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Abstract
3D printing technology has great potential for the reconstruction of human skin. However, the reconstructed skin has some 
differences from natural skin, largely because the hydrogel used does not have the appropriate biological and physical 
properties to allow healing and regeneration. This study examines the swelling, degradability, microstructure and biological 
properties of Collagen/Sodium Alginate (Col/SA) hydrogels of differing compositions for the purposes of skin printing. 
Increasing the content of sodium alginate causes the hydrogel to exhibit stronger mechanical and swelling properties, a faster 
degradation ratio, smaller pore size, and less favorable biological properties. An optimal 1% collagen hydrogel was used 
to print bi-layer skin in which fibroblasts and keratinocytes showed improved spreading and proliferation as compared to 
other developed formulations. The Col/SA hydrogels presented suitable tunability and properties to be used as a bioink for 
bioprinting of skin aiming at finding applications as 3D models for wound healing research.
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1  Introduction

Skin is the largest human organ [1] and has many vital func-
tions, including protection against pathogens and UV-light 
[2, 3], sensing of the external environment, regulation of 
body temperature and excretion of waste [4]. Extensive 
skin damage increases the risk of wound infection and the 
resulting disorder of immune function and metabolism may 
cause shock or even death [5, 6]. The World Health Organi-
zation reports that about 300,000 people die every year due 

to severe skin trauma [7], illustrating the urgent need for 
skin substitutes that can be used for clinical transplantation.

Wound dressings provide temporary cover for skin inju-
ries but do not promote regeneration. By contrast, various 
skin substitutes are available, including those produced by 
tissue culture, which does promote wound healing [8, 9]. 
However, the use of foreign cells still has the risk of immune 
rejection and disease transmission [10]. In addition, tissue-
engineered skin cannot fit the different shapes and depths of 
individual wounds [11]. 3D bioprinting can be used to build 
complex tissues via a process of depositing cells and extra-
cellular matrix layer by layer [12–14] and is reproducible, 
easily standardized and highly efficient [15, 16].

Over the past two decades, 3D bioprinting using hydro-
gels containing skin cells has been used to create increasingly 
complex models of skin [17–21]. The dermis was initially 
constructed [22–24], followed by a bi-layer (epidermis and 
dermis) [25–29] and tri-layer (epidermis, dermis and subcu-
taneous tissue) [21, 30, 31], as the structure of the printed skin 
became a closer approximation of natural skin. Initially, fibro-
blasts and keratinocytes were used [28, 32, 33], with the later 
addition of endothelial cells and melanocytes to reconstruct 
blood vessels and impart color [34–37]. Although printed skin 
is functionally similar to human skin [15, 16] and has been 
shown to promote the repair of animal skin wounds [25, 33], 
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scarring is an inevitable byproduct of the healing process [31, 
33, 38], as the reconstructed skin has some mechanical and 
biological differences from the surrounding natural skin [39, 
40].

The mechanical properties, microstructure, degradability 
and biological properties of transplanted skin determine its 
role in the process of skin healing and reconstruction [10, 41, 
42]. An appropriate hydrogel is central to successful healing. 
The hydrogel must have sufficient cell attachment ligands 
(> 200 μm) to facilitate cell adhesion and proliferation [43]. 
In addition, the pore size (20–125 μm) must be suitable to 
allow the growth of small cell colonies, thereby avoiding the 
formation of scar tissue due to directional collagen fibers [43, 
44]. The hydrogel degradation half-life (14 ± 7 days) should 
coincide with the timescale of skin reconstruction [43, 45] and 
its mechanical properties should reflect those of the surround-
ing skin tissue.

Hydrogels used for skin printing usually include colla-
gen, gelatin, sodium alginate, fibrinogen, hyaluronic acid and 
chitosan [46, 47]. Collagen hydrogels have many of the cell 
attachment ligands required for cell adhesion and prolifera-
tion but have poor mechanical properties [43, 48]. By con-
trast, gelatin hydrogels are temperature-sensitive with few cell 
attachment ligands and lower bioactivity relative to collagen 
[46]. The sodium alginate used for hydrogel construction is 
non-toxic and has no bioactivity [49]. Through cross linkages 
with divalent metal ions, it forms a hydrogel with favorable 
mechanical properties and which maintains printing structure 
[12]. Fibrinogen hydrogels are easily crosslinked in the pres-
ence of thrombin and have excellent bioactivity and degrada-
tion properties [50, 51]. Combining these different compo-
nents is the route to optimization of hydrogel properties.

