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Abstract: As a major extracellular matrix component within the skin, collagen has been widely used to engineer human
skin tissues. However, most collagen is extracted from animals. Here, we introduced recombinant human type III collagen
(rhCol3) as a bioactive component to formulate bioinks for the bioprinting of a full-thickness human skin equivalent. Human
dermal fibroblasts were encapsulated in the gelatin methacryloyl-rhCol3 composite bioinks and printed on a transwell to
form the dermis layer, on which human epidermal keratinocytes were seeded to perform an air-liquid interface culture for
6 weeks. After optimizing the bioink formulation and bioprinting process, we investigated the effect of thCol3 on skin tissue
formation. The results suggest that a higher concentration of rhCol3 would enhance the growth of both cells, resulting in a
more confluent (~100%) spreading of the epidermal keratinocytes at an early stage (3 days), compared to the rhCol3-free
counterpart. Moreover, in an in vivo experiment, adding rthCol3 in the hydrogel formulation would contribute to the skin
wound healing process. Taken together, we conclude that rhCol3 could act as a functional bioink component to promote basic
skin cellular processes for skin tissue engineering.
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with epidermal keratinocytes through biochemical cues
(e.g., keratinocytes growth factor) and hence regulate
epidermis growth®,

The skin extracellular matrix (ECM) is an another

1. Introduction

Skin is the largest organ of the human body that functions
as a physical barrier to protect inner organs from physical
contact, toxins, pathogens, and loss of heat and water!!l.

The skin tissue is composed of the epidermis and its
underlying dermis. The maintenance of the epidermis
integrity is regulated through a balance between
proliferation and differentiation of the residing epidermal
cells, mostly epidermal keratinocytes™™. The dermis,
primarily composed of dermal fibroblasts, could interact

significant part of the skin stem cell niche that supports
the adhesion, migration, proliferation, and differentiation
of'skin cells, which are fundamental cellular processes for
skin tissue development and regeneration!®. Type I and
type III collagens are the major structural constituents of
ECM in native skinPl. Particularly, type III collagen was
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found to be critical in dermal collagen fibrillogenesis and
tissue integrity. Meanwhile, type III collagen has been
shown to induce the transcription of growth factors for
fibroblasts, including keratin growth factor, vimentin,
and transforming growth factor beta (TGF-B)®. The
content and the ratio of these two types of collagens
were found to vary with age and injury. For instance,
the type III collagen in normal fetal skin accounts for
approximately 34 — 65% of the total collagen, while
later in the childhood and early adult life, approximately
80 — 85% of the collagen in the skin are type IP-'.
Meanwhile, the content ratio of type III collagen in the
skin hypertrophic scar tissue was found to be from 14% to
28%!1%, This content change with time has been inferred
to be involved in skin ECM remodeling, in support of the
fact that skin tissue architecture is highly dynamic and
heterogeneous!'®!*, The previous studies have indicated
that both epidermal cells and fibroblasts are sensitive to
attached or embedded substrate with various physical
cues, for instance, stiffness!’®l. The integrin-binding
motifs decorated to the matrices surface have also shown
to bind epithelial progenitors and further promote their
migration and wound healing. For instance, human skin
fibroblasts with mutated type III collagen gene were
unable to organize collagens and fibronectin in the ECM
due to the downregulation of 0231 integrint®!¢l,

Thus, it is desirable to recapitulate the dynamic and
heterogeneous human skin tissue microenvironment when
engineering in vitro skin tissue for either pharmaceutical
or regenerative applications. The previous studies have
engineered in vitro three-dimensional (3D) human skin
equivalents based on human skin cells, which are both
structurally and functionally more similar to native human
skin than 2D culture models and animal modelst'"'*].
This field is greatly advanced by the use of innovative
biofabrication technologies, such as 3D bioprinting, in
which 3D skin tissue could be pre-designed and then
precisely fabricated following layer-by-layer assembling
of cell-laden bioinks to yield spatial heterogeneity!.
Laser-assisted, inkjet-based, and extrusion-based
bioprinting are three major techniques used for the
fabrication of skin equivalents. For instance, Lee
et al. fabricated 3D skin tissue through inkjet printing
multilayer constructs®®”, and Koch et al utilized
laser-assisted bioprinting to build in vitro skin tissue
in predefined patterns®'. Some groups have obtained
3D-printed human skin equivalents using naturally
derived biomaterials, such as collagen I, to resemble
ECM environment?, Nonetheless, efforts are still
required to improve mimicking complex human skin
tissue microenvironment of the in vitro skin equivalent.
For instance, the effect of significant type III collagen
on skin formation is poorly understood as it has been
rarely involved in the engineering of in vitro human

