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Abstract: Burn wound treatment is still a clinical challenge due to the severity of tissue damage and dehydration. Among
various wound dressings, hydrogel materials have gained significant attention for burn wound treatment in clinical practice
due to their soothing and moisturizing activity. In this study, 3D-printed dressings were fabricated using clinically relevant
hydrogels for deep partial-thickness burn (PTB) wounds. Different ratios of gelatin and alginate mixture were 3D-printed and
examined in terms of rheological behavior, shear thinning behavior, mechanical properties, degradation rate, and hydration
activity to tune the hydrogel composition for best functionality. The cell-laden dressings were bioprinted to evaluate the effect
of the gelatin: alginate ratio on the proliferation and growth of human dermal fibroblasts. The present findings confirm that
the higher alginate content is associated with higher viscosity and Young’s modulus, while higher gelatin content is associated
with faster degradation and higher cell viability. Together, the 3D-printed dressing with 75% gelatin and 25% alginate showed
the best tradeoff between mechanical properties, hydration activity, and in vitro biological response. Findings from in vivo test
using the most effective dressing showed the positive effect of 3D-printed porous pattern on wound healing, including faster
wound closure, regenerated hair follicles, and non-traumatic dressing removal compared to the non-printed hydrogel with the
same composition and the standard of care. Results from this research showed that 3D-printed dressings with an adequate
gelatin: alginate ratio enhanced wound healing activity for up to 7 days of moisture retention on deep PTB wounds.
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treatment in clinical practices, while the current standard
of care for deep partial-thickness burns (PTB) includes
petrolatum gauze, topical antimicrobial agents, contact
dressings, and hydrogels®. However, limitations such
as prolonged healing, pain, traumatic removal, poor
mechanical stability, limited body movement, scarring,
and poor regeneration of skin appendages have fostered
the development of dermal tissue engineering (DTE)
solutions as an advanced approach to wound healing® '3,
The desired features for burn wound dressings are

1. Introduction

Burn wound is one of the most challenging and
debilitating wound types leading to significant disability,
morbidity, and mortality!l. There is ~1% of the global
burden of diseases related to burns, leading to more
than 9 million injuries and 120,000 deaths in 2017,
Approximately 1.1 million Americans suffer from burn
injuries that require medical attention, accounting for
over 60% of the acute hospitalizations in the United

States!**!. Burn wound healing is a complex and delicate
molecular-cellular process for restoring skin functions
and repairing tissue damagel®”. Autologous skin grafts
are still the gold standard for full-thickness burn

considered to be antimicrobial, soothing, tunable water
absorption/release, easy to remove, and transparent!*, It
is also a key feature for burn wound dressings to provide
a non-adhesive contact that is elastic enough to support
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body movement with no pain or trauma in the wound
site.

Hydrogels are an essential class of polymers
for dermal/epidermal regeneration (ER) due to their
ability to donate and absorb water based on the wound
condition. DTE mainly involves biodegradable hydrogels
to encourage wound healing process within a moist
environment®®),  Since 1977 when hydrogels were
introduced as wound dressings for the 1% timel'®), they
have been developed from single-component hydrogels
to complex compounds reinforced with nanoparticles,
peptides, and growth factors!!”). Gelatin and alginate have
been investigated for wound healing in various forms
such as amorphous gels and films, mostly for wet and
exuding wounds. Gelatin accelerates the inflammatory
response and healing process by regulating macrophages
and providing arginine—glycine—aspartic acid (RGD)
sequences, and sodium alginate facilitates autolytic
debridement!'82%. Finding the adequate alginate-gelatin
ratio in a hydrogel blend for wound dressing is critical to
the success of wound healing, since gelatin and alginate
have different mechanical, gelation, and biological
properties due to the structural difference. To the best of
our knowledge, despite the wealth of literature on the use
of gelatin-alginate compounds as wound dressings, only
one study evaluated different ratios of gelatin: alginate for
burn wound healing!. In 2020, Afjoul et al.*' examined
freeze-gelled highly porous gelatin-alginate dressings
with a 3% w/v concentration for second-degree burn
wound treatment, which exhibited fast degradation and
high swelling ratio not indicated for burn wound healing.
The application of gelatin and alginate hydrogels for burn
wound dressing is limited by fast degradation, short-
term fixity, and traumatic adherence to the wound bed.
These shortcomings can be addressed by increasing the
concentration of gelatin-alginate in the hydrogel blend and
using different fabrication methods such as 3D printing
to develop hydrogel dressings with controlled pore size,
tunable water absorption/donation, and improved fixity
on the wound.

Over the last decade, skin bioprinting as an
extension of 3D printing has been widely investigated
to develop various tissue engineering constructs for
artificial skin, synthetic grafts, and wound dressings. Skin
3D bioprinting allows for the reproducible fabrication
of various bioinks and cells with precise control over
the structure, geometry, mechanical properties, and
functionality of the graft or dressing®’!. Researchers
mainly focused on developing 3D bioprinted skin
grafts using various materials and cells%?%, rather than
developing 3D-printed wound dressings specifically
for burn wounds?!. The majority of prior research on
3D-printed wound dressings has focused on developing
absorbent dressings for wet/exuding wounds and

chronic wounds with moderate to high exudation rather
than burn wound healing, which requires continuous
hydration instead of moisture absorption. To meet the
specific needs of burn wound that vary with wound
size, depth, and patient condition, 3D printing has the
capability to fabricate personalized wound dressings™'.
The first attempt at developing 3D-printed dressings
for burn wound treatment was published in 2021
by Teoh et al!*. They used extrusion-based 3D
printing to develop personalized wound dressings with
chitosan methacrylate loaded with different drugs and
antimicrobial agents for burn wound treatment. To
the best of our knowledge, no previous research has
investigated 3D-printed dressings with different ratios
of gelatin and alginate blend for burn wound treatment,
and the effect of gelatin: alginate ratio on printing
outcome and functionality of the 3D-printed dressings
has remained unclear. Furthermore, there is a need for
deeper evaluation of therapeutic efficacy of the 3D
printing technology considering the known benefits of
non-printed gelatin-alginate hydrogels in burn wound
treatment. The current research investigates the effect of
gelatin: alginate ratio on printing outcome and hydration
activity, as a specific need of burn wound treatment.
We highlight in the present paper the therapeutic effect
of 3D printing technology by comparing 3D-printed
dressings with non-printed hydrogel dressing of the
same composition.

