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Nanomaterials
The overview of nanomaterials

	 Nanomaterials are defined as materials composed of unbound 
particles or particles in an aggregate or agglomerate state with one 
or more external dimensions with a size ranging from 1nm to 100nm 
[1]. Nanomaterials have a lot of free surfaces and interfaces and there 
is interaction between the various units. Based on the above charac-
teristics, nanomaterials are featured by surface effect, small size effect, 
quantum size effect, macroscopic quantum tunneling effect and the 
dielectric confinement effect. Nanoparticles have lots of unpaired at-
oms, large specific surface area, less surface defects and can occur in 
conjunction with the polymer stronger physically or chemically. Add-
ed to the polymer material, they can improve the ductility, toughness, 
strength, barrier properties, heat resistance and dimensional stability 
of the material. They have been widely used in conventional materi-
als, medical equipment, electronic equipment, paint and other indus-
tries. However, nanomaterials will affect the organism and produce a 
series of toxic effects by inducing oxidative stress and inflammatory 
response mechanisms in the cell, subcellular and protein levels.

The nanomaterials commonly used in dentistry

	 Nanometer materials are widely applied in the field of dentistry, 
including dental restoration, antibacterial, caries treatment, ortho-
dontic, root canal, bonding systems and so on.

	 Adding nanoparticles to dental restoration materials to improve 
the performance has been widely used in the clinical field. In view of 
its unpaired atoms, large specific surface area, less surface defects and 
occurring in conjunction with the polymer either stronger physically 
or chemically, the novel resin composite exhibited a strong antibacte-
rial property upon the addition of up to 5% nano antibacterial inor-
ganic fillers, there by leading to effective caries inhibition in dental ap-
plication [2]. The mesoporous silica biomaterials have great potential 
for serving as both a catalyst and carrier in the repair or regeneration 
of dental hard tissue [3]. Diatomite-based nanocomposite ceramics 
are good potential candidates for ceramic-based dental materials [4]. 
Nano silicon dioxide can also give polymers the characteristics of bet-
ter viscosity, thermal stability, high strength, less volume shrinkage 
and of course, durability [5].

	 In clinical endodontics especially root canal and restorative treat-
ments we can see the near future potential of nanoparticles from  the 
application of nanoparticles in the form of solutions for irrigation, 
medication and as an additive within sealers/restorative materials [6]. 
GICs can be applied to base plates of Orthodontic and modified den-
ture base well, as which contain chlorhexidine hexametaphosphate 
nanoparticles and characterize the nanoparticle size shows a stronger 
antimicrobial activity [7].

	 As for caries treatment, Hannig M said that Analysis of in vitro 
data indicates that apatite nanoparticles might be effective in revers-
ing lesion progression in the outer but not in the deeper part of early 
caries lesions [8].
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	 Nowadays, nanomaterials are widely used in the field of dental 
materials. However, more and more evidence shows us that nano-
materials have potential toxic effects on bio-systems. The manu-
facture, use and disposal of nanomaterials, potential risks and their 
toxicity mechanisms have important effects on the sustainable devel-
opment of nanotechnology. Currently, a great deal of studies found 
that autophagy is an important mechanism of cytotoxicity induced 
by nanomaterials, but the detailed mechanism has not been fully 
discovered. In this review, we will take nanocomposite resins, carbon 
nano, nano titanium dioxide, nano silver, which are commonly used 
in the field of oral medicine, for instance to summarize the effects of 
nano materials on cell autophagy . In general, based on the chemi-
cal and physical properties of nanometer material itself, NPs can be 
potentially hazardous via several possible mechanisms, such as ox-
idative stress, autophagy and lysosome dysfunction and the activa-
tion of certain signaling pathways. Significant glutathione depletion 
and reactive oxygen species generation, which reduced the cellular 
antioxidant level and caused cytoskeleton disruption. The levels of 
autophagy related genes, especially the DRAM1 gene and the auto-
phagosome formation-related proteins, were clearly up regulated to-
gether with an increase of autophagosome like vacuoles. However, 
the mechanism of nanotoxicity and cause of protective autophagy is 
still not clear. In addition, the relationship between NPs induced au-
tophagy and other inherent effect as well as the application in tumor 
treatment and a lack of common standards still needs further study. A 
new generation of nano materials worth looking forward to which has 
better biocompatibility, reduces oxidative stress effect and focuses 
on biosafety.
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	 Nano HA which was used as a direct pulp capping agent, showed 
no inflammatory changes in majority of the samples in both the study 
periods, based on the ability of nano HA to produce complete dentinal 
bridges, favorable cellular and vascular response [6].

