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Abstract

Designer nanomaterials capable of delivering immunomodulators to specific immune cells 

have been extensively studied. However, emerging evidence suggests that several of these 

nanomaterials can non-specifically activate NLRP3 inflammasomes, an intracellular multiprotein 

complex controlling various immune cell functions, leading to undesirable effects. To understand 

what nanoparticle-attributes activate inflammasomes, we designed a multiparametric polymer 

supramolecular nanoparticle system to modulate various surface and core Nanoparticle-Associated 

Molecular Patterns (NAMPs), one at a time. We also investigated several underlying signaling 

pathways, including lysosomal rupture-cathepsin B maturation and calcium flux-mitochondrial 

ROS production, to gain mechanistic insights into NAMPs mediated inflammasome activation. 

Here we report that out of the four NAMPs tested, core hydrophobicity strongly activates and 

positively correlates with the NLRP3 assembly compared to surface charge, core rigidity and 

surface hydrophobicity. Moreover, we demonstrate different signaling inclinations and kinetics 

followed by differential core hydrophobicity patterns with the most hydrophobic ones exhibiting 

both lysosomal rupture and calcium influx early on. Altogether, this study will help design the 
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next generation of polymeric nanomaterials for specific regulation of inflammasome activation, 

aiding efficient immunotherapy and vaccine delivery.

Graphical Abstract

INTRODUCTION

The inflammasome is a hetero-multimeric protein complex known for activating 

inflammatory caspases followed by subsequent processing of prointerleukin-1β which 

makes it one of the key players during inflammation. (1) This high molecular weight protein 

complex gets assembled and activated in response to microbial invasion or cellular damage 

detected mainly by phagocytic innate immune cells like macrophages and dendritic cells. 

These pathogenic interventions or tissue injury generate pathogen-associated molecular 

patterns (PAMPs) or damage-associated molecular patterns (DAMPs), respectively, that 

can be sensed by a myriad of threat sensors, classified into surface TLRs (Toll-like 

receptors) and cytosolic NLRs (NOD-like receptors). (2) Based on the type of stimuli 

and the responding NLRs, the inflammasome class is decided. NLRP3 inflammasome has 

been widely studied due to its broad stimuli range resulting in its involvement in various 

inflammatory diseases. (3–9) NLRP3 complex assembly and activation require two signals: 

priming, initiated by TLR4 agonists or inflammatory cytokines leading to activation of 

NFκB transcription factor; and activation, triggered by DAMPs causing cellular damage 

activity like lysosomal disruption, calcium influx, and mitochondrial ROS production. The 
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inflammasome complex components (NLRP3 threat sensor, ASC adaptor and pro-caspase-1 

effector enzyme) generated during priming get assembled after signal two, leading to 

maturation of the pro-caspase-1. The mature caspase-1 then acts upon the downstream 

inactive proteins (inactive gasdermin and cytokines) and cleaves at specific substrates to 

liberate their active forms. Active Gasdermin D further interacts with the cell plasma 

membrane to induce pore formation, ultimately causing cell lysis, popularly known as 

pyroptosis. It is associated with the release of active inflammatory cytokines IL-1β and 

IL-18, leading to enhanced immune response.

Several studies have investigated nanoparticle interactions with immune cells to understand 

their role in various biological applications and tailor them to different needs. (10–15) 

However, only a handful of studies have investigated this in the context of inflammasome 

activation, leaving unexplored prospects. Most of these studies have focused on identifying 

and reporting different inflammasome-activating nanoparticles like SiO2, TiO2, mesoporous 

silica, iron oxide, silver, carbon black and DOTAP particles (16–35). In contrast, not enough 

attention has been paid to a comprehensive characterization of Nanoparticle-Associated-

Molecular-Patterns (NAMPs) responsible for it. Studies to date have reported only a few 

nanoparticle-attributes responsible for mediating inflammasome activation in the above-

listed nano-platforms (31–33, 35–43) with very little focus on polymeric nanoparticles 

(23, 36–38) due to a lack of appropriate investigative tools. This renders an incomplete 

picture of different NAMPs stimulating NLRP3 assembly and their interplay in a single 

polymeric nanoplatform, leaving the prospect for identifying novel NAMPs and associated 

signaling cascades. Moreover, core nanoparticle attributes have been largely unexplored 

in the previous studies; despite having an important role in other immune interactions, 

eventually stimulating cytokines like TNFα and IFNγ. (38, 44–47) Nanoparticle surface 

and core hydrophobicity have also been shown to influence membrane permeability and 

endo-lysosomal escape or rupture (NLRP3 signal 2),(38, 44, 48, 49), making them potential 

candidates for investigation.

Here, we proposed a comprehensive study covering multiple surface and core NAMPs in 

a single polymeric supramolecular nanoparticle system, tweaking one nanoparticle property 

at a time to allow us to test numerous NAMPs regulating inflammasome activation using 

one platform. Simultaneously, we examined multiple associated cellular damage pathways 

to gain complete insights into the mechanisms underlying these activation events. In total, 

we tested four series of nanoparticles representing different NAMPs, including surface 

charge, surface hydrophobicity, core rigidity and core hydrophobicity. We first started 

with examining the effects of varying surface charge on NLRP3 assembly and activation 

as it is the first component interacting with the cell surface, we next examined surface 

hydrophobicity as it is well known to dictate immune responses but poorly studied in 

inflammasome context. We further tested core rigidity as it has been shown to influence 

the cell surface permeability important for changing flux responses, one of the plausible 

reasons for inflammasome activation.(50) Using this supramolecular nanoparticle system, 

we observed that surface properties, including charge and hydrophobicity, are insufficient to 

activate the NLRP3 complex even with a rigid core structure.
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Interestingly, our findings also reveal core hydrophobicity as a novel NAMP regulating 

