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Mussel-inspired polydopamine
decorated alginate
dialdehyde-gelatin 3D printed
scaffolds for bone tissue
engineering application
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Behafarid Ghalandari® and Aldo R. Boccaccini'*

Institute of Biomaterials, Department of Materials Science and Engineering, University of Erlangen-
Nuremberg, Erlangen, Germany, *State Key Laboratory of Oncogenes and Related Genes, Institute for
Personalized Medicine, School of Biomedical Engineering, Shanghai Jiao Tong University, Shanghai,
China

This study utilized extrusion-based 3D printing technology to fabricate
calcium-cross-linked  alginate dialdehyde-gelatin  scaffolds for bone
regeneration. The surface of polymeric constructs was modified with
mussel-derived polydopamine (PDA) in order to induce biomineralization,
increase hydrophilicity, and enhance cell interactions. Microscopic
observations revealed that the PDA layer homogeneously coated the surface
and did not appear to induce any distinct change in the microstructure of the
scaffolds. The PDA-functionalized scaffolds were more mechanically stable
(compression strength of 0.69 + 0.02 MPa) and hydrophilic (contact angle of
26) than non-modified scaffolds. PDA-decorated ADA-GEL scaffolds
demonstrated greater durability. As result of the 18-days immersion in
simulated body fluid solution, the PDA-coated scaffolds showed satisfactory
biomineralization. Based on theoretical energy analysis, it was shown that the
scaffolds coated with PDA interact spontaneously with osteocalcin and
osteomodulin (binding energy values of —35.95 kJ mol™ and —46.39 kJ mol™,
respectively), resulting in the formation of a protein layer on the surface,
suggesting applications in bone repair. PDA-coated ADA-GEL scaffolds are
capable of supporting osteosarcoma MG-63 cell adhesion, viability (140.18%
after 7 days), and proliferation. In addition to increased alkaline phosphatase
secretion, osteoimage intensity also increased, indicating that the scaffolds
could potentially induce bone regeneration. As a consequence, the present
results confirm that 3D printed PDA-coated scaffolds constitute an intriguing
novel approach for bone tissue engineering.
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1 Introduction

Bones are load-bearing structures that serve as mechanical
support for the body and provide protection for the organs. Bone
is well-known for its ability to self-repair, where it undergoes
remodeling, maturation, differentiation, and resorption
throughout one’s life to maintain healthy bone (Zhang et al,
2022). Defects in bones beyond the capacity for self-repair occur
as a result of accidents, aging, infection, cancer, surgical resection,
and may require surgical intervention, resulting in the need for
appropriate clinical treatment. In spite of the availability of
alternatives, such as autografts and allografts, the high cost,
the

requirement of multiple surgeries, and the potential for viral

immune rejections, limited number of donors,
transmission limit the use of such transplants (Rupp et al., 2022).
Therefore, the development of biological repair strategies,
including tissue engineering (TE), focusing on the synthesis
and functionalization of biomaterials for bone regeneration is
receiving increasing attention (Li et al., 2021; Hao et al., 2022;
Wang et al., 2022).

Bone TE is used to replace, restore, or accelerate the
regeneration of damaged bone tissue through the interaction
between cells and the artificial construct called scaffold. Apart
from the traditional methods for fabricating scaffolds such as
electrospinning, freeze-drying, solvent casting, and others,
additive manufacturing and rapid prototyping strategies have
become very popular (Qu et al., 2021). There are a number of 3D
printing technologies available, including stereolithography
(SLA), fused deposition modeling (FDM), selective laser
sintering (SLS), and extrusion-based 3D printing (Xu et al,
2022). One of the most popular methods of 3D printing is
extrusion-based technology, which is able to print complex
and hierarchical constructs for patient-specific applications
(Bandyopadhyay et al., 2021; Beheshtizadeh et al., 2021).

Hydrogels have already been extensively studied for bone
their

biodegradability, printability, and most importantly, their

regeneration applications due to biocompatibility,
ability to mimic the microenvironment of natural tissues (Xue
etal., 2022). They are well known for stimulating cell attachment,
proliferation, and growth, as well as supporting the regeneration
of native extracellular matrix (ECM) structures (Kreller et al.,
2021). Alginate has been extensively studied as a potential
component of 3D printing inks (Reakasame et al., 2021). It is
an appealing candidate for TE applications due to its
biocompatibility, low toxicity, printability, injectability, mild
processing conditions, and low cost. Despite this, alginate
does not possess the essential characteristics necessary for TE,
such as no binding sites for cell attachment, and in the case of
bone TE, pure alginate lacks mineralization capability and
mechanical strength (Genes et al, 2004). Gelatin is a
biocompatible biopolymer that has a similar molecular
structure and function to collagen, and it is used extensively
in tissue engineering and cell culture experiments for its ability to
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provide powerful biological and chemical signals that allow for
the replication of many different types of cells. In spite of gelatin’s
advantages and wide range of applications, there are a few
drawbacks, including its poor mechanical properties and fast
degradability (Afewerki et al, 2019; Bello et al, 2020). To
compensate for the mentioned drawbacks, the use of alginate
dialdehyde-gelatin (ADA-GEL) has already been investigated for
bone TE (Sarker et al., 2016; Monavari et al., 2021), cartilage TE
(Balakrishnan et al., 2014; Kreller et al., 2021), wound dressings
(Balakrishnan et al., 2005), as well as bioprinting of artificial
cancer models (Bednarzig et al., 2021). ADA is caused by the
partial oxidation of alginate and exhibits cleavage of vicinal
glycols in alginate that negatively impact its ability to absorb
water (O'Brien et al., 2005). Additionally, the crosslinking ability
of ADA with calcium ions will be reduced when the oxidation
exceeds 10%, resulting in less mechanical properties than alginate
(Gomez et al., 2007). Consequently, ADA-GEL offers promising
prospects in terms of physicochemical, biocompatibility and
cellular interaction.

The ability to generate hydroxyapatite (HA) is essential for
the bone regeneration process (Tang G. et al, 2021). In this
regard, the surface modification of ADA-GEL scaffolds with
bioactive components is a promising method to improve the
mineralization potential of ADA-GEL. Recently, mussel-inspired
polydopamine (PDA), containing rich catechol and amine
content, has been studied for use as a coating for biomedical
implants due to its hydrophilicity, low toxicity to pre-osteoblast
cells, and ability to facilitate and promote crystallization of HA by
providing more active sites (Tang Y. et al., 2021; Feng et al.,
2021). According to recent studies, PDA can also enhance
scaffold mechanical stability, induce angiogenesis and
osteogenesis, and enhance the integrability of implants with
the surrounding tissue (Sun et al., 2021; Yu et al,, 2021).

We conducted this study to investigate the effect of bio-
inspired PDA functionalization on extrusion-based 3D printed
ADA-GEL scaffolds for bone regeneration. In this study, the
performance of the PDA-coated ADA-GEL scaffolds was
evaluated in-vitro to determine the impact of PDA coatings
on mechanical strength, hydrophilicity, degradation, and
biomineralization. Furthermore, computational studies were
the possible scaffold
interactions with bone-related model proteins. The cell-

conducted to gain insights on

scaffold interaction was also assessed in an effort to determine

the cell adhesion, proliferation, and osteogenic properties of the
polymeric scaffold, especially after PDA decoration.

2 Materials and methods

2.1 Materials

Gelatin from porcine skin (gel strength ~300 g Bloom, Type
A), sodium alginate (sodium salt of alginic acid from brown
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algae, suitable for immobilisation of micro-organisms, guluronic
acid concent 65-70%), dopamine hydrochloride (Mw = 189.64 g/
mol), 2-propanol (Mw = 50.10 g/mol), hydrochloric acid (Mw =
36.46 g/mol), sodium (meta) periodate (Mw = 213.89 g/mol),
sodium chloride (Mw = 58.44 g/mol), potassium phosphate
dibasic trihydrate (Mw = 228.22 g/mol), Bradford reagent (for
0.1-1.4 mg/ml protein), and penicilin-streptomycin (suitable for
cell culutre, lyophilised) were purchased from Sigma Co.,
Germany. Calciumchloride dihydrate was purchased from
Bernd Kraft Co., Germany. TRIS (Mw = 121.14 g/mol) was
purchased from ROTH Co., Germany. Magnesium chloride
hexahydrate (Mw =
Honeywell Fluka Co., Germany. Potassium chloride (Mw =
84.01g/
46.07 g/mol), glutaraldehyde (25%

100.11 g/mol), and formaldehyde
30.031 g/mol) were purchased from Merck Co.,

203.30 g/mol) was purchased from

74.55 g/mol), sodium hydrogen carbonate (Mw =
ethanol (Mw =

aqueous solution, Mw =
Mw =
Germany. Calcein-AM was purchased from Invitrogen,
United States DMEM (Dulbecco’s Modified Eagle Medium)
(I1X), trypan blue stain (0.4%), DPBS (Dulbecco’s Phosphate
Buffered Saline, 1X), and HBSS (Hank’s Balanced Salt Solution)
were purchased from Gibco Co., Germany. Ethylene glycol

mol),

(Mw = 62.07 g/mol) and sodium sulphate anhydrous (Mw =
142.02 g/mol) were purchased from VWR International Co.,
Germany. Osteoimage™ mineralization assay was purchased
from Lonza, United States of America.