	 When it comes to dentin bonding systems, nano-technology really 
makes a difference. Porenczuk A compared the shear bond strength 
and microscopic assessment of failure modes for a glass-ionomer ce-
ment and dentin bonding systems combined with silver nanoparticles, 
demonstrated AgNPs connection with self-etching dentin bonding 
system may have a serious clinical impact [9]. Nagano F found that 
Colloidal Platinum Nanoparticles (CPN) can prolong the durability 
of bonds, creating a higher conversion at the interface [10]. As a new 
dental restorative material, new nano-hydroxyapatite composite resin 
has superior bonding ability and can be used in clinical therapy [7].

	 It is interesting that a sports drink containing 0.25% nano HA was 
effective in preventing dental erosion in situ [8]. Adding some nano-
materials into the common dental cure binder can cure dentine hy-
persensitivity by blocking off dentin tubules [11].

	 In an antibacterial aspect, the AgNPs and drug blended AgNPs 
showed a significant antibacterial and antifungal activity [9]. And 
composite resins containing silver or zinc oxide nanoparticles exhibit-
ed antibacterial activity against streptococcus mutans and lactobacil-
lus [10]. The novel nano antibacterial inorganic filler, that contained 
a quaternary ammonium salt with long chain alkyl, showed a strong 
antibacterial property. It also exhibited good compatibility with the 
dental resin matrix after undergoing coupling treatment [12].

	 Nanomaterials could be used in the dental implants. Pang’s re-
sults indicated that the nano hydroxy apatite/ZrO2 composite coating 
on the surface of titanium materials has good biological activity and 
compatibility [13]. The novel nano 58S BG might be a better potential 
candidate for dentin pulp complex regeneration and can induce the 
differentiation and mineralization of HDPCs more efficiently, com-
pared with regular BG(bioactive glass) [14].

Biosafety of Nanomaterials

	 Nanoparticles (NPs), which are contained in a variety of products 
of daily use and in medical products, may cause cytotoxicity. Size, 
shape, surface charge, surface hydrophobicity and heavy metal con-
tent determine cytotoxicity [15]. Almost all non-biodegradable NPs 
cause cytotoxic effects but employ quite different modes of action. 
Generation of reactive oxygen and nitrogen species by NPs and of 
metal ions due to dissolution of the NPs is discussed as a cause for cy-
totoxicity [16]. With few exceptions, smaller NPs are more toxic than 
larger ones [17]. In light of toxicological research, nanosilver is not 
inert to the body. The inhalation of silver nanoparticles has an adverse 
effect mainly on the liver and lung of rats. The oxidative stress caused 
by reactive oxygen species is responsible for the toxicity of nanopar-
ticles, contributing to cytotoxic and genotoxic effects. The activity of 
the readily oxidized nanosilver surface underlies the molecular mech-
anism of toxicity [18]. Recent studies have demonstrated that Nano 
TiO2 induces DNA damage and increased the risk of cancer and the 
mechanism might relate with oxidative stress [19]. Wang’s results 
reveal that the cytotoxicity of AgNPs is largely due to the chemical 
transformation of particulate silver from elemental silver (Ag(0))n to 
Ag(+) ions and Ag-O-, then Ag-S- species [20].

The Role of Cell Autophagy in Nanomaterial Induced 
Toxicity
The overview of autophagy
	 Autophagy is an highly conserved intracellular catabolic process in 
eukaryotes, which can for eliminate harmful components to maintain 
cellular homeostasis. It mainly contains a complex lysosomal degrada-
tive process involved in multiple membrane structures ranging from 
endoplasmic reticulum to autophagosome. Autophagy will be kept at 
a lower level when nutritionally adequate, which called basal autopha-
gy, only redundant or damaged organelles will be eliminated. It can in-
stant on if poor nutrition, synthesizing proteins, producting ATP, the 
crucial energy and inducing gluconeogenesis. When the level of auto-
phagy is sostenuto rising and can’t be restrained, mass degradation of 
cell components will greet apoptosis. In recent years the range of au-
tophagy substrates has also been extended to lipids termed lipophagy. 
Autophagy is recognized as playing a central role in cell survival and 
longevity.

	 Mammalian cells use three basic autophagic pathways for “self 
eating”: macroautophagy, microautophagy and Chaperone Mediated 
Autophagy (CMA) [21].

	 All of them use lysosomes as a tool for degradation of substrates. 
They differ from each other in mechanism by which cargo is deliv-
ered to the lysosomes and each of them is also activated under dif-
ferent conditions. Processes of microautophagy and macroautophagy 
include participation of membrane. During macroautophagy, a new 
double membrane vesicle (autophagosome) is created and surrounds 
the targeted cytosolic area. Microautophagy is then mediated by lyso-
somal membrane itself and cytosolic content is engulfed by lysosom-
al membrane directly. Opposed to the micro and macroautophagy, 
CMA is based on direct translocation of substrate across the lysosome 
membrane via special proteins called chaperones. CMA is a highly 
selective process which targets only cytosolic proteins. There are two 
major steps in CMA; firstly, proteins determined to degradation are 
recognized and secondly, they are delivered through the membrane of 
lysosome. Chaperone Hsc70 with co chaperones recognizes a specific 
peptide sequence of protein. Then protein/chaperone complex inter-
acts with lysosome associated membrane protein type 2A (LAMP-2A) 
which is located on the cytosolic side of lysosomal membrane. The 
full unfolding of the protein is required in order to cross through the 
lysosomal membrane [22].

