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There is currently a high demand for synthetic biodegradable scaffolds with enhanced osteogenic and 
angiogenic performance for the regeneration of large-size bone defects. Here, hybrid scaffolds were 
prepared by integrating either alginate or alginate–bioglass composite hydrogels with a 3D-printed 
poly(lactic acid) (PLA) porous structure. The as-deposited PLA scaffolds were surface treated with 
polyacrylic acid (PAA), which significantly enhanced the PLA scaffold’s wettability. The surface-modified 
PLA scaffolds integrated well with hydrogels and provided shape and mechanical rigidity to the hydrogel. 
In phosphate-buffered saline, the lowest weight loss during 21-days immersion was measured for the 
PLA scaffold, while alginate–bioglass scaffolds lost ~ 1.9% weight during the first 7 days of immersion. 
In vitro cytocompatibility tests indicated good cell viability and cell proliferation on the scaffolds. The 
bioglass-containing hybrid scaffold promoted osteogenic differentiation and calcium mineralization. The 
excellent biocompatibility, good mechanical stability of the hydrogel, and shape retention of the novel 
hybrid scaffolds with cell-laden alginate could make them attractive for large bone regeneration.

Introduction
Excessive bone damage due to trauma and injury and repair of 
congenital defects or bone loss following resection of tumors 
require external intervention in the form of a scaffold for regen-
eration and restoration of bone function [1, 2]. Bone grafting 
is one of the most common procedures. The global market for 
bone graft substitutes is expected to grow at a compound annual 
rate of 6.25% and will exceed 5 billion US dollars by 2027 [3]. 
Among different transplant procedures, autogenic (i.e., taken 
from the intended host’s own body) bone graft remains the gold 
standard. However, this concept suffers from some significant 
drawbacks, such as the need for two-stage operation, relatively 
high cost, donor site morbidity, and limited availability [4, 5]. 
Hence, in many cases, an autograft is not suitable for the treat-
ment of large-size bone defects. To meet the demand, tremen-
dous attention has been given to bone tissue engineering (BTE), 
where porous synthetic biomaterials (scaffolds) are seeded with 
cells and/or bioactive molecules to promote both osteogenic and 

angiogenic performance [1, 2, 6–8]. Ideally, a scaffold for BTE 
should be biocompatible, porous, biodegradable (to be replaced 
over time by the host tissue), osteoconductive, osteoinductive, 
and carry the mechanical load to act as an extracellular matrix 
[8, 9]. Besides chemistry, scaffold architecture, including pore 
size, shape, volume, and interconnectivity, is essential for the 
scaffold’s in vivo performance [10, 11]. Among different pro-
cessing techniques, additive manufacturing (AM) has become 
increasingly popular due to its capability to form scaffolds of 
complex architectures directly from a computer-aided design 
(CAD) file [7, 8, 12–14]. Scaffolds prepared by AM based on 
computer tomography (CT) or magnetic resonance imaging 
(MRI) of the defect site can match more appropriately [15].

In recent years, synthetic scaffolds made of biodegradable 
polymers have received considerable attention for BTE [16]. 
The 3D-printed synthetic polymer scaffolds with intercon-
nected porous architecture have been preferred because of 
their appropriate mechanical properties, controlled degradation 
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with non-toxic hydrolysis products, biocompatibility, and no 
adverse immune response [17]. Among the synthetic polymers, 
poly(lactic acid) (PLA) has been used extensively for biomedi-
cal applications because of its excellent mechanical properties, 
ease of fabrication, good biocompatibility, and biodegradability 
[18]. Furthermore, PLA can easily be processed into scaffolds 
using fuse deposition modeling (FDM)-based AM [19, 20]. The 
US Food and Drug Administration (FDA) has approved PLA-
based medical devices for orthopedic and dental applications 
in the form of screws, pins, washers, darts, sutures, etc. [18, 21]. 
However, PLA’s main drawbacks as a scaffold material for BTE 
are its low hydrophilicity and lack of active functional groups 
for cell growth and proliferation [18, 22]. To improve bioactiv-
ity, researchers have modified the surface of 3D porous PLA 
scaffolds using chemical treatment for entrapment of biomac-
romolecules, coating by bioactive ceramics or mussel-inspired 
material, and cold plasma-based techniques [23–31].