In this study, 3D-printed acellular dressings with
different ratios of gelatin and alginate were fabricated
and characterized for further enhancement of burn
wound care products. To tune the gelatin: alginate ratio
at a favorable level for 3D printing, the rheological
behavior and shear thinning behavior of the hydrogels
were measured. Mechanical properties, degradation
rate, and hydration activity were measured to relate
the functionality of the 3D-printed dressings with
gelatin: alginate ratio. MTT and Live/Dead assays were
used to evaluate the biocompatibility of the dressings
using human dermal fibroblasts (HDF). An in vivo wound
healing study was conducted using the most effective
dressing in terms of stiffness, hydration activity, and
cell viability on deep PTB wound in a rat model. The
wound healing activity of the most effective 3D-printed
dressing was compared with non-printed hydrogels
of the same formulation and petrolatum gauze, which
served as the control group.

2. Materials and methods
2.1. Materials

Gelatin type B (from porcine skin), sodium alginate,
calcium chloride anhydrous, Dulbecco’s Modified
Eagles Medium (DMEM), fetal bovine serum (FBS), 1%
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penicillin/streptomycin (pen/strep), MTT, and trypsin/
EDTA were purchased from Sigma-Aldrich (St. Louis,
MO, USA). All materials were used as received without
further modification.

2.2. Bioink preparation

First, the stock solutions of gelatin and alginate were
prepared separately by dissolving 0, 200, 400, 600, and
800 mg of each powder in 10 mL deionized water to
obtain 0, 2, 4, 6, and 8 w/v% of each hydrogel. The
schematic microstructure of gelatin and alginate is
shown in Figure 1. The hydrogels were filtered and
stirred at 600 rpm at 40°C for 30 min to obtain clear
homogenous hydrogel solutions. Alginate was added to
the stirring gelatin solution dropwise to obtain gelatin-
alginate hydrogel mixtures with a total concentration of
8 w/v%, as shown in Table 1. To print the cell-laden
dressings, 10° cells/mL of the primary (HDF, ScienCell
Research Laboratories, CA, USA) were centrifuged
and suspended in DMEM and added to the stirring
gelatin solution at 37°C. Then, the alginate solution
was added dropwise. The hydrogels were poured into
plastic cartridges for 3D printing. The cartridges were
centrifuged at 300 rpm for 1 min to remove the air
bubbles and then stored at 4°C. All the materials and
equipment were autoclaved or sterilized with UV light
before the experiments.

Sodium Alginate Gelatin

Nt \)/‘\’

Human Dermal Firoblasts

Mixing and

( Alginate \

2.3. 3D printing

We adopted the extrusion-based 3D printing technology
as a low-temperature bioprinting modality using the
Inkredible®bioprinter (CELLINK Corporation, Sweden).
The dressings were printed directly onto sterile Petri
dishes with the print head and print bed temperature
adjusted at 22 — 23°C and 15°C, respectively. The
dressings were printed at 2.5 mm/s speed in square and
dog bone geometries at 20 x 20 x 3 mm® and 30 x 10 x 5
mm?® dimensions, respectively, for different testing setups.

Table 1 shows the composition and printing
parameters for each hydrogel. To improve the mechanical
properties, the 3D-printed dressings were immersed in
calcium chloride (CaCl,) 0.2 M solution for 10 min to
form cross-links between alginate chains. The cross-
linked 3D-printed dressings were washed with deionized
water 3 times to remove the excessive Ca ions. The
3D-printed dressings were stored at 4°C for further use.
Figure 2 shows the bioink preparation and 3D printing
process.

2.4. Structural and physicochemical
characterization
2.4.1. Rheological behavior and viscosity measurement

The rheological behavior of the hydrogels was measured
before 3D printing. All rheology tests were performed by

Bioink
Fibroblasts

Gelatin chains

>

Calcium ions

°
%00

Figure 1. Schematic of the structure of sodium alginate, gelatin, and gelatin-alginate blend in 3D-printed cell-laden dressings. Gelatin and
alginate are semi-interpenetrating networks (semi-IPN), whereby the linear chains of alginate are embedded within the gelatin network,

which decreases the free volumel”,

Table 1. Gelatin-alginate hydrogel compositions and printing parameters

Hydrogel composition Sample code Nozzle inner Extrusion Print head
(in 10 mL deionized water) diameter (mm) pressure (kPa) temperature (°C)
8 w/v% gelatin G8-A0 0.337 40+10 22

6 w/v% gelatin+2 w/v% alginate G6-A2 0.337 50+10 22.5

4 w/v% gelatin+4 w/v% alginate G4-A4 0.26 80+10 22.5

2 w/v% gelatin+6 w/v% alginate G2-A6 0.26 80+10 22.5

8 w/v% alginate GO0-A8 0.26 100 + 20 23
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Figure 2. Fabrication of 3D-printed wound dressings with alginate, gelatin, and human dermal fibroblasts for partial-thickness burn wounds

followed by 10 min crosslinking with calcium chloride solution.

a Rheometer (HAAKE™ MARS™, Thermo Scientific,
MA, USA) using a parallel plate (diameter = 35 mm)
setup with a frequency of 1 Hz and a gap of 1 mm at
22°C for 300 s. All measurements were performed within
the linear viscoelastic region. To relate the rheological
behavior and bioink composition, the storage modulus
and loss modulus (G’ and G”, respectively) were analyzed
for the various gelatin: alginate ratios.

The viscosity and shear thinning behavior of the
non-printed hydrogels with different ratios of gelatin
and alginate were measured by a rotational rheometer
(Kinexus, Ultra+, Malvern Instruments Ltd., UK) using a
parallel plate setup for shear rate ramp test with a 0.5 mm
gap at 22°C. The tests were conducted using a solvent
trap to avoid drying during the test. To relate the shear
thinning behavior and bioink composition, the shear
stress, shear strain, and shear rate were measured for the
various gelatin: alginate ratios.

2.4.2. Mechanical testing

A uniaxial tensile test was performed on the dog-bone-
shaped scaffolds of dimensions 25 x 50 x 1 mm® in
accordance with the ASTM F2150-8 standard. Young’s
moduli of the 3D-printed scaffolds were measured using
the Universal Instron 5969 Dual Column Testing System
(Instron, MA, USA) and the BlueHill Universal Software
system (n = 3). The scaffolds were assessed using a
mechanical load frame at a speed of 5 mm/min typical for
polymer specimens to measure the modulus of elasticity,
yield strength, and yield strain of the scaffolds.

2.4.3. Fourier-transform infrared spectroscopy (FTIR)

A Nicolet iS50 FTIR spectrophotometer (Thermo
Scientific, MA, USA) equipped with a diamond crystal
cell of attenuated total reflection accessory in the mid-IR
region (4000 — 400 cm™). All the spectra were recorded
at a resolution of 4 cm™ with 32 scans with a data spacing
of 0.482 cm™. 500 uL of each hydrogel sample were
loaded on the beam splitter area to make a thin film on

the crystal. A fresh reference spectrum was recorded after
every five scans and deducted from the obtained spectra.
All the recorded spectra were analyzed with OMNIC
9.2.41 software (Thermo Scientific, MA, USA), and
data showed as Transmittance (%) against wavenumber
(cm™). The IR Spectrum data from Sigma Aldrich were
used to identify characteristic chemical bonds in gelatin,
alginate, and water.

