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A new potential biomimetic polymeric 3D scaffold is fabricated using collagen entrapment and 3D
printed polylactic acid scaffold. The modified scaffold was characterized by compressive modulus, degree
of swelling, water contact angle (WCA), and Fourier Transform Infrared Spectroscopy (FTIR). The findings
show that sample PLA/col40 with 40 s entrapment duration is the optimum composition that meets the
requirement for artificial bone tissue replacement. In vitro biomineralization using simulated body fluid
(SBF) demonstrates that the PLA/collagen 3D scaffold is able to promote the growth of hydroxyapatite
(HA) after 7 days which will subsequently improve the osteoconductive and osteoinductive properties
of the 3D scaffold. The overall results suggest the potential of the 3D PLA/collagen scaffold as a prospec-
tive material for bone tissue engineering applications.
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1. Introduction

Surface modification is a technique where the surface of the
biomaterials is altered to realize the specified properties of materi-
als for it to be utilized in various applications such as the medical
field. Basically, surface modification is a simple method that can be
implemented to attend to the majority properties of the scaffolds
like mechanical strength and swelling while the surface interaction
of the cells is radically changing [1,2]. However, the shortage of tis-
sue biocompatibility and the bioactivity of synthetic materials
problem remain to be resolved and improved. Thus, the biomateri-
als are designed to fulfil the requirement of the properties which
will react or response to the cellular at molecular [3].

Polylactic acid (PLA) is a biodegradable polymer that is widely
used in medical application due to its excellent mechanical proper-
ties, low cost, biocompatible, and good process ability which
includes 3D printing, freeze drying, solvent casting, and electro-
spinning [4]. Studies report that PLA is widely used in the 3D print-
ing process as the scaffold formed possesses controllable pore size
and mechanical integrity that will influence the stimulation of new
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tissue formation in-vivo [5]. However, PLA does have several draw-
backs due to its hydrophobic properties and lack of bioactive side-
chain which result in low cell affinity and proliferation without the
aid of other bioactive fillers [6]. Therefore, several strategies have
been studied to improve the surface group function and reduce
the hydrophobicity of PLA including covalent bonding, physisorp-
tion, or creating surface interpenetrating network by modification.
In addition, there are several bioactive materials that can be used
as a coating substance such as polydopamine, chitosan, collagen,
gelatin, and pectin [2,4,7].

Collagen has received great attention since it possesses natural
binding sites for fibroblasts and osteoblasts which are suitable to
promote cell anchorage. Besides, the hydrophilic nature of collagen
will help to retain fluid for nutrients transportation and accelerate
the tissue formation when it is combined with the growth factors
and cytokines derived from the host tissue [8-10]. Several studies
have reported the potential of collagen as a bioactive coating mate-
rial by combining it with other inert materials such as polycapro-
lactone (PCL) [8], poly (l-lactic acid-co-g-caprolactone) (PLCL)
[11], polylactic acid (PLA) [7], poly (d, l-lactide-co-glycolide)
(PLGA) [12,13], hyaluronic acid [14], and poly (3-hydroxybuty
rate-co-4-hydroxybutyrate) [15]. Although these strategies have
been successful, the majority of the researches focus on the 2D
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structures and conventional 3D scaffolds fabrication methods
which are limited in terms of pore interconnection and porosity
percentage. To date, there are limited works that investigate on
collagen entrapment on the surface of 3D printed PLA scaffold.

Therefore, this study utilizes the entrapment of collagen on PLA
3D printed scaffold as such scaffold is fabricated using the additive
manufacturing (AM) technique. This method promotes controlled
architectures and well interconnected pores with higher porosity
which are the main requisites to support the growth of new tis-
sues. The properties of the modified PLA 3D scaffold are character-
ized in terms of compression modulus, wettability, morphological,
and in-vitro biomineralization whereas the presence of collagen
functional group is determined using the Fourier Transform Infra-
red Spectroscopy (FTIR).

2. Materials and methods
2.1. Preparation of PLA 3D scaffold

The PLA (Mw, NatureWorks) scaffold is produced using an addi-
tive manufacturing technique called the desktop UP Plus 2 (3D
Printing Systems, Australia) [2]. 3D scaffold is designed with the
dimension of 9 mm (length) x 9 mm (width) x 9 mm (height) with
1.75 mm filament diameter. The operating conditions are indicated
in Table 1.

