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Abstract: Tissue-engineered skin grafts have long been considered to be the most effective treatment
for large skin defects. Especially with the advent of 3D printing technology, the manufacture of
artificial skin scaffold with complex shape and structure is becoming more convenient. However,
the matrix material used as the bio-ink for 3D printing artificial skin is still a challenge. To address
this issue, sodium alginate (SA)/carboxymethyl cellulose (CMC-Na) blend hydrogel was proposed
to be the bio-ink for artificial skin fabrication, and SA/CMC-Na (SC) composite hydrogels at differ-
ent compositions were investigated in terms of morphology, thermal properties, mechanical prop-
erties, and biological properties, so as to screen out the optimal composition ratio of SC for 3D print-
ing artificial skin. Moreover, the designed SC composite hydrogel skin membranes were used for
rabbit wound defeat repairing to evaluate the repair effect. Results show that SC4:1 blend hydrogel
possesses the best mechanical properties, good moisturizing ability, proper degradation rate, and
good biocompatibility, which is most suitable for 3D printing artificial skin. This research provides
a process guidance for the design and fabrication of SA/CMC-Na composite artificial skin.

Keywords: SA/CMC-Na; hydrogel membrane; artificial skin; 3D printing; skin regeneration;
wound healing

1. Introduction

Skin defect resulting from burn injury is a major public health issue. Each year mil-
lions of people around the world suffer from burn injuries, with nearly 300,000 succumb-
ing to mortality [1]. Surgery or skin grafts are always required for the patients with deep
burns, and some patients may die from the infections that are left untreated [2—4]. There
is no widely accepted ideal skin therapy for severe burn injuries, which is still a challenge
in clinic. [5-7]. To date, autologous skin grafting following early excision of necrotic tissue
has been widely used as the best approach for skin repair and reconstruction [8]. How-
ever, autologous skin is usually insufficient for patients with large-area burns due to the
lack of donor skin, and allogenic or heterogeneous skin would lead to a strong immune
response [9]. With the development of tissue engineering, tissue-engineered skin grafting
is considered to be an effective alternative treatment for severe burn injuries with large-
area skin defects [10]. Previous research showed that by culturing the patient’s epidermal
cells or fibroblasts in vitro and transplanting the cultured cells in the tissue-engineered
skin, the native-like skin of the burn patient can be finally regenerated [11]. However,
usually the tissue engineering culture period is too long, during which the wound infec-
tion can easily result from improper protection [12]. Moreover, whether it is autologous
skin grafting or tissue-engineered skin grafting, they are generally subject to some neces-
sary constraints, such as painful skin suture operation and suture excision, which would
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bring great pain to patients with skin injury [13,14]. Meanwhile, it is difficult to make
tissue-engineered skin according to the shape and structural characteristics of the wound
with the traditional tissue engineering technologies.

Currently, with the emergence of 3D bioprinting technology, it would be feasible to
solve the problem of limited skin donation for large-area skin defects [15]. The 3D printing
technology can be used to fabricate components with highly flexible customized struc-
tures. Among all the 3D printing technologies, extrusion 3D printing is the most widely
used technique to fabricate planar artificial skins [16-23], and this printing process pos-
sesses the advantages of being ready to access, easy to manufacture complex structures,
and adjustable to print biomaterials [16-19]. This technology uses pressure to extrude a
mixture of biomaterials, and the mixtures are deposited layer by layer to build a 3D struc-
ture component [17,18] through a controlled movement nozzle.

Sodium alginate (SA), gelatin, chitosan, and carboxymethyl cellulose (CMC-Na), due
to their good biocompatibility and forming characteristics, are widely used in 3D printing
tissue-engineered scaffolds [20-28]. Among them, water solubility of SA is beneficial to
the absorption of wound secretion and the maintenance of a moist wound environment.
As well, due to the hemostasis, the porous alginate non-adhesion wound dressings and
secondary dressings are commonly used in the treatment of wound and burned skin in-
juries. In addition, SA has the advantages of low cost and abundance in source, good bio-
compatibility, suitable viscosity, fast gelling speed, etc., and its gelation is formed almost
immediately by calcium ion cross-linking at room temperature. However, due to the lack
of arginine-glycine-aspartic acid (RGD) motifs, SA is not conductive to cell attachment
[29]. Additionally, the poor tensile stress and compressive stress of pure alginate also
greatly restrict its further application as tissue-engineered materials [30]. Therefore, to ad-
dress the defects mentioned above, some other biomaterials (e.g., nanoparticles, collagen,
gelation, and cellulose) are usually used to improve the biological and mechanical prop-
erties of SA, to meet the requirements of tissue engineering.

In recent years, a large amount of research on SA has been performed. In the study
of Song et al. [30], a hydrogel was fabricated from an aqueous solution of gelatin, sodium
alginate, and carboxymethyl cellulose sodium by radiation-induced cross-linking at room
temperature. The results suggested that the compressive strength of this hydrogel in-
creased significantly with the increase of sodium alginate content. Du et al. [31] fabricated
tubular hydrogel scaffolds of nano-hydroxyapatite/alginate via a layer-by-layer tech-
nique. By changing the nano-hydroxyapatite concentration, the elastic modulus of the hy-
drogel scaffold was adjusted from 0.98 MPa to 2.78 MPa. Choe et al. [20] prepared nano-
composite scaffolds of alginate/gelatin/graphene oxide and applied them for bone heal-
ing. The compressive strength of the fabricated scaffold increased 46.7% after the addition
of graphene oxide. Chen et al. [32] developed a composite membrane of hydroxylate lec-
ithin complex iodine/carboxymethyl chitosan/sodium alginate for burn wound healing
using microwave-assisted drying. The composite membrane has good mechanical prop-
erties. Pan et al. [33] constructed a three-dimensional scaffold by using gelatin/SA compo-
site solution blending with cells as the matrix materials. The structure was further stabi-
lized using a Ca? cross-linking molding process, and the modified gelatin/SA showed the
promise of successful cell adhesion [30-32]. The above studies all focused on the modifi-
cation of sodium alginate and its biological characteristics, but there are relatively few
studies on sodium alginate involving artificial skin. In addition, some researchers have
studied CMC-Na. Alireza et al. [34] studied the physical properties of chitosan/carbox-
ymethyl cellulose/starch biofilms as natural bio-based polymers, and the results showed
that the presence of CMC-Na improved the tensile strength. Based on the properties of
this material, we tried to use CMC-Na to modify the properties of SA, so as to improve
the mechanical strength and provide the cell adhesion point of the scaffold.

Therefore, in this research, we used SA/CMC-Na blend hydrogels at different com-
positions than the printing precursors to fabricate the artificial skin in situ by using a 3D
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bio-printer. To obtain the optimum composition of SA/CMC-Na to fabricate the artificial
skins, the blend hydrogel at different compositions was prepared. Following, the opti-
mum composition of SA/CMC-Na was screened out by investigating the physical and
chemical properties of SA/CMC-Na blending hydrogels. Finally, the optimum hydrogel
precursor was used as the bio-ink to print the artificial skin for the rabbit acute skin wound
repairing tests, and the autologous skin grafting was used as a control to illustrate the
repair effect of the printed artificial skin. We believe this study is of great significance to
the rational design and fabrication of SA/CMC-Na artificial skin for clinical application.

