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ABSTRACT: 

The NLRP3 inflammasome, a multiprotein complex responsible for triggering the release of pro-

inflammatory cytokines, plays a crucial role in inducing the inflammatory response associated with sepsis. 

While small molecule inhibitors of NLRP3 inflammasome have been investigated for sepsis management, 

delivering NLRP3 inhibitors has been accompanied by several challenges, primarily related to drug 

formulation, delivery route, stability, and toxicity. Many existing inflammasome inhibitors either show 

higher liver toxicity or require a high dosage to efficiently impede inflammasome complex assembly. 

Moreover, the potential synergistic effects of combining multiple inflammasome inhibitors in sepsis 

therapy remain largely unexplored. Therefore, a rational approach is essential for presenting the potential 

administration of NLRP3 small molecule inhibitors to inhibit NLRP3 inflammasome activation effectively. 

In this context, we present a lipid nanoparticle-based dual drug delivery system loaded with MCC 950 and 

Disulfiram, demonstrating markedly higher efficiency compared to an equivalent amount of free drug 

combinations and individual drug nanoparticles in vitro. This combination therapy substantially improved 

the in vivo survival rate of mice for LPS induced septic peritonitis. Additionally, the synergistic approach 

illustrated a significant reduction in the expression of active caspase 1 as well as IL-1β inhibition integral 

components in the NLRP3 pathway. This study underscores the importance of integrating combination 

therapies facilitated by nanoparticle delivery to address the limitations of small molecule inflammasome 

inhibitors.

KEYWORDS:
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INTRODUCTION 

Sepsis is a complex and life-threatening medical condition resulting from an imbalance in the host-immune 

response following an infection. It could lead to several complications such as systemic inflammation, 

hypotension, organ dysfunction, and, in severe cases, death1,2. Despite significant advancements in critical 

care and therapies, sepsis still poses a substantial mortality threat of over 20%, making it the foremost cause 

of death among ICUs (intensive care units) patients. The management of sepsis poses a formidable 

challenge due to its multifaceted etiology, rapid pathogenic progression, and the intricacies of achieving an 

optimal initial therapeutic dose as well as regimen3,4,5. Recent studies and discussions within the sepsis 

research domain have predominantly focused on elucidating the principal determinant of sepsis survival. 

Central to this discourse is the ongoing debate concerning whether the greater determinant lies in innate 

and adaptive immune dysfunction or in the delicate equilibrium between inflammatory and anti-

inflammatory processes. 6,7. As inflammatory mediators and proinflammatory cytokines like tumor necrosis 

factor-alpha (TNF-α), interleukin-1 (IL-1), and interleukin-6 (IL-6) have shown to cause amplified immune 

responses in sepsis; mitigating the excessive inflammatory response has emerged as a pivotal focal point in 

sepsis treatment research, as reported by numerous studies8,9,10. In line with this, the NLRP3 (nucleotide-

binding domain, leucine-rich–containing family, pyrin domain–containing-3) inflammasome has been 

studied as a potential therapeutic target for sepsis due to its role in regulating the inflammatory 

response11,12,13. The NLRP3 inflammasome activation is a two-step process that mediates caspase-1 

activation and the secretion of proinflammatory cytokines IL-1β/IL-18 in response to microbial infection 

and cellular damage14–18,. Literature lists several inflammasome inhibiting drugs that could help alleviate 

inflammation and be utilized for treating several inflammatory diseases.19-21. However, concerns of toxicity, 

in vivo stability, bioavailability, and delivery represent a significant challenge while developing and using 

anti-inflammatory drugs, especially in treating conditions like sepsis.22-24 Therefore, given the complexity 

and diverse manifestations of sepsis, a multifaceted approach addressing multiple aspects of the condition 

is needed, in order to improve treatment outcomes. 
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Trials targeting single components of the inflammatory cascade have often failed to significantly reduce 

multiple organ injury, dysfunction or mortality rates associated with sepsis10,12,25-27. In this context, 

combination therapies can offer a promising approach for targeting multiple components of the NLRP3 

inflammasome pathway to treat sepsis28–30. Also, nanoparticle-based drug delivery holds great potential for 

mitigating issues31–33 related to liver toxicity and high dosage34 associated with small molecule inhibitors, 

including those targeting the inflammasome. Nanoparticles can serve as a platform to safely package a 

rational combination of drugs and ensure their efficient delivery35,36. In this manner, the combination drugs 

