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Background: Clinicians frequently face difficulties when trying to fix bone abnormalities. Gelatin-Alginate (GA) is frequently
employed as a carrier because it is non-toxic, biodegradable, and has a three-dimensional network structure. Meanwhile, cerium oxide
nanoparticles (nCeO,) demonstrated high antioxidant enzyme simulation activity. Therefore, in order to develop a porous hydrogel
scaffold for the application of bone tissue engineering, an appropriate-type GA-nCeO, hydrogel scaffold was developed and evaluated.
Methods: GA-nCeO, hydrogel scaffold was prepared by the lyophilized method and characterized. The surface morphology and cell
adhesion of the scaffold were observed by the scanning electron microscope. CCK8 and live-dead staining methods were used to
evaluate its biological safety and cell proliferation. Then the osteogenic differentiation in early and late stages was discussed. The
expression of osteogenic genes was also detected by RT-PCR. Finally, a bone defect model was made in SD rats, and bone formation
in vivo was detected.

Results: The results showed that GA-nCeO, hydrogel scaffold exhibited a typical three-dimensional porous structure with a mean
pore ratio of 70.61 + 1.94%. The GA-nCeO, hydrogel was successfully endowed with simulated enzyme activity including superoxide
dismutase (SOD) and catalase (CAT) after the addition of nCeO,. Osteoblasts demonstrated superior cell proliferation and adhesion on
composite scaffolds, and both mineralization test and gene expression demonstrated the strong osteogenic potential of GA-nCeO,
hydrogel. The outcomes of hematoxylin and eosin (H&E) staining and Masson trichrome staining in the femoral defect model of SD
rats further supported the scaffold’s favorable biocompatibility and bone-promoting capacity.

Conclusion: Due to its favorable safety, degradability, and bone formation property, GA-nCeO, hydrogel was anticipated to be used
as a potential bone defect healing material.
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Introduction

Bone is a natural composite material that continuously remodels throughout the course of a person’s life." It is commonly
accepted that infections, tumor excision, and trauma can result in bone abnormalities. According to an epidemiological
study, orthopedic surgeons are facing a serious issue as a result of the rising prevalence of bone abnormalities.> For
treating bone damage brought on by trauma or illness, materials with particular mechanical and chemical qualities have
grown to be crucial over time.

Hydrogel as a polymer has a three-dimensional network structure and adjustable physical and chemical properties.” As
skin burn dressings, natural polymers like collagen and turtle chondrocytes have been fixed on hydrogels.* Wang and Rhim
produced hydrogel films by combining agar, alginate, and collagen with silver nanoparticles or grapefruit seed extract.” This
discovery may be attributed to the favorable properties of hydrogels, including biocompatibility, biodegradability, and
structural resemblance to human tissue.® Alginate (Alg) is an anionic polysaccharide that is both non-toxic and
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biodegradable.”®* Gelatin (Gel) is widely used in the biomedical field because of its advantageous qualities, such as
biodegradability.”'! In addition, Gel also encourages cell adhesion and proliferation.'*'* Common hydrogels like Alg and
Gel were usually cross-linked with divalent cations like Ca*", which do not provide cell adhesion ligands but instead promote
cell attachment and differentiation.'* The cross-linked alginate-gelatin (GA) hydrogel has a stable three-dimensional network
structure and is a viable biomaterial for bone repair, as demonstrated by the creation of an injectable GA scaffold."’
Additionally, it has been demonstrated that adding Alg to Gel hydrogel could improve material toughness without significantly
changing Young’s modulus.'® At the same time, the incorporation of nanoparticles could slightly enhance the mechanical
characteristics and stability.'” Previous research in the area of bone regeneration has shown that a hydrogel scaffold made
primarily of collagen and hyaluronic acid provides an environment that closely resembles the extracellular matrix of cartilage
and could be utilized to repair cartilage defects.'® Hydrogels are extensively used in the medical field, while their application in
tissue engineering is limited by their poor mechanical strength. However, studies have shown that employing naproxen as the
drug coating and Alg and Gel as the raw ingredients, a unique soft and hard tissue regeneration scaffold was produced. Drug
coating increased the polymer adhesion, as well as gained the hardness of chemical bonds."’

Even though composite hydrogels made from Gel and Alg are three-dimensional network polymers with the ability to
absorb and store water as well as have strong cell adhesion and safety, they do not have a great deal of potential for
enabling bone.'® Whatever the case, hydrogels are often used as scaffolds to load nanoparticles. For instance, it has been
proposed that the usage of cross-linked chitosan-Gel and Fluorohydroxyapatite bioceramics that have been freeze-dried
at —76°C for 48 h can aid in bone regeneration.”’ Nanoparticle concentration could boost scaffold compressive strength
while lowering the penetration rate. Additionally, Alg-hydroxyapatite-coated porous bone scaffolds had improved cell
activity, decreased porosity, and higher mechanical strength, making them better suited for use as bone scaffolds.”’
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Due to their unique catalytic activity, cerium oxide nanoparticles (nCeQO,) have recently gained increasing interest in
biomedical applications. By observing alterations in the local tissues and major organs following subcutaneous implanta-
tion of nCeO, for 28 days in rats, the safety of nCeO, was investigated.”” The findings showed that nCeO, have no
detrimental impact on important organs and do not considerably stimulate local tissues, proving their biological safety.
As an effective treatment for diseases brought on by free radicals or oxidative stress, nCeO, has drawn a lot of interest.”®
It is interesting to note that during redox processes, nCeO, could quickly change the oxidation state between Ce*" (CeO,)
and Ce** (Ce203).24 Moreover, due to their antioxidant capacity, nCeO, are considered to be efficient reactive oxygen
species (ROS) scavengers, and ROS are crucial to the homeostatic balance of bone.** It has been claimed that nCeO,
could promote osteogenic differentiation via stimulating M2-type macrophage differentiation together with mesenchymal
stem cell differentiation.”® In addition to aligning the development of stem cells, nCeO, also increased the polymer
scaffold surface’s bioactivity to encourage cell adhesion.?” Similarly, composite scaffolds containing nCeO, dramatically
enhanced bone repair.®® According to studies, covering implants with nCeO, could boost bone mesenchymal stem cell
osteogenic activity and encourage osteoblast growth.?’ These findings offer fresh proof of Ce’s bone metabolism process
as well as fresh concepts for the future practical use of nCeO,.