2. Materials and Methods
2.1. Materials

Used materials are as below: Sodium alginate (SA, medicinal grade, Qingdao Bright
Moon Seaweed Group Co., LTD, Qingdao, Shandong, China), sodium carboxymethy] cel-
lulose (medicinal grade, Huzhou Zhanwang Pharmaceutical Co., LTD, Huzhou, Zhejaing,
China), anhydrous calcium chloride (CaClz, analytically pure, Tianjin Hengxing Chemical
Reagent Co. LTD, Tianjin, China), anhydrous ethanol (analytically pure, Tianjin Tianli
Chemical Reagent Co. LTD, Tianjin, China), potassium bromide (analytically pure, Shang-
hai Alighting Biochemical Technology Co., LTD, Shanghai, China), dimethyl sulfoxide
(DMSO, biochemical reagent, Shanghai Alighting Biochemical Technology Co., LTD,
Shanghai, China), DMEM high-glucose medium, 3-(4,5 dimethythiazole-2)-2,5, diphenyl-
tetrazolium bromide, fetal bovine serum (FBS), phosphate buffer (PBS), trypsin-EDTA,
(Beijing Solarbio Technology Co. LTD, Beijing, China), and mouse fibroblast cell line L929
(Wuhan Punoxai Life Technology Co., LTD, Wuhan, Hubei, China). New Zealand rabbits
were kept in a laboratory environment for 1 week, fed regularly daily, and observed. Fol-
lowing, the surgical experimental operations were performed on the New Zealand rab-
bits.

2.2. Preparation of SA/CMC-Na Hydrogel Precursors and the Artificial Skin Membrane

Using the ionized water as solvent, a series of SA/CMC-Na solutions with a mass
percentage of 3 wt% were prepared. In these solutions, the composition ratios of SA and
CMC-Na were 1:0, 1:1, 2:1, 4:1, 81, and 16:1, respectively. A constant-temperature mag-
netic agitator was used to stir the mixed solution at 80 °C for 6 h in a water bath. After SA
and CMC-Na were completely dissolved, the mixed solution was taken out and let for 12
h to achieve the purpose of defoaming. Prior to the manufacturing process, 1 wt% CaCl2
solution was prepared with deionized water for reserve. Finally, the mixed solution of
SA/CMC-Na as the hydrogel precursor was pneumatically deposited on a horizontal
preparation platform by using a bio-printer pneumatic extrusion system (developed by
our lab, see Figure S1 in Supplementary Materials).

Figure 1 shows the artificial skin membrane fabricated by the printing technology,
which possessed a two-tier structure. The diameter of the circular basilar membrane was
2.5 mm and its thickness was 2 mm. The side length of the reticular scaffold was 1.8 mm
and its thickness was 1 mm. The composite scaffold material was printed on the petri dish.
After the basilar membrane was printed, the bottom and side of the basilar membrane
was semi-cross-linked with the atomizer for 10 s. It was ensured that the bottom of the
scaffold could adhere to the surface of the scaffold’s upper layer or the petri dish effec-
tively. Then, the next layer of scaffold (reticular scaffold) was printed and semi-cross-
linked (the cross-linking method was consistent with that of the basement membrane)
until the printing was complete. After the scaffold was printed, 1 wt% CaClz solution was
added to the petri dish until the scaffold was completely immersed and fully cross-linked.



Gels 2021, 7, 115

4 of 18

Figure 1. Appearance of SA/CMC-Na hydrogel membranes fabricated by our pneumatic extrusion
printing system, (a) one layer as a basilar membrane and (b) three layers as a scaffold (two layers
reticular scaffold and lonelayer basilar membrane).

2.3. Characterization
2.3.1. Morphology Analysis

Prior to the SEM observation, the fabricated membrane samples were freeze-dried by
a lyophilizer (Shanghai Tianfeng TF-FD-27, Shanghai, China). One part of the samples
was used to observe the surface morphology (the samples were first cut out of the cross
section and then freeze-dried) and the other part of the samples was used to observe the
cross-section morphology (the samples were first freeze-dried and then quickly cut out of
the cross section). The fabricated membrane samples were coated with gold by an ion
sputtering instrument (Hitachi MC1000, Japan) for 120 s to ensure their conductivity. The
morphologies of the scaffolds were analyzed using SEM (Hitachi TM4000PLUS, Tokyo,
Japan) at 15-kV voltage.

2.3.2. Fourier Transform Infra-Red Spectroscopy (FTIR)

The membrane samples were put into an electric thermostatic blast drying oven at a
temperature of 50 °C for 24 h. Following, the dehydrated samples were ground into pow-
der and evenly mixed with KBr. The resulting mixed powder was used for FTIR analysis.
The FTIR spectroscopy (BRUKER ALPHA II, Germany) scanning range was set for 4000
400 cm™.

2.3.3. Differential Scanning Calorimetry (DSC)

The DSC measurements were performed under a nitrogen atmosphere on a differen-
tial scanning calorimeter (Netzsch DSC214, Germany). All samples were dried in a vac-
uum oven for 24 h to remove moisture at 50 °C, and the crystallinity of the sample was
analyzed by using a DSC (Netzsch DSC214, Germany) after it was restored to room tem-
perature. After that, the samples were measured with a heating rate at 10 °C/min from 25
°C to 200 °C.

2.3.4. Mechanical Property

The mechanical property of SA/CMC-Na hydrogel membranes were evaluated using
an electronic universal material testing machine (Instron 5943, USA). The rectangular
membranes, with size of 53 x 15 x 5 mm, were prepared for tensile testing, and the drawing
speed was set as 20 mm/min. The cylindrical hydrogel samples, with size of ®20 mm x 10
mm, were fabricated for compression testing. The press speed was set at 2 mm/min.

2.3.5. Dehydration Rate Test

Each proportion of hydrogel membrane samples obtained by freeze-drying was
soaked in distilled water, taking them out until they reached swelling equilibrium. We
used the filter paper to remove all the excess moisture on the surface of each sample. After
that, we weighed the samples and recorded the results. The samples with swelling
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equilibrium were dried in a vacuum drying oven for 24 h at 50 °C and the relative humid-
ity was 50%. The weight of the hydrogel membrane was weighed regularly. The dehydra-
tion rate was calculated by the following equation:

Dehydration rate = (11e-1mv)/(1me-111a) x100% 1)

where m. is the weight of the sample at swelling equilibrium, ms is the weight of the sam-
ple at different time points, and m. is the weight of the sample after 24 h.