can exhibit synergistic effects by inhibiting inflammasome-associated components either simultaneously 

or sequentially by following horizontal or vertical inhibition. In addition, liposomes will also ensure 

increased retention time of drugs and their sustained release over time, reducing the need for a repeated 

high dosage of free drugs and their several off-target effects37,38. Thus, we hypothesized that co-delivery of 

rationally combined inflammasome-inhibiting drugs via nanoparticle platform offers synergistic therapy 

due to enhanced retention of drugs acting simultaneously on several targets participating in the 

inflammasome signaling pathway. Here, we proposed to simultaneously deliver a combination of NLRP3 

complex inhibitor MCC-95039-42 and Gasdermin D inhibitor disulfiram43-46 drug using a 1,2-dioleoyl-sn-

glycero-3-phosphocholine (DOPC) lipid nanoparticle37 system which will ensure their increased solubility, 

enhanced bioavailability, and increased retention time in circulation. 

In this study, we first synthesized and characterized single drug nanoparticle systems, MCC Np and DSR 

Np and tested their efficiency to inhibit IL-1β along with their respective free drugs. We found single drug 

nanoparticles to be as efficient as that of the respective equivalent amount of free drugs at later time points, 

especially after 10 hr, even at a lower dose of 100 nM of drug. After identifying the optimum time points 

and concentrations we next synthesized dual drug loaded nanoparticle MCC-DSR Np (Figure-1A) and 

analyzed their kinetics for IL-1β inhibition in comparison to that of combination of equivalent free drugs 

and single drug nanoparticles. The dual drug nanoparticle could internalize efficiently in macrophages 

(Figure-1B) and cause sustained release of both the drugs (Figure-1C), thus making MCC-DSR Np to be 
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the most efficient platform among all other platforms after 24 hr of treatment. MCC-950 prevents the 

NLRP3 oligomerization (Figure-1D) and disulfiram acts on Gasdermin-D to prevent pore formation on the 

cell surface, thus inhibiting IL-1β release (Figure-1E). These dual effects were confirmed by studying the 

expression of active caspase-1 and IL-1β cytokine release, anticipated to exhibit a direct influence due to 

the activity of individual drugs. Additionally, we tested these nanoparticles in LPS induced peritonitis 

animal model to identify their in-vivo efficacy and found that MCC-DSR co-encapsulated nanoparticles 

were able to provide complete protection against LPS-mediated sepsis through their synergistic response 

(Figure-1F).

Figure 1. Schematic showing the synergistic therapeutic platform for Dual-Drug Nanoparticle. (A) Self 
Assembly of DSPE-PEG Amine, DOPC lipids along with MCC-950 (NLRP3 inhibitor) and Disulfiram 
(Gasdermin D inhibitor) for the synthesis of dual drug lipid nanoparticle system (B) Internalization of MCC-DSR 
Np in macrophages (C) Release of the drugs MCC-950 and Disulfiram inside the endosome (D) MCC-950 binds 
to NLRP3 and prevents its oligomerization and thus inhibits the activation of NLRP3 inflammasome complex (E) 
Disulfiram blocks the activation of Gasdermin D which prevents the pore formation and the subsequent release 
of cytokines outside the cell. (F) Dual-drug nanoparticle system provides protection against LPS induced sepsis 
in mice.
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RESULTS & DISCUSSION:

Synthesis and Characterization of single and dual inflammasome-inhibiting drug nanoparticles

We first synthesized single and dual drug nanoparticles by utilizing co-lipid nanoparticle backbone obtained 

from 60 mole percent of DOPC lipid (1,2-Dioleoyl-sn-glycero-3-phosphocholine) and 30 mole percent of 

DSPE-PEG(2000)amine (1,2- distearoyl-sn-glycero-3-phosphoethanolamine-N- [amino (polyethylene 

glycol)-2000]). The co-lipid bilayer is then physically encapsulated with either MCC-950 or/and disulfiram 

(DSR) inflammasome inhibiting drugs, accounting for the rest of the 10 mole percent either individually or 

in combination in order to form single or dual drug nanoparticles. Figure-S1 represents the characterization 

of the size and stability for MCC950/DSR single drug Np. For MCC-DSR Np, both drugs were 

encapsulated in the molar ratio of 1:1 with each contributing towards 5 mole percentage. All the 

nanoparticles were synthesized by thin lipid film hydration method47, where the thin lipid film obtained via 

rotavap were hydrated in PBS for 1.5h at 60°C so as to allow their self-assembling into lipid bilayer along 

with entrapment of the drugs48. The encapsulation efficiency of disulfiram accounted for around 60% 

whereas that of MCC was around 20%49. All the drug nanoparticles; DSR Np, MCC Np and MCC-DSR 

