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SUMMARY

Articular cartilage tissue engineering is being considered an alternative treat-
ment strategy for promoting cartilage damage repair. Herein, we proposed a
modular hydrogel-based bioink containing microsphere-embedded chondrocytes
for 3D printing multiscale scaffolds integrating the micro and macro environ-
ment of the native articular cartilage. Gelatin methacryloyl (GelMA)/alginate
microsphere was prepared by a microfluidic approach, and the chondrocytes
embedded in the microspheres remained viable after being frozen and resusci-
tated. The modular hydrogel bioink could be printed via the gel-in-gel 3D
bioprinting strategy for fabricating the multiscale hydrogel-based scaffolds.
Meanwhile, the cells cultured in the scaffolds showed good proliferation and
differentiation. Furthermore, we also found that the composite hydrogel was
biocompatible in vivo. These results indicated that the modular hydrogel-based
bioinks containing microsphere-embedded chondrocytes for 3D printing multi-
scale scaffolds could provide a 3D multiscale environment for enhancing cartilage
repairing, which would be encouraging considering the numerous alternative
applications in articular cartilage tissue engineering.

INTRODUCTION

Common causes of knee cartilage defects are trauma and degenerative diseases, which can result in sec-
ondary osteoarthritis."” Although surgical treatment has improved in recent years, complications and
failures still occur.®” Recently, tissue engineering has become a potential therapeutic method for repair-
ing cartilage defects.”® Knee cartilage tissue is hyaline cartilage composed of chondrocytes embedded
in a matrix, and most chondrocytes are present in the lacunae of the cartilage in the form of aggregates.’
However, reported tissue engineering scaffolds for cartilage repair cannot replicate or restore the
physiological and anatomical characteristics of the cartilage.>” In particular, the 3D distribution of
chondrocytes in the cartilage matrix is not reproduced in cartilage repaired using scaffolds prepared
by electrospinning or those containing microspheres. This difference from native cartilage can result
in further damage to the articular cartilage because of uneven pressure on the joints. To date, tissue en-
gineering scaffolds that mimic the anatomical characteristics of articular cartilage, which would be more
appropriate for cartilage repair, have rarely been reported. Therefore, the fabrication of a multiscale
composite scaffold that mimics the 3D complex structure of cartilage tissue for cartilage regeneration
remains a great challenge.

Over the past few years, hydrogel-based 3D bioprinting has become a promising technology for carti-
lage tissue engineering.'® Recently, a human chondrocyte-laden gelatin meth acryloyl bioink was used
for 3D bioprinting with a physical crosslinking method that yielded a simulated cartilage scaffold."’
However, the hydrogel bioink was prepared by directly mixing cells and hydrogel; thus, the cells were
vulnerable to damage induced by shear forces during 3D bioprinting. In addition, the chondrocytes
had a scattered distribution in the hydrogel, which does not reflect the physiological distribution of chon-
drocytes in cartilage lacunae, that is, as aggregates. In contrast, modular bioink is more conducive to the

"Department of Joint
Surgery, The Third Affiliated
Hospital, Southern Medical
University, Guangzhou
510630, P.R.China

2Guangdong Engineering
Research Center for
Translation of Medical 3D
Printing Application,
Guangdong Provincial Key
Laboratory of Digital
Medicine and Biomechanics,
National Key Discipline of
Human Anatomy, School of
Basic Medical Sciences,
Southern Medical University,
Guangzhou 510515, China

3Guangdong Medical
Innovation Platform for
Translation of 3D Printing
Application, The Third
Affiliated Hospital of
Southern Medical University,
Guangzhou 510000, China

“Orthopaedic Center,
Affiliated Hospital of
Guangdong Medical
University, Guangdong
Medical University, Zhanjiang
524001, China

5School of Biomedical
Engineering, Southern
Medical University,
Guangzhou 510515,
Guangdong Province, China

6The School of Basic Medical
Sciences, Fujian Medical
University, Fuzhou 350108,
Fujian Province, China

’These authors contributed
equally

8Lead contact

*Correspondence:
wuyaobin2018@smu.edu.cn
(Y.W.),

zengdavid@126.com (C.Z),
huangwenhua2009@139.com

(W.H.)
preparation of multiscale composite scaffolds to mimic the 3D micro and macro environment of cartilage https://doi.org/10.1016/].isci.
tissue. 2023.107349
L) o
opcnter iScience 26, 107349, August 18, 2023 © 2023 The Author(s). 1

This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).


mailto:wuyaobin2018@smu.edu.cn
mailto:zengdavid@126.com
mailto:huangwenhua2009@139.com
https://doi.org/10.1016/j.isci.2023.107349
https://doi.org/10.1016/j.isci.2023.107349
http://crossmark.crossref.org/dialog/?doi=10.1016/j.isci.2023.107349&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/

¢? CellPress

OPEN ACCESS

Recently, microspheres have also drawn attention for use in cartilage tissue engineering because of their
small size, ability to carry drugs and cells, and the modular design of their building blocks.”'*' However,
the number of cell-encapsulating microspheres prepared in each microsphere batch is too low for the
preparation of multiscale composite scaffolds.'® Therefore, based on previous research on modular
inks,"*~'® we adopted a tissue engineering strategy combining 3D bioprinting and microfluidic technology
to develop a suitable multiscale composite hydrogel scaffold. Specifically, chondrocytes were encapsu-
lated in microspheres and mixed with a hydrogel for use as bioinks for 3D bioprinting to prepare a com-
posite scaffold. Crucially, the scaffold can not only protect the chondrocytes in the microspheres from
the shear forces during printing, but also simplifies the tedious steps of scaffold preparation to reduce
the probability of contamination. Further, concerning the composite scaffold, the microspheres encapsu-
lating chondrocytes mimic the cartilage lacunae and the hydrogel around the microspheres mimics the
cartilage matrix at the microscopic level, which can provide a more biomimetic 3D structural environment
of chondrocytes to promote better growth and proliferation of chondrocytes. In addition, the overall com-
posite scaffold mimics the structure of cartilage layer at the macroscopic level, which can be fabricated by a
3D printer to fill irregular cartilage defects well. Therefore, the resulting composite scaffold mimics the
physiological and anatomical features of cartilage. However, modular bioinks are inconvenient to use
because they must be used immediately after preparation, and the production processes are often
time-consuming and cumbersome. In addition, as mentioned, the number of cell-encapsulating micro-
spheres prepared in a single batch is too low for the preparation of multiscale composite scaffolds. Burdick
et al. reported that microgels could be embedded in granular hydrogels to enable the fabrication of 3D
constructs via 3D printing and ejection from syringes.'® They prepared microgels by vacuum-driven filtra-
tion to create granular hydrogels, which required a large number of microspheres. However, the cell-
encapsulating microspheres must be protected in an appropriate environment to ensure high cell survival
rates. Thus, it is important to design a more convenient and more efficient strategy in cartilage tissue
engineering for repairing cartilage defects.

