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Introduction: The functional reconstruction of periodontal tissue defects remains a clinical challenge due to excessive and prolonged
host response to various endogenous and exogenous pro-inflammatory stimuli. Thus, a biomimetic nanoplatform with the capability of
modulating inflammatory response in a microenvironment-responsive manner is attractive for regenerative therapy of periodontal
tissue.

Methods: Herein, a facile and green design of engineered bone graft materials was developed by integrating a biomimetic apatite
nanocomposite with a smart-release coating, which could realize inflammatory modulation by “on-demand” delivery of the anti-
inflammatory agent through a pH-sensing mechanism.

Results: In vitro and in vivo experiments demonstrated that this biocompatible nanoplatform could facilitate the clearance of reactive
oxygen species in human periodontal ligament stem cells under inflammatory conditions via inhibiting the production of endogenous
proinflammatory mediators, in turn contributing to the enhanced healing efficacy of periodontal tissue. Moreover, this system exhibited
effective antimicrobial activity against common pathogenic bacteria in the oral cavity, which is beneficial for the elimination of
exogenous pro-inflammatory factors from bacterial infection during healing of periodontal tissue.

Conclusion: The proposed strategy provides a versatile apatite nanocomposite as a promising “inflammation scavenger” and propels
the development of intelligent bone graft materials for periodontal and orthopedic applications.

Keywords: periodontal bone regeneration, pH-responsive, inflammatory modulation, antibacterial activity, biomimetic nanoplatform

Introduction

With the growing aging population, periodontal disease is becoming a global public health concern and financial
burden, which affects around 538 million people worldwide."> Due to the destruction of periodontal tissue, individuals
suffering from severe periodontal disease are at risk of tooth loss and masticatory dysfunction, which have a serious
impact on quality of life.> For tooth retention, regenerative therapy such as guided bone regeneration (GBR) is widely
applied in clinics to restore the destroyed alveolar bone tissue in periodontal disease.* Nevertheless, the efficacy of
such treatment is often challenged by host responses to various exogenous and endogenous pro-inflammatory stimuli,
including bacterial infection,” surgical trauma,® excessive occlusal stress,” and artificial graft materials.® Mounting
evidence indicates that inflammation serves as a bidirectional signal during the healing process of damaged periodontal
tissue. An appropriate host inflammatory response is essential for unimpeded tissue repair, whereas excessive and
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prolonged inflammation could lead to incomplete or failed tissue healing.”'® Therefore, to achieve a favorable outcome
in periodontal regenerative treatment, the self-tuning regulation of the host response to various proinflammatory
stimuli during the healing stage is in great demand; however, this remains a challenge in the field of periodontal
medicine.''

Reconstruction of periodontal tissue after regenerative therapy is a complex biological process that involves three
partially overlapping phases: the inflammatory phase, the repair phase, and the remodeling phase.'*'* During the initial
inflammation phase, a variety of pro-inflammatory mediators such as TNF-o, INF-y, and IL-1f are largely released by
tissue-resident cells such as immune cells, endothelial cells, fibroblasts, and stem cells in response to pathogen-associated
molecular patterns (eg, bacterial endotoxin, and lipopolysaccharide) and damage-associated molecular patterns (eg, tissue
injury byproducts), which could contribute to the elimination of invading pathogens, necrotic tissue, and the provisional
fibrin matrix via the immune system.'*"'® With the clearance of pro-inflammatory stimuli, the resolution of inflammation,
which is characterized by the downregulation of pro-inflammatory cytokines and the upregulation of anti-inflammatory
mediators (eg, IL-4, IL-10 and CCL2), will be activated for further advancement of the healing process.'”'* During this
transition, any cues that cause persistence of stimuli or incomplete resolution of inflammation could result in the
accumulation of pro-inflammatory cytokines at local wound sites, eventually hampering the regeneration and reconstruc-
tion of damaged tissue. Additionally, the accumulation of pro-inflammatory cytokines is also known to be a potent
inducer of oxidative stress damage in periodontal tissue.”® Therefore, ensuring a timely switch of host response from
a pro-inflammatory to an anti-inflammatory phenotype at local wound sites is pivotal for creating a pro-regenerative
tissue environment. To this end, tissue engineering strategies for the local delivery of anti-inflammatory cytokines and
drugs in a “smart” inflammatory stimuli-responsive manner have been increasingly pursued in recent years, which are
believed to be an effective solution to enhance the success rate of regenerative therapy.?'*2

Among various scaffold materials, apatite-based nanomaterials are considered an ideal drug delivery system for the
regenerative therapy of periodontal tissue due to their chemical and biomechanical similarity to the mineral phase of
natural bone tissue.”* 2® However, traditional drug-loading approaches such as physical adsorption and chemical bonding
cannot endow apatite nanomaterials with the capacity to release therapeutic cargo in response to external stimuli.?’
Moreover, synthetic apatite nanocrystals with irregular size, morphology, and crystallinity are susceptible to induce

a foreign body reaction characterized by local chronic inflammation, imposing a negative impact on tissue repair.”*° To
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address these issues, recent efforts have been focused on developing a biomimetic smart apatite-based nanoplatform with
the capability of modulating inflammatory response in an external stimuli-responsive manner for enhanced regeneration
of periodontal tissue after implantation.

Taking the above discussion into consideration, herein, we developed an integrated set of strategies that combine
biomimetic apatite nanocomposites with post-fabrication functionalization. Research works included (1) synthesizing
a kind of apatite nanocomposite using polydopamine as a template, which shows physicochemical properties similar to
inorganic components in bone tissue, and (2) constructing a smart-release coating on the surface of biomimetic apatite
nanocrystals for local delivery of aspirin (a widely used anti-inflammatory agent) through a pH-sensing mechanism. To
our knowledge, this is the first report on the design of a biomimetic smart apatite-based nanoplatform that could
intelligently regulate the host inflammatory response by “on-demand” delivery of the anti-inflammatory agent. For
application in periodontal tissue engineering, the bioactivity of this engineered apatite-based nanoplatform in terms of
antibacterial effect, anti-inflammatory effect, and osteo-promoting effect was comprehensively assessed in vitro and
in vivo. It is believed that our study sheds new light on the design of biomimetic nanoplatforms with “smart” surface
behavior for the regulation of host inflammatory response, which shows a promising potential in the field of periodontal
and orthopedic regenerative medicine.

