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ABSTRACT 
Matrix hydrophobicity hinders cell attachment in tissue engineered scaffolds. We proposed a facile seeding method 
to optimize cell presentation in nanofibrous mats formulated in a mixture of hydrophobic polycaprolactone (PCL), 
hydroxyapatite (HAp) mimicking bone surface roughness, and a ligand-supporting biopolymer. High-density 
osteoblast suspensions in serum-deficient media were seeded into composites arranged on a glass carrier sandwiched 
between cylindrical supports (seeding constructs) for 4 hours initial seeding and subsequently statically cultured in a 
complete medium for 7 days. Cell behavior and growth were analyzed by viability assays, LIVE/DEAD fluorescence 
labeled imaging, and electron microscopy. The zeta potential and contact angle of PCL-HAp nanofibers were altered 
by the addition of biopolymers, which directed cell attachment and proliferation. Modified seeding proved the benefit 
of collagen reinforcement to mediate cell-matrix interactions, which was demonstrated by enhancing cell spread with 
nearly twofold substantial growth during culture. The addition of gelatin showed a lower level of increased cell 
adhesion than collagen. Interestingly, clusters of spheroid cells were found in the chitosan composite with high cell 
adhesion on the first day, but the cells did not grow further until the end of the culture. In contrast, poor cell adhesion 
and inconsistent growth were found after conventional seeding and thus emphasized the potential role of modified 
seeding in supporting matrix performance as a cell carrier. 

INTRODUCTION
Emerging cases of bone tissue damage due to bone 

tumors, trauma, and an increasingly aging population have 
triggered advances in bone tissue engineering (BTE) (Li et al., 

2019). Over the past few decades, synthetic bone grafts made 
of metal and ceramic have been clinically approved, but some 
drawbacks have been found, such as the need for secondary 
surgical removal after restoring tissue function and the low 
bioactivity (Elangomannan et al., 2017). Advanced BTE has 
developed into a rapidly growing field focusing on the application 
of various biodegradable scaffolds serving as temporary matrices 
to mimic the extracellular matrix of bone (Griffon et al., 2011). 

Synthetic polymers are one of the promising scaffold 
materials due to their ability to control the geometry and strength of 
the scaffold (Kandelousi et al., 2019). One of them, polycaprolactone 
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(PCL), an FDA-approved biomaterial-based scaffold, has been 
extensively studied for its outstanding mechanical properties, 
biodegradability, biocompatibility, and low toxicity (Nyberg et 
al., 2017). However, its hydrophobicity and lack of cell-specific 
ligands lead to an undesirable surface for cell attachment (Yao 
et al., 2014). Previous studies have identified that the addition 
of bioceramics such as hydroxyapatite [Ca10(PO4)6(OH)2, Hap] 
to synthetic polymers increased biocompatibility and affinity in 
bone tissue, facilitating cell proliferation, and osteoconduction. It 
works by ion release and deposition or mimics natural bone in 
vitro and in vivo (Cho et al., 2019; Elangomannan et al., 2017). 
The addition of natural biopolymers such as collagen, gelatin, or 
chitosan to scaffolds has also been proposed to overcome the lack 
of cell adhesion motifs (Asadpour et al., 2020; Bendtsen et al., 
2017; Gao et al., 2017). 

Bone scaffolds are designed to grow cells in a 
physiologically relevant three-dimensional (3D) space and 
form clinically functional tissues (Cho et al., 19). Among the 
various methods for the fabrication of scaffolds, electrospinning 
techniques produce nanoscale fibrous scaffolds with an attractive 
high surface area-to-volume ratio required for cell attachment and 
growth (Lu et al., 2013). However, such highly porous electrospun 
nanofibrous mats also present weaknesses, particularly in terms 
of fragility in handling, which remains a challenge. PCL, even 
though it has been blended with natural polymers, can still play a 
dominant role as a hydrophobic material, depending on the ratio 
of polymer and biopolymer used (Rajzer et al., 2014; Zafari et 
al., 2020). Poor relocation of cell suspensions in hydrophobic 
matrices along with low cell attachment is one of the challenging 
problems encountered during in vitro cell seeding. These problems 
are one of the barriers to providing reproducible bone scaffolds.

While many studies have attempted to develop PCL 
modifications (Cho et al., 2019; Hosseini et al., 2017; Rajzer 
et al., 2014), few have addressed the seeding methods that are 
prerequisites for the success of BTE (Impens et al., 2010; Kruyt 
et al., 2008). The seeding technique determines the initial number 
and spatial distribution of cells attached to the scaffold and will 
affect the specific proliferation, migration, and differentiation of 
the engineered implant, so it must be reliable and robust (Chen 
et al., 2011). The most common seeding techniques rely mainly 
on complex bioreactors or static steps (Fu et al., 2012), but few 
can achieve homogeneous distribution and efficient seeding. 
Several tools and strategies have been used for dynamic seeding 
but yielded contradictory results (Griffon et al., 2011; Lee et al., 
2013). Although the list of seeding techniques tested for tissue 
engineering is extensive, the ideal technique for seeding cells on 
3D matrices needs some improvement. 

