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ABSTRACT

Herein, we report the physicochemical, thermal, mechanical and biological char-

acteristics, including bioactivity, biodegradation and cytocompatibility of additive

manufacturing-enabled novel nanocomposite scaffolds. The scaffolds comprise a

blend of polylactic acid (PLA) and poly-e-caprolactone (PCL) reinforced with hal-

loysite nanotubes (HNTs). The nanoengineered filaments were developed by melt

blending, and the nanocomposite scaffolds were manufactured by fused filament

fabrication. Uniform dispersion of HNTs in the PLA/PCL blend is revealed via

scanning electronmicroscopy.Mechanical property loss due to the addition of PCL

to realize a suitable biodegradation rate of PLAwas fully recovered by the addition

of HNTs. Bioactivity, as revealed by the fraction of apatite growth quantified from

XRD analysis, was 5.4, 6.3, 6.8 and 7.1% for PLA, 3, 5 and 7 wt%HNT in PLA/PCL

blend, respectively, evidencing enhancement in the bioactivity. The degradation

rate, in termsofweight loss,was reduced from4.6%(PLA) to1.3%(PLA/PCL)upon

addition of PCL, which gradually increased to 4.4% by the addition of HNTs (at 7

wt%HNT). The results suggest that the biodegradation rate,mechanical properties

and biological characteristics, including cytocompatibility and cell adhesion, of the

3Dprinted,microarchitected PLA/PCL/HNT composite scaffolds can be tuned by

an appropriate combination of HNT and PCL content in the PLA matrix, demon-

strating their promise for bone replacement and regeneration applications.
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Introduction

Blends of polylactic acid (PLA) and poly-e-caprolac-
tone (PCL) are extensively being explored recently

for biomedical applications due to their promising

characteristics, including biodegradability. Both PLA

and PCL are regarded as biomedical materials by

Food and Drug Administration USA, due to their

biocompatibility [1, 2]. The end-product obtained

after biodegradation of PLA, such as water, carbon

dioxide and hydroxyl acid, is well accepted by the

human body [3, 4]. Although PLA has adequate

strength, it lacks mechanical compliance [5–7].

Moreover, PLA exhibits poor wettability but shows a

faster biodegradation rate as compared to PCL.

Aiming to tailor desirable properties, researchers

have utilized natural fibers such as silk, collagen and

chitosan-based PLA composites. Blending of PLA

with PCL is one of the alternative routes opted for

controlling the degradation rate and other properties

[8–11]. PCL has high strain-to-break with controlled

carrier release properties but a slow degradation rate

(up to 4 years) [12]. The blend of PLA and PCL is

desired to achieve an optimal combination of

biomedical and mechanical properties [13] and is

therefore widely considered for tissue engineering

applications. PLA offers better mechanical strength

while PCL provides strain tolerance, enhanced per-

meability and reduced rate of degradation [14]. To

improve the surface wettability of the scaffolds,

different approaches such as post-fabrication surface

modification by thin coating or by plasma treatment

have been explored. Incorporation of nanomaterials

such as carbon nanostructures, metal oxide

nanoparticles into polymer matrix is yet another

approach to alter the surface wettability [15]. Hal-

loysite nanotube (HNT) has gained attraction in the

recent past as a biocompatible material as it has the

potential to enhance the biocompatibility [16, 17], as

well as surface wettability of the polymer matrix

[18–20]. HNT—a clay mineral belonging to kaolinite

family—has a long tubule-like structure with a stoi-

chiometry of Al2Si2O5(OH)4�nH2O. A few studies

were focused on 3D printing of PLA with HNT for

biomedical applications [21–25]. However, the com-

bination of PCL with PLA/HNT is not much

explored.

