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An Andrias davidianus derived
composite hydrogel with enhanced
antibacterial and bone repair
properties for osteomyelitis
treatment
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Xudong Deng*, Ye Tian*, Yuwen Ma'2, Beilei Zeng®, Xiaolan Guo%?*“ & Bin Guo?"**

Effective antibacterial therapy while accelerating the repair of bone defects is crucial for the treatment
of osteomyelitis. Inspired by the protective mechanism of Andrias davidianus, we constructed an
antibacterial hydrogel scaffold with excellent rigidity and long-term slow-release activity. While
retaining the toughness of the skin secretion of Andrias davidianus (SSAD), the rigidity of the

hydrogel material is increased by incorporating hydroxyapatite to meet the demands of bone-defect-
filling materials. It also exerted antibacterial effects via the slow-release of vancomycin from local
osteomyelitis lesions. Notably, the hydrogel can also carry a high stable recombinant miR-214-3p
inhibitor (MSA-anti214). By the delivery of nano vector polyvinylamine, the long-term slow-release

of MSA-anti214 is achieved to promote bone repair, making this composite hydrogel a potential
SSAD-based osteomyelitis alleviator (SOA). In vitro and vivo results verified that the SOA effectively
eliminated Staphylococcus aureus and repaired bone defects, ultimately mitigating the progression of
osteomyelitis. This composite hydrogel extends the economic application prospects of A. davidianus
and has provided new insights for the treatment of osteomyelitis. The study also explored new insights
for the bone filling materials of bone defection and other skeletal system diseases.

Keywords Andrias davidianus, Osteomyelitis, Natural polymer-based hydrogels, Nucleic acid drugs, Bone-
defect-filling materials

Osteomyelitis is a chronic disease that closely associated with open fractures and joint replacement! 3. S. aureus-
induced osteomyelitis can lead to prolonged bone pain, osteonecrosis, and even amputation or fatal sepsis®°.
Currently, the typical clinical treatment modalities include thorough debridement and long-term systemic
antibiotic therapy. However, traditional long-term antibiotics and the presence of the bone marrow-blood
barrier can have severe impacts, such as low local drug concentrations or drug-resistance of bacteria®’.

As a treatment for osteomyelitis, bone-defect-filling materials have attracted the attention of clinicians and
scholars owing to their excellent biocompatibility and the local delivery of antibiotics. The reported bone-defect-
filling materials mainly include polymethylmethacrylate (PMMA)3, calcium phosphate’, hydroxyapatite (HA)',
collagen implants'!, and bioactive glass'>. PMMA has excellent mechanical and injectable properties and is
the most widely used bone-defect-filling material. For instance, Tan et al.'® synthesized 26% chitosan-loaded
PMMA bone cement, which effectively inhibited Staphylococcus on the surface of the bone cement. Nonetheless,
owing to the nonbiodegradability, burst effect, and heat production of PMMA, natural polymer-based hydrogels
have received increasing attention'®.
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Natural polymer-based hydrogels have emerged as favorable bone-defect-filling materials because of their
intrinsic biocompatibility, degradability, and potential slow-release effects'>!8. For instance, Yan etal.!® fabricated
a functionalized silk fibroin hydrogel that effectively promoted bone defect repair rate. Nilforoushzadeh et al.2
reported that a composite hydrogel of calcium alginate and fibroblast cell-seeded collagen scaffolds effectively
treated diabetic foot ulcer-related osteomyelitis. Nevertheless, these natural polymer-based hydrogels are still
limited in their use as bone-defect-filling materials because of their expensive and cumbersome preparation®,
Thus, it is imperative to develop natural bone-defect-filling materials with low cost and convenient manufacturing.

As an economically valuable amphibian, Andrias davidianus is widely cultivated in Shaanxi, China. Its skin
secretes a protective mucus (skin secretion of Andrias davidianus, SSAD), which is a glycoprotein hydrogel
consisting of hydrogen and disulfide bonds that is cost-effective and easy to extract and prepare?’. Zhang et
al22"% showed that SSAD has exceptional toughness, biocompatibility, and local drug delivery ability, and
therefore, has drawn extensive research interest in the areas of hemostasis, infection treatment, and wound
repair.

However, as a bone-defect-filling material, SSAD has limited rigidity, making it difficult to provide effective
mechanical support for bone defects. Previous studies have indicated that HA, a component of natural bone
tissue, is widely employed as an ideal implant material for bone defection?®-2%, Hence, the introduction of HA
was expected to endow the SSAD/HA hydrogel with excellent rigidity and osteogenic properties to support bone
defects and facilitate osteomyelitis recovery. This inexpensive and highly rigid hydrogel material shows great
potential for the clinical treatment of osteomyelitis.

In addition, previous studies have shown that the majority of natural polymer-based hydrogels are based
on their inherent properties or carry small-molecule drugs to help treat bone defects?*->'. Compared to small-
molecule drugs, nucleic acid drugs have the unique advantages of high targeting and specificity; however, efficient
long-term delivery has always been a bottleneck in nucleic acid drug research®**. According to a previous study,
polyvinylamine (PVAm), an emerging nucleic acid delivery nanocarrier can efficiently transfect multiple RNAs
both in vivo and in vitro*. Meanwhile, the therapeutic inhibition of miR-214 using antagomir-214 efficiently
enhanced bone formation®*. Based on this, we synthesized a stable osteogenic recombinant antagomir-214
(MSA-anti214) using novel recombinant RNA technology, which also exhibited higher biological activity
and stability than normal antagomir-2143¢37. The subsequent combination of MSA-anti214 and PVAm may
significantly enhance transfection efficiency. Ultimately, it promotes efficiently the rate of bone formation and
the repair of bone defects®*.

