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Abstract: Inflammation is required for protective responses against pathogens and is thus
essential for survival, but sustained inflammation can lead to diseases, such as
atherosclerosis and cancer. Two important mediators of inflammation are the cytokines
IL-1β and IL-18, which are produced by myeloid cells of the immune system, including
macrophages. These cytokines are released into the extracellular space through pores
formed in the plasma membrane by the oligomerized protein gasdermin D (GSDMD).
Necrosulfonamide (NSA) was recently identified as an effective GSDMD inhibitor and
represents a promising therapeutic agent in GSDMD-dependent inflammatory
diseases. Here, we targeted NSA to both mouse and human macrophages by using
three different types of porous nanoparticles (NP), i.e. mesoporous silica (MSN),
porous crosslinked cyclodextrin carriers (CD-NP), and a mesoporous magnesium-
phosphate carrier (MPC-NP), all displaying high loading capacities for this hydrophobic
drug. Cellular uptake and intracellular NSA delivery were tracked in time-lapse
experiments by live-cell, high-throughput fluorescence microscopy, demonstrating
rapid nanoparticle uptake and effective targeted delivery of NSA to phagocytic cells.
Notably, a strong cytostatic effect was observed when a macrophage cell line was
exposed to free NSA. In contrast, cell growth was much less affected when NSA was
delivered via the nanoparticle carriers. Utilizing NSA-loaded nanoparticles, a
successful concentration-dependent suppression of IL-1β secretion from freshly
differentiated primary murine and human macrophages was observed. Functional
assays showed the strongest suppressive effect on human macrophages when using
CD-NP for NSA delivery, followed by MSN-NP.  In contrast, MPC-NP completely
blocked the metabolic activity in macrophages when loaded with NSA. This study
demonstrates the potential of porous nanoparticles for the effective delivery of
hydrophobic drugs to macrophages in order to suppress inflammatory responses.
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We thank the reviewers for their positive assessment and their constructive suggestions.  
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accordingly as specified below. All changes are indicated in yellow highlightings. 
 
Reviewer #1: 
 
1. Ethical approval number for the animals studies should be added.  

 

A1. We have now added the annimal approval number in the supplement to the paragraph 

« Generation of murine bone marrow-derived macrophages (BMDM)”. 

2. Mesoporous silica and crosslinked cyclodextrin nanocarriers performed better than mesoporous 

magnesium-phosphate carriers and it is suggested to include this information in the abstract. 

 

A2. To include this information, we have added the following sentence to the abstract : 

 

« Functional assays showed the strongest suppressive effect on human macrophages when using CD-

NP for NSA delivery, followed by MSN-NP. In contrast, MPC-NP completely blocked the metabolic 

activity in macrophages when loaded with NSA. » 

 

Reviewer #2: 

 
1. The payload was absorbed in the pores of the nanoparticles by physical means, but how was 

NSA released and how can the release be controlled? Was it due to degradation of the 

nanoparticles or simply diffusion of the compound? 

 
A1. As we have documented in the SI, we did not measure a substantial release of NSA from the 
nanoparticles into aqueous media under various conditions, even in absence of a nanoparticle-
encapsulating DOTAP/DOPC bilayer. The timescale of nanoparticle degradation, while different for 
the different particle types, is far slower than the appearance of NSA fluorescence in the cells, which 
occurs within minutes after exposure of the cells. We thus propose that the release of NSA from the 
pores of the nanoparticles is driven by the NSA concentration gradients between nanoparticle 
interior and lipophilic components in the cells such as membranes and compartments. We have 
included the following sentence in the manuscript (p.11): 
 
« In summary, NSA delivery into cells occurs on a similar time scale with free NSA as well as through 

NP delivery. Since a premature release of NSA from MSN-NP into aqueous phases was not observed as 

described above, and having established a very rapid phagocytosis/membrane attachment of the 

nanoparticles, we propose that the intracellular NSA release from the nanoparticles occurs via 

diffusion along concentration gradients, driven by the lipophilic character of NSA upon contact with 

lipophilic intracellular components. » 

 
 
2. How did DD reduce the uptake of the particles in DC, macrophages and B cells? This should be 
discussed. DD contains cationic components and this should theoretically enhance cellular uptake 
of nanoparticles. 
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A2. There is indeed an abundant literature showing that uptake by myeloid cells and B cells can be 
increased for cationic particles. However, other studies have shown that in some cases, cationic 
particles may affect the physiology of the phagocytic cell, rather than the uptake. In particular, 
cationic particles can modulate the activation and the metabolism of the cells. Thus, the uptake may 
depend not only on the surface charge, but also on the precise composition of the coating, as well as 
the size and shape of the particles. 
 
We have added the following sentence and a literature reference into the discussion: 
 
« This effect may be traced to a bilayer-induced modulation of the metabolism in the phagocytic 
cells.[1] » 
 
 
3. One important point to be clarified is the rationale of formulating NSA in nanoparticles? In the 
current study, the experiments were all performed in vitro and the high benefit of 
nanoformulation of NSA is not demonstrated. 
 

A3. The rationale for formulating NSA in nanoparticles is first to target the drug to macrophages and 

other phagocytic cells. This drug has demonstrated toxicity towards other immune cells, [2] so that 

nanoparticle targeting could at the same time enhance the effect of NSA on macrophages and 

decrease the off-target toxicity of DMSO-derived NSA. Indeed, we have shown here that 

nanoparticles are effective for targeting, as NSA-NP were better taken up by phagocytic cells than by 

non-phagocytic cells. Most importantly, we have shown in this work that NSA-NP were better 

tolerated by macrophages than the free NSA compound.  