The polymer composite scaffolds can be fabricated

by various manufacturing techniques including

phase separation, gas foaming and additive manu-

facturing (AM). Among these techniques, AM (also

known as 3D printing) has emerged as one of the

most suitable techniques for polymer scaffold fabri-

cation as it offers design freedom [26–32]. Among

various 3D printing techniques, fused deposition

modeling (FDM), also known as fused filament fab-

rication (FFF), is a preferred method for the fabrica-

tion of polymeric scaffolds with microarchitected

internal and external porous morphology in a con-

trolled fashion [33, 34]. In FFF 3D printing, a filament

feedstock (diameter * 1.75 or 2.4 mm) is fed into the
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heated nozzle and the resulting melt is deposited on

the preheated print bed in a layer-by-layer fashion,

forming a 3D structure. FFF is relatively easy, fast

and cost-effective 3D printing technique [35–38].

In this study, the PLA/PCL/HNT composite fila-

ments were developed by melt extrusion and com-

posite scaffolds with porosity, ; ¼ 50% (conversely,

relative density, q ¼ 1� ;ð Þ ¼ 50%), were fabricated

via FFF 3D printing. Both PLA and PCL were mixed

in 1:1 ratio and the HNT content was varied from 1 to

7 wt% in PLA/PCL blend. The physicochemical,

thermal and mechanical characteristics of the scaf-

folds were analyzed. In vitro bioactivity, biodegra-

dation and cytocompatibility of the composite

scaffolds were also characterized to access their

potential for bone replacement and regeneration

applications.

Experimental

Materials

The pellets of PLA (3D850) obtained from Nature-

Works� LLC and were used for filament fabrication.

PCL was supplied by Sigma-Aldrich (product num-

ber 440744) and has a molecular weight of * 80000

g/mol and a density of 1.14 g/cm3. HNT used in this

study was supplied by Sigma-Aldrich and has an

average outer diameter of * 50 nm (see, TEM image

shown in Fig. 1). All other chemicals used to prepare

simulated body fluid (SBF) and other biological

assays were of analytical or higher grade. Table 1

summarizes different compositions of PLA, PCL and

HNT used in this study and their sample

identification.

Filament fabrication and 3D printing
of PLA/PCL blend and PLA/PCL/HNT
composites

The schematic illustration of filament fabrication and

3D printing is shown in Fig. 2. PLA and PCL were

mixed in 1:1 ratio and the HNT content was varied

from 1 to 7 wt% in PLA/PCL blend. Dichlor-

omethane (DCM) was used as a solvent. All the

constituents were mixed with a magnetic stirrer and

the slurry made was dried by solvent evaporation in

the form of a sheet. The sheets were then chopped

into small pieces (Fig. 2a (i)) and fed into the extruder

(Fig. 2a (ii)). A twin-screw extruder was used to

prepare the filament feedstock with a diameter of

1.75 mm as shown in Fig. 2a (iii). The fabricated fil-

ament was then collected and stored in spools. The

developed filaments were used for 3D printing of test

specimens.

The scaffolds of selected compositions were fabri-

cated by FFF AM using a commercial 3D printer

(Creater Pro 3D printer, Flashforge Cooperation

Zhejian, China). The schematic of 3D printing is

shown in Fig. 2a (iii). A Simplify3D software was

used to generate the G Code-a file required for the

FFF printer, using the STL file of the computer aided

design (CAD) model. The relative density of the

scaffold was controlled by appropriately architecting

the pores in CAD model. For a designed relative

density of 50%, the pore diameter was in the range of

300–600 lm. The developed filaments of * 1.75 mm

diameter were mounted directly on print head as

shown in Fig. 2 to achieve high extrusion pressure

50 nm 

Mul�ple walls

Inner diameter

outer diameter

(∼30)

(∼50)

Figure 1 TEM image of the HNTs used in the current study.