This study focuses on the feasibility of a facile 
seeding method on hydrophobic dominant nanofibrous mats as 
an alternative cell carrier for BTE. HAp-PCL with and without 
natural biopolymer addition was used as a scaffold model to 
evaluate the seeding method. Here, we propose a modified static 
seeding method using a support seeding construct to translocate 
cell suspension within the matrix for the early hour seeding period, 
together with a concentrated cell suspension in serum-deficient 
media to provide intimate cell presentation on nanofibrous mats. 
The seeding construct was also purposed for the safe handling of 
the nanofibrous mats during the reciprocating seeding process. This 

paper discusses some concerns in seeding methods to optimize 
cell-matrix interactions on hydrophobic matrices by emphasizing 
osteoblast preferential adhesion and growth patterns on different 
surface characteristics of biopolymer composites. Furthermore, 
applying this simple seeding method is expected to inspire those 
who are starting to work with the challenge of inducing bone 
morphogenesis in BTE scaffolds.

MATERIALS AND METHODS 

Materials
Hydroxyapatite derived from common cockle 

(Cerastoderma edule) shells, Yogyakarta, at a Ca/P molar ratio 
of 1.68, was synthesized and characterized in the Department 
of Physics, Universitas Gadjah Mada, Yogyakarta, Indonesia. In 
brief, calcium carbonate (CaCO3) isolated from common cockle 
shells was reacted with diammonium hydrogen phosphate (NH4)2 
HPO4 and alkalified with ammonium hydroxide (NH4OH) at 
above pH 9, 70°C for 1 hour. The reaction product was washed 
with distilled water and further calcined at 1,000°C for 6 hours. 

Other materials used were as follows: PCL 45 kDa 
(Sigma-Aldrich, USA), fish collagen (CV Bio Chitosan, Indonesia), 
extra pure gelatin (Sumber Ilmiah Persada, Surabaya), chitosan 
with a deacetylation degree of more than 75% (Sigma-Aldrich, 
USA), acetone, chloroform (Merck, USA), antibiotic-antimycotic 
(Sigma-Aldrich), Dulbecco’s Modified Eagle Medium (DMEM), 
heat-inactivated fetal bovine serum (FBS), and PrestoBlueTM and 
the LIVE/DEAD Cell Viability Kit (Thermo Fisher Scientific, 
USA). The experiments utilized a cell line with osteoblastic 
properties (Saos-2), which was generously donated by the Gurdon 
Institute, University of Cambridge. All other chemicals were of 
reagent grade.

Preparation of PCL-HAp- based electrospun nanofibrous 
mats 

Hydrophobic PCL-HAp nanofibrous mats with and 
without biopolymer reinforcement (collagen, gelatin, and 
chitosan) were fabricated in the Department of Physics, Airlangga 
University, Surabaya, using our previous method (Aminatun et 
al., 2021). Four composites were made, namely, PCL-HAp, PCL-
HAp-collagen, PCL-HAp-gelatin, and PCL-HAp-chitosan, at a 
ratio of 15:1:1. In brief, the precursor solution was prepared by 
dissolving PCL 30% by weight in chloroform, 2 wt% of HAp, 
collagen, and gelatin in water, and 1 wt% of chitosan in acetic acid 
2% (v/v). The PCL and biopolymer solutions were mixed, stirred, 
and formed into a single phase with the addition of acetone. Next, 
the HAp solution was mixed homogeneously to obtain a PCL-
HAp-biopolymer solution. The nanofibrous mats were prepared 
by electrospinning of the precursor solution using a 26 kV, 0.5 l/
hour flow rate with a flat aluminum foil collector arranged at a 
distance of 10 cm from the glass syringe tip.

Modified seeding method
The nanofibrous mats were used as a model of a 

predominantly hydrophobic scaffold with a size of 10x10x3 mm. 
An illustration of the modified seeding method is shown in Figure 
1. To support hydrophobic nanofibrous mats, a special construct 
was arranged, as shown in Figure 1A. It consisted of 15 × 15 cm 
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flat carrier glass sandwiched between two cylindrical supports (1 
cm diameter and 0.5 cm height). The lower cylinder, which can be 
a glass cylinder or an inert silicone ring, was used for safe handling 
and easy removal of nanofibrous mats, while the upper cylinder 
was intended to hold the hydrophobic matrix from floating on the 
culture medium. 

The seeding apparatus and nanofibrous mats were 
sterilized by exposing each side of the component under a UV lamp 
(Analytic Jena, Germany) for 1 hour (Fig. 1B). The nanofibrous 
mats were placed on the carrier glass; then, the seedling construct 
was transferred into 35 mm sterile Petri dishes (Cellvis, USA). The 
matrix was moistened with 200 µl of DMEM (Gibco, Invitrogen) 
for 30 minutes through the top of the glass cylinder wall (Fig. 1C).

The experiments utilized a cell line with osteoblastic 
properties (Saos-2), which was generously donated by the Gurdon 
Institute, University of Cambridge. The Saos-2 cells were grown 
in 75 cm2 flasks incubated in 5% CO2 at 37°C with a relative 
humidity of 95% overnight until about 80% confluence. The cells 
were then centrifuged at 1,200 rpm after trypsinization, and the 
cells resuspended in a seeding medium consisting of a DMEM 
medium supplemented with 1% antibiotic-antimycotic (Sigma-
Aldrich) and 2% FBS (Gibco, Invitrogen). The cell suspension 
(200 µl) containing 2 × 105 cells was seeded onto each nanofibrous 
mat arranged in the seeding construct. Subsequently, the constructs 
were incubated under static conditions at 37°C, 5% CO2, and 
relative humidity at 95% for 4 hours (Fig. 1D) with immediately 
returning the leaking medium every hour (Fig. 1E). 

