacteriostatic elements like Ag, Sr, Zn,
Ce, Ti, etc [16,17]. As an example, the presence of Ag metal
with active antibacterial property can easily damage the bac-
terial cell wall, as well as bind to the DNA and RNA of bacteria
and thereby preventing the growth that finally results in bac-
terial annihilation [18]. Besides, the radius of Ag+ atom is
0.126 nm which is almost the same as the radius of Ca2+ atom
(0.100 nm), therefore under some conditions, the Ag ions can
be replaced by the Ca ions in the HAp crystal lattice. There-
fore, to advance the biomedical and clinical uses of HAp, it
is very essential to incorporate Ag ions into the HAp’s crystal
lattice and in that view, some of the researchers have focused
on developing HAp-based composite coatings [19,20].

By taking advantage of the bioceramic properties of HAp to
serve as a natural bone and Ag’s antibacterial properties, we
have incorporated Ag+ ions into the HAp crystals to form Ag-
HAp and further surface modified with PLA scaffolds using
PVA (polyvinyl alcohol) to finally generate Ag-HAp/PLA scaf-
fold. The highlights of the study reported here include the
fabrication of required interconnected porous PLA scaffolds
by the FDM technique using appropriate CAD design. Thus,
the prepared HAP/PLA,Ag-HAp/PLA composites and scaffold
were characterized for the micro-structure, crystallinity, ele-
mental composition, mechanical properties, biocompatibility,
and antibacterial efficacy.

2.  Materials  and  methods

2.1.  3D  printing  of  PLA  frameworks

The CAD models for the PLA scaffolds were designed using
Catia design software and fabricated by a Creality Ender-3 pro-
High Precision 3D printer by Shape tool 3D Technology FSD
machine. Before the FDM process, the STL (Standard Tessella-
tion Language) file created by the CAD software is fragmented
into thin horizontal slices and the width of each layer can
be driven as per the requirement [21]. Fig. 1 shows the FDM
printer, printing process, and the formed material.

2.2.  Synthesis  of  Ag-doped  HAp

For the formation of Ag-Hap particles, the precursors used
include the analytical reagent grade calcium nitrate tetrahy-
drate; Ca(NO3)2·4H2O, ammonium dihydrogen phosphate;
(NH4)H2PO4, and silver nitrate; AgNO3 (Merck, Mumbai,
Maharashtra, India). During the synthesis, we  first formed
nano-HAp by simply dissolving the calcium and phosphate
solutions above pH 10 to undergo the precipitation process. In
this process, the common practice requires the use of a stoi-
chiometric ratio of Ca:P to be 1.67 and involves the dropwise

addition of one reagent to the other with continuous stirring
under an inert atmosphere. This results in the generation of a
suspension under atmospheric temperature, which on wash-
ing, drying, and smashing forms the nano-powder of HAp.
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Fig. 1 – Schematic representation of the FDM print

For the synthesis of Ag-doped HAp, 0.45 M of
Ca(NO3)2·4H2O along with 0.05 M of AgNO3 was first dis-
solved in distilled water and adjusted to a total volume
of 250 mL  and kept in a conical flask. Similarly, a 250 mL
volume of 0.3 M of (NH4)H2PO4 was prepared separately using
distilled water and transferred to a burette. On mixing of
both solutions at a flow rate of 3 mL/min, room temperature,
and stirring for 3 h results in the formation of a milky white
solution (having the stoichiometric ratio of 1.67). The whole
process pH was maintained at 11 (>10) by the dropwise
addition of ammonia to Ca(NO3)2·4H2O + AgNO3 solution.
The white coloured solution was kept at room temperature
overnight, followed by washing thrice with distilled water,
subjected to calcination at 100◦C for 3 h, and finally sintered
at 500◦C to obtain Ag-HAp composite.

