
journal of the mechanical behavior of biomedical materials 103 (2020) 103576

Available online 3 December 2019
1751-6161/© 2019 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).

Microarchitected 3D printed polylactic acid (PLA) nanocomposite scaffolds 
for biomedical applications 

Fahad Alam a, Vishnu Raj Shukla b, K.M. Varadarajan c,d, S. Kumar a,* 

a Department of Mechanical Engineering, Khalifa University, Masdar Campus, Masdar City, Abu Dhabi, United Arab Emirates 
b Biomaterial Processing and Characterization Laboratory, Department of Materials Science and Engineering, Indian Institute of Technology Kanpur, Kanpur, 208016, 
UP, India 
c Department of Orthopaedic Surgery, Harris Orthopaedics Laboratory, Massachusetts General Hospital, 55 Fruit St, Boston, USA 
d Department of Orthopaedic Surgery, Harvard Medical School, A-111, 25 Shattuck Street, Boston, USA   

A R T I C L E  I N F O   

Keywords: 
Anti-bacterial 
Scaffolds 
Metal/alloy filled PLA 
3D printing 
Surface treatment 

A B S T R A C T   

Anti-bacterial scaffolds made of copper, bronze and silver particles filled PLA nanocomposites were realized via 
fused filament fabrication (FFF), additive manufacturing. The thermal, mechanical and biological characteristics 
including bioactivity and bactericidal properties of the scaffolds were evaluated. The incorporation of bronze 
particles into the neat PLA increases the elastic modulus up to 10% and 27% for samples printed in 0� and 90�

configurations respectively. The stiffness increases, up to 103% for silver filled PLA nanocomposite scaffolds. The 
surface of scaffolds was treated with acetic acid to create a thin porous network. Significant increase (~20–25%) 
in the anti-bacterial properties and bioactivity (~18–100%) is attributed to the synergetic effect of reinforcement 
of metallic/metallic alloy particles and acid treatment. The results indicate that PLA nanocomposites could be a 
potential candidate for bone scaffold applications.   

1. Introduction 

Polylactic acid (PLA) has been explored for biomedical scaffold ap-
plications because of its biocompatibility, biodegradability, non-toxic, 
non-immunogenic and non-inflammatory properties towards the 
human body. PLA is produced from the starch obtained from biological 
sources such as corn, sugar beets, sugar cane, wheat, etc. The starch is 
processed either by fermentation or other chemical processes (Shirai 
et al., 2018) to obtain PLA. Owning to its biocompatibility, biodegrad-
ability and bioresorbability, PLA is a suitable candidate for temporary 
scaffold implants (Paolini et al., 2018; Saito et al., 2001; Wang et al., 
2017b) and is extensively being explored for tissue engineering appli-
cations. The other polymeric materials used for temporary scaffold ap-
plications are natural fibers based polymer composites such as chitosan, 
silk fiber and collagen (Almeida et al., 2014; Balagangadharan et al., 
2017; Cavasin et al., 2018; Dong et al., 2017; Sharif et al., 2018). Among 
these polymer composite scaffolds chitosan-based scaffolds with porous 
structure have been studied extensively (Balagangadharan et al., 2017; 
Dhivya et al., 2015; Levengood and Zhang, 2014; Menon et al., 2018; 
Preethi Soundarya et al., 2018; Saravanan et al., 2017; Sivashankari and 
Prabaharan, 2016). To introduce functional properties to PLA, 

