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ABSTRACT: Repair of cartilage defects is highly challenging in clinical treatment. Tissue engineering provides a promising
approach for cartilage regeneration and repair. As a core component of tissue engineering, scaffolds have a crucial influence on
cartilage regeneration, especially in immunocompetent large animal and human. Native polymers, such as gelatin and hyaluronic
acid, have known as ideal biomimetic scaffold sources for cartilage regeneration. However, how to precisely control their
structure, degradation rate, and mechanical properties suitable for cartilage regeneration remains a great challenge. To address
these issues, a series of strategies were introduced in the current study to optimize the scaffold fabrication. First, gelatin and
hyaluronic acid were prepared into a hydrogel and 3D printing was adopted to ensure precise control in both the outer
3D shape and internal pore structure. Second, methacrylic anhydride and a photoinitiator were introduced into the hydrogel
system to make the material photocurable during 3D printing. Finally, lyophilization was used to further enhance mechanical
properties and prolong degradation time. According to the current results, by integrating photocuring 3D printing and
lyophilization techniques, gelatin and hyaluronic acid were successfully fabricated into human ear- and nose-shaped scaffolds,
and both scaffolds achieved shape similarity levels over 90% compared with the original digital models. The scaffolds with 50%
infill density achieved proper internal pore structure suitable for cell distribution, adhesion, and proliferation. Besides,
lyophilization further enhanced mechanical strength of the 3D-printed hydrogel and slowed its degradation rate matching
to cartilage regeneration. Most importantly, the scaffolds combined with chondrocytes successfully regenerated mature cartilage
with typical lacunae structure and cartilage-specific extracellular matrixes both in vitro and in the autologous goat model.

The current study established novel scaffold-fabricated strategies for native polymers and provided a novel natural 3D scaffold
continued...
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with satisfactory outer shape, pore structure, mechanical strength, degradation rate, and weak immunogenicity for cartilage

regeneration.
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1. INTRODUCTION

Cartilage has a poor intrinsic self-repair capacity owing to its
avascular and aneural nature.”” Consequently, cartilage repair is
highly challenging in clinical treatment. Tissue engineering
provides a promising approach for cartilage regeneration and
repair.3’4 As a core component of the tissue engineering process,
scaffolds elicit a crucial influence on stabilizing cartilage regen-
eration, especially in immunocompetent large animal mod-
els.”~” However, development of a structurally and functionally
optimized scaffold remains a challenge in cartilage regeneration
at present.

Material source is a primary factor for cartilage regeneration,
owing to its pivotal role in ensuring biocompatibility and
mechanical strength. Scaffold materials predominantly include
synthetic and natural polymers, depending on their origin.
Synthetic polymers have many advantages suitable for cartilage
regeneration, such as ease of processing, high mechanical
properties, and controllability in shape, porous structure, and
degradation rate.*”'® However, synthetic materials also have
properties unfavorable for cartilage regeneration, such as inferior
biocompatibility, low bioactivity, and aseptic inflammation
caused by their degradation products when implanted into
immunocompetent large animal models and humans. Conse-
quently, synthetic polymers are not the ideal choice for cartilage
regeneration. Conversely, natural polymers with superior
biocompatibility, good biological activity, low immunogenicity,
and low cytotoxicity from their degradation products have
become favorable as biomimetic scaffolds for cartilage regen-
eration.'”'” Two key native polymers, collagen and hyaluronic
acid, have been widely used for cartilage regeneration."*~"
However, current scaffolds based on these polymers have not
achieved satisfactory cartilage regeneration because of the follow-
ing drawbacks: (i) imprecise control in the outer three-dimensional
(3D) shape and internal pore structure; (ii) excessive degradation
rate mismatch to cartilage regeneration; (iii) inferior mechanical
strength failing to maintain the original 3D shape.'®™"*

To address these issues, we proposed a series of strategies to
optimize the fabrication procedures of porous scaffolds based on
collagen and hyaluronic acid. First, gelatin (a derivative of
collagen) and hyaluronic acid were prepared into a hydrogel and
3D printing was adopted to ensure precise control in both the
outer 3D shape and internal pore structure.'”*® Second, meth-
acrylic anhydride and a photoinitiator were introduced into the
hydrogel system to make the material photocurable, thus further
promoting precision of the hydrogel structure through a photo-
cross-linking reaction during 3D printing.”"** Simultaneously,
the photo-cross-linking reaction significantly enhanced mechan-
ical strength of the 3D-printed hydrogel and slowed its degra-
dation rate. Finally, lyophilization was used to further enhance
the mechanical properties of the 3D-printed hydrogel scaffolds
and transform them into solid scaffolds, which also contributed
to slowing the degradation rate and improving the operability of
cell-seeding.