The biological and physical properties of 3D printed skin 
play a critical role in wound healing and skin reconstruc-
tion. Only with a suitable swelling rate, degradation rate, 
mechanical properties, pore size, and cell attachment sites for 
hydrogels used for skin printing can be the reconstructed skin 
structure and function be closer to natural skin. This study pro-
poses blending collagen and sodium alginate to obtain hydro-
gels with excellent mechanical and biological properties. The 
swelling, degradability, mechanical properties, microstructure 
and biological properties of different formulations Col/SA 
hydrogels were tested and analyzed according to the need for 
the hydrogel properties for wound healing and skin reconstruc-
tion. The optimally formulated Col/SA hydrogel was selected 
for bi-layer skin printing and evaluation.

2 � Materials and Methods

2.1 � Materials

Sodium alginate(A2033) and sodium hydroxide (71,687) 
were purchased from Sigma-Aldrich. Ultra-pure water 
(18.2 MΩ cm, < 10 CFU/ml) was distilled in the labora-
tory. Acetic acid (A801299) was purchased from Macklin. 
10 × Dulbecco’s Modified Eagle Medium (DMEM) pow-
ders (1012800-017), fetal bovine serum (10,270–106) and 
Penicillin/Streptomycin mixed solution (15140-122) were 
purchased from Gibco. DMEM (SH30022), Iscove’s Modi-
fied Dulbecco’s Medium (IMDM, SH30228) and Phos-
phate Buffer Saline (PBS, SH30256) were purchased from 
Hyclone. Cell-tracker green (C2925) and cell-tracker red 
(C1046) were purchased from Thermo Fisher Scientific.

2.2 � Preparation of Collagen

We extracted type I rat tail collagen according to Rittie’s 
method [52]. Sixteen adult Sprague–Dawley (SD) rats were 
purchased from the Animal Experimental Center of Xi’an 
Jiaotong University. All experiments had been approved 
by the Institutional Animal Care and Use Committee of 
the Ethics Committee of Xi’an Jiaotong University Health 
Science Center, China. Tails of adult SD rats were soaked 
in 75% alcohol for 24 h and the skin was stripped. Tail 
bones were broken off section by section and the tendon 
was extracted and cut into pieces. The tendon was dis-
solved in 0.1% (v/v) acetic acid solution at 1 g/500 ml. The 
collagen solution was stirred at 200 rpm for 48 h using an 
electric stirrer (XREM-100 s, Xinrui Instrument Factory) 
followed by centrifugation at 5000 rpm for the period of 
2 h and at 4 °C. The supernatant was frozen in a sterile 
tinfoil box (solution height < 10 mm) at − 80 °C for 24 h 
before freeze-drying for 72 h to obtain collagen foam. The 
above steps were performed under sterile, low-temperature 
conditions to avoid contamination or gelation of collagen.

2.3 � Cell Culture

Normal Human Dermal Fibroblasts (NHDFs, purchased 
from American Type Culture Collection) were cultured in 
a medium of fetal bovine serum, Penicillin/Streptomycin 
mixture and DMEM in a volume ratio of 10:1:89. Nor-
mal Human Epidermal Keratinocytes (NHEKs, purchased 
from American Type Culture Collection) were cultured in 
a medium of fetal bovine serum, Penicillin/Streptomycin 
mixture and IMDM in a volume ratio of 10:1:89. Cells 
were cultured at 37 °C with 5% CO2 in air. The culture 
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medium was changed daily and passage was performed at 
70% confluence.

