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The hyaluronic acid gel promotes the formation of osteoblasts mineralized nodules and
fracture callus by regulating the expression of Runx2 and osteocalcin
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This study aimed to investigate the effect of hyaluronic acid (HA) gel regulating the expression of Runx2 and
osteocalcin (OCN) on osteoblast mineralization nodules and fracture callus formation. To achieve this aim,
MC3T3-E1 cells were divided into two groups, the HA group and the control group, based on the intervention
of HA gel. In addition, a fracture callus model was constructed to observe cell proliferation, cell mineraliza-
tion, and fracture callus formation. Results showed that HA at different concentrations had no obvious out-
come on the proliferation of MC3T3-E1 cells (P>0.05). The area of mineralized nodules in the HA interven-
tion group (65.38+4.27) was higher than in the control (9.52+2.16, P<0.05). The expression levels of Runx2
and OCN in the HA intervention group were higher than control (P<0.05). The callus area in the HA group
(110.05+4.16) and (143.16+8.84) was significantly higher as against control (72.51+6.32, 88.92+5.28) at 2 and
4 weeks after intervention (P<0.05). It was concluded that HA gel promotes the proliferation and differentia-
tion of osteoblasts by regulation of Runx2 and OCN, and then promotes the formation of mineralized nodules
of osteoblasts and fracture callus, thereby promoting fracture healing.
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Introduction

Fracture healing refers to the process of bone re-healing
and regeneration through a series of biological processes
after a fracture occurs (1). Under normal conditions, frac-
ture healing is a complex process with multiple stages in-
cluding blood coagulation, inflammation, chondrogenesis,
bone formation, and remodeling (2,3). Among them, the
inflammatory response is a key link. Through the role of
inflammatory mediators, a large number of inflammatory
cells and stem cells can be attracted to the fracture site to
promote the proliferation and differentiation of cartilage
and bone cells (4). In the process of chondrogenesis and
bone formation, cells gradually differentiate into osteo-
blasts and chondrocytes, and synthesize bone matrix and
cartilage matrix on collagen matrix, eventually forming
mature bone tissue (5). However, due to the special nature
of the fracture site, fracture healing may be affected by
some adverse factors, such as poor local blood circula-
tion, ischemia at the fracture site, infection, and surgical
procedures. These factors may lead to the occurrence of
complications such as prolonged fracture healing time and
unstable or nonunion of the fracture (6,7). Therefore, the
treatment of fracture requires comprehensive considera-
tion of the type and degree of fracture, the age and health
status of the patient, and the safety and effectiveness of
treatment methods, etc., to select appropriate treatment
programs and means to promote fracture healing and func-
tional recovery.

Hyaluronic acid (HA) gel is a biodegradable polymer

substance, which is a colorless and transparent viscous li-
quid mainly composed of HA molecules (8). HA is a poly-
saccharide molecule with good biocompatibility and bio-
degradability, which can be broken down and absorbed by
the human body’s enzymatic system, so it is widely used
in medical and cosmetic fields (9,10). In recent years, HA
gels have received extensive attention and applications
in the field of orthopedics (11). HA gel can regulate the
synthesis and secretion of bone matrix, and promote the
mineralization of osteocytes and the regeneration of bone
tissue (12,13). Therefore, HA gel can be used in fracture
healing and bone defect repair and has good application
prospects.

As a biomaterial, HA gel has the advantages of good
biocompatibility, strong water absorption, and high vis-
cosity, which can provide an ideal biological scaffold to
provide the necessary support and growth environment
for fracture healing (14,15). In addition, HA gel can also
promote the proliferation, differentiation and minerali-
zation of bone cells in a variety of ways, thereby accele-
rating fracture healing (16). Among them, regulating the
expression of osteogenesis-related genes such as Runx2
and osteocalcin (OCN) is one of the important mecha-
nisms by which HA gel promotes fracture healing (17).
HA gel has potential advantages and application prospects
in the treatment of fractures. Therefore, this article aimed
to investigate the role of HA gel in the formation of mine-
ralized nodules in osteoblasts and fracture callus and its
related mechanisms, to provide new ideas and methods for
the treatment of fracture.
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Table 1. Required materials and sources of materials.