2.2 Preparation of ADA-GEL 3D printed
scaffolds

ADA-GEL was formulated using a combination of alginate
dialdehyde (ADA) and gelatin (GEL) which were covalently
cross-linked, as investigated in our previous study (Monavari
et al., 2021). The ADA-GEL synthesis is here briefly described.
Following dissolving sodium alginate in ethanol (0.2 g/ml),
0.125M sodium metaperiodate solution was added in the
same volumetric amount to oxidize the hydroxyl groups in
alginate. After 6 hours of keeping the mixture solution in the
dark at room temperature, ethylene glycol (10%v/v) was added in
order to stop oxidation and further stored for 30 min. The
suspension was dialyzed for 5days using a semipermeable
dialysis membrane (MWCO 6-8 kDa, Spectrum Lab, USA)
against ultrapure water (Direct-Q°, Merck, Germany) to
eliminate metaperiodate ions. In order to obtain dry ADA,
lyophilization was carried out using a freeze dryer (Alpha 1-
4 LSCplus, Christ, Germany).

ADA solution with a concentration of 2.5 wt% was prepared by
dissolving in PBS and stirring it at room temperature overnight. The
GEL-PBS solution (3.75 wt%) was added gradually to the ADA
solution to obtain a printable ink. ADA-GEL scaffolds were
fabricated using a pneumatic extrusion-based 3D printer
(typeBioScaffolder 3.1, GeSiM, Groflerkmassnadorf, Germany).
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The scaffold was designed using the software included with the
3D printer CAGD (Computer-Aided Geometric Design). A square
grid-like 3D scaffold, 10 mm in length, was designed to be printed in
four layers. The printer cartridge containing ADA-GEL was
connected to a compressed air supply, and the hydrogel was
printed layer by layer using a 25 G nozzle. Following the printing
of the scaffolds, 0.6 M CaCl, was used to cross-link the constructs,
which were then washed with HBSS to remove unreacted CaCl,.
ADA-GEL scaffolds that would be assessed without a PDA coating,
as control group, were lyophilized for 3 days.

2.3 PDA decoration on ADA-GEL scaffolds

Functionalization of the scaffolds produced using 3D printing
was accomplished according to our previous investigation
(Ghorbani et al,, 2019b). This is achieved by mixing ultrapure
water and 2-propanol in a volumetric ratio of 5:2, followed by the
addition of TRIS (10 mM). The pH was adjusted to 8.6 by adding
HCl (1 M) dropwise under stirring conditions. Subsequently,
2 mg/ml of dopamine hydrochloride solution was prepared and
was gradually added to the main solution while stirring. After
embedding the scaffolds manually in the prepared medium, they
were incubated in a thermoshaker (IKA KS 4000 I Control) at 37°C
in the darkness. After 24 h, the scaffolds were rinsed with ultrapure
water and lyophilized for 3 days.

2.4 Characterization

Field emission scanning electron microscopy (FE-SEM,
Auriga, Carl-Zeiss, Germany) and light microscopy (Stemi
508, Carl-Zeiss, Germany) were used to observe the
morphology of the lyophilized scaffolds. Light microscope
images were also used to quantify the pore size and strand
diameter using image measurement software (ImageJ).

The chemical bonding structure of lyophilized non-
modified ADA-GEL scaffolds and PDA-coated ADA-GEL
scaffolds was studied using a Fourier-transform infrared
spectrometer  (IRAffinity-1S, Shimadzu, Japan) with
40 scans in the range 400-4,000 cm™".

A standard uniaxial mechanical tester (5967, Instron,
United States) was used to evaluate the compressive
strength of lyophilized scaffolds through a 100 N load cell
and a crosshead speed of 0.5 mm/min.

In order to study the hydrophilicity, a drop shape analyzer
(DSA30 Expert, Kruss, Germany) was used to measure the water
drop contact angle.

To determine the scaffolds’ water absorption capacity, ADA-
GEL and PDA-coated ADA-GEL scaffolds were immersed in 10 ml
of MEM alpha cell medium (1 uL of gentamicin was added to each
mL of medium) in a six-well tissue culture plate. ADA-GEL and
PDA-coated ADA-GEL scaffolds were weighed at in dry state and
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after 2, 4, 6, 24, and 96 h of incubation in a thermoshaker at 37 + 0.5
°C in dark condition. The absorption ratio was calculated for the
ADA-GEL and PDA-coated ADA-GEL scaffolds according to Eq. 1
until maximum fluid absorption occurred (Nokoorani et al., 2021):

Swelling ratio (%) = [(W — W;/W,]*100 (1)

where W; is the dry weight of the scaffold and W is its maximum
equilibrated swollen weight.

In-vitro biodegradation behavior of the scaffolds was assessed by
immersion of the ADA-GEL and PDA-coated ADA-GEL scaffolds in
10 ml of MEM alpha cell medium (1 pL of gentamicin was added to
each mL of medium) in a six-well tissue culture plate. The ADA-GEL
and PDA-coated ADA-GEL scaffolds were weighed at days 4, 6, 8, 12,

10.3389/fbioe.2022.940070

15, and 18, while the medium was actively refreshed at each time
interval. The scaffolds were washed with ultrapure water and lyophilized
following 18 days of incubation at 37 + 0.5 °C in order to characterize
them using FE-SEM, light microscopy, and FTIR. The degradation ratio
of the scaffolds was calculated based on Eq. 2 (Montes et al., 2022):

Biodegradation ratio (%) = |[ (W,, — W;)/W;]|¥100  (2)

where the initial weight (W;) is the weight of the ADA-GEL
scaffold at its maximum equilibrated swollen weight, and W, is
the wet weight of the scaffolds at predetermined time interval.

To evaluate the acellular bioactivity of the PDA-coated ADA-
GEL scaffold for osteoregeneration, an in-vitro bioactivity study was
performed. To conduct the bioactivity test, simulated body fluid (SBF)
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FIGURE 1

(A) Schematic illustration of the preparation steps of 1) 3D printed ADA-GEL scaffolds and 2) PDA decoration of the printed ADA-GEL scaffolds.
(B) Schematic illustration of the process of 10 cross-linking and 2) PDA functionalizing ADA-GEL scaffolds.

Frontiers in Bioengineering and Biotechnology

04

frontiersin.org


https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org
https://doi.org/10.3389/fbioe.2022.940070

Ghorbani et al.

10.3389/fbioe.2022.940070

(mm)

Average Pore
Diameter
S

o
b

[
=)

T
ADA-GEL PDA-coated ADA-GEL

Average Strand
Thickness (mm)

=)
1

o
(3]
L

o
=)

T
ADA-GEL PDA-coated ADA-GEL

PDA-coated ADA-GEL

ADA-GEL

Transmittance (%)

Aromatic rings,

COH
NH, OH

T T T

T T
4000 3600 3200 2800

T
2400

T T T
2000 1600 1200 800 400

Wavelength (cm™)

FIGURE 2

Microstructural and chemical evaluation of scaffolds. (A,C) Light microscope images and (B,D) FE-SEM images of (A,B) ADA-GEL and (C,D)
PDA-coated ADA-GEL scaffolds. (E) Average pore diameter and (F) average strand thickness of ADA-GEL and PDA-coated ADA-GEL scaffolds. (G)
Chemical characterization of polymeric scaffolds. FTIR spectrum of PDA, ADA-GEL, and PDA-coated ADA-GEL scaffold.

solution was prepared (Kokubo and Takadama, 2006) and scaffolds
(10 * 10 * 1 mm®) were immersed in 10 ml of SBF solution and
incubated at 37 + 0.5 °C in a thermoshaker under dark conditions.
The SBF solution was refreshed every other day. Following 18 days
incubation, lyophilized scaffolds were characterized by FE-SEM, light
microscopy, FTIR, and XRD analyses. The X-ray diffractometer
(MiniFlex 600, Rigaku, Japan) records the spectrum in the range
of 20 angles 20-80° using Cu-Ka (A 1.5418°A) radiation.

2.5 Molecular docking simulation

PDA coating layer interactions with osteocalcin and
osteomodulin have been studied using AutoDock Vina
(Trott and Olson, 2010). Protein structures were obtained
from the AlphaFold Protein Structure Database. According
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to previous works (Ghorbani et al., 2021a; Ghalandari et al.,
2021), the repeated-basic unit of a PDA molecule was
modeled and used for docking calculations. In accordance
with the classical preparation instructions (Abbasi-Tajarag
et al., 2016; Gholamian et al., 2017; Ghorbani et al., 2021b)
docking calculations were performed. Preparation of input
files and data analysis were carried out by the AutoDock
Tools 1.5.4. (Morris et al., 2009). and the VMD package
(Humphrey et al., 1996).

2.6 Cell-scaffolds interactions
A series of in-vitro experiments was carried out using MG-63

cells. Scaffolds were seeded with 50,000 cells/ml in DMEM
supplemented with 10% FBS and 100 U/ml penicillin-
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streptomycin and maintained at 37 £ 0.5 °C, 5% CO,, and 95%
humidity for 2 days to study cell attachment. The cultured cells
on the scaffolds were then fixed with glutaraldehyde and
formaldehyde-containing  solutions, washed with HBSS,
dehydrated with ethanol series, and air-dried for FE-SEM
analysis.

