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Polyelectrolyte gelatin-chitosan hydrogel optimized
for 3D bioprinting in skin tissue engineering
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Abstract: Bioprinting is a promising automated platform that enables the simultaneous deposition of multiple types of
cells and biomaterials to fabricate complex three-dimensional (3D) tissue constructs. Collagen-based biomaterial used
in most of the previous works on skin bioprinting has poor printability and long crosslinking time. This posed an immense challenge to create 3D constructs with pre-determined shape and configuration at high throughput. Recently, the
use of chitosan for wound healing applications has attracted huge attention due to its attractive traits such as its antimicrobial properties and ability to trigger hemostasis. In this paper, we optimized polyelectrolyte gelatin-chitosan hydrogel
for 3D bioprinting. Modification to the chitosan was carried out via the oppositely charged functional groups from chitosan and gelatin at a specific pH of ~pH 6.5 to form polyelectrolyte complexes. The polyelectrolyte hydrogels were
evaluated in terms of physical interactions within polymer blend, rheological properties (viscosities, storage and loss
modulus), printing resolution at varying pressures and feed rates and biocompatibility. The polyelectrolyte gelatin-chitosan hydrogels formulated in this work was optimized for 3D bioprinting at room temperature to achieve high
shape fidelity of the printed 3D constructs and good biocompatibility with fibroblast skin cells.
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1. Introduction

T

issue engineering has emerged as a multi-disciplinary field that involves clinicians, scientists and engineers to create anatomically relevant tissue constructs that alleviate the shortage of
donor tissues/organs[1]. Despite major advancements
in the field of tissue engineering, simple cell seeding
over pre-formed polymeric scaffolds is not sufficient
to fully replicate the sophisticated cell-matrix interactions within the native tissues[2]. The heterogeneity in
extracellular matrix (ECM) composition within both

