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Abstract: Lipopolysaccharide (LPS) is a well-known strong inducer of inflammation. However,
there is little information regarding how LPS-release behavior affects cellular senescence at the
affected area. In this paper, we demonstrate that a vacuum-heating technique (dehydrothermal
treatment) can be utilized to prepare an LPS sustained-release gelatin sponge (LS-G). LPS sustained
release from gelatin leads to the long-term existence of senescent cells in critical-sized bone defects
in rat calvaria. Three types of gelatin sponges were prepared in this study: a medical-grade gelatin
sponge with extremely low LPS levels (MG), LS-G, and a LPS rapid-release gelatin sponge (LR-G).
Histological (H-E) and immunohistochemical (COX-2, p16, and p21) staining were utilized to evaluate
inflammatory reactions and cellular senescence one to three weeks after surgery. Soft X-ray imaging
was utilized to estimate new bone formation in the defects. The LR-G led to stronger swelling and
COX-2 expression in defects compared to the MG and LS-G at 1 week. Despite a small inflammatory
reaction, LS-G implantation led to the long-term existence of senescent cells and hampered bone
formation compared to the MG and LR-G. These results suggest that vacuum heating is a viable
technique for preparing different types of materials for releasing bacterial components, which is
helpful for developing disease models for elucidating cellular senescence and bone regeneration.
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1. Introduction

Bacterial infection is a major obstacle to bone fracture healing [1,2] and bone-regeneration
therapies [3]. It is a consensus that bacterial components modulate bone metabolisms. Despite the
development of various antibacterial materials [4], antibiotic use occasionally exhibits poor effectiveness
in terms of preventing recurrent infections [5] and implant failures [6]. Further elucidation of the
mechanisms between chronic inflammation induced by residual bacterial components and bone
regeneration is crucial for preparing advanced biomaterials for bone regeneration therapy.

Lipopolysaccharide (LPS), which is a typical outer-cell membrane of Gram-negative bacterial
endotoxins, is a latent contaminant in many treatments and surgeries in the medical field [7]. In general,
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bacterial LPS consists of three key components, namely a polysaccharide shell, oligosaccharide regions
near the core, and lipid A structures in the very center [8]. LPS exhibits high heat resistance, even under
typical sterilization conditions [7]. LPS is a well-known stimulant that strongly activates immune
system signals and inflammation [9]. Specifically, LPS activates M1 macrophages, which play an
important role in secreting inflammatory cytokines and generating reactive oxygen species [10].
Regarding bone biology, LPS stimulation promotes the formation of osteoclasts by increasing receptor
activator of NF-kappaB ligand (RANKL) levels or directly stimulating osteoclast progenitor cells [11],
leading to bone resorption. LPS impairs bone healing at the systemic administration level [9] while
promoting osteoblast differentiation at low doses [12]. Overall, the effects of LPS on bone formation
are still controversial.

Various stresses, such as oxidative stress and inflammatory cytokines, irreversibly arrest the cell
cycle, thereby generating stress-induced senescent cells both in vivo and in vitro [13]. LPS can induce
DNA damage [14] and generate stress-induced primary senescent cells in vitro [15,16]. However,
information regarding the LPS induction of senescent cells in vivo is still lacking. In general,
biological experiments, LPS has been tested based on one-time local administration [17,18] or systemic
administration [19–21], or based on recurrent systemic administration [22]. Few studies have analyzed
the contribution of LPS release behaviors to host reactions, particularly for in vivo cellular senescence.

It is widely recognized that the controlled release of drugs is a promising strategy for eliciting
the full functionality of therapeutics [23]. Bioengineering approaches enable various materials to
release drugs in a controlled manner [24]. Gelatin, denatured collagen, has been widely utilized
as a substrate for biomaterials and drug carriers [25–27]. Various groups, including our own
group, have utilized this protein as a controlled release carrier for polyphenol [28], growth factors,
and antibiotics [27]. A vacuum-heating technique (dehydrothermal treatment: DHT) has been utilized
to promote intermolecular bonding based on esterification between the carboxyl and hydroxyl groups
in polymers [29]. Based on this background, we hypothesize that the combination of gelatin and
LPS with or without DHT should enable us to prepare different LPS release materials for developing
chronic inflammation models with residual LPS levels.

In this study, we attempted to evaluate the relationships between inflammation, cellular senescence,
and bone formation in early stages under different LPS release behaviors from the gelatin sponges
in vivo. We prepared three different types of gelatin sponges representing distinct release behaviors
of LPS: an LPS sustained-release gelatin sponge (LS-G), LPS rapid-release gelatin sponge (LR-G),
and medical-grade gelatin sponge without LPS (MG) (Figure 1A).
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Figure 1. (A) Flow chart for sponge preparation. (B) Lipopolysaccharide (LPS) release from the
lyophilized reagent-grade gelatin sponge or LS-G over 24 h in saline. The measurement value for
reagent-grade gelatin powder is set to 100%. (C) LPS release from medical-grade gelatin sponge without
LPS (MG), LPS sustained-release gelatin sponge (LS-G), and LPS rapid-release gelatin sponge (LR-G)
into saline over 24 h. Mean with standard deviation (SD) (n = 3). ** p < 0.01: one-way analysis of
variance (ANOVA), Tukey–Kramer test as post hoc test. N.D. Not detected.

2. Materials and Methods

2.1. Materials

Two porcine-skin-derived type-A gelatin powders, namely medical-grade gelatin RM-100 and
reagent-grade gelatin G2500, were purchased from Jellice Co., Ltd. (Miyagi, Japan) and Sigma-Aldrich
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Co. LLC. (St. Louis, MO, USA) respectively. LPS from Escherichia coli O55 was purchased from
Sigma-Aldrich Co. LLC.

