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CELL BIOLOGY

Gradient bimetallic ion-based hydrogels for tissue

microstructure reconstruction
of tendon-to-bone insertion

Renhao Yang'?, Gen Li'", Chengyu Zhuang'?, Pei Yu', Tingjun Ye', Yin Zhang’, Peiyang Shang',
Jingjing Huang’, Ming Cai? Lei Wang'*, Wenguo Cui'#, Lianfu Deng'*

Although gradients play an essential role in guiding the function of tissues, achieving synchronous regeneration
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of gradient tissue injuries remains a challenge. Here, a gradient bimetallic (Cu and Zn) ion-based hydrogel was
first constructed via the one-step coordinative crosslinking of sulfhydryl groups with copper and zinc ions for
the microstructure reconstruction of the tendon-to-bone insertion. In this bimetallic hydrogel system, zinc
and copper ions could not only act as crosslinkers but also provide strong antibacterial effects and induce regen-
erative capacity in vitro. The capability of hydrogels in simultaneously promoting tenogenesis and osteogenesis
was further verified in a rat rotator cuff tear model. It was found that the Cu/Zn gradient layer could induce con-
siderable collagen and fibrocartilage arrangement and ingrowth at the tendon-to-bone interface. Overall, the
gradient bimetallic ion-based hydrogel ensures accessibility and provides opportunities to regenerate inhomo-

geneous tissue with physiological complexity or interface tissue.

INTRODUCTION

Metal ions play an important role in the ordinary processes of the
human body (1), including maintaining life functions, regulating
metabolism, and promoting tissue repair (2). Many metal ions, such
as Cu?*, Ca**, and Ag™", can promote bone regeneration by balancing
the function of osteoblasts and osteoclasts (3). Zinc ions can repair
damaged skin by promoting extracellular matrix (ECM) synthesis
and secretion (4). In different tissues, the content of those metal ions
is various, and different biologically active ions have a combined or
synergistic effect on tissue regeneration (5). The selectivity of differ-
ent tissues for metal ions is particularly important. For example, bio-
active glass containing copper ions can be used for bone repair, and
a novel tubular scaffold containing zinc oxide nanoparticles can
achieve tendon repair (6, 7). Currently, in complexly damaged tis-
sues, it is highly challenging to achieve the selective absorption of
different metal ions in different tissues to promote the synchronous
reconstruction and regeneration of damaged tissues.

Gradients play essential roles in guiding the functions of a wide
range of tissues, including the tendon-to-bone interface in the rotator
cuff. Clinically, rotator cuff injury is the most common cause of
shoulder joint disease, mainly due to poor healing of the tendon-to-
bone interface after surgery (8, 9). The normal morphology of the
tendon-to-bone interface evolves layer by layer, including gradual
changes in mineral content, staggered arrangement of collagen fi-
bers, and compliant matrix tissue thickening (10-13). A strategy to
recreate these natural gradients has been developed in the field of
tissue engineering (14). However, owing to the complex structure of
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gradients in human tissues, it is difficult to balance the growth of
various tissue types, resulting in scar tissue formation (14). There-
fore, it is difficult to achieve complete regeneration of the tendon-
to-bone interface (15, 16). The tissue engineering materials used for
the treatment of rotator cuff tear (RCT) mainly include regener-
ated scaffolds, such as oriented collagen fiber braids, poly-1-lactic
acid (PLLA) scaffolds, layered decellularized matrix scaffolds, and
allografts (17-21). However, some deficiencies remain, such as in-
sufficient release time, complicated preparation process, and poor
biocompatibility of these materials. Furthermore, regeneration-
induced tissues cannot achieve synchronous regeneration, leading
to disordered rotator cuff tissue formation after repair and poor bio-
mechanical functionalities (22). Therefore, further information on
the construction of materials with layered gradient structures and
the repair capability is particularly necessary in the field of tissue
microstructure. In the early stage, we used a bipolar electrospinning
nanofiber membrane. The upper layer comprised a poly-L-lactic acid
(PLLA) fiber membrane, and the lower layer included the PLLA
fiber membrane loaded with nano-hydroxyapatite to promote the
simultaneous regeneration of bone and tendon and achieve the heal-
ing of the tendon-to-bone interface (23). However, the tissues that
release inorganic ions in the fibrous membrane showed poor bio-
compatibility, which led to fibrosis at the tendon-to-bone interface.

In the field of tissue regeneration, metal ions also play important
roles. For example, copper ions can regulate the osteogenic differ-
entiation of osteoblasts and angiogenesis, and Fe** can promote
osteogenesis by promoting blood vessel growth (24, 25). Different
metal ions can induce the regeneration of different tissues. There-
fore, on the basis of the advantages of various metal ions for tissue
regeneration, designing a novel metal ion-based biomaterial is ex-
pected to regulate the overgrowth of different gradient tissues.

To achieve healing at the tendon-to-bone interface, we took advan-
tage of the ECM-mimicking properties of gelatin hydrogel, the tissue
repairing abilities of copper and zinc ions, and the excellent anti-
bacterial ability of metal ions (26, 27). In this study, a novel gradi-
ent bimetallic ion-based hydrogel, which is compatible with the
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microstructure of the tendon-to-bone insertion, was developed via the
hierarchically coordinative cross-linking of thiolated gelatin with
copper and zinc ions to regulate the synchronous regeneration of
the microstructure (Fig. 1). In the fabrication process of the gradi-
ent bimetallic hydrogel, the upper and lower layers were covered,
and free (incompletely gelled) ions in the upper layer could sink due
to gravity and cross-link with free sulthydryl groups. The sulthydryl
group and metal ions have a great dynamic cross-linking capacity,
so the relatively stable dynamic gradient of the two kinds of metal
ions in the bimetal hydrogel would be built after gelation (Fig. 1A).

Through planting the gradient material in vivo, the bone-tendon
interface containing naturally physiological gradients such as fibro-
cartilage, the repairability, and regeneratibility was guaranteed
(Fig. 1, B and C). This newly developed bimetallic hydrogel was proven
to have a typical porous structure, good mechanical properties, and
self-healing characters through material characterizations. In in vitro
experiments, on the basis of the slow release of copper and zinc ions,
this hydrogel was found to be functional, promoted antibacterial
activity, and had an inductive effect on bone or tendon tissue, re-
spectively. Furthermore, the gradient regeneration effect of hydro-
gels in vivo was detected in a rat RCT model by observing indicators,
such as gross photos, imaging diagnosis, biomechanics, and histo-
logical staining. Therefore, this innovative gradient bimetallic metal
ion hydrogel has a widespread applicability and provides opportunities
to generate gradient interfacial tissues for microstructure recon-
struction, such as RCT.

