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Introduction: Modulating the inflammatory response of human gingival fibroblasts (hGFs) 
is important for the control of periodontal inflammation because it is a key event in the 
pathogenesis of periodontitis. Here, we aimed to determine whether polyglucose sorbitol 
carboxymethyl ether (PSC)-coated superparamagnetic iron oxide nanoparticles (SPIONs) 
protect hGFs against invasion and inflammatory stimulation by Porphyromonas gingivalis 
(P. gingivalis).
Methods: First, we determined the cytotoxicity and antimicrobial activity of PSC-SPIONs. 
Then, their effects on invasion of hGFs by P. gingivalis were evaluated by counting invading 
P. gingivalis, fluorescence staining, and transmission electron microscopy. The effect of PSC- 
SPIONs on inflammation in hGFs induced by P. gingivalis lipopolysaccharide was evaluated 
by measurement of reactive oxygen species (ROS), and enzyme-linked immunosorbent 
assays, quantitative reverse transcription-polymerase chain reaction, and Western blotting 
of key indicator molecules. The effects of dimercaptosuccinic acid (DMSA)-coated SPIONs 
and the free form of PSC alone were also tested and compared with those of PSC-SPIONs.
Results: PSC-SPIONs (25 μg/mL) are cytocompatible with hGFs and exhibit no antimicro-
bial effects on P. gingivalis. However, they inhibit invasion of hGFs by P. gingivalis at 
15 μg/mL. They also decrease ROS production and inflammatory cytokine secretion by hGFs 
at 5, 15, and 25 μg/mL, by downregulating activation of the nuclear factor-kappa B signaling 
pathway. Furthermore, PSC alone does not inhibit inflammation, while DMSA-SPIONs do. 
This indicates that the nanosize effects of PSC-SPIONs, rather than their coating material, 
play the dominant role in their anti-inflammatory activity.
Conclusion: PSC-SPIONs protect hGFs against P. gingivalis invasion and inflammatory 
stimulation. Thus, they have potential for clinical application in control of periodontal 
inflammation.
Keywords: iron oxide nanoparticle, Porphyromonas gingivalis, human gingival fibroblast, 
invasion, inflammation

Introduction
Periodontitis is a bacterial inflammatory disease of periodontal tissue characterized by 
progressive periodontal attachment loss, alveolar bone resorption, tooth mobility, and 
tooth loss.1 A national health and nutrition survey conducted in the USA in 2020 
revealed that the prevalence of total periodontitis in dentate adults aged 30–79 years 
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was 42.2 ± 1.4%.2 Periodontitis is associated with systemic 
inflammatory conditions such as cardiovascular diseases, 
diabetes, and rheumatoid arthritis.3–5 Gingival inflammation 
is a prerequisite for the pathogenesis of periodontitis.6 

Therefore, management of gingival inflammation is an 
important strategy for treating and preventing periodontitis 
as well as maintaining overall health.

Gingival inflammation presents as redness, swelling, 
and an increased likelihood of bleeding upon gentle prob-
ing. It starts with an unchecked immune response by 
gingival epithelial cells and the neutrophil barrier under 
microbial plaque-mediated stimulation, which is followed 
by an extended inflammatory response in the deeper gin-
gival body.7

Human gingival fibroblasts (hGFs) are the most abundant 
cells in gingival connective tissue and play an important role 
in the development and persistence of periodontal 
inflammation.8 They are often affected by periodontal patho-
genic bacteria and their lipopolysaccharides (LPSs). When 
stimulated by such factors, hGFs secrete cytokines and che-
mokines such as interleukin (IL)-6 and IL-8, which trigger 
inflammatory responses and exacerbate inflammation.9 

Furthermore, inflammatory mediators released by hGFs can 
activate osteoclastic cells and induce alveolar bone 
resorption.10 Therefore, modulating the inflammatory 
response of hGFs is crucial for controlling periodontal 
inflammation.

Porphyromonas gingivalis (P. gingivalis) is a Gram- 
negative anaerobe regarded as a red-complex periodontal 
pathogenic bacterium that is frequently detected in deep 
periodontal pockets, especially in sites affected by 
disease.11 Invasion and subsequent immune stimulation 
by LPS are the two major events by which P. gingivalis 
mediates damage to hGFs.12 The entry into hGFs protects 
P. gingivalis from the phagocytes and antibodies of the 
host immune system, allowing it to remain viable, repli-
cate, and spread to neighboring cells.13 Furthermore, P. 
gingivalis LPS increases the production of intercellular 
reactive oxygen species (ROS) and activates the nuclear 
factor-kappa B (NF-κB) pathway by upregulating toll-like 
receptor-2/4 (TLR-2/4),14 causing periodontal tissue 
injury. Thus, inhibition of P. gingivalis invasion and 
inflammatory stimulation is a viable strategy for reducing 
the inflammatory response of hGFs.
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Currently available methods do not effectively reduce 
invasion and inflammatory stimulation by P. gingivalis in 
hGFs. Scaling and root planning (SRP) by removing bac-
terial biofilms, calculus, and toxins from periodontally 
involved root surfaces is regarded as the “gold standard” 
of periodontal treatment, and is widely used to control 
microbial periodontal infection.15 However, manual opera-
tions on deep and complex diseased sites, such as furcation 
and interproximal areas, have limited success.15 

Adjunctive systemic and local antibiotics in combination 
with SRP yield better results than SRP alone, more effec-
tively decreasing probing depth and increasing the clinical 
attachment level,16 which indicate improved control of 
periodontal inflammation. However, drawbacks associated 
with bacterial drug resistance; side-effects such as head-
ache, fever, vomiting, asthma, and allergic reactions; and 
potential effects on the gastrointestinal microbiome, limit 
the use of this approach.16 Therefore, alternative strategies 
that avoid the drawbacks of antibiotics and effectively 
reduce P. gingivalis-mediated inflammatory response in 
hGFs are of great clinical interest.