Inspired by the secretion of skin mucus by Andrias davidianus to resist external stimuli, we constructed an
inexpensive antibacterial hydrogel with excellent biocompatibility and rigidity (Fig. 1). First, HA was embedded
in SSAD to form a highly rigid SSAD/HA antibacterial hydrogel carrier. To treat osteomyelitis, PVAm-loaded
MSA-anti214 (PM214) and vancomycin (Van), which is highly efficient against S. aureus, were encapsulated in
SSAD/HA to synthesize an SSAD-based osteomyelitis alleviator (SOA). The SOA was then implanted locally
into the infection site, and the osteogenic activators PM214 and Van were released in a long-term manner
from SSAD/HA. In this study, we propose a simple yet effective strategy for fabricating SOA to achieve greatly
enhanced bacteriostasis and bone regeneration. This may provide novel ideas for nucleic acid drug delivery for
the treatment of osteomyelitis, and explore new insights for the bone filling materials of other skeletal system
diseases.

Results

Characterization of SOA

SSAD was collected, freeze-dried, and ground into a powder. The SSAD powder was then mixed with deionized
water to form a hydrogel. The SSAD hydrogel had a water content of 75% (Figure S1A, Supporting Information).
The hydrogel was doped with different proportions of HA during its preparation. Scanning electron microscopy
(SEM) observation showed that the pure SSAD hydrogel exhibited regular microstructures. The microstructure
of the SSAD/HA hydrogel at a 1:1 ratio did not change significantly compared to that of pure SSAD, and HA
was evenly distributed on the hydrogel, confirming that the addition of HA did not affect the microstructure of
SSAD at this ratio. However, at a ratio of 2:1, the pore size of the SSAD/HA hydrogel SEM image decreased. At a
ratio of 1:2, there was abundant HA powder in the pores, and the pore walls were clearly thinner. The hydrogel
displayed a fragmented structure of various sizes at a ratio of 1:3 (Fig. 2A, C). This revealed that the structure
of the SSAD/HA hydrogel collapsed gradually as the proportion of HA increased, and the HA powder could
no longer be wrapped. Therefore, a 1:1 hydrogel ratio was used for subsequent experiments. Energy-dispersive
spectroscopy (EDS) was employed to identify the elements in SSAD, including C, N, O, S, Cl, and K (Fig. 2D).
Meanwhile, EDS mapping showed that HA was evenly distributed in the hydrogel (Fig. 2B).

To provide the hydrogel with an efficient nucleic acid (NA)-delivery capability, we introduced PVAm, a
delivery vector for efficient RNA delivery. The water content of the SSAD hydrogel containing PVAm was 74%,
which is approximate to the water content of the SSAD hydrogel alone (Figure S1A, Supporting Information).
Fourier-transform infrared spectrometry (FTIR) showed that the addition of PVAm did not change the chemical
groups compared with pure SSAD (Fig. 2E). Generally, swelling can significantly damage the network structure
and degrade the mechanical properties of hydrogels. As shown in Figure S1C (Supporting Information), the
swelling ratio of the hydrogel showed almost no change after the addition of HA and remained stable. On the
14th day, the SSAD/HA hydrogel degraded to 15.1% of its original size, through collagenase II (100 U mL™!)
treatment (Figure S1D, Supporting Information).

Furthermore, the storage modulus (G’) of all hydrogels was higher than the loss modulus (G""), indicating
excellent stability and elasticity of the hydrogels. As shown in Fig. 2F the G’ of the SSAD hydrogel was
1,950.92 +26.53 Pa, which increased to 4,995.56 +383.02 Pa after the addition of HA. Meanwhile, the G”’
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Fig. 1. Schematic diagram of the Andrias davidianus-derived natural polymer-based hydrogel to antibacterial
and bone repair through long-term release of vancomycin and MSA-anti214. This graphic is licensed under CC

BY-SA 4.0 (https://creativecommons.org/licenses/by/4.0/).

increased from 241.02 +18.04 Pa for SSAD to 880.57 +42.21 Pa for the SSAD/HA hydrogel. This suggested that

the rigidity and elasticity of the SSAD hydrogel were remarkably enhanced by the addition of HA.

Deionized water, PVAm, and PVAm/NA were used separately to form hydrogels with SSAD, and their
rheological properties were measured. After adding PVAm, the G’ and G'’ values of the hydrogel barely changed
(Figure S1B, Supporting Information). This indicated that the addition of PVAm did not affect the rheological
properties of the SSAD hydrogel. HA was then introduced and demonstrated no significant effects among the

three different hydrogels (Fig. 2G).

Moreover, the slow-release capability of the SSAD/HA hydrogel on small-molecule drugs and nucleic acid
drugs was analyzed. Relative quantitative analysis of slow-release properties was performed using the fluorescent
dye rhodamine B. SSAD/HA was found to sustainably release rhodamine B for up to 28 d (Fig. 2H). Next, SSAD/
HA was used to carry nucleic acid FAM-NC (fluorescein-labeled negative control) and FAM-NC wrapped in
PVAm. The results showed (Fig. 2I) that the released FAM-NC was higher with the absence of PVAm in the
first 4 days, while after 4 days, the released FAM-NC level became more stable through the addition of PVAm,
and with sufficient fluorescence intensity remaining until the 28th day. This finding suggests that the SSAD/
HA hydrogel with PVAm can stabilize and release nucleic acids sustainably for a long time, which raises the

likelihood of the long-term treatment of bone defects with nucleic acid drugs.
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Fig. 2. Characterization of SSAD and SSAD/HA hydrogels. A Scanning electron microscope (SEM) images of
the skin secretion of Andrias davidianus (SSAD) and SSAD/hydroxyapatite (HA) hydrogels at different ratios.
Scale bar, 10 um. B Energy-dispersive spectroscopy mapping of the SSAD/HA hydrogel. Scale bar, 5 um. (C)
Pore size distribution of the corresponding hydrogels in (A) based on random measurements of at least 100
pores. D Energy dispersive spectroscopy analysis of the SSAD hydrogel, including C, N, O, S, Cl, and K. E
Fourier-transform infrared spectrometry (FTIR) spectra of the SSAD hydrogel with or without polyvinylamine
(PVAm). F Rheological behavior of SSAD and SSAD/HA hydrogels. Hollow indicates G”. Solid indicates G’. G
Rheological behavior of the SSAD/HA hydrogels formed by deionized water, PVAm, and PVAm/NA separately.
The deionized water group data are consistent with the SSAD/HA group data in Fig. 1E. Hollow indicates G,
Solid indicates G’. H Validation of the slow-release of small-molecule drugs by SSAD and SSAD/HA hydrogels.
I Verification of the slow-release of nucleic acids (FAM-NC) by SSAD/HA hydrogels in the presence or absence
of PVAm. All quantitative data are presented as mean values + standard deviation (n=3, * p<0.05, ** p<0.01,
*** p<0.001, ns: no significance).
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Antibacterial properties of the SOA in vitro