Given the advantageous characteristics of Gel, Alg, and nCeO,, we sought to determine if gelatin-alginate nano-
composite cerium (GA-nCeO,) hydrogel scaffold may be used in bone regeneration to increase the composites’ ability to
repair broken bones. By creating a particular microenvironment, the hydrogel scaffold, a porous matrix, helps to promote
cartilage/osteochondral repair and regeneration.>® Scaffolds should ideally be able to (1) support cell survival, prolifera-
tion, and differentiation; (2) have an appropriate mechanical strength; (3) degrade at a specific rate; (4) be biocompatible.
As depicted in Graphical abstract, we aimed to confirm the efficient production of GA-nCeO, nanocomposite lyophilized
hydrogel scaffold and investigate its features, physical properties, capacity for osteogenic differentiation, and in vivo
biocompatibility.

Materials and Methods

Materials

All reagents including alginate (Mw = 600 Kg/mol, M/G = 1.2, the viscosity is 200 mPa-s), gelatin and CaCl,, NaOH,
phosphate-buffered saline (PBS), Bicinchoninic Acid (BCA) Protein Assay Kit (Meilunbio), and all cell culture reagents
were available from Solarbio. Aladddin’s Ce(NOs);-6H,O was employed as the starting compound. Cell culture
investigations were conducted using MC3T3-El. Jiancheng Bioengineering Institute provided the Alizarin red stain
(ARS) and alkaline phosphatase (ALP) assay kit.

Cerium Oxide Nanoparticle (nCeO,) Synthesis

nCeO, was synthesized using Ce(NOj3);-6H,0 as a starting material. 0.5 g Ce(NO;3)3-6H,0O was dissolved in 10 mL
deionized water and 18 g of NaOH in 30 mL deionized water, respectively. Subsequently, the aqueous Ce(NOs3); solution
was transferred to a stainless-steel autoclave lined with Teflon, followed by the dropwise addition of liquid NaOH and
stirring for 10 min. The autoclave was then sealed and kept in a furnace at 150°C for 24 h. The precipitate was separated
and collected by centrifugation, followed by alternate washing with deionized water and anhydrous ethanol, and finally
dried at 100°C to a yellow powder.

Preparation of GA Containing nCeO,

The GA with nCeO, scaffolds was prepared by freeze-drying. 2% Alg solution and 10% Gel solution were prepared and
then mixed to get the GA polymer mixture. To prepare nanoparticle-containing scaffolds, 1000 ug/mL nCeO, was added
to the blend. The scaffolds were cross-linked with calcium chloride solution (8%). In the final step, the scaffolds were
cleaned and freeze-dried. Alginate alone, pure gelatin and nCeO, alone, gelatin/alginate mix, and gelatin/alginate with
nCeO, denoted as Alg, Gel, nCeO,, GA, and GA-nCeO, hydrogel scaffold, respectively. Additionally, equal volumes of
Gel, Alg, GA, and GA-nCeO, solutions were cast onto the pore plates to obtain the same diameter and thickness of
scaffolds.
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Material Characterization and Physical Properties

Dynamic Light Scattering and Zeta Potential Analysis

Nanoparticle Tracking Analysis and Dynamic Light Scattering (DLS) were carried out in suspensions. The zeta
potentials of nCeO, were measured by Zetasizer (Malvern Zetasizer Nano ZS90) DLS method. The zeta potential and
average particle size of nanoparticles were obtained by analysis. In triplicate, take the average value. The results were
expressed by mean + standard deviation (SD).

X-Ray Diffraction, X-Ray Photoelectron Spectroscopy, and Fourier Transform Infrared

X-ray diffractometry (XRD, Bruker AXS) was used to examine the XRD patterns of the five groups: Alg, Gel, nCeO,,
GA, and GA-nCeO, hydrogel scaffold, respectively. The surface chemical makeup and valence of nCeO, and GA-nCeO,
hydrogel scaffold were assessed using X-ray photoelectron spectroscopy (XPS, Thermo Fisher Scientific). The specific
functional groups in the hydrogels were determined by Fourier transform infrared (FTIR, Thermo Fisher) analysis, with
spectra recorded in the range of 4000 to 600 cm .

Transmission Electron Microscope and Scanning Electron Microscope

Transmission electron microscopy (TEM, FEI TalosF200x) was used to characterize the size and shape of nCeQO,. After
spraying gold on the cross-section of the scaffold, the surface morphology of composite scaffolds was observed by
scanning electron microscope (SEM). The main porosity of the scaffold was automatically calculated from SEM images
using Image] software.

Analysis of the Catalytic Mimetic Activity of Alg, Gel, nCeO,, GA, and GA-nCeO, Hydrogel Scaffold

The Total Superoxide Dismutase (SOD) Assay Kit with WST-8 (S0101, Beyotime) was used by the manufacturer’s
instructions to measure the SOD activity of Alg, Gel, nCeO,, GA, and GA-nCeO,. Absorbance was gauged at 450 nm.
The peroxidase activity of nCeO, and freeze-dried scaffold was assessed using a catalase (CAT) activity assay kit
(S0051, Beyotime). The absorbance was measured at 450 nm.

Swelling Study

The lyophilized hydrogel samples were weighed as (W) and impregnated with 3 mL PBS (pH 7.4) to determine
hydrogel swelling, and swelling was allowed to persist for 48 h to achieve equilibrium. After absorbing the excess
solution on the hydrogel scaffold with filter paper, the swollen scaffold was weighed as (W;). Finally, the swelling ratio
of hydrogels was calculated using the following formula: swelling ratio (%) = (W;-Wy) /W4 x 100%.

Degradation Behavior

The initial mass of the hydrogel (W,) was measured precisely. Subsequently, the lyophilized hydrogel samples were
submerged in 5 mL of PBS (0.01 M, pH 7.4) and incubated at 37°C. The scaffold was then separated from PBS and
lyophilized, and their final weight (W;) was measured. The experiments were performed in triplicate. The extent of
in vitro degradation was calculated using the following equation: remaining (%) = W/Wox 100%.

Mechanical Testing

The compression modulus of the hydrogel (25 mm diameter, 10 mm thickness) was evaluated using a universal testing
machine at room temperature. All hydrogel samples were compressed at a displacement rate of 2 mm/min. The
compression modulus was determined by linearly fitting stress—strain curves.