By integrating these aforementioned strategies into our cur-
rent study, we hypothesized that we could create a structurally-
and functionally-optimized porous scaffold with precise
structural control, an optimal degradation rate matched to

native cartilage regeneration, and satisfactory mechanical
strength. The photo-cross-linkable hydrogel was prepared
using gelatin and hyaluronic acid, thus fabricated into porous
scaffolds with precise outer 3D shapes (representative of a
human ear and nose) and a satisfactory internal pore structure,
using photocuring 3D printing and lyophilization technologies.
After testing their characterization and biocompatibility,
chondrocytes were seeded into the scaffolds to evaluate the
feasibility of cartilage regeneration both in vitro and in vivo. The
current study provides a series of strategies for porous scaffold
fabrication based on native polymers and a novel natural
biodegradable scaffold for cartilage regeneration.

2. MATERIALS AND METHODS

2.1. Scaffold Preparation Using Photocuring 3D Printing and
Lyophilization. 2.1.1. Macromer Synthesis and Preparation of
Photo-Cross-Linkable Hydrogel. Gelatin-methacrylamide (GelMA)
and hyaluronic acid methacrylate (HAMA) were synthesized based on
previously published protocols,”*** respectively. GelMA (5%), HAMA
(2%), and the photoinitiator (lithium phenyl-2,4,6-trimethylbenzoyl-
phosphinate, LAP, 0.5%, w/v) were dissolved in deionized water at
60°C to form a photo-cross-linkable hydrogel. The final hydrogel was
stored at 4 °C in the dark for subsequent use.

2.1.2. Characterization of Macromers and Photocuring Hydrogel.
The structures of all above macromers, gel precursor, and photocuring
hydrogel were characterized by and compared with a 'H NMR
experiment. 'H NMR spectra was recorded on a Bruker 400 MHz NMR
spectrometer. Chemical shifts were reported in parts per million (ppm).

The viscosity and shear-thinning behavior of the gel precursor was
tested to evaluate its printability as the bioink. Rheological analysis was
used to evaluate the photocuring performance of gel precursor. These
experiments were performed on HAAKE MARS Rotational Rheometer
with parallel-plate (P20 TiL, 20 mm diameter) geometry at 25 °C. Shear-
thinning behavior was performed at a 0.5 mm gap from 0 to 100 1/s.
Dynamic rheology experiments were exposed to blue light (405 nm,
30 mW cm?). Time sweep oscillatory test was performed at a 10% strain
(CD mode), 1 Hz frequency, and a 0.5 mm gap for 120 s. The gel point
was determined as the time when the storage modulus (G’) surpassed
the loss modulus (G"').

2.1.3. Scaffold Fabrication with Photocuring 3D Printing and
Lyophilization. The bioprinting system used in the current study was a
desktop pneumatic extrusion-based bioprinter (BioBots Beta, USA)
with a 405 nm blue light. To construct the 3D-printed hydrogels, infill
density was set as either 30%, 50%, or 70%. Each layer height was set as
0.1 mm and deposited at a 90° angle to the underlying layer. During the
printing process, the photo-cross-linkable hydrogel was solidified under
constant irradiation from the blue light source. After 3D printing, the
scaffolds were frozen at —80 °C for 4 h and lyophilized for 48 h. The
scaffolds were sterilized with ethylene oxide for subsequent use.

The 3D digital ear- and nose-shaped models were established as
previously described.”® Both ear- and nose-shaped scaffolds were
prepared based on the digital models by photocuring 3D printing and
lyophilization, as referred to in the aforementioned methods. A 3D laser
scanning system was used for the shape analysis as previously described.”

2.2. Characterization and Biocompatibility Evaluation of 3D
Scaffolds. 2.2.1. Morphology and Porosity of 3D Scaffolds. The
surface morphology and pore structure of the scaffolds were examined
by scanning electron microscopy (SEM). Scaffold pore size at different
infill densities was measured according to SEM.

