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Abstract
Periodontitis is a common type of in�ammatory bone loss and is a risk factor for systemic diseases. The
pathogenesis of periodontitis relies on in�ammatory dysregulation, which represents a target for new
therapeutic strategies to treat periodontitis. Here we demonstrate that cell-free DNA (cfDNA) is correlated
with periodontitis in patient samples, and that cfDNA/TLR9 interactions participate in the immune
response of periodontitis. We then tested the hypothesis that removing cfDNA would bene�t periodontitis
treatment. To create nucleic acid-binding nanoparticles (NABNs) speci�c for periodontitis, we coated
bone-mimicking selenium-doped hydroxyapatite nanoparticles with cationic polyamidoamine dendrimers
(PAMAM-G3), and compared the activities of these NABNs with those of soluble PAMAM-G3 polymers.
Both NABNs and PAMAM-G3 inhibited periodontitis-related in�ammation in vitro by scavenging cfDNA,
and alleviated in�ammatory bone loss in a mouse model of ligature-induced periodontitis. Both cfDNA
scavengers also regulated the mononuclear phagocyte system in a periodontitis environment, promoting
the M1 over the M2 macrophage phenotype. However, NABNs showed greater therapeutic effects than
PAMAM-G3 in terms of scavenging and reducing in�ammation and bone loss in vivo. Our �ndings
demonstrate the importance of cfDNA in periodontitis and the potential for using cfDNA-scavenging and
hydroxyapatite-based NABNs to ameliorate in�ammation and bone loss in periodontitis.

Introduction
Periodontitis is a common chronic disorder that involves oral microbe-related in�ammatory bone loss and
local destruction of periodontal tissues, and is associated with systemic diseases such as heart and lung
disease.1 In periodontitis, microbial in�ammatory insults and abnormal host-microbiota interactions
inappropriately and continuously activate the immune system, leading to in�ammatory bone loss.2,3 This
proin�ammatory immune response is initiated by toll-like receptors (TLRs) and other pattern-recognition
receptors that detect and respond to pathogen-, damage-, and microbe-associated molecular patterns
(PAMPs, DAMPs, and MAMPs).4

One type of molecular pattern that contributes to periodontitis is cell-free DNA (cfDNA).5 DNA
fragmentation in gingival crevicular �uid is correlated with periodontitis.6 cfDNA includes endogenous
nuclear and mitochondrial DNA released by damaged host cells, and exogenous bacterial or viral DNA.7,8

Bacterial DNA (bDNA) stimulates TLR99-11 and activates the TLR9-mediated immune response that is
essential in the pathogenesis of periodontitis.12 bDNAs appear to link periodontitis and systemic
diseases, as periodontal bDNA has been found in serum, cardiac tissue, synovial �uid, and in the
intrauterine environment in these diseases.12-14 cfDNA is critical to chronic in�ammation related to bone
loss in periodontitis.15,16 We hypothesized that removing cfDNA with cationic nanoparticle scavengers
would alleviate the development and progression of periodontitis.

Polyamidoamine dendrimers (PAMAM-G3) are soluble, cationic nucleic acid-binding polymers (NABPs)
that prevent TLR activation and inhibit in�ammation, and have demonstrated therapeutic e�cacy in
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preclinical studies of acute liver failure,17 lupus,18 cancer metastasis,19 in�uenza infection,20 and
sepsis.21 We have shown that insoluble cationic nucleic acid-binding nanoparticles (NABNs) exhibit
greater therapeutic e�cacy than soluble NABPs and lower toxicity in murine sepsis and rheumatoid
arthritis models.21-23 Here we develop NABNs speci�cally for periodontitis by coating bone-mimicking
selenium-doped hydroxyapatite nanoparticles (SeHANs) with PAMAM-G3, and compare the therapeutic
activity of these NABNs with that of soluble PAMAM-G3 polymers in vitro and in a ligature-induced
periodontitis murine model. We describe differences in the mechanisms by which these NABNs and
NABPs inhibit in�ammation and alleviate bone loss in periodontitis.

Results
cfDNA levels in periodontitis patients and fabrication of nucleic acid-binding nanoparticles

cfDNA levels in saliva and serum were signi�cantly higher in periodontitis patients than in healthy
volunteers (Fig. 1A and B). Based on this �nding and on the participation of cfDNA/TLR9 interactions in
the periodontitis immune response, we hypothesized that a cfDNA scavenging strategy could alleviate
periodontitis (Fig. 1C, bottom). We chose SeHANs as the core of a cfDNA-binding nanoparticle for treating
periodontitis due to the bone-mimicking properties of hydroxyapatite24,25 and the osteogenic and
antioxidant properties of selenium,26-29 and coated the SeHANs with cationic PAMAM-G3 polymer to
create particles with positive charge (G3@SeHANs) (Fig. 1C, top). G3@SeHANs were better dispersed than
bare SeHANs based on scanning electron microscopy (SEM) and transmission electron microscopy
(TEM) (Figs. 1C and S1). PAMAM-G3 coating of the SeHANs was con�rmed by elemental mapping (Fig.
S1), X-ray photoelectronic spectroscopy (XPS) (Fig. 1D-F), Fourier-transform infrared spectroscopy (FTIR;
Fig. 1G), glass transition temperature (Fig. 1H), zeta potential (Fig. 1I), and Brunauer-Emmett-Teller (BET)
surface area analysis (Fig. 1J). The size of the particles increased slightly following coating (Fig. 1K), and
the phase did not change—the particles remained insoluble in aqueous medium (Fig. 1L). PAMAM-G3
grafting reduced the selenium release rate of the nanoparticles (Fig. S2A), indicating slower particle
degradation. The lower selenium content of G3@SeHANs than of bare SeHANs (Fig. S2B) was likely due
to selenium release during grafting. G3@SeHANs exhibited higher binding a�nity to DNA than bare
SeHANs (Fig. S3A), with no observed cytotoxicity (Fig. S3B).  

G3@SeHANs inhibit periodontitis-related in�ammation by scavenging cfDNA in vitro

We �rst examined whether G3@SeHANs inhibited TLR activation by various anionic agonists by using
HEK‐TLR3, ‐TLR4, ‐TLR8, and ‐TLR9 reporter cells and corresponding TLR agonists: poly(I:C) dsRNA,
lipopolysaccharide (LPS), ORN06 ssRNA, and CpG DNA, respectively (Figs. S4 and S5). Both G3@SeHANs
and bare SeHANs inhibited CpG-induced TLR9 activation in a dose-dependent manner, but G3@SeHANs
caused greater inhibition than bare SeHANs; 10 µg/mL of G3@SeHANs caused a similar level of
inhibition as 2 µg/mL of soluble PAMAM-G3 (Fig. S4A-B). The G3@SeHANs also inhibited poly(I:C)-
induced TLR3 activation, LPS-induced TLR4 activation, and ORN06-induced TLR8 activation to a greater
extent than bare SeHANs (Fig. S5). In  RAW 264.7 macrophages, addition of 10 µg/mL of G3@SeHANs
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alone (without any TLR agonist) had no effect on levels of the proin�ammatory cytokines TNF-α and IL-6
(Fig. S4C-D). Together, G3@SeHANs exhibited greater ability to scavenge anionic TLR agonists and
inhibit TLR activation than bare SeHANs, indicating the importance of the cationic PAMAM-G3 coating.

We next examined whether G3@SeHANs prevented cellular in�ammation induced by saliva and serum
from periodontitis patients. Saliva and serum from periodontitis patients but not from healthy donors
induced TLR9 activation in HEK-Blue TLR9 cells (Fig. 2A); this TLR9 activation was reduced by adding
G3@SeHANs or PAMAM-G3. Saliva from periodontitis patients also caused an increase in TNF-α and IL-6
levels (Fig. 2B), and these increases were mitigated by G3@SeHANs and PAMAM-G3. Serum from
periodontitis patients had a smaller effect on TNF-α and IL-6 levels than saliva (Fig. 2B).