2.3.6. Degradation Rate Test

The degradation of the scaffold was assessed by immersing the cylinder sample ($20
mm x 10 mm) in a PBS/SBF buffer solution with pH of 7.4 at 37 °C and shaking continu-
ously at 120 rpm on a vortex oscillator. These specimens were weighed after being re-
moved from the degradation medium at a desirable time interval. The degradation prop-
erty of the sample in vitro was quantitatively evaluated by calculating the weight loss rate
of the sample in a dry state, which was calculated by the following equation:

Degradation rate = (10-m:)/mox100% )

where mo and m: are the weights of the tested sample before and after the degradation test,
respectively.

2.4. Cytotoxicity Test

Scaffolds were immersed in FBS for 24 h at 37 °C in a CO: incubator, and the extract
liquid was sterilized for later use. L929 mouse fibroblasts at the logarithmic growth stage
were taken and digested by trypsin-EDTA. In the following, the cell density was adjusted
to 5 x 10* cells per milliliter and the cells were inoculated in 96-well plates (the first column
was used as a blank control without cell grafting). The cell suspension was 100 uL per
well (5 x 10° cells per well), cultured in the incubator for 24 h.

After the cells attached to the wall, the culture medium was absorbed and discarded.
Then, 200 pL of complete culture medium was added to the first and second columns,
respectively (blank in the first column and negative control in the second column), and
200 pL of complete culture medium solution containing different concentrations of mate-
rials was added to the remaining wells, respectively. The orifice plates were incubated in
the incubator for 24 h and 48 h. Three multiple wells were set for each sample concentra-
tion to ensure the accuracy of the experiment.

After 24 h and 48 h, the waste liquid was absorbed and discarded, and serum-free
medium and 20 pL 5 mg/mL-MTT were added to each well and incubated in an incubator
for another 4 h. After that, the liquid in each well was discarded, and then 150 pL of DMSO
were added to each well. After being shaken for 10 min, the optical density (OD) value of
each well was detected at 490 nm (570 nm) of the enzyme marker.

2.5. Skin Repairing Experiments

New Zealand rabbits were used to make an acute, full-thickness, skin-defect model.
A blank control group (B1) and two autologous skin transplantation control groups (B2
and B3) were established to verify the effectiveness of the composite hydrogel artificial
skin with different compositions (Al, A2, and A3) in repairing skin defects. Prior to the
skin repair experiments, 12 New Zealand rabbits weighing about 2.5 kg were raised in
separate cages. Fasting was begun 12 h before the surgery. The operating room was dis-
infected by UV irradiation for 30 min before the operation. The rabbits were anesthetized
by intravenous injection of 2% pentobarbital sodium at the ear edge at a dose of 40 mg/kg
for anesthesia. Hair shearing, skin preparation, and disinfection were performed in the
operating area, on the back. The limbs were fixed in the prone position, and the sterile
hole towel was covered. Three full-thickness, skin-defect wounds with a diameter of 2.5
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cm were made on both sides of the rabbit’s back at a distance of 3 cm from the spinal
column. Each rabbit had six defect wounds, and the anterior and posterior defect wounds
on the ipsilateral side were 3 cm apart. After the wound was cleaned, the samples were
trimmed into the same diameter and tightly attached to the skin-defect surface. The au-
tologous skin was sutured with surgery sutures. All the artificial skin membranes were
prepared by the method described in Section 2.2.

The sample marks were as follows:
(1) Sample Al, the SC16:1 composite hydrogel membrane;
(2) Sample A2, the SC8:1 composite hydrogel membrane;
(3) Sample A3, the SC4:1 composite hydrogel membrane.

The designed experiments were as follows:

(1) Gross appearance observation: At 1 week, 2 weeks, and 3 weeks after surgery, the
overall skin healing, sample shedding, local redness and swelling, infection, and
some other conditions were observed.

(2) Sampling observation: At 1 week, 2 weeks, and 3 weeks after the operation, four rab-
bits were killed by air embolization. The repaired area and surrounding tissues were
observed during sampling, such as the degree of vascular distribution, foreign body
in cyst, etc.

(3) HE histological observation: Based on organization of 4% formaldehyde solution,
fixed, sliced paraffin embedding of 5 um, the healing skin histology structure and
normal skin residue sample variance were observed.

3. Results and Discussion
3.1. Physical and Chemical Properties” Analysis
3.1.1. Morphologies of SC Blend Hydrogels

As known, the miscibility of the two polymers can be reflected from the morpholo-
gies of their composites [35]. If the surface morphology of the binary polymer composite
is smooth and uniform, the miscibility of the two polymers is good. On the contrary, if
there are spherical particles or obvious separation interface on the surface, the miscibility
of the two polymers is poor.

Without CMC-Na, the pure SA hydrogel membrane (Figure 2f) showed a relative flat
cross section, which showed a good agreement with the smooth morphology feature of
SA hydrogel. For the blend hydrogels of SC1:1 and SC2:1 (Figure 2a,b), there were many
pellet particles and fibrous particles observed (Figure 2gh), which means that at these
compositions the SC blend hydrogels were incompatible. While with the mass ratio of SC
went from 4:1 to 16:1 (Figure 2c—e), the pellet and fibrous particles were almost impossible
to be found on the cross sections of the SC hydrogel membranes, which indicated that SA
was completely compatible with CMC-Na at these compositions. That is to say, when the
proportion of CMC-Na in SC was between 5.88% and 20%, SA and CMC-Na had a good
miscibility.

On the other hand, the SEM analysis (in Figure 2 a’—) revealed the influence of CMC-
Na content on cross-section morphology of SC. Without CMC-Na, the pure SA membrane
Figure 2f'showed a lamellar pore structure similar to the structure of the CMC-Na-con-
tained membranes at Figure 2a’, 2b’. Figure 2c’, 2d” shows the faveolated porous structure.
With the mass ratio of SC increasing from 1:1 to 16:1, the pore size in the cross section
increased from tens of micrometers to hundreds of micrometers. The SC4:1 blend hydro-
gel membrane showed a proper size of pores, about 200-300 um, for more effective cell
adhesion [36-39]

3.1.2. FTIR and DSC of Blend Hydrogels

If two materials are incompatible, there is no strong molecular interaction between
the polymers of the two materials, and the infrared spectrogram of the composite is the
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superposition of the spectral bands of the two polymer components, as well the position
width and relative strength of the peak not changing in the infrared spectrogram. On the
contrary, when two materials are compatible, there will be a strong interaction existing
between two polymers, and the resulting spectrum will be greatly deviated from that of
several groups of single-component polymers, and there will be certain displacement and
changes in the main absorption bands, as well as changes in the position width or relative
strength of the peak [40].