In vitro Biocompatibility
All cell culture-related studies used scaffolds of the same shape (cylindrical) and size. For sterilization, the scaffold was
soaked in 75% ethanol in the presence of ultraviolet (UV) light for 1 h, and then the scaffold was cleaned with PBS.'

Cell Culture on Hydrogels
We used MC3T3-El cells to study the effects of proliferation and differentiation of hydrogel scaffolds. Cells were
cultured in Dulbecco’s modified Eagle medium containing 10% fetal bovine serum and 1% penicillin and streptomycin at
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37°C and 5% CO,. On day 3, the medium was changed, and when the cell density reached 80%, the cells were separated
with 1% (w/v) trypsin-EDTA, and the digested cells were used for further experiments. To further study osteoblastic
differentiation in vitro, dexamethasone, sodium glycerol B-phosphate, and L-ascorbic acid were added to the medium to
prepare an osteoinductive medium.

Cell Morphology and Proliferation on GA-nCeO, Hydrogel Scaffold

MC3T3-E1l cells were cultured on different groups for 3 days, and their morphology was observed by SEM. Cell
proliferation on hydrogel was further assessed by the CCK-8 assay, a colorimetric method for determining the number of
viable cells. Cells were inoculated into 96-well plates with approximately 100 ul of cell suspension per well at each time
point (1, 2, and 3 days). 10 pL of CCK-8 solution was added to each well and incubated at 37°C for 1 h. The optical
density (OD) at 450 nm was measured using a spectrophotometer (HBS-1069A). Five parallel lines were available for
each sample, and the average was taken.

Additionally, Live/Dead staining was used to assess the cytocompatibility of the hydrogel lyophilized scaffolds. The
Alg, Gel, GA, and GA-nCeO, hydrogel scaffold were, respectively, submerged in the culture medium for 24 h at 0.1 g/
mL to produce the leaching solution. 5000 cells/well were used to cultivate the cells on 48-well plates, which were then
stained on the third day with a Live/Dead Cell Double Staining Kit (Meilunbio). After staining the cells after 30 min of
dark incubation, 300 uL PBS was used to wash them. In the end, an inverted fluorescent microscope was used to view the
cells.

Osteogenic Differentiation of Preosteoblasts on GA-nCeO, Hydrogel Scaffold

ALP Activity Measurements and Cell Mineralization

ALP is commonly used as a marker for osteogenesis. The activity and total protein concentration of ALP were evaluated
using ALP kits according to the manufacturer’s protocol. In summary, MC3T3-E1 cell suspension was added to 24-well
culture plates (at a density of 1x10° cells/well) with different hydrogel scaffolds at the bottom of each well. On days 7
and 14, cells were collected for relative quantification of ALP. ALP levels were assessed using a colorimetric method at
405 nm and normalized to total protein content. For ALP staining, scaffolds containing cells at 7 days were washed with
PBS, fixed in 4% paraformaldehyde, and stained with the Bicinchoninic Acid (BCA) Protein Assay Kit (Meilunbio). To
evaluate the mineralization of hydrogels, on days 14 and 21 of osteogenesis induction, fixed with 4% paraformaldehyde
for 30 min, and then stained with ARS. They were observed under a microscope and photographed. 1 mL of
cetylpyridinium chloride was added to each well and incubated for 15 min at room temperature to dissolve the calcium
nodules. The OD value was measured at a wavelength of 540 nm with an enzyme marker.

Osteogenic Gene Expression

To evaluate the bone formation induction, we measured osteogenesis-related gene expression levels (runt-related
transcription factor 2 (Runx-2), alkaline phosphatase (ALP), collagenl (Col-1), osteocalcin (OCN), and B-actin using
real-time PCR. Briefly, RNA was extracted from hydrogel-cultured cells using Trizol reagent (Invitrogen). After that,
RNA was reverse transcribed into cDNA using PrimeScript' VRT Reagent Kit (Takara). A Bio-Rad iCycler Real-time
PCR System was used to amplify and quantify target gene cDNA levels. The gene expression levels of each sample were
calculated using the 2—AACt method, which was repeated three times. The primer sequences are shown in Table 1.

Table | Primer Sequences Used for qRT-PCR

Gene Forward Sequence Reverse Sequence
ALP GGCAAAGAGGGAGCTAGAA ATGGCCGTGCAGATGTA
OCN AGCAGGAGGGCAATAAGGT GCTTTAGGGCAGCACAGG
Runx-2 CCTCCAGCATCCCTTTCTT CCTTTTCCCTCCTTGCCT
Col-1 GACATGTTCAGCTTTGTGGACCTC GGGACCCTTAGGCCATTGTGTA
B-actin CATCCGTAAAGACCTCTATGCCAAC ATGGAGCCACCGATCCACA
International Journal of Nanomedicine 2022:17 https: 6565
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In vivo Animal Studies

Femoral defect models were created in 8-week-old male SD rats following a protocol approved by the Institutional
Animal Ethics Committee of Qingdao University Laboratory Animal Center (20210708SD1520210920064) and were
conducted in strict accordance with the guidelines for Ethical Review of Laboratory Animal Welfare in China (GB/
T35892-2018). Briefly, the rat was anesthetized by isoflurane inhalation, a 2 cm linear incision was made in the proximal
femur. A single cortical defect, 2 mm wide and 4 mm long, was created on the lateral aspect of both sides of the femur.
After creating the femoral defect, the left area was filled with a pre-designed scaffold. The right area is the blank group.
After surgery, the rats were administered 3% penicillin and kept in separate cages. At postoperative weeks 4, 6, and 8, the
left femurs with the implanted composite were harvested for microcomputed tomography (micro-CT) analysis, and the
harvested femur samples were fixed in 4% paraformaldehyde, followed by micro-CT testing, and hematoxylin and eosin
(H&E) and Masson staining.

Statistical Analysis

Data were expressed as mean = SD and analyzed with SPSS (SPSS Inc., Chicago, IL). One-way ANOVA and Tukey’s
multiple comparison test were used to assess differences between groups, and p values <0.05 were statistically
significant.