Although this study focused on the characterization of NSA-NP and on their in vitro effects on 

macrophages and other immune cells, we expect additional benefits of the nanoparticle formulation 

in vivo. Indeed, we have previously shown that following subcutaneous injection, MSN nanoparticles 

accumulate in phagocytic cells in the lymph nodes draining the injection site.[3] Nanoparticle 

formulation may therefore allow site-specific delivery of NSA. Furthermore, encapsulating NSA in 

nanoparticles avoids the exposure to DMSO, which is otherwise required for this highly insoluble 

drug when employing a carrier-free delivery. The in vivo benefits of nanoparticle delivery of NSA will 

be investigated in future studies. 

We feel that we have addressed the general potential of NP delivery in the introduction of this 

manuscript, reading as follows: 

« the extremely hydrophobic nature of this molecule complicates drug administration in vivo since it 

requires the use of potentially toxic organic solvents. Furthermore, NSA has demonstrated toxicity 

towards immune cells and, as a small molecule, may present less than ideal pharmacokinetic 

behavior within the organism. 

To overcome limitations with respect to limited stability, unfavorable pharmacokinetics and the 

potential toxicity of small (hydrophobic) molecular delivery, different nano-carrier systems have 

been developed over the years… “ 

 

Concerning the potential of these NP for in vivo applications, we have added the following sentence 

in the outlook of this manuscript: 



“Here, we have focused on the characterization of different NSA-NP systems and on their in vitro 

effects on macrophages and other immune cells. However, we expect additional benefits of these 

nanoparticle formulations in vivo. Indeed, we have previously shown that following subcutaneous 

injection, MSN nanoparticles accumulate in phagocytic cells in the lymph nodes draining the injection 

site.[3] Nanoparticle formulation may therefore also allow for site-specific, DMSO-free delivery of 

NSA in vivo. “ 

 

*** 

Summarizing, we believe that we have addressed all questions and comments noted by the 

reviewers and we thank the reviewers again for their thoughtful evaluation of our manuscript. 

We hope that the manuscript is now suitable for publication.  
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Activated gasdermin D (GSDMD) polymerizes to form transmembrane pores, which allow release 

of pro-inflammatory mediators, such as IL-1β, and lead to cell death by pyroptosis. The recently 

discovered necrosulfonamide (NSA) binds to GSDMD, inhibiting pore formation. This hydrophobic 

agent was successfully delivered via different porous nanoparticles to murine and human 

macrophages and suppressed the release of IL-1β in a concentration-dependent manner. 
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Abstract 
Inflammation is required for protective responses against pathogens and is thus essential for 

survival, but sustained inflammation can lead to diseases, such as atherosclerosis and cancer. 

Two important mediators of inflammation are the cytokines IL-1β and IL-18, which are produced 

by myeloid cells of the immune system, including macrophages. These cytokines are released 

into the extracellular space through pores formed in the plasma membrane by the oligomerized 

protein gasdermin D (GSDMD). Necrosulfonamide (NSA) was recently identified as an effective 

GSDMD inhibitor and represents a promising therapeutic agent in GSDMD-dependent 

inflammatory diseases. Here, we targeted NSA to both mouse and human macrophages by using 

three different types of porous nanoparticles (NP), i.e. mesoporous silica (MSN), porous 

crosslinked cyclodextrin carriers (CD-NP), and a mesoporous magnesium-phosphate carrier 

(MPC-NP), all displaying high loading capacities for this hydrophobic drug. Cellular uptake and 

intracellular NSA delivery were tracked in time-lapse experiments by live-cell, high-throughput 

fluorescence microscopy, demonstrating rapid nanoparticle uptake and effective targeted 

delivery of NSA to phagocytic cells. Notably, a strong cytostatic effect was observed when a 

macrophage cell line was exposed to free NSA. In contrast, cell growth was much less affected 

when NSA was delivered via the nanoparticle carriers. Utilizing NSA-loaded nanoparticles, a 

successful concentration-dependent suppression of IL-1β secretion from freshly differentiated 

primary murine and human macrophages was observed. Functional assays showed the strongest 

suppressive effect on human macrophages when using CD-NP for NSA delivery, followed by MSN-

NP.  In contrast, MPC-NP completely blocked the metabolic activity in macrophages when loaded 

with NSA. This study demonstrates the potential of porous nanoparticles for the effective 

delivery of hydrophobic drugs to macrophages in order to suppress inflammatory responses. 
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Introduction 

Inflammation is a physiological response of the organism that is essential for the defense against 

pathogens. However, chronic inflammation can be detrimental for many diseases, including 

cardiovascular and autoimmune disorders, as well as different types of cancer.[1, 2] Two major 

mediators of inflammation are the cytokines interleukin (IL)-1β and IL-18, which are released 

from immune cells, such as macrophages, upon activation by danger signals from pathogens or 

by endogenous stress signals. The release of these cytokines can trigger and sustain inflammatory 

processes throughout the body.[1, 3]  

The release of IL-1β and IL-18 from immune cells is the result of a sequential process illustrated 

in Scheme 1a. First, the detection by sensor proteins of bacterial or viral components, which 

function as danger signals, triggers a cascade of intracellular events leading to the activation of 

caspase-1 by proteolytic cleavage. Activated caspase-1 is in turn able to cleave several other 

proteins, including the proforms of IL-1β and IL-18 and the pore-forming protein gasdermin D 

(GSDMD).[4, 5] GSDMD cleavage liberates its N-terminal domain, which oligomerizes to form a 

10–14 nm pore that inserts into the plasma membrane.[6, 7] Ultimately, GSDMD-mediated pore 

formation allows the release of pro-inflammatory mediators, such as IL-1β, IL-18, high mobility 

group box 1 (HMGB1) and adenosine triphosphate (ATP) and results in a form of inflammatory 

cell death termed pyroptosis.[8] 

 

Scheme 1. Schematic overview of the GSDMD activation mechanism resulting in 

transmembrane pore formation and cytokine release (a) and its blocking through particle-

delivered NSA (b). 