Np were stably formed and had a hydrodynamic diameter less than 200 nm. Figure-2A shows the 

hydrodynamic diameter of MCC-DSR Np to be around 150 nm, obtained via dynamic light scattering using 

Malvern Nano Zetasizer. The size and morphology of these liposomes were also confirmed using cryo-

TEM as shown in Figure-2B. These dual drug nanoparticles were found to be stable in 10% human serum 

for about 48h with almost no change in size and zeta potential (Figure-2C). They were also stable in storage 

conditions of PBS at 4°C for about a month with size maintained at almost 150 nm and neutral surface 

charge (Figure-2D). Next, we determined the macrophage internalization of these particles by 

encapsulating FITC at 5 mole percent to obtain fluorescent nanoparticles detectable by microscopy and 

flow cytometry. Figure-2E represents the microscopic images of time-dependent cellular uptake of FITC 

Np from 0h to 8h. Figure-2F displays the quantification of FITC nanoparticle internalization at different 

time points using microscopy and it shows that the internalization increased with higher time points, with 
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4-8 hours showing sufficient internalization for later studies. Figure-2G plots the concentration dependent 

internalization of these fluorescent particles showing increasing uptake with higher concentration. Overall, 

these results show that the drug encapsulating liposomes were stably synthesized and successfully 

internalized by immortalized macrophages in a concentration and time-dependent manner.
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Single drug nanoparticles display efficient IL-1β inhibition as compared to free drug overtime at 

different concentrations.

We next proceeded towards examining if the nanoparticles are as efficacious as that of free drug and their 

kinetics as well as response at different time points and concentrations. In order to do that, we first primed 

the immortalized macrophages for 2hr and then treated them with either free drug or nanoparticle for a 

maximum of 4hr (Figure-3A). After 4hr, the cells were replaced with fresh LPS media and allowed to 

incubate for the next 14hr. This treatment was further proceeded towards signal 2 nigericin at different time 

points starting from 0hr to 18hr immediately after the LPS priming. The indicated time points of 0, 2, 4, 6, 

8, 11, 14 and 18 represent the total nanoparticle treatment and incubation time points at which nigericin 

was added to different wells in order to activate inflammasome. The assays were performed such that all 

the different time point treatments end at the same time so as to add nigericin to all the wells exactly at one 

time point. For this the initial set up or treatments were performed at different time points so as to ensure 

these variations as mentioned above. After 1hr of nigericin treatment the supernatant was collected and 

tested for IL-1β levels using ELISA. Before nigericin treatment, the cells were subjected to MTT assay so 

as to determine the cytotoxicity of the nanoparticle and free drug in order to determine if the IL-1β inhibition 

is solely via drug’s activity. Both Figure-3C and Figure-4A show that at later time points even 100 nM of 

nanoparticle shows a similar response to that of free drug. Even if at initial time points free drug seem to 

be more efficacious in IL-1β inhibition at certain concentrations, there is no significant difference in the 

Figure-2: MCC-DSR Np characterization and internalization. (A) Graph plots the hydrodynamic diameter of 
MCC-DSR dual drug nanoparticle. Data shown as mean ± S.D. (n=3). (B) CryoTEM image of dual drug 
nanoparticle. Scale bar: 200 nm. (C) Graph displays the percentage change in size and zeta potential of MCC-DSR 
dual Np incubated in human serum for a total duration of 48hours. (D) PBS Stability plot shows size and zeta 
potential of MCC-DSR Np in PBS over a period of 30 days. Data shown in c and d are mean ± S.E.M. (n=3). (E) 
Representative microscopy images of iBMDMs internalized with FITC encapsulated fluorescent particles in a 
time-dependent manner from 0h to 8h. Nuclei were stained with NucBlue. Scale bar: 100 μm. (F) Quantitative 
analysis for cellular uptake of fluorescent nanoparticles imaged via confocal microscopy. (G) Flow cytometry 
analysis of cellular uptake of different concentrations of 5FAM particles by iBMDMs. Data shown is mean ± 
S.E.M. (n=3). Statistical analysis was performed by one-way ANOVA and Dunnett’s multiple comparisons test. 
*p < 0.05, **p < 0.01, ***p<0.001.
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Figure 3. DSR Np activity and cytotoxicity. (A) Schematic illustration of sequence and time points for different 
treatments of single drug or nanoparticles; including LPS, Nanoparticle or Free drug, followed by nigericin. (B) 
Percent cell viability of cells treated with different concentrations of DSR Np or free drug, treated for different 
time duration. (C) Concentration and time-wise percent inhibition in IL-1β stimulation after treating the cells with 
either DSR Np or DSR free drug. Data shown in (B) & (C) are mean ± S.E.M. (n=3). 