2.5. Swelling capacity and biodegradation rate
measurement

To determine the further interactions between the wound
and dressing, the swelling capacity and the degradation
rate of the 3D-printed dressings were recorded after
soaking in phosphate-buffered saline (PBS). Samples
were dried at room temperature, and the dry weight of the
samples was recorded as W, (n = 3). Then, the samples
were immersed in 3 mL PBS at 32°C to reach equilibrium
swelling and subsequent degradation. The weight changes
in determined time intervals were recorded for up to
7 days as the dressings will stay on the wound for up to
7 days. The dressing’s swelling capacity and degradation
rate were calculated using the following equations:
Swelling capacity (%) = w x100 (1)
D

WD — WWeekl (2)

Degradati t / min) =
egradationrate(mg | min) = % 24 % 60

where W is the initial dry weight, W __ is the
maximum weight of the scaffolds after immersion, and
W_ ., is the weight after 1 week of immersion in PBS.

2.6. Hydration activity test

To measure the effect of gelatin: alginate ratio on
hydration activity, firstly, the total amount of water
in each 3D-printed scaffold was measured using
thermogravimetric analysis on 250°C for 10 min (SDT
Q600 V20.9 Build 20, Universal V4.5A TA Instruments,

International Journal of Bioprinting (2022)—Volume 8, Issue 4 277



3D Printed Dressings for Burn Wound Treatment

USA). The weight change was considered as the total
water content (n = 3)B%,

To predict the hydration activity of the samples
on burn wounds, ethylcellulose super absorbent foam
(Shield Line LLC, NJ, USA) was used as a model of the
dehydrated burn wound. The 3D-printed dressings were
mounted on the foam surface at 32°C, and hydration
activity was calculated by weight change after 24 h.
It is highly important to provide continuous hydration
in the first 24 h after injury, because the systemic
capillary leak, intravascular fluid loss, and large fluid
shifts will mostly occur within the first 24 h, peaking at
around 6 — 8 h after injury®'3%, The total water content
and moisturizing activity were calculated using the
following equations:

Wo =Wy x 100 3)
W

Total water content (%) =

(o — W)

Moisturizing activity =
g y W, —w,

4)

where W/ is the initial weight, W, is the weight after
heating at 250°C, and W, is the weight after placing on
dry surfaces for 24 h.

2.7. In vitro biological evaluation
2.7.1 MTT assay

MTT assay was used to test and compare the viability
and proliferation of dermal cells after exposure to the
3D-printed acellular dressings. In this research, the
sample extracts were used to indirectly evaluate the cell
viability in accordance with the ISO-10993 standard. The
extracts were collected and filtered after 3, 7, and 14 days
of immersion of the 3D-printed dressing in DMEM
(3 replications). The DMEM culture media with no
further treatment were considered as the control sample.
First, HDF cells were cultured in 100 uL. DMEM plus
10% FBS and 1% pen/strep (10* cells/well) and incubated
at 37°C with 5% carbon dioxide (CO,). After 24 h, the
initial culture media were replaced by 90 uL sample
extract fortified with 9% FBS plus 1% pen/strep. After
24 h, the media were replaced by 100 uL MTT 0.5 M
solution. After 4 h, the MTT solution was replaced by
100 uL isopropanol. After 30 min, the optical density
(OD) of formazan crystals was read at 545 nm using an
ELISA reader (Stat Fax 2100, USA).

2.7.2. Live/dead assay

Live/Dead assay was used to assess the direct cell
viability of the 3D-bioprinted dressings using HDFs.
Therefore, the 3D-bioprinted cell-laden dressings were
evaluated in direct contact with HDF cells (n = 3).

Non-printed hydrogels were mixed with 10° cells/mL
and consequently bioprinted under aseptic conditions.
The bioprinted cell-laden scaffolds were placed in 6-well
plates and maintained in 5 mL DMEM fortified with 5%
FBS and 1% Pen/Strep. Blank wells cultured with HDFs
with no further treatment were considered as the control
samples. After 3 days of incubation at 37°C, the cell-
laden scaffolds were exposed to the Live/Dead staining
kit (Abcam, MA, USA) for 10 min according to the
manufacturer’s manual. The viable and dead cells within
the samples were observed using a confocal microscope
(Nikon, Japan) in green and red channel, respectively. The
live and dead cell counts were measured using ImageJ
software v1.53s (National Institute of Health, MD, USA).

2.8. Animal test
2.8.1. In vivo burn wound model

All in vivo experiments were approved by the Institutional
Animal Care and Use Committee at the Missouri
University of Science and Technology (Reference
No. 177-20). The ability of the 3D-printed wound
dressings for the treatment of deep PTB wound healing
was evaluated by creating a circular burn wound using a
hot metal bar on the lumbar area of 18 Sprague Dawley
rats, in three groups of six rats in each group (n=6), as
follows:
i.  Control: Wounds covered with petrolatum gauze as
the current standard of care
ii. Non-printed hydrogel: Wounds covered with non-
printed hydrogel
iii. 3D-printed hydrogel: Wounds
3D-printed hydrogel dressings.
After shaving the animal’s back area, the skin was
cleaned with iodine and then sterilized with alcohol
swabs. The animals were anesthetized using inhaled
isoflurane through a nose cone. The deep partial-
thickness defect was made by placing a 100°C metal bar
of 20 mm diameter on the lumbar area of the rat for 10
s. After implementation, the wounds were disinfected by
Dermoplast antiseptic spray (Advantice Health LLC, NJ,
USA). After applying the treatment, the wounds were
covered with Petrolatum Gauze and Elastikon bandage
(3M, MN, USA). Figure 3 shows the application of
dressing on the wounds in the three groups. All animals
were monitored for post-operative recovery on a daily
basis, and the wounds were inspected under isoflurane
anesthesia every week to record the change in wound
size and formation of necrotic tissue formation. Sharp
debridement was performed and recorded if needed. The
experiment was terminated after 4 weeks by euthanizing
the animals using a lethal dose of CO,. Wound tissue
explants were incised and fixed in formalin solution
overnight for further histology investigation.

covered with
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2.8.2. Wound closure

Dermal wounds were photographed every week after
removing the old dressing and before rebandaging, to
track the wound size, color, necrotic tissue formation,
and any trauma caused by dressing removal. A sterile
disposable ruler was inserted close to the wound as the
scale. The wound size was quantified by tracing the
wound border in each photograph using ImagelJ software.
The wound closure was calculated as follows:

Wound closure (%) = AOA.%A’ x 100 5)

where A is the wound area immediately after wound
implementation, and A is the wound area at time t (i.e., 1,
2, 3, and 4 weeks). Traumatic removal was evaluated by
assessing the presence of traumatic laceration, bleeding,
and redness in wound margins and surrounding tissues
after the dressing removal.