researchers incorporated fillers such as hydroxyapatite to improve 
bioactivity (Persson et al., 2014; Tanodekaew et al., 2013), allotropes of 
carbon (CNT, CNF and GNP) to introduce piezoresistivity (Alam et al., 
2019a; Bayer, 2017; Cataldi et al., 2018; Gupta et al., 2018; Kumar et al., 
2019; Patole et al., 2019; Reddy et al., 2018) and magnetic particles for 
magnetic resonance imaging (MRI) applications (Xu et al., 2011). 
However, the anti-bacterial activity with the addition of different filler 
materials is yet to be explored. PLA nanocomposites filled with micro-
fillers such as copper, bronze and silver filled PLA may have adequate 
anti-bacterial properties because of the bactericidal nature of copper, 
bronze and silver. Several routes exist to prepare metal/metal alloy fil-
led PLA composites such as solvent casting (Feng et al., 2018; Sousa 
et al., 2019), molding (e.g. compression and injection) (Harris and Lee, 
2008; Nakagaito et al., 2009; Volpe et al., 2018), in situ polymerization 
(Li et al., 2013) and additive manufacturing (Arif et al., 2018; Dugbenoo 
et al., 2018; Ertane et al., 2018; Kumar et al., 2016; Li et al., 2018; 
Rajkumar and Shanmugam, 2018; Ubaid et al., 2018). Among the 
aforementioned techniques, additive manufacturing (3D printing) is one 
of the most suitable techniques for the fabrication of scaffolds because it 
enables fabrication of complex geometry with controlled porosity-a very 
important consideration for tissue engineering scaffold applications 
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(Wang et al., 2017a) for appropriate cell penetration, fluid flow and 
waste removal. 

Fused filament fabrication (FFF) (also known as fused deposition 
modeling, FDM), is mostly used for processing thermoplastic polymers 
with complex architectures (Gnanasekaran et al., 2017; Kumar et al., 
2016; Singh et al., 2014; Upadhyay et al., 2017; Xiaoyong et al., 2017). 
In FFF, the filament is fed through a pre-heated nozzle and melt extruded 
to deposit the melt as per the computer-aided design (CAD) model. The 
layer-by-layer deposition takes place to build a complete 3D structure by 
lowering the print bed in Z direction while moving the print head along 
X and Y axes. The print bed is lowered after each layer is deposited and 
next layer is deposited on top of pre-deposited layer (Huang et al., 2018; 
Jammalamadaka and Tappa, 2018; Wang et al., 2017a). Because of the 
positive glass transition temperature and high melt stability, PLA is 
easily processable via FFF-3D printing (Ligon et al., 2017; Salentijn 
et al., 2017). 

In the current study, the scaffolds of PLA and its nanocomposites 
filled with metal/metal alloy particles were fabricated using FFF addi-
tive manufacturing. Scaffolds with interconnected porous network 
having 50% porosity were designed and 3D printed. The physical, 
thermal and microstructural characterization of 3D printed scaffolds 
were performed and analyzed. To evaluate mechanical properties, 
compression test was performed on all the 3D printed scaffolds. 
Furthermore, tensile test was performed on 3D printed dogbone samples 
with 100% infill density considering two different printing directions (0�

and 90�). In vitro bioactivity assessment was performed by immersion 
test in simulated body fluid (SBF) and growth of apatite layer was 
analyzed using SEM and XRD. Furthermore the anti-bacterial activity of 
the scaffolds was evaluated with gram-negative, Escherichia coli (E. coli) 
and gram positive, Staphylococcus aureus (S. aureus) bacterial cells. 

2. Materials and methods 

2.1. Materials 

Filament of neat PLA of was obtained from LeapFrog 3D Printers 
(Alphen aan den Rijn, The Netherlands) and filaments of metal/metal 
alloy filled PLA were purchased from Formfutura, Netherland. The de-
tails of filaments, amount of filler, type of filler materials and their 
assigned sample IDs are given in Table 1. SBF used for bioactivity test 
was prepared in laboratory using analytical grade chemicals. 

2.2. 3D printing 

The samples of PLA and metal/metal alloy filled PLA nano-
composites were fabricated by the FFF AM using a commercial 3D 
printer, Fig. 1A (Creator Pro 3D printer, Flashforge Corporation, Zhe-
jiang, China). The filament of 1.75 mm diameter was used to prepare the 
specimens. The parameter used for the 3D printing of samples are pre-
sented in Table 2. In the fabrication process, the filaments are fed 
through a pinch roller feed mechanism to the heated nozzle. The fila-
ment is melted and pushed through the nozzle and the melt is deposited 
onto a pre-heated print bed. All the biological and compression (Fig. 1C 
and D) scaffolds were designed to have a relative density of 50% (Fig. 
1B) with a pore diameter of ~400 μm. 

