International Journal of Nanomedicine Dove

ORIGINAL RESEARCH

Sustained Delivery of Methylsulfonylmethane
from Biodegradable Scaffolds Enhances Efficient
Bone Regeneration

Yueming Guo', Pengpeng Li*3, Zongliang Wang®*, Peibiao Zhang®, Xiaodong Wu?

IDepar‘tment of Orthopaedics, Foshan Hospital of Traditional Chinese Medicine, Foshan, 528000, People’s Republic of China; 2Xuzhou Central
Hospital, Xuzhou, 221009, People’s Republic of China; 3Graduate School of Bengbu Medical College, Bengbu, 233030, People’s Republic of China;
“Key Laboratory of Polymer Ecomaterials, Changchun Institute of Applied Chemistry, Chinese Academy of Sciences, Changchun, 130022, People’s
Republic of China

Correspondence: Xiaodong Wu; Peibiao Zhang, Email xiaodongwu2009@ | 63.com; zhangpb@ciac.ac.cn

Introduction: As a popular dietary supplement containing sulfur compound, methylsulfonylmethane (MSM) has been widely used as
an alternative oral medicine to relieve joint pain, reduce inflammation and promote collagen protein synthesis. However, it is rarely
used in developing bioactive scaffolds in bone tissue engineering.

Methods: Three-dimensional (3D) hydroxyapatite/poly (lactide-co-glycolide) (HA/PLGA) porous scaffolds with different doping
levels of MSM were prepared using the phase separation method. MSM loading efficiency, in vitro drug release as well as the
biological activity of MSM-loaded scaffolds were investigated by incubating mouse pre-osteoblasts (MC3T3-E1) in the uniform and
interconnected porous scaffolds.

Results: Sustained release of MSM from the scaffolds was observed, and the total MSM release from 1% and 10% MSM/HA/PLGA
scaffolds within 16 days was up to 64.9% and 68.2%, respectively. Cell viability, proliferation, and alkaline phosphatase (ALP)
activity were significantly promoted by incorporating 0.1% of MSM in the scaffolds. In vivo bone formation ability was significantly
enhanced for 1% MSM/HA/PLGA scaffolds indicated by the repair of rabbit radius defects which might be affected by a stimulated
release of MSM by enzyme systems in vivo.

Discussion: Finding from this study revealed that the incorporation of MSM would be effective in improving the osteogenesis activity
of the HA/PLGA porous scaffolds.
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Introduction
Bone tissue engineering aims to develop highly porous scaffolds with proper bioactivity to facilitate new bone formation.'~
Growth factors have shown favorable function to regenerate bone tissue through regulating cell proliferation, differentiation as
well as the formation of mineralized tissue. However, one major disadvantage is that most of them are expensive and can induce
cancers.”* A second disadvantage of the growth factors is that the short half-life and unstable characteristic makes them difficult to
be delivered within polymer scaffolds.’ On the contrary, small molecule drugs with distinctive bioactivity are valuable for bio-
functionalized polymeric tissue engineering scaffolds owing to their stability and easy processability with polymers.®™
Methylsulfonylmethane (MSM, (CH3),SO,) is an organosulfur compound that can maintain the connective tissues in the
human body benefitting from its sulfur content.” " It was reported that co-incubation of MSM and human chondrocytes in
moderate severity osteoarthritis could inactive the coding of genes for manufacturing pro-inflammatory cytokines.'? It
demonstrated that MSM was able to protect articular cartilage in patients with osteoarthritis. Joung et al reported that MSM
could enhance growth hormone (GH) signaling and osteogenic differentiation of bone marrow mesenchymal stem cells
(MSCs)."* They found that MSM could enhance GH signaling via the pathway of Janus kinase/signal transducers and
activators of transcription (Jak2/STAT5b) in osteoblasts and promote osteoblast differentiation through the activation of
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STAT5b in MSCs, thus regulating gene expression of insulin-like growth factor 1 (IGF-1). In another study, the osteogenic
differentiation of human periodontal ligament stem cells (\PDLSCs) was evaluated by Ha et al using MSM.'* The authors
observed that MSM could not only promote cell proliferation but also enhance the osteogenic differentiation of hPDLSCs and
induce the differentiation of hPDLSCs into osteoblasts as well as bone formation during in vivo bone regeneration. In addition,
MSM also increased matrix mineralization and osteogenesis through transglutaminase 2 (TG-2) in stem cells from human
exfoliated deciduous teeth (SHED) cells.'® In addition to the direct application of MSM together with organic silicon and
glucosamine sulfate as therapeutic components for mandibular bone defects exhibited positive effect accompanied by bone
resorption, MSM has been rarely applied through scaffold-assisted delivery for bone tissue regeneration.'® In one study, MSM
was utilized for the surface coating of porous hydroxyapatite (HA) scaffold.'” MSM could be released for up to 7 days from
the scaffolds. The 2.5% of MSM-coated scaffolds exhibited osteoinductive and osteoconductive potential for bone repair. In
our previous work, we prepared MSM-loaded poly (lactide-co-glycolide) (PLGA) fibrous mats with a different amount of
MSM."® The proliferation and extracellular matrix (ECM) formation of chondrocytes were enhanced, and it would be
beneficial to cartilage regeneration.