Table 1 Compositions of the filaments developed by melt

blending

Sample ID PLA (wt%) PCL (wt%) HNT (wt%)

PLA 100 0 0

PLA/PCL 50 50 0

1HNT 50 50 1

3HNT 50 50 3

5HNT 50 50 5

7HNT 50 50 7
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and avoid any problem in feeding. The specimens for

physical, chemical, bioactivity and biodegradation

tests were prepared in square shapes, whereas for

cytotoxicity and adhesion tests, circular disks were

prepared. The optical images of the prepared scaf-

folds are shown in Fig. 2b and c. The parameters

used in FFF 3D printing of scaffolds are presented in

Table 2.

Characterization

Physicochemical characterization

The nanostructure of HNT used in this study was

characterized via transmission electron microscopy

(TEM) using FEI, Tecnai TEM 200 kV. TEM imaging

was performed to confirm the nanostructure of the

HNT. All the raw materials and in-house developed

filaments were characterized by X-ray diffraction

(XRD) to determine the compositions of all the con-

stituents present. The XRD analysis was performed

on a PAN analytical Empyrean diffractometer uti-

lizing a Cu, Ka radiation (k ¼ 1:54 Å) operated at

40 kV, as an X-ray source. The samples were scanned

at a speed of 2.4�/min with a step size of 0.02� with

2h� ranging from 10 to 80�. The surface of samples

after bioactivity tests was also analyzed using XRD to

confirm the presence of apatite layer.

The surface topography and internal morphology

of the filaments, as well as the 3D printed scaffolds,

were observed under scanning electron microscopy

Figure 2 a Schematic

illustration of filament

fabrication and 3D printing of

the samples via FFF additive

manufacturing. The process

involves (i) solvent casting

followed by (ii) extrusion to

obtain filaments and finally

(iii) 3D printing of scaffolds.

b Optical images of the

samples prepared for

physicochemical

characterization and (c) for cell

culture test: (i) neat PLA, (ii)

PLA/PCL, (iii) 1HNT, (iv)

3HNT, (v) 5HNT and (vi)

7HNT. The numerals 1, 3, 5

and 7 refer to wt% of HNT in

the samples.

Table 2 Process parameters used for FFF 3D printing

Parameters Values

Nozzle temperature 220 �C
Print bed temperature 60 �C
Nozzle speed 1800 mm/min; first layer 300 mm/min

Layer height 0.1–0.3 mm

Extrusion width 0.48 mm

Infill density 50%
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(SEM). The FEI Nova NanoSEM 650 was utilized to

obtain micrographs. The SEM was operated under an

accelerating voltage of 5 kV with a working distance

of 5 mm and a spot size of 2.5 nm. Prior to imaging

under SEM, the surface of the samples was coated

with a thin layer (* 10 nm) of Au/Pt to make the

surface conducting. The internal morphology of the

filaments was observed on cryogenically fractured

(brittle fracture under Liquid nitrogen) surfaces of

the samples.

The thermal properties of the filaments were

assessed via differential scanning calorimetry (DSC)

and thermogravimetric analysis (TGA). DSC analysis

was performed on a DSC 404, F1 (NETZSCH high-

temperature DSC). The tests were performed under

inert atmosphere (a flux of 20 ml/min). The pinch

(10–15 mg) of samples was subjected to heating scan

ranging from 30–300 �C, at a heating rate of 10 �C/
min. The glass transition temperature (Tg) and melt-

ing temperature (Tm) were evaluated from the

obtained DSC data. The TGA was performed utiliz-

ing a STA 449 F3 (NETZSCH high-temperature TGA)

instrument in the presence of inert atmosphere (a flux

of 20 ml/min). A small quantity of samples

(* 15 mg) was scanned ranging from 30 to 600 �C.
The amount of solid residue was quantified to con-

firm the filler contents.

The surface wettability of the 3D printed samples

was evaluated using water contact angle measure-

ments. A contact angle goniometer (Krüss GmbH

Drop shape Analyzer, DSA, Germany) was used for

this purpose. A droplet of 5 ll of deionized (DI)

water was dropped on the surfaces. The static mode

of sessile drop method was utilized to make the

droplet and contact angle was recorded using a tan-

gent method. At least three droplets were formed on

each surface at different locations and the average

values were reported.