A promising candidate strategy is the use of super-
paramagnetic iron oxide nanoparticles (SPIONs). 
SPIONs are biosafe and have been widely applied in 
biomedicine.17 Furthermore, polyglucose sorbitol carbox-
ymethyl ether (PSC)-coated γFe2O3 nanoparticles (PSC- 
SPIONs) have been approved by the US Food and Drug 
Administration for iron replacement therapy.18 Our group 
has prepared PSC-SPIONs with the same structure as this 
nanodrug. Our PSC-SPIONs are used as a magnetic reso-
nance imaging (MRI) T2 contrast agent to label neural 
stem cells.19 When applied in tissue engineering, they 
enhance the osteogenic differentiation of bone marrow 
stem cells (BMSCs)20 and dental pulp stem cells.21 

Moreover, our PSC-SPIONs exhibit anti-inflammatory 
and immunomodulatory effects and have been demon-
strated to alleviate inflammation in LPS-induced sepsis 
and liver injury by preventing inflammatory cell infiltra-
tion and enhancing IL-10-producing macrophages;22 they 
decrease Fe3+-induced ROS increase in MC3T3-E1 and 
RAW 264.7 cells by activating the Nrf2-HO-1 pathway;23 

and polyethylene glycol (PEG)-coated SPIONs decrease 
Escherichia coli O111:B4 LPS-induced IL-6 and tumor 
necrosis factor-alpha (TNF-α) secretion as well as iNOS 
expression at the mRNA and protein levels in mouse 
RAW264.7 and human THP-1-derived macrophages. 
This decrease is positively correlated with downregulated 
expression of TLR-4.24 Furthermore, oleic acid and 

amphiphilic polymer-coated SPIONs suppress E. coli 
O111:B4 LPS-induced NF-κB activation and proinflam-
matory cytokine production in primary human 
monocytes.25 Moreover, PSC-SPIONs are superparamag-
netic and can be magnetically targeted to specific diseased 
sites that are unreachable by SRP. Therefore, PSC-SPIONs 
have the potential to decrease P. gingivalis-mediated 
inflammatory responses in hGFs.

In the present study, PSC-SPIONs were used to pre-
treat hGFs and their effects on P. gingivalis invasion of 
hGFs and P. gingivalis LPS-induced ROS production and 
inflammatory response therein were evaluated. 
Furthermore, the effects of PSC-SPIONs on the NF-κB- 
p65 pathway were detected.

Materials and Methods
Isolation and Purification of hGFs
hGFs were obtained from distal gingival tissue during the 
extraction of the third mandibular molar from patients 
aged 18 to 25 years at the Stomatological Hospital 
Affiliated to Nanjing Medical University. Briefly, the gin-
gival tissues were stored in Dulbecco’s modified Eagle’s 
medium (4.5 g/L D-Glucose, H-DMEM; Gibco, USA) 
with 2% (v/v) fetal bovine serum (FBS; ScienCell, USA) 
and 2% (v/v) penicillin/streptomycin (P/S; Gibco, USA). 
After 3 rinses with 1× phosphate-buffered saline (PBS; 
HyClone, USA) containing 5% P/S, the tissues were cut 
into smaller pieces and digested with 3 g/L collagenase I 
(Sigma-Aldrich, USA) for 30 min at 37 °C in a 5% CO2 

incubator.26 The tissue blocks were then cultured in 
H-DMEM containing 10% FBS and 2% P/S. hGFs that 
had been passaged three to eight times were used in this 
study. The cells were cultured in H-DMEM containing 
10% FBS without P/S.

The experimental protocol was approved by the 
Stomatological College of Nanjing Medical University 
(Number PJ2019-064-001). Informed consent was 
obtained from the patients, and the guidelines of the 
Declaration of Helsinki were followed.

Cytotoxicity of PSC-SPIONs in hGFs
PSC-SPIONs comprising an iron oxide core and a PSC 
shell were obtained from Jiangsu Key Laboratory for 
Biomaterials and Devices of Southeast University 
(China). The preparation and characterization of PSC- 
SPIONs has been described in detail previously.27 Here, 
the magnetic properties of PSC-SPIONs were tested using 
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a superconducting quantum interference device (SQUID) 
magnetometer (Quantum Design MPMS-3, Quantum 
Design, USA) at 300 K; 9.1 mg of dried PSC-SPIONs 
were characterized under an external magnetic field in the 
range ±30,000 Oe. The saturation magnetization values 
were normalized to the mass of nanoparticles to yield the 
specific value of magnetization in emu/g.

The viability of hGFs treated with PSC-SPIONs 
(abbreviated to P-S in the group labels) was quantified 
using Cell Counting Kit-8 (CCK-8, DOJINDO, Japan). 
Briefly, hGFs were seeded in a 96-well plate at 5000 
cells/well and incubated overnight. PSC-SPIONs were 
then added to the wells at final concentrations of 5, 15, 
25, 50, and 100 μg/mL. After incubation for 24, 48, or 72 
h, 10% CCK-8 solution in culture medium was added into 
each well. The optical density at 450 nm (OD450 nm) was 
determined using a microplate reader (SpectraMax M2e, 
USA) after incubation for 2 h.

Antibacterial Properties of PSC-SPIONs 
Against P. gingivalis
P. gingivalis (ATCC 337441; abbreviated to P. g in the 
group labels) was cultured on brain-heart infusion (BHI, 
OXOID, UK)-agar plates supplemented with 5% sterile 
defibrinated sheep blood (DENING BIO, China), 0.5 mg/ 
mL hemin (Aladdin, China), and 0.1 mg/mL vitamin K 
(Aladdin, China) in an anaerobic incubator (90% N2, 5% 
H2, 5% CO2, 37 °C). The bacterial concentration was 
established using a turbidimeter (BZ-TDR100, China). P. 
gingivalis cultures were diluted to the required concentra-
tion with cell culture medium.