	 More than 30 Autophagy related genes (Atgs) have been discov-
ered in yeast and play important roles in autophagy, many of which 
have mammalian homologs. Many molecules are involved in the for-
mation and working process of autophagy. Atg8/LC3, Atg7 and Atg6/
Beclin-1 with the class III phosphoinositide 3-kinase (PI3K) complex 
are the best characterized. The process of autophagosome formation 
involves three major steps: 1) Uncoordinated 51-Like Kinase (ULK) 
1 helps in the double membrane formation in the initiation phase, 2) 
nucleation with the Beclin-1/class III PI3K complex and 3) elongation 
of the isolation membrane with the help of LC3 lipidationConjugation 
of yeast Atg8 or mammalian LC3 with Phosphatidylethanolamine 
(PE) during autophagy results in the formation of an insoluble form 
of Atg8 (Atg8-PE) or LC3 (LC3-II) which contributes to autophago-
some formation. Atg8/LC3 stays on the membrane until it is degraded 
by lysosomes.

	 Therefore, Atg8/LC3 is widely used as a marker for monitoring au-
tophagy. Several signaling pathways are involved in the regulation of  
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autophagy, among which, the class I PI3K/Akt/mTOR signaling path-
way is the most classic one. Autophagy is a self degradation process to 
recycle cellular components under stressed conditions, such as a lack 
of nutrients. Autophagy has been regarded as a nonselective process in 
the past however, accumulating evidence shows that it can be selective 
to remove specific proteins and damaged organelles, such as mito-
chondria under certain conditions [21]. Autophagy consists of 4 se-
quential steps: initiation of autophagosome formation, elongation and 
closure of autophagic membrane, fusion between autophagosome and 
lysome and degradation. In many cellular cases, autophagic induction 
is regulated by the mammalian target of rapamycin (mTOR) and the 
AMP-Activated Protein Kinase (AMPK). mTOR inactivates unc-51-
like kinase 1/2 (ULK1/2) by phosphorylation under basal conditions, 
but mTOR is inhibited under stress conditions, allowing ULK1/2 to 
be modified to their active forms by AMPK phosphorylation initiat-
ing autophagy. Next, VPS34 lipid kinase complex and phosphatidyli-
nositol 3-phosphate (PI3P) are recruited to complete autophagosome 
formation. In the step of elongation and closure of the autophagic 
membrane, the ubiquitin like proteins, ATG12 and ATG5 are conju-
gated and then the conjugated forms an E3-like ligase complex with 
ATG16L1. After that, ATG8 (LC3 and GABARAP subfamilies) is con-
jugated to the lipid phosphatidylethanolamine by the ATG16L1 ligase 
complex and in the case of LC3, LC3-I form changes to LC3-II form, 
which is often used as an autophagosome marker. VPS34–Beclin 1 
complex containing Ultraviolet Radiation resistance Associated Gene 
protein (UVRAG) is involved in the step of fusion between the auto-
phagosome and lysosome. Once the autophagosome and lysosome are 
fused to the autolysosome, the cargo in the autolysosome is degraded 
through lysosomal hydrolase activity. When there are certain proteins 
or organelles to be eliminated, they are ubiquitinated by E3 ubiquitin 
ligases and the ubiquitin chains serve as ‘eat-me’ signals. Then, adaptor 
proteins, such as p62 and NBR1, which contain a ubiquitin-associated 
UBA domain and LC3-Interacting Region (LIR), capture the ubiq-
uitinated cargos and recruit LC3-II to proceed to selective autophagy. 
Autophagy is a like a double edged sword for a cell. On one hand, the 
amino acids created by autophagy can synthesize proteins and main-
tain the level of ATP, which can support cell survival in response to 
starvation or stress. Autophagy as well as other lysosome dependent 
systems, also functions in the degradation of dysfunctional proteins. 
In addition to promoting basal protein and organelle turnover, auto-
phagy manifests cytoprotective effects through the regulation of cat-
abolic processes and the clearance of pathogens. On the other hand, 
autophagy may induce apoptosis due to excessive essential organelle 
consumption. A correlation between autophagy and autoimmune dis-
ease has recently been confirmed. Autophagy has emerged as a medi-
ator in the pathogenesis of RA [23]. The dual fuction of autophagy is 
also embodied in cancer sites it removes damaged organelles to avoid 
the accumulation of oxygen free radicals and mutation, but limit cell 
necrosis and the spread of inflammation, helping tumor cells survive 
in metabolic stress and immune suppression at the same time.