In this study, we present the multiscale composite scaffolds prepared from cryopreserved and subse-
quently reactivated microspheres mixed with gelatin/methacrylate (GelMA)/alginate hydrogels as bioinks
(Figure 1). The double cross-linked network hydrogel (GelMA/alginate) has good biocompatibility and
biomechanical properties.'” The microspheres were prepared by mixing chondrocytes with a GelMA/algi-
nate precursor solution containing aqueous tissue growth factor (TGF-B1) using multichannel microfluidic
chips. Subsequently, the microspheres prepared in each batch were frozen and stored in liquid nitrogen at
—80°C for later use. When the quantity of microspheres was sufficiently high for the preparation of the
scaffold, they were reactivated and mixed into a hydrogel to yield the multiscale bioink, which was
extruded-printed into a Carbopol support bath. Subsequently, in-vitro cell viability and proliferation as-
says, immunofluorescence (IF) staining, and in-vivo ectopic (subcutaneous) chondrogenesis experiments
were performed to show that the composite scaffold is biocompatible and promotes chondrogenic differ-
entiation. Collectively, we believe that the multiscale composite scaffold has great prospects for the clinical
repair of cartilage defects.

RESULTS AND DISCUSSION

Preparation and characterization of GA hydrogel

In this study, a double-cross-linked network hydrogel comprising GelMA and alginate was found to show
better performance than a single hydrogel. Recent research has shown that the GelMA hydrogel has
good biocompatibility and biodegradability, and the preparation of a dual GelMA/alginate hydrogel
can result in further improvements in the biomechanical properties compared to those of the GelMA
hydrogel.'®?° Therefore, to date, GelMA/alginate hydrogels have been commonly used for tissue engi-
neering applications.

A schematic of the preparation of the GA hydrogel is shown in Figure S2. In the first step, gelatin was re-
acted with MA to obtain GelMA, which was then cross-linked by UV light after mixing with LAP. In the sec-
ond step, alginate cross-linking was achieved by immersion in a calcium chloride solution, thus yielding the
hydrogel. A key step in the preparation of GelMA is the binding of the methacrylate groups to the primary
amine groups of gelatin.?' In addition, it is well known that alginate forms a strong ionotropic hydrogel in
the presence of divalent cations such as Ca®*. This complexation with Ca* results in the unique “egg-box”
structure.”” These two steps for the preparation of the double cross-linked hydrogel gelling process are
shown in Figure 2A. "H-NMR analysis of the reaction solution obtained after gelatin had reacted with
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Figure 1. Schematic diagram of the study design chondrocytes, TGF-B1, and GelMA/alginate were mixed as an
aqueous-phase solution to prepare cell-encapsulating GA-MS via a microfluidic chip

The cell-encapsulating GA-MS were cryopreserved, resuscitated, and mixed with GelMA/alginate as multiscale bioink,
which was then extruded into Carbopol support via a 3D printer to prepare multiscale composite scaffold. The scaffold
was then implanted into the subcutaneous tissue of the mice.

MA revealed that the intensities of the signals related to the methacrylamide vinyl group at 5.4 and 5.6 ppm
increased significantly; these signals correspond to the two protons in the methacrylate double bonds (Fig-
ure S1A), indicating that gelatin had been successfully modified with MA. In addition, bands characteristic
of the functional groups in GelMA and alginate were observed in the FT-IR spectra of GelMA/alginate, as
shown in Figure S1B. In particular, the bands around 3325 and 1680 cm ™" correspond to the ~OH groups
and C=C bonds, respectively, of the GelMA hydrogel. In addition, the bands at 1624 and 1432 cm ' corre-
spond to the antisymmetric and symmetric stretching vibrations of the -COOH groups in the alginate hy-
drogel. These results indicate that GelMA and alginate were well mixed. The degree of substitution of
GelMA was 94%, as calculated using the ninhydrin reaction (Table S1).

The swelling properties of the GA hydrogels were investigated using different concentrations of GelMA
(5%, 10%, and 15% w/v) while the amount of alginate was kept constant (1.2% w/v). In these experiments,
the lyophilized hydrogels were immersed in PBS and weighed every 5 min for 40 min, as shown in Figure 2B.
The swelling rate was most rapid in the first 5 min after immersion in PBS and rapidly reached equilibrium.
Furthermore, with an increase in GelMA concentration, the degree of swelling gradually increased. The
degradation rates and shear viscosities of these hydrogels are shown in Figure 2B. Notably, the degrada-
tion rate of the 15% (w/v) GA hydrogel was lower than that of the 5% (w/v) GA hydrogel. In addition, all three
GA hydrogels exhibited shear thinning behavior, indicating their suitability for printing. In particular, with
increasing GA hydrogel concentration, the shear viscosity gradually increased.

To select the appropriate mechanical properties of hydrogel, a double crosslinking network hydrogel
(that is, the GA hydrogel) was used to prepare microspheres instead of a single hydrogel. As shown in
Figures 2C-2E, the storage modulus (G') of the GA hydrogel was higher than that of the single-component
GelMA and alginate hydrogels, and the storage modulus (G') was always higher than the loss modulus (G')
in the observed range of shear rates. Specifically, the storage modulus (G) of the double cross-linked
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Figure 2. Characterization and preparation of GelMA and alginate hydrogel (n = 4, n represents number of hydrogel samples)

(A) Gelation process of GA double cross-linking network hydrogel after photo-crosslinking and physical-crosslinking.

B) Swelling property, remaining mass, and shear viscosity of the different concentrations of GA hydrogels including GelMA (5%, 10%, and 15% w/v)/alginate

(
(1.2% w/v).
(

C-E) Storage modulus (G') and loss modulus (G”) of GelMA, alginate, and GA hydrogel in the angular frequency ranging from 0.1 to 10 rad/s.

network hydrogel (GelMA/alginate) was in the range of 15 + 0.2-27 + 2.3 Kpa. One study has determined
the storage modulus required for chondrogenesis to be in the range of 7-33 Kpa,”® which indicated that the
GelMA/alginate hydrogel we selected was suitable for the growth of chondrocytes. In addition, several
studies have shown that mechanical forces have a significant effect on cell growth.??° Therefore, materials
with appropriate modulus are of great significance for the growth of chondrocytes. These results indicate
that the addition of alginate improves the biomechanical properties of GelMA, and that the GA hydrogel
was sufficiently stable to maintain gelatinous behavior on the application of shear. The SEM images of the
freeze-dried GelMA hydrogels are shown in Figure S3. From these images, it was found that the pore size of
the hydrogels decreased with an increase in GelMA concentration. In particular, the pores of the 5% (w/v)
GelMA hydrogel were significantly larger than those in the other two samples. These large pores are bene-
ficial for the encapsulation of chondrocytes. In addition, the porosity of GelMA decreased with increase in
the GelMA concentration.
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Preparation of microspheres based on a multichannel microfluidic chip

There are many methods for the preparation of microspheres, including the use of microfluidic emulsions,
lithography, electrohydrodynamics, and mechanical fragmentation.”*” Compared with other methods,
the use of microfluidic chips allows the production of large numbers of uniformly sized microspheres.
The principle behind this technique is as follows: At the point of contact between the water and oil phases
in the microfluidic chip, the water phase is subjected to shear forces, as well as hydrophobic interactions
with the oil phase, thus resulting in the formation of microspheres.®® However, traditional capillary
microfluidic chips require complex fabrication processes and have short service lives because the internal
channels are easily blocked.®" In this study, we designed a multichannel microfluidic chip composed of two
inlets, one outlet, and five parallel internal phase channels, which allowed us to obtain a high microsphere
yield and long chip life. The channels and an overall chip schematic are shown in Figure 3A (I-IV). The five
parallel channels are identical and remained unobstructed during use. A design diagram of the chip is
givenin Figures S4A-S4D. The lengths of the inlets (F and G) and outlet (H) were 6 mm. The inner and outer
diameters of the inlets (F, G) were 1.0 and 2.5 mm, respectively, the inner and outer diameters of the outlet
(H) were 1.5 and 3.0 mm, respectively, and the inner and outer diameters of the internal phase channel
outlet (I) were 0.1 and 0.3 mm, respectively. The main body of the chip was 15 mm long, 14.25 mm wide,
and 7.25 mm high. Three views of the chip and the moment when the microspheres exited the inner phase
channel of the chip are shown in Figure 3B (I-IV). As shown, the chip can produce a large number of
homogeneous microspheres.