2.3.  Incorporation  of  Ag-HAp  composite  onto  the  3D
PLA frameworks

For the surface modification of Ag-HAp composite at low-
temperature conditions, we  have used PLA scaffolds and for
effective bonding, polyvinyl alcohol (PVA) was employed as the
binding agent. For the surface modification reaction, about 1 g
of PVA (analytical grade) was mixed to 50 mL of distilled water,
stirred using a magnetic stirrer at 50 ◦C to form a homogenous
solution. Now, the Ag-HAp composite dispersed in ethanol
was added to the PVA solution, while stirring for another
2 h, and after the period, the FDM printed PLA scaffolds were
immersed and kept in the PVA solution for 24 h. At the end of
the incubation period, both the parts were removed, allowed to
drip-dry, and then placed in an air dryer maintained at 50 ◦C for
one week to obtain the final product of Ag-HAp/PLA scaffold.

3.  Characteristic  techniques

3.1.  Morphological  and  structural  characterization

The morphological organization and surface nature of sam-
ples were observed using the field emission scanning electron

microscopy (FESEM; JMS7500 F; JEOL, Tokyo, Japan) and
high-resolution transmission electron microscopy (HRTEM:
FEI-TECNAI G2-200 kV TWIN). The energy-dispersive X-ray
(EDX: X-Max, USA) analysis with a regular unit (Oxford Instru-
rocess for the formation of PLA porous scaffolds.

ments, UK) connected to the FESEM instrument was employed
for the elemental mapping and composition of elements in the
composite. For the sampling, the testing materials were first
dispersed in ethanol, sonicated, and then placed a drop of sus-
pension onto the cleaned aluminum foil, dried at atmospheric
air, and was sputter-coated with gold (Edwards Sputter Coater
S150B, London, UK). Similarly, the powder X-ray diffraction
(XRD) analysis (Bruker-D8 powder diffractometer, Bruker AXS
GmbH, Karlsruhe, Germany), Fourier transform infrared (FTIR)
spectroscopy (from Agilent Cary 630, Agilent Technologies,
Santa Clara, CA, USA), and X-ray photoelectron spectroscopy
(XPS; SSX-100 spectrometer) having monochromatized X-ray
beam Al K� radiation (operating at 1486.6 eV) were employed
for the other characterizations.

3.2.  Biocompatibility  studies

3.2.1.  Measurement  of  FBS  adsorption  onto  the  HAp
samples
The biocompatibility of HAp and Ag-HAp/PLA composite was
assessed by the protein adsorption assay and for the analy-
sis, the testing pellets (at a dimension 10 × 1 mm dia) were
engrossed in tris buffer at pH 7.4 for a 20 h period. Then, the
scaffolds were incubated in Minimum Essential Medium (�-
MEM) containing 10% Fetal Bovine Serum (FBS; synthetic cell
culture media) for 4 h. At the end of the incubation period,
the scaffolds were first rinsed thoroughly with an isotonic tris
buffer solution, and then the surface was exposed to a 2%
sodium dodecyl sulfate (SDS) solution for 24 h to elude any
adsorbed proteins. The total capacity of adsorbed protein was
investigated using the BCA protein assay equipment having
the microplate reader (Molecular Devices LLC, Sunnyvale, CA,
USA).

3.2.2.  Hemolytic  studies
The hemocompatibility of HAp and Ag-HAp/PLA composite
was examined as per the earlier procedure described by Lv
et al. [22]. Briefly, about 1.25 mL  of sterile saline was first
combined with 1 mg  of testing sample (HAp or Ag-HAp/PLA
composite powder) and in a separate tube, 4 mL  volume of

blood collected from the healthy human was diluted with
that of 5 mL  sterile saline solution. From this, 20 �L of diluted
blood solution was collected and mixed with that of a test-
ing sample containing tube and further incubated at 37 ◦C for
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Fig. 2 – Comparison of the powder XRD pattern of HAp and
Ag-HAp nanopowder.

Table 1 – Comparison of the crystallinity data for the
Hap before and after doping with Ag metal.