The seeded matrix assemblies were then transferred to 
12-well plates (Fig. 1F), and 2 ml of fresh DMEM supplemented 

with 1% antibiotic-antimycotic and 10% FBS (complete medium) 
was added to each well and incubated at 37°C, 5% CO2, and 
relative humidity at 95% for 7 days (Fig. 1G). Samples were taken 
on days 1 and 7 for analysis of cell adhesion and proliferation 
analysis. Media replacement was done every 2 days. The 
conventional seeding method was used for comparison. In brief, 
sterilized nanofibrous mats were placed directly on each well on a 
12-well plate and seeded with 2 × 105 cell suspensions in 2 ml of a 
DMEM complete medium. The seeded matrices were incubated at 
37°C, 5% CO2, and relative humidity at 95% for 7 days.

Evaluation of cell adhesion and proliferation
The cellular responses of the Saos-2 osteoblast, namely, 

adhesion and proliferation on PCL-CAP nanofibrous mats with 
and without biopolymer modification, were determined using 
the PrestoBlueTM assay after 1 and 7 days of culture. This test is 
based on the resazurin reduction test by measuring the increase 
in mitochondrial activity with an increase in the number of cells 
represented as an increase in resorufin absorbance (pink) and a 
decrease in resazurin (blue) (Varçin et al., 2021). Both resazurin 
and resorufin are water-soluble and nontoxic (Sonnaert et al., 
2015); therefore, the same sample was used for analysis on days 1 
and 7. Briefly, the seeded nanofibrous mats arranged in the seeding 
constructs were transferred to new 12-well plates, rinsed with 500 
µl of PBS twice. Then, 300 µl of the PrestoBlueTM mix solution 
(10% PrestoBlueTM 10× reagent diluted with 90% DMEM basal 
medium) was added and incubated at 37°C, 5% CO2 (relative 
humidity at 95%), for approximately 2 hours until the reagent 
changed from blue to pink. An aliquot of a 100 µl sample was 

Figure 1. An illustration of modified cell seeding method that utilizes carrier glass sandwiched between two cylindrical supports to prolong cell presentation on the 
hydrophobic surface and safe handling of nanofibrous mats during reciprocating seeding process.
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taken and transferred to the 96-well plates in triplicate, and the 
optical density was measured at 570 and 600 nm wavelengths 
using the Multiskan GO Thermo Scientific Plate Reader (USA). 
The viability of 2 × 105 cells/ml of the Saos-2 cells grown on 
12-well plates was analyzed on day 1 and used as a control. Cell 
viability was calculated using the PrestoBlue™ technical note: 
Processing Absorbance Data Obtained Using Viability Reagent 
shown in 

(A1 – A2) sample – average of (M1 – M2) media only
× 100

(C1 – C2) control cells – average of (M1 – M2) media only  
 (1)

where
A1 = absorbance of sample at 570 nm.
A2 = absorbance of sample at 600 nm.
M1 = absorbance of media only at 570 nm.
M2 = absorbance of media only at 600 nm.
C1 = absorbance of control cells at 570 nm.
C2 = absorbance of control cells at 600 nm.
The absorbance at 600 nm was used as a reference or 

normalization wavelength.
The proliferation and viability of cells in the nanofibrous 

mats were analyzed on day 7 in the culture using confocal 
microscopy. Briefly, the growth media were discharged, and the 
seeded mats were washed with phosphate-buffered saline (PBS, 
Sigma-Aldrich, USA) twice. Subsequently, 200 µl of the LIVE/
DEAD Staining Reagent (LIVE/DEAD Cell Viability Kit, Thermo 
Fisher, USA) was incubated at room temperature for 10 minutes 
under a condition protected from light. The cells were observed 
using a confocal laser scanning microscope (CLSM, Olympus 
FV 1200) with alive and dead cells shown as green and red, 
respectively. 

Evaluation of cell behaviour on natural biopolymer 
reinforced nanofibrous mats

The behavior of osteoblasts grown on different surfaces 
characteristic of nanofibrous mats was observed by a scanning 
electron microscope (SEM). In brief, the scaffolds were washed 
with PBS three times and gradually dehydrated with a gradient 
ethanol solution (30% and 70%), and each gradient was dehydrated 
for 15 minutes and dried. Finally, the cell-adhered nanofibrous 
mats’ sections were observed by SEM (Hitachi SU3500, Japan) 
after sputter-coating with gold (MC-1000, Hitachi™, Japan) to 
analyze the morphology and homogeneity. 

Scaffold characteristics corresponding to cell adhesion 
properties were analyzed, including zeta potential, contact angle, 
and porosity. The change of electrical charge was measured using 
a zeta potential analyzer (Horiba SZ-100, Japan).

Contact angle measurement
To examine the wettability of the scaffold, the contact 

angles were analyzed by the principle of static contact angle 
measurement of a water droplet in an air atmosphere (Zhao and 
Jiang, 2018). 0.01 ml of distilled water was dropped on 1 cm × 1 
cm scaffold composites, whose shape was expected to be flatter 
with time. The contact angles were measured by taking photos 
of the droplet after 10 seconds. Three points were chosen for 

each sample, and the average value was calculated as the result. 
Finally, the average contact angle with standard deviation (SD) 
was reported.