RESULTS

Characterization of hydrogels

Gelatin is one type of protein produced by the partial hydrolysis of
native collagen, with excellent properties in terms of biodegradability,
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biocompatibility, cell adhesion features, and ease of modification
(28). In this research, the —NH,; group in gelatin reacted with
Traut’s reagent to form the thiolate gelatin (s-gelatin). The gelling
process of s-gelatin without cross-linking was also presented in fig.
S1. By mixing the s-gelatin with Cu** or Zn**, ion-based hydrogels
were formed in situ via S-Cu or S-Zn coordinative cross-linking
(Fig. 2, A and B). Uniform porous micromorphology in which each
pore communicates with each other for all groups was observed via
scanning electron microscopy (SEM) (Fig. 2, C to E, and fig. S2).
Then, the hydrogel with graded metal ions was sectioned along the
vertical direction for characterization via energy-dispersive spec-
troscopy (EDS) mapping (as shown in Fig. 2F). According to the
EDS mapping results, the cross-sectional area exhibited graded dis-
tribution in both copper and zinc contents. The zinc gradually de-
creased from the bottom layer to the top layer, whereas the copper
showed an opposite trend. The trends in different days were further
quantified by dividing the interface into five average small sections.
As shown in Fig. 2G, the content distribution of the copper and zinc
ions did not change significantly over time, suggesting the success-
ful establishment of a gradient. Accordingly, it was necessary to de-
termine the cross-linking mechanism of the chemical groups. As
characterized by the absorption peaks around 1076 and 1630 cm™"
as shown in fig. S3, numerous s-Cu bonds and s-Zn bonds were
formed between Cu®" and Zn** with the thiol group of gelatins,
which is considered the main mechanism of cross-linking in the
hydrogel. The absorption peak of both ion-based hydrogels was sig-
nificantly decreased at 1076 cm ™! and increased at 1630 cm™, indi-
cating that metal ions were successfully combined with the thiol
group in s-gelatin.

Next, to verify the mechanical properties of the ion-based hydro-
gels, the gelation kinetics of the hydrogels were measured by evalu-
ating the storage modulus (G') and the loss modulus (G”) versus
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Fig. 1. The principle and fabrication of the gradient bimetallic ion-based hydrogels and the operation diagram. (A) The principle and fabrication of the novel
gradient bimetallic hydrogels and the exhibition of the gradient structure. (B) The in situ implantation of the novel hydrogel for RCT. (C) The mechanism of the gradient

hydrogel for synchronous regeneration in the tendon-to-bone insertion.
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Fig. 2. The morphology and characterization of hydrogels. (A) Gelation process

of the gradient bimetallic hydrogel. (B) Chemical equations of the fabrication of the

s-Cu-gelatin, s-Zn-gelatin, and s-gelatin groups. (C to E) Representative SEM images of 500-um microspheres with different groups. (F) EDS mapping of elemental distri-
butions recorded from the cross section. (G) Quantification of copper and zinc content along the vertical direction (n = 3), where the x axis indicates the distance from the
top to the bottom with the five average small sections. (H to J) Strain sweep measurements the s-Cu-gelatin, s-Zn-gelatin, and s-gelatin groups. (K to L) Frequency sweep
measurements of the s-Cu-gelatin and s-Zn-gelatin groups. (M) Dynamic step-strain measurements of the s-Cu-gelatin and s-Zn-gelatin groups.

time (Fig. 2, H to J). The G’ values of both the ion-based hydrogel
groups were significantly higher than those of the s-gelatin group,
whereas the G” was nearly identical among all three groups with no
notable difference, as shown in fig. S4. The critical strain values
that both the G’ and G” could maintain in the solid gel and transit
to the solution gel were approximately 420, 300, and 450% in the

Yang etal., Sci. Adv. 2021; 7 : eabg3816 23 June 2021

s-Cu-gelatin, s-Zn-gelatin, and s-gelatin groups, respectively. More-
over, the frequency-dependent rheological behaviors under 0.01 to
20 Hz were performed by oscillation frequency measurements
(Fig. 2, Kand L). It was observed that s-Cu-gelatin and s-Zn-gelatin
were always in a colloidal shape, which was holding the G" at =200 Pa
and G’ at ~180 Pa, respectively, in the frequency range. The results
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demonstrated that s-Cu-gelatin and s-Zn-gelatin could maintain
the gel condition in the frequency range of 0.01 to 20 Hz. As shown
in Fig. 2M, s-Cu-gelatin and s-Zn-gelatin could maintain the gel
network situation by holding the G" at =200 Pa and G’ at =100 Pa,
respectively. After high strain was subjected, the s-Cu-gelatin and
s-Zn-gelatin hydrogel networks were disrupted immediately as the
G’ dropped to =5 and ~8 Pa, respectively. Furthermore, when trans-
ferred to the low strain, both the G’ and G” of hydrogels recovered
approximately 100% within a few seconds. This indicates that the
metal ion hydrogel had the self-healing characters. To investigate
the degradation capacity of hydrogels, the ion-based hydrogels were
soaked in 0.15% collagenase type I solution and 1x phosphate-buffered
saline (PBS) for a certain period of time (29, 30). As shown in fig.
S5A, regardless of the hydrogel type, all hydrogels completely de-
graded in 0.15% collagenase type I solution within 7 days, suggesting
that this ion-based hydrogel had good biodegradability. As illustrated
in fig. S5B, all hydrogels degraded gradually and remained at 20 to
30% of the initial weight after the 21st day, suggesting that this novel
hydrogel had the ability to control the release of Cu®" and Zn>" for
continuous tissue healing. Meanwhile, as the hydrogel degraded,
Cu’* and Zn*" were gradually released into the environment and could
be detected using inductively coupled plasma mass spectrometer.
On the first 7 days, a rapid release trend was observed. Then, a con-
tinuous slow release was observed for the remainder of the test pe-
riod. In fig. S6, the cumulative release of Zn** was 44.33 + 5.22%,
and a continuous and slow release to 74.69 + 5.98% was observed on
day 21. Meanwhile, the cumulative release of Cu** was 40.32 + 4.23%,
and the similar increase to 71.77 + 3.83% was observed on day 21.
The release and degradation behaviors revealed the same trends at
the last period, suggesting that the release and degradation process
were carried out simultaneously.

