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A B S T R A C T   

Gouty arthritis is a very familiar inflammatory arthritis. Controlling inflammation is the key to preventing gouty 
arthritis. However, colchicine, the most highly represented drug used in clinical practice, has strict contraindi-
cations owing to some severe side effects. Curcumin (Cur), a natural anti-inflammatory drug, has demonstrated 
good safety and efficacy. However, the rapid degradation, poor aqueous solubility, and low bioavailability of Cur 
limit its therapeutic effect. To strengthen the effectiveness and bioavailability of Cur. Cur loaded tetrahedral 
framework nucleic acids (Cur-TFNAs) were synthesized to deliver Cur. Compared with free Cur, Cur-TFNAs 
exhibit a preferable drug stability, good biocompatibility (CCK-8 assay), ease of uptake (immunofluores-
cence), and higher tissue utilization (in vivo biodistribution). Most importantly, Cur-TFNAs present better anti- 
inflammatory effect than free Cur both in vivo and in vitro experiments through the determination of 
inflammation-related cytokines expression. Therefore, we believe that Cur-TFNAs have great prospects for the 
prevention of gout and similar inflammatory diseases.   

1. Introduction 

Gout, a complex and common inflammatory arthritis in adults, is 
caused by the accumulation of monosodium urate (MSU) crystals and 
affects approximately 3–6% of the adult population in some western 
countries [1,2]. When MSU crystals are deposited in the joint, an acute 
gout attack may occur, which manifests as extreme pain, swelling, fever, 
and difficulty in moving the affected joints. Macrophages are considered 
to be important cells that initiate and drive inflammation caused by MSU 
crystals [3,4]. Namely, macrophages phagocytize MSU crystals and 
release considerable inflammatory-related factors such as interleukin 
(IL)-6, IL-1β and tumor necrosis factor (TNF)-α, which recruit neutro-
phils to initiate an inflammatory cascade [5]. Many mechanisms have 
been proposed to solve acute gout. And, the very prominent one is the 
anti-inflammatory response of macrophages to MSU crystals [6]. Given 
these mechanisms, anti-inflammatory drugs are the top option to control 
acute inflammation quickly and effectively. At present, nonsteroidal 

anti-inflammatory drugs (NSAIDs), corticosteroids, and colchicine are 
usually used to block the acute gouty attacks and can effectively relieve 
inflammatory symptoms well in general. While their systemic use has 
severe side effects [7]. Colchicine easily causes a wide range of gastro-
intestinal toxicities, damages liver metabolism and liver intestinal cir-
culation, and slows drug metabolism, simultaneously，it has 
dose-dependent toxicity. In addition, NSAIDs have similar side effects 
[8]. Hence, other effective and safe anti-inflammatory drugs are being 
explored to prevent acute gout. 

Cur, a natural polyphenol compound, is derived from the Curcuma 
longa and has numerous physiological and pharmacological character-
istics, such as anticancer, antibacterial, antioxidant, anti-rheumatism, 
and anti-inflammatory activities [9,10]. Most importantly, it has mini-
mal acute or chronic toxicity and can be used for a long time [9]. The use 
of Cur has been documented for treating various common diseases, 
including inflammatory diseases, tumor, wound infection, etc. [11] Cur 
has been used as a conventional drug for treating arthritis. Past studies 
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have reported that Cur can upregulate heme oxygenase-1 (HO-1) and 
nuclear factor E2-related factor 2 (Nrf2) to scavenge reactive oxygen 
species (ROS), showing excellent antioxidant properties to protect tis-
sues [12,13]. Furthermore, Cur can inhibit the activation of the NOD-, 
LRR- and pyrin domain-containing protein 3 (NLRP3) inflammasome, 
which caused by nuclear factor-κ-gene binding (NF-κB) activation. By 
inhibiting the activation of NF-κB, Cur play an antitumor and 
anti-inflammatory role [14,15]. Cur has been verified to play a 
non-negligible role in various chronic inflammatory diseases and pos-
sesses many advantages, such as easy achievement, low cost, and 
pharmacological safety. Thus, it is easily accepted by most people. 