Materials and Methods

Construction and Characterization of Biomimetic Smart Nanoplatform

Firstly, biomimetic apatite nanocomposites (tHA) were synthesized using polydopamine as a template based on
a previously reported method.*® Briefly, dopamine hydrochloride (Sigma, USA) was added to a CaCl, (Aladdin,
China) solution at a concentration of 2 mg/mL. Then, Na,HPO, (Aladdin, China) solution was added to the CaCl,-
dopamine mixture drop by drop with continuous stirring until a Ca/P ratio of 1.67 was achieved. The reaction was
processed under pH 8.5 for 12 h at 60°C. After aging for 1 d at 37°C, the precipitate was harvested by centrifugation and
dried at 60°C for further application. To prepare ASA@tHALLG nanocomposites, 100 mg of tHA powder was added to
10 mL of poly(L-lysine) (PLL, 1%, Aladdin, China) solution. The mixture was stirred overnight at room temperature
(RT). Then, the collected PLL-modified tHA was alternatively reacted with negatively charged carboxymethyl chitosan
(CMC, 1%, Aladdin, China) solution and positively charged PLL (1%) solution for 5 min at RT followed by a washing
procedure. Aspirin was loaded into the coatings during the assembly process. After a 10-cycle deposition, the ASA-laden
CMC/PLL assembly was crosslinked with 1% genipin solution for 8 h at RT. The obtained product, denoted as
ASA@tHALLG, was freeze-dried in a lyophilizer (FD-D12N-80, KuanSons, China) for 24-32 h, and then kept at
—20°C for further study. The apatite nanocomposites without ASA loading and genipin crosslinking were denoted as
tHALLG and ASA@tHALL, respectively.

The morphology and size of the prepared apatite nanocomposites were examined by transmission electron micro-
scopy (TEM, 7500, Hitachi, Japan) at 100 kV. An X-ray photoelectron spectrometer microprobe (Thermo Fisher, USA)
was used to analyze chemical and elemental composition. A spectra analysis was conducted using CasaXPS software.
Fourier transform infrared (FTIR) spectroscopy was performed using a Thermo Scientific Nicolet 6700 spectrometer
(Thermo Scientific Inc., USA) to identify the chemical groups present in the nanocomposites. The release kinetics of
ASA from ASA@tHALLG was studied as in previous publications.?' Briefly, the prepared apatite nanocomposites were
placed in a dialysis bag containing 1 mL of buffer solutions (either pH 5.5 or 7.4) and further immersed in a beaker filled
with the same buffer solutions for 18 days at 37°C. At each preset time point, 1 mL of release medium was removed from
the beaker and subsequently replaced with 1 mL of the same fresh buffer. The collected release medium was assayed at
267 nm using a SpectraMax iD5 Multi-mode microplate reader (Molecular Devices, USA). The released amount of ASA
at each time point was calculated from the standard curve established before.

Cell Co-Culture
hPDLSCs were kindly provided by the Oral Stem Cell Bank (Beijing, China) and maintained in a-MEM media (Gibco,
USA) containing 1% penicillin/streptomycin (Gibco, USA) and 10% fetal bovine serum (Gibco, USA) under standard
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culture conditions (37°C, 5% CO,, and 95% humidity). To induce osteogenic differentiation of the stem cells, the growth
media was changed to osteoinductive media, which was prepared by the addition of 50 pg/mL ascorbic acid, 10 mM B-
glycerophosphate, and 100 nM dexamethasone into growth media. Culture media containing lipopolysaccharide (LPS, 10
pg/mL, Sigma, USA) was used to induce cellular inflammatory response. The culture media was changed every 2-3
days.

Cell Adhesion Evaluation

The early adhesion of hPDLSCs subjected to the apatite nanocomposites was evaluated by fluorescein diacetate (FDA)
staining (Sigma, USA). After seeding for 3 h, cells were incubated in a-MEM media containing 5 mg/mL FDA for 5 min
at RT. Then, the stained cells were washed with fresh a-MEM media and immediately observed under a fluorescence
microscope.

The morphology of the hPDLSCs exposed to apatite nanocomposites was examined by field emission scanning
electron microscopy (SEM, SU8010, Hitachi, Japan). At 24 h after coculture, the cells were fixed with 2.5% glutar-
aldehyde at 4°C for 2 h and dehydrated in gradient ethanol. Next, the cells were dried at the critical point and gold-
sputtered for SEM observation. For cytoskeleton staining, the cells were fixed with 4% paraformaldehyde (PFA) for 10
min, permeabilized with 0.1% Triton X-100 for 5 min, and stained with 1 pg/mL FITC-phalloidin (Sigma, USA) for 30
min at RT. After that, the stained cells were mounted with DAPI and observed under a fluorescence microscope.

Cell Proliferation Evaluation

Cell Counting Kit-8 (CCK-8, Beyotime, China) was used to assess cell proliferation when hPDLSCs were cocultured
with apatite nanocomposites following the manufacturer’s protocol. Briefly, at 1, 3, and 5 days after cell seeding, the
culture media was changed with CCK-8 working solution and incubated for 2 h at 37°C. Then, the absorbance of the
supernatant (100 pL) from each well was recorded at 450 nm using a microplate reader (EnSpire, PerkinElmer, USA).

Lactate Dehydrogenase Assay
The cytotoxicity of the nanomaterials was assessed using a lactate dehydrogenase (LDH) assay kit (Beyotime, China). At
24 h after cell seeding, the supernatant from each group was tested following the manufacturer’s protocol.

Reactive Oxygen Species Assay

A dichlorofluorescein diacetate staining kit (Beyotime, China) was used to assess intracellular ROS. At 24 h after cell
seeding, cells in each group were stained according to the manufacturer’s protocol and further investigated by
fluorescence microscopy.

