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Engineering core–shell chromium nanozymes
with inflammation-suppressing, ROS-scavenging
and antibacterial properties for pulpitis treatment†

Fei Xie, ‡a Chuanda Zhu, ‡b,c Lidong Gong, b Ningxin Zhu,a Qiang Ma, d

Yuanyuan Yang,b Xinrong Zhao, e Man Qin,a Zhiqiang Lin *b and
Yuanyuan Wang *a

Oral diseases are usually caused by inflammation and bacterial infection. Reactive oxygen species (ROS),

which come from both autologous inflammation tissue and bacterial infection, play an important role in this

process. Thus, the elimination of excessive intracellular ROS can be a promising strategy for anti-inflamma-

tory treatment. With the rapid development of nanomedicines, nanozymes, which can maintain the intra-

cellular redox balance and protect cells against oxidative damage, have shown great application prospects in

the treatment of inflammation-related diseases. However, their performance in pulpitis and their related

mechanisms have yet to be explored. Herein, we prepared dozens of metallic nanoparticles with core–shell

structures, and among them, chromium nanoparticles (NanoCr) were selected for their great therapeutic

potential for pulpitis disease. NanoCr showed a broad antibacterial spectrum and strong anti-inflammatory

function. Antibacterial assays showed that NanoCr could effectively inhibit a variety of common pathogens of

oral infection. In vitro experiments offered evidence of the multienzyme activity of NanoCr and its function in

suppressing ROS-induced inflammation reactions. The experimental results show that NanoCr has optimal

antibacterial and anti-inflammatory properties in in vitro cell models, showing great potential for the treat-

ment of pulpitis. Therefore, the use of NanoCr could become a new therapeutic strategy for clinical pulpitis.

1. Introduction

As one of the most common oral diseases, pulpitis has
received close attention. Pulpitis is a disease related to infec-
tion and inflammation and is also closely related to sepsis,
cardiovascular and cerebrovascular diseases and other nonin-
fectious diseases.1,2 Normal dental pulp tissue is composed
mainly of various cells and extracellular matrix and has many
physiological functions, such as vascular differentiation, inner-

vation, immune ability and nerve sensation.3,4 In general,
numerous opportunistic pathogens, such as Escherichia coli
and Enterococcus faecalis, remain latent in the oral environ-
ment for extended periods.5 When mechanical injury occurs in
the body, opportunistic pathogens colonize the injured part of
the oral cavity and further produce proinflammatory sub-
stances (such as endotoxin) to induce an inflammatory
response in dental pulp cells. In fact, inflammation has two
functions in the treatment of dental pulp. Mild inflammation
in the oral cavity can be used as a protective reaction to
promote the immune efficacy of dental pulp cells against
invading organisms and repair tissue damage. However, a
strong inflammatory immune response leads to severe irrevers-
ible damage to the dental pulp nerve and can even eventually
lead to the loss of dental organs.6

The main methods to treat pulpitis are indirect pulp treat-
ment, pulpotomy and root canal treatment. The former two
methods, also known as vital pulp therapy, aim to save as
much vital pulp as possible to improve the long-term survival
of teeth, especially for immature permanent teeth with root
dysplasia and thin dentin walls.3,7,8 The success of vital pulp
therapy is related to many factors, such as the determination
of pulp status, the developmental stage of teeth, the degree
of contamination, and the choice of lining or capping
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materials.9–11 Among these factors, the choice of lining or
pulp capping materials is of great importance to the success of
vital pulp therapy. Pulp capping materials are designed to
protect exposed dentin and pulp from external stimuli by
placing biomaterials over the pulp, thereby eliminating contact
with microbial stimuli and preventing new bacterial damage.
Regarding treatment, pulp capping is faster, simpler and less
invasive than pulpotomy and root canal therapy. In brief, the
ideal pulp capping material for pulpitis should have the fol-
lowing advantages: favorable antibacterial performance, strong
anti-inflammatory capacity and a capacity for long-term main-
tenance of pulp vitality.12–14

Currently, numerous organic and inorganic materials,
including calcium hydroxide (CH) and calcium silicate
materials, are used to prepare pulp capping materials to
prevent infection and reduce inflammatory reactions. CH has
also received much attention since its development and is con-
sidered the gold standard pulp capping material in research.
However, CH is limited by its poor sealing performance, its
unsatisfactory anti-inflammatory effect and necrosis of the
pulp surface after pulp capping.15,16 While calcium silicate
materials, such as mineral trioxide aggregate (MTA), have the
advantages of better sealing and better biocompatibility than
CH, the problem of strong inflammatory reactions in dental
pulp tissue still hinders their further promotion and
application.17–19 In addition, the antibacterial and antifungal
properties of MTA remain controversial, and its antibacterial
effect on common infectious microorganisms is limited. For
example, MTA has no antibacterial activity against anaerobic
bacteria.20,21 The traditional pulp capping materials men-
tioned above are still widely flawed in practical applications
due to suboptimal performance in all but one treatment
factor, so there is an urgent need to explore new safe and
effective strategies for the treatment of pulpitis.

Reactive oxygen species (ROS) are important signaling
molecules in normal cells. Different antioxidant active
enzymes, such as superoxide dismutase (SOD), glutathione
peroxidase (GSH-Px) and catalase (CAT), can keep ROS in a
balanced state, limiting their damage to cells.22–24 However,
excessive ROS accumulation in inflammatory tissues can not
only upregulate inflammatory reactions but also inhibit the
function of endogenous stem cells to obstruct tissue repair
and regeneration.25 Apart from ROS generated from autolo-
gous inflammation tissue, ROS from bacterial infection can
also induce significant damage, resulting in both acute and
chronic inflammation.26,27 Therefore, the elimination of exces-
sive intracellular ROS can be a promising strategy for anti-
inflammatory treatment. Nanozymes have been recently
acknowledged as a promising medicine to maintain the intra-
cellular redox balance and protect cells against oxidative
damage. These enzyme-mimetic nanomaterials, including
metal/metal oxide-doped carbon-based artificial nanozymes
(Pt, Pd, Fe, Co, Cu, Ni, and Ce), have many advantages com-
pared with natural enzymes, such as stability, reproducibility,
higher design flexibility, low cost and multienzyme activity.22,28

Studies have shown that a series of nanomaterials, including

Mn3O4, CeO2, MnO2 and Pt nanoparticles, exhibit excellent
biomimetic activity to relieve oxidative conditions.25,29–31

Furthermore, nanozymes perform as catalases and are able to
convert endogenous H2O2 into O2. Hence, CAT mimetic nano-
zymes can not only assuage hypoxia in local tissue but also
improve anaerobic conditions, which are critical for anaerobic
bacteria.25 In summary, nanozymes can be a promising solu-
tion to dental pulpitis, which is closely related to both inflam-
mation and infection.