In recent years, hydrogel-based scaffolds have gained interest 
for BTE [32, 33]. Alginate is one such natural polymer studied 
in detail for bone tissue regeneration in the form of injectable or 
composite hydrogels [34, 35]. Alginate is a linear polysaccharide 
soluble in water, forms viscoelastic gels under specific condi-
tions, and interacts easily with proteins, hydrophilic, cytocom-
patible, and non-immunogenic [34–36]. Thus, alginate hydrogel 
has found applications in drug carrying [37], wound healing 
[38], tissue engineering [39], and minimum invasive treatment 
for bone regeneration [40, 41]. However, hydrogel’s inherent 
low mechanical strength hinders its use as a scaffold for large 
bone defects. Several strategies like double-network, topologi-
cal, nanocomposites, macromolecular microsphere composite, 
and supramolecular hydrogels have been developed to enhance 
the mechanical properties of hydrogel-based scaffolds [42–44]. 
Studies have shown that the incorporation of inorganic particles 
such as calcium phosphates [45], bioglass, calcium carbonate, 
and silica nanoparticles (NPs) enhance the mechanical prop-
erties and mineralization of hydrogels [33, 35]. Yet, adequate 
mechanical strength for structural support and osseointegration 
of hydrogel scaffolds for bones is still a challenge for clinical use.

Some reports have shown an alginate coating on AM’ed 
polycaprolactone (PCL), where alginate hydrogel was used 
to encapsulate cells and/or to carry growth factors [41, 46]. 
Kundu et al. [46] have shown AM’ed PCL and chondrocyte 
cell-encapsulated alginate hydrogel-based bio-hybrid scaffold 
for cartiladge tissue engineering. They have used a 3D printer 
with multihead deposition system (MHDS) where a porous 
PCL layer was deposited, and simultaneously cell-laden algi-
nate was dispensed in spaces between lines of the PCL layer. 
The objective of such construct was to provide mechanical sta-
bility to the cell-laiden hydrogel for a longer period of time. 
Some reports are also available on alginate coating on AM’ed 

PLA scaffolds where the main objective was to improve the 
bioactivity of PLA [47, 48]. In a recent report, Fernández-
Cervantes et al. [48] fabricated sodium alginate/hydroxyapa-
tite coating on 3D-printed PLA scaffold designed based on a 
bone remodeling mold. Mineralization in simulated body fluid 
(SBF) of such composite scaffolds showed an improvement in 
compressive strength.

Here, we use a novel hybrid strategy for scaffold fabrication 
where the 3D-printed porous PLA structure provides rigidity to 
the hydrogel and fits properly at defect sites, while the cell-laden 
alginate/alginate–bioglass creates an environment for osteoblast 
cells to proliferate. Furthermore, the surface of the PLA scaffold 
was modified with polyacrylic acid (PAA) [23] to improve the 
hydrophilicity of the PLA surface and ensure complete penetra-
tion and integration of the viscous hydrogel into the porous PLA 
structure. The grafted PAA on the PLA surface would likely form 
chemical bonding with alginate [49]. The incorporation of bio-
glass is expected to improve both the stability of alginate and 
bioactivity. The in vitro cell–material interactions were studied 
for cytotoxicity, cell morphology, and osteogenic differentiation. 
The hybrid composite scaffold containing bioglass was found to 
promote human fetal osteoblast cells (hFOB) proliferation and 
differentiation into bone-forming cells.

Results and discussion
Phase analysis

XRD analysis was carried out to analyze the phases present in the 
specimens. Figure 1 shows the XRD patterns of bioglass powder 
(BG), 3D-printed PLA (PLA), PAA-treated PLA (PLA-S), algi-
nate-coated PLA (PLA-Alg), and alginate–bioglass-coated PLA 
(PLA-Alg-BG) specimens. XRD analysis of the sol–gel-derived 
bioactive glass (45S5) (Fig. 1a) revealed Na2CaSi2O6 (Combeite) 
(file #012-8759) as a major phase, with some minor reflections of 
crystalline apatite-like phosphorus-rich phase NaCa3(PO4)SiO4 
(file #006-2364). No major unreacted phases in the BG powder 
could be detected, as previously reported [50, 51]. The diffrac-
tion pattern of 3D-printed PLA sample (Fig. 1b) showed a broad 
hump, indicating the material’s semi-crystalline/amorphous 
nature. Surprisingly, PLA surface treated with PAA (Fig. 1c) 
showed distinct crystalline peaks at 2θ = 14.7, 16.6, 19.1, and 
22.3°, coinciding with α-poly(l-lactide), as reported by Sasaki 
et al. [52]. These results indicate that PAA grafted on the PLA 
surface was transformed from an amorphous layer into a crys-
talline α-poly(l-lactide). Furthermore, the alginate-coated and 
alginate–bioglass-coated samples (Fig. 1d, e) showed no peaks 
related to alginate, indicating that the alginate hydrogel was 
amorphous in nature. However, crystalline α-poly(l-lactide) 
peaks can be seen in both hydrogel-coated specimens. Distinct 
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peaks of bioglass are noticed in the alginate–bioglass-coated 
sample.