Alkaline Phosphatase Activity Evaluation

The alkaline phosphatase (ALP) activity of cells was evaluated using an ALP assay kit (Nanjing Jiancheng, China).
Briefly, after osteogenic induction for 7 days, the cells in each group were treated with 1% Triton X-100. Afterwards, the
cell lysates (30 uL) were collected and measured for ALP activity following the manufacturer’s protocol. To visualize
ALP expression, the cells were fixed with 4% PFA for 10 min at RT and stained using a BCIP/NBT ALP color
development Kit (Beyotime, China).

Alizarin Red S Staining

After osteogenic induction for 21 days, samples were fixed with 60% isopropyl alcohol for 1 min at RT. Then, the fixed
samples were washed with ddH,O and stained with 2% alizarin red S (ARS) (Sigma, USA) for 10 min to evaluate
calcium deposition. After that, the stained calcium nodules were eluted with cetylpyridinium chloride solution (10%) for
1 h at RT. The absorbance of the eluant from each group was recorded at 550 nm using a microplate reader.
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Immunofluorescent Staining

After osteogenic induction for 14 days, cells cocultured with the prepared materials were fixed with 4% PFA. Then, the
cells were treated with 0.1% Triton X-100 and blocked with 5% BSA. Afterward, the cells were treated with antibodies
OPN (1:500, anti-mouse, Santa Cruz, USA) and RUNX2 (1:500, anti-rabbit, CST, USA) separately overnight at 4°C.
After thoroughly washing with PBS, the cells were stained with goat anti-mouse IgG (H+L) cross-adsorbed secondary
antibody (1:2000, Invitrogen, USA) and goat anti-rabbit IgG (H+L) cross-adsorbed secondary antibody (1:500,
Invitrogen, USA) for 1 h. Finally, the cells were placed in a fluorescent mounting medium with DAPI for further
observation under the fluorescence microscope.

Quantitative Real-Time Polymerase Chain Reaction

Total RNA was extracted using the RNAiso Plus Kit (Takara, Japan) and reverse-transcribed into cDNA using the
PrimeScript RT reagent kit (Takara, Japan) according to the manufacturer’s instructions. Quantitative real-time poly-
merase chain reaction (RT-qPCR) was conducted using SYBR Premix Ex Taq II (Takara, Japan) on the CFX96 Touch
Real-Time PCR detection system (Bio-Rad, USA). The relative expression of the target genes was determined using the
AACt method. The primers used in this study are listed in Table S1.

In vivo Experiment

Animal experiments were approved by the Animal Ethics Committee of Chongqing Medical University (CQHS-REC
-2021 (LSNo.47)) and performed according to the National Institutes of Health (NIH) guidelines for the Care and Use of
Laboratory Animals. In this study, 12 male Sprague-Dawley rats weighing 200-250 g were used to establish the root
fenestration model.** As previously described, rats were anesthetized with 10% chloral hydrate solution (30 mg/100 g)
via intraperitoneal injection after adaptive feeding for 1 week.’ Then, the hair around the mandibular angle regions was
shaved, and the skin was disinfected for further exposure of the mandible according to the standard.*? On the exposed
buccal plates covering the periapical area of the first and second molars, bone defects with a diameter of 3 mm and
a depth of 1 mm were created using a dental trephine and implanted with the prepared materials. The masseter muscle
was repositioned to keep the material at the defect area. After that, the overlying soft tissues were closed and treated with
antibiotic ointment. To determine the growth rate of the new bone tissues, calcein (20 mg/kg, Sigma, USA) was injected
subcutaneously at 14 days and 4 days before sacrifice. At four weeks after surgery, all animals were sacrificed. The
mandible specimens were harvested and fixed in 4% PFA for further evaluation. To assess the 3D micro-architecture of
newly formed bone tissues, high-resolution images of the fixed specimens were obtained and analyzed using a pCT
scanner (VivaCT 40, Scanco Medical, Switzerland). After the pCT analysis, both decalcified and undecalcified specimens
were prepared for histological evaluation. Undecalcified specimens were sequentially dehydrated in a graded ethanol
series and then embedded in plastic resin for sectioning to detect fluorochrome labels. The paraffin-embedded decalcified
specimens were sectioned for further histological analyses, including H&E staining, Masson-trichrome staining, and
immunohistochemical staining of osteogenic and inflammatory markers.

Antibacterial Assay
To assess the broad-spectrum antibacterial activity of engineered apatite nanocomposite, Gram-negative Escherichia coli
(E. coli) and Gram-positive Staphylococcus aureus (S. aureus), the two common bacteria in oral cavity responsible for
post-surgical infection, were used to investigate the antibacterial activity of the prepared materials. Briefly, the bacterial
strains cocultured with materials were grown in a nutrient broth medium under standard anaerobic conditions (5%, CO,,
37°C). At scheduled time points, the culture media was removed, and bacterial adhesion was assessed using Microbial
Viability Assay Kit-WST (Dojindo, Japan) and a LIVE/DEAD BacLight bacterial viability kit (Invitrogen, USA),
according to the manufacturers’ protocols. Afterwards, the bacteria in each group were fixed for further observation
under SEM.

In vivo antibacterial experiments were carried out as previously described.** After adaptive feeding for one week,
eight male C57BL/6 mice (6—8 weeks) were anesthetized with 4% chloral hydrate (i.p.) for subcutaneous injection of
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100 pL bacteria solution (S. aureus, 1 x 107 CFU/mL) with or without ASA@tHALLG nanocomposites (final
concentration was 3 pg/uL). Twenty-four hours later, the mice were euthanized, and the subcutaneous tissue fluids
were diluted and spread onto agar plates. The surrounding tissue was harvested and fixed in 4% PFA for histological
investigation.

Statistical Analysis

All the data are expressed as mean = SD. Significant differences among groups are determined using a one-way analysis
of variance (ANOVA), followed by Tukey’s post-hoc test for multiple comparisons. A p value <0.05 was considered to
indicate statistical significance.

