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Periodontitis is a chronic inflammatory disease characterized by the colonization of pathogenic microorganisms
and the loss of periodontal supporting tissue. However, the existing local drug delivery system for periodontitis
has some problems including subpar antibacterial impact, easy loss, and unsatisfactory periodontal regeneration.
In this study, a multi-functional and sustained release drug delivery system (MB/BG@LG) was developed by
encapsulating methylene blue (MB) and bioactive glass (BG) into the lipid gel (LG) precursor by Macrosol
technology. The properties of MB/BG@LG were characterized using a scanning electron microscope, a dynamic
shear rotation rheometer, and a release curve. The results showed that MB/BG@LG could not only sustained
release for 16 days, but also quickly fill the irregular bone defect caused by periodontitis through in situ hy-
dration. Under 660 nm light irradiation, methylene blue-produced reactive oxygen species (ROS) can reduce local
inflammatory response by inhibiting bacterial growth. In addition, in vitro and vivo experiments have shown that
MB/BG@LG can effectively promote periodontal tissue regeneration by reducing inflammatory response, pro-
moting cell proliferation and osteogenic differentiation. In summary, MB/BG@LG exhibited excellent adhesion
properties, self-assembly properties, and superior drug release control capabilities, which improved the clinical
feasibility of its application in complex oral environments.

1. Introduction

Periodontitis is a chronic inflammatory disease caused by the inter-
action between host inflammatory response and oral pathogenic micro-
organisms [1], which ultimately leads to alveolar bone loss, periodontal
pocket formation and irreparable damage to periodontal supporting tis-
sue [2-4]. The current clinical therapy strategy for periodontitis involves
the removal of subgingival plaque attachment through mechanical
debridement (including scaling and root planning) and antimicrobial
agents [5,6]. Mechanical debridement is time-consuming, expensive, and
has limited therapeutic effects in sites that are difficult to reach instru-
mentally, such as root furcation, root concavities, and deep periodontal
pockets. Additionally, systemic antimicrobial therapy not only has

insufficient effective concentration in the lesion area, but it also increases
the risk of microbial resistance [7,8]. At present, a variety of tissue en-
gineering materials used in the treatment of periodontitis have attracted
strong attention from researchers, including scaffolds [9,10], hydrogels
[11,12], and nanoparticle drug delivery systems [13,14]. As shown in
Table S1, although these materials have achieved certain effects in the
treatment of periodontitis, there are still some limitations. These de-
ficiencies include difficulty in fitting irregular periodontal defects,
insufficient adhesion strength to against oral saliva scour, drug burst
release, short treatment time and single function. Therefore, it is an ur-
gent need to develop a multi-functional long-release strategy for peri-
odontitis treatment.

The objective of periodontal treatment is to inhibit periodontal
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pathogens and accelerate periodontal bone regeneration [12,15,16]. In
terms of antibacterial, compared with mechanical therapy and conven-
tional chemotherapy, Antimicrobial photodynamic therapy (APDT) has
unique advantages such as high spatiotemporal selectivity, broad spec-
trum, rapid release of reactive oxygen species (ROS) by external light to
inhibit plaque with easy operation, and cooperativity with other treat-
ments [17,18]. APDT is currently considered an attractive photochemical
therapeutic tool against a variety of bacterial pathogens in the
post-antibiotic era [19]. Methylene blue (MB) generates ROS by trans-
ferring energy to oxygen and other molecules during the fading from the
active state to the ground state under specific wavelength irradiation
[20]. ROS exert their biocidal activity by countering oxidative damage to
biomolecular sites in the pathological target, such as phospholipids,
proteins, DNA [21]. Meanwhile, methylene blue is the most widely used
phenothiazine photosensitizer because of its excellent water solubility,
low cost, and efficient generation of ROS under anaerobic conditions
[22]. However, due to the complex environmental characteristics of the
oral cavity (such as continuous saliva secretion, chewing, and tongue
movement), the existing methylene blue delivery system is difficult to
maintain at the lesion site in order to achieve a long-term therapeutic
effect, which may lead to an unsatisfactory antibacterial effect and
insignificant periodontal regeneration [23,24]. In the aspect of bone
regeneration, bioactive glasses have attracted much attention as syn-
thetic bone regenerative materials due to their capacity to transform
hydroxyapatite, the natural mineral component of bone, to bind tightly to
bone and stimulate the healing of bone defects by releasing ions [25].
Moreover, bioactive glass (BG) can support the proliferation and differ-
entiation of osteoblasts and mesenchymal stem cells in vitro and in vivo
[26]. Therefore, we are currently considering how to combine MB and
BG into a complete system that can not only satisfy the effects of anti-
bacterial, anti-inflammatory and bone regeneration, but also achieve the
sustained release of MB for the treatment of periodontitis.

As continuous drug delivery carriers, lipid-based lyotropic depot
matrices offer vast application possibilities in tissue engineering due to
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their thermodynamic stability, biocompatibility, and favorable environ-
ment for tissue and cell growth [27,28]. In comparison to well researched
lipids such as glycerol monooleate and phytotriol, the lipid gel (LG)
produced of soybean lecithin choline (SPC) and glycerol dioleate (GDO)
have excellent functional properties such as bioadhesion, excellent drug
loading ability, enhanced self-assembly flexibility [28-31]. It can effec-
tively be used for stable delivery and release of hydrophilic, lipophilic,
and amphiphilic drugs [29,32]. The burst release of drugs (such as highly
hydrophilic methylene blue) is minimized due to the excellent encap-
sulation properties of lipids [27,33,34]. Therefore, this lipid gel system
can be employed as a platform for continuous medicine administration in
periodontal therapy.