The viability of P. gingivalis after treatment with 25 
μg/mL PSC-SPIONs was determined by counting the sur-
viving colonies with untreated P. gingivalis as the control. 
Briefly, P. gingivalis was co-cultured with 25 μg /mL PSC- 
SPIONs diluted in cell culture medium for 2 h (P-S-treated 
P. g). The bacteria were then washed in 1× PBS three 
times, serially diluted, and inoculated onto BHI-agar 
plates. After incubation for 10 days, the colony numbers 
were counted. P. gingivalis treated with PSC-SPIONs were 
also prepared for scanning electron microscopy observa-
tion (SEM; JEOL JSM-7900F, Japan).

Activity of PSC-SPIONs Against Invasion 
of hGFs by P. gingivalis
The effects of PSC-SPIONs on the invasion of hGFs by P. 
gingivalis were investigated. hGFs in the PSC-SPIONs 

group were pretreated with 5, 15, or 25 μg/mL PSC- 
SPIONs for 6 h. Untreated hGFs were used as the control. 
The experimental groups were named 5-P-S+P. g, 15-P-S 
+P. g, 25-P-S+P. g, and hGF+P. g, respectively. The hGFs 
were infected with P. gingivalis with a multiplicity of 
infection (MOI) of 500 for 2 h. After rinsing off unat-
tached P. gingivalis with 1× PBS three times, the hGFs 
were lysed using 1 mL sterile water for 1 h. The lysates 
were serially diluted, inoculated onto BHI-agar plates, and 
incubated for 10 days for cell counting (in colony-forming 
units (CFU)/mL). A concentration of 15 μg/mL (15-P-S) 
was selected for subsequent tests.

For confocal laser scanning microscopy (CLSM) obser-
vation, P. gingivalis was incubated with the fluorescent 
probe SYTO-9 (Invitrogen, USA) in the dark at room tem-
perature for 15 min. Then, P. gingivalis and hGFs were co- 
incubated for 2 h, and the hGFs were washed twice with 
PBS and fixed with 4% paraformaldehyde for 10 min. They 
were then permeated with 0.1% Triton-100 for 10 min and 
incubated with 1% bovine serum albumin (Beyotime, 
China) for 20–30 min. The cytoskeleton was stained using 
Alexa Fluor® 594 Phalloidin (YEASEN, China) and the 
nucleus was counter-stained with 4′,6-diamidino-2-pheny-
lindole (DAPI; Beyotime, China). The hGFs were visua-
lized by CLSM (ZEISS LSM710, Germany).

hGFs treated with P. gingivalis were also prepared for 
transmission electron microscopy (TEM; JOEL JEM-1010, 
Japan). Briefly, after co-incubation with P. gingivalis, hGFs 
were washed with PBS and fixed with 2.5% glutaraldehyde. 
They were then scraped off, dehydrated, embedded, and 
sectioned before TEM observation.25

Effects of PSC-SPIONs on P. gingivalis LPS- 
Induced ROS Production in hGFs
Cytoplasmic ROS production in hGFs induced by P. 
gingivalis LPS (Invivogen, France) was assessed using 
the fluorescent probe DCFH-DA (Beyotime, China).28 

Briefly, hGFs were seeded in a black-walled clear-bot-
tom 96-well plate at 104 cells/well. hGFs co-cultured 
with 1 μg/mL P. gingivalis LPS for 24 h were used as 
the positive control (hGF+LPS), and untreated hGFs 
were used as the negative control (hGF). hGFs in the 
PSC-SPION groups were pretreated with 5, 15, or 25 
μg/mL PSC-SPIONs for 6 h and then stimulated with 1 
μg/mL LPS for 24 h. The experimental groups were 
named 5-P-S+LPS, 15-P-S+LPS, and 25-P-S+LPS. The 
hGFs were washed and incubated in the dark with 
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DCFH-DA (1:2000) for 30 min. Fluorescence intensity 
was measured using a multimode microplate reader 
(excitation 488 nm, emission 525 nm; SpectraMax 
M2e, USA). The hGFs were also visualized using 
inverted fluorescence microscopy (Leica DMI3000B, 
Germany).

Effect of PSC-SPIONs on P. gingivalis LPS- 
Induced Inflammatory Response in hGFs
To investigate the effects of PSC-SPIONs on the inflam-
matory response in hGFs, we treated hGFs with 1 μg/mL 
P. gingivalis LPS. The positive control, negative control, 
and the three experimental groups including 5-P-S+LPS, 
15-P-S+LPS, and 25-P-S+LPS were the same as those 
described in the previous section. The hGFs and culture 
supernatants were collected for subsequent experiments.

To establish the effects of PSC-SPIONs on LPS- 
induced inflammatory cytokine production, the levels of 
IL-1β, IL-6, IL-8, and TNF-α in the cell culture super-
natants were measured using an enzyme-linked immuno-
sorbent assay (ELISA) kit (Neobioscience, China).29

The mRNA levels of IL-1β, IL-6, IL-8, TNF-α, COX- 
2, and TLR-4 were measured by quantitative reverse 
transcription–polymerase chain reaction (qRT–PCR) ana-
lysis. hGFs were lysed using Trizol reagent (Ambion, 
USA). Total RNA was extracted using a PureLink™ 
RNA Mini Kit (Invitrogen, USA). cDNA was synthesized 
using PrimeScript™ RT Master Mix (Takara, Japan). 
qRT–PCR was performed using gene-specific primers 
and PowerUp™ SYBR™ Green Master Mix (Applied 
Biosystems, USA). The primers used are shown in 
Table 1. The PCR conditions were: 2 min at 50 °C, 2 
min at 95 °C, then 40 cycles of 95 °C for 15 s and 60 °C 
for 1 min. The relative gene expression for each sample 
was normalized to that of GAPDH. Data were analyzed 
using the 2−ddCt method (n = 3).

