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ABSTRACT: Gellan gum-based hydrogels display limited cell adhesion ability due to the absence of cell-anchorage points usually
present in proteins found in the extracellular matrix (ECM). This issue limits their use in the biomedical field as scaffolds to promote
tissue repair. Our work addresses this challenge by investigating the use of polydopamine (pDA) as a bioactive layer to improve the
surface and biological properties of gellan gum-based hydrogels cross-linked using carbodiimide chemistry. Upon treatment with a
pDA layer, the hydrogel displayed an increase in wettability and swelling properties. This change in physical properties had a direct
impact on the biological properties of the scaffolds. Precisely, human adipose-derived stem cells (hASCs) seeded on the pDA coated
gellan gum hydrogels displayed larger cell area, increased proliferation rate, and enhanced gene expression of focal adhesion and
cytoskeletal proteins. Overall, the findings of this research support the use of pDA coating as a possible approach to improve the
biological features of gellan gum-based scaffolds and modulate stem cell morphology and proliferation.
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1. INTRODUCTION

Polymeric coatings represent an attractive strategy to control
the surface of engineered biomaterials.1 These coatings can
display necessary biological factors that can guide cell behavior
and the secretion of key signaling molecules.2 The direct
modulation of stem cell behavior is the basic principle behind
the design of cell-instructive materials that will ultimately lead
to the discovery of novel therapies for tissue regeneration.3

Bioactive coatings aimed to promote stem cell adhesion can be
fabricated using several strategies, including physical adsorp-
tion or chemical immobilization of natural proteins found in
the extracellular matrix such as fibronectin or collagen.4

However, some of these investigated approaches generate
coatings with limited stability or require multiple complicated
steps that rely on expensive equipment.5

A more promising strategy is the use of bioactive molecules
that can be polymerized in situ to create adhesive interfaces.
One of the most investigated adhesive polymers is polydop-
amine (pDA), which can be produced by oxidation under
alkaline conditions.6,7 The coating is fast, reproducible,

uniform, and does not hinder the physical properties of the
scaffold. It does not require any toxic condition and is solvent
free. Similarly, the process is versatile, and it can be applied
ideally to any material such as metal implants, ceramic, and
polymeric scaffolds.8,9 These advantages make pDA one of the
most attractive choices for the design of cell-instructive
materials.10 Furthermore, pDA is biocompatible, and it has
been demonstrated to improve cell adhesion and proliferation
in various scaffolds, including both natural and synthetic
hydrogels.11

Based on these encouraging reports, pDA coatings could be
applied to improve the biological properties of existing
biomaterials that possess great value in tissue engineering.
For example, gellan gum, an anionic extracellular bacterial
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polysaccharide, has been extensively explored in regenerative
medicine to create porous sponges,12,13 injectable hydro-
gels,14−16 or bioprinted scaffolds17,18 that possess defined
porosity, controlled degradability properties, and excellent
biocompatibility. However, gellan gum is a bioinert material,
with a lack of anchorage points for cell spreading and cellular
infiltration, which are essential requirements in many tissue
engineering applications such as vascular and bone tissue
repair.19 To overcome this issue, gellan gum-based scaffolds
have been modified with ECM proteins or RGD-containing
peptides20 to enable direct control over cell morphology and
cytoskeletal organization. Unfortunately, these strategies rely
on the chemical modification of the scaffold, which is often a
multistep, time-consuming process with limited translational
potential.
Overall, a simple approach was developed to investigate the

role of polydopamine as a modulator of the surface properties
of gellan gum hydrogels necessary to influence stem cell
morphology and proliferation. We hypothesize that the
inclusion of this adhesive coating will have a beneficial impact
on the biological features of gellan gum-based scaffolds, which
will further extend their applicability in the biomedical field.

