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Abstract
The employment of individual poly(lactic acid) (PLA) or cellulose acetate (CA) electrospun fibers as bone tissue replace-
ment was restricted by the weak mechanical properties of CA and the poor cell-affinity of PLA. In this study, core-shell 
fibers with PLA as the core component and CA as the shell layer were fabricated via coaxial electrospinning with significant 
improvements in the tensile strength and biocompatibility in comparison to individual PLA and CA fibers and blend PLA/CA 
fibers. The employment of a core-to-shell flow rate ratio of 0.25:0.5 mL/hr:mL/hr resulted in the formation of defect-free and 
uniformly distributed PLA-CA core-shell fibers (cs-PLA1-CA2) with the highest ultimate tensile strength (19.53 ± 1.68 MPa) 
and Young’s modulus (0.62 ± 0.09 GPa) among all core-shell fibers produced in this study. These tensile values match the 
tensile properties of native cancellous bone and represent around a 130% and 160% improvement in strength and stiffness 
compared to monolithic CA fibers, respectively. Higher weight fraction and improved crystallinity of PLA-core were revealed 
to contribute to this mechanical enhancement of cs-PLA1-CA2. An in vitro biocompatibility study was conducted using 
human fetal osteoblasts (hFOB). The results indicate improved cell distribution, better cell-scaffold attachment, and higher 
cell proliferation and alkaline phosphatase (ALP) activity of cs-PLA1-CA2 compared to monolithic PLA and blend PLA/
CA fibers, while matching the growth performance of hFOB seeded on tissue culture polystyrene (TCP). The PLA-CA core-
shell fibers produced in this study hold great promise for use as bone tissue scaffolds.
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Introduction

Bone tissue engineering emerges as the alternative to the 
conventional bone defect treatments with the main goal to 
maintain, enhance and restore bone tissue functions. Usu-
ally, this goal could be achieved by fabricating a scaffold that 
closely mimics native extracellular matrix (ECM) [1]. The 
natural ECM comprises of assorted interwoven protein fibers 
with size less than hundreds of nanometers [2]. Therefore, 
developing submicron or nano-size scaffolds that resemble 
the architecture and features of native ECM is the most chal-
lenging area in the tissue engineering field. The ideal bone 
tissue scaffolds must possess several key criteria to ensure 
their suitability and practicality to be employed in bone tis-
sue engineering. These include biocompatible and non-toxic 
characteristics, mechanical properties which closely match 
to that of native bone, surface epitopes which stimulating 
cells adhesion and proliferation (osteoconductive), and high 
interconnected porosity with sufficient pore size [3].
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One way to achieve all these biomaterial criteria is by 
fabricating fibrous scaffolds with a core–shell structure. 
Among various fabrication techniques developed to con-
struct core–shell fibrous scaffolds, coaxial electrospinning 
has made the most progress in terms of achieving desired 
fiber structures, ease of physicochemical modifications, 
and experimental and modelling developments of the 
core–shell fibers [4, 5]. The establishment of core–shell 
fibers solves many restrictions that were associated with 
monolithic fibers. For instance, core–shell structure allows 
modification as well as enhancement of the physical and 
mechanical properties of the electrospun fibers [4]. Fur-
thermore, the core–shell structure also offers a unique 
opportunity for cell adhesion improvement by ensuring 
only material with excellent cell-affinity exists on the sur-
face of the fibrous scaffolds [6, 7].

Poly(lactic acid) (PLA) has fast emerged as one of the 
most promising synthetic polymers to be used for the devel-
opment of tissue scaffolds, including for bone regeneration 
due to its inherent biodegradability, remarkable tensile 
properties, and good processability [3, 8]. Nevertheless, the 
employment of individual PLA fibers as bone tissue scaf-
folds was restricted by their other unfavorable properties. 
The biggest drawback of PLA is its hydrophobicity and lack 
of cell-recognition functional groups at its surface, which 
lead to poor cell attachment, spreading, and proliferation 
[9, 10]. Therefore, a new strategy is needed to overcome the 
limitations of PLA while maintaining its favorable proper-
ties, which is the focus of the current study.

Cellulose acetate (CA), on the other hand, is gaining 
ever-increasing popularity as a standout material among 
natural polymers to be used in biomedical applications, 
including tissue engineering. This is owing to its inherent 
biocompatibility [11, 12], biodegradability, and good 
electrospinnability and solubility in various solvents [13, 14]. 
Additionally, CA, as the most valuable cellulose derivative, 
is also renewable with a relatively low synthesizing cost [15], 
and it possesses excellent resistance to chemicals and heat 
[16]. All these characteristics have further elevated the status 
of CA as one of the preferred materials for the fabrication of 
tissue-engineered scaffolds. Despite possessing remarkable 
biocompatibility, the poor tensile properties of CA represent 
the primary hindrance limiting its application as a bone tissue 
scaffold. One of the common strategies implemented by 
researchers to enhance the mechanical properties of CA fibers 
is through physical or chemical crosslinking [17–19] and 
post-chemical treatment (e.g., using potassium chloride [20] 
or calcium hydroxide [21]). Nevertheless, several problems 
are still associated with these strategies, including the 
reported cytotoxic effects of the most common crosslinking 
agent, i.e., glutaraldehyde [22, 23], as well as high curing 
temperatures (> 100 °C) [18, 24, 25] and long curing times 
(> 24 h) [26, 27] when natural crosslinkers were used.

Another simple and effective approach to improving the 
mechanical properties of CA is by blending CA with mechani-
cally superior polymers such as PLA [28, 29], followed by 
uniaxial electrospinning of the blend solution. Even this strat-
egy has its own constraints. While the initial aim of polymeric 
blending is to take advantage of the desired individual proper-
ties of the material [28, 30], the undesirable properties of the 
other materials remain and might affect the performance of the 
blend fibers. For example, in a PLA/CA blend, the lack of cell 
recognition-sites in PLA remains on the fiber surface, which 
may impede the potential cell adhesion. Combining them in 
a unique core–shell structure might be the solution to this 
impasse. Core PLA was designed to provide the overall ten-
sile strength of the core–shell fibers, while shell CA improves 
the interaction between the scaffold and cell. In addition, the 
core–shell structure offers the exciting advantage of ensuring 
only the desired CA is on the outer surface of the fibrous scaf-
folds, which may improve bone cell attachment.

While it is acknowledged that the fabrication of PLA-
CA core–shell fibers has been reported by Naseri-Nosar and 
coworkers [31], the aforementioned fibers were fabricated 
using wet coaxial electrospinning (i.e., a water bath as a 
collector) which may add further complication for future 
modification of the fibers. For example, future works may 
involve the incorporation of osteoinductive drugs or mole-
cules to improve the osteogenicity of the PLA-CA core–shell 
fibrous scaffold. Therefore, if these drugs or molecules are 
to be loaded in the fibers collected in a water bath, the drugs 
may be rapidly eluted out during the fabrication process, 
and sustained release of the drugs is unable to be achieved.