100pm ™

Figure 2. SEM images of SC composite membranes with different mass ratios at surface versions:
(a) SC1:1; (b) SC2:1; (c) SC4:1; (d) SC8:1; (e) SC16:1; and (f) SA. SEM images of SC composite mem-
branes with different mass ratios at cross-section versions: (a”) SC1:1; (b”) SC2:1; (¢”) SC4:1; (d”) SC8:1;
(e") SC16:1; and (f’) SA. Observation surface morphology of composite scaffold with two ratios
(x200), (g) SC1:1, (h) SC2:1.
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From Figure 3a, for pure SA and pure CMC-Na, the broad peak at 3451 cm™ was
caused by the absorption of hydroxyl group (-OH) stretching vibration, but -OH stretch-
ing vibration peak of the SC blend hydrogels was 3423 cm™. Obviously, the position of
the peak changed. This change was due to the formation of hydrogen bonds between
CMC-Na and SA. With the increase of CMC-Na content in SC, the peak width of the hy-
droxyl stretching vibration first increased and then decreased, and reached the maximum
at SC4:1. It means that SA and CMC-Na had the strongest interaction at SC4:1. The ab-
sorption peaks near 1627 cm™ and 1601 cm™ were the carboxyl group (-COO-) antisym-
metric stretching vibration peaks of SA and CMC-Na, while in the SC blend hydrogels,
the position and intensity of -COO- antisymmetric stretching vibration peak also had a
shift, and the intensity changes of 5C4:1, SC8:1, and SC16:1 had little difference and de-
crease successively. The intensity changes of SC1:1 and SC2:1 were significantly weaker
than those of the other groups. In addition, the absorption peak near 1417 cm™ was -COO-
symmetric stretching vibration peak and the absorption peak near 1324 cm™ was -OH
bending vibration peak for SA and CMC-Na, and the relative strength of the peak at
1417cm™ in CMC-NA was almost the same as that at 1324cm™'. However, the vibration
peak width of the SA/CMC blend hydrogel at 1307cm™ increased and the relative strength
was higher than that at 1459cm™(-COO- symmetric stretching vibration peak was shifted
from 1417 cm™). This was because -COO- and -OH in CMC and SA macromolecule
formed hydrogen bonds, as well as the cross-linking effect of CaCl.. These factors limited
the -OH bending vibration and enhanced the symmetric stretching vibration of —COO-.
Similarly, with the increase of CMC-Na content in SC, the intensity change first increased
and then decreased. It was obvious that the intensity of SC4:1, SC8:1, and SC16:1 was
higher than that of SC1:1 and SC2:1, at 1459 cm™!, and SC4:1 had the greatest variation in
intensity.
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Figure 3. (a) FT-IR and (b) DSC curves of SC composite hydrogels; (c) tensile performance and (d)
compression stress of support when compression deformation was 60% of SC composite scaffolds
with different mass ratios; (e) solution viscosity test and (f) in vitro degradation rate of SC composite
scaffolds with different mass ratios (each value represents the mean + S.D. (1 = 3)).

All of these mentioned above indicate that SA and CMC-Na were compatible when
the composition ratio of SA/CMC-Na was at 4:1-16:1. This conclusion can also be reflected
and verified by the DSC curves in Figure 3b, from which we can see that there were two
melting point peaks in the DSC curves of SC1:1 and SC2:1 and only one melting point
peak in the DSC curves of SC4:1, SC8:1, and SC16:1. One melting peak indicates a good
miscibility, while more than one melting point peak indicates the immiscibility or partial
miscibility or immiscibility of different polymers. That is to say, for the blend hydrogels
of SC1:1 and SC2:1, the components in hydrogels were incompatible or partially incom-
patible, and for the blend hydrogels of SC4:1, SC8:1, and SC16:1, the components in hy-

drogels were compatible. This conclusion shows a good agreement with the morphology
and FTIR analysis results.
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3.1.3. Mechanical Properties of Blend Hydrogel Scaffolds

The mechanical properties of SC blend hydrogel scaffolds are shown in Figure 3c,d.
The calculated maximum load and the fracture stress are given in Table 1. By comparing
the results, we know that the maximum load of SC4:1 and SC8:1 were greater than that of
pure SA, and their tensile break stresses were more than 200 KPa, which is close to the
tensile break stresses of mouse skin (240 KPa), rabbit skin (265 KPa), and human skin (150
KPa) [41-43]. Moreover, the nonlinear viscoelastic behavior of scaffolds was presented
from their compression stress curves in Figure 3d. Herein, due to the high elasticity of the
hydrogels, the compression was stopped when their displacement reached 6 mm (the total
height of the sample was 10 mm), that is, when the deformation reached 60%. By compar-
ing their compression stress curves, we know that, under the same deformation condition,
the compression performance of SC4:1 was the best, followed by SC8:1, and both were
stronger than that of pure SA.

Table 1. The tensile break stress and compression stress of SC blend hydrogels at different compositions. Each value rep-
resents the mean + S.D. (n = 3).

Sample Mass Ratio Maximum Tensile Tensile Break Compressive Strain Compressive Compressive Stress
(SA:CMC-Na) Load [N] Stress [KPa] Value [%] Load [N] [KPa]

20 0.512 +0.006 1.630 +0.020

SCI:1 1:1 0.722 +£0.018 12.037+£0.293 40 1.512 +0.022 4.812 £0.070
60 3.488 +0.173 11.103 + 0.550

20 1.245 +0.068 3.964 +0.218

SC2:1 2:1 5.014 £0.127 83.568 £2.121 40 3.584 +0.052 11.408 + 0.167
60 7.444 +0.316 23.696 £ 1.007

20 2.982 +0.097 9.491 +0.309

SC4:1 4:1 14.531+0.617 242.190 +10.287 40 7.385 +0.182 23.506 +0.580
60 13.765 + 0.662 43.816 +2.106

20 3.025 +0.093 9.630 +0.297

SC8:1 8:1 13.016 £0.379 216.937 +£6.313 40 6.715 £0.275 21.375+0.876
60 12.184 + 0.264 38.782 £ 0.842

20 1.475 +0.091 4.695 +0.291

SC16:1 16:1 7.099 +0.301 118311 £5.018 40 4.301 £0.159 13.692 + 0.505
60 8.804 +0.225 28.023 £0.717

20 1.002 +0.045 3.190 £ 0.144

SA 1:0 10.976 £ 0.278 182.938 +4.628 40 3.572+0.160 11.370 + 0.508
60 10.398 +0.522 33.098 +1.478

3.1.4. Dehydration Rate and Degradation Test of the Blend Hydrogel Scaffolds

The tested dehydration rate and degradation rate of pure SA and SC composite hy-
drogels are shown in Figure 3e, 3f, with the mass ratio of SC changed from 1:1 to 16:1. It
exhibited a rapid slow rate of the dehydration (Figure 3e). Some studies have shown that
a moist environment can help wound healing [44]. The dehydration rate test studies the
moisturizing ability of the blend hydrogel scaffolds, which have a certain influence on
keeping the wound moist. Therefore, it is of great significance to study this performance.
As can be seen from Figure 3e, for pure SA and SC composite hydrogels, the variation
trend of the dehydration rate was similar. As time went on, the dehydration rate of each
sample gradually increased. In the first 8 h, the dehydration rate of the hydrogel rose
sharply and tended to be stable at around 24 h. The dehydration rate varied with the con-
tent of CMC-Na in SC. Among them, the moisturizing ability was sorted as SC4:1 > SC8:1
> SA > SC16:1 > SC2:1 > SC1:1. This is because the miscibility of SA and CMC-Na blends
was different, and the cross-linking degree of polymer chains was also different, leading
to different hydrogen bonding. Finally, these factors affected the rate of water loss in