Results and Discussion

Construction and Characterization of Biomimetic Smart Nanoplatform

Figure 1 shows the preparation of ASA@tHALLG nanocomposite with anti-inflammatory and anti-bacterial properties
for regenerative therapy of periodontal bone tissue. In this study, polydopamine (pDA) was employed as a template to
synthesize biomimetic apatite composite (denoted as tHA). Then, a genipin crosslinked CMC/PLL (GCP) assembly
loaded with aspirin was constructed onto the surface of tHA via the covalent linkage between catechol moieties in pDA
and the amine groups of PLL.**7 After that, many kinds of techniques were utilized to characterize the changes during
the synthesis of the ASA@tHALLG nanocomposite. The morphology of the prepared apatite nanocomposite post-
fabrication was observed via TEM, as shown in Figure 2A. It was obvious that the agglomerated nano-sized apatite
crystals were in the form of a plate-like structure, which was similar to the natural apatite crystal in bone tissue.*® It is
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Figure | Schematic illustration of synthesis of biomimetic smart nanoplatform with pH-responsive anti-inflammatory effect as graft materials. Due to the enhanced
bioactivity in regulation of local host inflammatory response and prevention of microbial infection, the engineered apatite nanocomposite shows a promising potential for
regenerative therapy of periodontal tissue.
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ASA@tHALL and ASA@tHALLG in different buffers.

noteworthy that a translucent coating (light gray outer layer) was detected on the surface of tHALLG and
ASA@tHALLG in comparison with tHA, providing direct evidence for the presence of the GCP assembly on the apatite
crystals.
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To further prove the successful synthesis of ASA@tHALLG, the chemical constituents and states of the engineered
nanocomposites were characterized by FTIR and XPS. As shown in Figure 2B, the characteristic peak for the apatite
crystals was recorded at 962 cm™', which belongs to the nondegenerate symmetric stretching mode of PO4>".%° Also,
broad bands around 3442 cm ™' and 1637 cm ™' were observed due to the absorbed H,O in tHA.*® After constructing the
GCP assembly on the surface of tHA, a new peak at 1564 cm ™' appeared, which was ascribed to amide II (mainly from
in-plane N-H bending).*' Moreover, the peak at 1647 cm ' was intensified, which may be due to the superimposed
vibration of H,O and an amide I band that is mainly associated with the C=O stretching vibration.**** Although the
spectra of ASA@tHALLG showed no obvious difference from that of tHALLG, these results suggested that the GCP
assembly was successfully covalently bonded on the surface of tHA, which was further confirmed by XPS investigation.
As shown in Figure 2C, apart from major atomic elements carbon, oxygen, calcium, and phosphorus, a weak nitrogen
peak at 399 eV was recorded in the tHA nanocomposite, suggesting the presence of pDA. After coating the GCP
assembly on the surface of tHA, the nitrogen signal was enhanced due to the contribution of the abundant amide groups
in the assembly; this was accompanied by decreased signals for Ca 2p and P 2p, which was also found in corresponding
high-resolution spectra (Figures S1, 2D and E). Compared to tHALLG, the signals for Ca 2p and P 2p were further
decreased in ASA@tHALLG (Figure 2D and E). Additionally, according to the elementary composition analysis, the
content of Ca 2p and P 2p decreased from 4.69% to 2.98% and from 3.93% to 2.3%, respectively, indicating the
successful loading of aspirin into the GCP assembly. It is noteworthy that compared to the stoichiometric ratio (1.67) in
apatite,** a lower Ca/P ratio (1.30) was detected in the tHA nanocomposites, implying a calcium-deficient state in the
tHA nanocrystals. Previous studies reported that the Ca/P atomic ratio of apatite in bone tissue is lower than 1.67,*
which is considered beneficial for instantaneous precipitation of bioequivalent apatite on its surface in vivo.*
Conversely, stoichiometric apatite may require an induction time for precipitation. Therefore, the developed apatite-
based nanomaterials with biomimetic features show a great potential for tissue engineering applications.

It is well recognized that excess and prolonged host inflammatory response could reprogram the cellular energy
metabolism in periodontal tissue from oxidative phosphorylation to anaerobic glycolysis, leading to the occurrence of
extracellular acidification.*’*® Therefore, an acidic pH could serve as an external stimulus to control the release of anti-
inflammatory agents for the regulation of cell behaviors via a self-modulatory mechanism under inflammatory
conditions.**° Figure 2F shows the drug release profiles of aspirin-laden nanocomposites at two different pH values:
5.5 and 7.4. Clearly, the release rate of aspirin from both ASA@tHALL and ASA@tHALLG was pH-sensitive.
Compared to the neutral pH state, the release rate of aspirin from ASA@tHALL could be accelerated by an acidic
pH. The different release profile may be ascribed to the difference in the swelling of the CMC/PLL self-assembly coating
under neutral and acidic conditions. The coating may be more susceptible to swelling at acidic pHs than at a neutral pH.>"
Moreover, under a lower pH, the protonation of amino groups in the coatings most likely leads to the disintegration of the
self-assembly multilayers, which may also contribute to the faster drug release rate.’® A similar drug release profile was
observed for the ASA@tHALLG nanocomposites. However, it was noted that the release rate of aspirin from the
ASA@tHALLG nanocomposites was markedly lower compared to ASA@tHALL. It is suggested that the crosslinking of
the CMC/PLL self-assembly by genipin could enhance the stability of the coatings by increasing the polymer density,
eventually resulting in slower diffusion of aspirin through the coatings.>® Due to its combined anti-inflammatory and pro-
resolution effects, aspirin has been extensively explored for modulation of the host inflammatory response in periodontal
disease.>*>> However, traditional delivery strategies based on apatite nanomaterials may compromise aspirin’s therapeu-
tic effect, as it shows concentration- and time-dependent activity in the regeneration of periodontal tissue. Uncontrolled
excess release of aspirin could actually inhibit osteogenesis, and the immobilized drug may have a limited effect on
eventual tissue repair due to restricted access to the intracellular pharmacological target.’®>® In our study, the coating
designed on the surface of biomimetic nano apatite can not only be employed to encapsulate bioactive components but
also control the release of drugs in a pH-responsive manner. Hence, it is believed that the developed biomimetic smart
nanoplatform (ASA@tHALLG) could achieve site-specific and “on-demand” delivery of anti-inflammatory drugs based
on host inflammatory response.
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Cytocompatibility Evaluation of Biomimetic Smart Nanoplatform