However, challenges in the use of metallic nanozymes to
treat infection and inflammation remain to be solved before
they can be implemented for clinical pulpitis treatment. First,
pulp is in the deep tissue of hard dentin. Especially when a
bacterial biofilm is formed, the diffusion depth of metal ions
is greatly limited due to the existence of its extracellular
polymer. Second, the pathogenesis of pulpitis is essentially
attributed to the overactive immune response caused by the
exposure of dental pulp tissue to microorganisms. In this
process, inflammatory bodies play a central role in microbial
and damage perception, as well as signal transduction and
regulation of innate immunity. To some extent, the pro-
gression of inflammation can be effectively alleviated by inhi-
biting relevant immune pathways. Third, dental pulp cells are
relatively fragile and can hardly survive the toxicity of most
metal ions. Research on the treatment of pulpitis focuses
mainly on reducing inflammatory reactions and sterilization
while ignoring the possibility of pulp cell death. Therefore, in
the treatment of pulpitis, a conflict remains between the bio-
compatibility, anti-inflammatory capacity and antibacterial
performance of pulp capping materials. It is important to
achieve a balance between the above treatment factors to
obtain a favorable treatment effect.

As a result of the abovementioned challenges, we con-
structed lipid nanoparticles based on metal ions by the reverse
microemulsion threshold precipitation method. In this work,
metal ion nanoparticles with superior biocompatibility were
selected to test both their antibacterial and inflammatory regu-
latory abilities. Among the selected nanoparticles were those
with chromium phosphate cores and polyethylene glycol phos-
pholipid bilayers, which form a spherical core–shell structure
used as a metal ion carrier. In brief, we first prepared dozens
of metallic nanoparticles and then performed further screen-
ing to identify those with excellent anti-inflammatory capacity,
antibacterial performance and biocompatibility. Interestingly,
we found that trivalent chromium nanoparticles (NanoCr)
showed both SOD-like and CAT-like activity and had excellent
characteristics in a series of experiments on pulpitis.
Subsequently, we further explored the potential of NanoCr as a
capping or lining material in pulpitis treatment through a
series of morphological and genetic studies, such as scanning
electron microscopy and RNA sequencing (RNA-seq).
Nanoparticles clearly enhanced the uptake of metal ions by
dental pulp cells and continuously released chromium ions in
the cells. At the cellular level, we found that NanoCr signifi-
cantly reduced the production of inflammatory factors in pul-
pitis cells and reduced the excessive immune effect induced by

Paper Nanoscale

13972 | Nanoscale, 2023, 15, 13971–13986 This journal is © The Royal Society of Chemistry 2023



microbial infection. In addition, NanoCr had obvious antibac-
terial effects on Escherichia coli, Enterococcus faecalis, and
Porphyromonas gingivalis. Therefore, this study has clearly
demonstrated that nanoparticles prepared from chromium
ions can remove ROS and decrease pulpitis inflammation and
have favorable antibacterial properties with great application
prospects in the clinical treatment of pulpitis (Fig. 1).

2. Results and discussion
2.1. Metallic nanoparticles show stable physical and
chemical properties

In this study, we developed dozens of metallic nanoparticles
based on our previous study.32 To guarantee the reliability and
repeatability of the following experiments, we characterized
the physical and chemical properties of these metallic nano-
particles. The results of dynamic light scattering showed that
the sizes of these nanoparticles were 30–60 nm (Fig. 2B–E),
consistent with the results of the transmission electron
microscopy (TEM) analysis. The particle sizes measured by
dynamic light scattering were slightly larger than those
measured by TEM, mainly because of the hydrated particle size.
The metallic nanoparticles showed potential and were in a dis-
persed and stable state. In addition, the metallic nanoparticles
could be stored for two weeks at 4 °C with good stability.

The NanoCr was prepared following two steps, including a
water-in-oil (w/o) emulsion droplet-confined precipitation reac-

tion and a film dispersion method, which was simple and safe
and did not require special equipment. The existing Cr nano-
particle synthesis methods include hydrothermal method,
precipitation method, vapor phase condensation method and
arc-discharge method.33 High-temperature calcination, high
voltage, and special instruments are often required in the
process.34

2.2. Metallic nanoparticles that have an acceptable influence
on the proliferation of DPSCs are sorted out

To identify the effects of nanoparticles on the proliferation of
dental pulp stem cells (DPSCs), a CCK8 assay was carried out.
DPSCs were treated with different concentrations of nano-
particles (10, 50, 100, and 200 μM) for 1, 3, 5, and 7 days
(Fig. 2A and S2†). Untreated DPSCs were considered the
control group. The CCK-8 assay showed that 10 μmol L−1

NanoAg, NanoCr, iron nanoparticles (NanoFe), aluminum
nanoparticles (NanoAl), and barium nanoparticles (NanoBa)
had no obvious influence on the proliferation of DPSCs com-
pared to the control (P > 0.05). The nanoparticles mentioned
above at concentrations of 50, 100, and 200 μmol L−1 slightly
reduced the proliferation of DPSCs. Other nanoparticles con-
siderably decreased the proliferation of DPSCs over time. To
ensure the lowest influence of the nanoparticles on DPSCs, we
chose a concentration of 10 μM to continue the following
experiments. Moreover, according to our previous research,35 it
is difficult for metal ions to enter cells independently, and our
metal ion nanostorage was conducive to improving the trans-

Fig. 1 Schematic illustration of the synthesis and application of metal nanoparticles. (A) Schematic illustration showing the fabrication of NanoCr.
(B) Antibacterial function of NanoCr. (C) Resources of DPSCs and the anti-inflammatory function of NanoCr on iDPSCs.
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port of metal ions into cells. Therefore, the use of metallic
nanoparticles is advantageous for the treatment of pulpitis.