2.2. Preparation of PLA/Collagen 3D scaffold

For the purpose of performing the collagen surface entrapment
on the PLA scaffold (as illustrated in Fig. 1) using the facile tech-
nique, the 3D PLA samples were immersed in the collagen (Argin)
containing solvent. The collagen was dissolved in acetic acid
(Sigma) forming 3 w/v% collagen solution followed by the addition
of acetone in the collagen containing solution with the ratio of
70:30 [7]. The printed sample was later immersed in the prepared
solution at different time intervals of 10, 20, 30, 40, 50, and 60 s.
Then, the sample was transferred in sodium hydroxide, NaOH
(Sigma) for 1 min to neutralize the acidic solution and subjected
to dry vacuum for 24 h. The scaffold was designated as neat PLA,
PLA/col10, PLA/col20, PLA/col30, PLA/col40, PLA/col50, and
PLA/col60.

2.3. Compression test

Compression test is a technique to investigate the mechanical
properties of scaffold at which loads the failure may occur. The
samples were placed between two plates and pressure was applied
on the scaffold that compressed the distance of the scaffold. The
mechanical analyzer (Brookfield Engineering Laboratories, CT3,
Massachusetts, USA) fitted with a 10 kg load cell and 2 mm/min
speed was fixed according to ASTM 23410/D3410 M. Based on this
testing, the value of strain and stress was obtained from the com-
pression graph as well as the value of young modulus. Five replica-
tions were conducted for each sample.

2.4. Degree of swelling

The initial mass of the scaffold was weighted before it was
immersed in phosphate buffered saline (PBS, Sigma). The weight

Table 1
Operating conditions used in the fabrication of 3D PLA scaffold.

Liquefier temperature

200 °C

Printing speed  Nozzle tip size  Printing duration

3 mm?>/sec 0.20 mm 6 min

Non modified 3D PLA
scaffold surface

3D PLA/Collagen
scaffold surface

“

| N
o I

Open channel of PLA backbone
due to solvent reaction

Fig. 1. Illustration of the surface entrapment process.

of the swollen scaffold was recorded after 12, 24, and 48 h and
the degree of swelling was calculated using Equation (1):

DegreeofSwelling(%) = (wy — w;/w;)x100 M

In the equation, wyrepresents the weight of the swollen scaffold
at predetermined time and w; is the initial weight of the scaffold.
Five replications were conducted for each sample.

2.5. Water contact angle (WCA)

The WCA was measured using the sessile drop method where
the image of 1 uL of deionised water dropped on the surface of
the samples was captured after 3 s using the video contact angle
system (VCA Optima, Ast Products Inc). Five replications were
conducted for each sample. The sample was prepared in PLA and
PLA/col films by solvent casting technique using a 6 w/v% PLA in
1,4-dioxane (Sigma). Subsequently, the films were soaked into a
collagen surface entrapment according to the experimental
procedure aforementioned.

2.6. Fourier transform infrared spectroscopy (FTIR)

FTIR Spectroscopy (Perkin Elmer Frontier and Spectrum Two,
Perkin Elmer) was used to determine the functional group of the
PLA/Collagen scaffold within the scanning range at 400 to
4000 cm ™! wavenumber.

2.7. In-Vitro biomineralization

In-vitro bioactivity of the scaffold was studied through the
immersion in the simulated body fluid (SBF) solution. The SBF
was prepared by dissolving reagent-grade calcium chloride (CaCly),
sodium chloride (NaCl), potassium chloride (KCl), magnesium
chloride hexahydrate (MgCl,-6H,0), dipotassium hydrogen phos-
phate trihydrate (K;HPOs-3H,0), sodium bicarbonate (NaHCO3),
and sodium sulphate (Na,SO,4) in distilled water and buffered to
pH 7.4 at 37 °C with tris-(hydroxymethyl)-aminomethane [(CH,-
OH)3CNH;)] and hydrochloric acid (HCI) [16] purchased from
Sigma. The ionic composition and concentration of SBF are similar
to the human blood plasma. The sample was immersed in 15 mL of
the prepared SBF solution and placed in an incubator at 37 °C for
1 week to evaluate the growth of hydroxyapatite (HA) using the
SEM microscopy.