In this study, the PLA-CA core–shell fibers were pre-
pared via dry coaxial electrospinning, and the effect of the 
core-to-shell flow rate ratio on the morphology, tensile prop-
erties, and thermal behavior of the as-produced core–shell 
fibers were discussed in detail. Subsequently, the in vitro 
biocompatibility of PLA-CA core–shell electrospun fibers 
was evaluated against human fetal osteoblasts (hFOB) 1.19 
cell-line in comparison to monolithic PLA and CA fibers, 
and blend PLA/CA fibers. The cellular response was meas-
ured and compared in terms of cell proliferation, viability, 
alkaline phosphatase (ALP) activity, and cellular morphol-
ogy. To the best of our knowledge, the application of PLA-
CA core–shell fibers as potential bone tissue scaffolds is yet 
to be evaluated, and this represents the main motivation of 
this work.

Experimental section

Materials

PLA granules (trade name Ingeo 3052D, D-isomer con-
tent ~ 4%, ρ = 1.24 g/cm3,  Mw = 94,000–115,000 g/mol) were 
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purchased from NatureWorks LLC, Minnesota, USA while 
CA powder (acetyl group of 29–45%, ρ = 1.28 g/cm3) was 
obtained from R&M Chemicals, Malaysia. The degree of 
acetyl substitution (DS) is ~ 2.7, as provided by the manufac-
turer. Meanwhile, 1,1,1,3,3,3-hexafluoro-propan-2-ol (HFIP) 
was acquired from Wuhan Huaxiang Kejie Biotechnology 
Corp. Ltd., China and was employed as a solvent for PLA 
and CA dissolution. All chemicals were of analytical grade 
and used as received.

Electrospinning

Prior to the formation of PLA-CA core–shell fibers, mono-
lithic PLA and CA fibers were first fabricated using uniaxial 
electrospinning. 12 wt% of the PLA solution was prepared 
by dissolving 1.2 g PLA granules in 5.51 mL of HFIP. In 
a separate dissolution process, 8 wt% of CA solution was 
prepared by adding 0.8 g of CA powder to 5.76 mL of HFIP. 
Both PLA and CA dissolution were performed separately 
in a closed glass bottle at 25 °C with continuous stirring at 
250 rpm for at least 8 h or until a clear solution was formed. 
The freshly prepared PLA and CA solution were then imme-
diately spun via uniaxial electrospinning to yield monolithic 
PLA and CA fibers by employing these parameters; 15 kV 
applied voltage, 15 cm distance from needle-tip to collector, 
and 1 mL/hr flow rate.

PLA-CA core–shell fibrous scaffolds (denoted as cs-
PLA-CA), on the other hand, were fabricated via coaxial 
electrospinning. The schematic diagram of the coaxial 
electrospinning setup for the preparation of cs-PLA-CA 
fibrous scaffolds is depicted in Fig. 1. The setup consisted 
of a high voltage supplier (PS-35PCL, Progene Link Sdn. 
Bhd., Malaysia), two syringe pumps (NLS20, Progene Link 
Sdn. Bhd., Malaysia), a stainless-steel plate collector, and 
a custom-built coaxial needle. The core needle size was 
22G, while the shell needle size was 16G. The same PLA 
(12 wt%) and CA (8 wt%) solutions that were used for the 
formation of monolithic PLA and CA fibers were injected 
as core and shell working solutions, respectively, through 
the coaxial needle to fabricate PLA-CA core–shell fibers. 

Three different PLA-CA core–shell electrospun fibers 
were prepared by varying core-to-shell flow rate ratios of 
0.5:0.5, 0.25:0.5, and 0.1:0.5 mL/hr:mL/hr. These PLA-CA 
core–shell electrospun fibers were designated as cs-PLA1-
CA1, cs-PLA1-CA2, and cs-PLA1-CA5, respectively. All 
PLA-CA core–shell fibrous samples were fabricated using 
12 kV applied voltage and collected on an aluminum foil-
covered stainless-steel plate collector with a needle tip-to-
collector distance of 15 cm. The employment of high voltage 
(i.e., 15 kV) resulted in unstable jet stretching and eventually 
jet splaying or branching, speculated to be due to exces-
sive charge repulsion at this voltage value. Therefore, 12 kV 
applied voltage was employed during coaxial electrospin-
ning as it provided adequate Coulombic repulsion force to 
achieve stable jet stretching.

As a comparison, blend PLA/CA electrospun fibers were 
also fabricated in this study. The blend PLA/CA solution was 
prepared at 50:50 w/w of 12 wt% PLA and 8 wt% CA solu-
tion in HFIP. For instance, 0.6 g PLA granule in 2.76 mL 
HFIP (which represents 5 g of 12 wt% PLA) was mixed with 
0.4 g CA powder in 2.88 mL HFIP (which represents 5 g 
of 8 wt% CA) to yield 10 g of a blend PLA/CA 50:50 w/w 
solution. The freshly prepared PLA/CA solution was then 
spun via uniaxial electrospinning using these parameters; 
1 mL/hr flow rate, 15 kV applied voltage, and 15 cm needle 
tip-to-collector distance. The as-produced blend PLA/CA 
fibers were designated as b-PLA/CA. All electrospinning 
experiments in this study were conducted in a fume hood 
at 25 °C ± 1 °C and < 75% relative humidity. The collected 
samples were kept in the fume hood for at least 48 h to allow 
complete removal of the solvent through evaporation.

Morphological and structural characterization

The morphologies of all fabricated electrospun fibers 
(i.e., monolithic PLA and CA, cs-PLA-CA, and b-PLA/
CA) were examined by a field emission scanning electron 
microscope (FESEM) (Sigma 300, Zeiss, Germany) using 
a low accelerating voltage of 1 kV to prevent charging dur-
ing image acquisition. Subsequently, fiber diameter  (Df) 

Fig. 1  a Schematic diagram 
of the coaxial electrospinning 
setup for the fabrication of 
cs-PLA-CA fibrous scaffolds. b 
Digital image of a custom-built 
coaxial needle
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was measured by ImageJ software (National Institutes of 
Health, USA), and the average  Df was calculated from 
at least 100 fibers. In addition, the histogram of the  Df 
distribution was plotted using OriginPro software (ver-
sion 2021, OriginLab Corporation, Northampton, Mas-
sachusetts, USA). Apart from the all-important  Df and  Df 
distribution, the pore size of the fibrous scaffolds was also 
estimated using the “Analyze Particles” built-in plugin 
in ImageJ software. The pore sizes were averaged and 
reported as mean ± standard deviation (SD).