FTIR was also conducted to analyze the bioglass and 
polymers. Figure  2 shows the IR absorption spectrum of 
bioglass, PLA, PAA-treated PLA, and alginate-coated PLA 
samples. The FTIR spectrum of the sol–gel-synthesized 

BG powder showed two broad peaks at 1017 and 915 cm−1, 
associated with Si–O–Si asymmetric stretching vibration 
and Si–O-non-bridging oxygen band (NBO), respectively 
[50]. The large peak of NBO indicates Combeite’s presence 
in the structure since Combeite contains more NBO bond-
ing compared to amorphous 45S5 [50]. The small doublets 
at 693 and 730 cm−1 are assigned to the symmetric Si–O–Si 
stretching vibration in the crystalline silicate. The strong peak 
at 450 cm−1 is attributed to the Si–O vibration modes in the 
SiO4 group, which suggests amorphous silicate presence [53]. 
The peaks at 520, 578, and 615 cm−1 are assigned to bending 
P–O bond [50]. In the PLA sample (Fig. 2b), the peaks around 
3000–2800 cm−1 are attributed to the stretching vibrations of 
the CH3 group. The intense peak at 1746 cm−1 corresponds 
to the C=O stretching vibration of the ester group. The band 
at 1452 cm−1 is assigned to the CH3 bending, and the C–H 
deformation vibration peaks are observed at 1382 (δas CH3) 
and 1358 cm−1 (δs CH3) [54]. The symmetric and asymmet-
ric stretching vibrations of C–O–C are evident, respectively, 
at 1180 and 1088 cm−1 [55]. The amorphous and crystalline 
phases of PLA are noted at 871 and 756 cm−1, respectively 
[54]. The IR bands for the PAA-coated PLA sample (Fig. 2c) 
showed peaks similar to PLA. However, small shoulders at 
1709 and 1725 cm−1 are assigned to the C=O stretching mode 
of the PAA carbonyl group [56]. The FTIR spectrum of alg-
inate-coated PLA is shown in Fig. 2d. The spectrum clearly 
shows the characteristic peaks of alginate. The peaks at 3340, 
1600, 1424, and 1027  cm−1 are attributed to –OH stretch-
ing, –COOH (asymmetric stretching), –COOH (symmetric 
stretching), and C–O–C (asymmetric stretching), respectively 
[57].

Figure 1:   XRD patterns of: (a) 
sol–gel-derived bioglass (45S5) 
powder, (b) 3D-printed PLA, (c) 
PAA-treated PLA, (d) alginate-
coated PLA, (e) alginate–bioglass-
coated PLA.

Figure 2:   FTIR spectra of: (a) sol–gel-derived bioglass (45S5) powder, (b) 
3D-printed PLA, (c) PAA-treated PLA, (d) alginate-coated PLA.
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Morphological characterization

Typical SEM micrographs of 3D-printed PLA, PLA-Alg, and 
PLA-Alg-BG scaffolds are shown in Fig. 3. The micrographs of 
as-printed PLA scaffolds show smooth surfaces with fully inter-
connected porosity (Fig. 3a, b). The average strut thickness and 
pore size of the 3D-printed PLA scaffolds were measured from 
SEM images as 301 ± 16 µm and 685 ± 78 µm, respectively. The total 
porosity of these scaffolds was ~ 44%. The hybrid scaffold prepared 
by integrating 3D-printed PLA with alginate hydrogel is shown in 

Fig. 3c, d. The morphology clearly shows that hydrogel was able 
to penetrate entirely inside of the porous structure. Similarly, the 
morphology of the PLA-Alg-BG scaffold is shown in Fig. 3e, f. 
For the SEM study, the hydrogel-integrated samples were lyophi-
lized. The porous nature of the hydrogel structure can be seen in 
all the hybrid scaffolds. The bioglass-incorporated hydrogel clearly 
shows homogeneously distributed bioglass particles in the hydro-
gel matrix.