 

Recently, high-throughput screening efforts have identified two GSDMD pore formation 

antagonist molecules, disulfiram and necrosulfonamide (NSA); see Fig. 2 for the structure of 

NSA.[9-11]  NSA inhibits GSDMD pore formation by binding directly to Cys191 of human GSDMD 

or to Cys192 of mouse GSDMD.[10] By preventing pore formation, NSA inhibits the release of 

pro-inflammatory mediators such as IL-1β (Scheme 1b). NSA thus represents a promising new 
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effector molecule against GSDMD-dependent inflammation. However, the extremely 

hydrophobic nature of this molecule complicates drug administration in vivo since it requires the 

use of potentially toxic organic solvents. Furthermore, NSA has demonstrated toxicity towards 

immune cells and, as a small molecule, may present less than ideal pharmacokinetic behavior 

within the organism.[12] 

To overcome limitations with respect to limited stability, unfavorable pharmacokinetics and the 

potential toxicity of small (hydrophobic) molecular delivery, different nano-carrier systems have 

been developed over the years.[13] These are made of organic materials such as polymers, 

micelles and liposomes or consist of solid/porous inorganic materials. Especially porous 

nanocarriers have evolved as promising drug-carrier systems because they allow for an internal 

encapsulation of small molecular drugs within the host as opposed to an attachment onto the 

surface of solid nanoparticles (NP). In this way, toxicity issues or a premature degradation of 

attached molecules can be avoided. Mesoporous silica NP are a prominent class of porous carrier 

systems, which have proven to be effective delivery agents for a broad range of applications, 

including cancer (immuno)-therapy, combination drug delivery or gene delivery.[14-20]  

Similarly, cyclodextrins[21] and crosslinked cyclodextrin-based NP [22, 23] show a high capacity 

to encapsulate both hydrophobic and hydrophilic drugs and were found to improve the solubility 

of poorly water-soluble molecules.[24] 

In this work, we explore for the first time the feasibility of targeting NSA to macrophages with 

porous NP. In addition to their ability to initiate inflammation, an essential function of 

macrophages is their capacity to engulf particulate material such as bacteria or dying cells by 

phagocytosis.[25] We have taken advantage of this specialized function by using NP as vehicle to 

deliver NSA specifically to macrophages and other phagocytic cells. We show that the exposure 

of murine and human macrophages to these NSA-loaded carriers enables a solvent-free NSA 

delivery that inhibits release of proinflammatory IL-1β. Three in-house developed nanocarriers 

featuring different composition and structure were evaluated in this study. The nanocarriers 

comprise mesoporous silica nanoparticles (MSN), our newly developed covalently crosslinked 

cyclodextrin NP (CD-NP) and recently established mesoporous magnesium phosphate NP 

(MPC).[26] The efficacy of NP cellular uptake, NSA delivery and toxicity were studied using a 

macrophage cell line and primary mouse splenocytes. Murine bone marrow-derived 

macrophages (BMDM), as well as human monocyte-derived macrophages (MDM) were then 

used to evaluate the efficacy of cytokine suppression upon NSA delivery. Overall, we 

demonstrate that a high NSA loading capacity is reached with our nanocarrier systems and that 

NSA delivery is successful and efficient with several of the carriers, as established by a 

concentration-dependent suppression of the GSDMD-mediated release of IL-1β. Importantly, the 

toxicity of NSA towards immune cells is strongly reduced by NP delivery.  
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Results 

Synthesis and characterization of nanoparticles 

Three different materials were evaluated for their ability to efficiently deliver NSA to immune 

cells. All porous nanocarriers used in this project are biocompatible and were chosen for their 

beneficial properties regarding a sustained, solvent-free drug delivery. The robust NP stability 

often allows for a storage in ethanolic solutions for years and thus potential “off-the-shelf” 

applications. Nevertheless, such NP are completely degradable under drug-delivery conditions, 

as established, for example, for mesoporous silica NP (MSN).[27, 28] Their large surface areas 

and the presence of mesopores are suitable for the uptake of large amounts of NSA into their 

internal cavities. All NP used here were synthesized with or without a lipid bilayer consisting of a 

cationic dioleoyl-containing lipid mixture (DOTAP/DOPC, DD). This was done for two reasons: a) 

to study its impact on cell uptake, and b) to provide a shield against premature drug release.  

The first class of materials used in this study, MSN, has been continuously developed in our group 

over the years and was used in diverse biomedical applications based on their exceptional 

flexibility with respect to particle and pore size, as well as NP composition and molecular 

functionalization.[29, 30] For the adsorption of the hydrophobic molecule NSA, we synthesized 

core-shell MSN consisting of a silica core functionalized with 5 wt% of a phenylsilane precursor 

in order to create a hydrophobic interior. The outer MSN surface was then co-condensed with 2 

wt% mercaptopropyl-triethoxysilane to create a negatively charged particle surface decorated 

with mercapto-groups for future fluorophore attachment or bilayer adhesion. These particles 

have an average size of about 80 nm based on transmission electron microscopy (TEM) (see Fig. 

1a, b) and a hydrodynamic particle size of around 245 nm in water as measured by dynamic light 

scattering (DLS; see SI Table 1). A large surface area of 1098 m2/g was determined with nitrogen 

sorption. A relatively small pore size of 3.4 nm with a pore volume of 0.75 cm3/g was 

implemented here to best fit the dimensions and diffusive transport of the small NSA guest 

molecules (Fig. 1c, d). 

The second class of materials consists of new cyclodextrin-based nanoparticles (CD-NP). 