The mechanical properties of the solvent cast

dogbone samples were examined using a Zwick-

Roell Z005 universal testing machine (UTM) at a

constant crosshead speed of 5 mm/min at ambient

temperature with a load cell of 2.5 kN as per ASTM

D638. The modulus, tensile strength and elongation

were calculated from the stress–strain plots obtained.

The maximum stress observed on the samples was

reported as tensile strength (r) and the modulus is

calculated from the initial linear portion of the stress–

strain curve. Five specimens of each composition

were tested and the average values with standard

error are reported.

Biological characterization

Bioactivity of the scaffolds was evaluated by

immersing samples in simulated body fluid (SBF)—

an artificial solution whose chemical composition is

similar to human blood plasma, under incubation

condition (37 �C) for an exposure time of 72 h. The

ions (Ca2þandHPO2�
4 ) present in SBF promote the

growth of hydroxyapatite (also known as apatite).

The samples were dried in oven at 50 �C overnight

after immersion in SBF and apatite growth was

examined via XRD analysis. The surface of apatite-

grown scaffolds was further examined under SEM to

observe the morphology of apatite growth.

In vitro degradation study of fabricated scaffolds

was performed by immersing them in SBF. The

scaffolds were immersed for different exposure times

in SBF at 37 �C, for maintaining the same volume up

to 30 days. The old SBF solution was replaced with

fresh solution every week. The degradation was

quantified by measuring the weight loss. The dry

weight was recorded before and after immersion in

SBF.

Fabricated scaffolds were ethanol sterilized,

washed well with PBS three times and submerged in

complete cell culture media (DMEM supplemented

with 10% FBS and 1% Pen/Strep) for 24 h. Scaffolds

were then placed in Transwell cell culture plates with

human dermal fibroblasts grown to confluence at the

bottom, inhibiting contact between scaffolds and

cells. Cells were left for 24 h and MTT was performed

to determine if constituents leached from the scaf-

folds are toxic from the cells.

Subsequently, similarly treated scaffolds were

placed on glass coverslips placed on conventional

tissue culture plates and excess media was removed

while keeping the material of the scaffold wetted.

Untreated glass prevents the wicking away of cell

culture suspension. 50 lL of media containing 50 k

fibroblasts was placed on each scaffold and left for

4 h. After which, wells were filled with 500 lL of

media and left to culture for 72 h. After the duration

of culture, scaffolds were removed using tweezers,

placed into new cell culture plates and MTT was

again performed to assess the number of cells on the

scaffolds. Fluorescence imaging of fibroblasts stained

14074 J Mater Sci (2021) 56:14070–14083



with DAPI and Phalloidin was performed to repre-

sentatively demonstrate the attachment of cells on the

fabricated scaffolds.

Results and discussion

Physical and thermal characteristics
of filaments and 3D printed scaffolds

The microstructural characterization of the filament

feedstocks made of neat PLA, PLA/PCL blends and

PLA/PCL/HNT composites was conducted using

SEM. The SEM micrographs are shown in Fig. 3a–f.

The filaments were cryogenically fractured to observe

the cross section under SEM and diameter of all the

filaments was in the range of 1.65–1.80 mm. A small

spot on the cross section was then magnified (high-

lighted by yellow dotted box) to observe the internal

morphology of the filaments and assess the state of

distribution of all three phases (PLA, PCL and HNT).

The results were in close agreement with the SEM

images reported in a recent study by Sluf et al. 2020

[39]. Figure 3a and b shows the surfaces of neat PLA

and PLA/PCL blend, respectively. It can be observed

from the figures that neat PLA exhibits a smooth and

uniform surface morphology while PLA/PCL blend

shows a less brittle fracture surface with two phases.