In this study, we innovatively synthesized a lipid gel by mixing BG
and MB into a lipid mixture (LG precursor) of soybean phosphatidyl-
choline (SPC) and dioleate glycerol (GDO) in an all-in-one manner. It
perfectly solves the problem that MB preparation is not easy to retain and
burst release in the lesion site. Owing to the excellent encapsulation
performance of the lipid, the effective release of MB in the system
reached over 14 days in vitro. After injecting MB/BG@LG into the
periodontal pocket, the LG precursor can undergo in situ hydration and
can be immediately gelated in a moist oral environment to fill irregular
bone defects caused by periodontitis and qualify for addressing the
specific requirements of patients in clinical practice. Simultaneously, MB
under manually controlled visible irradiation can generate ROS to inhibit
periodontitis pathogens, achieve antibacterial effects, and alleviate
inflammation. Osteogenic-related protein production and periodontal
bone repair can be stimulated by BG and the ions released. We evaluated
the anti-inflammatory, antibacterial, and osteogenic effects of BG/
MGQ@LG in periodontitis rats. The results showed that alveolar bone
regeneration was significant and inflammatory factors were suppressed
after BG/MG@LG injection. Therefore, we believe that BG/MG@LG is a
potent alternative therapy for the treatment of periodontitis that can
meet the specific needs of different patients in clinical practice. (see
Scheme 1)
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Scheme 1. Scheme of the synthesis process, antibacterial effects, anti-inflammatory effects, and promotion of periodontal regeneration of injectable MB/BG@LG.
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2. Methods
2.1. Preparation of the MB/BG@LG

According to previously described preparation methods, the drug-
loaded LG precursor was manufactured via the “Macrosol” technique
[28]. The first step was to prepare the lyophilized system. 100 mg SPC
(Shanghai Yuanye, product number $S27923) and 60 mg BG were added
to 0.5 mL of 1 mM MB (Sigma-Aldrich, product number M9140) aqueous
solution. After thorough mixing on a roller mixer, the mixture was
lyophilized (TDZ5-WS, China) to obtain the lyophilized system. Next,
SPC and GDO (Shanghai yuanye, product number B28313) were evenly
mixed at a ratio of 35/65 and 10% absolute ethanol was added to obtain
the oil phase precursor preparation of LG. Subsequently, the lyophilized
system mentioned above was mixed with 1.0 g of the precursor at
ambient temperature on a rolling mixer until the non-aqueous mixture
became a homogeneous lipid solution formulation of MB/BG@LG.

2.2. Characterization

Scanning electron microscopy (SEM; Zeiss, Germany) was used to
evaluate the appearance of the lyophilized system of MB/BG@LG. The
elemental mapping of the materials was performed by combining scan-
ning electron microscopy with energy dispersive spectroscopy (EDS; Inca
Energy, England). Dynamic light scattering (DLS, Malvern Instruments,
UK) was used to measure the bioglass diameter. Flight Test Instrumen-
tation Requirements (FTIR; Thermo Scientific Nicolet iS20, USA) were
performed to analyze the composition of MB/BG@LG. The morphology
before and after release was observed by cryo-electron microscopy.
(Cryo-SEM; Hitachi Regulus 8220; Japan).

2.3. The sol-gel phase transition

In a glass container with a lid, a specific quantity of the LG precursor
was introduced together with a small amount of water. The test tube
inversion approach was used to describe the transition of the sol-gel
characteristics.

2.4. In vitro adhesion of MB/BG@LG

The shear adhesion strengthen of MB/BG@LG was measured on glass
by the universal tensile tester. The overlapping area between MB/
BG@LG and glass slide was 25 mm x 20 mm. Shear adhesive strength
was tested with a universal tensile testing machine at a strain rate of 20
mm min~!. Each experiment was repeated three times.

The adhesion of MB/BG@LG to alveolar bone of rats was tested by
oral saliva simulation experiment. First, MB/BG@LG was injected into
the alveolar bone followed by a small amount of water to quickly self-
assemble into a gelatinous system. The gelated MB/BG@LG was
flushed with running water to test its adhesion strength.

2.5. Rheological analysis and viscosity analysis

Rheological and viscosity analyses were conducted using a dynamic
shear rotary rheometer. (ThermoFisher, America). Two grams of pre-
pared MB/BG@LG were placed at the center of the rheometer plate and
equilibrated at room temperature for 5 min before beginning any
experiment. Peristaltic scanning was used to measure the shear viscosity
() at shear rates ranging from 1 to 120 s~ '. Rheological tests were
conducted within the range of 0-10 min, and the storage modulus (G)
and loss modulus (G”') of the rheological parameters were calculated to
study the sol-gel transition behavior during the formation of liposomes
with angular frequency (®) and strain (y) fixed at 2 rad/s and 5%,
respectively.
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2.6. Invitro drug release

In each light-protected tube, 1 mL. MB/BG@LG was added to 5 mL
PBS and incubated on a thermostatic shaker (37 °C, 100rmp). At pre-
determined intervals, a fresh 1.5 mL of PBS solution was added to the
vial, while 1.5 mL of the medium was removed and stored at —4 °C for
further analysis. The cumulative release of methylene blue was deter-
mined using an ultraviolet spectrophotometer (Nikon, Japan).

2.7 light-triggered generation of reactive oxygen species (ROS)

The light-triggered singlet oxygen of MB/BG@LG was quantified
using 1,3-diphenylisobenzofuran (DPBF) (MedChemexpress, USA) as a
probe. Briefly, 0.3 mL of saturated dimethylformamide (DMF) containing
DPBF (200 pg/mL) was added to 2.7 mL of MB/BG@LG impregnated
solution or MB solution (equivalent to MB/BG@LG). The mixture was
kept in the dark under constant stirring and irradiated with a 660 nm
laser at an output power of 100 mW/cm?. The absorbance of the solution
was measured using an ultraviolet spectrophotometer.