Scaffolds are essential in manipulating cellular differentiation and regenerating new tissues.™'® Hydroxyapatite, either
containing elements of strontium (Sr) and silicate (SiO,4*") or not, has been incorporated into biodegradable polymer materials
for fabricating composite scaffolds to enhance the bone remodeling process.”®* In addition to that, some new biomaterials,
especially nano antioxidants, were also developed to be incorporated into scaffolds for tissue regeneration. For example, Marino
et al fabricated gelatin/nanoceria nanocomposite electrospun fibers, and the self-regenerative nanoceria-incorporated materials

4830 e International Journal of Nanomedicine 2022:17
Dove!


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

Dove Guo et al

behaved as a strong antioxidant for inhibiting cell senescence and promoting the neurite sprouting in neuronal regeneration.*
Nanoceria has also been decorated in polycaprolactone and gelatin (PCLG) blend nanofiber, and it was interesting to note that the
nanostructured scaffold could suppress agonist-induced cardiac hypertrophy, suggesting their potential as an antioxidant and anti-
hypertrophic cardiac patch.”> Asghar et al further developed nanoporous zinc-doped hydroxyapatite (Zn-HA) scaffold and the
radical scavenging behavior of the nanocomposite scaffold implied great potential as a good antioxidant for application in bone
repair.?® Besides, porous scaffolds with desired properties, such as proper mechanical property, good inner pore architecture, and
appropriate bioactivity, are highly demanded for tissue regeneration.””*® Therefore, numerous scaffolds were developed with
synthetic or natural polymers using a lot of techniques including phase separation, solvent casting-particulate leaching,® fiber

3233 rapid prototyping,®* and a series of three-dimensional (3D) or four-dimensional (4D) printing

meshes,’' gas foaming,
approaches.>>*® Among these technologies, one of the attractive advantages of phase separation is that a highly interconnected
porous structure can be controllably and scalably formed by simply regulating the fabrication parameters, such as polymer
concentration, temperature, etc, and bioactive compounds can be directly incorporated without affecting intrinsic biological
function.®” In our previous study, porous nanocomposite scaffolds with honeycomb monolith structure have been fabricated
using one-phase solution freeze-drying method.*®

This work aims to develop an efficient drug delivery and sustained release system for bone regeneration through 3D
HA/PLGA porous scaffolds preserving the bioactivity during the low-temperature-assisted fabricating process. As one of
the bioactive molecules, MSM was incorporated into the scaffolds with different doping levels. The interaction between
mouse pre-osteoblasts (MC3T3-El) and the MSM-loaded scaffolds, as well as osteogenesis abilities and in vivo bone

formation, were systematically investigated.

Materials and Methods
Preparation of MSM-Loaded Porous Scaffolds

A modified frozen and vacuum drying method was used to fabricate the porous scaffolds as reported in our previous study.*® b,
L-Lactide (LA) and glycolide (GA) monomer were obtained from Purac (Netherlands). Poly (lactide-co-glycolide) (PLGA,
LA:GA= 80:20, Mw = 80,000 g-mol ') was synthesized as previously reported.*® Briefly, with the assistance of magnetic
stirring and ultrasonic processing, HA (Emperor Nano Material Co., Ltd, Nanjing, China) was uniformly suspended in
dehydrated 1,4-dioxane (Sigma-Aldrich, USA), and added to a solution of PLGA/1,4-dioxane (10%, w/v). MSM (Jilin Herun
Chemical Co., Ltd, China) was dissolved in acetone (Sigma-Aldrich, USA) and then added into HA/PLGA/1,4-dioxane
solution to obtain the MSM/HA/PLGA solution. The volume ratio of acetone and 1.4-dioxane in all the groups was consistent,
and the doping levels of MSM in the obtained composites were 0.01%, 0.1%, 1%, and 10%, respectively. The content of HA in
all the composites was 10%. The solutions were gently stirred to obtain a homogenous suspension. Then, the obtained
composite solutions were frozen within the polypropylene (PP) tubes at 4°C for 24 hours without any protection and then
vacuum dried at —4°C to thoroughly remove 1.4-dioxane. HA/PLGA scaffolds without adding MSM were prepared using the
same method as control. The samples were kept in a vacuum drying oven.