Figure 3:   (i) Typical SEM images of 3D-printed PLA (a, b), alginate coating on PLA (c, d), and alginate–bioglass coating on PLA (e, f ); (ii) Degradation 
behavior of scaffolds in PBS up to 21 days of immersion: (g) change in weight loss with immersion time, (h) change in pH over time. Samples in 
triplicate (n = 3) were used for each data point. Related SEM images of the scaffolds after 21 days of immersion in PBS are shown in Fig. S1.

TABLE 1:   Contact angle data and 
calculated surface energy of 
3D-printed PLA before and after 
surface modification with PAA. γ d

S  
and γ p

S  are the dispersive and polar 
components of the surface energy 
of the solid, respectively.

Sample DI water Ethylene glycol γ
d
S  (mN/m) γ

p
S (mN/m)

Total surface 
energy 
(mN/m)

PLA 76.1° ± 4.5° 48.2° ± 1.8° 24.8 ± 0.0 9.4 ± 0.0 34.2 ± 0.0

PLA-PAA 61.9° ± 2.8° 43.8° ± 2.9° 9.3 ± 0.0 30.3 ± 0.0 39.6 ± 0.0
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Surface energy and degradation behavior

The contact angles of DI water and ethylene glycol on PLA and 
PLA-PAA samples are reported in Table 1 along with the total 
surface energy. The contact angle of DI water was reduced sig-
nificantly from 76 to 62° after surface treatment with PAA. The 
total surface energy of PLA increased from 34 to 40 mN/m in 
PLA-PAA. Thus, PAA treatment enhanced PLA’s wettability and 
resulted in hydrogel penetration into the porous scaffold. The 
calculated average porosity of the 3D-printed PLA scaffolds was 
56 ± 4%.

The interconnected porous PLA structures by FDM printing is 
an appealing approach due to its low cost, ease of processing, and 
accuracy. Due to the low wettability of the as-deposited porous 
PLA scaffolds, alginate, and alginate–bioglass hydrogels penetra-
tion were not easy. The PAA surface treatment of PLA scaffolds 
eliminated this shortfall. The hydrogel-integrated PLA scaffolds 
were immersed into Dulbecco’s PBS. The subsequent weight losses 
and pH variation of the immersion solutions were measured for 
up to 21 days. The results presented in Fig. 3g clearly show that the 
change in weight loss in as-deposited PLA scaffolds was signifi-
cantly low compared with the hydrogel-integrated scaffolds. The 
maximum weight loss was observed in PLA-Alg-BG scaffolds. The 
ionic dissolution of bioglass particles in PBS seems to be a signifi-
cant contributor to the initial 7 days’ sharp weight loss. The 45S5 
bioglass contains non-bridging oxygen atoms, which result in an 
open silicate network, leading to easy penetration of water-based 
solutions and the subsequent dissolution of glass and release of 
ions [58]. The release of cations (Ca2+, Na+) from the glass surface 
consequently increased the solution’s pH. It is worth noting that 
the rate of weight changes from 7 to 21 days of immersion was 
nearly similar for both PLA-Alg and PLA-Alg-BG hydrogel scaf-
folds. Figure 3h shows the pH variation in PBS solutions contain-
ing PLA, PLA-Alg, and PLA-Alg-BG scaffolds as a function of 
time. A slight increase in pH was observed in the immersion solu-
tions containing PLA and PLA-Alg scaffolds. In the case of PLA-
Alg, the immersion solution’s pH was nearly constant, whereas the 
pH of the PLA-containing solution increased from 7.03 to 7.18 
after 21 days of immersion. However, the PBS containing PLA-
Alg-BG scaffold showed pH of 7.93 after 7 days of immersion, 
which gradually decreased to pH 7.67 after 21 days of immersion. 
The sharp increase in the immersion solution’s pH after 7 days is 
due to the rapid release of ions from the bioglass into the solution. 
The weight-loss behavior during 7 days also confirms the rapid 
dissolution of bioglass from the PLA-Alg-BG scaffold. However, 
with increasing immersion time, the cleavage of Si–O–Si bonds led 
to hydrated silica (SiOH)-rich gel layer on the bioglass particles, 
and the subsequent ion exchange helped forming CaP-rich layer 
[51]. Thus, the formation of a barrier layer and deposition of Ca 
and P ions from solution resulted in a slight decrease of the pH in 
the immersion solution.