2.2. Lipopolysaccharide (LPS) Content Measurement

The LPS contents of the medical- and reagent-grade gelatin in Milli-Q water were measured
utilizing a ToxinSensorTM Chromogenic LAL Endotoxin Assay Kit (L00350, GenScript USA Inc.,
Piscataway, NJ, USA) according to the manufacturer’s instructions.

2.3. Preparation of Gelatin Sponges

2.3.1. Preparation of Medical-Grade Gelatin Sponge without LPS (MG)

Medical-grade gelatin powder (100 mg) was dissolved in 10 mL of Milli-Q water at 70 ◦C.
The resultant solution was poured into silicone tubes (5 mm in diameter, 7 cm in height) and stored for
24 h at −30 ◦C. The tube contents were lyophilized utilizing a DC800 lyophilizer (Yamato Co., Ltd.,
Tokyo, Japan), then subjected to DHT via vacuum heating utilizing an ETTAS AVO-250NS vacuum
dryer (AS ONE, Osaka, Japan) for 24 h at 150 ◦C with a gauge pressure of −0.1 MPa to obtain the MG.
The cylindrical columns of MG were dissected indiscriminately (3 mm in diameter, 2–3 mm in height).
The sponges were then saturated with 50 µL of saline prior to the animal experiments.

2.3.2. Preparation of LPS Sustained-Release Gelatin Sponge (LS-G)

Reagent-grade gelatin powder (100 mg) was dissolved in 10 mL of Milli-Q water at 70 ◦C.
The following steps were the same as those for the preparation of MG. The cylindrical columns of LS-G
were dissected indiscriminately (3 mm in diameter, 2–3 mm in height). The sponges were saturated
with 50 µL of saline prior to the animal experiments.

2.3.3. Preparation of LPS Rapid-Release Gelatin Sponge (LR-G)

The dissected MG were saturated with LPS-containing saline (1.7388 EU/µL) to obtain LR-G
(containing 12.42 EU/mg of LPS). All sponges were stored at 4 ◦C in the dark prior to their use.

2.4. Characterization of Sponges

Macroscopic observations were conducted utilizing a Canon A495 camera (CANON Inc., Tokyo,
Japan). Field-emission scanning electron microscopy (SEM, S-4800, Hitachi, Tokyo, Japan) was
employed to confirm the porous structures of the MG (MG is the base material of LR-G) and LS-G.
SEM images were obtained with parameters of 5.0 kV and 10 µA. Attenuated total reflection Fourier
transform infrared spectroscopy (IRAffinity-1S, Shimadzu, Kyoto, Japan) was used to confirm the
chemical structures of the MG and LS-G. Data preprocessing algorithms were utilized to adjust the
baseline measurements and eliminate noise in the spectra via smoothing.

2.5. LPS Release Experiments from Sponges

Gelatin sponge samples (1 mg) were placed into 1 mL of sterile saline and shaken at room
temperature for 3 days. The LPS levels in the resulting solutions were measured utilizing a
ToxinSensorTM Chromogenic LAL Endotoxin Assay Kit (L00350, GenScript USA Inc.) according
to the manufacturer’s instruction.

2.6. Implantation of Sponges

All animal experiments were approved by the Animal Experiment Committee of Osaka Dental
University and strictly conformed to the guidelines (Approval No. 19-03006). Sprague Dawley rats
(male, 8 weeks old) were anesthetized prior to operation utilizing an intraperitoneal injection of
a mixture of butorphanol tartrate, midazolam, and medetomidine hydrochloride. In the center of
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the calvaria of each rat, critical-size defects (9 mm in diameter) was created utilizing a trephine bar
(Dentech, Tokyo, Japan). Sterile saline was added occasionally during the procedure to decrease bone
damage. The defects were filled with 7 mg of sponge (the LR-G was weighed prior to saturation). In the
cases of MG and LS-G, dissected sponges with 50 µL of saline were implanted in the defects. In the
case of LR-G, dissected MG sponges saturated with 50 µL of LPS-containing saline were implanted
in the defects. A negative control (no-implant) group of rats had only saline added to their defects.
The rats were divided into the following groups: 1 = No implant, 2 = MG, 3 = LS-G, and 4 = LR-G.
A total of 36 rats were utilized for the experiments (3 rats × 12 groups, including the no-implant control
group, for 1, 2, and 3 weeks). At 1, 2, and 3 weeks after implantation, groups of rats were euthanized
and the treated calvaria were harvested and fixed with a 4% phosphate-buffered paraformaldehyde
solution (FUJIFILM Wako Pure Chemical Co., Osaka, Japan) for further evaluation.

2.7. Hematoxylin-Eosin Staining

Four-micrometer-thick non-decalcified frozen sections were obtained from the fixed samples
utilizing the Kawamoto method [30]. Thin sections were then processed via hematoxylin-eosin
staining. Images were captured utilizing a BZ-9000 digital microscope (Keyence Co., Osaka, Japan).
Histomorphometric analysis was conducted to calculate the thickness of tissues above the original bone
level in the calvaria defect areas utilizing Adobe Photoshop Elements (Adobe Systems Inc., San Jose,
CA, USA) and ImageJ (Image J 1.50i; NIH, Bethesda, MD, USA). This process was conducted as follows:
(1) capture images by utilizing the BZ-9000 digital microscope, (2) draw a continuous curve along
each outer side of the bone beds from end to end to mark the original bone surface utilizing Adobe
Photoshop Elements, and (3) measure the distances from the margin vertexes of tissue to the original
bone surfaces marked in (2) utilizing ImageJ.

2.8. Lysate LPS-Level Test

All tissue in the defect areas on days seven, 14 and 21 was collected and lysed in sterile saline
(2 mL). The LPS levels in the acquired solutions were measured utilizing a ToxinSensorTM Chromogenic
LAL Endotoxin Assay Kit (L00350, GenScript USA Inc.) according to the manufacturer’s instructions.