In this study, 5% GelMA, 1.2% alginate, and GelMA (5%)/alginate (1.2%) were used as the water phase to
prepare microspheres (MS) with the same settings as other conditions. The diameters of the prepared
microspheres were 445 + 5, 399 + 8, and 366 + 4 pum, as shown in Figures SSA-S5D. The small size of
the GA-MS (GelMA /alginate microspheres) further shows that the double-crosslinking network material
is more stable than the single-component materials. Therefore, the double crosslinking network material
(GelMA/alginate, GA) was selected to prepare GA-MS. In fact, the relative flow rates of the water and oil
phase solutions significantly affected the diameter and uniformity of the formed GA-MS (Figure 3C
(I-VI1). As shown in Figure 3C (VIll) and Table S1, when the flow rate of the water phase was 10 pL/min
and the flow rate of the oil phase was increased (300, 600, 900, 1200, and 1500 uL/min), the diameters of
the GA-MS were inversely proportional to the oil-phase flow rate. In contrast, when the flow rate of the
oil-phase was 900 pL/min and the flow rate of the water phase was increased (5, 10, and 15 pL/min), the di-
ameters of GA-MS were proportional to the flow rate of the water phase. To encapsulate sufficient chon-
drocytes in the GA-MS, as well as provide sufficient nutrients, GA-MS having a diameter of 88 + 5 um were
selected. As shown in Figure 3D, the prepared GA-MS were uniform in size, and their surfaces were smooth.
Thus, homogeneous microspheres could be prepared in large quantities using the multichannel microflui-
dic chip, and microspheres with different diameters could be prepared by changing the flow rate of the
working solution.

Sustained release of BSA-FITC and BSA within GA-MS

Recently, microspheres have become popular for the sustained release of nutritional components and
drugs.*” In this study, microspheres were prepared using microfluidic chips, and their sustained-release
properties were analyzed qualitatively and quantitatively. In one experiment, GA-MS containing Bovine
serum albumin-Fluorescein isothiocyanate (BSA-FITC) was immersed in Dulbecco’s buffered saline
(DPBS) to observe its sustained release. Then, fluorescence microscopy images were obtained after 0, 3,
9,21, and 36 h (Figure 4A). As shown, the fluorescence intensity decreased with an increase in immersion
time, suggesting good sustained-release ability. Furthermore, the fluorescence signals in the periphery of
the GA-MS containing BSA-FITC from 3 to 36 h were stronger than those in the center, indicating that BSA-
FITC diffused more rapidly from the core than from the periphery. A possible reason for this is that the
pores inside GA-MS are larger than those on the surface.®” In Figure 4B, the fluorescence microscopy im-
ages were converted to an interactive 3D surface plot, showing that the height of the gray level of the 3D
plot decreased with time. In addition, the peak of the gray level of the data matrix frequency also shifted to
a lower value over time (Figure 4C). These results indicate that the BSA-FITC contained inside the GA-MS
was released over a sustained period. Further, the means and standard deviations of the gray levels also
decreased with time, as shown in Figures 4D and 4E, indicating that BSA-FITC underwent sustained release
from the interior of the GA-MS. In another experiment, GA-MS with different diameters containing BSA
were immersed in DPBS to explore the effect of diameter on the release behavior of GA-MS. As shown
in Figure 4F, the GA-MS having diameters of 246 + 6 um had the fastest sustained release rate, and those
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Figure 3. Characterization of the microfluidic chip and microspheres
(A) Schematic diagram of the microfluidic chip model used here. Cross-sectional schematic diagram of the chip in three

views(l-Ill) and the overall schematic diagram of the chip (IV).
(B) Three views of the microfluidic chip (I-1ll) and the moment when microspheres exit from the inner phase channel of the
chip (IV).

(C) Morphological analysis of GA-MS with different diameters (n = 3, n represents number of GA-MS sample groups).
FITC-dyeing GA-MS with the same water-phase flow rate but different oil-phase flow rates (I-V) and FITC-dyeing GA-MS
with the same oil-phase flow rate but different water-phase flow rates (lll, VI, VII). The statistical diagram of microsphere
diameters (VIII).

(D) SEM images of GA-MS that show their dispersed homogeneous morphologies.

having diameters of 457 + 3 um had the slowest release rate. After 3 h, the optical density (OD) values of
the GA-MS having diameters of 246 + 6, 361 + 4, and 457 + 3 pum were 0.254 + 0.011,0.172 + 0.006, and
0.133 £ 0.002, respectively. Thus, the release rate was inversely proportional to the diameter of the GA-MS.
These results indicate that the GA-MS prepared using our microfluidic chips have a great potential for facil-
itating a sustained release of nutrients and drugs.

Biological assessment of the GeIMA hydrogel and GA-MS

GelMA-based hydrogels are widely used for cartilage tissue engineering.*" Notably, the concentration of
the GelMA hydrogel affects the ability of the cells encapsulated in the hydrogel to spread.’® As shown in
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Figure 4. Analysis of sustained release of BSA-FITC loaded inside GA-MS (n = 3, n represents number of GA-MS sample groups)

(A) Confocal fluorescence microscopy images of GA-MS containing BSA-FITC. The fluorescence intensity of images decreased with the extension of
immersing time.

(B) Fluorescence microscopy images converted to interactive 3D surface plots.

(C) Distribution histograms of gray value distribution of interactive 3D surface plot converted from confocal microscopy images.

(D and E) Means and standard deviations of the gray levels after 0, 3, 9, 21, and 36 h.

(F) Cumulative release of BSA for the 457 + 3, 361 + 4, and 246 + 6 um particles of GA-MS after 0.5, 1, 2, and 3 h of immersion in DPBS.

Figure S6, the area over which the chondrocytes spread decreased with an increase in GelMA concentra-
tion. In particular, the area over which the chondrocytes spread was highest for the 5% (w/v) GelMA hydro-
gel (compared with the 10% and 15% (w/v) GelMA hydrogels), possibly as a result of the differences in
the pore sizes of the freeze-dried GelMA hydrogels. Specifically, the pores were larger at low concentra-
tions of GelMA than high concentrations, and the larger pore sizes resulted in a greater spreading area
of the encapsulated chondrocytes. Therefore, considering the biocompatibility and mechanical properties
of the GelMA (5% w/v)/alginate (1.2% w/v) hydrogel, this was selected to prepare microspheres for use in
the tissue engineering scaffolds.

Compared with the traditional culture method in which cells are loaded on the surface of microspheres,
encapsulation in microspheres better simulates the three-dimensional environment of cartilage, which
could enhance cell survival. In particular, the 3D distribution of cells allows a higher cell loading than surface
loading. The preparation of the chondrocyte-encapsulating GA-MS is shown in Figure S7 and Video S1. To
investigate the effects of cryopreservation on the physiological function and survival of chondrocytes
encapsulated in GA-MS, the GA-MS containing chondrocytes were frozen and stored in liquid nitrogen
for 7 days and then reactivated for culture (denoted the frozen group). Note that these samples were
also treated with a cryoprotectant. In addition, GA-MS with chondrocytes that were directly cultured
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Figure 5. In-vitro biological characterization of cell-encapsulated GA-MS (n = 3, n represents number of GA-MS
sample groups)

(A and B) Confocal microscopy images of live/dead staining of the chondrocyte-encapsulated GA-MS in the control and
frozen groups after culture for 1 and 4 days.