Surface modification: The surfaces of the 3D printed samples were 
modified by exposing them to acetic acid for a short duration (5 min) 
followed by rinsing with distilled water. Etching action of acetic acid 
introduces, a thin porous (few microns) network on the surfaces of PLA 
(Fig. 1E treated SEM image). The process of surface modification is 
briefly described in Fig. 1E. As shown in the schematic and the corre-
sponding SEM images, the metal particles are exposed after the treat-
ment and a porous network is created. 

2.3. Characterization of filaments and fabricated samples 

Thermal characterization: Thermal characterization of the filaments 
is performed to find out the glass transition temperature (TgÞ and the 
melting temperature (TmÞ. Differential scanning calorimetry (DSC) was 
performed on a DSC 404, F1 (NETZSCH high temperature DSC) instru-
ment under a nitrogen flux of 20 ml/min. The samples of ~10 mg were 
subjected to a heating scan of 30–250 �C, at a rate of 10 �C/min. Ther-
mogravimetric analysis (TGA) was performed on a STA 449 F3 
(NETZSCH) instrument in the temperature range of 25–600 �C under a 
flux of 20 ml/min in nitrogen environment in order to quantify the 
fraction of metal/metal alloy particles present in PLA matrix in the form 
of solid residue in the filament. 

Microstructures of 3D printed samples: The microstructures and 
surface morphologies of the of 3D-printed samples were observed using 
scanning electron microscopy (The FEI Nova NanoSEM 650) with an 
accelerating voltage of 5 kV and a spot size of 2.5 μm. A thin layer of Au/ 
Pt (~10 nm) was deposited on the surface, using sputter coater, to make 
it conductive before observating in SEM. To observe the internal 
morphology, the printed samples were cryogenically fractured followed 
by sputter coating and used for SEM imaging. 

Phase characterization: The phases present in the filaments and 3D 
printed samples were characterized by X-Ray diffraction (XRD) to 
confirm the presence of filler in the filaments. XRD analysis was also 
performed on the bioactivity tested sample’s surfaces to confirm the 
presence of apatite layer on the surface of samples. Cuα radiation (λ ¼
1.541 Å) operated at 40 kV and 30 mA was used as X-ray source (using 
XRD PAN analytical Empyrean diffractometer) with a scan speed of 
2.4�/min, step size of 0.02� with 2θ ranging from 20� to 60�. 

Surface wettability: The surface wettability of the samples were 
measured using contact angle Goniometer (Krüss GmbH’ Drop Shape 
Analyzer, DSA, Germany) by putting a drop of 10 μL of deionized water 
(DI) water on the surfaces of the samples through a needle. Sessile drop 
method in the static mode was utilized to make the drop and tangent 
method is used to measure the surface wettability. On each sample, at 
least 3 droplets were formed at three different locations and the average 
of all nine values were reported. 

Mechanical Properties: Tensile properties of the 3D printed dogbone 
samples (100% relative density) were measured using universal testing 
machine (UTM) (Zwick-Roell Z005) at a constant crosshead speed of 5 
mm/min at ambient temperature with a load cell of 2.5 kN as per ASTM 
D638 standard. The Modulus, tensile strength and elongation were 
calculated from stress-strain response obtained from tensile tests. The 
stiffness of the 3D printed scaffolds (50% relative density) were evalu-
ated from compression tests, according to ASTM D-695 standard. The 
compression tests were performed using a UTM (Instron 5960, USA) 
equipped with 50 kN load cell. The stiffness of the scaffolds was calcu-
lated as the slope of the initial portion of the stress-strain curve. 

Water absorption capacity: The water absorption capacity of the 3D 
printed scaffolds was tested following the method reported by ASTM 
standard D570 (ASTM D570-98(2018), 2018). The scaffolds were 
immersed in distilled water for 24 h, at room temperature. After the 
immersion time, samples were removed from water and weighed. Dry 
weight of the samples was also recorded before immersion in water. The 
water absorption capacity was calculated using following equation 
(Ramadass et al., 2014): 

Table 1 
Samples ID and filler properties.  