Sample The crystallite size (nm) Crystallinity (%)
j m a t e r r e s t e c h n o l . 

0 min  and then all the tubes were incubated for 60 min  at
7◦C in a shaking water bath. The release of hemoglobin was
etermined after centrifugation by photometric analysis of
he supernatant at 540 nm using the UV spectrophotometer
Shimadzu UV 2450) and further the hemolytic rate (HR) was
alculated from the Eq. (1),

R = [(Dt − Dnc)/(Dpc − Dnc)]×100% (1)

here Dt, Dnc, and Dpc corresponds to the absorbances of the
esting sample, negative control, and positive control, respec-
ively.

.3.  Antibacterial  studies

or the testing, the samples were made into pellets of 10 mm
iameter and 2 mm thickness. To accomplish the study, ster-

le Petri-dishes (90 mm diameter) comprising sterile nutrient
gar medium (15 mL)  were taken. After 24 h of bacterial cul-
ure, the just prepared bacterial inoculums were spread over
he entire surface of agar medium thrice using a sterile cot-
on swab, to make sure that the bacterial culture is thoroughly
nd evenly distributed on the surface of plates. The test sam-
les were bored in the medium in each plate and the plates
ere preserved at normal room temperature for 45 min  and

urther incubated at 37 ◦C for 24 h. Finally, the diameter of the
one of inhibition (mm)  was measured at 3-equidistant places
aken from the center of the inhibition zone, and the average
f these three values was taken as the final. All procedures
ere in co-operated in triplicate.

.4.  Hardness  study

or this, the compressive tests were carried out on a
0 × 10 mm dimension of PLA-coated HAp and Ag-HAp/PLA
caffold by making use of the Universal testing machine
INSTRON 5566, Germany) with a maximum compression load
ell of 10 kN and a cross-head speed of 1.0 mm/min.

.  Results  and  discussion

he mineralized Ag-HAp/PLA porous scaffolds in this work
sed a low-temperature process to modify the PLA surface
s compared to the plasma-sprayed coating that requires ele-
ated temperatures. The use of mineralized Ag-HAp along
ith PVA as a biocompatible binder on the surface of PLA
orous scaffolds under physiological conditions in a more
apid and simple method to emerge exquisite crystal mor-
hology for cell growth. Fig. 2 shows the comparison of the
owder XRD pattern of pure HAp and Ag-HAp composite, and
rom the figure, the remarkable peaks identified at the 2� of
1.74, 32.18, and 32.89 can be indexed to the HAp material
nd also matches well with the JCPDS card # 89-6495. The
ery feeble peak for silver associated at 2� of 38.1 and 44.2
JCPDS card No. 4–783) are also found. The sharp peaks of

he HAp sample indicate its highly crystalline nature (5.16%);
hereas, the Ag-doped silver HAp peaks are broad signifying

he change (decrease) in crystallite size (34.8 nm)  and hence
he crystallinity (1.95%) of the doped sample [23]. The addition
HAp 71 5.16
Ag-HAp 34.8 1.95

of silver nitrate (0.05 M of silver nitrate solutions into calcium
nitrate solution) results in the replacement of Ca in HAp with
Ag ions and thus leads to the distortion of HAp lattice resulting
in the formation of amorphous nature. We observed signifi-
cantly no difference from the XRD pattern, and it could due
to the preferred orientation of doped elements (Ag) concen-
tration as low [24]; the trace quantity of metal nitride dopant
could not be able to produce a considerable impact in the XRD
pattern. Since the dopant concentration is low, the impact of
the peaks in the XRD pattern is very feeble and hardly detected
due to the lower instrumental detection limit (Table 1).