skin models. Moreover, the typically formulated bioinks
based on collagen usually lack proper printability due to
the slow gelation kinetics at physiological conditions.
To address these problems, we propose to formulate
recombinant human type III collagen (rhCol3) into
bioinks for the bioprinting of a full-thickness human tissue
equivalent. In general, recombinant human collagens
have been designed and synthesized as alternative
biomaterials to the native human collagen, with the
advantages of high purity, batch-to-batch consistency,
and low immunogenicity®l. Moreover, they have been
reported to support cellular activities®?*, being applied to
the engineering of bone and neural tissues™). Recently,
a biomaterial composed by gelatin and recombinant
type II collagen has been proven to support the growth
of seeded NIH-3T3 cells and promote the regeneration
of damaged rat skin®®. Herein, we hypothesize that
rhCol3 has an important role in supporting human skin
cell growth and hence would facilitate the formation of
the epidermis in vitro and wound healing in vivo since
native human type III collagen is the second abundant
ECM structural collagen in the skin®”. To achieve
printing convenience, we formulated a composite bioink
by mixing rhCol3 with gelatin methacryloyl (GelMA),
a commonly used printable biomaterial®®!. To model the
contents of type III collagen in native human skin tissues
(Figure 1A)!"?1 we developed the composite bioinks
with varied rhCol3 contents ranging from 0.8 to 3.2
wt%, representing 10 — 30% ratio of matrix polymer in
the bioinks. We optimized the bioprinting of this novel
bioink formulation based on rheological and printability
assessments. Then, we constructed an in vitro 3D human
skin equivalent with human epidermal keratinocytes
(HaCaTs) and dermal fibroblasts (HDF) using extrusion-
based 3D bioprinting. Basically, the rhCol3-based bioink
formulations consisting of base component GelMA,
bioactive rthCol3, and photoinitiator (lithium phenyl-
2,4,6-trimethylbenzoylphosphinate, LAP) were prepared
at the predefined concentration (Figure 1B). Then,
we fabricated the dermal constructs by 3D bioprinting
of HDF-laden bioinks followed by photocrosslinking
(Figure 1C). After 3 days of culture, the constructed
dermal layers were seeded with HaCaTs on top
(Figure 1D) followed by submerging culture to allow for
HaCaTs and HDFs proliferation (Figure 1E). An air-liquid
interface (ALI) culturing method was performed to obtain
the differentiated epidermal layers (Figure 1F). Based
on this skin model, we comprehensively investigated
the effects of rhCol3 on the cellular processes of skin
cells in vitro. We also assessed the skin repair process
based on in vivo analysis of implanting GeIMA-rhCol3
hydrogel onto Sprague Dawley (SD) rat dorsal wound
(Figure 1G). Collectively, both in vitro skin construct
and in vivo wound healing analysis indicated that

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



Yang, et al.

A Type |, Il collagen content B io C
in human normal skin COOH  HN
° °° ° 1
Bioinks - &9 o
2 3D printing
e GelMA LAP
N 405 nm
COOH irradiation
.,.‘ ) NHZ NHZ I
.'/‘- Recombinant human collagen
D E F
G
HaCaTs Stbrarae ealtonn Air-Liquid Interface
| Seeding 9 9 culturing

Figure 1. Schematic illustration of constructing the in vitro skin equivalent using rhCol3-based bioinks and 3D bioprinting, together with an
in vivo test. (A) The content of type I and III collagen to the total collagens presented in the human skin. (B) Preparation of the rhCol3-based
bioink formulations consisting of base component GelMA, bioactive rhCol3, and photoinitiator LAP. (C) 3D bioprinting of the HDFs-laden
dermal constructs on a transwell followed by photocrosslinking. (D) Seeding of HaCaTs on top of printed dermal constructs. (E) Submerge
culturing of the in vitro 3D skin tissue. (F) Air-liquid interface culturing process to obtain the differentiated epidermal layer. (G) In vivo test

of the biocompatibility of the GeIMA-rhCol3 bioinks.

GelMA-rhCol3 mimicked skin tissue microenvironment
that supports skin cell adhesion, migration, proliferation,
and differentiation, which are critical processes involved
in skin repair and regeneration.

2. Materials and methods

2.1. Preparation of GelMA and GelMA-rhCol3
bioinks

GelMA solutions at concentrations of 5, 7.5, and 10 wt%
were prepared by fully dissolving the GelMA powder
(SunP Gel-Gl1, degree of substitution 55 — 65%, porcine
skin, 300 gbloom, SunP Biotech) in Dulbecco’s phosphate-
buffered saline (Wisent, Canada) that contains 0.25 wt%
lithium phenyl-2,4,6-trimethylbenzoylphosphinate (LAP,
SunP Biotech) as photoinitiator. The GeIM A solutions were
sterilized by filtering through the 0.22 um filter. GeIMA
hydrogels were formed by treating the precursor solution
with 405 nm ultraviolet (UV) light (25 mW/cm?) for 20 s.
To prepare the GeIMA-rhCol3 bioinks, a predetermined
amount of type III recombinant human collagen powder
(the National Center for Biotechnology Information
GenBank Access Number: EF376007, kindly provided
by the Bioengineering Lab of Nanjing University of
Science and Technology, China) was mixed with the

GelMA solutions and stirred for 1 h until fully dissolved.
The mixtures were then filtered through 0.22 um filters
and collected in lightproof universal tubes for further
use. The composite bioinks prepared in this study were
differentiated corresponding to the concentration of thCol3
while fixing the GelMA concentration at 7.5 wt%. The
composite bioinks were named GelMA-rhCol3 — 0.8, 1.6,
and 3.2 corresponding to the concentration of rhCol3 (0.8,
1.6, and 3.2 wt%) within the bioinks.

2.2. Cell culture

HaCaTs cell line and human dermal fibroblasts (HDFs)
were purchased from the National Infrastructure of Cell
Line Resource (NICR, Beijing). The HaCaTs and HDFs
were cultured in Dulbecco’s Modified Eagle Medium
(DMEM; Wisent, Canada) supplemented with 10% fetal
bovine serum (Gibco, Beijing), 1% GlutaMax (Gibco,
Beijing), 1% non-essential amino acids (Gibco, Beijing),
and 1% penicillin-streptomycin (Gibco, Beijing). The
cells were passaged before reaching a confluence of 80 —
90%, with the culture medium changed every other day
when culturing at 37°C and 5% CO,. For HaCaTs cultured
on hydrogels in 24-well transwell inserts (Thermo
Fisher Scientific, Denmark), the culture medium was
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supplemented with an additional 1.5 mM CaCl, under the
submerged condition for the initial cell attachment and
expansion. To induce the HaCaTs differentiation under
the ALI culture condition, the submerged culture medium
was further supplemented with 50 pug/mL ascorbic acid
(Sigma-Aldrich, USA) and 10 ng/mL keratinocyte growth
factor (KGF; Lonza, USA).