2.8.3. Histology analysis

Wound tissue explants (25 x 25 mm?) were resected
and fixed overnight in 10% neutral buffered formalin,
then cut into 1 mm thickness tissue blocks that include
wound tissues, margins, and surrounding tissues. Tissue
blocks were processed and embedded in paraffin using
a fully automated tissue processor (TissueTek 2000,
Sakura Finetek, CA, USA). Tissue blocks were sectioned
at 5 um and mounted on positively charged glass slides
for staining with hematoxylin and eosin (H&E). The
slides were imaged using a transmitted light bright
field microscope (Olympus BXS53 microscope fitted

with an Olympus DP70 digital camera) using the x4
and x10 objective lenses. The entire tissue section was
scanned, digitally photographed, and “photomerged” to
form a single composite image using Adobe Photoshop
(Adobe, CA, USA). Quantitative histomorphometry was
performed by measuring the epidermal layer, dermal
layer, and granulation tissue (GT) thickness. H& E-stained
sections were blindly graded by two trained graders with
sections scored on a scale of 0 — 4 in terms of ER, dermal
regeneration (DR), and GT thickness??), as depicted in
Table 2. ImageJ and Adobe Photoshop software were
used for histomorphometric evaluations and tissue slide
photo merging.

2.9. Statistical analysis

All experimental results were reported as the means +
SD of at least three replications for each sample per test.
Statistical significance was determined using one-way
ANOVA and Student’s #-test with (P < 0.05) as the level
of significance.

3. Results and discussion

3.1. Rheological behavior and shear thinning
behavior

An important question associated with hydrogel 3D
printing is the effect of rheological properties on
printability. Printable materials ideally enable the
consistent flow and reproducible fabrication. Viscosity
has been widely reported as the determinant factor
of printability in viscoelastic materials, for example,

Figure 3. Animal test for the evaluation of deep partial-thickness burn wound healing using a rat model in three groups. Burn wounds
covered with (A) petrolatum gauze, (B) non-printed hydrogel, and (C) 3D-printed hydrogel dressings.

Table 2. Qualitative histological grading criteria adopted from Altavilla et al.**

Score Epidermal regeneration Dermal regeneration Granulation tissue thickness
0 No epidermal organization No dermal organization Very thin or no granular layer
1 Very little epidermal organization Very little dermal organization Thin granulation layer

2 Little epidermal organization Little dermal organization Moderate granulation layer

3 Moderate epidermal organization Moderate dermal organization Thick granular layer

4 Complete remodeling of epidermis Complete remodeling of dermis Very thick or no granular layer
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hydrogels. Due to the complexity of shear modulus in
viscoelastic materials, this parameter is described by two
distinct dynamic modulus components including storage
modulus (G”) and loss modulus (G”), which are associated
with elastic and viscous behavior, respectively. The
rheological behavior of the non-printed gelatin-alginate
hydrogels was studied to relate the bioink composition
with the shear modulus. As shown in Figure 4A, the
alginate content dominantly affects both complex
viscosity and elasticity, as by increasing the alginate
content from 0 to 8 w/v%, both G’ and G” increased. This
is associated with the relatively higher molecular weight
and polarity of functional groups in alginate chains and
the higher fluctuation of the intramolecular non-covalent
bonds in gelatin chains*. Our observation is consistent
with that reported in Gao et al.?). The increase in G’ and
G” requires the extrusion pressure to increase, as shown in
Table 1. Figure 4B shows the shear thinning behavior of
the hydrogels. G6-A2 showed the highest shear thinning,
followed by G4-A4 and G2-A6. Plain gelatin and plain
alginate showed the lowest shear thinning behavior.
The shear thinning results suggest that hydrogel blend
exhibits higher shear thinning behavior due to increased
electrostatic interaction between gelatin and alginate
chains and decreased free volume. Figure 5 shows the
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Figure 4. (A) Complex shear moduli (G’ and G”) of the non-
printed hydrogels. Alginate content is associated with higher G’
and G”, (B) shear thinning behavior of the non-printed hydrogels.
Plain alginate and plain gelatin showed the lowest shear-thinning
behavior, while G6-A2 exhibited the greatest shear-thinning
behavior followed by G4-A4 and G2-A2.

3D-printed dressings in a square grid pattern. GO-AS8
and G2-A6 showed poor post-printing shape fidelity,
suggesting that higher alginate content not only requires
higher printing pressure but also decreases the pore shape
fidelity compared to samples with lower alginate content.
G4-A4 dressing showed the finest mesh structure and best
shape fidelity, followed by G6-A2. The nozzle diameter
is one of the most important printing parameters directly
affecting the printing outcomel. Initially, all samples
were printed using the same nozzle size. However, as
shown in Table 1, larger nozzle diameters were used
to print G6-A2 and G8-A0, as these samples showed
inconsistent extrusion with smaller nozzles, while G4-
A4, G2-A6, and GO-A8 showed consistent extrusion
with the smaller nozzle. G2-A6 and G0-A8 showed poor
shape fidelity, even with the smaller nozzle size due to
higher viscosity and lower shear thinning behavior in
these samples. The better shape fidelity in the G4-A4 over
G6-A2 hydrogel results from (i) higher shear thinning
behavior, as shown in Figure 4B, (ii) using a smaller
nozzle that increases the extrusion accuracy in G4-A4,
and (iii) desired electrostatic interactions between gelatin
and alginate chains as semi-interpenetrating network
(semi-IPN) hydrogel blends. The physical entanglement
of alginate chains within the ample free volume in
gelatin network increases the electrostatic interactions
in the hydrogel blend, as shown in Figure 1. The G8-
A0 hydrogel showed poor printability and irregular pore
shape due to the low viscosity and poor shear thinning
behavior (Figure 4B), high chain fluctuation at room
temperature, and inconsistent extrudability even with the
larger nozzle size.