Unfortunately, the clinical application of Cur is not ideal. Cur has 
limited bioavailability owing to rapid degradation and elimination, 
extremely poor aqueous solubility, inadequate tissue absorption, which 
severely restricts its therapeutic efficacy [16–18]. Therefore, the diffi-
culty and hot spot of research is to improve stability, cellular uptake, and 
bioavailability of Cur through delivery systems. To date, metal com-
plexes, polypeptides, solid lipids, and biodegradable polylactic glycolic 
acid (PLGA) nanoparticles have been used for Cur delivery [18–21]. 
However, they all have some disadvantages, such as the slow efficiency 
of the drug release and the toxicity [22,23]. Therefore, it is urgent to 
develop a delivery system with high biocompatibility. As a drug carrier, 
DNA nanostructures have become a hot research object, ascribed to their 
incomparable advantages in biocompatibility, structural stability, and 
programmability [24–26]. DNA nanomaterials can carry oligonucleo-
tides and small molecule drugs through complementary hybridization, 
direct covalent extension, and insertion into DNA duplex, which are not 
only simple in synthesis but also high in yield [27]. Compared with other 
complex DNA structures, TFNAs are considered to be one of the easiest 
to synthesize with higher stability [25]. TFNAs are not only easier to be 
absorbed by cells through simple endocytosis due to the unique spatial 
structure, but also stable for 48 h in living cells [28]. Moreover, TFNAs 
have successfully carried a variety of small molecular materials, pep-
tides, DNA enzymes, and other molecules through electrostatic adsorp-
tion [29–32]. Hence, it is very desirable to select TFNAs to deliver Cur to 
obtain better stability, and higher bioavailability of Cur-TFNAs. There-
fore, in view of the excellent anti-inflammatory effect and increased 
biological safety, Cur-TFNAs were firstly explored the anti-inflammatory 
ability in vitro and then applied to gout in vivo. 

2. Material and methods 

2.1. Synthesis of Cur-TFNAs 

Four prepared ssDNAs were dissolved at the same concentration in 
enzyme-free water. Then, ssDNAs and TM buffer (50 mM MgCl2 and 10 
mM Tris-HCl, pH 8.0) were mixed. TFNAs were successfully synthesized 
by heating (95 ◦C, 10 min) and then cooling (4 ◦C, 20 min) [33]. Cur was 
dissolved in DMSO in advance. Cur (40 μM–160 μM) was then added to 
the TFNA solution. According to previous experiments, the final con-
centration of TFNAs is 200 nM [34]. Based on previous research, 
Cur-loaded TFNAs was synthesized by shaking the mixture for 6 h at 
ambient temperature [35]. Then, the residual Cur was removed by 
centrifugation with a 30 kDa ultrafiltration tube. The absorbance of Cur 
was detected at a wavelength of 425 nm. The encapsulation and binding 
of Cur in Cur-TFNAs were further studied by spectral analysis. The 
encapsulation efficiency of Cur was calculated according to the 
following formula: 

2.2. Characterization of Cur-TFNAs 

For verification of the successful synthesis of Cur-TFNAs as described 
previously, transmission electron microscopy (TEM) and poly-
acrylamide gel electrophoresis (PAGE) were selected to measure the 
shape and size of the nanoparticles. The zeta potential and average size 
were determined to analyze the size and stability of Cur-TFNAs by dy-
namic light scattering (DLS). 

2.3. In vitro release kinetics 

The synthesized Cur-TFNAs (40 μM, 50 mL) was added into a dialysis 
bag (30 kDa; Solarbio, Beijing, China). The dialysis bag was put into a 
50 mL release medium, namely, PBS (pH 7.4, 1% (v/v) Tween-80; 37 ◦C, 
150 rpm). Next, 2 mL of solution was separately taken out at the pre- 
designed time points to obtain the OD at a wavelength of 425 nm. 

2.4. Study on solubility and stability of Cur 

The equivalent Cur-TFNAs and Cur were dissolved in PBS (0.01 M, 
pH 7.4) to observe the water solubility of the preparation [36]. Natural 
Cur and Cur-TFNAs with a final fixed concentration of about 40 μM were 
incubated in a 150 rpm rotating oscillator at 37 ◦C for 6 h. Besides, 200 
μL of the solution was taken from the total solution at the pre-designed 
time points of 1 h–6 h. The Cur content was determined according to the 
above method. 

2.5. Uptake of Cy5-loaded Cur-TFNAs by RAW264.7 cells 

After adherent growth, the RAW264.7 cells were incubated with 20 
μM Cur, Cy5-loaded TFNAs (Cy5-TFNAs, 100 nM) and Cy5-loaded Cur- 
TFNAs (Cy5-Cur-TFNAs, 20 μM) in 12-well plates with cell slides for 4 h. 
After rinsing cells thrice with PBS, the cells were fixed in cold poly-
oxymethylene for 15 min. After washing the cells again, the nuclei were 
stained with DAPI for 10 min. Finally, the images were obtained by 
confocal microscopy (N-SIM, Nikon, Tokyo, Japan). In addition, the 
results of cell entry by a flow cytometer (FC500 Beckman, IL, USA). 

2.6. ELISA 

To measure the contents of TNF-α and IL-6 in the cell supernatant, we 
used ELISA kits (MULTI SCIENCES, Hangzhou, China). The supernatants 
were collected. After washing the plate 6 times, the samples and the 
diluted standard product were added to the plates and incubated at 
37 ◦C for 1 h. Subsequently, after washing the plate, 50 μL enzyme la-
beling reagent was added, and the samples were incubated again for 30 
min. Finally, after washing once again, the developer and TMB termi-
nator were added at an interval of 10–30 min. The results were obtained 
in 15 min. 