Calcein-AM staining assay was performed to determine
cell viability at days 2, 4, and 7. Therefore, the scaffolds
seeded with cells were incubated in 4 uM calcein-AM/1 ml
HBSS at 37 + 0.5 °C, 5% CO,, and 95% humidity for 1 h. The
constructs were then washed in sterile HBSS before being
fixed in fluorescent fix solution and cell viability was
determined using a fluorescence microscope (Axio
Observer, Carl-Zeiss, Germany).

WST-8 assay was used to evaluate the proliferation of the
cultured cells on scaffolds after 2, 4, and 7 days. The cell-
cultured samples were incubated in DMEM containing 3%
WST-8 for 3h at 37°C, 5% CO,, and 95% humidity after
removing the medium at each time point. In the next step,
100 pl of the medium was separated to measure the optical
density at 450 nm using a microplate reader (FLUOstar
Omega, BMG LABTECH, Germany).

ALP activity was measured in order to evaluate the
osteoblastic behavior of cultured cells. Cells were lysed with
lysis buffer and the medium was centrifuged at 1,200 rpm for
10 min after 7 and 21 days of cell culture. ALP-mix solution
containing p-NPP was added to the supernatant and incubated
for 180 min. The reaction was stopped with the addition of
NaOH. Analyzing absorbance at wavelengths of 405 and
690 nm enabled the measurement of ALP activity. As a final
step, ALP levels were adjusted for total protein content
determined by the Bradford assay. To do so, the supernatant
of the lysed cells (25 pl) was transferred to a cuvette containing
the Bradford protein assay kit (AppliChem GmbH, Germany)
(975 pl). After 10 minutes of incubation, the optical absorbance
of the as-prepared solution was determined via UV-Vis
spectrophotometry at 595 nm in dark conditions.

To assess the hydroxyapatite content of bone-like
nodules deposited by cells, a fluorescent osteoimage
mineralization assay was performed. The experiment was
conducted after 21 days in accordance with the Lonza kit
protocol. The cells were fixed after removal of the medium
and washing. The cultured cells were first washed two times
with wash buffer solution. After staining the cells in dark
condition and incubating them for 30 min, they were washed
three times and monitored for mineralization using a

fluorescence microscope and microplate reader.

2.7 Statistical analysis

Each experiment was repeated five times (1 = 5) and data were
reported as the mean + standard deviation. The significance of the
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average values was calculated using a t-test calculator; p < 0.05 was
considered significant.

3 Results and discussion
3.1 Microstructural observation

Comparatively to conventional scaffold fabrication

technologies, 3D printing provides an accurate and

reproducible scaffold fabrication technique that permits the
development of personalized and hierarchical scaffold models
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FIGURE 3

Mechanical behavior of the ADA-GEL and PDA-coated ADA-
GEL scaffolds. (A) Stress-strain curve, (B) compressive strength,
and (C) compressive modulus of scaffolds. Differences are
considered very statistically significant (**p < 0.01).
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tailored to the needs of the target tissue. Figure 1A presents a
schematic illustration of the ADA-GEL ink preparation for 3D
printing along with the procedure for PDA coating on the
scaffolds. A previous published study of our group (Distler
et al., 2020) has shown that ADA is oxidized by 13%. Here,
the degree of oxidation (DO) of ADA was estimated by the
determination of the difference between the initial and present
amount of IO, ions before quenching the reaction with ethylene
glycol using the method. Our study applied a similar procedure
by using alginate and sodium periodate. Figures 2A-D displays
the morphology of the lyophilized ADA-GEL and PDA-coated
ADA-GEL scaffolds are determined by FE-SEM and light
microscopy. As a consequence of this study, ADA-GEL
scaffolds were fabricated with a complex porous structure
with spatially adjustable geometry and microstructure (Moore
etal., 2020), which can improve nutrient absorption and promote
cell adhesion, proliferation, and differentiation (Yan et al., 2005).
3D printed scaffolds were then modified by polymerizing a layer
of PDA on the surface. It was found that both experimental
groups  formed an  interconnected  microtubule-like
microstructure with slight contraction in comparison to the
3D designed file. Sphere-shaped PDA was also deposited
homogeneously and uniformly on the surface of the ADA-
GEL scaffolds, demonstrating self-oxidation of dopamine
hydrochloride without adversely affecting the 3D structural
integrity and architecture of the construct. According to the
average pore diameter (Figure 2E), the pore sizes for ADA-GEL
and PDA-coated ADA-GEL scaffolds were 1.37 + 0.23 mm and
1.37 + 0.12mm, respectively. Similarly, the average strand
thickness (Figure 2F) was 1.32 + 0.23mm for ADA-GEL
constructs and 1.31 + 0.14 mm for PDA-coated ADA-GEL
ones. As reported in a similar study, surface modification via
PDA can improve bioactivity and cell behavior without any
adverse effect on the pore structure (Jo et al., 2013).

3.2 Chemical characterization

In order to determine the chemical interactions of PDA with
ADA-GEL, as well as to examine the successful cross-linking of
samples, FTIR spectra of raw materials and composite structures
were examined. Figure 2G depicts the FTIR spectra of PDA,
ADA-GEL and PDA-coated ADA-GEL. For ADA-GEL, the peak
around 2,933 cm™ corresponds to CH. Besides, the observed
peak at 1,599 cm™ correspond to C=N, C=0, and NH bonds.
C=N and C-N characteristic peak was observed at 1,414 cm™".
The peak at 1,015 cm™ is caused by CO bonds. Broad peaks were
observed at about 3,200-3,500 cm™" belonging to amine and
hydroxyl groups in both PDA and ADA-GEL. Peaks are
observed around 1,603cm™ and 1,513cm™ for aromatic
rings, correlated with the OH and NH groups in the PDA
chemical structure. Additionally, PDA COH bonds were

identified at 1,345 and 1,284 cm™ (Ghorbani et al., 2019b).
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The presence of PDA peaks on PDA-coated ADA-GEL
scaffolds the spontaneous polymerization of
dopamine hydrochloride on the ADA-GEL substrates.

Figure 1B illustrates the preliminary chemical reaction
that leads to ADA-GEL formation and the cross-linking of
ADA-GEL by Ca** ions. Under Schiff’s base reaction, alginate
dialdehyde interacts with gelatin (O’Brien et al., 2005; Boanini
etal,, 2010). ADA-GEL scaffolds undergo ionic gelation when
Ca’" ions bound to G-blocks in alginate (Reakasame et al.,
2021). The reaction of ADA with GEL goes through amidation
coupling. Here, an excessive relative amount of gelatin to

confirms

ADA needs to be selected in order to improve cell interactions,
ensure all carboxyl groups of ADA reacted with the amine
group of gelatin, decrease the gelation time to 10 min, achieve
neutralization of acidity of ADA solution, obtain higher
thermal stability at lower temperatures, and control
remained uncrosslinked gelatin in high concentration.
Considering these issues, ADA (2.5%) -GEL (3.75%) was
selected as the optimum ratio, similar to the early Sarkar
2014) investigation. Further
functionalization of cross-linked ADA-GEL should be
accomplished with PDA. Surface decoration with PDA can
be affected by the catechol moiety of PDA’s chemical
structure. Nielsen et al. (2013) study indicates that the

polymerization of catechol increases binding forces, which

et al. (Sarker et al,

promotes chemical reaction initiation. Considering all the
above, C-C binding happens between neutralized dopamine
hydrochloride and open-chain oligomers that are contained
within the structure of the PDA. There can, therefore, be a
possibility for specific kinds of interaction to take place in
PDA (Liebscher et al., 2013). Generally, neutralization of
dopamine hydrochloride and its spontaneous oxidation
under alkaline conditions generates polydopamine. As a
consequence, dopaminequinone is formed, which is
followed by a 1,4- Michael addition reaction. The course of
the oxidation process will lead to the transformation of
leucodopaminechrome into dopaminechrome and a
subsequent rearrangement to 5,6-dihydroxyindole. Finally,
PDA can be synthesized from the o-quinone of the 5,6-
dihydroxyindole in conjunction with catechol groups (Wei
et al, 2010; Yu et al,, 2010). Tang et al. (2021a) reported that
attachment of PDA to substrates happens via covalent binding
(Michael-type addition, Schiff base reactions) or noncovalent

binding (hydrogen bonding, n—m stacking, metal chelating.

3.3 Mechanical behavior

Mechanical properties are crucial for bone TE since the
scaffolds must exhibit the initial load-bearing ability to
support bone regeneration. A clear relationship exists between
mechanical stability of the scaffolds and cellular activity. In this
regard, mitogen-activated protein kinases are influenced by the
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Interaction of scaffolds with biological-like fluids. (A,B) Contact angle measurements of (A) ADA-GEL and (B) PDA-coated ADA-GEL scaffolds.