The presence of HNT can be clearly observed in

Fig. 3d–f. Dotted white circles indicate the presence

of HNT in the samples. It is evident from the

micrographs that the distribution density of HNT

increased with increase in loading of HNT in PLA/

PCL matrix. Furthermore, a good dispersion of HNT

in PLA/PCL matrix is clearly visible. At higher HNT

loading, (such as at 5 wt% HNT), aggregation of HNT

was observed to some extent and this was also evi-

dent from the thermal analysis.

The phases present in the filaments were charac-

terized by XRD and the XRD spectra obtained are

shown in Fig. 3g. The XRD spectra of PLA/PCL/

HNT composite were compared with those of neat

PLA, PCL and HNT to identify the characteristic

Figure 3 Characterization of

filaments: Microstructure of

filaments (fabricated by melt

extrusion process) obtained

from SEM showing the

internal features. a Neat PLA,

b PLA/PCL blend, c 1HNT in

PLA/PCL, d 3HNT in PLA/

PCL, e 5HNT in PLA/PCL

and f 7HNT in PLA/PCL. The

filaments were fractured

cryogenically to observe under

SEM. The magnified portion

of microstructures is indicated

by dotted yellow boxes.

Dotted white circles indicate

the presence of HNT in PLA/

PCL blend. g XRD spectra of

the filaments, h DSC plots of

the filaments and i TGA plots

of the filaments compared with

neat PLA, and PLA/PCL

blend.
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peaks. Neat PLA showed amorphous nature with a

broad hump [40, 41], whereas PCL and HNT exhib-

ited characteristic peaks showing semi-crystalline

and crystalline nature, respectively [42]. The

appearance of all peaks in PLA/PCL/HNT compos-

ite sample confirms the presence of all three

constituents.

Thermal properties were characterized using DSC

and TGA and the results are shown in Fig. 3h and i,

respectively. Glass transition temperature Tg and

melting temperature Tm were evaluated from DSC

analysis and the results are presented in Table 3. Tg

decreased with the addition of PCL. However, no

significant change in Tg was observed due to the

addition of different wt% of HNT into PLA/PCL

blend. Tg was reduced from 69.15 �C (neat PLA) to

66.59 �C (PLA/PCL) and 64.74 �C (7HNT) [43].

Marginal change in melting point was observed due

to the addition of PCL into PLA but it was recovered

to the level of neat PLA with the addition of HNT

into PLA/PCL blend. Neat PLA exhibited a Tm

of * 183 �C, which reduced to * 180 �C upon

addition of PCL into PLA and again recovered to *
182 �C with the addition of 7 wt% HNT into PLA/

PCL blend. Though the change of melting tempera-

ture is irregular in case of 3HNT, it is still within the

experimental error of the TGA instrument. The frac-

tion (wt%) of HNT present in filaments developed

was quantified from TGA analysis by measuring the

amount of solid residue. The amount of residue

reflects the amount of HNT loading. The plots of

weight loss (%) with respect to temperature are

shown in Fig. 3i. The weight fraction of HNT was

quantified from the solid residue and it was in line

with the amount of the HNT added to PLA/PCL

blend. However, the amount of residue for both

5HNT and 7HNT samples is almost the same. This

discrepancy might be attributed to the small amount

of sample used for the TGA. To support the results,

SEM micrographs of cryogenically fractured samples

were obtained.

The surface of as-prepared scaffolds was observed

under SEM and the micrographs are shown in Fig. 4.

The micrographs taken from the top surface are

presented in Fig. 4a–f, and the micrographs of mag-

nified portion are presented in Fig. 4a–f (highlighted

by dotted yellow box). It is clear from the micro-

graphs that the smoothness of the surface decreases

as the amount of HNT increases. The smoothest

surface was observed for neat PLA (Fig. 4a), whereas

the roughest surface morphology was observed for

7HNT (Fig. 4f). Several studies reported that the

roughness of nanocomposite processed by FFF 3D

printing increases with increase in filler content

because of agglomeration tendency of fillers at the

nozzle during 3D printing. This results in generation

of a rough beads and hence an overall rough surface

is created. Furthermore, HNT is relatively stiffer than

melted PLA and PCL and this results in partial

dragging of the polymer with the motion of nozzle

while 3D printing. Although rough beads were

observed in composite samples, the pore sizes and

porosity remained almost the same in all the cases.