Materials Sources

The osteoblastic cell line MC3T3-E1 ATCC Corporation, USA

HA gel Sigma-Aldrich (United States)

Calcium phosphate Sigma-Aldrich (United States)

Alkaline phosphatase (ALP) kit Nanjing Jiancheng Bioengineering Institute
o-MEM medium Gibco (United States)

FBS Gibco (United States)

Runx?2 antibody Cell Signaling Technology (USA)
OCNantibody Abcam (UK)

Materials and Methods

Research materials
Table 1 gives the required materials.

Research methods

The experiment was divided into control and experi-
mental groups. In the control and experimental groups, the
cell culture, HA gel preparation, mineralized nodules of
osteoblasts and fracture callus models were established.
The cells in the control were cultured without HA, while
the cells in the experimental group were cultured with HA.
The total proteins of MC3T3-E1 cells before and after HA
intervention were extracted and 15uL to 20 uL were loaded
onto SDS-PAGE gel (10cmx10cm) for electrophoresis se-
paration. The hybrid membrane of proteins was wet trans-
ferred in a bath, and then immunohybridization and color
development were performed to analyze and compare the
protein expression. CCK-8 assay was adopted to observe
cell proliferation, qPCR analysis and fluorescence staining
to detect the mineralization of osteoblasts, and qPCR and
Western blot to detect the expression of Runx2 and OCN
mRNA protein.

Cell culture

MC3T3-E1 cells were incubated in a-MEM medium
(containing 10% FBS, 1% PS) and cultured at 37°C, 5%
CO,, and saturated humidity. The cell density was 1x10°/
cm?, and the medium was changed every 3 days. The cells
were passaged at a ratio of 1: 3 every 3-4 days, and the
second to fourth passages of osteoblasts in the log phase
were adopted as trial cells.

Preparation of the HA gel

(I) HA was added to 1xPBS buffer, pH to 7.4. (II) The
solution containing HA was stirred in a water bath at 50°C
for 1 h until HA was fully dissolved. (III) Gelatin was ad-
ded to the HA solution and dissolved by adding dimethyl
sulfoxide at the same time. The concentration of gelatin
in the solution was 10 mg/mL, and the concentration of
HA was 2%. (IV) The solution was stirred in the ice-water
mixture for 10 min to form a gel. The cooled HA gel can
be used for subsequent experiments.

Establishment of osteoblast mineralized nodule and
fracture callus model

MC3T3-E1 cells were seeded in 96-well plates to form
mineralized nodules. The cells were seeded on the 3D-
printed artificial fracture callus to form a fracture callus
model.

Staining of mineralized nodules

After cell culture was completed, the medium was ta-
ken, the cells were rinsed three times adopting 1xPBS buf-
fer and were fixed by the addition of 4% formaldehyde for
half an hour. The cells were rinsed adopting 0.1% formic
acid and then stained with 2% acidic agarose. After preci-
pitation with calcium-precipitating material, the cells were
dissolved in a 2% potassium iodate solution to observe the
formation of mineralized nodules.

Cell proliferation

MC3T3-E1 cells were seeded in cell culture plates, and
then different concentrations of test substances, such as
HA gels, were added at different time points. Subsequent-
ly, CCK-8 reagent was added, and after a certain period of
culture, the cell proliferation ability was detected by detec-
ting the absorption value of cell metabolites.

Statistical methods

SPSS 23.0 software was adopted for statistical analy-
sis. The experimental results were compared by one-way
analysis of variance at different time points in the same
group, t-test was adopted for comparison between two
independent sample groups, and analysis of variance was
used for comparison among multiple groups. P<0.05 was
considered statistically significant.

Results

The effect of different concentrations of HA on the pro-
liferation of MC3T3-E1 cells

The effect of different concentrations (2ug/pl, 4upg/
uL, 6pg/uL, 8ug/ul, 10pg/ul) of HA on the proliferation
of MC3T3-E1 cells showed that 36 h and 72 h following
the intervention, HA at different concentrations had no
obvious effect on MC3T3-El cell proliferation, P>0.05

(Figure 1).
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Figure 1. Effect of HA at different concentrations on MC3T3-E1 cell
proliferation.
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Area of mineralized nodules after HA intervention

10% HA was used to observe the formation of mine-
ralized nodules in MC3T3-E1 cells. The presented results
showed that the area of mineralized nodules in the HA
intervention group (65.38+4.27) was obviously larger than
the control (9.52+2.16, P<0.05) (Figure 2).