Gels 2021, 7, 115

11 of 18

hydrogels. The blends of SA and CMC-NA were explained in the previous section, and
the experiment in this section also showed that SC4:1 had a good moisturizing ability.
Additionally, it also showed a slightly accelerated degradation rate during first 7 days
(Figure 3f). After 15 days, the degradation rate of each component gradually tended to be
stable, which was conducive to the replacement of composite materials in the degradation
process. In the wound healing of skin tissue, the basic process of wound healing contains
an acute inflammation stage, cell proliferation stage, and scar formation stage. SC4:1,
SC8:1, and SC16:1 performed a relatively appropriate degradation rate, maintaining a
smaller degradation rate in the first 2 weeks, which was beneficial for cell proliferation
during this time. By contrast, with granulation tissue and subsequent scar tissue for-
mation, a relatively large degradation rate was needed to provide enough space, corre-
sponding with the degradation rates of SC1:1, SC2:1, and SC4:1.

3.2. In Vitro Cytotoxicity Test

This study employed an in vitro co-culture method characterized by static co-incu-
bation of L929 mouse fibroblasts with SC composite hydrogel scaffolds’ extract liquid. The
results are shown by the statistical data in Table 2. The relative cell proliferation rates in
each group were all above 95%, and the component of hydrogel had little effect on the
proliferation rate of cells. Compared with the toxicity standard, the toxicity of SC compo-
site hydrogel scaffold was at level 1 [45], which indicates the prepared SC composite hy-
drogels possessed a good biocompatibility. That is to say, the SC composite hydrogel has
the potential to be used as an implant material without any toxic side effects on cells.

Therefore, by comprehensively considering the morphological structure, thermal
properties, mechanical properties, and biological properties of the SC composite hydro-
gels at different compositions, it was concluded that the composite hydrogel of SC4:1 and
SC8:1 have relatively good comprehensive properties on the premise of good miscibility
between SA and CMC-Na.

Table 2. Average OD values and RGR values at different time points in each group. Each value
represents the mean + S.D. (n = 3).

Group Time The average OD value RGR(%)
0.215252 + 0.002491
0.00249054

SC1:1 24h 0.00249054 97.8653
48 h 0.302968 + 0.003605 97.9326
SC: 24h 0.214738 + 0.002640 97.5381
21 48 h 0.303181 + 0.003210 98.0242
sca 24h 0.215666 + 0.002373 98.1293
48 h 0.303576 + 0.002564 98.1947
S8 24h 0.214223 + 0.002073 97.2101
’ 48 h 0.302142 + 0.004031 97.5766
SC16:1 24h 0.212932 + 0.003814 96.3877
48 h 0.299932 + 0.005959 96.6239
SA 24h 0.212497 + 0.003442 96.1106
48 h 0.296801 + 0.005505 95.2741

Negative control 24h 0.218603 + 0.002600

48 h 0.307795 + 0.003892

24h 0.061614 + 0.001829

Blank control 48h 0.075782 + 0.000688
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3.3. Skin Repairing Experiments

To further investigate the effect of the composition ratio on the skin repairing, here
SC16:1, SC8:1, and SC4:1 blend hydrogels were used as the matrix bio-ink to fabricate the
artificial skin for the skin defeat repairing. Figure 4 shows the operation procedures and
treatment positions.

A2

Head

Al

Figure 4. (a—e) The operation procedure of skin wound repairing; X is the schematic diagram of
sample placement position: Al refers to SC4:1 hydrogel skin membrane; A2 and A3 refer to SC4:1
with growth factor; B1 is a blank control; B2 and B3 are the autologous skin controls.

For the SC skin scaffold groups (A1, A2, and A3), after the first week (Figure 5), all
wounds shrunk significantly, with a diameter of about 1.5 cm. Most of the hydrogel sam-
ples at positions Al, A2, and A3 were still sticking to the wound surface, which is similar
to “skin crust” with a dark, yellowish-brown color and dry surface. After 2 weeks, the
diameter of scar tissue reduced to about 1 cm with varying degrees of scab. After 3 weeks,
the scars shrunk to about 0.5 cm, while the color of all wounds was closer to the normal
skin than before, the shape of the scars was irregular, and back hairs grew more than half
locally.
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1 week 2 weeks 3 weeks

Figure 5. The photographs of skin wound repair at 1 week, 2 weeks, and 3 weeks.

For the control groups (B1, B2, and B3), after the first week, there was no filling in the
wound at the blank control of Bl1, but it showed obvious shrinkage and a bright red,
sunken shape with some scabs with a diameter of about 0.8~1.5 cm (1W-1, IW-2 in Figure
5). Only one rabbit (see Figure 5 1W-4) showed brown skin at the B3 site. After 2 weeks,
the scar area shrunk to 0.8 cm diameter and the healing surface was uneven (2W-1, 2W-4
in Figure 5). After 3 weeks, scar contraction was more obvious (3W-1, 3W-2 and 3W-3 in
Figure 5), the healing surface was not smooth, and the surrounding normal skin was still
tight. For the autologous skin controls of B2 and B3, after the first week, the grafted skin
healed well with a ruddy skin color, and most of the sutures were intact with hair grown
locally. After 2 weeks, the skin sheet fully survived without obvious shrinkage, the color
was ruddy and whitish, and O-shaped healing lines were still visible locally at the junction
of the skin sheet and normal skin. The damaged parts of the epidermis at B2 and B3 were
bright red due to the animal’s scratching. After 3 weeks, O-shaped scars were as small as
0.5 cm, the surrounding skin looked moderately elastic, and the back hair grew more than
half.

According to the general observation, from the first week to the third week, the
wound surface of the sample group contracted significantly. The diameter of the wound
surface changed from 2.5 cm to about 0.8 cm. The shrinkage rate was basically consistent
with the degradation rate of the composite material in vitro. Compared with the blank
group, the wound shrinkage was less obvious. This can be attributed to the SC4:1 hydro-
gel skin scaffold having a certain mechanical strength. In the process of skin tissue repair,
the SC4:1 hydrogel skin scaffold could be used to fill the wound defect and play a certain
supporting role to prevent excessive skin contraction during the formation of scar tissue
in wound healing. In organisms, scar contraction often leads to organ deformations and
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even dysfunction, and the formation of scar tissue is a gradual fibrosis of granulation tis-
sue during healing. In this process, blood vessels are sparse, the number of cells decrease
sharply, and capillaries close, which is not conducive to the formation of skin accessory
organs, such as hair follicles and blood vessels. The autologous skin control groups
showed that the autologous skin was almost not contractile, which can be attributed to
the non-absorbable suture used for sewing, while the hydrogel skin scaffolds groups were
only fixed by gauze and medical tape. During wound healing, most of the samples were
attached to the wound surface, indicating that there were cells and new tissue on the scaf-
fold structure. It showed a possible way to fix the artificial skin with customized structure
on the wound sites, avoiding pain during a skin grafting suture operation.