activity at later time points. Moreover, Figure-3B and Figure-4B show that free drug is toxic at higher 

concentration and later time points in case of both MCC-950 and DSR, whereas all the nanoparticles 
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maintain the cell viability of 80-90% which makes them more efficient than free drug due to sustained 

release of drug, thus, reducing their toxicity. After determining the single drug nanoparticle efficacy over 

the respective free drug, we next proceeded towards examining the activity of dual-drug nanoparticles.

Figure 4. MCC Np activity and cytotoxicity. (A) Concentration and time-wise percent inhibition in IL-1β 
stimulation after treating the cells with either MCC Np or MCC free drug. (B) Percent cell viability of cells 
treated with different concentrations of MCC Np or free drug, treated for different time duration. Data shown 
in (A) & (B) are mean ± S.E.M. (n=3). 
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Dual drug nanoparticles show a synergistic inhibition in IL-1β release in nigericin treated iBMDMs

Next, we examined the efficacy of MCC-DSR Dual Np with respect to dual free drug and single drug Np 

at different time points ranging from 4hr to 36hr. The time points represent the total time of 4hr nanoparticle 

treatment and incubation afterwards. For example, 8 hr time point means that the cells were incubated with 

nanoparticle or free drug for 4hr and then incubated in LPS media for another 4hr. Similarly, 36 hr 

represents 4hr nanoparticle or free drug treatment and 32 hr of incubation in LPS media for sustained 

release. We utilized 344 nM of MCC950 and 1 μM of DSR for all our in-vitro experiments by keeping 

these doses consistent in all the platforms, including dual Np, single drug Np and via free drugs. Figure-

5A plots the percentage inhibition in IL-1β released by different treatment groups with respect to the 

nigericin treated cells. It shows that even though there is not a significant difference among all the treatment 

groups until 20 hr, MCC-DSR Np shows greater inhibition in IL-1β starting from 24 hr. At 36 hr, dual Np 

shows significantly higher response shown by inhibiting IL-1β release, followed by MCC Np, dual free 

drug and DSR Np, thus pointing towards the greater efficacy of the dual drug nanoparticle due to synergistic 

properties of both the drugs. To reconfirm this response, we next evaluated the expression of different 

inflammasome-associated proteins50 in the cells treated with different free drugs and nanoparticles for 24 

hr (4 hr treatment and 20 hr incubation) as indicated in Figure-5B, using western blotting. We determined 

the protein expression in both cell lysate and supernatant. We observed no significant difference in Pro-

caspase-1 expression in cell lysate, but in supernatant both MCC-DSR Np and MCC Np showed significant 

inhibition in active capsase-1 expression, confirming their better efficacy than the respective free drug 

treatments. Additionally, we observed a remarkable inhibition in active GSDMD released into supernatant 

of MCC FD, MCC Np and MCC-DSR Np treated cells, again proving their efficiency in inflammasome 

inhibition. However, we were not able to observe much difference in DSR Np but were able to observe 

some inhibition in DSR FD, which might be due to the particular time point we are using for western 

blotting. We also imaged and quantified the adaptor protein ASC (apoptosis-associated speck-like protein 

containing a CARD) speck formation in iBMDMs which can be used as a simple upstream readout for 

inflammasome activation49,51-55. The minimal speck generation upon dual drug Np treatment (Figure-S4A, 
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S4B) indicated the ASC proteins being dispersed in the cytosol and thus correlated with lesser 

inflammasome activation. This further corroborates our previous findings by exhibiting a significant 

decrease in NLRP3 inflammasome activation due to the combined effect of the dual-drug nanoparticle.

Dual drug nanoparticles induce complete protection against LPS-induced sepsis

We next examined the in-vivo efficacy of dual drug nanoparticle in LPS peritonitis sepsis model. For this, 

the mice were intraperitoneally injected with 50 mg/kg LPS to induce sepsis systemically (Figure-5C). 