Effects of PSC-SPIONs on the NF-κB-P65 
Pathway
Cells from the 15-P-S group stimulated by LPS for 1 h 
(15-P-S+LPS) were used for this study. The hGFs were 
digested with trypsin for 2 min and centrifuged at 500 × g 
for 5 min. NE-PER™ nuclear and cytoplasmic extraction 
reagents (Thermo Fisher, USA) were used to isolate the 
cytoplasmic and nuclear proteins, respectively. Protein 
concentrations were measured with enhanced BCA 
Protein Assay Kits (Beyotime, China). Protein samples 
were mixed with 5× sodium dodecyl sulfate-polyacryla-
mide gel electrophoresis (SDS-PAGE) sample loading buf-
fer (Beyotime, China). The protein mixtures were 
denatured at 100 °C for 5 min. Samples were loaded 
onto 10% SDS-PAGE (Beyotime, China) at 20 μg pro-
tein/lane and transferred to polyvinylidene fluoride mem-
branes after resolution. Membranes were blocked in 5% 
non-fat milk for 2 h and incubated with primary antibody 
(1:1000) overnight at 4 °C and then incubated with sec-
ondary antibody (1:5000) for 1 h. The loading controls 
were GAPDH (in the cytoplasmic fraction) and Histone 3 
(H3) (in the nuclear fraction). The primary antibodies used 
were: rabbit anti-GAPDH (Proteintech, USA), rabbit anti- 
H3 (Proteintech), rabbit anti-NF-κB-p65 (Cell Signaling 
Technology, CST, USA), rabbit anti-phospho-NF-κB-p65 
(CST), mouse anti-IκBα (CST), and mouse anti-phospho- 
IκBα (CST, USA). The secondary antibodies used were: 
Peroxidase-conjugated AffiniPure Goat Anti-mouse IgG 
(H+L) and Peroxidase-conjugated AffiniPure Goat Anti- 
rabbit IgG (H+L) (both from Proteintech).

Statistical Analysis
Data are presented as the mean ± standard deviation (SD) 
of three independent experiments. Statistical analysis was 
performed using GraphPad Prism software v7.04. Group 
comparisons between two samples were performed by 
t-test, while multiple comparisons among three or more 

Table 1 Primer Sequences Used for hGF Gene Expression Analysis

Gene (Human) Forward (5ʹ–3ʹ) Reverse (5ʹ–3ʹ)

GAPDH ACCACAGTCCATGCCATCAC ACCACCCTGTTGCTGTA

IL-6 ATAACCACCCCTGACCCAAC CCCATGCTACATTTGCCGAA
IL-8 TCAGAGACAGCAGAGCACAC GGCAAAACTGCACCTTCACA

IL-1β TAGGGCTGGCAGAAAGGGAACA GTGGGAGCGAATGACAGAGGGT

TNF-α AACATCCAACCTTCCCAAACGC TGGTCTCCAGATTCCAGATGTCAGG
COX-2 CTGGAACATGGAATTACCCAGTTTG TGGAACATTCCTACCACCAGCA

TLR-4 CACAGACTTGCGGGTTCTACATC GGACTTCTAAACCAGCCAGACCTTG
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groups were conducted using one-way analysis of variance 
with Dunnett’s test. Differences were considered signifi-
cant at P < 0.05.

Results
PSC-SPIONs are Biocompatible with 
hGFs and Have a Negligible Inhibitory 
Effect on P. gingivalis
hGFs were identified by fluorescence staining; they are 
negative for keratin and positive for vimentin (Figure S1). 
Based on the results of CCK8 assay, no appreciable cyto-
toxic effects on hGFs were observed for PSC-SPIONs in the 
concentration range 5 to 100 μg/mL following treatment for 
up to 72 h (Figure 1A). These data suggest that PSC- 
SPIONs at up to 100 μg/mL are biocompatible with hGFs. 
In a preliminary study, we found that high concentrations of 
PSC-SPIONs (50 and 100 μg/mL) did not inhibit the 
expression of proinflammatory cytokines in hGFs 

stimulated with P. gingivalis LPS (Figure S2). Therefore, 
PSC-SPION concentrations of 5, 15, and 25 μg/mL were 
chosen for the subsequent cell assays.

The toxicity of 25 μg/mL PSC-SPIONs toward P. gin-
givalis was determined by colony counting. No significant 
difference in colony number between the P-S-treated P. g 
and P. g control groups was observed after treatment for 2 
h (Figure 1B). SEM analysis revealed that PSC-SPIONs 
do not affect the morphology of P. gingivalis (Figure 1C 
and D). These results indicate that PSC-SPIONs at 25 μg/ 
mL have a negligible inhibitory effect on P. gingivalis.