2.4 � Preparation of Bioinks

Chopped collagen foam was dissolved in 0.1% (v/v) acetic acid 
solution, previously dissolved at 4 °C for 48 h, to a concentra-
tion of 2.5% or 5% (w/v). Sodium alginate was sterilized at 
121 °C for 30 min before being dissolved in sterile ultrapure 
water to a concentration of 1.25%, 2.5%, 5% or 10% (w/v) 
by placing in a 50 °C water bath for 24 h. The 2 M sodium 
hydroxide and 10 × DMEM powders were dissolved in ster-
ile ultrapure water, respectively. All the above solutions were 
chilled in a refrigerator at 4 °C for 4 h. 1 ml of collagen solu-
tion and 1 ml of sodium alginate solution were mixed and 2 ml 
of the Col/SA solution blended with 0.25 ml of 10 × DMEM 
solution and 25 μl of sodium hydroxide solution added. Fibro-
blasts and keratinocytes were labeled with cell-tracker green 
and cell-tracker red, respectively, and 0.25 ml of a 107 cells/ml 
suspension of each cell type was used to prepare bioinks. An 
aseptic environment below 10 °C with low light was employed 
throughout. Several Col/SA bioinks formulations (10 groups) 
were prepared with different proportions of collagen and 
sodium alginate. Compositions are shown in Table 1. C and 
A represent the content of collagen and sodium alginate in the 
respective hydrogels. Cell-free inks were prepared as described 
above but without adding the cell and used for physical prop-
erty tests.

2.5 � Rheological Analysis

Rheological analysis of Col/SA bioink was performed using 
a rotational rheometer (HR2, TA Instruments, USA). A 
20 mm diameter plate was used for shear rate (0.1 ~ 100 rad/s, 
10 °C) and time (0 ~ 1800 s, 37 °C, frequency 10 Hz) analysis 
to measure the viscosity, the storage modulus (G') and loss 
modulus (G'').

2.6 � Bioprinting Hydrogel Structures

A temperature-controlled extrusion bioprinter was constructed 
and used to print Col/SA hydrogel structures. Printing param-
eters were set as follows: 25G (260 μm) printhead; 10 °C 
ink temperature; 0.2 ml/minute ink extrusion flow; 15 mm/s 
printhead movement speed. Various sizes of hydrogel were 
printed using the Col/SA bioinks and 15 mm × 15 mm × 1 mm 

structures were used to evaluate swelling and degradation 
properties. Cylindrical hydrogel structures of 10 mm diam-
eter × 10 mm height were printed to evaluate compression 
properties and 100 mm × 20 mm × 1 mm structures to evalu-
ate tensile properties. Fibroblasts-containing structures of 
15 mm × 15 mm × 0.5 mm were printed to evaluate biological 
properties. All printed hydrogel structures were immersed in 
sterile 3% calcium chloride solution at 37 °C for 5 min to 
facilitate sodium alginate crosslinking and then incubated at 
37 °C for 0.5 h to facilitate collagen gelation.

2.7 � Swelling Test

Hydrogel structures were soaked in PBS at 37 °C for 0, 0.5, 
1.5, 3, 6, 9 and 24 h before draining of superficial solution 
and weighing. The swelling rate of Col/SA hydrogel was 
calculated by Amirian’s method, as shown in Eq. (1) [53]. 
The ratio of the increased hydrogel mass after immersion to 
initial mass constitutes the swelling ratio.

where Wt was the weight of swollen sample at a predeter-
mined time, and W0 was the initial weight.

2.8 � Degradation Test

Hydrogel structures were soaked in PBS at 37 °C for 0, 1, 
4, 7, 10 and 14 days, freeze-dried for 48 h and weighed. 
The degradation rate of Col/SA hydrogel was calculated by 
Zhang’s method, as shown in Eq. (2) [54]. The ratio of the 
hydrogel mass to the initial mass constitutes the degrada-
tion ratio.

where Wdt was the dry weight of the degradation sample at 
a predetermined time, and Wd0 was the initial dry weight.

2.9 � Compression and Tensile Test

Hydrogels were tested for compression and tensile proper-
ties using a six-channel material mechanics testing machine 
(Prosim, UK) according to Chinese compression and tensile 
test standards (GB/T 1488–2005 and GB/T 1040.3–2006). 