The required energy for hydrogel extrusion is
associated with the length of polymeric chains, that is,
the molecular weight. The molecular weight of gelatin
ranges from 50 to 100 kDa with very low extensibility
of the network and high entropy in 22 — 23°C, which
justifies the relatively low viscosity and elasticity of
gelatin®”. Alginate consists of linear pleated chains
of mannuronic acid and guluronic acid, as depicted in
Figure 1. Sodium alginate with higher mannuronic acid
to guluronic acid (M: G) ratio shows lower gelation
with better extrudability than calcium alginate, which is
in the sol state’®®. The G8-A0 sample, that is, the plain
gelatin, is classified as a temperature-sensitive hydrogel
with relatively low viscosity, which is not ideal for
extrusion-based 3D printing. The superior extrudability
and printability of the G4-A4 and G6-A2 dressings are
associated with the higher chemical interactions between
the amine groups in gelatin and the carboxylate and
hydroxyl groups in alginate. The physical entanglement in
the hydrogel blend reduces the free volume at a molecular
level. The linear cationic chains in alginate occupy the
free volume in the gelatin network, making the hydrogel
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Figure 5. Photographs of the 3D-printed dressings. G4-A4 and G6-A2 dressings showed the finest mesh structure and best shape fidelity.
The G8-A0 showed poor printability and inconsistent pore shape fidelity, while G2-A6 and G0-A8 samples were too viscous and difficult

to extrude with irregular pore shape and size.

blend denser and more consistent, as both gelatin and
alginate are semi-interpenetrating networks (semi-IPN),
as depicted in Figure 1. In semi-IPN hydrogel blends, a
linear or branched hydrogel is embedded within the other
hydrogel network with or without crosslinking, which
decreases the free volume. While in IPN hydrogels,
two or more hydrogels cross-link in the presence of
each other to form a 3D network with an increased free
volume®!. The lower free volume and higher consistency
are responsible for enhanced flowability in the hydrogel
mixture. Accordingly, the G6-A2 and G4-A4 hydrogel
samples exhibit a good balance between viscosity and
extrudability. Higher viscosity implies mixed effects on
hydrogel printability, fror example, higher mechanical
stability but lower printability due to the higher extrusion
pressure required. Furthermore, higher extrusion pressure
increases shear stress during printing, which is invasive
to the cells. Shear stresses have been shown to induce
morphological changes, cytoskeleton reorganization, and
generation of reactive oxygen species, and alter gene and
protein expression®”,

3.2. Mechanical properties

Many authors in the literature have discussed the effects of
calcium ion exposure on sodium-alginate crosslinking and
mechanical strength®. In this research, we cross-linked
the 3D-printed dressings with different gelatin: alginate
ratios to improve the mechanical strength. Figure 6
shows Young’s modulus of the 3D-printed dressings. It
is important to highlight the fact that wound dressings are
required to exhibit adequate tensile stiffness during the
application, wearing, and removal to serve as a barrier
against traumas and external pathogens. Furthermore,
dressings should be adequately elastic to adapt to the
wound surrounding tissues and body movement, that is,
in the same range as normal skin®”, The Young’s modulus
(E) of normal skin fluctuates between 0.42 MPa and
0.85 MPa*!l. The tensile testing results from this work
strongly support the positive effect of alginate content
on mechanical stiffness due to (i) stronger chemical
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Figure 6. Young’s modulus of 3D-printed dressings (n = 3).
Mechanical stiffness is increased by alginate content; however,
only G6-A2 samples are in the same range as normal skin. The
Young’s Modulus of the normal skin is adopted from!“!. Wound
dressings need to have the stiffness matched with normal skin to
support body movement, non-adhesive coverage, and persistence
on the wound site. The mechanical properties of the plain gelatin
dressing are not measurable.

bonds in post-printing alginate and (ii) a larger number
of cross-links formed within the alginate network. It is
generally accepted that the stronger chemical bonds in
the hydrogel network result in higher mechanical strength
and lower permeability. However, only the 3D-printed
G6-A2 dressings exhibited Young’s modulus in the
range of the normal skin. Burn wound dressings must
provide a non-adhesive surface that is elastic enough
to support body movement with no pain or trauma in
the wound site. Furthermore, an adequate mechanical
stiffness is required to maintain the dressings fixed on the
wound without falling apart. Therefore, the samples with
Young’s modulus matched with normal skin considered
as best samples for further testing. It is notable that the
dressings with lower stiffness will move on the wound
surface during body movement, while dressings with
higher stiffness compared to the skin will limit body
movement causing stress shielding, secondary trauma,
and skin tear on the wound site and surrounding tissues.
The G8-A0 sample was excluded from experiment as the
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mechanical properties of this sample is not measurable
due to the lack of crosslinks.

3.3. Chemical structure

Notably, the hydrogel-based bioinks provide good
permeability to oxygen and nutrients. FTIR spectroscopy
was conducted to evaluate the interactions between the
alginate and gelatin within the hydrogel blend. The IR
spectra of the gelatin-alginate complex are shown in
Figure 7 in accordance with their structure, as shown in
Figure 1 and Figure 8A-B. Alginate and gelatin have
overlapping carboxylate groups and hydroxyl groups in
different intensities associated with 3200 — 3500 cm’!
characteristic peaks. The amide bonds increase as the
gelatin concentration increases, while at the same time,
the carboxylate groups decrease as the concentration of
alginate decreases, which is compensated by the rising
gelatin content. Specifically, the spectrum of sodium
alginate displayed the characteristic absorption bands
of its polysaccharide structure at 1318 cm' (C-O
stretching), 1126 cm™ (C—C stretching), and 1021 cm!
(C-O-C stretching). The absorption bands around 1620
and 1416 cm™ are assigned to asymmetric and symmetric
stretching peaks of the carboxylate groups in alginatel*>44],

N-H stretch & vibration Amide | Amide l1&IIl Amide [V

Overlapping O-H stretch C=Ostretch / ¢ N stretch
W
s:": —G8-A0
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Figure 7. Fourier-transform infrared spectroscopy spectra of
hydrogel samples. The characteristic IR bands associated with
gelatin, sodium alginate, and water are shown by red arrows, blue
arrows, and light blue boxes, respectively.

The FTIR spectrum of gelatin has the characteristic
absorption bands at 1659 cm™! (amide I, C—O, and C-N
stretching), 1547 cm™ and 1243 cm™! (amide 1T and
II, C-H stretching vibration, and N-H bending), and
601 cm! (Amide IV, C-N), respectively!>+7,

In the spectra of the alginate-gelatin complex in
G6-A2, G4-A4, and G2-A6 samples, the stretching peak
assigned with carboxylate groups of alginate slightly
shifted to the left, which is due to the overlapping
peaks of amide I and amide II peaks and the dominant
absorption of water O-H scissors (1634 cm™) in this
area. The formation of intermolecular hydrogen bonds
between different functional groups in gelatin and
alginate makes a favorable entanglement for enhanced
rheological, shear thinning, and mechanical behavior
at certain ratios of gelatin: alginate. However, after
crosslinking the 3D-printed dressings, the formation of
covalent cross-links between calcium ions and guluronic
acid blocks in alginate results in lower permeability and
higher mechanical stiffness®!.