The optimal Van concentration for inhibiting S. aureus was evaluated as 100 mg mL~! (Figure S3A, B, Supporting
Information). First, the antibacterial and osteogenic properties of the hydrogels were evaluated according to the
schematic of Fig. 3A. The colony diagram (Fig. 3C, E) shows that the number of colonies in the SSAD group
decreased by 67.5%, and SSAD/HA hydrogel (+ HA hydrogel) group displayed a 75.2% reduction compared to
PBS (p <0.01). For the SSAD/HA + Van hydrogel (+ Van hydrogel), the number of colonies reduced by 98.6%,
indicating significant antibacterial activity in the presence of Van. The antibacterial activity was similar to pure
Van solution (100%). These findings suggest that the hydrogel nearly completely eliminated environmental S.
aureus through the addition of Van. Similarly, the + Van hydrogel had a remarkable antibacterial ring compared
to the SSAD group (Figure S3C, D, Supporting Information).

Slow-release antibacterial properties of the SOA in vitro

To treat osteomyelitis, an effective antibiotic concentration must be retained for a long time. It was confirmed
that the + HA hydrogel (SSAD/HA hydrogel) was able to slowly release the small-molecule rhodamine B
(Fig. 2H). Hence, the slow-release of Van by the + HA hydrogel was further explored. As shown in Fig. 3D, E, it
displayed noticeable antibacterial activity within 14 days, with bacterial survival decreased to 30.6% by day 20.
These findings revealed that the + HA hydrogel was able to slowly release Van in a stable manner over a period
of 14 d. Thus, it was confirmed that the + Van hydrogel had effective antibacterial properties in vitro and could
successfully suppress S. aureus over a long period.

Osteogenic properties of the SOA in vitro
To further demonstrate the ability of this hydrogel to carry nucleic acids, nucleic acid delivery system PVAm
was used to combine two miR-214-3p inhibitors, separately, antagomir-214 and recombinant antagomir-214
(MSA-anti214), to form PVAm/antagomir-214 (P214) or PVAm/MSA-anti214 (PM214). Whereafter, these
two compounds were wrapped in +Van hydrogel to synthesize the SSAD/HA+ Van+P214 and SSAD/
HA + Van + PM214 hydrogel, with antagomir-NC and recombinant scaffold (tRNAM¢'-fused Sephadex aptamer,
MSA) as controls. Human mesenchymal stem cells (hMSCs) treated with SSAD/HA + Van +P214 (+P214)
or SSAD/HA + Van+PM214 (SOA) hydrogel showed no significant change in cell activity (Fig. 3B). The
hemolysis assay also showed that no hemolysis occurred through hydrogel treatment (Figure S2A-B, Supporting
Information). The cell cycle analysis and cell adhesion analysis showed no alteration to the cell phase percentage
in all hydrogel treated cells, and hMSC could normally adhere on the surface of SOA (Figure S2C-D, Supporting
Information). All results indicate favorable biocompatibility of the hydrogel, which is a prerequisite for a bone-
defect-filling material.

hMSC osteogenic differentiation through hydrogel treatment was also investigated. Alp (alkaline phosphatase)
and Runx2 (runt-related transcription factor 2) expression levels were up-regulated by 54.6% (p <0.05) and
48.1% (p<0.05), respectively, after treated with +P214 hydrogel. Alp and Runx2 levels were up-regulated by
61.9% (p<0.01) and 50% (p <0.01) respectively, in hMSCs treated with the SOA hydrogel (Fig. 3H). Alkaline
phosphatase activity and mineralized nodules were also significantly increased (Fig. 3G). These results showed
that the hydrogels with miR-214-3p inhibitors promoted osteogenic differentiation and that the SSAD/
HA + Van + PVAm hydrogel could efficiently and safely carry nucleic acids to regulate osteogenic differentiation.

Continuously osteogenic properties of the SOA in vitro

RT-PCR was performed to estimate the nucleic acid slow release of the hydrogel to inhibit miR-214-3p in cells.
The results revealed that the inhibitory effect of +P214 on miR-214-3p in hMSCs began to diminish at day
4, with no significant inhibitory effect at day 7 (Fig. 4A, p>0.05). However, the SOA still had a significant
inhibitory effect on miR-214-3p at 28 d (Fig. 4B, p <0.05), implying that MSA-anti214 was more stable and had
a higher potency than antagomir-214. The SSAD/HA + Van +PVAm hydrogel provided the long-term slow-
release of MSA-anti214 and inhibited miR-214-3p.

We additionally compared the nucleic acid slow release effect of SOA and other hydrogels including
Hyaluronic acid Methacryloyl (HAMA) and Gelatin Methacryloyl (GelMA). SOA presented a similar slow
release effect as other hydrogels (Figure S4, Supporting Information).

Subsequently, we verified the potency of + P214 and the SOA for the long-term regulation of cell differentiation.
The results showed that treating hMSCs with hydrogels significantly augmented ALP activity and mineralized
nodule formation at 14 d. However, on the 28th day, ALP activity and mineralized nodules increased only in
the SOA treatment group, with no effect in the +P214 group (Fig. 4E and S5A, Supporting Information). In
addition, the mRNA expression levels of Alp and Runx2 in hMSCs treated with + P214 returned to normal at
28 d, while SOA still had a significant promoting effect at 28 d (Fig. 4C-D and S5B-C, Supporting Information,
p<0.01). The results provided evidence that the SSAD/HA hydrogels were capable of the long-term slow-release
of MSA-anti214 and subsequently, promoted osteogenic differentiation.