(1)Swelling ratio (%) =
W

t
−W0

W0

× 100,

(2)Degradation ratio (%) =
Wd0 −W

dt

Wd0

× 100,

Table 1   Formulation of the Col/
SA bioinks

Formulation C1 C1A0.5 C1A1 C1A2 C1A4 C2 C2A0.5 C2A1 C2A2 C2A4

Col content (w/v) 1% 1% 1% 1% 1% 2% 2% 2% 2% 2%
SA Content(w/v) 0% 0.5% 1% 2% 4% 0% 0.5% 1% 2% 4%
Cell density 106 cells/ml fibroblasts or keratinocytes
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The gauge length for compression and tensile tests is set to 
10 mm and 60 mm, respectively. Strain, compression modu-
lus, tensile modulus and elongation at break were calculated 
by the software of the mechanical experiment machine.

2.10 � Scanning Electron Microscope (SEM) 
Characterization

After freeze-drying for 48 h, cross-section morphology of 
hydrogels was photographed by field emission scanning 
electron microscope (Nikon SU8000, Japan). We used the 
software ImageJ to extract the pores and calculate the pore 
area, and then the pore size (diameter) was calculated by the 
area formula of the circle.

2.11 � Evaluation of Biological Properties

Hydrogels containing green fluorescently labeled NHDFs 
were immersed in NHDF medium and cultured at 37 °C with 
5% CO2 for one week with a daily medium change. The mor-
phology and distribution of NHDFs were observed using a 
laser confocal microscope (Nikon A1, Japan) on days 1, 3, 
5 and 7 after printing. Cell numbers and proliferation ratios 
were calculated for different hydrogel compositions and at 
different time points.

2.12 � Bioprinting and Evaluation of Bi‑layer Skin

Two layers of 1% (w/v) collagen hydrogel containing fibro-
blasts were extruded and printed to constitute the dermis, 
followed by a superficial layer of 1% (w/v) collagen ink con-
taining keratinocytes to constitute the epidermis (Fig. 1). 
The resulting structures were cultured in a 37 °C with 5% 

CO2 for three days with daily medium changes. Morphology 
and distribution of NHDFs and NHEKs were observed by 
confocal laser microscopy (Nikon A1, Japan) at days 1 and 
3 after printing.

2.13 � Statistical Analysis

All experiments were performed, at least, in quintuplicate, 
and the obtained results were presented as average ± SD 
(standard deviation). The standard t test was carried out to 
compare the statistical significance between the two groups 
(*p < 0.05, **p < 0.01, and ***p < 0.001), which was statisti-
cally significant.

3 � Results and Discussion

3.1 � Rheology of Bioink

We evaluated printability by measuring the viscosity change 
as a function of shear rate (0. 1 ~ 100 rad/s) at 10 °C (Fig. 2a, 
b). The results showed that the viscosity of the bioink 
increased with the content of collagen and sodium alginate. 
It was also observed that all of the bioinks exhibited a linear 
decrease in viscosity with increasing shear rate, indicating 
that Col/SA bioink were non-Newtonian fluids with shear-
thinning properties at different concentrations. Thus, all con-
centrations Col/SA bioink can be extruded smoothly through 
a nozzle without clogging [11, 25]. To understand the gela-
tion process of Col/SA hydrogels, we tested the changes of 
storage modulus (G') and loss modulus (G'') of the hydrogels 
at 37 °C for 30 min (Fig. 2c, d). G' and G'' of all Col/SA 
bioink stabilized at 30 min, and G' was higher than G''. The 

Fig. 1   Schematic diagram of bioink preparation and skin printing
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results show that all concentrations of Col/SA inks can be 
crosslinked within 30 min. As the content of sodium alginate 
or collagen in the bioink increases, the difference between G' 
and G'' is larger. The results show that increasing the content 
of sodium alginate and collagen in the bioink can improve 

the stability and mechanical strength of the printed hydrogel 
structure [11, 55].