2.3. NanoCr is capable of reducing inflammatory factors

To isolate nanoparticles with a favorable anti-inflammatory
ability, we utilized different methods, such as qPCR and ELISA,
to detect the levels of inflammatory factors in cells of different
administration groups. According to the qPCR results, the rela-
tive mRNA expression levels of the inflammatory cytokines
IL-1β, IL-6 and TNF-α in inflamed dental pulp stem cells
(iDPSCs) showed a significant increase after treatment with LPS
for 3 h, which was the most obvious compared to 1 h and 6 h (p
< 0.001) (Fig. 3A–C and S3†). Both inflamed groups cultured
with and without nanoparticles showed an increase in the
expression levels of IL-1β, IL-6, and TNF-α after 3 h. Comparing
different treatment groups, the expression levels were markedly
decreased after treatment with NanoCr and NanoBa. Moreover,
the expression levels of IL-1β and TNF-α were downregulated
after treatment with NanoFe and NanoAg. However, IL-6 did not
show a significant difference. NanoAl increased the expression
of IL-1β after coincubation with iDPSCs (Fig. 3D–F). Similar

results were observed by ELISA. NanoCr decreased the protein
levels of all three inflammatory cytokines (p < 0.05). NanoAg,
NanoFe, and NanoBa decreased the protein levels of IL-1β and
TNF-α but did not obviously influence that of IL-6, while NanoAl
did not influence any of these three cytokines (Fig. 3G–I).

Dental pulp consists of defense cells and inflammatory
mediators that regulate the response to infection. The upregu-
lation of inflammatory cytokines such as IL-1β, IL-6, interleu-
kin 10 (IL-10) and TNF-α has been observed in pulp cells in
many previous studies.36–38 Moreover, the TNF-α protein can
induce neutrophil chemotaxis and activation. TNF-α is pro-
duced by activated macrophages, which play a fundamental
role in early adaptive immune responses.39 IL-6 is a pleo-
morphic cytokine related to processes involving the response
to trauma and infection. IL-1β is a key cytokine involved in the
mediation of inflammation and bone resorption.40 In this
study, NanoCr was found to reduce the inflammatory response
by downregulating the expression of IL-1β, IL-6 and TNF-α.

The results indicated the potent effect of NanoCr on sup-
pressing inflammatory cytokines that are involved in pulpitis,
which is beneficial for the repair of pulp tissues.

Fig. 2 Characterization of nanoparticles. (A) Influence of 15 kinds of metal nanoparticles on the proliferation of DPSCs (n = 3 per group). A CCK8
assay was carried out on days 1, 3, 5 and 7. (B) Size of metal nanoparticles (n = 3 per group). (C) Zeta potential of metal nanoparticles (n = 3 per
group). (D) Experiment on the particle size stability of metal nanoparticles. (E) TEM images of 5 metal nanoparticles (scale bar: 50 nm).
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2.4. NanoAg, NanoCr and NanoBa show different degrees of
antibacterial properties

Based on the above research, we continued to explore the
antibacterial properties of the metallic nanoparticles.
To demonstrate the antibacterial ability of these five
metallic nanoparticles, we selected common oral pathogenic

bacteria, including E. coli, E. faecalis, and P. gingivalis, for
verification.

The bacterial growth curve indicates that NanoAg had a
strong inhibitory effect on E. coli within 14 h of incubation,
while the other metallic nanoparticles had a clear inhibitory
effect on E. coli. When nanoparticles were co-incubated with
E. faecalis, NanoCr had a significant antibacterial effect at 6 h.

Fig. 3 Anti-inflammatory properties of metal nanoparticles. (A–C) The expression of inflammatory cytokines (IL-1β, IL-6 and TNF-α) in DPSCs after
treatment with nanoparticles for 1, 3 and 6 hours. (D and E) The expression of inflammatory cytokines (IL-1β, IL-6 and TNF-α) in DPSCs after treat-
ment with nanoparticles was measured by RT-qPCR. (G–I) The expression of inflammatory cytokines (IL-1β, IL-6 and TNF-α) in DPSCs after treat-
ment with nanoparticles was measured by ELISA. The values of P were measured in iDPSCs cultured with and without nanoparticles.
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When nanoparticles were co-incubated with P. gingivalis,
NanoCr and NanoBa strongly inhibited the growth of bacteria
during coincubation for up to 3 days (Fig. S4†).

The antibacterial results indicated that these five types of
metallic nanoparticles exerted antibacterial effects on common
oral pathogenic bacteria to different degrees. Compared with the
control group, NanoAg had the most obvious antibacterial effect
on E. coli, while NanoCr had the most obvious effect on
E. faecalis and P. gingivalis. NanoBa had the best antibacterial
effect on P. gingivalis (Fig. 4A–D). Among the nanoparticles,
NanoFe and NanoAl had relatively poor antibacterial effects.
Overall, the bacterial growth of E. coli, E. faecalis, and
P. gingivalis was significantly inhibited by NanoCr.

Antibacterial properties are considered of great importance
for dental materials. Moreover, E. faecalis is considered the
main microorganism associated with endodontic failure.41

Additionally, the expression of inflammatory cytokines can be
upregulated after stimulation with LPS from E. coli.5

Furthermore, P. gingivalis has been suggested to exist in all
phases of endodontic retreatment.42 This study showed the
antibacterial properties of NanoCr toward these three organ-
isms, which could be a considerable advantage for its appli-
cation in dental materials.

Through the results above, we isolated NanoCr, which has
suitable biosafety and superior antibacterial and anti-inflam-
matory functions. Next, we carried out experiments to further
explore the underlying mechanisms of the antibacterial and
anti-inflammatory functions of NanoCr.

