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ABSTRACT: Endosome capture is a major physiological barrier to the successful delivery of
nanomedicine. Here, we found a strategy to deliver ultrasmall nanoparticles (<10 nm) to the
cytosolic compartment of pyroptotic cells with spontaneous endosomal escape. To mimic
pathological pyroptotic cells, J774A.1 macrophages were stimulated with lipopolysaccharide
(LPS) plus nigericin (Nig) or adenosine triphosphate (ATP) to form specific gasdermin D
protein-driven membrane pores at an N-terminal domain (GSDMDNterm). Through
GSDMDNterm membrane pores, both anionic and cationic nanoparticles (NPs) with diameters
less than 10 nm were accessed into the cytosolic compartment of pyroptotic cells in an energy-
and receptor-independent manner, while NPs larger than the size of GSDMDNterm membrane
pores failed to enter pyroptotic cells. NPs pass through GSDMDNterm membrane pores via free
diffusion and then access into the cytoplasm of pyroptotic cells in a microtubule-independent
manner. Interestingly, we found that LPS-primed NPs may act as Trojan horse, deliver
extracellular LPS into normal cells through endocytosis, and in turn induce GSDMDNterm

membrane pores, which facilitate further internalization of NPs. This study presented a straightforward method of distinguishing
normal and pyroptotic cells through GSDMD membrane pores, implicating their potential application in monitoring the delivery of
desired nanomedicines in pyroptosis-related diseases and conditions.
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1. INTRODUCTION

Nanoparticles (NPs) have demonstrated their great potential
applications in various therapeutic and diagnostic strategies.
Although significant progresses have been achieved in the field
of cellular manipulation/engineering,1 imaging,2 and medical
applications,3 there are still barriers to achieve desired
outcomes. One of the biggest challenges for NPs delivery is
endocytosis-associated endosomal degradation. Generally, NPs
are internalized into cells through the endocytosis pathway;
however, the majority of NPs are entrapped by endosome and
degraded by hydrolytic enzymes,4 which dramatically reduces
the intracellular bioavailability of NPs and ultimately impedes
their biomedical applications.
Several strategies have been developed to avoid endosomal

degradation. Various “endosomal escape” delivery nanosystems
or nanoplatforms have been invented, including membrane
fusion, proton sponge effect/osmotic lysis, swelling of NPs to
rupture the endosomal membrane, and destabilization/
disruption to endosomal membranes.5−7 However, these
strategies are normally accompanied by the disrupture of
lysosomes, which may cause further damages to target cells. In
addition, these strategies lack the ability of targeted delivery of
NPs to pathological cells perse.
An alternative approach called “electroporation” has been

developed to avoid endocytosis.8,9 Basically, it uses an intense

electric field to create temporary pores on the plasma
membrane and delivers desired reagents through the nano-
channels on the cell membranes into the cytoplasm. Although
electroporation preserves the majority of cell viability,
sophisticated fabrication and accessibility of the equipment
prevent their application in basic research and at the clinic.
Despite all of these drawbacks, electroporation represents a
powerful technique in drug transport, which inspired us to
explore in this study the possibility of delivering NPs via
membrane pores formed under specific conditions.
Here, we discovered that ultrasmall (<10 nm) NPs can be

delivered to the cytosolic compartment in pyroptotic cells via a
specific gasdermin D (GSDMD) protein-driven membrane
pores. During pyroptosis, activated caspases cleave GSDMD,
whose N-terminal fragment (GSDMDNterm) inserts into plasma
membranes to form pores (inner diameter around 10−18
nm).10 Biological pores provide nanoscopic pathways for the
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passage of ions, charged or polar molecules across the cellular
membranes. The regulated nanoscale dimensions of these
biological pores make them attractive in nanobiotechnology,
ranging from the single-molecule sensing to drug delivery and
targeted killing of malignant cells.11 Currently, targeted
delivery of NPs by modified biological pores with built-in
“switches” is widely studied in cancer treatment. Denmeade et
al. assembled an inactive precursor of pore-forming protein,
aerolysin, to a peptide that could only be cleaved by the
protease from prostate cancer cells. Aerolysin was activated by
the cleavage of the attached peptide, which formed plasma
membrane pores and led to cancer cell lysis.12 The antibiotic
peptide gramicidin has been applied to deliver macromolecules
into the cytoplasm. Legendre and co-workers have assembled a
gramicidin−lipid−DNA complex to deliver plasmid DNA to
the cytoplasm of cultured mammalian cells by forming
biological pores on plasma membranes.11,13 Therefore, we
speculated that GSDMDNterm membrane pores might be a
therapeutic and diagnostic window for the delivery of NPs to
pyroptotic cells. Pyroptosis plays an essential role in the
pathogenesis of various diseases, such as sepsis, myocardial
infarction, hypertension, ischemia-reperfusion injury, athero-
sclerosis, and heart failure.14−16 Therefore, the construction of
the GSDMDNterm membrane pore-related NP delivery platform
may be beneficial for these related diseases and conditions.