2.3. Cell viability assay

To visualize the distribution and survival of the HDFs
encapsulated in the gelled bioinks, we applied a LIVE/
DEAD™ (Invitrogen, USA) assay at defined time points
(days 1, 3, and 7). Briefly, cell-laden samples were
gently washed 3 times with warm phosphate-buffered
saline (PBS), then 500 uL LIVE/DEAD™ staining
solution (Calcein-AM 2 umol/L, PI 4.5 umol/L) was
added, followed by incubation at 37°C for 20 min. The
fluorescent images were taken by confocal fluorescent
microscopy (Eclipse Ti Nikon), and cell viability was
determined by identifying the number of live and dead
cells using Matrix Laboratory (MATLAB R2019a).
Viabilities of printed HDFs in different photocrossslinked
bioinks were evaluated in the same manner. In addition,
a LIVE/DEAD™ assay was also used to identify the
seeded HaCaTs on the surface of bioinks.

2.4. Cell proliferation assay

To determine the suitable concentration of the bioink,
we prepared GelMA solutions at varying concentrations
(5,7.5, and 10 wt%) encapsulated with 1 x 10%mL HDFs.
At a defined culture time point, the culture medium was
removed, and fresh medium supplemented with Cell
Counting Kit-8 (CCK-8, Yeason Biotechnology, China)
reagent (mixing ratio of 10:1) was added to the individual
sample followed by a 3 h culturing at 37°C. A 100 uL
of the reacted supernatant was then transferred to a 96-
well plate from each sample, and the optical density
was measured at an absorbance wavelength of 450 nm
(Multiskan FC Thermo). To determine the proliferation
activities of the HDFs within the dermal constructs or
HaCaTs proliferated on hydrogel constructs, dermal
constructs or epidermal layers were treated with the same
method.

2.5. Quantitative real-time polymerase chain
reaction (PCR)

The gene expression levels of collagen I, TGF-3, vimentin,
and alpha-smooth muscle actin (-SMA) were measured
using qRT-PCR. After culturing for 14 days, cell-laden
hydrogels were dissolved by GelMA lysis solution
(EFL-Gm-Ls-001), then HDFs were isolated from the
dissolved bioinks by centrifugation. The cells were lysed
by Trizol® for 5 min to obtain the total RNA of the

fibroblasts cultured in bioink hydrogels. To determine the
effects of rhCol3 on the gene expressions (P63, filaggrin,
and Nrf2) of HaCaTs, we cultured HaCaTs on GelMA-
rhCol3-3.2 and GelMA only hydrogels and performed
gRT-PCR analysis. At defined culture time points (days
1, 3, and 7), the HaCaTs on the surface of the dermal
constructs were gently washed with PBS and detached by
trypsin. The detached HaCaTs were then lysed by Trizol®
for 5 min to obtain cell suspension. After centrifuging
the cell suspensions at 12 x 10° rpm for 5 min, the
supernatants were collected, followed by the addition of
chloroform to collect the RNA-containing aqueous phase.
Isopropanol was then added to the aqueous phase, which
was centrifugated to obtain the RNA pellets. Finally, the
RNA pellets were dissolved in RNase-free water. The
first-strand cDNA was synthesized using OneScript Plus
c¢DNA Synthesis Kit (Applied Biological Materials Inc.,
Richmond, BC, Canada) with 1000 ng total RNA. The
PCR reaction was performed in a StepOnePlus Real-
Time PCR System (Applied Biosystems, Foster City,
CA, USA) following the instructions from EvaGreen
gPCR MasterMix (Applied Biological Materials Inc.,
Richmond, BC, Canada). The 2724 method was used to
determine the relative mRNA expression levels, and all
the results were normalized to the expression of B-actin.
The primers sequences for the target genes are listed in
Table S1.

2.6. Scanning electron microscope (SEM)

The hydrogel samples were lyophilized firstly for 24 h;
then, the freeze-dried samples were carefully sectioned
using a scalpel and sputter coated for 60 s with gold.
The microstructure morphology of the samples was
observed by SEM (FEI Quanta 200, Netherlands) at
an acceleration voltage of 5kV. The average pore size
was determined by measuring the diameter of randomly
selected pores.

2.7. Rheology and mechanical characterizations

The rheological properties of the GelMA and the
GelMA-rhCol3 composite bioinks were evaluated
by a rheometer (Anton Paar Mcr-302) with a 25 mm
plate (CP 25-2/TG). The storage modulus (G”) and loss
modulus (G””) of the inks were determined under the
temperature sweep mode by decreasing the temperature
from 37°C to 4°C at a cooling rate of 5°C/min while
the shear strain and frequency were maintained at
0.5% and 1 Hz, respectively. The photorheological
properties of the GelMA and the GelMA-rhCol3
composite bioinks were evaluated by a rheometer
(Anton Paar Mcr-302) equipped with a transparent
glass plate with Peltier control (Anton Paar, P-PTD
200GL) and a 25 mW/cm? UV light source. The
storage modulus (G’) and loss modulus (G’*) of the
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inks were determined along with the testing time up to
900 s under a constant temperature of 37°C, while the
shear strain and frequency were maintained at 0.5%
and 1 Hz, respectively. The time taken for the initial
storage modulus of each bioink group to reach 50%
and 80% of the averaged storage modulus at the post-
UV crosslinking stage was also determined to illustrate
the photo crosslinking efficiency.