NLRP3 activation via more than one signaling cascade, including lysosomal rupture-

cathepsin B and calcium flux-mitochondrial ROS production arrays (Figure 1). To further 

characterize this novel NAMP, we engineered the polymeric supramolecular nanoparticle 

system to obtain varying degrees of core hydrophobicity, which enabled us to identify its 

direct correlation with NLRP3 assembly and peek into their respective signaling trends as 

well as kinetics. Overall, this is the first study utilizing a designer polymeric supramolecular 

nanoparticle system that offers precise control over its several surface and core NAMPs 

to determine their impact on NLRP3 assembly and activation. A comprehensive analysis 

of different NAMPs regulating inflammasome activation in a polymer system will help 

select a safer biomaterial for delivery and assist in modulating nanosystems to achieve 

controlled inflammasome activation. We anticipate that this study will guide in establishing 

the groundwork for identifying therapeutically relevant nano-systems that can aid in 

immunotherapy and vaccine delivery (51–53).

RESULTS

Synthesis and characterization of supramolecular nanoparticles (sNPs) with varying 
NAMPs.

To synthesize different series of sNPs, distinct variations are introduced into a common 

parent polymeric backbone, “R-PEG5000-b-CM10” (Figure 2A). The first series (series 1) 

of sNPs consists of varying surface charges, as a result of a distinct “R” group in the 

R-PEG5000-b-CM10 polymer, represented as R1, R2 and R3 (Figure 2A). R(1)-PEG5000-

b-CM10, R(2)-PEG5000-b-CM10 and R(3)-PEG5000-b-CM10 are utilized to formulate 

positively, negatively, and neutral surface charged nanoparticles. Positively charged R(1)-

PEG5000-b-CM10 polymer was synthesized as per the previous procedure. (54) Neutral 

charged R(3)-PEG5000-b-CM10 and negatively charged R(2)-PEG5000-b-CM10 polymers 

were synthesized according to scheme S1 and S2, respectively. Nitrophenylcarbamate 

group was used as the neutral moiety since, in our previous studies, it was demonstrated 

that it remains in the neutral condition after nanoparticle synthesis and gets converted to 

charged moieties upon UV irradiation.(55) However, in this study, since we didn’t use 

UV irradiation to active the functional group, the nitrophenylcarbamate group was used as 

a neutral functional group that was insufficient to induce inflammasome activation. The 

second series (series 2) of sNPs involved all three differently charged particles with a rigid 

core. This rigidity was introduced by crosslinking the coumarin (Cum, CM) moiety of the 

respective polymers. To attain these, sNPs from series 1 were irradiated with 365 nm light 

for 3 minutes in a UV incubator. The crosslinked nanoparticles with higher core rigidity 

were termed as R(1)-PEG5000-b-CM10XL R(2)-PEG5000-b-CM10XL and R(3)-PEG5000-b-

CM10XL, with XL denoting crosslinked (Figure 2A). Third series (series 3) of sNPs 

included particles with the surface hydrophobic patch, obtained from R(4)-PEG5000-b-CM10 

polymeric variant (Figure 2A). Fourth series (series 4) sNPs consisted of varying core 

hydrophobicity, contributed by different units (y) of the octyl hydrophobic moiety (Oct). 

We started with the highest hydrophobic particles comprising of 400 Oct units and then 

extended the series to acquire different y values (0 to 300) representing differential core 

hydrophobicity. In total, this series of nanoparticles were synthesized from NH2-PEG5000-b-
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CM10-r-OTy polymer, where “y” varied from 0 to 400, with “0” denoting least and “400” 

indicating most hydrophobic core. The range of 0 to 400 was selected as they efficiently 

formed monodispersed sNPs required for later steps. Further, these series of polymers 

were synthesized via multistep reactions as outlined in scheme S3. All polymers were 

characterized by 1H and 13C NMR (Supplementary Materials, section 2).

For the preparation of different sNPs, their respective polymers were first dissolved in 

acetone and then stirred continuously overnight after adding 1–2 mL of Milli-Q water in a 

dropwise manner. (details about each series indicated in section 2 Supplementary Materials) 

These block copolymers being amphiphilic in nature assembles such that the hydrophobic 

moiety (Cum/CM-coumarin bearing alkylmethacrylate and Oct/OT-Octyl methacrylate) 

forms the nanoparticle core whereas the hydrophilic moiety (PEG and R) are organized 

on its surface (Supplementary Figure S1a).(55–58) The resultant sNP solution was further 

subjected to different treatments to prepare samples for cell-based assays, as shown in 

the supporting information. The size and ζ potential of all the sNPs are listed in the 

supplementary figures S2 and S3, in addition to their morphology data displayed by TEM 

images in figure S1b. Stability studies for core hydrophobic series sNPs exhibit stability 

for about a month during storage conditions (Supplementary Figure S4). Further, these four 

different series of sNPs denoting various NAMPs: surface charge, core rigidity, surface 

hydrophobicity and core hydrophobicity were examined for inflammasome activation using 

cell-based assays as described below.

Screening of different sNPs for their ability to stimulate LPS-primed iBMDMs for IL-1β 
release.

To screen the sNPs for inflammasome activation and investigate their underlying 

mechanisms, we used immortalized bone-marrow-derived macrophages (iBMDMs) as in 
vitro models.(27, 59, 60) These cells were subjected to both signals 1 and 2 (Supplementary 

Figure S5a) in order to test for inflammasome activation. For signal 1, the iBMDMs were 

primed using 50 ng/mL TLR-4 grade LPS for 12–16 hours, as previously reported by 

Zhong et. al. (27). For signal 2, primed cells were treated with multiple series of sNPs 

for a time of 24 or 48 hours (Figure 2A) with concentration variations ranging from 0.05 

mg/mL to 1 mg/mL. For positive controls, the primed iBMDMs were treated with either 

nigericin or silicon dioxide nanoparticles, which are well known as NLRP3 activators. (20, 

61, 62) The treated cells were further analyzed for IL-1β release using specific enzyme-

linked immunosorbent assay (ELISA) in a dose-dependent and time-dependent manner 

(24 hours study: Figure 2B, 48 hours study: Supplementary Figure S5b). Recent studies 

have shown surface characteristics (especially charge or functionalization) as an important 

determinant for inflammasome activation in different nanoparticles.(31, 33, 36, 63) So, 

the series 1 of sNPs for IL1β screening contained varying surface charge, represented by 

R(1)-PEG5000-b-CM10, R(2)-PEG5000-b-CM10 and R(3)-PEG5000-b-CM10, each displaying 

+20, −5 and −17 surface charge, respectively (Figure 2A, Supplementary Figures S2b, S2c). 