2. MATERIALS AND METHODS
2.1. IPN Fabrication and pDA Coating. Hydrogels were

fabricated by mixing gellan gum (Gelzan, Mw 1 × 106, low acetylation
degree, Sigma-Aldrich) and gelatin type A (Sigma-Aldrich) in two
different ratios 1:5 and 1:10 w/w. Briefly, equal volumes of gelatin
(11.1% w/v or 5.5% w/v) and gellan gum (1.1% w/v) solutions in
distilled water were mixed at 50 °C before the addition of the
chemical cross-linkers. NHS and EDC (Sigma-Aldrich) were used to
activate the carboxylic groups of gellan gum and gelatin and enable
the formation of amide bonds between the two polymers. Specifically,
different degrees of cross-linking were achieved by changing the
quantity of the cross-linkers. The reagents were added separately to
the polymeric mixture in a 1:1 molar ratio in a range of concentrations
varying from 1.55 × 10−2 to 9.30 × 10−2 M. The cross-linkers were
mixed for 45 s, and then, the polymers were allowed to fully cross-link
for 24 h at 4 °C. Two different interpenetrating polymeric networks
were obtained and were identified as IPN (1:5) and IPN (1:10) to
indicate the weight ratio between gellan gum and gelatin. The final
concentrations of gelatin in the hydrogels were 2.5 and 5% w/v, and
the amount of gellan gum was maintained fixed at 0.5% w/v. Physical
hydrogels containing both gellan gum and gelatin were obtained
without introducing any NHS and EDC into the polymeric mixtures.
The IPN hydrogels were immersed in Tris−HCl buffer (pH 8.5)
containing dopamine at various concentrations (0.5−2.0 mg/mL).
The samples were kept at 37 °C for 1 h and washed thoroughly.
2.2. Rheological, Swelling, and Morphological Character-

ization. A rotational rheometer (cone and plate geometry) was used
to perform the rheological characterization such as frequency sweeps
and strain sweeps by following established protocols.21,22 Temper-
ature sweeps were performed to verify whether the hydrogels were
stable by varying the temperature from 25 to 60 °C (1 °C/min).
Experiments were carried out using a constant strain of 0.1% and
monitoring the corresponding values of G′ and G″ at a frequency of 1
Hz.
Samples were also immersed in phosphate buffer solution (n = 3)

to study their swelling behavior. Briefly, the hydrogels were swollen in
PBS at 37.0 ± 0.1 °C, and the weight was recorded at different time
points according to an established procedure.21

The porosity of the IPN (1:5) and IPN (1:10) hydrogels with
different concentrations of gelatin was observed by scanning electron
microscopy (SEM). The samples were prepared based on a protocol
reported in another study.23 Finally, FTIR analysis was carried out on
the freeze-dried hydrogels with and without a polydopamine coating
following a previous study.24 Briefly, the samples were mixed with KBr

to form a tablet that was directly analyzed (PIKE Technologies,
USA). The influence of polydopamine on the hydrophilicity of the
surface was monitored by contact angle measurements. Briefly, olive
oil drops were placed on the flat surfaces of the coated hydrogels, and
the contact angle was quantified using a contact angle analyzer (n =
5).

2.3. Release Studies. IPN hydrogels were prepared, and the
correct amount of vitamin B12 (5 mg) was solubilized directly in the
stock solution of gelatin mixed with gellan gum and the cross-linkers.
The hydrogels were placed in PBS)(25 mL) at 37.0 ± 0.1 °C. The
quantity of vitamin B12 released was determined using HPLC
according to an established protocol.21 Vitamin B12 was detected at a
wavelength of 360 nm using a UV Diode Array Detector
(PerkinElmer) (n = 3).

A release model was developed to assess the real diffusion
coefficient of vitamin B12 from the IPN hydrogel formulations
containing different concentrations of gelatin.25 The transport
mechanism used to describe the system is composed of a simple
diffusion model within the hydrogel (eq 1)

C
t

D C( )
∂
∂

= ∇ ∇
(1)

where C is the concentration of vitamin B12 in the reservoir, t is the
time, and D is the diffusion coefficient in the hydrogel. A perfect
mixing condition was used to describe the reservoir chamber.

2.4. Cell Culture and Proliferation Studies. To investigate the
role of polydopamine in influencing the proliferation rate on the
hydrogels, the IPN systems were fabricated directly in 24-well plates
(1 mL/well) and coated with polydopamine following the procedure
reported above. After washing with PBS containing 1% penicillin/
streptomycin, 50 × 103 human adipose-derived stem cells (hASCs)
(passage 2-6) were seeded and allowed to proliferate for 72 h. Prior to
the experiment, hASCs were cultured following an established
protocol.26 Hydrogels without any cells were used as control groups
to determine the absorbance of the background. Cell proliferation was
investigated over 72 h using an MTS assay, and a calibration curve of
hASCs from 5 × 103 up to 10 × 104 was obtained to correlate the
absorbance obtained from the MTS assay and the number of cells (n
= 5). Calcein staining was also carried out to visualize the cells on the
different hydrogels tested. A fluorescent microscope (Zeiss) was used
to collect the fluorescent images at 10× magnification.