2.9. Immunohistochemistry Analysis

Immunostaining was performed to observe inflammatory reactions and cell senescence.
The sections obtained by utilizing the Kawamoto method were incubated with a Tris-HCl buffer
and blocked with BLOXALL®Endogenous Peroxidase and Alkaline Phosphatase Blocking Solution
(SP-6000, Vector Laboratories, Burlingame, CA, USA) at room temperature. Next, incubation with
primary antibodies (Anti-COX2/Cyclooxygenase 2 antibody (ab15191, Abcam, Cambridge, MA, USA),
Anti P16-INK4A (10883-1-AP, Proteintech, Rosemont, IL, USA), and Anti P21 (10355-1-AP, Proteintech))
was conducted at 4 ◦C overnight and incubation with the corresponding secondary antibody (Alexa
FlourTM 488 goat anti-rabbit immunoglobulin G (H+L); A11034, Thermo Fisher Scientific, Rockford,
IL, USA) was conducted for 30 min at room temperature. Next, the sections were mounted with a
ProLongTM Gold anti-fade reagent with 4’,6-diamidino-2-phenylindole (DAPI; P36935, Thermo Fisher
Scientific). After staining, the sections were observed utilizing a confocal laser microscope (LSM-700,
Zeiss Microscopy, Jena, Germany) and the obtained images were analyzed utilizing ImageJ to evaluate
the positive staining areas of p16 and p21 according to the following formula:

Fluorescent staining area (%) =
p16 or p21 positive staining area

total area of tissue
× 100

Three micrographs of each group were used.
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2.10. Bone Histomorphometric Analysis Utilizing Soft X-ray Imaging

The fixed samples were evaluated utilizing soft X-ray equipment (SOFTEX: CSMW-2, Softex Co.,
Ebina, Kanagawa, Japan) operating at 20 kV with 4 mA radiation. The exposure time was 1.0 s. Three
rats per group were utilized for bone histomorphometric analysis. The obtained images were analyzed
utilizing ImageJ to evaluate the area of new bone growth according to the following formula:

Bone area/total defect area (%) =
radiopaque area

total area of defect
× 100.

2.11. Statistical Analysis

Results are expressed as mean ± standard deviation (SD). One-way analysis of variance (ANOVA)
was utilized to compare the mean values between groups. If an ANOVA result was significant,
the Tukey-Kramer test was utilized as a post hoc test. All statistical analyses were performed utilizing
Prism 8 (GraphPad Software Inc., San Diego, CA, USA).

3. Results

3.1. Preparation and Characterization of Sponges

Reagent-grade chemicals have the potential to contain LPS [7]. We first verified LPS contamination
in two types of gelatins (reagent-grade and medical-grade gelatin). The reagent-grade gelatin contained
12.42 ± 1.557 EU/mg of LPS and the medical-grade gelatin contained 0.001373 ± 0.0002533 EU/mg of
LPS. Remarkably, the LS-G retained its LPS better compared to the intact reagent-grade gelatin and
corresponding lyophilized sample (Figure 1B). Although the LR-G contained the same amount of LPS
(12.42 EU/mg) as the LS-G, it released all of its LPS within 24 h in saline, whereas the LS-G retained its
LPS (Figure 1C and Figure S1).

Figure 2A presents the Fourier-transform infrared (FT-IR) spectra of MG before adding the
LPS-containing saline (for LR-G) and of LS-G. The LPS peak is undetectable for both sponges,
but gelatin peaks are visible. Both type of sponges exhibit a spongy morphology with similar pores
and smooth surfaces (Figure 2B,C). These results suggest that there were negligible differences between
the structures of LS-G and MG before adding the saline or LPS-containing saline prior to implantation
into the bone defects.
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(C) Field-emission scanning electron microscopic (SEM) images of sponges.
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3.2. Inflammatory Reactions of Defects

Figure 3A shows the implanted sponges at the operation. Seven days after the implantation of
sponges into defects, no groups showed any obvious necrosis at the incision site and exhibited normal
local skin conditions (Figure 3B-a and Figure S2). However, the LR-G group exhibited extraordinary
swelling compared to the LS-G group, indicating a stronger inflammatory reaction to the implanted
material (Figure 3B-b). The swelling was likely to be attributed to the cellular infiltrate, extracellular
matrix (ECM) expansion or the presence of edema.Materials 2019, 12, x FOR PEER REVIEW 7 of 18 
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Figure 3. (A) Critical-sized bone defects with and without sponges. Fifteen representative pieces of
LR-G are presented. (B-a) Vertical and (B-b) lateral macroscopic views of skin above the surgery site
1 week after surgery.

To confirm the host reactions at the defect sites, we stained the defects with hematoxylin and
eosin (H-E), and cyclooxygenase 2 (COX-2) one, two, and three weeks after surgery (Figure 4A–C,
Figure 5A–C, and Figure 6A–C). The LR-G group exhibited thicker tissue at the defect sites compared
to the other groups at 1 week (Figure 4A,B). COX-2 is known to be associated with inflammation and
the generation of prostaglandin endoperoxide H2 [31]. The expression of COX-2 was strong in the
defects treated with the LR-G (Figure 4C). The results of LPS detection for the LS-G and LR-G groups
reveal negligible differences in terms of residual LPS in the defects (Figure 4D). These results suggest
that the LR-G induced the strongest swelling, but no significant differences in the residual LPS level at
one week.
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Figure 4. One week after operation: (A) Hematoxylin-eosin (H-E) staining and (B) quantitative
evaluation of tissue thickness at defect sites (4 = gelatin sponge). (C) Immunohistochemistry staining
with cyclooxygenase 2 (COX-2) and 4′,6-diamidino-2-phenylindole (DAPI). (D) LPS levels in lysates
from tissue at calvaria defects. Mean with SD (n = 3). ** p < 0.01: one-way analysis of variance (ANOVA)
with Tukey–Kramer test as post hoc test. N.D.: Not detected.