Sample ID Wt. % of filler Filler 
morphology 

Filler size 

Polylactic acid PLA 0 - - 
Copper filled 

PLA 
PLA- 
Cu 

~70 Spherical ~50–70 μm 

Bronze filled PLA PLA-Br ~75 Spherical ~60–100 μm 
Silver filled PLA PLA- 

Ag 
~4 Flakes ~5 � 90 μm  
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Water absorption capacity ð%Þ¼
Ws � Wd

Wd
� 100  

Where Ws is the soaked weight and Wd is the dry weight of the scaffolds. 

2.4. Biological characterization of the samples 

Bioactivity: In-vitro bioactivity test on triplicate of all samples was 
conducted by immersing them in the SBF (Alam et al., 2015). Samples 
were immersed in SBF for 72 h in an incubator at 37 �C and then dried in 
an oven overnight and examined under SEM to observe the growth of 
apatite layer on the surface of the samples. These grown apatite layers 
were further characterized by XRD to further confirm the apatite layers. 

Bacterial viability assay: All the samples were tested for anti- 
bacterial performance against gram-negative E. coli (ATCC #25922) 
and gram positive S. aureus (ATCC #25923) respectively. The samples 
were ultrasonicated for 25 min followed by 45 min of autoclaving. After 
that, they were sterilized under ultraviolet (UV) light for 30 min. The 
samples were then immersed in ethanol for 60 min and then in 

phosphate-buffered saline (PBS) for 15 min. All the samples were seeded 
with 100 μl of 0.1 optical density (OD) bacteria solution. 700 μl of fresh 
Luria broth (LB) solution was added to each sample and the samples 
were then incubated for 4 h at 37.4 � 0.5 �C. Samples were then 
removed from the incubator and MTT [3(4,5-dimethylthiazol-2-yl)-2,5- 
diphenyl tetrazolium bromide)] was added to them facilitating the for-
mation of formazan crystals which are then treated with 200 μl DMSO 
(dimethyl sulfoxide) to form a purple solution. The extent of bacterial 
growth in the samples is estimated by evaluating the absorbance (OD) of 
these purple solutions via UV–vis spectrophotometer at 600 nm wave-
length. PLA sample is taken as the control, as no additive is incorporated 
in it that can restrict the growth of bacteria in this sample and the 
percentage change in absorbance relative to PLA was reported. 

3. Results and discussion 

3.1. Physicochemical characterization 

The results obtained from DSC analysis in order to evaluate the glass 
transition temperature (Tg) and melting temperature (Tm) are shown in 
Fig. 2. A comparison between the DSC thermograms of neat PLA and 
metal/alloy filled PLA is reported in Fig. 2a. The results of DSC indicate 
that the presence of fillers in PLA reduces Tm  and Tg substantially from 
171 �C to 151 �C and from 125 �C to 100 �C respectively (for more de-
tails, please refer Table 3). 

The thermograms obtained from the TGA profile evidenced a solid 
residue of filler materials in the filaments as shown in Fig. 2b. PLA-Cu, 
PLA-Br and PLA-Ag showed about 70%, 75% and 4% of solid residue 
respectively, whereas no solid residue was seen for neat PLA. Further-
more the thermograms of PLA and metal/alloy filled PLA filaments 

Fig. 1. (A) Schematic of the FFF 3D printing, (B) CAD model of the scaffold, (C) 3D printed scaffolds for bioactivity and antibacterial study, (D) 3D printed scaffolds 
for compression test and (E) Surface modifications via acid treatment of the 3D printed scaffolds. 

Table 2 
Process parameters for FFF AM.  

Parameters Parameters 

Speed of nozzle movement 1800 mm/min; first layer 300 mm/min 
Nozzle temperature 230 �C 
Bed temperature 60 �C 
Layer height 0.1–0.3 mm 
Extrusion width 0.48 mm 
Infill density 100% for all the specimens  
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indicate that the presence of metal/alloy fillers do not influence the 
degradation temperature. 