Effect of HA on Runx 2 and OCN protein expression in
MC3T3-E1 cells

Western blot results suggested that the Runx2 and
OCN in the HA gel group were higher as against control
(P<0.05), indicating that HA gel could regulate the expres-
sion of Runx2 and OCN in osteoblasts (Figure 3).

Comparison of callus area and callus width between
HA group and control after intervention

At 2 and 4 weeks after the intervention, the callus area
of the HA group was 110.05+4.16 and 143.16+8.84, res-
pectively, which was higher as against control (72.51+6.32
and 88.92+5.28), P<0.05. There was a similarity in the
callus area between the two groups at 6 weeks following
intervention (P>0.05). There was no statistically signifi-
cant difference in callus width between both groups at 2,
4, and 6 weeks following intervention (P>0.05) (Figures
4 and 5).

Discussion

Fracture refers to the fracture of bone under the action
of external force, which usually takes a certain time to heal
(18). Fractures are usually divided into two types: closed
and open (19). A closed fracture is a fracture of the bone
but not of the skin; In open fractures, the skin is penetrated,
leaving the bone exposed (20). Fracture healing is usually
divided into three stages: the inflammatory stage, the repair
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Figure 2. Contrast of the formation of mineralized nodules in
MC3T3-E1 cells treated with HA at a concentration of 10%. Note:
“*” indicates P<0.05 relative to the control.
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Figure 3. Effect of HA on Runx 2 and OCN protein in MC3T3-El
cells. Note: “*” means P<0.05 relative to control.
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Figure 4. Comparison of callus area following intervention.
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Figure 5. Comparison of callus width following the intervention.

stage and the remodeling stage (21). During the inflamma-
tory phase, blood vessels and cells are destroyed, causing
bleeding and an inflammatory response. During the repair
phase, the periphery of the cartilage forms at the site of the
fracture, forming what is known as the diaphysis. Next,
the diaphysis is gradually remodeled by osteocytes to form
mature bone tissue. The purpose of fracture treatment is
to heal the fracture site and restore normal bone function.
Treatment modalities usually include conservative and
surgical treatment (22,23). Conservative treatment gene-
rally uses a fixed external fixator to stabilize the bone in
the correct position and allow it to heal naturally. Surgical
treatment includes internal fixation and external fixation.
Internal fixation involves surgically fixing materials such
as metal plates and screws to the fracture site to keep the
bone in the correct position, whereas external fixation is
fixed to the fracture site by inserting steel wires, hooks,
etc. through the skin to stabilize the bone (24). Fracture
healing is a physiological recovery process after bone tis-
sue injury, including multiple stages such as mechanical
stability, bone formation, and bone remodeling (25). The
success of fracture healing is related to the recovery of
daily life and labor ability of patients, as well as the main-
tenance of skeletal system function. Usually, fracture hea-
ling is achieved by both natural healing and surgical treat-
ment. Natural healing requires certain time and conditions.
If the conditions are not ideal, such as poor blood supply
and unstable fracture, poor healing or delayed healing may
occur (26). Surgical treatment can promote fracture hea-
ling by providing mechanical stability through external
fixation or internal fixation. However, surgical treatment
also has certain risks and complications, such as infection
and nerve injury. Therefore, finding a simple, effective
and safe treatment method to promote fracture healing has
been a research hotspot in the field of orthopedics.

HA is a biomaterial commonly used in the medical
field, which has good biocompatibility and degradability
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and can mimic the function of extracellular matrix (27,28).
HA gel can form a three-dimensional network structure
to provide support and protection for cells, and can also
release some bioactive substances, such as growth factors,
to promote cell proliferation and differentiation (29). In
terms of fracture healing, HA gel has also shown good
effects (30). HA gel can promote the formation of minera-
lized nodules in osteoblasts and fracture callus, which is in
line with some previous studies (31,32). HA gel may pro-
vide support and protection by mimicking the function of
the extracellular matrix, and can also release some bioac-
tive substances, such as bone morphogenetic proteins, to
promote cell mineralization and bone tissue regeneration
(33).

