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ABSTRACT: Tetrahedral DNA nanostructures (TDNs) are a new
type of nanomaterials that have recently attracted attention in the
field of biomedicine. However, the practical application of
nanomaterials is often limited owing to the host immune response.
Here, the response of RAW264.7 macrophages to TDNs was
comprehensively evaluated. The results showed that TDNs had no
observable cytotoxicity and could induce polarization of RAW264.7
cells to the M1 type. TDNs attenuated the expression of NO IL-1β
(interleukin-1β), IL-6 (interleukin-6), and TNF-α (tumor necrosis
factor-α) in LPS-induced RAW264.7 cells by inhibiting MAPK
phosphorylation. In addition, TDNs inhibited LPS-induced reactive
oxygen species (ROS) production and cell apoptosis by up-
regulating the mRNA expression of antioxidative enzyme heme
oxygenase-1 (HO-1). The findings of this study demonstrated that
TDNs have great potential as a novel theranostic agent because of their anti-inflammatory and antioxidant activities, high
bioavailability, and ease of targeting.
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1. INTRODUCTION

Advances in nanotechnology have brought about a shift in the
application of several biofunctional molecules to imaging
tracers and therapeutic agents.1 Biofunctional molecules such
as peptides, proteins, and traditional chemotherapy drugs can
be loaded onto or connected with nanoparticles, such as
quantum dots, gold nanoparticles, and DNA nanostructures.2−6

The dosages and corresponding side effects of these drugs can
be reduced owing to the nanoparticle properties, whereas the
properties and effects of targets can be optimized.7 Among
various kinds of nanostructures, DNA nanostructures are
deemed as ideal and promising materials because of their
designability in structure and sequence diversity. Multifunc-
tional and sophisticated DNA nanocomposites such as
tetrahedral DNA nanostructures, aptamer nanobeacons, and
DNA-based logic functions can be fabricated.3,4 Tetrahedral
DNA nanostructures (TDNs), one of the most promising DNA
nanostructures, have recently been considered as potential
biomaterials for extensive applications.8−11 TDNs are self-
assembled by four highly specific and programmable DNA
single chains (ssDNA).12−14 The design of ssDNA allows
precise complementary base pairing, sequence designability,
and specific hybridization of complementary functional
sequences.15,16 Different from ssDNA, TDNs could enter
mammalian cells without lipofection and remain intact in the
cytoplasm for at least 48 h, which are important properties for

applications in drug delivery and the control of its activity in the
cell.17 As an easily modified nanostructure, TDNs have been
applied to transport the immunostimulant CpG into cells to
induce immunostimulatory effects.18 Ge et al. combined TDNs
and hybridization chain reaction amplification to achieve
ultrasensitive microRNA detection.19 Moreover, TDNs and
siRNAs are able to self-assemble targeted DNA/siRNA
nanoparticles for delivery in vivo, resulting in stable gene
silencing.16 In our previous studies, we have reported that
TDNs play important roles in promoting cell migration,20

maintaining the chondrocyte phenotype,21 and promoting stem
cell osteogenesis.22

Owing to these broad roles, TDNs can be widely used in the
field of biomedicine. However, when applied to organisms, the
immune system defends against invasion of foreign particles. In
case of immune rejection, excessive production of inflammatory
cytokines and mediators can lead to severe systemic
complications, substantially limiting the in vivo use of TDNs.
Therefore, a comprehensive understanding of the immunor-
egulatory effects of TDNs will be important for determining its
safety and efficacy. When administered, nanoparticles are very
likely to come into contact with macrophages in the alveoli,
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liver, spleen, lymph nodes, and other organs.23 Thus,
RAW264.7 cells, which participate in the innate immune
response,24 were used as a model to evaluate cellular response
to TDNs.
To the best of our knowledge, this is the first study that

comprehensively analyzes immunological effects of TDNs,
including the reaction to cell polarization and cell apoptosis, as
well as their anti-inflammatory and antioxidative stress effects.
In the inflammatory response, mitogen-activated protein kinase
(MAPK) signaling has important effects on the regulation of
pro-inflammatory cytokines and mediators. To elucidate the
molecular and cellular pathways by which TDNs regulate
oxidative stress and inflammation, Western blotting was used to
examine the activation of the MAPKs (ERK1/2, p38, and JNK)
in macrophages. These detection approaches could help
indicate whether the TDNs have good biocompatibility and
immunomodulatory effects. Furthermore, our results may form
a basis for the potential application of TDNs in the
development of anti-inflammatory and antioxidant drugs.