To evaluate the effect of GelIMA and rhCol3
concentration on the mechanical properties of the gelled
bioinks, the compressive modulus of the hydrogels was
determined by compression test in this study. The square-
shaped samples with 14.5 mm side length and 4.5 mm
height were prepared and compressed up to 50% strain at
the rate of 2 mm/min using a mechanical test instrument
(Bose ElectroForce 3200, Bose Corp.). The compressive
modulus was determined from the initial linear slope
(10 — 15% strain) of the stress-strain curves.

2.8. Printability characterization

The printability was assessed by a filament fusion test
consisting of printing parallel strands at decreasing
spacing, according to a previous study?®®. The initial
filament distance was set to 2.5 mm, decreased 0.1 mm
for each subsequent line, and ended at the distance of
0.3 mm. The printing head and the collecting platform
of the bioprinter (Biomaker 2, SunP Biotech) were
set to 23 and 10°C, respectively. The printing speed of
the nozzle was 2 mm/s, and the extrusion speed was
0.3 mm®/s; a 25G extrusion needle was selected in the
test. The printed parallel strands were cross-linked by a
405 nm light source for 20 s to form gelled construct and
photos recorded by a digital camera. The fused filament
length (fs) at each edge of the meandering pattern to their
corresponded filament thickness (ff) was determined and
plotted for each filament distance (fd). Lattice structures
were also printed out to assess the printability (Pr value)
of the bioinks based on a well-established approach!l.
Pr denotes value of printability that is defined based on
square shape using the following equation: Pr=L*16A,
where L and A denote the perimeter and the area of the
square, respectively.

2.9. rhCol3 dissolution test

To quantify the releasing of the rhCol3 from the gelled
bioinks, rthCol3 was conjugated with fluorescent dye.
Predetermined rhCol3 and NHS-fluorescein were fully
dissolved in PBS to prepare the 10 wt% and 0.6 wt%
solutions, respectively. The prepared solutions were
then mixed and stirred at 37°C for 3 h in dark room. The
well-mixed solution was then diluted with four volumes
of PBS and transferred to dialysis bag (MW.14000) to
dialyze the unreacted fluorescent dye for 14 days. The
final dialyzed solution was then freeze-dried to obtain

the fluorescent-labeled rhCol3. The rhCol3-contained
hydrogels were then prepared and incubated in PBS.
The 500 uL PBS was collected from each sample and
the same amount of fresh PBS was added. The time to
collect the PBS was setto 1 h,3h,5h, 10h, 1 d, 3d,
5d, 10 d, and 14 d after initial incubation in a 37°C
incubator. The fluorescent intensity was determined by
a microplate reader (Molecular Devices, SpectraMax
M2) at excitation wavelength of 494 nm and emission
wavelength of 518 nm.

2.10. Engineering human skin equivalent in
transwell inserts

To create human dermal constructs in transwell inserts,
the line distance of the model was adjusted to 0.1 mm,
and the printing shape was changed to round to adapt
the 24-well transwell. Bioinks that contained 1 x 10%/mL
HDFs were prepared and then transferred into a 3 mL
syringe equipped with a 25G extrusion needle before
printing. A 405 nm UV light was used to crosslink the
construct immediately after printing. A 200 uL fresh
medium was added into the transwell insert followed by
placing the transwell into a 24-well plate that contained
500 uL medium. The printed dermal layer constructs were
cultured for 3 days before seeding the HaCaTs on their
upper surface at a density of 2 x 10° cells/cm?. They were
cultured with submerged medium for another 5 days,
followed by switching to the ALI medium while lifting
the insert to a level where the HaCaTs contact the air,
allowing for an ALI culture condition for HaCaTs. Both
the submerged medium and ALI medium were changed
every other day. The attached areas of proliferated
HaCaTs were imaged with microscopy at days 3 and 6
until the cells reached full confluence and the percentage
of the cover area was determined by Matrix Laboratory
(MATLAB R2019a). LIVE/DEAD™ staining assay was
also applied to identify the proliferation of the HaCaTs on
dermal surfaces.

2.11. Skin equivalent characterizations

The printed skin constructs were harvested from the
transwell insert at week 3 and week 6 since the initial
culture or ALI culture. The skin constructs were
fixed with 4% paraformaldehyde for 20 min at room
temperature before paraffin embedding. They were then
cut into sections and mounted onto slides for hematoxylin
and eosin (H&E) staining. For immunohistochemistry
staining, the sections were deparaffinized and rehydrated
with xylene and ethanol and were immersed in EDTA
antigen retrieval buffer, followed by blocking with 3%
BSA for 30 min. The slides were then incubated overnight
at 4°C in a humid chamber, with primary antibodies
against cytokeratin 14 (1:100, Abcam) and cytokeratin
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10 (1:100, Abcam). After washing with PBS 3 times
with 10 min between each wash, we added secondary
antibodies (goat-anti-mouse antibody 1:300 and goat-
anti-rabbit antibody 1:400, Servicebio) and incubated the
sections for 1 h at room temperature followed by PBS
washing 3 times. Finally, the slides were counterstained
with DAPI for 10 min at room temperature and then
washed with PBS 3 times before observation under a
confocal microscope. The K14 and K10 fluorescent
intensity levels of the immunohistochemistry sections
were quantitatively analyzed using F1JI software.