After 1 hr of LPS injection, these mice were intravenously injected with either free drug or nanoparticles 

and then closely monitored for survival. The doses for MCC950 were 0.4 mg per mice (~2 mg/kg) and that 

of DSR was 0.8 mg per mice (~4 mg/kg), delivered either via nanoparticle or as free drug. Figure-5D shows 

the survival curve for all the treatment groups. We observed that all the mice without any treatment died 

within 12 hr to 18 hr, however, the survival was extended to 24 hr when the mice were treated with DSR 

Np. Moreover, one out of five mice managed to survive and recover in both the treatments with MCC Np 

as well as Dual FD, with Dual FD showing enhanced survival for other mice when compared with just 

MCC Np. Dual Np showed the maximum survival out of all the treatment groups where four out of five 

mice survived and fully recovered until later time point, 120 hr. On day 5, all these four mice completely 

recovered from septic shock and were able to regain their normal weight and movement. All the mice were 

subjected to peritoneal cell isolation, cardiac puncture and tissue harvesting after their sacrifice. All the 

mice were closely monitored for their posture, mobility, appearance, and weight loss; and they were all 

humanely sacrificed as per IACUC guidelines. After sacrificing the mice, the heart, lung, liver, kidney, and 

spleen were removed and sectioned for hematoxylin & eosin (H&E) staining to assess treatment biosafety 

as well as the presence of peritonitis from the kidney and spleen samples. Figure-S5 shows the H&E 

biosafety results, exhibiting completely normal histology in the PBS No LPS group, as well as the MCC 

FD and NP groups. The other treatment groups also exhibited healthy histology but with some interesting 

findings. For example, for the PBS LPS, DSR FD, and DSR NP groups, there was a high presence of 
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neutrophils in the lungs but only in the surrounding tissue, not in the alveolar sacks, meaning there is no 

evidence of pneumonia which could result in lung inflammation. In the Dual NP group and slightly less 

prevalent in the Dual FD group, the spleen exhibited a blue follicle surrounded by normal red tissue with 

some acute immune cell infiltration (blue spots), indicating the tail-end of an ameliorating inflammatory 

response. However, in total the H&E biosafety results exhibit largely normal tissue morphologies and do 

not provide evidence for any significant toxicities from the treatment groups. 

The recovered mice were sacrificed on day 5. The isolated peritoneal cells were immediately lysed using 

RIPA buffer enriched with 1X protease inhibitor and subjected to protein isolation. Later the protein was 

quantified using BCA Assay and equal amount of protein were loaded and quantified using protein simple 

Wes. Figure-5E show the protein expression of p20 Caspase-1 normalized to Pro-Caspase-1 in the 

peritoneal cells isolated from mice treated with indicated free drugs and nanoparticles. The graph shows 

significantly higher activation of caspase-1 enzyme in the LPS treatment mice without any drug treatment. 

And this expression is inhibited by around 40% in MCC + DSR free drug treatment group and 80% in mice 

treated with MCC-DSR Np, which is remarkably greater than the response obtained from single drug 

treatments. Moreover, dual-drug liposome treatment group showed almost equivalent levels of active 

capsase-1 as that of the no-disease control mice (without any LPS injection), proving that these mice were 

fully recovered from sepsis. We further examined all the treatment groups for serum IL-1β levels and 

observed a significantly higher level of the cytokine (~1800 pg/ml) in LPS injected mice without any drug 

treatment (Figure-5F). These were sequentially inhibited by treatment with different free drug and 

nanoparticles, with a 20-fold reduction upon treating the mice with dual-drug Np, showing no serum IL-1β 

similar to that of no disease control. Additionally, the dual Np also showed significant reduction in IL-6 

secretion (Figure-S2) without a consequential change in TNFα release (Figure-S3), suggesting its potential 

efficacy in the simultaneous blockade of multiple cytokines, thereby mitigating the cytokine storm often 

accompanied with sepsis. We also performed sectioning of peritoneal lining tissues to assess the presence 

of peritonitis by H&E staining and assessment by pathologists. Figure-S6 depicts select H&E stains from 
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sections taken from peritonitis-positive mainly splenic as well as some liver peritoneum of the septic mice, 

shown in 10x and 40x magnification to depict the characteristics of immune cell infiltration in peritonitis. 