Cyclodextrin-based materials have been used as carriers for anti-inflammatory drugs before.[31] 

Pioneering work creating crosslinked cyclodextrin ‘nanosponge’ materials was performed by the 

group of Trotta, who used carbonyl- or dicarboxylate-based linker molecules.[32, 33] Here, we 

synthesized nanoparticles of cyclodextrin by covalently cross-linking 𝛽-cyclodextrin with 

carbonyldiimidazole (CDI) in dimethylformamide (DMF). These particles were subsequently 

stabilized by addition of polyethylene glycol (PEG). The NP were finally precipitated with water, 

resulting  in NP with a controlled particle size distribution and a hydrodynamic diameter of 

around 195 nm in water (DLS). The dried powder shows a particle size of 90 nm in the scanning 

electron microscope (SEM; Fig. 1e, f). Cyclodextrin NP are promising materials because they offer 

small integrated cavities of 0.7 nm with hydrophobic character originating from the β-CD 

molecular subunits. By crosslinking these units with spacer molecules such as 
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tetrafluoroterephthalonitrile (TFTN) or CDI, nanoparticles with added interstitial adsorption sites 

are generated.[34] This creates space for additional guest adsorption, thus expanding the 

molecular capacity of the CD entities as recently demonstrated with related β-CD-TFTN NP for 

the adsorption of hydrophobic curcumin.[35] The high adsorption capacity of CD-CDI NP becomes 

apparent upon NSA loading (please consult the Supplemental Information (SI) for further details 

of materials synthesis and characterisation). We have also evaluated NSA delivery with the 

mentioned TFTN crosslinked CD-NP (CD-TFTN-NP). Although NSA delivery was successful with 

this carrier system, cellular toxicity was observed already in the unloaded state (data not shown). 

We therefore concentrated our efforts on the alternative cyclodextrin NP crosslinked via CDI -

linker (CD-NP). 

 

 

Fig. 1. MSN, CD- and MPC-NP materials characterization. a,b) TEM images of MSN, c,d) MSN 

nitrogen sorption isotherm and pore size distribution. e) SEM images of CD-CDI-NP, f) SEM 

images of MPC-NP. 

The third material is composed of completely biogenic magnesium phosphate citrate NP (MPC-

NP). We recently showed that a cetyltrimethylammonium (CTAC)-templated precipitation 

method resulted in evenly sized MPC NP of around 80 nm diameter (SEM).[36] Nitrogen sorption 

established a high surface area of 560 m2/g of template-extracted particles and most importantly, 

a high pore volume of 0.8 cm3/g originating from pores of 6.3 nm. These particles are stable at 

neutral to basic conditions when coated with a DOTAP/DOPC lipid bilayer, however, are 

completely biodegradable under acidic conditions at pH 5.5.  

In the following, we will describe cellular interactions with MSN carriers in more detail and refer 

to the other carrier systems where applicable. 
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Porous NP show high loading capacities for NSA  

The uptake of NSA into the pores of the different carriers is conveniently followed by UV-VIS 

spectroscopy. NSA displays a prominent absorption band at 377 nm (see SI, Fig. S1) that allows 

one to determine the uptake by difference calculation regarding the NSA amounts offered in 

solution. Loading efficiencies (amount taken up vs. amount offered) calculated after extensive 

washings were usually high for all materials, ranging from 80 to 95%. When a standard amount 

of 200 µg NSA was offered to 1 mg of carrier, an uptake between 16-19 wt% was reached. 

Samples with this loading level were used for all cell experiments for comparability. In principle, 

however, it is possible to increase the loading capacity up to 49 wt% in MSN, up to 29% in CD-NP 

or up to 32 wt% in MPC-NP. 

The rapid and nearly complete absorption of NSA into the MSN carrier was indicated when the 

light-yellow suspension of MSN and added NSA was centrifuged. A yellow cake and a nearly clear 

supernatant were obtained (see SI, Fig. S2). UV-Vis analysis confirmed that most of the NSA had 

been adsorbed, even after a short exposure time of 30 minutes. Spectroscopic evidence of the 

NSA uptake was further obtained with FT-Raman spectroscopy (Fig. 2). In contrast to FTIR 

spectroscopy that showed only very weak additional signals of NSA in the MSN NP, prominent 

Raman signals were obtained due to the phenyl, thiophene, pyrazine as well as the sulfoxide 

groups present in NSA (purple trace in Fig. 2). While MSN particles (blue) show weak Raman 

scattering, strong peaks were observed from NSA in MSN.  In addition, NSA-MSN show significant 

shifts in position as well as relative intensity with respect to the solid NSA precursor, pointing to 

strong interactions with the internal MSN surface. 

 

Fig. 2: FT-Raman spectroscopy of the carrier MSN (blue), NSA powder (purple) and NSA 

absorbed in MSN (green). 

The apparent dimensions (hydrodynamic diameter) of the NP when measured in solution are 

dependent on the dispersing agent and are least influenced in an ethanolic solution. For instance, 
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for unloaded MSN, we observe a particle size of 140 nm in ethanolic solution that increases to 

245 nm in aqueous solution. CD-NP have a particle size of 195 nm in water, yet the measured 

particle size of dry CD-NP is 90 nm as obtained by SEM. However, even after loading with NSA, 

the application of a lipid bilayer (coded DD = DOTAP/DOPC), or after addition of a fluorophore 

for imaging, hydrodynamic diameters were all around 200 nm or below (see Fig.3 as well as SI 

Fig. S3 and Table 1). These dimensions are suitable for cell experiments, where NP samples with 

and without a lipid bilayer were used to study their cellular uptake.  

 

 

Fig. 3: Dynamic light scattering (DLS) curves of NSA-loaded samples in water with and without a 

lipid bilayer (DD), a) MSN, b) CD and c) MPC NP. 

 

Following the absorption of NSA, MSN samples with or without a lipid bilayer were examined 

regarding spontaneous NSA release in different media. No release was measurable by UV-Vis 

spectroscopy when samples were dispersed in aqueous solution and stirred for 1 h at pH 7 or pH 

5. Even in cell medium (fluobrite DMEM) or medium containing 10% of fetal bovine serum (FBS) 

the release was minimal with or without a lipid bilayer, ranging between 2-5% of the absorbed 

NSA (see SI, Fig. S4). We can therefore assume that no significant premature release would occur 

in cell experiments with these NP even without a lipid bilayer.  