Biocompatibility and antibacterial property test

Specifically, in this study, the biocompatibility of ion-based hydro-
gels was evaluated both qualitatively and quantitatively. According
to the live/dead staining results, it was obvious that the rat mesen-
chymal stem cells (rMSCs) could evenly distribute on these two
types of hydrogel with similar morphology and cell density, as shown
in Fig. 3A. Most cells maintain the spindle-like morphology after
incubation for several days, and the quantified analysis of the stain-
ing results after culturing for 5 days showed good cell viability (fig.
S7A), which demonstrated that the metal ion-based hydrogels had
a favorable biocompatibility. Furthermore, according to the CCK8
assay results, both metal ion-based hydrogels showed no effect on
proliferation compared with the control group on days 1 and 3, but
a significant increase in the proliferation ability of rMSCs was ob-
served on day 5 (Fig. 3B). Then, the biocompatibility of the novel
bimetallic ion-based hydrogel was evaluated via the in situ implan-
tation of related cells. The osteoblasts and tenocytes were seeded
onto the copper ion-based hydrogels and zinc ion-based hydrogels,
respectively, to evaluate the biocompatibility. According to the cor-
responding results of the live/dead staining results and CCK8 as-
says, the cells showed no statistically significant differences in cell
viability and cell proliferative activity after culturing for 1, 3, and
5 days (Fig. 3, E and F). Moreover, the related quantified analysis
also demonstrated the great biocompatibility of the mats (fig. S7B),
and the results of flow cytometry showed that the metal ion solution
(107 to 107** M) did not affect the apoptosis of the corresponding
cells (figs. S8 and S9).

Yang etal., Sci. Adv. 2021; 7 : eabg3816 23 June 2021

Zn*" and Cu®" have considerable antibacterial properties against
Gram-positive and Gram-negative bacteria, fungi, and certain viruses,
including antibiotic-resistant strains (31). Staphylococcus aureus,
one of the most common pathogens, usually leads to the loosening
of internal implants and unhealed wounds after orthopedic surgery
(32, 33). On this basis, we evaluated the antimicrobial activity of the
ion-based hydrogel and pure s-gelatin. As a result, the two ion-based
hydrogels showed clear antibacterial activity against S. aureus, but
this was not observed in the s-gelatin group (Fig. 3C and fig. S10).
In Fig. 3D, we carried out the Kirby-Bauer disk diffusion test and
measured the diameters of a quasi-circular range of cell-free regions
around the hydrogel. The diameters of s-Zn-gelatin and s-Cu-gelatin
were 17.42 + 0.87 mm and 18.53 + 2.18 mm, respectively, and a
statistically significant difference was observed between the ion-
based hydrogel groups and the s-gelatin group (11.55 + 0.87 mm).
The above results suggested that this novel hydrogel system had
considerable biocompatibility without cytotoxicity and could be
widely used in tissue regeneration processes.

The effect on cell morphology and spreading

Cell morphology could provide a complex readout of cell state or
phenotype (34). As shown in Fig. 4 (A and B), osteoblasts and teno-
cytes were seeded on the metal ion-based hydrogel. After 3 days, both
kinds of cells were stained with rhodamine-conjugated phalloidin/
4',6-diamidino-2-phenylindole (DAPI), the morphology of both cells
appeared to have a classical spindly-like and smooth shape, and the
cell foot showed no notable change. The results indicated that the
hydrogels showed no obvious influence on cell morphology.

To evaluate the effect on cell spreading, the tenocyte and osteo-
blasts were transfected via the lentivirus to carry the red fluorescent
gene and green fluorescent gene, respectively. Then, the two trans-
fected cells were mixed and seeded on the transition layer of the
gradient bimetallic hydrogel at a ratio of 1:1 to evaluate the cell mi-
gration behavior on the hydrogel surface. After culturing for 3 days,
the cell distribution showed a significant difference at the different
side. The osteoblasts appeared more affinity for copper ion-based
hydrogel, and the tenocytes appeared more affinity for zinc ion-
based hydrogel (Fig. 4C). The cell distribution was further quanti-
fied by dividing the interface into three small parts, including the
copper side, the zinc side, and the transition layer, and the correla-
tion percentage of the cell distribution was shown in Fig. 4 (D and E).
More osteoblasts were observed around the copper side, whereas
more tenocytes were observed around the zinc side. At the transi-
tion surface, the distribution of the two kinds of cells was basically
average and random. Furthermore, the gradient bimetallic hydrogel
had a different influence on cell distribution for the corresponding
cell population. Overall, the tenocytes were more suitable for growth
on zinc-based hydrogels, and the osteoblasts were more suitable for
growth on copper-based hydrogels.

Osteogenesis assay in vitro

To determine whether ion-based hydrogels promote osteogenic in-
duction, we investigated the differentiation of osteoblasts cocultured
with hydrogels from different groups by measuring the alkaline
phosphatase (ALP) activity and ECM mineralization using ALP and
Alizarin Red staining, respectively. First, we performed the early osteo-
genic characterization of s-Cu-gelatin via ALP staining. After cultur-
ing for 1, 3, 7, and 14 days, the ALP staining was found to gradually
deepen, indicating that the degree of mineralization and osteogenic
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Fig. 3. Cytocompatibility and antibacterial properties of the gradient bimetallic hydrogel. (A) Representative fluorescence images showing live calcein-stained
(green) and dead propidium iodide-labeled (red) rMSCs after culturing in s-Cu-gelatin and s-Zn-gelatin for 1, 3, and 5 days. Scale bar, 100 um. (B) CCK8 assay showing the
cell proliferation of cells after culturing for 1, 4, and 7 days (n = 3). (C and D) Antibacterial sensitivity of both gels against S. aureus based on the results of the agar diffusion
test (n = 3). Scale bar, 1 cm. (E) Live/dead staining for osteoblasts and tenocytes after culturing in the novel hydrogel for 1, 3, and 5 days. (F) CCK8 assay showing osteoblast
proliferation after culturing for 1, 4, and 7 days (n = 3). (G) CCK8 assay showing tenocyte proliferation after culturing for 1, 4, and 7 days (n = 3) (*P < 0.05). ODa4s0, optical

density at 450 nm.

differentiation gradually increased over time (Fig. 5A). Furthermore,
ALP activity was significantly higher in the s-Cu-gelatin group between
days 3 and 7, compared to the s-gelatin group (Fig. 5B). Moreover,
we also evaluated the mineralization activity to detect the osteogenic
differentiation status on days 1, 7, 14, and 21, and the mineralized area
of the cells increased gradually with time (Fig. 5C). After quantifying
mineralization, it was determined that the s-Cu-gelatin group had
denser mineral nodules and a higher degree of mineralization with
statistical significance, compared to the s-gelatin group (Fig. 5D).