epidermal and dermal regions of the skin plays numerous roles ranging from regulation of cellular proliferation to manipulation of stem cell fate. Bioprinting, which is an emerging technology, can be defined
as “the use of 3D printing technology that incorporates viable living cells with biomaterials to fabricate
sophisticated tissues/organs”[3]. The bioprinting technology not only enables the simultaneous deposition
of different biomaterials and multiple cell types, but
also provides flexibility in the design and fabrication
of customizable patient-specific tissue-engineered
constructs[4], demonstrating great potential for fabrica-
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tion of complex 3D multicellular tissue constructs.
Despite being in its stage of infancy, bioprinting has
already demonstrated great potential for fabrication of
multi-layered skin[5–7], cartilage[8,9] and liver constructs[10]. It was highly anticipated that production of
less-sophisticated human tissues/organs such as skin
would be a reality in the near future[3]. Some current
works on bioprinting of skin constructs include fabrication of hydrogel constructs consisting of different
skin cells (keratinocytes and fibroblasts)[5,6] and in-situ
printing of skin cells and biomaterials directly over
the wound site[11]. Contrary to the common misconception that skin is a relatively simple 2D tissue, the
thin layer of human skin has a unique pattern created
by the natural compartmentalization of different types
of skin cells that are positioned relative to each other
at high degree of specificity[12]. This specific arrangement of skin cells is essential for cell-cell interactions that initiate autocrine and paracrine signaling
within the native human skin[13].
As skin cells (fibroblasts) are capable of producing
their own ECM proteins, the bio-inks serve as temporary 3D templates to guide the tissue morphogenesis.
Collagen type I, the most abundant ECM protein in
human skin, is widely used for bioprinting of skin
constructs. Most of the biomaterials used in those studies[5,6,14–16] were mainly collagen-based, which has
relatively poor printability. Lee et al. printed layers of
collagen to create a 3D bioprinted collagen construct
with stacking height of 1.2 mm[5]. Another work
demonstrated printing of multi-layered cell-laden collagen constructs on non-planar surface using nebulized
crosslinking reagent[15]. Only planar sandwich constructs were fabricated using the valve-based technique due to the slow pH-dependent crosslinking of
collagen prior to printing of subsequent layers. Koch
et al. printed layers of encapsulated keratinocytes and
fibroblasts onto a decellularized dermal matrix sheet
via laser-based method[6]. The printed construct comprised high number of keratinocytes and fibroblasts
(different from representative cellular density within
native human skin) and there is no variation in the
extracellular matrix density across the depth of printed
structure[17].
Progress in bioprinting of skin is severely hindered
due to limited choices of printable biomaterials. Over
the recent years, the attractive traits of chitosan polymer have gained huge attention for wound healing
applications[18–20]. Chitosan is a linear polysaccharide
of D-glucosamine and N-acetyl-D-glucosamine, which
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can be prepared by the N-deacetylation of insoluble
chitin in the presence of alkaline solution[21]. In the
presence of lysozymes, chitosan undergoes in vivo
degradation via enzymatic hydrolysis to form by-product, glucosamine, which does not pose any toxicity[22]. Furthermore, chitosan triggers hemostasis and
accelerates tissue regeneration due to the migration of
inflammatory cells and activation of fibroblasts that
produce multiple cytokines[23]. Notably, chitosan-based
biomaterials have antimicrobial properties which can
help to reduce the incidence of sepsis[24]. Chitosan
powders are generally soluble at acidic pH and the
amine groups in chitosan are protonated at pH lower
than 6 to confer the poly-cationic behavior to chitosan.
With increasing pH, the amine groups become deprotonated to form insoluble chitosan polymer. This soluble-insoluble transition occurs at its pKa value around pH 6–6.5, which is dependent on degree of
N-deacetylation and molecular weight[25]. Despite its
attractive properties, chitosan alone has poor printability[26,27] and further modifications are required to increase the printability of chitosan-based hydrogels.
Gelatin, which is commonly used for biomedical
applications, exhibits negative charges when the pH of
medium is above its isoelectric point (pHiso = 4.7)[28].
As such, interactions between the positively charged
ammonium ions from chitosan react with carboxylate
groups from the ampholytic gelatin result in the formation of a polyelectrolyte complex. Prior works on
polyelectrolyte gelatin-chitosan scaffolds/films[29–32]
have demonstrated great potential for skin tissue engineering applications. The polyelectrolyte gelatinchitosan hydrogel did not experience significant contraction in the in-vitro cell culture test over 4 weeks[32]
and also demonstrated potential antimicrobial activity[33]. An in-vivo study over a period of 16 weeks revealed that the chitosan/gelatin hydrogel was efficient
in inducing fibrin formation and vascularization at the
implant-host interface[34]. The polyelectrolyte gelatinchitosan scaffolds are commonly prepared via freezedrying[29,31,32] or solvent-casting approaches[29,30].
In this paper, gelatin was modified with chitosan to
form polyelectrolyte gelatin-chitosan (PGC) hydrogels
to demonstrate its potential for bioprinting applications. The interactions between the chitosan and gelatin within the polyelectrolyte complex were evaluated,
followed by rheological characterization of the PGC
hydrogels at varying shear rates and temperatures.
Next, different combinations of printing pressures and
feed rates were utilized for different PGC hydrogels to
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determine the highest possible printing resolution and
printing accuracy at room temperature. Lastly, biocompatibility tests were conducted to evaluate the
potential use of PGC hydrogels for bioprinting of skin
constructs. These outcomes will provide valuable insights into development of printable hydrogels for
bioprinting of 3D tissue constructs.