Fig. 2c shows the XRD spectra of the 3D printed samples where it is 
clear that the neat PLA is amorphous in nature as indicated by the ex-
istence of only a broad hump in the XRD pattern. However crystalline 
peaks were observed in metal/metal alloy filled PLA samples. The hump 
from the XRD pattern of the PLA-Cu and PLA-Br is not visible because 
higher intensity of metal/alloy particles (copper and bronze) suppressed 
the intensity of the hump. The small humps are still visible in PLA-Ag 
because of lower weight fraction (~4%) of silver content. 

The microstructural analysis of the 3D printed samples was per-
formed under SEM and the micrographs are shown in Fig. 3. The top 
surface of the samples was observed to see the print layers and surface 
morphology. A smooth surface of neat PLA observed is shown in Fig. 3a. 
The beads of the metal/alloy filled PLA samples showed the presence of 
wrinkled surface as compared to neat PLA. The presence of filler parti-
cles is clearly visible from top surface (Fig. 3b and c; left side) on the 

surface of the composite samples. The samples were further fractured 
cryogenically to observe the internal morphology of the printed struc-
ture. The presence of spherical (size ~ 70–100 μm) particles were 
observed in PLA-Cu and PLA-Br samples (Fig. 3b and c; right side) 
whereas flakes were observed in PLA-Ag sample (Fig. 3d; right side). 

The static water contact angle (WCA) on the surface of scaffolds was 
also measured and the representative digital images of the droplets are 
shown in the inset of microstructure of each sample. The wettability of 
composite samples decreases due to the presence of copper and bronze 
particles and contact angle increases from ~59.3� (neat PLA) to 111.1�

and 103.7� for PLA-Cu and PLA-Br respectively. However no significant 
change in the wettability of composite samples was observed with silver 
reinforcement (WCA of ~53.4�). Fig. 4 shows the results of water ab-
sorption capacity of 3D printed scaffolds. The water absorption capacity 
was quantified by immersing the samples in distilled water for different 
time periods. The water absorption capacity was maximum for neat PLA 
(89%) followed by PLA-Ag scaffold (64%), whereas PLA-Cu and PLA-Br 
showed lower absorption capacity of about 36% and 30% respectively. 
The lower water absorption capacity of PLA-Cu and PLA-Br scaffolds can 
be related to their lower wettability. 

The decrease in the water absorption capacity of PLA-Ag composite 
scaffold is probably due the presence of porous and rough struts, caused 
by presence of flake-like silver particles. 

Fig. 2. (a) DSC thermograms of filaments of each samples, (b) Weight loss (%) with respect to temperature obtained from TGA analysis and (c) XRD spectra of the 3D 
printed samples showing the presence of fillers in the PLA matrix. 

Table 3 
Thermal properties of the filaments.  

Sample Wt. % of filler Tm (�C) Tg (�C) 

PLA 0 171.0 125.5 
PLA-Cu ~70 151.5 103.9 
PLA-Br ~75 151.3 100.4 
PLA-Ag ~4 157.0 122.6  

Fig. 3. SEM micrographs of the 3D printed sample surfaces. (a) PLA, (b) PLA-Cu, (c) PLA-Br and (d) PLA-Ag. Micrographs were taken from the top of the printed 
scaffold (left) and cryogenically fractured surfaces (right) for each sample. The static water contact angles are presented in the inset of SEM micrographs of 
each sample. 
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3.2. Mechanical properties 

The representative stress-strain curves obtained from the tests are 
shown in Fig. 5a and b and the measured results are summarized in 
Table 4. The maximum stress observed on the samples was reported and 
tensile toughness was determined from the area under the curve, 
reflecting the amount of work done up to the fracture of the sample. 

Both the elastic modulus and elongation at break increased due to 
reinforcement of metals/metallic alloy particles into PLA matrix (see 
Table 4). The elastic modulus for neat 0�PLA was 1.54 GPa and it 
increased to 1.65, 1.70 and 1.59 GPa for PLA-Cu, PLA-Br and PLA-Ag 
samples respectively. The elastic modulus of the all the samples 
decreased when printed in 90� orientation. The elastic modulus for neat 
PLA decreased from 1.54 GPa (0�) to 1.26 GPa (90�). Tensile strength of 
PLA-Cu and PLA-Br samples decreased drastically however PLA-Ag 

showed an increase in the tensile strength for 90� print orientation. 
Among all csamples PLA-Ag showed the superior tensile properties. 