Observation of Environmental Scanning Electron Microscopy (ESEM)

Brittle-fractured surfaces were obtained by quickly breaking off the frozen samples using liquidized nitrogen (N,). The
gold layer was uniformly sprayed on the surface of the fracture. ESEM (XL30 FEG, Philips) was detected for observing
the micro-structure of the different porous scaffolds.

Porosity Analysis

A modified method by displacing liquid was utilized to characterize the porosity of the prepared scaffolds, and three
samples for each group were tested.*” In brief, a scaffold sample with an initial weight of #; was put in 4 mL of ethanol
followed by vacuum treatment until no more bubbles appeared. The volume of ethanol immersed with the scaffold was
regarded as V. The scaffold containing ethanol was quickly taken away and its weight was recorded as W;. V, was set as
the residual volume of ethanol and correspondingly, (V-V>) would be the scaffold volume. The scaffold porosity could
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be obtained by calculating the resided volume of ethanol in the scaffold (W W:)/pethanot (Pethano=0.789 g'mL ™). Thus,
the opening porosity could be determined as follows:
Porosity=[(WeW)/pethanotl/(V1-V2)

Compressive and Bending Strength

The compressive strength and three-point bending strength of the scaffolds were evaluated using a universal testing
machine (Instron 1121, UK) as previously reported.*’ Cylinder-shaped samples with a diameter of 10 mm and a length of
10 mm were tested for compressive strength with a 2 mm-min ' of crosshead speed. Similar cylinder-shaped samples
with a diameter of 10 mm and a length of 30 mm were tested for three-point bending strength with a 5 mm-min" of
crosshead speed. The compressive strength and bending strength were calculated according to standards SS-EN ISO
178:2019 and SS-EN ISO 604:2002, respectively. Three replicates were tested for each condition.

Water Contact Angle Tests

HA/PLGA composite films with different content of MSM were prepared on the cover slides which were pretreated using
2% dimethyldichlorosilane (DMDC).** Static water contact angle (Kriiss DSA 10, Germany) was detected by measuring
the water contact angle on three different locations of the composite films according to ASTM D5946 to obtain the
average values as the final results.*’ A water droplet of 6 uL was dropped fulfilling the requirements of the ASTM
standards ranging from 5 to 8 pL.

MSM Loading Efficiency and in vitro Release

Twenty mg of MSM-loaded composite scaffolds were accurately weighed and dissolved in 10 mL nitric acid (HNO3,
Sigma-Aldrich, USA).** The constant volume was adjusted to 25 mL using deionized water as required by the protocol.
The quantitation of sulfur (Ws) was detected through the inductively coupled plasma atomic emission spectroscope (ICP-
OES, Leeman Prodigy High Dispersion ICP, USA). The following equation could be used to calculate the actual MSM
amount (Wysy) in each sample:

Wasm= WsxMysm/Ms,

Myysy: molar mass of MSM, 94 g-mol ', Ms: molar mass of sulfur, 32 g'mol'. Three samples for each group were
tested.

For in vitro MSM release, 200 mg of MSM-loaded composite scaffolds were immersed in 10 mL of phosphate-
buffered saline (PBS, pH=7.2) at 37°C shaking constantly (100 rpm).** The released liquid was taken out at different
time and refreshed with fresh PBS. The released sulfur quantitation (Ws) was detected through ICP-OES. Then, the
released MSM (Wysm) was calculated according to the above equation. Four samples for each group were tested.