Figure 2(B) and Supplementary Figure S5b show no significant IL-1β release by the cells 

treated with the first series of sNPs even after 48 hours of treatment, demonstrating that 

change in only surface charge is not sufficient to modulate the IL-1β release patterns in 

LPS-primed iBMDMs. We hypothesized that with uncrosslinked sNPs, the single polymer 
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chain which is in equilibrium with its nanoaggregate to form the sNP could be the primary 

influence on inflammasome activation. To test this possibility, we designed crosslinked sNPs 

(series 2) which precludes this equilibrium. We then tested this series of the crosslinked 

particles, represented by R-PEG5000-b-CM10XL, on primed iBMDMs to examine their 

efficiency for triggering IL-1β release. Surprisingly, these particles also failed to stimulate 

IL-1β release from primed cells at both time points (Figure 2A, Supplementary Figure 

S5b), which showed that surface charge variations are indeed insufficient to stimulate and 

regulate inflammasome assembly even when accompanied with a rigid core. One reason 

for the lack of inflammasome activation could be the presence of higher PEG moieties, as 

reported previously in the case of silica nanoparticles, where PEGylated surface diminishes 

the immune response, especially NLRP3 activation.(64) Our next batch of sNPs, series 3, 

included a different surface modification, R(4) (Figure 2B), to test the role of nanoparticle 

surface hydrophobicity in inflammasome activation. This was chosen due to its role in 

generating immune response via cytokine production like IFN-γ and TNF-α, which pointed 

towards their potential for activating inflammasome (45, 65). To our surprise, this also did 

not show any significant increase in IL-1β release by the treated cells. As none of the 

surface parameters showed any influence on inflammasome activation, we next examined 

the nanoparticle core hydrophobicity due to the existing evidence for its association with 

endo-lysosomal rupture and membrane permeabilization(38, 44, 48, 49) that can serve as 

signal 2. For introducing hydrophobicity to the nanoparticle core, NH2-PEG-CM10-OT400 

polymer was used to formulate respective sNPs. As described earlier, NH2-PEG-CM10-

OT400 contains an additional 400 units of octyl hydrophobic moiety (Oct, OT400), adding 

hydrophobicity to the nanoparticle core (Figure 2A). sNPs obtained from NH2-PEG-CM10-

OT400 polymer induced around 3.5-fold higher IL-1β release at a concentration of 1 

mg/mL by primed iBMDMs, implying their potential for inflammasome activation. Different 

concentrations study also displayed a 2.5-fold increase in IL-1β release with sNPs amount 

as low as 0.5 mg/mL (Figure 2B). These findings indicate that only surface properties of 

the polymeric supramolecular nanoparticles, including charge variation and hydrophobicity, 

are not sufficient to activate inflammasome even after introducing a rigid core. In contrast, 

nanoparticle core hydrophobicity plays a pivotal role in stimulating IL-1β release in LPS-

primed iBMDMs.

Correlation of differential nanoparticle core hydrophobicity with IL-1β release indicating 
inflammasome activation.

After determining core hydrophobicity as a potent IL-1β stimulator, we investigated if 

systematic variations in the core hydrophobicity of sNPs influence or correlate with 

inflammasome activation. To check this, we synthesized hydrophobic series-4 sNPs with 

different y values (y represents the repeating units of octyl hydrophobic moiety “OT”), 

varying from 0 to 400, with ‘0’ as no hydrophobicity and ‘400’ as highest (Figure 

3A), as mentioned earlier. LPS-primed iBMDMs were then treated with three different 

concentrations (1, 0.5, 0.05 mg/mL) of hydrophobic series sNPs (y=0 to y=400) for 24 and 

48 hours. This was followed by quantification of IL-1β released in the cell supernatant 

using ELISA along with the estimation of viable cells using MTT assay (Figure 3B, 

Supplementary Figure S6). Figure 3B displays a remarkably higher IL-1β secretion by 

the cells treated with hydrophobic series sNPs starting from ‘y’ as low as 100 units than 
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just LPS-primed cells, both in 1 mg/mL and 0.5 mg/mL concentrations study. However, 

there is no significant difference in IL-1β release when the cells are treated with sNPs, 

completely lacking the octyl units (y=0) with respect to untreated primed cells. To evaluate 

if these treated cells are also undergoing cell death along with IL-1β production (known as 

pyroptosis, last stage of inflammasome activation(2)), we measured the percent viability of 

primed cells after 24 hours of sNPs (hydrophobic series, y=0 to y=400) treatment. As shown 

in figure S4, there is a significant reduction in percent viability, directing towards increased 

cell death mediated by hydrophobic particles starting from y=100 to y=400 compared to 

only LPS-primed cells. Moreover, there is no significant difference in percent viability of 

y=0 sNPs treated cells with respect to only primed cells, which is consistent with our 

findings in figure 3B, proving no inflammasome activation by the less hydrophobic particles. 

Altogether, the above findings suggest an important role of nanoparticle core hydrophobicity 

in activating inflammasome and point it out as a potential inflammasome-activating NAMP.