(C and D) Immunofluorescence staining images of the chondrocyte-encapsulated GA-MS in the control and frozen groups
after culture for 7 days.

(E-G) Quantitative analysis of cell viability, cell proliferation, and qualitative analysis of extracellular matrix proteins of the
chondrocyte-encapsulated GA-MS in the control and frozen groups. “NS” represents no significant difference.

without cryopreservation was used as the control group. In addition, both frozen and control groups were
treated with TGF-B1 to promote cell proliferation and matrix protein production.>® Optical microscopy
observation revealed that the GA-MS remained intact after reactivation (Figure S8). As shown in
Figures 5A, 5B, and 5E, the viabilities of the chondrocytes in both the control and frozen groups were higher
than 80% on days 1 and 4. Furthermore, statistical analysis showed that the cell viabilities were as high as
89.4 + 1.15% (control group) and 84.3 + 3.79% (frozen group) after 1 day of culture, and 84.1 + 2.93% (con-
trol group), and 81.6 + 1.69% (frozen group) after 4 days of culture. No significant differences were
observed between the control and the frozen groups. In addition, fluorescence analysis of both groups af-
ter 1,4, and 7 days of culture (Figure 5F) showed that the fluorescence intensity of the two groups increased
gradually, and there were no significant differences between the two groups. The above results indicate
that the GA-MS protected the chondrocytes from the effects of cryopreservation and reactivation
compared to the control group. In addition, in both groups, the chondrocytes were evenly distributed in-
side the microspheres after 1 day of culture, whereas some of the chondrocytes gradually transferred to the
outer layer of the GA-MS and appeared to aggregate after 4 days of culture. This can be explained as fol-
lows: In biological and pathological processes, cells migrate from areas of low oxygen concentrations to
areas of optimal oxygen concentration, which is known as “aerotaxis”.*’ Generally, hydrogel microspheres
allow the diffusion of nutrients and oxygen,*® although the outer layer of the microspheres is likely to expe-
rience greater oxygen diffusion. In addition, the chondrocytes in the GA-MS aggregate because of the
secretion of matrix proteins, including ACAN, COL I, and SOX9, which promote inter-cell interactions
and aggregation.’” As shown in Figures 5C and 5D, the IF staining results indicate that chondrocytes
in GA-MS in both groups deposited a large number of matrix proteins, including ACAN, COL Il, and
SOX9, after 7 days of culture. The images of IF staining were semi-quantitatively analyzed, which was shown
in Figure 5G. There was no significant difference between the two groups, indicating that cryopreservation
and reactivation did not affect protein expression. A possible explanation for this result is that the cryopro-
tectant infiltrated the GA-MS and penetrated the chondrocytes, thus providing protection. Moreover, the
matrix proteins protect chondrocytes from damage during cryopreservation.’
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To produce sufficient numbers of chondrocyte-encapsulating GA-MS for 3D bioprinting and reduce the risk
of contamination, cryopreservation in liquid nitrogen until use is necessary, and our results indicate that the
encapsulation of these cells in the microspheres had a good cell-protecting effect. Notably, these micro-
spheres have also been used in the field of cell preservation.”” Based on our findings, we believe that these
microspheres will aid the development of 3D bioprinting combined with microfluidic technology for carti-
lage tissue engineering.

Construction of 3D multiscale composite scaffolds in a Carbopol support bath

Soft hydrogel materials often collapse under their own weight during direct ink writing (DIW); however, the
gel-in-gel printing technique can solve this problem.*! Therefore, Carbopol hydrogel was used because of
its good supporting effects. Images of the Carbopol support baths having different concentrations (0.2%,
0.7%, and 1.2% w/v) after bubble removal, as well as the results of shear testing, are shown in Figure S9A. As
the Carbopol concentration increased, the transparency of the Carbopol support bath decreased gradu-
ally, whereas the shear viscosity increased. Therefore, considering the need for a good supporting bath, a
Carbopol solution having a concentration of 0.7% w/v was selected. During the printing process, many
different parameters, including temperature, extrusion pressure, printing speed, and needle diameter,
affect the diameter of the printed wire."? By varying one printing parameter while keeping the others con-
stant, we found that the temperature and extrusion pressure were directly proportional to the diameter of
the printing wire, whereas the printing speed and needle diameter were inversely proportional to the diam-
eter of the printing wire (Figure S9B). In particular, it was found that when the temperature was lowered to
14°C, the printing wire had an uneven thickness, possibly because the hydrogel ink gel was harder to
extrude at such low temperatures. Of all the investigated parameters, the needle diameter had the most
significant effect on the diameter of the printed wire. After experimentation, the optimal conditions
were found to be a temperature of 21°C, extrusion pressure of 3.5 bar, the printing speed of 8.0 mm/s,
and needle diameter of 22G; these conditions yielded a straight and homogeneously thick printed wire.
As shown in Figure S10A, circles and pentagons could be printed perfectly under these conditions, demon-
strating the high accuracy and sensitivity of printing in the Carbopol support bath.

In traditional 3D bioink printing methods, the hydrogel is directly mixed with cells as bioink for preparing
scaffolds.”® However, the inconvenience and low cell viability after transplantation via the traditional
methods have limited chondrocyte utilization. On the one hand, traditional bioink preparation is time-
consuming and cumbersome, and, crucially, there is a significant risk of contamination because the cells
must be cultured and sub-cultured to achieve a sufficient number, followed by digestion and mixing with
the hydrogel. On the other hand, the cells were vulnerable to damage induced by shear forces during 3D
bioprinting. In addition, the chondrocytes had a scattered distribution in the hydrogel, which does not
reflect the physiological distribution of chondrocytes in cartilage lacunae; that is, as aggregates. In this
study, we present the multiscale composite scaffolds prepared from cryopreserved and subsequently reac-
tivated microspheres mixed with gelatin/methacrylate (GelMA)/alginate hydrogels as bioinks. To produce a
sufficient number of chondrocyte-encapsulating GA-MS for printing, batch production was carried out, and
the produced microspheres were cryopreserved in liquid nitrogen. Subsequently, to produce the multiscale
composite scaffolds, the chondrocyte-encapsulating GA-MS were thawed and reactivated and then
mixed in the GelMA/alginate hydrogel to form a multifunctional modular bioink, denoted as GA-MS/
GM-alg (see Figure S10B and Video S2 for details of the preparation process). SEM images of the multiscale
composite scaffolds are shown in Figure 6A. Notably, the surfaces of the scaffolds after lyophilization are not
smooth, which could be a result of water loss, indicating that scaffolds should be used as soon as possible
after preparation. To observe the distribution of GA-MS in the composite scaffolds, the GA-MS was dyed
green with FITC, and the GelMA/alginate precursor solution was dyed red with rhodamine. Macroscopic
images of the composite scaffolds are shown in Figure 6B (I-IV), revealing that the GA-MS were uniformly
distributed in the composite scaffolds. Further, the composite scaffolds were loaded with a large number of
GA-MS which, correspondingly, resulted in the loading of the scaffolds with a large number of chondro-
cytes. Microscopic images of the composite scaffolds are shown in Figure 6C | and reveal that the GA-
MS were uniformly distributed throughout the composite scaffold. Figure 6C Il shows an interactive 3D sur-
face plot converted from Figure 6C |, showing the same result. Based on these results, the multifunctional
GA-MS/GM-alg modular bioink is deemed suitable for the production of multiscale composite scaffolds.