At 2 weeks, the LS-G and LR-G groups showed no significant differences in terms of tissue
thickness or COX-2 expression at the defect sites (Figure 5A–C). Residual LPS was only detectable in
the defects of the LS-G group (Figure 5D).
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Figure 5. Two weeks after operation: (A) H-E staining and (B) quantitative evaluation of tissue
thickness at defect sites. (C) Immunohistochemistry staining with COX-2 and DAPI. (D) LPS levels
in lysates from tissue at calvaria defects. Mean with SD (n = 3). * p < 0.05 and ** p < 0.01: one-way
ANOVA with Tukey–Kramer test as post hoc test. N.D.: Not detected.

At 3 weeks, the LS-G and LR-G groups exhibited no significant differences in terms of tissue
thickness or COX-2 expression at the defect sites (Figure 6A–C). Residual LPS was only detectable in
the defects of the LS-G group (Figure 6D).
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Figure 6. Three weeks after operations: (A) H-E staining and (B) quantitative evaluation of tissue
thickness at defect sites. (C) Immunohistochemistry staining utilizing COX-2 and DAPI. (D) LPS levels
in lysates from tissue in calvaria defects. Mean with SD (n = 3). * p < 0.05 and ** p < 0.01: one-way
ANOVA with Tukey–Kramer test as post hoc test. N.D.: Not detected.

3.3. Senescent Cells in Defects

Figure 7 presents immunohistochemical staining images and quantitative data regarding the
senescent cells in defects 1 to 3 weeks after surgery. The p16 and p21 markers are commonly utilized to
distinguish cellular senescence [32,33]. One week after the surgeries, there were p16- and p21-positive
cells in the defects treated with both the LR-G and LS-G, but not in the defects treated with the MG or
without sponge implantation (Figure 7A). Senescent cells gradually decreased in the defects treated
with the LR-G over time, whereas the LS-G retained senescent cells in the defects for up to 21 d
(Figure 7B,C). These results indicate that both the LS-G and LR-G similarly induce senescent cells in
defects, but with different durations. The implantation of LS-G stimulated senescent cells in the defects
for long durations, even without severe inflammation (Figure 6C).
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Figure 7. (A) One week, (B) 2 weeks, and (C) 3 weeks after operations: immunohistochemistry staining
utilizing DAPI with p16 or p21 (a) and the corresponding quantitative data (b). Mean with SD (n = 3).
* p < 0.05 and ** p < 0.01: one-way ANOVA with Tukey–Kramer test as post hoc test.

3.4. Bone Formation in Defects

Soft X-ray imaging was utilized to evaluate bone formation in early stage in each defect (Figure 8).
First, we attempted to determine if radiopacity is a suitable marker for newly formed bone based on
H-E staining (Figure 8A). The radiopacity is coincident with the newly formed bone at 3 weeks after the
surgeries. There are no obvious increments in radiopacity in the defects treated without sponges for up
to 3 weeks. At one week, the defects treated with LS-G exhibited higher radiopacity than those in the
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other groups, while those treated with LR-G exhibited the lowest radiopacity. At 3 weeks, the defects
treated with MG and LR-G exhibited increased radiopacity, but not with LS-G (Figure 8C). These
results clearly suggest that the residual duration of LPS in bony defects is likely to alter the course of
bone formation.
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Figure 8. (A) Confirmation of bone formation utilizing representative soft X-ray images of the LR-G in
defects at 3 weeks and H-E staining results. Upper image: soft x-ray images. White line: cutting line
for H-E staining. Lower image: low- and high-magnification defects stained with H-E. (B) Radiopaque
portion of each defect in the soft X-ray images. (C) Morphometric analysis to quantify radiopaque
areas (new bone) in defects. Mean with SD (n = 3). * p < 0.05 and ** p < 0.01: one-way ANOVA with
Tukey–Kramer test as post hoc test.
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4. Discussion

Our results demonstrate that different LPS release behaviors not only alter inflammatory
reactions, but also cellular senescence and bone formation in critical-sized bone defects in rat calvaria.
The sustained release of LPS is coincident with the failure of bone formation for up to 3 weeks.

Thus far, only a few studies have reported that gelatin can induce inflammation in host cells [34,35].
Similar to one previous study [7], we found that reagent-grade gelatin contains a small amount of LPS
(much less than the lethal dose 50 (LD50)) [36]. In this study, contaminated LPS was readily released
from intact reagent-grade gelatin when it was dissolved in saline (Figure 1B). Additionally, the LS-G
robustly retained its LPS, which consisted of polysaccharides with numerous hydroxyl groups [37].
DHT can enhance the ester bonding between carboxyl and hydroxyl groups [29]. The dehydration
condensation of carboxyl in gelatin and hydroxyl groups in LPS can occur following DHT, thereby
altering the release behavior of LPS from LR-G and LS-G. Applying DHT to LPS-containing gelatin
may be a viable technique for delaying LPS release and transforming the complex into a long-term
stimulant for host cells, even in vivo.

Pore size and porosity alter the bone-forming capabilities of biomaterials [38]. According to
SEM observations, MG and LS-G exhibit similar pore sizes before adding an LPS-containing solution
or saline. To the best of our knowledge, there has been little research on the relationships between
cellular senescence and the pore sizes of biomaterials. Constricting pores leads to DNA damage in
cells [39,40], potentially leading to the induction of cellular senescence [13]. However, we could not
identify p16- and p21-positive cells in defects treated with the MG. These results indicate that the
cellular senescence induced by the LR-G and LS-G must not be caused by intact pores, but by other
stimulants in the sponges.