Cell Culture in the Porous Scaffolds
MC3T3-El cells (Institute of Biochemistry and Cell Biology, Shanghai Institutes for Biological Sciences, Chinese
Academy of Sciences) were cultured using Dulbecco’s Modified Eagle Medium (DMEM, Gibco, USA) supplemented
with 10% fetal bovine serum (FBS, Gibco, USA), 100 mg-L™' penicillin (Sigma-Aldrich, USA) and 63 mg- L'
streptomycin (Sigma-Aldrich, USA) at 37 °C and 5% CO, of humidified atmosphere. The medium was refreshed
every 2 days. The cells were digested by a solution of 0.25% trypsin-EDTA (Sigma-Aldrich, USA), followed by
centrifugation and resuspension in DMEM. The scaffolds with a diameter of 10 mm and a height of 5 mm were put
in 24-well plates and sterilized with ultraviolet rays (UV) for 60 min and pretreated in ethanol (70%) for 15 min. Then,
the samples were rinsed thrice with PBS and immersed in DMEM for another 10 min. Cells with a density of 10x10*
cells in a 100 pL medium were seeded on each scaffold and cultured for 4 hours for initial cell attachment. After that,
1 mL fresh DMEM was gently dropped onto each sample and incubated at the same culturing condition.

Cell penetration into the scaffolds was characterized by fluorescence microscopy (TE2000-U, NIKON, Japan).
Glutaraldehyde (2.5%) was utilized to fix cells for 15 min, and the nucleus was stained using 4’°,6-diamidino-2-phenylindole
(DAPI, Beijing Solarbio Science & Technology Co., Ltd, China) to investigate the cellular behaviors inside the scaffolds.
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Cell Proliferation and Alkaline Phosphatase (ALP) Activity Assay

MC3T3-E1 osteoblast proliferation within the composite scaffolds was determined by using 3-(4,5-dimethyl-2-thiazolyl)-
2,5-diphenyl-2-H-tetrazolium bromide (MTT, Sigma-Aldrich, USA) assay.*' In brief, three replicates of the porous
scaffolds were seeded with MC3T3-E1 cells at a density of 4x10 cells in a 100 uL medium followed by adding 1 mL of
DMEM 4 hours later in 24-well tissue culture plates (Costar). The cells were cultured for 3, 7, and 14 days at 37 °C and
5% CO,. The medium was refreshed every 2 days. MTT solution (100 uL, 5 mg/mL in PBS) was added to each sample
and continued to incubate for another 4 hours. The medium was replaced by acidified isopropanol (750 pL, 2 mL 0.04 N
HCl in 100 mL isopropanol) for solubilizing the converted dye. Then, 200 pL of the solution was transferred to a 96-well
plate to measure the optical density at 540 nm wavelength using a Full Wavelength Microplate Reader (Infinite M200,
TECAN). The average value of three replicates for each sample was obtained.

The p-nitrophenol phosphate assay kit (pNPP, Sigma-Aldrich, USA) was used to determine the alkaline phosphatase
(ALP) activities of MC3T3-E1 cells incubated in the different scaffolds for 7 days.*> MC3T3-El cells were rinsed thrice
and lysed using lysis buffer followed by freezing and thawing. Then, 200 pL of pNPP solution was added into each well in
the dark and incubated at 37 °C for 30 min according to the manufacturer’s protocol. The optical density (OD) at 405 nm
was measured through a Full Wavelength Microplate Reader (Infinite M200, TECAN). The total content of protein was
detected with a bicinchoninic acid (BCA, Sigma-Aldrich, USA) protein assay kit for normalization of ALP activity value.
Three samples for each group were tested. The average values were obtained as the ALP activities.

Bone Defect Repair
A rabbit radius with a critical size defect was created for evaluating the bone regeneration ability of the MSM-incorporated
scaffolds.*® Thirty-six New Zealand white rabbits (male, 2 months old, 2.5-3.0 kg) were provided by the Institute of
Experimental Animal of Jilin University. The animal experiments were approved by the Jilin University Animal Care and
Use Committee. The rabbits were raised in the Institute of Experimental Animals of Jilin University, based on the institutional
guidelines for the care and use of laboratory animals. Animals were randomly divided into six groups (n=6 per group) and
anesthetized by intramuscularly injecting xylazine hydrochloride (0.2 mL-kg").*” The porous scaffolds were placed into the
rabbit defects with a pure defect without transplanting any scaffolds as the blank control. The wounds were carefully sutured
layer-by-layer. After the surgical operation, the rabbits were freely raised in the cages with a daily intramuscular injection of
penicillin (400,000 units each) for 7 days. All the wounds gradually healed without any post-surgery complications. All the
animals were euthanized by asphyxiating with carbon dioxide after 12 weeks.