This article aimed to explore the mechanism of action
of HA gel on fracture healing. The results showed that HA
gel promoted the proliferation and differentiation of osteo-
blasts, as well as the formation of mineralized nodules of
osteoblasts and fracture callus. HA gel was able to pro-
mote the proliferation and differentiation of osteoblasts,
which is in line with the results of previous studies (34).
The results revealed that HA gel had no obvious effect on
the proliferation of MC3T3-El cells. Through the inter-
vention of 10% HA gel in MC3T3-E1 cells, the area of cal-
cified nodules was clearly larger as against the control, and
the protein expressions of Runx2 and OCN were increased
in this process. In addition, the callus area of the experi-
mental group was larger as against control at 2-, 4-, 6-, and
8 weeks following intervention, and the callus area of the
experimental group was larger as against control at 4- and
6 weeks following intervention (P<0.05), indicating that
HA had a promoting effect on fracture healing.

In conclusion, the results demonstrated that HA gel
promoted osteoblasts by regulation of Runx2 and OCN,
which in turn promoted the formation of mineralized no-
dules of osteoblasts and fracture callus, thereby promoting
fracture healing. It provides a theoretical and experimen-
tal basis for the development of new treatment methods
for fracture healing. However, there are still some short-
comings, such as the small number of research samples
and the volatility of experimental data, which need to be
further strengthened.

References

1. Zhang W, Xu P, Cheng Y, Yang Y, Mao Q, Chen Z. Preparation of
a nanopearl powder/C-HA (chitosan-hyaluronic acid)/rhBMP-2
(recombinant human bone morphogenetic protein-2) composite
artificial bone material and a preliminary study of its effects on
MC3T3-E1 cells. Bioengineered 2022; 13(6): 14368-14381.
https://doi.org/10.1080/21655979.2022.2085394

2. Zhang LT, Liu RM, Luo Y, Zhao YJ, Chen DX, Yu CY, Xiao JH.
Hyaluronic acid promotes osteogenic differentiation of human
amniotic mesenchymal stem cells via the TGF-p/Smad signaling
pathway. Life Sci 2019; 232: 116669. https://doi.org/10.1016/j.
1fs.2019.116669

3. Zhang H, Ren P, Jin Y, Ren F. Injectable, strongly compressible
hyaluronic acid hydrogels via incorporation of Pluronic F127 dia-
crylate nanomicelles. Mater Lett 2019; 243: 112-115. https://doi.
org/10.1016/j.matlet.2019.01.159

4.  Zhai P, Peng X, Li B, Liu Y, Sun H, Li X. The application of hya-
luronic acid in bone regeneration. Int J Biol Macromol 2020; 151:
1224-1239. https://doi.org/10.1016/j.ijbiomac.2019.10.169

5. Yul, Cheng L, Jia Z, Han X, Xu H, Jiang J. Injectable methyl-

10.

11.

12.

13.

14.

15.

16.

17.

18.

cellulose and hyaluronic acid hydrogel containing silver nanopar-
ticles for their effective anti-microbial and wound healing activity
after fracture surgery. J Polym Environ 2022; 30: 1330-1343.
https://doi.org/10.1007/s10924-021-02257-5

Yang S, Zhu B, Yin P, Zhao L, Wang Y, Fu Z, Dang R, Xu J, Zhang
J, Wen N. Integration of Human Umbilical Cord Mesenchymal
Stem Cells-Derived Exosomes with Hydroxyapatite-Embedded
Hyaluronic Acid-Alginate Hydrogel for Bone Regeneration. ACS
Biomater Sci Eng 2020; 6(3): 1590-1602. https://doi.org/10.1021/
acsbiomaterials.9b01363

Xue D, Chen E, Zhang W, Gao X, Wang S, Zheng Q, Pan Z, Li
H, Liu L. The role of hesperetin on osteogenesis of human mesen-
chymal stem cells and its function in bone regeneration. Oncotar-
get 2017; 8(13): 21031-21043. https://doi.org/10.18632/oncotar-
get.15473

Freni F, Galletti B, Bruno R, Martines F, Abita P, Gazia F, Sireci
F, Galletti F. Multidisciplinary approach in the removal of post-
trauma foreign bodies in the head and neck district: cases report
and review of literature. Acta Medica Mediterr 2019; 35: 405-410.
https://doi.org/10.19193/0393-6384 _2019_1 66

Wongchai A, Jenjeti DR, Priyadarsini Al, Deb N, Bhardwaj A,
Tomar P. Farm monitoring and disease prediction by classification
based on deep learning architectures in sustainable agriculture.
Ecol Model 2022; 474: 110167. https://doi.org/10.1016/j.ecolmo-
del.2022.110167