Determination of porosity of the nanofibrous mats
The porosity of the electrospun membranes was 

determined using the ethanol immersion method based on Song 
et al. (2017). In this method, dry weights of the scaffolds were 
recorded, and then the scaffolds were immersed in absolute ethanol 
for 1 hour. Wet weights were also recorded. Three specimens were 
evaluated for each sample, and the averages were reported. The 
porosity of each sample was determined through the following 
equation:

P (%) =
Ws−Wd × 100

Dethanol−V scaffold
, (2)

where P is porosity, Ws is swollen scaffold weight, Wd is 
dry scaffold weight, Dethanol is ethanol density, and Vscaffold is volume 
of the swollen scaffold.

Statistical analysis
Statistical tests used two-way analysis of variance 

(ANOVA) for proliferation analysis and one-way ANOVA for the 
other multiple comparisons with Tukey’s multiple comparison test 
or Student’s t-tests for comparison between two groups. p values 
greater than 0.05 were considered insignificant in all analyses.

RESULTS AND DISCUSSION

Modified seeding method
The distribution of cells in the early stages plays an 

important role in the regeneration of defective tissues supported 
by temporary scaffolds (Abbasi et al., 2020). It is of utmost 
importance to anticipate the hydrophobic characteristic of 
synthetic polymer scaffolds against cell seeding barriers. It was 
evident that when cells in the culture medium were seeded on 
top of the porous hydrophobic scaffold or injected into their 
interior for seeding, most of the pores remained empty because 
the scaffold did not absorb the culture medium, resulting in 
heterogeneous cell seeding (Oh et al., 2013). Since the advanced 
use of PCL in BTE accounted for its hydrophobic nature resulting 
in slow degradation and marked increase in mechanical strength, 
efforts are needed to improve the functionality of the scaffold in 
providing adequate cells with a homogeneous spatial distribution 
to support bone growth. Previous research proposed mineralized 
PCL composite scaffolds, but the contact angle was still very high 
(over 130°), eliminating attempts to increase the wettability of the 
matrix (Gorodzha et al., 2017). Greater attention should be paid 
to seeding methods for developing functional scaffolds; therefore, 
several concerns have been observed during this study to minimize 
the physicochemical barriers of HAp-PCL nanofibrous mats.

First, a high-density cell suspension in a small volume of 
seeding medium was applied to immerse the entire nanofibrous mat 
to allow effective cellular contact with the surrounding nanofibers 
for adhesion. Our preliminary study revealed that a volume of 200 
µl containing 2 × 105 cells was sufficient to submerge a 10 × 10 × 
3 mm matrix. Having too much volume that reduces cell contact 
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with the matrix or too small a volume that causes an uneven 
distribution of cells throughout the scaffold should be avoided. 
This attempt was in accordance with Yassin et al. (2015), who 
found that higher seeding density resulted in higher cell adhesion 
to poly(l-lactide-co-ε-caprolactone) and promoted better new bone 
formation in animal studies. Other similar evidence was reported 
by Grayson et al. (2008), who applied a high seeding density to a 
3D-printed porous PCL functionalized with various minerals that 
induced bone regeneration, in addition to the porous structure of 
the scaffold. 

Second, a static seeding method was applied to prolong 
the contact time of cell suspensions in the matrix and to reduce 
the tendency of media leaking from the hydrophobic matrix. We 
noticed that HAp-PCL mats did not exhibit media adsorption 
(wettability) until 10 minutes when the cell suspension was 
dropped on the surface before leaking into the well, indicating their 
hydrophobic characteristics. The advantageous characteristics of 
dynamic cell seeding in providing homogeneous cell distribution 
and nutritional support (Grayson et al., 2008) were considered 
counterproductive for seeding cells of the hydrophobic matrix 
due to the limited chance for cell anchorage to matrix surfaces 
in constant fluid perfusion. From our observations, the cell 
suspension seeded by the conventional method took only a few 
seconds before falling into the well, thus giving no time for the 
cells to adhere to the surface of the scaffold. The modified seeding 
method was emphasized to draw back the cells that fall from the 
scaffold.

Accommodating these two purposes, a simple seeding 
apparatus was implemented consisting of a glass carrier 
sandwiched between two cylindrical glasses for physical support 
during seeding. The nanofibrous mats were vulnerable during the 
reciprocating seeding procedure; therefore, flat glass was used to 
translocate the cell suspension and support the matrix, whereas the 
two glass cylinders allowed the sliding glass to be lifted and avoid 

the matrix floating in the culture medium. The low cell adhesion 
capacity of untreated glass (Lerman et al., 2018) with optical 
clarity for easy observation of the seeding process was considered 
for this material of choice. Spare sliding glass may be needed to 
make it easier for the researchers to flip through the nanofibrous 
mats. The assembly does not need to be glued, so the glass can be 
easily lifted and removed from the culture plate.

Third, instead of using 10% FBS supplementation, the 
Saos-2 cells were resuspended in seeding media supplemented 
with reduced FBS aiming to avoid the inherent adsorption 
competition between albumin and cells for hydrophobic surfaces. 
This attempt was based on previous findings, such as an increase 
in the number of cells adhering to the scaffold by 90% or more 
in the absence of FBS during the initial seeding step (Carré et 
al., 2010). Our preliminary study applying the modified seeding 
method on HAp-PCL using DMEM supplemented with 10% FBS 
resulted in a very low percentage of cell viability (unpublished 
data). However, a low concentration of 2% FBS was used to 
supplement cell adhesion substances, such as fibronectin present 
in the serum (Carré et al., 2010). After 4 hours of seeding in 
which cells were assumed to have adhered to the matrix, 2 ml of a 
complete medium supplemented with 10% FBS was refilled onto 
the cultured cells and further incubated for up to 7 days of culture.