	 In addition to the above, autophagy can solve therapy resistance 
and tumor relapse problems [24], take place in the heat shock re-
sponse as well [25]. Autophagy is increased in many long lived model 
organisms and contributes significantly to their longevity [26]. Under-
standing the molecular regulation of macroautophagy in relation to 
aging may offer new avenues for the treatment of age related diseases.

Autophagy and nanomaterials
Mechanism and expression: Take the CNS for instance, NPs can 
be potentially hazardous in terms of nano neurotoxicity via several  

possible mechanisms such as oxidative stress, autophagy and lyso-
some dysfunction and the activation of certain signaling pathways. 
Significant glutathione depletion and reactive oxygen species gener-
ation, which reduced the cellular antioxidant level and caused cyto-
skeleton disruption.

	 A growing body of evidence suggests that autophagy is activated 
upon internalization of engineered nanomaterials, most likely as a 
protective response to what is perceived as foreign or toxic. We find 
that nanoparticles within a certain size range acts as potent autophagy 
activator and that autophagic flux is an underlying physiological pro-
cess of the cellular clearance of the nanoparticles. Park’s [27] research 
shows that SWCNTs induce autophagic cell death through mitochon-
drial dysfunction and cytosolic damage in human bronchial epithelial 
cells. At 24h after exposure, SWCNTs rapidly decreased ATP produc-
tion and cell viability as well a slight increase in the number of cells in 
the subG1 and G1 phases. In addition, SWCNTs increased the expres-
sion of superoxide dismutase SOD-1, but not SOD-2 and the number 
of cells generating ROS. The concentration of Cu and Zn ions and the 
release of nitric oxide, interleukin (IL)-6, and IL-8 also increased in a 
dose dependent manner in cells exposed to SWCNTs. Furthermore, 
the levels of autophagy related genes, especially the DRAM1 gene, and 
the autophagosome formation related proteins, were clearly up regu-
lated together with an increase of autophagosome like vacuoles. GNP 
has been proven to have a similar effect, caused mitochondria damage 
and elevated the levels of autophagy related proteins [28]. Function-
alized Single Walled carbon Nanotubes (SWNT) restored normal au-
tophagic activity by reversing abnormal activation of mTOR signaling 
and deficits in lysosomal proteolysis, thereby facilitating elimination 
of autophagic substrates [29]. As nano carbon MWCNTs could induce 
cognitive deficits, histopathological alteration and changes of autoph-
agy levels (increased the ratio of LC3 II /LC3 I and the expression 
of Beclin-1) [30]. However, degradation of the autophagic substrate 
p62 protein was also inhibited by both nanomaterials [31]. Chen’s re-
searches demonstrated that GO treatment of cells simultaneously trig-
gers autophagy and TLR4/TLR9-regulated inflammatory responses 
and the autophagy was at least partly regulated by the TLRs pathway 
[32].

	 The experiments related to silicon dioxide usually aim at endo-
thelial cells. Duan and his team found that SiNPs induce autophagic 
activity in endothelial cells and pericytes, subsequently disturb the 
endothelial cell homeostasis and impair angiogenesis. The VEGFR2 
mediated autophagy pathway may play a critical role in maintaining 
endothelium and vascular homeostasis [33]. The typically morpho-
logical characteristics (autophagosomes and autolysosomes) of the 
autophagy process were observed in TEM ultra structural analysis by 
Yu’s team [34]. Their findings demonstrated that the SNPs induced 
autophagy and autophagic cell death was triggered by the ROS gen-
eration in HepG2 cells, which resulted in a dose dependent manner. 
Duan’s findings demonstrated that Nano SiO2 could disturb the NO/
NOS system, induce inflammatory response, activate autophagy, and 
eventually lead to endothelial dysfunction via the PI3K/Akt/mT or 
pathway [35]. Ha’s findings further revealed that NP1 stimulates auto-
phagy including the processing of LC3β I to LC3β II, a key protein in-
volved in autophagosome formation, which is dependent on ERK1/2 
signaling [36]. Schütz’s research showed us that internalized SiNPs ac-
cumulate in lysosomes resulting in inhibition of autophagy mediated 
protein turnover and impaired degradation of internalized epidermal 
growth factor, whereas endosomal recycling proceeds unperturbed 
[37].
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	 In addition of nano carbon and nano silicon dioxide, many NPS 
were demonstrated the ability to induce autophagy. AgNPs induced 
autophagic flux defect may consequently lead to aggravated cytotoxic 
responses [38]. Park’s results showed us that M FeNPs induce autoph-
agy preceding apoptosis through mitochondrial dysfunction and ER 
stress in RAW 264.7 cells [39]. The mechanism is similar to carbon 
nano as we said above. The uptake of TiO2 NPs led to a dose depen-
dent increase in autophagic effect under non cytotoxic conditions, 
which has been demonstrated in Lopes’s research [40]. Leaching of 
Cu ions, reactive oxygen species generation and autophagy appear to 
be the underlying mechanisms of Cu NP toxicity in lung cells [41]. 
Lu proposes that Lipid Nanoparticles (LNs) induce autophagy lyso-
some signaling and neurovascular response at least partially via an 
Atg5 dependent pathway [42]. In Jawaid’s study, it is said that the effect 
of platinum nanoparticles on cell death were induced by ultrasounds 
in human lymphoma U937 cells. It is the first study to suggest au-
tophagy as a pro survival pathway via ultrasound. The combination 
of Pt NPs and ultrasound might be a fantastic alternative in cancer 
treatment [43]. While exposure to NiNPs suppresses the methionine 
repairing enzymatic MSRA and MSRB3 production, which could 
lead to the dysfunction of autophagy and ERK phosphorylation [44]. 
PAMAM nano particles promote injury by inducing autophagic cell 
death through the Akt-TSC2-mTOR signaling pathway [45]. And for 
Inorganic nano materials, it has been thought to induce autophagy, 
maintaining the cellular homeostasis [46]. Wang Y first showed us 
that AANTs are nontoxic and can activate autophagy in different cell 
types, which provides us with more opportunities for future clinical 
cancer therapy [47].