The analysis of composites by the XPS technique is com-
monly used for the surface analysis and to detect trace
elements (except hydrogen) along with their oxidation states
in an unknown material. Fig. 3 represents the XPS survey and
the Ag elemental spectrum of the Ag-HAp composite. The
survey spectrum predicts the presence of major constituents
for the elements of Ca, P, Ag, C, and O of Ag-HAp compos-
ite. From the spectra, we  observed the peaks at the binding
energy positions of 348 eV and 351 eV that can be attributed to
the Ca 2p3/2 and Ca 2p1/2, respectively [25]. Similarly, the other
peaks observed corresponding to the binding energies of 190
eV, 531 eV, and 532.2 eV corresponds to P 2s, O 1s elements of
the oxygen atoms associated with the phosphate group and
adsorbed water respectively in Ag-HAp [26]. The minuscule
peak found obviously at 368.2 and 374.3 eV corresponds to Ag
3d3/2 and Ag 3d5/2 agrees with the literature [23]. Although the
concentration of dopant is small, this characterization gives
additional evidence for the successful doping of Ag+ into the

HAp lattices.

Figs. 4 and 5 show the SEM, TEM, elemental mapping,
EDX, and SAED pattern of the pure HAp powder and Ag-HAp
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mpo
Fig. 3 – XPS spectrum of Ag-HAp co

composite respectively. The SEM image  provides information
about the particle size and typical shape for the as-prepared
samples (Fig.4). It can be observed from the figures of both the
samples, doped as well as pure HAp exhibits agglomeration,
and can be seen that the doping of Ag+ metal has consider-
able influence on the morphology of HAp powder. We noted
from the morphology that the HAp samples prepared from

the Ag-doping have much smaller particle size as against the
pure HAp ones. Further, the EDX spectra and the elemental
mapping confirms for the uniform distribution of Ag in the Ag-

Fig. 4 – SEM, elemental mapping, EDX, TEM, and S
site and Ag’s elemental spectrum.

HAp sample along with elements of Ca, P, and O, and thereby
confirming for the successful formation of Ag-HAp composite.

The TEM micrograph of pure HAp (Fig.4) shows the particles
of non-uniform size distribution with elongated rod-like mor-
phology with a spherical lump of around 50 nm size, while the
Ag-HAp particles (Fig.5) exhibit simple small rod-shaped mor-
phology. The length of the nanorods varied from 20−30 nm

and the diameter was between 5−10 nm and the doped Ag-
HAp sample is amorphous as seen in the SAED pattern and
the bright spots diffuse to form rings. In one of the similar

AED pattern of synthesized HAp nanopowder.
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Fig. 5 – SEM, elemental mapping, EDX, TEM, and

tudy, Chung et al. (2006) reported for the presence of crys-
alline phase of Ag2O along with the HAp and nitrate phases
nd is strongly influenced by Ag’s degree of substitution and in
his, the formation of Ag2O nuclei did not seem to be detected
26].

Fig. 6 displays the stereo zoom optical images of pure
Ap and Ag-HAp/PLA scaffold along with its EDX and SEM
t different magnifications. From the figure (Fig. 6e), the
caffold-coated HAp sample seems to be exhibiting the highly
pen-porous structure, where the large pores are intercon-
ected with each other. The size of macropores depends on
he PLA framework, and it is easy to customize the scaffolds
f desired shape and size as it is particularly required for some
eeds. Besides, the EDX provided elemental analysis (Fig. 6b,f)

ndicates the presence of all elements like Ca, P, C, O, and an
dditional element Ag for the doped HAp and thereby confirm-
ng for the successful formation of Ag-HAp/PLA scaffold. Also,
he SEM provided morphologies (Fig. 6g–h) showed that all the
oatings are compact, even, and contain aggregated granules
t the surface, as compared against the pure HAp (Fig. 6c–d).
he formation of such porous scaffolds by the HAp composite

s the most promising material in particular for bone defects,
epair, and tissue regeneration. Some of the earlier researches
n scaffold materials have confirmed the same that the porous
tructures are essential criteria for the conduction of essential
utrients to help with the tissue growth [27].