2. Materials and Methods
2.1 Materials and Cells
Chitosan (low molecular weight, 75–85% deacetylation) and gelatin (porcine skin, Type A) powders were
obtained from (Sigma Aldrich, Singapore). Other reagents like acetic acid, sodium hydroxide (NaOH) and
phosphate buffered saline (PBS) solution (pH 7.4 at
0.01 M) were sterile-filtered before use. Neonatal human foreskin fibroblasts (HFF-1 from ATCC® SCRC1041TM) were used in this study. The cell line was
cultured in a HERAcell 150i cell incubator (Thermo
Scientific) at 37°C in 5% CO2 using ATCC-formulated
Dulbecco’s Modified Eagle’s Medium (DMEM) supplemented with 15% fetal bovine serum (HyCloneTM
from GE Healthcare). Culture media was changed
every 3 days and the cells were routinely passaged in
tissue culture flasks (cells were not used after Passage
6). The adherent HFF-1 cells were harvested using
0.25% trypsin/ethylenediaminetetraacetic acid (EDTA)
(Invitrogen) at 90% confluency.
2.2 Synthesis of Polyelectrolyte Gelatin-chitosan
Hydrogels
Modification of chitosan was carried out via the addition of gelatin to create a polyelectrolyte gelatin-chitosan hydrogel[30]. 2.5% w/v chitosan was dissolved in
acetic acid and mechanically agitated for three hours
to obtain a homogeneous gel. Varying concentration of
gelatin solutions (2.5%, 5% and 7.5% w/v) were dissolved in sterile PBS solution and stirred at 40°C for
complete dissolution of gelatin powder. The gelatin
solution of varying concentration was then added separately to the chitosan gel at a pH greater than 4.7 to
initiate the formation of polyelectrolyte complex between the positively-charged chitosan and negatively
charged gelatin and they were designated hereafter as
2.5%, 5% and 7.5% PGC respectively. Equal volume
of gelatin solution was added to the chitosan gel in a
drop-wise manner under constant mechanical agitation,
followed by subsequent addition of NaOH solution to
the gelatin-chitosan polymer blend in a drop-wise

manner till the pH of the mixture reaches ~ 6.5 to initiate the pH-dependent crosslinking using a pH meter
(HM Digital. Inc.).
2.3 FTIR Characterization
The interactions between chitosan and gelatin within
the polymer blend were investigated with dried gelatinchitosan hydrogels using a Fourier Transform Infrared
(FTIR) Spectrometer (Bruker Vertex 80v, Germany).
Each dried gelatin-chitosan hydrogel was placed
within the enclosed vacuum chamber one at a time
and FTIR spectra were collected within the range of
800–2000 cm−1 via attenuated total reflectance (ATR)
technique. The measurements were conducted in triplicate and presented in the transmittance mode.
2.4 Rheological Characterization
The rheological properties of PGC hydrogels were
evaluated using the Discovery hybrid rheometer (TA
instruments, USA). The values of the strain amplitude
were first verified to ensure that all measurements
were performed within the linear viscoelastic region.
Next, the viscosities of PGC hydrogels were evaluated
for shear rates ranging from 0.1 to 100 s-1 at a constant
temperature of 27°C (room temperature). To evaluate
the sol-gel transition state of the hydrogels, (i) storage
modulus (G’) and (ii) loss modulus (G”) of the 2.5%,
5% and 7.5% PGC were then measured at varying
temperatures from 20 to 40°C at a fixed shear strain of
2%. The sol-gel transition state can be determined by
the G’/G” ratio, whereby G’/G” = 1 is the gelling
point. All measurements were conducted in triplicate.
2.5 Bioprinting of Biomaterials
A 3-D bioprinter, Biofactory® (regenHU Ltd., Switzerland), was used for printing of PGC hydrogels. The
PGC bio-ink was loaded into a sterile printing cartridge and the printing process was conducted using
an extrusion-based print-head. The hydrogel was deposited via extrusion-based printing approach and the
material flow for each print-head was controlled by
individual pressure regulators. Pre-defined structures
were input into BioCAD (regenHU Ltd., Switzerland).
The printability of different PGC hydrogels was evaluated using a combination of different printing pressures (1–3.5 bars) and feed rates (600–1000 mm/min)
using a constant nozzle diameter of 210 µm. Adjacent
filaments of 2 cm length at inter-spacing of 1 mm (n =
6) were printed and measured in terms of filament
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widths at varying printing pressures and feed rates
using ImageJ processing software. To demonstrate its
ability to fabricate a multi-layered hydrogel construct,
a 3-layered hydrogel construct with grid-like patterns
was fabricated by printing each layer of grid-like patterns directly over the previous layer using an optimal
combination of feed rates and printing pressures.
2.6 Biocompatibility of PGC Hydrogels
To assess the biocompatibility of PGC hydrogels, PGC
hydrogels were manually casted followed by seeding
150,000 HFF-1 cells on surface of PGC hydrogels in
each of the 6-well plates (n = 5) and 2 mL of complete
growth medium was added into each well plate. A
control setup with 2.5% chitosan was used in this
study. The cells were incubated for 4 days prior to
performing cell viability assay on Day 4 using Molecular Probes® Live/Dead staining kits (Life-Technologies) according to the manufacturer’s manual. The
calcein AM will stain the viable cells green, while the
ethidium homodimer-1 will stain the dead cells red.
The samples were washed twice with PBS and 1 mL
of staining solution was added to each of the 6-well
plates containing the PGC hydrogels and incubated for
an hour before observation under Carl Zeiss Axio Vert.
A1 Inverted Microscopy.