Results and Discussion

Characterization of nCeO,

In this study, nCeO, were synthesized by the coprecipitation method, and TEM and DLS analysis were used to examine
their morphology and size. Zeta potential was assessed after the ultrasonic pulse had suspended nCeO,. The cubic nature
of the generated nCeO, was confirmed by TEM, as shown in Figure 1A. According to DLS data, nCeO, has an average
particle size of 22.13 + 1.21 nm and a zeta potential of —19.1 + 1.31 mV (Figure 1B and C). The high surface charge of
nanoparticles causes repulsive force, which makes it difficult for them to recombine and maintain the created nanopar-
ticles in a stable state.*

The synthetic nCeO,’s X-ray diffraction pattern’s peaks closely matched the typical cerium pattern (PDF2: 34-0394),
confirming the extraordinary purity of the nanoparticles we made (Figure 1D). As shown in Figure 1E, Ce 3d;, of
916.68, 907.75, and 901.4 eV for CeO, and Ce 3ds/, of 898.82, 888.04, and 882.76 eV for CeO, (solid line); Ce 3d;/, of
Ce,03 904.27 and 899.23 eV for Ce,03 and 885.02 and 880.7 eV for Ce 3ds, (dashed lines). Figure 1F shows the
relative evolution of the Ce 3d XPS spectra of the nCeO,. The corresponding quantitative results for the valence
concentration ratios shown in the figure indicating the ratio of surface Ce*" (Ce0») to surface Ce* (Ce,05) was 61.49%
to 38.51%. According to the XPS data, Ce*" predominates in the valence state, and a small number of Ce®" coexist with
Ce*'. As a result of this coexistence, nCeO, is crucial in catalytic and biological processes based on electron transport
pathways.**> Because it could switch between Ce*" and Ce*", nCeO, was exceptional in redox chemistry. This property
makes nCeO, comparable to biological antioxidants like CAT and SOD, and it is essential for the elimination of ROS
such as the superoxide radical (O,"~) and hydrogen peroxide (H,0,).**

ROS has come under scrutiny as a possible etiology for metabolic bone diseases. CAT, an enzyme scavenger, may
break down H,O, into molecular oxygen and water in vivo to safeguard cells from the toxicity of H,O,. It plays a crucial
role in the body’s defense system as an enzyme. The vital free radical scavenger SOD helps the body defend itself against
oxidative damage by removing excess superoxide anion radicals, such as O,". The catalytic action of nCeO, on SOD is
accomplished through the alternating electron gain and loss of Ce*" (oxidized state) and Ce®" (reduced state).***> After
the superoxide anion radical first forms an inner boundary complex with nCeO,, Ce*" is reduced to Ce*" by the
superoxide anion radical, which also generates O,", and Ce*" is oxidized to Ce** by HO,™, which also generates
H,0,. Additionally, nCeO, might function as a reductase, a mechanism similar to the conversion of electrons from Ce**
to Ce*". Then nCeO, mimics the CAT enzyme, which could catalyze the decomposition of H,0, into H,O and O,. The
process could be divided into two steps: 1) H,O, was used as a reducing agent to transfer two H atoms to nCeO,, and
H,0, is oxidized to O, to leave, thus obtaining the active intermediate H,-CeO,. 2) Then H,0, can be used as an oxidant

6566 e International Journal of Nanomedicine 2022:17
Dove!


https://www.dovepress.com
https://www.dovepress.com

Dove Li et al

>
w
(@)

0
nCeO, nCeO,
30
- S
= 25 -104
g E
2 -
é 20 ;..E‘
gs 22 e
] =
£ g
E 10 3
5 -30 1
0 : . .
10 20 30 40
Size (d.nm)
D nCeO, E nCeO, Ce3d F nCeO: Ce3d
Ce.3+ cett / ,“‘
= ‘ Y
= n|\
§ KJ Kd :—,.A_-.—.i!‘ \‘ pcagt! N
P N/ 1 |\ /
S g z X XK /\
& 5 H \ A
2 S \ & ‘
7] \ /
= N\ \
Ll - X \
= g o . e Cet*: cePt = 61.49%: 38.51% W\
S §| S ’ B NN
B S T T
20 40 60 80 920 910 900 390 880 920 910 900 890 880
20 = Degree Binding energy (eV) Binding energy (eV)

Figure | Characterization of nCeO,. (A) TEM images of nCeO,; (B) Particle size distribution of nCeO,; (C) Zeta potential analysis of nCeO,; (D) XRD analysis of nCeO,;
(E) XPS analysis for the coexistence of Ce** and Ce** in the nCeO,; (F) XPS analysis for the ratio of Ce** and Ce** in the nCeO,.

to capture H atoms in the active intermediate H,-CeO,, and H,O, is reduced to H,O to leave.*® The SOD and CAT
enzymes’ abilities to scavenge ROS could be mimicked by the redox cycle between Ce** and Ce*".

Characterization of GA-nCeO, Hydrogel Scaffold

In order to examine the microstructure of the lyophilized hydrogel, a SEM was employed. Figure 2A-D illustrated how
each scaffold had a typical three-dimensional porous structure with pore walls that were relatively related to one another,
promoting cell adhesion and extension. Figure 2E, an enlarged view of the red dashed box in Figure 2D, clearly showed
the uniformly distributed nCeO, attached to the scaffold material, while the interpolation showed the transmissive
structure of the cube nCeO, attached to the scaffold. It has been demonstrated that freeze-drying could be used to
homogenize nanoparticles in natural biopolymers and create porous biological nanocomposites with ordered porosity
distribution and honeycomb structure.>’® The possibility of implanting bioactive scaffolds into bone tissue now has
a new source. Given their major effects on angiogenesis and bone tissue formation, the pore size and porosity of hydrogel
are recognized as key elements in bone tissue engineering.®** As shown in Figure 2F, the mean pore ratio of Alg, Gel,
GA, and GA-nCeO, hydrogel scaffolds was 59.21 + 3.21%, 71.20 + 2.41%, 67.38 £ 1.57%, and 70.61 £+ 1.94%,
respectively. The GA scaffold’s porosity did not alter significantly from the GA scaffold’s porosity following the addition
of nCeO,. There is strong evidence that a scaffold’s porosity should be between 50% and 90% to achieve the desired
biological and physical properties,**** and the fact that GA-nCeO, scaffolds fall within this range might be one of the
arguments in favor of the scaffold material as a potential candidate for bone tissue engineering.®'