2.8. Photodynamic antibacterial in vitro

Staphylococcus aureus (ATCC 6538) and Escherichia coli (ATCC 25922)
and Porphyromonas gingival (ATCC BAA-308 W83) were used to evaluate
the antibacterial activity of MB/BG@LG. The 0.1 mL bacterial solution
(1.0 x 108 CFU/mL) and 0.1 mL MB/BG@LG impregnated solution
diluent in different multiples were placed in a 96-well plate and incu-
bated in the dark for half an hour. Then, the plates of the light group were
exposed to a 660 nm laser for 3 min. The plate counting method was used
to assess the antibacterial capabilities. To stain bacteria, NO1/propidium
iodide was used as directed by the LIVE/DEAD bacterial kit (Solarbio,
China). Images of dead bacteria colored red and live bacteria-stained
green was observed using inverted fluorescence microscopy. At the
same time, the morphological changes of the bacteria in each group were
observed under a scanning electron microscope.

2.9. Biocompatibility in vitro

Hemolysis Assay: Following the accepted experimental protocol,
blood was drawn from Sprague-Dawley (SD) rats. The fresh rat blood was
separated from the plasma by centrifugation at 3000 rpm for 10 min at 4
°C. The isolated RBCs were washed with PBS until the supernatant was
limpid, and then diluted to 5% (v/v) with PBS. Deionized water, saline
solution, and a progressive percentage of MB/BG@LG impregnated so-
lution were added to the diluted red blood cells. The supernatants from
each group were collected, and the absorbance at 562 nm was deter-
mined after incubation at 37 °C for 1 h. The following formula was used
to determine the hemolysis rate:

Hemolysis (%) :H x 100%,

where As, Ap, and An represent the absorbance values of the MB/BG@LG
extract (sample group), distilled water (positive control group), and sa-
line (negative control group), respectively.

Cell viability: The proliferation and viability of L929 and MC3t3-E1
cells (iCell, China) were evaluated using the CCK-8 Assay Kit (Service-
bio, China). For cell viability, L929 cells and MC3t3-E1 cells were
consecutively placed on 96-well microdroplet plates at a density of 5 x
10 cells/well and then cocultured with sample impregnated solutions
for 1,3, and 5 days. The incubation was maintained at 37 °C for 2 h after
the introduction of 100 pl of CCK-8 mixture. Finally, a microplate reader
was used to measure the absorbance at 450 nm. The following formula
was implemented to compute cell viability:

Cell viability = ODyumpte / ODcontrl-
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For live/dead cell staining, L929 and MC3t3-E1 cells were seeded on
24-well microdroplet plates at a density of 1.0 x 10* cells/well and
incubated for 24 h under the above-mentioned conditions. The original
culture medium was replaced with the impregnated solution of the
sample and cultured for one or three days. After dark incubation with
300 pl of calcein-AM/PI (Yeasen, China) staining solution for 30 min,
red-stained dead cells and green-stained live cells were distinguished by
inverted fluorescence microscopy. The light group in the experiment
received 3 min of exposure to a 660 nm laser at a power density of 100
mW/cm?, and three duplicates of each experiment were carried out.

SEM image of MC3t3-E1 cells: MC3t3-E1 cells were inoculated on
silicon wafers at a density of 1.0 x 10* cells/well and incubated with the
sample impregnated solution for 24 h. Next, the cells on the silicon wafer
were dehydrated and fixed according to sample preparation re-
quirements. SEM was used to examine the morphology and migration
status of MC3t3-E1 cells.

2.10. Osteogenic differentiation of MC3t3-E1 in vitro

MC3t3-E1 cells at the logarithmic growth stage were inoculated in 24-
well culture plates (1.0 x 10° cells per well) and co-cultured with oste-
ogenic induction medium with or without the impregnated solution of
MB/BG@LG and LG for 7 or 14 days. After co-culture, MC3t3-E1 cells
were first fixed with 4% paraformaldehyde, gently washed three times
with PBS and stained with the AKP/ALP kit (Beyotime, China). After
incubation for 20 min at room temperature in the dark, the cell staining
was observed under an optical microscope. The alp activity kit (Nanjing
Jiancheng; China) was used for quantitative analysis.

2.11. In vivo biodegradation and biocompatibility

All animal protocols were approved in accordance with the Guide-
lines for the Care and Use of Laboratory Animals of Nanchang University
in China and were approved by the Animal Ethics Committee of Nan-
chang University (NCULAE-202209280026). Eight-week-old female SD
rats were obtained from Changsha Tianqin Biotechnology Co, Ltd.
(Changsha Tiangin, China) for the in vivo experiments. First, SD rats
were anesthetized and 200 pl of sterile MB/BG@LG or LG precursor was
injected subcutaneously into the backs of SD rats. On days 3, 7, 14, 28,
and 56, the rats were euthanized, Hematoxylin and eosin (H&E) staining
was used to analyze subcutaneous degradation and potential inflamma-
tory reactions. In the experiment, the light group was exposed to a 660
nm laser at a power density of 100 mW/cm? for 3 min.