3.4. Degradation rate and hydrating activity

Figures 9A and B depict the swelling and degradation
profile of the 3D-printed dressings after immersing in
PBS at 32°C. All samples showed swelling (i.e., water
absorption) in the early 24 h, while G6-A2 dressings
showed significantly higher swelling capacity than the
other 3D-printed dressings. The higher swelling capacity
of this sample is due to the higher water permeability of
the gelatin chains, which is clearly associated with the
low molecular weight and weak chemical bonds in the
gelatin structure. After cross-linking, stronger chemical
bonds will form within the alginate chains by exchanging
the sodium ions with calcium ions. It is associated
with a lower permeability to water molecules and, thus
lower swelling in the alginate chain. Based on the same
rationale, the degradation rate of the samples with higher
gelatin content is significantly faster than the alginate
chain. This is particularly important when investigating
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Figure 8. (A) Sodium alginate has linear chains composed of mannuronic acid and guluronic acid with carboxylate groups and hydroxyl
groups. During cross-linking calcium ions replace the sodium ions in the guluronic acid monomers, resulting in intermolecular bonds
between calcium ions and alginate chains that forms a linear and packed egg-box structure. (B) Gelatin is a bioactive derivative of collagen
composed of amide groups with relatively high free volume and low viscosity.
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Figure 9. (A) Swelling capacity and degradation of the 3D-printed dressings (z = 3). (B) One-week degradation rate of 3D-printed dressings
(n =3). Samples with higher gelatin content showed a faster degradation rate and higher swelling capacity. All samples could stay in PBS
for at least 7 days (168 h). The G6-A2 dressings with the highest gelatin content showed significantly faster degradation (P < 0.05), which
means that the permeability of this sample is higher than the other samples. (C) Total water content and hydration activity of the gelatin-
alginate 3D-printed dressing on a super-absorbent surface to simulate dry burn wound surface (n = 3, P < 0.05). The higher permeability in
this sample justifies its faster degradation and higher water donation.

wound care products, as it is favorable for wound
dressings to stay on the wound for 3 — 7 days to reduce the
pain and discomfort to the patient, risk of infection, the
trauma caused by dressing removal, and cost. All samples
showed up to 7 days of persistence in PBS, which predicts
the long-lasting persistence of the proposed dressings on
the wounds. As shown in Figure 9B, the degradation
rate in the 3D-printed dressing decreased by increasing
the alginate concentration, which confirms the prolonged
degradation of G0-A8 and G2-A6 due to the higher
covalent cross-links in these samples. The results from
swelling and degradation rate support the clinical stability
of all dressings for 1-week wound coverage. The G6-A2
dressings showed the fastest and highest degradation
associated with the acidic residues of the gelatin chain
during the degradation, which can also accelerate the
degradation of alginate chains. Furthermore, as shown in
Figure 9A and B, the faster degradation rate and higher
swelling capacity in G6-A2 dressing are associated with
higher interaction with water molecules, which is a key
factor for further biocompatibility. According to other
studies, an acidic environment helps wound healing
by controlling wound infection, antimicrobial activity,
protease activity, and oxygen release!*®*], Notably, the
dressing samples with prolonged degradation that remains
longer than 7 days on the wound are not recommended
for burn wound healing due to the lower interactions with
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wound surface and prolonged healing that increase the
infection risk and chronic wound incidence. Accordingly,
the G6-A2 dressing with relatively higher gelatin content
and adequate degradation rate will support burn wound
healing more efficiently compared to the other samples.
We studied the water content and water donation
ability ofthe 3D-printed dressings to predict their hydration
activity for clinical burn wound healing. Figure 9C depicts
the total water content and overnight water donation
of the dressings on ethylcellulose substrate as a super-
absorbent surface representing the dehydrated surface
of burn wounds. The water content slightly increased by
gelatin concentration, as G6-A2 dressings showed 94.3
+ 2.9% water content. Furthermore, by increasing the
gelatin concentration, hydration activity is increased after
overnight exposure to the ethylcellulose membrane as a
burn wound model, which is due to the (i) lower degree
of cross-linking, (ii) weaker chemical bonds, (iii) higher
permeability, and (iv) lower molecular weight of gelatin
network compared to alginate chains. This is consistent
with the higher swelling capacity and faster degradation
rate in the G6-A2 dressing. Figures 8A and B show
the electrostatic interactions between the amide groups
of gelatin and the carboxylate and hydroxyl groups
of alginate, which are associated with the increased
physical entanglement and the reduced free volume in
the hydrogel mixture network, particularly in the G6-A2
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and G4-A4 dressings. The lower free volume and higher
entanglement are associated with higher consistency and
flowability. It also justifies the lower viscosity and better
shape fidelity outputs in G4-A4 and G6-A2 dressings,
which have the most entanglement between the gelatin
amide groups and alginate carboxylate/hydroxyl groups.
These results collectively indicate the promising burn
wound healing capacity of the G6-A2 dressing.

3.5. In vitro biological evaluation

The in vitro biocompatibility of 3D-printed gelatin-
alginate dressings was evaluated by MTT assay and Live/
Dead assay, using HDFs, as depicted in Figures 10 and
11. The viability and proliferation of HDF cells after 24 h
of exposure to the dressings extracts were determined
using an MTT assay after 1, 3, and 7 days to measure OD
values. According to the MTT results, G6-A2 dressing
showed slightly lower cell viability than the control
group on days 1 and 3 (P > 0.05). On day 7, this sample
exhibited the highest cell proliferation compared to the
rest of the samples and the control group (P < 0.05). In
contrast, when the alginate concentration was increased,
cell viability decreased on days 1 and 3 compared to the
control group. The gelatin concentration positively affects
cell viability, as the amino acids in the gelatin chains
provide a favorable matrix for cell attachment, resulting in
increased cell proliferation in G6-A2 dressing compared
to the other samples. Gelatin is a product of partial
hydrolysis of collagen protein, which is the main protein
of the dermal extracellular matrix (ECM). Hence, gelatin
can provide the required ingredients for bioactive DR with
no adverse immune response that justifies the positive
effect of gelatin content on cell viability and biological
response. More specifically, arginylglycylaspartic acid
(arginine—glycine—aspartic acid, i.e., RGD) is the most
common peptide motif responsible for cell adhesion

Cell viability (%)

3 days

to the ECM. Gelatin contains RGD peptide sequences,
which are essential for stable communication between the
cells and the surrounding ECM. The presence of amino
acids and RGDs in the gelatin network provides favorable
anchors for cell attachment and proliferation to enhance
cell adhesion through interactions with integrin and
fibronectin®®3!, On day 7, 3D-printed G6-A2 dressings
showed higher cell viability than the control group and
other groups, which confirms the long-term cell viability
of the G6-A2 dressings.