Fig. 2   Rheological properties of bioink: a, b Viscosity of bioink at 0.1 s−1–100 s−1 shear rate at 4 °C; c, d Storage modulus (G') and loss modu-
lus (G'') of bioinks at 37 °C for 30 min

Fig. 3   Swelling ratios of Col/
SA hydrogels up to 24 h of 
soaking



	 T. Jiao et al.

1 3

3.2 � Swelling Properties of Hydrogel

Swelling ratios are shown in Fig. 3. Swelling ratios tended 
to increase with soaking time up to a maximum of 3 h. The 
greatest increase for C1 and C2 hydrogels was seen during 
the first 0.5 h of soaking and, for other hydrogels, during the 
first 3 h of soaking. The swelling mechanism for hydrogel 
with a pore size in the range of several hundred micrometers 
is based on the capillary force. The hydrogel can quickly 
reach the swelling equilibrium in a relatively short dura-
tion [53]. Comparison of the 24 h swelling ratio revealed a 
proportionality to sodium alginate content with the value for 
C2A4 being more than 3 times that of C1 (Table 2). Values 
for 2% collagen hydrogels were higher than those for 1% 
collagen hydrogels (Table 2).

During the first 1.5 h (0.5 h for C1 and C2), the exter-
nal liquid quickly diffused through the micropores to make 
hydrophilic bonds within the hydrogel, leading to a rapid 
increase in swelling ratio. At 1.5 to 3 h, the pores were fluid-
filled and the hydrogel gradually became saturated, slowing 
the increase in swelling ratio. After 3 h, the hydrogels were 

completely saturated and the swelling ratio did not change 
significantly. As can be seen from Fig. 3, the C1 and C2 
hydrogels absorbed water quickly due to their large pore size 
but had a lower absorption capacity. Hydrogels with higher 
sodium alginate or collagen content had more hydrophilic 
bonds to increase capacity, giving higher swelling ratios. 
Excellent swelling capacity is one of the vital properties 
which can provide a moist environment for wound healing 
and skin reconstruction [56, 57]. For the purposes of print-
ing skin, a higher swelling ratio is more conducive to infil-
tration of culture medium or tissue fluid around the trans-
planted skin which promotes cell growth, proliferation and 
tissue maturation [54]. Analysis of swelling ratios reveals 
that hydrogels with higher sodium alginate or collagen con-
tent are more suitable for skin printing.

3.3 � Degradability of Hydrogel

Figure 4 shows degradation photos for Col/SA hydrogels 
soaked in PBS at 37 °C up to 14 days. By means of weighing 

Table 2   Swelling ratios of Col/
SA hydrogels after 24 h of 
soaking

Formulation C1 C1A0.5 C1A1 C1A2 C1A4 C2 C2A0.5 C2A1 C2A2 C2A4

Swelling ratio 58.8 88.3 131.0 143.2 195.5 69.8 136.7 151.3 169.1 196.8

Fig. 4   Photographs of Col/SA hydrogels after soaking in PBS for the period of 14 days (scale bar: 10 mm)
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hydrogels at different time points, degradation ratio changes 
(Fig. 5), including the day 14 timepoint (Table 3) after which 
little size change was observed, were calculated. No obvious 
hydrogel shrinkage was observed with only C2A4 showing 
significant bloating. Shrinkage of transplanted printed skin 
around the wound site is likely to lead to scar formation and 
should be avoided. Col/SA hydrogels show minimal shrink-
age, making them suitable for skin printing.

Figures 4 and 5 show that Col/SA hydrogels show gradual 
degradation in proportion to immersion time. Degradation 
ratios were between 42.6 and 96.7%. Uniform degradation 
of the C1, C1A0.5, C1A1, C1A2 and C2 hydrogels occurred 
throughout the experimental period. C2A0.5, C2A1 and 
C2A2 hydrogels degraded uniformly over the first 10 days 
before degradation slowed. C1A4 and C2A4 degraded very 
quickly during the first day and thereafter degraded slowly. 
Increasing the content of sodium alginate resulted in more 
rapid degradation.