ALP and type I collagen (Coll) are early osteogenic markers
(35, 36). Runt-related transcription factor 2 (Runx2) is one of the
most specific osteogenic differentiation markers in the early stage,
whereas osteocalcin (OCN) is a late osteogenic marker (37, 38). The
gene expression of these markers was examined on different days.
As shown in Fig. 5, (E to H), s-Cu-gelatin exhibited a powerful
ability to promote the osteogenic differentiation of osteoblasts with
statistical significance, compared to the s-gelatin.

Yang etal., Sci. Adv. 2021; 7 : eabg3816 23 June 2021

Tenogenesis assay in vitro

We confirmed via flow cytometry that different concentrations
(107® to 10™'* M) of zinc ions showed no influence on the viability
of tenocytes (fig. $9). However, zinc ions at 10° and 10~'* M could
significantly promote tenocyte proliferation after culturing for 3 days
(Fig. 51). Scleraxis (Scx) is the key transcriptional activator of teno-
cytes (36). As shown in Fig. 5F, the Scx protein expression in teno-
cytes was significantly up-regulated at 10~® and 107™° M zinc ions.
The matrix metalloproteinase (MMP) family can degrade all ECM
components of the tendon (39). However, the MMP13 protein ex-
pression did not significantly differ in tenocytes. Collagen protein
contributed to maintaining the structure and strength of tendon
tissue. Coll could provide stiff structures owing to its mechanical dura-
bility and strength, whereas ColllIl was thinner than type I fibrils
and was generally associated with scar tissue and injury (40, 41).
The expression of Coll protein in tenocytes was up-regulated at
107 and 107" M zinc ions, whereas that of Collll protein was
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osteogenesis-related genes, including Runx2, Coll, ALP after culturing for 7 days, and OCN after culturing for 14 days. (1) CCK8 assay showing the tenocyte proliferation
after culturing for 3 days (n = 3). (J) Coll, Collll, MMP13, SCX, and glyceraldehyde-3-phosphate dehydrogenase (GAPDH) protein expression levels in tenocytes stimulated
by zinc ions. (K to M) The tendinous-related gene expressions in tenocytes stimulated by zinc ions, including Coll, Collll, and SCX (n = 3) (*P <0.05, **P <0.01, and

***¥P <0.001). Scale bars, 2 mm.

down-regulated at 10™® and 107'° M zinc (Fig. 5J). Moreover, the
quantitative analysis of blots (fig. S11) indicated that the zinc ions
had the ability to induce tenogenesis. The results of gene expression
and protein expression were consistent. Notably, these results veri-
fied that zinc ions at some concentration (107 and 107° M) could
promote tendon regeneration.

Evaluation of RCT regeneration efficacy in vivo

We translated our ion-based hydrogel to the in vivo RCT model of
rats to evaluate tendon-to-bone interface regeneration. Moreover, the
in vivo metabolism process was not consistent with the in vitro me-
tabolism, and the in vivo synovial fluid is the viscous liquid in the
synovial cavity and does not match the pure liquid environment.

Yang etal., Sci. Adv. 2021; 7 : eabg3816 23 June 2021

Therefore, we need to perform the in vivo experiment to confirm
and complement the in vitro experiment results. After 4 and 8 weeks
of recovery, the rats were examined using an animal magnetic reso-
nance imaging (MRI) system and put the continuous sections to
observe the newly formed tendon tissue in the rotator cuff (Fig. 6A
and fig. S12). Then, they were sacrificed and examined via micro-
computed tomography (CT) scanning to observe the newly formed
bone (Fig. 6B and fig. S13). This is the first study to evaluate the
healing effect on RCT via small-animal MRI. According to the re-
sults, the tendon regeneration status could be directly and visually
evaluated. As shown in fig. S14, the direct observation of the micro-
structure revealed that the supraspinatus muscles were fuller and
had better tension in the s-Cu/Zn-gelatin group compared with the
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other three groups. Moreover, the appearance and texture of tendons
and muscles were not obviously different between the s-gelatin group
and the pure suture group (suture group). But with regard to the
tendon insert, the s-gelatin group showed more disorder, whereas
the pure suture group had thinner and smaller areas. As for the de-
fect group, the bone defect healed poorly, and an apparent defect
was observed at the front of the tendon, making it stretch less. The
MRI results were consistent with the general observed results, as
shown in Fig. 6A. The tendons in the s-Cu/Zn-gelatin group had
better tension, wider width, and a larger area of adhesion compared
with the other three groups. The biomechanical experiments have
confirmed the healing of the tendon-to-bone interface in the s-Cu/
Zn-gelatin group (Fig. 6, C and D). Tension and toughness in-
creased over time, as these were greater at 8 weeks than at 4 weeks.
In addition, the maximum load and stiffness values of the s-Cu/
Zn-gelatin groups were significantly higher than those of the other
groups at weeks 4 and 8. No significant difference in maximum load
values was observed between the s-gelatin mat group and the pure
suture group (Fig. 6C). The stiffness values in the groups were not
significantly different at week 4, and the s-Cu/Zn-gelatin mat group
showed the highest value at week 8 (Fig. 6D). The suture and s-gelatin
mat groups showed no significant differences in stiffness. Therefore,
these results indicated better healing of the tendon tissue and
tendon-to-bone interface in the s-Cu/Zn-gelatin group than in the
other three groups.

Histological analysis
To observe the microstructure after recovery, we stained and ana-
lyzed the local tissue. By week 4, it was found that the repaired tendon
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failed to heal and immature granulation tissue with little collagen
was present at the tendon-to-bone interface in all groups. Compared
with the pure suture group, the s-gelatin mat and s-Cu/Zn-gelatin
mat groups showed less infiltration by inflammatory cells as well as
more regular morphology and arrangement of tendon tissue. By
week 8, the repair process was completed gradually. Furthermore,
the collagen fibers seemed to be more organized in the s-Cu/Zn-gelatin
group than those in the other groups (Fig. 7A). According to the
maturation scoring standards and compared with the pure suture
and s-gelatin mat groups, the s-Cu/Zn-gelatin mat group showed a
significant increase in tendon maturation (P < 0.05) at week 8
(Fig. 7B and Table 1) (39).