Anatomically, human knee cartilage is hyaline cartilage containing chondrocytes and a surrounding matrix,
and most of the chondrocytes are present as aggregates in the cartilage lacunae. To explore the effect of
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Figure 6. Characterization of the multiscale composite scaffolds
(A) Scanning electron microscopy images of the composite scaffolds.

(B) Fluorescence (I-Ill) and white light (IV) stereomicroscopic images of the composite scaffolds. GA-MS was stained green by FITC and GM-alg was stained

red by rhodamine.

(C and D) Confocal fluorescence microscopy images of the GA-MS/GM-alg composite scaffolds. GA-MS was stained with FITC and GM-alg was stained with
rhodamine (C ). Chondrocytes encapsulated in GA-MS within the scaffolds were labeled with Cell Tracker Red CMTPX Dye (D I). Interactive 3D surface plots

(C I, D Il) were converted from confocal fluorescence microscopy images (C I, D ).

embedding the chondrocytes in the GA-MS and the composite scaffolds, the chondrocyte membrane was
labeled with Cell Tracker Red CMTPX Dye. As shown in Figure 6D |, the confocal microscopy images reveal
that a small number of GA-MS-encapsulated chondrocytes had been broken by the extrusion forces during
printing, causing chondrocytes inside the GA-MS to be dispersed in the composite scaffolds, thus
mimicking the chondrocytes scattered on the surface of knee cartilage. However, most of the encapsulated
chondrocytes were intact and aggregated, as observed in knee cartilage lacunae. Figure 6D Il shows an
interactive 3D surface plot converted from Figure 6D |, which shows the distribution of encapsulated
chondrocytes in the composite scaffolds more clearly. Based on these results, the multiscale composite
scaffolds are promising for applications in clinical cartilage tissue engineering not only because the prep-
aration of the multiscale composite scaffolds was simplified but also because the environment of the scaf-
fold mimics the physiological and anatomical characteristics of human knee cartilage.

Cartilage regeneration experiments

When hydrogel materials, which often have poor hemocompatibility, come into contact with erythrocytes
in the blood, the erythrocytes rupture, and the hemoglobin escapes from the cells; that is, hemolysis oc-
curs.** An HR value of less than 5% is required for the hydrogels to be used in clinical applications. As shown
in Figure S11, no hemolysis was observed in the supernatant of the negative control group (PBS), whereas
hemolysis was observed in the positive control group (deionized water). The HR of the three experimental
groups were all lower than 5%, and those of the GelMA group and GM-alg group were significantly lower
than the alginate group, suggesting that the GM-alg hydrogel has clinical applications.
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Figure 7. Four SD rats each were implanted with the scaffolds from the three groups, including the GelMA group,
alginate group, and GM-alg group, in vivo

(A) Scaffolds were retrieved with the surrounding tissue at time points of 1-, 2-, 3-, and 4-week after implantation, which
were stained with HE.

(B) F4/80 immunofluorescence sections show macrophages.

In addition, the implantation of scaffolds in animals can induce host reactions, including inflammation and
the formation of granulation tissue between the scaffold and tissue.*® To verify the biocompatibility of the
hydrogel materials in vivo, scaffolds in each group were implanted in SD rats (Figure S12A). The scaffolds
were retrieved with the surrounding tissue after 1-, 2-, 3-, and 4-week post implantation (Figure S12B). As
shown in Figure 7A, the sections were treated with HE staining to observe the biocompatibility and degra-
dation of the material in vivo. As shown, there was no significant formation of granulation tissue around the
subcutaneous scaffolds in either group. In addition, with an increase in implantation time, the alginate
group showed a rapid degradation rate, whereas the GM/alg group showed almost no degradation, likely
because the GM-alg group was cross-linked twice, which resulted in a dense structure and slow rate of
degradation.

Furthermore, since the implantation of foreign materials triggers a recruitment of inflammatory cells (mac-

rophages), a measurement of cell inflammatory responses is a good metric for the biocompatibility of scaf-
folds. In particular, the implantation of polypropylene and silica gel into the subcutaneous tissue of mice
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Figure 8. Eight mice each were implanted with the scaffolds containing microsphere-embedded chondrocytes
in vivo

(A and B) The scaffolds implanted subcutaneously at week 2 A.) and week 4 B) were stained with immunohistochemical
staining (ACAN, COL |, COL II, and SOX 9).

has been reported to result in the appearance of macrophages for up to six months, and the number of
macrophages increased initially, before subsequently decreasing.’® In this study, the number of macro-
phages significantly decreased in all three groups after 3- and 4-week post implantation (Figures 7B and
S13). On the basis of these results, the alginate, GelMA, and GM-alg scaffolds have low immunogenicity
and good biocompatibility.

Although there are differences in the physiological microenvironment and mechanical load in subcutane-
ous tissue and joints, the subcutaneous composite scaffolds were still subjected to a certain degree of
stress as a result of limb movement extrusion and skin tension.”” Therefore, the multiscale composite scaf-
folds were implanted under the skin of the nude mice to simulate the pressure that the scaffolds would
experience in the joint cavity. To investigate the chondrogenic ability of the composite scaffolds in vivo,
cryopreserved GA-MS encapsulating chondrocytes were reactivated and added to the sterile GelMA/
alg precursor solution to print scaffolds that were subsequently implanted subcutaneously in nude mice.
After implantation, the ability of the chondrocytes to differentiate into cartilage was determined by
observing the expression of ACAN, COL I, COL I, and SOX 9 through immunohistochemical staining.
As shown in Figure 8, after 2 and 4 weeks, the embedded chondrocytes had deposited ACAN, COL |,
COL Il, and SOX 9. Moreover, the amounts of ACAN and COL Il deposited by the chondrocytes were
significantly higher than those of SOX9 and COL | in the second week of scaffold implantation (Figure 8A),
indicating that the chondrocytes in the composite scaffolds differentiated into hyaline rather than fibrous
cartilage. Four weeks after implantation, the deposition of ACAN, COL |, COL II, and SOX 9 in the chon-
drocytes increased. There are two possible reasons for the chondrogenic differentiation observed in the
composite scaffolds. On the one hand, GelMA and alginate, like the natural cartilage matrix, have good
biomechanical properties and biocompatibility. On the other hand, the GA-MS provided a platform for
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the chondrocytes to aggregate, which promoted interactions and the enhanced growth of the chondro-
cytes. These characteristics of the multiscale composite scaffolds make them promising for the treatment
of cartilage defects.

Conclusion

In this study, we developed GA-MS containing chondrocytes that could be cryopreserved, reactivated, and
mixed with GelMA/alginate precursor solution as a modular bioink. This bioink could then be 3D-printed to
yield a multiscale composite scaffold for cartilage tissue regeneration. Notably, the viabilities of the chon-
drocytes embedded in the GA-MS were retained after cryopreservation and reactivation. Crucially, after
implantation, the chondrocytes in the multiscale composite scaffolds differentiated into cartilage, as
shown by the secretion of ACAN, COL I, COL II, and SOX 9. This can be explained by the fact that the
GA-MS provides a similar environment for the chondrocytes, which are present as aggregates in the
lacunae, to that of native cartilage. Further, the GelMA/alginate hydrogel mixed with the GA-MS simulates
the surrounding cartilage matrix and shows good biocompatibility and biomechanical properties.
Promisingly, the ability to freeze and reactivate the GA-MS containing chondrocytes simplifies scaffold
preparation and protects the cells during 3D printing, allowing complex 3D scaffolds that mimic the native
environment of chondrocytes to be prepared. This should promote cartilage tissue regeneration. There-
fore, the multiscale composite scaffolds have great promise for the clinical treatment of cartilage tissue
injury.