Meanwhile, the core–shell structure of the as-produced 
PLA-CA core–shell fibers was confirmed by a high-resolu-
tion transmission electron microscopy (HRTEM) (Tecnai 
G2 20 S-Twin, FEI, Oregon, USA). The samples for TEM 
were prepared by directly spinning PLA-CA core–shell 
fibers onto a lacey carbon film copper grid (LC300-CU, 
300 Mesh, Electron Microscopy Sciences, Pennsylvania, 
USA) for 5–7 s. The collected fibers were kept in a drying 
cabinet for at least 24 h to allow complete removal of the 
solvent prior to TEM viewing. The fibrous samples were 
then observed using an acceleration voltage of 150 kV.

Surface chemistry analysis

The surface chemistry of all electrospun fibrous scaffolds 
was analyzed by Fourier transform infrared (FTIR) spec-
troscopy using a single attenuated total reflectance (ATR) 
mode (Spectrum 2000, Perkin Elmer, Massachusetts, 
USA). Prior to analysis, the fibrous samples were cut into 
10 mm × 10 mm squares. The specimen was then placed on 
the sample stage and pressed with the detector. The spectra 
were attained in the wavelength range of 400–4000  cm−1 
as an average of 32 scans with 2  cm−1 resolution.

Tensile testing

The tensile properties of the monolithic PLA, CA, PLA-
CA core–shell, and blend PLA/CA electrospun fibrous 
scaffolds were determined using a uniaxial tensile tester 
(Shimadzu AGS-X Series), following similar testing meth-
ods as in our previous study [32]. Prior to testing, the 
electrospun fibrous mats were cut into a 60 mm × 10 mm 
rectangular shape. 5 replicate specimens were prepared 
for each sample. Subsequently, the fiber percentage  (Pf) 
of each specimen was calculated [32] and was used to 
determine the effective tensile stress of the fibrous scaf-
folds. The tensile testing was performed by stretching the 
specimen until it broke using a strain rate of 0.001/s. The 
gauge length was fixed at 40 mm with a 500 N load cell.

Thermal analysis

The thermal properties of all electrospun fibrous scaffolds 
produced in this study were determined using differential 
scanning calorimetry (DSC) (DSC 3, Mettler-Toledo, Swit-
zerland). 5 – 10 mg of the fibrous samples were heated 
from 30 °C—300 °C at a heating rate of 5 °C/min under a 
nitrogen gas atmosphere. Critical thermal properties such 
as glass transition temperature  (Tg), melting temperature 
 (Tm), cold-crystallization temperature  (Tcc), melt-recrystal-
lization temperature  (Tmc), and enthalpy changes were then 
determined from the DSC thermograms. Subsequently, the 
crystallinity percentage (Xc) of the samples was calculated 
using Eq. (1) [33]:

where ΔHm is the melting enthalpy of the sample, ΔHcc,mc is 
the cold crystallization and/or melt-recrystallization enthalpy 
of the sample, ΔHm

° is the melting enthalpy of a purely crys-
talline sample (i.e., 93.7 J/g for PLA [34–36] and 58.8 J/g for 
CA [37, 38]), and wi is the weight fraction of PLA or CA in 
the sample. For comparison, PLA granules and CA powder 
were also subjected to similar thermal testing.

In vitro biocompatibility study

Cell culture and seeding

Human fetal osteoblasts 1.19 cell lines (hFOB 1.19) (CRL-
11372™, ATCC-Biomedia, Malaysia) were used in this 
study. hFOB 1.19 were cultured in a complete growth 
medium of Dulbecco’s Modified Eagle’s Medium (DMEM 
F12, Sigma-Aldrich, Malaysia), supplemented with 10% 
fetal bovine serum (FBS, Gibco, USA) and 1% geneticin 
(G418, Thermo Fisher, Waltham, USA). The cells were 
cultured in an incubator (Galaxy 170 S, New Brunswick, 
Eppendorf AG, Germany) at 34 °C in a humidified environ-
ment (5%  CO2, 95% air). Once cells reached ~90% conflu-
ence, they were detached using  Accutase® (Innovative Cell 
Technologies Inc., USA). Prior to cell seeding, the electro-
spun fibrous scaffolds were cut into 10 mm × 10 mm squares 
and underwent a series of pre-culture treatments, i.e., 1 h 
immersion in 70% ethanol, 2 times rinsing with 1X phos-
phate buffer saline (PBS) (Sigma Aldrich, Malaysia), and re-
immersion in culture medium for another 1 h. For PLA-CA 
core–shell fibers, only cs-PLA1-CA2 was selected for bio-
compatibility study in comparison to PLA, CA, and b-PLA/
CA fibers. 3 ×  104 cells (20 μL, passage 5 cells) were then 
seeded onto each fibrous square and incubated for 2 h (34 °C, 

(1)Xc(%) =
ΔHm − ΔHcc,mc

ΔH◦

m
× wi

× 100
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5%  CO2). After 2 h, 1 mL of complete growth medium was 
added to submerge the fibrous scaffolds. The culture medium 
was changed every 2–3 days. At pre-determined time points, 
the cells cultured on different fibrous scaffolds were charac-
terized through various assays to compare the quality of the 
cell growth. As a control, cells were also seeded on a tissue 
culture polystyrene (TCP) plate.

Cell proliferation

The cell proliferation was assessed using the AlamarBlue 
(AB) assay (Invitrogen, Massachusetts, USA) at four differ-
ent time points, i.e., days 1, 4, 7, and 14. At a predetermined 
time point, the growth medium in each well containing a 
cell-seeded scaffold was removed and replaced by 1 mL of a 
10% v/v AB solution. The samples were re-incubated for 4 h 
at 34 °C in a 5%  CO2 environment. Triplicates of 100 μL AB 
working solution were then aspirated from each well con-
taining a cell-seeded scaffold into a new 96-well plate. The 
absorbance of the test sample was measured at 570 nm by 
a multi-mode microplate reader  (FLUOstar® Omega, BMG 
LabTech, Germany), and 595 nm was set as the reference 
wavelength. The blank for each test sample was prepared by 
incubating the unseeded scaffolds under similar conditions 
in an AB solution.

Morphology of seeded cells

The morphology of the seeded cells was analyzed by scan-
ning electron microscopy (SEM) (Phenom Pure G6 Desk-
top, ThermoFisher, Massachusetts, USA). Prior to observa-
tion, the selected fibrous scaffolds were washed twice with 
PBS, followed by fixation with 4% glutaraldehyde solution 
(Sigma-Aldrich, St. Louis, USA) at room temperature for 
24 h. The scaffolds were washed again with PBS two times 
and underwent dehydration through a series of graded etha-
nol solutions (i.e., 30%, 50%, 70%, 90%, and 100%), each for 
10 min. The fixed test samples were then dried overnight in 
a freeze dryer (FreeZone, Labconco, New Hampshire, USA) 
prior to SEM observation.