Toluidine blue staining was used to evaluate fibrocartilage in the
tendon-to-bone section, as shown in Fig. 7C. The fibrocartilage area
in the interface between the tendon and bone increased over time.
Four weeks after surgery, the fibrocartilage showed a heterogeneous
morphology and immature form, whereas after 8 weeks, the struc-
ture of the tissue appeared mature and complete with normal cell
morphology and organizational structure. The fibrocartilage areas
among the three groups were not statistically significant at week 4
(Fig. 7C). After 8 weeks, the fibrocartilage area was significantly
larger in the s-Cu/Zn-gelatin mat group than in the suture repair
and s-gelatin mat groups (P < 0.05) (Fig. 7D). The above results in-
dicated that the s-Cu/Zn-gelatin mat is more favorable with respect
to its ability to repair RCTs. In the process of fibrocartilage regener-
ation, cartilage regeneration and ingrowth were induced under the
copper microenvironment, and tenocytes were recruited under the
zinc microenvironment. Moreover, the different kinds of cells
at both ends were affected by different ion microenvironments:
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Mineralization was induced in the tissue, whereas collagen secre-
tion was promoted by tissue accumulation. Thus, differences in tissue
ingrowth and the gradient mineralization process could promote
synchronous fibrocartilage regeneration.

To evaluate the differential distribution and the organization of
Coll and Collll, picrosirius red staining was performed (42). As
shown in fig. S15, the Coll in the repaired tendon of the s-Cu/
Zn-gelatin groups was larger and more concentrated. Compared with
the other two groups, the collagen fibers showed a more arranged
distribution. These results demonstrated that the bimetallic ion-based
hydrogels could promote collagen regeneration and alignment, which
was beneficial for rotator cuff repair. Moreover, we have collected
the rat’s spleen, lung, and kidney after 2 months of the material im-
plantation and performed tissue sectioning and hematoxylin and
eosin (H&E) staining (fig. S16). Furthermore, no substantial harmful
effect on the other tissues in the rat was observed after the implan-
tation of the materials.

DISCUSSION

In this study, the novel gradient bimetallic (Zn** and Cu*") ion-
based hydrogel was fabricated, based on the principle of metal ion
coordinate and cross-link thiolation gelatin. The results showed
that this novel hydrogel system had greatly improved the method
of healing acute full-thickness supraspinatus tendon rupture. Be-
sides the functions of tissue repair, it also had the character of sus-
tained release and antibacterial. This novel hydrogel induced good
osteogenic differentiation and expression of tendon-related pro-
teins, through the application in vitro. Furthermore, we demon-
strated that this kind of material with bimetallic metal layers could
promote fibrocartilage penetration by inducing bone and tendon re-
pair simultaneously and effectively heal acute full-thickness supra-
spinatus tendon rupture.
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Table 1. The BMD and BV/TV values of the different groups.

BMD BV/TV
4 weeks 8 weeks 4 weeks 8 weeks
Suture 0.25+0.04 033+0.03 19.11+£2.53 20.34+1.84
Defect 0214002 026002 1560+205 17.06206

s-Cu/Zn-gelatin  0.39+0.03 049+0.03 22.13+135 26.12+2.24

Overall, the gradient microstructure plays an essential role in
guiding the function of a wide range of tissues, including tendon,
cartilage, and so on (14). The enthesis microstructure, such as the
rotator cuff, is a typical gradient microstructure consisting of bones,
mineralized fibrocartilage, unmineralized fibrocartilage, and tendons
through gradations in structure. The challenge in the treatment of the
RCT is the asynchronous regeneration of the tendon-bone inter-
face, such as the incomplete regeneration of fibrocartilage interface
and healing of vascularized scar tissue (16, 43). Moreover, the poor
healing of fibrocartilage in the tendon-to-bone interface could lead
to poor functional outcomes and the re-tear. Therefore, the syn-
chronous regeneration of gradient tissues is important for the com-
plete regeneration of the RCT. At present, the proposed tissue
engineering methods, such as electrospun fiber membranes and
biomechanical patches that simulate the physiological structures
(23, 44), have several limitations, such as insufficient regeneration
ability and poor biocompatibility. To solve the above problem, we
propose a hydrogel system as the basic material that has the better
cell affinity for tissue regeneration. Through the modification of
gelatin with sulthydryl groups, metal ions were added to the system
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as cross-linking agents. We investigated the construction of gradi-
ent bimetal ion hydrogels and used the repairing properties of
different metal ions. The ion gradient distribution in hydrogels
induces the simultaneous regeneration of bone, tendon, and fibro-
cartilage tissue in the tendon-bone interface from different spatial
levels, leading to the integrated repair and complete regeneration of
the tendon-bone interface.

The EDS mapping was used to observe the ion gradient distribu-
tion in the constructed gradient bimetallic ion hydrogel. In our ex-
periment, the EDS mapping is to count 250,000 U of elements in the
horizontal plane through layer-by-layer scanning, so the porosity
and uneven surface height lead to the lack of metal ions in the scan
result area. But it could also be concluded that the Cu** and Zn** in
the gradient section show the opposite transition trend. Almost one
single metal ion distribution at the upper and lower layers and a
mixed distribution of two ions at the intermediate interface were
observed. Therefore, on the basis of the experimental results, it can
be deduced that the gradient hydrogel was successfully constructed.

We then seeded different cells on the surface of the novel gradi-
ent hydrogel. On the basis of our findings, the gradient structure
could arrange the ingrowth of osteoblasts under the copper micro-
environment, and the tenocytes were recruited via the zinc micro-
environment. This could be due to the fact that the different metal
ions have different promoting effects on different cells. On the basis
of our in vitro experiments, Cu”" could have an effect on the prolif-
eration and differentiation of osteoblasts, such as promoting prolif-
eration and inducing the differentiation of osteoblasts. Similarly,
Zn** could promote the proliferation of tenocytes and could also
induce the expression of the tenogenesis-related gene of tendon cells.
Therefore, the gradient metal ion hydrogel affects different cells at
different corresponding positions. The above effect may contribute
to the distribution in different cells.

Moreover, the different kinds of cells in both ends were affected by
different ion microenvironments, the tissue in one end was induced
to mineralization, and the tissue in the other end was accumulated to
promote collagen secretion. Thus, the different tissue ingrowth and
the gradient mineralization process could promote the fibrocartilage
synchronous regeneration. Zinc deficiency would damage chondro-
cyte differentiation and increase apoptosis, and copper ions would
considerably promote the proliferation and maturation of chondro-
cytes. This may be related to the joint involvement of Cu and Zn ions
in the repair of fibrocartilage deactivation (7, 45).