We then investigated whether cfDNA isolated from saliva could activate the TLR9-mediated periodontitis
cellular immune response, what types of cfDNA were involved, and the ability of G3@SeHANs to
counteract these cfDNAs. cfDNA isolated from periodontitis saliva induced TLR9 activation, and both
G3@SeHANs and PAMAM-G3 reduced this cfDNA-induced TLR9 activation (Fig. 2C). Genomic DNA
(gDNA) and mitochondrial DNA (mtDNA) are DAMPs that initiate periodontal in�ammation. mtDNA but
not gDNA activated TLR9 (Fig. 2C) and signi�cantly increased TNF-α and IL-6 levels in human and mouse
macrophages (Figs. S6 and S7); these cytokine increases were inhibited by G3@SeHANs and PAMAM-G3.
We then used two common types of gingival cells—human gingival keratinocytes (HGKs) and human
gingival �broblasts (HGFs)—to collect DAMPs. DAMPs from both cells and mitochondria (mtDAMPs)
caused signi�cant increases in proin�ammatory cytokine release (Fig. S7) and TLR9 activation (Fig. S8),
and these increases were mitigated by adding G3@SeHANs and PAMAM-G3. PAMPs such as CpG DNA
also initiate periodontitis. CpG DNA induced TLR9 activation and increased TNF-α and IL-6 levels (Figs.
2C and S7); these effects were inhibited by G3@SeHANs and PAMAM-G3. We then used two common
periodontitis-related bacteria, Porphyromonas gingivalis and Fusobacterium nucleatum, to collect
MAMPs. MAMPs also caused a signi�cant increase in TLR9 activation, which was reduced by adding
G3@SeHANs and PAMAM-G3 (Fig. S8). Together, both G3@SeHANs and PAMAM-G3 were able to inhibit
periodontitis-related TLR9-mediated cellular in�ammation induced by different types of cfDNA.

G3@SeHANs reduce in�ammatory bone loss in ligature-induced periodontitis in vivo

We used a ligature-induced periodontitis mouse model described previously.30,31 In this model, signi�cant
bone loss was observed at approximately two weeks after placing the ligature. The dose of G3@SeHANs
injected into the in�ammatory site, 1 mg/mL, was determined in a pilot study (Fig. S9). The ligature was
placed in a circle around the second molar to obtain signi�cant bone loss and related phenotypes. The
four treatment groups were (1) no ligature (healthy control); (2) ligature, phosphate-buffered saline (PBS)
(periodontitis control) PAMAM-G3; and (4) ligature, G3@SeHANs. PBS, PAMAM-G3, or G3@SeHANs were
injected on both sides of mice into six sites around the ligature on days 0, 3, 6, 9, and 12; samples were
collected on day 15. Treatments were also smeared onto the gum around the ligature daily except on
injection days (Fig. 3A-B).
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cfDNA and TNF-α levels in saliva and serum were signi�cantly higher in periodontitis model mice than in
normal mice; these proin�ammatory cytokine levels were inhibited by treatment with G3@SeHANs and
PAMAM-G3 (Fig. 3C-F). The cfDNA level in saliva increased in periodontitis model mice starting on day 12
(Fig. 3G). Treatment with G3@SeHANs but not PAMAM-G3 reduced the cfDNA level nearly to that of
normal mice throughout the experiment. TNF-α levels in saliva had already increased by day 3; treatment
with G3@SeHANs but not PAMAM-G3 signi�cantly reduced TNF-α levels by day 15 (Fig. 3H). Together,
cfDNA and TNF-α levels in both local and systemic environments (saliva and serum) were reduced by
G3@SeHANs to a greater extent than by soluble PAMAM-G3. Both G3@SeHANs and PAMAM-G3 inhibited
ligature-induced bone loss as observed by micro-computed tomography (micro-CT) imaging (Fig. 3I-J).

The ligatures caused a strong in�ammatory response and epithelial destruction, observed by hematoxylin
and eosin (H&E) staining (Figs. 4A and S10A). Bone loss in the G3@SeHAN and PAMAM-G3 groups was
less than in the untreated periodontitis group (Figs. 4A and S10A). Osteoclastic and osteogenic activity,
indicated by enzyme activity staining with tartrate-resistant acid phosphatase (TRAP) and alkaline
phosphatase (ALP), respectively, were higher in the untreated periodontitis group than in normal mice.
The number of TRAP+ cells was lower in the G3@SeHAN and PAMAM-G3 groups than in the untreated
periodontitis group (Fig. 4B and Fig. S10B), indicating reduced osteoclastic activity. TLR9 expression was
signi�cantly higher in the untreated periodontitis group than in normal mice; both G3@SeHAN and
PAMAM-G3 reduced this periodontitis-associated TLR9 expression (Fig. 4C-D). Treatment with
G3@SeHANs and PAMAM-G3 also reduced TNF-α and IL-6 levels, as well as mRNA levels of the NF-κB
pathway transcription factors Rela, Tnf, and Il6 (Fig. 4E-I), indicating inhibition of NF-κB signaling.

To con�rm the role of cfDNA in the pathogenesis of periodontitis and the function of the NABNs, we
established another periodontitis model with an additional local injection of CpG DNA (Fig. S11A-B).
Micro-CT imaging showed that bone loss in this CpG DNA group was slightly greater than in the original
untreated periodontitis group; however, the differences were not signi�cant (Fig. S11C-D). Cationic
scavengers restrained the increased levels of both G3@SeHANs and PAMAM-G3 mitigated the increases
in cfDNA and proin�ammatory cytokine levels in the CpG DNA group versus the normal mice group, but
G3@SeHANs had a larger effect (Fig. S11E). The epithelium was more severely damaged in the untreated
CpG DNA group than in the G3@SeHAN- and PAMAM-G3-treated CpG DNA groups (Fig. S11F). The
number of osteoclasts was highest in the untreated CpG group, and was reduced by treatment with
G3@SeHANs and PAMAM-G3 (Fig. S11G). These results and the results above showed that G3@SeHANs
and PAMAM-G3 alleviated cfDNA-induced in�ammatory bone loss in the ligature-induced periodontitis
model, and G3@SeHANs had a greater effect than PAMAM-G3.

The diversity of bacterial communities in the oral cavity of ligature-induced periodontitis mice was
unaffected by administration of the cationic materials (Fig. S12A-D). In a principal component analysis
(PCA) plot, samples from the untreated, PAMAM-G3, and G3@SeHAN groups clustered together,
suggesting similar microbial community structures (Fig. S12E). Between-group differences were similar
to within-group differences (Fig. S12F and Table S1), and the microbial compositions in the three groups
were similar (Fig. S12G). In terms of safety, H&E staining revealed no organ damage following local
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treatment with G3@SeHAN or PAMAM-G3 (Fig. S13). Ligature-induced periodontitis and scavenger
treatment did not signi�cantly alter the serum levels of safety-related biochemical parameters (Fig. S14A-
F).