Cell viability

The viability of hFOB seeded on all electrospun fibrous scaf-
folds was evaluated using a fluorescence-based live-dead 
assay. Two stains were used, namely fluorescein diacetate 
(FDA) (Sigma Aldrich, Malaysia) and propidium iodide (PI) 
(Sigma Aldrich, Malaysia) to stain viable and dead hFOB 
cells, respectively. The staining solution was prepared by 
mixing FDA, PI and culture medium without FBS at a vol-
ume ratio of 8:50:5000. The scaffolds were then stained for 
5 min in the dark at room temperature, followed by thrice 
rinsing with PBS, and immediately scanned using a confocal 

laser scanning microscope (CLSM) (TCS SP5, Leica, Ger-
many). Similar staining procedures were also performed for 
cell-seeded TCP prior to viewing via a fluorescence micro-
scope (Eclipse TS100 coupled with Intensilight C-HGFI, 
Nikon, Japan).

Alkaline phosphatase (ALP) activity

ALP activity of hFOB cultured on different fibrous scaf-
folds was measured by the ALP assay kit (BioBasic, New 
York, USA), following the supplier’s protocol. The assay kit 
utilizes para-nitrophenyl phosphate (pNPP), a chromogenic 
phosphatase substrate that turns yellowish post dephospho-
rylation by ALP. In brief, 50 μL of cell lysate were incubated 
with 50 μL phosphatase assay buffer and 50 μL phosphatase 
substrate for 10 min at room temperature. Subsequently, the 
absorbance at 405 nm was measured using a microplate 
reader. The ALP assay was performed in triplicate. The 
enzymatic activity was calculated according to Eq. (2):

where  OD405nm is mean absorbance of sample at 405 nm 
minus mean absorbance of blank at 405 nm, V is reaction 
volume (L), ε is extinction coefficient of p-nitrophenol 
(17.8  mM−1  cm−1), T is incubation time (min), and L is path-
length of light (cm). L was calculated by dividing reaction 
volume with surface area of 96-well plate (i.e., 0.32  cm2).

Statistical analysis

All biocompatibility study data were reported as 
mean ± SD. One-way analysis of variance (ANOVA) was 
performed followed by a Tukey’s post hoc test to evaluate 
the significance of the experimental data. The execution of 
all statistical analyses was made using IBM SPSS (version 
23, SPSS Inc., Illinois, USA) software. For p-values less 
than 0.05 (p < 0.05), the difference was considered statisti-
cally significant.

Results and discussion

Formation of core–shell electrospun fibers

In this study, monolithic PLA and CA, cs-PLA1-CA1, cs-
PLA1-CA2, cs-PLA1-CA5, and b-PLA/CA fibers were 
produced. FESEM micrographs at low and high magni-
fication and  Df distribution of these fibers were shown in 
Fig. 2, while their respective physical properties were listed 
in Table 1. Before fabricating PLA-CA core–shell fibers, 
monolithic PLA and CA fibers were initially produced via 

(2)

Enzymatic activity (nmol∕min) =
OD405nm × V

� × T × L
× 1000000



 Journal of Polymer Research (2023) 30:257

1 3

257 Page 6 of 16

uniaxial electrospinning. For the case of PLA, 12 wt% was 
demonstrated to be the minimum solution concentration that 
yields bead-free monolithic PLA fibers in the HFIP system 
 (Df = 0.85 ± 0.21 μm). Lower solution concentrations of 
PLA (i.e., 8 wt% and 10 wt%) were shown to lead to the 
formation of bead-on-string fibers as portrayed in Fig. S1. 
Similarly, the employment of low solution concentrations of 
CA (i.e., 4 wt% and 6 wt%) also led to the formation of CA 
fibers with beads-on-a-string structure, as seen in Fig. S2. 
In this regard, it was shown that the minimum concentration 
of CA needed to create beadless monolithic CA fibers with 
a  Df of 0.84 ± 0.18 μm was 8 wt% (Fig. 2 and Table 1). In 
both the PLA and CA cases, the formation of beads at low 
solution concentration (i.e., low viscosity) was speculated 
to be caused by the insufficient chain entanglements in the 
solution, which lead to partial jet breakup and eventually 
the formation of beads or beads-on-a-string fibers [32]. 
Furthermore, a closer look at high-magnification FESEM 
micrographs showed that monolithic PLA and CA fibers had 
different surface morphologies. While the surface of CA fib-
ers has been seen to develop micropores, PLA fibers have a 
smooth surface. Phase separation was thought to have caused 
the porous structure of CA as a result of the rapid evapora-
tion of HFIP during uniaxial electrospinning [39, 40].

In order to successfully yield a core–shell structure, sev-
eral studies have demonstrated that the viscosity of the core 
solution must be lower than the shell solution [41, 42]. This 
was to ensure the shell solution is able to guide and confine 
the core solution to attain core–shell structure [42]. There-
fore, for the coaxial electrospinning of PLA-CA, 12 wt% 
PLA (η = 10.96 mPa.s) and 8 wt% CA (η = 112.78 mPa.s) 
were selected as the core and shell working solutions, 
respectively, and were injected using three different core-to-
shell flow rate ratios; i.e., 0.5:0.5, 0.25:0.5, and 0.1:0.5 mL/
hr:mL/hr (designated as cs-PLA1-CA1, cs-PLA1-CA2, and 
cs-PLA1-CA5, respectively). The flow rate ratio was varied 
by reducing the core flow rate from 0.5 mL/hr to 0.1 mL/hr, 
all while maintaining the shell flow rate at 0.5 mL/hr.

From Fig. 2, electrospun fibers with bimodal distribu-
tion were observed to be collected during the fabrication 
of cs-PLA1-CA1. The primary fibers possess a larger aver-
age  Df of 1.27 ± 0.20 μm, while the secondary fibers have 
a smaller average  Df of 0.13 ± 0.02 μm (Table 1). It was 
postulated that these two distinctive  Df distributions (i.e., 
bimodal) resulted from secondary jet creation because of 
jet breakup at a higher core flow rate (i.e., 0.5 mL/hr) [43]. 
In order to avoid the formation of PLA-CA core–shell fib-
ers with bimodal distribution, the core flow rate was fur-
ther decreased to 0.25 mL/hr (cs-PLA1-CA2) and 0.1 mL/
hr (cs-PLA1-CA5). Initial morphological observation by 
FESEM revealed the formation of beadless electrospun 
fibers with normal  Df distribution (Fig. 2 and Table 1). 
It was also demonstrated that the  Df decreased from 

0.99 ± 0.14 μm for cs-PLA1-CA2 to 0.80 ± 0.11 μm for 
cs-PLA1-CA5. This was understandably due to the lower 
collective flow rate of cs-PLA1-CA5 (0.1:0.5 mL/hr:mL/
hr) compared to cs-PLA1-CA2 (0.25:0.5 mL/hr:mL/hr). 
In addition, surface pores were also observed on the fiber 
surface of all collected cs-PLA1-CA1, cs-PLA1-CA2, and 
cs-PLA1-CA5, with similar surface morphology to mono-
lithic CA fibers. This represents initial confirmation of 
the successful preparation of PLA-CA core–shell fibers, 
where smooth PLA was fully confined by the porous outer 
layer of CA.