The Live/Dead assay results in Figure 11 indicate
only a few dead cells in G6-A2 cell-laden dressings,
associated with higher RGD available in this dressing.
However, this sample showed no significant difference in
cell survival compared to the control group (P > 0.05). In
contrast, it showed significantly higher cell viability and
biocompatibility than the rest of the samples (P < 0.05).
This is consistent with the findings of the MTT assay
(Figure 10). Higher alginate concentration exhibits lower
cell viability due to the lack of RGD sequences within
the alginate chains. Accordingly, the GO-A8 and G2-A6
dressings were excluded from animal test due to the
significantly lower cell viability.

In summary, the lower cell viability of samples with
higher alginate content is associated with lack of RGDs
and lower interaction with water molecules due to the
lower free volume, stronger chemical bonds, and higher
molecular weight of alginate compared to gelatin. For the
same reason, samples with higher alginate content exhibit
higher stiffness. In clinical practices, wound dressings are
required to exhibit mechanical stiffness in the range of
normal healthy skin to allow for painless body movement.
Despite the superior extrudability of G4-A4 dressings,
this sample is excluded from the further animal test due to
the lower biocompatibility and higher stiffness compared
to the normal skin.
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Figure 10. Indirect in vitro biological evaluation of the 3D-printed dressings. MTT assay results showed that cell viability and proliferation
increased significantly by increasing the gelatin content. G6-A2 samples showed higher cell viability than the control group on day 7.
(n = 3; %, ** **%* and NS denote P <0.05, P <0.01, P <0.001, and non-significant difference, respectively).
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Figure 11. Direct in vitro biological evaluation of the 3D-printed dressings. (A) Live/Dead confocal images of cell-laden dressings after
3 days of culture. Living cells are depicted in green, while dead cells are depicted in red. (B) Cell-laden dressing cultured in Dulbecco’s
modified eagles medium for further Live/Dead assay. (C) Quantitative representation of cell viability based on the Live/Dead confocal
images. Samples with higher gelatin content showed higher cell survival than those with higher alginate content. The G6-A2 dressings
showed no significant difference with the control sample in terms of cell survival, while significantly higher cell survival compared to other
samples. (n =3, * and NS denote P < 0.05 and non-significant difference, respectively).

3.6. In vivo burn wound healing

To improve our understanding of the effect of 3D-printed
dressings on wound healing, we applied the 3D-printed
hydrogel dressings on burn wounds using a rat model. To
meet the ethical issues associated with the animal tests,
we performed the animal test only on one representative
group (i.e., the best sample) as the treatment group.
Although the G8-A0 showed the highest hydration activity
and cell viability, it is excluded from animal testing due to
its undesirable fast degradation time, lack of mechanical
stability, and poor shape fidelity. As discussed, the GO-AS8
and G2-A6 suffer from significantly lower cell viability,
preventing the inclusion of these samples in the animal
test. Despite the superior rheological behavior of G4-
A4 dressings, it is associated with two major concerns:
(i) mechanical stiffness out of the range of normal skin,
which can cause pain and loss of fixity on the wound site,
and (i1) significantly lower cell viability compared to the
control sample (P < 0.05) and G6-A2 dressings. Overall,
the 3D-printed dressing with 75% gelatin and 25%
alginate (i.e., G6-A2) showed the best tradeoff between
shape fidelity, hydration activity, and in vitro biological
response. In addition, only this sample exhibited adequate
mechanical stiffness matched with normal skin.

To differentiate the effect of 3D printing technology
with hydrogel composition on wound healing activity,
we examined non-printed G6-A2 against 3D-printed
G6-A2. The in vivo burn wound healing efficacy of
G6-A2 dressings in critical-sized deep PTB using an
SD rat model in a 28-day experiment. Wounds were

rebandaged and imaged every 7 days for 4 weeks. Wound
images on days 0, 7, 14, 21, and 28 were analyzed to
estimate the wound contraction ranging from the initial
deep PTB of 20 mm diameter on day 0 to the full-wound
closure on day 28. Figure 12 shows the wound closure
as the main characteristic of wound healing, indicating
that the wound closure occurred significantly faster
in both printed and non-printed hydrogel (3D-printed
and non-printed G6-A2) than in the control group.
The 3D-printed dressing showed slightly faster wound
closure than the non-printed hydrogel with the same
composition, and both showed significantly faster wound
closure than the control group. Table 3 compares the
different parameters of wound treatment, including ease
of use, necrotic tissue formation, and wound margins
for treatment groups and control groups. Both treatment
groups showed less necrotic tissue than the control group
(P <0.05), while the 3D-printed dressings showed better
autolytic debridement with smoother wound margins
that is less invasive, as shown in Figure 12 and Table 3.
Furthermore, the dressing removal was less traumatic in
3D-printed dressings than in the non-printed hydrogel and
the control group. In addition, the 3D-printed dressing
group showed smoother wound margins, which results
from more efficient hydration, as shown in Figure 12
and Table 3. The necrotic tissue is significantly lower
in 3D-printed group compared to the control group at
week 3 (P < 0.05). Furthermore, the necrotic tissue in
3D-printed group was automatically debrided without
any sharp debridement or invasive removal of necrotic
tissue. However, the control and non-printed hydrogel
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groups required sharp instruments for the removal of
necrotic tissue. The sharp debridement as an invasive
procedure slows down the healing time and results in
significant pain with further analgesia administration.
The non-adhesive surface of the 3D-printed dressings
keeps the surface from sticking to the wound, with no pain
or harm to the GT or epithelialization during dressing
removal. The non-printed hydrogel is required to be
rinsed rigorously to clean the wound surface. The control
dressing requires intensive force and sharp debridement
to pull off from the wound surface, resulting in trauma,
bleeding, and significant damage to the healing tissue.
The porous surface and higher mechanical integrity
of the 3D-printed dressings are associated with the
autolytic debridement and non-adhesive surface of the
dressings, as well as the continuous water donation that

eek 2

keeps the wound adequately moisturized. As discussed
above, continuous hydration and autolytic debridement
are two key features of burn wound treatment. As shown
in Figures 12-13 and Table 3, the non-printed hydrogel
group is not capable of continuous hydration due to the
fast and uncontrolled release of water molecules in the
first hours, which is due to the lack of crosslinks within
the alginate chains as well as non-porous amorphous
gel compared to the 3D-printed dressing group. The
uncontrolled hydration activity causes wound maceration
(i.e., excessive water absorption in the wound) with an
elevated risk of infection, bacterial load, and wound
dehydration after a few daysP*%l. Lack of continuous
hydration in the non-printed treatment group indicates
that this sample cannot adequately moisturize the wound
for 7 days. The dry surface of petrolatum gauze in the
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Figure 12. Wound healing analysis over 4 weeks (n = 6). Gross examination of wound healing. Wound images from control and treatment
groups. 3D-printed dressings showed less necrotic tissue and smoother wound margins.