2. MATERIALS AND METHODS
2.1. Preparation of TDNs. TDNs were synthesized as described

previously.21 Prefabricated single-strands in TM buffer underwent
denaturation for 10 min at 95 °C followed by pairing for least 30 min
at 4 °C.10

2.2. Characterization of TDNs. Polyacrylamide gel electro-
phoresis (PAGE) and transmission electron microscopy (TEM)
were employed for verifying successful fabrication and analyzing
relevant characteristics. Dynamic light scattering by Zetasizer Nano
ZS90 (Malvern Instrument Ltd., Malvern, UK) was applied to examine
the basic characteristics of TDNs, such as zeta potential and average
size.
2.3. Culture, Induction, and Treatment. High-glucose Dulbec-

co’s modified Eagle’s medium (DMEM) supplemented with 10% (v/
v) FBS was used to culture RAW 264.7 cells. The cells were divided
into four groups for the following experiments: (1) blank control, (2)
RAW264.7 cells induced by lipopolysaccharides (LPS; 1 μg/mL,
lipopolysaccharide from Escherichia coli O55:B5, Sigma-Aldrich, St.
Louis, Missouri, USA), (3) RAW264.7 cells incubated with TDNs
(250 nM), and (4) RAW264.7 cells preincubated with TDNs (250
nM) for 1 h and then treated with LPS (1 μg/mL).
2.4. Cell Counting. Cells were seeded in a 96-well plate (2 × 104

/well) and incubated with 100 μL of fresh growth medium overnight.
The next day, the medium was exchanged with high-glucose DMEM
supplemented with 1% FBS. After 2 h of starvation, cells were treated
with TDNs or LPS (1 μg/mL) for 12 and 24h. CCK-8 solution25 was
applied to the cells, and they were counted by measuring the
absorbance at 450 nm.26

2.5. Cellular Uptake of Cy5-loaded TDNs. Cellular uptake of
TDNs was analyzed using flow cytometry. Briefly, cells were seeded in
six-well plates (2 × 105/well) with fresh growth medium for 24 h.
Then, the medium was replaced with fresh high-glucose DMEM
supplemented with 1% FBS. After 2 h of starvation, cells were
preincubated with 250 nM Cy5-loaded TDNs (1.5 mL/well) and
collected at 0.5, 1, 2, and 3 h. The cellular uptake at each time point
was tested by a flow cytometer (FC500 Beckman, IL, USA).
2.6. Griess Assay. A Griess assay kit (Applygen, Beijing, China)

was used for the detection of NO production. Macrophages (2 × 104/
well) were cultured in 96-well plates and preincubated with TDNs (0,
125, 250, 500 nM) for 1 h and then treated with LPS (0, 1 μg/mL) for
12, 24, and 48 h. Nitrite production was detected by measuring the
absorbance at 540 nm. The results were determined using sodium
nitrite as a standard, and then the level of NO in treated cells was
calculated.
2.7. Immunofluorescence. The abundance of iNOS was detected

by immunofluorescence. RAW264.7 cells (1 × 105/well) were cultured
in a six-well plate and preincubated with TDNs (0, 250 nM) for 1 h

and then treated with LPS (0, 1 μg/mL). After 12 h of treatment and
incubation, cells underwent fixation in paraformaldehyde (4% (w/v))
for 15 min and Triton X-100 (0.5%) for 10 min.27 Samples were
blocked using 5% sheep serum for 1 h and then incubated with the
primary antibody against iNOS (1:250, ab178945; Abcam, Cambridge,
UK) at 4 °C overnight. Then, the samples were incubated with
secondary antibody conjugated with fluorescence (1:500; Thermo
Fisher Scientific, MA, USA) for 1 h. Phalloidine and DAPI were
applied to stain the cytoskeleton and nuclei.28,29 Cell morphology was
observed via confocal laser microscopy (Leica TCS SP8, Germany).

2.8. Quantitative PCR. RNA levels of iNOS, arginase, and heme
oxygenase-1 (HO-1) were detected by quantitative PCR (q-PCR).
The sequences of primer pairs are listed in Table 1. Briefly, total RNA

in RAWs was extracted by TRIzol (Thermo Fisher Scientific, MA,
USA).30,31 A cDNA synthesis kit (MBI, Glen Burnie, MD, USA) was
used to prepare cDNA. Target cDNA was amplified in ABI7900
according to following steps: 95 °C for 30 s, followed by 40 cycles (5 s
at 95 °C followed by 34 s at 60 °C)32.33 A melting curve was applied
to detect the presence of primer dimers and false priming.