2.2.2. Cell Seeding Efficiency and Viability in the Scaffold. Goat
auricular cartilage-derived chondrocytes were isolated and cultured as
previously described.*® Chondrocytes were seeded into the scaffolds at
a concentration of 90 X 10° cells per milliliter (the concentration of cell
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Figure 1. Scaffold preparation using photocuring 3D printing and lyophilization. Methacrylate modification and photopolymerization of gelatin
(A) and hyaluronic acid (B). The polymerization reaction between GelMA and HAMA (C). Schematic illustration (D) and macroscopic images (E) of
the 3D scaffold preparation using photocuring 3D printing and lyophilization.

suspension) for in vitro culture. Cell seeding efficiency at 24 h was
calculated based on the formula: cell seeding efficiency (%) = (total cell
number — remaining cell number)/total cell number X 100%.>”
Chondrocyte viability in the scaffolds was determined at day 4 using the
Live and Dead Cell Viability Assay (Invitrogen, USA) and examined by
confocal microscope (Nikon, AIRMP, Japan). Extracellular matrix
(ECM) production was observed at day 4 by SEM.

2.2.3. Cell Proliferation in the Scaffolds. Cell proliferation was
determined using a total DNA quantification assay. The chondrocyte—
scaffold constructs were cultured for 1, 4, and 7 days. Total DNA was
extracted from the samples and quantified with the PicoGreen dsDNA
assay (Invitrogen, USA) according to the manufacturer’s protocol.

2.3. Mechanical Tests. The mechanical properties of the 3D-
printed hydrogel, Iyophilized 3D scaffold and scaffold after rehydration,
were tested using GT-TCS-2000 single-column apparatus with 100 N
capacity.”® All samples (n = 3/group) were prepared into cylindrical
shape with a diameter of 10 mm and height of 2 mm. The compressive
speed was set at 1 mm/min and the test was terminated at breaking
point of the strain—stress curves. Compressive Young’s modulus was

calculated according to the compression strain—stress curves for
statistical analysis.”’

2.4. In Vitro Degradation. In vitro degradation was assessed using
the weight method. Dry weight (Wd) of the 3D-printed hydrogel and
the lyophilized 3D scaffolds was initially determined. All samples were
immersed in sterile PBS for incubation and weighed weekly after
lyophilization (Wi). The degradation ratio was defined based on the
percentage of weight loss as follows: the degradation ratio (%) = (Wd —
Wi)/Wd X 100%.>°

2.5. Preparation of Cell-Scaffold Constructs. Goat chondro-
cytes (passage 3) were seeded into the scaffolds at a concentration of
90 X 10° cells/mL in regular medium (DMEM containing 10% fetal
bovine serum). The cell—scaffold constructs were incubated for 4 h and
then cultured in chondrogenic medium for cartilage regeneration as
previously described (10 ng/mL transforming growth factor-betal
(HumanZyme, Chicago, USA), 40 ng/mL dexamethasone (Sigma-
Aldrich, St. Louis, MO, USA), 100 ng/mL insulin-like growth factor 1
(R&D, Minneapolis, USA), and other supplements).>!

DOI: 10.1021/acsami.8b10926
ACS Appl. Mater. Interfaces 2018, 10, 31704-31715


http://dx.doi.org/10.1021/acsami.8b10926

ACS Applied Materials & Interfaces

Research Article

C
C
B 1| N N N\ Y MJLM
10 8 6 4 2 0 10 8 4 2 0 10 8 6 4 2 0
ppm ppm ppm
Gelatin HA Gel precursor

] sy

.

10 8 6 4 2 0 10 8 4 2 0 10 8 6 4 2 0
Ppm pPpm ppm
GelMA HAMA Hydrogel after photocuring
D Viscosity (Pa-s) E Modulus (Pa)
3.0 , 10000 ;
1 —
23 ‘.\ 1000 - =G~
20{ %
i \ 100
1.0+ 104
0.5+
1

0 20 40 60 80 100
Shear rate (1/s)

0 20 40 60 80 100 120
Time (s)

Figure 2. Characterization of macromers, gel precursor, and photocuring hydrogel. (A) Characterization of methacrylate-modified gelatin (GelMA).
The lysine signal of the gelatin reduced at 2.9 ppm (a) and the methacrylamide vinyl group signal increased at 5.4 and 5.6 ppm (b), indicating successful
MA modification of the gelatin. (B) Characterization of methacrylate-modified hyaluronic acid (HAMA). The N-acetyl glucosamine signal of
hyaluronic acid reduced at 1.9 ppm (c) and the methacrylamide vinyl group signal increased at 5.6 and 6.1 ppm (d), indicating successful MA
modification of hyaluronic acid. (C) The 'H NMR trace of the photo-cross-linking process of the gel precursor. The signals of the gel precursor
distinctly decreased at 1.8—2.5 ppm and 5.4—7.8 ppm, indicating successful polymerization of GelMA and HAMA. (D) The viscosity and shear-
thinning behavior of the gel precursor. The viscosity of gel precursor based on GelMA and HAMA decreased as the shear rate increased which
indicated its extrudable property and good printability as the bioink. (E) Rheology analysis shows the hydrogel formation and fast gelation at

approximately 4 s upon 405 nm blue light.