Influence factor: The chemical and physical properties of a nanome-
ter material itself has a decisive effect on its toxicity, including size, 
shape, surface charge, surface finish, metallic impurity, decentrality, 
degradability and the formation of protein corona. The degree of ab-
sorption in the cell is dependent on the characteristics of the nanopar-
ticles. Exposed pathways also have an effect. Andón found that acute 
exposure of cells to Carbon Nanotubes (CNTs) can induce apoptosis 
whereas chronic exposure to CNTs may yield an apoptosis resistant 
and tumorigenic phenotype in lung epithelial cells [48]. Various uni-
variate experiments designed by Huang demonstrate that nanomate-
rials induce autophagy in a dispersity dependent manner [49].

Common Dental Nano Materials Impact on Autoph-
agy
Nano composite resins
	 Nowadays, nano composite resins are some of the most important 
and latest in oral application materials. On one hand, nano composite 
resin can be used with other materials such as carbon nanoparticles 
and zinc oxide nanoparticles. It improved the overall performance of 
composite resins, especially in improving abrasion resistance and de-
creasing polymerization shrinkage [50].

	 On the other hand, nano composite resins can also be used alone. 
As a new dental restorative material, new nano hydroxyapatite com-
posite resin has superior bonding ability and can be used in clinical 
therapy [12].

Carbon nanoparticles

	 Carbon nanoparticles have shown potential applications in many 
fields, added indental resin based composites [51], serving as adhe-
sive material or wear protective coatings for dental implants, artificial  

joints, etc [52]. But it is a double edged sword. Many researches on its 
potential harm and its mechanism have been done.

	 Recently, Orecna pointed that carboxylated Multi Walled Carbon 
Nanotubes (MWCNTs) induce a decrease in viability of cultured Hu-
man Umbilical Vein Endothelial Cells (HUVECs) associated with the 
profound accumulation of autophagosomes. They investigated the 
mechanisms of toxicity of multi walled carbon nanotubes on human 
endothelial cells, concluding the idea that pharmacological stimula-
tion of autophagic flux may represent a new method of cytoprotection 
against the toxic effects of these nanomaterials [53].

	 There is also a study performed on normal mouse lung, the aim of 
Yu‘s study was to investigate the potential toxic mechanisms associat-
ed with Multiwall Carbon Nanotubes (MWCNT) in normal mouse 
lung. The results indicated that PMWCNT induced pulmonary auto-
phagy accumulation and resulted in more potent tumorigenic effects 
compared to TMWCNT [54].

	 Several studies have reported that Multi Walled Carbon Nanotubes 
(MWCNTs) induce apoptosis and oxidative damage on hippocampal 
synaptic plasticity and spatial cognition in rats in vitro experiments 
and could induce cognitive deficits in vivo via the increased auto-
phagic levels [30]. Bramini’ s research showed that although graphene 
exposure does not impact neuron viability, it does nevertheless have 
important effects on neuronal transmission and network functional-
ity, thus warranting caution when planning to employ this material for 
neurobiological applications [55].

	 Also, it is demonstrated that MWCNT cell interactions can be mod-
ulated by varying densely distributed surface ligands on MWCNTs. 
Using a fluorescent autophagy reporting cell line, the researchers 
evaluated the autophagy induction capability of 81 surface-modified 
MWCNTs. They identified strong and moderate autophagy-inducing 
MWCNTs as well as those that did not induce autophagy. Variation 
of the surface ligand structure of strong autophagy nanoinducers led 
to the induction of different autophagy activating signaling pathways, 
presumably through their different interactions with cell surface re-
ceptors [56] .