2.12. Establishment of the rats periodontitis model and treatment

The therapeutic effects of MB/BG@LG on periodontitis were
observed in 8 weeks female SD rats and randomly separated into six
groups (N = 3/group). Based on previous reports, chronic periodontitis
was induced by silk ligation combined with high glucose feeding. Briefly,
the rats were anesthetized for the experiment. Then the 4-0 non-
absorbable sutures were positioned subgingival on either side of the
maxillary second molars (M2) without damaging the nearby gingival
tissues, and the rats were daily given a high-sugar (10% sucrose) diet.
After ligation placement for 3 weeks, the ligatures were removed.
Different treatments were locally administered every 3 days for 2 weeks
with MB/BG @LG or LG around M2. The six groups were defined as
healthy (healthy rat), periodontitis (ligation), control (untreated after
ligature removal), LG (treated with LG after ligature removal), MB/BG
@LG + Light (treated with MB/BG @LG + Light after ligature removal),
and MB/BG @LG -Light (treated with MB/BG @LG - Light after ligature
removal). At the end of the 4th week, all rats were euthanized with an
overdose of the anesthetic. Gingival tissue was extracted from the buccal
and lingual sides of M2. The concentration of tumor necrosis factor-o
(TNF-a) was determined using ELISA kits (MultiSciences, China). For
further analyses, all three maxillary molars, alveolar bone, and attached
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gingival tissues were collected and preserved in a 4% paraformaldehyde
solution.

2.13. Micro computed tomography (micro-CT) analysis

A micro-CT system was used to analyze the ligated molar and the
surrounding upper alveolar bone. Mimics software (version 21.0) was
used to analyze the osteogenic ability of MB/BG@LG by measuring bone
volume (BV), tissue volume (TV), BV/TV, and the distance between the
alveolar bone crest the cement-enamel junction (CEJ-ABC).

2.14. Immunohistochemical and histological evaluation

After micro-CT detection, the samples were subjected to routine op-
erations, including decalcification, dehydration, embedding in paraffin,
and sectioning. Hematoxylin-eosin (H&E) and osteoprotegerin (OPG)
staining were used to observe histological changes and osteoblast activity
in the periodontal tissue. CD68 fluorescence staining and MMP9 immu-
nohistochemistry were used to quantitatively analyze the total macro-
phages and inflammation levels in gingival tissues. In addition, the
toxicity of MB/BG@LG was assessed using histopathological images of
the heart, liver, spleen, lungs, and kidneys.

2.15. Statistical analysis

All statistical analyses were performed using GraphPad Prism 8 using
one-way analysis of variance (ANOVA). Numerical data are shown as
mean + standard deviation (SD). T-test was used to analyze the differ-
ences between the two groups of data. “*” = p < 0.05, “**” = p < 0.01,
Rk — p < 0.001.

Result and discussion
3.1. Synthesis and characterization of MB/BG@LG

MB@BG/LG was synthesized by encapsulating the hydrophilic
photosensitizer methylene blue and bioactive glass in the liposome pre-
cursor of LG using Macrosol technology. The surface and cross-sectional
morphology of the lyophilized system of MB/BG@LG were observed
using SEM. The lyophilized system of MB/BG@LG surface developed a
porous structure coated with bioactive glass, which was conducive to the
continuous release of methylene blue and bioactive glass while providing
a three-dimensional space for cell growth (Fig. 1la and b). Further
investigation of the elemental distribution in MB/BG@LG was performed
using energy spectrum analysis. The presence of silicon, calcium, and
other elements in the system further indicated that the bioactive glass
was successfully encapsulated by the liposomes (Fig. 1c). The particle
size of the bioglass was determined by dynamic light scattering. The
average particle size of 90% of the bioglass was 53.4 pm (Fig. 1d). In the
FTIR spectrum (Fig. 1e), the peaks at 2922cm™, 1739¢m™ and 1168cm’™?
corresponded to the valence oscillations of C-H, C—0 and C-O respec-
tively [35]. All these characteristic peaks are key evidence for the ester
structure in the lipid gel and MB/BG@LG. The bands 1612 cm™ and 1393
em™! were ring and stretch vibrations of C-N groups in the MB molecule
[36]. Interestingly, similar peaks appeared in the corresponding positions
of MB and MB/BG@LG, but not in LG alone, indicating that MB was
successfully wrapped in MB/BG@LG. Meanwhile, Si-O-Si key peaks
appeared in BG and MB/BG@LG at 563 cm™! [37], indicating that BG was
also successfully wrapped. The above results proved that MB/BG@LG
loaded with MB and BG was synthesized successfully. At the same time,
the ability of MB/BG@LG to release methylene blue was determined by
an in vitro drug release experiment. The results demonstrated that
methylene blue was released in vitro throughout the period of 16 days,
and the total amount released was 76.87% (Fig. 1f). The excellent
encapsulation properties and porous structure of the lipid gel ensured
long-term sustained release of methylene blue. We further attempted to
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Fig. 1. The SEM images of the surface (a) and cross-sectional sides (b) of the lyophilized system of MB/BG@LG (The latter image is a partial magnification of the
boxed region in the previous image); (c) The EDS analysis of MB/BG@LG. (d) The particle size distribution of bioglass. (e) The FTIR spectra of BG, MB, LG, MB/

BG@LG. (f) The release rate of MB in MB/BG@LG at different times.

use cry-electron microscopy (Cryo-SEM; Hitachi Regulus 8220; Japan) to
observe the changes of MB/BG@LG before and after 7 days of release.
Before and after release, MB/BG@LG still maintained the original stable
structure and a large amount of bioglass was still wrapped in it (Fig. S1).
This system effectively avoids the transient burst release of MB and offers
the potential of a long-term antibacterial effect of MB/BG@LG in the
treatment of periodontitis.