2.6. In Vitro Cartilage Regeneration and in Vivo Implantation.
The chondrocyte—scaffold constructs were cultured in chondrogenic
medium for 2, 4, and 8 weeks for in vitro cartilage regeneration and then
subcutaneously implanted into nude mice for another 8 weeks. Some of
the 2-week in vitro samples were subcutaneously implanted into an
autologous goat for another 8 weeks. All in vitro and in vivo samples
were harvested for cartilage regeneration evaluation.

Nude mice and goats were purchased from Shanghai Jiagan
Experimental Animal Raising Farm (Shanghai, China). The Animal

Care and Use Committee of Shanghai Jiao Tong University School of
Medicine approved all the animal studies for this research.

2.7. Histological Evaluation of Regenerated Cartilage. The
samples were fixed in 4% paraformaldehyde, embedded in paraffin, and
sectioned for histological and immunohistochemical analysis. Sections
were stained according to previously established methods with
hematoxylin and eosin (HE), Safranin-O, and type II collagen to

evaluate histological structure and cartilage ECM deposition in the
regenerated cartilage.32
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Figure 3. Preparation of human ear- and nose-shaped scaffolds and shape analysis: (A1, A2) original digital models; (B1, B2) 3D-printed hydrogel;
(C1, C2) scaffolds after lyophilization; (D1, D2) laser scan images of the lyophilized scaffolds; (E1, E2) shape similarity of the scaffolds compared with
the digital models (similarity of ear- and nose-shaped scaffolds reaches 98% and 93%, respectively).

2.8. Biomechanical and Biochemical Evaluations. Young’s
modulus of the samples was detected and analyzed according to the
slope of the stress—strain curve as previously described to evaluate the
mechanical properties of the regenerated cartilage. The samples were
collected and minced to conduct cartilage-related biochemical
evaluations for glzrcosaminoglycan (GAG), total collagen, and DNA
quantifications,®”* quantified by the dimethylmethylene blue assay
(DMMB, Sigma-Aldrich, USA), hydroxyproline assay kit (Sigma-
Aldrich, USA), and PicoGreen dsDNA assay (Invitrogen, USA),
respectively.

2.9. Statistical Analysis. All quantitative data are shown as means +
standard deviation. Upon confirmation of normal data distribution,
one-way analysis of variance and the posthoc least significant difference
test were used to determine statistical significance among groups.
A p value less than 0.05 was considered statistically significant.

3. RESULTS

3.1. Scaffold Preparation. A schematic of the scaffold
preparation process is illustrated in Figure 1. The process can be
divided into three main steps: (1) macromer synthesis and
photo-cross-linkable hydrogel preparation, (2) 3D printing of
hydrogel, (3) lyophilization. The macromers, including GelMA
and HAMA, were synthesized according to their chemical
reactions (the binding of methacrylate groups to the primary
NH, groups of gelatin and the hydroxyl groups of hyaluronic
acid, respectively; Figure 1A,B). According to '"H NMR spectra
analysis, after adding MA into gelatin, the lysine signal of the
gelatin reduced at 2.9 ppm (a) and the methacrylamide vinyl
group signal increased at 5.4 and 5.6 ppm (b), indicating suc-
cessful MA modification of the gelatin (Figure 2A). Similarly,
after adding MA into hyaluronic acid, the N-acetyl glucosamine
signal of hyaluronic acid reduced at 1.9 ppm (c) and the
methacrylamide vinyl group signal increased at 5.6 and 6.1 ppm (d),
indicating successful MA modification of hyaluronic acid
(Figure 2B). The viscosity and shear-thinning behavior showed
that the viscosity of gel precursor based on GelMA and HAMA
decreased as the shear rate increased (Figure 2D). The shear-
thinning nature indicated its extrudable property and good
printability as the bioink. After exposure to blue light, '"H NMR
spectra analysis showed that the signals of gel precursor distinctly
decreased at 1.8—2.5 ppm and 5.4—7.8 ppm, indicating successful