	 However, it is a different story when Bronchial epithelial cells and 
mesothelial cells becomes crucial targets for the safety assessment of 
inhalation of Carbon Nanotubes (CNTs), which resemble asbestos 
particles in shape. The researchers verified that MWCNTs are active-
ly internalized into HBECs and HMCs and were accumulated in the 
lysosomes of the cells after 24 hour treatment. Next, they determined 
which endocytosis pathways (clathrin mediated, caveolae mediated, 
and macropinocytosis) were associated with MWCNT internalization 
by using corresponding endocytosis inhibitors, in two nonphagocyt-
ic cell lines derived from bronchial epithelial cells and mesothelioma 
cells. Clathrin mediated endocytosis inhibitors significantly sup-
pressed MWCNT uptake, whereas caveolae mediated endocytosis and 
macropinocytosis were also found to be involved in MWCNT uptake. 
Thus, MWCNTs were positively taken up by nonphagocytic cells, and 
their cytotoxicity was closely related to these three endocytosis path-
ways [57].

	 Chen GY demonstrated that GO treatment of cells simultaneously 
triggers autophagy and TLR4/TLR9-regulated inflammatory respons-
es, and the autophagy was at least partly regulated by the TLRs path-
way, suggesting a mechanism by which cells respond to nanomaterials 
and underscores the importance of future safety evaluation of nano-
materials [32].
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	 Single walled carbon nanotubes and graphene oxides, and found 
that both carbon nanomaterials induced adverse effects in mu-
rine peritoneal macrophages, and GOs were more potent than AF 
SWCNTs. Both carbon nanomaterials induced autophagosome ac-
cumulation and the conversion of LC3 I to LC3 II. However, degra-
dation of the autophagic substrate p62 protein was also inhibited by 
both nanomaterials. Further analyses on lysosomes revealed that both 
carbon nanomaterials accumulated in macrophage lysosomes, leading 
to lysosome membrane destabilization, which indicates reduced auto-
phagic degradation [31]. The nanoparticles can work on autophago-
some accumulation and genes.

	 Tsukahara’s study suggests that the levels of autophagy related 
genes (LC3B) and autophagosome formation are clearly up regulated, 
along with an increase in numbers of autophagosome vacuoles. His 
review highlights the importance of autophagy as an emerging mech-
anism of CNT toxicity [58].

Nano TiO2

	 Nano titanium dioxide (NP TiO2) is widely used in various fields, 
including sun cream, cosmetics and so on. In oral terms, Nano tita-
nium dioxide is a promising candidate for orthopedic and dental im-
plants, which can reinforce the physical mechanical properties of den-
tal resin composites [59]. It is also a promising material for restoration 
because of its potential antibacterial activity and durable restoration 
to withstand forces exerted via mastication [60]. And analogously, it 
selectively enhances soft tissue integration and inhibits bacterial re-
production [61]. However, with the development of the application of 
TiO2 nano titanium dioxide, more and more attention to their toxic-
ity to humans is also increasing. Many studies have reported that NP 
TiO2 can cause a variety of cell toxicity.

	 For example, Kyeong Nam Yu et al., proposed that to determine if 
autophagy was induced in TiO2 NP treated cells, the expression levels 
of LC3, sequestosome-1 (SQSTM1/p62), and BECN1 were examined 
by western blot assay and densitometric analysis. LC3 is one of the key 
regulators of autophagy, which is measured quantitatively by the ratio 
of LC3 II to LC3 I. The results clearly demonstrate that the LC3 II/LC3 
I ratio increased significantly in the TiO2 NP treated cells and the TiO2 
NP induces autophagy in human bronchial epithelial cells [62]. In 
addition, WenlinBai reported that over expressed miR34a enhanced 
TNP induced autophagy and cell death through targeted down regula-
tion of Bcl 2 in BEAS 2B cells [50]. Another study by Shi et al. provides 
evidence that TiO2 NPs (5-20 nm) can penetrate the skin and interact 
with the immune system [63]. In addition, the presence of 14 nm sil-
ica coated TiO2 NPs within the epidermis and superficial dermis has 
been observed [64]. Viviana’s findings provided evidence of the auto-
phagic effects by TiO2 NPs in a dose-dependent manner and under 
non cytotoxic conditions. Depending on the initial dose, TiO2 NPs 
can switch the autophagic response of keratinocytes between blockage 
and induction. TiO2 NPs mediated autophagy induction at low dose 
can be interpreted as a standard mechanism by which cells attempt 
to increase the clearance of NPs. While the halt in autophagy at high 
dose may indicate that the cellular response cannot cope with a NPs 
overload and thus show a deficient degradative capacity [40].