To demonstrate the injectability and plasticity properties of MB/
BG@LG, real images of the sol and gel phase transitions of MB/BG@LG
are shown in Fig. 2a. When MB/BG@LG was injected into an aqueous
solution with a 1 mL syringe, MB/BG@LG rapidly changed from a sol
state to a gel state and formed stable lipid droplets in water (Fig. 2b and
Movie 1). Next, we used a syringe dripping water to simulate the
continuous production of saliva in the mouth. After MB/BG@LG was
injected into the alveolar bone area of the mandible of rats, MB/BG@LG
formed a gel immediately upon contact with water and remained static in
the diseased area under continuous dripping (Fig. 2c and Movie 2). The
shear adhesion strength of MB/BG@LG was tested using the slide
method. According to S2 a-c, the shear strength of MB/BG@LG was 0.05
+ 0.018KPa. This indicated that the system had excellent adhesion
properties and self-setting ability [31,38], which was suitable for appli-
cation in moist oral environment. In addition, MB/BG@LG was injected
into a predesigned irregular mold, and the gel was appropriately filled
into the mold, indicating that the MB/BG@LG exhibited excellent plas-
ticity (Fig. 2d). Based on the above experiments, it was determined that
MB/BG@LG has good injectability and plasticity, as well as the ability to

gelatinize immediately in aqueous solution. This allows it to perfectly
adapt to the different shapes of alveolar bone defects caused by peri-
odontitis and form a gel in situ at corresponding sites using excessive
gingival crevicular fluid and saliva exudate caused by inflammation. The
rheological properties of MB/BG@LG were examined using a
dynamic-shear rotational rheometer. Compared with the sol state, the
gelatinized MB/BG@LG exhibited distinct non-hydrodynamic behavior,
and its viscosity increased significantly after contact with the aqueous
solution (Fig. 2e and f). MB/BG@LG was then mixed with a small amount
of water to immediately measure the changes in G’ and G” over time. As
illustrated in Fig. 2g, G’ was initially smaller than G”, indicating that
MB/BG@LG was in the sol state. After a period of mixing, G’ was greater
than G”, indicating that MB/BG@LG successfully completed the
sol-to-gel conversion. Then, we measured the change in G’ and G” with
frequency using gelatinized MB/BG@LG (Fig. 2h). As the frequency
increased, G’ was always larger than G”, indicating that MB/BG@LG was
still in the gel state and had a certain degree of stability. The change in
the shear frequency had no effect on its performance.

Supplementary data related to this article can be found online at http
s://doi.org/10.1016/j.mtbio.2023.100699

Supplementary data related to this article can be found online at http
s://doi.org/10.1016/j.mtbio.2023.100699

3.2. Measurement of singlet oxygen generation

DPBF was used as a probe to evaluate the ability of MB/BG@LG to
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Fig. 2. (a) The photograph of MB/BG@LG before and after gelatinization. (b) The injectable property of MB/BG@LG (Movie 1). (c) Experiments simulating the effect
of oral saliva flow on MB/BG@LG adhesion (Movie 2). (d)The plasticity property of MB/BG@LG. The viscosity varies and the shear stress changes with the shear rate
of MB/BG@LG before gelatinization (e) and MB/BG@LG after gelatinization(f). (g) Time-responsive G’ and G” modulus changes of MB/BG@LG in the process of sol-

gel transition. (h) Frequency -responsive G’ and G’ modulus changes of MB/BG@LG after gelatinization.
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Fig. 3. The UV spectra of PBS(a), MB(b), MB/BG@LG(c) under 660 nm illumination at different times. The ROS generation rate(d) of Blank, MB/BG@LG, MB.

generate singlet oxygen under 660-nm light. The primary factor guaran-
teeing the validity of this experiment was the photostability of DPBF [39].
Fig. 3a shows that the variation of DPBF was negligible at different time
intervals of exposure to 660 nm light irradiation. In contrast, both
MB/BG@LG and comparable amounts of methylene blue solution after
illumination showed significant consumption rates of DPBF, indicating a
similar capacity to generate singlet oxygen (Fig. 3b and c). After exposure
to light for 60 and 180 s, the singlet oxygen yields of MB/BG@LG reached
20.63% and 39.62%, respectively (Fig. 3d). This indicated that methylene
blue can be released efficiently from the MB/BG@LG and that the material
itself would not affect the photosensitivity of methylene blue, which has
also been observed in other methylene blue loaded materials [40]. In
addition, there was a special absorption peak of methylene blue at 662 nm
in the UV-VIS spectrum [41]. In Fig. 3b and c, methylene blue was
continuously consumed as the light time increased. Overall, these results
revealed that the MB/BG @LG can serve as a photodynamic agent to treat
periodontitis, in which bacterial infection was the main causative factor.

3.3. In vitro photodynamic antibacterial ability

Periodontitis has been widely recognized as a chronic inflammatory
disease associated with bacterial infections. Long-term and persistent
bacterial presence not only causes irreversible damage to periodontal
supporting tissues, but it also has systemic health implications [42].
Based on previous results, MB has been extensively studied for its
promising and effective photodynamic capabilities in photodynamic
antimicrobial therapy [40]. Therefore, representative gram-positive
(Staphylococcus aureus) and gram-negative (Escherichia coli) bacteria
were used to test the in vitro antibacterial effects of MB/BG@LG. The
antibacterial effects of MB/BG@LG impregnated solution with different
concentration gradients under light were studied using the agar plate
assay method. Fig. 4a and 4c show a physical representation of the
bacterial plate counting method, with the number of colonies