2.5. Actin-DAPI Staining, Image, and qPCR Analysis. The
morphology of hASCs seeded on the hydrogels with and without
polydopamine was evaluated after 24 h according to an established
protocol.27 The cell area was quantified by tracing the contour of the
cells using the software provided with the microscope (Thermofisher,
Scientific USA). At least 10 cells from 5 different images from each
group tested (n = 50) were analyzed. Additionally, further analysis was
carried out using ImageJ software to count the number and length of
actin fibers. These parameters were calculated based on at least 10
images per group captured at 20× magnification. Only actin stress
fibers that were clearly distinguishable from the background were
introduced in the calculation.

mRNA was extracted from hASCs seeded on the gels after 24 h
postseeding using the instruction provided in the kit (Qiagen).
mRNA concentration was quantified, and cDNA was synthesized
following an established protocol.28 Primers for RhoA, CDC42, Myo,
and paxillin PXN were used along with the miScript SYBR Green
Master Mix (Qiagen). The expression of key markers in hASCs
seeded on the polydopamine treated group (+pDA) were compared
to uncoated hydrogels (−pDA) (n = 4).

2.6. Hydroxyapatite Scaffold Printing and Preparation. An
established protocol was used to fabricate the hydroxyapatite
scaffolds.29 Briefly, a suspension containing 60 w/w of hydroxyapatite
was loaded to the syringe which was mounted on a holder so that the
printer could control the movement of the syringe. A high precision
dispenser was used to apply a stable air pressure, and the extrusion
was performed on a hot/cold plate (HCP204SG, Instec, Boulder, CO,
USA) with a controlled cooling rate. The samples were transferred to
a −70 °C freezer and kept for 12 h. After that, the samples were
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loaded into a freeze-drying system (Labconco, Kansas City, MO)
under 200 mPa vacuum at −35 °C to sublimate ice for 48 h. As the
last step, the dried samples were heated at 500 °C for 2 h followed by
a treatment at 1300 °C for 3 h.
2.7. Statistical Analysis. A t-test or two-way analysis of variance

(ANOVA) was carried out according to the number of test groups
compared. GraphPad Prism Software 6 was used. Results that were
statistically significant were indicated as *p < 0.05, **p < 0.01, and
***p < 0.001.

3. RESULTS AND DISCUSSION

3.1. Hydrogel Synthesis and Physical Character-
ization. The first part of our investigation involved the design
of a model platform based on an interpenetrating polymeric
network (IPN) of gellan gum and gelatin using the strategy
reported in Figure 1a. This chemical strategy was selected
because any cytotoxic product can be eliminated by washing
the hydrogels.30 Gelatin type A was chosen to enhance the
mechanical stability of the hydrogel network and provide RGD
amino acid sequences in the hydrogel network necessary to
promote the initial step of stem cell adhesion. Additionally,
gellan gum alone did not enable the formation of hydrogels
using this chemical strategy. The two polymers were
chemically cross-linked using NHS/EDC chemistry. Briefly,
the cross-linking process consists of the activation of the
carboxylic groups of gellan gum into a more reactive
intermediate (ester) that will lead to the formation of amide
covalent bonds with gelatin. However, it is not possible to
exclude the formation of covalent bonds within the gelatin
network because of the activation of carboxylic groups in
glutamic and aspartic acid. The cross-linking process has been
confirmed through rheological studies by monitoring variations
in the mechanical properties. NHS/EDC were tested by

keeping the two reagents in the same molar ratio of 1:1, as
reported in the Supporting Information (Table S1). The G′
values did not significantly change by increasing the
concentration of the cross-linkers, as reported in the
Supporting Information (Figure S1). An increase of G′ from
around 100 to 1000 Pa was detected in the optimal hydrogel
formulation, as illustrated in Figure 1b. Similarly, we further
confirmed the formation of covalent bonds by carrying out
temperature sweep tests, as shown in Figure 1c. When the
temperature was augmented from 25 to 60 °C, the system
displayed a decrease in the G′ values.
This variation can be attributed to the possible conforma-

tional change in the physical entanglement of the two polymers
as the temperature increases, leading to a change in the
hydrogel stiffness.
On the contrary, this behavior was not observed in the

chemically cross-linked system, which presented the same
storage module in the entire range of temperatures tested. This
finding suggests the obtainment of a cross-linked network that
possesses the same stiffness irrespective of the temperature
used. This feature is extremely important, since changes in
stiffness have been reported to directly influence the
morphology of stem cells.31,32 The obtainment of a thermally
stable formulation allows the possibility to study stem cell
adhesion and cytoskeletal rearrangement excluding the effect
of the temperature as a modulator of the stiffness of the
designed hydrogel.
The ratio between the two polymers was varied to modulate

the stiffness. A ratio of 1:10 was selected based on previous
reports discussing the formation of covalent IPN hydrogels
obtained by cross-linking gelatin and the polysaccharide
alginate in a 1:10 w/w ratio using a similar strategy based on

