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• Cellular distribution and endocytosis 
mechanism of PCN-224 were studied. 

• Pathway for immune response of mac
rophages induced by PCN-224 was 
elucidated. 

• Size-dependent biological effects of 
PCN-224 under sublethal dose were 
observed.  
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A B S T R A C T   

The diverse applications of porphyrin-based nano-sized metal-organic frameworks (NMOFs) lead to great 
exposure risks to human and environment. Understanding the cellular biological effects (such as toxicity, dis
tribution, and localization) of porphyrinic NMOFs is a prerequisite to the assessment of their health risk. 
However, the characteristics of distribution, localization, and immune response induced by porphyrinic NMOFs 
have not been studied yet. Here, we report the size-dependent biological effects of porphyrinic NMOFs under 
sublethal dose. Various sizes of PCN-224 (30, 90, and 180 nm) were taken as model porphyrinic NMOFs. We 
found that 30 nm PCN-224 gave the highest uptake content, followed by 90 and 180 nm PCN-224. The mech
anism for uptake was clathrin-mediated for 30 and 90 nm PCN-224, but clathrin- and 
glycosylphosphatidylinositol-mediated for 180 nm PCN-224. All PCN-224 were localized in lysosome with size- 
dependent velocity of colocalization transport. 30 nm PCN-224 induced the highest released cytokines than 90 
and 180 nm PCN-224 accompanied with the activation of NF-κB pathway. This work reveals the mechanisms for 
the endocytosis of PCN-224 and the release of cytokine induced by PCN-224, which is helpful for the health risk 
assessment of NMOFs.   
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1. Introduction 

Nano-sized metal-organic frameworks (NMOFs), a class of highly 
ordered crystalline porous materials (Stock and Biswas, 2012; Kirchon 
et al., 2018), have been utilized in various areas, especially in envi
ronmental protection including heterogenous catalysis and adsorption 
because of their customized pore size, high surface area and porosity, 
and intriguing functionality (Horcajada et al., 2012; Cai et al., 2015). 
Till 2020, over 27 companies are working on the large-scale synthesis 
and commercialization of MOFs with low cost and high space–time yield 
(Chen et al., 2021b; Freund et al., 2021). As a result, several 
NMOF-containing products have been driven to market (2016; Xu and 
Yaghi, 2020). Despite of the great convenience and high performance of 
NMOF-containing products, the real-world applications of NMOFs make 
them release into the environment inevitably, leading to exposure risks 
for humans and organisms. 

Porphyrin-based NMOFs are a subfamily of NMOFs, composed of 
porphyrin organic linker and metal nodes linked via coordination bonds. 
The secondary building units (SBU) of metal nodes endow porphyrin- 
based NMOFs with high chemical stability (Chen et al., 2021a), mak
ing them one of the most promising MOF materials in catalysis, molec
ular adsorption and separation, drug delivery and therapy, and 
fluorescence sensing (Horcajada et al., 2012; Bai et al., 2016; Islamoglu 
et al., 2020; Rojas and Horcajada, 2020). The wide application of 
porphyrin-based NMOFs leads to significant environmental release 
including the discharge in the manufacture process, fragmentation 
under physical forces in the usage, and effusion from waste products in 
the disposal, leading to intentional and accidental exposure risks to 
humans. Therefore, it is an urgent necessary to comprehensively assess 
the potential health risks of porphyrin-based NMOFs during their life 
cycle (Zhang et al., 2021). For this purpose, the study on biological ef
fects including toxicity and distribution is required to fully understand 
the health risks of porphyrin-based NMOFs before they enter market 
(Liu et al., 2018). 

The intrinsic properties of porphyrin-based NMOFs (such as shape, 
topology, and dose) have significant effect on their toxicity. The 
spherical PCN-224 and rod-shape PCN-222 have the same building 
blocks and similar hydrodynamic sizes, but PCN-222 gave lower per
centage of cell necrosis than PCN-224 in the same concentration range 
(Hao et al., 2022). For different topological structures of porphyrinic 
NMOFs (PCN-224, MOF-525, PCN-223 and PCN-222) against bacteria, 
PCN-222 with large pore topology had high ROS generation and cyto
toxicity (Liu et al., 2021). Study on the toxicity of four transition metal 
incorporated aluminum-based porphyrin NMOFs showed that all 
NMOFs inhibited algal growth and reduced the chlorophyll content due 
to the release of metal ions and ROS generation (Li et al., 2021b). In 
addition, 80 nm PCN-224 made significant ROS generation, cytokines 
release, and cytomembrane damage on RAW264.7 cells accompanied 
with the activation of autophagy pathway at no less than 20 μg mL− 1 (Li 
et al., 2021a). However, the distribution characteristics (i.e., internali
zation and localization) of porphyrinic NMOFs have not been reported 
yet. 