LPS is believed to enhance the generation of reactive oxygen species (ROS), including H2O2

and O2
−, resulting in oxidative stress [41,42]. Inflammation caused by the increased production of

ROS [43,44] is likely to promote cellular senescence [13]. However, the bone defects 3 weeks after the
surgeries in our study exhibited little inflammation at the defect sites (Figure 6). Residual LPS could be
found only in defects treated with the LS-G. Repeated [16] or long-term [45] stimulation by LPS causes
cellular senescence in vitro. These results may suggest that it is not extracellular reactive oxygen or
inflammatory cytokines, but residual LPS that directly promotes cellular senescence.

The LS-G and LR-G contained an equal amount of LPS (28.98 pg per defect). This dose is far
less than the LD50 (3 mg/kg) [36]. Previous studies utilized 345 to 17,253 times more LPS compared
to our doses in vivo [17,18,46], which apparently hampered bone formation [18,46]. As with these
studies, in our study, although LR-G rereleased LPS immediately, bone formation was still delayed
for 1 week, which might due to the temporal burst effect (inducing high dose of LPS). Meanwhile,
the LS-G only released 1.47% of the amount of LPS released by the LR-G secreting relatively high dose
of LPS temporarily. Regardless, the LS-G significantly attenuated bone formation for up to 3 weeks.
Guo et al. demonstrated that LPS inhibits osteoblastic differentiation via apoptosis (at 10 ng/mL) [47].
Although we could not exclude the possibility that the low dose of LPS in the LS-G directly inhibited
bone formation in the defects, Xu et al. reported that LPS can enhance osteoblastic differentiation at
much higher concentration (at 500 ng/mL) [12]. The hampered bone formation might be occurred by
different mechanism partially associated with LPS-induced senescent cells.

This study analyzed the effects of LPS release behavior on cellular senescence and bone formation
in critical-sized bone defects in rat calvaria. However, further evaluations should be conducted to
identify robust relationships between LPS-induced cellular senescence and bone formation. First, it is
still unclear how LPS-induced cellular senescence alters bone formation in defects. Second, elucidating
the fate and quality of newly formed bones with different types of sponges would be very informative.
Third, it is still unclear whether released- or unreleased-LPS from LS-G caused the cellular senescence.
We may also need to clarify the differences in LPS between the LS-G and LR-G.

Overall, our study demonstrated that vacuum heating techniques can be utilized to fabricate two
distinct types of gelatin sponges for releasing LPS rapidly or gradually. Such sponges significantly affect
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inflammatory reactions, cellular senescence, and bone formation in an early stage in critical-size bone
defects in rat calvaria. Additionally, these two materials enabled us to determine that the sustained
release of LPS attenuates bone formation and increases cellular senescence in vivo. The mechanisms
determining how these senescent cells hamper bone formation are still unclear. However, the results
suggest that the approaches for preparing different types of materials releasing bacterial components
are likely to be helpful for developing disease models that provide an informative insight to design
novel biomaterials for bone-regenerative therapy.

Supplementary Materials: The following are available online at http://www.mdpi.com/1996-1944/13/1/95/s1,
Figure S1: LPS release from LS-G into saline over 3 days, Figure S2: (A) Vertical and (B) lateral macroscopic views
of skin above the surgery site 1 week after surgery.

Author Contributions: Y.H. (Yoshitomo Honda) supervised the study. Y.H. (Yoshitomo Honda) and J.Z. conceived
and designed the experiments. J.Z. and Y.H. (Yoshitomo Honda) performed and analyzed the experiments.
Y.H. (Yoshitomo Honda) and J.Z. drafted the manuscript. T.T., Y.H. (Yoshiya Hashimoto), and N.M. contributed
toward interpretation of the data and reviewed the paper. All authors discussed the results and commented on
the manuscript. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded in part by JSPS KAKENHI, grant number 18H02986 and 16K11821.

Acknowledgments: We thank N. Kawade (Institute of Dental Research, Osaka Dental University) for technical
support with SEM images, A. Huang (Department of Oral implantation, Osaka Dental University) and X. Wang
(Department of Orthodontics, Osaka Dental University) for technical support on immunohistochemistry staining.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Metsemakers, W.J.; Kuehl, R.; Moriarty, T.F.; Richards, R.G.; Verhofstad, M.H.J.; Borens, O.; Kates, S.;
Morgenstern, M. Infection after fracture fixation: Current surgical and microbiological concepts. Injury 2018,
49, 511–522. [CrossRef] [PubMed]

2. Arens, D.; Wilke, M.; Calabro, L.; Hackl, S.; Zeiter, S.; Zderic, I.; Richards, R.G.; Moriarty, T.F. A rabbit
humerus model of plating and nailing osteosynthesis with and without staphylococcus aureus osteomyelitis.
Eur. Cells Mater. 2015, 30, 148–162. [CrossRef] [PubMed]

3. Thomas, M.V.; Puleo, D.A. Infection, inflammation, and bone regeneration: A paradoxical relationship.
J. Dent. Res. 2011, 90, 1052–1061. [CrossRef] [PubMed]

4. Campoccia, D.; Montanaro, L.; Arciola, C.R. A review of the biomaterials technologies for infection-resistant
surfaces. Biomaterials 2013, 34, 8533–8554. [CrossRef] [PubMed]

5. Long-lived biomaterials. Nat. Biomed. Eng. 2017, 1, 0095. [CrossRef]
6. Hosseini, B.; Byrd, W.C.; Preisser, J.S.; Khan, A.; Duggan, D.; Bencharit, S. Effects of antibiotics on bone and

soft-tissue healing following immediate single-tooth implant placement into sites with apical pathology.
J. Oral Implantol. 2015, 41, e202–e211. [CrossRef]