In order to confirm the core–shell structure of the 
cs-PLA-CA fibers, the collected fibers were examined 
by TEM. Nevertheless, due to the delicate nature of the 
fibers and the difficulty of separating fibers with a cop-
per grid from the aluminum foil-covered collector, only 
selective fibers were examined by TEM. In this study, only 
cs-PLA1-CA2 fibers were selected for TEM due to their 
relatively high uniformity of  Df distribution and superior 
mechanical properties compared to cs-PLA1-CA5 and 
cs-PLA1-CA1 (which will be discussed in detail in Sec-
tion “Mechanical properties”). As portrayed in Fig. 3, the 
core–shell structure was clearly observed from the TEM 
micrograph of cs-PLA1-CA2, with a distinctive core and 
shell layer. The average diameter of the core layer was 
316.54 ± 46.04 nm, while the shell thickness was estimated 
to be around 256.13 ± 100.48 nm.

For comparison purposes, blend PLA/CA fibers 
(designated as b-PLA/CA) were also fabricated in this 
study using uniaxial electrospinning. From Fig. 2, bead-
free fibers with smooth surface morphology were col-
lected. The average  Df of b-PLA/CA was 0.88 ± 0.28 μm 
(Table 1), which is quite close to the average  Df of the 
other fibers produced in this study. Therefore, a true 
comparison without the significant influence of  Df vari-
ation could be performed.

Apart from  Df,  Pf (i.e., the inverse of porosity) and pore 
size represent other key properties that may influence cell 
adhesion and infiltration. It is widely reported that low 
 Pf (< 10%) and larger pore size (200–300 μm) result in 
improved cell viability and infiltration [3]. From Table 1, 
monolithic PLA possesses the highest  Pf (21.64 ± 0.78%) 
and the lowest pore size (6.97 ± 3.78  μm) among all 
fibrous scaffolds, which may inhibit cellular adhesion and 
infiltration due to its lower porosity and small pore size. In 
addition, the remaining samples show an almost similar  Pf 
between 11.14—11.85%. Monolithic CA, meanwhile, pos-
sesses the largest pore size of 13.53 ± 15.25 μm, followed 
by cs-PLA1-CA2 with a pore size of 11.25 ± 9.70 μm. 
While these values are far from the desired pore size of 
200–300 μm, they are larger than 10 μm which is reported 
to be the minimum pore size that permits the infiltration 
of cells into scaffolds [44].



Journal of Polymer Research (2023) 30:257 

1 3

Page 7 of 16 257

Fig. 2  FESEM micrographs at low (1 kX) and high (4 kX) magnification, and  Df distribution of monolithic PLA and CA, cs-PLA1-CA1, cs-
PLA1-CA2, cs-PLA1-CA5, and b-PLA/CA fibers. Very high magnification (8 kX) FESEM micrographs of each sample are shown as inset
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FTIR analysis

Apart from evaluating the surface chemistry and possible 
chemical interactions between different components in the 
prepared electrospun fibrous scaffolds, FTIR analysis also 
can be exploited as an additional tool to confirm the forma-
tion of the core–shell structure. In this study, the infrared 
spectra of monolithic PLA and CA fibers were compared 
to that of cs-PLA-CA (i.e., cs-PLA1-CA1, cs-PLA1-CA2, 
cs-PLA1-CA5) and b-PLA/CA (Fig. 4). The FTIR spectrum 
of monolithic PLA shows a series of peaks which could be 
assigned to the characteristic peaks of PLA; these include 
triplet peaks at 1046  cm−1, 1084  cm−1, and 1132  cm−1, and 
the 1186  cm−1 peak which correspond to C─O stretching 
bands in ─O─C═O and ─CH─O─, respectively [31], as well 
as peaks at 1749  cm−1, 1452  cm−1, 868  cm−1, and 758  cm−1 
which could be assigned to C═O stretching of PLA,  CH3 
symmetric deformation vibration [45], C─COO stretching, 
and δC═O in-plane bending [46], respectively. Meanwhile, 

a significant broad peak was observed at 3475  cm−1 from the 
FTIR spectrum of monolithic CA which can be assigned to 
the ─OH stretching of hydroxyl groups in CA [29]. Several 
other characteristic peaks of CA were also observed from 
the CA spectrum including peaks at 1744  cm−1, 1371  cm−1, 
1236   cm−1, and 1037   cm−1 which correspond to C═O 
stretching of carbonyl (acetyl) group, symmetric ─C─H 
bending vibration of ─CH3 in acetyl, asymmetric stretching 
of C─O─C bond of the ester group in the glycosidic link-
age of CA, and C─O─C of cellulose backbone, respectively 
[31, 47, 48]. Two more peaks with low intensity were also 
detected at 1646  cm−1 and 906  cm−1 which indicate the pres-
ence of water molecules (H─OH) and  CH2 rocking vibra-
tions, respectively [49].

In the case of cs-PLA1-CA1, the strong intensity of 
PLA peaks at 1749  cm−1, 1186  cm−1, and 1084  cm−1 can 
still be observed from the FTIR spectrum, confirming the 
fact that the PLA-core penetrated to the outer layer during 
coaxial electrospinning and remained at the surface of the 
fibrous scaffold. The intensity of these characteristic peaks 
of PLA became smaller in the spectra of cs-PLA1-CA2 and 
cs-PLA1-CA5, while the intensity of typical CA peaks at 
1037  cm−1, 1236  cm−1, 1371  cm−1, and 3475  cm−1 was get-
ting clearer and higher. This could give another indication 
that the PLA-core has been successfully confined by the 
CA-shell in cs-PLA1-CA2 and cs-PLA1-CA5. On the other 
hand, the FTIR spectrum of b-PLA/CA consisted mostly 
of the peaks of both PLA and CA at different intensities, 
which suggests the presence of both materials at the sur-
face of the composite fibers. Specifically, the broad peak 
at 3475  cm−1 was still observed in the FTIR spectrum of 

Table 1  Physical properties of electrospun fibrous scaffolds produced 
in this study

Sample Fiber  
structure

Df (μm) Pf (%) Pore size (μm)

PLA Beadless 0.85 ± 0.21 21.64 ± 0.78 6.97 ± 3.78
CA Beadless 0.84 ± 0.18 11.41 ± 0.91 13.53 ± 15.25
cs-PLA1-CA1 Bimodal 1.27 ± 0.20 11.75 ± 0.73 10.56 ± 12.70
cs-PLA1-CA2 Beadless 0.99 ± 0.14 11.14 ± 0.63 11.25 ± 9.70
cs-PLA1-CA5 Beadless 0.80 ± 0.11 11.38 ± 0.45 8.41 ± 7.58
b-PLA/CA Beadless 0.88 ± 0.28 11.85 ± 0.35 10.96 ± 12.72

Fig. 3  TEM micrograph of cs-
PLA1-CA2
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b-PLA/CA, albeit with reduced intensity compared to that of 
pure CA. This could be attributed to the existence of hydro-
gen bonding between the ─OH of CA and the ester ─C═O of 

PLA, resulting in the intensity reduction of the correspond-
ing infrared peak. Such results demonstrate the existence of 
secondary interactions between CA and PLA chains [29].