2.9. Western Blotting. Expression of iNOS, ERK1/2, p-ERK1/2,
p38, p-p38, JNK1/2/3, and p-JNK1/2/3 was examined by Western
blotting. Samples were rinsed, and then, total proteins were harvested
by whole cell lysis assay (KeyGen, Nanjing, China). Protein samples
and loading buffer were mixed at a ratio of 4:1 and then boiled.
Subsequently, 10% SDS-PAGE was performed to separate target
proteins. The target proteins were transferred onto a PVDF
membrane.32 After blocking in 5% BSA for 1 h, target membranes
were incubated with anti iNOS (ab178945, 1:1000; Abcam, Cam-
bridge, UK), ERK (ab184699, 1:1000; Abcam), p38 (ab32142, 1:1000;
Abcam), JNK (ab179461, 1:1000; Abcam), p-ERK (ab201015, 1:1000;
Abcam), p-p38(ab195049, 1:1000; Abcam), and p-JNK (ab124956,
1:1000; Abcam) primary antibodies overnight at 4 °C, followed by
incubation with secondary antibodies (Beyotime, Shanghai, China) for
1 h. Subsequently, the membrane was washed with TBST, and
detection was performed by using the Bio-Rad detection system.

2.10. ELISA. TNF-α, IL-1β, and IL-6 secretion was assayed using
ELISA kits (Multi Sciences, China). Cells in six-well plates were
divided into four groups: (1) blank control, (2) RAW264.7 cells
treated with LPS (1 μg/mL), (3) RAW264.7 cells incubated with
TDNs (250 nM), and (4) RAW264.7 cells preincubated with TDNs
(250 nM) for 1 h and then induced by LPS (1 μg/mL). Supernatants
were collected at 12 and 24 h.

2.11. Detection of ROS Level. Reactive oxygen species (ROS)
were detected by the DCFH-DA assay. Briefly, after culturing the
RAW264.7 cells in a six well plate for 24 h, the medium was replaced
with fresh high-glucose DMEM supplemented with 1% FBS. After 2 h
of starvation, cells were incubated with TDNs (0, 250 nM) for 1 h and
then treated with LPS (0, 1 μg/mL). After incubation for 12 h, cells
were incubated with DCFH-DA for 25 min followed by digestion and
washed three times. Finally, the cells were suspended in 0.5 mL of PBS
and analyzed by flow cytometry (FC500 Beckman, IL, USA). Results
were analyzed by Flowjo software.

2.12. Measurement of Intracellular ROS Levels by Fluo-
rescence Microscopy. Cells at a density of 1 × 105/mL were seeded
in six-well plates. After 24 h of culture, the medium was replaced with

Table 1. Sequences of Forward and Reverse Primers of
Selected Genes Designed for qPCR

gene primer pairs

arginase forward 5′-CAGAAGAATGGAAGAGTCAG-3′
reverse 5′-GGTGACTCCCTGCATATCTG-3′

HO-1 forward 5′-CAGGTGTCCAGAGAAGGCTTT-3′
reverse 5′-TCTTCCAGGGCCGTGTAGAT-3′

β-actin forward 5′-TGGCTCCTAGCACCATGAA-3′
reverse 5′-CTCAGTAACAGTCCGCCTAGAAGCA-3′

iNOS forward 5′-CCTCCTCCACCCTACCAAGT-3′
reverse 5′-CACCCAAAGTGCTTCAGTCA-3′
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Table 2. Base Sequence of Each Single-Stranded DNA (ssDNA)

ssDNA direction base sequence

S1 5′→3′ ATTTATCACCCGCCATAGTAGACGTATCACCAGGCAGTTGAGACGAACATTCCTAAGTCTGAA
S2 5′→3′ ACATGCGAGGGTCCAATACCGACGATTACAGCTTGCTACACGATTCAGACTTAGGAATGTTCG
S3 5′→3′ ACTACTATGGCGGGTGATAAAACGTGTAGCAAGCTGTAATCGACGGGAAGAGCATGCCCATCC
S4 5′→3′ ACGGTATTGGACCCTCGCATGACTCAACTGCCTGGTGATACGAGGATGGGCATGCTCTTCCCG

Figure 1. Synthesis and characterizations of TDNs. (a) A schematic illustration showing the composition of TDNs. (b) Polypropylene Acyl Amine
Gel Electrophoresis (PAGE) analysis of the successful production of TDNs. (c) Transmission electron microscope (TEM) images of single TDNs
and the polymers. (d) Size distribution and zeta potential test of TDNs. Data are presented as mean ± SD (n = 4).