polymerization of GelMA and HAMA (Figure 2C). Dynamic
rtheology tests showed the fast gelation at approximately 4 s,
indicating excellent photocuring performance of gel precursor
(Figure 2E). On account of the above shear-thinning nature and
fast gelation, gel precursor achieved smooth extrusion and rapid
photocuring during 3D printing, which further ensured the outer
shape and pore structure maintenance of the 3D-printed hydro-
gel. After lyophilization, the scaffolds exhibited higher mechan-
ical strength (data not shown) and accurately maintained the
original outer shape and pore structure according to macro-
scopic evaluation (Figure 1E).

Using these methods, accurate human ear- and nose-shaped
hydrogel scaffolds were successfully prepared. Likewise, the
mechanical strength of ear- and nose-shaped scaffolds was signif-
icantly enhanced after lyophilization (data not shown). Impor-
tantly, the scaffolds accurately maintained their ear and nose
shapes (Figure 3A1—C1, A2—C2) with similarity levels of over
90% compared with the original digital models (Figure 3A1, D1
and E1; A2, D2 and E2). These results further indicated that the
novel method established in this study was especially suitable for
the fabrication of natural scaffolds with accurate, complex, and
defined outer shapes.

3.2. Characterization and Biocompatibility Evaluation
of 3D Scaffolds. 3.2.1. Structure Properties of the
Lyophilized Scaffolds. Surface morphology and pore structure
of the scaffolds were examined by SEM. The surface of the
scaffolds exhibited different pore structures at different infill
densities and pore size significantly decreased with increased
infill density (Figure 4A1—A3, SA). Noticeably, when the infill
density increased to 70%, the hydrogel failed to maintain its
accurate pore structure during photocuring 3D printing, prob-
ably because of excessive hydrogel and inadequate photocuring
speed, which led to low porosity in the lyophilized scaffolds.

3.2.2. Cell Seeding Efficiency, Viability, and Proliferation in
the Scaffolds. Cell seeding efficiency was analyzed to evaluate
cell adherence within the scaffolds at different infill densities.
The results showed that the 50% infill density group achieved
the highest cell seeding efficiency at 24 h among all the groups
(Figure SB), which was likely attributed to the optimal pore size
and porosity. At day 4 of in vitro culture, scaffold pores in 50%
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Figure 4. Structure properties and biocompatibility of 3D-printed scaffolds in different infill density groups. The surface of the scaffolds presents
different pore structures in the different groups with pore size significantly decreasing with increased infill density (A1—A3). The scaffold in the 70%
group fails to maintain an accurate pore structure (A3). SEM and Live & Dead staining show that after cell seeding and 4 days of in vitro culture, pore
structures in the 50% and 70% groups but not in 30% group were well-filled with chondrocytes and ECM (B1—B3).

and 70% infill density groups were almost completely filled with
chondrocytes and ECM, while pores in the 30% group had
inadequate coverage (Figure 4B1—B3). Fluorescence micro-
graphs of live/dead staining showed that the majority of chon-
drocytes were able to effectively adhere to and survive within the
scaffolds in all groups, indicating good scaffold biocompatibility
and low cytotoxity (Figure 4C1—C3). Consistent with SEM, the
50% and 70% infill density groups exhibited relatively uniform
cell distribution on the surface of the scaffolds; however, the
majority of pores in the 30% group were not filled because of
excessive pore size. The cell proliferation test showed that the
50% infill density group achieved the highest total DNA content
at 1, 4, 7 days among all the groups (Figure SC), which was
consistent with cell seeding efficiency. These results indicated
that the 50% infill density group was most appropriate for cell
seeding, viability, and proliferation and was therefore chosen as
the optimal scaffold for subsequent study.

3.2.3. Scaffold Mechanical and Degradation Tests.
Mechanical tests showed that compressive strength and Young’s
modulus were significantly higher in the lyophilized scaffold
than in the 3D-printed hydrogel, with about 3-fold and 5-fold

enhancement, respectively. This indicated that lyophilization
could remarkably improve the mechanical properties of the
photocured 3D-printed hydrogel scaffolds (Figure SD,E).
Interestingly, after rehydration, the scaffolds retained higher
compressive strength and Young’s modulus compared with the
hydrogel scaffold, with a similar 2.5-fold and 3.5-fold enhance-
ment, respectively (Figure SD,E). This suggests that the
mechanical properties enhanced by lyophilization might be
retained during cell seeding and in vitro culture. Noticeably, after
lyophilization, the in vitro degradation time of the scaffolds was
prolonged to 8 weeks (the in vitro degradation time of 3D-printed
hydrogel only reached 4 weeks), more properly matched to
cartilage regeneration (Figure SF).