The H&Es from each sample were also pathologically assessed for peritonitis in both spleen/kidney sections 

(Figure-S6A), which serve as the most representative for peritoneal lining sections, and in the 

heart/lung/liver (Figure-S7B) of the septic mice tissues. Of particular note is the presence of acute or 

chronic peritonitis in all groups of the spleen/kidney samples, but no presence of peritonitis is detected in 

the PBS No LPS (negative control), as well as the Dual FD Sample II and Dual NP groups, suggesting 

amelioration of sepsis and peritonitis in these tissues, providing further evidence for the effectiveness of 

the MCC-DSR drug combo, including in the nanoparticle system.  Overall, all the in-vivo and ex-vivo assays 

support the fact that MCC-DSR Np enable a synergistic response which offers complete protection against 

LPS-mediated sepsis.
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Figure 5. In-vitro and In-vivo efficacy of dual drug MCC-DSR Np. (A) Graph plots the percent IL-1β inhibition 
conducted by indicated treatment groups, including dual Np, dual FD, MCC Np and DSR Np. Data shown is mean 
± S.E.M. (n=3). Statistical analysis was performed by two-way ANOVA and Dunnett’s multiple comparisons test. 
*p < 0.05, ***p<0.001. (B) Representative western blotting images of different treatment groups exhibiting the 
expression of NLRP3 signaling associated proteins in the cell lysate and supernatant. (C) Schematics representing 
in-vivo animal trial timeline displaying all the time points and sequence of different treatments and related assays. 
(D) Graph plots the survival curve of indicated treatment groups for a duration of 120hr. (E) Graph plots the 
quantitation of expression of active Caspase-1 normalized to Pro-Caspase-1 observed via simple protein WES 
analysis. Data shown is mean ± S.E.M. (n=3). Statistical analysis was performed by ordinary one-way ANOVA 
and Dunnett’s multiple comparisons test. *p < 0.05, **p<0.01. (F) Graph plots serum IL-1β cytokine levels in the 
different treatment groups. Data shown is mean ± S.E.M. (n=3). Statistical analysis was performed by ordinary 
one-way ANOVA and Dunnett’s multiple comparisons test. *p < 0.05, **p<0.01, ***p<0.001.
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CONCLUSIONS

This study successfully demonstrated stable synthesis of MCC-DSR dual drug nanoparticles of less than 

200 nm hydrodynamic diameter and neutral surface charge. These nanoparticles showed remarkable 

stability in PBS for about 30d and in serum for about 2d. The combination nanoparticle displayed a 

significantly higher efficiency than equivalent amount of free drug combinations as well as individual drug 

nanoparticles in-vitro, as evidenced by significant IL-1β inhibition after 24h of total treatment. Western 

blot analysis further corroborated these results revealing a substantial inhibition in active caspase-1 and 

active GSDMD expression after 24h (4h treatment and 20h incubation) dual nanoparticle treatment in 

contrast to no inhibition after free drug treatment. Notably, even a mere 1μM of DSR was able to induce 

sufficient inhibition when delivered along with 344nM of MCC due to synergistic response. This dose is 

around 10-20 times lower than the previously employed doses of DSR free drug to achieve in-vitro 

pyroptosis inhibition. Furthermore, our study unveiled a remarkably high in-vivo efficiency in LPS-

mediated sepsis model, with dual drug Np inducing a complete protection against sepsis even when exposed 

to a very high LPS dose of 50 mg/kg. The co-delivery of MCC and DSR via combination nanoparticles not 

only greatly enhanced the survival rates of mice but also facilitated their recovery from severe septic shock 

to completely normal states. This response not only outperforms other platforms tested simultaneously in 

this study, but also surpasses the efficacy of high doses of free drugs in previous studies28,29. In this study, 

we employed doses of the GSDMD inhibitor and NLRP3 inhibitor that were 3-10 times lower than those 

in previous studies, achieving superior results compared to individual drug treeatments30,31,32. In 

conclusion,  our results establish that this platform not only offers a synergistic inflammasome inhibitory 

response which greatly reduces the required individual drug doses but also provides a safe delivery system 

thereby mitigating toxicity and enabling sustained release overtime, ultimately enhancing drug retention. 

This study serves as a proof of principle for combinatorial approaches that have the potential to overcome 

the existing limitations of inflammasome-inhibiting drugs, which have thus far encountered barriers to 

clinical translation. 
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MATERIALS AND METHODS

Materials

All the reagents were procured from commercial suppliers including ThermoFisher, InvivoGen, Tocris, 

Avanti, Adipogen, Biolegend, BioRad, Cell Signaling Technology, Biorad and Sigma Aldrich. 