Nanoparticles with lethal dose induce significant overt toxicity 
including rupture of membrane, damage of DNA, decline of cell viability 
and so on, which occurs transitorily in actual exposure (Zhang et al., 
2014). While the indirect effects of nanoparticles with sublethal dose 
would not give significant toxicity but usually disturb the cellular 
function at molecular level, resulting in persistent biological effects 
(Wang et al., 2015; Chen et al., 2017). Thus, indirect effects have the 
potential to pose cumulative health hazards, suggesting that the study of 
biological effects under sublethal dose is needed to fully evaluate the 
health risk of nanoparticles. 

Immune system is one of the most important defense against foreign 
pathogens, containing various phagocytes, cytokines, and inflammatory 
proteins (Schultz and Grieder, 1987; Parkin and Cohen, 2001). Among 
these phagocytes, macrophages are thought as a vital sentinel cell in 

combating pathogens and engulfing nanoparticles from circulatory 
system and organs, making them an ideal model in health risk assess
ment of NMOFs (Gao et al., 2017; Qu et al., 2017). However, the cellular 
immune response of macrophages induced by porphyrinic NMOFs is still 
lack of study. 

Herein, we report the intracellular fate and immune response of 
porphyrinic NMOFs with different sizes. Three kinds of PCN-224 (i.e., 
30, 90, and 180 nm PCN-224, structure in Fig. S1) with meso-tetra(4- 
carboxyphenyl)porphine (TCPP) as the linker to connect the Zr nodes 
are selected as model porphyrinic NMOFs because they have great op
portunity in exposure to humans in the usage of catalysis, sensing and 
biomedical science. The sublethal dose of PCN-224 was firstly confirmed 
by viability assay to make basis for further study. The endocytosis ki
netics and related mechanism, colocalization characteristics, and the 
activation of immune response pathway are also demonstrated. Our 
study improves the understanding of the health risk of porphyrinic 
NMOFs under sublethal dose, and provides a unique insight into the 
potential adverse effects of porphyrinic NMOFs on human health. 

2. Materials and methods 

2.1. Materials 

Phosphate buffer saline solution (PBS, pH 7.4) was purchased from 
Invitrogen (China). Dulbecco’s modified Eagle’s medium (DMEM) was 
supplied by Gibco (China). All other reagents were supplied by Aladdin 
Chemistry Co. Ltd. (China). 

2.2. Preparation and characterization of different sizes of PCN-224 

PCN-224 (30, 90, and 180 nm) were prepared according to Park et al. 
(Park et al., 2016). Briefly, 0.22 g benzoic acid (BA) were mixed with 10 
mg TCPP and 30 mg ZrOCl2⋅8H2O in 10 mL N,N-dimethyformamide 
(DMF) to obtain 30 nm PCN-224. As for the synthesis of 90 and 180 nm 
PCN-224, the amount of BA were 0.26 g and 0.28 g, respectively. The 
mixture was heated to 90 ◦C with stirring for 5 h. The as-prepared 
PCN-224 was washed for three times with DMF and characterized ac
cording to our previous studies (Liu et al., 2021; Hao and Yan, 2022; Hao 
et al., 2022). 

2.3. Cell culture and viability assay 

Macrophages (J774A.1) were cultured in DMEM with supplement of 
10% fetal bovine serum (FBS, Gibco, USA) and 1 × penicillin-strepto
mycin (P–S, Invitrogen, USA) at 37 ◦C and 5% CO2. 

J774A.1 cells were seeded into 96-well plates with the density of 104 

per well. The cells were then treated with 30, 90, and 180 nm PCN-224 
or PBS (negative control) for 24 h, followed by the addition of 10 μM 
resazurin (MedChemExpress, China) for additional 2 h. The fluorescent 
intensity at 590 nm (ex. 530 nm) was measured on a multiplate reader 
(Synergy H1, Biotek, USA). 