2.8. Scanning electron microscope (SEM)

The SEM (Hitachi SU8010) analysis was conducted to analyze
the variation of properties including the surface texture of the scaf-
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Fig. 2. Compression properties of neat PLA and PLA/col 3D scaffold.

fold. The samples of 1 cm x 1 cm were coated with gold, morpho-
logically observed under SEM, and examined with 500 to 10000X
magnification.

3. Results and discussion
3.1. Compression test

Fig. 2 shows the compressive modulus of the neat PLA 3D scaf-
fold and collagen modified PLA 3D scaffold. The overall trend indi-
cates that the entrapment of collagen on the scaffold surface has
lowered the compressive modulus of the neat scaffold up to 10%
for 10 to 40 s exposure and up to 30% for 50 to 60 s exposure.
The reduction might be due to the opening of the PLA 3D scaffold
surface that leads to the loss of PLA backbone monomer when the
scaffold was immersed in the solvent. Besides, collagen naturally
has low mechanical properties and does not act as a reinforcement
material. Hence, the main reason of including collagen is to
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improve the 3D scaffold bioactivity. Therefore, the scaffold with
short period is preferable where the mechanical integrity is stable
as compared to longer entrapment process. Moreover, the modulus
of PLA/col 3D scaffold is adequate for intervertebral disc replace-
ment and in the range for bone tissue regeneration. Previous stud-
ies show that the typical compressive modulus of human bone is in
the range of 120 to 170 MPa for femur, tibia, fibula, and humerus
types, suggesting that the modified 3D scaffold is appropriate for
this application [2,17]. For that reason, the PLA/collagen scaffold
with the entrapment time between 10 and 40 s is suitable for
future application.

3.2. Hydrophilicity evaluation: Water contact angle (WCA) and degree
of swelling

The hydrophilicity properties of the modified scaffold were
evaluated using the degree of swelling testing and water contact
angle (WCA). The swelling ratio of 3D scaffold with different

—o— Neat PLA
—e—PLA/col10
—e—PLA/col20
PLA/col30
—e—PLA/col40
—e—PLA/col50
—@—PLA/col60

12h 24h

48h

Duration

Fig. 3. Degree of swelling neat PLA and PLA/col 3D scaffold after 12, 24, and 48 h.
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78.60%3.1°

54.702.5°

80.50%1.7°

41.40£1.8°

Fig. 4. WCA of (a) neat PLA, (b) PLA/col10, (c) PLA/col20, (d) PLA/col30, (e) PLA/col40, (f) PLA/col50, and (g) PLA/col60 3D scaffold.

soaking time in the collagen solution is presented in Fig. 3. The sur-
face entrapment of collagen at the PLA scaffold significantly
increases the swelling ratio as seen after 12 h up to four times
higher than the neat 3D PLA scaffold (6.7 £ 0.7%). Longer soaking
time of the 3D PLA scaffold in the collagen solution decreases the
hydrophobicity of the scaffold. The modified 3D scaffolds also
achieve up to 50% swelling capacity after 48 h immersion as com-
pared to the swelling percentage of neat PLA with only up to 20%
from its initial weight. The presence of the collagen monomer
has introduced the hydrophilic groups monomer in the PLA back-
bone that contain carboxyl (-COOH), amide (-NH), and hydroxyl
(-OH) presented in glycine, proline, as well as hydroxyproline
polypeptides [10]. Besides, these functional groups act as ion
exchanger reservoirs that will help to conduct certain cellular func-
tions and play a significant role in the tissue-healing cascade [18].
The swelling percentage result of the scaffold is corroborated with
the WCA as shown in Fig. 4. The contact angle of the PLA scaffold is
recorded at 93.40 + 1.2° (Fig. 4a) which is higher than the modified
scaffold (Fig. 4b-g) and potentially causes low cell affinity and
inflammatory response towards the host tissue [7]. The surface
contact angle reduction might also be contributed by the surface
roughness created by the collagen bounded on the surface of the
3D PLA scaffold where it is assumed that the monomer is dispersed
universally over the surface. Previous studies indicate that hydro-
philic surface leads to high wettability that aids the spreading, pro-
liferation differentiation of cells, as well as promoting the
mineralization of hydroxyapatite (HA) when interacting with the
human body physiological fluid environment [2]. Based on the
compressive test, degree of swelling, and WCA test, the 3D PLA
scaffold modified with 40 s of immersion in the collagen solution
(PLA/col40) was chosen for further analysis due to its minimal
reduction in the compressive modulus and optimal hydrophilic
properties.