Cytocompatibility is a prerequisite for the application of materials in the biomedical field.”® Thus, indicators of
cytocompatibility such as early cell adhesion behavior, cell growth, and LDH leakage of hPDLSCs exposed to
ASA@tHALLG nanocomposites were systematically assessed in our study. Figure 3A and B shows the early adhesion
of viable hPDLSCs when cocultured with different samples for 3 h using FDA staining. Clearly, compared to the tHA
group, there were more adherent cells observed in the ASA@tHALLG group, as indicated by the green fluorescence,
suggesting the positive effect of ASA@tHALLG on early cell adhesion, which was further revealed by SEM investiga-
tion at 24 h after incubation. As shown in Figure 3C, the cells showed a longitudinal morphology in all groups.
Compared with bare tHA and its tHALLG counterpart, a better spreading shape with abundant cellular filopodia was
observed in cells subjected to ASA@tHALLG nanocomposites. Further, the fluorescence images from F-actin staining
(Figure 3D) indicated that hPDLSCs exposed to various nanocomposites showed spreading and filamentous morphology
with direct cell-to-cell interactions. However, the optimal cell adhesion was displayed in the ASA@tHALLG group in
comparison with the tHA group, which was indicated by the extended filopodia with visibly more mature F-actin
intracellular stress fibers in the cells. One possible explanation is that bare tHA nanocomposites may trigger an
inflammatory response to some extent in hPDLSCs,* but ASA@tHALLG could alleviate the foreign body response
of cells by releasing aspirin, a non-steroidal anti-inflammatory drug with the capability of mitigating the exogenous pro-
inflammatory stimuli from tHA.®' It is well recognized that cell adhesion is the first step in initiating the normal
performance of cellular functions. Thereby, the improved early cell adhesion behavior revealed by SEM and fluorescence
observation implied that the delivery of aspirin via the GCP self-assembly may contribute to the capability of
ASA@tHALLG to steer cellular behavior (eg, proliferation).

Figure 3E shows the results from the CCK-8 assay, which was used to evaluate the proliferation of hPDLSCs co-
cultured with different samples for 1, 3, and 5 d. It can be seen that the hPDLSCs displayed a time-dependent
proliferation in all test groups during the whole culture period, although the fastest cell growth was observed in the
TCP control group. It is suggested that the tHA-based nanocomposites could support normal proliferation of hPDLSCs.
However, it is noted that the lowest OD450 value was detected in the tHA group during incubation, indicating a negative
impact of tHA on cell growth. A similar phenomenon was reported in previous studies, where nano apatite harbored
a concentration-dependent cytotoxic effect on osteoblasts and human mesenchymal stem cells, which may be ascribed to
the pro-inflammatory impact of nanomaterials on cells.®>®* After surface functionalization, the inhibitory effect of tHA
nanocomposite on cell growth was noticeably mitigated, especially in the ASA@tHALLG group, as indicated by
a significantly enhanced OD450 value beginning at day 3. It is suggested that the ASA@tHALLG nanocomposites
have great advantages in the proliferation of hPDLSCs over bare tHA.

LDH is an intracellular enzyme that can be released into culture medium when the integrity of the cell membrane is
damaged.®* Therefore, to further evaluate the cytocompatibility of the ASA@tHALLG nanocomposites, we performed
an LDH assay after incubating the prepared samples with hPDLSCs for 24 h, as shown in Figure 3F. Obviously,
compared to the control group, there was a significant increase in LDH leakage in the tHA group, indicating the negative
impact of tHA on the integrity of plasma membranes. When the cells were cultured with ASA@tHALLG nanocompo-
sites, the amount of released LDH markedly decreased, although there was no significant difference between the
tHALLG and ASA@tHALLG groups, implying the low cytotoxic effect of ASA@tHALLG nanocomposites on
hPDLSCs. Taken together, on the basis of studies regarding early cell adhesion behavior, cell growth, and LDH leakage,
it can be concluded that ASA@tHALLG nanocomposites with enhanced cytocompatibility show great potential for
application in the field of periodontal medicine.

Anti-Inflammatory Effect Analysis of Biomimetic Smart Nanoplatform

hPDLSCs play a crucial role in the reconstruction of periodontal tissue after regenerative therapy.®>%° At early stages of
tissue healing, a moderate inflammatory response could contribute to the in vivo performance of stem cells and benefit
the regeneration of periodontal tissue. However, excessive and prolonged inflammatory response in hPDLSCs may cause
accumulation of intracellular ROS, which are related to the oxidative damage to various biomolecules in cells, such as
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0.05 compared to tHA group.
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lipids, proteins, and DNA, eventually leading to the dysfunction of stem cells and in turn healing failure in periodontal
tissue.®”%® Tt is well known that aspirin is an FDA-approved drug that has been widely applied for the treatment of
inflammatory diseases such as rheumatoid arthritis and fever caused by bacterial infection.’* By inhibiting the synthesis
and release of pro-inflammatory mediators, aspirin can mitigate the host inflammatory response to exogenous and
endogenous stimuli.*’ In our study, the ASA@tHALLG nanocomposites showed pH-dependent aspirin-release behavior
from the GCP assembly functionalized tHA composites. Therefore, to further investigate whether aspirin released from
the ASA@tHALLG nanocomposites could maintain its bioactivity for regulation of the inflammatory response of
hPDLSCs, we performed assays to evaluate pro-inflammatory cytokine gene expression and ROS generation in the
hPDLSCs at 24 h after coculturing.