3. Results and Discussion
An ideal printable material should provide good shape
fidelity and high printing resolution. An important
characteristic of printable biomaterials is to have consistent flow that facilitates deposition at high repeatability. Notably, the hydrogel-based bio-inks with natural porosity offer good permeability to oxygen and
nutrients[35].
3.1 FTIR Characterization
To evaluate the interactions between the chitosan and
gelatin within the polymer blend, FTIR analysis was
conducted. The IR spectra of the gelatin-chitosan polymer blend and their respective polymers were shown
in Figure 1. The IR spectrum of chitosan polymer displayed saccharide peaks at approximately 896 and
1152 cm–1, an amino characteristic peak at 1550 cm–1
and an amide I peak of the acetyl group at 1643 cm–1.
Gelatin polymer was characterized by its amino peak
at 1539 cm–1 and carbonyl peak at 1628 cm–1. The
gelatin-chitosan polymer blend led to slight adjustment in the spectrum, i.e., shifting of both carbonyl
56

Figure 1. IR spectra of gelatin-chitosan polymer blend along
with their individual polymers. The shifting of both carbonyl
and amino bands indicate the formation of hydrogen bonds
between chitosan and gelatin molecules in the polyelectrolyte
complex.

(from 1643 to 1628 cm–1) and amino bands (from 1550
to 1539 cm–1). This illustrated that hydrogen bonding
are formed between chitosan and gelatin molecules in
the polyelectrolyte complex, which is supported by
other reported results[36]. The shifting of the peaks
implied that hydrogen bonding occurs between the
chitosan and gelatin polymers to form polyelectrolyte
hydrogels, which is consistent with previous reported
results[30,36,37].
3.2 Rheological Characterization
The rheological properties of different PGC hydrogels
were investigated at 27°C to analyze how varying
shear rates affect viscosity of the hydrogels during
printing process at room temperature. A force is required to overcome yield stress of the hydrogel before
it undergoes a shear-thinning process with increasing
shear rates. It was reported that a suitable range of
printing viscosity is ~ 4 to 30 Pa⋅s for extrusion-based
printing[38]. The generated shear rate in our printing
process was estimated in the range of 20–60 s–1. As
shown in Figure 2, PGC hydrogels with higher gelatin
concentrations exhibited higher yield stress and viscosity. The increased gelatin concentration resulted in
more interactions between the positively-charged ammonium ions from chitosan and negatively-charged
carboxylate groups from the ampholytic gelatin, resulting in higher viscosity. It was observed that as the
shear rate increases, viscosity of 2.5% PGC hydrogels
falls out of the ideal printing viscosity. The resultant
low viscosity would result in poor printing accuracy
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Figure 2. Rheological behavior of PGC hydrogels at varying
shear rates (0.1–100 s–1) at 27°C (room temperature). All 3
different PGC hydrogels fall within the suitable range of printing viscosity (~ 4 to 30 Pa⋅s) at varying shear rates.