2.12. In vivo experiment

Eight-week-old SD rats were used, and all animal
experiments were performed according to the protocols
approved by the National Institutes of Health Guide
for the Care and Use of Laboratory Animals, China.
All experiments and procedures were approved by
Laboratory Animal Research Center, Tsinghua University
(SYXK 2019-0037). Intraperitoneal injection of 10%
chloral hydrate (3 mg/kg) was applied to anesthetize the
rat. Then, the hairs on the dorsal surface were shaved, and
the skin was sterilized with 75% alcohol. Full-thickness
excisional wounds were created on the back of each rat
by a 5 mm diameter biopsy punch. Bioinks were then
carefully added to the trauma through injection, which
was followed by UV crosslinking to gel the inks. Wounds
without any treatment were set as controls. All samples
were carefully covered with medical gauze and secured
with Tegaderm™ dressing (3M Health Care, Germany)
immediately to protect them from dryness and self-
grooming damage. At days 3, 7, and 14 after the operation,
photos of wound sites were taken, and the wound areas
were determined using Matrix Laboratory (MATLAB
R2019a). To determine the healing progress, we sacrificed
all rats at day 14 and carefully excised wound sites with
the surrounding skin. About 4% paraformaldehyde was
used to fix the tissues overnight, and later, the tissues were
dehydrated in graded ethanol and embedded in paraffin.
The embedded block was sectioned with 10 um of
thickness and stained with H&E and Masson’s trichrome
(MT) staining (Beyotime Institute of Biotechnology,
China). Images of the H&E-stained tissue were taken
with microscopy (Eclipse TS100 Nikon) for further study.

2.13. Statistical analysis

Unless otherwise stated, the data are presented as the
mean + standard deviation with triplicate or more for
each condition throughout this study using GraphPad
Prism 6. Statistical significance was assessed with a
Student’s t-test, and significance was indicated with
*P <0.05, **P <0.01, and ***P <(0.001, where P > 0.05
was considered not statistically significant.

3. Results and discussion

3.1. Determining the suitable concentration
of GelMA for engineering the in vitro dermal
constructs

We first optimized the concentration of GeIMA, the base
bioink content, regarding the construction of the dermal
layer. We encapsulated HDFs in GeIMA hydrogels at
varying concentrations (5, 7.5, and 10 wt%) and evaluated
the activity of HDFs in vitro. The LIVE/DEAD™
staining indicated that HDFs viability in all groups
was maintained over 90% throughout the 7-day culture
(Figure 2A). The majority of HDFs presented a spherical
morphology at day 3 among all groups while displaying
a more eclongated spreading morphology at day 7
(Figure 2A). The CCK-8 assay revealed the proliferation
of HDFs, and we found that 7.5 wt% GelMA supported
a significantly higher growth rate at day 7 (Figure 2B),
which was 1.3 and 1.5 fold of those obtained by 5 and
10 wt% GelMA, respectively. This is in accordance with
the previous studies reporting that cellular processes
are highly affected by physical cues provided by the
surrounding ECMP2. As supporting evidence, SEM
images of lyophilized GelMA hydrogels demonstrated
that the pore size decreased with the increase of GelMA
concentration (Figure 2C and Figure S1), in agreement
with the previous studies™. It should be noted that such
microporosity in the lyophilized state does not represent
the nanoporosity generated by cross-linked polymer
mesh in the hydrogel state®*. The stiffness of the
GelMA hydrogels has been found to be another crucial
parameter in regulating the proliferation of the HDFs.
The mechanical compression tests demonstrated that 10
wt% GelMA showed much higher compression modulus
(22.6 kPa) than 7.5 and 5 wt% GelMA did (7.5 and
3.5 kPa, respectively) (Figure S2). Too stiff hydrogel has
been demonstrated to hinder cell activity, while too soft
hydrogel might face challenges in supporting prolonged
cell growth®>-¢l. Similar to our results, a recent study
reported that, compared to 5 and 10 wt% GelMA
hydrogel, HDFs cultured in 7.5 wt% GeIMA hydrogel
showed the highest proliferation activities®”. Another
study revealed increased remodeling and proliferation
activities in the 5 wt% GelMA group compared to GelMA
hydrogels (10 and 15 wt%) with much higher stiffness**l.

We further investigated the gene expression of
HDFs cultured in 5, 7.5, and 10 wt% GelMA hydrogels.
Particularly, the expression of relevant genes, such as
type I collagen (Col-I), TGF-B, vimentin, and o-SMA,
was examined by PCR analysis after culturing for 14 days
(Figure 2D). Col-I is the fundamental ECM structure
protein that plays critical roles, such as supporting and
maintaining the integrity of the dermal architecture
in skin tissueP”. TGF-B and vimentin are known as
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Figure 2. Optimizing the base component in the bioink for the 3D bioprinting of the in vitro dermal constructs. (A) LIVE/DEAD™ staining
of proliferated HDFs within 5, 7.5, and 10 wt% GelMA during 7-day culture. Scale bars: 50 wm. (B) Quantification of the proliferation
activities of the HDFs in GeIlMA hydrogels using CCK-8 assay. Significance is indicated with *P < 0.05 and **P < 0.01, n = 3. (C) SEM
images of lyophilized hydrogels, showing the microporous morphology. Scale bars: 100 um. (D) Gene expressions of the skin ECM-
associated proteins within 5, 7.5, and 10 wt% GelMA. Significance is indicated with *P < 0.05 and **P < 0.01, n =3.

critical factors that regulate the cell fate of fibroblasts;
for instance, TGF-P could induce the secretion of ECM
proteins while vimentin has been found in coordinating
fibroblast proliferation and keratinocyte differentiation
in skin tissue™**!l. In addition, a-SMA is known to be
involved in stress fiber formation and transition of
fibroblast to myofibroblast, hence, its gene expression
level was also determined™. The results showed that
HDFs cultured in 7.5 and 10 wt% GelMA expressed
higher level of Col-I than HDFs cultured in 5 wt% GelMA
(Figure 2D). Expressions of TGF-p and vimentin from
7.5 wt% GelMA group were found higher than those of
5 and 10 wt% GelMA groups. There was no significant
difference among three groups for the expression of
o-SMA. Similar trends on expression of the Col-I and
o-SMA have been reported by literature where hydrogels
with stiffness comparable to ours have been used**4.,
These results illustrated that 7.5 wt% GelMA could
comprehensively support the cellular activities of the
encapsulated skin fibroblasts; therefore, it was selected in
constructing the in vitro dermis.