3.4. Histological Analyses

Histological examination (HE) observation of skin wound repair is shown in Figure
6. After the first week, for the SC sample groups Al, A2, and A3, the healing areas were
filled with granulation tissue. The surface was uneven with breaks in A2, and the local
epidermal layer at A2 and A3 began to form. New capillaries were dense at the junction
with normal tissue. For the blank control group B1, the healing surface was significantly
wider than that of SC sample groups, the skin scabs closely adhered to the surface of the
healing area, and the formation of the epidermal layer was not obvious. For autologous
skin control groups B2 and B3, there was no obvious difference between the connective
tissue of the dermis and the normal tissue, and a small number of sweat glands and hair
follicles were formed in the dermis.

After 2 weeks, structures such as sweat glands, hair follicles, and small blood vessels
appeared in the healing tissue (A3 at 2 weeks in Figure 6), which was not obvious in Al
or A2. The healing surface was shorter than that at 1 week, and the junction with the nor-
mal tissue dermis was more obvious. The epidermis at A2 and A3 was basically formed,
and the epidermis at Al was still crawling. For B1, the healing area was filled with gran-
ulation tissue without skin accessory structure. The healing surface was relatively wider
than that of the Al, A2, and A3 groups, but the epidermal layer was basically formed. For
autologous skin control groups B2 and B3, the boundary between the epidermal layer of
subcutaneous connective tissue and normal tissue was still not obvious. The number of
sweat glands, hair follicles, sebaceous glands, small blood vessels, and hair shafts in the
local dermis was less than normal tissues.
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Figure 6. The observation results of HE at 1 week, 2 weeks, and 3 weeks (x40, ZC stands for normal
tissue). Al is the SC16:1 composite hydrogel membrane; A2 is the SC8:1 composite hydrogel mem-
brane; A3 is the SC4:1 composite hydrogel membrane; Bl is a blank control group; B2 and B3 are
two autologous skin transplantation control groups.

After 3 weeks, the healing surface of each position was significantly shortened, the
junction of the dermis and normal tissues at Al, A2, A3, and Bl became more obvious,
and the epidermis formed well. Noticeably, there were many structures such as sweat
glands, hair follicles, sebaceous glands, and small blood vessels in the dermis at A3, which
looked close to normal tissues. A2 had a small number of these accessory organs (sweat
glands, hair follicles, sebaceous glands, and small blood vessels), and A1 had fewer acces-
sory organs. Autologous skin control groups B2 and B3 showed all normal skin structures
with sweat glands, hair follicles, and sebaceous glands.

By histological observation at the third week, the dermis of the A3 group showed a
number of sweat glands, hair follicles, sebaceous glands, small blood vessels, and other
structures, which were very close to the normal tissues. However, A2 had a small number
of these accessory organs (sweat glands, hair follicles, sebaceous glands, and small blood
vessels), and Al had fewer ancillary organs than A2. This indicates that the recovery effect
of SC4:1 hydrogel multilayer reticular skin was superior to those of SC16:1 and SC8:1 hy-
drogel multilayer reticular skin. In addition, SC4:1 hydrogel multilayer reticular skin can
achieve the recovery effect of autologous skin grafting when it is used to repair wounds.
Therefore, combining the characterized properties above, we know that SC 4:1 is the most
appropriate one to fabricate the artificial skin for wound repairing.
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4. Conclusions

In this study, SA/CMC-NA blending hydrogels were proposed to fabricate the artifi-
cial skin membrane for wound repair. To screen out an appropriate SA/CMC-NA blend
for skin scaffold fabrication, firstly, the blend hydrogels at different compositions were
designed and characterized. SEM was used to analyze the surface morphology. FTIR was
used to reveal the changes of functional groups in the SA/CMC-NA blend hydrogel. A
DSC experiment was used to measure the melting point peak of SA/CMC-NA composites.
These experiments explored the miscibility of the two materials, when the proportion of
CMC-Na in blend hydrogel was 33%-50%, the blend system showed immiscibility. When
the proportion of CMC-Na in blend hydrogel was less than or equal to 20%, the miscibility
of the two materials was good. Moreover, the results of morphological structure, thermal
properties, mechanical properties, and biological properties of the SC composite hydro-
gels at different compositions showed that the blend hydrogels of SC4:1 and SC8:1 had
relatively good comprehensive properties. Finally, the skin scaffolds with a two-tier struc-
ture were printed by using SC16:1, SC8:1, and SC4:1 blend hydrogels as the matrix, and
then used for rabbit acute skin wound repair tests. Results show that SC4:1 blend hydrogel
can achieve a recovery effect similar to autologous skin grafting. This research is of great
significance for the implantable tissue-engineered skin scaffold, which provides a possi-
bility and basis for the repair of large-area skin defect.

Supplementary Materials: The following are available online at www.mdpi.com/2310-
2861/7/3/115/s1. Figure S1: The 3D printing system.

Author Contributions: Conceptualization, Y.W., Q.W., and K.Z.; methodology, K.Z., QW., and
S.Z.; formal analysis, K.Z., Q.W., and S.Z.; investigation, Y.W., K.Z., and Q.W.; data curation, Y.W.;
writing-original draft preparation, K.Z. and Q.W.; writing-review and editing, Q.W., K.Z., X.L., and
Y.G. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the National Natural Science Foundation of China (Grant
No. 51905438), the National Key Research and Development Program of China (Grant No.
2019QY(Y)0502), the Fundamental Research Funds for the Central Universities (Grant No.
31020210506006), and the Foundation of the Fellowship of China Postdoctoral Science Found (No.
2020M673471).

Institutional Review Board Statement: The study was conducted according to the guidelines of
the Declaration of Helsinki, and approved by the Ethics Committee of Institute of Medical Research,
Northwestern Polytechnical University (protocol code is 202001053 and date of approval is
2020/04/07).

Informed Consent Statement: Not applicable.
Data Availability Statement: Data is contained within the article and supplementary material.

Acknowledgments: We appreciate the Analytical & Testing Center of Northwestern Polytechnical
University for the SEM tests.

Conflicts of Interest: The authors declare no conflict of interest.

1.  Church, D.; Elsayed, S.; Reid, O.; Winston, B.; Lindsay, R. Burn wound infections. Clin. Microbiol. Rev. 2006, 19, 403434,
d0i:10.1128/cmr.19.2.403-434.2006.