Figure 1. Synthesis and mechanical analysis of the interpenetrated polymeric networks (IPNs). (a) Schematic showing the process of cross-linking
between gellan gum and gelatin. (b) Frequency sweep of the chemical and physical IPNs displaying a higher storage modulus (G′) in the chemical
IPN. (c) Temperature sweep graph showing the thermal stability of the chemical IPN network.
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EDC/NHS chemistry.30,33 A ratio of 1:10 w/v resulted in
hydrogels with the highest stiffness when compared to the
formulation 1:5 (Figure 2a). The higher values of G′ could be
attributed to the increased level of chain entanglement
between the two polymers.

However, the stiffer hydrogel (1:10) was brittle and
exhibited a breakage point for lower values of strain, as
reported in the strain sweep graphs of Figure 2b. The internal
porosity was not influenced by the concentration of gelatin, as
confirmed by SEM analysis and by diffusion studies of the
model molecule vitamin B12 (Figure 2c,d and Table S2). For
all of these reasons, the formulation containing gellan gum
0.5% w/v and gelatin 2.5% w/v (ratio 1:5) was selected for
further studies to study the impact of pDA on cell morphology
and proliferation.

3.2. Influence of Polydopamine on the Hydrogel
Physical Properties. The optimized system was treated with
pDA, as illustrated in Figure 3a by following the optimized
protocol reported in our previous study using gelatin
methacrylamide and alginate.34 The presence of polar groups
in both polymers such as hydroxyl, carboxyl, amide, and
aromatic side chains masked the presence of the characteristic
FTIR bands of pDA. These are commonly found at 3500 cm−1

for the stretching of hydroxyl groups and in the region between
1250 and 1600 cm−1, as reported in other studies35 (Figure
S2).
The hydrogel surface properties were characterized by

contact angle measurements, which is a well-established
investigation technique to study the hydrophilicity of the
surface of novel materials. Precisely, we observed an increase in
the contact angle of olive oil from around 29 to 35° when pDA
was varied from 0.5 to 1.0 mg/mL (Figure 3b). Such variation
is indicative of a higher level of surface wettability and
hydrophilicity. Similar findings have been reported for pDA
coated films and fiber-based scaffolds.36,37 This effect can be
explained by the high hydrophilicity of the pDA coating due to
polar catechol/quinone units, amines, and imines.38 This
change in hydrophilicity also resulted in a variation in the
swelling properties of the hydrogel with a significant increase
only in the system coated with 1 mg/mL (Figure 3c).
Augmenting the concentration of dopamine to 2 mg/mL did
not seem to increase further the swelling properties or the

Figure 2. (a) Frequency sweep tests for the two different IPN
hydrogels. The IPN systems differ for the amount of gelatin included
in the formulation. Specifically, the IPN (1:5) contains gellan gum
0.5% w/v and gelatin 2.5% w/v, while the IPN (1:10) consists of
gellan gum 0.5% w/v and gelatin 5% w/v. (b) Strain−sweep profiles
displaying the crossover for the different IPN formulations. The IPN
(1:10) starts to mechanically fail for lower strain values. (c)
Comparison of the experimental and model release data of vitamin
B12 from the two different IPN systems (n = 3). (d) SEM images of
the internal structure of the two IPN systems. Scale bars = 100 μm.

Figure 3. Polydopamine (pDA) treatment to modulate the IPN (1:5) surface properties. (a) Schematic of the process of pDA coating and
corresponding images of the coated hydrogels. (b) Contact angle measurements using olive oil and corresponding images of the drop on the surface
of the hydrogels (n = 5). (c) Swelling results of the hydrogels with the different pDA coatings (n = 5). (d) MTS assay results and corresponding
calcein staining fluorescent images of hASCs after 72 h. Scale bar = 200 μm. *p < 0.05, **p < 0.01.
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contact angle of the hydrogel (Figure S3). These results
indicate that pDA is indeed capable of altering the hydro-
philicity of the hydrogel substrate and this change could be
important in modulating serum protein adsorption and
indirectly influence stem cell adhesion and cytoskeletal
remodeling, as demonstrated in other types of scaffolds.39