(C) Absorption ratio of ADA-GEL and PDA-coated ADA-GEL scaffolds over time (2, 4, 6, 24, and 96 h). (D,F) Light microscope images and (E,G) FE-
SEM image of (D,E) ADA-GEL and (F,G) PDA-coated ADA-GEL scaffolds after a 18-days immersion in medium. (H) Degradation ratio of ADA-GEL and
PDA-coated ADA-GEL scaffolds over time (4, 6, 8, 12, 15, and 18 days). (I) FTIR spectrum of ADA-GEL and PDA-coated ADA-GEL after a 18-days
degradation test. Differences are considered statistically significant (*p < 0.05) and very statistically significant (**p < 0.01).

elastic modulus and help the regulation of osteogenic
differentiation through actin-cytoskeleton (Khatiwala et al,
2007). Therefore, uniaxial compression tests (Figure 3) were
carried out to evaluate the mechanical properties and
performance of lyophilized ADA-GEL and PDA-coated ADA-
GEL scaffolds. Figure 3A shows the stress-strain diagrams of both
ADA-GEL and PDA-coated ADA-GEL scaffolds, showing that
both compositions exhibit a low and narrow elastic regime.
ADA-GEL coated with PDA appears to have a more uniform
deformation pattern in comparison to ADA-GEL. Toughness
values were 247.57 + 0.03 and 171.65 + 0.01 J/mm® for ADA-GEL
scaffolds and PDA-coated ADA-GEL ones, respectively.
Accordingly, ADA-GEL scaffolds showed higher toughness,
since a large amount of energy needs to be absorbed in order
to deform plastically and fracture the scaffolds.

Further, as illustrated in Figure 3B, the PDA-coated ADA-
GEL scaffold showed a compressive strength of 0.69 + 0.02 MPa,
which was approximately 20% higher than the non-coated ADA-
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GEL scaffold of 0.57 + 0.03 MPa. The PDA coating on the ADA-
GEL scaffolds, as shown in Figure 3C, exhibits the necessary
modulus compared with natural cancellous bone (elastic
modulus in the range of 10-2,000 MPa (Ostrowska et al,
2014)) and has significantly improved compressive modulus
(360 + 48 MPa) in comparison to the compressive modulus of
ADA-GEL (118 + 27 MPa). These findings suggest that the PDA
coating enhances ADA-GEL scaffolds’ mechanical and structural
integrity. A considerable benefit of the PDA coating layer is
achieved by the strands’ void space infiltration and formation of a
denser structure. Also, the PDA layer acts as a glue for improving
interconnectedness and adhesion of the layers (Kim et al., 2018).
Interestingly, Huang et al. (Huang et al,, 2014) indicated that
prolong coating time would not show any improvement in the
mechanical strength of scaffolds. PDA coating was applied on
scaffolds and both the Young’s modulus and compressive
strength were improved in a similar study (Xie et al., 2012). It
has been demonstrated by Shin et al. (Shin et al.,, 2011) that the
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In-vitro bioactivity of the scaffolds. (A,D) Light microscope images and (B,C,E,F) FE-SEM images of (A—C) ADA-GEL and (D-F) PDA-coated
ADA-GEL scaffolds after 18 days of immersion in the SBF solution. (G) FTIR spectrum and (H) XRD spectrum of ADA-GEL and PDA-coated ADA-GEL
after biomineralization of HA-like layers. (I) Schematic illustration of the HA formation mechanism on scaffolds.

modulus of elasticity of PCL and PLA copolymers increased
upon application of PDA, which was caused by the

polymerization of PDA on the polymers’ surfaces.

3.4 Absorption capacity and
biodegradation

A crucial parameter that determines cell-scaffold interactions
is the water-scaffold interface and scaffold wettability, which can
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be measured by performing a water droplet contact angle test.
The contact angle (Figures 4A,B) of 58 was obtained for ADA-
GEL while 26 was measured for PDA-coated ADA-GEL. In
accordance with the results of the contact angle test, the
PDA-coated ~ADA-GEL  hydrogel  exhibits increased
hydrophilicity relative to the uncoated ADA-GEL hydrogel. A
significant improvement is anticipated in the hydrophilicity of
PDA as a result of the abundance of hydrophilic functional
groups in amine and catechol groups. PDA coating has been
shown to reduce the contact angle of PCL and by boosting
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dopamine concentrations this effect was further intensified
(Cheng et al., 2016).

The absorption ratio over time is shown in Figure 4C.
Absorption ratios of ADA-GEL were 1,254 + 316%, 1,477 +
431%, 1,558 + 466%, and 1,635 + 639% at 2, 4, 6, and 24 h of
incubation, respectively. A rapid amount of fluid is absorbed at
the beginning followed by a slow, steady rate of absorption until
the maximum amount of fluid has been absorbed. For the PDA-
coated ADA-GEL, the absorption ratio was 2,330 + 272%,
2,621 + 149%, 2,467 + 200%, 2,648 + 173%, and 3,377 *
644% at 2, 4, 6, 24, and 96 h of incubation, respectively. In
total, ADA-GEL hydrogels coated with PDA had an absorption
ratio almost twice as high as ADA-GEL hydrogels without
coating. This result indicates that PDA-coated ADA-GEL has
superior fluid intake capabilities over uncoated ADA-GEL. Also,
whereas ADA-GEL hydrogels reached their maximum fluid
PDA-coated ADA-GEL
in fluid
absorption up to 96 h, supporting the conclusion about the

uptake by 24h of incubation,

hydrogels demonstrated an increased stability
increased stability (chemical, mechanical) and structural
integrity caused by PDA coating. As demonstrated in a
PDA

polyurethane is capable of improving water uptake and

similar  investigation, coating on thermoplastic
cellular interaction (Lin et al., 2020).

As with hydrophilicity and absorption ratio, the chemical
composition and microstructure play a role in the degradation
behaviour of biomaterials. (Figures 4D-G) depicts light
microscope and FE-SEM images of ADA-GEL and PDA-
coated ADA-GEL scaffolds after the biodegradation test. As a
result of the subsequent assessment of the morphology and
mechanical properties of the PDA-coated ADA-GEL, it has
been shown that the coating acts as a very thin barrier to give
the scaffold structural integrity. These observations are
corroborated by the light microscope and FE-SEM images,
where PDA-coated ADA-GEL scaffolds show fewer cracks and
peeling on the surface. Therefore, the PDA-coated ADA-GEL
scaffolds are more likely to withstand mechanical loads during
the bone regeneration process than those without PDA coating.

A scaffold designed for should

demonstrate a synchronized degradation rate with that of the

tissue regeneration
regeneration process, as well as remain stable throughout the
period of tissue regeneration. In typical bone injury cases, the
repair process begins within the first 2 weeks before the start of
the remodelling phase. Regeneration is complete approximately
4 to 7 weeks later. Figure 4H illustrates the degradation ratio
relative to weight for hydrogels after 18 days in cell culture
medium. It was noted that ADA-GEL began to degrade after
24 h in cell culture medium, and the degradation ratio was 12 +
9%, 28 + 10%, 41 + 10%, 43 + 7%, 44 + 8%, and 59 + 7% at 4, 6, 8,
12,15, and 18 days of incubation, respectively. A steep increase in
degradation ratios is perceived at 4to 6 days, followed by a stable
increase at 8, 12, and 15 days, with a slight jump of degradation
ratios at 18 days after incubation. ADA-GEL coated with PDA
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shows a similar degradation pattern but with a slower
degradation rate. ADA-GEL decorated with PDA was
degraded at a rate of 15 * 2%, 23 + 9%, 25 + 7%, 24 + 11%,
and 32 + 6% after 6, 8, 12, 15, and 18 days of incubation,
respectively. Recently the degradation of ADA with various
DO has been investigated (Distler et al, 2020). Briefly,
different degrees of oxidation by utilizing different amounts of
~NalO, oxidant (6.25 and 9.375 mmol; DO:13% and 19%) were
investigated, hypothesizing that changing the oxidation degree
can alter printed scaffold degradation. A slower initial
degradation behavior was observed for ADA with a lower
oxidation degree (nNalO4: 6.25 mmol, DO: 13%). It must be
considered that degradation of ADA-containing substrates leads
to polymer chain incision as well as fragmentation and molecular
weight reduction. The reduction in the molecular weight
increases degradation and reduces the scaffold mechanical
stability (Shin et al, 2011). In our study, the degradation test
results indicate that the PDA-coated ADA-GEL remains
structurally durable and does not degrade extensively.

Furthermore, we evaluated the chemical properties of ADA-
GEL and PDA-coated ADA-GEL scaffolds by using FTIR in
order to better understand how the scaffolds degrade (Figure 4I).
In contrast to the peak intensities of ADA-GEL and PDA-coated
ADA-GEL before biodegradation, the peak intensity at
1,599 cm™!, which is associated with C=N, C=0, and NH
bonds, is reduced in both ADA-GEL and PDA-coated ADA-
GEL scaffolds after 18 days in cell culture medium. Additionally,
the peaks at 1,513 cm™" corresponding to aromatic rings, OH,
and NH groups in the PDA-coated ADA-GEL disappeared. It is
evident that a substantial amount of amine and hydroxyl groups
have been lost due to biodegradation in cell culture medium for
18 days.