This study found that Zn** promoted the regeneration of tendon
tissues. In addition, Zn** may promote tendon growth by activating
the Smad2/3 and transforming growth factor—B (TGF-p) signaling
pathways. Some researchers found that Zn** could activate the
TGF-B pathway and up-regulate the expression of the Smad2/3 pro-
tein to promote the differentiation of cardiac progenitor cells (46).
Moreover, the TGF-$ and Smad2/3 signaling pathways are import-
ant for tendon cells to express SCX, which is the key transcription
factor for tendon growth (47). Cu®" plays an important role in
angiogenesis. It could promote the tube formation of vascular endo-
thelial cells by activating the hypoxia-inducible factor 1 (HIF-1)
pathway and increase the expression of angiogenesis-related genes,
such as vascular endothelial growth factor (48). HIF-1 is an import-
ant regulatory factor in the process of osteogenesis, which could
regulate bone maturation and accelerate bone transformation (49).
Therefore, Cu®* may promote the osteogenic process by activating
the HIF-1 pathway.
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Fibrocartilage regeneration has always been the focus in the field
of tendon-to-bone interface repair. In the present study, the metal
ions have the tissue repair ability and the gradient arrangement of
metal ions in the spatial structure of hydrogels that contributed to
the repair of complex tissues. Tissue repair is possible due to the
following:

1) Cu** could induce the overall repair of the osteochondral inter-
face, whereas Zn** plays an important role in maintaining cartilage
differentiation (50, 51). Therefore, under the co-action of these two
ions, it could promote cartilage regeneration and maintain the car-
tilage state in the transition layer area.

2) The difference between fibrocartilage and hyaline cartilage is that
fibrocartilage has a large amount of fibrin. On the basis of the exper-
imental results, both Cu** and Zn** could promote the expression
of Coll in the corresponding cells, which was conducive to the
arrangement of collagen in the fibrocartilage part and could pro-
mote the early formation of fibrocartilage.

3) In the tendon-bone interface, two kinds of fibrocartilage are
present: mineralized fibrocartilage and nonmineralized fibrocarti-
lage. On the basis of our experimental results, copper hydrogel has
the ability to promote osteogenic differentiation, and zinc hydrogel
has the ability to promote tendon differentiation. Moreover, in the
area of the gradient structure of Cu/Zn ions, with the gradual in-
crease of Cu’*, the cells close to the high concentration layer of
Cu®" will gradually mineralize and evolve into mineralized fibro-
cartilage, whereas with the gradual increase of Zn**, the cells in the
related area will maintain the appearance of fibrocartilage. The gra-
dient arrangement of the metal ions was also the key reason for the
formation of fibrocartilage.

4) The restoration of the early mechanical properties could also bet-
ter promote the regeneration of fibrocartilage. Some researchers
have proposed that a good mechanical environment could better
promote the regeneration of fibrocartilage (52, 53). On the basis of
our in vivo experimental results, the mechanical properties in the
s-Cu/Zn-gelatin groups, such as earlier tensile force and greater stift-
ness, are better than those of the other groups and provide a better
mechanical environment to promote the regeneration of fibrocarti-
lage. Therefore, the penetration of fibrocartilage may be induced by
the metal ion gradient in the transition layer. The zinc ions present
in the transition layer could promote collagen fiber penetration.
The above processes may be the key to induce gradient formation
resembling the locally physiological structure.

The healing effect of RCT was evaluated using small-animal
MRI. The status of tendon regeneration could be directly and visu-
ally evaluated on the basis of the MRI imaging results. In clinics,
MRI is an effective detection method to judge the integrity of soft
tissue and fibrous connective tissue and the condition of the sur-
rounding tissues (54). It can evaluate the rotator cuff from different
spatial dimensions, such as sagittal, coronal, and oblique sagittal
positions. In the present study, we provided three consecutive sag-
ittal images to evaluate the rat rotator cuff tissue to judge the integ-
rity and tension of the supraspinatus muscle from the front and
back, so that the postoperative treatment effect could be more com-
prehensively evaluated. These imaging results are consistent with
the results of the biomechanical strength and histological section
that indicated better growth of the supraspinatus tendon and fibro-
cartilage in the tendon-to-bone interface.

Similarly, the MRI results could be matched with the general results
of the postoperative rat. The dotted line marked the approximate
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range of the supraspinatus muscle and the repair point of the tendon
bone at the point of the arrow. In the simple suture group and the
s-gelatin repair group, the surface fibers at the tendon-bone inter-
face were chaotic. It was not completely repaired, with a noticeable
tissue defect. While in the defect group, fibrous connection defects
were observed. In the s-Cu/Zn-gelatin group, it was found that the
fibers were more arranged, and the tissue at the tendon-bone junc-
tion was relatively complete. As for the MRI detection, the yellow
dashed line roughly depicts the supraspinatus muscle tissue, and
the yellow star marked the tendon-to-bone interface as shown in
Fig. 6A. The black strips under the stars are the images of the supra-
spinatus muscle. In the simple suture group, the superior tendon
has been connected to the greater tuberosity of the humerus, but a
part of the tendon tissue on the surface has not yet been completely
repaired. In the defect group, tendon tissue damage could be ob-
served. In the s-gelatin group, the black strips were not tight and the
whole tendinous tissue was swollen, indicating a rupture in the inner
tendon and that it has not been completely repaired. In the s-Cu/
Zn-gelatin group, it could be observed that the supraspinatus muscle
was better attached to the bone surface, and the tendon bundle was
relatively complete, which is consistent with the general observa-
tion results. Therefore, we concluded that the general results were
consistent with the MRI results. This suggests that small-animal MRI
could be used to diagnose RCT in rats.

According to the results of the animal experiments and tissue
sections, the s-Cu/Zn-gelatin could promote the arrangement of
collagen fibers in the tendon-bone interface. The possible reasons
for this are as follows:

1) On the basis of the results of cell distribution, different types of
cells are more likely to be distributed in the different areas of the
material, tendon cells were more likely to be distributed on the sur-
face of the s-Zn-gelatin hydrogel, and osteoblasts were more likely
to be distributed on the surface of the s-Cu-gelatin hydrogel.
With the early distribution of cells, both cells could better promote
the secretion of collagen under the stimulation of the metal ions.
Therefore, collagen fibers were secreted by the corresponding cells
and distributed in the corresponding area, resulting in an anisotro-
pic arrangement.

2) We believe that the heterogeneous arrangement of tissues could
also be attributed to the early recovery of mechanical properties af-
ter surgery in the s-Cu/Zn-gelatin group. Clinically, the patient’s
postoperative recovery also requires rehabilitation methods to
achieve the final complete recovery (55). On the basis of our results,
the biomechanical properties of the tendon-to-bone tissue could be
better restored under the induction of the gradient hydrogel, and it
is more conducive to the arrangement of collagen under a good me-
chanical environment.