7. Gorbet, M.B.; Sefton, M.V. Endotoxin: The uninvited guest. Biomaterials 2005, 26, 6811–6817. [CrossRef]
8. Dixon, D.R.; Darveau, R.P. Lipopolysaccharide heterogeneity: Innate host responses to bacterial modification

of lipid a structure. J. Dent. Res. 2005, 84, 584–595. [CrossRef]
9. Reikerås, O.; Shegarfi, H.; Wang, J.E.; Utvåg, S.E. Lipopolysaccharide impairs fracture healing:

An experimental study in rats. Acta Orthop. 2005, 76, 749–753. [CrossRef]
10. Liu, Y.; Fang, S.; Li, X.; Feng, J.; Du, J.; Guo, L.; Su, Y.; Zhou, J.; Ding, G.; Bai, Y.; et al. Aspirin inhibits

LPS-induced macrophage activation via the NF-κB pathway. Sci. Rep. 2017, 7, 1–11. [CrossRef]
11. Takami, M.; Kim, N.; Rho, J.; Choi, Y. Stimulation by toll-like receptors inhibits osteoclast differentiation.

J. Immunol. 2002, 169, 1516–1523. [CrossRef] [PubMed]
12. Xu, M.X.; Sun, X.X.; Li, W.; Xie, G.; Yang, Q.; Qu, Z.W.; Meng, Q.G. LPS at low concentration promotes the

fracture healing through regulating the autophagy of osteoblasts via NF-κB signal pathway. Eur. Rev. Med.
Pharmacol. Sci. 2018, 22, 1569–1579. [PubMed]

13. Fridlyanskaya, I.; Alekseenko, L.; Nikolsky, N. Senescence as a general cellular response to stress:
A mini-review. Exp. Gerontol. 2015, 72, 124–128. [CrossRef] [PubMed]

http://www.mdpi.com/1996-1944/13/1/95/s1
http://dx.doi.org/10.1016/j.injury.2016.09.019
http://www.ncbi.nlm.nih.gov/pubmed/27639601
http://dx.doi.org/10.22203/eCM.v030a11
http://www.ncbi.nlm.nih.gov/pubmed/26388617
http://dx.doi.org/10.1177/0022034510393967
http://www.ncbi.nlm.nih.gov/pubmed/21248364
http://dx.doi.org/10.1016/j.biomaterials.2013.07.089
http://www.ncbi.nlm.nih.gov/pubmed/23953781
http://dx.doi.org/10.1038/s41551-017-0095
http://dx.doi.org/10.1563/aaid-joi-D-14-00075
http://dx.doi.org/10.1016/j.biomaterials.2005.04.063
http://dx.doi.org/10.1177/154405910508400702
http://dx.doi.org/10.1080/17453670510045327
http://dx.doi.org/10.1038/s41598-017-10720-4
http://dx.doi.org/10.4049/jimmunol.169.3.1516
http://www.ncbi.nlm.nih.gov/pubmed/12133979
http://www.ncbi.nlm.nih.gov/pubmed/29630098
http://dx.doi.org/10.1016/j.exger.2015.09.021
http://www.ncbi.nlm.nih.gov/pubmed/26435346


Materials 2020, 13, 95 17 of 18

14. Sewerynek, E.; Ortiz, G.G.; Reiter, R.J.; Pablos, M.I.; Melchiorri, D.; Daniels, W.M.U. Lipopolysaccharide-
induced DNA damage is greatly reduced in rats treated with the pineal hormone melatonin. Mol. Cell.
Endocrinol. 1996, 117, 183–188. [CrossRef]

15. Kim, C.O.; Huh, A.J.; Han, S.H.; Kim, J.M. Analysis of cellular senescence induced by lipopolysaccharide in
pulmonary alveolar epithelial cells. Arch. Gerontol. Geriatr. 2012, 54, 35–41. [CrossRef]

16. Feng, G.; Zheng, K.; Cao, T.; Zhang, J.; Lian, M.; Huang, D.; Wei, C.; Gu, Z.; Feng, X. Repeated stimulation by
LPS promotes the senescence of DPSCs via TLR4/MyD88-NF-κB-p53/p21 signaling. Cytotechnology 2018, 70,
1023–1035. [CrossRef]

17. Hoban, D.B.; Connaughton, E.; Connaughton, C.; Hogan, G.; Thornton, C.; Mulcahy, P.; Moloney, T.C.;
Dowd, E. Further characterisation of the LPS model of Parkinson’s disease: A comparison of intra-nigral
and intra-striatal lipopolysaccharide administration on motor function, microgliosis and nigrostriatal
neurodegeneration in the rat. Brain Behav. Immun. 2013, 27, 91–100. [CrossRef]

18. Strålberg, F.; Kassem, A.; Kasprzykowski, F.; Abrahamson, M.; Grubb, A.; Lindholm, C.; Lerner, U.H.
Inhibition of lipopolysaccharide-induced osteoclast formation and bone resorption in vitro and in vivo by
cysteine proteinase inhibitors. J. Leukoc. Biol. 2017, 101, 1233–1243. [CrossRef]

19. Unuma, K.; Aki, T.; Noritake, K.; Funakoshi, T.; Uemura, K. A CO-releasing molecule prevents annexin A2
down-regulation and associated disorders in LPS-administered rat lung. Biochem. Biophys. Res. Commun.
2017, 487, 748–754. [CrossRef]

20. Abramova, A.Y.; Pertsov, S.S.; Kozlov, A.Y.; Nikenina, E.V.; Kalinichenko, L.S.; Dudnik, E.N.; Alekseeva, I.V.
Cytokine levels in rat blood and brain structures after administration of lipopolysaccharide. Bull. Exp. Biol.
Med. 2013, 155, 417–420. [CrossRef]

21. Ayaz, G.; Halici, Z.; Albayrak, A.; Karakus, E.; Cadirci, E. Evaluation of 5-HT7 receptor trafficking on in vivo
and in vitro model of lipopolysaccharide (LPS)-induced inflammatory cell injury in rats and LPS-treated
A549 cells. Biochem. Genet. 2017, 55, 34–47. [CrossRef] [PubMed]