2.7. Immunofluorescence 

After being treated as described before, the cells were soaked in cold 
4% paraformaldehyde solution for 15 min and 0.5% Triton X-100 for 10 
min. After rinsing them again, the samples were blocked in goat serum 
for 1 h. Then, after washing them again, the samples were incubated in a 
diluted antibody against CD68 (1:100), Nrf2 (1:250), IL-1β (1:50), iNOS 
(1:500), TNF-α (1:500), IL-6 (1:500), and HO-1 (1:250) overnight at 

Encapsulation efficiency of Cur =
Loading Concentration of TFNAs with Cur − Residual Concentration of Cur

Initial Concentration of Cur
× 100%   
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4 ◦C. On the second day, after washing them again, the samples were 
incubated with the relevant secondary antibody (1:500) for 1 h. Next, 
the samples were washed again, which was followed by immersion in 
FITC phalloidin for 20 min and DAPI for 10 min to stain the cytoskeleton 
and nucleus. Finally, immunofluorescence images were obtained by 
confocal laser microscopy. 

2.8. Western blotting 

Western blotting was performed to quantify the protein levels of 
TNF-α, IL-6, IL-1β, iNOS, Nrf2, HO-1, and NF-κB p65. The total proteins 
of RAW264.7 cells were extracted and prepared to obtain protein sam-
ples as described before [37]. Briefly, the concentrations of proteins 
were detected, the loading buffer was added, and then the protein 
samples were mixed and boiled. Next, after isolating of proteins and 
transferring and blocking of membrane, the protein strips were 
immersed in the primary antibody at 4 ◦C overnight. On the second day, 
after rewarming them for 1 h, the strips were incubated with the rele-
vant secondary antibody (1:2000; Beyotime, Shanghai, China). TBST 
was used to rinse the strips thrice (15 min/times) throughout the whole 
process. On the last, the strips were exposed. 

2.9. Establishment of the Gout model in mice 

Adult CD-1 mice (male, 18–22 g, 6–8weeks old) were provided by 
Dossy (Chengdu, China). Under chloral hydrate anesthesia, the right 
ankle joints of mice were injected with MSU crystal (0.5 mg, 20 μL PBS), 
and the left ankle joints of mice were only injected with 20 μL PBS. To 
determine the preventive effect, the ankle joints were pretreated with 
normal saline (NS), Cur, TFNAs, and Cur-TFNAs 1 h before the injection 
of MSU crystals. The ankle joint diameter was measured with a vernier 
caliper at the beginning and 24 h later. This study meets the re-
quirements of the ethics committee of the Department of Experimental 
Animal Science, Sichuan University. 

2.10. In vivo biodistribution of Cur and Cur-TFNAs 

To determine the distribution of Cur and Cur-TFNAs in vivo, adult 
CD-1 mice (male, 18–22 g, 6–8weeks old) were selected. According to 
previous studies, the mice were anesthetized with isoflurane and given 
Cur and Cur-TFNAs, respectively, at the same level as that injected into 
the ankle joint of the mice [19]. Images were obtained using an IVIS (Bio 
Real Quick View 3000, Austria). 

2.11. Statistical analysis 

The data contains mean ± standard deviation (SD). The data of two 
groups were statistically significant (P < 0.05) through a one-tailed 
Student’s t-test (SPSS 19.0; IBM, Armonk, NY). 

3. Results and discussion 

3.1. Synthesis and characterization of Cur-TFNAs 

Cur was widely used since it was discovered. So far, the transition of 
Cur from basic experiments to clinical application has not achieved great 
success [36]. On the one hand, Cur shows low structural stability and is 
easy to be hydrolyzed or biotransformation without the protection of the 
drug delivery system; on the other hand, because of its hydrophobic 
property, Cur has very low water solubility and cannot be easily 
absorbed by cells and tissues [18,25]. Cur requires the help of drug 
carriers. However, owing to cationic surface charges, these organic 
carrier materials are inherently cytotoxic [38]. Although inorganic 
materials have been greatly improved in drug delivery, they also have 
inherent cytotoxicity [39,40]. In addition of some inherent toxicity and 
low biocompatibility, these organic or inorganic carrier materials also 

have some nonnegligible disadvantages. As a natural material in all 
organisms, DNA nanostructures have fully proved excellent biocom-
patibility [41]. Due to the clear structure and high addressing attribute, 
TFNAs have high cargo capacity. Compared with organic or inorganic 
nanomaterials, TFNAs can precisely control the valence and position of 
molecules [42]. Besides, TFNAs are the simplest and relatively stable 
DNA nanostructures among most of DNA origami materials [43]. 
Therefore, TFNAs were chosen to deliver Cur. 