Limitations of the study

In this study, the multiscale composite scaffold was fabricated by a 3D printer. The appearance of the
scaffold prepared by 3D printing was a traditional grid-like structure, rather than an irregular cartilage
defect model constructed by computed tomography. In addition, the multiscale composite scaffold was
only implanted subcutaneously in mice, but not implanted in the injured knee joint in situ. Therefore, it
is still difficult for the biological tissue strategies to be translated into clinical practice. These studies aimed
to explore the potential of the multiscale composite scaffold to differentiate into hyaline cartilage, but its
ability to repair knee cartilage needs to be further explored.
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Glycerol Sigma-Aldrich V900122

Cat# 56-81-5
Paraformaldehyde Sigma-Aldrich 158127
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Origin OriginLab https://www.originlab.com

IBM SPSS Statistics IBM https://www.ibm.com/products/spss-statistics

ZEN ZEISS https://www.zeiss.com

Other

Fourier Transform infrared PerkinElmer Frontier FT-IR/NIR/FIR; https://chem.

spectroscopy, FT-IR washington.edu/instruments/perkin-elmer-
frontier-ftir

Nuclear Magnetic Resonance, NMR BRUKER AVANCE-IIl HD 400 MHz; https://pharm.ucsf.

edu/nmr/instruments/bruker-400

RESOURCE AVAILABILITY
Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by
the Lead Contact, Yaobin Wu (wuyaobin2018@smu.edu.cn).

Materials availability

This study did not generate new unique reagents.

Data and code availability

@ Data reported in this paper will be shared by the lead contact upon request.
® This paper does not report original code.

® Any additional information required to reanalyze the data reported in this paper is available from the
lead contact upon request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS
Animals

The healthy experimental animals including é-week-old female SD rats and 4-week-old female nude mice
were purchased from the Guangdong Provincial Animal Center, which did not involve in any procedures or
drug test. The animal experiments were approved by the Guangdong Provincial Animal Ethics Committee.
These animals in this study were housed in an animal house under appropriate humidity and temperature
(relative humidity: 50%-60%; room temperature: 23°C-25°C), with unrestricted access to water and food.
Furthermore, the rats and mice after implantation of the scaffolds were transferred to the previous animal
house for feeding.

Cell culture

Chondrocytes were obtained from the knee cartilage of 5-day-old SD rats. Chondrocytes were cultured in a
Petri dish (100 mm) with Dulbecco’s modified Eagle’s medium (DMEM) containing penicillin (100 U/mL),
streptomycin (100 U/mL), and 10% fetal bovine serum (FBS). The cells were cultured under 5% CO, at 37°C.

METHOD DETAILS

Preparation and characterization of GeIMA and GelMA/alginate (GA) hydrogels

The synthetic method for GelMA was optimized following our previous study.*® Briefly, methacrylic anhy-
dride (MA, 20% v/v) was added in a flask containing gelatin solution (10% w/v) by heating and stirring for 3 h.
Then, the reaction solution was added to anhydrous ethanol for precipitation to remove MA byproducts,
and the precipitate was dissolved in deionized water at 50°C. The resulting solution was dialyzed in deion-
ized water at 50°C for 3 days to obtain product. The structures of the gelatin and GelMA hydrogels were
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characterized by "H-NMR spectroscopy (600 MHz, AVANCE [lITM HD, Bruker). Fourier transform infrared
(FT-IR) spectra (NICOLET 6700, Thermos) of the GelMA, alginate, and lyophilized GA solutions were
recorded from 1000 to 4000 cm~". The degree of substitution of GelMA was calculated using the ninhydrin
reaction because the amino groups of GelMA react with ninhydrin to form a purple compound upon
heating.

For the preparation of the bioinks, different concentrations of GelMA (5%, 10%, or 15% (w/v)) were added to
the sample bottles containing alginate solution (1.2% w/v) and lithium phenyl-2,4,6-trimethylbenzoyl-phos-
phinate solution (LAP, 0.2% w/v) to prepare different GA precursor solutions. The solution was gelation
under UV light (365 nm, 7 mW/cm?) for 15 s and then immersed in a calcium chloride solution
(200 mmol/L) for 30's for secondary cross-linking, thus yielding the GA hydrogel. The swelling (S) and degra-
dation (D) properties of the hydrogels were assessed by immersing the hydrogels in PBS.*” This was done
by obtaining the initial weight (W,) of the lyophilized cylindrical hydrogels and then immersing them in PBS
and re-weighing them every 5 min (W;). Before weighing, any water on the surface of the hydrogel was
gently removed with blotting paper. The formula for calculating the swelling rate is as follows:

S(%) = (W, — W,) /W, x 100%.

In addition, after lyophilization, the cylindrical hydrogels were immersed in PBS and weighed weekly (W,).
The formula for calculating the degradation rate is as follows:

D(%) = (W, — W,) /W, X 100%.

The shear viscosity of the GA hydrogels was measured using a rheometer (HAAKE MARS 40, Thermo
Fisher).

In addition, GelMA (5% w/v), alginate (1.2% w/v), and GelMA (5% w/v)/alginate (1.2% w/v) (denoted GA)
were dissolved in deionized water with heating and stirring at 40°C to obtain the respective precursor
solutions, which were gelated using UV light and calcium chloride solution. Rheological evaluation of
the GelMA, alginate, and GA hydrogels was performed using a rheometer (HAAKE MARS 40, Thermo
Fisher), while the storage modulus (G’) and the loss modulus (G") of the hydrogels were obtained by oscil-
latory scanning tests with angular frequencies in the range of 0.1-10 Hz and a rotation amplitude of 1%. The
pore size and porosity of the freeze-dried GelMA hydrogels (5%, 10%, and 15% w/v) were observed via
scanning electron microscopy (SEM) (Hitachi S-3000, thickness: 10 nm).

Multichannel microfluidic chip design and fabrication

A multichannel microfluidic chip was fabricated using a microscale 3D printing device. The parameters
of the multichannel microfluidic chip were set using the Pore program. After the STL model file had
been imported into the computer, printing was carried out using photosensitive resin as the primary
material.

Because of flow resistance, the water phase should be subjected to different pressures at the entrances of
the channels in the chip. However, Jiang et al. have reported that the effect of the pressure difference at the
entrance of the interphase channels can be neglected.”™

Fabrication of GelMA (G-MS), alginate (A-MS), and GelMA/alginate (GA-MS) microspheres

The GelMA, alginate, and GelMA/alginate aqueous precursor solutions were drawn into a 1-mL syringe,
respectively, whereas the oil-phase solution was prepared by mixing liquid paraffin with Span 80 in a
19:1 volume ratio and drawn into a 20-mL syringe. The microspheres were fabricated by installing both sy-
ringes on an injection pump, connecting the microfluidic chip to the syringes with silicone hoses, and start-
ing the injection pump. The microspheres were collected at the outlet of the microfluidic chip. G-MS was
collected in a centrifugal tube containing Dulbecco’s buffered saline (DPBS) after UV irradiation for 15 s,
whereas A-MS and GA-MS were collected in centrifugal tubes containing calcium chloride solution for
gelation, although the latter was collected after UV irradiation for 15 s. The microspheres collected in
the centrifugal tubes were centrifuged (2000 rpm/min for 5 min), washed with DPBS, and observed using
an optical microscope (BX53F, Olympus). Subsequently, particle size analysis was carried out using ImageJ
(NIH). To explore the influence of different flow rates of the water and oil phases on the microsphere diam-
eter, the flow rates of the water and oil phase solutions were set to 5, 10, and 15 pL/min and 300, 600, 900,
1200, and 1500 pL/min, respectively. Fluorescein isothiocyanate (FITC) was added to the water phase to
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allow the microspheres to be observed via fluorescence microscopy (BX53F, Olympus). The microsphere
diameter was measured using ImageJ (NIH) and analyzed in OriginPro. To observe the surface microscopic
properties of GA-MS, the microspheres were dehydrated using gradient alcohol, surface-coated with gold,
and then observed via SEM (Hitachi S-3000, thickness: 10 nm).