Seroprotective effect of the SOA

Nucleic acid drugs are easily degraded because of their poor stability and the presence of nucleases in the
serum?®. To further elucidate the protective effect of the SSAD/HA + Van + PVAm hydrogel on nucleic acids,
the hydrogels carrying antagomir-214 or MSA-anti214 were treated with fetal bovine serum, and miR-214-3p
inhibition effect was tested. As Fig. 4F-G shows, the inhibition of miR-214-3p was maintained for 4 days in
the +P214 group. While in the SOA group, miR-214-3p inhibitory effect was still significant at 14 d (p <0.05).
This indicated that MSA-anti214, a biosynthetic RNA inhibitor, was relatively stable and less degradable than
antagomir-214%.

Scientific Reports |

(2024) 14:24626 | https://doi.org/10.1038/s41598-024-75997-8 nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

A B

Antlbactenal
v
o D
S. aureus

+Van
( ) —| Osteogemc
N e differentiation
%
hMSC
C D

o

Relative cell viability (%)
)
o

AORIRG
Q<2> ?‘Q‘Q@QV\ \\V\

3
[=2]
o
control PBS SSAD 2 Oh 12h 2d
=
©
>
+
+Van 4d 7d 14d 20d
E F
1701
. T 1T T T T 1T 1
200 —_ g 130,
= 150 2z 90,
z 3 .
Emo_ 2 s0] L
(2“ 50 ns -g 10},
5 Te - i
8 Ty g om 1-
m -50 T T T T T T 0-
> @ O ¥ & & 0 05 2 3 4 7 10 14 20
& FF N Time (d)
SSAD +H +Van  +PNC  +P214  +PMNC

ARS

H " = PBS
_ 204 . — =3 SSAD
g §: 15 = — — = +HA
5§68 = +Van
g E 1.0 = +PNC
gﬁ = +P214
< g 054 H H = +PMNC
€2 o . = SOA

Alp Runx2

Fig. 3. Investigation of the antibacterial and osteogenic properties of the SOA hydrogel in vitro. A General
schematic illustration of antibacterial and osteogenic studies. B Cytocompatibility of the SSAD-based
osteomyelitis alleviator (SOA) detected using the MTT assay. SSAD: SSAD hydrogel; +HA: SSAD/HA
hydrogel; +Van: SSAD/HA + Van hydrogel; +PNC: SSAD/HA 4 Van 4+ PVAm/antagomir-NC hydrogel; +P214:
SSAD/HA + Van + PVAm/antagomir-214 hydrogel; + PMNC: SSAD/HA + Van + PVAm/MSA hydrogel; SOA:
SSAD/HA + Van + PVAm/MSA-anti214 hydrogel. C Images of the spread plate method. D Validation of the
long-term antibacterial activity of the 4+ Van hydrogel. E Quantification of the results in (C). F Quantification
of the results in (D). G Representative images of alkaline phosphatase (ALP) staining and alizarin red staining
(ARS) of human mesenchymal stem cells (hMSCs) after treatment with each hydrogel component. HAlp and
Runx2 expression levels in hMSCs treated with each hydrogel component as detected by real-time polymerase
chain reaction. All quantitative data are presented as mean values + standard deviation (n=3, * p <0.05, **

p<0.01, ** p<0.001, ns: no significance).
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Fig. 4. The SOA hydrogel promoted osteogenic differentiation via the slow-release MSA-anti214 in vitro. miR-
214-3p expression levels in hMSCs treated with A 4+P214 hydrogel and B the SOA separately at the specified
intervals (compared with the + PNC/4+PMNC hydrogel). CAlp and DRunx2 expression levels in hMSCs
treated with the SOA hydrogel. E ALP and alizarin red staining of hMSCs treated long-term with the SOA
hydrogel compared to those treated with the + PMNC hydrogel. ALP: results of ALP staining; ARS: results of
alizarin red staining. F-G miR-214-3p expression levels in hMSCs after treated with serum-pretreated + P214
(Serum + P214) and SOA (Serum + SOA) hydrogels at the specified intervals. All quantitative data are
presented as mean values + standard deviation (n=3, * p<0.05, ** p<0.01, *** p <0.001, ns: no significance).
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Meanwhile, the regulatory effects of serum-treated + P214 and SOA on osteogenic differentiation were also
detected. As shown in Figure S6(Supporting Information), SOA maintained osteogenic effect on day 28, whereas
there was no significant effect in the + P214 group at 14 d. These data suggest that, in the presence of nucleases,
the SOA can retain the long-term release of nucleic acid drugs, and showed the potential of treating osteomyelitis.

Antibacterial properties of the SOA in osteomyelitis mice

An in vivo mouse tibial infection model was established to investigate the therapeutic efficacy of SOA against
osteomyelitis (Fig. 5A). As shown in Fig. 5B-C, the inflammatory factor C-reactive protein (CRP) levels in the
S. aureus group were significantly elevated compared to those in the sham group, but procalcitonin (PCT) levels
were not affected. This is because PCT levels do not typically change in response to a local infection, but they
dramaticallyincrease once sepsis occurs. The + HA hydrogel carrying Van and PVAm/MSA-anti214 wasimplanted
into the marrow cavity of the tibia to assess its biological safety and therapeutic efficacy against osteomyelitis.
Blood biochemical markers in mice, such as aspartate aminotransferase (AST), alanine aminotransferase (ALT),
blood urea nitrogen (BUN), and creatinine (Cr), showed no significant changes after SOA treatment (Figure
S7A-D, Supporting Information). No apparent histological morphology or pathological changes were found on
SOA treated organs including heart, liver, spleen, lung, and kidney (Figure S7E, Supporting Information). These
results revealed that the SOA implanted into the bone marrow cavity had no apparent toxicity or side effects in
mice, confirming its excellent biocompatibility in vivo.