significantly lower in the MB/BG@LG + Light group than in the PBS,
PBS + Light, and MB/BG@LG -Light groups. A quantitative analysis of
the number of colonies forming units (CFU) is shown in Fig. 4b,d. The
CFU of S. aureus in the MB/BG@LG + Light, 1/2 MB/BG@LG + Light,
1/4 MB/BG@LG + Light groups and 1/8 MB/BG@LG + Light groups
were 0.48 + 0.06, 4.06 + 0.56, 6.45 + 1.10, 10.13 + 1.00 x 107/mL,
respectively, which were significantly less than those in the PBS group
and PBS + Light (12.73 £+ 2.51,13.29 + 1.91 x 107/mL), similar results
were seen at E. coli. Compared with the PBS group. There was the
discernible difference in the antibacterial effect between the
MB/BG@LG + Light and MB/BG@LG -Light groups until dilution to 1/4
concentration, indicating that our material still has strong application
potential in the presence of continuous saliva and gingival crevicular
fluid dilution in the oral microenvironment. At the same time, the unil-
luminated group did not show a decrease in the number of colonies,
indicating that MB/BG@LG could produce singlet oxygen only under the
irradiation of excitation light at a fixed wavelength, which could impede
the growth of bacteria [43]. A similar phenomenon was observed in the
antibacterial test for Escherichia coli. These results indicate that singlet
oxygen produced by photodynamic has a broad-spectrum antibacterial
effect on gram-positive and gram-negative bacteria [44].

NO1/PI staining was used to determine live/dead bacteria to further
explore the antibacterial ability of MB/BG@LG under light. The NO1
probe could penetrate the intact plasma membrane of living bacteria and
react with DNA/RNA to produce the strongest green fluorescence signal.
The probe for dead bacteria with membrane damage was PI, which is a
red fluorescent nucleic acid stain representing damaged bacteria [45]. In
the MB/BG@LG + Light group, both Staphylococcus aureus and E. coli had
many PI positive expressions, indicating that MB/BG@LG exhibited
strong antibacterial activity by destroying the integrity of the bacterial
biofilm, leading to bacterial death caused by ROS generated during light
exposure (Fig. 4e and f).

In addition, SEM was used to observe the integrity of bacterial cell
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E1(c) cultured with MB/BG@LG culture medium on days 1, 3, and 5. (d) The hemolysis rate of Light, LG, MB/BG@LG (-light), and MB/BG@LG (+light) groups. (e)The

SEM photographs of MC3t3-E1 cultured with MB/BG@LG culture medium for 24 h.

walls. Compared with other groups, SEM images clearly showed that the
cell walls of Staphylococcus aureus and Escherichia coli, the MB/BG@LG +
Light group had varying degrees of shrinkage and rupture (Fig. 4g and h,
respectively).

We further select porphyromonas gingivalis, a pathogen causing
periodontitis [46], for antibacterial experiment. To observe the effects of
MB/BG@LG more directly on bacterial cell walls, representative images
of the bacteria after MB/BG@LG were taken using a scanning electron
microscope (Fig. S3). Normal porphyromonas gingivalis showed typical

short rod-like shape, while porphyromonas gingivalis in MB/BG@LG
(+Light) group showed contraction and even collapse, which indicated
that our material also had killing effect on bacteria.

These results indicated that APDT-based MB/BG@LG had the ex-
pected antimicrobial activity and could adapt to a moist oral environ-
ment. It exhibited potent antibacterial activity when diluted in saliva and
inflammatory exudates. MB/BG@LG could be a highly selective, broad-
spectrum, rapid, and effective method for combating pathogenic
microorganisms.
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3.4. Biocompatibility and hemocompatibility of MB/BG@LG

Excellent biocompatibility is the key point to maintaining cell
viability and proliferation and is also a prerequisite for materials to be
applied in the biomedical field. First, we performed dead and live
staining experiments. Calcine-AM labeled the living cells green, whereas
PI penetrated the dead cells and caused them to produce spectacular red
fluorescence. Fig. 5a demonstrates that most of the cells in each group
were green and had the typical spindle-like shape of L929 cells. After the
third day of co-culture, obvious proliferation and excellent cell viability
were still observed. The CCK-8 assay was used to determine the cyto-
toxicity of the materials on L929 and MC3t3-E1 cells. After 1, 3, and 5

Control
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days of co-culture, the survival rates of cells in the control, light, MB/
BG@LG + Light, and MB/BG@LG -Light groups were all greater than
90%, and cell proliferation was active (Fig. 5b and c), similar to the dead/
live staining results. In addition, we performed an in vitro hemolysis
assay to further verify the biocompatibility of MB/BG@LG. The findings
demonstrated that less than 5% [47] of all groups experienced hemolysis
(Fig. 5d). SEM showed that MC3t3-E1 cells grew well under co-culture,
and there was no significant difference in each group. These results
indicate that MB/BG@LG and LG had good biocompatibility under light
and no light conditions and could be used in future experiments and
applications.
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Fig. 6. The ALP staining photograph of MC3t3-E1 cultured with MB/BG@LG culture medium for day 7(a) and day 14(b). The quantitative analysis of alp on day 7 (c)

and day14 (d).
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3.5. Evaluation of osteogenic ability in vitro

Using ALP staining as an early indicator of osteogenic differentiation
of ALP [48], we assessed the in vitro osteogenic differentiation ability of
MB/BG/LG. As shown in Fig. 6a and b, on day 7 and 14, ALP staining in
the MB/BG@LG + Light and MB/BG@LG-Light groups was significantly
stronger than in the control, light, and light gel groups. On day 14, we
observed that the staining of all components had deepened compared to
that on day 7. The MB/BG@LG + Light and MB/BG@LG-Light groups
were significantly stronger than the other components. Alp activity assay
showed that MB/BG@LG (-Light) and MB/BG@LG (+Light) compared
with control significantly promoted osteogenic differentiation (31.91 +
1.29 and 33.52 + 4.60 vs 11.62 + 3.67 King unit/gprot) at day 7. The
same trend was observed on day 14 and alp activity was enhanced
compared with that on day 7(Fig. 6¢c and 6d). Many studies have
demonstrated that bioactive glass cells discharge a variety of ions into the
body fluid milieu, modifying the local microenvironment to promote
osteogenic differentiation [49-51]. As expected, MB/BG@LG containing
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bioactive glass still promoted the ALP activity of MC3t3-E1 cells and had
excellent osteogenic differentiation ability. MB/BG@LG, as a tissue en-
gineering product, can be used to treat periodontitis-related alveolar
bone abnormalities.