Nanoparticle core hydrophobicity directly correlates with NLRP3 inflammasome complex 
assembly and activation.

We next hypothesized that hydrophobic sNPs IL-1β response is due to NLRP3 type 

inflammasome assembly leading to caspase-1 activation. To examine this, we treated the 

cells that were knockout for either NLRP3 or caspase-1, with 1 mg/mL hydrophobic series 

sNPs (y=0 and y=400) and quantified IL-1β release in the cell supernatant. We compared 

this response with that of WT iBMDMs and found that the IL-1β activation and release is 

significantly abrogated in NLRP3 as well as caspase-1 deficient iBMDMs, pointing towards 

the involvement of these proteins in this signaling response (Supplementary figure S7). 

Having established the involvement of NLRP3 and caspase-1 proteins, we next evaluated 

if variation in nanoparticle core hydrophobicity correlates with their activation. To further 

gain mechanistic insights, we investigated the effect of nanoparticle core hydrophobicity 

on the expression of various NLRP3 inflammasome-associated proteins. We visualized and 

quantified the adaptor protein, ASC (apoptosis-associated speck-like protein containing a 

CARD) speck formation in treated cells over time to analyze the inflammasome complex 

assembling with varying core hydrophobicity. For this, we chose to utilize iBMDMs stably 

expressing CFP tagged ASC protein for speck visualization. ASC specks are a common 

indicator of inflammasome assembly that can be visualized using a confocal microscope 

when tagged with a fluorescent marker. (66–68) ASC usually remains dispersed in the 

cytosolic region of a cell; however, the assembly of inflammasome complex recruits all 

the ASC adaptor molecules to bind the threat sensor and effector enzyme together. This 

results in a very bright detectable punctated ASC speck. As NLRP3 complex assembly 

and activation are a binary all-or-none phenomenon (69), there is only one speck per 

inflammasome activated cell, thus providing a clear distinction for imaging and visualization 

of inflammasome complex assembly in a cell population.

To attain this, ASC-CFP iBMDMs were first primed with TLR4-grade LPS, then treated 

with the core hydrophobic series of sNPs (y = 0 to 400). Finally, these treated cells were 

incubated with NucRed Live 647 Ready probes and propidium iodide (PI) for staining 

live cell nuclei and dead cells, respectively, and imaged with a High Content Analysis 

(HCA) microscope. Fluorescence microscopic images display a significantly decreasing 
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NucRed and increasing PI signal with higher core hydrophobicity of sNPs than y=0 sNPs 

at 16 hours time point, exhibiting a positive correlation with the cell death. Moreover, 

microscopic images and analysis reveal a significant increase in ASC punctated specks 

(shown in CFP channel) in y=100 to y=400 sNPs treated cells with respect to y=0, 

which shows no or low number (Figure 3C and 3D). Figure 3C displays ASC punctated 

bright fluorescent dots in y=100 to 400 treatment groups in the CFP channel, clearly 

indicating inflammasome complex assembly. We also observed a positive correlation of 

ASC speck forming cells and nanoparticle core hydrophobicity, as displayed in Figure 3D. 

As mentioned before, the dead cells were stained with PI to determine percent pyroptosis, 

represented by percent PI-positive cells in Figure 3E. The graph shows a significantly 

higher number of PI-positive cells with increasing nanoparticle core hydrophobicity and a 

direct correlation similar to ASC speck formation. Altogether from microscopy data, it is 

evident that inflammasome complex assembly and pyroptosis are positively correlated with 

nanoparticle core hydrophobicity. We next wanted to look at the expression levels of various 

NLRP3 inflammasome signaling associated proteins (NLRP3, ASC and pro-caspase-1) in 

the lysate of treated cells using western blotting (Figure 4A, iii). We also examined and 

quantified the expression of active caspase-1 released in the supernatant of treated cells 

(Figure 4A, iv) to confirm if nanoparticle core hydrophobicity also modulates caspase-1 

activation and has any correlation similar to complex assembling. As exhibited in figure 4B, 

protein expression of all the inflammasome assembly components, NLRP3, ASC, and pro-

caspase-1, is consistent in all the treatment groups. Simultaneously, there is a significantly 

higher release of active caspase-1 in the cellular supernatant obtained after treatment with 

increasing hydrophobicity of sNPs (Figure 4B). Statistical analysis in figure 4C also shows 

a trend in caspase-1 activation with higher nanoparticle hydrophobicity, pointing towards a 

direct correlation among them during NLRP3 inflammasome signaling. Overall, increasing 

core hydrophobicity exhibits a greater number of specks forming cells, PI-positive cells, 

and higher expression of active caspase-1 in the supernatant. These observations indicate a 

positive correlation of nanoparticle core hydrophobicity with that of NLRP3 assembly and 

other downstream processes, including caspase-1 activation and pyroptosis.

Lysosomal rupture as the first underlying mechanism for activating NLRP3 inflammasome 
by nanoparticle core hydrophobicity.

We were interested in investigating the underlying signaling pathways after determining 

that nanoparticle core hydrophobicity is directly correlated to NLRP3 inflammasome 

assembly and activation. To address this, we began with testing the lysosomal rupture 

pathway, which is commonly associated with NLRP3 activation via cathepsin B maturation 

and is known to be impacted by nanoparticle hydrophobicity (35, 40, 48, 70). The 

lysosomal disruption mediated by series 4 sNPs was examined using both lysotracker 

and acridine orange lysosomal staining dyes in independent experiments. To evaluate the 

change in lysosomal rupture due to varying core hydrophobicity, we first determined the 

cellular uptake efficiency of these sNPs by making them fluorescent and calculating their 

internalization using flow cytometry and microscopy. To synthesize fluorescent y=0 to 

y=400 sNPs, DiD (1,1-Dioctadecyl-3,3,3,3-tetramethylinodicarbocyanine) labeling dye was 

encapsulated in different sNPs of hydrophobic core series. To test the stability of these 

DiD-loaded sNPs, we evaluated the free dye leaching out of the particles over a time 
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course of 7 days by quantifying the absorbance for dye encapsulated particles at 660nm. 