First of all, TFNAs were composed of four paired ssDNAs according to 
the principle of base pairing, as shown in Table 1. By incubation with 
TFNAs, Cur was loaded onto TFNAs to form Cur-TFNAs, as shown in 
Fig. 1a. Cur and its analogs have been confirmed to bind to DNA through 
thymine O2 and guanine N7 [44]. Then, the photophysical properties 
were determined to confirm the successful encapsulation and binding of 
Cur in TFNAs. As illustrated in Fig. 1b, by scanning the Ultra-
violet–Visible absorbance spectra of Cur, it revealed that the natural Cur 
in DMSO solution exhibits an obvious high absorption peak near 425 
nm. The absorbance peak value of Cur-TFNAs was close to that of nat-
ural Cur, which confirmed the successful encapsulation of Cur in TFNAs 
[36]. Next, the PAGE result (Fig. 1c) was obtained to verify the synthesis 
of the material. It indicated that TFNAs were not only successfully 
fabricated, but not affected by Cur. To determine the proportion of 
Cur-carrying TFNAs, the encapsulation efficiency of different pro-
portions of components was measured, as shown in Fig. 1d. Based on the 
previous experiments, the concentration of TFNAs was fixed at 200 nM. 
It can be seen that the encapsulation efficiency of the loading of Cur onto 
TFNAs shows a declining curve. And the relatively best encapsulation 
efficiency (92.08 ± 0.89%) achieved for the loading of 40 μM Cur onto 
200 nM TFNAs. Considering that the encapsulation efficiency of 40 μM 
Cur to 200 nM TFNAs is significantly better than that of other compo-
nents (77.74%, 68.65%, and 56.67%). We chose 40 μM Cur and 200 nM 
TFNAs to synthesize Cur-TFNAs for the subsequent experiments [45]. 

Then, we detected the size and zeta potential of Cur, TFNAs, and Cur- 
TFNAs by DLS. As shown in Fig. 1e, the approximate size of TFNAs and 
Cur-TFNAs was respectively 17.17 ± 2.17 nm and 38.04 ± 3.95 nm; 
especially, it indicated a single peak size distribution with narrow 
monodisperse. Besides, the zeta potentials show the stability of nano-
particles [46]. After integration, Cur-TFNAs manifested a larger nega-
tive zeta potential, which not only contributes to the permeability and 
retention of Cur in tissues but also affects the stability of Cur [47]. Then, 
the morphology of TFNAs and Cur-TFNAs were characterized by TEM. 
According to the TEM images (Fig. 1f), both TFNA (~10 nm) and 
Cur-TFNA (~20 nm) present the discrete spherical profile with a single 
size distribution. Not only that, the difference visible to the naked eye 
between synthetic Cur-TFNAs and free Cur is shown in Fig. 1g. 
Cur-TFNAs appeared as a clear yellow liquid, while free Cur appeared as 
a lightly yellow liquid, and insoluble Cur could also be observed. The 
color of the Cur-TFNAs was significantly different from that of Cur. In 
particular, compared with the precipitation of Cur alone, due to its low 
water solubility, there is no solid matter precipitated in the Cur-TFNA 
solution, and the Cur-TFNAs are well dispersed in the aqueous solu-
tion [36]. 

Table 1 
Base sequence of ssDNAs.  

DNA Base sequence 

S1 5′-ATTTATCACCCGCCATAGTAGACGTATCACC-3′

AGGCAGTTGAGACGAACATTCCTAAGTCTGAA-3′

S2 5′-ACATGCGAGGGTCCAATACCGACGATTACA-3′

GCTTGCTACACGATTCAGACTTAGGAATGTTCG-3′

S3 5′-ACTACTATGGCGGGTGATAAAACGTGTAGCA-3′

AGCTGTAATCGACGGGAAGAGCATGCCCATCC-3′

S4 5′-ACGGTATTGGACCCTCGCATGACTCAACTGC-3′

CTGGTGATACGAGGATGGGCATGCTCTTCCCG-3′

Cy5-S1 5′-Cy5-ATTTATCACCCGCCATAGTAGACGTATCAC-3′

CAGGCAGTTGAGACGAACATTCCTAAGTCTGAA-3′
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Fig. 1. Synthesis and characteristics of TFNAs and Cur-TFNAs. (a) A structure diagram showing the composition of Cur-TFNAs. (b) Ultraviolet–Visible absorbance 
spectra of native Cur and Cur-TFNAs at a fixed concentration of 40 μM. (c) PAGE graph showing the successful synthesis of TFNAs (1: Cur-TFNAs, 2: TFNAs, 3: 
S1+S2+S3, 4: S1+S2, 5: S1). (d) The curve of encapsulation efficiency of Cur loaded on TFNAs (n = 4). (e) Molecular size and zeta potential of Cur, TFNAs, and Cur- 
TFNAs measured by DLS (n = 4). (f) TEM image showing successfully synthesized TFNAs, and Cur-TFNAs. (g) Images of TFNAs, Cur, and Cur-TFNAs. 
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Fig. 2. The stability and cellular uptake of Cur-TFNAs. (a) Stability of Cur (native and Cur-TFNAs in PBS (37 ◦C, pH 7.4; n = 4). (b) In vitro release kinetics of Cur 
from Cur-TFNAs formulation in PBS (37 ◦C, pH 7.4; n = 4). (c) Uptake of Cy5-TFNAs, Cur and cy5-Cur-TFNAs in RAW264.7 cells (Cur: green; Cy5-TFNAs: red; 
nuclear: blue). Scale bars are 25 μm and 50 μm. (d) Cellular uptakes of Cur and Cur-TFNAs in RAW264.7 cells detected by flow cytometry. Statistical analysis: *p <
0.05, **p < 0.01, and ***p < 0.001. 