2. Arafa, M.G,; El-Kased, R.F.; Elmazar, M.M. Thermoresponsive gels containing gold nanoparticles as smart antibacterial and
wound healing agents. Sci. Rep. 2018, 8, 13674, d0i:10.1038/s41598-018-31895-4.

3. Hoeller, M.; Schintler, M.V.; Pfurtscheller, K.; Kamolz, L.-P.; Tripolt, N.; Trop, M. A retrospective analysis of securing autolo-
gous split-thickness skin grafts with negative pressure wound therapy in paediatric burn patients. Burn. 2014, 40, 1116-1120,
doi:10.1016/j.burns.2013.12.007.

4. Nanchahal, J; Dover, R; Otto, W. Allogeneic skin substitutes applied to burns patients. Burns 2002, 28, 254-257,
d0i:10.1016/s0305-4179(01)00107-3.



Gels 2021, 7, 115 17 of 18

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

Verweij, H.; Van Ravesteijn, H.; Van Hooff, M.L.M.; Lagro-Janssen, A.L.M.; Speckens, A.E.M. Mindfulness-based stress reduc-
tion for residents: A randomized controlled trial. |. Gen. Intern. Med. 2017, 33, 429-436, d0i:10.1007/s11606-017-4249-x.
Lavrentieva, A.; Kontakiotis, T.; Lazaridis, L.; Tsotsolis, N.; Koumis, ]J.; Kyriazis, G.; Bitzani, M. Inflammatory markers in pa-
tients with severe burn injury: What is the best indicator of sepsis? Burns 2007, 33, 189-194, doi:10.1016/j.burns.2006.07.001.
Jewell, L.; Guerrero, R.; Quesada, A.R.; Chan, L.S.; Garner, W.L. Rate of healing in skin-grafted burn wounds. Plast. Reconstr.
Surg. 2007, 120, 451-456, d0i:10.1097/01.prs.0000267416.64164.7e.

Rnjak-Kovacina, J.; Wise, S.; Li, Z.; Maitz, P.K,; Young, C.J.; Wang, Y.; Weiss, A. Electrospun synthetic human elastin: Collagen
composite scaffolds for dermal tissue engineering. Acta Biomater. 2012, 8, 3714-3722, d0i:10.1016/j.actbio.2012.06.032.

Qi, Y.; Dong, Z.; Chu, H.; Zhao, Q.; Wang, X;; Jiao, Y.; Gong, H.; Pan, Y.; Jiang, D. Denatured acellular dermal matrix seeded
with bone marrow mesenchymal stem cells for wound healing in mice. Burn. 2019, 45, 1685-1694,
doi:10.1016/j.burns.2019.04.017.

Vig, K.; Chaudhari, A.; Tripathi, S.; Dixit, S.; Sahu, R.; Pillai, S.; Dennis, V.A.; Singh, S.R. Advances in skin regeneration using
tissue engineering. Int. . Mol. Sci. 2017, 18, 789, doi:10.3390/ijms18040789.

Ng, LW.; Yeong, Y.W.; Naing, W.M. Cellular approaches to tissue-engineering of skin: A review. J. Tissue Sci. Eng. 2015, 6,
d0i:10.4172/2157-7552.1000150.

MacNeil, S. Progress and opportunities for tissue-engineered skin. Nature 2007, 445, 874-880, d0i:10.1038/nature05664.
Macfarlane, R.J.; Donnelly, T.D.; Khan, Y.; Morapudi, S.; Waseem, M.; Fischer, J. Clinical outcome and wound healing following
carpal tunnel decompression: A comparison of two common suture materials. BioMed Res. Int. 2014, 2014, 270137,
do0i:10.1155/2014/270137.

Peck, M.D. Epidemiology of burns throughout the world. Part I: Distribution and risk factors. Burn. 2011, 37, 1087-1100,
doi:10.1016/j.burns.2011.06.005.

Huang, Y.; Zhang, X.-F.; Gao, G.; Yonezawa, T.; Cui, X. 3D bioprinting and the current applications in tissue engineering. Bio-
technol. ]. 2017, 12, 1600734, doi:10.1002/biot.201600734.

Xu, T.; Kincaid, H.; Atala, A.; Yoo, ]J.J. High-throughput production of single-cell microparticles using an inkjet printing tech-
nology. J. Manuf. Sci. Eng. 2008, 130, 021017, doi:10.1115/1.2903064.

Negro, A.; Cherbuin, T.; Lutolf, M.P. 3D inkjet printing of complex, cell-laden hydrogel structures. Sci. Rep. 2018, 8, 17099,
d0i:10.1038/s41598-018-35504-2.

Zhang, S.; Wang, H. Current progress in 3D bioprinting of tissue analogs. SLAS Technol. Transl. Life Sci. Innov. 2018, 24, 70-78,
d0i:10.1177/2472630318799971.

Mota, C.; Camarero-Espinosa, S.; Baker, M.B.; Wieringa, P.; Moroni, L. Bioprinting: From tissue and organ development to in
vitro models. Chem. Rev. 2020, 120, 10547-10607, d0i:10.1021/acs.chemrev.9b00789.

Choe, G.; Oh, S.; Seok, ] M.; A Park, S.; Lee, ].Y. Graphene oxide/alginate composites as novel bioinks for three-dimensional
mesenchymal stem cell printing and bone regeneration applications. Nanoscale 2019, 11, 23275-23285, d0i:10.1039/c9nr07643c.
Lee, A.; Hudson, A.R.; Shiwarski, D.J.; Tashman, ].W.; Hinton, T.J.; Yerneni, S.; Bliley, ]. M.; Campbell, P.G.; Feinberg, A.W. 3D
bioprinting of collagen to rebuild components of the human heart. Science 2019, 365, 482-487, doi:10.1126/science.aav9051.
Mota, C.; Puppi, D.; Chiellini, F.; Chiellini, E. Additive manufacturing techniques for the production of tissue engineering con-
structs. J. Tissue Eng. Regen. Med. 2012, 9, 174-190, doi:10.1002/term.1635.

Kim, G.; Ahn, S.; Kim, Y.; Cho, Y.; Chun, W. Preparation of hydroxylated lecithin complexed iodine/carboxymethyl chitosan/so-
dium alginate composite membrane by microwave drying and its applications in infected burn wound treatment. Carbohyd.
Polym. 2019, 206, 435445, doi:10.1039/c0jm03452e.

Ng, W.L.; Yeong, W.Y.; Naing, M.W. Polyelectrolyte gelatin-chitosan hydrogel optimized for 3D bioprinting in skin tissue en-
gineering. Int. J. Bioprinting 2016, 2, 53-62, d0i:10.18063/ijb.2016.01.009.

Billiet, T.; Gevaert, E.; De Schryver, T.; Cornelissen, M.; Dubruel, P. The 3D printing of gelatin methacrylamide cell-laden tissue-
engineered constructs with high cell viability. Biomaterials 2014, 35, 49-62, d0i:10.1016/j.biomaterials.2013.09.078.