Scavenging mechanisms of G3@SeHANs and PAMAM-G3

The results above indicated differences between G3@SeHANs and PAMAM-G3 in their in vitro scavenging
and in vivo bone protection effects. Due to the large difference in size of the two cationic materials, we
hypothesized that differences in activity were related to the difference in size and whether the two
materials operated intracellularly or extracellularly. To examine the localization of the materials, we
conducted an intracellular tra�cking study in RAW 264.7 cells with Cy5.5-labeled CpG DNA (Cy5.5-CpG)
and FITC-labeled PAMAM-G3 (FITC-G3) or FITC-labeled G3@SeHANs. When no cationic materials were
added, CpG was found mainly in lysosomes at 4 h and 12 h. FITC-G3 intensity was observed mainly in
lysosomes and in the cytoplasm at these time points (Fig. S15 and Fig. 5A). In contrast, FITC-
G3@SeHANs were observed mainly extracellularly, and the amount of Cy5.5-CpG in lysosomes was lower
at 4 h than when using FITC-G3. At 12 h, most Cy5.5-CpG was colocalized with FITC-G3@SeHANs, and no
Cy5.5 intensity was observed in lysosomes. This difference in nucleic acid scavenging location between
G3@SeHANs (extracellular) and soluble PAMAM-G3 (intracellular) may help explain the observed
differences in their therapeutic effects.

To examine intracellular nucleic acid-sensing signal transduction, TLR9 and downstream NF-κB pathway
activation were analyzed by qRT-PCR. Saliva from periodontitis patients, mtDNA, and CpG DNA were
administered as stimuli to murine macrophage RAW 264.7 cells. G3@SeHAN treatment consistently
reduced the expression of TLR9 and NF-κB pathway mRNA relative to the untreated group, whereas
PAMAM-G3 had no consistent effect (Fig. S16). Together, these results suggest that the two cationic
materials inhibit cfDNA-induced in�ammation via different mechanisms, involving scavenging cfDNA in
different locations, as summarized in Fig. 5B.

G3@SeHANs regulate the mononuclear phagocyte system

T-cell-mediated host immunity is the dominant immune response in the pathogenesis of periodontitis,
and dendritic cells (DCs) are the primary antigen presenting cells that activate T-cells.32 In the in vivo
study, the numbers of T cells and DCs were elevated in the untreated periodontitis group versus the
normal mice group, and treatment with the two cfDNA scavengers mitigated the increase in T cells and
DCs (Figs. S17 and S18). Macrophage polarization in gingival tissue is related to the pathogenesis of
periodontitis.33,34 M1 macrophages are proin�ammatory while M2 macrophages promote repair. M1
macrophages were found in the untreated periodontitis group but not in the normal mice group, and
scavenger treatment of periodontitis mice reduced the number of M1 macrophages (Fig. S19). In
contrast, scavenger treatment increased the number of M2 macrophages. We further examined the
differentiation of human monocyte THP-1 cells to con�rm the relationship between scavenger treatment
and macrophage polarization. THP-1 cells were pretreated with phorbol myristate acetate (PMA) to
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induce differentiation from monocytes to M0-type macrophages.35 The morphology and surface markers
of cells were altered by treatment with saliva from periodontitis patients (Figs. S20 and S21). The
percentage of CD197+ cells (M1 marker) was higher in response to periodontitis saliva than to healthy
saliva, whereas the percentage of CD36+ cells (M2 marker) was lower (Fig. 6A-C and Fig. S22). These
results indicated that periodontitis saliva was more prone to promote in�ammation than healthy saliva.
The percentages of CD83+ and CD86+ cells (DC markers) were signi�cantly higher in response to
periodontitis saliva than healthy saliva (Fig. S23). Together, macrophage polarization and dendrite
development occurred in response to treatment with saliva from periodontitis patients.

We then tested whether G3@SeHANs and PAMAM-G3 regulated this macrophage polarization and the
functions of these macrophage subsets. For the M1 phenotype, levels of TNF-α and IL-6 increased
following exposure to periodontitis saliva, but this increase was signi�cantly reduced by treatment with
G3@SeHANs and PAMAM-G3 (Fig. S24). For the M2 phenotype, exposure to periodontitis saliva increased
IL-10 and reduced BMP-2 secretion, but had no effect on the TGF-β level; treatment with G3@SeHANs and
PAMAM-G3 further increased the IL-10 level and also increased TGF-β and BMP-2 levels.

Periodontitis saliva signi�cantly reduced the percentages of CD14+, CD68+, and CD36+ cells versus
healthy saliva, indicating induction of differentiation of monocytes and M0-type macrophages to
in�ammatory status and suppression of differentiation to M2-type macrophages. Addition of the cationic
scavengers had no signi�cant effect on the proportion of M1 marker-positive cells, but profoundly
inhibited the reduction in CD14+, CD68+, and CD36+ cells (Fig. 6D-E). These results demonstrated that
G3@SeHANs and PAMAM-G3 inhibited the proin�ammatory polarization of macrophages. Thus, nucleic
acid scavengers can regulate the mononuclear phagocyte system in a periodontitis environment.

Discussion
The correlation between local in�ammatory bone loss in different locations and systemic diseases has
been an active area of research for several decades.36 The link between periodontitis and systemic
disease is related to the presence of microbes, but speci�c biomarkers for periodontitis remain unclear.
Recent evidence suggests that dysregulation of nucleic acid-sensing pathway activation triggers
imbalances in the innate immune system, leading to chronic periodontitis.1 cfDNAs of different origins
are critical in many in�ammatory diseases, and elevated cfDNA is found in the serum of patients with
systemic diseases such as rheumatoid arthritis, sepsis, atherosclerosis, and cancer.37-40 As systemic
diseases are correlated with periodontitis, we hypothesized that cfDNA may also be elevated in
periodontitis, and that targeting the interaction between cfDNA and nucleic acid-sensing pathway
activation may be useful for periodontitis treatment and prevention of periodontitis-related systemic
diseases. We found that levels of circulating and local cfDNA were elevated in periodontitis mice and
patients. Changes in cfDNA levels in saliva during periodontitis establishment in mice were similar to
those previously observed in synovial �uid during establishment of rheumatoid arthritis in mice.23

Although the underlying mechanisms—and most interestingly, whether accumulation of circulating cfDNA
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corresponds to local in�ammation—have yet to be fully elucidated, scavenging cfDNA to block abnormal
cfDNA-sensing pathways appears useful for treating uncontrolled localized in�ammatory bone loss in
periodontitis.

We fabricated a periodontitis-speci�c nucleic-acid binding nanoparticle to scavenge cfDNA. PAMAM-G3 is
a widely studied nucleic acid-binding polymer that can neutralize proin�ammatory TLR9 agonists, but its
toxicity hinders its clinical translation. Therefore, we applied PAMAM-G3 as the functional component of
a larger, insoluble nucleic-acid binding nanoparticle. The resulting G3@SeHANs were less toxic than
soluble PAMAM-G3 and possess a selenium-doped hydroxyapatite nanoparticle (SeHAN) core that is
favorable for clinical translation. Selenium is an essential nutrient that maintains the proper physiological
functions of multiple organ systems.41 Blood selenium has been found to be inversely correlated with the
rate of bone turnover.42 Mechanistic studies have suggested that the biological functions of selenium
mainly involve antioxidant defense.26,27 Our previous work has shown that SeHANs have great potential
for treating bone cancers and promoting osteogenic differentiation.28,29 SeHANs set a high standard for
the future development and evaluation of multifunctional biomaterials for dental disease therapy.

We next determined whether the NABNs could inhibit periodontitis-related in�ammation by targeting local
cfDNA. We found that saliva and serum from periodontitis patients enhanced TLR9 activation, but that
activation by saliva was much stronger than by serum, which might be explained by the constant
exposure of saliva to microbes in periodontitis. During the innate immune response, MAMPs continuously
accumulate because of dying bacteria.43 Local in�ammation also leads to cell death and increases the
level of DAMPs.44 These phenomena explain why TRL9 activation by saliva was greater than by serum.
Both NABNs and soluble PAMAM-G3 inhibited in�ammation triggered by saliva and serum. The next
question was whether cfDNA was the main functional component that caused in�ammation, and
whether the NABNs alleviated this in�ammation. cfDNA from saliva, mtDNA, and CpG DNA all activated
the TLR9 pathway. CpG motifs in DNA are correlated with TLR9 activation and in�ammatory bone loss.38

CpG motif-rich DNA sequences have been found in synovial �uid and serum from rheumatoid arthritis
patients.38 In periodontitis, CpG-rich bDNA and mtDNA may be why saliva cfDNA induces TLR9
activation.45,46 The application of the NABNs reduced in�ammatory activation by depleting these cfDNAs
in vitro.