2. MATERIALS AND METHODS
2.1. Experimental Reagents. Rabbit monoclonal anti-GSDMD

antibody (Cat. No. ab219800) was obtained from Abcam at a dilution
of 1:1000, and rabbit polyclonal anti-β-actin antibody (Cat. No.
D110001) was supplied from Sangon Biotech at a dilution of 1:4000.
Lipopolysaccharides (LPS, Cat. No. sc-3535) from Escherichia coli,
serotype O111:B4, adenosine 5′-triphosphate disodium salt (ATP,
Cat. No. sc-214507), and nocodazole (Cat. No. 31430-18-9) were
purchased from Santa Cruz Biotechnology. LPS was prepared as a
stock solution of 10 mg/mL in PBS solution. ATP stock solution was
prepared in PBS pH 7.4 at a concentration of 1 M, sterile-filtered, and
kept at −20 °C. Nocodazole stock solution was prepared in DMSO at
a concentration of 33 mM and kept at −20 °C. Nigericin sodium salt
(Nig, Cat. No. B7644) was obtained from ApexBio Technology LLC
and resuspended at a stock concentration of 6.7 mM in sterile ethanol
and kept at −20 °C. Methyl-β-cyclodextrin (MβCD, Cat. No.
128446-36-6) and chlorpromazine hydrochloride (CPZ, Cat. No. 69-
09-0) were obtained from Solarbio Science & Technology Co., Ltd.
Polyinosinic acid (Poly(I), Cat. No. 30918-54-8) was purchased from
Yuanye Biotechnology Co., Ltd. Propidium iodide (PI, Cat. No. P-
4170) power was obtained from Sigma-Aldrich and used within the
range suggested by the manufacturer’s directions. Poly(ethylene
glycol) 1500 (PEG1500, Cat. No. 25322-68-3) was obtained from
Aladdin Industrial Corporation. CytoTox96 LDH release kit (Cat.
No. A020-2-2) was obtained from Nanjing Jiancheng Bioengineering
Institute. Hoechst 33342 (Cat. No. C1022) and cell red plasma
membrane dye 1,1′-dioctadecyl-3,3,3′,3′-tetramethylindocarbocya-
nine perchlorate (DiI, Cat. No. C1036) for cell imaging were
obtained from Beyotime Biotechnology. Lysosome Tracker Red
DND-99 dye (Cat. No. 40739ESS50) for live-cell lysosome imaging
was obtained from Yeasen Biotechnology Co., Ltd. Tubulin Tracker
Deep Red dye (Cat. No. T34077) for live-cell tubulin imaging was
obtained from Thermo Scientific. ZnCdSe@ZnS quantum dots (QDs,
Cat. No. QS525/QS625/Q1525) were obtained from Wuhan Jiayuan
Quantum Dots Co., Ltd. Carboxylate-modified polystyrene nano-
particles (PSNPs, Cat. No. L5155) (30 nm) was obtained from
Sigma-Aldrich.
2.2. Cell Culture and Treatments. Murine macrophage cells

J774A.1 (ATCC TIB-67) were cultivated in Dulbecco’s modified
Eagle’s medium (DMEM, Gibco) supplemented with 2 mM L-
glutamine, 100 U/mL penicillin, 100 μg/mL streptomycin, 110 mg/L

sodium pyruvate, and 10% fetal bovine serum at 37 °C in a humidified
incubator containing 5% CO2. This medium was referred to below as
the complete cell culture medium (cDMEM). To induce the
pyroptotic cell state, cells were preincubated with 10 μg/mL LPS
for 3 h and then treated with 10 μM Nig or 1 mM ATP for 2 h at 37
°C with 5% CO2. For PI uptake kinetic experiments, the cells were
seeded at 5 × 104 per well in 48-well plates overnight. PI (10 μM)
with 10 nM QDs or 10 μg/mL LPS, and 10 μM Nig or 1% Triton X-
100 were added to cells. For confocal microscopy imaging, J774A.1
cells were seeded in the confocal dish overnight at a density of 1 × 105

cells per dish, and 2 nM QDs with or without 10 μg/mL LPS and 10
μM Nig, 5 mM MβCD, 10 μM CPZ, 5 mM Poly(I), 30 mM
PEG1500, or 33 μM nocodazole were added to cells at 37 or 4 °C for
2 h.

2.3. Confocal Imaging. Cells (1 × 105) were seeded on 35 mm
cover glass-bottom culture dishes and allowed to attach overnight.
The cells were incubated with 2 nM QDs for 2 h after different
stimulations according to the experimental groups and then stained
with needed dyes. Lysosome Tracker Red DND-99 dye was used at a
dilution of 1:10 000 and stained for 30 min prior to imaging. Tubulin
Tracker Deep Red dye was used for cell tubulin stain at a dilution of
1:1000 for 30 min. After staining, the cells were washed in warm PBS
three times to remove excess dye. Warm DMEM culture medium
without FBS was used for live-cell imaging supplement. Confocal
images were recorded with a Nikon Eclipse Ti2 confocal imaging
microscope (Nikon, Tokyo, Japan) equipped with a 60×, 1.40 NA, oil
immersion objective. QDs were excited with a 488 nm Ar−Kr laser,
Lyso Tracker Red dye and DiI were excited with a 561 nm He−Ne
laser, Hoechst 33342 was excited with a 405 nm Ar−UV laser, and
Tubulin Tracker Deep Red dye was excited with a 640 nm He−Ne
laser. Live-cell time course images were taken in no-delay mode for 30
min. Experiments were conducted at 37 or 4 °C.

2.4. Real-Time Cell Permeability Plate Reader Assay. Cells (5
× 104) were seeded in 48-well plates in 200 μL per well. After 12 h
adhesion, the supernatant was replaced with warmed DMEM without
FBS and containing 10 μg/mL LPS. After 3 h of priming with LPS,
the medium was removed and challenged with 10 μM Nig, 1 mM
ATP, or 2 nM QDs in warmed medium without FBS. 1% Triton X-
100 solution (100 μL) was prepared in warmed medium and added to
wells as lysed positive controls. PI (20 μM) solution was added to
cells and allowed to equilibrate for 10 min before the plate was placed
in a SpectraMax iD3 microplate reader (Molecular Devices, San Jose,
CA). The program settings for real-time fluorescence monitoring were
bottom reading of fluorescence with an excitation wavelength of 535
nm and emission wavelength of 615 nm. PI fluorescence was
continuously detected every 2 min for 3 h.

2.5. LDH Release Assay. Pyroptotic cell was quantitated by
assaying the activity of LDH released into freshly cell culture
supernatants after various stimulation courses using the CytoTox96
LDH release kit according to the manufacturer’s protocols. Measure-
ments for absorbance readings were performed on the SpectraMax
iD3 microplate reader at a wavelength of 450 nm. The value of LDH
activity in the culture supernatant was calibrated with the standard
LDH value.