The healing process of bone defect was traced by taking digital radiographs (DR) using CR 400 plus Filmless Radiology
System (KODAK, USA) at 4 and 12 weeks after surgery. The digital radiographs were further relatively quantified based on
the Lane—Sandhu scoring system as shown in Supplementary Table 1.** At least six samples were tested for each group.

Five independent examiners were trained in the Lane—Sandhu system and all the points were individually given according
to the degree of bone formation, connections, and bone marrow recanalization. Four points indicate fully bone formation.
Zero points mean failure of bone formation. Based on the integrity of the fracture line, 0, 2, and 4 points are given to reveal
the connection degree. Four points indicate no fracture line can be observed. On the contrary, 0 point can be given. The
degree of recanalization for bone marrow recanalization can be identified by giving 0, 2, or 4 points.

Statistical Analysis

All the data were analyzed using Origin 8.0 (OriginLab Corporation, USA), and the mean =+ standard deviation (SD) was
shown. Statistical analysis was performed to evaluate the variance (one-way ANOVA, Origin 8.0). A p-value less than
0.05 was regarded as statistically significant.

Results

Porous Scaffold Characterization
The inner structure of the porous scaffolds of HA/PLGA and MSM/HA/PLGA was detected by ESEM as shown in Figure 1.
A similar highly porous microstructure was observed in all the scaffolds. The pores in all the scaffolds were uniformly

International Journal of Nanomedicine 2022:17 https: 4833
Dove:


https://www.dovepress.com/get_supplementary_file.php?f=377036.zip
https://www.dovepress.com
https://www.dovepress.com

Guo et al Dove

AccVgpot Magn  Det WD Exp
200KV $0 588X SE 1060

AccV  Sp é5r5
200kV 30 532K

AccV  Spot Magn  Def
200kv 30 586x SE 14

AccV SpofiMaan Dely WD Bxp  f——————f 50ym
200K 670 SEL 109 0

Figure | ESEM images of porous scaffolds of HA/PLGA (a), 0.01% MSM/HA/PLGA (b), 0.1% MSM/HA/PLGA (c), 1% MSM/HA/PLGA (d) and 10% MSM/HA/PLGA (e). The
images are shown at low (—1) and high (—2) magnifications. Bar lengths are 500 um and 50 um, respectively.

4834  "tes International Journal of Nanomedicine 2022:17
Dove


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

Dove Guo et al

distributed with interconnected pore structures (Figure 1 aa to ea). Observation under a high magnification showed that rough
surfaces were noted in all the scaffolds due to the existence of nano-HA particles (Figure 1 ab to eb).

The porosity of the different scaffolds is given in Table 1. Although the addition of MSM slightly increased the
scaffold porosity, no significant difference was observed (p > 0.05). Therefore, it could be concluded that doping MSM
did not have an apparent effect on the porosity of composite scaffolds.

As shown in Table 2, the water contact angle of the composite films decreased gradually with increasing the content
of MSM. The water contact angle of 1% MSM/HA/PLGA film was lower than the samples of HA/PLGA, 0.01% and
0.1% MSM/HA/PLGA films (p < 0.05). The water contact angle of 10% MSM/HA/PLGA film was also significantly
lower than that of the samples of HA/PLGA 0.01% and 0.1% MSM/HA/PLGA films (p < 0.05). However, there was no
significant difference between 1% and 10% MSM/HA/PLGA films (p > 0.05).

Mechanical Properties

The compressive and bending strength of HA/PLGA and MSM/HA/PLGA porous scaffolds were shown in Table 3. The
compressive strength decreased slightly with the increasing amount of MSM up to 1% without significant differences
(»p > 0.05). The scaffold of 10% MSM/HA/PLGA showed the minimum compressive strength (p < 0.05). Similarly,
decreased bending strength was observed as the content of MSM increased and the 10% MSM/HA/PLGA composite
scaffold showed the lowest bending strength (p < 0.05).