M. Zhang et al.                                                                                                                                                                                                                                  



Bioactive Materials 8 (2022) 368–380

373

Fig. 3. Anti-inflammatory effects of Cur-TFNAs via regulating the NF-κB signaling pathway. (a) and (b) Immunofluorescence micrographs of LPS-treated RAW264.7 
cells (cytoskeleton: green; nucleus: blue; iNOS, IL-1β, IL-6, and TNF-α: red; 3D-reconstruction: 3D reconstruction of fluorescence microscopic images based on 
fluorescence intensity of iNOS, IL-1β, IL-6, and TNF-α). Scale bars are 25 μm. (c) ELISA detection of the inflammatory cytokines (TNF-α, IL-6; n = 4). (d) The NO level 
of RAW264.7 cells after treatment of Cur, TFNAs, Cur-TFNAs, and LPS for 12 h and 24 h (n = 4). (e) Western blotting analysis of the NF-κB p65, iNOS, IL-1β, IL-6, and 
TNF-α expression level (C: Control, L: LPS, T: LPS + TFNAs, CR: LPS + Cur, CT: LPS + Cur-TFNAs; β-actin was used as an internal control). (f) The relative protein 
expression intensity of NF-κB p65, iNOS, IL-1β, IL-6, and TNF-α (n = 4). Statistical analysis: *p < 0.05, **p < 0.01, and ***p < 0.001. 
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Fig. 4. Antioxidant effects of Cur-TFNAs via regulating the Nrf2 signaling pathway. (a) Immunofluorescence images of ROS in RAW264.7 cells (ROS: green). Scale 
bars are 100 μm. (b) Immunofluorescence micrographs of LPS-treated RAW264.7 cells (cytoskeleton: green; nucleus: blue; HO-1: red; 3D-reconstruction: 3D 
reconstruction of fluorescence microscopic images based on fluorescence intensity of HO-1). Scale bars are 25 μm. (c) The SOD level of RAW264.7 cells were treated 
with TFNAs, Cur, Cur-TFNAs, and LPS (n = 3). (d) Western blotting analysis of the Nrf2 and HO-1 expression level (C: Control, L: LPS, T: LPS + TFNAs, CR: LPS + Cur, 
CT: LPS + Cur-TFNAs; β-actin was used as an internal control). (e) The relative protein expression intensity of Nrf2 and HO-1 (n = 4). Statistical analysis: *p < 0.05, 
**p < 0.01, and ***p < 0.001. 
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3.2. The stability and cellular uptake of Cur-TFNAs 

Previous results have confirmed that TFNAs increase the stability 
and bioavailability of Cur, leading to an increase in the uptake of Cur by 
macrophages. In addition, because of their special and highly ordered 
structure, TFNAs can protect molecular from degradation of the en-
zymes and increase the stability of small molecular [31]. Therefore, the 
drug stability experiment was further detected. As illustrated in Fig. 2a, 
the Cur-TFNAs and Cur were placed in PBS (pH:7.4, 37 ◦C, and 150 rpm) 
[36]; less than 20% of Cur in Cur-TFNAs was degraded in the first 6 h; 
approximately 60% Cur alone has been rapidly degraded in the first 3 h. 
Next, we measured the release of Cur from Cur-TFNAs. It can be 
observed from Fig. 2b that Cur slowly releases from Cur-TFNAs, and the 
release rate is basically maintained at about 40%. At present, although 
the mechanisms of DNA protecting Cur are not clear, it is undeniable 
that slow-release can further avoid the rapid degradation of Cur. We 
speculate that the combination of Cur and TFNAs avoids the structure of 
Cur completely exposed, thus preventing Cur from decomposition or 
biotransformation. 

Then, to further determine whether TFNAs help more Cur enter 
RAW264.7 cells, immunofluorescence and flow cytometry were used to 
monitor cellular uptake. The autofluorescence of Cur and fluorescence 
of Cy5 labeled TFNAs were used to visually observe the entry of mate-
rials. As shown in Fig. 2c, the fluorescence of Cur-TFNAs was signifi-
cantly stronger than the fluorescence of Cur. Nevertheless, there was 
almost no difference in Cy5 fluorescence between the Cy5-loaded TFNAs 
(Cy5-TFNAs) and Cy5-loaded Cur-TFNAs (Cy5-Cur-TFNAs). Besides, 
most of Cur and Cy5-TFNAs exhibited co-localization. Combined with 
the case that the Cy5 fluorescence was not changed, the results sug-
gested that TFNAs successfully carried Cur and increased the uptake of 
Cur to RAW264.7 cells. Then, the flow cytometry was used to detect the 
uptake of Cur to further verify this conclusion. As illustrated in Fig. 2d, 
the result was consistent with the expected result, suggesting that the 
uptake level of Cur-TFNAs (~32.8% or ~82.9%) was higher than that of 
Cur alone (~5.6% or ~12.0%) no matter in normal RAW264.7 cells or 
LPS induced inflammatory RAW264.7 cells. 