2.6. Western Blotting. Protein samples of cultured cells were
lysed and separated by a 12.5% sodium dodecyl sulfate-polyacryla-
mide gel electrophoresis (SDS-PAGE), followed by transferring to the
nitrocellulose filter membrane. Membranes were blocked in 5%
skimmed milk and probed the whole night with the primary
antibodies. After washing with TBST solution, the bound primary
antibodies were reacted with HRP-conjugated secondary antibody
(1:2000, Beyotime Biotechnology, Shanghai, China) for 2 h. The
BeyoECL Star analysis reagent (Beyotime Biotechnology, Shanghai,
China) was used to visualize the protein signals.

2.7. Flow Cytometric Analysis. J774A.1 cells were plated
overnight at 1 × 106 per well in six-well plates and primed with 10 μg/
mL LPS, 10 μM Nig, or 1 mM ATP. After priming, the cells were
collected and PI was added into the DMEM culture medium. After 30
min, the cells were washed three times with cold PBS and run on a
BD Melody FACS (BD Biosciences, San Jose, CA). Cellular debris
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was excluded using forward vs side scatter gating. PI fluorescence
signals were recorded for pyroptotic cells, and data were analyzed
using the FlowJo v10 software (FlowJo LLC data analysis software,
Ashland, OR).
2.8. Nanoparticle Tracking Analysis. To study the intracellular

dynamics tracking of endocytic QDs, fluorescence microscopy
experiments were performed with a confocal microscope (Eclipse
Ti2, Nikon, Tokyo, Japan; objective: 60×, 1.40 NA, oil immersion).
The cells were primed with 10 μg/mL LPS for 3 h and then
stimulated with second stimulus as 10 μM Nig for 2 h. QDs (4 nM)
were primed for 2 h at 37 or 4 °C before imaging. The diameter of the
detection pinhole was set to the size of 2.2 Airy. Sequential image
series at 16 bits were collected by selecting a region of interest of 128
× 128 pixels and by varying the pixel dwell time from 0.5 to 4 μs per
pixel depending on the characteristic diffusivity of the structure under
study. The overall acquisition time is 30 min. Image stacks of at least
1800 frames were collected at 1 Hz, and the track of intracellular QDs
was determined and analyzed on Fiji plugin Tracking. For each frame,
individual QDs were detected and localized by adjusting parameters
for diameter and threshold. The two parameters were adjusted to
ensure capturing of the greatest number of QDs that were visible
clearly without aggregations. The parameters of linking distance and

gap-closing distance were adjusted to link the detected particles
between frames. In the case of SPT in cells, the linking range was set
to 3 to bridge over short QD blinking events (less than three frames),
and the linking distance was chosen to be 15 pixels to ensure smooth
linking. All of the linking parameters were optimized repeatedly, and
the linking steps were checked optically for possible inappropriate
linking adjustments. All individual trajectories visually detected were
included in our analysis database, and trajectories longer than 10
frames were selected for further analysis.

2.9. Image Processing. All image processing was performed
using Fiji software, including merging of images or stacks, cropping
the images, and producing or cutting the movies.

2.10. Statistical Analysis. Statistical significance for experiments
was tested with one-way ANOVA with Tukey’s multiple comparison
test correction or unpaired Student’s t test. Statistical tests were
performed as described in the figure legends using Prism 7.0 from
GraphPad (GraphPad Software, Inc., La Jolla, CA). Adjusted p values
were calculated with SPSS 13.0, and p < 0.05 was considered
significant. Data presented are representative of at least three
independent repeats. Data with error bars are represented as mean
± SD.

Figure 1. QDs internalization is energy-dependent and receptor-mediated endocytosis in normal cells. J774A.1 cells were seeded on 35 mm cover
glass-bottom culture dishes overnight; 2 nM QDs were incubated with cells at 37 or 4 °C for 2 h. After washing three times with pH 7.4 PBS,
Hoechst 33342 (blue) was used to stain the cell nuclei. Confocal images were acquired with a Nikon Eclipse Ti2 confocal imaging microscope
equipped with a 60×, 1.40 NA, oil immersion objective. (a) Temperature-dependent QDs internalization; (b) Three-dimensional reconstruction of
z-stacks at 37 or 4 °C. (c) Cells were primed with 5 mM Poly(I), 10 μM CPZ, and 5 mM MβCD for 30 min and then incubated with 2 nM QDs
for 2 h. Scale bar, 10 μm. Quantification of QD internalization was measured by Fiji software. Each panel was a representative experiment of at least
three repeats. Data with error bars were represented as mean ± SD. n.s., no significance.
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3. RESULTS AND DISCUSSION

3.1. QDs Internalization is Energy-Dependent and
Receptor-Mediated Endocytosis in Normal Cells. Phys-
icochemical properties, including size, surface chemistry, and
clustering of NPs, regulate their cellular uptake and intra-
cellular transport. Endocytosis is a major route of delivering
NPs into cells, which includes phagocytosis, pinocytosis,
receptor-mediated, and other nonspecific endocytosis.17 The
internalization of larger NPs is usually associated with
phagocytosis or macropinocytosis,18 while receptor-mediated
endocytosis is linked with the uptake of smaller NPs, including
clathrin-dependent (∼100 nm) and caveolin-dependent (50−
100 nm) endocytosis.19,20 In our study, ultrasmall (<10 nm)
NPs, commercial ZnCdSe@ZnS quantum dots (QDs, 8.29 ±
2.46 nm, −38.63 ± 2.29 mV) with stable green fluorescence
(Figure S1), were used to visualize cellular internalization in
normal functional cells. The results showed that QDs were
efficiently internalized by growing J774A.1 cells in a 37 °C
culture medium. While this experiment was conducted under 4
°C, a profound reduction in cellular uptake (approximately
97%) was observed and green fluorescence almost vanished in
the cells (Figure 1a). A temperature-response experiment
suggested that QD internalization was energy-dependent. As
indicated in three-dimensional reconstruction images, obvious
green fluorescence QDs were found under a 37 °C culture
condition while QDs were rarely observed in cells at 4 °C
(Figure 1b). To better understand the internalization
mechanism of QDs, three endocytosis inhibitors were
preincubated with cells for 30 min before QD treatment,
respectively. Obviously, all three inhibitors reduced the uptake
of QDs, and methyl-β-cyclodextrin (MβCD) showed the most
endocytic inhibition efficiency compared to chlorpromazine
hydrochloride (CPZ) and polyinoainic acid (Poly(I)) (Figure
1c). The results indicated that caveolae-mediated endocytosis
was the dominant internalization pathway of QDs, and other
pathways including clathrin-mediated endocytosis and scav-
enger receptors were also involved.21