Blocking the interaction of cfDNA and cfDNA-sensing pathways appears to be a potential therapeutic
approach to treat periodontitis. One interesting �nding in this study was that a localized cfDNA blockade
in�uenced the circulating cfDNA level. We carried out two in vivo studies to demonstrate this effect. First,
we used NABNs to treat ligature-induced periodontitis to test the therapeutic effect of the cfDNA-blocking
strategy. With local injection of NABNs into periodontal tissues, the cfDNA level signi�cantly decreased
not only in saliva, but also in serum. Due to the association between cfDNA and systemic diseases, and
between periodontitis and systemic diseases, eliminating cfDNA may be useful therapeutic approach to
treat periodontitis and periodontitis-related systemic diseases. With the reduced level of cfDNA, alveolar
bone loss was inhibited and in�ammatory responses were dampened. DNA-sensing pathways play
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essential roles in periodontitis pathogenesis, and depleting cfDNA should affect these pathways. TLR9,
the most widely-investigated pathway in DNA-sensing and cfDNA-scavenging studies, is also important in
periodontitis.1 TLR9 activation in gingival epithelium was signi�cantly greater than that in normal
epithelium, and was reduced by the cationic scavengers. CpG DNA injections were performed to provide
further evidence of the function of cfDNA and scavengers. A slight increase in alveolar bone loss in the
CpG DNA-enhanced untreated group was found. We noticed that the distance of the cemento-enamel
junction to the alveolar bone crest (CEJ-ABC) and bone resorption areas of the untreated group in the
second in vivo study (with CpG DNA injection) were not the same as in the �rst study, possibly due to a
difference between different batches of mice. Nevertheless, the NABNs consistently inhibited periodontitis
and reduced levels of local and circulating proin�ammatory factors.

In previous studies, we showed that release of selenium from SeHANs was mediated by degradation, and
that selenium was an antibacterial factor.24,29 Here we wanted to avoid disrupting the balance of
microbiota in a study related to oral or gut research because serious complications may occur when this
balance is disrupted. 16S RNA analysis showed that NABNs did not in�uence the oral microbiota
community, a favorable result in view of the theory that a smaller in�uence on the microbiota is indicative
of a better medical intervention.47 The lack of disruption of microbiota could be due to the injection of
NABNs into tissues; any selenium released from the tissue may not in�uence the balance of oral surface
microbiota. We did not include the normal mice group (without ligature) in the 16S RNA analysis because
the ligature around the tooth would certainly change the microbiota in the oral cavity of mice.

Although both NABNs and PAMAM-G3 reduced in�ammation, differences between the effects of these
cationic scavengers were evident. PAMAM-G3 is soluble and is internalized by cells, whereas the large
G3@SeHANs remain extracellular. A strength of our study is that we con�rmed differences in therapeutic
activity between a soluble, internalized scavenger and an insoluble, extracellular scavenger. Based on
qRT-PCR analysis of DNA-sensing signaling, the larger, insoluble scavenger appeared to achieve more
stable depletion of danger signals. Another important aspect that requires further study is what happened
to cfDNA absorbed by the NABPs. Soluble polymers scavenge cfDNA intracellularly and can also be used
to deliver cfDNA into cells in gene delivery. Intracellular scavenged cfDNA could further activate the
proin�ammatory pathway. Extracellular scavengers might avoid this possibility because the cfDNA is
scavenged before cell entry, preventing interactions between agonists and TLR receptors.

Macrophages, DCs, and other cells in the mononuclear phagocyte system play an important role in
periodontitis.33,48,49 Clinical observations have shown that M1/M2 macrophages and DCs are correlated
with the stage of periodontitis, and that saliva affects the periodontitis environment. Our in vivo results
are consistent with these clinical �ndings. A previous study of a scavenger strategy to treat sepsis
showed that cfDNA promoted the proin�ammatory phenotype of macrophages;21 we obtained similar
results here. Periodontitis saliva can also affect the phenotype of DCs. We showed that periodontitis
saliva contained more in�ammatory stimulatory components than normal saliva. However, unlike the in
vivo results of the sepsis study,21 here, NABPs and PAMAM-G3 did not reduce the M1 phenotype but did
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promote the M2 phenotype. This difference in the effect of cationic scavengers on macrophage
polarization could be related to the different ways that scavengers were administered. Our results suggest
that macrophage polarization can be regulated by cationic scavengers. Further, we showed that local
cfDNA scavenging and mitigation of in�ammation can in�uence circulating cfDNA levels, suggesting
that local factors can enter the circulation and in�uence systemic health. Although we did not determine
the function of cfDNA in systemic diseases, we propose cfDNA as a new periodontitis-systemic disease
link.

In summary, this study revealed cfDNA as an important biomarker in periodontitis and as a new target for
periodontitis treatment. The nucleic acid-binding nanoparticle approach shows excellent potential for
alleviating periodontitis. To harness the proven therapeutic activity of soluble PAMAM-G3 polymer while
reducing its toxicity, we developed nucleic acid-binding nanoparticles consisting of bone-mimicking
selenium-doped hydroxyapatite coated with PAMAM-G3 that favorably alleviated in�ammation by
scavenging cfDNA, resulting in inhibition of cfDNA-mediated in�ammatory alveolar bone loss. Together,
our �ndings suggest a new nanoparticulate scavenger approach for treating periodontitis and shed light
on the development of safe, effective, and clinically translatable cfDNA nanostructures for periodontitis.