Table | Porosity of the Different Scaffolds

Scaffolds Porosity (%)
HA/PLGA 85.1 £ 0.5
0.01% MSM/HA/PLGA 875+ 1.2
0.1% MSM/HA/PLGA 90.6 + 0.9
1%MSM/HA/PLGA 88.1 £ 1.0
10% MSM/HA/PLGA 872+ 1.1

Table 2 Water Contact Angle of the Different MSM-Incorporated

Films
Films Contact Angle (Deg.)
HA/PLGA 782 £ 0.68
0.01% MSM/HA/PLGA 778 £ 0.71
0.1% MSM/HA/PLGA 77.1 £ 0.50
1%MSM/HA/PLGA 71.3 £ 0.58°
10% MSM/HA/PLGA 68.6 + 1.12°

Notes: **Indicated p < 0.05. a: 1% MSM/HA/PLGA vs HA/PLGA, 0.01% and 0.1% MSM/
HA/PLGA; b: 10% MSM/HA/PLGA vs HA/PLGA, 0.01% and 0.1% MSM/HA/PLGA.

Table 3 Compressive and Bending Strength of the Different MSM-Incorporated Scaffolds

Scaffolds Compressive Strength (MPa) Bending Strength (MPa)
HA/PLGA 323 £0.16 1.28 + 0.08
0.019% MSM/HA/PLGA 3.18+0.14 1.18 £ 0.10
0.1% MSM/HA/PLGA 322 +£020 1.20 £ 0.13
1%MSM/HA/PLGA 296 £0.13 1.02 + 0.06
10% MSM/HA/PLGA 2.18 £ 0.10%* 0.65 * 0.07*

Note: *p < 0.05, compared with the other groups.
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MSM Loading Efficiency and in vitro Release
The loading efficiency of MSM in the composite scaffolds is shown in Supplementary Table 2. The actual content of MSM

in the composite scaffolds gradually increased with increasing the feed weight fraction. The incorporated MSM content was
accordingly less than the theoretical amount owing to the sublimation of MSM during the fabrication process.

Two groups of the MSM-incorporated scaffolds were evaluated for drug release as shown in Figure 2. The released
MSM from 1% and 10% MSM/HA/PLGA scaffolds increased to about 60% during the first 48 hours. The total amount
of MSM released from 1% and 10% MSM/HA/PLGA scaffolds were 64.9% and 68.2% at 384 hours, respectively. It
demonstrated that MSM could be sustainably released from the MSM/HA/PLGA scaffolds. The sustained release of
MSM from the porous scaffolds can prolong its therapy effect on the regulation of cellular metabolism for bone
regeneration or osteoarthritis in vivo.

Cell Distribution and Proliferation in the Porous Scaffolds
The spatially distributed cells in the scaffolds were evaluated through staining cell nucleus with DAPI after being cultured for
7 days. Cell nuclei were found in the scaffolds, especially for the 0.01%, 0.1%, and 1% MSM/HA/PLGA scaffolds
(Supplementary Figure 1B-D). HA/PLGA and 10% MSM/HA/PLGA scaffolds (Supplementary Figure 1A and E) showed
similar cell amount and distribution which was much less than the other groups.

Figure 3 shows that the cell proliferation in MSM-incorporated scaffolds was better than in the HA/PLGA scaffolds
on days 3, 7, and 14, especially for the 0.1% MSM/HA/PLGA scaffolds. The results indicated that cell proliferation was
promoted with the incorporation of MSM during cell culture.

ALP Activity

Cellular ALP activity was evaluated with the different doping levels of MSM in the composite scaffolds (Figure 4).
On day 7, ALP activities were elevated in all the MSM-loaded scaffolds with a significant difference (p < 0.05).
Furthermore, the ALP activity of 0.1% MSM/HA/PLGA scaffolds was the highest among all the MSM-incorporated
groups (p < 0.05). It suggested the osteoinductivity of MSM-incorporated scaffolds.

In vivo Bone Formation of MSM-Incorporated Scaffolds

Lastly, porous scaffolds loading of MSM was transplanted in critical-sized bone defects for bone regeneration. Bone
formation was examined using DR at 4 and 12 weeks after transplantation (Figure 5). Four weeks post-surgery, only
a small bone callus was observed at the edge of the bone defect for blank control groups (Figure 5 aa). However, bone
callus emerged in the scaffold-transplanted defects (Figure 5 ba, ca, da, ea, and fa). The bone defects for 0.01%, 0.1%,
and 1% MSM/HA/PLGA scaffolds were found to be bridged with new bone tissue formation (Figure 5 ca, da, and ea).
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Figure 2 Cumulative release of MSM from 1% and 10% MSM/HA/PLGA scaffolds in PBS for 384 hours.
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Figure 3 The proliferation of MC3T3-E| cells cultured in the different scaffolds for 3, 7, and 14 days. Mean + SD, n=4. *Significant difference, p < 0.05.
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Figure 4 Alkaline phosphatase activity of MC3T3-E| cells cultured in the different scaffolds for 7 days. Mean % SD, n=3. *Significant difference, p < 0.05.