Nanoparticle components 1,2-Dioleoyl-sn-glycero-3- phosphocholine (DOPC, Cat# 850375P) and 3-

phosphoethanolamine-N-[amine (polyethylene glycol)-2000] (DSPE-PEG2000Amine, Cat# 880128P) 

were purchased from Avanti Polar Lipids. Disulfiram drug, also known as Bis(diethylthiocarbamyl) 

disulfide (Cat# 97-77-8), was obtained from Millipore Sigma. MCC-950 Sodium (CP-456773 Sodium) was 

purchased from Selleckchem. For cell-based assays, all the immortalized bone-marrow-derived 

macrophages (iBMDMs) including the cell lines expressing ASC-citrine was generously gifted by Kate 

Fitzgerald, UMass Chan Medical School, Worcester. Cell culture media components such as Dulbecco’s 

modified Eagle’s medium (DMEM), fetal bovine serum (FBS), and Penicillin-Step were ordered from 

Gibco, Life Technologies. For inflammasome stimulation, ultrapure lipopolysaccharide from Escherichia 

coli (Ultrapure LPS, E.coli 0111:B4, Cat# tlrl-3pelps) and Nigericin sodium salt (Cat# 431210) were 

obtained from InvivoGen and Tocris Bioscience, respectively. All the western primary and secondary 

antibodies were procured from Adipogen Life Sciences, Biolegend, Abcam, Santa Cruz Biotechnology and 

Cell Signaling Technology. Other reagents like RIPA buffer, NP-40 lysis buffer, HALT protease and 

phosphatase single-use EDTA-free 100X cocktail, J60015 4X Laemmli SDS reducing sample buffer, 

NucBlue Live Ready Probes Reagent (Hoechst 33342), and LysoTracker Red DND-99 were purchased 

from ThermoFisher Scientific. Moreover, some kits like IL-1β Mouse Uncoated ELISA and Pierce BCA 

Protein Assay were also obtained from ThermoFisher Scientific. Wes reagents were procured from Protein 

Simple.

Detailed Methods

Synthesis of MCC Np, DSR Np and MCC-DSR Np
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Both the single and dual drug particles were synthesized using two lipids, DOPC {1,2-Dioleoyl-sn-glycero-

3-phosphocholine} and DSPE-PEG(2000)amine 204 at 60 mol percent and 30 mol percent, respectively, 

using thin lipid film hydration method. Individual or combination of two drugs were physically 

encapsulated, accounting for a total of 10 mol percent. While preparing the thin film, both the co-lipids and 

disulfiram were dissolved in dichloromethane, whereas MCC-950 was dissolved in methanol. The film was 

obtained in a round bottom flask using the rotavapor which was then hydrated in PBS for 1.5h at 60°C to 

obtain drug encapsulated self-assembled liposomes. The unencapsulated free drug was filtered using G-25 

sephadex column. Later the eluted liposomes were extruded using a 200 nm polycarbonate filter membrane 

to obtain nanoparticles of desired size. The drug encapsulation efficiency was identified using UV-Vis 

spectrophotometry and the size as well as zeta potential were determined using Malvern Zetasizer Nano 

ZS90.

Characterization of Nanoparticles

For stability studies, the nanoparticles were incubated either in PBS at 4°C or in 10% human serum at room 

temperature for extended duration of time. PBS stability is for storage conditions, whereas serum stability 

is for physiological conditions. While incubating in respective buffers, the nanoparticles were assessed for 

their size and surface charge at indicated time points. Additionally, their morphology and size were 

confirmed via Cryo-TEM performed by the UMASS Chan Medical School Core Facility.

Cellular uptake of FITC encapsulated nanoparticles

For internalization studies, nanoparticles were encapsulated with FITC, fluorescein isothiocyanate at 5 mol 

percent, to obtain fluorescent nanoparticles for internalization studies. For concentration dependent studies, 

the immortalized macrophages were incubated with fluorescent nanoparticles ranging from 0.1 to 10 mM 

for 4 hours, and the fluorescence intensity was recorded using flow cytometry. For time dependent studies, 

the cells were incubated with fluorescent nanoparticles for different time points 0h, 2h, 4h and 8h, followed 
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by NucBlue staining in order to stain the nuclei. Further, the cells were images using Crest V2 spinning 

disk and the fluorescence intensity was measured using NIS Elements V6.2.