22. Ling, X.; Linglong, P.; Weixia, D.; Hong, W. Protective effects of bifidobacterium on intestinal barrier function
in LPS-induced enterocyte barrier injury of Caco-2 monolayers and in a rat NEC model. PLoS ONE 2016, 11,
e0161635. [CrossRef] [PubMed]

23. Park, K. Controlled drug delivery systems: Past forward and future back. J. Control. Release 2014, 190, 3–8.
[CrossRef] [PubMed]

24. Min, J.; Braatz, R.D.; Hammond, P.T. Tunable staged release of therapeutics from layer-by-layer coatings
with clay interlayer barrier. Biomaterials 2014, 35, 2507–2517. [CrossRef] [PubMed]

25. Rose, J.B.; Pacelli, S.; El Haj, A.J.; Dua, H.S.; Hopkinson, A.; White, L.J.; Rose, F.R.A.J. Gelatin-based materials
in ocular tissue engineering. Materials 2014, 7, 3106–3135. [CrossRef]

26. Gorgieva, S.; Kokol, V. Collagen- vs. Gelatine-based biomaterials and their biocompatibility: Review and
perspectives. In Biomater. Appl. Nanomedicine, 1st ed.; Pignatello, R., Ed.; InTech: Rijeka, Croatia, 2011;
pp. 17–52.

27. Santoro, M.; Tatara, A.M.; Mikos, A.G. Gelatin carriers for drug and cell delivery in tissue engineering.
J. Control. Release 2014, 190, 210–218. [CrossRef]

28. Honda, Y.; Takeda, Y.; Li, P.; Huang, A.; Sasayama, S.; Hara, E.; Uemura, N.; Ueda, M.; Hashimoto, M.;
Arita, K.; et al. Epigallocatechin gallate-modified gelatin sponges treated by vacuum heating as a novel
scaffold for bone tissue engineering. Molecules 2018, 23, 876. [CrossRef]

29. Haugh, M.G.; Jaasma, M.J.; O’Brien, F.J. The effect of dehydrothermal treatment on the mechanical and
structural properties of collagen-GAG scaffolds. J. Biomed. Mater. Res. Part A 2009, 89, 363–369. [CrossRef]

30. Kawamoto, T. Use of a new adhesive film for the preparation of multi-purpose fresh-frozen sections from
hard tissues, whole-animals, insects and plants. Arch. Histol. Cytol. 2003, 66, 123–143. [CrossRef]

31. Bingham, S.; Beswick, P.J.; Blum, D.E.; Gray, N.M.; Chessell, I.P. The role of the cylooxygenase pathway in
nociception and pain. Semin. Cell Dev. Biol. 2006, 17, 544–554. [CrossRef]

32. Farr, J.N.; Xu, M.; Weivoda, M.M.; Monroe, D.G.; Fraser, D.G.; Onken, J.L.; Negley, B.A.; Sfeir, J.G.;
Ogrodnik, M.B.; Hachfeld, C.M.; et al. Targeting cellular senescence prevents age-related bone loss in mice.
Nat. Med. 2017, 23, 1072–1079. [CrossRef] [PubMed]

33. Demaria, M.; Ohtani, N.; Youssef, S.A.; Rodier, F.; Toussaint, W.; Mitchell, J.R.; Laberge, R.M.; Vijg, J.;
VanSteeg, H.; Dollé, M.E.T.; et al. An essential role for senescent cells in optimal wound healing through
secretion of PDGF-AA. Dev. Cell 2014, 31, 722–733. [CrossRef] [PubMed]

http://dx.doi.org/10.1016/0303-7207(95)03742-X
http://dx.doi.org/10.1016/j.archger.2011.07.016
http://dx.doi.org/10.1007/s10616-017-0180-6
http://dx.doi.org/10.1016/j.bbi.2012.10.001
http://dx.doi.org/10.1189/jlb.3A1016-433R
http://dx.doi.org/10.1016/j.bbrc.2017.04.131
http://dx.doi.org/10.1007/s10517-013-2166-5
http://dx.doi.org/10.1007/s10528-016-9769-2
http://www.ncbi.nlm.nih.gov/pubmed/27586707
http://dx.doi.org/10.1371/journal.pone.0161635
http://www.ncbi.nlm.nih.gov/pubmed/27551722
http://dx.doi.org/10.1016/j.jconrel.2014.03.054
http://www.ncbi.nlm.nih.gov/pubmed/24794901
http://dx.doi.org/10.1016/j.biomaterials.2013.12.009
http://www.ncbi.nlm.nih.gov/pubmed/24388389
http://dx.doi.org/10.3390/ma7043106
http://dx.doi.org/10.1016/j.jconrel.2014.04.014
http://dx.doi.org/10.3390/molecules23040876
http://dx.doi.org/10.1002/jbm.a.31955
http://dx.doi.org/10.1679/aohc.66.123
http://dx.doi.org/10.1016/j.semcdb.2006.09.001
http://dx.doi.org/10.1038/nm.4385
http://www.ncbi.nlm.nih.gov/pubmed/28825716
http://dx.doi.org/10.1016/j.devcel.2014.11.012
http://www.ncbi.nlm.nih.gov/pubmed/25499914


Materials 2020, 13, 95 18 of 18

34. Xu, X.; Gu, Z.; Chen, X.; Shi, C.; Liu, C.; Liu, M.; Wang, L.; Sun, M.; Zhang, K.; Liu, Q.; et al. An injectable
and thermosensitive hydrogel: Promoting periodontal regeneration by controlled-release of aspirin and
erythropoietin. Acta Biomater. 2019, 86, 235–246. [CrossRef] [PubMed]