While an obvious gap between bone formation in the groups of HA/PLGA and 10% MSM/HA/PLGA scaffolds was also
observed (Figure 5 ba and fa). The group of 1% MSM/HA/PLGA (Figure 5 ea) showed the highest density of radiograph,
and the group of 0.01% MSM/HA/PLGA (Figure 5 ca) exhibited the largest area of newly formed bone.

As confirmed by DR, new bone formation was not remarkable for the blank control and HA/PLGA groups at 12 weeks
post-surgery (Figure 5 ab and bb). In contrast, transplantation of the MSM-loaded scaffolds exhibited a great amount of
bone formation than HA/PLGA scaffolds or blank control at 12 weeks. Implanting with the MSM-loaded scaffolds showed
bridged defects with more new bone formation (Figure 5 cb, db, eb, and fb). Lane—Sandhu scoring results are shown in
Figure 6. The score of 0.1% MSM/HA/PLGA group was the highest one among all the groups without a significant
difference at 4 weeks post-surgery (p > 0.05). The scores obtained from 1% MSM/HA/PLGA scaffolds was higher than that
of other groups with significant difference except for the 10% MSM/HA/PLGA group at 12 weeks post-surgery (p < 0.05).
However, no statistically significant difference was found among the rest groups (p > 0.05).

Discussion
Tissue engineering aims to create engineered tissues and organs using biodegradable scaffolds and various functional
nanomaterials.*>>* To this end, developing 3D architecture with ideal pore architecture is critical for cell behaviors and

the formation of new tissues presenting efficient delivery of drugs, biological molecules as well as stem cells.”'>
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Figure 5 Representative DR images of rabbit radius defects implanted with the different scaffolds 4 weeks (—1) and 12 weeks (—2) post-surgery: blank control (a), HA/PLGA
(b), and HA/PLGA containing MSM: 0.01% (c), 0.1% (d), 1% (e) and 10% (f).
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Figure 6 Lane-Sandhu radiographic scores of rabbit radius defects of blank control and implanted with the different scaffolds at 4 and 12 weeks post-surgery. *Significant
difference, p < 0.05.

Therefore, pore size, porosity, the roughness of pore surfaces, and bioactivity of scaffolds play a critical role in
regenerating tissues. In this study, highly porous scaffolds were fabricated using the phase separation method, and
frozen solvent was conducive to the formation of the pore structures as described in our previous report.*® Observation
by ESEM showed that all the scaffolds with or without MSM incorporation exhibited similar pore structures with a pore
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sizes of 50-250 um and the pores of the scaffolds were uniformly distributed with interconnected micro-structure,
implying that the incorporation of MSM did not influence the porous structure of scaffolds. Additionally, the porosity of
the scaffolds was also not influenced by the incorporation of MSM. The lower compressive and bending strength of the
scaffolds doped with 10% MSM implied that a higher amount of MSM meant less polymer matrix resulting in worse
mechanical properties.”® The results indicated that higher level incorporation of MSM influenced the mechanical
properties of the composite scaffolds, especially for a 10% amount of MSM in the composite scaffolds. This is very
consistent with the reported results that the expression of osteogenesis markers of hDPSCs was upregulated by the
addition of simvastatin (SIM) and HA into the nanofibrous scaffolds of poly (e-caprolactone) (PCL)/poly lactic acid
(PLLA).>* It suggested that better cell response could be achieved by combining small molecule drugs (eg, MSM) with
HA nanoparticles in polymer matrices.

Previous studies demonstrated that the roughness and wettability of the pore surface were closely related to cell
interaction with the scaffolds.”> >’ The pore wall surfaces of all the obtained scaffolds were rough due to the existence
of HA nanoparticles. The pore surface roughness and osteoconductivity would be beneficial for cell viability, spreading,
proliferation and differentiation.’®° The significantly decreased water contact angle of MSM-incorporated scaffolds,
especially for the 1% and 10% groups, indicated that the surface wettability was substantially enhanced by the efficient
cargo loading of bioactive substances. The cell proliferation was significantly enhanced by adding MSM in the scaffolds,
especially for the content of MSM was more than 0.01%. While the cell proliferation of 0.1% MSM/HA/PLGA scaffolds
was further better than the groups of 1% and 10% without significant difference. The cell amount evaluated by nucleus
staining showed that the cell distribution in the scaffolds was more favorable for the 0.01%, 0.1%, and 1% MSM/HA/PLGA
scaffolds, which was consistent with the MTT results and it indicated that the appropriate amount of MSM in the porous
scaffold would be beneficial to cell proliferation. This was consistent with previous studies that MSM-incorporated