Table 3. Comparison between treatment groups and control group

Dressing  Dressing Dressing Moist wound Secondary Necrotic Autolytic Sharp Wound
group application removal healing trauma tissue  debridement debridement margin
Control Easy Very Not seen Extremely >50%  Not seen required Thick
sticky crust
Non-printed Easy Sticky Yes, short-term  Slightly <10% Partially Partially Sloping
hydrogel required
3D-printed Easy Easy Yes, continuous Not seen Not seen Yes Not required  Smooth,
dressing flat
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Figure 13. 3D-printed dressings and non-printed G6-A2 dressings
with 75% gelatin and 25% alginate showed significantly higher
wound closure (i.e., smaller wound size) than the control sample,
while the printed dressing showed slightly higher wound closure
than the non-printed dressing. (n = 3; *, ** and *** denote
P < 0.05,P<0.01, and P <0.001, respectively).

control group cannot support the burn wound hydration
and only keeps it from infection and water loss due to
evaporation, which confirms the low healing capacity
of the standard of care in the group compared to the
proposed treatment (P < 0.05).

Figures 14A-C show representative H&E-
stained slides for the 3D-printed dressings, non-printed
dressings, and control groups. Figure 15 depicts the
average score of ER, DR, and GT formation as the
main indicators of wound healing. The control group
showed the lowest ER with the thickest hyperkeratosis,
as shown in Figure 14A. GT formation after 28 days is
a major indication of immature wound healing, and it
showed the highest level in the control sample. More
specifically, GT refers to the chronically vascularized
tissue that represents the persisted inflammation, mainly
composed of pink and granular tissue with macrophages
and proliferating fibroblasts®¥. The persistence of GT
until week 4 represents immature healing and failed
treatment. As shown in Figures 14A-C, the control
sample shows considerable GT formation, while both
non-printed and 3D-printed dressings show slight GT
formation compared to the control group. On the other
hand, the 3D-printed dressing showed a distinctive
formation of hair follicles due to the continuous
hydration and non-stick surface with aligned pores.
The number of hair follicles (green arrowheads) is
significantly higher in the 3D-printed hydrogel than
in the non-printed hydrogel and the control group.
Furthermore, the hair follicles in the 3D-printed group
showed significantly higher growth from the dermal
layer to the epidermal layer and beyond that, while in
the non-printed hydrogel dressing and the control group,
hair follicles are still in the dermal layer, which means
the growth and development of hair follicles began
after 4 weeks. In the same line, more sweat glands and
skin appendages (white arrowheads) were regenerated

Figure 14. Representative H&E-stained slides for (A) control
group: burn wound covered with petrolatum gauze, (B) wound
covered with non-printed amorphous hydrogel composed of 75%
gelatin and 25% alginate (G6-A2), (C) wounds covered with
3D-printed G6-A2. Pop-outs are regions of interest for further
magnification. Guide: hyperkeratosis (black arrowhead), epidermal
regeneration (dark purple outmost layer), dermal layer (white
arrowhead), granulation tissue (red arrow), hair follicle (green
arrowhead), and sweat glands (yellow arrowhead) labeled in the
images.
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Figure 15. Gross histology results based on the H&E grading scores
(Table 3) regarding epidermal regeneration, dermal regeneration,
and granulation tissue formation. The control group showed
insufficient epidermal and dermal regeneration with the thickest
granulation layer as an indicator of immature tissue treatment, while
the 3D-printed dressing showed significantly higher regeneration
of hair follicles. (n = 6; * and ** denote P < 0.05, P < 0.01, and
P <0.001, respectively).

in all groups, with slightly higher regeneration in the
3D-printed dressing group. Overall, the in vivo results
provide evidences for the positive effects of 3D-printed
dressings on burn wound healing that comes from the
increased degradation rate, mechanical strength, and
contact surface, along with the well-studied wound
healing activity of gelatin-alginate hydrogels as water
reservoir with favorable amino acids sequences within
the hydrogel network.
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The results from this study provide substantial
evidences on the effects of gelatin: alginate ratio on
printability and mechanical properties. As discussed,
alginate content showed positive effects on flowability,
shape fidelity, and mechanical stiffness due to the
higher molecular weight of alginate and the formation
of crosslinks within the alginate network. Accordingly,
gelatin content positively affected degradation rate and
hydration activity due to the lower molecular weight
and higher permeability. Furthermore, gelatin content
is associated with higher cell viability and proliferation
due to the amino acid sequences, specifically RGDs
as a favorable anchor for cell attachment. Overall, the
3D-printed dressing with 6 wt/v% gelatin and 2 w/v%
alginate showed the best balance among shape fidelity,
mechanical properties matched with normal skin,
hydration activity, and in vitro biological response. We
examined 3D printing and hydrogel composition as
two independent variables to more accurately judge the
proposed dressings on deep PTB wound treatment. The
3D-printed dressings showed faster wound closure and
lower wound contracture than the non-printed hydrogel
with the same composition and the standard of care, that
is, petrolatum gauze.

4. Conclusion

In this study, we proposed hydrogel wound dressings
based on different gelatin: alginate ratios that can be
fabricated and customized using 3D printing technology.
The present findings confirm that the higher alginate
content is associated with higher viscosity and tensile
stiffness, while the higher gelatin content is associated
with faster degradation and higher cell viability.
Together, the 3D-printed dressing with 75% gelatin and
25% alginate showed the best tradeoff among shape
fidelity, mechanical stiffness matched with normal skin,
hydration activity, and in vitro biological response.
The findings from in vivo burn wound healing show
evidence of the positive effects of 3D-printed dressings
on wound healing compared to non-printed hydrogels.
Overall, the outcome of this study provides promising
insights for using bioink formulations toward 3D
printing technology as a versatile approach to tissue
engineering and regenerative medicine. The results of
this research can also help further research on more
complicated bioinks incorporated with nanoparticles,
growth factors, and bioactive reagents by providing
details on the gelatin-alginate interactions as a tunable
combination of printability and bioactivity. We
envision that 3D-printed gelatin-alginate bioinks can
be further extended through the other aspects of skin
bioprinting by incorporation of stem cells and other
signaling factors to facilitate scarless wound healing
and regeneration of skin appendages not only for burn

wound treatment, but also for other complex chronic
ulcers such as diabetic foot ulcers and vascular ulcers
as well as to develop skin models for pharmaceutical
and cosmetic industries.
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