3.3. In Vitro Cartilage Regeneration. Despite the above
promising potential, whether the scaffolds are suitable for carti-
lage regeneration is still uncertain. The feasibility of cartilage
regeneration using our approach was then explored in vitro using
the lyophilized scaffolds (Figure 6). After cell seeding, the cell—
scaffold constructs retained their original shape and gradually
formed cartilage-like tissues with increased in vitro culture time
(Figure 6A1—Cl1). Histological examination showed that
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Figure S. Quantitative analyses on scaffold biocompatibility and characterization. Pore size significantly decreases with increased infill density (A). The
50% group achieves the highest cell-seeding efficiency at 24 h among all the groups (B). DNA quantity presents a similar increase trend in all groups
(C). Mechanical tests show that the compressive strength (D) and Young’s modulus (E) of the lyophilized scaffolds are significantly higher than those
of the 3D-printed hydrogel. After rehydration, the scaffolds retain higher mechanical strength compared with the 3D-printed hydrogel (D,E). The
in vitro degradation time of the scaffolds is prolonged to 8 weeks after lyophilization while the 3D-printed hydrogel was only maintained to 4 weeks (F).

preliminary cartilage-like tissue was formed at 2 weeks, display-
ing typical lacunae structures and cartilage-specific ECM
deposition (Figure 6A2—AS). Consistent with the macroscopic
characteristics, the engineered cartilage matured with the
increased in vitro culture time, accompanied by gradual degra-
dation of the scaffolds (Figure 6). Biochemical and biomechan-
ical analysis revealed that total collagen, GAG content and
mechanical properties of the in vitro-engineered cartilage-like
tissue also obviously increased over time (Figure 7). These
results indicated that the scaffolds were suitable for in vitro
cartilage regeneration.

3.4. In Vivo Cartilage Regeneration. In vivo cartilage
regeneration, especially in a large animal model, is the most
important evidence for predicting the feasibility of future clinical
application. The in vitro-engineered cartilage at 2, 4, and 8 weeks
was implanted into nude mice for another 8 weeks to evaluate
the feasibility of in vivo cartilage regeneration. Both histological
and quantitative analyses demonstrated that all the resulting
in vitro engineered cartilage samples matured over time, indicated
by increased cartilage ECM deposition and higher mechanical
properties (Figures 7 and 8A—C). In particular, the 2-week
in vitro samples achieved the most satisfactory cartilage regen-
eration in vivo, indicating 2 weeks as a suitable in vitro culture
time frame prior to in vivo implantation (Figure 7A1—AS).
To confirm this further, 2-week precultured specimens were
subcutaneously implanted into an autologous goat model. The
gross view and histological examinations at 8 weeks in vivo
showed that cartilage-like tissue was steadily regenerated, with
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no obvious inflammatory reaction observed. The cartilage-like
tissue further matured with typical cartilage features and abun-
dant ECM deposition (Figure 9), predicting promising potential
in clinical application.

4. DISCUSSION

Native polymers, such as gelatin and hyaluronic acid, have
become favorable biomimetic scaffold sources for cartilage
regeneration. However, the precise control of their structure,
degradation rate, and mechanical properties remains challeng-
ing. These issues were addressed in the current study by fabri-
cating gelatin and hyaluronic acid into a photo-cross-linkable
hydrogel prior to their creation into precise shapes with good
internal pore structures via a photocuring 3D printing technique.
Moreover, the hydrogel scaffolds were lyophilized to improve
their mechanical strength and slow their degradation rate. Most
importantly, tissue-engineered cartilage with typical lacunae
structures and cartilage-specific ECM was successfully regen-
erated from chondrocyte—scaffold constructs both in vitro and
in vivo, indicating promising application of these scaffolds in
cartilage regeneration.