Supplementary Figure S8 shows that the absorption spectra of DiD-loaded nanoparticles 

remains unchanged even after 7 days suggesting that there is no leakage of dye from 

these particles. After the synthesis of stable DiD encapsulated sNPs, the cells were labeled 

with CFSE (Carboxyfluorescein succinimidyl ester) followed by LPS treatment to obtain 

CFSE-positive primed iBMDMs. These CFSE stained iBMDMs were further incubated 

with fluorescent hydrophobic series nanoparticles (y=0 to y=400) for indicated time points, 

and double-positive cells were evaluated using flow cytometry. As seen in Figure 5A, 100 

percent of the CFSE positive cells internalize fluorescent nanoparticles at 37°C starting from 

3hours itself and are consistent even in 9 hours, showing that internalization is consistent 

in all the treatment groups. Moreover, this response is significantly inhibited upon treatment 

at 4 °C, suggesting that the uptake is via one of the internalization modes and not just 

passive dye diffusion. The cells were then stained with Lysotracker Red DND 99 after 

DiD sNPs (y=0 to 400) treatments and imaged using confocal microscopy for quantifying 

intact lysosomes. As observed in Figure 5B, even though DiD channel (red) shows a 

similar signal in all the treatment groups, the lysotracker signal drastically reduces with 

increasing core hydrophobicity of nanoparticles. Statistical quantitation of these microscopic 

images is shown in Figure 5C, which exhibits the mean fluorescence percent of lysotracker 

(TRITC channel) in sNPs treated cells with respect to LPS primed cells. We observed 

a significantly lower percentage of lysotracker signal in y=300 and y=400 sNPs treated 

cells than y=0 ones. Consistent with this finding, we also observed a significant decrease 

in orange signal (Supplementary Figures S9a, S9c) and an increase in green signal using 

flow cytometry (Supplementary Figures S9b, S9d) in acridine orange stained iBMDMs 

at 4hours treatment, pointing towards significantly higher lysosomal rupture in y=400 

treatment group. This corroborated with earlier observation and thus indicated a heightened 

lysosomal disruption with increased particle hydrophobicity. Thus, these results suggest 

that particles falling in the highest spectrum of core hydrophobicity induce inflammasome 

activation via the lysosomal disruption pathway. We next investigated if mature cathepsin 

B is also released in these cells with maximum lysosomal disruption, as it is previously 

known to act as the connecting element between lysosomal rupture and inflammasome 

activation (19, 36, 71). As shown in Figure 5D, we observed a notably higher expression 

of mature cathepsin B in cell lysate treated with more hydrophobic sNPs. There is also a 

sequential trend in the increased activation of the enzyme with changing hydrophobicity 

(Figure 5E) when normalized with β-actin. These observations collectively indicate that high 

core hydrophobicity leads to lysosomal disruption, which activates cathepsin B resulting in 

NLRP3 activation. Moreover, nanoparticle core hydrophobicity positively correlates with the 

maturation of cathepsin B leading to varying degrees of inflammasome activation.

Calcium influx followed by mtROS production act as another underlying mechanism for 
activating NLRP3 inflammasome by nanoparticle core hydrophobicity.

Another underlying signaling known to be associated with NAMP activating NLRP3 

inflammasome is the Ca2+ influx – mitochondrial ROS production pathway. (27, 72) To 

examine whether these nanoparticles also follow this pathway in addition to the lysosomal 

disruption signaling, we first assessed calcium flux in iBMDMs treated with y=0 to y=400 

series of sNPs as compared to only LPS-primed iBMDMs. To measure intracellular Ca2+ 
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levels, we stained the treated cells with a cell-permeant calcium indicator, Fluo-4AM, 

and analyzed them using either flow cytometry or confocal microscopy (Supplementary 

Figure S10a). Microscopy data in Figure 6A revealed a significantly higher calcium 

influx in y=400 sNPs treated cells as compared to y=0, suggesting its critical role in 

NAMP mediated inflammasome activation. Moreover, (Supplementary Figures S11a and 

11c) provide evidence for significant inhibition upon treatment with BAPTA-AM chelator. 

Next, we determined the fold change in median fluorescence intensity of sNPs treated 

primed cells compared to only primed cells at indicated time points (4, 12, and 24 hours) 

using flow cytometry, as displayed in Figure 6B. The graph indicates a remarkably higher 

intracellular calcium in the cells treated with y=100, 300, and 400 sNPs at 12 hours. At 

24 hours, it shows a significantly higher calcium flux even in y=200 treated group, posing 

that these different hydrophobic nanoparticles exhibit different time-dependent trends of 

calcium influx. Further, to test if this response is inhibited by the use of calcium chelator, 

we incubated the y=400 sNPs 12 hours treatment group with BAPTA-AM (as it showed 

maximum signal) and found Fluo-4 signal to be significantly inhibited, Supplementary 

Figure S10b. Previous reports have also shown a clear association of calcium influx with 

multiple organelle damage, especially mitochondrial damage.(32, 73, 74) So, we tested 

mitochondrial ROS production previously shown to activate the NLRP3 inflammasome 

directly. (75) Supplementary Figure S10a also illustrates the schematics for different 

treatments followed by MitoSOX staining to calculate the mitochondrial ROS production 

at different time points. Again, we performed a time-dependent study using flow cytometry, 

but a later time point study using microscopy for identifying mitochondrial ROS (mt ROS) 

production as it occurs downstream to calcium influx. We noticed a significantly higher 

mitochondrial ROS production in the cells treated with y=400 sNPs after 16 hours in 

microscopy (Figure 6C), which gets significantly inhibited upon treatment with a calcium 

chelator suggesting that most of the mt ROS production is as a result of calcium flux 

leading to mitochondrial damage (Supplementary Figure S11b and S11d) Figure 6C and 

Supplementary Figure S11b represents MitoSOX, and NucBlue stained cells treated with 

hydrophobic core series sNPs, and Supplementary Figure S11d depicts its statistical analysis 

as relative fluorescence of treated groups to untreated, only primed ones. Flow cytometry 

analysis also shows a significant fold increase in median fluorescence intensity of y=400 

treatment group at 24 hours time point in compliance with the microscopy data (Figure 

6D), which significantly inhibits upon BAPTA treatments (Supplementary Figure S10c). 