3.2. Low Concentrations of QDs alone Did Not Cause
Pyroptosis in J774A.1 Macrophages. Pyroptosis, a specific
programmed cell death, prevents intracellular pathogen
replication and exposes pathogens to extracellular killing
mechanisms. Although pyroptosis protects multicellular
organisms from invading pathogens, uncontrolled pyroptosis
could lead to inappropriate repair for tissue damage and organ
failure.14,22,23 GSDMD, a member of gasdermins family, was
identified as an essential mediator of pyroptosis. GSDMD
exerts its pyroptotic function through activating the pore-
forming cytotoxic domain, N-terminal domain of GSDMD
(GSDMDNterm).24,25 As a pore-forming protein, GSDMDNterm

protein is assembling into stable ring-shaped oligomers and
targeting, inserting into membrane, and assembling perme-
ability membrane pores (inner diameter, ca. 10−18 nm)
during cell pyroptosis. This process ultimately increases the
permeability of plasma membrane to macromolecules,
metabolites, and inflammatory cytokines, resulting in rapid
collapse of cellular integrity to facilitate cell lysis.10,26

First, we distinguished “normal” endocytosis from the
GSDMDNterm membrane pore-driven internalization. Pyrop-
totic cells are usually accompanied by cell swelling and
cytoplasmatic contents release, including lactate dehydrogen-
ase (LDH).27 The loss of membrane integrity also can result in
the staining of intracellular nucleic acids by membrane-

impermeable dye propidium iodide (PI).28 To verify whether
QDs induce lytic type of cell death, J774A.1 cells were primed
with different concentrations of QDs (1−500 nM) at 37 °C for
12 h. The results showed that low concentrations of QDs (<10
nM) did not exhibit cytotoxicity (Figure S2). Confocal
microscopy images showed that QDs were obviously
internalized and the cell morphology remained unchanged
(Figure 2a). Western blot results showed that GSDMDNterm

protein was not expressed after priming the cells with 10 nM
QDs and only full-length GSDMD protein was detected
(Figure 2b). Consistently, the content of LDH in the cell
supernatant (Figure 2c) and the fluorescence intensity of PI
were not significantly changed (Figure 2d). Although various
NPs were reported to induce cell pyroptosis, the gasdermin-
mediated programmed necrotic cell death,29,30 our results
suggested that exposure to low concentrations of QDs (<10
nM) did not cause pyroptosis in J774A.1 macrophages.

3.3. Entry of QDs is Energy- and Receptor-Independ-
ent in Pyroptotic Cells. To address the possibility that small-
sized NPs enter cells through GSDMDNterm membrane pores,
we activated GSDMD cleavage with nigericin (Nig) or
adenosine triphosphate (ATP) after priming the cells with
lipopolysaccharide (LPS).26,31−33 Western blot analysis verified
that anti-GSDMD antibody recognized the N-terminal 31-kDa

Figure 2. Low concentrations of QDs alone did not cause pyroptosis
in J774A.1 macrophages. Cells were seeded on a 6-well or 48-well
plate overnight, then incubated with 10 nM QDs at 37 °C for 12 h.
(a) After washed three times with PBS pH 7.4, Hoechst 33342 (blue)
was used to stain cell nuclei. Confocal images were recorded with a
Nikon Eclipse Ti2 confocal imaging microscope. Scale bar, 10 μm. (b)
GSDMD protein was detected by Western blot. (c) Content of LDH
in the supernatant. (d) After priming, the medium was replaced with
PI (10 μM) solution. Culture plate was placed in a microplate reader
for monitoring membrane permeability for 2 h. PI fluorescence was
detected every 2 min. Each panel was a representative experiment of
at least three repeats. Data with error bars were represented as mean
± SD. n.s., no significance.

ACS Applied Materials & Interfaces www.acsami.org Research Article

https://doi.org/10.1021/acsami.1c17382
ACS Appl. Mater. Interfaces 2021, 13, 50823−50835

50826

https://pubs.acs.org/doi/suppl/10.1021/acsami.1c17382/suppl_file/am1c17382_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.1c17382/suppl_file/am1c17382_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsami.1c17382?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.1c17382?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.1c17382?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.1c17382?fig=fig2&ref=pdf
www.acsami.org?ref=pdf
https://doi.org/10.1021/acsami.1c17382?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


pore-forming pyroptotic fragment GSDMDNterm when cells
were incubated with Nig or LPS/Nig (Figure 3a). LDH release
(Figure 3b), real-time cell permeability (Figure 3c), and PI
staining flow cytometric assays (Figure S3) verified the
formation of GSDMDNterm membrane pores. Similarly, the
permeability of membrane macropores was also recognized in
the presence of ATP or LPS/ATP (Figure S4). The presence
of LPS facilitates both Nig- and ATP-induced GSDMDNterm

membrane pore formation. Next, to determine whether QDs
entered cells through GSDMDNterm membrane pores, the
pyroptotic cells were placed at 4 °C to avoid energy-driven
internalization of QDs. Confocal microscopy images showed
obvious green fluorescence in pyroptotic cells. Poly(ethylene
glycol)s (PEGs), with different molecular weights, were used
to block GSDMDNterm membrane pores,34,35 and PEG1500
showed the best ability to block the membrane pores (Figure
S5). Indeed, the disappearance of green fluorescence in

pyroptosis cells with PEG1500 treatment further indicated
that QDs entered pyroptosis macrophages through
GSDMDNterm membrane pores (Figure 3d).
To quantify the cellular internalization of QDs in normal

and pyroptotic cells, the concentration of intracellular zinc ion
was measured by inductively coupled plasma optical emission
spectrometry (ICP-OES). As indicated in Figure S6, the
concentrations of zinc ion in pyroptotic cells were higher than
their corresponding controls at both 37 and 4 °C environ-
ments (group II vs group I; group IV vs group III), suggesting
the contribution of GSDMDNterm membrane pores on the
internalization of QDs. Surprisingly, the concentration of
intracellular zinc ions in group IV was higher than that in
group I, which illustrated the high efficiency of QD delivery
through GSDMDNterm membrane pores.
An additional cell line, bone marrow-derived macrophages