Aside from exploring the role of tissue regeneration and repair,
we also conducted an in vitro antibacterial test. The target strain
was S. aureus, which is the most common pathogen of infection that
is present after rotator cuff injury and often causes postoperative
shoulder pain, limited mobility, local fever, and swelling. When pro-
longed intravenous antibiotic treatment for postoperative shoulder
joint infections, extensive soft tissue destruction, and tissue adhe-
sion were prone to occur, it significantly reduces the postoperative
functions (56). Therefore, a good tissue condition after surgery is
conducive to tissue repair. According to the results of our study,
gelatin did not have antibacterial properties, whereas Cu** and Zn**
could be released from metal ion-based gelatin; the released metal
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ions exhibit the killing effect on S. aureus in the surrounding envi-
ronment. Although the antibacterial experiment was the in vitro
experiments, the principle of antibacterial capacity relied on the
metal ions, which was released by hydrogels, and the ion-based
hydrogel had a good release ability, so it could better simulate the
internal environment. Moreover, on the basis of the results of the
in vivo experiments, no shoulder joint infection was observed in the
s-Cu/Zn-gelatin group after surgery, which could also prove that hy-
drogels have good antibacterial properties and could provide good
physiological environmental conditions for postoperative repair.

The highly heterogeneous gradient material that simulates the

structure of the tendon-to-bone interface was constructed in our
study. This gradient material was used for the regeneration of
tendon-to-bone interface that contains native tendon tissue. The
novel structure of the materials had important roles:
1) The tendon-to-bone interface is the most important weight-
bearing part in the body. It is the transition structure between the
tendon tissue and the bone tissue and conducts the mechanical
action between the two tissues. Many gradual factor evolutions in-
clude the change of composition (including ECM and cytokines)
and the change of physiological properties (tissue stress and tis-
sue morphological changes) (14). Thus, for the complete regenera-
tion of this complex microstructure, the corresponding components
cannot be supplemented alone.

It was necessary to use the spatial and repair characteristics of

the material to achieve the synchronous repair of different tissues
during the entire repair process. This is conducive to not only spe-
cific repairs for specific tissues but also the simultaneous integra-
tion of different tissues to achieve the overall homogeneity of cells,
cytokines, and ECM between tissues after repair. Therefore, simu-
lating the gradient structure of the tissue was beneficial to the syn-
chronous regeneration of the complex tissue structure including the
tendon and fibrocartilage.
2) In this study, we simulated the histological characteristics of the
insertion site and suggested that the gradient hydrogel could be con-
structed by cross-linking the Cu”" and Zn** with the sulﬂlydrzfl
group to form a stable chelate, including the Zn** layer, Zn**/Cu**
interface layer, and Cu®" layer. On the basis of the biological effects
at different spatial levels, these three different metal ion layers could
achieve the synchronous healing of the different tissues in the ten-
don-bone interface.

The lastly released metal ions may be absorbed and metabolized
by local tissues. The in vitro experiments have confirmed that the
metal ion hydrogels, with a concentration of 0.05 M, had good bio-
compatibility, and this concentration of metal ions is always used to
prepare bioactive hydrogels in the field of regenerative medicine
(57, 58).The results of the tissue morphology analysis after surgery,
which included the liver, lung, and kidney, indicated that the im-
plantation of hydrogel did not affect the tissue structure of these
organs in the rat and showed that the released metal ions could be
well metabolized by the body (fig. S16).

In summary, our study demonstrated the fabrication of gradient
bimetallic ion-based hydrogels, which mimicked the physiological
tissue gradient via the one-step coordinative cross-linking of sulf-
hydryl groups with copper and zinc ions for the microstructure re-
construction of the in situ tendon-to-bone insertion and had good
mechanical strength, continuous slow-release properties, excellent
biocompatibility, and antibacterial properties. This gradient bime-
tallic ion-based hydrogel system could induce tendon and bone
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regeneration in RCT and promote the penetration of fibrocartilage
into the tendon-to-bone insertion, in which the collagen fibers
achieved better arrangement and biomechanics compared with the
other groups. Therefore, these gradient bimetallic ion-based hy-
drogels may be used as a promising biomimetic biological material
and provide a new treatment method to promote gradient micro-
structure healing.

MATERIALS AND METHODS

Fabrication of bimetallic ion-based hydrogels

First, thiol-gelatin powder (100 mg, 10 pmol theoretical thiols) was
dissolved in 500l of deionized water at 75°C to prepare a 20%
s-gelatin hydrogel precursor. For gelation, the 500 ul of 0.05 M copper
sulfate or zinc sulfate solution was mixed with the precursor solution
and quickly poured into Teflon disc molds for 30 min at 37°C to
generate the copper ion-based hydrogel (s-Cu-gelatin) and the zinc
ion-based hydrogel (s-Zn-gelatin). In this way, the two kinds of the
pregel solution stacked up and down at 75°C to generate the bime-
tallic ion-based hydrogels. All hydrogels were sterilized using ultra-
violet light and alcohol and washed with PBS solution before using.

Characterization of bimetallic ion-based hydrogels
The surface morphological feature of the ion-based hydrogel was ob-
served under SEM (Sirion 200) after treated with gold in an ion sput-
tering instrument for 45 s (SC7620, Quorum). The average pore
diameter was calculated via the quantitative analysis of SEM images.

Moreover, 400 ul of ion-based hydrogel was used as samples for
rheological study in oscillation mode with a 40-mm parallel plate.
The frequency for strain sweep measurements was set at 10 rad/s. The
strain for oscillation frequency measurements was set at 5%. The sam-
ples underwent a multistep process: 2% strain for 60 s, 200% strain for
60 s, 2% strain for 60 s, 200% strain for 60 s, and 2% strain for 60 s.

Ion release test was performed to determine the concentration of
copper and zinc ions released from those gels. Overall, 200 ul of gels
were prepared in a stereotype and immersed in 5ml of 1x PBS in-
side of glass bottles. The bottles were incubated at a 37°C in a table
concentrator. At certain time intervals (1, 3, 5, 7, 14, and 21 days),
the whole solution in which the samples were immersed was diluted
at a ratio of 4:1 with PBS solution and analyzed using a spectrometer
(Optima 2100 DV, PerkinElmer). The test was performed on three
independently prepared samples, and the results were presented as
means+ SEM.

The weighed hydrogel was conducted in a 2-ml tube containing
1 ml of PBS or 1 ml of 0.15% collagenase type I solution shaken at
60 rpm at 37°C, respectively. The primary weight of gels was re-
corded as W,. The weight of the remaining hydrogel that was re-
corded as W, was calculated at different time points to calculate
the degradation rate: Degradation rate (%) = (Wo — W)/ Wy x 100%.