Mechanical properties

Apart from the all-important osteoconductivity, the 
mechanical properties of fibrous scaffolds represent 
another key criterion to ensure successful application in 
bone tissue engineering. The typical effective stress–strain 
curves of monolithic PLA and CA, all cs-PLA-CA, and 
b-PLA/CA fibers were shown in Fig. 5, while their ten-
sile properties were summarized in Table 2. In comparing 
monolithic PLA and CA fibers, the results clearly dem-
onstrate the weak tensile properties of CA compared to 
PLA fibers. From Table 2, monolithic CA was shown to 
possess the lowest ultimate tensile strength (UTS) and 
Young’s modulus of 8.43 ± 1.27  MPa and 0.24 ± 0.03 
GPa, respectively, while showing moderate elongation 
at break of 12.46 ± 1.53%. On the contrary, monolithic 
PLA demonstrates relatively higher tensile strength 
(18.02 ± 1.68 MPa), stiffness (0.60 ± 0.02 GPa), and elon-
gation at break (83.08 ± 20.94%) than monolithic CA. It 
was evident from these results that the incorporation of 
PLA was needed to improve the overall tensile properties 
of CA-based fibrous scaffolds. The tensile data for mono-
lithic PLA and CA reported in this study were observed 
to be higher than the values reported in other studies [20, 
50]. The reason for this difference could be due to the 
exclusion of the porosity factor (which can go up to 90%) 
of the fibrous scaffolds during tensile evaluation in previ-
ous studies. Following a similar method as in our recently 
published work [32], the effective cross-section, which is 

Fig. 4  FTIR spectra of monolithic PLA and CA, cs-PLA-CA, and 
b-PLA/CA electrospun fibers

Fig. 5  Typical effective stress–
strain curve of monolithic 
PLA and CA, cs-PLA-CA, and 
b-PLA/CA fibers. Enlarged plot 
of the curve in elastic region is 
shown as inset
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the multiplication of the initial cross-section of fibrous 
scaffold with the respective  Pf was used in the calcula-
tion of effective stress. In our opinion, the effective stress 
embodies a more accurate interpretation of the true tensile 
values of a porous fibrous scaffold.

The overall tensile properties of PLA-CA core–shell fib-
ers are expected to be significantly influenced by the fiber 
structure,  Df, and weight fraction of the core and shell com-
ponents. From Table 2, cs-PLA1-CA2 was revealed to pos-
sess the highest UTS (19.53 ± 1.68 MPa), Young’s modulus 
(0.62 ± 0.09 GPa), and elongation at break (10.24 ± 1.70%) 
among all PLA-CA core–shell fibers evaluated in this 
study. This was followed by cs-PLA1-CA1 with an UTS of 
14.35 ± 0.55 MPa, Young’s modulus of 0.52 ± 0.05 GPa, and 
elongation at break of 7.99 ± 1.63%. The decreased tensile 
properties of cs-PLA1-CA1 were speculated to be caused 
by the bimodal distribution and larger  Df compared to cs-
PLA1-CA2. It is widely accepted that a smaller  Df usually 
results in higher tensile properties for defect-free electro-
spun fibers [52]. Meanwhile, cs-PLA1-CA5 was shown to 
have the weakest tensile properties among all cs-PLA-CA 
(UTS of 9.80 ± 2.02 MPa, stiffness of 0.32 ± 0.05 GPa, and 
elongation at break of 7.73 ± 2.15%) despite possessing the 
smallest  Df (0.80 ± 0.11 μm). This shows that the weight 
fraction of components in core–shell fibers also plays an 
important role in affecting their mechanical properties; for 
the case of cs-PLA1-CA5, the weight fraction of PLA-core 
was expected to be lower due to the smaller flow rate ratio of 
PLA-to-CA during coaxial electrospinning (i.e., PLA-core to 
CA-shell flow rate ratio is 0.1:0.5 mL/hr:mL/hr for cs-PLA1-
CA5). Therefore, the lesser weight fraction of PLA and vice 
versa, the higher weight fraction of CA in cs-PLA1-CA5 
might lead to these reduced tensile properties owing to the 
lower mechanical contribution by the PLA-core.

As the best PLA-CA core–shell fibers with the high-
est tensile properties, cs-PLA1-CA2 was compared to its 
monolithic fiber counterparts. cs-PLA1-CA2 displays a 
130% increase in UTS and a 160% increase in Young’s 
modulus, while showing a nearly 18% reduction in elon-
gation at break as compared to monolithic CA. The same 

goes for comparison with monolithic PLA; cs-PLA1-CA2 
demonstrates around 8% and nearly 4% increase in UTS 
and Young’s modulus but exhibits a massive 87% reduction 
in elongation at break. This observation was not uncom-
mon, as the increase in tensile strength and stiffness is 
typically accompanied by a decrease in strain at failure 
[9]. Meanwhile, b-PLA/CA was shown to possess inferior 
UTS (12.42 ± 0.92 MPa) and slightly higher elongation at 
break (10.39 ± 1.32%) compared to cs-PLA1-CA2. How-
ever, b-PLA/CA was revealed to have the highest elastic 
modulus of 0.74 ± 0.02 GPa among all evaluated fibrous 
scaffolds, highly likely due to the existence of secondary 
interactions between CA and PLA chains, as described in 
FTIR results earlier.

To put these tensile values into perspective for the tar-
geted application, the comparison was made against native 
bones (i.e., cancellous bone and cortical bone). The tensile 
data revealed that the cs-PLA1-CA2 is suitable and matches 
the mechanical criteria of native cancellous bone but may 
not be appropriate for use in denser-type of bones (cortical). 
While PLA and b-PLA/CA also demonstrate the mechani-
cal suitability of native cancellous bone, the presence of 
less biocompatible PLA on their surfaces may inhibit their 
applications in bone tissue engineering.