Sustained release of BSA-FITC and BSA within GA-MS

The sustained-release properties of GA-MS were analyzed qualitatively and quantitatively by fabricating
GA-MS encapsulating BSA-FITC and BSA alone, respectively. In detail, BSA-FITC (400 pg/mL) was added
to the GelMA/alginate precursor solution to fabricate the GA-MS. The GA-MS encapsulating BSA-FITC was
centrifuged at 2000 rpm for 3 min, washed with deionized water three times, and immersed in DPBS.
The images of the GA-MS were taken 0, 3, 9, 21, and 36 h after immersion using a confocal laser microscope
(LSM800, Zeiss) and converted to grayscale images using ImageJ. Using the grayscale 3D heat maps, the
size distribution histograms were plotted and used to calculate the means and standard deviations of the
gray levels at each statistical time point using ImageJ and OriginPro. The addition of BSA (40 mg/mL)
alone to the GA precursor solution was used to explore the difference in the sustained-release properties
of GA-MS having different diameters. Specifically, GA-MS with diameters of 457 + 3, 361 + 4, and 246 +
6 um were prepared and immersed in 200 uL of DPBS in the wells of a 96-well plate, and the numbers of
microspheres per well were 5, 11, and 33, respectively, meaning that the total mass of BSA in each group
was similar. The sustained release of BSA in GA-MS at 0, 0.5, 1, 2, and 3 h was determined using a
microplate reader with a bicinchoninic acid assay (BCA) working solution. DPBS was added after each
measurement to compensate for volume loss.

Spreading ability of chondrocytes in the GelMA hydrogel

Chondrocytes were obtained from the knee cartilage of 5-day-old SD rats. Briefly, Rats were sacrificed and
sterilized by immersion in alcohol. The articular cartilage was exposed in the ultra-clean table, which was
cut out and transferred to the culture dish. Then the cartilage in the culture dish was digested with type
Il collagenase solution (0.1% w/v), and transferred to an incubator (37°C, 5% CO,) for digestion overnight.
Chondrocytes were obtained by centrifuging the digest at 1000 rpm/min for 5 min.

To explore the effect of different concentrations of the GelMA hydrogel on the spreading ability of the
chondrocytes, the digested chondrocytes were cultured in GelMA hydrogel prepared from GelMA precur-
sor solutions (5%, 10%, and 15% (w/v)). The precursor was heated to 70°C and filtered through a bacterial
filter to obtain a sterile solution, then mixed with chondrocytes at a density of 1 X 10° cells/mL, and then
blown evenly with a pipette gun. The 30-pL solution containing chondrocytes was added dropwise onto a
petri dish and gelated under UV light for 15 s. The culture medium was then added to the Petri dish, which
was transferred to an incubator for culture (37°C, 5% CO,). After 3 days, the chondrocytes in the GelMA
hydrogel were fixed with paraformaldehyde (4% w/v) for 30 min, permeabilized with Triton X-100 (0.25%
v/v) for 10 min, and stained with phalloidin-FITC and 4’,6-diamidino-2-phenylindole (DAPI).

In-vitro biological characterization of cell-encapsulated GA-MS

The GelMA (5% w/v)/alginate (1.2% w/v) precursor solution was sterilized before the addition of chondro-
cytes. This was done by filtering the GelMA precursor solution (10% w/v) containing LAP (0.4% w/v) and
TGF-B (20 pg/mL) through a bacterial filter, and by sterilizing the alginate precursor solution (2.4% w/v)
by autoclaving. The two precursor solutions were then mixed in a 1:1 volume ratio and used as the water
phase.

The chondrocyte-encapsulating GA-MS were washed three times with DPBS and cultured in a petri dish
after centrifugation. The viability of the chondrocytes in GA-MS was measured using the Live/Dead Cell
Staining Kit (Invitrogen), which uses calcein-AM and ethidium homodimer. Finally, images of the chondro-
cyte-encapsulating GA-MS were taken after 1 and 4 days of culture using a confocal laser microscope
(LSM800, Zeiss) and converted to grayscale images using ImageJ to calculate the chondrocyte survival
rate. Chondrocyte proliferation in GA-MS was determined using the Amar blue assay after 1, 4, and
7 days of culture.

The proteins secreted by the chondrocytes in GA-MS were stained after culturing for 5 days, as per the

manufacturer’s instructions. Briefly, the chondrocyte-encapsulating GA-MS were washed with DPBS three
times, fixed with paraformaldehyde (4% w/v) for 30 min, permeabilized with Triton X-100 (0.25% v/v) for
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10 min, and blocked with BSA solution (1% w/v) for 60 min. The chondrocyte-encapsulating GA-MS were
then immersed in BSA solution containing monoclonal antibodies for aggrecan (ACAN), type-Il collagen
(COL 1), and SOX 9, and incubated overnight at 4°C. The next day, after washing with DPBS three times,
the chondrocyte-encapsulating GA-MS were incubated in BSA solution containing goat anti-mouse sec-
ondary antibody Alexa Fluor 594 (Invitrogen, USA) for 1 h. Subsequently, the chondrocyte-encapsulating
GA-MS were incubated in a DAPI solution for 5 min. The images of the stained chondrocyte-encapsulating
GA-MS were obtained using a confocal laser microscope (LSM800, Zeiss).

The chondrocyte-encapsulating GA-MS were collected and centrifuged, washed with DPBS three times,
transferred to a cryopreservation tube containing 1 mL of CELLSAVING™ (NCM), and stored at —80°C
for later use. The chondrocyte-encapsulating GA-MS that had been cryopreserved for 7 days were reacti-
vated at 37°C within 1 min and diluted with Dulbecco’s Modified Eagle Medium (DMEM) culture medium
(9 mL) to prevent the chondrocytes from being harmed by the cryonic solution; they were then cultured in
an incubator (37°C, 5% CO,) for 5 days. The cell viability, proliferation, and protein secretion of the chon-
drocytes in GA-MS after cryopreservation and resuscitation were measured by the methods described
in.6.2.

Preparation and rheological property of the Carbopol support bath

NaOH powder (40 mg) was dissolved in deionized water (100 mL) as the initial solution. Subsequently,
Carbopol powder (0.2, 0.7, or 1.2 wt %) was added to the initial solution and the solution was stirred for
15 min to yield the Carbopol support bath; this was then transferred to 60-mm culture dishes for later
use. The viscosity of different concentrations of the Carbopol support bath was tested using a rheometer
at shear rates of 0.1-10 s™' at room temperature.