2.4. Analysis for reactive oxygen species (ROS) and Ca2+ flux 

J774A.1 cells were incubated with 2,7-dichlorodihydrofluorescein 
diacetate (DCFH-DA, 10 μM, MedChemExpress) for 1 h and rinsed 
with PBS for three times. PCN-224 was then added for additional incu
bation of 2 h, 6 h, and 12 h. The group without PCN-224 treatment was 
used as negative control. The fluorescent intensity at 530 nm (ex. 485 
nm) was measured on a multiplate reader. 

Intracellular Ca2+ was determined by Fluo/AM probe (Beyotime, 
China). J774A.1 cells exposed to PCN-224 or PBS (negative control) 
were incubated with Fluo/AM probe (4 μM) in dark for 20 min and 
washed with PBS for three times. One aliquot was imaged on an 
Olympus laser scanning confocal microscopy (LSCM, FV3000) in the 
range of 500–550 nm under excitation at 488 nm. Another aliquot was 
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used to obtain the fluorescent intensity of intracellular Ca2+ at 530 nm 
on a multiplate reader under excitation at 485 nm. The relative content 
of Ca2+ was presented as relative fluorescent intensity compared to 
negative control. 

2.5. Endocytosis and exocytosis of PCN-224 

J774A.1 cells were seeded on 12-well plates and treated with PBS 
(negative control) or 5 nM PCN-224 for different periods (2, 6, 12, and 
18 h), followed by PBS washing. The harvested cells were lysed with 
lysis buffer (Solarbio, China) containing 1 × phosphatase/protease in
hibitor (Beyotime, China) and digested with regia at 80 ◦C for 12 h (Hao 
and Yan, 2022). Then, samples were analyzed for Zr by inductively 
coupled plasma-mass spectrometry (ICP-MS). 

In the exocytosis study, J774A.1 cells were exposed to 5 nM PCN-224 
for 6 h and rinsed with PBS at least three times. Then, these cells were 
cultured in fresh culture medium for additional 6 and 24 h. The medium 
and cells were digested for ICP-MS determination as mentioned above. 

2.6. Endocytosis pathway analysis 

Cells were seeded on 12-well plates or confocal dishes with the 
treatment of different endocytosis inhibitors (MedChemExpress, China), 
including 55 μM nystatin, 25 μM amiloride, 200 μM methyl-β-cyclo
dextrin (Me-β-CD), 100 μM chloroquine, and 30 μM 7-ketocholesterol 
for 1 h. The as-prepared cells were then treated with 5 nM PCN-224 
for 6 h and rinsed with PBS (3 times). The cells seeded on 12-well 
plates were lysed and digested for ICP-MS measurement as mentioned 
above, while the cells seeded on confocal dishes were fixed in 4% 
paraformaldehyde (Beyotime, China) and imaged on a LSCM after DAPI 
(Thermo Fisher, USA) staining. The excitation wavelength was set at 
488 nm and emission wavelengths for DAPI and PCN-224 were set at 
420–450 nm and 620–700 nm, respectively. 

2.7. Fluorescence colocalization staining 

J774A.1 cells (104 per well) were incubated with PCN-224 (30 nm, 
90 nm and 180 nm) at 5 nM for different periods, and followed by PBS 
washing. Then, the lysosomal probe (100 nM, Lyso-Tracker Green, 
Beyotime) or mitochondrial probe (50 nM, Mito-Tracker Green, Beyo
time) was added for additional 0.5 h incubation. The images were 
collected on LSCM in the emission range of 500–550 nm and 620–700 
nm for probe and PCN-224, respectively, under excitation at 488 nm. 
The pearson’s correlation coefficient (PCC) was calculated by the in- 
built software Imaris. 

2.8. Immunofluorescence staining 

J774A.1 cells were fixed with 4% paraformaldehyde after incubation 
with 5 nM PCN-224 for 6 h. The cells were incubated with blocking 
buffer (10% goat serum, Solarbio, China) to block non-specific binding 
sites at room temperature for 1 h. Then, PBS containing 0.1% Triton- 
X100 was added to the cells for additional 10-min incubation. The as- 
prepared cells were washed by PBS for 5 min with three replicates and 
added with anti-phospho–NF–κB antibody (Cell Signaling Technology, 
USA) with a dilution of 1:200 at 4 ◦C overnight. The secondary antibody 
labeled with Alexa-488 (Beyotime, China) was then added with a dilu
tion of 1:1000 for 1 h. The images were collected on a LSCM according to 
previous studies (Tao et al., 2021; Hao and Yan, 2022). 