The compression test on the 3D printed scaffolds was performed and 
the representative stress-strain plot is shown in Fig. 5c. Three stages 
were observed, i.e. an initial linear elastic region followed by a plateau 
of almost constant stress but increasing strain which is then terminated 
by an exponential increase in the stress (densification). From the 
compression test results, the stiffness is calculated as the slope of the 
initial linear part of the stress-strain curve and the values are presented 
in Table 4. With the reinforcement of metal particles, the stiffness of the 
composites increased (þ103%) from 231 MPa (neat PLA) to 471 MPa 
(PLA-Ag). 

The fractured surface of the tensile tested samples were observed 
under SEM and the results are shown in Fig. 6. 

3.3. Bioactivation of scaffold surfaces 

The surface of the 3D printed samples was treated with the acetic 
acid and analyzed under SEM. The micrographs obtained from SEM 
before and after treatment are shown in Fig. 7. PLA is covered on the 
surfaces of untreated samples. However acid treatment makes the sur-
face porous and exposes filler particles as shown in Fig. 7. This thin layer 
of PLA becomes porous and filler particles are exposed as shown in 
Fig. 7b, c and d. Particles are encircled on “treated” image. Depending 
upon the duration of acid treatment exposed surface area of the fillers 
can be tuned. The exposed filler particles are expected to influence anti- 
bacterial activity than those covered with PLA. The magnified images of 
the porous network on the surfaces of the treated samples are shown in 
inset of the images labeled ‘Treated’ for all the samples. 

After in vitro bioactivity (immersion test), surfaces were observed 
under SEM and the micrographs obtained are shown in Fig. 8. A 
mineralized apatite growth on the surfaces are clearly visible on all the 

Fig. 4. Water absorption capacity of 3D printed scaffolds observed after im-
mersion in water for 24 h. 

Fig. 5. Representative stress-strain curves of the samples (a) tensile test on the dogbone samples with 0� printing orientation (b) tensile test on the dogbone samples 
with 90� print orientation, (c) compression test of the scaffold and (d) magnified compression stress-strain plot shown in figure (c). 
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samples. Apatite growth on neat PLA sample surface, before and after 
surface treatment is shown in Fig. 8a. The growth of apatite on the 
treated samples interestingly increased and the morphology of the 
apatite resembles fully grown mushroom as shown in Fig. 8b and c (from 
the morphologies (dendrimers and spherulite) observed on non-treated 
surfaces). The mineralization of the apatite crystals depends on the pH of 
the medium, adsorption and release of ions at the interface and surface 
wettability. Apatite growth on PLA-Ag samples surfaces are shown in 
Fig. 8d. The growth of the apatite was further characterized by XRD and 
results are presented in Fig. 9. It was quantified by taking the ratio of the 
integrated area of the apatite and area of all other peaks. It is confirmed 
from the quantification of results via XRD that the apatite growth is 
increases due to surface treatment for all the samples probably due to 
the presence of porous network and exposure of particles. The fraction of 
apatite growth before and after surface treatments are compared and 
presented in Table 5. 

3.4. Antibacterial activity 

The quantitative estimation of the antibacterial properties of scaf-
folds was done via viability assay and the results are shown in Fig. 10. 

The samples were incubated in the presence of E. coli (gram-negative), 
rod shape, as well as with S. aureus (gram-positive), grapes like for 4 h 
and then absorbance recorded to evaluate the number of live bacteria 
which were attached on the surface of the samples. The percentage (%) 
absorbance with respect to neat PLA is reported in the bar graphs of 
Fig. 10. It clear from the antibacterial assay (from the changes in the % 
OD, shown in bar graphs) that the surface treatment with acetic acid 
enhanced the bactericidal properties substantially with E. coli. However 
the effect of surface treatment was not dominant with the S. aureus. The 
effect of metal/alloy reinforcement has enhanced anti-bacterial activity. 
Among untreated samples PLA-Br followed by PLA-Ag showed the 
higher anti-bacterial activity. Among the surface treated samples, PLA- 
Cu showed highest anti-bacterial property followed by PLA-Br com-
posite sample. 