8 the incubation of

electrospun fibers promoted chondrocytes’ proliferation and extracellular formation in vitro,
10 mg-mL~" MSM was nontoxic to murine macrophages for 24 hours,’” and no adverse effects or mortality were observed
when orally administering MSM with 1.5 g-kg '-day ' for 90 days in rats.®'

Among the important osteogenic markers, ALP activity is critical during the early time points of osteogenesis.®* The
ALP activity of MC3T3-E1 cells subjected to the scaffolds on day 7 was significantly enhanced in the MSM-loading
scaffolds in comparison with HA/PLGA scaffolds, indicating that MSM was able to induce an up-regulating of ALP
which was relevant to the early performance of osteogenesis differentiation.”> Among the MSM-doped groups, the
highest cellular ALP activity was observed in the 0.1% MSM/HA/PLGA scaffold. It was reported that MSM could
enhance growth hormone signaling and osteoblast differentiation in MSCs.'* The results indicated that an appropriate
amount of MSM in the porous scaffold could be helpful for osteodifferentiation. Similar to this study, Ghandforoushan
et al supplemented TGF-B1 into a PLGA-collagen scaffold with PLGA-poly (ethylene glycol)-PLGA nanoparticles as
delivery vehicles to enhance the chondrogenic differentiation of hDPSCs.** In all, it can be expected that the tissue
engineering strategy by combining 3D biomimetic structure and sustained release of therapeutic agents would represent
technological advancements for tissue repair and clinical therapy.

Therefore, after in vitro evaluation of MSM-loaded composite scaffolds, a rabbit radius defect model was developed
to investigate in vivo bone formation ability. The MSM-incorporated scaffold regenerated a large amount of bone than
the blank control and HA/PLGA group both at 4 and 12 weeks. Moreover, the DR images and Lane—Sandhu scores
demonstrated that the 1% MSM/HA/PLGA scaffold exhibited strong osteointegration than the other groups. Combined
with the above in vitro cellular evaluation, it was interesting to be noted that an appropriate doping level of bioactive
substance displayed better in vivo bone regeneration ability which was similar to our previous observation. That was
a meaningful phenomenon that moderate grafting amount of LAc oligomer on HA nanoparticles within polymer matrix
exhibited preferable osteogenesis ability, neither the highest nor the lowest grafting amounts.® It could be speculated that
the degradation of the PLGA matrix was accelerated to a certain extent by enzyme systems in vivo and the stimulated
release of MSM with an appropriate level further promoted bone formation. The detailed mechanism of drug release
from the scaffolds assisted by in vivo enzymic microenvironment and their potential enhancement for bone regeneration
will be systematically evaluated in our following work. In a word, MSM incorporation promoted the bioactivity of

porous HA/PLGA scaffolds, and it was in consistence with previous studies.'*'®
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Thus, we herein demonstrate that MSM incorporation is a meaningful strategy to enhance the bioactivity of porous
scaffolds for repairing bone defects. The MSM-loaded bioactive scaffolds in this study would be beneficial for the
therapy of osteoarthritis, large area bone defect, or nonunion of bone. In our future work, the mechanism of osteogenesis
and more biological functions of MSM-loaded scaffolds need to be further investigated through a lot of biological
experiments both in vitro and in vivo.

Conclusions

In this study, MSM-loaded porous scaffolds were successfully prepared using the phase separation method. The
incorporation of MSM in the scaffolds improved cell proliferation and cellular ALP activity in vitro. Moreover, animal
tests revealed that MSM/HA/PLGA scaffolds showed great osteogenesis properties and promoted bone formation
in vivo, especially for the 1% MSM/HA/PLGA scaffolds. Finding from this study suggests that the porous scaffold
fabricated through phase separation is an efficient platform for cargo loading of bioactive small molecules to generate
functionalized implants. Therefore, the MSM/HA/PLGA porous scaffolds are promising candidates in bone tissue
engineering and orthopedic applications.
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