The antibacterial activity of the SOA against S. aureus in osteomyelitis lesions was also evaluated. After
implantation for 4 weeks, tibial bone marrow was harvested and the bacterial number in the bone marrow was
determined using consecutive dilutions and the spread plate method on soybean agar plates. The colony diagram
and semi-quantitative analysis (Fig. 5D-E) showed that the SOA completely inhibited S. aureus colony growth.
Moreover, immunohistochemical (IHC) staining results were generally consistent with the colony diagram, and
the expression levels of the inflammatory factors CD3 and CD68 were significantly reduced in the SOA group
(Fig. 5F-H, Figure S8, Supporting Information). These results indicated that the SOA can dramatically eradicate
S. aureus and alleviate inflammation in osteomyelitis in mice.

Bone defect repair properties of the SOA in osteomyelitis mice

The pharmacokinetics of MSA-anti214 released by SOA showed that miR-214-3p level decreased in tibia until 14
d, with no significant changes in other organs (Figure S9, Supporting Information). Confirming the continuous
suppression of miR-214-3p expression defined only in tibia.

Subsequently, bone histomorphometric analyses were performed to investigate bone repair in osteomyelitis
mice treated with the SOA. The mineral apposition rate (MAR) and bone formation rate (BFR/MS) of SOA
treatment in the tibial trabecular bone were increased by 71.6% and 68.8%, respectively (Fig. 6A-D; p <0.001).
Meanwhile, microCT analysis showed the implantation of SOA hydrogel significantly enhanced bone mass,
bone mineral density (BMD), bone volume to tissue volume (BV/TV) and bone mineral content (BMC)
(Fig. 6E-H). Moreover, SOA increased the expression level of OCN (an essential biomarker of bone formation),
and Masson’s/Goldner’s trichrome staining showed new bone was formed in SOA group, with only collagen
fibers growth found in other groups (Fig. 7A-D). All these results suggested that SOA could promote mice bone
formation and rescue bone defects of osteomyelitis.

Discussion

Osteomyelitis has a tremendous impact on a patient’s life and work because of its stubborn nature and long
treatment period. In recent years, multitudinous bone-defect-filling materials have been employed to deliver
drugs locally for the treatment of osteomyelitis, greatly minimizing the side effects arising from high doses of
antibiotics and the emergence of drug-resistant bacteria. Natural hydrogels can be utilized as tissue-engineered
scaffolds to imitate the microstructure of the extracellular matrix, along with many sources of raw materials
and excellent biocompatibility. However, there are still some limitations to their practical applications, such as
poor mechanical behavior, a narrow adjustable range of structure and performance, and easy fragmentation.
Numerous studies have shown that the application of bone-defect-filling materials can be achieved either by
modifying or adding various biological materials**-*2. For instance, Wang et al.*> endowed GelMA cryogel
microspheres with strengthened mechanical properties and facilitated bone healing by introducing HA and
calcium silicate fibers. Weng et al.** designed a MgAlEu-LDH-functionalized hydroxyapatite scaffold with
enhanced osteogenic and angiogenic properties compared with pristine hydroxyapatite. A. davidianus has
attracted extensive attention owing to its antibacterial properties, excellent toughness, and biocompatibility.
Therefore, in our study, SSAD was selected as a tissue engineering scaffold. As shown in Figs. 2A and 3C, SSAD
hydrogels are native materials that provide possibilities for tissue growth and nutrient transport, while possessing
inherent antibacterial capabilities, which is in accordance with the results reported in previous studies. However,
the pristine SSAD hydrogel has the drawbacks of poor rigidity and osteogenic effects, along with relatively
limited inherent antibacterial properties.