PSC-SPIONs Prevent Invasion of hGFs by 
P. gingivalis
The effect of PSC-SPIONs on the infiltration of hGFs by 
P. gingivalis was studied. There was no significant reduc-
tion in the invading P. gingivalis colony number in the 5- 
P-S+P. g group compared with the hGF+P. g control, and 
there was a minor but not statistically significant reduction 

Figure 1 Effect of polyglucose sorbitol carboxymethyl ether-superparamagnetic iron oxide nanoparticles (PSC-SPIONs) on the viability of human gingival fibroblasts (hGFs) 
and P. gingivalis (n = 5). (A) hGF viability was determined using Cell Counting Kit-8 assays after treatment with different concentrations of PSC-SPIONs for 24, 48, and 72 h. 
Data are presented as the mean optical density ± SD. (B) P. gingivalis colony numbers (%) after 25 μg/mL PSC-SPION treatment for 2 h with untreated P. gingivalis as the 
control. (C and D) Morphology of P. gingivalis after 25 μg/mL PSC-SPIONs treatment for 2 h (D) with untreated P. gingivalis as the control (C). 
Abbreviations: P-S, PSC-SPIONs; NS, not significant.
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for the 25-P-S+P. g group. However, there was a signifi-
cant decrease for the 15-P-S+P. g group (P < 0.01; 
Figure 2A). Consistently, CLSM images show that the 
number of SYTO-9-labeled green-fluorescent P. gingivalis 
in hGFs was much lower in the 15-P-S+P. g group than in 
the hGF+P. g control (Figure 2B). TEM images show that 
P. gingivalis adheres to the hGF cell membrane and 
induces clear invagination and ruffles (Figure 2C), which 
is a precursor of endocytosis.30 This change was barely 
observed in the 15-P-S+P. g group, but structures resem-
bling endocytic vesicles (yellow arrows) were observed. 
These data suggest that PSC-SPIONs prevent the entry of 
P. gingivalis into hGFs.

To test the internalization of PSC-SPIONs by hGFs, 
inductively coupled plasma–optical emission spectrometry 
was used to determine the iron content of hGFs after 6 h of 
co-culture with PSC-SPIONs. The iron contents for the 
15-P-S and 25-P-S groups were higher than that for the 
hGF control group (Figure S3), while that for the 5-P-S 
group was as low as that of the hGF control group. These 
results indicate that the inhibition of hGF invasion by P. 
gingivalis is related to the internalization of PSC-SPIONs.

PSC-SPION Treatment Decreases ROS 
Levels in hGFs Induced with P. gingivalis 
LPS
As has been reported previously,31 P. gingivalis-LPS treat-
ment markedly increased ROS levels in hGFs (P < 0.01), 
which presents as more intense and denser green fluores-
cence in the cells of the hGF+LPS group in Figure 3. 
However, the density of green fluorescence was clearly 
decreased in the 5-P-S+LPS, 15-P-S+LPS, and 25-P-S 
+LPS groups compared with that in hGF+LPS group 
(Figure 3). The quantitative data match the qualitative 
results, revealing a similar decrease in ROS levels in all 
the experimental groups compared with the hGF+LPS 
positive control (P < 0.01). Furthermore, the extent of 
reduction was similar for all the experimental groups. 
These results show that PSC-SPIONs decrease the P. gin-
givalis LPS-induced ROS level in hGFs.

PSC-SPIONs Decrease P. gingivalis LPS- 
Induced Inflammatory Response in hGFs
Inflammatory cytokine levels in cell supernatants were 
determined by ELISA (Figure 4A). Significantly increased 
inflammatory cytokine secretion was detected in hGF+LPS 
group compared with the hGF negative control and three 

P-S+LPS groups (P < 0.01). The 5-P-S+LPS, 15-P-S 
+LPS, and 25-P-S+LPS groups all showed significantly 
lower LPS-induced IL-1β, TNF-α, IL-6, and IL-8 levels 
than the hGF+LPS positive control group (P < 0.05). The 
15-P-S+LPS group showed greater inhibition of IL-1β, 
TNF-α, and IL-6 than the 5-P-S+LPS and 25-P-S+LPS 
groups (P < 0.05; Figure 4A).

qRT–PCR was used to quantify the expression of these 
markers at the mRNA level (Figure 4B). As expected, the 
expression of IL-1β, TNF-α, IL-6, IL-8, and COX-2 was 
significantly elevated in the hGF+LPS positive control 
group compared with the hGF negative control and three 
P-S+LPS groups (P < 0.01). Comparatively, the 5-P-S 
+LPS, 15-P-S+LPS, and 25-P-S+LPS groups showed 
downregulation of these proinflammatory cytokines (P < 
0.01). The 15-P-S+LPS group showed the highest down-
regulation of IL-1β, TNF-α, and IL-8 (P < 0.05; Figure 4B). 
Therefore, PSC-SPION treatment decreases the P. gingiva-
lis LPS-induced inflammatory response of hGFs, and 15 μg/ 
mL is the optimal PSC-SPION concentration. In addition, 
the expression of TLR-4 was inhibited by treatment with 
PSC-SPIONs, indicating that the NF-κB signaling pathway 
is involved in their mechanism of action.14

PSC-SPIONs Inhibit the P. gingivalis LPS- 
Induced Activation of the NF-κB Signaling 
Pathway
To elucidate the anti-inflammatory mechanism of PSC- 
SPIONs, Western blot analysis was used to determine 
levels of p65, P-p65, IκBα, and P-IκBα proteins 
(Figure 5). P. gingivalis-LPS stimulation leads to the phos-
phorylation and degradation of IκBα in the cell lysates.26 

Consistently, IκBα level was decreased (P < 0.05) and 
P-IκBα (P < 0.01) and P-p65 levels were increased (P < 
0.01) in hGF+LPS group. However, the 15-P-S+LPS 
group showed inhibition of NF-κB pathway activation 
via the downregulation of P-IκBα and P-p65 proteins (P 
< 0.01). The degradation of IκBα was also inhibited in the 
15-P-S+LPS group (P < 0.05; Figure 5A).