Cell viability and proliferation assay

Gels that undertook the aseptic processing with a total volume of 50 ul
were prepared in 96-well plates and soaked in PBS solution at room
temperature for 24 hours before cells contact with each other. Each
well was seeded with 1 x 10 cells in a-minimum essential medium and
incubated at 37°C with 5% CO,; the medium was regularly changed
for 1, 3, and 5 days. Then, the original medium was discarded, and
the medium containing 10% CCKS8 (Dojindo, Japan) was added and
incubated for 1 hour. Subsequently, the 100-pl supernatant of each
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well was transferred to a new 96-well plate and detected at the 450-nm
absorbance using a microplate reader (Model 680, Bio-Rad, USA).
This test was performed in triplicates on three independently pre-
pared samples, and the results were presented as means+ SD.

Flow cytometric analysis for apoptosis

The cells were seeded in a six-well plate (1 x 10° cells per well) after
culturing for 24 hours and were treated with different concentra-
tions of zinc sulfate solution for 24 hours. Then, cell apoptosis was
examined using the FITC Annexin V Apoptosis Detection Kit (BD
Biosciences, San Jose, CA, USA) in accordance with the manufacturer’s
instructions. The fluorescence intensity was measured using a Becton-
Dickinson FACSCalibur flow cytometer (BD Biosciences).

Antibacterial activity of the hydrogels

The susceptibility of S. aureus to s-gelatin, s-Cu-gelatin, and s-Zn-
gelatin hydrogels was determined by methods similar to the
Kirby-Bauer disk diffusion test (Oxoid, United Kingdom). Briefly,
100 pl of s-gelatin solution is mixed with or without 100 ul of 0.05 M
copper or zinc solution to form hydrogel. S. aureus was planted on
the Mueller-Hinton agar plate (MH plate) using a cotton swab, and
different kinds of hydrogels were planted on the center of the MH
plate. Moreover, the S. aureus planted in the MH plate without any
intervene was labeled as blank control. All of the groups were incu-
bated at 37°C with 5% CO, for 48 hours. After the culture, the re-
sults were calculated and photographed, the approximate diameter
of the antibacterial cycle was measured, and the statistical analysis
was conducted according to the measured results.

Surgical procedure of rat RCT model

The rat RCT model was created to evaluate the repair ability of the
ion-based hydrogel in vivo. In this study, a total of 48 Sprague-Dawley
rats were used and randomly divided into four groups: gradient bi-
metallic ion-based hydrogel group (named as s-Cu/Zn-gelatin), pure
thiol-gelatin group (named as s-gelatin), defect group (named as
defect), and pure suture group (named as suture). The surgical pro-
cedure was roughly as follows: The animals were first ventilated with
isoflurane, and their skin was partially disinfected to expose the deltoid
muscle. Then, the deltoid muscle was cut, the supraspinatus muscle
was exposed, and the supraspinatus muscle was isolated along the
junction of the supraspinatus and the tibia. The 7# angle needle was
used to drill the tunnel at the great nodule of the humerus, and the
supraspinatus muscle was restitched to the large nodule using the
5# line, which can be stuffed into the material. Last, the rotator cuff
injury model was completed. All animal experiments and breeding
sites were provided by the Animal House of the Shanghai Institute
of Trauma and Orthopedics. All experiments were in accordance
with the animal welfare agreement.

Histopathological observation

On the day of sacrifice at weeks 4 and 8, the undecalcified samples
of each group were fixed with 4% neutral formaldehyde buffer solu-
tion. After graded dehydration through an ethanol series, the samples
were soaked in purified methyl methacrylate following sufficient
infiltration and polymerization for nearly 60 days. Then, the well-
embedded samples were longitudinally cut with a thickness of ap-
proximately 50 um (Leica SP1600 cutting equipment, Germany).
The sections were stained with toluidine blue to analyze the mor-
phological changes of the newly formed bone tissues in the defect
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sites. Moreover, the sections were labeled with picrosirius red stain
to observe the types and distribution of the new collagen. The
sections were then stained with H&E to evaluate the maturity of the
new rotator cuff. The images were captured and recorded using
confocal laser scanning microscopy (Leica TCS SP2, Germany).

Western blot analysis and quantitative real-time PCR analysis
The osteoblasts were subjected to different treatments, washed with
PBS solution, homogenized with radioimmunoprecipiation assay
lysis buffer blended with protease and phosphatase inhibitors at 4°C
for 30 min, and shattered by ultrasound. Then, the cell extracts were
centrifuged, and the supernatants were collected. The supernatant
total protein was quantified using the Branford protein assay kit
(KeyGen Biotech, Nanjing, China). The total protein was separated
by SDS-polyacrylamide gel electrophoresis and then transferred onto
the polyvinylidene difluoride membranes; the membranes were
blocked for 1 hour in 5% skim milk diluted with tris-buffered saline
containing 0.1% Tween 20 (TBST), followed by the incubation with
primary antibodies overnight at 4°C. The membranes were washed with
TBST and then incubated with horseradish peroxidase-conjugated
secondary antibody for 1 hour at room temperature. The immune
complex images were developed by enhanced chemiluminescence
in the dark and were detected using a fluorescence imaging analysis
system. The quantification of protein expression was performed via
the Image] software (National Institutes of Health).

The total RNA was extracted using the TRIzol reagent and RNeasy
Mini Kit. Overall, 500 ng of total RNA was reversely transcribed to
c¢DNA using a cDNA transcription kit (Invitrogen). Quantitative
real-time polymerase chain reaction (PCR) was performed using the
LightCycler 480 PCR (Indianapolis, IN) with a 20-pl SYBR Green
reaction system. PCR amplification was performed for 50 cycles. The
expression of the housekeeping gene [glyceraldehyde-3-phosphate
dehydrogenase (GAPDH)] was used to normalize gene expres-
sion levels.

Statistical analysis

The results of the experiments were statistically analyzed using the
Statistical Package for the Social Sciences (SPSS) software (ver-
sion 19.0). All data were presented as means + SEM. Student’s ¢ tests
(two-tailed unless otherwise stated) were performed for the com-
parison of two groups. One-way analysis of variance (ANOVA) was
used for the analysis of three or more experimental groups. One-
way ANOVA followed by Tukey’s test was performed to assess the
statistical difference using the SPSS software. The statistical tests con-
ducted in this study are indicated in the figure legends as follows:
*P<0.05, **P<0.01, and ***P<0.001. The independent experiments
(n =3) were performed to guarantee the reproducibility of the findings.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/7/26/eabg3816/DC1

View/request a protocol for this paper from Bio-protocol.
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