but both 5% and 7.5% PGC hydrogels have relatively
more suitable printing viscosities.
As gelatin is a thermo-sensitive polymer, it is important to evaluate the rheological behaviour of PGC
hydrogels at varying temperatures. The storage and
loss modulus of PGC hydrogels were evaluated over a
temperature range of 20–40°C. Prior to the addition of
NaOH, all the PGC hydrogels were in sol state with
low viscosity at temperatures above 25°C, as such it is
difficult to achieve good shape fidelity above printing
temperatures of 25°C. To analyze sol-gel transition
state of the PGC hydrogels, the storage (G’) and loss
modulus (G”) of the PGC hydrogels were measured.
The ratio of G’/G” (tan α) determines the sol-gel state
of the hydrogel. When tan α is greater than 1, it indicates that the material is in a gel state, while a tan α
lower than 1 indicates that the material is in a sol state.
As shown in Figure 3; only 5% and 7.5% PGC hydrogels exhibit gel-like behaviour within the temperature range of 20–40°C. The tan α of 2.5% PGC hydrogel approaches 1 near 37°C and its tanα value decreases below 1 at temperatures above 37°C. As such,
2.5% PGC hydrogel will not be used in the bioprinting
process as loss of shape fidelity might occur during
the incubation of the printed construct at higher temperature. Conversely, both 5% and 7.5% PGC hydrogels exhibit significantly high G’/G” ratio, which would
offer good shape fidelity of the printed structures.
3.3 Bioprinting of Biomaterials
There are currently two different modes of printing;

20

25

30

35

40

Temperature (0C)

Figure 3. G’/G” ratio of different PGC hydrogels at varying
temperatures at fixed shear strain of 2%. A high G’/G” ratio (>1)
would offer good shape fidelity of the printed structures.

one is the deposition of cell-laden hydrogel and the
other approach is to print the hydrogel and cells separately. The latter approach offers better control over
the cellular density and distribution across each
printed layer. As such in our printing process, we focus on the printing of acellular biomaterials using the
extrusion-based printing technique.
As shown in Figure 4, the suitable range of printing
pressures for each PGC hydrogel is different. Generally, higher pressures are required to extrude the more
viscous hydrogels[39]. It was observed that the filament
widths of 2.5% PGC hydrogels increase exponentially
with increasing printing pressures. This is probably
due to the intrinsic low viscosity of 2.5% PGC hydrogel which causes higher extent of filament spreading
when a larger printing pressure was used. A similar
trend was also observed in 5% PGC hydrogel; the filament widths increase in a linear manner from printing pressures of 2–2.8 bars and subsequently increase
in an exponential manner when the printing pressures
are above 2.8 bars. In contrast, the most viscous 7.5%
PGC hydrogels demonstrated a linear relationship between printing pressures and filament widths throughout 2.6 bars to 3.4 bars. It is likely that the high viscosity of 7.5% PGC hydrogel reduces the extent of
filament spreading at higher printing pressures (above
3 bars). It was also observed that standard deviation of
printed filament widths decreases with PGC hydrogels
of higher viscosity. Hence, a more viscous hydrogel
offers higher printing consistency and better control
over the printed filament widths at increasing printing
pressure.
Generally, a higher feed rate would result in a thinner
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Figure 4. Effect of printing pressures on printed filament
widths.

filament width (Figure 5). It was observed in 2.5%
PGC hydrogels that the printed filament widths increase to a larger extent with decreasing feed rates
when higher printing pressures were used (indicated
by the gradient of the plotted lines). Conversely, the
most viscous 7.5% PGC hydrogels exhibited a linear
relationship between the feed rates and printed filament
widths within its suitable range of printing pressures.
Hence, varying feed rates has significant effect on the
58

Figure 5. Effect of feed rates on printed filament widths.

less viscous hydrogels such as 2.5% PGC hydrogels
with increasing printing pressures.
As shown in Figure 6, an optimal combination of
both printing pressures and feed rates is required to
obtain a complete grid-like pattern. A high printing
pressure would result in excessive material deposition,
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Figure. 6. (Left) Excessive material deposition, (Middle) optimal printing parameters, (Right) incomplete printing (scale bar: 500 µm).