Materials And Methods
Materials and reagents

Calcium nitrate tetrahydrate, trisodium phosphate, sodium selenite, linoleic acid, octadecylamine,
anhydrous ethanol, nitrate acid, PAMAM-G3, anti-TLR9 rabbit polyclonal antibody, �uorescein
isothiocyanate isomer I (FITC), 4′,6-diamidine-2′-phenylindole dihydrochloride (DAPI), brain-heart infusion
broth (BHI), agar, hemin and menadione, cell counting kit-8 (CCK-8), and PMA were purchased from
Sigma-Aldrich (St. Louis, MO, U.S.A.). Poly(I:C) (tlrl-picw), ultrapure LPS (tlrl-peklps), ORN06/LyoVec (tlrl-
orn6), ODN BW006 (tlrl-bw006), ODN 2395, and QUANTI-Blue medium were purchased from InvivoGen
(San Diego, CA, U.S.A). A bicinchoninic acid (BCA) protein assay kit, H&E staining kit, de�brinated sheep
blood, and Schaedler broth were purchased from Solarbio (Beijing, China). Paraformaldehyde (4%) was
purchased from Servicebio (Wuhan, Hubei, China). A TRAP/ALP staining kit was purchased from
FUJIFILM Wako Chemicals (Osaka, Japan). Anti-iNOS (D6B6S) rabbit monoclonal antibody (cat.
#13120), anti-arginase-1 (D4E3M) XP rabbit monoclonal antibody (cat. #93668), and PathScan
Sandwich ELISA Lysis Buffer were purchased from Cell Signaling Technology (Danvers, Massachusetts,
U.S.A). Alexa Fluor 594-conjugated goat anti-rabbit IgG (H+L) (cat. #ZF-0516) was purchased from ZSGB-
BIO (Beijing, China). Anti-CD11c (N418) Armenian hamster monoclonal antibody (cat. #14-0114-82), anti-
F4/80 (BM8) rat monoclonal antibody (cat. #14-4801-82), human anti-CD80 antibody (cat. #46-0809-41),
human anti-CD83 antibody (cat. #17-0839-4), human anti-CD86 antibody (cat. #12-0869-41), human anti-
CD209 antibody (cat. #25-2099-41), human anti-CD14 antibody (cat. #12-0149-41), human anti-CD68
antibody (cat. #25-0689-41), and human anti-CD197 antibody (cat. #17-1979-41) were purchased from
eBioscience (San Diego, CA, U.S.A). An anti-rabbit HRP-DAB IHC Detection Kit (cat. #CTS005) was
purchased from Novus (Minneapolis, MN, U.S.A). Human anti-CD14 antibody (cat. #325603) was
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purchased from BioLegend (San Diego, California, U.S.A). Human anti-CD36 antibody (cat. #555454) was
purchased from BD Biosciences. Alexa Fluor 647-conjugated goat anti-Armenian hamster IgG antibody
(cat. #ab173004) and anti-CD3 rabbit polyclonal antibody (cat. #ab5690) were purchased from Abcam
(Cambridge, UK). Dylight 488-conjugated A�niPure goat anti-rat IgG (H+L) (cat. #E032240) was
purchased from EARTHOX (San Francisco, CA, U.S.A). ProLong Gold Antifade Mountant (P36930),
UltraPure salmon sperm DNA, a Quant-iT PicoGreen dsDNA assay kit, LysoTracker Red DND-99, a
Mitochondria Isolation Kit, ELISA kits for human and mouse TNF-α, human and mouse IL-6, human IL-10,
human TGF-β, and BMP-2, a TaqMan Advanced miRNA cDNA Synthesis Kit, and a RevertAid First Strand
cDNA Synthesis Kit were purchased from Thermo Scienti�c (Waltham, Massachusetts, U.S.A). An iScript
One-Step RT-PCR Kit with SYBR Green was purchased from Bio-Rad (Hercules, CA, U.S.A.). A 2’3’-cGAMP
ELISA kit was purchased from Cayman Chemical (Ann Arbor, MI, U.S.A.). Dulbecco's modi�ed Eagle's
medium (DMEM), RPMI-1640 medium, fetal bovine serum (FBS), and 0.25% trypsin-EDTA were purchased
from Gibco (Carlsbad, CA, U.S.A.). A dermal cell basal medium and keratinocyte growth kit were
purchased from the American Type Culture Collection (ATCC, Manassas, VA, U.S.A.). An RNApure Total
RNA Fast Extraction Kit (cat. #RP1202) was purchased from Bioteke Corporation (Wuxi, Jiangsu, China).
Cy5.5-labeled CpG 1826 and primers were synthesized and purchased from Integrated DNA Technologies
(IDT, Coralville, IA, U.S.A.). All other reagents were commercially available and were used as received
(Table S2).

Synthesis of SeHANs

SeHANs were synthesized using a modi�ed liquid-solid-solution (LSS) method. Brie�y, 1.18 g calcium
nitrate tetrahydrate was dissolved in 25 mL deionized water and then mixed with an organic solution
composed of 1.5 g octadecylamine, 12 mL linoleic acid, and 48 mL anhydrous ethanol. Thereafter,
461.25 mg trisodium phosphate and 48.65 mg sodium selenite were dissolved in 20 mL deionized water
and added dropwise to the above mixture. After stirring at room temperature for 10 min, the suspension
was transferred into a hydrothermal reactor and allowed to react for 12 h at 110 °C. The resulting
precipitates were washed with anhydrous ethanol and deionized water at least six times and collected by
centrifugation, and were stored in anhydrous ethanol at 4 °C.

Synthesis of G3@SeHANs

To decorate SeHANs with PAMAM-G3 (G3), SeHANs (1 mg) were mixed with G3 (10 mg) in PBS (pH 7.4,
0.2 mL), and the mixture was incubated for 12 h at room temperature with shaking. G3-coated SeHANs
(G3@SeHANs) were centrifuged at 3000 rpm for 5 min to remove unbound G3 and were washed three
times with PBS. The size and zeta potential of G3@SeHANs were measured with a Zetasizer (Nano ZS90,
Malvern Panalytical).

Characterization of SeHANs and G3@SeHANs

X-ray diffraction (XRD, PANalytical B.V., Holland) and FTIR (Vertex 70, Bruker, Germany) analyses were
performed to investigate the phase composition and functional structure of SeHANs and G3@SeHANs.
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Morphology studies were performed using �eld emission scanning electron microscopy (FSEM, FEI,
Holland) and �eld emission transmission electron microscopy (FTEM, FEI, Holland). Elemental mapping
was performed using FTEM. The valence state of selenium in nanoparticles and PAMAM-G3 grafting on
the surface of SeHANs were determined by XPS (Kratos, Japan). PAMAM-G3 content was detected by
thermogravimetric analysis (TGA, PerkinElmer, U.S.A.) in an N2 atmosphere. Speci�c surface area was
measured by BET analysis (Micromeritics, U.S.A.).

Selenium content in SeHANs and G3@SeHANs

The amount of selenium in synthesized nanoparticles was quanti�ed using an inductively coupled
plasma optical emission spectrometer (ICP-OES, Prodigy Plus, Leeman Labs, U.S.A.). Nanoparticles (2.5
mg) were dissolved in 1 mL of 70 wt% nitric acid and diluted to 10 mL with 1 wt% nitric acid before ICP-
OES analysis.

Patient sample collection

Saliva and serum samples from 11 patients with periodontitis and 14 healthy volunteers were obtained
from West China Hospital of Stomatology, Sichuan University. Sample collection was performed with the
approval of the Ethics Committee of West China Hospital of Stomatology, Sichuan University.
Periodontitis was con�rmed by periodontal pockets that showed bleeding upon probing (with ≥5.0 mm
probing depth), ≥3.0 mm of clinical attachment loss, and radiographic evidence of alveolar bone loss on
at least two teeth per quadrant.50 Periodontal tissue from healthy volunteers showed no redness, no
bleeding on probing, and no clinical attachment loss, and radiographs showed periodontal areas without
bone loss.

Biodegradation and selenium release by SeHANs and G3@SeHANs

Selenium release by SeHANs and G3@SeHANs, which represented their biodegradation, was detected by
ICP-OES in three different solutions: PBS pH 7.4, saliva from healthy donors, and saliva from periodontitis
patients. Saliva was collected and sterilized with a 0.22-μm �lter (Millipore), then nanoparticles were
prepared as a suspension at 2.5 mg/mL with these three solutions in 1.5-mL tubes. Thereafter, the tubes
were placed in a water bath shaker at 37 °C. At each time point, the tubes were centrifuged at 12,000 rpm
for 15 min to collect 1 mL of supernatant, and 1 mL of fresh buffer solution was added to restore the
volume. The collected supernatant was digested with 1 mL of 70 wt% nitric acid and diluted to 10 mL
with 1 wt% nitric acid before ICP-OES analysis.

DNA-binding e�ciency of SeHANs and G3@SeHANs

Bare SeHANs or G3@SeHANs (200 mg) were mixed with salmon sperm DNA (2–30 mg in 1 mL Tris-EDTA
buffer) and incubated for 3 h at room temperature with shaking. The mixture was centrifuged at 3000
rpm for 5 min, and the supernatant containing unbound DNA was collected and analyzed with a Quant-iT
PicoGreen dsDNA assay to determine the amount of DNA bound to the nanoparticles.
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Bacterial culture

Porphyromonas gingivalis and Fusobacterium nucleatum strains were provided by the State Key
Laboratory of Oral Diseases, the West China School of Stomatology, Sichuan University. Porphyromonas
gingivalis and were stored in glycerol broth at –80 °C. The bacteria were cultured in brain heart infusion
(BHI) or 5% de�brinated sheep blood agar, both supplemented with 5 mg/mL hemin-menadione.
Fusobacterium nucleatum was cultured in Schaedler broth. Bacteria were incubated in an anaerobic
environment (90% N , 5% CO , 5% H2) at 37 °C.