Figure 2. Cellular uptake of TDNs. (a) Reaction of Cy3-TDN (nucleus, blue; Cy3-TDNs, red). Scale bars are 10 μm. (b) Flow cytometric
examination and analysis of cellular uptakes of Cy5-TDNs. (c) Semi-quantitative analysis of cellular uptake in flow cytometry. The uptake of TDNs
increased significantly with the incubation time and reached saturation within 3 h. Data are presented as mean ± SD (n = 4).
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fresh high-glucose DMEM supplemented with 1% FBS. After 2 h of
starvation, cells were pretreated with TDNs (0, 250 nM) for 1 h and
then treated with LPS (0, 1 μg/mL). After incubation for 12 h,
samples were incubated with DCFH-DA for 25 min. Immunofluor-
escence images were obtained using a microscope.
2.13. Flow Cytometric Analysis of Cell Apoptosis. An Annexin

V FITC apoptosis detection kit (KeyGEN, Jiangsu, China) was
employed for cell apoptosis assay. In brief, RAW 264.7 cells were
divided into two groups: (1) positive control, cells with 1 μg/mL LPS,
and (2) cells incubated with TDNs (250 nM) for 1 h and then with 1
μg/mL LPS. Adherent cells were digested (without EDTA) and
washed twice. Binding buffer (500 μL), 5 μL of Annexin V-FITC mix,
and 5 μL of propidium iodide were added. Finally, the target samples
were suspended in 0.5 mL of PBS and analyzed by flow cytometry
(FC500 Beckman, IL, USA). Results were analyzed by the Summit 5.2
software.
2.14. Statistical Analysis. Experiments were performed inde-

pendently four times. Statistical evaluation was performed by one-way
ANOVA or t-test in SPSS 21.0 (IBM, Silicon Valley, USA). Multiple
comparisons were done using an LSD test or Dunnett’s t test.

3. RESULTS AND DISCUSSION

3.1. Synthesis and Characterization of TDNs. As shown
in Table 2, TDNs were composed of equimolar amounts of
four single-stranded DNA (ssDNA) molecules by base pairing
(Figure 1a). The results of SDS-PAGE showed that TDNs were
successfully self-assembled (Figure 1b). The morphology of
TDNs was characterized by TEM (Figure 1c). On the basis of
the TEM images, we observed triangular nanoparticles and
some polymers. In addition, we studied the size and zeta

potential of TDNs via dynamic light scattering (Figure 1d).
The average diameter of TDNs reached up to approximately
21.33 nm; moreover, numerous polymers formed during TDN
synthesis. TDNs had a particle dispersion index (PDI) of 0.313,
indicating that it is a moderate dispersed system. The DNA
tetrahedron had a negatively charged surface of −3.89 ± 0.118
mV. In summary, we successfully prepared DNA nanostruc-
tures with similar size and surface potential for use in
subsequent studies.

3.2. Cellular Uptake of TDNs. It is important to explore
the uptake of nanoparticles for better understanding of their
toxicity and functionality.34 To track TDNs in RAW264.7 cells,
we loaded the fluorescent dye Cy3 in one ssDNA. Cells were
treated with Cy3-TDNs, and the uptake of TDNs was observed
by confocal microscopy (Figure 2a). From the images, it was
observed that a large number of Cy3-TDNs were stably
maintained in the cytoplasm. Then, flow cytometry was applied
to quantitatively analyze the uptake of TDNs by RAW264.7
cells at different time points (Figure 2b). RAW264.7 cells were
incubated with Cy5-labeled TDNs and harvested at 0.5, 1, 2,
and 3 h after treatment. As shown in Figure 2c, Cy5
fluorescence in macrophages increased significantly over time
and reached saturation within 3 h. Single- and double-stranded
DNA are usually plasma membrane-impermeable owing to
their polyanionic properties. Naked oligodeoxynucleotides
cannot be absorbed by cells and can be easily cleared by
nucleases in the serum or cytoplasm.35 Although the TDNs
have a negatively charged surface, they have been demonstrated
to easily penetrate through the cell membrane in the absence of