(BMDMs),32,36 was chosen to further verify our hypothesis. As

Figure 3. Entry of QDs is energy- and receptor-independent in pyroptotic cells. Cells were seeded on a 6-well or 48-well plate overnight and then
primed with 10 μg/mL LPS for 3 h. With the additional stimulations with 10 μM Nig for 2 h at 37 °C with 5% CO2, cells and supernatants were
collected separately. (a) Western blot analysis of GSDMDNterm protein in cell lysis. (b) Supernatant was used to determine the content of LDH. (c)
After cell priming, the culture medium containing 1% Triton X-100 was introduced. PI was added and real-time PI fluorescence was detected every
2 min on the microplate reader at 37 °C. (d) J774A.1 cells were seeded on 35 mm cover glass-bottom culture dishes overnight, and then the cells
were primed with 10 μM Nig for 2 h after incubated with 10 μg/mL LPS for 3 h at 37 °C. After being washed with warm PBS pH 7.4 three times,
the cells were treated with 30 mM PEG1500 for 30 min and then incubated with 2 nM QDs at 4 °C for an additional 2 h. Confocal images were
recorded and QD internalization was quantified by Fiji software. Scale bar, 10 μm. Each panel was a representative experiment of at least three
repeats. Data with error bars were represented as mean ± SD.
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indicated in Figure S7, comparable results as that for J774A.1
macrophages were obtained. Hence, our data illustrated that
the entry of small NPs into pyroptosis cells through
GSDMDNterm membrane pores may be a universal phenom-
enon independent of cell lineage.
3.4. Size, Rather Than the Net Charge of QDs, Affects

the Internalization of QDs. NPs with a positive charge
possess better efficacy of imaging, drug delivery, and gene
transfer due to their superior ability to cross the cell
membrane; however, their higher cytotoxicity also has been
reported.37 Both cationic and anionic NPs share endocytic
pathways;38 we thus conjectured that cationic NPs may also
enter pyroptosis cells like negatively charged QDs. Poly-
ethyleneimine (PEI)-modified positively charged ZnCdSe@
ZnS QDs (QDs@PEI) were synthesized according to previous
publications.39,40 The primary size of QDs@PEI was 7.68 ±
2.30 nm, and their hydrodynamic diameter in PBS was 11.83 ±
1.98 nm. The ζ-potential of QDs@PEI was 24.3 ± 3.8 mV,
which indicated the stability of NPs. The emission spectrum
scanning result showed a narrow and symmetric emission
spectrum, and the emission maximum was near 520 nm with a
full width at half-maximum around 40 nm. In addition, there
was obvious green fluorescence of QDs@PEI under ultraviolet
light (Figure S8). As expected, QDs@PEI showed similar
properties on trespassing via GSDMDNterm membrane pores in
J774A.1 cells, suggesting that the internalization process was
not associated with the interaction of NPs with the negatively
charged cell membrane (Figure 4a). Consistently, positively
charged QDs elicited pronounced disruption of plasma
membrane integrity and lysosomal damage toward J774A.1
cells, compared to negatively charged QDs. Interestingly, the
cells exploded after exposure to positively charged QDs@PEI
at 37 °C for 15 min (SI Video S1), while the cell morphology
remained intact after incubation with negatively charged QDs
till 2 h (SI Video S2). In general, nonphagocytic cells absorb
cationic NPs to a higher extent, while phagocytic cells prefer to
ingest anionic NPs; the different uptake preferences of those
two types of cells for cationic and anionic NPs may influence
the efficacy and selectivity of NPs for drug delivery.37 Here,
our result demonstrated that cationic QDs@PEI and anionic
QDs were both internalized in pyroptosis cells, suggesting the
feasibility of both NPs in the treatment of pyroptotic-related
diseases.
The diameter of GSDMDNterm membrane pores is about

10−18 nm.10,26 To further verify the cellular entry of QDs via
GSDMDNterm membrane pores, larger polystyrene nano-
particles (PSNPs) with green fluorescence (24.73 ± 6.26
nm, −33.3 ± 1.3 mV, characterized in Figure S9) served as a
reference. At 37 °C, bright green intracellular fluorescence was
evident in PSNP-treated cells. Yellow dots were a result of the
coincidence of red fluorescence of the lysosomes and green
fluorescence of the PSNPs, demonstrating that PSNPs were
endocytosed and transported to the lysosomal compartment.
On the contrary, unlike their small-size opponents, PSNPs did
not enter J774A.1 macrophages at 4 °C, regardless of cell
priming with LPS/Nig or LPS/ATP (Figure 4b). This result
indicated that NPs larger than the size of GSDMDNterm

membrane pores failed to enter pyroptotic cells through
GSDMDNterm membrane pores.
3.5. QDs Pass through Membrane Pores via Free

Diffusion and Move in a Microtubule-Independent
Manner in Pyroptotic Cells. We next investigated the
distribution of QDs after their internalization. Generally, NPs

were internalized by endocytosis vesicles, such as endosomes,
clathrin-/caveolae-coated vesicles, and cytoskeletons, and then
transported to lysosomes or autophagolysosomes for degrada-
tion.41,42 As shown in Figure 5, normal and pyroptotic J774A.1
macrophages were incubated with QDs (green) at 37 or 4 °C
and then stained with Lysosome Tracker Red DND-99 dye
(red) and nuclear dye Hoechst 33342 (blue), respectively. The
intracellular distribution of QDs was observed under confocal
microscopy. Bright orange dots surrounding the nuclei of
normal cells indicated that the internalized QDs were
transported to lysosomes at 37 °C. In contrast, the absence
of green or yellow dots in the cells with 4 °C culture
environments reaffirmed that endocytosis was energy-depend-