Another important event in the activation of NF-κB 
signaling is the translocation of p65 from the cytoplasm to 
the nucleus.26 Therefore, nuclear p65 protein levels were 
also determined. P. gingivalis LPS-induced upregulation of 
nuclear p65 (N-p65) was inhibited in the 15-P-S group (P < 
0.01; Figure 5B). These findings indicate that PSC-SPIONs 
inhibit P. gingivalis LPS-induced inflammation in hGFs by 
downregulating NF-κB signaling pathway proteins.
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Figure 2 Anti-hGF-invasion effect of PSC-SPIONs on P. gingivalis. (A) Colony numbers of invading P. gingivalis in P-S treated hGFs (n = 3). (B) Confocal laser scanning microscopy 
images of 15-P-S-treated hGFs invaded by P. gingivalis (white arrows). Cell skeletal protein was stained with Alexa Fluor® 594 Phalloidin (red fluorescence). Nuclei were stained 
with DAPI (blue fluorescence). P. gingivalis were stained with SYTO-9 (green fluorescence). (C) Transmission electron microscopy (TEM) images of 15-P-S-treated hGFs invaded 
by P. gingivalis (red arrows). Structures resembling endocytic vesicles are marked by yellow arrows. **P < 0.01 compared with hGF+P. g control group. 
Abbreviation: P-S, PSC-SPIONs.
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The Anti-Inflammatory Effect of PSC- 
SPIONs is Mainly Due to Their 
Nanoscale Size, Not the Coating Material
Both the nanosize effect of PSC-SPIONs which has direct 
impacts on their surface area and interfacial properties 
and/or their PSC coating material could be responsible 
for their anti-inflammatory activity. Therefore, SPIONs 
with a similar iron core to that of PSC-SPIONs but sur-
face-modified with dimercaptosuccinic acid (DMSA- 
SPIONs, abbreviated to D-S in the group labels) instead 
of PSC were obtained (Nanjing Nanoeast Biotech Co., 
Ltd.). PSC that was not conjugated to iron cores was 
also obtained (Jiangsu Key Laboratory for Biomaterials 
and Devices). The effects of these two materials on P. 
gingivalis LPS-induced inflammation in hGFs were 
assessed.

First, PSC was used to treat P. gingivalis LPS-induced 
inflammation. The experimental groups were named 5- 
PSC+LPS, 15-PSC+LPS, and 25-PSC+LPS. In each 
group, the amount of PSC was corresponded to that in 
the 5-P-S, 15-P-S, and 25-P-S groups, respectively. 
Untreated hGFs were used as the negative control, and 
LPS-stimulated hGFs were used as the positive control 
(hGF+LPS). Compared with the hGF+LPS positive con-
trol, the 5-PSC+LPS, 15-PSC+LPS, and 25-PSC+LPS 
groups all showed suppression of IL-1β upregulation (P 
< 0.05), and the 5-PSC+LPS and 15-PSC+LPS groups 
showed suppression of COX-2 upregulation (P < 0.01; 
Figure 6). However, PSC treatment did not inhibit the 
upregulation of TNF-α, IL-6, or IL-8. Furthermore, 
increased COX-2 expression was observed for the 25- 
PSC+LPS group (P < 0.01; Figure 6).

Figure 3 Effect of PSC-SPIONs on P. gingivalis lipopolysaccharide (LPS)-induced reactive oxygen species (ROS) production in hGFs. Inverted fluorescence microscopy images 
show cytoplasmic ROS in P-S treated hGFs stimulated by P. gingivalis LPS. Quantitative measurement of cytoplasmic ROS in P-S-treated hGFs stimulated by P. gingivalis LPS 
was performed using a multimode microplate reader. Data are presented as the mean ± SD (n = 3). ##P < 0.01 compared with hGF negative control; **P < 0.01 compared 
with hGF+LPS positive control. 
Abbreviations: P-S, PSC-SPIONs; RFU, relative fluorescence units.
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Figure 4 Effects of PSC-SPIONs on P. gingivalis LPS-induced inflammatory response in hGFs (A). IL-1β, TNF-α, IL-6, and IL-8 levels in P-S-treated hGFs stimulated by P. 
gingivalis LPS measured using enzyme-linked immunosorbent assays. (B) Gene expression (mRNA levels) of IL-1β, TNF-α, IL-6, IL-8, COX-2, and TLR-4 in P-S-treated hGFs 
stimulated by P. gingivalis LPS. Histograms show means ± SD from three independent experiments. ##P < 0.01 compared with hGF negative control group; *P < 0.05, **P < 
0.01 compared with hGF+LPS positive control group. 
Abbreviation: P-S, PSC-SPIONs.
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Second, PSC-SPIONs were analyzed using a SQUID 
magnetometer to confirm their magnetic properties. From the 
magnetic hysteresis loops of PSC-SPIONs, they exhibited 
superparamagnetic characteristics with saturation magnetiza-
tion values of 73 emu/g. Remnant magnetization was not 
observed when the magnetic field was removed (Figure 7A).

Then, DMSA-SPIONs (abbreviated to D-S in the group 
labels) were used to treat P. gingivalis LPS-induced 
inflammation. The morphology of PSC-SPIONs and 
DMSA-SPIONs is similar—both are spherical particles 
with diameter <20 nm (Figure 7B). Their major para-
meters are shown in Table 2. Like PSC-SPIONs, DMSA- 
SPIONs also have γ-Fe2O3 cores and carboxyl groups on 
the surface, leading to a negative surface charge. The 
concentrations of DMSA-SPIONs tested were also 5 µg/ 
mL, 15 µg/mL, and 25 µg/mL. Therefore, the experimen-
tal groups are named 5-D-S+LPS, 15-D-S+LPS, and 25-D- 
S+LPS. The negative and positive control groups were 
untreated hGFs and P. gingivalis LPS-stimulated hGFs 

(hGF+LPS), respectively. Compared with the positive con-
trol, the 5-D-S+LPS, 15-D-S+LPS, and 25-D-S+LPS 
groups showed significant suppression of IL-1β, TNF-α, 
IL-6, IL-8, and COX-2 upregulation (P < 0.01; Figure 7C).

These results indicate that the anti-inflammatory activ-
ity of PSC-SPIONs is due to their nanosize effect, which 
prevents the internalization of pathogenic bacteria and the 
binding of LPS to TLR-4, rather than the surface coating 
material of the nanoparticles.