Figure 3. Influences of LPS and TDNs on production of NO and expression of iNOS. (a) Production of nitrite at 12 h after treatment of LPS and
different concentration of TDNs. (b) Production of nitrite at 24 h and 48 h after treatment of LPS and 250 nM TDNs. (c) Immunofluorescent
images of treated RAW264.7 cells (nucleus, blue; F-actin, red; iNOS, green). Scale bars are 10 μm. (d) Q-PCR analysis of the gene expression of
iNOS. Data are presented as mean ± SD (n = 4). (e) Western blot detection and quantification of iNOS. Data are presented as mean ± SD (n = 4).
Statistic differences are significant among the four groups (p < 0.05); we specially labeled the statistic difference between the LPS group and LPS
TDNs group. Statistical analysis: *p < 0.05, **p < 0.01.
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a transfection agent, showing properties different from those of
their linear counterparts.12,20,21,36 Liang et al. reported that
TDNs were internalized by a caveolin-dependent pathway and
transported to lysosomes in a microtubule-dependent man-
ner.16,37 These results provide a basis for the possibility of
targeted treatment approaches based on TDNs.
3.3. TDNs Decrease LPS-Induced NO Production. The

immune system may possibly defend against invasion of foreign
particles when TDNs would be applied to organisms. In the
case of immune rejection, excessive production of inflammatory
cytokines and mediators can lead to severe systemic
complications, substantially limiting the in vivo use of TDNs.
To investigate whether TDNs play a role in the inflammatory
response, we treated RAW264.7 cells with LPS to establish an
inflammatory response model. The production of NO, an
inflammatory mediator, was examined by Griess assay. As
indicated in Figure 3a, LPS stimulation caused a significant
increase in NO content, whereas TDNs decreased NO
production, particularly at the dose of 250 nM. When treated
with TDNs only, the NO production level was very similar to
that observed in the control group. Therefore, 250 nM is the
optimal concentration for further investigations. We observed
the release of NO at different time points and found that TDNs
continued to exert an anti-inflammatory effect within 48 h
(Figure 3b).
Notably, the biological effect of NO depends on its

concentration and subtle changes in the concentration both
inside and outside the cell. Under normal physiological
conditions, small quantities of NO are beneficial to the
body.38 However, excessive production of NO in tissues can
also cause tissue damage, malignancy, rheumatoid arthritis, and
septic shock.39 The above results suggested that TDNs could
slightly promote the secretion of NO in noninflammatory cells.
However, TDNs could resist the excessive production of NO in
LPS-induced inflammation in RAW264.7 cells. It can be
concluded that TDNs can significantly regulate the balance of
NO production.

Endogenous NO is mainly derived from the conversion of L-
arginine into L-citrulline and NO. Enzymes involved in this
process include neuronal NO synthase (nNOS), endothelial
NO synthase (eNOS), and inducible NO synthase (iNOS).40,41

The former two can be found in neurons and endothelial cells,
respectively, while the latter is especially distributed in
macrophages, hepatocytes, astrocytes, and smooth muscle
cells in response to inflammatory mediators such as LPS and
cytokines. Many recent advances have demonstrated that iNOS
is responsible for inducible NO production.42,43 LPS treatment
upregulates iNOS expression, thereby regulating the production
of NO.44,45 Therefore, we further explored the effect of TDNs
on iNOS expression (Figure 3c,d,e). Consistent with NO
production, LPS induced the overexpression of the iNOS
protein; however, TDNs attenuated this elevation. With respect
to iNOS mRNA level, no significant difference could be found
between control group and cells incubated with TDNs alone.
These results suggested that TDNs inhibited NO production
via iNOS transcriptional regulation and further downregulated
the production of NO.