Figure 4. Size, rather than the net charge of QDs, affects the
internalization of QDs. J774A.1 cells were primed with 2 nM QDs@
PEI (green) at 37 or 4 °C for 2 h, respectively. To create a pyroptotic
model, J774A.1 cells were incubated with 10 μM Nig or 1 mM ATP
for 2 h after being primed with 10 μg/mL LPS for 3 h. Then, the cells
were incubated with (a) 2 nM QDs@PEI (8 nm) or (b) 2 nM PSNPs
(30 nm) at 37 or 4 °C for an additional 2 h. After washing with PBS
three times, 50 nM Lysosome Tracker Red DND-99 dye (red) was
incubated at 37 °C for 30 min to stain lysosomes, and then cell nuclei
were stained with 10 μM Hoechst 33342 (blue) for 5 min. Confocal
images of J774A.1 cells were captured after cell washing with PBS.
Scale bar, 10 μm. Yellow arrows indicate the intracellular QDs@PEI
in pyroptotic cells. Each image was representative of at least three
repeats.
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ent. In contrast, green but not orange dots in pyroptotic
J774A.1 cells were found at 4 °C culture condition, suggesting
that QDs entered cells independent of endocytic receptors and
not associated with lysosomes. Interestingly, there were both
green and orange spots in the pyroptotic cytoplasm at 37 °C
(Figure 5), which implied the coexistence of endocytosis-
dependent and -independent pathways. Using lysosome-
specific marker, intracellular NPs were found to be localized
and aggregated in specific organelles of normal cells. However,
in the pyroptosis cells, NPs were randomly dispersed in their
cytoplastic compartment. Since endosome capture or lysoso-
mal degradation is the major membrane barrier for nano-
medicine delivery, direct delivery of nanomedicines into the
cytoplasm may greatly improve the bioavailability of drugs.
To further illustrate the intracellular transfer of QDs, we

treated J774A.1 cells with QDs for single-particle trajectory
(SPT) analysis.43,44 The internalization of QDs by normal and
pyroptotic cells was demonstrated in SI Videos S3 and S4,
respectively. After the internalization of QDs, two-dimensional
trajectories were generated by superimposing a time series of
100 images (time projection), where each image was acquired
at a frame rate of 2.9 s. The trajectories of QDs in normal
J774A.1 cells demonstrated a similar pattern in movement,
which were directional, toward the nuclear region, and
ultimately colocalized with lysosomes (Figure 6a, SI Video

S5). On the contrary, the trajectories of QDs in pyroptotic
cells revealed random, disordered patterns in movement.
Compared with the widely distributed orange fluorescence in
normal cells, the separated red and green fluorescence
indicated that QDs were not transported to lysosomes in
pyroptotic cells (Figure 6b, SI Video S6). This result further
confirmed that QDs were directly delivered into the cytoplasm
and translocated freely through the GSDMDNterm membrane
pores.
3D trajectory of QDs in unstimulated J774A.1 cells showed

micrometer ranges of motion in both the X and Y dimensions
(Figure 6c). A total of 173 tracks were recorded, all of which
covered at least 10 spots (a maximum of 63 spots and a
minimum of 12 spots). The mean velocity of the 173 tracks
was 0.33 μm/s (maximum velocity, 0.55 μm/s). The mean
displacement of all stacks was 0.56 μm (SI Table S1). This
high-speed and long-distance intracellular motion indicated a
rapid transport of the QDs along microtubules.45,46 During an
∼41 s observation period, 48 spots were recorded and their
motions followed a complex 3D coverage. The high-motility
QDs showed a linear trajectory (example displayed in yellow
color in Figure 6c, inset), suggesting directional motions that
associated with microtubule-dependent transport. However,
green fluorescence QDs moved in a slow, disordered, and
short-distanced manner in the cytoplasm of pyroptotic cells. A
total of 166 stacks were recorded, of which only 4 stacks
covered over 10 spots. The mean displacement of all tracks was
0.031 μm, and the mean velocity was 0.016 μm/s (maximal
velocity, 0.029 μm/s), which was less than one-tenth of the
control cells (SI Table S1). During an ∼13 s observation
period, 12 spots were recorded and the spots moved minimally
following random patterns. The 3D trajectory of QDs in the
pyroptotic J774A.1 cell at 37 °C showed less than 0.1 μm
displacement in each of the X/Y dimensions (Figure 6d). The
slow-motility QDs appeared as nearly stationary spots
(example displayed in yellow color in Figure 6d, inset),
suggesting a microtubule-independent movement in pyroptotic
cells. Subsequently, the mode of internalization QDs move-
ment was further conformed by an in situ, real-time particle
velocity tracking and mean square displacement (MSD)
analysis. Results showed that the movement of intracellular
QDs in normal (red line) cells was a fast and directional
transported motion process with a maximum instantaneous
speed of 0.19 μm/s and a diffusion coefficient of 0.0026 μm2/s,
while the movement of pyroptosis cells (green line) is a slow
and freely diffusing movement with a maximum velocity of
0.027 μm/s and a diffusion coefficient of less than 0.0001 μm2/
s (Figure 6e,f). These data revealed that intracellular QDs in
pyroptotic cells underwent a simple diffusion process or
restricted diffusion mode with slow velocity. Using SPT of
fluorescent QDs, the motility and accumulation behaviors of
intracellular QDs in normal and pyroptosis cells were analyzed.
Directional movement is presumably ascribed to the receptor-
mediated endocytosis in normal cells, and QDs eventually
accumulated at lysosomes after an indicated incubation time.
However, random movement is probably traceable in part to
free diffusion of extracellular QDs passed through membrane
pores in pyroptosis cells.
We further stained microtubules to verify microtubule-

dependent directional movements of QDs by colocalization
experiments and SPT analysis. In unstimulated J774A.1 cells,
QDs (green) were colocalized with Tubulin Tracker Deep Red
Reagent (red)-stained microtubules (Figure 7a, left; SI Video