2.5. Uptake of NanoCr into DPSCs is efficient and relative to
time

To further characterize NanoCr in detail, we used an element
analyzer to detect the elemental composition of the nano-
particles. NanoCr contains phosphorus and chromium
(Fig. S1†). To verify the uptake efficiency of NanoCr by DPSCs,
the nanoparticles were incubated for different times and then
analyzed qualitatively and quantitatively by inductively
coupled plasma-mass spectrometry (ICP-MS) and fluorescence
microscopy (Fig. 5A and Fig. S5†). The efficiency of NanoCr
uptake by cells was approximately 10% within 24 hours,
and the content of chromium ions was 150 ng at 24 hours.
With increasing incubation time, the content of
chromium ions in cells increased gradually (Fig. 5B and C).
Therefore, DPSCs can effectively absorb NanoCr, and the
efficiency of cell uptake of nanoparticles gradually improves
over time.

Fig. 4 Antibacterial properties of metal nanoparticles. (A) E. coli, E.f. and P. gingivalis colonies grown on agar plates after treatment with different
nanoparticles. (B and D) Colony number analysis of E. coli, E. f and P. gingivalis (n = 3 per group).
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NanoCr is a microprecipitation of chromium phosphate
encapsulated in liposomes, which undergoes responsive disin-
tegration under an acidic environment in inflammatory cells.
In addition, sustained release of chromium ions within the

cytoplasm was achieved. However, some of the reported nano
chromium materials are stable in the aforementioned pH
environment and are not suitable for biological experiments
and treatments.43

Fig. 5 Cellular uptake, cell apoptosis and enzyme-mimetic ROS scavenging capacity of NanoCr. (A) The results of DPSC uptake of DID-labeled
NanoCr observed by confocal microscope (incubation time: 6 h; DID labeling nanoparticles, DAPI labeling nuclei, and DIO labeling cell membranes).
(B and C) Quantitative analysis of the efficiency of dental pulp cells in the uptake of NanoCr (10 μM) and the content of chromium ions at different
time points (n = 3 per group). (D) Flow cytometry analysis of DPSCs after treatment with NanoCr (10 μM) for 24 and 48 hours (n = 3 per group). (E)
Cell population analysis of different cell stages according to flow cytometry analysis. (F) Enzyme-mimetic capacity of NanoCr showing in •O2

− clear-
ance ratio. (G) SOD mimetic activity of NanoCr. (H) H2O2 clearance ratio of NanoCr showing its CAT mimetic activity.
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2.6. NanoCr has little effect on cellular apoptosis of DPSCs

Subsequently, we verified the toxicity of NanoCr by apoptosis
assays. Apoptosis of NanoCr on DPSCs was investigated using
Annexin V-FITC/PI staining (Fig. 5D). DPSCs treated with
NanoCr remained mostly viable compared with untreated
DPSCs, as indicated by Annexin V-FITC/PI staining (Fig. 5D
and E). The population of apoptotic cells was slightly increased
after 48 h of coculture with NanoCr compared to that at 24 h
(Fig. 5D and E), indicating that NanoCr had little effect on
apoptosis induction in DPSCs. Combined with the previous
cytotoxicity experiments of NanoCr, it can be concluded that
NanoCr is safe for use on DPSCs.

Liposome nanoparticles have good cell compatibility. They
are drug formulations approved by the Food and Drug
Administration (FDA) that have great potential for clinical
application.44Toxicity induced by nanoparticles has always
been a major concern in the biomedical application of nano-
particles. Extensive use of nanoparticles may lead to toxicity in
human beings and the environment.45 The main intake path-
ways of nanoparticles include exposure through inhalation,
dermal contact, or ingestion.46 The principal mechanism of
nanoparticle toxicity involves ROS and free radical pro-
duction.47 Horie et al. indicated an increase in intracellular
ROS levels and activation of antioxidant defense systems after
exposure to Cr2O3 nanoparticles. Their research showed that
the decrease in cell viability by exposure to Cr2O3 nano-
particles was caused by apoptosis.48 However, most existing
studies on the cytotoxicity of nanoparticles have focused on
in vitro cell culture. NanoCr was mainly applied locally for the
treatment of pulpitis in this research; thus, its systemic effects
were limited. In general, our findings indicate that NanoCr
has application potential in the treatment of oral pulpitis.

2.7. NanoCr is capable of mimicking intracellular enzymes in
scavenging •O2

− and H2O2

In this study, ROS-scavenging capacity and antioxidant enzyme-
like capacity were evaluated. First, NanoCr exhibits SOD-
mimetic capacity by catalyzing •O2

−, which was detected by
WST-8. The inhibition ratio reached 21.6% at a concentration of
8 mM (Fig. 5F), while the SOD mimetic activity was 0.28 units
(Fig. 5G). The CAT-like capacity was determined by the H2O2-
specific probe xylenol orange. The clearance ratio of H2O2

increased from 33.8% at 200 μM to 70.1% at 8 mM with increas-
ing concentrations of NanoCr (Fig. 5H). Deionized water, a dis-
solvent of NanoCr, was selected as the negative control in the
experiments. The results above showed the antioxidative
enzyme-like capacity of NanoCr, which can be used for treating
ROS-related inflammatory diseases, including pulpitis.

2.8. NanoCr mediates the expression of genes related to
inflammation in DPSCs

To investigate the mechanism underlying the anti-inflamma-
tory effects of NanoCr on DPSCs, mRNA sequencing was
carried out to compare the gene expression of untreated
DPSCs and DPSCs cultured with NanoCr.

The differentially expressed genes were analyzed, and the
corresponding heatmap was depicted to display the up and
downregulated genes between three groups (Fig. 6A). DEGs in
DPSCs cultured with and without NanoCr are presented in the
volcano plot, which shows the upregulated expression of
200 genes and downregulated expression of 99 genes (Fig. 6C).
Then, the DEGs were subjected to Gene Ontology (GO) ana-
lysis, by which they were classified into molecular function,
cellular component, and biological process categories. The GO
database analysis showed that DEGs related to the inflamma-
tory response (23 genes), immune response (16 genes) and cel-
lular response to lipopolysaccharide (16 genes) were among
the most enriched DEGs, which indicated changes in inflam-
mation-associated biological processes. Furthermore, Kyoto
Encyclopedia of Genes and Genomes (KEGG) pathway investi-
gation was executed to reveal the potential biological processes
and identify the molecular pathways involved. As shown in
Fig. 6D, the TNF signaling pathway, NF-kappa B signaling
pathway, MAPK signaling pathway, and IL-17 signaling
pathway were among the most enriched pathways. The NF-κB
pathway has long been considered a prototypical proinflamma-
tory signaling pathway.49 In most inflammatory cells, MAPK is
activated and crucial to inflammatory cytokine production and
signaling.50 The analysis of the other two categories is
included in the ESI (Fig. S6†). These results indicated that
NanoCr could mediate the expression of inflammation-related
genes, possibly through the NF-kappa B and MAPK pathways.