3.4. Macrophage Polarization Stimulated by TDNs.
Macrophages are highly plastic and can be activated to M1/M2
subtypes depending on microenvironmental signals.46 Activa-
tion of the M1 phenotype can be detected by the iNOS marker,
and that of the M2 phenotype can be detected by the arginase
marker. When macrophages undergo “classical” activation, i.e.,
M1 macrophages, they secrete various pro-inflammatory factors
associated with secondary inflammation and are known as pro-
inflammatory macrophages. When macrophages acquire the
M2 phenotype, they secrete factors that contribute to tissue
repair and are known as repair macrophages.
Therefore, the effect of TDNs on activation and polarization

of macrophages through cell interaction was investigated by
detecting the markers of macrophage polarization. On the basis
of the results of q-PCR, RAW264.7 cells pretreated with TDNs
exhibited greater expression of the pro-inflammatory cytokine,
iNOS, than that of the untreated cells (Figure 4a). In contrast,
the M2 marker Arginase showed reduced expression in the

Figure 4.Macrophage polarization and inflammatory cytokines secretion. (a,b) Q-PCR analysis of gene expressions of iNOS and arginase. (c) ELISA
detection of the inflammatory cytokines (TNF-α, IL-1β, IL-6) secretion at 12 h and 24 h after treatment. Data are presented as mean ± SD (n = 4).
Statistical analysis: **p < 0.01, **p < 0.001. Statistic differences are significant among the four groups (p < 0.05); we specially labeled the statistic
difference between the LPS group and LPS TDNs group.
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TDNs group (Figure 4b). In addition, we further confirmed our
results via ELISA to detect some pro-inflammatory cytokines
secreted by M1 macrophages. To rule out the possibility that
the cytotoxicity of TDNs leads to the inhibition of the
production of these cytokines, we normalized the results of
ELISA by a CCK-8 assay (Supporting Information). It can be
concluded from Figure 4c that pretreatment with TDNs
resulted in decreased release of LPS-stimulated inflammatory
cytokines (IL-1β, IL-6, and TNF-α).
The function of Mφ largely depends on their polarization, a

process achieved by specific surface molecule upregulation and
cytokine production. M1 macrophages can activate the tumor
killing mechanism and enhance the Th1 immune response.
Previous studies have suggested that accounting for the
plasticity of Mφ, an M2φ to M1φ macrophage polarization
strategy may be useful for cancer immunotherapy.46,47 To the
best of our knowledge, our present work is the first study
reporting TDN-induced M1 polarization of RAW264.7 cells. It
is worth mentioning that TDNs can cause a more moderate M1
polarization than that by LPS, which could avoid an excessive

inflammatory response. Therefore, it was revealed that TDNs
are potentially useful candidates in immunomodulation.

3.5. TDNs Decrease ROS Production in RAW264.7
Cells. Oxidative stress refers to the production of intracellular
ROS and antioxidant imbalance.48 It leads to protein
modification, lipid peroxidation, and subsequent cellular
dysfunction49 via the production of free radicals and is an
important factor in aging and disease progression. To
investigate whether TDNs play a role in antioxidative action,
a fluorescence assay was developed by incorporating a DCFH-
DA fluorescent probe into cells. Intracellular ROS can oxidize
nonfluorescent DCFH to produce fluorescent DCF; the
abundance of ROS can be determined based on green
fluorescence emitted from the intracellular space. As shown
in Figure 5a and b, LPS stimulated significantly improved
intracellular ROS production compared to that of non-LPS
controls. However, the ROS production induced by LPS was
decreased by the application of TDNs, and TDNs had no
significant effect on ROS production in the absence of LPS.
To further explore the mechanism underlying antioxidant

activity of TDNs, the mRNA level of HO-1 was evaluated. The

Figure 5. TDNs decreased ROS production in RAW264.7 cells. (a) Flow cytometric examination and analysis of intracellular ROS levels. Data are
presented as mean ± SD (n = 4). (b) Fluorescence microscope observation (100× and 400 × ) of intracellular ROS levels of treated RAW264.7 cells.
(c) Q-PCR analysis of gene expressions of HO-1. Data are presented as mean ± SD (n = 4). (d) Flow cytometric examination and analysis of
apoptosis of cells subjected to LPS and LPS with TDNs. Statistical analysis: **p < 0.01, *p < 0.05.
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results showed that the HO-1 mRNA level in RAW264.7 cells
was significantly upregulated after treatment with TDNs
(Figure 5c). The antioxidative, antiapoptotic, and anti-
inflammatory functions of protective HO-1 have been widely
studied,50,51 which may be due to the degradation of the
antioxidant bilirubin or the coinduction of ferritin.52,53 Our
results supported the protective effect of TDNs on RAW264.7
cells.
Moreover, as a regulator of apoptosis,54 the significant