Interconnected pores of different sizes were present

ranging from * 300–600 lm in all the scaffolds.

The wettability of the scaffolds was measured

using static water contact angle (WCA) method and

the measurements obtained are presented in Fig. 5.

The captured photographs of the droplets are shown

on the top of the bar chart for all the samples tested.

Overall, an increase in the surface wettability was

observed with compositing. Upon addition of PCL

into PLA, the contact angle decreased from * 89�
(neat PLA) to * 67� (PLA/PCL), which was further

decreased to * 65� with the addition of HNT

(1HNT). A gradual increase in the contact angle was

observed with increase in HNT content and it

reached * 85� for 7 wt% loading of HNT (7HNT).

This increase in the contact angle with increase in the

HNT content is likely due to increase in surface

roughness.

The mechanical properties were evaluated by per-

forming tests on dogbone samples, and the repre-

sentative stress–strain curves are shown in Fig. 6. The

results obtained are summarized in Table 4. The

elastic modulus and tensile strength decrease with

the addition of PCL into PLA as expected [44].

However, with the addition of HNT into PLA/PCL

blend, both modulus and strength were recovered

Table 3 Thermal properties of

the filaments obtained from

DSC analysis

Samples ID Tg(�C) Tm(�C)

PLA 69.15 183.22

PLA/PCL 66.59 180.92

1HNT 65.36 181.71

3HNT 66.45 180.90

5HNT 65.79 181.12

7HNT 64.74 182.09
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[45]. PCL reduced the tensile strength but increased

the elongation at break by ? 99.58% (PLA/PCL) as

compared to neat PLA. The increase in the modulus

of PLA/PCL/HNT composites is due to the addition

of stiffer HNTs into PLA/PCL blend while increase

in the tensile strength of composites is due to effec-

tive load transfer from the blend to HNTs. The

elongation at break of PCA/PCL/HNT composites

decreases with increasing HNT content with a dis-

crepancy at 5 wt% HNT. The increase in elongation of

5HNT sample is probably due to non-homogeneous

dispersion of HNT in PLA/PCL blend [45, 46].

Biological characteristics of 3D printed
scaffolds

The bioactivity on the surface of the scaffolds was

assessed in SBF and the apatite growth was analyzed

using SEM. The micrographs are presented in Fig. 9.

PCL and HNT both showed a positive effect on the

bioactivity, and the bioactivity of the PLA remained

unchanged. The surface morphology of the apatite

growth observed from SEM showed increase in

apatite growth with 3HNT, 5HNT and 7HNT

(Fig. 7d–e) when compared to neat PLA (Fig. 7a). As

can be clearly visualized, the size of apatite growth

on these scaffolds increased with increase in HNT

content.

(a)

1 mm 200 μμm

a
a (b)

1 mm 200 μm
b

b

(c)

1 mm 200 μm

c

c (d)

1 mm 200 μm

d

d

(e)

1 mm 200 μm
e

e (f)

1 mm 200 μm

f
f

Figure 4 SEM images of the

3D printed samples: a Neat

PLA, b PLA/PCL, c 1HNT,

d 3HNT, e 5HNT and f 7HNT.

The magnified portions of the

bead surface are highlighted

by yellow dotted boxes and

corresponding micrographs are

shown on the right.