Cell culture, NLRP3 stimulation and drug treatment

Immortalized macrophages were utilized for all the in-vitro assays. They were cultured in complete DMEM 

containing 10% FBS and 1% Pen-Strep. For NLRP3 stimulation, the cells were first primed using ultrapure 

LPS for 2h in order to activate signal 1 and then they were treated with 10 mM nigericin for ½ to 1h for 

signal 2. Free drug or nanoparticle treatments were performed in between signal 1 and signal 2 for indicated 

time points.

LPS induced Peritonitis Sepsis Model

All the animal protocols were approved by IACUC (Institutional Animal Care Use Committees), at 

University of Massachusetts, Amherst. Female C57BL/6 mice of age 6-8 weeks were procured from 

Charles River and housed in a pathogen free environment under 12 hours light or dark cycles. For 

establishing LPS Peritonitis Sepsis Model, mice were first injected with pure LPS intraperitoneally. This 

was followed by intravenous I.V. injection of nanoparticles or free drugs after 1h of LPS injections. For 

injections nanoparticles as well as MCC-950 free drug was reconstituted in ultrapure PBS, whereas 

disulfiram was reconstituted in sesame oil. After all the injections, the mice were very closely monitored 

for weight, mobility, posture, appearance, and survival. All the mice were humanely sacrificed by following 

the rules set in the animal protocol, in compliance with the IACUC. Immediately after sacrificing the mice, 

their blood was collected with cardiac puncture and peritoneal cells were collected by rinsing the peritoneal 

cavity with ice cold PBS containing 3% FBS. Peritoneal cells were then lysed using RIPA buffer to isolate 

the total protein. Additionally, all the tissues were harvested and fixed in formalin. All the animal 

procedures were performed in accordance with the institutional guidelines for using and careful handling 

of laboratory animals of the University of Massachusetts, Amherst, MA, USA and all the procedures were 

approved by the Animal Ethics Committee of the University of Massachusetts Amherst.
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ELISA

IL-1β ELISA was performed according to the manufacturer’s protocol using the ThermoFisher IL-1 beta 

mouse uncoated ELISA kit. For in-vitro assays, it was performed in cell supernatant by diluting them 1X 

ELISPOT, whereas for in-vivo assays, isolated serum was utilized. For all the ELISAs the sample was 

incubated overnight at 4°C to allow maximum binding.

Immunoblotting

For both in-vitro and in-vivo assays, protein was isolated by cell lysis using RIPA buffer enriched with 1X 

protease inhibitor. For in-vitro, both the cell lysate and supernatant were used for immunoblotting. For in-

vivo, total protein was isolated from peritoneal cells immediately after their isolation. The protein was 

quantified using BCA assay and an equal amount of protein was loaded onto gels. For in-vitro samples, we 

performed regular western protein using 10% polyacrylamide gels and wet transfer on PVDF membrane. 

Later the membrane was blocked in 5% skim milk and stained with respective primary and secondary 

antibodies prepared in TBST. Whereas for in-vivo, we chose to use protein simple Wes, due to very limited 

sample quantity. The manufacturer’s protocol was utilized for loading the plate and carrying out the assay.

Hematoxylin & Eosin (H&E) Staining for Biosafety/Toxicity.

Tissues from the vital organs (liver, spleen, kidney, lung and heart) were collected at the 

termination, which were then fixed in 10% neutral buffered formalin for 24h, decanted and stored 

in 70% ethanol for long term at 4 degrees Celsius. The samples were then transported to 

Biospecimen Resource and Molecular Analysis Facility (BRaMA), PVLSI, UMass Chan Medical-

Baystate, where they were paraffin embedded, sectioned at 5 μM thickness and H&E stained. 

Analysis was performed by the residents from Department of Pathology, UMass Chan Medical 

School at Bay State Health, Springfield, MA. 
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Statistical Analysis

GraphPad Prism 10 was utilized to analyze statistics. For two groups comparison, two-tailed 

unpaired t-test was utilized whereas for multiple groups, ordinary one-way or two-way ANOVA 

was performed followed by Dunnett’s or Sidak’s multiple comparisons. Results were represented 

as either mean ± s.e.m. (standard error of mean) or mean ± s.d. (standard deviation). P-value less 

than 0.05 was considered as significant. 

SUPPORTING INFORMATION

The supporting information is available free of charge on the Publications website.

Description of materials and Supporting Figures S1-S7
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