It is well recognized that upon implantation, the adsorp-
ion of essential nutrients and proteins takes place on the
iomaterial’s exterior surface and this occurs by the regula-

ion of diverse biological proceedings like biocompatibility, cell
dhesion, immune responses, and associated blood coagula-
ion [28]. Since the protein adsorption is a vibrant process
D pattern of synthesized Ag-HAp nanopowder.

and is also strongly influenced by the nature of the pro-
tein layers available at the surface of biomaterial, in addition
to the topographical/textural/pore-size characteristics of the
biomaterial. The mentioned biomaterial characteristics, in
general, decides which proteins are capable to bind over the
material [29]. It also assists the restriction/adsorption of cer-
tain proteins within the deformities of material’s surface and
observed that the type of adsorbed protein at the surface is
simply affected by the characteristics of the underlying mate-
rial, for example, the porous scaffold’s physical and chemical
properties restrict its adsorption capacity [30]. Taking into con-
sideration these facts, the �-MEM with 10% FBS was used
to assess the adsorption capacity of protein onto the pure
HAp and Ag-HAp/PLA composites. As shown in Fig.7, the total
amount of protein that got adsorbed onto the surfaces of the
two materials are different and is attributed to the changes
in the morphologies and constituents. The Ag-HAp/PLA sam-
ple supported the significantly high protein adsorption than
that of corresponding pure HAp due to the availability of addi-
tional Ag constituent and PLA scaffolds that influences the
crystallinity and porosity. Also, the surface of the Ag-HAp/PLA
sample is uneven and impregnated with the active element
that supports more  protein adsorption. However, we  see that
the pure HAp material has protein adsorption capacity to
some extent, but this can be dragged to a significant level
by means of incorporating the Ag metal and with scaffolds,
and thereby shifting to the promising levels. Further studies
have to be performed to enlighten its biocompatibility as a
promising scaffolding biomaterial.
Hemolysis is a vital aspect to evaluate the biocompatibil-
ity of material and the hemolytic assays are carried out to
investigate the interaction of nanoparticles with the outer
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Fig. 6 – (a,e) Optical images, (b,f) EDX spectrums, SEM images at 100 �m (c,g), and 5 �m (d,h) of pure HAp and Ag-HAp/PLA
scaffold respectively.

Fig. 7 – FBS adsorption onto the surfaces of pure HAp and

Fig. 8 – Hemolytic assay comparison of pure HAp and
Ag-HAp/ PLA composite.

membranes of the red blood cell by accessing the discharged
hemoglobin [31]. Since the HAp particles interrelate with
many copious cellular systems in our body, whilst a few of
these interactions can perhaps lead to defective cells and
kindle platelet activation, coagulation, and thrombus devel-
opment [32,33]. Fig. 8 shows the hemolytic assay comparison
of HAp and Ag-HAp/PLA composite. As per the ASTM F 756-
00 guidelines, any sample with hemolysis rate less than 2%
is considered to be non-hemolytic, and based on this, both of
our HAp containing samples are considered to be the suitable
materials for biomedical applications. From the testing, we
found that the hemolysis rate of Ag-HAp/PLA composite found

to be 0.8% greater than pure HAp, and still be considered as
non-hemolytic as both of the sample’s values are less than 2%.
It can also be seen that the hemolysis ratio is strongly affected
Ag-HAp/PLA composite.

by the concentration of dopant and its degree of crystallinity,
with the latter having a more  dominating role towards the
hemolysis [34].