2.9. NanoCr downregulates inflammatory activity via the NF-
kappa B and MAPK signaling pathways

To further explore the anti-inflammatory properties of NanoCr,
we measured the ROS levels in DPSCs with and without
NanoCr treatment (Fig. 7A and B). The LPS-induced inflamma-
tory cell model triggered the production of much ROS (Fig. 7A
and B). Moreover, the expression levels were significantly
lowered after treatment with NanoCr (p < 0.05) (Fig. 7A and B).

ROS are also key signaling molecules that play an important
role in the progression of inflammatory disorders because they
oxidize protein and lipid cellular constituents and damage
DNA.51 ROS play an important role in translating the binding
of extracellular receptors into functional transcription, which
has been implicated in multiple signaling cascades, including
the MAPK/ERK and NF-kappa B pathways.52 ROS-mediated
activation of NF-κB may result in the production of IL-6, TNFα
and IL-1α/β,53 which is also consistent with our previous
results. Many reports have indicated that MAPKs play impor-
tant roles in several biological processes, such as responses to
stress and inflammation.54 Inhibition of the MAPK or NF-
kappa B signaling pathway has been indicated to be a success-
ful method for reducing inflammatory activity.

To further elucidate the mechanism underlying the inhibi-
tory effect of NanoCr on inflammatory cytokine secretion, we
investigated the effect of NanoCr intervention on the activation
of the NF-kappa B and MAPK signaling pathways. LPS signifi-
cantly increased the activation of NF-kappa B and MAPK by
increasing the phosphorylation of p65, p38 and pERK1/2
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(Fig. 7C and D). NanoCr efficiently suppressed the phosphoryl-
ation of p65, p38 and pERK1/2 (Fig. 7C and D), indicating that
NanoCr likely inactivated the NF-kappa B and MAPK pathways.
Overall, NanoCr promoted the inactivation of the NF-kappa B
and MAPK signaling pathways, which is the mechanism of its
anti-inflammatory function.

2.10. NanoCr prohibits the proliferation of E. coli by
interfering with its metabolic progress

Transcriptome sequencing of E. coli was carried out to further
explore the mechanism underlying the antibacterial properties
of NanoCr. The volcano plot shows the differential expression
of genes between E. coli with or without NanoCr treatment
(Fig. 8A). Altogether, 16 genes were downregulated. GO ana-
lysis indicated the enrichment of genes in processes related to
metabolism and transmembrane transport, such as proton-
transporting ATP synthase activity, C4-dicaboxylate transmem-
brane transporter activity, and ATP synthesis-coupled proton
transport (Fig. 8B).

KEGG pathway analysis showed that the DEGs were
enriched mainly in 6 pathways, such as oxidative phosphoryl-
ation and metabolic pathways, which are related to the cell
metabolism of E. coli (Fig. 8C). For example, the ABC transpor-
ter is a transport ATPase located on the bacterial membrane
that plays an important role in the uptake of micronutrients

into bacteria. Flagella assembly is also among the most
enriched pathways (Fig. 8C), which is one of the central
systems responsible for bacterial motility. Bacterial cells sense
changes in the environment and migrate toward more desir-
able locations through flagella-driven motility.55 The results
indicated that NanoCr also has an influence on the structure
of bacteria.

In general, these results indicated that the antibacterial pro-
perties of NanoCr are mediated through interference with the
metabolism and transmembrane transport of bacteria. A clus-
tered heatmap and cluster of orthologous groups (COG) distri-
bution map are provided in the ESI (Fig. S7†).

2.11. NanoCr can damage the pathogenic structure of
bacteria and lower the ATP level in their cells

To further explore the effect of NanoCr on E. coli, E. faecalis
and P. gingivalis, we used SEM to observe the morphological
changes in these microorganisms after treatment with
NanoCr. The morphology of E. coli cells was regular, and fla-
gella were intact before coculture with NanoCr. E. coli cells
grown in culture medium with 10 μg mL−1 NanoCr appeared
to be damaged, with a shriveled surface and cracked flagella.
Moreover, untreated P. gingivalis cells were plump and sur-
rounded by extracellular matrix. After treatment with NanoCr,
the P. gingivalis cells became atrophic, and the extracellular

Fig. 6 mRNA sequencing results of DPSCs treated with and without NanoCr. (A) Clustered heatmap of differentially expressed genes depicting the
up (red) and downregulated (blue) genes in hDPSCs, iDPSCs, and iDPSCs cultured with NanoCr. (B) GO term enrichment of DEGs. (C) Volcano map
of genes that were significantly upregulated (red dots), downregulated (blue) and not significantly changed (gray) (hDPSCs vs. iDPSCs cultured with
NanoCr). (D) KEGG pathway enrichment analysis of DEGs.
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matrix almost completely vanished. However, no obvious
differences were observed in the appearance of E. faecalis
(Fig. 8F). Moreover, the ATP level of all microorganisms in
culture media was significantly reduced after treatment with
10 μg mL−1 NanoCr (p < 0.001) (Fig. 8E). Additionally, the dis-
tribution of NanoCr was determined by SEM-EDS elemental
mapping, which showed that Cr and P ions were uniformly dis-
tributed in the bacteria (Fig. 8D and S8†).