Additionally, y=300 sNPs treated cells also display a remarkable fold change at 24 hours. 

These results demonstrate that polymeric supramolecular nanoparticles varying in their core 

hydrophobicity follow different signaling pathways to activate the NLRP3 inflammasome. 

Altogether, these findings demonstrate that particles with varying hydrophobic core show 

a different trend and kinetics for calcium influx leading to mt ROS production, indicating 

an association of particles hydrophobicity with distinctive calcium influx patterns, causing 

different degrees of inflammasome activation.

DISCUSSION

Polymeric nanoparticles have gained increasing attention for immunotherapy applications, 

including the delivery of immunomodulators due to their modularity and scalability 
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over other nanoplatforms. However, there has not been any systematic, comprehensive 

study to understand the effect of various polymeric attributes on immune responses 

like inflammasome activation. NAMPs represent a novel class of molecular signatures 

in addition to conventionally known PAMPs and DAMPs, which interact with and 

activate the innate immune NLRP3 sensor. (16, 30, 34) Most previous studies have 

listed inflammasome-activating biomaterials; still, only some have attempted to identify 

the NAMPs (from different types of nanoparticles) leading to NLRP3 assembly(31–33, 

35–43), and among them, very few focused on polymeric nanosystems(23, 36–38). In the 

present study, we have employed a multiparametric designer supramolecular polymeric 

nano-platform to systematically analyze the influence of several distinctive features of 

NAMPs on NLRP3 assembly and activation in a single polymeric system. Moreover, 

several cell-based assays helped identify the underlying mechanisms potentially leading 

to inflammasome activation to provide a complete picture. This is the first study that has 

provided a designer platform for systematically varying both surface and core properties in 

the same polymeric nano-system one at a time and comprehensively evaluate their influence 

on inflammasome activation. Here, we utilize four series of these designer polymeric sNPs, 

each containing one tweaked NAMP, represented as surface charge, surface hydrophobicity, 

core rigidity or core hydrophobicity. These sNPs were synthesized from a class of block 

co-polymers with multiple flexible moieties: “R”, “Cum” and “Oct”, that help in introducing 

surface variation (charge and hydrophobicity), core rigidity (cross-linkage), and core 

hydrophobicity (sequential variation), respectively. The block-co-polymer design consists 

of polyethylene glycol (PEG) moieties that provide hydrophilicity to the structure, octyl 

methacrylate (Oct) moieties that provide core hydrophobicity to the structure, coumarin 

methacrylate (Cum) moieties that provide core rigidity via crosslinking the structure and R 

functional groups that provide variations in surface properties of sNPs.

Here, we first examined nanoparticle surface properties as they serve as the initial contact 

points during cellular interaction and uptake. Surprisingly, contrary to other nano-systems 

(31, 36, 43), our platform does not activate NLRP3 inflammasome upon varying surface 

charge or hydrophobicity, leading us to conclude that surface variation is insufficient for 

eliciting NLRP3 activation in these polymeric nanoparticles. This response is similar when 

these particles are UV-crosslinked to attain a rigid core. One of its reasons could be the 

presence of numerous PEG repeating units as the first block in these polymeric sNPs, 

which could diminish inflammasome activation similar to PEGylated silica particles’ activity 

previously reported by Marzaioli et al. (63) Besides, for the first time, our study reveals 

core hydrophobicity as a novel polymeric NAMP that can regulate NLRP3 activation, even 

in the presence of multiple PEG units. This highlights the importance of considering core 

hydrophobicity in addition to surface functionalization and PEGylation while developing 

novel polymeric delivery systems for various immunotherapeutics and immunodiagnostic 

applications. In addition to identifying core hydrophobicity as a novel NAMP, this study 

also discovered its positive correlation with ASC speck formation, caspase 1 activation 

and pyroptosis, indicating its direct relationship with NLRP3 assembly and activation. This 

provides us a structure-based polymeric activator that can be modulated to attain varying 

degrees of NLRP3 activation to design a chemically controlled system advantageous for 

vaccine development and immunotherapy.

Nandi et al. Page 11

ACS Appl Mater Interfaces. Author manuscript; available in PMC 2022 September 29.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Furthermore, mechanistic studies exhibited the role and interplay of multiple signaling 

cascades towards the activation of NLRP3 inflammasome mediated by nanoparticle core 

hydrophobicity. Here, we found that both lysosomal-rupture mediated cathepsin-B release 

and mitochondrial-ROS production via calcium influx pathways strive together to generate 

varying levels of inflammasome activation. Our study displays remarkably increased 

lysosomal rupture and cathepsin B maturation by nanoparticles with the highest core 

hydrophobicity. One explanation involves the presence of numerous octyl repeat units “OT,” 

possibly causing the membrane destabilization in a lysosomal environment. This observation 

is similar to previous studies where butyl, octyl, and other hydrophobic repeat units in 

different block co-polymeric nano-systems mediate endo-lysosomal rupture and escape. 