Figure 4A shows the gene expression of TNF-a, IL-6, and IL-1f in hPDLSCs exposed to different nanocomposites
under LPS stimulation. 7NF-o is a kind of major pro-inflammatory cytokine that can be produced by hPDLSCs in
response to LPS and other bacterial products.”® Excessive TNF-a release could trigger oxidative stress in stem cells,
which is related to the impaired repair capacity of periodontal tissue.”' IL-6 is a multifunctional cytokine that serves as
regulator of osteoclast recruitment and differentiation into mature osteoclasts.”® IL-1f, a featured cytokine in period-
ontitis, is implicated in extracellular matrix degradation and periodontal tissue destruction via promoting the expression

of collagenolytic enzymes and matrix metalloproteinases.”” The gene expression analysis clearly showed that hPDLSCs
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Figure 4 Anti-inflammatory effect analysis of biomimetic smart nanoplatform. (A) qPCR analysis of pro-inflammatory cytokine genes encoding TNF-a, IL-6 and IL-1§ in
hPDLSCs co-cultured with tHA, tHALLG and ASA@tHALLG nanocomposites. (B) ROS production of hPDLSCs subjected to tHA, tHALLG and ASA@tHALLG
nanocomposites. Scale bars = 100 um. #p < 0.05 compared to control group. *p < 0.05 compared to tHA group. Ap < 0.05 compared to tHALLG group.
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from the tHA group showed higher mRNA expressions of TNF-a, IL-6, and IL-1f than those treated with LPS alone
(control group), suggesting that tHA could amplify the inflammatory response of LPS-treated hPDLSCs. After incubation
with the tHALLG nanocomposite, the hPDLSCs displayed a decreased expression of proinflammatory cytokines at the
mRNA level, implying an anti-inflammatory effect of the GCP assembly on stem cells. It is noted that among all groups,
the ASA@tHALLG group showed the highest down-regulation of proinflammatory cytokine gene expression. These
results indicate that the aspirin released from ASA@tHALLG effectively repressed the inflammatory response of
hPDLSCs to nanomaterials and bacterial product, which was further confirmed by the ROS assay. As shown in
Figure 4B, ROS production in hPDLSCs was significantly increased in the tHA group compared to the control group,
which may be ascribed to the pro-inflammatory effect of nano apatite on hPDLSCs. Due to coating the GCP assembly
onto the surface of tHA, a decrease in ROS level was detected in the tHALLG group, which was accompanied by the
anti-inflammatory activity of the GCP assembly, as already described. It is suggested that the GCP assembly may
ameliorate oxidative stress in stem cells via inhibiting their inflammatory response. The intensity of ROS generation was
further markedly decreased in the ASA@tHALLG group, highlighting the anti-inflammatory effect of the released
aspirin on the tHA-induced oxidative stress response in hPDLSCs. Overall, the evaluations of pro-inflammatory cytokine
gene expression and ROS production in hPDLSCs indicated that the encapsulation process via the GCP assembly did not
alter the bioactivity of aspirin. The pH-responsive release of aspirin from the GCP assembly was able to not only endow
tHA nanocomposite with enhanced anti-inflammatory effect but also mitigate oxidative stress in hPDLSCs induced by
pro-inflammatory stimuli.

Antibacterial Activity Evaluation of Biomimetic Smart Nanoplatform

Pathogenesis of infection, the main source of exogenous pro-inflammatory stimulus, is considered to be one of the major
reasons for the failure of periodontal regeneration therapy.”® It is well known that the colonization of bacteria at the
interface between graft materials and surrounding periodontal tissue is the first critical step in the pathogenesis of
infection. Thus, preventing bacterial adhesion and proliferation near implanted materials at the early postoperative period
is critical for an optimal regenerative outcome in periodontal tissue. Compared to the major pathogen in the progression
of adult periodontitis and peri-implantitis like Porphyromonas gingivalis (P. gingivalis),”” the common pathogenic
bacteria in oral cavity such as Gram-negative Escherichia coli (E. coli) and Gram-positive Staphylococcus aureus
(S. aureus) have been reported to impose a higher risk of post-surgical infection at early stage after implantation of graft
materials.”®”” Therefore, to assess the antibacterial activity of the functionalized tHA nanocomposites, the initial
adhesion and growth of E. coli (Gram-negative) and S. aureus (Gram-positive) were investigated after exposure to
different samples over a fixed time. Figure SA shows the amount of E. coli and S. aureus in different groups. At the
initial adhesion stage (4 h), the tHA group showed fewer E. coli and S. aureus than the control group, which was ascribed
to the antifouling property of pDA layers on the tHA surface.”® In the tHALLG and ASA@tHALLG groups, the early
colonizing bacteria were further decreased compared to the tHA group. In the proliferation phase (24 h), the OD values
of two different bacteria in the control group increased as time progressed. However, compared to the control group, the
number of adherent bacteria was dramatically decreased in the functionalized tHA nanocomposites, which was further
confirmed by fluorescent staining of viable bacteria (Figure 5SB). Specifically, after 24 h of incubation, the tHALLG group
showed a 44% reduction and the ASA@tHALLG group showed a 39% reduction in E. coli adhesion compared to the
control group. In the case of S. aureus, a similar efficacy was observed in reducing the number of adherent bacteria by the
ASA@tHALLG and tHALLG nanocomposites. These results indicated that GCP assembly coated on the surface of tHA
nanocomposite could effectively inhibit the adhesion and proliferation of E. coli and S. aureus. Moreover, it was
observed in SEM images (Figure 5C) that, different from a uniform rod-like E. coli and spherical-like S. aureus in the
control group, both adherent bacteria showed an irregular shape with crumpling features or cell rupture in each
nanocomposite group. It is well known that CMC and PLL have a broad antibacterial spectrum, which includes both
gram-negative and gram-positive bacteria.””* Via electrostatic interaction, these components in GCP may disrupt the
cell wall and membrane integrity of bacteria.®' Moreover, PLL also has the ability to directly restrain the central carbon
metabolism in bacteria.®? Therefore, our findings suggested that the inhibitory effect of the ASA@tHALLG nanocom-
posite on bacteria growth may be enabled through contact-killing mode.
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Figure 5 Antibacterial activity evaluation of biomimetic smart nanoplatform. (A) Antibacterial activities of different nanocomposites against E. coli and S. aureus cultured for
4 and 24 h. (B) Fluorescent staining of adherent E. coli and S. aureus at 24 h after incubation with different nanocomposites. Scale bars = 50 pm. (C) SEM images of the
morphology and number of adherent E. coli and S. aureus after incubation with different nanocomposites. Scale bars = | um. (D) Typical images and quantitative analysis of
bacterial colony-forming units obtained from subcutaneous tissue fluid. (E) H&E staining images of mouse subcutaneous tissue. The region outlined by the red box are shown
on the right. #p < 0.05 compared to control group. *p < 0.05 compared to tHA group.