The bacterial flagellum Is a helical filamentous organelle
responsible for motility, which can be a crucial factor in the
virulence of pathogenic bacteria.56,57 Bacterial flagellar moti-
lity plays an important role throughout infection, including
adhesion and biofilm formation.58,59 Our results showed that
NanoCr destroyed the flagella of E. coli, thus decreasing its
pathogenicity. Moreover, the biofilm extracellular matrix of
P. gingivalis is composed mainly of extracellular polysacchar-
ides (EPS), proteins, lipids, and extracellular DNA.60 These
components play important roles in cell adhesion, aggrega-
tion, cohesion and structural integrity during biofilm for-
mation and development and act as protective barriers against
P. gingivalis.61 NanoCr reduced the activity of P. gingivalis and
therefore decreased the secretion of extracellular matrix, which
could interfere with the formation of biofilms on the dental
surface. Additionally, E. faecalis is a facultative anaerobic
Gram-positive bacterium whose bacterial cell wall serves as a

protective cellular barrier. Our results did not show NanoCr
destroying the cell wall of E. faecalis. However, its main under-
lying mechanism of antibacterial function could be the down-
regulation of the ATP level, as NanoCr reduced the activity of
the microorganisms. Apart from the production of ROS men-
tioned before, the mechanism underlying the bactericidal
effect of nanoparticles could be mediated through attachment
to the surface of the cell membrane and disrupting its proper
function or penetrating into the bacterial cell, causing further
damage and releasing metal ions.62 Overall, the mechanisms
underlying the antibacterial properties of NanoCr still need
further exploration.

Although we have demonstrated that NanoCr has signifi-
cant effects in inhibiting inflammation, clearing ROS, and
antibacterial ability, there is still room for improvement.
Although chromium ions have excellent compatibility with
DPSCs in the form of liposome nanoparticles, they cannot be
directly used for the treatment of pulpitis in colloidal solution.

For further clinical application, a stable form is necessary.
For example, after mixing with excipients such as gel and bio-
logical scaffolds, NanoCr can be injected into pulp cavities to
become a good lining material. Chromium ions can be slowly
released to achieve long-term effective antibacterial and anti-
inflammatory therapeutic effects. In addition, NanoCr can also
be made into paint-coat, which can be applied on dental

Fig. 7 Mechanism underlying the anti-inflammatory properties of NanoCr. (A and B) Flow cytometry analysis of ROS produced by DPSCs treated
with or without NanoCr and mean fluorescence intensity analysis. (C) Western blot analysis of the expression of proteins in the NF-κB and MAPK sig-
naling pathways (Erk1/2, p65 and p38). (D) Analysis of the density of bands using ImageJ.
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equipment, for instance, dental implants, to reduce the risk of
postoperative infection and inflammation. We will pay more
attention to the clinical conversion of NanoCr in our future
research.

3. Conclusions

In this study, we designed and constructed a standardized
metallic nanoparticle synthesis platform and prepared a series
of metallic nanoparticles with core–shell structures, among

which NanoCr was selected due to its potential for pulpitis
treatment. A series of investigations were performed in this
study to improve our understanding of the antioxidative effect
of NanoCr and its mechanisms. In vitro experiments suggested
that NanoCr exhibited satisfactory ROS removal ability, indicat-
ing its potential as an ROS scavenger. NanoCr also had good
biocompatibility. It had little influence on cell proliferation
and cellular apoptosis at a concentration of 10 μM and could
be absorbed efficiently by DPSCs. Using an inflammatory cell
model, we further authenticated the ROS removal ability and
anti-inflammatory activity of NanoCr, the mechanism of which

Fig. 8 Mechanism of the antibacterial properties of NanoCr. (A) Volcano map of genes that are significantly downregulated (blue dots) and insignifi-
cantly changed (gray dots). (B) GO term enrichment of DEGs. (C) KEGG pathway enrichment analysis of DEGs. (D) EDS images of E. coli, E. f and
P. gingivalis. (E) ATP level of the culture medium of E. coli, E. f and P. gingivalis. (F) SEM images of E. coli, E. f and P. gingivalis. Arrows represent the
changes in bacteria after incubation with nanoparticles.
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is by inhibiting MAPK and NF-kappa B pathway activation.
Furthermore, NanoCr showed favorable antibacterial pro-
perties when cocultured with bacteria by damaging their cell
membrane structures and interfering with their metabolic pro-
cesses. Taken together, NanoCr exhibited SOD- and CAT-
mimetic capacity and showed a fine balance between these
properties, meeting the two main requirements of pulp
capping materials. In the future, we will focus mainly on the
effectiveness of NanoCr on pulpitis in a rat model and further
explore its antibacterial properties in the oral cavity. In con-
clusion, NanoCr could be a promising material for pulp repair
and an effective material for the treatment of pulpitis.

4. Experimental section
4.1. Materials and reagents

Barium chloride (BaCl2), waterless ethanol, chromium chlor-
ide (CrCl3), ferric chloride (FeCl3), ferrous sulfate (FeCl2),
manganese chloride (MnCl2), cyclohexane, magnesium chlor-
ide (MgCl2), cobalt chloride (CoCl2), mercurous chloride
(HgCl2), zinc chloride (ZnCl2), copper chloride (CuCl2), silver
nitrate (AgNO3), nickel chloride (NiCl2), scandium chloride
(ScCl2), sodium aluminate (NaAlO2), and calcium chloride
(CaCl2) were obtained from Beijing Tonguang. Potassium
phosphate, disodium hydrogen phosphate, sodium dihydro-
gen phosphate, and phospholipids (DOTAP, DOPA and chole-
sterol) were ordered from Sigma-Aldrich. DSPE-PEG2000, DiD
and DiR were purchased from Shanghai Yuanye.