3.5 Bioactivity

The ability to form an HA layer on the scaffolds’ surface in
contact with physiological fluids is the sign of bioactivity for bone
regeneration. According to Figures 5A-F, both the light
microscope and FE-SEM images demonstrate that, while the
calcium phosphate layer is locally condensed and aggregated on
the surface of the uncoated ADA-GEL scaffold, it is uniformly
distributed on the surface of the PDA-coated ADA-GEL scaffold
after 18 days incubation in SBF solution. Crystals formed on the
surface of the ADA-GEL scaffold are more irregular than those
formed on the surface of the PDA-coated ADA-GEL scaffold. In
preliminary studies, it has been demonstrated that PDA provides
more active sites for the formation of HA layers (Yu et al., 2021).
Ca’" ions are also anticipated to have a synergetic effect with
PDA during the formation of HA. Light microscopy and FE-SEM
images of the scaffolds after the bioactivity test demonstrate that
the PDA-decorated ADA-GEL scaffolds
structural integrity and calcium phosphate formation ability.

have improved
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Infrared spectroscopy was used to examine the formation
of the mineralized layer on ADA-GEL and PDA-
functionalized ADA-GEL after in the SBF
solution. Figure 5G illustrates the FTIR spectra in both

immersion

experimental groups after 18 days of immersion in the SBF
solution. A peak at 582 cm™" is associated with the P-O bonds.
C-O vibrations, exhibited at 819 cm™, are demonstrated for
synthesized HA. The peak at 1,603 cm™ is attributed to O-H
stretching. The results of XRD analysis (Figure 5H) indicate
deposition of a HA layer on ADA-GEL and PDA-coated
ADA-GEL scaffolds. The characteristic peaks of HA at 20
25.26° 28.87°, 31.60°, 39.65°%, 45.62°, and 49.85° are assigned to
crystallographic planes (002), (210), (211), (310), (222), and
(213), respectively (Wei et al., 2011; Han et al., 2017). After
mineralization of the HA layer on ADA-GEL scaffolds
decorated with PDA, these peaks are evident, whereas they
are less intense or have entirely disappeared on mineralized
ADA-GEL scaffolds. In comparison with the uncoated ADA-
GEL scaffolds, the PDA-coated scaffolds show sharper and
more intense XRD peaks that may indicate higher crystallinity
of precipitated HA.

A schematic illustration of the formation of HA layer is
shown in Figure 5I. The release of hydrogen ions from the
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hydroxyl groups of the scaffold occurs upon immersion in
SBF, leading to the sedimentation of acidic compounds such
as hydrogen carbonate and hydrogen phosphate on the
surface of the samples, which act to promote the
formation of calcium phosphate (Ghorbani et al., 2019D).
A thin layer of amorphous calcium phosphate is first formed
on the scaffold. The ions then interact with the surface,
resulting in the formation of a crystalline layer of HA.
This is likely the result of the charge repulsion and
numerous catecholamines present in PDA (Ryu et al,
2010; Ding et al., 2016). The hydrophilic nature of PDA
also contributes to the absorption of calcium and phosphate
ions from SBF solution (Ghorbani et al., 2019a).

3.6 Protein interaction

Molecular docking calculations reveal that PDA is located
on the surface of osteocalcin and osteomodulin, indicating
proteins’ surfaces are prone to interact with PDA, as shown in
Figures 6A,C. Docking analysis indicates that hydrogen
bonds
interaction

are the major driving force leading to the

between PDA and osteocalcin  and
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osteomodulin. As indicated in Figures 6B,D the best mode of
PDA binding to osteocalcin and osteomodulin has been
determined based

PDA’s
properties are the principal factors contributing to the

on pose clustering of docking

calculations. chemical structure and surface
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formation of hydrogen bonds with proteins. Additionally,
the obtained theoretical binding energy indicates that the
PDA binding process to proteins is spontaneous. The binding
energy values calculated by AutoDock Vina for PDA
with and  osteomodulin

interaction osteocalcin
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-35.95kJ mol™ and -46.39 k] mol™},

Molecular docking calculations suggest that the surfaces of

are respectively.
osteocalcin and osteomodulin are structurally adapted to
PDA. Based on the findings, it appears that PDA surfaces
and proteins possess structural complementarity. In other
words, proteins and PDA generally exhibit favorable
structural compatibility. Such structural adaptation will
result in the development of a layer of proteins on the
surface of PDA, thereby increasing the biocompatibility of
scaffolds.

3.7 Cell-scaffold interactions

This study examined the simple cell-scaffold interaction
following the cultivation of MG-63 cells on scaffolds.
Following a two-day culture, FE-SEM imaging (Figures 7A-D)
demonstrated that polymeric substrates and designed 3D
structures strongly support cell adhesion, indicating non-
cytotoxicity of scaffolds and provision of cell anchorage sites.
Besides, nutritionally-rich media, a reduced stress level, and
adequate cell respiration are the other factors that may
contribute to the development of this phenomenon (Liu et al.,
2019). PDA decorated scaffolds however showed that MG-63
cells could adhered and spread well with increased filopodia and
lamellipodia. Other investigations have indicated that in addition
to hydrophobicity that arises from functionalization with PDA,
abundant polar groups can enhance nutrient transport and
interactivity with serum proteins can lead to introduction of
cell anchorage sites, augmenting adsorption of endogenous
fibronectin and integrin o5B1, and finally improving cell
adhesion and growth (Shen et al., 2007; Wang et al., 2013; Liu
et al., 2015). Parallel, Kao et al. (Kao et al., 2015) demonstrated
that functionalized 3D printed poly (lactic acid) platforms by a
mussel-inspired coating can be used to improving adhesion,
proliferation, and differentiation of human adipose-derived
stem cells (hADSCs). In addition, cell staining with calcein
AM after 2, 4, and 7 days of culture (Figure 7E-I) confirmed
that scaffolds can function as anchorage sites for cells, especially
after functionalization with PDA, since clusters of living cells
emerged after 4days of culture and their intensity and
homogeneity increased after 7days. On the basis of
proliferation assays (Figure 7K), PDA coated ADA-GEL
scaffolds have shown higher proliferation than non-coated
ADA-GEL scaffolds, which may be due to reduced protein
denaturation by adjusting the surface energy and enhanced
cell receptor interaction with PDA (Ding et al, 2016). Ku
et al. (2010) showed that protein denaturation is related to
surface energy, which affects protein conformation and cell
adhesion. In conjunction with a lower wettability of the
substrate, low surface energy results in protein denaturation
due to exposure of the inner hydrophobic residues of the
proteins, affecting adsorbate-cell interactions. After 2 days of
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incubation, cells began to proliferate well, while the number
of viable cells decreased after 4 days. The value was, however,
increased as a function of incubation time until 7 days.
Proliferation assays may be influenced by swelling and
degradation characteristics of scaffolds. As a result of the 10%
degradation within the first 4 days, some cells were washed out
or died due to stresses induced by the degradation. As time
passes, the cells that were able to anchor well will grow and
proliferate, resulting in an increase in the number of cells
within 7 days. ALP activity (Figure 7L) has been analyzed
7 and 21 days after cellular culture as a non-collagenous
biomarker for osteogenesis. Both experimental groups
experienced an increase in ALP secretion after 21 days, as
expected. Interestingly, PDA-coated scaffolds showed greater
levels of ALP, indicating their potential for osteogenic activity.
Furthermore, quantitative and qualitative osteoimage
(Figure 7M-0) results showed that PDA-coated scaffolds
can induce a higher level of mineralization when compared
to neat ADA-GEL. This effect is likely the result of an
improved bioactivity of the scaffolds (Section 3.5). The

PDA surface’s ability to absorb bioactive molecules
enhances cell differentiation and promotes an
osteoinductive  environment that accelerates bone

regeneration (Lin and Fu, 2016). In general, the higher the
level of ALP secreted following PDA surface modification, the
greater the amount of calcium deposited and the greater the
rate of mineralization (Ge et al., 2014).

4 Conclusion

ADA-GEL scaffolds were generated via an extrusion-
based 3D printer and coated with mussel-derived adhesive
protein (PDA) to facilitate bone regeneration. Aside from
morphological,  physicochemical, and  mechanical
evaluations, protein interaction modelling and in vitro
performance evaluations were also conducted. In
accordance with the obtained results, tubular-like pores
were manufactured with 3D printing technology that
allows for nutrient supply and ion exchange, as well as the
stimulation of cell growth. Using PDA coatings on substrates,
the mechanical performance and hydrophilicity of scaffolds
were both improved, and degradation was more controlled.
In addition, Calcium ions and PDA worked synergistically to
increase biomimetic formation of HA layers. In Molecular
Docking calculations, osteocalcin and osteomodulin were
identified as potential targets for interaction with PDA,
indicating that the preserve of PDA will contribute to
osteoinduction. The functionalized scaffolds serve as a
platform for adhesion and proliferation of MG-63 cells.
Osteodifferentiation was demonstrated by an increase in
ALP activity and osteoimage levels after PDA treatment.

Overall, surface-modified scaffolds developed in this study
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exhibit encouraging potential as advanced biomaterials for
bone TE.

Data availability statement

The original contributions presented in the study are
included in the article/Supplementary Material, further
inquiries can be directed to the corresponding authors.

Author contributions

FG:  Conceptualization, methodology, validation,

investigation, data curation, visualization, supervision,

writing—original ~ draft—review and editing, funding

acquisition. MK, MM, and BG: Investigation, methodology,
visualization, writing—original draft. AB: Conceptualization,

writing—review and  editing, supervision,  project

administration, funding acquisition.