 

 

Rapid phagocytosis of NSA-loaded nanoparticles and fast release of NSA in a murine 

macrophage cell line  

First, we examined the rate of uptake of unloaded MSN-NP in the murine macrophage cell line 

RAW 264.7. In order to follow the uptake by fluorescence microscopy, we labeled the particles 

with a red fluorophore resulting in MSN-633 NP. RAW 264.7 cells seeded in a 96-well plate were 

placed into an environmental chamber located directly within the microscope. Cells were kept at 

37 °C and 5% CO2 atmosphere to perform time-lapse measurements every 3 minutes over 3 h. 

Images were obtained at a 40x magnification. Selected time intervals are shown in Figure 4 
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(transmitted light and red fluorescence channel). The first image was collected as soon as 

possible after NP addition, after about 3 minutes. Strikingly, MSN particles were almost 

immediately associated with cells. NP were clearly seen around the cells, close to the cell wall, 

directly after sample addition. Accumulation of additional particles within the cells was observed 

continuously with time, with particles moving deeper into the cellular interior. No particles were 

observed in the nucleus at any time. No additional particle uptake was observed by visual 

inspection after about 60 minutes. Following cell division, particles were still detected in 

daughter cells, albeit at apparently lower amounts per cell, as expected (see SI, Fig S5). 

 

 

Fig. 4: a) Time-lapse images of RAW 264.7 cells directly after exposure to ATTO-633-labeled 

MSN (red) NP (40x, transmitted light and CY5 channel). b) Time-lapse images of RAW 264.7 cells 

directly after exposure to free NSA (left column) or to NSA-loaded MSN-particles of 

corresponding NSA concentration (right column). NSA was detected in the GFP channel (20x).  

Having established a very rapid uptake of the unloaded MSN NP in this macrophage cell line, we 

examined the rate of NSA delivery by means of MSN carriers. Comparable imaging experiments 
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were thus performed with either NSA-loaded MSN NP or with free NSA at the same nominal 

concentrations. As shown in Figure 4b, we observed an increase in green fluorescence originating 

from the accumulation of NSA in RAW 264.7 cells. Visible evidence of NSA appeared after about 

30 minutes and increased in intensity up to about 90 minutes. No major difference in time of 

uptake was noticed between free NSA and NSA originating from MSN particles. We noticed that 

NSA started to fluoresce only after accumulating intracellularly. Further, we observed that the 

NSA was distributed in the cytosol as well as in the nucleus (for higher magnification see SI, Fig. 

S6). 

When the NSA-loaded CD-NP were studied in RAW 264.7 cells, we encountered a comparable 

time scale of NSA delivery as with MSN particles. While first indications for NSA uptake 

appeared already after 10 minutes, an evenly distributed green fluorescence in the cytosol was 

again encountered after 30 minutes. This fluorescence increased in intensity for up to 2 h as 

seen before. We noticed a difference between MSN and CD NP accumulation in the cells: while 

MSN NP were readily and strongly taken up by the RAW 264.7 as discussed above, apparently 

fewer CD NP were encountered within the cells after 2 h incubation. Evidence for NSA delivery 

with ATTO-633 labeled CD NP, as well as for the cellular uptake as observed with confocal 

microscopy can be found in the Supplemental information (see SI, Fig. S7). In summary, NSA 

delivery into cells occurs on a similar time scale with free NSA as well as through NP delivery. Since a 

premature release of NSA from MSN-NP into aqueous phases was not observed as described above, and 

having established a very rapid phagocytosis/membrane attachment of the nanoparticles, we propose 

that the intracellular NSA release from the nanoparticles occurs via diffusion along concentration 

gradients, driven by the lipophilic character of NSA upon contact with lipophilic intracellular 

components.  

Assessment of the toxicity/compatibility of nanoparticles and NSA in a macrophage cell line: 

unloaded and NSA-loaded nanoparticles are better tolerated than free NSA  

The compatibility of NSA-loaded NP carriers with macrophages was tested on the murine RAW 

264.7 macrophage cell line with MSN NP in long-term exposure experiments. Cell growth of the 

macrophages was monitored using a lensless “Cellwatcher” imaging device. Growth curves of 

untreated and particle-loaded RAW 264.7 cells were obtained by following the confluency in 

single wells of a 24-well plate continuously up to about 30 h after NP exposure without medium 

change. Figure 5a shows a steady increase in confluency of untreated RAW 264.7 cells over time, 

represented by the black curve. This graph is mirrored by growth curves of cells treated with 

either unloaded MSN (purple trace) or NSA-loaded MSN, reflecting a 20 µM or 30 µM NSA 

concentration (blue and green traces). These results establish that the cells are not compromised 

in their growth kinetics by the presence of these nanocarriers. Corresponding measurements on 

RAW 264.7 cells were made with comparable concentrations of free NSA. Here, NSA was added 

in form of aqueous suspensions derived from a DMSO stock solution. A steady increase of cell 

proliferation was also observed for these samples, however, displaying slower growth kinetics 

(Figure 5b). Thus, free NSA inhibits cell proliferation compared to untreated control cells. 
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Fig. 5: Compatibility test of RAW 264.7 cells for free NSA and NSA loaded into MSN. Normalized 

confluency of RAW 264.7 cells in time as measured with a Cellwatcher, a) MSN-exposed cells, 

growth curves of untreated cells (black trace), cells exposed to unloaded MSN (purple) and 

MSN-NSA samples (20 µM NSA, blue; 30 µM NSA green. b) free NSA exposed cells, growth 

curves of untreated cells (black) and cells exposed to increasing concentration of DMSO-derived 

NSA: 10 µM (purple), 20 µM (blue) and 30 µM (green). Growth curves were normalized to the 

initial confluency (observed to be around 20%). 