To further assess in vivo antibacterial activity, the ASA@tHALLG nanocomposites were subcutaneously implanted
into mice. Live bacterial colonies collected from tissue fluid were counted, as shown in Figure 5D. Compared to the
control group, the number of bacterial colonies significantly decreased from 764.5 + 64.2 to 119 + 6.4 in the
ASA@tHALLG group, suggesting the excellent antibacterial activity of the ASA@tHALLG nanocomposites, which
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agreed with the results of the in vitro study. Furthermore, less infiltration of inflammatory cells was observed in the soft
tissue around implants from the ASA@tHALLG group according to a histological analysis (Figure 5E). These findings
indicated that the GCP assembly functionalized tHA nanocomposite with enhanced antibacterial activity may be
beneficial for the reduction of exogenous pro-inflammatory stimuli from bacterial infection.

Osteogenic Activity Evaluation of Biomimetic Smart Nanoplatform

For periodontal tissue repair, osteogenic differentiation of hPDLSCs around graft materials is a critical event during
healing. Among various osteogenic indicators, ALP is an early hallmark that is widely used to assess the osteogenic
potential of stem cells.*> Thus, the ALP activity of hPDLSCs cocultured with tHA, tHALLG, and ASA@HALLG
nanocomposites was measured on day 7, as depicted in Figure 6A. Clearly, the hPDLSCs in the tHA group showed
a higher ALP activity than those in the control group, suggesting that the tHA nanocomposite could induce the
osteogenic differentiation of stem cells. Moreover, ALP was elevated in the tHALLG group due to the surface
functionalization of the GCP assembly on the tHA nanocomposite. This finding indicated that the GCP assembly surface
coating on tHA could promote ALP expression in hPDLSCs, which is regarded as the first checkpoint for osteogenic
differentiation. Notably, ALP activity in cells from the ASA@tHALLG group was approximately 1.4 times greater than
that of the tHALLG group, highlighting the impact of aspirin released from ASA@tHALLG nanocomposite on the ALP
production of hPDLSCs. These results were further verified by an ALP staining assay.

Calcium deposition is a late-stage marker for the osteogenic differentiation of hPDLSCs.** Due to its bone-like
structures, the inorganic calcium produced by stem cells plays an imperative role during the reconstruction of periodontal
tissue. To assess the mineralization efficiency of hPDLSCs subjected to prepared samples, an ARS staining analysis was
performed after incubation for 21 days, as shown in Figure 6B. The difference in calcium deposition among groups
displayed a similar trend to the changes in ALP activity. It was clearly observed that compared to the control group, the
tHA, tHALLG, and ASA@tHALLG groups showed a considerable increase in the formation of calcium nodules.
Particularly, the most intensive and extensive area of calcium nodules was found in the ASA@tHALLG group. Taken
together, ALP and ARS staining assays demonstrated that local delivery of aspirin from the ASA@tHALLG nanocom-
posite could facilitate the osteogenic differentiation of hPDLSCs.

The initiation and completion of osteogenic differentiation are regulated by a cascade of signal transduction events.
An in-depth study at the transcriptional level is beneficial for interpreting the cellular response to nanocomposites.®
Thereby, the expression of osteogenic genes encoding RUNX2, ALP, and COL1A1 was measured by qPCR experiments
on day 7 (Figure 6C). As expected, the expression of RUNX2, ALP, and COL1A1 in hPDLSCs co-cultured with tHA,
tHALLG, and ASA@tHALLG nanocomposites was enhanced compared to the control group. However, the highest
mRNA level of osteo-specific markers was shown in cells from the ASA@tHALLG group. RUNX2 is the most upstream
transcription factor essential for osteoblast differentiation and chondrocytes, and it could activate the transcription of
other osteogenic markers such as ALP and COL1A1 (a marker encoding the major bone matrix protein) via binding to
their promoter regulatory domain.®® Therefore, the gene expression analysis demonstrated the effect of aspirin on the
osteogenic differentiation of stem cells, which was also proved by the immunofluorescent staining of osteogenic-
associated markers RUNX2 and OPN (Figure 6D). Taken together, our data suggested that the aspirin-loaded GCP
assembly could endow tHA with a favorable bioactivity for the osteogenesis of hPDLSCs.

In vivo Experiment

Encouraged by the results from the in vitro experiments, the in vivo effect of the ASA@tHALLG nanocomposite on the
repair of periodontal tissue during healing was further investigated for future clinical translational applications. To this
end, we established a tooth root fenestration preclinical model on the buccal plates of a rat mandible as previously
described,* and then applied the prepared nanocomposites to the defects (Figure 7A). At four weeks after surgery,
specimens were harvested and processed for uCT analysis. Figure 7B shows 3D reconstructed CT images of the defects
in the region of interest (ROI) coupled with a corresponding quantitative analysis of bone volume as a ratio of tissue
volume (BV/TV). Obviously, the regeneration of periodontal bone tissue at bone—ligament interfaces was boosted in the
tHA and tHALLG treatment groups, as indicated by an increased value of BV/TV compared to the control group (p <
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Abbreviations: B, bone; R, the root of the tooth; CT, connective tissues.
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0.05), suggesting the osteoinductive potential of tHA and tHALLG nanocomposites in vivo as well. It is noteworthy that
corresponding to the findings from in vitro osteogenic activity evaluation (Figure 6), tHALLG group showed more
regenerated bone tissues than tHA group. It may be due to the positive effect of GCP assembly on the regulation of
inflammatory response (Figure 4). Moreover, the scavenging ability of free radicals by the active hydroxyl and amino
groups in GCP assembly may also contribute to the enhanced osteogenesis via alleviation of oxidative stress in PDLSCs
under inflammatory condition.*’ *° However, the most nascent bone tissue was detected in defects from the
ASA@tHALLG group, which may be attributed to the extra effect of aspirin released from the GCP assembly. The
data from the pCT analysis were further confirmed by fluorochrome labeling to evaluate the time-dependent bone
formation (Figure 7C). Obviously, an enhancement of the growth rate of the mineralization among the control, tHA, and
tHALLG groups was detected. With the encapsulation of aspirin into the GCP assembly, the mineral deposition rate was
further increased, which corresponded to the improved growth and osteogenic differentiation of hPDLSCs in the
ASA@tHALLG group observed from in vitro assays, providing additional in vivo evidence for the contribution of
aspirin to periodontal bone regeneration.