3.3. Influence of Polydopamine on Cell Proliferation
and Cell Morphology. The optimized coated hydrogels were
seeded with hASCs, and this cell line has been selected due to
its rapid expansion capability in vitro. Cell proliferation was
monitored up to 72 h. Interestingly, the inclusion of pDA
influenced the proliferation rate of hASCs (Figure 3d) and cell
morphology. hASCs started to display a larger shape with
visible projections in the (+pDA) compared to the uncoated
hydrogels (Figure 4a). Precisely, we observed a larger cell area
from an average of 3347 to 3742 μm2 (Figure 4c). This change
in surface area was also combined with a variation in the length
of actin fibers, although we did not observe a change in the
distribution of their number (Figure 4d,e). Our findings are in
accordance with studies examining the effect of pDA on the
adhesion and proliferation of human umbilical vein endothelial
cells (HUVECs).40 It is likely that pDA facilitates the
adsorption of serum protein in the medium, which in turn
enables the elongation of the cells by facilitating the formation
of organized actin-bundles and cell-matrix adhesion points.
Moreover, pDA has been reported to enable the adsorption of
proteins and retain their native configuration, which is essential
for the process of stem cell adhesion and spreading.41 This
indirect effect on the morphology of hASCs was not evident
when gelatin was increased from 2.5 to 5% w/v IPN (1:10),
indicating how the inclusion of a larger number of anchorage
adhesion points provided by the RGD sequences of gelatin is
the primary factor influencing hASC morphology in the IPN
(1:10) formulation (Figure S4). However, an increase in cell
proliferation was found in the IPN (1:10) coated with a pDA
layer (Figure S5).
To further prove the modulatory impact of the pDA coating

on hASC, we also performed a qPCR analysis of the main
markers regulating adhesion, actin−myosin remodeling, and

cell−matrix interactions (Figure 4b). Interestingly, RhoA and
CDC42 expression were similar among the two groups tested
after 24 h postseeding. These genes codify for small GTPase
proteins that regulate cytoskeletal remodeling, actin contrac-
tility, and cell cycle division. Upregulation of these genes is
commonly observed in response to a change in substrate
stiffness,42 and it is likely that the inclusion of the pDA coating
did not affect the stiffness of the IPN system significantly. On
the contrary, another study reported an enhancement in this
parameter for gellan gum-based hydrogels after treatment with
pDA, which also contributed to enhanced mineralization upon
incorporation of alkaline phosphatase within the hydrogels.43

However, it should be noted that the mechanism of cross-
linking reported in this study was not based on the use of
calcium ions, which can be complexed by the catechol units
present within the pDA structure.
The presence of the pDA coating enhanced the expression

of paxillin, which is one of the key proteins found in the focal
adhesion complex, which provides the anchorage between cells
and the substrate.44,45 This increase in paxillin expression has
also been found in other reports displaying how pDA can
influence the formation of a larger amount of focal adhesions.
Similarly, the overexpression of the marker MYO, which
codifies for the expression of myosin in the cytoskeleton,
suggests how the presence of pDA can facilitate the
reorganization of actin−myosin filaments which are essential
for the formation of cell−matrix interactions.45

4. CONCLUSIONS
Overall, the pDA coating positively modulated the surface
properties of the IPN hydrogels and induced a higher
proliferation and cell spreading. These findings support the
possible use of pDA as a valid strategy to extend the potential
of gellan gum-based hydrogels for tissue engineering
applications. Finally, the optimized hydrogel formulation IPN
(1:5) can also be used as an intermediate layer coating to
modulate the surface and biological properties of prefabricated
scaffolds made of hydroxyapatite (Figure S6). Further studies
will be carried out to investigate whether the optimized

Figure 4. Investigation of the pDA coating on cell morphology. (a) Actin DAPI staining images of hASCs seeded on the IPN (1:5). Scale bar = 200
μm. Images were taken at 20×. (b) qPCR analysis of several markers codifying for GTPase proteins RhoA, CDC42, focal adhesion proteins paxillin
PXN, and cytoskeletal proteins myosin MYO after 24 h postseeding (n = 4). Quantification of (c) cell area, (d) actin filament length, and (e)
number of actin filaments in hASCs seeded on the IPN (1:5) with and without a pDA coating. *p < 0.05, **p < 0.01.
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hydrogel coating in combination with a pDA layer can be used
to enhance the osteogenic differentiation of hydroxyapatite
scaffolds to generate a cell-instructive interface for bone tissue
regeneration.
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