References

Abbasi-Tajarag, K., Divsalar, A., Saboury, A. A., Ghalandari, B., and Ghourchian,
H. (2016). Destructive effect of anticancer oxali-palladium on heme degradation
through the generation of endogenous hydrogen peroxide. J. Biomol. Struct. Dyn.
34, 2493-2504. doi:10.1080/07391102.2015.1121408

Afewerki, S., Sheikhi, A., Kannan, S., Ahadian, S., and Khademhosseini, A. (2019).
Gelatin-polysaccharide composite scaffolds for 3D cell culture and tissue
engineering: Towards natural therapeutics. Bioeng. Transl. Med. 4, 96-115.
doi:10.1002/btm2.10124

Balakrishnan, B., Joshi, N., Jayakrishnan, A., and Banerjee, R. (2014). Self-
crosslinked oxidized alginate/gelatin hydrogel as injectable, adhesive biomimetic
scaffolds for cartilage regeneration. Acta Biomater. 10, 3650-3663. doi:10.1016/j.
actbio.2014.04.031

Balakrishnan, B., Mohanty, M., Umashankar, P., and Jayakrishnan, A. (2005).
Evaluation of an in situ forming hydrogel wound dressing based on oxidized
alginate and gelatin. Biomaterials 26, 6335-6342. doi:10.1016/j.biomaterials.2005.
04.012

Bandyopadhyay, A., Ghosh, S., Boccaccini, A. R., and Bose, S. (2021). 3D printing
of biomedical materials and devices. J. Mat. Res. 36, 3713-3724. doi:10.1557/
$43578-021-00407-y

Bednarzig, V., Kara.kaya, E., Egafia, A. L., Teflmar, J., Boccaccini, A. R., Detsch, R.,
et al. (2021). Advanced ADA-GEL bioink for bioprinted artificial cancer models.
Bioprinting 23, €00145. doi:10.1016/j.bprint.2021.e00145

Beheshtizadeh, N., Azami, M., Abbasi, H., and Farzin, A. (2021). Applying
extrusion-based 3D printing technique accelerates fabricating complex biphasic
calcium phosphate-based scaffolds for bone tissue regeneration. J. Adv. Res. doi:10.
1016/jjare.2021.12.012

Bello, A. B., Kim, D, Kim, D., Park, H., and Lee, S. (2020). Engineering and
functionalization of gelatin biomaterials: From cell culture to medical
applications. Tissue Eng. Part B Rev. 26, 164-180. doi:10.1089/ten.teb.2019.
0256

Boanini, E., Rubini, K., Panzavolta, S., and Bigi, A. (2010). Chemico-physical
characterization of gelatin films modified with oxidized alginate. Acta
Biomater. 6, 383-388. doi:10.1016/j.actbio.2009.06.015

Cheng, Y.-L., Chen, Y.-W., Wang, K., and Shie, M.-Y. (2016). Enhanced
adhesion and differentiation of human mesenchymal stem cell inside apatite-
mineralized/poly(dopamine)-coated  poly(e-caprolactone)  scaffolds by
stereolithography. J. Mat. Chem. B 4, 6307-6315. d0i:10.1039/C6TB01377E

Ding, Y. H., Floren, M., and Tan, W. (2016). Mussel-inspired polydopamine for
bio-surface functionalization. Biosurface Biotribology 2, 121-136. doi:10.1016/j.
bsbt.2016.11.001

Frontiers in Bioengineering and Biotechnology

10.3389/fbioe.2022.940070

Funding

This work was supported by Alexander von Humboldt
Foundation.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Publisher’'s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations,
or those of the publisher, the editors and the reviewers. Any product
that may be evaluated in this article, or claim that may be made by its
manufacturer, is not guaranteed or endorsed by the publisher.

Distler, T., McDonald, K., Heid, S., Karakaya, E., Detsch, R., Boccaccini, A. R.,
et al. (2020). Ionically and enzymatically dual cross-linked oxidized alginate
gelatin hydrogels with tunable stiffness and degradation behavior for tissue
engineering. ACS Biomater. Sci. Eng. 6, 3899-3914. do0i:10.1021/
acsbiomaterials.0c00677

Feng, P., Liu, M, Peng, S., Bin, S., Zhao, Z., Shuai, C,, et al. (2021). Polydopamine
modified polycaprolactone powder for fabrication bone scaffold owing intrinsic
bioactivity. J. Mater. Res. Technol. 15, 3375-3385. doi:10.1016/j.jmrt.2021.09.137

Ge, L., Li, Q, Huang, Y., Yang, S., Ouyang, ], Bu, S,, et al. (2014). Polydopamine—
coated paper-stack nanofibrous membranes enhancing adipose stem cells’ adhesion
and osteogenic differentiation. J. Mat. Chem. B 2, 6917-6923. doi:10.1039/
C4TB00570H

Genes, N. G, Rowley, J. A, Mooney, D. J., and Bonassar, L. J. (2004). Effect of
substrate mechanics on chondrocyte adhesion to modified alginate surfaces. Arch.
Biochem. Biophys. 422, 161-167. doi:10.1016/j.abb.2003.11.023

Ghalandari, B., Yu, Y., Ghorbani, F., Warden, A. R, Ahmad, K. Z,, Sang, X., et al.
(2021). Polydopamine nanospheres coated with bovine serum albumin permit
enhanced cell differentiation: Fundamental mechanism and practical application
for protein coating formation. Nanoscale 13, 20098-20110. doi:10.1039/
DINRO07469E

Gholamian, A., Divsalar, A., Saiedifar, M., Ghalandari, B., Saboury, A. A,
Koohshekan, B., et al. (2017). Generation of reactive oxygen species via
inhibition of liver catalase by oxalli-palladium: A spectroscopic and docking
study. Process Biochem. 52, 165-173. doi:10.1016/j.procbio.2016.10.012

Ghorbani, F., Ghalandari, B., and Liu, C. (2021a). A facile method to synthesize
3D pomegranate-like polydopamine microspheres. Front. Bioeng. Biotechnol. 9,
737074. doi:10.3389/fbioe.2021.737074

Ghorbani, F., Ghalandari, B., Sahranavard, M., Zamanian, A., and Collins, M. N.
(2021b). Tuning the biomimetic behavior of hybrid scaffolds for bone tissue
engineering through surface modifications and drug immobilization. Mater. Sci.
Eng. C 130, 112434. doi:10.1016/j.msec.2021.112434

Ghorbani, F., Zamanian, A., Behnamghader, A., and Daliri-Joupari, M. (2019a).
Bone-like hydroxyapatite mineralization on the bio-inspired PDA nanoparticles
using microwave irradiation. Surfaces Interfaces 15, 38-42. doi:10.1016/j.surfin.
2019.01.007

Ghorbani, F., Zamanian, A., Behnamghader, A., and Joupari, M. D. M. D.
(2019b). A facile method to synthesize mussel-inspired polydopamine
nanospheres as an active template for in situ formation of biomimetic
hydroxyapatite. Mater. Sci. Eng. C 94, 729-739. doi:10.1016/j.msec.2018.
10.010

frontiersin.org


https://doi.org/10.1080/07391102.2015.1121408
https://doi.org/10.1002/btm2.10124
https://doi.org/10.1016/j.actbio.2014.04.031
https://doi.org/10.1016/j.actbio.2014.04.031
https://doi.org/10.1016/j.biomaterials.2005.04.012
https://doi.org/10.1016/j.biomaterials.2005.04.012
https://doi.org/10.1557/s43578-021-00407-y
https://doi.org/10.1557/s43578-021-00407-y
https://doi.org/10.1016/j.bprint.2021.e00145
https://doi.org/10.1016/j.jare.2021.12.012
https://doi.org/10.1016/j.jare.2021.12.012
https://doi.org/10.1089/ten.teb.2019.0256
https://doi.org/10.1089/ten.teb.2019.0256
https://doi.org/10.1016/j.actbio.2009.06.015
https://doi.org/10.1039/C6TB01377E
https://doi.org/10.1016/j.bsbt.2016.11.001
https://doi.org/10.1016/j.bsbt.2016.11.001
https://doi.org/10.1021/acsbiomaterials.0c00677
https://doi.org/10.1021/acsbiomaterials.0c00677
https://doi.org/10.1016/j.jmrt.2021.09.137
https://doi.org/10.1039/C4TB00570H
https://doi.org/10.1039/C4TB00570H
https://doi.org/10.1016/j.abb.2003.11.023
https://doi.org/10.1039/D1NR07469E
https://doi.org/10.1039/D1NR07469E
https://doi.org/10.1016/j.procbio.2016.10.012
https://doi.org/10.3389/fbioe.2021.737074
https://doi.org/10.1016/j.msec.2021.112434
https://doi.org/10.1016/j.surfin.2019.01.007
https://doi.org/10.1016/j.surfin.2019.01.007
https://doi.org/10.1016/j.msec.2018.10.010
https://doi.org/10.1016/j.msec.2018.10.010
https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org
https://doi.org/10.3389/fbioe.2022.940070

Ghorbani et al.