Cell adhesion performance of nanofibrous mats following the 
conventional and modified seeding methods

The performance of HAp-PCL nanofibrous mats in 
supporting cell adhesion after cell seeding using unmodified 
(conventional, CD) and modified (MD) methods was analyzed 
using the PrestoBlueTM assay, as shown in Figure 2. This analysis 
was based on a positive correlation between metabolic activity and 
the number of attached cells (Sonnaert et al., 2015). As shown in 
Figure 2A and B, the modified seeding method (MD1) on HAp-
PCL nanofibrous mats and biopolymer composites resulted in 

Figure 2. The viability of osteoblast cells attached to the nanofibrous mats analyzed by PrestoBlueTM after seeding using (A) conventional and (B) modified 
methods determined at day 1 (CD1 and MD1) and day 7 (CD7 and MD7) of culture. Statistical analysis: significant differences in data were analyzed by ANOVA 
with Tukey’s pairwise post hoc test at p<0.05 for means that do not share a letter; (i) A to G (capital letters) for cell adhesion analysis by one-way ANOVA with 
F = 90.70, p = 0.000; (ii) a to d (small letters) for cell proliferation analysis by two-way ANOVA with F = 53.02, p = 0.000 for day factor and F = 13.51, p = 
0.000 for nanofibrous formula factor.
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significantly higher cell viability indicating higher cell adhesion 
than the conventional method (CD1). The results of the one-way 
ANOVA analysis showed that the CD1 data were in the lower 
group compared to MD1, namely, in groups E, F, and G, with no 
significant difference between HAp-PCL nanofibrous composites 
with and without biopolymer supplementation. The encouraging 
results were shown by the modified seeding method wherein 
nanofibers supplemented with collagen, gelatin, and chitosan gave 
higher cell viability in groups A, B, C, and D with varying degrees 
of increased cell viability than HAp-PCL without a biopolymer 
that was in groups E and F.

Cells attached to the HAp-PCL nanofibers showed 
relatively low viability on day 1 after seeding by conventional 
(22.72 ± 2.32%) with a slight increase in modified (35.49 ± 1.94%) 
methods. This feature is likely due to osteoblasts not adapting 
to the new environment in the matrix as mentioned by Song et 
al. (2017) even in a hydrophilic collagen scaffold. Previous 
studies have also demonstrated low adhesion of mineralized PCL 
scaffolds (Elangomannan et al., 2017; Gorodzha et al., 2017). 
One explanation is due to the hydrophobicity of PCL, which 
did not show an improvement in wettability upon the addition 
of silicate containing hydroxyapatite, which was otherwise 
beneficial in increasing the hydrophilicity and cell adhesion of 
another hydrophobic polymer (Gorodzha et al., 2017). Efforts to 
improve osteoblast adhesion to mineralized PCL scaffolds have 
been carried out previously by adding pores on nanofibers with 
a carbon nanotube (Elangomannan et al., 2017) or a porous mini-
deposition produced matrix (Jiang et al., 2012). A recent report 
has also emphasized the adhesion preference of osteoblasts 
on porous charged PCL fibers prepared by controlled electrical 
electrospinning with increased hydrophilicity implied by a reduced 
contact angle as well as increased surface roughness on porous 
fibers (Metwally et al., 2020). Here, we found that cell adhesion 
was augmented on biopolymer-reinforced nanofibrous mats after 
modified seeding with viability reaching 50% to 100% at day 1 
after seeding, suggesting a beneficial effect of chemical surface 
modification favoring cell-matrix interactions through either 
nonspecific or specific integrin-ligand binding (Chen et al., 2021; 
Metwally et al., 2020). These results indicated that the modified 
seeding method provided better cell adhesion with success in 
applying the simultaneous effect of prolonged cell presentation 
on the hydrophobic surface of the matrix at a high cell density 
(2 × 105 cells in 200 µl media or 106 cells/ml) while minimizing 
albumin competition in low-serum media.

Evidence of cell proliferation on HAp-PCL composite 
nanofibrous mats

Viability data analysis using two-way ANOVA 
showed that cells attached to HAp-PCL and natural biopolymer 
composites increased significantly after the 7 days of the culture 
with a significant difference in both seeding methods (Fig. 2). This 
is because the cells have adapted to the nanofibers, mainly due 
to the presence of HAp which provides surface roughness that 
mimics the natural environment for osteoblasts to adhere and grow 
(Elangomannan et al., 2017; Li et al., 2019). The conventional 
seeding method resulted in an increase in cell viability from 
16% to35% on day 1 to 43%–76% with a high SD in the range 
of 7.5%–10.5%. This is a consequence of the poor cell contact 

on the hydrophobic surface resulting in a high variation of cell 
attachment and subsequent proliferation.

A substantial attenuation of cell adhesion was shown 
by the modified seeding method (p = 0.000). Increasing the 
presentation time of cells on the surface of the hydrophobic 
matrix by applying the seeding apparatus shown in Figure 1 had a 
positive impact on the uniformity of cell adhesion. Furthermore, 
a high cell density in low-serum media provided adequate cell 
adhesion substances while minimizing serum albumin competition 
(Carré et al., 2010; Kruyt et al., 2008). Extracellular matrix is 
important in promoting intercellular communication, migration, 
and proliferation. Cell proliferation on day 7 was magnified 1.5–2 
times from the first day with a narrow variation in the SD range of 
1%–3.3% (Fig. 2B). 