Developing methods to precisely control the outer shape and
internal pore structure is a primary problem using gelatin- and
hyaluronic acid-based scaffolds for cartilage regeneration.
Lyophilization is the most common method used to date.”>™’
However, with this approach it is difficult to achieve unique and
highly complex outer shapes as well as precisely control the
internal structures (pore size, orientation, and connectivity).
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Figure 6. Gross view and histological examinations of in vitro engineered cartilage. After cell seeding, all samples at 2, 4, and 8 weeks retain their original
shape and form cartilage-like tissues with a gradually matured cartilage appearance (A1—C1). Histologically, the engineered cartilage is preliminarily
formed at 2 weeks with typical lacunae structures and cartilage-specific ECM deposition (A2—AS) and matures with increased in vitro culture time
accompanied by gradual degradation of the scaffolds (A—C) (black arrows indicate residual scaffold).

Three-dimensional printing can achieve precise digital control of
the outer shape and the internal porosity via spatially- and
temporally-controlled deposition using computer-aided design/
computer-aided manufacturing (CAD/CAM) technology and
thus provides a better solution for structure control.**~* Similar
to other native polymers, gelatin and hyaluronic acid have to be
printed in the form of a hydrogel, thus we need to resolve the
problem of curing during 3D printing to maintain their precise
structure. Thermosensitive and photo-cross-linkable hydrogels
are the most commonly used gelatin and hyaluronic acid forms
for 3D printing, because their sol—gel transition characteristic
ensures smooth extrusion and structure maintenance during the
process.”' ~** For thermosensitive hydrogels, the precise outer
shape and internal pore structure are easily affected by tem-
perature change and the second-step cross-linking after 3D
printing, while photo-cross-linkable hydrogels may overcome
this deficiency because 3D printing and the cross-linking reac-
tion can be achieved in one step.*”** Consequently, a photo-cross-
linkable hydrogel was applied for 3D printing in the current study.

In the current study, human ear- and nose-shaped hydrogels
and their lyophilized scaffolds were successfully prepared based
on a photo-cross-linkable hydrogel, and both scaffolds achieved
similarity levels over 90% compared with the original digital
models, indicating that photocuring 3D printing was especially
suitable for fabrication of the natural scaffolds with an accurate,
complex, and unique outer shape.

How to control scaffold pore size for optimal cartilage
regeneration is also a challenge.*>*® Large pore size may lead to
excessive cell leakage and inefficient cell adhesion, while small

pore size may render cells to accumulate on the surface of the
scaffold, resulting in heterogeneous cell distribution and inferior
internal nutrition supply.”” However, it remains unclear what
parameters during 3D printing are appropriate for chondrocyte
adherence and proliferation and subsequent cartilage regener-
ation. To address this issue, the current study optimized the
scaffold pore size by adjusting the filling rate parameters during
3D printing. The results showed that scaffolds with a 50% infill
density had higher cell seeding efficiency and more homoge-
neous cell distribution compared with 30% and 70% groups.
Therefore, scaffolds prepared with this parameter were used for
subsequent experiments.

Poor mechanical properties and excessive degradation rate are
two other major problems for gelatin- and hyaluronic acid-based
scaffolds in cartilage regeneration. The photo-cross-linking
reaction in the current system improved the mechanical strength
and slowed the degradation rate to some extent."”"” Never-
theless, the mechanical and in vitro degradation tests showed
that both the maximum compressive strength and Young’s
modulus of the 3D-printed hydrogel only achieved about 10 kPa,
and the in vitro degradation time was maintained for approx-
imately 4 weeks (Figure 4D—F), which is inadequate for cartilage
regeneration.””*° Lyophilization can transform the 3D-printed
hydrogel from gel state to a more stable solid state. During
lyophilization, dehydration contributed to more compact
network with shorter distance and stronger interaction forces
between macromolecules, which further improved the mechan-
ical strength and degradation rate of the lyophilized scaffolds.
Due to the compact and strong network, the lyophilized
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Figure 7. Gross view and histological examinations of the regenerated cartilage in nude mice. After 8 weeks of in vivo implantation, all samples from
weeks 2, 4, and 8 in vitro successfully regenerate relatively homogeneous mature cartilage with typical lacunae structures and cartilage-specific ECM
deposition (A—C). Minimal residual scaffold is still observed (black arrows indicate residual scaffold).
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Figure 8. Quantitative evaluations of the regenerated cartilage in vitro and in nude mice. Total collagen (A), GAG content (B), and Young’s modulus
(C) of in vitro-engineered cartilage increased with increased in vitro culture time. After 8 weeks of implantation in nude mice, all the above quantitative
data are significantly enhanced compared with the corresponding in vitro groups (A—C). No significant differences are observed in the DNA

quantification among groups (D).