Corresponding endpoint images taken after 45 h confirm the greater negative impact of free NSA 

on cell growth kinetics (see SI, Fig. S8) Notably, all cells were alive at this point and the successful 

delivery of NSA into the cells was evidenced by the green fluorescence of NSA in all cells (see SI, 

Fig. S9).  

Having established a successful NSA delivery with the NP carrier systems and preserved cell 

growth following NP exposure, we quantified the metabolic activity of RAW cell response to the 

unloaded and NSA-loaded carriers. For this we used incubation times of 45 h without performing 

a medium change. 

RAW 264.7 cells were exposed to the different NP, that is, MSN, CD and MPC-NP with increasing 

concentrations and metabolic activity was measured by an MTT assay. None of the three 

unloaded carriers showed a substantial impact on metabolic activity up to 100 µg carrier/mL. The 

particles were also applied with or without a lipid bilayer of DOTAP/DOPC (DD, see Figure 6 a,b). 
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Fig. 6: Assessment of RAW 264.7 cell survival after long incubation times of 45 h without 

medium change with unloaded and NSA-loaded NP in comparison to exposure to free NSA. a,b) 

MTT assay of unloaded MSN, CD and MPC particles with and without a lipid bilayer (DD), c,d) 

MTT assay of MSN and CD NP loaded with NSA. Results are expressed in % as compared to 

untreated cells. 

We also tested the RAW 264.7 metabolic cell activity under comparable conditions with NSA-

loaded carriers. In Figure 6 c,d we compared the impact of NSA-loaded MSN and CD carriers with 

and without a lipid bilayer to that of the free NSA compound at increasing concentrations. A 

decrease in cell activity was observed with increasing NSA concentrations for both particles. 

However, cell metabolism was less inhibited by particle-delivered NSA than by the same amount 

of free NSA. This decreased cell activity was not associated with increased cell death, as observed 

by live microscopy (See SI, Fig. S11).  

In contrast, NSA-loaded MPC-NP completely blocked metabolic activity in RAW 264.7 

macrophages already at low NSA concentrations under these conditions. Loading of these MPC 

particles with NSA required the addition of small concentrations of the surfactant 

cetyltrimethylammonium chloride (CTAC), which may be detrimental for RAW 264.7 cell survival 

(see SI, Fig. S10). 

We also examined NSA delivery under the more realistic condition of a shorter exposure time as 

likely encountered in in vivo situations and performed a medium exchange after 3 h, while the 

a b 
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final assay was again performed after 45 h. Under these less severe exposure conditions, we did 

not observe any influence on metabolic cell activity with either MSN-NSA NP or free NSA (see SI, 

Fig. S12).  

 

Porous nanoparticles are taken up by primary macrophages and are not toxic 

Having established that NP delivery of NSA to a macrophage cell line is successful and better 

tolerated by the cells than the free compound, we examined whether particles were taken up in 

primary macrophages. To this end, macrophages were differentiated either from freshly isolated 

murine bone marrow (bone marrow-derived macrophages, BMDM) or from human monocytes 

isolated from peripheral blood mononuclear cells (PBMC) of healthy volunteers (human 

monocyte-derived macrophages, hMDM). 

To visualize the uptake of NP in primary macrophages, mouse BMDM were incubated with 

fluorescently labeled MSN (Fig. 7 a) and CD (Fig. 7 b) particles (green) and examined by confocal 

microscopy. Cellular and endosomal membranes were stained with a lipophilic dye (red). Pictures 

were taken approximately one minute after particles were added to the cell cultures. Co-

localization of the membrane marker and NP signals demonstrated that the NP were rapidly 

internalized by the macrophages.  

To determine whether the porous nanoparticles are toxic in primary macrophages, mouse 

BMDM and human hMDM were exposed to the NP for 2 hours. The 2-hour time point was chosen 

because NP release their cargo within 2 hours (see Fig. 4 and Fig. S7, SI). The amount of NP was 

equal to the maximum concentration used for the functional studies described below. Metabolic 

activity was assessed by a cell counting kit-8 (CCK-8) assay. This assay, similar to MTT assays, is 

based on the reduction of a tetrazolium salt in the presence of an electron carrier. A lactate 

dehydrogenase (LDH) release assay was performed to determine membrane integrity. The assays 

showed that neither the unloaded particles nor the free NSA at 100 µM had an effect on 

metabolic activity (Fig. 7 c,e) or membrane integrity (Fig. 7 d,f)  in mouse BMDM or hMDM after 

this exposure time.  
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Fig. 7:  BMDM were exposed to fluorescently labeled MSN (a) or CD particles (b) for 

approximately 1 minute. Left) endosomal staining (red), middle) Atto-488 labeled particles 

(green) and right) merge (red and green), overlay with phase contrast image. 

Murine BMDM and human MDM were treated with unloaded NP with and without lipid bilayer 

(DD) or with free NSA (100 µM). After 2 hours CCK-8 (c,e) and LDH assays (d,f) were performed. 

(c,e) Metabolic activity of untreated cells was set at 100%. (d,f): LDH release by detergent-lysed 

control cells was set at 100%. 
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NSA prevents IL-1β and IL-18 release from primary macrophages upon GSDMD activation  

In a next step, we examined whether we could successfully inhibit GSDMD-mediated cytokine 

release using NSA. Traditionally, a two-signal model is proposed for the stimulation of GSDMD 

mediated IL-1β release by immune cells. A first priming signal, such as lipopolysaccharide (LPS), 

which activates Toll like receptor 4 (TLR4), triggers the intracellular accumulation of pro-IL-1β. 