upregulation of HO-1 mRNA levels may indicate that apoptosis
induction is associated with TDNs. To clarify this result, flow
cytometry was employed. We used LPS to establish an
inflammatory response model in RAW264.7 cells with or
without TDN pretreatment. It can be summarized from Figure
5d that cell apoptosis exhibits significant changes 24 h after
exposure to TDN. After TDN treatment, cells in the late phase
of apoptosis dropped from 4.37% to 1.56%, those in the early
phase of apoptosis dropped from 14.05% to 3.01%, and the
dead cells decreased from 27.36% to 13.69%. In conclusion,
TDNs attenuate apoptosis of RAW264.7 cells by upregulating
HO-1 expression.
Currently, potential therapeutic agents for antioxidative stress

include antioxidative supplements, enzymes, nanoparticles, and
NADPH oxidases.55 They exert antioxidant effects by directly
clearing or neutralizing ROS or by inhibiting the downstream
adverse effects of ROS.55 Taking advantage of their
designability in structure, steady structure, sequence diversity,
biocompatibility, biodegradable property, strong absorption
capacity, and targeted delivery potential, TDNs exhibit better
potency to reduce the dosage and side effects while maintaining

the function as imaging tracers and therapeutic agent
carriers.4,56,57 In the future, the role of TDNs in the field of
anti-inflammatory and antioxidative response can be expanded
to targeted carriers of anti-inflammatory and antioxidative
molecules, a Cy3/5-TDNs-based aptamer assay for filtrating
macrophages with different polarization states, etc. They can
also be applied to attenuate cell apoptosis and for therapy of
aging and degenerative conditions without toxicity concerns
associated with traditional nanoplatforms.

3.6. TDNs Suppress LPS-Induced MAPKs Phosphor-
ylation in RAW264.7 Cells. In the inflammatory response,
mitogen-activated protein kinase (MAPK) signaling has
important effects on the regulation of pro-inflammatory
cytokines and mediators. ERK1/2, JNK 1/2/3, and p38 are
known as MAPK subfamilies.58 In mammals, MAPKs comprise
JNK, p38 MAPK, and ERK, and each of them exists in several
isoforms.59 MAPKs could upregulate multiple inflammation-
related genes and regulate the inflammatory response. The JNK
and p38 MAPK signaling pathways are activated by oxidative,
genotoxic, and osmotic stresses as well as by microbial
components.60,61 It was reported that myeloid cell-specific
deletion of JNK1 and JNK2 could depress the expression of M1
macrophage-specific markers, which indicated that the JNK
signaling pathway plays roles in pro-inflammatory pathways in
macrophages.62 ERK could induce the production of TNF, IL-
1β, and IL-10 following TLR stimulation.60 In addition, p38α
has important roles in activating feedback pathways that down-
regulate inflammation.63 To further elucidate the molecular
pathways by which TDNs regulate macrophages to protect
against oxidative stress and inflammation, the activations of

Figure 6. TDNS depressed LPS-induced phosphorylation of p38, ERK1/2, and JNK1/2/3 in RAW264.7 cells. (a) Western blot analysis of total
ERK1/2, phosphor-ERK1/2, total p38, phosphor-p38, total JNK1/2/3, and phosphor-JNK1/2/3 of RAW264.7 cells subjected to different
treatments. (b−d) Quantification of phosphorylation level of p38, ERK1/2, and JNK. Data are presented as mean ± SD (n = 4). Statistical analysis:
*p < 0.05, **p < 0.01. We specially labeled the statistic difference between the LPS group and LPS TDNs group.
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p38, ERK1/2, and JNK1/2/3 were examined by Western
blotting (Figure 6a). In this study, LPS remarkably activated the
MAPK subfamilies. However, activation of MAPK subfamilies
(ERK, P38, and JNK) was downregulated by the application of
TDNs (Figure 6b,c,d). In conclusion, TDNs protect macro-
phages from oxidative stress and inflammatory responses
primarily by downregulating the LPS-induced phosphorylation
of MAPK subfamilies (Figure 7).

4. CONCLUSIONS
To the best of our knowledge, this is the first study that
comprehensively analyzes the immunological influences of
TDNs, including the reaction to cell polarization and cell
apoptosis as well as their anti-inflammatory and antioxidative
effects. TDNs regulated oxidative stress and inflammation in
macrophages via inhibiting the phosphorylation of MAPK
subfamilies. Considering their good bioavailability and ease of
targeting, TDNs have great potential as a novel theranostic
agent for exhibiting anti-inflammatory and antioxidant activities.
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