Figure 5. Distribution of QDs in normal and pyroptotic cells. J774A.1
cells were primed with 2 nM QDs (green) at 37 or 4 °C for 2 h,
respectively. To create a pyroptotic model, J774A.1 cells were
incubated with 10 μM Nig for 2 h after being primed with 10 μg/mL
LPS for 3 h. Then, the cells were incubated with 2 nM QDs (green) at
37 or 4 °C for an additional 2 h. After washing with PBS three times,
50 nM Lysosome Tracker Red DND-99 dye (red) was incubated at
37 °C for 30 min to stain lysosomes, and then cell nuclei were stained
with 10 μM Hoechst 33342 (blue) for 5 min. Confocal images of
J774A.1 cells were captured after cell washing with PBS. Scale bar, 10
μm. Yellow arrows indicate the location of QDs in cells.
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S7). Time trajectory-based SPT showed that the intracellular
motion of QDs followed high-speed, long-distance, and
directional movement patterns. QDs moved along with
microtubules and eventually accumulated in lysosomes (Figure
7a, right; SI Video S8). However, nocodazole, a microtubule-
depolymerizing agent, significantly abrogated these directional
and nonrandom intracellular movements. As shown in Figure
7b (left) and SI Video S9, QDs were not associated with
microtubules, and QDs moved with slow velocities and over
short distances (Figure 7b, right; SI Video S10). The results
suggested that microtubules affect the directional intracellular
movements of QDs. Interestingly, no microtubule-associated
movement of QDs was observed in pyroptotic cells at 4 °C
(Figure 7c, left; SI Video S11). A real-time monitoring assay
revealed that QDs scattered in the cytoplasm with short and
random trajectories (Figure 7c, right; SI Video S12). This
result indicated that QDs entered pyroptotic cells through

GSDMDNterm membrane pores independent of microtubules.
Microtubule-independent motion of intracellular QDs makes
the delivery of effective cytoplasmic nanomedicines possible.

3.6. Trojan Horse Effect of LPS Adsorbed on the
Surface of QDs. As indicated, intracellular LPS directly
activated inflammatory caspases (caspase-11, -4, and -5) in a
noncanonical inflammasome activation pathway in multiple
cell types,47,48 which promote the direct formation of
GSDMDNterm membrane pores and ultimately elicit the lytic
cell death. Pyroptosis in direct response to cytosolic LPS is
critical for antibacterial defense and septic shock.49 Extrac-
ellular LPS could be sensed by Toll-like receptor 4 (TLR4)
transmembrane protein, and then TLR4 activated MyD88/
NF-κB and JAK/STAT single pathways to stimulate caspases
and cytokine transcription. However, extracellular LPS are
believed to seldom get access into the cytoplasm.50,51

Therefore, LPS accessing the cytosol is a critical event to

Figure 6. QDs trajectory in normal and pyroptotic J774A.1 cells. (a) Time projection of normal cells. (b) Time projection of pyroptotic cells,
which challenged with LPS (10 μg/mL)/Nig (10 μM). J774A.1 cells were stained with a lysosomal probe (red) and Hoechst 33342 (blue). After
washing, control and pyroptotic cells were primed with 4 nM QDs (green) and cultured at 37 °C for 30 min. The intracellular transport situation of
QDs was observed under confocal microscopy with no-delay mode for 30 min (2.9 s/frame). Fiji software was used for analyzing the particle
trajectory. Scale bar, 2 μm. 3D trajectory of QDs in (c) normal and (d) pyroptotic cells as a function of time, with a temporal resolution of 1 s.
Inset: the corresponding fluorescence image of the QDs with its 2D path marked by yellow lines. (e) Velocity vs time plots of the movements
shown in (c) and (d), respectively. (f) Mean square displacement (MSD) vs time plots corresponding to (c) and (d). In the MSD-time plots, the
red curve fits the equation MSD = 4Dτ + (Vτ)2. The green curve fits the equation MSD = 4Dτα, where D is the diffusion coefficient, V is the mean
speed of the particle, and α is a constant (α < 1) (Figures S10 and S11).
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antibacterial host defense in an increasing number of bacterial
infections.52−54 Moderate activation of the process of
pyroptosis could protect organisms from microbial infection
and other endogenous dangers; however, overactivation would
lead to pathological inflammation, including sepsis, inflamma-
tory autoimmune diseases, and neuroinflammatory diseases.50

NPs are easily contaminated by LPS, during the synthesis,
handling, and storage, due to the fact that LPS is easily
adsorbed on the surface of NPs mediated by facile hydro-
phobic interaction. In addition, NPs could bind directly to the
lipid A moiety of LPS due to the surface charge.49,55−57

Therefore, LPS adsorption to NPs has become an important
factor that interferes with cell-based immunological analysis
employing NPs. We hypothesize that the extracellular LPS
absorbed on QDs could be delivered into the cytosol
compartment through endocytosis and induced GSDMDNterm

membrane pores. To confirm this assumption, LPS and QDs
were incubated with mild oscillation at 37 °C for 2 h to create
LPS-covered QDs (LPS@QDs). We found that LPS@QD-
treated cells showed obvious pyroptotic morphology with
swelling and bursting, while no pyroptosis was found in LPS or
QD-alone treated cells (Figure 8a). Furthermore, after priming
with LPS@QDs, the formation of the N-terminal fragment of
GSDMD was recognized by Western blot (Figure 8b) and PI
flow cytometric assays (Figure 8c). These results confirmed
that the occurrence of GSDMDNterm membrane pores
mediated with intracellular LPS. Outer membrane vesicles
(OMVs) containing abundant LPS were produced by Gram-
negative bacteria that could enter cells by endocytosis, and
then OMV-derived LPS could be released into the cytoplasm
from the early endosomes.47,58 Further studies showed that
hemolysin could combine with OMVs and promoted rupture