Composite hydrogel printing based on Carbopol support bath

A GelMA (15% w/v)/alginate (1.2% w/v) precursor solution containing LAP (0.2% w/v) was prepared and
loaded into the printing cylinder as the bioink, degassed in a vacuum drying oven, and cooled to 21°C
for later use. To explore the dimensional stability of the bioink, the bioink was extruded into a Carbopol
support bath under different conditions (temperature, extrusion pressure, printing speed, and needle
diameter) using the 3D bioprinter (EnvisionTec, 3D-Bioplotter Developer Series). Concerning these param-
eters, the tested temperatures were 14, 21, and 28°C, the tested extrusion pressures were 3.0, 3.5, and 4.0
bar, the tested printing speeds were 5.0, 8.0, and 11.0 mm/s, and the tested needle diameters were 21G,
22G, and 24G. To explore the accuracy of bioink printing in the Carbopol support bath, the bioink was
extruded into the Carbopol support bath to prepare 3D models of circles and pentacles.

Construction of 3D multiscale composite scaffolds in the Carbopol support bath

The GA-MS were added to the GelMA/alginate precursor solution containing LAP (0.2% w/v) as a
multifunctional GA-MS-GelMA/alginate modular bioink. To enable the observation of the morphology
of the multiscale composite scaffolds better, GA-MS was dyed with FITC, and the GelMA/alginate
precursor solution was dyed red with rhodamine. The modular bioink was then extruded into the
Carbopol support bath by the 3D bioprinter to yield multiscale composite scaffolds that were first gelated
under UV light for 15 s and then crosslinked in aqueous calcium chloride. Calcium chloride dissolved the
Carbopol support bath leaving behind the multiscale composite scaffolds. The multiscale composite scaf-
folds were then dehydrated using gradient alcohol, surface-coated with gold, and observed under
different magnifications via scanning electron microscopy (SEM, Hitachi S-3000, thickness: 10 nm). Fluores-
cence and white light images of the composite scaffolds were obtained using a stereomicroscope
(Stemi2000-C, Zeiss), and a confocal laser microscope (LSM800, Zeiss) was used to obtain the images of
the GA-MS distribution in the multiscale composite scaffolds. The images were converted to grayscale us-
ing ImageJ. To track the distribution of the chondrocytes encapsulated in GA-MS within the composite
scaffolds, the chondrocyte membranes were labeled with Cell Tracker Red CMTPX Dye (DIO, Beyotime,
Shanghai) before encapsulation in the GA-MS. The multiscale composite scaffolds containing chondro-
cyte-encapsulating GA-MS were observed via a confocal laser microscope (LSM800, Zeiss).

Hemolysis rate (HR) of materials

Fresh blood (5 mL) was collected from Sprague-Dawley (SD) rats and added to an anticoagulant tube
containing PBS (5 mL) to dilute the blood in a 1:1 volume ratio. Then, a sample of GelMA, alginate, or
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GA (200 mg) was added to test tubes containing sterile PBS (5 mL), and the test tubes were incubated at
37°C for 30 min. In addition, deionized water (5 mL) and PBS (5 mL) were used as positive and negative con-
trols, respectively. Subsequently, the diluted blood (200 pL) was added to the test tubes containing GelMA,
alginate, or GA, after which the tubes were incubated at 37°C for 1 h and then centrifuged at 3500 rpm for
5 min. The HR was calculated by measuring the absorbance of the supernatant at 545 nm in each test tube
and using the following formula: HR = (OD; — ODy)/(OD, — ODg) X 100%, where ODq, OD4, and OD; are the

. . . 4.
absorbances of the negative control, samples, and positive control, respectively. 451

In-vivo investigation of the 3D multiscale composite scaffolds

GelMA (15% w/v), alginate (1.2% w/v), and GelMA (15% w/v)/alginate (1.2% w/v) precursor solutions were
loaded into a printing cylinder for use as bioinks and used to prepare 3D-printed scaffolds (5 mm X 5 mm X
1 mm). After preparation, the scaffolds were implanted into the subcutaneous tissue of SD rats. Four SD rats
each were implanted with the scaffolds from the three groups, including the GelMA group, alginate group,
and GM-alg group. The biocompatibility of the materials was investigated by evaluating the hematoxylin
and eosin (HE) staining and F4/80 immunohistochemical fluorescence staining of the scaffolds. In more
detail, 6-week-old female SD rats were used, and samples were taken after 1-, 2-, 3-, and 4-weeks post-im-
plantation of the composite scaffolds. For implantation, the rats were anesthetized by the intraperitoneal
injection of pentobarbital sodium (1%, 0.6 mL/100g), and then the 3D-printed scaffolds were implanted
into the subcutaneous bag. Subsequently, the 3D-printed scaffolds were retrieved from the surrounding
tissue after 1-, 2-, 3-, and 4-weeks post implantation. The samples were fixed with 4% formaldehyde, dehy-
drated, embedded in paraffin, and then cut into 8-pm-thick slices using a slicer. The sections were stained
with HE dyes to observe the biocompatibility and degradability of the material in vivo, and visualization was
carried out using an optical microscope (BX53F, Olympus).

In addition, scaffold sections were stained with F4/80 immunofluorescent dye to count the macrophages
around the scaffolds.”” A working solution was prepared by mixing F4/80 antibody stock solution (1 L)
with 10% donkey serum (50 pL), and this solution was then added dropwise onto the scaffold sections,
which were then incubated at 4°C overnight. On the next day, these sections were washed with TBST
(Tris-HCI, NaCl, and Tween 20) three times, and donkey anti-rabbit (594) secondary antibody working so-
lution, which was prepared by mixing Alexa Fluor®594 Donkey anti-Rabbit IgG (H+L) stock solution (1 pL)
with TBST (400 plL), was added, and the section was incubated at 37°C for 45 min. The sections were then
stained with DAPI for 5 min and observed using confocal fluorescence microscopy (BX53F, Olympus). Four
different images were obtained for each section, and the mean number of macrophages was calculated.

Chondrocytes were obtained from the knee cartilage of 5-day-old SD rats and added to the GelMA
(5% w/v)/alginate (1.2% w/v) precursor solution to prepare chondrocyte-encapsulating GA-MS, which
were cryopreserved for later use. When the number of the cryopreserved GA-MS containing chondrocytes
was sufficient for printing, they were reactivated and mixed with sterile GelMA (15% w/v)/alginate (1.2%
w/v) precursor solution to fabricate the multiscale composite scaffolds. The scaffolds were then implanted
into 4-week-old female nude mice using the protocols described in Section 2.11.1. Eight mice each were
implanted with the scaffolds containing microsphere-embedded chondrocytes. Subsequently, samples
were taken 2 and 4 weeks after 3D multiscale composite scaffold implantation. These samples were then
fixed with 4% formaldehyde, dehydrated, embedded in wax blocks, and cut into 8-um-thick sections using
a slicer. Additionally, these sections were immunohistologically stained for aggrecan (ACAN), type-I
collagen (COL I), type-Il collagen (COL Il), and SOX 9. Images of chondroblast expression of chondrocytes
in GA-MS within the multiscale composite scaffolds were obtained using optical microscopy (BX53F,
Olympus).

QUANTIFICATION AND STATISTICAL ANALYSIS

Experiments were run at least three times for each sample (n > 3 per sample), and the experimental data
are reported as the mean + standard deviation (SD), as calculated using IBM SPSS Statistics. All the sta-
tistical details of experiments can be found in figure legends and Results. One-way analysis of variance (-
ANOVA) was used to analyze the significance of the observed differences between the study groups and
p < 0.05 was considered statistically significant.
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