3.3. Anti-inflammatory effects of Cur-TFNAs via regulating NF-κB 
signaling pathway 

MSU crystals can induce the development of gout by stimulating the 
activation of the NLRP3 inflammasome and the secretion of pro- 
inflammatory factors [4]. Therefore, according to previous experi-
ments, we can establish an in vitro model of the LPS-induced activation 
of the NLRP3 inflammasome in macrophages [48]. First of all, to ensure 
that these drugs used in the experiment are nontoxic toward cells, we 
used the CCK-8 assay kit to measure the cell activity. Fig. S1a and S1b, 
Supporting information show that Cur-TFNAs within the concentration 
range (10 μM, 15 μM, and 20 μM) were nontoxic. Moreover, 20 μM Cur, 
100 nM TFNAs, and 20 μM Cur-TFNAs did not decrease cell viability 
after LPS treatment. In addition, TFNAs can be degraded by lysosomes, 
showing good biological safety [49]. 

Then, the expression of inflammatory cytokines was measured. After 
preincubated with drugs (20 μM Cur, 100 nM TFNAs, and 20 μM Cur- 
TFNAs) for 1 h and treated by LPS for 24 h, the RAW264.7 cells pro-
duced a lot of IL-1β, IL-6, and TNF-α. As shown in Fig. 3a, the expressions 
of inflammatory cytokines were also detected by immunofluorescence. 
The protein expressions all showed the same trend; namely, under 
inflammation, the expression of inflammatory cytokines extremely 
decreased in Cur-TFNA group. Besides, In the TFNA group and Cur 
group, there was almost no effect. Then, the secretion of IL-6 and TNF-α 
was further analyzed to verify the anti-inflammatory effect of Cur- 
TFNAs. According to the determination of ELISA (Fig. 3c), there were 
slight effects between the TFNA group and Cur group, which were 
considerably lower than that in the Cur-TFNA group. 

In addition to the secretion of considerable inflammatory factors, 

much NO is also produced to affect the development of inflammation 
when macrophages are activated by inflammation. Hence, the NO level 
was detected. First, to confirm the optimal concentration of Cur-TFNAs, 
10 μM, 20 μM, and 30 μM Cur-TFNAs were used in the experiment. The 
results (Fig. S1c, Supporting information) showed that the Cur-TFNAs at 
these concentrations all had the effect of reducing NO levels, but 20 μM 
Cur-TFNAs had the most obvious effect. Then, to compare the effect of 
Cur and Cur-TFNAs, NO levels were measured at 12 h and 24 h. As 
shown in Fig. 3d, the effect of the Cur-TFNAs was much greater than that 
of the TFNAs and Cur, both of which showed a statistically significant 
difference. 

To further confirm whether Cur-TFNAs play an anti-inflammatory 
role by blocking the NF-κB, we measured the protein expressions of 
related signaling pathways. NF-κB is composed of heterodimers of p65 
(REL), p52 and p50 proteins. In the light of the prevalent NF-κB acti-
vated model, activation of NF-κB needs the degradation of IκBs, which 
allows the heterodimers (p65 and p50) of NF-κB transfer from cytoplasm 
to the nucleus [50,51]. Compared with p50, p65 mutation is more lethal 
[52]. Therefore, by measuring the increased nucleoprotein expression of 
NF-κB p65, we can prove that LPS-induced inflammation successfully 
activated the NF-κB [20,53]. Additionally, the inhibition of NF-κB is a 
major regulatory step of inhibiting of iNOS, thus restraining excessive 
production of NO [54,55]. iNOS, which is also known as NOS2, is a 
dimeric enzyme mainly located in macrophages and neutrophils. It is of 
the same subtype as other NO synthases (NOS), which convert L-arginine 
and oxygen into NO [56,57]. As shown in Fig. 3b, after LPS treatment for 
24 h, the fluorescence intensity of iNOS in macrophages was evidently 
higher than that of the control group. In the TFNA group and the Cur 
group, protein expression was decreased slightly, but in the Cur-TFNA 
group, the fluorescence intensity of iNOS decreased significantly. 
Consequently, a further determination of western blotting was used to 
confirm our conjecture. The expression of TNF-α, NF-κB p65, IL-6, iNOS, 
and IL-1β was further determined. As shown in Fig. 3e and f, the protein 
expressions were all increased after LPS treatment and then decreased 
with Cur-TFNA treatment. The results in the Cur group were not very 
stable, and the protein expression was decreased to some extent, but the 
gene expression did not change (Fig. S3, Supporting information). In 
contrast, Cur-TFNAs had a very clear inhibitory effect on both the gene 
and protein expressions of NF-κB p65, and iNOS. Therefore, Cur-TFNAs 
showed not only a clear anti-inflammatory effect but also enhancement 
of overall stability, which was consistent with the results of the char-
acterization measurement of Cur-TFNAs. 