In general, as the sodium alginate concentration in the 
hydrogel increases, the hydrogel will have more crosslinking 
sites, resulting in a decreased degradation rate [58]. How-
ever, different results appeared in this experiment, and the 
main reason is probably that hydrolysis accelerated the deg-
radation of the hydrogel. From the swelling test results of the 
hydrogel, it was found that the swelling ratio of the Col/SA 
hydrogel increased with the increase of the sodium alginate 
content. The hydrolysis of the hydrogel is accelerated by 
increasing of absorption water in the hydrogel, which can 
break more covalent bonds in the hydrogel and lead to rapid 
degradation of the hydrogel [53].

If the transplanted skin cannot be degraded, it will cause 
long-term inflammation [59]. The ideal biomaterial scaffold 
for tissue engineering should have an equal degradation rate 

along with new tissue regeneration [60]. Previous studies 
have shown a degradation half-life of 14 ± 7 days to be opti-
mal for cell growth and skin wound repair by transplantation 
of printed skin [43–45]. This equates to a 50% degradation 
ratio after 14 days for a hydrogel to be suitable for skin print-
ing. C1 and C2A0.5 hydrogels show the most favorable deg-
radation ratios of those tested (Table 3). Lower degradation 
ratios of the C2 hydrogel will not adequately support cell 
migration and tissue reconstruction and higher degradation 
ratios of C1A4 and C2A4 will not provide sufficient support 
and protection to allow wound reconstruction.

3.4 � Mechanical Properties of Hydrogel

Compression experiments were performed on hydrogels of 
10 mm diameter and 10 mm height using a mechanical test-
ing machine (Fig. 6a). Compression modulus are shown in 
Fig. 6c. With increasing sodium alginate content, the C1 
compression modulus increased from 15.6 to 35.9 kPa and 
that of C2 increased from 20.5 to 38.0 kPa. Compression 
modulus for the C2 group were higher than those for the 
C1 group. Thus, increasing the collagen or sodium alginate 
content produces a corresponding increase in the compres-
sion modulus of the hydrogel. The C2A4 hydrogel had the 
highest compression modulus (38.0 kPa).

Comparison with previous studies revealed that the Col/
SA hydrogel had a higher compression modulus (38.0 kPa) 
than that reported for the sodium alginate/methylcellulose 
hydrogel (11.11 kPa) [61] and was similar to that of the 
GelMA/sodium alginate hydrogel (38.5 kPa) [62]. The Col/
SA hydrogel is considered to have excellent compression 
properties.

Fig. 5   Degradation ratios of 
Col/SA hydrogels after soaking 
in PBS for the period of 14 days

Table 3   Degradation ratios of 
Col/SA hydrogel at day 14

Formulation C1 C1A0.5 C1A1 C1A2 C1A4 C2 C2A0.5 C2A1 C2A2 C2A4

Degradation ratio 53.8 58.2 67.4 74.6 92.4 42.6 53.6 62.4 73.7 96.7
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An example of the Col/SA hydrogel tensile test is shown 
in Fig. 7a and tensile modulus in Fig. 7c. With increasing 
sodium alginate content, the C1 tensile modulus increased 
from 18.7 to 42.3 kPa and that of the C2 group from 23.4 
to 49.5 kPa. The tensile modulus of the 2% collagen hydro-
gel was higher than that of the 1% collagen hydrogel. Thus, 
increasing the content of collagen and sodium alginate 
increases the tensile modulus of the hydrogel. The highest 
value for tensile modulus was shown by the C2A4 hydrogel 
(49.5 kPa).

Elongation ratios at tensile fracture are shown in Fig. 7d. 
Increasing content of sodium alginate was associated with 
decreased elongation at break. The elongation at break of 
the 2% collagen was superior to that observed for the 1% 
collagen hydrogel with constant sodium alginate content.