2.9. Enzyme-linked immunosorbent assay (ELISA) 

The released IL-6 and TNF-α from J774A.1 cells were measured with 
commercial ELISA kits (MULTI SCIENCES, China). The cells were 
exposed to PCN-224 (0, 1, 2, 5, and 10 nM) for 24 h and the medium was 
collected for measurement of IL-6 and TNF-α according to the vendor’s 

instruction. 

2.10. Statistical analysis 

The difference between control and experimental groups was 
examined by student test. The p values less than 0.05 were set as sig
nificant difference. All experiments were repeated for at least three 
times and represented as mean ± standard deviation. 

3. Results and discussion 

3.1. Cytotoxicity and cellular response of PCN-224 to macrophages 

Prior to the assessment of cytotoxicity, PCN-224 were characterized 
in the aspect of morphology and photophysical property. Their 
morphology and solid diameter, fluorescence spectra, UV–vis spectra 
and hydrodynamic diameter were consistent with those in previous 
work (Fig. S2 and Table S1) (Hao et al., 2022), suggesting that the 
synthesis of PCN-224 was successful. Besides, the tested PCN-224 
maintained stable in DMEM medium for 24 h (Park et al., 2016; Hao 
et al., 2022), indicating their dissolution was negligible. 

The effect of PCN-224 on viability of J774A.1 cells, a well-known 
macrophage model, was employed to evaluate the effect of PCN-224 
on cell viability. In general, all the studied PCN-224 made cell 
viability increase with the concentration of PCN-224 no more than 5 nM, 
then decrease with further increase of the concentration of PCN-224 to 
20 nM (Fig. 1A). The studied PCN-224 exhibited size-dependent cyto
toxicity, i.e., larger sized PCN-224 gave less cytotoxicity. The increasing 
cell viability with the exposure to nanoparticles was also reported by 
other studies mainly due to the effect of stress for nanoparticles (RuyraÀ. 
Yazdi et al., 2015; Chen et al., 2020; Yan et al., 2021). Fig. 1A also shows 
that PCN-224 with concentration less than 10 nM gave more than 80% 
viability of J774A.1 cells, suggesting this concentration had no overt 
toxic effect on cells. 

The intracellular ROS generation of PCN-224 was evaluated using a 
turn-on fluorescent probe (DCFH-DA). Excessive ROS generation is an 
important cellular response in the exposure of cells to nanoparticles as 
ROS is an important signal molecule in inflammation reaction, cytokines 
secretion and so on (Aranda et al., 2013; Tao et al., 2021). Fig. 1B shows 
the relative content of ROS had no significant change in 5 nM 
PCN-224-treated groups compared to negative control, indicating 
PCN-224 with the concentration of 5 nM had no effect on intracellular 
ROS equilibrium. 

Accumulation of Ca2+ flux is an early and sensitive indicator in 
cellular response as it is usually associated with mitochondrial 
dysfunction, cytoskeletal rearrangement, and inflammation (Bagur and 
Hajnóczky, 2017; Gao et al., 2017; Wang et al., 2021). Therefore, we 
investigated the effect of PCN-224 on the Ca2+ flux of J774A.1 cells 
using a turn-on fluorescent probe. The relative contents of Ca2+ in 30, 
90, and 180 nm PCN-224 treated cells show no difference compared to 
control group (without PCN-224 treatment) (Fig. 1C and Fig. S3), sug
gesting the PCN-224 could not induce the accumulation of Ca2+ flux in 
the concentration range of 1–5 nM. This was also confirmed by the LSCM 
images in Fig. 1D. 

In summary, the exposure of 30, 90, and 180 nm PCN-224 to 
J774A.1 cells had no adverse effect on cellular response with the con
centration from 1 to 5 nM. Therefore, 5 nM was adopted as the sublethal 
dose for the following studies to evaluate the distribution and immune 
response of PCN-224. 