Given the relatively low rigidity of pristine SSAD, our approach was to employ HA to increase the rigidity of
the bone-defect-filling material. HA is regularly used as a bone tissue engineering material owing to its excellent
rigidity and osteoconductive properties**~*3. This superior-rigidity hydrogel was formed by thoroughly mixing
equal masses of SSAD and HA. It only took approximately 10 s to form this hydrogel. As shown in Fig. 2F, G,
a significantly higher storage modulus was observed for the SSAD/HA hydrogel, indicating that HA enhanced
its rigidity. The microstructure and swelling rate of the SSAD/HA hydrogel also remained stable, with a slower
degradation rate, helping to maintain its morphology over the long term in vivo. Thus, it provides the possibility
for the long-term delivery of antibiotics in vivo to compensate for the lack of its inherent antibacterial effects.
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Fig. 5. Application of the SOA to treat osteomyelitis in a mouse model. A Schematic representation and
experimental timeline for creating a mouse osteomyelitis model and SOA hydrogel treatment. B Blood
procalcitonin (PCT) and C C-reactive protein (CRP) levels in mice after treatment with different hydrogels.
Sham: sham Staphylococcus aureus model group; S. aureus: S. aureus model group; SSAD: SSAD-treated group;
+HA: SSAD/HA-treated group; +Van: SSAD/HA + Van-treated group; +PVAm: SSAD/HA + Van + PVAm-
treated; +PMNC: SSAD/HA + Van + PMNC-treated group; SOA: SSAD/HA + Van 4+ PM214-treated group;
Van: pure Van-treated group. D, E Soybean agar plates showing the antibacterial efficiency of different
treatment groups against S. aureus in vivo and the corresponding antibacterial histograms. F CD68
immunohistochemical images of bone sections from each group. The G CD3 and H CD68 corresponding
quantitative histograms. The black scale bar in the non-black box indicates 250 um, and the black scale bar in
the black box indicates 50 um. All quantitative data are presented as mean values + standard deviation (n=3, *
p<0.05,** p<0.01, *** p<0.001, ns: no significance).
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Fig. 6. Bone defect repair performance of the SOA in osteomyelitis mice. A Representative images showing
the tibial trabecular mineral apposition rate of C57BL/6 mice in different hydrogel treatment groups. Scale bar:
10 um. B Quantitative diagram of tibial trabecular mineral apposition rate in C57BL/6 mice after treatment
with different hydrogels. C Mineralizing surface of C57BL/6 mice treated with SOA hydrogel. D Bone
formation rate of C57BL/6 mice treated with SOA hydrogel. E-H Representative 3D reconstruction images
showing microarchitecture, and microCT statistical analysis of BMD, BMC, BV/TV in proximal tibia after
treatment with different hydrogels (http://www.bruker-microct.com, Version: 1.17.9.0). Scale bar: 1 mm. All
quantitative data are presented as mean values + standard deviation (n=3, * p<0.05, ** p <0.01, *** p <0.001,
ns: no significance).
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Fig. 7. Histological staining of bone repair in osteomyelitis mice. A Immunohistochemical images of
osteocalcin (OCN) in bone sections of each group. The black scale bar indicates 500 pm, and the red scale bar
in the black box indicates 50 pm. B Quantification of relative integrated optical density (IOD) values of OCN
immunostaining using Image-Pro Plus 6.0 software (https://en.freedownloadmanager.org/users-choice/Image-
pro_Plus6.0_Free_Download.html). C Masson’s trichrome staining images of bone sections from each group
(the newly formed bone is marked with a black arrow). The black scale bar indicates 500 um, and the red scale
bar in the black box indicates 50 um. D Goldner’s trichrome staining images of bone sections from each group
(newly formed bone is marked with a red arrow). The black scale bar indicates 500 um, and the red scale bar in
the black box indicates 50 pm. All quantitative data are presented as mean values + standard deviation (n=3, *
p<0.05,** p<0.01, *** p<0.001, ns: no significance).
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As the most common causative pathogen of osteomyelitis, S. aureus is greatly suppressed by Van>*. Boot et
al*® reported a significant reduction in implant-associated infections after treatment with a 5% Van hydrogel in
S. aureus-infected tibias. Therefore, Van was selected as the antibiotic for hydrogel delivery and sustained release.
As shown in Fig. 3C-F, the + Van hydrogel showed antibacterial properties as efficiently as pure Van, whereas
pure Van required repeated administration for osteomyelitis treatment. S. aureus was effectively suppressed
by the Van released from SSAD/HA up to 14 d. The stable swelling rate and physical adsorption of certain
noncovalent interactions may account for the long-term release of Van by SSAD/HA.

Regarding the poor osteogenic effect of the SSAD hydrogel, instead of generally adding osteogenic small-
molecule drugs, we employed nucleic acid drugs. Nucleic acid drugs can directly regulate target gene expression
and signaling pathways to exert therapeutic effects on diseases, and it has multiple advantages, especially in
terms of high efficacy and safety’!. Here, we combined biosynthetic recombinant RNA technology and an
efficient nucleic acid delivery nanocarrier, PVAm®”%°. Recombinant small nucleic acids (MSA) synthesized
by Escherichia coli fermentation have excellent safety and enhanced biological activity compared with normal
antagomir’®. This MSA-based RNA therapy strategy has considerable potential for treating osteomyelitis.

The cationic polymer PVAm outperforms commercialized polyethyleneimine in terms of cost, transfection
efficiency, and biosafety, and it readily coalesces with nucleic acids through electrostatic interactions, while
promoting cell endocytosis. Therefore, the combination of PVAm and MSA may show better RNA delivery
efficacy and prevent the premature degradation of RNA drugs by serum RNases, thereby prolonging their
therapeutic effect. As illustrated in Figs. 2I and 4A-B, SSAD/HA with PVAm exhibited the sustained release
of nucleic acid drugs for up to 28 d. In Fig. 4C-E, SOA showed long-term osteogenic properties, further
demonstrating the efficacy of MAS-anti214 and PVAm.

SOA also exhibited an excellent serum-protective effect (Fig. 4F-G, S6). The long-term, efficient results of
the SOA may be attributed to two crucial aspects. First, compared to commercial chemically synthesized nucleic
acids, biosynthesized MSA-anti214 exhibits superior stability and biocompatibility, which may prevent the
rapid degradation of nucleic acid drugs. Second, the positive charge held by PVAm liposomes can neutralize the
negative charge of nucleic acids, forming a complex with a tight structure that aids in the slow-release of nucleic
acids.

The high specificity, efficiency, and sustained effect of SOA on osteogenic differentiation and antibacterial
enabled the treatment of osteomyelitis. In the osteomyelitis mouse model, SOA showed satisfactory
biocompatibility (Figure S7), long-term antibacterial effect (Fig. 5), and excellent bone repair effect (Fig. 7).
The new bone was found in SOA group, while only collagen fibers growth was found in other groups. During
bone formation, collagen fiber was secreted and ossified to form new bone, indicating that the bone formation
and bone repair rate in SOA group was faster than other groups (Fig. 7). Indicated that SOA would successfully
alleviate osteomyelitis and showed promising potential as a therapeutic bone filling material for osteomyelitis.

Overall, this novel biodegradable SOA has a simplified production process, excellent safety, and highly
efficient bone repair via RNA therapy. However, there are still some limitations. Detailed research has not yet
been conducted on functional mechanisms such as antibacterial and bone repair. In the future, the mechanisms
of action of antibiotics and nucleic acid drugs will be deeply complemented.

Conclusion

In summary, we designed and established a novel natural-polymer-based SOA hydrogel with excellent
biocompatibility, slow degradation, and long-acting nucleic acid drugs and antibiotic delivery properties. Thus,
the SOA not only possesses antibacterial capacity but also accelerates the repair of infectious bone defects backed
by the combined effect of MSA-anti214 and preferable rigidity during osteomyelitis treatment. Therefore, this
hydrogel may provide new materials for nucleic acid drug delivery for the treatment of osteomyelitis, and explore
novel ideas for the treatment of other skeletal system diseases.