In vitro cell viability, proliferation and osteogenic 
differentiation

The in vitro cytotoxicity of PLA, PLA-Alg, and PLA-Alg-BG 
scaffolds and the effect of those materials on cells proliferation 
and osteogenic differentiation were evaluated using an indirect 
MTT assay. Of similar dimensions, all scaffolds were immersed 
in a GM for 48 h at 37 °C, which allows partial leaching from 
the degradable scaffolds. The extracted media from individual 
scaffolds were used to study cytotoxicity and proliferation of 
hFOB cells. As a control, hFOB cells were cultured in fresh GM. 
Figure 4a shows the viability and proliferation of hFOB cells 
after 3, 5, and 7 days. It is clear that none of the media extracted 
from the scaffolds were cytotoxic and that in all the cases, cells 
were proliferated throughout the whole culture duration. In the 
MTT assay, the measured optical density of the solution is pro-
portional to the number of viable cells. Initially, the maximum 
cell viability was observed in the PLA extracted medium; cell 
proliferation was significantly higher (p < 0.05) than for the other 
materials during initial 3 days of culture. Cell proliferation in 
media extracted from PLA and PLA-Alg-BG scaffolds was com-
paratively similar over time. The maximum cell proliferation was 
observed in PLA-Alg-BG scaffolds after 7 days of culture. It is 
also evident that all samples were cytocompatible; cells prolif-
erated throughout culture duration in all the media extracted 
from different scaffolds. Fluorescence micrographs of cells cul-
tured for 5 days using the media extracted from the scaffolds are 
shown in Fig. 4b. The hFOB cells were stained with Phalloidin 
and DAPI, emitting green and blue fluorescence, respectively. 
The Phalloidin binds to the actin filaments in the cytoplasm, 
while DAPI stains the cell nuclei. In all cases, cells were flattened 
and connected with lamellipodia and filopodia, indicating cell 
viability.

Osteoblast differentiation is one of the key steps in bone 
regeneration. The effect of scaffold composition on the in vitro 
differentiation of hFOB cells into extracellular matrix minerali-
zation was qualitatively studied by Alizarin red-staining assay. 
In the Alizarin red assay, the calcified bone nodules in the cells 
become stained in red. In this study, hFOB cells were directly 
seeded on the scaffolds and cultured for up to 14 days. Besides, a 
set of scaffolds without cells were cultured and stained by Aliza-
rin red to normalize the assay results. Figure 4c shows Alizarin 
stain assay results, clearly suggesting that cells were differenti-
ated significantly on the PLA-Alg-BG scaffold compared to the 
other two scaffolds. The ions released from bioglass particles 
should influence the osteogenic differentiation.

In this context, Kundu et al. [46] recently studied a hybrid 
composite scaffold where a 3D-printed porous PCL layer was 
filled with cartilaginous cell-laden alginate, showing reduced 
cell viability during multipayer stacking of the PCL layer. The 
reduced cell viability was claimed to be due to high temperature 
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produced during deposition of PCL layer. In our present 
approach, we constructed the 3D-printed PLA framework, fol-
lowed by surface treatment, to ensure complete penetration of 
alginate hydrogel carrying bioglass or cells. We have demon-
strated the cytocompatibility and excellent osteogenic poten-
tial of a hybrid scaffold consisted of 3D-printed PLA porous 
skeleton structure and alginate–bioglass hydrogel, which could 
become a prospective system for bone tissue regeneration.

Conclusions
In this study, we demonstrated a novel hydrogel-integrated PLA-
based hybrid scaffold. The PLA would provide mechanical stability 
and retain the shape of the hydrogel, which is essential for large-
size bone defects. On the other hand, the hydrogel can be used as 
a cell-laden matrix to provide a microenvironment for carrying 
cells, drugs, growth factors, or inorganic cues. The interconnected 
porous PLA scaffolds, generated using an inexpensive 3D printer, 
were integrated well with alginate hydrogel after surface treatment 
with PAA. Surface treatment significantly enhanced hydrophilicity 
of PLA that helps the alginate and alginate–bioglass solution to 
penetrate into the porous PLA structure. Initially, the PLA–algi-
nate–bioglass scaffolds degraded rapidly compared to other scaf-
folds because of the rapid dissolution of bioglass. In vitro results 
indicated that the bioglass–alginate composite supports cell pro-
liferation. The presence of bioglass in the system significantly 
promotes osteogenic differentiation of preosteoblasts. Overall, the 
concept of a hybrid composite scaffold with cell-laden hydrogel 
holds promise for bone regeneration for large bone defects.