while a low printing pressure would result in incomplete patterning. Among all the PGC hydrogels and
different combinations of printing pressures and feed
rates, the 5% PGC hydrogels at printing conditions of
2.4 bars and 1000 mm/min feed rate enables the fabrication of complete grid-like patterns at highest
printing resolution. Using the optimal combination of
printing pressures and feed rates and a pre-defined
layer thickness of 160 μm, a 3-layered PGC hydrogel
construct with grid-like structures was printed and
shown in Figure 7. It was observed that the estimated
height of the printed construct (~400 μm) was lower
than the pre-defined height of 480 μm and the filament widths increased from ~314 μm (1-layer) to ~
450 μm (3-layers). It is likely that the nozzle tip
transversed within the layer and induced compression
of each printed layer (lower height and higher filament
widths). Further optimization to the layer thickness is
required to improve the accuracy of printed 3D constructs.

plates followed by seeding of HFF-1 cells onto the
surface and a control set-up with 2.5% chitosan was
used in this study. The seeded HFF-1 cells were generally round in shape and evenly distributed over the
surface of PGC hydrogels. Live-dead staining was
conducted to visually inspect the cell viability and
morphology after 4 days. As shown in Figure 8, the
green viable fibroblast cells exhibited the spindle-like
morphology indicating that they were able to attach
and proliferate. It was noted that a small number of
dead HFF-1 cells, as represented by red colour, was
also present in the 3D construct. A greater number of
viable HFF-1 cells were observed on 5% PGC hydrogel as compared to the 2.5% chitosan hydrogel. The
incorporation of gelatin within the polymer blend improved the biocompatibility by shielding the excessive
positive charges on chitosan polymer to a suitable
charge density[30]. This enables the cells to attach and
proliferate better as compared to the pure chitosan
biomaterial[40].

3.4 Biocompatibility of PGC Hydrogels

4. Conclusion

To evaluate the biocompatibility of the PGC hydrogel,
5% PGC hydrogel was manually casted onto 6 well

We envision that the bioprinting of both biomaterials
and cells with pre-defined structures will eventually

Figure 7. 3D printed multi-layered PGC hydrogel structure view at various persepectives. The resultant 3D construct has a lower
height than the pre-defined value and the filament widths increased with increasing layers. 5% PGC hydrogel was tested for the
fabrication of 3D hydrogel construct, number of layers 3, scale bar = 5 mm
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Figure 8. Live-dead staining on Day 4. (Left) chitosan hydrogel, (Right) 5% PGC hydrogel (scale bar: 100 μm).

mature to form a functional tissue. As such, 3D bioprinting serves as an attractive platform to facilitate
cellular and matrix deposition in a spatially-controlled
3D matrix. Chitosan is a promising polymer used in
wound healing applications due to its antimicrobial
and hemostasis properties. In this work, modification
to the chitosan was carried out via the addition of gelatin to form printable polyelectrolyte gelatin-chitosan
(PGC) hydrogels. We have optimized PGC hydrogels
for bioprinting of skin constructs. The PGC hydrogels
exhibited a sufficiently high viscosity that is suitable
for our printing chamber which has a temperature of
27°C and its high G’/G” ratio resulted in good shape
fidelity of the printed constructs. The highest resolution for the grid-like pattern using the 210 μm nozzle
tip was 314 μm at an optimal combination of 2.4 bars
and 1000 mm/min feed rate. The important functions
of bioengineered skin are to provide barrier function
and a temporary scaffold to guide tissue morphogenesis[41]. The use of bioprinting offers good spatial control over deposition of selected biomaterials at specific
regions to fabricate customizable tissue-engineered
constructs correlating to wound area and depth. Fullthickness human skin ranges between 1.5–2.5 mm in
thickness. The epidermal region is approximately 75
to 150 µm in thickness and the dermal region is usually
less than 2 mm. The printed constructs (~400 µm for 3
layers) are representative of the outer epidermal layer
and part of the dermal region. These results suggest
the potential use of PGC hydrogels for bioprinting
applications. More work needs to be conducted on
thixotropy and swelling behavior of the PCG hydrogels to further optimize the printing process.
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