Materials and methods

Materials

Human mesenchymal stem cell line (hMSC) was purchased from Runde Biotechnology Co., Ltd. (Xi’an, China).
PVAm was generously provided by Professor Deng Xudong of Northwestern Polytechnical University. MSA-
anti214 was purchased from RQCON Biological Technology Co., Ltd. (Xi'an, China). Van (vancomycin) and
3-[4,5-dimethylthiazol-2-yl]-2,5 diphenyl tetrazolium bromide (MTT) were all obtained from Sigma Aldrich (St.
Louis, MO, USA). S. aureus was obtained from BIO SCI (ATCC 25923; Hangzhou, China). Paraformaldehyde
(4%) and collagenase II (Cls II) were purchased from BioSharps (Anhui, China). Dimethylsulfoxide (DMSO)
and glycerol were obtained from BioFroxx (Guangzhou, China). Fetal bovine serum, trypsin, and Dulbecco’s
modified Eagle medium were purchased from Gibco (Waltham, MA, USA). HA was obtained from DULY
(Nanjing, China). FAM-NC and antagomir-214 were synthesized by GenePharma (Shanghai, China). Rhodamine
B was purchased from Solarbio (Beijing, China).

SSAD sample collection

SSAD samples were collected as described in a previous study?. Healthy adult A. davidianus were purchased
from the Hanzhong Breeding Base in China. The purchased A. davidianus were kept in clean water at 16-18 °C
for 1 week. Mechanical stimulation of the limbs was performed to stimulate the skin to secrete mucus. Mucus
was collected in a 50 mL centrifuge tube, cleaned with deionized water, freeze-dried, ground, and stored at
-20 °C.
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Preparation of the SOA
The SOA consisted of SSAD, HA, PVAm, Van, and MSA-anti214. SSAD and HA (20 nm) powder were weighed
proportionately in a 1:1 ratio in weight and thoroughly mixed to prepare the SSAD/HA powder.

MSA-anti214 was mixed with PVAm at a 1:1 molar ratio, and then incubated at room temperature for 10 min
to prepare PM214. An equal volume of Van (100 mg/mL) was added to PM214. Mixed SSAD/HA powder was
added by equal volume of the above solution to produce the SOA.

Characterization of the SOA

SEM SEM (Gemini300; ZEISS, Oberkochen, Germany) was used to characterize the micromorphology of the
SSAD/HA hydrogels. The SEM images were captured at a voltage of 3 kV. The pore size was calculated using
Image] software. The composition of the elements in the SSAD and SSAD/HA hydrogel was analyzed by EDS
(EMX; HORIBA, Lyon, France).

FTIR: To evaluate changes in the chemical structure, hydrogels with various components were analyzed by
FTIR (iS10; Nicolet; Thermo Fisher Scientific, Waltham, MA, USA), with a spectrum range of 400-4,000 cm™!,
resolution of 4 cm~! and a signal-to-noise ratio of 50,000:1°2.

Rheology The rheological properties of different hydrogels were analyzed by a rheometer (MCR92; Anton Paar,
Graz, Austria). The appropriate amount of hydrogel was added to the sample table with parallel plates 50 mm
apart, a 1 mm gap, and a test temperature of 25 °C. Amplitude scanning was set to a shear strain range of
0.1-10%, and logarithmic take-point™.

Water content The water content of the hydrogels was calculated using Eq. (1)%2.

(Wy — Wy) /Wy, x 100% (1)
W, : hydrogel weight. W,: freeze-dried hydrogel weight.
Swelling ratio The swelling ratios were calculated using Eq. (2)%.

(Wyn — Wy) /Wy x 100% (2)
W, initial hydrogel weight. W : water-soaked hydrogel weight.

Degradation ratio The degradation ratio was calculated using Eq. (3)>.

(Wo — Wy) /W x 100% (3)
W, initial hydrogel weight. W : collagenase II treated hydrogel weight.

PVAm preparation

PVAm aqueous solution (molecular weight 1100, concentration 10%) was dialyzed (molecular weight < 10,000)
and filtered through a 5 pm pore size syringe. The final solution was freeze-dried to obtain the purified PVAm.
Then, the powder was re-dissolved in distilled water for backup use®*.

Slow-release

The prepared hydrogel samples (Rhodamine B: 5 pg/mL, FAM-NC: 100 uM, SSAD/HA: 100 uL) were washed
by deionized water for 30 min, then immersed in 200 pL deionized water and placed at 4 °C (Rhodamine B was
tested at room temperature) for slow-release. After all slow-release solutions were collected at certain intervals
(1d,2d,3d,4d,7d,14d, 28 d), 200 pL deionized water was added again to continue the slow-release process.
The slow-release solution was subsequently collected to measure the fluorescence intensity and assess the slow-
release effect of the SSAD/HA hydrogels on small-molecule drugs and nucleic acid drugs.

Spread plate method

A standard strain of S. aureus (ATCC 25923) was selected as the bacterial model for tibial osteomyelitis. S. aureus
was cultured as previously described®®. In brief, S. aureus preserved in glycerol was added in 3% tryptone soy
broth (TSB; Solarbio, Beijing, China) and cultured to the logarithmic growth stage at a constant temperature of
37 °C and 100 rpm. The absorbance at 600 nm was adjusted to 0.36 using TSB, and the concentration of S. aureus
was 5.4Xx 107 colony-forming units (CFUs) mL~". The prepared S. aureus bacterial solution was mixed with
different hydrogels for 1 h. The samples were diluted 1,000-fold with TSB and evenly coated onto a soybean agar
plate. Then, the CFUs were counted after incubation for 12 h.