To further identify the composition of regenerated tissue at the defect sites, the newly formed tissues were analyzed
by histological staining. As shown in the results from H&E staining (Figure 7D), the defects were mainly filled with
fibrous tissues in the control group at four weeks after surgery. In contrast, obvious bone-like and microvascular
structures were detected in the defects implanted with apatite nanocomposites, which were also revealed in Masson’s
trichrome staining assay (Figure 7E). Masson’s trichrome staining is a selective histological approach for evaluating
collagen type I, which constitutes the major organic component in bone-specific matrix. Clearly, the control group
showed limited bone-specific collagen in the defects (approximately 8%). However, the newly-formed collagen type
I content was significantly increased in defects implanted with ASA@tHALLG nanocomposite. Moreover, immunohis-
tochemical staining showed that the region implanted with ASA@tHALLG nanocomposite expressed the highest
production of osteogenic proteins, OPN, and OCN, among all groups (Figure S2). OCN is a bone-specific matrix protein
that is mainly produced by osteoblasts. It plays an imperative role in the initiation of hydroxyapatite crystal formation
during the mineralization of bone matrix.”® OPN is a marker for osteoblasts at an intermediate stage of osteogenesis,
which is involved in the synthesis of the organic matrix.”' Previous studies reported that local delivery of aspirin via
a scaffold could upregulate osteogenic proteins and the mineralization of stem cells under inflammatory conditions.”*"*
Accordingly, as expected, after implantation of ASA@tHALLG nanocomposites into defects, the released aspirin from
the GCP assembly enhanced the osteogenic potential of hPDLSCs at bone-ligament interfaces, eventually leading to an
accelerated remodeling of periodontal bone tissue. Moreover, it is noted that due to the anti-inflammatory activity of
aspirin, the host inflammatory response was markedly inhibited during the healing process of the defects treated with
ASA@tHALLG nanocomposites, as indicated by the significantly reduced positive staining areas of TNF-a and IL-1
(Figure S3) in the defect regions. A similar finding was reported in a previous study, where a thermosensitive hydrogel
loaded with aspirin showed effective inhibition against pro-inflammatory response in periodontium.”* Recently, increas-
ing evidence demonstrated that excessive and prolonged host inflammatory response is one of the major risk factors for

failure of periodontal regenerative therapy,''->"¢

which may be ascribed to the overexpression of pro-inflammatory
cytokines in periodontal tissue.®”*” Via binding to their receptors, these cytokines could induce nuclear translocation and
accumulation of nuclear factor kappa B (NF-kB) in PDLSCs.®””® Moreover, oxidative stress induced by pro-
inflammatory cytokines is also implicated in the activation of NF-kB.°”'% As a master regulator of inflammation, NF-

kB-mediated signaling pathway has been reported to have crosstalk with Wnt/catenin pathway,®”-'*!

which plays
a pivotal role during osteogenic differentiation of stem cells.®”'°"1% Cun-Yu Wang et al previously proved that
activation of NF-kB can inhibit osteogenic differentiation of stem cells by promoting p-catenin degradation.”® Based
on above inflammation mediated regulatory mechanism, aspirin released from ASA@tHALLG nanocomposites may

interfere NF-kB signaling pathway through inhibition of inflammatory response,””***

in turn enhancing Wnt-dependent
osteogenic commitment of PDLSCs, the critical cells responsible for regeneration of periodontal tissue, in inflammatory
microenvironment.*”'*> Therefore, in agreement with the in vitro experiments, the results obtained from the in vivo
studies demonstrated that the ASA@tHALLG nanocomposites possessed an excellent capacity to facilitate the recon-

struction of periodontal bone tissue, with great potential for applications in periodontal and bone tissue engineering.
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However, it should be pointed out that owing to the limitation of defect size and technical challenges,**'** it is difficult
to accurately evaluate the effect of graft materials on the regeneration of periodontal attachment including periodontal
ligament and cementum using rat fenestration model presented in our study.>*'** Therefore, large animal models such as
canine and swine are needed for further in vivo validation of ASA@tHALLG nanocomposites targeting periodontal

regeneration in the future.'%1%7

Conclusion

The pathological microenvironment, driven by an excessive and prolonged host inflammatory response to various
detrimental stimuli such as foreign body reaction and microbial infection, is a hindrance for the reconstruction of
periodontal tissue defects. To address this issue, a multifunctional nanoplatform was developed as graft materials in this
work by constructing an inflammatory-responsive coating on a biomimetic apatite nanocomposite, which could release an
anti-inflammatory agent through a pH-sensitive mechanism. Our study demonstrated the stimuli-responsive profile of an
engineered “building block” on the apatite nanocomposite towards improving regeneration of periodontal tissue via
inhibiting the host inflammatory response to implants and infection, which is beneficial for the elimination of accumu-
lated ROS in hPDLSCs. Additionally, the engineered bioactive apatite nanocomposite was shown to be able to reduce
exogenous pro-inflammatory stimuli due to its noticeable antibacterial activity against common periodontal pathogens.
The present study offers a facile, environmentally friendly, and cost-effective approach for the synthesis of a biomimetic
smart nanoplatform with pH-responsive anti-inflammatory effect, which has great potential in the field of periodontal and
orthopedic regenerative medicine.
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