3.2. Assessing the rheology and printability of
the bioinks

Before bioprinting, we investigated the rheology of
bioinks as it critically affects the printability for extrusion-
based bioprinting. To determine the thermosensitivity
of the GelMA-rhCol3 composite bioinks with various
rhCol3 concentrations, we performed an oscillatory

temperature sweep from 37 to 4°C. The results indicated
that both storage (G”) and loss (G””) moduli of all tested
samples increased rapidly in the range of 14 — 22°C,
with a significantly higher G’ than G” beyond this
region while cooling (Figure 3A). In contrast, rthCol3
alone with concentration up to 3.2 wt% presented low
G’ and G” (<1 Pa) throughout the temperature range
(Figure S3). These results evidenced the thermal
gelation of GelMA-rhCol3 composite bioinks, which
is likely due to the consistent presence of GelMA.
Meanwhile, the results also showed that adding rhCol3
would induce a slightly decreased modulus and gelation
temperature; the G’ at 4°C and gel transition temperature
for GelMA-rhCol3 bioink containing 3.2 wt% rhCol3
(termed GelMA-rhCol3-3.2) were ~1.1 kPa and ~16°C,
respectively, while those for GelMA alone bioink were
~1.9 kPa and ~18°C (Figure 3A and S4). To further
investigate the effect of rhCol3 on photocrosslinking
kinetics, we performed photorheological time sweep
tests and assessed the change of G’ than G” with the
in situ UV irradiation during the testing (Figure 3B).
All tested samples show a rapid increase of G’ on UV
irradiation. After approximately 100 s of irradiation,
the G’ became gradually plateaued, indicating that the
photocrosslinking reaction approached the end. The UV
exposure time durations that allowed G’ reach 50% and
80% of the plateaued modulus were determined and
shown in Figure SSA. It took the GelMA-rhCol3-3.2
group significantly shorter time than others to achieve
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Figure 3. Assessing the rheology and printability of the bioinks. (A) Storage and loss moduli of the bioinks determined by an oscillatory
temperature sweep from 37 to 4°C. (B) Storage and loss moduli of the bioinks determined during photocrosslinking at 37°C. (C)
Compressive modulus of the photocrosslinked hydrogels with varied rhCol concentrations. Significance is indicated with *P < 0.05 and
**P < 0.01, no significance is indicated with ns, » = 3. (D) Filament fusion test of the bioinks (pictures of printed constructs) and plot of
fused filament length (fs) normalized by filament thickness (f#) as a function of the filament distance (fd) of the tested bioinks. (E) LIVE/
DEAD™ fluorescent staining images of the printed HDFs in different bioinks post-photocrosslinking and (F) quantitative cell viability of
the printed dermal constructs 1 h after printing. Scale bars: 50 um.
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the same degree of crosslinking. Similar to the thermal
gelation experiment, we found that plateaued G’
decreased with the increase of rhCol3 concentration;
rhCol3-free sample (GeIMA) possessed the highest G’
(~4.5 kPa) at its equilibrium, while the plateaued G’ of
GelMA-rhCol3-3.2 was only ~3.0 kPa (Figure S5B).
The compression test further confirms the effect of
rhCol3 on the mechanical properties of the composite
bioinks after gelation. As shown in Figure 3C, the
compressive modulus decreased with the increase
of rhCol3 concentration in the 7.5 wt% GelMA; the
compressive moduli of GeIMA-rhCol3-3.2 (~5.6 kPa)
and GelMA-rhCol3-1.6 (~5.7 kPa) were significantly
lower than that of plain GeIMA (~7.5 kPa). Collectively,
the inclusion of rhCol3 in GelMA would slightly slow
down the kinetics of thermal and photogelation, as
well as the mechanical properties after gelation. This is
probably because the soluble free rhCol3 chains would
interrupt the helix formation of GeIMA and chain growth
photopolymerization. Similar results were reported in the
literature, where decreased G’ was observed for GeIMA/
Alginate or GeIMA/collagen hydrogels after adding non-
cross-linked alginate or collagen, respectively!34¢1,

To evaluate the shape fidelity of our bioinks, we
performed a filament fusion test using an approach adapted
from the literature®”. Briefly, fused segment length (f5)
of parallel printed strands to their corresponded filament
thickness (f7) was determined for varied filament distance
(fd) (Figure 3D). The results indicated that the fs value
increased with the decrease of fd in all tested groups.
Meanwhile, adding rhCol3 into the GeIMA led to a slight
increase of fs. As a result, fs/ft of GelMA-rhCol3-3.2
was higher than those of other groups at selected fd.
Using another printability assessment approach that
characterizes the circularity of the micropores in a printed
structurel!l, we utilized the optimized temperatures for
different formulations while obtaining similar printability
of Pr values that were close to 1. Lower printing
temperature (~18°C) is needed for GeIMA-rhCol3-3.2
compared to that of GeIMA (~21°C) (Figure S6). These
findings are associated with the rheological results that
the presence of additional thCol3 reduces the G’.