The structure and components of the composite scaffold are deciphered in Figure 3A. Figure 3B shows the XRD
patterns of Alg, Gel, nCeO,, GA, and GA-nCeO, hydrogels. The XRD pattern of Alg hydrogels showed two narrower at
32.0° and 47.1° diffraction peaks and the Gel hydrogels exhibited strong reflection at 20-21°, which was corresponding
to a short-range ordered structure.’® As previously mentioned (Figure 1D), the XRD patterns of nCeO, were consistent
with the typical cerium oxide pattern. These unique XRD peaks were defined by their respective indices (111), (200),
(220), (311), (222), (400), and (420).*%*' The diffraction peaks of Gel and Alg mixed with nCeO, broadened
significantly and moved to lower 26. The addition of GA caused the peaks of the GA-nCeO, hydrogel to weaken at
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Figure 2 SEM images and porosity analysis of hydrogels: (A) Alg; (B) Gel; (C) GA; and (D) GA-nCeO,; (D) the distribution of nCeO, in the GA-nCeO, hydrogel scaffold;
(E) the enlargement of the red dashed rectangle in (D) distribution of nCeO, in the GA-nCeO, hydrogel scaffold (inset: transmission structure map of nCeO, shown by red
arrows); (F) the porosity analysis of the Alg, Gel, GA and GA-nCeO, hydrogel scaffold.

the first peak while enhancing the second peak, indicating a phase transition during the composite process. FTIR spectra
of Alg, Gel, nCeO,, GA, and GA-nCeO, hydrogels are shown in Figure 3C. The absorption bands in the FTIR spectra
were assigned to the vibrations of the corresponding functional groups based on published data for Gel** ** and Alg.*>*¢

The absorption peaks at 1600 cm™' and 1415 cm™!

in the pure Alg infrared spectrum were attributed to the asymmetric
and symmetric stretching vibrations of the alginate groups, respectively. Moreover, absorption bands were observed at
1635 cm™ ' (asymmetric stretching vibration of the COO group) and 882 cm ' (extension of the nCeO, group). The
absorption band at around 1400 cm ' represented the carboxyl group of Gel. In addition, the two absorption peaks at
1635 cm ! and 1464 cm ™' correspond to the amide I and amide II bands of Gel. Typically, the background spectrum of
nCeO, contained bands corresponding to the surface hydroxyl groups. The absorbance peak at 800 cm™' was ascribed to
Ce-O bonds, which belong to crystalline cerium oxide active phonon modes in a range of 900400 cm '.*” > In addition,
cerium oxide usually contains carbonates, which are thought to exist in the subsurface layer and are difficult to remove
and correspond to bands in the 1600-1260 cm ' region.*® In the physically mixed FTIR spectra of Alg and Gel, the
tensile vibrational bands of the GA at 852 cm ' gradually weakened with the addition of the nCeO,. In addition, the

expansion at 3500-3000 cm '

might be due to the interaction of the hydroxide groups contained in GA with representa-
tive oxide groups contained in nCeO,. These changes indicated a strong molecular interaction between Alg and Gel
chains through the self-organization of polyelectrolyte complexes, including hydrogen bonding and electrostatic
attraction.

The surface XPS survey spectrum of the GA-nCeO, hydrogels is displayed in Figure 3D. Ce came from nCeO,,
C and N from Alg and Gel, and Ca came from calcium chloride, a crosslinking agent. It was worth noting that the
appearance of Ce indicated that nCeO, has been successfully added to the hydrogel scaffold. The single spectrum
revealed that GA-nCeO, hydrogels had a double oxidation state and could change between Ce*" and Ce**, indicating that
the GA-nCeO, hydrogels would be capable of acting as an antioxidant.

Figure 3E and F showed the SOD and CAT enzyme simulated activities of Alg, Gel, GA, nCeO,, and GA-nCeO,
hydrogels. According to the results, the SOD and CAT enzyme activity of nCeO, and GA-nCeO, hydrogels was
significantly higher than other groups. However, the CAT activity of GA-nCeO, hydrogels was slightly higher than
that of pure nCeO,. Previous studies have shown that GA biocompatible hydrogel prepared with calcium chloride as an
ionic crosslinking agent could improve the stability of CAT and achieve effective application.’'>* This might be the
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Figure 3 Material Characterization and Physical Properties: (A) The illustration of the GA-nCeO; hydrogel scaffold (inset: GA-nCeO, hydrogel scaffold before and after
lyophilization). (B) XRD patterns of Alg, Gel, GA, nCeO, and GA-nCeO, hydrogel scaffold; (C) FTIR spectra of Alg, Gel, GA, nCeO, and GA-nCeO, hydrogel scaffold; (D)
XPS analysis of GA-nCeO, hydrogel scaffold; (E) The SOD activity of Alg, Gel, GA, nCeO, and GA-nCeO, hydrogel scaffold; (F) The CAT activity of Alg, Gel, GA, nCeO,
and GA-nCeO, hydrogel scaffold; (G) Equilibrium swelling studies of Alg, Gel, GA, nCeO, and GA-nCeO, hydrogel scaffold; (H) Degradation test of Alg, Gel, GA, nCeO,
and GA-nCeO,; hydrogel scaffold; (I) Mechanical properties of Alg, Gel, GA, nCeO, and GA-nCeO, hydrogel scaffold (stress—strain curve). The asterisks indicate
a statistically significant difference between the two groups (*p < 0.05).

reason why the CAT enzyme activity of GA-nCeO, was higher than that of other groups. The SOD activity of GA-nCeO,
hydrogels was slightly lower than that of pure nCeO,. This might be a result of the presence of hydrogel scaffold
affecting the direct interaction between the incorporated nCeO, and the enzyme substrate.

Excessive and persistent ROS levels could cause oxidative stress to limit the regeneration of healthy bone tissue.>?
Additionally, oxidative stress could cause the death of osteoblasts and osteocytes, as well as prevent the osteoblast
differentiation of bone marrow progenitor cells.*® The most prevalent antioxidant enzymes that help shield cells from free
radicals are SOD, CAT, and glutathione peroxidase.”® As a new antioxidant biomaterial, nCeO, might be able to
neutralize dangerous free radicals and restore the redox equilibrium of healthy cells due to its both SOD and CAT
enzyme activity.**>' Therefore, GA-nCeO, hydrogel could be able to eliminate ROS, encourage cell division, differ-
entiate into osteoblasts with osteoinductivity, and defend osteoblasts from harm.