35. Zhao, Y.L.; Lu, Z.Y.; Zhang, X.; Liu, W.W.; Yao, G.D.; Liu, X.L.; Liu, W.; Wu, Q.J.; Hayashi, T.; Yamato, M.;
et al. Gelatin promotes cell aggregation and pro-inflammatory cytokine production in PMA-stimulated U937
cells by augmenting endocytosis-autophagy pathway. Int. J. Biochem. Cell Biol. 2018, 95, 132–142. [CrossRef]
[PubMed]

36. Shibayama, Y.; Asaka, S.; Nakata, K. Endotoxin hepatotoxicity augmented by ethanol. Exp. Mol. Pathol. 1991,
55, 196–202. [CrossRef]

37. Sidorczyk, Z.; Zahringer, U.; Rietschel, E.T. Chemical structure of the lipid A component of the
lipopolysaccharide from a Proteus mirabilis Re-mutant. Eur. J. Biochem. 1983, 137, 15–22. [CrossRef]

38. Hannink, G.; Arts, J.J.C. Bioresorbability, porosity and mechanical strength of bone substitutes: What is
optimal for bone regeneration? Injury 2011, 42, S22–S25. [CrossRef]

39. Bennett, R.R.; Pfeifer, C.R.; Irianto, J.; Xia, Y.; Discher, D.E.; Liu, A.J. Elastic-fluid model for DNA damage and
mutation from nuclear fluid segregation due to cell migration. Biophys. J. 2017, 112, 2271–2279. [CrossRef]

40. Pfeifer, C.R.; Xia, Y.; Zhu, K.; Liu, D.; Irianto, J.; Morales García, V.M.; Santiago Millán, L.M.; Niese, B.;
Harding, S.; Deviri, D.; et al. Constricted migration increases DNA damage and independently represses cell
cycle. Mol. Biol. Cell 2018, 29, 1948–1962. [CrossRef]

41. Han, X.; Wu, Y.C.; Meng, M.; Sun, Q.S.; Gao, S.M.; Sun, H. Linarin prevents LPSinduced acute lung injury by
suppressing oxidative stress and inflammation via inhibition of TXNIP/NLRP3 and NFkappaB pathways.
Int. J. Mol. Med. 2018, 42, 1460–1472.

42. Miura, D.; Miura, Y.; Yagasaki, K. Resveratrol inhibits hepatoma cell invasion by suppressing gene expression
of hepatocyte growth factor via its reactive oxygen species-scavenging property. Clin. Exp. Metastasis 2004,
21, 445–451. [CrossRef] [PubMed]

43. Freeman, B.A.; Crapo, J.D. Biology of disease: Free radicals and tissue injury. Lab. Investig. 1982, 47, 412–426.
[PubMed]

44. McCord, J.M. Oxygen-derived free radicals in postischemic tissue injury. N. Engl. J. Med. 1985, 312, 159–163.
[PubMed]

45. Tabibian, J.H.; O’Hara, S.P.; Splinter, P.L.; Trussoni, C.E.; LaRusso, N.F. Cholangiocyte senescence by way
of N-ras activation is a characteristic of primary sclerosing cholangitis. Hepatology 2014, 59, 2263–2275.
[CrossRef] [PubMed]

46. Croes, M.; Kruyt, M.C.; Loozen, L.; Kragten, A.H.M.; Yuan, H.; Dhert, W.J.; Öner, F.C.; Alblas, J. Local induction
of inflammation affects bone formation. Eur. Cells Mater. 2017, 33, 211–226. [CrossRef]

47. Guo, C.; Yuan, L.; Wang, J.; Wang, F.; Yang, X.K.; Zhang, F.; Song, J.; Ma, X.; Cheng, Q.; Song, G.
Lipopolysaccharide (LPS) induces the apoptosis and inhibits osteoblast differentiation through JNK pathway
in mc3t3-e1 cells. Inflammation 2014, 37, 621–631. [CrossRef]

© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1016/j.actbio.2019.01.001
http://www.ncbi.nlm.nih.gov/pubmed/30611793
http://dx.doi.org/10.1016/j.biocel.2018.01.002
http://www.ncbi.nlm.nih.gov/pubmed/29307663
http://dx.doi.org/10.1016/0014-4800(91)90053-Z
http://dx.doi.org/10.1111/j.1432-1033.1983.tb07789.x
http://dx.doi.org/10.1016/j.injury.2011.06.008
http://dx.doi.org/10.1016/j.bpj.2017.04.037
http://dx.doi.org/10.1091/mbc.E18-02-0079
http://dx.doi.org/10.1007/s10585-004-2698-1
http://www.ncbi.nlm.nih.gov/pubmed/15672869
http://www.ncbi.nlm.nih.gov/pubmed/6290784
http://www.ncbi.nlm.nih.gov/pubmed/2981404
http://dx.doi.org/10.1002/hep.26993
http://www.ncbi.nlm.nih.gov/pubmed/24390753
http://dx.doi.org/10.22203/eCM.v033a16
http://dx.doi.org/10.1007/s10753-013-9778-9
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Materials 
	Lipopolysaccharide (LPS) Content Measurement 
	Preparation of Gelatin Sponges 
	Preparation of Medical-Grade Gelatin Sponge without LPS (MG) 
	Preparation of LPS Sustained-Release Gelatin Sponge (LS-G) 
	Preparation of LPS Rapid-Release Gelatin Sponge (LR-G) 

	Characterization of Sponges 
	LPS Release Experiments from Sponges 
	Implantation of Sponges 
	Hematoxylin-Eosin Staining 
	Lysate LPS-Level Test 
	Immunohistochemistry Analysis 
	Bone Histomorphometric Analysis Utilizing Soft X-ray Imaging 
	Statistical Analysis 

	Results 
	Preparation and Characterization of Sponges 
	Inflammatory Reactions of Defects 
	Senescent Cells in Defects 
	Bone Formation in Defects 

	Discussion 
	References