Evidence of cell proliferation and viability was also 
revealed by fluorescence labeled microscopy using the LIVE/
DEAD Staining Reagent at 7 days after seeding (Fig. 3). Most 
of the nanofibrous mats were populated by green fluorescence 
indicating live cells with a certain level of red fluorescence dead 
cells after both conventional (Fig. 3A) and modified (Fig. 3B) 
seeding methods. Distinct cellularity was found in nanofibers after 
the two seeding methods proved the superior effect of modified 
seeding in providing a favorable environment for cell adhesion. It 
is advantageous to facilitate the activity of adhering cells to adapt 
the mineralized PCL environment to further signal-transduce, 
migrate, and proliferate populating the matrix (Grayson et al., 
2008; Nyberg et al., 2017). It can be concluded that the modified 
seeding method provided significant cell proliferation with low 
variability even in hydrophobic HAp-PCL composites.

Insights into diverse cell behaviors on HAp-PCL nanofibrous 
mats reinforced with natural biopolymers

The PCL nanofibrous mats studied here were reinforced 
with HAp and natural biopolymers, namely, collagen, gelatin, 
and chitosan, at a weight ratio of 15:1:1. PCL mineralization with 
HAp was proposed to increase surface roughness at the submicron 
scale to mimic the natural bone matrix environment for osteoblast 
morphogenesis by providing functional areas for cell elongation 
and alignment. This HAp-PCL environment allows elongation of 
cellular filopodia and communal migration of attached osteoblasts 
to surrounding adhesion areas (Metwally et al., 2020; Refaaq et al., 
2020). Moreover, mineralization is also important for stimulating 
DNA and collagen synthesis that simultaneously enhance cell 
viability and bone matrix differentiation and growth (Abdal-hay 
et al., 2020).

Sufficient cell numbers attached to the matrix are another 
determinant factor for initiating cellular contact and communication 
to form transient cell junctions. Cells communicating together lose 
their initial cell-matrix adhesion, which induces cell polarization 
away from the contact adhesion. The cells then generate new 
cell-matrix adhesions and migrate collectively to the surrounding 
areas (Bischoff et al., 2021). These events will trigger cellular 
communication, migration, proliferation, and differentiation 
of osteoblasts. Taking this into account, natural biopolymers 
were added to the nanofibrous formula in which collagen and 
gelatin were intended to provide ligands for integrin-mediated 
cell adhesion, while chitosan mediated nonspecific electrostatic 
binding via positively charged aminoglycosides (Bischoff et al., 
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2021; Davidenko et al., 2016; Monteiro et al., 2011; Wu et al., 
2014).

In addition, the surface charge of the scaffold is another 
essential regulator of cellular activity (Metwally et al., 2020). The 
addition of ionized groups on the surface increases the zeta potential 
of the biomaterial, increasing its interaction with the electrolyte 
components of the medium. In the case of hydrophobic synthetic 
polymers, this interaction will promote surface biodegradation to 
allow cell penetration into the matrix. Furthermore, the surface 
potential induces adhesion proteins in serum or cell membranes 
to adsorb and orient to the matrix, triggering cellular interactions 
and activity (Metwally et al., 2020). The increase in surface 
potential is also beneficial in avoiding unexpected albumin 
deposition from serum by inhibiting buried hydrophobic amino 
acids from binding to the hydrophobic surface (Carré et al., 2010). 
Therefore, PCL reinforced with HAp and natural biopolymers can 
reduce the hydrophobic properties of PCL and otherwise provide 
simultaneous physical and chemical cues to initiate cellular 
activity of osteoblasts to adhere and grow across the scaffold to 
elicit effective new bone formation.

We measured the zeta potential of the composite 
nanofibers, as shown in Table 1. The HAp-PCL nanofibers in the 
water had a negative surface charge with a zeta potential of −22.5 
± 0.3 mV. This is the total potential HAp, the acid solvent used in 
the precursor preparation, and the charge potential applied in the 
electrospinning process (Metwally et al., 2020). In the HAp-PCL-
Col nanofibers, the addition of collagen with an isoelectric point of 
pH 9.3 (Metwally et al., 2020) likely formed a positive charge at 
the neutral pH of the culture medium and thus caused a significant 
increase of the zeta potential to −0.5 ± 0.1 mV. A similar change 
in near-neutral charge was found in the chitosan-reinforced 
nanofibrous mats (HAp-PCL-Ch) due to a contribution from the 
positively charged deacetylated amine groups. As the chance of 
obtaining protein aggregation increases at the near isoelectric 
point, higher cell adhesion to the collagen and chitosan composites 
may occur. In contrast to the three matrices, a significant change 
towards a more negative charge was found in HAp-PCL-Gel. A 
wide variation of surface charges of these formulas is likely to 
influence osteoblast adhesion and proliferation in culture.

Figure 3. Confocal images of LIVE/DEAD-stained cells grown on nanofibrous mats after 7 days of culture, which were 
seeded by (A) conventional and (B) modified methods. Green fluorescence indicates living cells attached and proliferated 
on the matrix, while red fluorescence indicates dead cells. The scale bars are 20 µm.
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The observation of cell adhesion and proliferation is in 
good agreement with contact angle measurement, as shown in 
Figure 4. The incorporation of HAp in PCL did not significantly 
change the contact angle, while the blending of HAp-PCL and 
the biopolymer led to a decrease in the contact angle. The contact 
angle of PCL-HAp decreased significantly from 71.59 + 2.20° to 
63.55 + 2.22°, 65.39 + 2.33°, and 57.15 + 1.87° by reinforcement 
with collagen, gelatin, and chitosan, respectively. Generally, the 
surface wettability of the scaffold is increased by the introduction 
of the polar functional groups to the surfaces of polymers (Kim 
et al., 2022). The HAp-PCL-Ch composite showed maximum 
wettability amongst all samples, suggesting the high contribution 
of positively charged deacetylated amine groups to composite 
wettability.