Discussion
Inflammation caused by P. gingivalis invasion and stimu-
lation by its LPS in hGFs plays an important role in the 
development of periodontal diseases. In this study, we 
demonstrate that PSC-SPIONs prevent P. gingivalis inva-
sion and inhibit inflammatory responses to P. gingivalis 
LPS, including the generation of ROS and the expression 
of inflammatory mediators, by suppressing TLR-4 and NF- 
κB signaling.

Figure 5 Effect of PSC-SPIONs on the NF-κB-p65 pathway. (A) Protein expression of p65, P-p65, IκBα, and P-IκBα in the cytoplasm of 15-P-S-treated hGFs stimulated by P. 
gingivalis LPS. (B) Protein expression of p65 in the nuclei of 15-P-S-treated hGFs stimulated by P. gingivalis LPS. Histograms show means ± SD from three independent 
experiments. #P < 0.05, ##P < 0.01 compared with hGF negative control; *P < 0.05, **P < 0.01 compared with hGF+LPS positive control. 
Abbreviation: P-S, PSC-SPIONs.
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Biosafety is the most important consideration for the 
medical application of a material. DMAS-SPIONs appear 
to be effective in alleviating P. gingivalis LPS-induced 
inflammation (Figure 7). However, the DMSA coating 
can negatively affect cellular gene expression.32 In con-
trast, PSC is a polysaccharide that has been widely applied 
in clinical treatment. Polysaccharides have been shown to 
scavenge ROS in vitro.33 Therefore, PSC-SPIONs are 
preferable in the context of biosafety. They are nontoxic 
to BMSCs at concentrations as high as 500 μg/mL.20 In 
this study, they showed good cytocompatibility with hGFs 
at 100 μg/mL (Figure 1A).

Moreover, the PSC-SPIONs prepared by our methods 
have better properties such as more uniform particle size 
distribution, more regular morphology, and better mag-
netism and crystallinity than the nano drug Ferumoxytol 
(Feraheme™).27,34 Our PSC-SPIONs have been well 
characterized by TEM, particle size analysis, Fourier- 
transform infrared spectrometry, X-ray diffraction, 
vibrating sample magnetometry, thermogravimetric 

analysis, and heating measurement in an alternating-cur-
rent magnetic field.27,34 Here, we retested the superpar-
amagnetic characteristics (Figure 7A), morphology 
(Figure 7B), and hydrodynamic size (Table 2) of the 
PSC-SPIONs. The results were all consistent with pre-
vious reports.27,34

PSC-SPIONs are recognized by scavenger receptor A 
(SR-A) and introduced to cells by endocytosis through 
clathrin-dependent pathways, with or without transfection 
protocols using protamine sulfate and heparin.35 

Therefore, the iron content of hGFs incubated with PSC- 
SPIONs was obviously increased (Figure S3). According 
to a previous study, the iron content of rat adipose-derived 
stem cells was 0.31 ± 0.02 pg/cell.36 This is consistent 
with our results, wherein the iron content of untreated 
hGFs was very low (Figure S3).

The decreased invasion of hGFs by P. gingivalis 
may be related to the internalization of PSC-SPIONs. 
P. gingivalis and PSC-SPIONs are internalized by 
hGFs through clathrin-based endocytosis via similar 

Figure 6 Effect of PSC on P. gingivalis LPS-induced inflammatory response in hGFs. Gene expression (mRNA levels) of IL-1β, TNF-α, IL-6, IL-8, and COX-2 were quantified in 
PSC-treated hGFs stimulated with P. gingivalis LPS using quantitative reverse transcription-polymerase chain reaction. Histograms show means ± SD from three independent 
experiments. ##P < 0.01 compared with hGF negative control; *P < 0.05, **P < 0.01 compared with hGF+LPS positive control.
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intracellular trafficking pathways. Boisvert et al sug-
gested that P. gingivalis invasion depends on clathrin- 
mediated endocytosis,37 while Ho et al demonstrated 

that clathrin-mediated endocytosis is responsible for 
the invasion of oral epithelial cells by P. gingivalis 
and its outer membrane vesicles.13 So, it is possible 

Figure 7 Effect of dimercaptosuccinic acid (DMSA)-SPIONs on P. gingivalis LPS-induced inflammatory response in hGFs. (A) Superconducting quantum interference device 
(SQUID) magnetometer magnetic hysteresis loops of PSC-SPIONs at 300 K. (B) TEM images of PSC-SPIONs and DMSA-SPIONs. (C) Gene expression (mRNA levels) of IL- 
1β, TNF-α, IL-6, IL-8, and COX-2 in D-S-treated hGFs stimulated with P. gingivalis LPS. Histograms show means ± SD from three independent experiments. ##P < 0.01 
compared with hGF negative control; **P < 0.01 compared with hGF+LPS positive control. 
Abbreviations: P-S, PSC-SPIONs; D-S, DMSA-SPIONs.

Table 2 Comparison of the Main Structural Parameters of PSC-SPIONs and DMSA-SPIONs

Product Iron Core Surface Charge Surface Group External Material Hydrodynamic Size (nm)

PSC-SPIONs γ-Fe2O3 Negative Carboxyl PSC 34

DMSA-SPIONs γ-Fe2O3 Negative Carboxyl DMSA 25
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that clathrin-based endocytosis of hGFs is blocked by 
PSC-SPIONs, preventing the uptake of P. gingivalis 
(Figure 2A). The concentration of PSC-SPIONs in the 
5-P-S group may be too low to completely bind cla-
thrin. The 25-P-S group also showed decreased P. gin-
givalis invasion; however, the results were not 
statistically significant, possibly because of experimen-
tal error.