We fluorescently labeled rhCol3 and quantified
the release of rhCol3 at different initial concentrations
from photocrosslinked GeIMA. The results (Figure S7)
demonstrated a burst release of rhCol3 in the beginning
(~30% at day 1) and a plateau after 1 week (~70% of
release). Since the soluble rhCol3 could not be properly
cross-linked without additional chemical modification,
the major retaining mechanisms are likely the physical
trapping and physical interaction with GeIMA network.
Nevertheless, the thCol3 is still presenting throughout
the culturing period, and nearly 30% will be stably
maintained in the formulation after 2 weeks.

Apart from printability and collagen dissolution
test, we assessed the cell viability post-printing using
different bioink formulations. The LIVE/DEAD™
staining results showed homogeneous HDF's distribution
within the printed constructs and high cell viability
(~97%) (Figure 3E and F), which further confirmed
the feasibility of constructing the dermal layer using 3D
bioprinting and GelMA-rhCol3 bioinks.

3.3. Evaluating the proliferation activities of
HDFs and HaCaTs

To determine the effect of thCol3 on the growth of HDFs,
we bioprinted HDFs-laden dermal constructs using
different bioink formulations and performed a CCK-
8 assay during a 14-day culture. The results indicated
that the embedded HDFs proliferated in both GelMA
control and GeIMA-rhCol3 composite bioink over time.
All the tested groups yielded similar HDFs proliferation
rates, and adding rhCol3 to the GelMA did not reduce
the proliferation activities compared to the control group
(Figure 4A).

We then examined the effect of rhCol3 on the
growth of upper seeded HaCaT cells (Figure 4B). It
showed that the cell activities at day 3 were significantly
higher than those at day 1, indicating the growth of cells.
It also showed that the proliferation was accelerated by
adding rhCol3 to the bioinks as GelMA group possessed
the lowest optical density (OD) value at days 1 and 3.
After culturing for 5 days, there was no significant
difference among all tested samples, suggesting that
the HaCaTs cells became confluent on top of dermal
constructs (Figure 4B). We also performed an epidermal
keratinocytes migration assay to assess the formation of
the epidermal layer (Figure 4C). To indicate the acellular
area, white circles were used to label the uncovered
region and images are shown in Figure S8. After 3 days
of culture, the coverage percentage shifted to a higher
number (~98%) with the inclusion of thCol3 to the bioinks
than that ~80% of rhCol3-free counterpart (Figure 4D).
After culturing for 5 days, the HaCaTs monolayers
imaged from all tested samples show nearly confluent
status with no significant difference (Figure 4D). This is
likely due to the continuous proliferation and migration of
HaCaTs on the GeIMA-based dermis layer, confirmed by
the literature®’l. Nevertheless, these results demonstrated
that rhCol3 facilitated HaCaTs adhesion, proliferation,
and migration; therefore, the rhCol3-contained composite
bioinks should have the potential of supporting epidermis
development and regeneration.

We further evaluated the influence of rhCol3
on the HaCaTs gene expression using PCR analysis
(Figure 4E). We found that the mRNA level of the
gene P63, which regulates both the proliferation and
differentiation of epidermal keratinocytes™®, increased
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Figure 4. Proliferation activities of HDFs and HaCaTs in printed dermal constructs. (A) Quantified proliferation of the HDFs within the
dermal constructs and (B) optical density value of seeded HaCaTs on top of the dermal constructs at different time points. Significance is
indicated with *P < 0.05, **P < 0.01, and ***P < 0.001, no significance is indicated with ns, n = 3. (C) LIVE/DEAD™ fluorescent images
of the cell monolayers developed on dermal constructs at day 3. Scale bars: 200 um. (D) Relative cover area formed by proliferated HaCaTs
atdays 3 and 6. Significance is indicated with *P < 0.05, none significance is indicated with ns, n = 3. (E) Gene expressions of P63, filaggrin,
and Nrf2 in epidermal layers of GelMA-rhCol3-3.2 bioinks and the GelMA group. Significance is indicated with *P < 0.05, n = 3.

significantly at day 3 in both GelMA and the GelMA-
rhCol3-3.2 groups. This suggests that our in vitro
skin construct models the initial stage of epidermis
repair and regeneration, in which the proliferation
and regeneration of keratinocytes play a crucial role.
Interestingly, P63 expression in the GelMA-rhCol3-3.2
group was 3-fold of that in GelMA control group at day
3 and day 1, indicating that rhCol3 significantly affects
HaCaTs at an early stage. This is probably because the
rhCol3 promotes HaCaTs proliferating and spreading
before covering the full area of the attached substrate.
The gene expression of filaggrin, a gene associated with
the HaCaTs differentiation and the epidermal barrier
function™, increased significantly after 1 week of
culture in both GelMA and GeIMA-rhCol3-3.2 groups,
while the expression in the GelMA-rhCol3-3.2 group
was 1.25-fold of that in the GeIMA group. This was
likely because the HaCaTs differentiation occurred
later than proliferation, though both proliferation and
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differentiation progressed at an early stage. The gene
expression of Nrf2 that responds to oxidative stress
was also examined, and we found that at days 3 and
7, the expression of Nrf2 in the GeIMA-rhCol3 group
reached 1.8-fold and 2.7 fold of that in the rhCol3-free
group. This result suggests that our skin construct based
on GelMA-rhCol3 bioink could mimic skin repair and
regeneration process, evidenced by the previous study
that has validated the role of Nrf2 in regulating cellular
stresses during wound healing®®3,