Physical Properties of GA-nCeO, Hydrogel Scaffold

Another significant factor affecting the mechanical properties of gels is the hydrogels’ tendency to swell.’>>® From the
SEM images (Figure 2D), the component lyophilized hydrogel scaffolds contained interconnected pores, which demon-
strated good swelling capabilities. As shown in Figure 3G, the mean swelling rates of Alg, Gel, GA, and GA-nCeO,
hydrogel scaffolds were, respectively, 72.68 + 2.31%, 45.39 + 3.18%, 65.86 + 3.78%, and 70.00 + 4.58%. Figure 3G has
also illustrated how the swelling rate was significantly reduced, supporting the idea that Gel could influence the swelling
rate of hydrogels.
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The in vitro degradation of hydrogel lyophilized scaffolds is shown in Figure 3H. After 28 days, the percentage
degradation of Alg, GA, and GA-nCeO, hydrogels was 45.32 + 0.52%, 63.71 £ 0.56%, and 56.33 + 1.12%, respectively.
According to reports, the scaffold structure’s inclusion of Gel speeds up deterioration.>” It is generally known that hydrogels
can only be successfully employed as scaffolds for bone tissue engineering if they degrade at the right rate.>® In this respect,
it has been shown that the degradation of GA and GA-nCeO, scaffolds was higher than that of Alg but lower than that of
Gel. The high crosslinking density of the hydrogels hinders lysozyme activity due to the addition of divalent cations,
reducing the rate of Gel-induced biodegradation.>® The structure of GA became more complete with the addition of nCeO,,
which was likely a result of enhanced intermolecular cross-linking and made it challenging for the enzyme to access the
attack site in the gel structure. This result suggested that nCeO, might be added to GA to lessen the deterioration of
hydrogels brought on by the addition of Gel. Hydrogel scaffold needed certain degradation ability, so that nanoparticles
could be released and exert their double oxidation.**¢"'

For bone tissue engineering, scaffolds with appropriate mechanical properties were needed, especially compressive
strength, as shown in Figure 31. At 80% strain, the compressive strengths of Gel, Alg, GA, and GA-nCeO, hydrogels
were 1.29 MPa, 9.75 MPa, 2.35 MPa, and 8.46 MPa, respectively. As previously noted, the addition of nCeO, resulted in
the formation of an integral GA-nCeQ, structure, and the improvement in compressive strength may be attributable to
their structural integrity. The structure of Alg exhibited increased stiffness and Gel provided a matrix with a precise shape
for cell adhesion and value addition.’®®> Mechanical strength was substantially impacted by the hydrogel scaffold’s
porosity and degree of cross-linking.®*** In addition to preventing the irreversible hydrolysis of Gel, using cationic cross-
linked Gel gives it more mechanical strength than the simple Gel fraction. This is most likely because an ester bond
forms between the hydroxyl and carboxyl groups of the Alg and an amide bond between the carboxyl and amino groups.

Cell Proliferation and Morphology of MC3T3-El Cells on the GA-nCeO, Hydrogel
Scaffold

In this study, MC3T3-E1 cells were used as a model cell line to evaluate how osteoblasts responded to ceria and hydrogel
scaffolds. Cell adhesion, diffusion, and proliferation are very strongly influenced by surface form, roughness, and wetting
behavior. It is vital to select biomaterials for bone tissue implants that optimally encourage cell adhesion, migration, and
expansion.” >

Bone tissue engineering scaffolds require good biocompatibility.*>*® The adherence and development of MC3T3-E1
cells on the scaffold were investigated in this work. After the third day of cell culture on the scaffold, each group’s
adherence and growth were examined at 500x magnification (Figure 4A-D). The figure shows that although there were
variations in the extension status, cell adhesion was evident in each group of scaffolds. The 3D structure of the GA-
nCeO, hydrogel scaffold may be responsible for cell adhesion. Hydrogel porosity is crucial because large surface areas
encourage cell attachment and ingrowth.®” Figure 4A depicts the cell attachment to the Alg scaffold with prominently
projecting nuclei. Numerous cells could cling to Gel scaffolds with good development, as illustrated in Figure 4B. Cell
extension and adhesion were more pronounced in GA-nCeO, hydrogels than in other groups as they developed more
uniformly with thick and lengthy protrusions extending around them (shown by red arrows). This indicated that the
surface roughness of the GA-nCeO, nanocomposite scaffold was increased by the addition of nCeO,, improving cell
adhesion.

Additionally, the proliferation of MC3T3-E1 cells on the scaffolds in each group was assessed using the CCK-8 assay.
Figure 4E demonstrates how each group’s MC3T3-E1 proliferation grew over time. The proliferation of MC3T3-E1 cells
cultured on the GA-nCeO, hydrogel scaffolds was significantly faster than other groups (p < 0.05). In addition to labeling
the MC3T3-E1 cells for life or death, responses of the cells to the four distinct hydrogel extract groups were also noted.
Figure 4F-1 showed that on the third day, the culture plates of all groups were covered with green fluorescence,
indicating that the cells have survived and that the hydrogel extracts of different compositions have not adversely
harmed the cells.