Materials and methods
3D‑printed PLA scaffolds and 45S5 bioglass

The interconnected porous PLA scaffolds with dimensions of 
9.4 × 9.4 × 5.2 mm3 were manufactured in an FDM-based 3D 

printer (MakerBot Replicator, USA). The initial design of the 
scaffold with 0/90 lay down pattern, strut diameter of 400 µm, 
and a distance of 600 µm between two struts, was prepared 
using SolidWorks® 3D CAD software (Fig. 5). The 45S5 bio-
glass (BG), with a composition of 45 wt% SiO2, 24.5 wt% Na2O, 
24.5 wt% CaO and 6 wt% P2O5, was prepared via a sol–gel route, 
as described elsewhere [50]. In brief, an aqueous solution of 
tetraethyl orthosilicate (TEOS, Si(OC4H9)4, Sigma Aldrich), 
triethylphosphite (P(OEt)3, P(C2H5O)3, Sigma Aldrich), cal-
cium nitrate tetrahydrate (Ca(NO3)2·4H2O, Sigma Aldrich), 
and sodium nitrate (NaNO3, Sigma Aldrich) was prepared by 
adding these materials consecutively at time intervals of 30 min 
under continuous magnetic stirring at room temperature. HNO3 
(0.1 M) was used to hydrolyze TEOS and P(OEt)3. The result-
ant sol was kept at room temperature for about 10 days, aged 
at 70 °C for 72 h, and finally dried in oven at 120 °C for 24 h, 
allowing the removal of gaseous byproducts. The dried gel was 
thermally treated in air at 800 °C for 12 h. The thermally treated 
powder was ground and passed through sieves; the end particle 
size was below 5 μm.

Surface treatment of the PLA scaffold and hydrogel 
coating

The 3D-printed PLA scaffolds were placed in a UV-Ozone clean-
ing chamber (UVOCleaner®, CA, USA) for 5 min in order to 
activate the surface. Grafting of PAA on PLA was performed by 
dipping the porous scaffold into a solvent/non-solvent miscible 
mixture of chloroform/ethanol (1/9 v/v) for 2 min followed by 
immersion of the scaffold in a 0.1 wt% solution of PAA in water 
for 2 h [24]. The samples were then soaked in water for 30 min to 
remove any extra PAA and then dried under a vacuum for 12 h.

The surface-treated PLA scaffolds were further coated with 
either 2% (w/v) alginate or alginate–bioglass. Bioglass at a con-
centration of 5 g/L was used for an alginate–bioglass suspension. 
The PAA-coated PLA scaffolds were dip coated in either alginate 

Figure 4:   Osteoblast cells cultured in media extracted from PLA, PLA-Alg, PLA-Alg-BG scaffolds and fresh media for control. (a) Cell viability and 
proliferation of cells expressed by MTT assay for different culture periods (*p < 0.05, indicating statistical significance). (b) Fluorescence micrographs 
of hFOB cells cultured for 5 days, stained with DAPI (blue) and Phalloidin (green). (c) Osteogenic differentiation evaluated by qualitative analysis of 
Alizarin red staining of calcium (*p < 0.05).
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or alginate–bioglass suspension for 5 min, followed by immer-
sion in 0.1 M CaCl2 (Sigma Aldrich) solution for 1 h. Figure 5 
shows schematics of alginate-incorporated PLA (PLA-Alg) and 
alginate–bioglass-incorporated PLA (PLA-Alg-BG) scaffolds.

Material characterization

The structures of the 3D-printed PLA, alginate and algi-
nate–bioglass-coated specimens were analyzed by X-ray diffrac-
tion (XRD) and Fourier transform infrared (ATR-FTIR) spec-
troscopy (Nicolet iS10, Thermo Scientific). The surface energy 
of both as-printed PLA and PAA-grafted PLA specimens was 
determined by measuring the contact angles of two different 
liquids—DI water and ethylene glycol—using a drop shape ana-
lyzer (DSA25E, KRÜSS GmbH) [59].