In summary, increasing the contents of sodium alginate 
and collagen increases the compression and tensile modulus 
of the hydrogels. However, increasing sodium alginate con-
tent reduced the elongation at break. The denser hydrogels 
resulting from higher sodium alginate and collagen content 
more successfully resist compression and support tensile 

loads. However, sodium alginate prevents some interac-
tions between collagen fibers resulting in a hydrogel which 
does not sustain elongation. We compared Col/SA hydrogel, 
sodium alginate/methylcellulose hydrogel GelMA/sodium 
alginate hydrogel and human skin tissue [61–63]. We found 
that the mechanical properties of Col/SA hydrogels are at a 
higher level among current hydrogels, but they are signifi-
cantly inferior to the mechanical properties of human skin.

3.5 � Microstructure of Hydrogel

Figure 8 shows scanning electron microscope images of Col/
SA hydrogels after freeze drying revealing the distribution 
of a large number of pores. Distribution range and aver-
age pore size are shown in Fig. 9. Increasing the content of 
sodium alginate or collagen caused the pore size to decrease, 
accounting for the improvement in the mechanical proper-
ties of compression and tension and resulting in a denser 
hydrogel. Abundant pores facilitate the permeation of cell 
culture fluid and provide space for cell growth. Previous 
studies have identified a pore size of 20–125 μm as optimal 

Fig. 6   Col/SA hydrogel compression test: a Test sample; b Test process; and c Compression modulus

Fig. 7   Col/SA hydrogel tensile test: a Test sample; b Test process; c Tensile modulus; and d Elongation at break
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for cell attachment [43]. During the process of skin healing, 
myofibroblasts adhere to pores of 20–125 μm and form non-
directional arrangements which avoid scar formation [44, 
45]. The Col/SA hydrogel presented in the current study has 
microscopic pores conducive to single cell attachment for 
the avoidance of scar formation during skin healing.

3.6 � Biological Properties of Hydrogel

NHDFs were encapsulated in all hydrogels. During the 
process of cell culture, hydrogels C1A2, C1A4, C2A2 and 
C2A4 underwent significant degradation leading to the loss 
of cells during medium changes. No results relating to the 
biological properties of the hydrogels could be obtained for 
these groups.

Fibroblasts encapsulated into the C1 hydrogel had spread 
extensively after 3 days of culture and, by day 5, had formed 

long fibrous shapes with continuous proliferation meaning 
that most cells were long and fibrous by day 7 (Fig. 10). 
Thus, C1 provides a suitable environment for fibroblast 
growth and proliferation. Fibroblasts gradually proliferated 
within the C1A0.5 hydrogel with limited spreading by day 
5 which had increased by day 7. Fibroblast proliferation was 
much slower within the C2 hydrogel throughout the experi-
mental period and there was little cell spreading. No obvious 
cell proliferation and cell spreading were observed in the 
hydrogels of the C1A1, C2A0.5 and C2A1 groups.

Figure 11 shows proliferation ratios. The C1 hydrogel 
cell proliferation ratio increased significantly during culture, 
reaching 354.4% on day 7. Cell proliferation ratios for other 
hydrogels increased slowly with decreases becoming appar-
ent by the 3rd or 5th day.

There are three necessary conditions for cells to sur-
vive, spread, and proliferate in the printed hydrogel. First, 
the hydrogel should have enough ligands for cell integrins 
α1β1 and α2β1 attachment [45]. Second, the hydrogel should 
not be too stiff or pores too small for cell spreading. Third, 
ink preparation, printing, and crosslinking processes can-
not affect cell survival. The C1 group satisfied all the above 
conditions, fibroblasts showed good spreading morphology 
and a high proliferation rate on the 7th day after printing 
in C1 group. In other groups, due to the increase in the ink 
concentration, the hydrogel becomes harder, and the pore 
size becomes smaller. It is difficult to supply the culture 
medium and oxygen to the cells, and the growth space of the 
cells is limited. So the cells cannot spread and proliferate. 
Therefore, except for the C1 group, the cells in other groups 
did not show obvious spreading and proliferation. Similar 
results can observation in Osidak’s study [64]. The prolif-
eration ratio and survival ratio of cells in collagen hydrogel 
decreased significantly with increasing collagen concentra-
tion. If the extracted collagen lacks cell attachment ligands, 
cells cannot spread even in low concentrations (10 mg/ml) of 
collagen [65]. In brief, the C1 hydrogel exhibited excellent 

Fig. 8   SEM images of Col/SA hydrogel (scale bar: 100 μm)

Fig. 9   Pore size of Col/SA hydrogel. *p < 0.05, **p < 0.01, and 
***p < 0.001
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properties in what concerns cell cytocompatibility, as it sup-
ported cell spreading and proliferation, with favorable condi-
tions for maintaining cells functions.