The enhancement in the anti-bacterial properties of metal/alloy fil-
led PLA samples are due the bactericidal nature of metals/alloy. The role 
of metallic/metallic alloy particles in enhancing anti-bacterial proper-
ties are mainly from direct contact killing (Codiþ~a et al., 2010; Vaidya 
et al., 2017). It is reported by Panaeck et al. (Pan�acěk et al., 2006) that 
gram positive (E. Coli) is more resistant towards silver than gram 
negative (S. aureus) and we also observed a similar result in our current 

Table 4 
Mechanical properties of PLA and is nanocomposite samples obtained from tensile and compression 
tests. The values in the brackets are % change with respect to neat PLA. 

Fig. 6. The micrographs of the fractured surfaces of after the tensile test (a) PLA, (b) PLA-Cu, (c) PLA-Br and (d) PLA-Ag. The magnified images of the circled portion 
is shown as right side of the micrograph for each sample. 
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study. Surface treatment showed further enhancement in the 
anti-bacterial activity with E.coli which can be attributed to the exposed 
surface of the filler particles due to surface etching of the scaffold. 
However with S. aureus, the effect of metal/alloy reinforcement 
remained dominant over the effect of surface treatment. Surface treat-
ment also created a thin porous structure on the surfaces. The thin 
porous surface gives rise to a rougher surface which may have helped 

Fig. 7. SEM micrographs of the surfaces of the 3D printed samples before and after acid treatment. (a) PLA, (b) PLA-Cu, (c) PLA-Br and (d) PLA-Ag. The magnified 
images are shown in the inset of the treated images. 

Fig. 8. SEM micrographs of the apatite grown on the surface of 3D printed samples (a) PLA (b) PLA-Cu, (c) PLA-bronze and (d) PLA-Ag. The apatite grown on treated 
and untreated samples are shown. 

Fig. 9. XRD spectra of the apatite grown on the surface of the samples (a) 
untreated samples and (b) treated samples. 

Table 5 
Quantification of bioactivity form XRD data. 
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S. aureus to increase the viability to some extent as found in our previous 
work (Alam and Balani, 2017; Alam et al., 2019b). Overall both, filler 
reinforcement and surface treatment enhanced the antibacterial activity 
of the metal/alloy filled PLA composites. 

4. Conclusions 

Anti-bacterial scaffolds, of PLA and metallic/metallic alloy particles 
filled PLA, were prepared via FFF AM with copper, bronze and silver 
particles. Thermal properties obtained from DSC showed decrease 
(5–10 �C) in Tm and Tg of the composites but they did not have any effect 
on the printability of the scaffolds. The addition of metallic/metallic 
alloy particles into the PLA increases the elastic modulus (~3–10% for 
0� orientation) and elongation (up to 200%) but decreases the tensile 
strength. PLA as well as nanocomposite PLA samples printed in 90�

orientation showed poor mechanical properties as compared to the 
samples printed in 0� orientation. The surface of scaffolds were further 
modified with acetic acid to create a thin micro-porous network.. The 
wettability of PLA composites decreased from ~59� to �100� due to the 
presence of filler particles and rougher surface of the printed structure as 
compared to neat PLA. Metal/alloy filled PLA showed antibacterial ac-
tivity with gram-positive (~10% less viability) as well as with gram- 
negative (~30% less viability) bacterial cells. Anti-bacterial properties 
due to surface treatment were enhanced with E.coli (up to 18% less 
viability), whereas with S. Aureus, the surface treatment doesn’t show 
any effect. Among all samples, PLA-Ag showed superior mechanical and 
anti-bacterial properties. The results indicate that metal/alloy filled PLA 
nanocomposite could be a potential candidate for bone scaffold 
applications. 
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