3.2. Cellular endocytosis and exocytosis of PCN-224 

Endocytosis and exocytosis are critical steps in evaluating the 
intracellular distribution of nanoparticles. Understanding the kinetics of 
the endocytosis of PCN-224 could accurately document the internali
zation process. The intracellular content of PCN-224 (as Zr) per million 
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cells was measured on an ICP-MS (Fig. 2A). The uptake kinetic curves 
show the intracellular content of 30, 90, and 180 nm PCN-224 reached 
54.8, 39.9, and 32.4 μg per million cells after 6 h incubation, respec
tively, then elevated slowly from 6 to 18 h, indicating the cellular uptake 
of PCN-224 reached almost saturation in the first 6 h. The content of 
PCN-224 per million cells decreased as the size of PCN-224 increased. 

The exocytosis of 30, 90, and 180 nm PCN-224 was studied by ICP- 
MS. Exocytosis is a detoxifying process for cells through active trans
portation to decrease the internalized nanoparticles, resulting in 
different cellular distribution of nanoparticles (Bourquin et al., 2019; Ku 
et al., 2021). Fig. 2B shows a small proportion of PCN-224 (0.6%–1.7%) 
was excreted from macrophages after incubation for 6–24 h, but the 
relative contents of all intracellular PCN-224 were still more than 98%, 
suggesting the exocytosis for all the studied sizes of PCN-224 was 
negligible. Previous studies also confirmed that cancer cells could 
reduce the intracellular nanoparticles through the cell division instead 

of exocytosis both in 2D culture and in 3D culture, suggesting the 
endocytosis of nanoparticles is irreversible (Mazuel et al., 2016; Bour
quin et al., 2019). 

3.3. Mechanism for the endocytosis of PCN-224 

The endocytosis pathway for PCN-224 was studied with the chemical 
endocytosis inhibitors. The mechanism for endocytosis could be divided 
into five routes: caveolae-mediated endocytosis, macropinocytosis, lipid 
raft endocytosis, clathrin-mediated endocytosis (CME), and clathrin- 
independent carrier/glycosylphosphatidylinositol-anchored protein 
enriched early endocytic compartment (CLIC/GEEC) endocytosis (Ren
nick et al., 2021; Sousa de Almeida et al., 2021). To determine which 
route was responsible for the entrance of PCN-224 into the cells, various 
chemical endocytosis inhibitors including nystatin, amiloride, Me-β-CD, 
chloroquine, and 7-ketocholesterol, which could specifically block the 

Fig. 1. (A) Cell viability of J774A.1 after incubation with various concentrations of PCN-224 for 24 h. (B) ROS generation in J774A.1 cells exposed to PCN-224 (5 
nM) compared to PBS-treated cells (negative control) for different periods. 10 mM H2O2 was set as positive control. (C) Relative content of Ca2+ in J774A.1 cells 
incubated with 30 nm PCN-224. (D) Fluorescence images of Ca2+ in J774A.1 cells treated with 5 nM PCN-224 for 6 h. Scale bars 20 μm. 

Fig. 2. (A) Cellular uptake of different sizes of PCN-224 (as Zr) at various time intervals. (B) Relative content of extracellular and intracellular PCN-224 (as Zr) at 
different incubation times. Exposure concentration of PCN-224, 5 nM. 
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caveolae-mediated endocytosis, macropinocytosis, lipid raft endocy
tosis, CME, and CLIC/GEEC, respectively, were used. All these inhibitors 
were nontoxic to J774A.1 cells as revealed by viability assay (Fig. S4). 
The preincubation of J774A.1 cells with nystatin, amiloride, methyl-
β-cyclodextrin (Me-β-CD), and 7-ketocholesterol did not significantly 
change the uptake of 30 and 90 nm PCN-224 (as Zr) (Fig. 3A). However, 
chloroquine blocked 40.5% and 48.8% cellular uptake of 30 nm 
PCN-224 and 90 nm PCN-224, respectively, suggesting the uptake of 
these two sizes of PCN-224 was through CME pathway. Chloroquine and 
7-ketocholesterol inhibited 49.3% and 27.5% of the uptake of 180 nm 
PCN-224, respectively. The decreased relative uptake of 180 nm 
PCN-224 indicates that CME and CLIC/GEEC endocytosis contributed to 
the internalization of 180 nm PCN-224. The internalization of ZIF-8 and 
ZIF-67 by algal cells was also mediated by multi-pathways while the 
metal nanoparticles were usually internalized through one pathway 
(Zhang et al., 2014; Zhang et al., 2021; Li et al., 2022). Therefore, the 
NMOF may give a distinct internalization pattern. The mechanism of 
endocytosis was also confirmed by fluorescence staining. Fig. 3B shows 
the nucleus (blue) stained with DAPI were surrounded by PCN-224 
(red). The red fluorescence intensities of PCN-224 decreased dramati
cally from 100% to 18%–32% (Fig. S5) after preincubation with chlo
roquine for 1 h, giving similar decreased patterns in Fig. 3A. The result 
of internalization suggests that the size of PCN-224 determined the 
pathway of cellular internalization (Fig. 3C). 