Tavsanli B, Okay O. Preparation and fracture process of high
strength hyaluronic acid hydrogels cross-linked by ethylene gly-
col diglycidyl ether. React Funct Polym 2016; 109: 42-51. https://
doi.org/10.1016/j.reactfunctpolym.2016.10.001

Wang L, Luo W. Tripterygium glycosides weakened enteric is-
chemia/reperfusion detriment via the Nrf2/HO-1 pathway. J Biol
Regulat Homeost Agent 2022; 36(5): 1467-1477. https://doi.
org/10.23812/j.biol.regul.homeost.agents.20223605.156

Pilloni A, Nardo F, Rojas MA. Surgical treatment of a cemental
tear-associated bony defect using hyaluronic acid and a resorbable
collagen membrane: a 2-year follow-up. Clin Adv Periodontics
2019; 9(2): 64-69. https://doi.org/10.1002/cap.10053

Park JO, Oh MS. The healing effect of Jinmu-tang (Zhenwu-tang)
in femur fractured rats. J Korean Med Rehabil 2020; 30(2): 19-35.
https://doi.org/10.18325/jkmr.2020.30.2.19

Matsuno H, Yudoh K, Hashimoto M, Himeda Y, Miyoshi T, Yo-
shida K, Kano S. A new antibacterial carrier of hyaluronic acid
gel. J Orthop Sci 2006; 11(5): 497-504. https://doi.org/10.1007/
s00776-006-1059-0

Mansur H, Maranho DA, de Castro Junior IM, Gomes FF. May
the symptomatic subtalar joint be conservatively treated with
intra-articular hyaluronic acid injections after a calcaneus frac-
ture? Foot Ankle Spec 2022: 19386400211068256. https://doi.
org/10.1177/19386400211068256

Lv X, He J, Zhang X, Luo X, He N, Sun Z, Xia H, Liu V, Zhang
L, Lin X, Lin L, Yin H, Jiang D, Cao W, Wang R, Zhou G, Wang
W. Comparative efficacy of autologous stromal vascular frac-
tion and autologous adipose-derived mesenchymal stem cells
combined with hyaluronic acid for the treatment of sheep os-
teoarthritis. Cell Transplant 2018; 27(7): 1111-1125. https://doi.
org/10.1177/0963689718773333

Favé G, Coste TC, Armand M. Physicochemical properties of
lipids: new strategies to manage fatty acid bioavailability. Cell
Mol Biol (Noisy-le-grand) 2004; 50(7): 815-831.

Kang MS, Kwon M, Lee SH, Kim WH, Lee GW, Jo HJ, Kim
B, Yang SY, Kim KS, Han DW. 3D printing of skin equivalents
with hair follicle structures and epidermal-papillary-dermal layers
using gelatin/hyaluronic acid hydrogels. Chem Asian J 2022;
17(18): €202200620. https://doi.org/10.1002/asia.202200620

139



Jiaquan Yang et al. / Hyaluronic acid gel promoting the osteoblasts mineralized nodules, 2023, 69(15): 136-140

19.

20.

21.

22.

23.

24.

25.

26.

27.

Lee SJ, Nah H, Heo DN, Kim KH, Seok JM, Heo M, Moon
HJ, Lee D, Lee JS, An SY. Induction of osteogenic differentia-
tion in a rat calvarial bone defect model using an in situ forming
graphene oxide incorporated glycol chitosan/oxidized hyaluronic
acid injectable hydrogel. Carbon 2020; 168: 264-277. https://doi.
org/10.1016/j.carbon.2020.05.022

Jenjob R, Nguyen HP, Kim MK, Jiang Y, Kim JJ, Yang SG. Bis-
phosphonate-conjugated photo-crosslinking polyanionic hyaluro-
nic acid microbeads for controlled BMP2 delivery and enhanced
bone formation efficacy. Biomacromolecules 2021; 22(10): 4138-
4145. https://doi.org/10.1021/acs.biomac.1c00610

Dinarello CA. Role of pro- and anti-inflammatory cytokines
during inflammation: experimental and clinical findings. J Biol
Regul Homeost Agents 1997; 11(3): 91-103.