4.2. Synthesis and physicochemical properties of metallic
nanoparticles

Nanoparticles were prepared according to our previous
research.32 Taking the preparation of NanoCr as an example,
the volume ratio of the oil phase required for the first coordi-
nation reaction is cyclohexane/Igepal CO-520 (V/V = 70 : 30). A
total of 15 mL of the oil phase was added to two centrifuge
tubes. Then, 300 mL of the oil phase was added to two centri-
fuge tubes with 300 μL of potassium phosphate aqueous solu-
tion (25 mM), 300 μL of chromium chloride solution (500 mM)
and 200 μL of DOPA (20 mg mL−1) during the phosphate
phase. The two oils were mixed by inversion several times and
then allowed to stand for 20 min. Then, we added the same
amount of absolute ethanol into the tube for demulsification
and centrifuged at high speed (12 000g, 20 min) to obtain the
final nanoprecipitate. After washing the precipitate with absol-
ute ethanol several times, we added 100 μL of DSPE-PEG2000

(3 mM) and 100 μL of DOTAP/cholesterol (molar ratio 1 : 1,
10 mM). Finally, we used the thin-film dispersion method to
remove the organic solvent on the rotary evaporator. After the
organic solvent was evaporated, the lipid membrane was dis-
persed in 800 μL of deionized water to form a uniform and
translucent nanoparticle solution. Finally, the prepared nano-
materials were stably preserved at 4 °C.

The other nanoparticles were prepared using the same
methodology described above except that the different metal

ions were mixed with a phosphate solution of the corres-
ponding valence, such as disodium hydrogen phosphate or
sodium dihydrogen phosphate. TEM with energy dispersive
X-ray spectrometry was used to examine the external form of
nanoparticles and the spatial distribution of elements over
them. The surface charge (zeta potential, mV) of the nano-
particles was measured by dynamic light scattering.

4.3. ROS scavenging activity assay

Scavenging of two kinds of ROS, H2O2 and
•O2

−, was evaluated
to determine the ROS scavenging activity of NanoCr. The
experiments were conducted according to the protocols of the
assay kits. The •O2

− scavenging activity was determined with a
Total Superoxide Dismutase Assay Kit (Beyotime, Shanghai,
China). The H2O2 scavenging activity was evaluated with a
Hydrogen Peroxide Assay Kit (Beyotime, Shanghai, China).

4.4. Cell culture

DPSCs were provided by ORAL STEM CELL BANK run by
Beijing Tason Biotech. The cells were grown in α-modified
minimum essential medium (α-MEM, Gibco/BRL, USA) sup-
plemented with 10% fetal bovine serum (FBS, Gibco, USA), 100
U mL−1 penicillin, and 100 μg mL−1 streptomycin at 37 °C in
5% CO2. DPSCs between the fourth and eighth passages were
used for the following experiments.

4.5. Cell proliferation assay

The influence of nanoparticles on the proliferation of DPSCs
was assessed with a CCK-8 assay. DPSCs were seeded in
96-well plates (3 × 103 cells per well; expanded ex vivo) and
treated with 0, 10, 50, 100, and 200 μmol L−1 metallic nano-
particles. At 1, 3, 5, and 7 days after cell seeding, a CCK-8
(Dojindo, Japan) assay was carried out with three replicates to
evaluate the number of viable cells.

4.6. Quantitative real-time PCR

DPSCs were treated with Escherichia coli lipopolysaccharide
(LPS: 1 μg mL−1) (Sigma Aldrich, St Louis, MO, USA) to induce
an inflammatory reaction. iDPSCs were treated with 10 μmol
L−1 nanoparticles for 1 h, 3 h and 6 h. The relative expression
level of inflammatory cytokines was measured by quantitative
real-time PCR. Interleukin 1 beta (IL-1β), interleukin 6 (IL-6),
and tumor necrosis factor-α (TNF-α) primers were used to
assess inflammation expression levels in DPSC mRNA. All
primers are listed from 5′ to 3′. GAPDH was used as a house-
keeping gene to normalize the data obtained from the RT-
qPCR and calculate the relative fold change between con-
ditions. qPCR was carried out using SYBR Green master mix
(Roche, Indianapolis, IN, USA) with 0.5 μL of cDNA and 200
nM specific primers. The thermal cycling parameters were as
follows: 50 °C for 2 min and 95 °C for 10 min, followed by 40
cycles at 94 °C for 15 s and 60 °C for 1 min. An ABI PRISM
7500 Sequence Detection System (Applied Biosystems, Foster
City, CA, USA) was used.
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4.7. ELISA

DPSCs were treated with 1 μg mL−1 LPS in the presence of
10 μmol L−1 nanoparticles for 24 h. The protein levels of IL-1β,
IL-6 and TNF-α in the iDPSC medium were determined by
ELISA kits (Meimian, Jiangsu, China) according to the instruc-
tions. Reference solutions of the inflammatory cytokines were
first diluted to 6 standards at concentrations of 0, 25, 50, 100,
200, and 400 ng mL−1 to establish a standard curve. Then,
the standards and test samples were added to a 96-well plate
precoated with the antibody. The plate was incubated for
30 min at 37 °C and then washed 5 times using washing
buffer. Avidin-HRP was added and incubated for 30 min, fol-
lowed by 5 washes. Finally, TMB substrate was added and incu-
bated for 10 min. The absorbance at 450 nm wavelength was
recorded within 15 min by a microplate reader after the stop
solution was added. The protein levels of the inflammatory
cytokines were then calculated according to the standard
curve.

4.8. mRNA sequencing of NanoCr-treated DPSCs

DPSCs cultured in 6-well plates were treated with 1 μg mL−1

LPS with and without 10 μM NanoCr for 3 h. Total mRNAs
were extracted from the DPSC treatment groups. Then, tran-
scriptome sequencing was performed by Azenta Life Sciences
(Nanjing, China).

4.9. Qualitative and quantitative analysis of cellular uptake of
NanoCr

DPSCs were cultured in α-MEM at 37 °C overnight. To detect
the cellular uptake of NanoCr, cells were incubated with
NanoCr-DiD in confocal dishes at different time points. Then,
the cells were washed with fresh PBS twice and incubated with
Hoechst 33342 and Lyso-Tracker Green for 10 min at 37 °C.
DPSCs were washed again with PBS and observed with con-
focal laser scanning microscopy (CLSM).