Figure 5 Surface wettability (contact angle measurements) of 3D

printed samples.
Figure 6 Representative stress–strain curves from tensile tests

conducted on the dogbone samples.
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The fraction of apatite growth was quantified from

XRD analysis and the XRD spectra obtained are

presented in Fig. 7g and h. XRD analysis was per-

formed before and after immersion tests and the

obtained spectra were compared. The presence of

extra peaks at * 32.5� and * 46.2� on the scaffolds

after bioactivity test confirms the apatite (hydroxya-

patite) growth [47] after immersion in SBF solution

[48]. Integrating the area under the XRD apatite

peaks, the fraction of apatite (%) was calculated with

respect to all peaks observed. Almost, the same

fraction of apatite peaks was observed on PLA, PLA/

PCL and 1HNT scaffolds. A slight increase in bioac-

tivity of 3HNT, 5HNT and 7HNT scaffolds was

observed. The fraction of apatite growth increased

from 5.4% (PLA) to 6.3%, 6.8% and 7.1% for 3HNT,

5HNT and 7HNT, respectively. Although surface

wettability remained unchanged after HNT addition,

the bioactivity increased, exhibiting the effect of HNT

content. Note that, the effect of HNT reinforcement

on bioactivity is dominant compared to the change in

surface wettability.

In vitro biodegradation tests of the scaffolds were

performed by immersing them in SBF for longer

Table 4 Mechanical

properties of PLA, PLA/PCL

blend and PLA/PCL/HNT

composite samples obtained

from tensile tests

Samples Young’s modulus (MPa) Tensile strength (MPa) Elongation at break (%)

PLA 246.56 ± 5.53 17.25 ± 1.06 7.18 ± 1.01

PAL/PCL 137.54 ± 4.17 10.40 ± 0.59 (- 39.71%) 14.33 ± 0.84

1HNT 184.10 ± 6.21 11.45 ± 0.61 (- 33.62%) 12.3 ± 0.65

3HNT 213.53 ± 4.80 12.87 ± 0.54 (- 25.39%) 8.53 ± 0.67

5HNT 267.65 ± 5.47 15.52 ± 1.12 (- 10.02%) 9.37 ± 0.50

7HNT 281.19 ± 3.90 16.62 ± 0.87 (- 3.65%) 6.78 ± 0.84
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Figure 7 Bioactivity analysis

on the surface of the samples.

SEM micrographs of the

apatite deposited on the

surface of scaffolds. a Neat

PLA, b PLA/PCL, c 1HNT,

d 3HNT, e 5HNT and f 7HNT.

XRD spectra of the apatite

deposited on the surfaces of

scaffolds before apatite growth

g and after apatite growth

h. The dotted line in (h) shows

the presence of apatite peaks.
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duration (up to 30 days) and the weight loss was

calculated measuring the weights before and after the

test. The surfaces of the scaffolds tested for

biodegradation were observed under SEM and the

micrographs are presented in Fig. 8. PCL demoted

the rate of degradation of PLA as also evident from

the literature that that PCL has a slower degradation

rate than the PLA [9]. With the addition of PCL, the

changes in the weight loss were reduced from * 4.6

to * 1.3%. The weight loss was further increased

gradually to * 4.4% (7HNT) as the HNT content was

increased. The pits and holes formed during degra-

dation on the surface of the scaffolds are observed

under SEM and are highlighted in the micrographs

by dotted white circles. As can be clearly seen from

the images that neat PLA (Fig. 8a) has degraded the

most among all scaffolds in line with weight loss

measurements. The sizes of pits and holes are smaller

in PLA/PCL scaffolds and this can be attributed to

the slower rate of degradation of PCL as compared to

PLA. The pits and holes increased in size and chan-

ged in shape as the content of HNT was increased.

This can be correlated with the rough surface of the

scaffolds and the subsequent longer exposure to SBF.

The results from the degradation tests showed that

the degradation rate can be tuned by changing the

amount of HNT and PCL in PLA matrix.

When suspended, and not in physical contact with

fibroblast culture, the degraded by-products from the

fabricated scaffolds did not adversely affect the cells.