Cell culture and cytotoxicity assay

hMSCs were cultured in Dulbeccos Modified Eagle Medium, High Glucose (DMEM, KeyGEN BioTECH,
KGM12800-500, Nanjing, China) containing 10% Fetal Bovine Serum (FBS, OPCEL, BS-1101, Hohhot, Inner
Mongolia) and 1% penicillin and streptomycin (Penicillin-Streptomycin 10,000 U/mL, 15140122, Gibco,
Carlsbad, USA). For osteogenic differentiation treatment, cells at a density of 100% were induced by osteogenic
medium with DMEM, 10% FBS, 1% B-glycerophosphate (Sigma, G9422), 1% ascorbic acid (Sigma, A7631) and
1% L-glutamine. Cells were incubated at 37 °C, 5% CO,,. The treatment of SOA or other hydrogels was performed
by attaching the hydrogel on the wall of the cell cultural plate, hydrogels were immersed in cell cultural medium
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with not direct contact with the cells. For treatment of the slow-release solution, slow-release solutions collected
at different intervals were diluted in cell cultural medium in a 1:10 ratio, and cells were cultured in the medium.
The cytotoxicity of the SOA hydrogel was evaluated using the MTT assay as previously described®2.

Flow cytometry

hMSC were cultured with hydrogels for 48 h and digested by trypsin. The digested cells were fixed by 70% ice-
cold ethanol. Cells were then washed and stained with 0.1 mg/mL PI solution. Cell cycle was determined by flow
cytometer (FACSCalibur, BD Biosciences, USA)™.

Cell adhesion analysis

GFP-labeled hMSC were digested, and then suspended with cell cultural medium containing 2% matrigel (v/v,
Corning, 354480, NY, USA). SOA was supplemented into the cell suspension and incubated at 37 °C for 72 h.
Incubated SOA was washed by PBS 5 times and then observed using a laser confocal microscope (FV3000,
OLYMPUS, Japan).

Osteogenic differentiation analyses

RT-PCR, ALP staining and ARS staining were performed to evaluate the osteogenic differentiation of hMSC
as previously described. RT-PCR primers were synthesized by Sangon, Inc. (Shanghai, China; Supplementary
Table S1)°°.

Hemolysis assay

Fresh anticoagulated blood of mice was collected for hemolysis assay. Blood samples were centrifuged to obtain
a pure erythrocyte precipitate. Subsequently, erythrocyte precipitate was suspended with PBS. Different hydrogel
complexes were added to the erythrocyte suspension and maintained at 37 °C for 4.5 h. Then the supernatant
was photographed and absorbance was measured with a microplate reader*.

Establishment of tibial osteomyelitis model in mice

Ninety 2-month-old male C57BL/6 mice (25+5 g) were purchased from Huafukang Bioscience Co., Ltd.
(Beijing, China) and were treated as previously described”’. Euthanasia was performed with CO,. All animal
care and experimental procedures were approved by the Ethics Committee of North Sichuan Medical College.
Efforts were made to minimize the number of mice used and their suffering in all animal procedures.

Therapeutic hydrogels in mice with osteomyelitis

Three weeks after tibial osteomyelitis model established, a 1.2 mm borehole was created at the tibial osteomyelitis
site using a dental drill*’. The osteomyelitis area was thoroughly washed with sterile PBS, and different
hydrogels were implanted into the bone defect. The mice were sacrificed after being kept for 4 weeks. Blood
samples were collected for the determination of inflammatory indicators CRP and PCT using an Axceed 360
chemiluminescent immunoassay (Bioscience, Tianjin, China). Tibia samples were collected for spread plate,
bone histomorphometric analyses, and Immunohistochemistry (IHC) staining.

Blood chemical analysis and H&E staining
Blood chemical analysis and H&E staining were performed to assess the biocompatibility of the hydrogels in
vivo. The blood supernatants were isolated for AST, ALT, BUN, and Cr analysis using an ADVIA 2400 chemistry
system (Siemens Healthcare Diagnostics, Tarrytown, NY, USA).

Heart, liver, spleen, lung, and kidney samples were collected, fixed, and paraffin sections were made for H&E
staining. Histological images were obtained using an optical microscope.

Bone histomorphometric analyses

The effect of SOA hydrogel on bone formation was investigated using bone histomorphometric analyses.
Double calcein labeling was performed as previously described>®> Paraffin sections were subjected to Masson’s
trichrome staining (MTS) and Goldner’s trichrome staining (GTS) to detect new bone growth using standard
protocols.

Microstructure of mice tibia was performed by the microCT system (version 6.5, viva CT40, SCANCO
Medical, Switzerland) and the proximal tibia metaphysis was analyzed. Images were reconstructed and calibrated
at the isotropic voxel size of 10.5 mm, respectively (70 kVp, 114 mA, 200 ms integration time, 260 thresholds,
1200 mg HA/cm?®). Using the Scanco evaluation software, regions of interest (ROIs) were defined for the bone
defect region of tibia. The entire tibia was reoriented with the middiaphysis parallel to the z-axis. The bone defect
region was analyzed by manually contouring for three-dimensional reconstruction (sigma=1.2, supports=2
and threshold =200) to calculate the following parameters including bone mineral density (BMD), bone volume
to tissue volume (BV/TV) and bone mineral content (BMC), for bone microarchitecture®.

Immunohistochemistry

Immunohistochemistry (IHC) staining was performed to determine the protein levels of the inflammatory
markers, CD3 (Mouse mAb, 1:100, Santa Cruz Biotech, sc-20047, Dallas, TX) and CD68 (Mouse mAb, 1:100,
Santa Cruz Biotech, sc-20060, Dallas, TX), and the bone-specific marker, OCN (Mouse mAb, 1:200, Santa Cruz
Biotech, sc-73464, Dallas, TX), as previously describeds.
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Statistical analyses

The data are presented as the mean value + standard deviation and were analyzed using Prism 9.4 (GraphPad
Software, La Jolla, CA, USA) via Student’s t-test and one-way analysis of variance. All experiments were
performed on three independent occasions. p < 0.05 was regarded as significantly different.

Data availability
The datasets used and/or analysed during the current study available from the corresponding author on reason-
able request.
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