(38, 48, 76–78) Moreover, consistent with other studies, we also observed an increase in 

cathepsin B maturation followed by lysosomal rupture, a well-known NLRP3 activator.(70) 

Additionally, we obtained a sequential increase in cathepsin B maturation with varying core 

hydrophobicity, again pointing towards a positive correlation that is advantageous for the 

system’s modular capacity. Besides the lysosomal disruption pathway, we also reported 

calcium flux followed by mitochondrial ROS production as a secondary pathway for 

mediating NLRP3 activation by these hydrophobic core sNPs. We observed that higher core 

hydrophobicity leads to increased calcium influx resulting in greater mtROS production. 

This could result from plasma membrane lipid peroxidation leading to calcium influx and 

mtROS production similar to other nanosystems. (73) Generation of mtROS, in turn, has 

been clearly shown to stimulate NLRP3 assembly in previous studies. (75)

Overall, this comprehensive mechanistic study reveals that differential nanoparticle core 

results in varying degrees of inflammasome activation by following distinctive trends, 

degrees, and kinetics of two underlying signaling pathways: lysosomal disruption – 

cathepsin B maturation and calcium influx – mt ROS production signaling cascades as 

described further. The most hydrophobic group, y=400, follows both the pathways early 

on, whereas y=300 displays lysosomal disruption as its prominent pathway to activate 

inflammasome as shown by lysotracker staining and mature cathepsin B expression results. 

Moreover, y=100 and y=200 sNPs, mediate some degree of NLRP3 activation due to both 

pathways but favorably disposed towards one. In such cases (y=100/200), only one cellular 

damage process is not sufficient to activate NLRP3 to a noticeable extent; multiple pathways 

are required. However, there is more inclination towards a single pathway that dominates 

the entire process. Our study indicates that y=100 sNPs exhibit a preference for calcium 

influx, as there is a remarkably increased signal in 12 hours. In contrast, y=200 sNPs 

are more directed towards cathepsin B maturation. Our findings provide evidence towards 

a positive correlation between NLRP3 activation and nanoparticle core hydrophobicity, 

the novel NAMP, which is attained by following different cellular signaling cascades. 

Additionally, sNPs series 1, 2 and 3 reveal that sole variation in either surface charge, 

surface hydrophobicity, or core rigidity is insufficient to elicit NLRP3 activation.

Taken together, this study provides a better understanding of immune cells-nanomaterials 

interaction, which could help in tuning the NAMPs either to obtain safer platforms for 

diagnostics and therapeutics; or to derive controlled inflammasome-activating platforms that 

can generate vaccine adjuvants (51–53, 79) and agonists for immunotherapy. We anticipate 

our findings to serve as a guiding principle for screening multiple other parameters and 
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different types of nanoparticles and microparticles in order to execute inflammasome 

activation, thus providing a way to engineer better serving biomaterials.

MATERIALS AND METHODS

Materials / Reagents:

All the reagents were purchased from commercial suppliers (ThermoFisher, Invivogen, 

Tocris, Adipogen, Biolegend, Cell Signaling Technology, Biorad, Sigma-Aldrich). 

Ultrapure lipopolysaccharide (LPS) and Nigericin were purchased from Invivogen 

and Tocris, respectively. Western antibodies: anti-NLRP3/NALP3 (mouse) monoclonal 

antibody (Cryo-1), anti-Asc polyclonal antibody (AL177) and anti-Caspase-1(p20)(mouse) 

monoclonal antibody (Casper-1) was purchased from Adipogen Life Sciences, whereas 

anti-β-actin antibody was procured from Biolegend. Anti-rabbit IgG, HRP-linked secondary 

antibody was ordered from Cell Signaling Technology. For protein lysate and sample 

preparation, RIPA lysis buffer, Halt™ Protease and Phosphatase Inhibitor single-use 

cocktail EDTA-Free (100X), and Alfa Aesar Laemmli SDS sample reducing 4X 

buffer were procured from ThermoFisher Scientific. For western, TGX Stain-Free™ 

FastCast™ Acrylamide Kit, 10% and Clarity™ Western ECL substrate were purchased 

from Biorad. The chemicals for preparing western buffers were procured from Sigma-

Aldrich, including TRIZMA base, sodium dodecyl sulfate, glycine, sodium chloride, 

tween- 20 bovine serum albumin (BSA), methanol and 2-mercaptoethanol. The MTT 

compound (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) was obtained 

from Promega, and IL-1β mouse uncoated ELISA kits were obtained from ThermoFisher 

Scientific. Cell-culture media ingredients like DMEM, heat-inactivated Fetal Bovine 

Serum (FBS) and Penicillin-Strep were purchased from Gibco, Life Technologies. 

All other cell staining compounds and dyes, including Propidium iodide, NucRed™ 

Live 647 ReadyProbes™Reagent, NucBlue™ LiveReadyProbes™Reagent (Hoechst 33342), 

LysoTracker™ Red DND 99, Fluo-4AM, MitoSOX and DiD dye (DiIC18(5); 1,1′-

dioctadecyl-3,3,3′,3′- tetramethylindodicarbocyanine, 4-chlorobenzenesulfonate salt) were 

procured from ThermoFisher Scientific. All forms of immortalized bone-marrow-derived 

macrophages (iBMDMs) were obtained from Fitzgerald Lab, UMass Medical School, 

Worcester.

Methods:

Synthesis and characterization of supramolecular polymeric nanoparticles 
(sNPs)—The detailed synthesis and characterization of polymer construct are described 

in the Supplementary Materials section. For synthesizing different supramolecular polymeric 

nanoparticles, 2 mg of respective polymer (as indicated in Figure 2A) was dissolved in 

150 μL acetone. To this solution, 1 mL of water was added in a dropwise manner and 

stirred continuously overnight. This results in acquiring mono-dispersed micelle polymeric 

nanoparticles in water. To generate rigid core crosslinked sNPs (wherever mentioned), these 

micelle solutions were then put into the UV incubator with a 365nm lamp for 3minutes. 

Afterward, all these particles were concentrated using 3k MWCO centrifugal filters and 

redispersed in PBS buffer to obtain a stock of 10 mg/mL for the following cell-based assays. 