Degradation in phosphate‑buffered saline

The degradation behavior of 3D-printed PLA, PLA-Alg, and 
PLA-Alg-BG scaffolds was evaluated in 1X phosphate-buffered 
saline (PBS). All scaffolds were initially lyophilized to deter-
mine the initial weight (W0) and were subsequently immersed in 
10 mL of PBS for 7, 14, and 21 days. The vials containing samples 
and PBS were kept on a flat plate orbital shaker (QSD OS20, 
Lumitron, Israel), moving at a speed of 100 rpm. After soaking 

for different durations, the samples were removed from the 
buffer solution, gently washed with DI water, and lyophilized. 
The degradation of the scaffolds was measured from the per-
centage weight change (ΔW%) by monitoring the weight before 
(W0) and after (Wf) immersion using a high-precision balance 
(ES225SM-DR, Precisa) with 10 μg sensitivity. The percentage 
weight change was calculated using Eq. 1:

The variation of pH in the buffer solution due to degradation 
of scaffolds was also monitored using a pH meter. Samples in 
triplicate (n = 3) were used for the degradation study.

In vitro cell culture study

The cytotoxicity and cell proliferation on 3D-printed PLA 
and hydrogel-coated PLA were assessed using hFOBcell line 
(ATCC,USA). Prior to the cell culture experiment, the porous 
PLA samples were sterilized in 70% ethanol and UV radiation 
for 30 min. The CaCl2 solution, alginate, and alginate–bioglass 
suspensions were prepared under sterile conditions prior to 
preparation of the hydrogel-coated samples. Before PLA-Alg-
BG scaffold preparation, the bioglass powder was precondi-
tioned by immersing in cell culture medium (without serum) 
for 48 h [58].

(1)�W% =

(

W0 −Wf

W0

)

× 100.

Figure 5:   CAD design of the scaffold and schematics of the hydrogel-incorporated scaffolds. CCD image: The actual 3D-printed scaffold.
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The hFOB cells were cultured in growth media (GM) con-
taining 90% 1:1 Dulbecco’s Modified Eagle Medium:Ham’s 
F-12 (DMEM/F12, Biological Industries) with 2.5 mM l-Glu-
tamine (Biological Industries), 0.3  mg/mL G418 (Apollo 
Scientific), and 10% Fetal Bovine Serum (FBS) (Biological 
Industries). Cells were cultured in an incubator at 37 °C and 
5% CO2. The cytotoxicity and cell proliferation behavior were 
studied using a non-contact method. Sterile scaffolds of simi-
lar sizes were immersed in the GM at 37 °C for 48 h and used 
the supernatant liquids from all specimens for cell culture. 
The fresh GM was considered as control with respect to super-
natant liquids collected from the specimens.

The viability and proliferation of hFOB cells were quanti-
tatively assessed using 3-(4,5-dimethylthiazol-2-yl)-2,5-diphe-
nyl tetrazolium bromide (MTT, Apollo Scientific, UK). Fur-
thermore, the cell morphologies in 24-well plate were studied 
by staining the cells with Phalloidin (Phalloidin-iFluor 488, 
Abcam,USA) and DAPI (Abcam,USA) as per the company 
protocol. The cells in the well plate were detected using a flu-
orescent microscope (Axiovert 40CFL, Zeiss) at excitation/
emission of 493/517 nm and 358/461 nm for Phalloidin and 
DAPI, respectively.

For Alizarin red staining assay, hFOB cells were directly 
seeded on the scaffolds and were cultured in GM. After 
14 days of culture, cells were washed with PBS thrice, fol-
lowed by fixation with 4% formaldehyde for 15 min and were 
then rinsed three times with DI water. The scaffolds were 
then immersed in 40 mM Alizarin red S (Apollo Scientific, 
UK) solution (pH 4.2) for 10 min. After that, scaffolds were 
washed several times with DI water to remove unbound dyes. 
To quantify the calcification, the dye attached with calcified 
bone nodules was dissolved with 10% (w/v) acetic acid solu-
tion. The optical density of the extracted solution was meas-
ured using a spectrophotometer at 405 nm wavelength. Each 
type of scaffold was tested in triplicate (n = 3).

Statistical analysis was carried out using Student’s t 
test pairwise, with p < 0.05 being considered statistically 
significant.
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