Thermal analysis and degree of crystallinity

Figure 6 depicts the first scan heating DSC thermograms of 
monolithic PLA and CA, all cs-PLA-CA, b-PLA/CA, as well 
as PLA granules and CA powder. In addition, their impor-
tant thermal properties, including  Tg,  Tm,  Tcc,  Tmc, and Xc 
were summarized in Table S1. From the DSC thermogram 
of PLA, two endothermic peaks including double melting 
points were observed, which correspond to  Tg and  Tm. The 
 Tg of PLA (65.94 °C) was revealed to be lower than the 
 Tg of as-received PLA granules (69.89 °C). Furthermore, 
double  Tm was observed at two varying temperatures, with 
the first melting point at 173.84 °C and the second point 
at 177.84 °C. This can be attributed to the melting of the 
original PLA crystals and the melting of the recrystallized 

Table 2  Tensile properties 
of monolithic PLA and CA, 
cs-PLA-CA, and b-PLA/CA 
electrospun fibers. All values 
represent mean ± SD from at 
least 5 tensile specimens for 
each sample. Tensile data for 
native cancellous bone is also 
provided as comparison

* Young’s modulus was calculated at 0.2—1% strain

Sample UTS (MPa) Young’s modulus (GPa) Elongation at break (%)

PLA 18.02 ± 1.68 0.60 ± 0.02* 83.08 ± 20.94
CA 8.43 ± 1.27 0.24 ± 0.03* 12.46 ± 1.53
cs-PLA1-CA1 14.35 ± 0.55 0.52 ± 0.05* 7.99 ± 1.63
cs-PLA1-CA2 19.53 ± 1.68 0.62 ± 0.09* 10.24 ± 1.70
cs-PLA1-CA5 9.80 ± 2.02 0.32 ± 0.05* 7.73 ± 2.15
b-PLA/CA 12.42 ± 0.92 0.74 ± 0.02* 10.39 ± 1.32
Native cancellous bone [51] 10–20 0.05–0.5 5–7
Native cortical bone [51] 50–150 7–30 1–3
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crystals produced through melt-recrystallization during the 
heating scan, respectively [53]. Both of these  Tm values, 
however, were also lower compared to the  Tm of PLA gran-
ules (184.74 °C). The inferior  Tg and  Tm values of PLA 
fibers in comparison to bulk PLA granules have also been 
reported previously [32]. The  Tg,PLA and  Tm,PLA of cs-PLA1-
CA1, cs-PLA1-CA2, cs-PLA1-CA5, and b-PLA/CA were 
also revealed to be lower than those of PLA granules. These 
decreases could be attributed to the enhanced mobility of 
PLA segments owing to reduced chain entanglements and a 
larger fiber surface-to-volume ratio [54].

When comparing the Xc,PLA of all fibrous scaffolds con-
taining PLA, the crystallinity was revealed to be higher 
(e.g., cs-PLA1-CA2, and cs-PLA1-CA5) and lower (e.g., 
monolithic PLA, cs-PLA1-CA1, and b-PLA/CA) than that 
of PLA granules. The lower PLA crystallinity of monolithic 
PLA, cs-PLA1-CA1, and b-PLA/CA was speculated to be 
caused by the destruction of the initial PLA crystals during 
dissolution and rapid solidification of the polymeric chains 
during electrospinning, which prevent the re-formation of 

the PLA crystals [55]. Contradictory results were observed 
for cs-PLA1-CA2 and cs-PLA1-CA5. Their PLA crystal-
linity was revealed to be higher than PLA granules. This 
observation may result from the improved molecular chain 
orientation provided by the CA-shell during coaxial elec-
trospinning. This was in agreement with the observation 
reported by Merkle and coworkers [56]. The elasticity of 
CA was hypothesized to suppress the Rayleigh instability 
of the PLA-core, whereby the higher degree of molecular 
chain orientation of PLA was induced. Specifically, the CA-
shell solution acts as a “shield” to protect the PLA-core from 
the turbulent surface during coaxial electrospinning, which 
allows the PLA chains to be stretched further and better 
oriented, resulting in higher crystallinity, as was observed 
for cs-PLA1-CA2 and cs-PLA1-CA5 (Table S1). This was 
speculated to contribute to the improved tensile strength and 
stiffness of cs-PLA1-CA2. While the crystallinity of PLA is 
the highest in cs-PLA1-CA5 (76.58%), this was not reflected 
in superior tensile properties of cs-PLA1-CA5, highly likely 
due to a reduced weight fraction of PLA component owing 
to a lower PLA flow rate (i.e., 0.1 mL/hr) as discussed earlier 
in the tensile results.

Lastly, the crystallinity of PLA in b-PLA/CA (19.80%) 
was observed to be lower than that of monolithic PLA, cs-
PLA1-CA1, cs-PLA1-CA2, and cs-PLA1-CA5, despite 
demonstrating the highest elastic modulus among them. This 
observation was highly likely due to the decreased crystalli-
zation of PLA as a result of reduced molecular chain mobil-
ity and flexibility caused by the relatively high viscosity of 
CA solution.

Cell proliferation

As cs-PLA1-CA2 has achieved submicron size and pos-
sesses the highest tensile properties among all PLA-CA 
core–shell fibers produced in this study, cs-PLA1-CA2 was 
considered to be the best PLA-CA core–shell fibers and was 
selected for biocompatibility comparison with its monolithic 
fiber counterparts (i.e., PLA and CA), b-PLA/CA, and TCP 
as a control. In this study, an AB assay was used to assess 
the cell proliferation on different scaffold surfaces. The total 
percentage of AB reduction for all samples at different time 
points (up to 14 days) is shown in Fig. 7.

The AB assay revealed that cs-PLA1-CA2 had the high-
est percentage of AB reduction for all time points with 
significant difference to PLA and b-PLA/CA samples 
(p < 0.05), indicating improved cell proliferation with the 
inclusion of CA-shell layer in cs-PLA1-CA2. This can be 
explained by the presence of hydroxyl moieties in the CA 
backbone, which results in better stimulation of the binding 
between the cell and the surface of cs-PLA1-CA2. Never-
theless, no significant difference (p > 0.05) of AB reduction 
was observed between cs-PLA1-CA2 with CA and TCP 

Fig. 6  First scan heating DSC thermograms of a PLA, b CA, c cs-
PLA1-CA1, d cs-PLA1-CA2, e cs-PLA1-CA5, f b-PLA/CA, and as-
received g PLA granule and h CA powder
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during 14 days of culture, which signifies the similar level 
of osteoconductivity between cs-PLA1-CA2, CA, and two-
dimensional (2D) TCP. Despite showing lower AB reduction 
compared to cs-PLA1-CA2 and CA, the cellular prolifera-
tion on PLA and b-PLA/CA scaffolds was observed to show 
a continual increasing trend from day 1 to day 14, which 
suggests that PLA-based scaffolds are non-toxic and could 
still support the proliferation of hFOB cells. The presence 
of CA in b-PLA/CA scaffold resulted in slightly higher AB 
reduction compared to PLA scaffold after 14 days; however, 
the results were not statistically significant (p = 0.99).