scaffolds after rehydration retained their structure and
mechanical strength to a great extent rather than recover to its
initial state before lyophilization. This may be the molecular
mechanism that the lyophilized scaffolds before and after
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rehydration had stronger mechanical strength and lower
degradation rate compared to the 3D printed hydrogel. The
results demonstrated that the maximum compressive strength
and Young’s modulus of the scaffolds after lyophilization
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Figure 9. Gross view and histological examinations of the regenerated cartilage in an autologous goat. After 8 weeks of autologous implantation in the
goat, 2-week in vitro samples successfully regenerate relatively homogeneous mature cartilage with typical lacuna structures and cartilage-specific ECM
deposition (A—C). No obvious inflammatory infiltration is observed between the regenerated cartilage and surrounding native tissue (Yellow arrows
indicate mature cartilage; black arrows indicate newly regenerated cartilage with the degradation of scaffolds).

increased about 3-fold and 5-fold, respectively. Simultaneously,
the in vitro degradation time was prolonged to approximately
8 weeks, which more properly matched to cartilage regeneration.
These results indicated that lyophilization enhanced mechanical
strength of the 3D-printed hydrogel and slowed its degradation
rate. After lyophilization, the scaffolds also had the following
advantages: (i) more favorable cell seeding and adherence owing
to superior water absorbability; (ii) more convenient operation
owing to higher mechanical strength; (iii) more convenient
sterilization, storage, and transportation with greater potential
for productization.

Despite the significant improvement in pore structure,
mechanical strength, and degradation rate, whether the current
scaffolds could achieve satisfactory cartilage regeneration was
concerning. The results showed that chondrocytes could adhere
to, survive within, and proliferate effectively in the scaffolds.
Moreover, engineered cartilage with typical lacunae structure
and cartilage-specific ECM was successfully regenerated both
in vitro and in vivo. Noticeably, cartilage-like tissue was successfully
regenerated within 2 weeks in vitro, which was faster than
cartilage regeneration using polyglycolic acid/polyglycolic acid
(PLA/PGA) scaffolds (about 4—8 weeks).>> Most importantly,
the 2-week in vitro-engineered cartilage could successfully
regenerate stable mature cartilage in immunocompetent large
animals with no obvious inflammatory reaction observed, despite
showing abundant residual scaffold. This finding indicate that
2 weeks of in vitro culture is optimal for the current scaffolds to
permit autologous in vivo cartilage regeneration in future clinical
application, which could greatly decrease associated patient
treatment costs and waiting times. Interestingly, synthesized
polymers, such as PLA/PGA, are reported to trigger inflam-
matory reactions and lead to cartilage regeneration failure in
immunocompetent large animals and humans.”® Consequently,
our previous clinical application of ear-shaped cartilage based on
PLA/PGA scaffolds required >12 weeks of in vitro culture to
avoid in vivo inflammatory reactions to achieve satisfactory
cartilage regeneration and auricular reconstruction.’’

Favorable cartilage regeneration in vitro and in vivo may attri-
bute to the following aspects: (i) good biocompatibility of gelatin
and hyaluronic acid as the component of native cartilage ECM;
(ii) optimal pore structure controlled by photocuring 3D printing
and lyophilization suitable for cell distribution and nutrient supply;

(iii) superior water-absorbing capacity, high mechanical
strength, and optimal degradation rate for cell-seeding and
cartilage regeneration; (iv) weak immunogenicity and low
cytotoxity avoiding an inflammatory reaction to permit stable
cartilage regeneration in goats. All these factors contribute to
satisfactory cartilage regeneration both in vitro and in vivo.

In summary, the current study has demonstrated that photo-
cross-linkable gelatin and hyaluronic acid can be fabricated as a
porous scaffold with a precise outer shape, good internal pore
structure, high mechanical strength, and good degradation rate,
through photocuring 3D printing and lyophilization. The
scaffolds combined with chondrocytes successfully regenerated
mature cartilage with typical lacunae structure and cartilage-
specific ECM both in vitro and in vivo. Although mechanical
strength of the scaffolds warrants further enhancement, and the
feasibility of regenerating precisely shaped cartilage needs to be
further explored in vitro and in vivo, the current study provides a
novel strategy for porous scaffold fabrication based on native
polymers and a novel biodegradable scaffold with satisfactory
outer shape, pore structure, mechanical strength, degradation
rate, and weak immunogenicity for cartilage regeneration.
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