DAMP and MAMP isolation

HGF-1 and primary gingival keratinocytes (PGKs) (ATCC) were maintained according to ATCC protocols
and were harvested for DAMP collection. Mitochondria were collected from HGFs with a mitochondrion
isolation kit and were used for DAMP isolation. Bacteria (Porphyromonas gingivalis and Fusobacterium
nucleatum) were used for MAMP isolation. Cells and bacteria were collected in 1.5-mL tubes and
ultrasonicated for 10 min. The concentration of DNA was measured. For DNA measurements, mixtures
were centrifuged at 10,000 rpm for 5 min, and supernatants were collected for DNA quanti�cation.
Isolated DAMPs and MAMPs were stored at -80 °C until further use.

In vitro cytotoxicity assay

RAW 264.7 cells were seeded into 96-well culture plates at a density of 2×104 cells/well and cultured until
the cells were fully attached. Then the cells were treated with different concentrations of NABNs or
soluble PAMAM-G3 for 24 h and were counted with a cell counting kit-8 (CCK-8).

Extraction and quanti�cation of cfDNA

Extraction of cfDNA from saliva or serum was performed with a DNeasy Blood & Tissue Kit (QIAGEN,
Germany). Concentrations of cfDNA in saliva, serum, DAMPs, and MAMPs were measured with a Quant-
iT PicoGreen double-stranded DNA Assay Kit.

In vitro TLR3, TLR4, TLR8, and TLR9 activation assay

Stable hTLR3-, 4-, 8-, and 9-overexpressing HEK-Blue cells were purchased from InvivoGen (San Diego, CA,
U.S.A.) and were initially propagated in DMEM with 10% (v/v) FBS and maintained in growth medium
supplemented with selective antibiotics. Before treatment, certain numbers of HEK-Blue hTLR cells (5×104

cells/well hTLR3, 2.5×104 cells/well hTLR4, 4×104 cells/well hTLR8, and 8×104 cells/well hTLR9 cells)
were seeded and cultured in basal DMEM overnight in 96-well plates, then stimulated with the appropriate
agonists (1 μg/mL low molecular weight poly(I:C) for hTLR3, 10 ng/mL ultrapure LPS for hTLR4, 0.5
μg/mL ORN06/LyoVec for hTLR8, and 1 μg/mL ODN BW006 for hTLR9). In the scavenger-treated groups,
PAMAM-G3 (2 µg/mL), SeHANs (10 µg/mL), or G3@SeHANs (10 µg/mL) were added 30 min prior to
adding the agonist. After 24 h, the activation of reporter cells was determined with QUANTI-Blue medium.
One microliter of human saliva, 5 μL of human serum, DAMPs from PGKs (cfDNA concentration: 1
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µg/mL), DAMPs from HGFs (cfDNA concentration: 1 µg/mL), DAMPs from mitochondria (cfDNA
concentration: 500 ng/mL), MAMPs from Porphyromonas gingivalis (cfDNA concentration: 1 µg/mL),
and MAMPs from and Fusobacterium nucleatum (cfDNA concentration: 1 µg/mL) were also prepared as
agonists to test the function of cationic scavengers. Brie�y, 50 μL supernatant from each well of the cell
culture plate was transferred to 150 μL QUANTI-blue medium to test the corresponding embryonic
alkaline phosphatase (SEAP) activity, which was �rst loaded into the empty well and incubated at 37 °C
for the reaction, and OD620 was measured.

In vitro anti-in�ammatory assays

RAW 264.7 cells were seeded and cultured in basal DMEM overnight at 2×104 cells per well in a 96-well
plate. PAMAM-G3 (2 µg/mL) or G3@SeHANs (10 µg/mL) were added in a �nal volume of 200 μL 30 min
prior to addition of agonist. ODN BW006 (1 μg/mL), 1 µL of human saliva, 5 μL of human serum, DAMPs
from PGKs (cfDNA concentration: 1 µg/mL), DAMPs from HGFs (cfDNA concentration: 1 µg/mL), DAMPs
from mitochondria (cfDNA concentration: 500 ng/mL), MAMPs from Porphyromonas gingivalis (cfDNA
concentration: 1 µg/mL), and MAMPs from Fusobacterium nucleatum (cfDNA concentration: 1 µg/mL)
were then added into the well. After incubation for 24 h, the supernatants were collected and TNF-α and
IL-6 levels were measured using ELISA kits.

THP-1 cells were purchased from ATCC and cultured in RPMI-1640 media supplemented with 10% FBS
and selective antibiotics. Brie�y, 8×104 cells were plated in 96-well plates in 200 µL RPMI media plus 25
ng/mL PMA for 48 h of treatment to induce differentiation to macrophages. For polarization, THP-1
macrophages were treated with PMA for 48 h, and periodontitis saliva was added during the �nal 18 h of
treatment. PAMAM-G3 (2 µg/mL) or G3@SeHANs (10 µg/mL) were added in a �nal volume of 200 μL 30
min prior to adding saliva. After incubation, supernatants were collected and TNF-α, IL-6, TGF-β, IL-10, and
BMP-2 levels were measured with ELISA kits.

Animal model establishment and treatment

The design of the animal experiment was approved by the Ethics Committee of West China School of
Stomatology (Chengdu, China). Male BALB/C mice (7-8 weeks old) were purchased from Dossy
Experimental Animals Co., Ltd. (Chengdu, Sichuan, China) and maintained at the Experimental Animal
Center of West China Second University Hospital (Chengdu, Sichuan, China). Animals were fed standard
food and water ad libitum, and light was provided according to natural circadian rhythms.

The murine experimental model of periodontitis was established by placing a ligature (Coated VICRYL
Suture, 5-0; Ethicon | J&J Medical Devices, Somerville, New Jersey, U.S.A.) around the cervix of the
maxillary second molar.51 General anesthesia was administered by the intramuscular injection of
Zoletil50 (50 mg/kg; Virbac, Carros, Grasse, France). The local administration of the materials (PAMAM-
G3: 200 µg/mL; G3@SeHANs: 1 mg/mL) or PBS (in the control group) was accomplished by
microinjection using a microsyringe (25-µL syringe with a 32-gauge needle; Hamilton Company, Reno,
Nevada, U.S.A.) into gingival tissue at six sites (5 µL/site) around the ligature, including the mesiobuccal
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gingiva, distobuccal gingiva, mesiopalatal gingiva, distopalatal gingiva, and mesial and distal gingival
papilla. To reduce the amount of anesthesia and local damage to the gingival tissue, microinjections
were performed every three days (on days 0, 3, 6, 9, and 12); on experimental days without injection, the
materials and PBS were noninvasively smeared on the gingiva using disposable microapplicators
(M6500-SF purple; TPC Advanced Technology, Inc., City of Industry, California, U.S.A.).

To further determine the effect of pathological DNA on periodontitis, local injection of CpG (ODN2395,
100 µg/mL; InvivoGen, San Diego, California, U.S.A.) was performed in addition to ligature placement.
The injection of CpG was performed as described above 30 min after each injection of materials or PBS.

Animal body �uid and tissue sample collection

Saliva samples were collected before each injection after ligature placement and before sacri�cing the
animal, on days 3, 6, 9, 12, and 15. The saliva secreted by mice within 3 min after anesthesia was
pipetted and collected. After centrifugation at 15,000 rpm for 10 min, the supernatant was collected and
stored at -80 °C until further testing.