The antimicrobial activity tests were conducted for the
pure HAp and Ag-HAp/PLA composite against the bacteria
E. coli (gram-negative) and S. aureus (gram-positive), where
the analysis of results indicated the Ag-doped composite has
higher inhibition of bacterial growth as against the un-doped
ones. Also, within the Ag-doped composite, E. coli displayed
more  zone of inhibition (3 mm)  in comparison with gram-
positive bacteria (2 mm)  and thereby signifying the stronger
ability of S. aureus bacteria to fight against the toxic responses
of the composite (Fig. 9). Also, the observation of no antibacte-
rial activity for the pure HAp sample and is due to the absence
of stronger antibacterial agent Ag in the sample. However, the

observed difference of activity for the Ag-HAp/PLA composite
among E. coli and S. aureus may be due to the differences in
the cell wall responses against the Ag metal. Since E. coli has a
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Fig. 9 – Antibacterial assay of pure HAp and Ag-HAp/PLA composite against Gram-positive bacteria (S. aureus) and
G

c
a
t
a

b
f
s
i
a
r
i
a
s
r
a
p
t
i
n
y

F

ram-negative (E. coli).

omparatively thinner cell wall (its associated characteristics)
nd the antioxidant enzymes (catalase) of S. aureus provided
he sensitivity and stronger oxidant resistance (respectively)
gainst the tested Ag-HAp/PLA composite [19].

Bone forms the skeleton system of the body and so any
asic biomechanical requirements of the implanted scaf-
olding biomaterial include adequate bending, compression
trength, appropriate to equalize the strength of a particular
mplant site. The mechanical characteristics of natural bone to

 larger degree of extent fluctuate concerning age. Numerous
esearchers have reported that the reaction of the host to the
mplanted material is mainly driven by the mechanical as well
s biological characteristics [35]. Researchers have conducted
tudies by combining polymers with ceramics to overcome the
estrictions of polymers to improve its hydrophobic behavior
s well as cell adhesion properties. In that view, the incor-
oration of PLA polymer for the implant applications has
he additional advantage of decomposing the polymer itself

nto carbon dioxide, water, etc and in that way, there is no
eed to remove from the body [36]. The stress-strain anal-
sis of the fabricated PLA scaffold (Fig. 10) by FDM proved

ig. 10 – The stress-strain analysis of Ag-HAp/PLA scaffold.
to have a bending strength of approximately 125 MPa,  com-
parable to the strength of cortical bone and so, it can be
used for the load-bearing applications. The coating of the
scaffold with biocompatible material improves its biocom-
patibility as demonstrated by hemolytic assay and protein
adsorption studies. Therefore, the custom-made scaffolds to
meet the requirements of individuals with desired shapes can
be prepared by the FDM technique with ceramic polymer com-
posite coating to meet the strength compatible with that of
cortical bone.

5.  Conclusion

This manuscript emphasizes a simple and effective way to
amend the synthetic bio-inert PLA polymer scaffold (prepared
by FDM technique) to a biocompatible scaffold by successfully
coating the surface by Ag-HAp/PLA scaffold by simple dip coat-
ing. The XRD diffractogram reveals that there is an increase
in crystallinity with a reduction in crystallite size as HAp is
doped with silver. The XPS studies on Ag-HAp confirmed the
incorporation of Ag on the crystal structure HAp, even though
the concentration of Ag did not produce visible diffract gram
produced by XRD. The successful formation of the compos-
ite was confirmed by the EDX analysis, while the morphology
studies provided the shapes and sizes of the particles. The
antibacterial activity of the composite powder showed greater
inhibition efficiency towards E. coli better than S. aureus organ-
isms. The in vitro hemocompatibility test of the Ag-HAp/PLA
composite showed less than 2% of hemolytic activity and con-
sidered to be good compatibility with human blood. The in vitro
protein adsorption test of the Ag-HAp/PLA composite showed
moderate adsorption of FBS on the surface necessary for vari-
ous nutrients transport. Finally, the hardness test confirms the
scaffold bending strength is compatible with the cortical bone.
Overall, based on the cumulative analysis of in vitro biologi-

cal and hardness tests, it can be suggested that the fabricated
nanocomposite coated Ag-HAp/PLA scaffold may serve as a
potential polymeric biomaterial for bone tissue regeneration
applications.
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