The supporting components in these HAp-PCL 
composites may explain the success of the proposed modified 
seeding method in prolonging cell exposure and presentation 
to hydrophobic PCL nanofibrous mats, thereby enhancing 
the aforementioned cell adhesion and proliferation. The cell 
morphology after seeding using the modified method was revealed 
by SEM imaging shown in Figure 5C and D, whereas the poor 
cell adhesion resulting from the conventional method is shown 
in Figure 5A and B. The cells on the composite seeded with the 
modified method were uniformly distributed (Fig. 5C and D), 
whereas the cells on the composite were unevenly distributed 
and almost neglected (Fig. 5A and B). This was consistent with 
the results of the cell viability assay (Fig. 2). The fluorescence 
micrographs and the SEM micrographs both suggested the 
composite seeded with the modified method is more conducive to 
the adhesion and proliferation of osteoblasts.

Cells attached to HAp-PCL and HAp-PCL-Col showed 
a mixed diffuse and nonspreading spheroid morphology indicating 
nonadapted cells in the early stages of seeding (Fig. 5). Higher 
cell counts were found in HAp-PCL-Col indicating the benefit 
of the various adhesion motifs present in collagen binding more 
cells (Chen et al., 2021; Davidenko et al., 2016). Meanwhile, 
overlapping cell alignment with HAp-PCL-Gel nanofibrous mats 
implies the occurrence of integrin-mediated cell binding due to the 
presence of free RGD in gelatin. This allows adequate extension of 
the filopodia and binding of the more charged gelatin (Azarudeen 
et al., 2020). The inhibitory effect of cell binding on negatively 
charged HAp-PCL-Gel after seeding by the modified method 
was not found; this is due to the beneficial effect of extended cell 
presentation that can stimulate RGD-free motifs in gelatin to bind 
the cell surface integrin of the osteoblast. This in turn increased 
the hydrophilicity of the nanofibers allowing distribution of cells 
in the matrix, thereby increasing cell viability on day 1 and further 
growth on day 7 (Fig. 5D).

Although collagen provided slightly lower cell adhesion 
than gelatin on day 1, it substantially increased osteoblast 
proliferation from 58.39±1.24% to 105.84 ± 1.87% during the 7 
days of the culture (Fig. 2B). This could be explained by the presence 
of a subset of hydrophilic and hydrophobic ligands naturally found 
in this polymer, which are recognized well by osteoblasts (Chen 
et al., 2021; Davidenko et al., 2016; Subramanian et al., 2015; 
Wu et al., 2014). These ligands provide integrin-mediated cell 
adhesion and proliferation, resulting in profound cell growth with 
predominantly spreading cells (Fig. 5D).

On the other hand, conventional seeding methods 
could not support the adhesion performance of the HAp-PCL 
composites. This is mostly caused by short-term contact of cell 
suspensions in nanofibrous with low concentrations of natural 
polymers in a ratio of 1 to 15 wt. PCL was not sufficient to present 
cells to ligands. Furthermore, the presence of albumin competitors 
to the hydrophobic matrix precludes the presentation of cells to 
the hydrophobic PCL and therefore inhibits cell adhesion. This 
was particularly the case found in HAp-PCL-Gel with a negative 
charge, which was not a preferential condition for adhesion of 
negatively charged mammalian cells (Verma et al., 2007) and thus 
exhibited very low adhesion and proliferation during the 7 days of 
the culture (Fig. 2A). The higher degree of swelling of gelatin in 
the culture medium which tends to reduce the surface area for cell 
adhesion (Verma et al., 2007) may also explain this occurrence. 
This is also supported by the porosity measurement using ethanol 
with water impurities prone to cause gelatin swelling, which 
resulted in the porosity of HAp-PCL-Gel being significantly lower 
than other composites (Fig. 6).

Distinct cell behavior was found on chitosan-reinforced 
nanofibrous mats (HAp-PCL-Ch) at day 7 in the culture, as 
revealed by the SEM images (Fig. 5B). Cells mostly formed 
clusters inhabited by spherical cells, which showed poor filopodia 
formation. Strong cell membrane interactions with positively 
charged aminoglycosides of chitosan are likely to occur, leading 
to inhibition of cell-matrix rebounding needed for transient 

Table 1. Zeta potential of nanofibrous mats.