Figure 7. Movements of QDs were independent of microtubules in pyroptotic J774A.1 cells. The cells were seeded in a confocal dish overnight,
then primed with LPS (10 μg/mL)/Nig (10 μM). After treatment with nocodazole (33 μM) for 30 min, cell microtubules were stained with
Tubulin Tracker Deep Red Reagent (red, left/purple, right), and 4 nM QDs (green) were added to prime the J774A.1 cells at 37 °C (or 4 °C) for
30 min. (Left) Confocal fluorescence images of J774A.1 cells captured after washing the cells with PBS. Scale bar, 10 μm. Intracellular transport of
the QDs was observed under confocal fluorescence microscopy with the no-delay mode for 30 min (2.9 s/frame). (Right) Fiji software was used for
analyzing particle trajectories. Scale bar, 2 μm. (a) Control. (b) Cells with 33 μM nocodazole stimulation at 37 °C. (c) Pyroptotic cells with LPS
(10 μg/mL)/Nig (10 μM) stimulation at 4 °C.
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of OMV-containing early endosomes, enabling LPS to access
the cytoplasm. Similar to OMVs, LPS@QDs entered the cell
through endocytosis and LPS might be released into the
cytoplasm from the early endosomes, however, the specific
release mechanism needs further confirmation. Next, we
suspected that the cascade of NPs enters the cells through
the Trojan horse effect,59,60 which was confirmed using two
kinds of QDs with different fluorescent colors. As shown in
Figure 8d, neither extracellular LPS nor QDs treatment alone
created GSDMDNterm membrane pores; therefore, red
fluorescence QDs (QDs R) were not found in J774A.1 cells
with 4 °C culture condition (groups I and II). However, LPS-
loaded QDs (LPS@QDs) were endocytosed at 37 °C; in turn,
intracellular LPS facilitated the formation of GSDMDNterm

membrane pores, which allowed the entry of QDs R at 4 °C
(groups III). However, after blocking the membrane pore with
PEG1500, the red fluorescence of QDs R disappeared in
J774A.1 cells (groups IV). These results suggested that LPS
invades J774A.1 cells using QDs as a “Trojan horse”.
Furthermore, LPS-loaded QDs made extracellular LPS to
access the cytoplasm and extra QDs to enter cells, the
combined effect of intracellular LPS and extra QDs might
cause overactivated pyroptosis and lead to pathological
inflammation.

4. CONCLUSIONS
In summary, we studied the transport of NPs to pyroptotic
cells via their GSDMDNterm membrane pores, which has at least

three distinct advantages. First, the formation of GSDMDNterm

membrane pores was independent of NP exposure; therefore,
NPs would not elicit secondary cytotoxicity to cell membranes.
Second, this delivery was based on passive diffusion, which
automatically distinguished normal cells from pyroptotic cells.
Finally, NPs were directly delivered to the cytosolic compart-
ments, which escaped from endosomal degradation. The
current study demonstrated the feasibility of monitoring and
delivering nanomedicines in pyroptosis-related diseases and
conditions through GSDMDNterm membrane pores.

■ ASSOCIATED CONTENT
*sı Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acsami.1c17382.

Characterization of QDs; delivery of QDs; visualization
of QDs; distribution of QDs; evaluation of zinc
concentration; and MSD analysis of QDs (PDF)

Cells were exploded after exposed to positive charged
QDs@PEI at 37°C for 15 min (Video S1, AVI)

Cell morphology remained intact after incubation with
negatively charged QDs till 2 h (Video S2, AVI)

The internalization of QDs by normal cells (Video S3,
AVI)

The internalization of QDs by pyroptotic cells (Video
S4, AVI)

Figure 8. Trojan horse effect of LPS adsorbed on the surface of QDs. J774A.1 cells were seeded on 35 mm cover glass-bottom culture dishes or a
six-well plate overnight; then, the cells were primed with 10 μg/mL LPS, 2 nM QDs, or 2 nM LPS@QDs (10 μg/mL LPS and 2 nM QDs were
preincubated for 2 h at 37 °C, LPS-covered QDs (LPS@QDs) were collected by centrifugation at 18 000g for 5 min) for 12 h. (a) Morphology of
J774A.1 macrophages captured by a confocal microscope. Scare bar, 10 μm. (b) Western blot analysis of GSDMDNterm protein. (c) After priming
with 10 μg/mL LPS, 2 nM QDs, or 2 nM LPS@QDs, the cells were stained with 10 μM PI for 30 min. The cells were collected and washed with
cold PBS three times; then, the fluorescence intensity of intracellular PI was detected by flow cytometry. (d) Cells were treated with 10 μg/mL
LPS, 2 nM QDs, or 2 nM LPS@QDs at 37 °C for 12 h. Then, the cells were treated with or without 30 mM PEG1500 for 30 min. Next, the cells
were cultured at 4 °C and then incubated with QDs R for 2 h. Confocal images of J774A.1 cells were observed after washing three times with cold
PBS. Scare bar, 10 μm. Yellow arrows indicate the intracellular QDs R in pyroptotic cells.
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The trajectories of QDs in normal J774a.1 cells (Video
S5, AVI)

The trajectories of QDs in pyroptotic J774a.1 cells
(Video S6, AVI)

QDs (green) were colocalized with Tubulin TrackerTM
Deep Red Reagent (red) stained microtubules in
unstimulated cells (Video S7, AVI)

QDs moved along with microtubules and eventually
accumulated in lysosomes in unstimulated cells (Video
S8, AVI)

QDs were not associated with microtubules in
nocodazole-treated cells (Video S9, AVI)

QDs moved with slow velocities and over short distances
in nocodazole-treated cells (Video S10, AVI)

No microtubule-associated movement of QDs were
observed in pyroptotic cells at 4 °C (Video S11, AVI)

QDs scattered in the cytoplasm with short and random
trajectories in pyroptotic cells at 4 °C (Video S12, AVI)
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