The GA-nCeO, scaffold consists of 1000 pug/mL of nCeO,, which is the appropriate concentration for bone-building.*®
According to certain theories, nCeO, might enhance cell development in degradable polymer matrices because it has dual-
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Figure 4 In vitro biocompatibility of MC3T3-El cells on the hydrogel scaffold: (A-D) the SEM images of MC3T3-El cells cultured on the Alg, Gel, GA, and GA-nCeO,
hydrogel scaffold for 3 days (red arrows showed cells stretched by adhesion on hydrogels); (E) CCK-8 assay for cells cultured for |, 2, and 3 days on Alg, Gel, GA, and GA-
nCeO, hydrogel scaffold; (F-I) Live and dead staining for cells on Alg, Gel, GA, and GA-nCeO, hydrogel scaffold at 3 days. Scale bar: 50um. The asterisks indicate
a statistically significant difference from the groups (*p < 0.05).
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oxidation capabilities and its antioxidant mechanism could encourage cell adhesion and proliferation.'’ This might be
attributed to the Ce*'/Ce®" ratio of nCeO,, which has a strong antioxidant activity and promotes cell proliferation when the
ratio is high (Figure 1F). The pores created by the lyophilization of the material offer the cells with pathways for exchanging
nutrients and metabolites, which was one of the factors contributing to cell adherence and proliferation.®® As the hydrogel
scaffold degrades, the exposed negatively charged nCeO, (Figure 1C) could modify protein adsorption, alter integrin-matrix
interactions on the surface, pull positively charged ions from the surrounding medium, and encourage cell adhesion and
proliferation. Previous studies looked at the function of Ce valence in osteoblasts and examined how the cell adheres to Ce**
and Ce*". Cell shape and diffusion could be directly altered by changes in Ce valence. Ce*" is often a stable valence state in
nCeO, (Figure 1F). In Ce*", it is easy to see how actin filament formation and vinculin activity occur. Significant activity is
present in dot-filamentous pseudopodia in Ce*".**7® This finding suggested that filamentous pseudopodia play a function in
cell environment sensing and create new adhesion connections that drive cell migration and diffusion. In addition, according to
previous research, nCeO,/Alg coatings showed an equivalent and continuous ability to effectively remove environmental
ROS.** Superoxide anions created by adjacent cells may be eliminated by the unique enzyme activity of nCeO,, which would
also provide a microenvironment favorable to cell growth.

Mineralization of MC3T3-El Cells on GA-nCeO, Hydrogel Scaffold

Pro-osteoblastic MC3T3-E1 cells mineralize in vitro to produce significant extracellular calcium deposits. ALP activity, cell
mineralization, and osteogenesis-related gene expression assays were used to assess osteoblast differentiation with Alg, Gel,
nCeO,, GA, and GA-nCeO,. At days 7 there was no discernible difference between the GA-nCeO, hydrogel scaffold and
GA groups, but much higher than the Alg and Gel hydrogel scaffold as shown in Figure 5A and B. However, at days 14, the
ALP activity of the GA and GA-nCeO, scaffold materials dramatically increased. ALP activity was higher in GA-nCeO,
scaffolds than in GA and other scaffolds. This result showed that MC3T3-E1 could differentiate into osteoblasts more
quickly when nCeO, were added, and a greater number of cells did so. The results of the ALP activity assay on the GA-
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Figure 5 ALP Activity Measurements and Cell Mineralization: (A) ALP staining images at 7 and 14 days; (B) ALP activity of cells cultured on hydrogel scaffold for 7 and 14
days. (C) ARS-stained images at 14 and 21 days; (D) mineralization of cells cultured on hydrogel scaffold for 14 and 21 days. Scale bar: (A and C) 125 um. The asterisks
indicate a statistically significant difference from the groups (*p < 0.05).

nCeO, scaffold showed that it was still active after 14 days, indicating that osteoblasts were actively driving the
mineralization process before induction. Figure 5C and D depicted the mineralization of cells at 14 and 21 days, which
is a sign of late osteogenic development in cells. Furthermore, compared to the other four groups, GA-nCeO, scaffolds
showed the highest cell mineralization (a sign of late osteogenesis) (Figure 5D). This result demonstrated that the potential
of MC3T3-E1 cells to stimulate bone formation was well enhanced by the addition of nCeO,.

The osteogenic gene expression generated by the GA-nCeO, hydrogel scaffold is shown in Figure 6A. Widely used
early indicators in the differentiation of osteoblasts were Runx-2 and ALP.”' It has been demonstrated that Runx-2
controls the transcription of genes involved in osteogenic differentiation in the MC3T3-El cell line during the early
stages of osteogenesis. Runx-2 gene expression levels are significantly correlated with osteoblast activity and osteogenic
differentiation. As shown in Figure 6B-D, Runx-2 expression at days 7, 14, and 21 in GA and GA-nCeO, scaffolds was
assessed. Compared to days 7, the expression of Runx-2 was increased on day 14. Runx-2 levels were greater in GA-
nCeO, scaffolds than in nCeO, and GA scaffolds at 14 days (p < 0.05). ALP gene expression steadily reduced from 14 to
21 days, which was in line with reports that ALP activity gradually declined throughout the transition from osteoblasts to
osteogenesis. When combined with the ALP assay in the upper part, the elevation of the early marker ALP from 7 to 14
days demonstrated the significance of GA-nCeQO, scaffolds in the early differentiation of bone. It was evident from the
XPS examination of the nCeO, and GA-nCeO, scaffolds (Figures 1E, 1F and 3D) that nCeO, existed in both valence
states. The degradation of the GA-nCeO, scaffold increases over time, exposing more nCeO,. The high Ce*"/Ce*" ratio
in the early stage caused nCeO, to demonstrate catalytic activity, which removes ROS from cells and speeds up
osteoblast differentiation. Additionally, nCeO, may stimulate the bone morphogenetic protein (BMP) signaling pathway
and interact with bone morphogenetic protein receptor (BMPR) to promote the production of Smad proteins that have
been phosphorylated.”*”* Then smad1/5/8 expression is further activated by nCeO,, which activates the BMP signaling
pathway and interacts with the BMPR and p-Smad1/5/8 binds to Smad4, leading to upregulation of the osteogenic master

transcription factor Runx-2.
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Figure 6 Osteogenic gene expression of MC3T3-El cells cultured on the hydrogel scaffold: (A) The illustration of the gene expression on GA-nCeO2 hydrogel scaffold; (B)
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days; (D) relative osteogenic gene expression of cells after culturing on the hydrogels for 21 days.

Notes: Runt-related transcription factor 2 (Runx-2), alkaline phosphatase activity (ALP), collagen type | (Col-1), osteocalcin (OCN). In (B—D), osteogenic gene expression
of MC3T3-El on culture disks without hydrogels was used as the calibrator. The asterisks indicate a statistically significant difference from the groups (*p < 0.05).