	 Other studies showed that TiO2 NPs could induce autophagy in 
normal lung cells and in primary human keratinocytes [65]. Based on 
the studies illustrated above, we hypothesize that TiO2 NPs can induce 
autophagy dysfunctions in brain tissues and cells. Therefore, autopha-
gy could be a potential mechanism underlying TiO2 NPs induced neu-
rotoxicity. However, more studies are needed to further investigate the  

relationship between brain damage and TiO2 NPs mediated autoph-
agy dysfunction [66]. Some findings indicate that nano TiO2 induces 
autophagy through activating AMPK to inhibit mTOR in podocytes, 
and such autophagy plays a protecting role against oxidative stress on 
the cell proliferation [67]. We used a whole body chamber inhalation 
system to expose A/J mice to TiO2 nanoparticles for 28 days. During 
the experiments, the inhaled TiO2 nanoparticles were characterized 
using a cascade impactor and transmission electron microscopy. After 
inhalation of the TiO2 nanoparticles, hyperplasia and inflammation 
were observed in a TiO2 dose dependent manner. To determine the 
biological mechanism of the toxic response in the lung, we examined 
Endoplasmic Reticulum (ER) and mitochondria in lung. The ER and 
mitochondria were disrupted and dysfunctional in the TiO2 exposed 
lung leading to abnormal autophagy [68]. This showed us that NPs 
are internalized by human brain derived endothelial cells; however, 
the extent of their intracellular uptake is dependent on the character-
istics of the NPs. After their uptake by human brain derived endothe-
lial cells NPs are transported into the lysosomes of these cells, where 
they enhance the activation of lysosomal proteases. In brain derived 
endothelial cells, NPs induce the production of an oxidative stress af-
ter exposure to iron oxide and TiO2 NPs, which is correlated with an 
increase in DNA strand breaks and defensive mechanisms that ulti-
mately induce an autophagy process in the cells [69] .

	 TiO2 NPs possess unique characteristics due to their tiny size and 
are widely used in many fields, but the toxic effects on cells are not 
negligible. Future research will be more focused on the effects of 
nanomaterials on autophagy.

Nano Ag
	 Nano silver is widely used in oral medicine as a high biological 
safety and not easy to induce the resistance of bacteria. Such as anti-
microbial resin material and so on.

	 Ying Lee Tzu and his team collected blood and liver tissue after 
exposure to 1, 4, 7, 10 and 30 days, respectively, by intraperitoneal 
injection of 500 kg 1 Ag concentration of NPs mg in rats [42]. The 
silver nanoparticles absorbed by the liver were very rapid, and were 
mainly found in the lysosome. At different time points of injection 
of silver nano particles, serum AST and ALT in enzyme activity are 
different, and showed an inflammatory response in about 4 days after 
injected with 500 mg kg ~ (-1) concentration of Ag NPs. The reac-
tion in 7-10 days increased modestly, and the inflammatory response 
reaches the top on 30th day. At the same time, according to the TEM, 
they found that LC3 II’s aggregation and LC3 II protein expression 
obtained under certain silver nanoparticles concentration, early auto-
phagy is induced, and showed a time dependent, decreased gradually, 
and ATP may play a significant role on induction of liver toxicity after 
administered silver nanoparticles.

	 On the other hand, Lin J and his team also had done some re-
searches for silver nanoparticles [70]. They use HeLa EGFP LC3 to 
detect autophagy. By transmission electron microscope showed that 
silver nanoparticles on HeLa cells have more autophagosomes than 
the cells which are not to be treated. At the same time, high magnifi-
cation of the image displayed, autophagic vacuoles containing partial 
degradation of cytoplasmic material performance out of the increase 
in the electron density. It is concluded that the silver nanoparticles 
can induce the accumulation of autophagosomes. Subsequently, they 
even did more experiments to get the following conclusions; silver 
nanoparticles enhanced the formation of autophagy and induced au-
tophagy by Ptdins3k dependent and MTOR independent methods but  
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it did not destroy the lysosomal function. And due to the release of 
silver ions, silver nanoparticles did not cause significant cytotoxicity. 
Silver nanoparticles will play a protective role when induced in auto-
phagy, and inhibits the autophagy by enhancing the cell’s cytotoxicity 
by chemical inhibitors or ATG5 [38]. AgNPs also have been shown to 
interfere with ubiquitin modifications, either via up regulating levels 
of enzymes participating in ubiquitination, or through impairing the 
biological reactivity of ubiquitin. Ubiquitination both confers selec-
tivity to autophagy as well as modulates stabilization, activation, and 
trafficking of proteins involved in autophagic clearance pathways.

Nano SiO2

	 Compared with other nanoparticles, Nano SiO2 are one of the 
most widely used nanomaterials due to their favorable optical proper-
ties, high hydrophilicity, large surface area, fantastic modification and 
good biocompatibility. And it also has a wide range of applications in 
the field of oral medicine, such as maxillofacial prostheses, in which 
area nano SiO2 can effect some mechanical properties of maxillofacial 
silicone elastomer [71].