Animals were sacri�ced 15 days after ligature placement. Oral microbiome samples were collected using
an ultra�ne polystyrene swab (25-800 1PD 50; Puritan Medical Products, Guilford, Maine, U.S.A.)
according to a published protocol,52 and were stored at -80 °C until further testing. Blood samples were
collected by eyeball extirpation under general anesthesia, coagulated at room temperature for 30 min,
then centrifuged at 3,000 rpm for 10 min to collect serum. Serum was stored at -80 °C until further testing.

After blood collection, animals were sacri�ced by cervical dislocation. First, half of the maxilla on a
random side was dissected and rinsed in cold PBS. The crown of the molars, maxillary bone, and buccal
soft tissues were removed from samples, and only the gingival tissues and alveolar bone around the
three molars were collected. The trimmed maxillary sample was temporarily placed on dry ice and stored
at -80 °C for further testing. Then, the other side of the maxilla, heart, liver, spleen, lung, and kidney were
dissected and �xed in 4% paraformaldehyde at 4 °C overnight. The �xed samples were rinsed with tap
water for 6 h and were stored in 70% ethanol at 4 °C until further testing.

Micro-CT reconstruction and bone resorption quantitative analyses

Fixed maxillary samples were used �rst for micro-CT scanning (vivaCT80; SCANCO Medical, Brüttisellen,
Switzerland). Scanning was performed at 145 mA and 55 kVp every 10 µm at high resolution. Further
measurements of the vertical distance between the cementoenamel junction (CEJ) and alveolar bone
crest (ABC) and three-dimensional reconstruction were performed with Mimics Research v19.0.0
(Materialise; Leuven, Belgium). The mesial and distal CEJ-ABC (µm) of the maxillary second molar were
recorded as the mean of the numbers measured on �ve mesiodistal sectional planes. After three-
dimensional reconstruction, a standard �gure of the buccal and palatal aspect of the maxillary molars
was obtained, on which the bone resorption area (mm2) was measured using Photoshop CC (Adobe; San
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Jose, California, USA). The bone resorption area was de�ned as the area enclosed by the continuous line
of CEJ of the three molars and ABC.

Histological analysis

After micro-CT scanning, maxillary samples were decalci�ed in 10% ethylene diamine tetra acetic acid-
PBS solution at 4 °C for three weeks. Then, the decalci�ed maxilla and �xed organs were dehydrated,
embedded in para�n wax, and sectioned (4 µm). H&E staining and TRAP/ALP staining were performed
using a staining kit.

For IF analysis, DCs were detected by an anti-CD11c Armenian hamster monoclonal antibody and Alexa
Fluor 647-conjugated goat anti-Armenian hamster IgG antibody. Macrophages were detected by an anti-
F4/80 rat monoclonal antibody and DyLight 488-conjugated A�niPure goat anti-rat IgG (H+L). In
addition, markers of macrophage subpopulations were co-stained to identify the macrophage
composition. M1-type and M2-type macrophages were stained by an anti-iNOS and anti-arginase-1 rabbit
monoclonal antibody, respectively. 4',6-diamidino-2-phenylindole (DAPI) was used to stain the cell
nucleus. All IF-stained slices were mounted using ProLong Gold Antifade Mountant. Images were
captured using an Upright Automated Fluorescence Microscope (BX63; Olympus, Tokyo, Japan), and
relative quantitative analyses were performed by comparing the integral optical density (IOD) of the
positive area using Image-Pro Plus v6.0.0 (Media Cybernetics; Rockville, Maryland, U.S.A.).

For immunohistochemistry (IHC) analysis, the expression and location of TLR9 was detected by an anti-
TLR9 rabbit polyclonal antibody. T cells were detected by an anti-CD3 rabbit polyclonal antibody. IHC was
performed using an Anti-Rabbit HRP-DAB IHC Detection Kit. Images were captured using an Aperio
ScanScope slide scanner (Leica Biosystems, Wetzlar, Germany), and relative quantitative analyses were
performed as described above.

Protein and RNA extraction from animal samples

Maxillary samples that were stored at -80 °C were homogenized using a high-speed tissue grinder (KZ-II;
Servicebio, Wuhan, Hubei, China). Total RNA was extracted by using an RNApure Total RNA Fast
Extraction Kit, and the quality and concentration of total RNA was assessed by a Nanodrop 2000
(Thermo Scienti�c, Waltham, Massachusetts, U.S.A.). Then, reverse transcription was performed using a
RevertAid First Strand cDNA Synthesis Kit, and complementary DNA was stored at -20 °C until further
testing.

Total protein used for ELISA was extracted using PathScan Sandwich ELISA Lysis Buffer. The
concentration of total protein was measured by the BCA method. The total protein sample was stored at
-80 °C until further testing.

Cytokine concentration analysis
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TNF-α and IL-6 levels in culture supernatants of RAW 264.7 cells and concentrations of TNF-α, IL-6, TGF-β,
IL-10, and BMP-2 in culture supernatants of THP-1 cells were determined using ELISA kits.

Quantitative real-time polymerase chain reaction assay

TRIzol reagent was used to extract total RNA, and 1 μg of total RNA was reverse-transcribed using an
iScript One-Step RT-PCR Kit with SYBR Green. Quantitative polymerase chain reaction (PCR) was then
performed using SYBR Green. Ampli�ed transcripts were quanti�ed using the comparative Ct method.

Biochemical parameter analysis

Alanine transaminase (ALT), aspartate transaminase (AST), blood urea nitrogen (BUN), total bilirubin
(TBIL), phosphocreatine kinase (CK), and creatinine (CRE) were measured on a chemistry analyzer
(Chemray-800, Rayto) with reagents and settings recommended by the manufacturer.

Fluorescent labeling of cationic scavengers and the intracellular uptake of G3@SeHANs

FITC (150 mg) dissolved in DMSO (50 mL) was slowly added to PAMAM-G3 (3 mg) dispersed in sodium
bicarbonate buffer (50 mM, pH 9.0, 0.4 mL) with vigorous stirring. The mixture was incubated for 12 h at
4 °C. FITC-labeled PAMAM-G3 (FITC-G3) was puri�ed using an Amicon Ultra0.5 mL 10K �lter (Merck
Millipore, Germany). FITC-G3 was used to coat SeHANs for further confocal laser scanning microscopy
(CLSM) imaging.

RAW 264.7 cells were seeded onto a cover glass at a density of 10,000 cells/cm2. After 12 h, Cy5.5-
labeled CpG (1 mg/mL) was added to cells with FITC-G3 (2 mg/mL) or FITC-G3@SeHANs (10 mg/mL)
and incubated for 12 h. After 4 h, 8 h, and 12 h of treatment, the cells were washed with PBS, stained with
LysoTracker Red DND-99 and DAPI, and mounted for CLSM.

Flow cytometry analysis

THP-1 cells were treated with the method described in the in vitro anti-in�ammatory assay section. Then,
the cells were collected for �ow cytometry analysis. Cells were washed with �uorescence-activated cell
sorting (FACS) buffer (1x PBS plus 0.5% FBS) and blocked with Human TruStain FcX (Fc Receptor
Blocking Solution). To identify DCs and monocytes, cells were stained with antibodies against human
CD14, CD80, CD83, CD86 and CD209 for 30 min at 4 °C. To identify macrophages and monocytes, cells
were stained with antibodies against human CD14, CD36, CD68, and CD197. After staining, cells were
washed and then resuspended in 1x DAPI in FACS buffer. Flow cytometry data were collected on an
LSRFortessa or LSR II (BD Biosciences) and analyzed using FlowJo software (BD Biosciences).