Then, a second signal, such as high concentrations of extracellular ATP, leads to activation of 

caspase 1 and allows for maturation and release of IL-1β through GSDMD pores.[37] Mouse 

BMDM were primed for 4 hours with LPS, of which the last 30 min included exposure to NSA. 

After priming, GSDMD was activated by treating the BMDM for 1 hour with ATP (see also scheme 

in Fig. 9a). Inhibition of GSDMD pore formation was evaluated by measuring secretion of IL-1β 

and IL-18 into the cell medium by ELISA. LPS combined with ATP induced IL-1β and IL-18 

secretion, while LPS or ATP alone did not have an effect on the release of IL-1β or IL-18. NSA 

dose-dependently inhibited the release of IL-1β and IL-18 induced by the combination of LPS and 

ATP. At 40 µM, NSA was able to completely prevent both IL-1β and IL-18 release from LPS and 

ATP-treated BMDM (Figure 8 a,b). Because IL-1β and IL-18 release both appear to reflect GSDMD 

pore formation equally well, we decided to continue using IL-1β release as a readout for GSDMD 

activation.  
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Fig. 8: Concentration of a) IL-1β and b) IL-18 in cell culture supernatant after mouse BMDM 

were treated with LPS (100 ng/ml), ATP (5 mM) and NSA at increasing concentrations.  
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NSA-loaded nanoparticles inhibit IL-1β release from murine BMDM and human MDM in a 

dose-dependent manner  

Next, we investigated whether porous NP could successfully deliver NSA to BMDM and inhibit 

the release of IL-1β. As in Figure 8, the LPS and ATP combination was used to activate GSDMD in 

BMDM. NSA-loaded NPs were added to BMDM during the last 2 hours of priming with LPS (see 

priming/activation scheme in Figure 9a). After priming, the cell culture medium was exchanged 

to remove LPS and cells were activated with ATP for 1 hour. Cells were exposed to NP containing 

NSA concentrations of up to 60 µM, considering that particle-delivered NSA concentrations of up 

to 80 µM were well tolerated in RAW 264.7 cells (see SI, Fig. S13), and that IL-1β release was 

completely inhibited in BMDM at 40 µM of free NSA (see figure 8a). ELISA assays were performed 

to measure IL-1β release and values were expressed as % of response to unloaded particles, to 

allow for comparison with other cells types described below. All NSA-loaded particles inhibited 

GSDMD-mediated IL-1β release in a dose-dependent manner (Fig. 9b-g). However, only CD 

particles were able to fully prevent the release of IL-1β, similar to the effect of free NSA (Fig. 9d).  

Empty MSN, MSN-DD and CD particles did not induce release of IL-1β from unstimulated mouse 

BMDM, nor by human MDM (See SI, S14a and b). Only the empty MPC-DD++ and CD-DD particles 

induced small amounts of IL-1β release, suggesting that these particles may cause low levels of 

inflammation. Empty MSN, CD and MPC particles with and without lipid bilayers did not inhibit 

LPS+ATP-induced IL-1β release (See SI, S14c and d).   

To determine if the IL-1β suppression with NSA-loaded nanoparticles seen in primary murine 

macrophages could also be observed in human macrophages, hMDM were activated with the 

LPS+ATP combination and exposed to NP according to the activation scheme in figure 9a. In 

human macrophages, all NSA-loaded particles showed a dose-dependent inhibitory effect on IL-

1β release. As seen with BMDM, the strongest inhibition was observed with NSA-loaded CD 

particles (Fig. 10 a-f). Thus, porous NP can successfully deliver NSA to both mouse and human 

macrophages, allowing a strong inhibition of IL-1β release in the absence of particle toxicity. 
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Fig. 9: IL-1β release by mouse BMDM exposed to NSA-loaded nanoparticles: a) cells were 

primed for 2 hours with LPS and 2 hours additionally with particles. After 4 hours of priming, 

cells were treated with ATP to activate caspase 1 and GSDMD.  
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b) MSN, b) MSN-DD, c) CD, d) CD-DD, e) MPC-DD, f) MPC-DD++. Particles were used empty and 

NSA-loaded, containing NSA at final well concentrations of 3.75, 7.5, 15, 30, and 60 µM.  
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Fig. 10: IL-1β release by human MDM: cells were activated with LPS and ATP as in Figure 9. a) 

MSN, b) MSN-DD, c) CD, d) CD-DD, e) MPC-DD, f) MPC-DD++. Particles were used empty and 

containing NSA at final well concentrations of 3.75, 7.5, 15, 30, and 60 µM.  
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Nanoparticles are preferentially taken up by phagocytes such as macrophages   

Since myeloid cells, such as macrophages, are the main producers of the proinflammatory 

cytokines IL-1β and IL-18 in a GSDMD-dependent manner, it is of great interest to target NSA 

specifically to these cell types in order to avoid off-target effects of the drug. NP provide an 

opportunity to selectively deliver the drug to these cells, as myeloid cells are professional 

phagocytes and are well-known to take up particulate material.[25] 

To determine whether the NP in this work permit effective targeting of myeloid cells, murine 

splenocytes were exposed to the different types of porous particles. Mouse splenocytes are 

composed of different immune cell populations, including myeloid cells, such as macrophages 

and dendritic cells, as well as B and T lymphocytes.[38] Freshly isolated splenocytes were cultured 

with fluorescently-labeled MSN, MSN-DD, CD and CD-DD particles for 2, 6 and 24 hours. An acidic 

wash (pH 3) was performed to remove surface-bound particles as previously described.[39] 

Immune cell types, their viability and their positivity for the fluorescent NP were determined by 

flow cytometry (see SI, Fig. S15 for gating strategy used). Viability was assessed for the CD45.2-

positive cells, representing all immune cells within the splenocytes. No decrease in viability was 

observed at any of the timepoints, after exposure to the different porous NP compared to 

untreated cells (Figure 11a). 