3.4. Intracellular distribution of PCN-224 

Endocytosis could lead to lysosomal or mitochondrial distribution of 
nanoparticles, making compromise in autophagy and aerobic meta
bolism. For instance, MIL-101 in lysosome increased the autophagy flux 
of 3T3/L1 cells without significant cell toxicity (Shen et al., 2018). The 
interaction of AgNP and mitochondria induced great ROS generation 
and loss of mitochondrial potential at sublethal concentrations (Wang 
et al., 2022). Therefore, clarifying the intracellular distribution of 
PCN-224 is significant for understanding the potential risks for cells. The 
subcellular distribution of 30, 90, and 180 nm PCN-224 after internal
ization was elucidated by fluorescence imaging with counterstaining of 
lysosome and mitochondria. Fig. 4A shows the red fluorescence of 
PCN-224 was colocalized partially with green fluorescence of lysosome 
after 4 h incubation. However, the green fluorescence of lysosome was 
totally covered by the red fluorescence of PCN-224 after 24 h 
incubation. 

The relative level of colocalization between PCN-224 and lysosome 
was then evaluated by the Pearson’s correlation coefficients (PCC, 

higher PCC means stronger colocalization). The PCC values of lysosome 
with 30 nm PCN-224, 90 nm PCN-224, and 180 nm PCN-224 were 0.11, 
0.21, and 0.23 after 4 h incubation, respectively, then increased to 0.55, 
0.46, and 0.43 after 24 h incubation, respectively (Fig. 4B), indicating 
that the level of colocalization of PCN-224 and lysosome followed an 
increasing order of 180 nm PCN-222 < 90 nm PCN-224 < 30 nm PCN- 
224, in good agreement with the fact that small nanoparticles had fast 
intracellular transport (Aoyama et al., 2017). However, the colocaliza
tion of mitochondria (green) and PCN-224 (red) was negligible (nega
tive PCC values) after 24 h incubation (Fig. S6). The colocalization 
results indicate that PCN-224 was mostly located in lysosome and the 
size of PCN-224 determined the velocity of colocalization transport. 

3.5. Immune response to PCN-224 exposure 

Interleukin 6 (IL-6) and tumor necrosis factor alpha (TNF-α), the two 
kinds of potent pleiotropic cytokine regulating immune response 
secreted by macrophages, were then assessed using an ELISA assay to 
confirm if the exposure of PCN-224 to macrophages under sublethal 
dose could induce their immune response. The concentration of IL-6 
(calibration curve in Fig. S7) in PCN-224 treated cells increased with 
the concentration of PCN-224 (Fig. 5A). 30 nm PCN-224, 90 nm PCN- 
224, and 180 nm PCN-224 with the concentration of 0–10 nM gave 
the IL-6 concentration of 8.1–16.5 pg mL− 1, 9.2–12.1 pg mL− 1, and 
8.7–11.0 pg mL− 1, respectively. The pattern for the change of the con
centration of TNF-α (calibration curve in Fig. S7) was similar to that of 
IL-6 (Fig. 5B). 30 nm PCN-224, 90 nm PCN-224, and 180 nm PCN-224 
with the concentration of 0–10 nM made the concentration of TNF-α 
increase from 34.0 to 52.5 pg mL− 1, 32.0–44.6 pg mL− 1, and 30.2–38.1 
pg mL− 1, respectively. All kinds of PCN-224 made size-dependent in
crease in the secretion of IL-6 and TNF-α, that is, the smaller in the size of 
PCN-224, the higher immune response induced. 