Gomez, C. G., Rinaudo, M., and Villar, M. A. (2007). Oxidation of sodium
alginate and characterization of the oxidized derivatives. Carbohydr. Polym.
67, 296-304. doi:10.1016/j.carbpol.2006.05.025

Han, M., Li, Q.-L., Cao, Y., Fang, H., Xia, R., Zhang, Z.-H., et al. (2017). In
vivo remineralization of dentin using an agarose hydrogel biomimetic
mineralization system. Sci. Rep. 7, 41955. doi:10.1038/srep41955

Hao, Z., Li, H,, Wang, Y., Hu, Y., Chen, T., Zhang, S., et al. (2022).
Supramolecular peptide nanofiber hydrogels for bone tissue engineering:
From multihierarchical fabrications to comprehensive applications. Adv.
Sci. (Weinh). 9, 2103820. doi:10.1002/advs.202103820

Huang, L., Arena, J. T., Manickam, S. S., Jiang, X., Willis, B. G., McCutcheon,
J. R., et al. (2014). Improved mechanical properties and hydrophilicity of
electrospun nanofiber membranes for filtration applications by dopamine
modification. J. Memb. Sci. 460, 241-249. doi:10.1016/j.memsci.2014.01.045

Humphrey, W., Dalke, A., and Schulten, K. (1996). Vmd: Visual molecular
dynamics. J. Mol. Graph. 14, 33-38. do0i:10.1016/0263-7855(96)00018-5

Jo, S., Kang, S. M., Park, S. A,, Kim, W. D., Kwak, J., Lee, H., et al. (2013).
Enhanced adhesion of preosteoblasts inside 3D PCL scaffolds by
polydopamine coating and mineralization. Macromol.  Biosci. 13,
1389-1395. doi:10.1002/mabi.201300203

Kao, C.-T., Lin, C.-C., Chen, Y.-W., Yeh, C.-H., Fang, H.-Y., Shie, M.-Y.,
et al. (2015). Poly(dopamine) coating of 3D printed poly(lactic acid) scaffolds
for bone tissue engineering. Mater. Sci. Eng. C 56, 165-173. doi:10.1016/j.msec.
2015.06.028

Khatiwala, C. B., Peyton, S. R., Metzke, M., and Putnam, A. J. (2007). The
regulation of osteogenesis by ECM rigidity in MC3T3-E1 cells requires MAPK
activation. J. Cell. Physiol. 211, 661-672. doi:10.1002/jcp.20974

Kim, I. H.,, Yun, T., Kim, J.-E., Yu, H., Sasikala, S. P., Lee, K. E., et al. (2018).
Mussel-inspired defect engineering of graphene liquid crystalline fibers for
synergistic enhancement of mechanical strength and electrical conductivity.
Adv. Mat. 30, 1803267. doi:10.1002/adma.201803267

Kokubo, T., and Takadama, H. (2006). How useful is SBF in predicting in
vivo bone bioactivity? Biomaterials 27, 2907-2915. doi:10.1016/j.biomaterials.
2006.01.017

Kreller, T., Distler, T., Heid, S., Gerth, S., Detsch, R., Boccaccini, A. R, et al.
(2021). Physico-chemical modification of gelatine for the improvement of 3D
printability of oxidized alginate-gelatine hydrogels towards cartilage tissue
engineering. Mat. Des. 208, 109877. doi:10.1016/j.matdes.2021.109877

Ku, S. H., Ryu, J., Hong, S. K., Lee, H., and Park, C. B. (2010). General
functionalization route for cell adhesion on non-wetting surfaces. Biomaterials
31, 2535-2541. doi:10.1016/j.biomaterials.2009.12.020

Li, H., Zheng, L., and Wang, M. (2021). Correction to “biofunctionalized
nanofibrous bilayer scaffolds for enhancing cell adhesion, proliferation and
osteogenesis”. ACS Appl. Bio Mat. 4, 8615-8616. doi:10.1021/acsabm.1c01174

Liebscher, J., Mréowczynski, R., Scheidt, H. A., Filip, C., Haidade, N. D,
Turcu, R, et al. (2013). Structure of polydopamine: A never-ending story?
Langmuir 29, 10539-10548. doi:10.1021/1a4020288

Lin, C.-C., and Fu, S.-]. (2016). Osteogenesis of human adipose-derived stem
cells on poly(dopamine)-coated electrospun poly(lactic acid) fiber mats.
Mater. Sci. Eng. C 58, 254-263. doi:10.1016/j.msec.2015.08.009

Lin, J., Wang, W., Cheng, J., Cui, Z, Si, J., Wang, Q., et al. (2020).
Modification of thermoplastic polyurethane nanofiber membranes by in situ
polydopamine coating for tissue engineering. J. Appl. Polym. Sci. 137, 49252.
doi:10.1002/app.49252

Liu, H., Wang, Y., Chen, W., Yu, Y,, Jiang, L., Qin, J., et al. (2019). A
microfluidic strategy to fabricate ultra-thin polyelectrolyte hollow microfibers
as 3D cellular carriers. Mater. Sci. Eng. C 104, 109705. doi:10.1016/j.msec.2019.
04.084

Liu, M., Zhou, J., Yang, Y., Zheng, M., Yang, J., Tan, ], et al. (2015). Surface
modification of zirconia with polydopamine to enhance fibroblast response and
decrease bacterial activity in vitro : A potential technique for soft tissue engineering
applications. Colloids Surfaces B Biointerfaces 136, 74-83. d0i:10.1016/j.colsurfb.
2015.06.047

Monavari, M. M., Homaeigohar, S., Fuentes-Chandia, M., Nawaz, Q., Monavari,
M. M., Venkatraman, A., et al. (2021). 3D printing of alginate dialdehyde-gelatin
(ADA-GEL) hydrogels incorporating phytotherapeutic icariin loaded mesoporous
Si0,-CaO nanoparticles for bone tissue engineering. Mater. Sci. Eng. C 131, 112470.
doi:10.1016/j.msec.2021.112470

Montes, A., Valor, D., Delgado, L., Pereyra, C., and Martinez de la Ossa, E. (2022).
An attempt to optimize supercritical CO, polyaniline-polycaprolactone foaming
processes to produce tissue engineering scaffolds. Polym. (Basel) 14, 488. doi:10.
3390/polym 14030488

Frontiers in Bioengineering and Biotechnology

10.3389/fbioe.2022.940070

Moore, D. G., Barbera, L., Masania, K., and Studart, A. R. (2020). Three-
dimensional printing of multicomponent glasses using phase-separating
resins. Nat. Mat. 19, 212-217. doi:10.1038/541563-019—0525-y

Morris, G. M., Huey, R., Lindstrom, W., Sanner, M. F., Belew, R. K., Goodsell,
D.S., etal. (2009). AutoDock4 and AutoDockTools4: Automated docking with
selective receptor flexibility. J. Comput. Chem. 30, 2785-2791. d0i:10.1002/jcc.
21256

Nielsen, S. R., Besenbacher, F., and Chen, M. (2013). Mussel inspired surface
functionalization of electrospun nanofibers for bio-applications. Phys. Chem.
Chem. Phys. 15, 17029. doi:10.1039/c3¢cp52651h

Nokoorani, Y. D., Shamloo, A., Bahadoran, M., and Moravvej, H. (2021).
Fabrication and characterization of scaffolds containing different amounts of
allantoin for skin tissue engineering. Sci. Rep. 11, 16164. doi:10.1038/s41598-
021-95763-4

O’Brien, F. ], Harley, B. A,, Yannas, I. V., and Gibson, L. J. (2005). The effect
of pore size on cell adhesion in collagen-GAG scaffolds. Biomaterials 26,
433-441. doi:10.1016/j.biomaterials.2004.02.052

Ostrowska, B., Jaroszewicz, J., Zaczynska, E., Tomaszewski, W,
Swieszkowski, W., Kurzydlowsk, K. J., et al. (2014). Evaluation of 3D
hybrid microfiber/nanofiber scaffolds for bone tissue engineering. Bull. Pol.
Acad. Sci. Tech. Sci. 62, 551-556. doi:10.2478/bpasts-2014-0059

Qu, M., Wang, C., Zhou, X,, Libanori, A, Jiang, X., Xu, W, et al. (2021).
Multi-dimensional printing for bone tissue engineering. Adv. Healthc. Mat. 10,
2001986. doi:10.1002/adhm.202001986

Reakasame, S., Dranseikiene, D., Schriifer, S., Zheng, K., Schubert, D. W,
Boccaccini, A. R., et al. (2021). Development of alginate dialdehyde-gelatin
based bioink with methylcellulose for improving printability. Mater. Sci. Eng. C
128, 112336. doi:10.1016/j.msec.2021.112336

Rupp, M, Klute, L., Baertl, S., Walter, N., Mannala, G., Frank, L., et al.
(2022). The clinical use of bone graft substitutes in orthopedic surgery in
Germany—a 10-years survey from 2008 to 2018 of 1, 090, 167 surgical
interventions. J. Biomed. Mat. Res. 110, 350-357. doi:10.1002/jbm.b.
34911

Ryu, J., Ku, S. H.,, Lee, H.,, and Park, C. B. (2010). Mussel-inspired
polydopamine coating as a universal route to hydroxyapatite crystallization.
Adv. Funct. Mat. 20, 2132-2139. d0i:10.1002/adfm.200902347

Sarker, B., Li, W., Zheng, K., Detsch, R, and Boccaccini, A. R. (2016).
Designing porous bone tissue engineering scaffolds with enhanced mechanical
properties from composite hydrogels composed of modified alginate, gelatin,
and bioactive glass. ACS Biomater. Sci. Eng. 2, 2240-2254. doi:10.1021/
acsbiomaterials.6b00470

Sarker, B., Papageorgiou, D. G., Silva, R., Zehnder, T., Gul-E-Noor, F,,
Bertmer, M., et al. (2014). Fabrication of alginate-gelatin crosslinked
hydrogel microcapsules and evaluation of the microstructure and
physico-chemical properties. J. Mat. Chem. B 2, 1470. doi:10.1039/
c3tb21509a

Shen, H., Hu, X, Yang, F., Bei, J., and Wang, S. (2007). Combining oxygen
plasma treatment with anchorage of cationized gelatin for enhancing cell
affinity of poly(lactide-co-glycolide). Biomaterials 28, 4219-4230. doi:10.
1016/j.biomaterials.2007.06.004