	 Although nano silver may have great potential for biomedical ap-
plications, there is still a lack of a correlative safety evaluation on the 
cardiovascular system. So, Duan J and his team had done some re-
search on that [35]. Their study was aimed to clarify the biological be-
havior and influence of Nano SiO2 on endothelial cell function. Nano 
SiO2 could induce the depolarization of mitochondria and lead to mi-
tochondrial damage. Nano SiO2 induced mitochondrial damage had 
a close connection with autophagy. The damaged mitochondria can 
be removed by mitophagy (mitochondria specific autophagy). Their 
findings demonstrated that Nano SiO2 can induce autophagic activity, 
accompanied by NO/NOS system disorder and an inflammatory re-
sponse, eventually leading to endothelial cell dysfunction via the inhi-
bition of the PI3K/Akt/mTOR signaling pathway. Their findings also 
confirm that Nano SiO2 induced endothelial cell dysfunction is associ-
ated with autophagy, which may be an important mechanism and ad-
verse outcome pathway of cardiovascular diseases caused by nanopar-
ticles [33]. JunchaoDuan and his team found that the cardiovascular 
toxicity triggered by SiNPs occurs mainly in vascular endothelium 
rather than cardiomyocytes. The SiNPs can disrupt the cytoskeleton 
organization, activate autophagic activity in endothelial cells and per-
cytes, cause mitochondria damage, and attenuate the expression of 
cellular adhesion molecules, which contribute to the disturbance of 
the endothelial cell homeostasis, and eventually impair angiogenesis. 
VEGFR2/PI3K/Akt/mTOR and VEGFR2/MAPK/Erk1/2/mTOR sig-
naling pathway are involved in SiNPs induced cardiovascular toxicity. 
Moreover, there is a crosstalk between the VEGFR2 mediated auto-
phagy signaling and angiogenesis signaling pathways [35]. In addi-
tion, researchers have found that the stimulation of autophagy and 
associated signaling suggests a cellular mechanism for the stimulatory 
effects of silica nanoparticles on osteoblast differentiation and miner-
alization.

Nano ZnO

	 The increasing risk of incidental exposure to nanomaterials has led 
to mounting concerns regarding nanotoxicity.

	 As zinc oxide nanoparticles (ZnO np) are used in an increasing 
number of industrial products such as paint, coating and cosmetics. 
As ZnO np display antimicrobial activity and reduce growth of bac-
terial biofilms, they are commonly blended in the resin based dental 
composites for restoration [72]. Assessing the toxicity mechanism  

in normal skin cells seems not dispensable. So Yu started a research, 
which finally gave a conclusion that Zinc oxide nanoparticles induced 
autophagic cell death and mitochondrial damage via reactive oxygen 
species generation [73].

	 Also, Zinc oxide nanoparticles (ZnO NPs) have raised serious 
concerns about their impact on the health and environment for wide 
biological applications. Pati investigated genotoxic, clastogenic and 
cytotoxic effects of ZnO NPs on macrophages and in adult mice. Stud-
ies revealed that administration of higher dose caused severe DNA 
damage and inhibited DNA repair mechanism by down regulating the 
expression offen 1 and polB proteins. Finally they concluded that ZnO 
np leads to cell death through cell autophagy and mitochondria dam-
age [74].

	 Johnson told us that ZnO NPs are immunotoxic to primary and 
immortalized immune cells in his research. ZnO NP mediated im-
mune cell death was associated with increased levels of intracellular 
Reactive Oxygen Species (ROS). It was not apoptosis, necroptosis or 
pyroptosis that was due to ZnO NP death [71]. While Roy told us a 
different story. His study demonstrates autophagy supports apoptosis 
on ZnO NPs exposure. They believed that it is depleting antioxidant 
enzymes, increasing lipid peroxidation and protein carbonyl contents 
in macrophages ZnO NPs induced ROS generation promoting auto-
phagy in cells [75].

Reduce autophagy

	 Some researches show that Thapsigargin (TG) can inhibited au-
tophagy. Wang C and his team had done some research about TG. 
TG, is widely used to induce endoplasmic reticular stress. TG induced 
autophagy can be confirmed by the accumulation of MDC, GFP LC3 
staining autophagic vacuoles, and the improved expression of LC3 II 
and Beclin 1. Additionally, chloroquine can markedly inhibited auto-
phagy.

Summary and Outlook

	 Many nano materials have been confirmed that induce cell au-
tophagy. However, the mechanism of NM nanotoxicity and cause of 
protective autophagy is still not clear. In addition, the relationship 
between NPs induced autophagy and other inherent effect as well as 
the application in tumor treatment still need further study. A lack of 
common standards is one of the limitations of the current studies of 
NP cytotoxicity. Different cell lines, exposure times and colorimetric 
assays are used in different studies, which make it difficult or even 
impossible to compare cytotoxic effect among these results. A new 
generation of nano materials worth looking forward to, which has 
better biocompatibility, reduces oxidative stress effect and focuses on 
biosafety.
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