The release of IL-6 was regulated by the tandem activation of NF-κB 
pathway (Tao et al., 2021). The NF-κB complex was composed of IκBα, 
p65, and p50, retaining in cytoplasm (Baldwin, 1996). The activation of 
NF-κB complex leads to the phosphorylation and degradation of IκBα, 
and the phosphorylation of p65 with translocation to nucleus 
(Napetschnig and Wu, 2013). The phosphorylated p65 then regulates 
the production of IL-6 (Zhou et al., 2012). Therefore, the phosphorylated 
p65 was detected using the immunofluorescence staining to confirm the 
activation of NF-κB pathway in J774A.1 cells after incubation with 
PCN-224. The J774A.1 cells exposed to PCN-224 gave stronger fluo
rescence than control cells, indicating the occurrence of phosphoryla
tion of p65 (Fig. 5C). Besides, 30 nm PCN-224 made green fluorescence 

Fig. 3. (A) Relative uptaken content of PCN-224 by J774A.1 cells treated with PBS (control) or inhibitors (Nystatin, 55 μM; amiloride, 25 μM; Me-β-CD, 200 μM; 
chloroquine, 100 μM; 7-ketocholesterol, 30 μM). Concentration of PCN-224, 5 nM **p < 0.01. (B) Fluorescent images of J774A.1 cells exposed to 30 nm, 90 nm, and 
180 nm PCN-224 (5 nM) after preincubation with chloroquine (100 μM) for 1 h. (C) Schematic for the uptake pathway of 30, 90 and 180 nm PCN-224. 
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Fig. 4. (A) Subcellular distribution of PCN-224 in J774A.1 cells after 4 and 24 h incubation. Green: lysosome and red: PCN-224. (B) PCC values for the colocalization 
of PCN-224 and lysosome. Scale bars 20 μm. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of 
this article.) 

Fig. 5. Concentration of IL-6 protein (A) and TNF-α 
protein (B) in culture medium secreted from J774A.1 
cells after incubation with various concentrations of 
PCN-224 for 24 h. (C) Immunofluorescence images of 
phosphorylated NF-κB in J774A.1 cells after incuba
tion with various solutions: (i) PBS (negative control), 
(ii) 30 nm PCN-224 (5 nM), (iii) 90 nm PCN-224 (5 
nM), and (iv) 180 nm PCN-224 (5 nM). Scale bars, 20 
μm. (D) Schematic for the mechanisms responsible for 
PCN-224 induced immune response to J774A.1 cells.   
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emit from the nucleus of the J774A.1 cells, indicating that phosphory
lated p65 translocated from cytoplasm to nucleus. In contrast, 90 and 
180 nm PCN-224 treated cells gave lower fluorescence intensity in nu
cleus than 30 nm PCN-224 treated cells, in good agreement with the 
pattern for the change of IL-6 concentration (Fig. 5A). The above results 
suggest the important role of the size of PCN-224 in the activation of 
NF-κB pathway. 

In view of two facts that interaction between nanoparticle and Toll- 
like receptor (TLR) induces TNF-α production and the TNF-α induced the 
activation of NF-κB (Zhou et al., 2012; Qu et al., 2013), the autocrine 
loop of TNF-α drived the release of IL-6 from macrophages (Fig. 5D). 

4. Conclusion 

In summary, we have reported the cellular distribution, endocytosis, 
and immune response of different sizes of PCN-224 to J774A.1 cells 
under sublethal dose. Smaller size of PCN-224 was found to induce 
higher endocytosis content. Only CME was responsible for the endocy
tosis of 30 and 90 nm PCN-224, while both CME and CLIC/GEEC were 
responsible for 180 nm PCN-224. All the studied PCN-224 were located 
in lysosome after endocytosis and smaller size of PCN-224 exhibited 
higher colocalization velocity. PCN-224 induced size-dependent release 
of immune cytokine through the activation of NF-κB pathway, following 
the increasing order of 180 nm PCN-224 < 90 nm PCN-224 < 30 nm 
PCN-224. The findings herein not only reveal the cellular fate and 
related mechanism of nanosized PCN-224, but also deep the under
standing of health risks of NMOFs under sublethal dose. 
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