3.4. Histological examination and
immunohistochemistry study of the fabricated
skin constructs

Next, we evaluated the formation of epidermis supported
by underlying dermis composited with different bioinks
formulations. We sectioned the fabricated skin constructs
at week 6 and stained them with H&E. The staining
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images indicated that our 3D-printed skin constructs
possessed both proliferative basal and differentiated
upper epidermis, with the basal proliferated HaCaT
appearing to be denser, which represented tissue histology
similar to that of native human skins (Figure 5A). We
further quantified the thickness of the epidermis layer
under different conditions and found that there were no
significant differences of the epidermis thickness, the
average thickness ranged from 37 to 41 wm throughout
the tested bioink formulations (Figure 5B). The in vitro
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had functional basal HaCaTs expressing proliferative
marker K14 at week 3, while the differentiation marker K10
was seldom observed. This is probably because the in vitro
skin constructs were at an early stage of differentiation
under ALI condition (3 weeks since the ALI culture). In
contrast, differentiation marker K10 was significantly
detected at week 6 in all groups, indicating that the
in vitro skin construct formed a more differentiated upper
epidermal layer. The fluorescent intensity of the marker
K14 and K10 was quantified and is shown in Figure 5D.
There were no significant differences in the intensity
among the tested groups, suggesting that the fabricated
in vitro skin constructs supported the differentiation
activities of the HaCaTs and formed epidermal layers with
uniform structures.

3.5. In vivo evaluation of bioinks

To further explore the feasibilities of using composite
bioinks containing rhCol3 to the in vivo skin repair and
regeneration, we developed a full-thickness skin defect
model of SD rats. The GeIMA-rhCol3-3.2 and GelMA
were selected to treat the skin wounds by depositing
hydrogel precursors on the wounded site followed by
in situ photocrosslinking. The skin tissue repair and
regeneration were evaluated by measuring wound closure
rate and by examining the histological staining.

Figure 6A shows the wound closure process at
different time points after puncturing at day 0. The
biological replicates of wound closure experiments are
supplied in Figure S9. We converted the wounded area
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Figure 6. Closure of wounds treated with different bioinks. (A) Representative photographs of hydrogel-treated wounds at days 0, 3, 7,
and 14. Scale bars: 5 mm. (B) The quantitative wound healing rates of the tests. Significance is indicated with *P < 0.05, n = 3. (C) H&E
staining images of wound sections, with wound areas and new growth of hair follicles indicated with black dotted lines and yellow arrows,
respectively. Scale bars: 500 um. (D) Masson’s trichrome staining images of regenerated epidermal layers compared to normal skin. Scale

bars: 200 um.
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to a quantitative wound healing rate at each time point
shown in Figure 6B. There was no significant difference
in the wound area among groups at day 3 and day 7,
although GelMA-rhCol3-3.2 group seemed to yield a
slightly higher healing rate at day 7. However, by day
14, the healing rate of GelMA-rhCol3-3.2 group (~94%)
was significantly higher than those of GeIMA-only and
blank control groups (Figure 6B). H&E staining further
revealed the skin regeneration of the wound sites at day
14 (Figure 6C). Fresh hair follicles were also found in
the regenerated dermis of GeIMA-rhCol3-3.2 group. The
regenerated epidermal layers and collagen deposition
within the wounds were further stained with Masson’s
trichrome (Figure 6D). Compared to the native skin
tissue of the SD rat, thicker regenerated epidermal layers
were found in both GelMA and GelMA-rhCol3-3.2
group, and GelMA-rhCol-3.2 group showed freshly
regenerated hair follicles located right underneath the
new epidermis. In addition, collagen depositions were
found in all wounds as collagen fibers were stained in blue
by the Masson’s trichrome. Similar to our findings, it has
been recently reported that the human collagen facilitates
the proliferation and migration of mouse fibroblasts by
stimulating skin regeneration relevant growth factors,
and further influences the repairing of the mouse skin
defects!”. The mechanical properties of the hydrogels
might also affect the in vivo outcome. Since GelMA-
rhCol3-3.2 has lower stiffness compared to GelMA
group, it might be easier for the proliferated fibroblasts to
penetrate into the softer hydrogel and replace it with the
newly formed tissue.

4. Conclusion

Biomaterials that support wound healing and skin
regeneration are long needed. In this study, we introduced
the rhCol3 as a novel bioink component and systematically
investigated its role in skin tissue engineering. We first
selected 7.5 wt% GelMA as a base bioink formulation
based on an optimization of the 3D culture of HDFs.
Further, we formulated a series of GelMA-rhCol3
composite bioinks by varying the rhCol3 concentrations
(from 0.8 to 3.2 wt%) and achieved desirable printability
and cell viability (~90%) with extrusion-based bioprinting.
The mechanical properties, rheologies, and printabilities
of the composite bioinks were carefully investigated, and
we found that the addition of rhCol3 to the GelMA led
to a decrease in hydrogel stiffness, storage modulus, and
likely printability. Later, we successfully built a human
skin equivalent (epidermis layer of around 40 pum in
thickness) using our bioink and bioprinting technique. The
in vitro study suggested that adding rhCol3 to the GeIMA
would enhance the proliferation of keratinocytes in the
epidermal layers at the early stage of culture. The addition
of rthCol3 was further proven to upregulate the expression

levels of the key genes relevant to the proliferation and
differentiation of HaCaTs. The inclusion of rthCol3 in the
GelMA bioink contributed to the faster wound healing
in vivo, though no significant increase of epidermis
thickness was observed in vitro. Overall, rhCol3 could be
used as a potential biomaterial to improve the skin tissue
microenvironment and thus for the general skin tissue
engineering applications. Future studies will pay more
attention to the signaling pathways regulated by the bioink
composites during skin tissue regeneration.
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