On the contrary (Fig. 9a and b), when compared to

control, there is a statistically significant increase in

measured MTT absorbance from the by-product of

PLA and a further significant increase is measured

when PCL is added to the scaffold system. The var-

ious concentrations of HNT did not affect cellular

metabolism as it is known for its biocompatibility

[49, 50]. Results from attachment test showed that

cells were able to adhere and expand on the scaffolds

as well (Fig. 9c–h). While 7HNT was the most

hydrophobic, it is expected that attachment proteins

from cell culture media would have been the most

significant, and this supposedly will translate into

higher cell attachment and proliferation. This is not

the case, and it could be due to the size of the apatite

that is deposited on the material of the scaffolds. Neat

PLA has similar wettability as 7HNT, however, in the

absence of apatite formation, showed equal fibroblast

metabolism when compared to control. The reduc-

tion in HNT concentration showed reduced apatite

formation and significant increment in measured

MTT, which could indicate that surface topography is

a factor here. Biologically, the fabricated scaffolds are

biocompatible and support cellular attachment.

5 μm 5 μm5 μm

5 μm 5 μm5 μm

(a) (b) (c)

(e) (f)(d)

Figure 8 SEM images of the surfaces of samples after 4 weeks of degradation test. a Neat PLA, b PLA/PCL, c 1HNT, d 3HNT, e 5HNT

and f 7HNT. Dotted white circles show the pits and holes observed after the degradation test.
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Conclusions

The PLA/PCL/HNT composite filaments were

developed by melt extrusion in conjunction with

solvent casting. The scaffolds with 50% overall

porosity were fabricated using FFF 3D printing.

Thermal properties obtained from DSC showed a

little decrease in the Tg with the addition of PCL into

PLA matrix while Tm remained unchanged with the

addition of PCL and HNT. The surface wettability of

scaffolds increased with the addition of PCL which

then decreased slightly by the addition of HNT. This

reduction in wettability with the addition of HNT

could be attributed to increased surface roughness of

printed scaffolds. All the scaffolds showed reason-

able degree of bioactivity in SBF, demonstrating their

Control PLA PLA/PCL 1HNT 3HNT 5HNT 7HNT Control PLA PLA/PCL 1HNT 3HNT 5HNT 7HNT

ba

0000

c d e

f g h

Figure 9 Biocompatibility of scaffolds with human dermal

fibroblasts cells when normalized to control (tissue culture

polystyrene): a Fibroblasts demonstrate increased metabolic

activity when exposed to scaffolds (not in direct contact with the

cells) and (b) the scaffolds are capable of supporting fibroblasts.

Fluorescence microscopy of fibroblast cells attached on scaffolds.

There are no observable differences in fibroblast morphology on

various fabricated scaffolds. Qualitatively, fibroblasts

demonstrated equal elongations predominantly in the direction of

scaffold fiber extrusion, which could be an indication of

longitudinal surface artifacts: c Neat PLA, d PLA/PCL, e 1HNT,

f 3HNT, g 5HNT and h 7HNT. The scale bar shown is 1 mm.
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potential for scaffold applications. PCL has reduced

the degradation rate of the PLA and concomitantly

reduced weight loss from 4.6 (PLA) to 1.3% (PLA/

PCL). PCL has improved the elongation while

reducing the strength of PLA. The reduction in

mechanical properties of PLA due to the addition of

PCL was recovered by the incorporation of HNT into

PLA/PCL blend. The reduction in HNT concentra-

tion showed reduced apatite formation and signifi-

cant increment in measured MTT, which could

indicate the influence of surface topography affected

by the HNT. Biologically, the fabricated scaffolds are

biocompatible and support cellular attachment. The

amount of HNT and PCL can be optimally controlled

to tune the biocompatibility and degradation rate of

newly designed scaffolds. Furthermore, the 3D prin-

ted scaffolds showed adequate cytocompatibility and

cell adhesion, demonstrating their potential for bone

replacement and regeneration applications. To realize

the full potential of PLA/PCL/HNT nanocomposites

for scaffolds enabled by FFF 3D printing, the filament

fabrication process needs to be optimized to ensure

uniform dispersion of HNTs in PLA/PCL blend.
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