3.3. Fourier transform infrared spectroscopy (FTIR)

Fig. 5a shows the characteristics peak of neat 3D PLA scaffold at
2293.63 cm™ ! in correspond to the symmetric valence vibrations of
C-H from the CH; branch. The vibrational peak is slightly shifted to
longer wavenumber for PLA/col40 due to the CHs branched region
of collagen [4,7]. The changes from band 1747 cm™! (Fig. 5a) to
1749 cm~' (Fig. 5b) resulted from the -CO stretch due to the
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Fig. 5. FTIR spectra of (a) neat PLA (b) PLA/col.
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Fig. 6. SEM images of (a) neat PLA before soaked, (b) neat PLA after soaked for 7 days, (c) PLA/col40 before soaked, (d,e) PLA/col40 after soaked for 7 days.

presence of the carboxyl group (-COOH) [19]. The spectrum
between 1000 and 1500 cm ™! reveals that the presence of collagen
has caused the stretching vibration of the spectra values due to the
presence of the carbonyl group of carboxylate ion C=0 [20].
Besides, the intense peak shown in the PLA/col40 spectra at
1454 cm™!, 1360 cm™!, and 1182cm~! may contribute to the
increase of the CH,, CH3, and C-N monomer from the collagen
towards the PLA backbone [2,4]. The new peak at 1043 cm™' in
Fig. 5b corresponds towards the C-O-C absorptions of the carbohy-
drates moieties in the collagen monomer. The appearance of new
peak at 872 cm™! for PLA/col40 is due to the overlap of the collagen
monomer with the PLA backbone via the interaction of the NH,
bond of secondary amine with the PLA carbon chain. New intense
peak that appeared at spectra 2360 cm ™! represents the stretching
of the N-H bond and spectra 3411 cm™~' represents the hydroxyl
group (OH) of chitosan [19-21]. This clearly suggests that the col-
lagen has been successfully immobilized on the 3D PLA scaffold
surface.

3.4. In-vitro biomineralization

Fig. 6a and 6¢ depict the image of the neat PLA and PLA/col40
3D scaffold before it was soaked in the SBF solution. It can be
seen that no major structural damage has occurred upon its
modification with collagen, which is fundamental for the struc-
tural stability of bioactive coating and manipulation of scaffold
[8]. During the entrapment process, the collagen was success-
fully immobilized onto the scaffold surface thus forming bioac-
tive coating (Fig. 6¢). Fig. 6b shows image of neat PLA after it
was soaked with the SBF solution for 7 days. No hydroxyapatite
(HA) was observed which indicates that the surface of the scaf-
fold inherits low functional group for cell-recognition signal
molecules. On the other hand, collagen immobilization on the
3D PLA scaffold surface was able to promote the growth of HA
as shown in Fig. 6d-e. Collagen contains clustered of charged
amino groups which are subjected to chelating action with cal-
cium ions and has the ability to attract the phosphate ions and
controlling formation of parallel array of oriented HA crystals.
Besides, the positive net charge at the end of the collagen mono-
mers influences the infiltration of amorphous calcium phosphate
that controls the mineralization process [22-23]. This indicator
initiates the potential of biomimetic PLA/col40 3D scaffold to

be used as bone graft in vivo condition for bone tissue regener-
ation treatment.

4. Conclusion

The present study demonstrates that collagen can be success-
fully immobilized onto 3D PLA scaffold via the surface entrapment
method. The work suggests a potential procedure to overcome the
limitation of poor affinity with living cells due to the lack of bioac-
tive sites for cell adhesion and proliferation. Compressive modulus
reveals that the strength reduction is adequate for bone tissue
grafting replacement at the entrapment duration of up to 40s.
The collagen surface modification also improves the hydrophilic
properties of the 3D PLA scaffold and subsequently promotes initial
cell attachment and growth. In vitro mineralization of 3D PLA/col-
lagen scaffold shows a huge potential to be utilized in biomimetic
environs due to the rapid formation of HA as early as 7 days. In
conclusion, this approach has successfully proven the 3D PLA/col40
scaffold as a new potential bone grafting material that should be
further investigated on the survival of cells during in vitro culture
before proceeding with the vivo transplant to reassure the effects
on bone tissue regeneration.
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