In addition, ICP-MS was used to quantitatively detect the
uptake efficiency of nanoparticles. DPSCs were treated with
10 μmol L−1 NanoCr at different time points (0 h, 1 h, 3 h, 6 h,
9 h, 12 h, and 24 h) and then washed with PBS to remove
unabsorbed NanoCr. DPSCs were then digested with trypsin
without EDTA and collected after centrifugation (5 min, 1000
rpm). The chromium ion content of each sample and initial
solution was detected by ICP-MS. The content of chromium
ions in the actual cells measured by ICP was statistically
plotted at different time points to obtain the content of chro-
mium ions absorbed by the cells. Then, based on the actual
uptake of chromium ions by cells and the content of chro-
mium ions in the same dose of NanoCr raw samples at the
time of administration, the relative uptake rate can be
obtained through analysis. The formula for calculating the
relative uptake rate of NanoCr is as follows:

Relative uptake rate of NanoCrð%Þ

¼ Content of chromium ions in cell samples
Content of chromium ions in the samedose of NanoCr

4.10. Cell apoptosis analysis of NanoCr

Apoptotic cell death of DPSCs induced by NanoCr was
measured by flow cytometry analysis of Annexin V-FITC and PI
staining. DPSCs (3 × 105) were seeded in 6-well plates and incu-
bated at 37 °C for 24 h and 48 h. Then, the cells were treated
with 10 μmol L−1 NanoCr. After 24 h and 48 h of incubation,
the cells were washed with PBS, trypsinized, and collected by
centrifugation. Then, DPSCs were resuspended in Annexin V
binding buffer solution. The cells were stained according to
the manufacturer’s protocol (Solarbio, Beijing, China). The
fluorescence intensities of Annexin V and PI staining were
measured using a flow cytometer (FACS Calibur, BD
Biosciences).

4.11. Detection of ROS

Quantitation of ROS was detected with an ROS assay kit
(Beyotime, Shanghai, China) according to the manufacturer’s
protocol. DPSCs in 6-well plates were treated with 1 μg mL−1

LPS in the presence of 10 μmol L−1 NanoCr for 3 h. Then,
1 mL of 10 μmol L−1 DCFH-DA was added to each well. The
cells were cultured for 20 min at 37 °C, washed with PBS, and
then measured using a flow cytometer (FACS Calibur, BD
Biosciences).

4.12. Western blot

DPSCs were seeded into 6-well plates and treated with 1 μg
mL−1 LPS with and without NanoCr for 3 hours. DPSCs were
lysed in RIPA buffer with protease inhibitors. Proteins were
quantified by BCA Protein Assay (Thermo, USA). Thirty micro-
grams of protein from each sample was separated on 10%
SDS-PAGE gels and transferred to PVDF membranes at 100 mA
for 110 min. The membranes were bathed in blocking buffer
(5% nonfat dry milk or bovine serum albumin in Tris-buffered
saline with 0.05% Tween-20, pH 7.4) for 1 h and then incu-
bated with the following antibodies at 4 °C overnight: p65
(K200045 M, Solarbio), phosphorylated p65 (K006216P,
Solarbio), p38 (A4771, Abclonal), phosphorylated p38 (AP0057,
Abclonal), Erk1/2 (A4782, Abclonal), phosphorylated Erk1/2
(AP0485, Abclonal) and β-tubulin (Solarbio). The membranes
were incubated in horseradish peroxidase-conjugated second-
ary antibody (Solarbio) for 1 h at room temperature, and bands
were visualized using BeyoImager™ 600.

4.13. Antibacterial assay

The antibacterial activity of the nanoparticles was evaluated by
the bacterial counting method using Escherichia coli
(ATCC25922) (E. coli), Enterococcus faecalis (CGMCC1.2135)
(E. faecalis), and Porphyromonas gingivalis (ATCC33277) (P. gin-
givalis). A solution containing bacteria at a concentration of
106 CFU mL−1 E. coli, 105 CFU mL−1 E. faecalis or 105 CFU
mL−1 P. gingivalis was mixed with 10 μmol L−1 nanoparticles.
The OD630 of the solution was measured every few hours with
a microplate reader (Elx808, BioTek, USA), and the bacterial
growth curve was drawn accordingly.
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The bacterial solution was Incubated at 37 °C for 14 h for
E. coli, 6 h for E. faecalis and 24 h for P. gingivalis, diluted to
106 and inoculated into agar plates. After incubation at 37 °C
for 24 h, the developed colonies were counted.

4.14. Transcriptome sequencing of E. coli

A solution of E. coli (106 CFU mL−1) was cultured with or
without 10 μmol L−1 NanoCr for 14 h. The E. coli culture was
collected and submitted to Azenta Life Sciences (Nanjing,
China), where transcriptome sequencing was performed.

4.15. SEM imaging of bacteria

A solution containing the bacteria at a concentration of 106

CFU mL−1 E. coli, 105 CFU mL−1 E. faecalis or 105 CFU mL−1

P. gingivalis was mixed with 10 μmol L−1 NanoCr. The bacterial
solution was incubated at 37 °C for 14 h for E. coli, 6 h for
E. faecalis, and 24 h for P. gingivalis. The bacteria were washed
with PBS and then fixed in 2.5% glutaraldehyde. The sample
was dehydrated and observed by an SEM (JSM-7900F) coupled
with an energy dispersive X-ray spectrometer. During the
observation stage, X-ray signals were collected from 0 to 20
keV, 20 eV per channel. Elemental mapping was performed to
obtain the spatial distribution of elements over the bacteria.

4.16. Determination of ATP levels

Quantification of the ATP levels in cultured bacterial cells was
performed with a microbial cell viability assay (BacTiter-Glo,
Promega, USA) according to the manufacturer’s protocol. In
brief, microbial cells in the culture medium were added to
96-well plates with 100 μL per well. Then, 100 μL of BacTiter-
Glo Reagent was added to each well. The contents were briefly
mixed and incubated for 5 min, and luminescence was
measured with a microplate reader (FlexStation 3).

4.17. Statistical analyses

Data are presented as the means ± standard deviations.
Student’s t test was used to analyze the significance of differ-
ences between two groups. For comparisons among more than
two groups, one-way ANOVA was used if the data passed the
normality tests and was followed by Tukey’s multiple compari-
son test for all pairs of groups. GraphPad PRISM version 9.0
was used for data management and statistical analyses. Values
of p < 0.05*, p < 0.01**, p < 0.001*** and p < 0.0001**** were
considered significant.
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