Cell viability and morphology

The cellular morphology, spreading, and viability on 
the fibrous scaffolds were assessed by SEM and CLSM, 
respectively for up to 7 days-incubation period. The SEM 
micrographs of hFOB cultured on PLA, CA, cs-PLA1-
CA2, and b-PLA/CA on different days were shown in 
Fig. 8. While the hFOB cells were observed to adhere to all 
fibrous surfaces, the cells are seen to be more stretched and 
well-anchored to the cs-PLA1-CA2 and CA fibers through 
distinct filopodia [57], compared to PLA and b-PLA/CA 
scaffolds. In addition, the cells seeded on cs-PLA1-CA2, 
and CA scaffolds were also observed to proliferate well in 
the direction of the fiber alignment while forming many 
adhesion sites with the underlying scaffolds. In contrast, 
the hFOB cells were observed to be flattened and thicker 

Fig. 7  AB proliferation results 
of hFOB grown on PLA, CA, 
cs-PLA1-CA2, and b-PLA/CA, 
in comparison to the control 
(TCP). The asterisks indicate 
statistically significant differ-
ence; * p < 0.05, ** p < 0.01, and 
*** p < 0.001

Fig. 8  SEM micrographs of hFOB seeded on PLA, CA, cs-PLA1-
CA2, and b-PLA/CA on different days. The scale bar is 80 μm
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with less distinct filopodia in day 7 of cultivation on PLA 
and b-PLA/CA scaffolds, although the cell spreading on 
the b-PLA/CA scaffold was visibly larger than the cell 
spreading on the PLA scaffold. This was in line with the 
cell proliferation results, which indicate the lack of cell 
adhesion sites on PLA-containing surfaces.

Meanwhile, the cellular viability of hFOB for incubation 
period of 7 days was assessed by live-dead assay using FDA 
and PI to indicate viable and dead cells, respectively. The 
live-dead CLSM images of hFOB cultured on PLA, CA, 
cs-PLA1-CA2, and b-PLA/CA at different time points were 
portrayed in Fig. 9. The live-dead fluorescence microscope 
images of hFOB seeded on TCP were also shown as compar-
ison. From Fig. 9, it can be revealed that all scaffolds (i.e., 
PLA, CA, cs-PLA1-CA2 and b-PLA/CA) evaluated in this 

study are capable to support the growth of hFOB cells on 
their surfaces, as demonstrated by the increasing green spots 
from day 1 to day 7 indicating higher cell population from 
the initial seedings. Nevertheless, the cell density and mor-
phology are visibly different for cells cultured on cs-PLA1-
CA2 and CA, compared to those cultivated on PLA and 
b-PLA/CA. The hFOB cells were evidently exhibited higher 
cell density on cs-PLA1-CA2 and CA scaffolds especially 
after 4-days and 7-days incubation, where the cells were 
shown to be well-stretched with extended filopodia which 
epitomizes the typical morphology of osteoblast cells [58].

In comparing cs-PLA1-CA2 and CA fibers, the cells 
could be observed to have better penetration and infiltration 
into the cs-PLA1-CA2 compared to CA fibers, despite the 
fact that CA (13.53 ± 15.25 μm) has a larger pore size than 
cs-PLA1-CA2 (11.25 ± 9.70 μm). This indication of cell 
penetration can be represented by the z-stack range of the 
sample during CLSM imaging (Fig. S3). Better cell penetra-
tion in cs-PLA1-CA2 was observed in response to the supe-
rior stiffness and strength of the underlying fibrous scaffold, 
in agreement with the observation by Merkle et al. [7]. On 
the other hand, the cells seeded on PLA and b-PLA/CA scaf-
folds were observed to grow more individually, where the 
cells spread out and occupied a wider space by day 4. This 
observation was similar to the state of hFOB cells cultivated 
on 2D TCP, as shown in Fig. 9, albeit with significantly 
lower cell density compared to TCP. The similar character-
istic morphology of hFOB cells cultured on 2D TCP was 
also previously reported by Ghag et al. [59].

Alkaline phosphatase (ALP) activity

The ALP activity designates the presence of osteoblasts 
and could serve as an early indication of new bone forma-
tion [60]. Figure 10 shows the ALP activity of hFOB cells 
grown on different electrospun fibrous scaffolds (i.e., PLA, 
CA, cs-PLA1-CA2, and b-PLA/CA), in comparison to the 
control (TCP), over an incubation period of 14 days. For 
all evaluated fibrous scaffolds, the ALP activity showed an 
increasing trend from day 1 until day 14. The highest ALP 
activity was observed for cs-PLA1-CA2 at all time points, 
which includes the comparison to TCP, confirming the result 
of AB reduction as discussed earlier. The ALP activity of 
cs-PLA1-CA2 was significantly different (p < 0.05) from the 
ALP activity measured for PLA and b-PLA/CA scaffolds on 
day 1, 4 and 7; for day 14, the ALP activity of cs-PLA1-CA2 
was significantly different (p < 0.05) only from PLA fibers. 
In addition, the ALP activity of cs-PLA1-CA2 and CA scaf-
folds was demonstrated to be higher than TCP at all evalu-
ated time points, which could indicate that the CA surfaces 
and 3D fibrous network favor the expression of enzymatic 
activity of hFOB, in agreement to the observation by Atila 
et al. [17].

Fig. 9  Live-dead CLSM images of hFOB seeded on PLA, CA, cs-
PLA1-CA2, and b-PLA/CA at different time points. (Fifth row) Live-
dead fluorescence microscope images of hFOB cultured on TCP on 
different days as comparison. Green indicated viable cells, while red 
showed dead cells. The white scale bar is 200 μm, while the red scale 
bar is 20 μm
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Conclusions

In this study, we sought to assess the potential of PLA-
CA core–shell fibers for bone tissue engineering. It was 
hypothesized that the employment of PLA as the core and 
CA as the shell component would improve the mechani-
cal properties and bioactivity of the core–shell fibers in 
comparison to monolithic PLA or CA fibers. According to 
FESEM and TEM images, FTIR spectra, and tensile stud-
ies, 0.25:0.5 mL/hr:mL/hr (referred to as cs-PLA1-CA2) 
is the optimal core-to-shell flow rate ratio that results in 
core–shell fibers with uniform  Df, and the maximum tensile 
strength and stiffness among all examined cs-PLA-CA. Fur-
ther thermal analysis indicates the improved crystallinity 
and higher weight fraction of PLA-core to be the key factors 
in the mechanical enhancement of cs-PLA1-CA2. Interest-
ingly, the tensile data revealed that the cs-PLA1-CA2 is 
suitable and matches the mechanical criteria of native can-
cellous bone but may not be appropriate for usage in denser-
type of bones (e.g., cortical). In comparison to monolithic 
PLA and b-PLA/CA scaffolds, the inclusion of CA-shell 
as the surface layer of cs-PLA1-CA2 has led to better cell-
scaffold interaction, as demonstrated by higher cell prolifer-
ation, better cell spreading, and higher cell density and ALP 
activity over the course of the incubation period. Overall, 
the PLA-CA core–shell fibers (cs-PLA1-CA2) produced in 
this study exhibit excellent tensile properties while sup-
porting the growth and attachment of human osteoblastic 
cell-lines, indicating the scaffold’s promising potential for 
use in bone tissue engineering applications.
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