Han X, Shen J, Chen S, Cai Z, Zhu Y, Yi W, Li K, Cai W, Tao
B, Cui W, Bai D. Ultrasonic-controlled "explosive" hydrogels to
precisely regulate spatiotemporal osteoimmune disturbance. Bio-
materials 2023; 295: 122057. https://doi.org/10.1016/j.biomate-
rials.2023.122057

Han P, Cheng P, Zhang S, Zhao C, Ni J, Zhang Y, Zhong W, Hou
P, Zhang X, Zheng Y, Chai Y. In vitro and in vivo studies on the
degradation of high-purity Mg (99.99wt.%) screw with femoral
intracondylar fractured rabbit model. Biomaterials 2015; 64: 57-
69. https://doi.org/10.1016/j.biomaterials.2015.06.031
Fujioka-Kobayashi M, Miiller HD, Mueller A, Lussi A, Sculean
A, Schmidlin PR, Miron RJ. In vitro effects of hyaluronic acid on
human periodontal ligament cells. BMC Oral Health 2017; 17: 44.
https://doi.org/10.1186/s12903-017-0341-1

Amaral JD, Xavier JM, Steer CJ, Rodrigues CM. The role of p53
in apoptosis. Discov Med 2010; 9(45): 145-152.

Choi S, Lee JS, Shin J, Lee MS, Kang D, Hwang NS, Lee H, Yang
HS, Cho SW. Osteoconductive hybrid hyaluronic acid hydrogel
patch for effective bone formation. J Control Release 2020; 327:
571-583. https://doi.org/10.1016/j.jconrel.2020.09.006

Barakat AS, Ibrahim NM, Elghobashy O, Sultan AM, Abdel-Ka-
der KFM. Prevention of post-traumatic osteoarthritis after intra-
articular knee fractures using hyaluronic acid: a randomized pros-

28.

29.

30.

31.

32.

33.

34.

pective pilot study. Int Orthop 2019; 43(11): 2437-2445. https://
doi.org/10.1007/s00264-019-04360-8

Kumar A, Sinha N, Bhardwaj A, Goel S. Clinical risk assessment
of chronic kidney disease patients using genetic programming.
Comput Methods Biomech Biomed Engin 2022; 25(8): 887-895.
https://doi.org/10.1080/10255842.2021.1985476

Petrella MJ, Cogliano A, Petrella RJ. Original research: long-
term efficacy and safety of periarticular hyaluronic acid in acute
ankle sprain. Phys Sportsmed 2009; 37(1): 64-70. https://doi.
org/10.3810/psm.2009.04.1684

Xu L, Liu Y, Sun Y, Wang B, Xiong Y, Lin W, Wei Q, Wang H,
He W, Wang B, Li G. Tissue source determines the differentiation
potentials of mesenchymal stem cells: a comparative study of hu-
man mesenchymal stem cells from bone marrow and adipose tis-
sue. Stem Cell Res Ther 2017; 8(1): 275. https://doi.org/10.1186/
s13287-017-0716-x

Hou C. Comparison of efficacy and safety of teriparatide and
hyaluronic acid-calcitonin combination treatments in Chinese
osteoporotic patients with risk of bone fracture: A preliminary
investigation. Trop J Pharm Res 2020; 19(1): 183-188. https://doi.
org/10.4314/tjpr.v19i1.26

Eckardt H, Christensen KS, Lind M, Hansen ES, Hall DW, Hvid
I. Recombinant human bone morphogenetic protein 2 enhances
bone healing in an experimental model of fractures at risk of non-
union. Injury 2005; 36(4): 489-494. https://doi.org/10.1016/].
injury.2004.10.019

Akyildiz S, Soluk-Tekkesin M, Keskin-Yalcin B, Unsal G, Ozel
Yildiz S, Ozcan I, Cakarer S. Acceleration of fracture healing
in experimental model: platelet-rich fibrin or hyaluronic acid? J
Craniofac Surg 2018; 29(7): 1794-1798. https://doi.org/10.1097/
SCS.0000000000004934

Liu H, Li T, Ma B, Wang Y, Sun J. Hyaluronan and proteoglycan
link protein 1 activates the BMP4/Smad1/5/8 signaling pathway
to promote osteogenic differentiation: an implication in frac-
ture healing. Mol Biotechnol 2023; 1-1. https://doi.org/10.1007/
$12033-023-00677-3

140