The percentage of NP-positive cells was measured for dendritic cells, macrophages, B cells and T 

cells. After 2 hours, the proportion of positive cells within each cell type ranged from 5% to 30% 

and was similar among the different cell types (Fig. 11 b). Overall, particles with a lipid bilayer 

tended to be taken up less than their non-coated counterparts. This effect may be traced to a 

bilayer-induced modulation of the metabolism in the phagocytic cells.[40] After 24 hours, over 

70% of dendritic cells and over 40% of macrophages and B cells were positive for uncoated CD 

particles, whereas less than 20% of T cells were positive for these particles. Less than 10% of all 

cell types were positive for MSN and MSN-DD. Thus, CD particles were taken up by a high 

proportion of phagocytic cells including dendritic cells, macrophages and B cells, but much less 

by T cells, which are non-phagocytic cells. 
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Fig. 11: a) Percentage of live CD45.2+ splenocytes after treatment with CD (dark green), CD-DD 

(light green), MSN (red) and MSN-DD (orange) particles compared to untreated cells after 2 h, 6 

h and 24 h. b) Percentage of NP-positive dendritic cells (CD11c+), macrophages (CD11b+, 

CD11c-), B cells (CD19+) and T cells (CD3+) after 2 h, 6 h and 24 h. 
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Discussion 

NSA was recently discovered as a specific antagonist against GSDMD-mediated pyroptotic cell 

death and inflammatory cytokine release. One of the major cell types that express GSDMD are 

macrophages, which play an important role for the initiation of inflammatory processes. It is 

therefore relevant to target NSA specifically to these cells in order to limit inflammation, while at 

the same time preventing unwanted toxicity of the drug to other cell types.[8] The use of NP as 

delivery system can allow for the selective targeting of macrophages, since these cells are 

specialized in the uptake of particulate material.[25] We could show that the highly hydrophobic 

NSA can be absorbed into three different nanocarriers at high loading, allowing for a solvent-free 

delivery of NSA. Both MSN and CD particles were rapidly taken up by macrophages and delivered 

their NSA cargo into the cells. After 24h of exposure to a mixed population of immune cells, a 

high proportion of macrophages and dendritic cells, which are also phagocytic cells with 

inflammatory properties, were positive for CD particles. Interestingly, a substantial percentage 

of B lymphocytes was also positive for CD particles after 24h. B lymphocytes are capable of 

phagocytosis,[41] and we have previously shown that B lymphocytes can take up certain types of 

particles such as gold nanoparticles.[42] In contrast, few T cells, which are non-phagocytic cells, 

were positive for CD particles. This suggests that NSA delivery by porous NP may be an effective 

manner to target macrophages and dendritic cells as the main initiators of inflammation. 

Utilizing a macrophage cell line, as well as freshly differentiated primary macrophages from mice 

and human donors in a variety of in vitro studies, we showed a good compatibility of all unloaded 

carriers with these cell types, even in long-term incubation experiments of over 45 h. The 

particles themselves did not induce inflammation in macrophages, with the exception of lipid-

coated MPC-DD++ and CD-DD particles. This lipid bilayer coating was applied to evaluate its effect 

on the speed of cellular uptake as well as a protective coating, preventing premature release of 

NSA. Since we did not observe major release of NSA even from uncoated NP and did recognize a 

reduced effect of DD-covered NP with respect to IL-1β suppression, we conclude that for future 

applications bilayer-free particles can be used advantageously, thus avoiding potential immune 

responses.  

We have previously shown that different types of NP can be taken up into phagocytic cells 

without immune activation.[43] In contrast, other particles, including certain types of silica-based 

NP, can induce inflammation and GSDMD-mediated pyroptosis in macrophages.[44, 45] Early 

screening for proinflammatory effects in standardized conditions is therefore essential during the 

development of particles for clinical applications.[25] 

When loaded with NSA, MSN and CD NP were better tolerated by macrophages than the free 

NSA compound, which forms aggregates in aqueous media. In contrast, NSA-loaded MPC 

particles completely blocked metabolic activity of macrophages even at low NSA concentrations. 

MPC particles require small amounts of surfactant for loading of NSA, which may have toxic 
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effects on these cells.[46] Thus, with the exception of MPC particles, delivery by porous NP may 

enhance the compatibility of NSA with macrophages.  

In functional assays with freshly differentiated macrophages from mice and human donors, a 

concentration-dependent suppression of IL-1β release was established with all three types of NP. 

The strongest suppressive effect on human macrophages was obtained with CD particles and was 

observed already at the lowest NSA concentrations. None of the unloaded particles impaired IL-

1β release after GSDMD activation, demonstrating that the anti-inflammatory effect is due to the 

drug cargo rather than to the carrier.  

In summary, our screening of particles has established two valuable candidates for NSA delivery 

in the form of MSN and CD-CDI NP. Both particles are easily synthesized, scalable, storable as 

well as biodegradable and can deliver high contents of this hydrophobic molecule without further 

application of a capping layer to phagocytic cells, inducing a successful suppression of the IL-1β 

cytokine. While MSN NP are rapidly taken up in large numbers by macrophages, we established 

that CD-NP are apparently even more effective in intracellular NSA release, leading to the highest 

reduction of the IL-1β cytokine. 

Here, we have focused on the characterization of different NSA-NP systems and on their in vitro effects 

on macrophages and other immune cells. However, we expect additional benefits of these 

nanoparticle formulations in vivo. Indeed, we have previously shown that following 

subcutaneous injection, MSN nanoparticles accumulate in phagocytic cells in the lymph nodes 

draining the injection site.[19] Nanoparticle formulation may therefore also allow for site-

specific, DMSO-free delivery of NSA in vivo.  

This study establishes the potential of porous biocompatible NP for the effective and targeted 

delivery of potentially toxic, hydrophobic drugs in order to regulate inflammatory responses in 

both primary murine and human immune cells. 
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