3.4. Antioxidant effects of Cur-TFNAs via regulating Nrf2 signaling 
pathway 

Studies show that ROS are also involved in the regulation of in-
flammatory signals, which generally occurs through the activation of 
NF-κB by inflammatory agonists [58]. To confirm the oxidative damage 
in RAW264.7 cells, the immunofluorescence of ROS was determined. As 
shown in Fig. 4a, macrophages produced a lot of ROS with LPS treat-
ment for 24 h, but after TFNAs, Cur and Cur-TFNAs pretreatment for 1 h, 
only the Cur-TFNA group showed significantly decreased fluorescence. 
In addition, the superoxide dismutase (SOD) content reflected the 
reduced expression of ROS, indicating the significantly increased anti-
oxidative effects of the Cur-TFNAs (Fig. 4c). 

In addition, activation of the Nrf2 can contribute to relative antiox-
idant activity [57]. Hence, the protein expressions of related signaling 
pathways were measured to confirm that Cur-TFNAs play an anti-
oxidation role by activating the Nrf2 signaling pathway. When Nrf2 is 
activated, antioxidant genes then were upregulated to play a further 
role. Among them, HO-1 is upregulated to participate in antioxidation 
and anti-inflammatory responses [37]. As shown in Fig. 4b, d, 4e, and 
Fig S2, Supporting information, the expression of the HO-1 and Nrf2 
proteins were respectively detected by western blotting and immuno-
fluorescence technologies to confirm this view. The expression of Nrf2 
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Fig. 5. In vivo biodistribution and anti-inflammatory effect of Cur-TFNAs on acute gouty arthritis. (a) and (b) Joint swelling in mice (left ankle: PBS, right ankle: 
MSU + TFNAs/Cur/Cur-TFNAs/Colchicine; n = 4). Statistical analysis: *p < 0.05, **p < 0.01, and ***p < 0.001. (c) Photomicrographs stained by HE. Scale bars are 
10 μm and 50 μm. (d) IVIS image of ankles treated with Cur and the Cur-TFNAs (left ankle: Cur, right ankle: Cur-TFNAs). (e) Thermal image of ankles. 
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was suppressed after LPS treatment, while the expression of Nrf2 was 
improved when the cells were preincubated with drugs, especially 
Cur-TFNAs. It was demonstrated that the expression of HO-1 was as 
described above, namely, the drug prevented HO-1 from being inhibi-
ted. This effect was most obvious in the Cur-TFNA group. 

3.5. Prevention by Cur-TFNAs of acute gouty arthritis 

Gouty arthritis, an acute inflammatory reaction, is especially marked 

by difficulty in moving the joints and extreme pain. Blocking the acute 
attack is the most urgent to reduce the pain of patients. Usually, for these 
diseases with the repeated onset of acute inflammation, the curative 
effect of drugs that can be effectively released by the drug delivery 
system is better than that of drugs alone. And this kind of treatment can 
reduce the drug dose, thereby reducing unnecessary side effects [59]. At 
present, NSAIDs, corticosteroids, and colchicine can effectively relieve 
inflammatory symptoms well in general [7]. However, NSAIDs are 
inexpensive but not applicable to many gouty patients due to 

Fig. 6. Influence on inflammatory cytokines and infiltration of activated macrophages of Cur-TFNAs. (a), (b) and (c) Immunofluorescence micrographs of tissue 
around the ankle joint (nuclear: blue; IL-1β and IL-6: green; CD68: red； magnification: yellow arrow; 3D: 3D reconstruction of fluorescence microscopic images 
based on fluorescence intensity of CD68). Scale bars are100 μm, 500 μm, and 1 mm. 
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comorbidity, age, renal impairment or concomitant drug therapy [60]. 
The colchicine might be more available to most patients, but can lead to 
the substantial gastrointestinal disturbance [8]. While the Cur-TFNAs 
have high biological safety and the effect of Cur-TFNAs is equal to 
colchicine. Although some biologic agents also used to acute gouty 
arthritis, these drugs are extremely expensive [61]. Compared with 
these drugs, Cur-TFNAs have the advantages of simple synthesis, suit-
able price, high biological safety and no less anti-inflammatory effect 
than colchicine. In consideration of these studies that have demon-
strated the anti-inflammatory ability of Cur-TFNAs in vitro, acute gout 
was induced in mice to explore whether Cur-TFNAs can block the onset 
of acute gouty arthritis. Then, 20 μL MSU suspension was injected into 
the tissues near the right ankle joint to simulate acute gouty arthritis, 
while 20 μL PBS was injected into the left side as the control. Next, we 
investigated the role of Cur-TFNAs in the model of gouty arthritis 
induced by MSU. Above all, the degree of ankle joint swelling can be 
seen in Fig. 5a. After successful modeling, compared with the left joint, 
obvious swelling of the right joint appeared. Besides, the 50 μL PBS and 
50 μL drugs (40 μM Cur, 200 nM TFNAs, 40 μM Cur-TFNAs, and 40 μM 
colchicine) were respectively given near the joint 1 h in advance to 
prevent acute gouty arthritis. Then, further quantitative analysis of the 
degree of joint swelling to suggest the effect of these drugs more intui-
tively. It can be seen from Fig. 5b that the joint swelling after the 
modeling decreased gradually in the Cur-TFNA group, and the least 
degree of joint swelling occurred 24 h later. There was almost no joint 
swelling in the control group within 24 h. Meanwhile, other groups 
exhibited significant joint swelling, which did not decrease evidently at 
24 h. In addition, temperature performance of the ankles 24 h later is 
shown in Fig. 5e, and the result is consistent with that of the joint 
swelling. 