Shin, Y. M., Park, H., and Shin, H. (2011). Enhancement of cardiac myoblast
responses onto electrospun PLCL fibrous matrices coated with polydopamine
for gelatin immobilization. Macromol. Res. 19, 835-842. d0i:10.1007/s13233-
011-0815-y

Sun, H., Dong, J., Wang, Y., Shen, S., Shi, Y., Zhang, L., et al. (2021).
Polydopamine-coated poly(l-lactide) nanofibers with controlled release of
VEGF and BMP-2 as a regenerative periosteum. ACS Biomater. Sci. Eng. 7,
4883-4897. doi:10.1021/acsbiomaterials.1c00246

Tang, G., Liu, Z,, Liu, Y., Yu, J., Wang, X,, Tan, Z., et al. (2021a). Recent
trends in the development of bone regenerative biomaterials. Front. Cell. Dev.
Biol. 9, 665813. doi:10.3389/fcell.2021.665813

Tang, Y., Tan, Y., Lin, K., and Zhu, M. (2021b). Research progress on
polydopamine nanoparticles for tissue engineering. Front. Chem. 9, 727123.
doi:10.3389/fchem.2021.727123

Trott, O., and Olson, A.J. (2010). AutoDock Vina: Improving the speed
and accuracy of docking with a new scoring function, efficient
optimization, and multithreading. J. Comput. Chem. 31, 455-461.
do0i:10.1002/jcc.21334

Wang, J.-L., Ren, K.-F., Chang, H,, Jia, F.,, Li, B.-C,, Ji, Y., et al. (2013). Direct
adhesion of endothelial cells to bioinspired poly(dopamine) coating through
endogenous fibronectin and integrin o 5 $ 1. Macromol. Biosci. 13, 483-493.
doi:10.1002/mabi.201200390

frontiersin.org


https://doi.org/10.1016/j.carbpol.2006.05.025
https://doi.org/10.1038/srep41955
https://doi.org/10.1002/advs.202103820
https://doi.org/10.1016/j.memsci.2014.01.045
https://doi.org/10.1016/0263-7855(96)00018-5
https://doi.org/10.1002/mabi.201300203
https://doi.org/10.1016/j.msec.2015.06.028
https://doi.org/10.1016/j.msec.2015.06.028
https://doi.org/10.1002/jcp.20974
https://doi.org/10.1002/adma.201803267
https://doi.org/10.1016/j.biomaterials.2006.01.017
https://doi.org/10.1016/j.biomaterials.2006.01.017
https://doi.org/10.1016/j.matdes.2021.109877
https://doi.org/10.1016/j.biomaterials.2009.12.020
https://doi.org/10.1021/acsabm.1c01174
https://doi.org/10.1021/la4020288
https://doi.org/10.1016/j.msec.2015.08.009
https://doi.org/10.1002/app.49252
https://doi.org/10.1016/j.msec.2019.04.084
https://doi.org/10.1016/j.msec.2019.04.084
https://doi.org/10.1016/j.colsurfb.2015.06.047
https://doi.org/10.1016/j.colsurfb.2015.06.047
https://doi.org/10.1016/j.msec.2021.112470
https://doi.org/10.3390/polym14030488
https://doi.org/10.3390/polym14030488
https://doi.org/10.1038/s41563-019-0525-y
https://doi.org/10.1002/jcc.21256
https://doi.org/10.1002/jcc.21256
https://doi.org/10.1039/c3cp52651h
https://doi.org/10.1038/s41598-021-95763-4
https://doi.org/10.1038/s41598-021-95763-4
https://doi.org/10.1016/j.biomaterials.2004.02.052
https://doi.org/10.2478/bpasts-2014-0059
https://doi.org/10.1002/adhm.202001986
https://doi.org/10.1016/j.msec.2021.112336
https://doi.org/10.1002/jbm.b.34911
https://doi.org/10.1002/jbm.b.34911
https://doi.org/10.1002/adfm.200902347
https://doi.org/10.1021/acsbiomaterials.6b00470
https://doi.org/10.1021/acsbiomaterials.6b00470
https://doi.org/10.1039/c3tb21509a
https://doi.org/10.1039/c3tb21509a
https://doi.org/10.1016/j.biomaterials.2007.06.004
https://doi.org/10.1016/j.biomaterials.2007.06.004
https://doi.org/10.1007/s13233-011-0815-y
https://doi.org/10.1007/s13233-011-0815-y
https://doi.org/10.1021/acsbiomaterials.1c00246
https://doi.org/10.3389/fcell.2021.665813
https://doi.org/10.3389/fchem.2021.727123
https://doi.org/10.1002/jcc.21334
https://doi.org/10.1002/mabi.201200390
https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org
https://doi.org/10.3389/fbioe.2022.940070

Ghorbani et al.

Wang, T., Bai, J., Lu, M., Huang, C., Geng, D., Chen, G., et al. (2022).
Engineering immunomodulatory and osteoinductive implant surfaces via
mussel adhesion-mediated ion coordination and molecular clicking. Nat.
Commun. 13, 160. doi:10.1038/s41467-021-27816-1

Wei, K., Kim, B.-S. S., and Kim, I1.-S. S. (2011). Fabrication and
biocompatibility of electrospun silk biocomposites. Membr. (Basel) 1,
275-298. doi:10.3390/membranes1040275

Wei, Q., Zhang, F. L., Li, J., Li, B. J., and Zhao, C. S. (2010). Oxidant-induced
dopamine polymerization for multifunctional coatings. Polym. Chem. 1, 1430.
do0i:10.1039/c0py00215a

Xie, J., Michael, P. L., Zhong, S., Ma, B., MacEwan, M. R,, Lim, C. T., et al.
(2012). Mussel inspired protein-mediated surface modification to electrospun
fibers and their potential biomedical applications. J. Biomed. Mat. Res. A 100,
929-938. d0i:10.1002/jbm.a.34030

Xu, Y., Zhang, F., Zhai, W., Cheng, S., Li, J., Wang, Y., et al. (2022).
Unraveling of advances in 3D-printed polymer-based bone scaffolds. Polym.
(Basel). 14, 566. d0i:10.3390/polym14030566

Frontiers in Bioengineering and Biotechnology

16

10.3389/fbioe.2022.940070

Xue, X, Hu, Y., Wang, S., Chen, X,, Jiang, Y., Su, J., et al. (2022). Fabrication of physical
and chemical crosslinked hydrogels for bone tissue engineering. Bioact. Mat. 12, 327-339.
doi:10.1016/j.bioactmat.2021.10.029

Yan, Y., Wang, X,, Pan, Y., Liu, H, Cheng, ], Xiong, Z, et al. (2005). Fabrication of
viable tissue-engineered constructs with 3D cell-assembly technique. Biomaterials 26,
5864-5871. doi:10.1016/j.biomaterials.2005.02.027

Yu, F.,, Chen, S., Chen, Y., Li, H, Yang, L., Chen, Y., et al. (2010). Experimental
and theoretical analysis of polymerization reaction process on the polydopamine
membranes and its corrosion protection properties for 304 Stainless Steel. J. Mol.
Struct. 982, 152-161. doi:10.1016/j.molstruc.2010.08.021

Yu, Y, Li, X, Li, ], Li, D., Wang, Q,, Teng, W., et al. (2021). Dopamine-assisted co-
deposition of hydroxyapatite-functionalised nanoparticles of polydopamine on implant
surfaces to promote osteogenesis in environments with high ROS levels. Mater. Sci. Eng.
C 131, 112473. doi:10.1016/j.msec.2021.112473

Zhang, N, Hu, L., Cao, Z., Liu, X, and Pan, J. (2022). Periosteal skeletal stem cells
and their response to bone injury. Front. Cell. Dev. Biol. 10, 812094. doi:10.3389/
fcell.2022.812094

frontiersin.org


https://doi.org/10.1038/s41467-021-27816-1
https://doi.org/10.3390/membranes1040275
https://doi.org/10.1039/c0py00215a
https://doi.org/10.1002/jbm.a.34030
https://doi.org/10.3390/polym14030566
https://doi.org/10.1016/j.bioactmat.2021.10.029
https://doi.org/10.1016/j.biomaterials.2005.02.027
https://doi.org/10.1016/j.molstruc.2010.08.021
https://doi.org/10.1016/j.msec.2021.112473
https://doi.org/10.3389/fcell.2022.812094
https://doi.org/10.3389/fcell.2022.812094
https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org
https://doi.org/10.3389/fbioe.2022.940070

	Mussel-inspired polydopamine decorated alginate dialdehyde-gelatin 3D printed scaffolds for bone tissue engineering application
	1 Introduction
	2 Materials and methods
	2.1 Materials
	2.2 Preparation of ADA-GEL 3D printed scaffolds
	2.3 PDA decoration on ADA-GEL scaffolds
	2.4 Characterization
	2.5 Molecular docking simulation
	2.6 Cell-scaffolds interactions
	2.7 Statistical analysis

	3 Results and discussion
	3.1 Microstructural observation
	3.2 Chemical characterization
	3.3 Mechanical behavior
	3.4 Absorption capacity and biodegradation
	3.5 Bioactivity
	3.6 Protein interaction
	3.7 Cell-scaffold interactions

	4 Conclusion
	Data availability statement
	Author contributions
	Funding
	Conflict of interest
	Publisher’s note
	References