The current study has analyzed and compared the prop-
erties, including degradative, swelling, mechanical, bio-
logical and pore size, of Col/SA hydrogels of differing 

compositions. The degradation ratio, swelling ratio, com-
pression modulus and tensile modulus were found to 
increase with increasing sodium alginate content. Pore size, 
tensile elongation at break and cell proliferation ratio all 
decreased with increasing sodium alginate content. The C1 
hydrogel was closest to the optimal degradation half-life 
(14 days) for artificial skin used for wound repair and thus 
best meets the needs of skin printing. The C1 hydrogel also 
had more favorable properties in terms of its elongation at 
break and cell spreading and proliferation ratio. Although 
increasing sodium alginate content improves the swelling 
ability and mechanical properties of a hydrogel, these advan-
tages are negated by excessively fast degradation and poor 
biological properties. The outcome of the present study is 
that the C1 hydrogel is the most suitable for use in skin 
printing ink.

3.7 � Evaluation of Bi‑layer Skin

An artificial dermis was printed using C1 hydrogel with 
green fluorescent labeled fibroblasts followed by a second 
layer with red fluorescent labelled keratinocytes to form 
the epidermal layer. Printed bi-layer skin was cultured for 

Fig. 10   Morphology and distribution of NHDFs in Col/SA hydrogels (scale bar: 200 μm)

Fig. 11   Proliferation ratios of NHDFs in Col/SA hydrogels
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three days. The morphology and distribution of NHDFs and 
NHEKs in the bi-layer skin are shown in Fig. 12. After one 
day, the bi-layer skin maintained clear stratification with the 
limited spreading of fibroblasts. After 3 days, clear stratifica-
tion was still observed with significant proliferation of fibro-
blasts and keratinocytes and increased spreading of fibro-
blasts. The survival and proliferation of cells in printed skin 
are central to the reconstruction of functional skin. The cur-
rent results present a hydrogel with properties conducive to 
the growth and proliferation of dermal and epidermal cells.

Collagen hydrogel has ligands and pore sizes suitable 
for cell attachment, stimulating spreading and proliferation. 
Proliferation of dermal cells in transplanted skin facilitates 
epithelialization of the wound, accelerating closure. The 
degradation ratio of transplanted skin should match the skin 
regeneration ratio to support the early stage of skin recon-
struction and provide space for re-growth in later stages. 
The directional arrangement of myofibroblasts is responsible 
for skin contraction and scarring but this consequence can 
be avoided by choice of appropriate pore size within the 
hydrogel.

4 � Conclusion

The current study prepared and analyzed the properties, 
including the swelling, degradability, mechanical proper-
ties, microstructure and biological properties of Col/SA 
hydrogels with differing content of collagen and sodium 
alginate. With increasing sodium alginate content, the 
swelling ratio, degradation ratio, tensile modulus and 
compression modulus increased, while pore size, tensile 
elongation at break and biological activity decreased. 
With increasing collagen content, the swelling ratio, ten-
sile modulus, compression modulus and tensile elonga-
tion at break increased, while degradation ratio, pore size 
and biological activity decreased. Hydrogels with 1% col-
lagen content showed biological properties, micropores 
and degradation properties suitable for cell growth and 
skin wound healing. The 1% collagen hydrogel was shown 
to be a suitable bioink for biofabrication of a bi-layer 
skin construct. Fibroblasts and keratinocytes spread and 
proliferated in the bi-layer skin. Thus, the 1% collagen 
hydrogel shows good mechanical stability and promising 
properties for bioprinting of a skin model to be used in 
future wound healing research applications.
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