16S RNA analysis

Genomic DNA from oral microbiome samples from mice was isolated and prepared for 16S rRNA gene
ampli�cation (V1-V3 region) and sequencing at Majorbio (Shanghai, China) with a MiSeq 300 PE
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(Illumina MiSeq System) using primers (338F 5’-ACTCCTACGGGAGGCAGCAG-3’; 806R 5’-
GGACTACHVGGGTWTCTAAT-3’). The experiment was independently repeated four times. A total of four
samples in each group were prepared (n=4). Bioinformatics was performed with mothur and QIIME 2.0.
Operational taxonomic unit (OTU) clustering was performed using USEARCH. Sequences were aligned
and taxonomically assigned with the Silva database. To avoid biases due to different sequencing depths,
OTU tables were rare�ed to the lowest number of sequences per sample. Analyses were performed on the
I-Sanger Cloud Platform (http://www.i-sanger.com). For alpha diversity, the Shannon index, Chao index,
Simpson index, and Ace index at the OTU level were calculated. For beta diversity, PCA at the OTU level
was performed, and analysis of similarities (ANOSIM) based on the Bray-Curtis distance was used to
examine community differences. Average relative abundances of species are shown with Cicros plots
and bar plots.
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Elevated cfDNA in saliva and serum of periodontitis patients, and characterization of cfDNA-binding
nanoparticles. (A-B) cfDNA levels in (A) saliva of healthy volunteers (n=14) and periodontitis patients
(n=11), and (B) serum of healthy volunteers (n=13) and periodontitis patients (n=11). Data are means ±
SEM; differences were assessed by Student’s t-test. (C) Top: SEM imaging of SeHANs before and after
coating with PAMAM-G3. Bottom: Schematic of mechanism by which cfDNA promotes bone loss; cfDNA-
scavenging nanoparticles may prevent bone loss and alleviate periodontitis. (D-F) XPS spectra. The N1s
photoelectron peak (398.9 eV) is present only in G3@SeHANs; Se3d peaks (58.9 eV) are present in both
SeHANs and G3@SeHANs. (G) FTIR spectra. Both SeHANs and G3@SeHANs exhibit characteristic
phosphate bands at 562, 603, and 1030 cm-1, and bands corresponding to O-Se-O bending vibration (783
cm-1) and hydroxyl groups (3570 cm-1). Peaks due to amino stretching vibration (3283 cm-1) and
bending vibration of the amide N-H bond (1649 cm-1) are present only in G3@SeHANs. (H) The thermal
decomposition rate of the nanoparticles changes after coating with PAMAM-G3. (I) Zeta potential of
SeHANs and G3@SeHANs. Data are means ± SEM; differences were assessed by Student’s t-test (n=5).
(J) BET analysis of SeHANs and G3@SeHANs. (K) Size measurement of SeHANs and G3@SeHANs. Data
are means ± SEM; differences were assessed by Student’s t-test. (L) XRD analysis of SeHANs and
G3@SeHANs. *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001.
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Figure 2

G3@SeHANs block periodontitis-related cellular in�ammation in vitro by scavenging cfDNA. (A)
Activation of HEK-TLR9 reporter cells, and (B) TNF-α and IL-6 expression by RAW 264.7 macrophages
induced by healthy human saliva, periodontitis patient saliva, healthy human serum, or periodontitis
patient serum in the absence or presence of PAMAM-G3 (2 μg/mL) or G3@SeHANs (10 μg/mL) for 24 h.
(C) Activation of HEK-TLR9 reporter cells by cfDNA from periodontitis patient saliva or serum, genomic
DNA, mtDNA, and CpG DNA in the absence or presence of PAMAM-G3 (2 μg/mL) or G3@SeHANs (10
μg/mL) for 24 h. Data are means ± SEM; n=3 independent experiments; *P<0.05, **P<0.01, ***P<0.001,
****P<0.0001 by Student’s t-test and one-way ANOVA with Tukey’s multiple comparison test.

Figure 3

G3@SeHANs alleviate in�ammatory bone loss in ligature-induced periodontitis. (A-B) Experimental
schedule of in vivo study. PAMAM-G3 (200 µg/mL), G3@SeHANs (1 mg/mL), or PBS (control group) were
administered locally by injection with a microsyringe into gingival tissue at 5 µL per site at 6 sites around
the ligature: the mesiobuccal gingiva, distobuccal gingiva, mesiopalatal gingiva, distopalatal gingiva, and
mesial and distal gingival papilla. Microinjections were performed on days 0, 3, 6, 9, and 12. On
experimental days without injections, materials or PBS were noninvasively smeared on the gingiva with
disposable microapplicators. Both sides of the mice were treated with the same materials. Levels of (C)
saliva cfDNA, (D) saliva TNF-α, (E) serum cfDNA, and (F) serum TNF-α at 15 days post-operation. Data
are means ± SEM; n=3 samples per group; *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001 by one-way
ANOVA with Tukey’s multiple comparison test. (G-H) Changes in cfDNA and TNF-α concentrations in the
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saliva of mice. Data are means ± SEM; n=3 samples per group. (I) Bone loss measured by the vertical
distance between the cementoenamel junction (CEJ) and alveolar bone crest (ABC) (CEJ-ABC) and the
bone resorption area. Data are means ± SEM; *P<0.05, **P<0.01, ****P<0.0001 by one-way ANOVA with
Tukey’s multiple comparison test. (J) Micro-CT scanning and 3D reconstruction of the bone loss.

Figure 4

G3@SeHANs exhibit better bone protection and inhibition of cellular proin�ammatory response than
soluble PAMAM-G3. (A) H&E staining of periodontal tissues on day 15 after G3@SeHAN administration.
Scale bars, 100 μm. In�ammatory cell in�ltration into the epithelium and bone destruction were evident in
the untreated model, whereas G3@SeHAN treatment prevented these pathological changes. (E,
epithelium; A, alveolar bone; T, tooth; yellow line indicates epithelial tissue). (B) TRAP/ALP staining of
periodontal tissues on day 15 after G3@SeHAN administration. Scale bars, 100 μm. The number of
osteoclasts (red arrows) in the untreated group was higher than in the DNA scavenger-treated groups. (C)
IHC staining of TLR9 in periodontal tissues on day 15 after G3@SeHAN administration. Scale bars, 100
μm. TLR9 expression increased signi�cantly in the untreated group; treatment with G3@SeHAN or
PAMAM-G3 reduced TLR9 expression. (D) Expression of TLR9 in the epithelium of periodontal tissues. (E-
F) TNF-α and IL-6 levels in periodontal tissues. (G-I) Relative gene expression of Rela, Tnf, and Il6 in
periodontal tissues. Data are means ± SEM; n=3 samples per group; *P<0.05, **P<0.01, ***P<0.001,
****P<0.0001 by one-way ANOVA with Tukey’s multiple comparison test.
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Figure 5

Scavenging of cfDNA by G3@SeHANs and PAMAM-G3. (A) Enlarged images show intracellular
localization of CpG oligonucletides and cationic materials in RAW 264.7 cells after a 12 h incubation.
Colocalized CpG and cationic nanoparticles appear as white spots, and are indicated by arrows. (B)
Scavenging mechanisms of G3@SeHANs and PAMAM-G3.
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Figure 6

Effects of cationic scavengers on macrophage polarization. (A-C) Expression of the M1 marker CD197
and the M2 marker CD36 in THP-1 cells activated by periodontitis saliva. Data are means ± SEM;
differences were assessed by Student’s t-test (n=3 samples per group). (D) Schematic of macrophage
polarization by periodontitis saliva and role of cationic cfDNA scavengers. (E) Effects of periodontitis
saliva and cationic scavengers on expression of CD14, CD68, CD197, and CD36 in THP-1 cells. *P<0.05,
**P<0.01.
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