PSC-SPION pretreatment also suppressed the upregula-
tion of P. gingivalis LPS induced ROS level in hGFs which 
plays important roles in proinflammatory response.38,39 The 
ability to induce or suppress ROS production is the most 
important effect of nanoparticles in cells. Internalized nano-
particles usually increase intracellular ROS levels; how-
ever, they may also be decreased by nanoparticles. For 
instance, PEG-phospholipid-coated SPIONs have been 
shown to decrease ROS-induced retinoic acid-neuronal dif-
ferentiation in mouse embryonic stem cells.40 Conversely, 
intracellular ROS levels in human umbilical vein endothe-
lial cells were increased by decomposition of H2O2 into 
hydroxyl radicals upon incubation with PSC-SPIONs.41 

PSC-SPIONs decrease ROS levels in myeloid-derived sup-
pressor cells, decreasing late-sepsis immunosuppression.42 

Moreover, PSC-SPIONs have been shown to scavenge 
excess ROS by activating the cellular Nrf2-HO-1 pathway 
to promote osteogenesis and inhibit osteoclast differentia-
tion in iron accumulation-related osteoporosis.23 Thus, 
PSC-SPIONs can increase ROS levels, but may scavenge 
ROS in diseased conditions, such as those associated with 
LPS-mediated inflammation.

The protective effects of PSC-SPIONs also presented via 
decreased proinflammatory cytokine expression in hGFs 
treated with P. gingivalis LPS. Previous studies have shown 
that P. gingivalis LPS activates TLR-4 and its downstream 
pathways such as the NF-κB pathway, which is critical in the 
production of cytokines, chemokines, and adhesion 
molecules.43 All the three concentrations of PSC-SPIONs 
used in this study effectively downregulated inflammatory 
mediators, but not in a dose-dependent manner (Figure 4). 
The anti-inflammatory effect increased from 5 to 15 μg/mL 
PSC-SPIONs and then deceased from 15 to 25 μg/mL PSC- 
SPIONs, likely because higher concentrations of PSC- 
SPIONs can induce inflammation (Figure S2).

Whether SPIONs activate or inhibit TLR-4 depends on 
the conditions. As with ROS production, SPIONs alone 
activate TLR-4, but they inhibit it under LPS stimulation. 
Jin et al reported that Resovist and Feraheme promote macro-
phage autophagy and inflammatory response by activation of 

TLR-4 signaling.44 Mulens-Arias et al reported that poly-
ethylenimine-coated SPIONs trigger macrophage activation 
through TLR-4 signaling and ROS production.45 Grosse et al 
reported that SPIONs coated with a monolayer of oleic acid 
and a monolayer of amphiphilic polymer suppress LPS- 
induced NF-κB activation and production of proinflamma-
tory cytokines in primary human monocytes.25 These effects 
corresponded with impaired LPS internalization by mono-
cytes in the presence of SPIONs, caused by the adsorption of 
LPS onto the nanoparticle surfaces.25 Consistent with our 
results, Chen et al reported that PEG-coated SPIONs inhib-
ited LPS-induced production of IL-6 and TNF-α by down-
regulating the expression of TLR-4, while they increased 
TNF-α production in the absence of LPS.24 However, the 
anti-inflammatory effect was more marked than the proin-
flammatory effect.24

Finally, we investigated the roles of the nanosize effect and 
coating material in the anti-inflammatory activity of PSC- 
SPIONs. We found that DMSA-SPIONs decreased the secre-
tion of inflammatory cytokines induced by P. gingivalis LPS, 
while PSC (not associated with SPIONs) did not (Figures 6 
and 7). Therefore, the activity of PSC-SPIONs is likely related 
to the nanosize effect rather than to the coating material. 
Specifically, the anti-inflammatory effects of PSC-SPIONs 
are neither due to antibacterial properties nor the ability to 
reverse the inflammatory condition caused by LPS, but to their 
ability to prevent P. gingivalis invasion of hGFs and the 
competitive binding of P. gingivalis LPS and PSC-SPIONs 
to the same receptors on the hGF cell membrane. The nanosize 
of PSC-SPIONs may allow them to interact with cell mem-
brane receptors such as TLR-4. Thus, all nanomaterials with 
good biosafety should have similar effects. Gold nanoparticles 
could be investigated in the future.

The current study is the first to show that SPIONs have 
anti-inflammatory effects in P. gingivalis-infected hGFs. 
However, our study had some limitations. Only in vitro 
studies were performed; the molecular pathway by which 
ROS levels are decreased was not explored; and the mole-
cular anti-inflammatory mechanism by which PSC- 
SPIONs suppress LPS-induced NF-κB activation and 
IκBα phosphorylation was not clarified. We intend to 
address these questions in future studies.

Conclusion
PSC-SPIONs prevent P. gingivalis invasion of hGFs and 
inhibit P. gingivalis LPS-induced ROS production and 
upregulation of proinflammatory cytokines in hGFs. 
Although animal studies and preclinical tests are still 
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needed, our results suggest that biocompatible PSC- 
SPIONs could be applied clinically to solve the problem 
of P. gingivalis invasion and inflammatory stimulation in 
hGFs.

Abbreviations
PSC, polyglucose sorbitol carboxymethyl ether; SPIONs, 
superparamagnetic iron oxide nanoparticles; hGFs, human 
gingival fibroblasts; P. g, Porphyromonas gingivalis; LPS, 
lipopolysaccharide; ROS, reactive oxygen species; NF-κB, 
nuclear factor-kappa B; TLR, toll-like receptor; MOI, 
multiplicity of infection; BHI, brain-heart infusion; SEM, 
scanning electron microscopy; TEM, transmission electron 
microscopy; ELISA, enzyme-linked immunosorbent 
assay; qRT-PCR, quantitative reverse transcription–poly-
merase chain reaction.
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