3.6. In vivo effect of bone regeneration and periodontal inflammatory
response

The rat maxillary ligation-induced chronic periodontitis model [52]
was used to assess the effectiveness of MB/BG@LG osteogenic antibac-
terial double-effect liposome gel for the treatment of periodontitis in
vivo. First, 8-weeks female SD rats were anesthetized, and their maxillary
second molar (M2) was ligated for 3 weeks. During modeling, regular
local inoculations of P. gingivalis and 10% high-glucose feeding were
performed (Fig. 7a). The level of alveolar bone loss was quantified by
measuring the linear distance between the enamel cementum junction
(CEJ) and apex of the alveolar bone crest (ABC). Micro-CT results showed
that the CEJ-ABC distance was 0.27 + 0.16 mm in the healthy group and
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Fig. 7. (a) The modeling process in rats with periodontitis. (b) The three-dimensional micro-CT images of alveolar bone in the healthy rats, periodontitis rats and the
rats treated with MB/BG@LG with and without 660 nm light. (¢) CEJ-ABC distance on the buccal sides, (d) TV, (e) BV, (f) BV/TV calculate from micro-CT results. *,
**and***indicate p < 0.05, p < 0.01 and p < 0.001.
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1.02 + 0.09 mm in the periodontitis group, indicating that the peri-
odontitis model had been successfully established (Fig. 7a,b,7c). Subse-
quently, periodontitis rat was relieved by the removal of ligation, and
different treatments were administered. After 4 weeks, the CEJ-ABC
distances in the control, the Lipid gel, the MB/BG@LG -light, and the

MB/BG@LG + Light groups were 1.00 £+ 0.21 mm, 0.80 + 0.18 mm,

0.617 + 0.08 mm, and 0.615 + 0.09 mm, respectively. The MB/BG@LG
+ Light group outperformed the MB/BG@LG-Light group, but the dif-
ference was not statistically significant. These results indicate that both

Materials Today Bio 21 (2023) 100699

MB/BG@LG-light group and MB/BG@LG + light group promoted alve-
olar bone regeneration in the presence of bioglass. The antibacterial ef-
fect produced by light to regulate the local inflammatory environment
has a certain promoting effect on osteogenesis; however, this effect is a
long-term and slow process that requires further observation.

Additionally, parameters associated with bones, such as BV, TV, and
BV/TV, were measured. When there was no significant difference in TV
between the groups, BV, and BV/TV in the MB/BG@LG-Light and MB/
BG@LG + Light groups increased compared with those in the control and
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Fig. 8. The H&E staining (a), OPG (b), MMP-9 (c) and CD68 (d) of healthy rats, periodontitis rats and the rats treated with blank, LG and MB/BG@LG with and
without 660 nm light. The quantitative analysis of OPG (e) and MMP9 (f) expression of healthy rats, periodontitis rats and the rats treated with blank, LG and MB/
BG@LG with and without 660 nm light. The TNF-a (g) and CD68 (h) expression of healthy rats, periodontitis rats and the rats treated with blank, LG and MB/BG@LG
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Fig. 9. The H&E staining of major organs (heart, liver, spleen, lung, and kidney) in healthy rats, periodontitis rats, and the rats treated with blank, LG, and MB/

BG@LG with and without 660 nm light for 28 days.

lipid gel groups. These results further demonstrated that MB/BG@LG
promoted alveolar bone regeneration owing to the presence of bioactive
glass during osteogenesis (Figs. 7d, 8e and 9f).

H&E staining was used to further observe the regeneration of peri-
odontal tissue and inflammatory infiltration between the maxillary first
and second molars. The junctional epithelium was firmly attached to the
enamel surface in the healthy group without any inflammatory cell
infiltration. The alveolar crest located at the cementoenamel junction
indicated no obvious bone resorption. The periodontal ligament fibers
were arranged in an orderly manner without rupture. In contrast, the
periodontitis group exhibited many inflammatory cell infiltrations,
breakage or disorder of periodontal fibers, and obvious proliferation of
the binding epithelium to the root. In addition, the alveolar bone was
significantly absorbed by the root, and the bone height was reduced. This
indicated that the periodontitis model was successfully constructed, as
shown in Fig. 8a. Compared to the other groups, MB/BG@LG + Light and
MB/BG@LG-Light groups showed a significant increase in alveolar bone
height due to the presence of bioglass. The progression of periodontitis
was almost completely blocked in the MB/BG@LG + Light group, which
was reflected by the close arrangement of epithelial cells and the lamina
propria without obvious inflammatory cell aggregation.

To further quantify and evaluate the osteogenic effect, OPG was
selected as an indicator of osteogenic differentiation and analyzed using
immunohistochemical staining and ImageJ software. As shown in Fig. 8b
and e, the OPG positive area rates of the MB/BG@LG + Light and MB/
BG@LG-Light groups were 7.85 + 1.00% and 7.041 + 0.67%, respec-
tively, which were statistically higher than Control group (3.04 + 0.41%)
and Lipid gel group (3.45 + 0.50%). MB/BG@LG + Light had slightly
higher OPG positive area rates than MB/BG@LG-light. Osteoprotegerin
(OPG), a soluble decoy receptor released by osteoblasts, belongs to the
TNF receptor (TNFr) superfamily. It inhibits the proliferation and oper-
ation of osteoclasts by preventing RANKL from binding to RANK [53,
54].These results suggest that photodynamic antimicrobial therapy could
inhibit the adhesion of biofilms by destroying pathogenic
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microorganisms and the ionic interaction of bioactive glass to promote
the regulation of bone homeostasis.