Sample Zeta potential (mV)

HAp-PCL −22.5+ 0.3B

HAp-PCL-Col −0.5+ 0.1C

HAp-PCL-Gel −28.3+ 0.7A

HAp-PCL-Ch −0.1+ 0.1C

*Mean ± standard deviation, N=3. Significance is shown in 
different letters (p<0.05)

Figure 4. The contact angle with its respective sessile drop pictures of PCL, 
biopolymers (collagen = Col, gelatin = Gel, and chitosan = Ch), and polymer 
composites of hydroxyapatite-polycaprolactone (HAp-PCL) blended with 
biopolymer (HAp-PCL-Col, HAp-PCL-Gel, and HAp-PCL-Ch). *Mean ± SD, 
N = 3. Significance is shown in different letters (p < 0.05).
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cell junction formation at cell contact points (Bischoff et al., 
2021; Refaaq et al., 2020), therefore limiting cell migration and 

proliferation. This phenomenon was supported by the decreased 
cell viability compared to day 1 (Fig. 2B) and the remarkable 
increase in cell death found on LIVE/DEAD fluorescence labeled 
images (Fig. 3B). However, the morphology of these cells did 
not show cell membrane lyse as reported by Qi et al. (2005) in 
cells treated with a high concentration of chitosan nanoparticles. 
Gomes et al. (2015) also observed a contradictory result in the 
reduction viability, but an increased cell number was observed 
from confocal microscopy of fibroblasts grown in chitosan (500 
kDa) nanofibrous mats for 7 days. This supports our conclusion that 
the contradictory viability and cell count are due to the high cell 
binding strength of the chitosan nanofibers and are not indicated as 
cell necrosis. Regardless of the contradictory results found at day 
7, chitosan aminoglycoside that neutralized the negative charge of 
HAp-PCL (Table 1) is likely to enhance the adsorption tendency of 
adhesion proteins on near uncharged hydrophobic PC (Metwally et 
al., 2020), thereby showing the highest cell adhesion at day 1 (Fig. 
2B). However, like other composites, the adhesion performance of 
HAp-PCL-Ch was inhibited after conventional seeding implying 
high adsorption competition with serum albumin in a 10% FBS 
supplementary medium (Fig. 2A).

It is noteworthy to consider the molecular weight (MW) 
and deacetylation degree (DD) of chitosan in designing tissue 
engineering scaffolds. The higher chitosan chains (>10 to 200 
kDa) at high DD (>85%) present more primary amine groups to 

Figure 5. SEM images of cells attached to nanofibrous mats on day 1 and day 7 of culture after seeding using the conventional method 
(A and B) and modified method (C and D), respectively. Arrows indicate attached cells: white arrows are nonspreading cells, and 
yellow arrows are spreading cells. The scale bars are 100 µm.

Figure 6. The porosity of nanofibrous mats: HAp-PCL, collagen (HAp-PCL-
Col), gelatin (HAp-PCL-Gel), and chitosan (HAp-PCL-Ch). *Mean ± SD, N = 
3. Significance is shown in different letters (p < 0.05) 
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bind to the zwitterionic lipid head groups of the cell membrane, 
which tends to reduce cell viability (Huang et al., 2004). In 
contrast, small molecule chitosan studied by de Oliveira Pedro et 
al. (2020) at 3.8 kDa and 97% DD has maintained the integrity of 
mammalian cells, although this size otherwise has formed strong 
electrostatic bonds to bacterial membranes that effectively destroy 
the microbes. The high molecular weight of chitosan also presents 
several obstacles in the preparation of the scaffolds, such as the 
acidic pH required to solubilize polymers with protonated amino 
groups with a pKa of 6.4, which can compromise the stability of 
bioactive materials. The high viscosity of a large chitosan solution 
is another limitation for some scaffold preparations, such as 
electrospinning (Nezarati et al., 2013). Many attempts to improve 
the cell adhesion performance of chitosan-based scaffolds have 
been studied, such as increasing the density of the RGD ligand 
(Hansson et al., 2012; Wu et al., 2014) and mixing with another 
ligands-rich biopolymer, i.e., collagen (Verma et al., 2007). 
Although chitosan exhibited compromised cell viability within the 
7 days culture in vitro, it displayed better physical support for new 
tissue growth in vivo than PCL and gelatin (Gomes et al., 2015).

CONCLUSION
We succeeded in overcoming the limitations of 

conventional cell seeding applications on hydrophobic PCL-HAp 
nanofibrous mats due to poor cell-matrix contact, along with high 
albumin adsorption tendencies on hydrophobic surfaces. The 
reduction of the hydrophobic surface was carried out by applying 
a modified seeding method using a seeding construct with a static 
seeding culture to prolong the presentation of cells on the matrix. 
The construct consists of a glass carrier sandwiched between 
two cylindrical supports to extend the translocation of the cell 
suspension within the matrix. Furthermore, the use of a high cell 
density in 2% serum media increased the exposure of the cells to 
the surface charges provided by the addition of natural biopolymers 
to the PCL-HAp nanofibrous mats, thereby increasing the surface 
hydrophilicity and cell-matrix interactions. These seeding 
conditions allow expansion of the osteoblast filopodia on the HAp-
mimicked surface roughness bone environment, allowing cell 
adhesion, migration, and proliferation to provide an adequate cell 
population for initiating new bone formation. The experimental 
results showed that PCL-HAp blended with collagen had good 
cell adhesion on day 1 and increased proliferation on day 7. This 
could be due to the high positive charge, thereby minimizing the 
movement of cells to the surrounding area, which in turn resulted 
in contact inhibition. Therefore, modification with PCL-HAp-
Gel and PCL-HAp-Col gave the best performance for potential 
use in bone tissue engineering. Therefore, HAp-PCL mixed with 
collagen (PCL-HAp-Col) and gelatin (PCL-HAp-Gel) gave the 
best performance for potential use in bone tissue engineering. 
Therefore, this facile seeding method is a potential tool to support 
the performance of bone scaffolds using hydrophobic synthetic 
polymers to provide temporary physical support in long bone 
morphogenesis.
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