Then, because the recruitment of leukocytes to the joint is a patho-
logical marker of gouty arthritis, HE staining was detected to determine 
leukocyte infiltration [7]. As shown in Fig. 5c, there was obvious in-
flammatory infiltration and focal necrosis in the gout model group, 
while in the other groups, inflammation was reduced with different 
levels after the corresponding drug treatment. Moreover, there was no 
apparent difference between Cur and TFNAs, and their effects were 
inferior in that of both the Cur-TFNA group and the colchicine group. As 
a clinical marker drug, there was no significant difference in the effect of 
colchicine and the Cur-TFNA group on inflammation, which further 
confirms the good anti-inflammatory ability of Cur-TFNAs. According to 
the measurement of in vitro material-related properties, this result may 
be because TFNAs increase the stability of Cur, contributing to boosting 
its utilization in tissues. 

The pure Cur and Cur-TFNAs containing Cur were injected into the 
ankle joints to detect the drug distribution in vivo. Fluorescence imaging 
of Cur in the ankle joints was performed by in vivo fluorescence imaging 
system (IVIS). As shown in Fig. 5d, the fluorescence intensity of Cur was 
weaker than the fluorescence intensity of Cur-TFNAs. Moreover, the 
fluorescence of Cur in Cur-TFNAs always increased gradually in the first 
1 h while Cur alone increased in the first 40 min and then decreased 
gradually. Cur alone disappeared almost completely at 60 min while Cur 
in Cur-TFNAs did not decrease at 60 min. This result may be due to the 
higher solubility of Cur-TFNA solution. It also indicates that the Cur- 
TFNAs not only have better stability but also are easier to retain in the 
injection site than free Cur [19]. 

Gout is characterized by the accumulation of MSU crystals in the 
joint, which induces both acute and chronic inflammation and eventu-
ally leads to unbearable pain and inflammatory events [1]. In the pro-
cess of inflammation, macrophages play a central role in the production 
of pain by the excretion of TNF-α and IL-1β and some simultaneous 
activation of nociceptors [62]. Hence, the expressions of TNF-α and 
IL-1β near the ankle joint were further measured. According to Figs. 6a 

and 7b, more cells expressed more TNF-α and IL-1β in the gout group. 
The expressions of inflammatory factors in the Cur-TFNA group and 
colchicine group are lower than those in the Cur group and TFNA group. 
More importantly, it shows that the infiltration of CD68-labeled mac-
rophages induced by inflammation around the joint in the Cur-TFNA 
group was remarkably reduced, compared with the Cur group and the 
TFNA group (Fig. 6c) [63]. Hence, combined with the results of in vivo 
and in vitro studies, we confirmed that TFNAs can increase the stability, 
and bioavailability of Cur, contributing to an increase in the 
anti-inflammatory ability of macrophages in vitro and an improvement 
of the ability to resist acute gouty arthritis. 

4. Conclusion 

In summary, it is the first study to comprehensively and systemati-
cally analyze the advantages of TFNAs delivering Cur, that is, Cur- 
TFNAs show better drug stability, and bioavailability. According to 
the drug distribution in vivo and in vitro, it elucidated that TFNAs not 
only increased the uptake and utilization of Cur in cells and tissues but 
also kept Cur in tissues for a long time due to its sustained and stable 
slow release. Simultaneously, this study confirmed that Cur-TFNA as a 
composite material has a superior anti-inflammatory effect on acute 
gouty arthritis. In addition, considering the excellent biosafety and low 
toxicity of TFNA, we believe that TFNA is a very promising drug delivery 
system and Cur-TFNA is an encouragingly anti-inflammatory drug that 
can be used to prevent and treat inflammatory diseases, not just acute 
gouty arthritis. Finally, because the pathogenesis of gout attacks is 
complex actually and sometimes related to genetic and environmental 
factors. Therefore, abundant clinical studies may be needed to further 
determine the clinical efficacy of Cur-TFNA. 
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