Col-1, a protein in the extracellular matrix, promotes osteoblast adhesion and development and aids in bone
maintenance and repair. At day 21, it was discovered that the levels of Col-1 in the GA-nCeO, group were significantly
greater than those in the GA group. This difference may have resulted from the addition of nCeO,, which made the
scaffold’s surface rougher and more increased the amount of collagen expressed on that surface. Moreover, it has been
demonstrated that OCN, a marker of the stage of bone mineralization, can be expressed in mature osteoblasts. It is
interesting to see that OCN expression grew with time in every group. Similarly, compared to GA scaffolds, the GA-
nCeO, hydrogel scaffold produced larger quantities of OCN. This result may also point to the possibility that nCeO,
exposure could activate calcium-sensing receptors, resulting in increased OCN expression.”* The results of the miner-
alization levels were consistent with the upregulation of OCN levels and enhanced mineralization of bone tissue.
MC3T3-El cells develop along a porous, three-dimensional structure that has a sizable spreading region and a more
stretched cytoplasm. As a result, cytoskeleton is mechanically stimulated by alteration in cell morphology and deformed.
This deformation is transmitted to the interior of the cell by appropriate proteins in the cell membrane, activating
a number of downstream signaling pathways that have an impact on the biological behavior of cell proliferation and
differentiation. The differentiation of bone marrow mesenchymal cells into osteoblasts was additionally aided by
activation of the osteogenic master transcription factor Runx-2, which subsequently promotes the osteoblast marker
genes Col-1 and OCN. Our preliminary study showed that, when compared to other groups, the composite GA-nCeO,
hydrogel scaffold might increase the proliferation and osteogenic differentiation of MC3T3-E1 cells. This was supported
by the expression of important osteogenic genes.
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Biocompatibility and Degradation of GA-nCeO, Hydrogel Scaffold in vivo

Figure 7 shows how the biocompatibility, degradation, and bone formation of the GA-nCeO, hydrogel scaffold were
examined in vivo using a rat femoral lesion model. Femoral samples were obtained for microscopic and gross inspection
(Figure 7B and C). Remains of the rat femur scaffold 4, 6, and 8 weeks after surgery showed that the GA-nCeO,
hydrogel scaffold could steadily disintegrate in vivo. Even at week 8, the scaffold was essentially degraded (Figure 7B).
At the week 4, it was clear that the control group’s defect surface was marginally higher than that of the experimental
group. This is further supported by micro-CT measurements of the amount of new bone growth in the femur (Figure 7C).
The regenerated bone at the defect increased with the passage of time in the two groups, but there was little difference
between the two groups at the week 6. However, in comparison to the control group, the GA-nCeO, hydrogel scaffold
group was higher during the week 8. To establish trustworthy parameters for bone regeneration of femoral lesions,
quantitative morphological data acquired from micro-CT images were examined in accordance with bone surface area/
bone volume (BS/TV) and bone volume/total volume (BV/TV). When comparing the two groups at the week 4 after the
operation, Figure 7D and E revealed a significant difference in bone formation, including BV/TV and BS/TV, which was
lower in the experimental group than that in the control group (p < 0.05). This might be because the hydrogel scaffold
takes some time to degrade in vivo. The degradation of hydrogel could promote the exposure of nCeO,. Since Ce*" and
Ce’" alternatively gain and lose electrons, nCeO, has been shown to have the capacity to stimulate proliferation and
osteogenic differentiation. Therefore, as time went on, the exposure of nCeO, grew and the GA-nCeO2 group’s bone
regeneration outperformed that of the control group (Figure 7D and E).

Subsequently, H&E and Masson staining were performed to observe the degradation of the hydrogels in vivo and the
concomitant bone regeneration at the week 4, 6, and 8, respectively. The femoral defects at all time points did not regenerate
completely, and the unrepaired areas were occupied by connective tissue, as shown by the H&E staining results
(Figure 8A—8E). H&E and Masson’s trichrome-stained image at the week 8 postoperatively (Figure 8A—D and F-I) showed
the significant new bone deposition at the edge of the defect area. As shown in Figure 8E and J, further quantitative analysis of
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Figure 7 Biocompatibility and degradation of GA-nCeO, hydrogel scaffold for bone defects in vivo: (A) The illustration of the degradation of GA-nCeO, hydrogel scaffold
in vivo; (B) Representative animal images of the implantation with GA-nCeO, hydrogel scaffold or without GA-nCeO, hydrogel scaffold at the week 4, 6 and 8; (C) Micro-
CT images of the implantation with GA-nCeO, hydrogel scaffold or without GA-nCeO, hydrogel scaffold at the week 4, 6 and 8; (D) Bone surface area/bone volume (BS/
TV); (E) Bone volume/total volume (BV/TV). The asterisks indicate a statistically significant difference from the groups (*p < 0.05).
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Histomorphometrically analysis of (E) new bone area fraction and (J) regenerated collagen. The asterisks indicate a statistically significant difference from the groups (*p < 0.05).

H&E and Masson’s trichrome-stained image showed that the area of new bone formation and collagen deposition in GA-
nCeO, hydrogel scaffold increased significantly at the week 8 postoperatively (p < 0.05).

The GA-nCeO, hydrogel scaffold’s high mechanical strength and biocompatibility make them potentially non-
cytotoxic biomaterials for bone tissue regeneration. The intermolecular synergy between nCeO, and the GA scaffold
improves cell adhesion, proliferation, survival, and differentiation on the scaffold surface. Overall, the dual-oxidation
states and the optimized crystal structure of nCeO,, as well as the three-dimensional porous scaffold resembling an
extracellular matrix, may be responsible for the good osteogenic properties of GA-nCeO, hydrogel scaffold, highlighting
the enormous potential for bone tissue regeneration applications.

Conclusions

Gel, Alg, and nCeO,-based nanocomposite hydrogel scaffolds were successfully produced by lyophilization. The effective
binding of nCeO, to GA complexes was revealed by analyzing the swelling behavior, in vitro degradation behavior and
mechanical strength analysis. It is interesting to note that GA scaffolds and nCeO, work together synergistically to promote
cell adhesion and proliferation. Furthermore, the GA-nCeO, hydrogel scaffold promoted the osteogenic differentiation of
MC3T3-E1 cells. Our in vivo biocompatibility and degradation test in rats showed that GA-nCeO, hydrogel scaffold
demonstrated excellent properties as a potential bone tissue engineering scaffold, especially for bone defect.
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Ethics Approval and Informed Consent

Femoral defect models were created in 4-week-old male SD rats following a protocol approved by the Institutional
Animal Ethics Committee of Qingdao University Laboratory Animal Center (20210708SD1520210920064) and were
conducted in strict accordance with the Guidelines for Ethical Review of Laboratory Animal Welfare in China (GB/
T35892-2018). Briefly, the rat was anesthetized by isoflurane inhalation and a 2 c¢m linear incision was made in the
proximal femur.
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