Liu, H.; Zhou, H.; Lan, H;; Liu, T.; Liu, X;; Yu, H. 3D Printing of artificial blood vessel: study on multi-parameter optimization
design for vascular molding effect in alginate and gelatin. Micromachines 2017, 8, 237, d0i:10.3390/mi8080237.

Maver, T.; Smrke, D.M.; Kureci¢, M.; Gradisnik, L.; Maver, U.; Kleinschek, K.S. Combining 3D printing and electrospinning for
preparation of pain-relieving wound-dressing materials. J. Sol-Gel Sci. Technol. 2018, 88, 33—48, d0i:10.1007/s10971-018-4630-1.
Kageyama, T.; Osaki, T.; Enomoto, J.; Myasnikova, D.; Nittami, T.; Hozumi, T.; Ito, T.; Fukuda, J. In situ cross-linkable gelatin-
CMC hydrogels designed for rapid engineering of perfusable vasculatures. ACS Biomater. Sci. Eng. 2016, 2, 1059-1066,
doi:10.1021/acsbiomaterials.6b00203.

Plouffe, B.D.; Brown, M.A,; Iyer, RK.,; Radisic, M.; Murthy, S.K. Controlled capture and release of cardiac fibroblasts using
peptide-functionalized alginate gels in microfluidic channels. Lab Chip 2009, 9, 1507-1510, doi:10.1039/b823523f.

Song, Y.; Xu, L.; Deng, L. Radiation cross-linked gelatin/sodium alginate/carboxymethylcellulose sodium hydrogel for the ap-
plication as debridement glue paste. Polym. Bull. 2021, 1-18, doi:10.1007/s00289-020-03525-5.

Du, M;; Song, W.; Cui, Y.; Yang, Y.; Li, J. Fabrication and biological application of nano-hydroxyapatite (nHA)/alginate (ALG)
hydrogel as scaffolds. J. Mater. Chem. 2011, 21, 2228-2236, doi:10.1039/c0jm02869;.

Chen, J.; Yang, H,; Li, J.; Chen, J.; Zhang, Y.; Zeng, X. The development of an artificial skin model and its frictional interaction
with wound dressings. J. Mech. Behav. Biomed. Mater. 2019, 94, 308-316, d0i:10.1016/ j.jmbbm.2019.03.013.



Gels 2021, 7, 115 18 of 18

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

Pan, T.; Song, W.J.; Cao, X.D.; Wang, Y.J. 3D bioplotting of gelatin/alginate scaffolds for tissue engineering: influence of cross-
linking degree and pore architecture on physicochemical properties. | Mater Sci Technol 2016, 32, 889-900, doi:
10.1016/j.jmst.2016.01.007.

Alireza, J.; Zohreh, M.; Armaghan, M.; Mohammad-Taghi K. Physical Properties and Antibacterial Activity of Chitosan/Car-
boxymethyl Cellulose/Starch Biofilms as Natural Bio-Based Polymers. In Eco-friendly and Smart Polymer Systems, ISPST 2018;
Mirzadeh H., Katbab A., Eds.; Springer, Cham, 2020; pp, 56-59, doi.org/10.1007/978-3-030-45085-4_14.

Wei, Q.; Wang, G.; Lei, M.; Guo, Y.; Song, Y.; Lu, T.; Wang, Y. Multi-scale investigation on the phase miscibility of polylactic
acid/o-carboxymethyl chitosan blends. Polymer 2019, 176, 159-167, doi:10.1016/j.polymer.2019.05.030.

Dehghani, S.; Rasoulianboroujeni, M.; Ghasemi, H.; Keshel, S.H.; Nozarian, Z.; Hashemian, M.N.; Zarei-Ghanavati, M.; Latifi,
G.; Ghaffari, R.; Cui, Z; et al. 3D-Printed membrane as an alternative to amniotic membrane for ocular surface/conjunctival
defect reconstruction: An in vitro & in vivo study. Biomaterials 2018, 174, 95-112, doi:10.1016/j.biomaterials.2018.05.013.

Zhang, H.; Huang, H.; Hao, G.; Zhang, Y.; Ding, H.; Fan, Z.; Sun, L. 3D printing hydrogel scaffolds with nanohydroxyapatite
gradient to effectively repair osteochondral defects in rats. Adv. Funct. Mater. 2020, 31, 2006697, d0i:10.1002/adfm.202006697.
Xie, F.; Sun, L.; Pang, Y.; Xu, G,; Jin, B.; Xu, H.; Lu, X.; Xu, Y.; Du, S.; Wang, Y.; et al. Three-dimensional bio-printing of primary
human hepatocellular carcinoma for personalized medicine. Biomaterials 2021, 265, 120416, doi:10.1016/j.biomateri-
als.2020.120416.

Billiet, T.; Vandenhaute, M.; Schelfhout, J.; Van Vlierberghe, S.; Dubruel, P. A review of trends and limitations in hydrogel-
rapid prototyping for tissue engineering. Biomaterials 2012, 33, 6020-6041, doi:10.1016/j.biomaterials.2012.04.050.

Jung, S.Y.; Zhang, G.; Yoshida, H. Evaluation of compatibility in polymer blend systems by simultaneous DSC-FTIR measure-
ment. J. Therm. Anal. Calorim. 2007, 89, 675-680, doi:10.1007/s10973-006-7954-y.

Vorndran, E.; Klammert, U.; Ewald, A.; Barralet, J.; Gbureck, U. Simultaneous immobilization of bioactives during 3D powder
printing of bioceramic drug-release matrices. Adv. Funct. Mater. 2010, 20, 1585-1591, doi:10.1002/adfm.200901759.

Eshel, H.; Lanir, Y. Effects of strain level and proteoglycan depletion on preconditioning and viscoelastic responses of rat dorsal
skin. Ann. Biomed. Eng. 2001, 29, 164-172, d0i:10.1114/1.1349697.

Diridollou, S.; Patat, F.; Gens, F.; Vaillant, L.; Black, D.; Lagarde, ].M.; Gall, Y.; Berson, M. In vivo model of the mechanical
properties of the human skin under suction. Ski. Res. Technol. 2000, 6, 214-221, doi:10.1034/j.1600-0846.2000.006004214..x.

Vogt, P.M.; Breuing, K.; Liu, P.Y.; Binder, T.; Eriksson, E. Both wet and moist wound environments accelerate cutaneous healing.
In Wound Healing and Skin Physiology; Altmeyer, P., Hoffmann, K., el Gammal, S., Hutchinson, J., Eds.; Springer: Berlin/Heidel-
berg, Germany, 1995; pp. 643-646, doi:10.1007/978-3-642-77882-7_63.

Pan, L.; Zan, L.; Foster, F. Ultrasonic and viscoelastic properties of skin under transverse mechanical stress in vitro. Ultrasound
Med. Biol. 1998, 24, 995-1007, doi:10.1016/s0301-5629(98)00071-4.