Finally, immunohistochemical staining of MMP9, immunofluores-
cence staining of macrophages (CD68), and an enzyme-linked immuno-
sorbent assay (ELISA) were performed to further evaluate inflammation
in gingival tissues. The positive expression of MMP-9 was highest in the
periodontitis group (18.73 + 1.43%). After MB/BG@LG + light treat-
ment (5.28 + 1.58%), MMP-9 levels were significantly decreased (Fig. 8c
and f). MMP-9 is a gelatinase synthesized by neutrophils, as evidenced by
numerous studies [55,56]. Degradation of gelatin and type IV collagen, as
well as connective tissue loss, are strongly correlated with MMP9 over-
expression. MMP9 expression also reflects the degree of inflammation
and progression of periodontal disease [57]. The ROS produced by
MB/BG@LG under illumination at 660 nm can effectively remove
pathogenic microorganisms and reduce inflammatory responses. Jiang
et al. proposed that methylene blue-mediated photodynamic therapy
might not only slow the course of periodontitis by exerting an antimi-
crobial effect but also by causing over-infiltrating macrophages to induce
apoptosis [58]. The expression of CD68 in the MB/BG@LG + Light group
(0.18 + 0.09%) was considerably downregulated compared to Control
group (2.16 + 0.30%), Lipid gel group (1.25 =+ 0.26%) and
MB/BG@LG-Light group (1.09 £ 0.24%), as revealed by immunofluo-
rescence staining, which may be related to the regulation of macrophage
apoptosis by ROS production (Fig. 8d and h). In addition, as shown in
Fig. 8g, the content of TNF-a was 45.07 + 3.15 pg/mL for the Control
group, 47.82 + 3.44 pg/mL for the Lipid gel group, 41.75 + 4.95 pg/mL
for the MB/BG@LG-Light group and 28.08 + 6.99 pg/mL for the
MB/BG@LG + Light group, TNF-a inflammation levels were significantly
reduced in the MB/BG@LG + Light group after light exposure, and TNF-a
also had a significant impact on regulating the severe local reactions
associated with periodontitis [59]. TNF-o may trigger an inflammatory
response, promote matrix metalloproteinase release, activate osteoclasts,
and degrade the periodontal tissue. These inflammatory elements pro-
mote the incidence and progression of periodontitis by promoting the
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Fig. 10. (a)The H&E staining of the skin in the back after subcutaneous implantation of LG and MB/BG@LG for 3, 7, 14, 28, and 56 days. (b) The photograph of the
skin in the back after subcutaneous implantation of LG and MB/BG@LG for 3, 7, 14, 28, and 56 days.

migration of pathogenic bacteria and their hazardous byproducts into
deep tissues [60,61].

In conclusion, MB/BG@LG improved the periodontal inflammatory
microenvironment and promoted the recovery of periodontal bone ho-
meostasis by generating ROS to eliminate pathogenic microorganisms
and reduce microbial attachment under light exposure, without obvious
parenchymal organ damage (Fig. 9). Therefore, MB/BG@LG is a prom-
ising delivery system for periodontal therapy.

3.7. In vivo biosafety assessment

We further evaluated the in vivo toxicity and in vivo degradation
capacity of hydrogels 200 pl lipid gel or MB/BG@LG injected subcuta-
neously into the backs of SD rats and treated with or without light. As
shown in Fig. 10, the skin tissue in contact with the material was free of
inflammation, suppuration, metaplasia, and necrosis. The lipid gel was
completely degraded after 28 days without loading. MB/BG@LG con-
taining bioglass was completely degraded after 56 days. These results
indicate that MB/BG@LG has good biocompatibility and biosafety and
can provide space and support for periodontal tissue osteogenesis at an
early stage. This prevents epithelial connective tissue from entering the
defect site prematurely and combining with the root surface to form a
long-bound epithelium, which is not conducive to bone tissue regener-
ation and repair.

Conclusion

In this study, a multi-functional and long-lasting drug delivery system
was developed by encapsulating MB and bioglass into LG lipid precursor
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by Macrosol technology. In addition, the system exhibited excellent
adhesion properties, self-assembly properties, and superior drug release
control capabilities, which improved the clinical feasibility of its appli-
cation in complex oral environments. At the same time, the photody-
namic therapy of MB and the sustainable release of BG ions resulted in
the superior antibacterial properties and osteogenic effects of MB/
BG@LG. MB/BG@LG demonstrated its bone regeneration and anti-
inflammatory effects during the treatment of the rat periodontitis
model. In conclusion, we believe that this innovative medication delivery
technology has a significant potential for the therapeutic management of
periodontal diseases.

Statement of significance

There are many kinds of treatment methods for periodontitis, but it is
still difficult to achieve the ideal purpose of alveolar bone repair and
regeneration. In this study, an injectable lipid gel long-release system
MB/BG@LG with osteogenic and antibacterial properties was developed
for the treatment of periodontitis. 1) Injectable MB/BG@LG has excellent
biocompatibility 2) ROS generated by MB/BG@LG can produce anti-
bacterial effects to reduce inflammation while ions released by bioglass
can promote osteogenic differentiation.3) In the rat model of periodon-
titis, MB/BG@LG could be stably retained in the periodontal pocket by
using the in-situ hydrosynthetic gel of the inflammatory exudate. MB/
BG@LG can continuously inhibit bacteria, reduce inflammatory
response, and promote periodontal tissue regeneration. In conclusion, we
believe that MB/BG@LG can be used as a potential candidate for peri-
odontal therapy.
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