In most assays, the working concentration was 1 mg/mL unless it was a concentration-
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dependent study. For synthesizing fluorescent nanoparticles, sNPs were encapsulated with 

DiD dye.

Size of DLS characterization:  Dynamic Light Scattering (DLS) data were recorded by a 

Malvern Nanozetasizer ZS90 with a 637-nm laser source with non-invasive backscattering 

technology detected at 173° using disposable sizing cuvette. Sample micelle and nanogel 

were measured at a concentration of 0.2 mg/mL.

Zeta potential of nanoparticles:  To measure the zeta potential of each nanoparticle, 1 mL 

nanoparticle solution at a concentration of 0.2 mg/mL was injected into Disposable folded 

capillary cells (DST1070) by a 1 mL syringe to avoid bubble. The data was recorded by a 

Malvern Nanozetasizer ZS90.

Stability of NH2-PEG5000-b-CMx-r-OTy sNPs:  For stability studies, the size of NH2-

PEG5000-b-CMx-r-OTy polymer nanoparticles were measured for a period of one month at 

indicated time points (0, 7, 14, 21 and 28 days). During this study, the particles were stored 

in water at 4°C.

Estimation of Dye leaching out from fluorescent sNPs: The stability of dye loaded 

nanoparticles was evaluated by quantifying the absorbance of DiD at 660nm using UV-vis 

spectrophotometer at day 1 and day 7.

Transmission Electron Microscope (TEM) Study: The sample used for DLS measurement 

was dropped onto carbon-coated copper grid. The grid was dried by slow evaporation in air, 

and then dried separately in vacuum overnight. Images were recorded on a JEOL2000FX 

electron microscopy operated at 120 kV and at a nominal magnification of 20000X.

Cell culture & stimulation

Immortalized bone-marrow-derived macrophages (iBMDMs) and iBMDMs stably 

expressing ASC-CFP were obtained as a gift from Dr. Kate Fitzgerald from UMass Medical 

School Worcester. Immortalized BMDM were generated using J2 transforming retroviruses 

from C57BL/6 primary BMDMs. They were cultured in DMEM media supplemented with 

heat-inactivated Fetal Bovine Serum (FBS), penicillin (50 μg/mL) and streptomycin (50 

μg/mL). For passaging, 0.25% of trypsin (diluted in PBS) was used.

Before any specific assays, iBMDMs were stimulated with signal 1 and signal 2 required 

to activate the NLRP3 inflammasome. For signal 1, priming, they were incubated with 50 

ng/ml ultrapure LPS for 12–16 hours. These primed iBMDMs were then subjected to signal 

2, which involved treatment with nanoparticles or inflammasome-activating drugs. For 

experimental studies, indicated concentrations of sNPs, and for positive control, Nigericin or 

SiO2 nanoparticles were used. Signal 2 was treatment was performed for either 24hours or 

48hours as indicated in the specific experimental protocols.

IL-1β ELISA assay

iBMDMs seeded at a density of 4 × 104 cells per well in a 96-well plate were further 

primed with 50 ng/mL of TLR grade LPS overnight. These primed cells were exposed to an 
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appropriate amount of the nanoparticles ranging from 0.05 mg/mL to 1 mg/mL for various 

times points (12, 24, 48 hours), depending upon the experiment. The cellular supernatants 

were collected for quantifying IL-1β by enzyme-linked immunosorbent assay (ELISA) 

according to the manufacturer’s protocol.

Cytotoxicity assay

Cell viability of the primed and nanoparticle-treated cells was detected by the MTS assay. 

8 × 104 total iBMDMs were seeded into 96 well plates, followed overnight 50 ng/mL LPS 

priming and further nanoparticle (name of Nps) treatment for the indicated time. After 

treatment, the treated cells were washed with PBS and the media was replaced with phenol 

red-free basal DMEM followed by incubation in a mixture of MTS and PMS in the ratio 0f 

1:20 for 30 minutes. Absorbance was measured using a BioTek plate reader at 490nm O.D., 

which was further analyzed using Graph Pad software.

Immunoblotting analysis

A density of 8 × 106 iBMDMs were seeded in 10cm2 plates. Cultured cells were primed 

with 50 ng/mL TLR-grade LPS and further subjected to different nanoparticle (y = 0 to 

400) treatments at indicated time points. After treatments, the supernatant was collected 

and stored after adding 0.1mM of PMSF at −80 degree Celsius under further use. Treated 

cells were washed with PBS twice and further lysed using protease and phosphatase 

HALT inhibitor-containing RIPA lysis buffer at 4 degrees Celsius. Total protein extracted 

in the supernatant obtained after high-speed centrifugation, 14000 rpm, for 15minutes 

was further quantified using BCA estimation. An equal amount of extracted proteins 

were separated by SDS-PAGE on a 10–12% polyacrylamide gel and then transferred to 

a PVDF membrane. Following the blockage with 5% skim milk in TBST, these PVDFs were 

incubated in primary antibodies of anti-cleaved caspase-1 (1:1000), anti-NLRP3 (1:1000), 

anti-caspase-1 (1:1000), anti-ASC (1:1000) and anti-b-actin (1:2000) in 1% BSA TBST 

solution for overnight at 4°C. After washing with TBST, membranes were incubated with 

HRP-conjugated secondary antibody (1:2000) for 1 hour at room temperature. Primary 

antibodies specific for caspase-1, active caspase-1, NLRP3 and ASC were purchased 

from Adipogen. β-actin and secondary antibodies were obtained from Biolegend and Cell 

Signaling Technology, respectively. Biorad ECL Clarity (Catalog No. 1705061) was used 

to detect the immunoreactive bands by Biorad ChemiDoc Imaging Systems. To process/

analyze the images and quantify the densitometric values, ImageJ software was employed.

Immunofluorescence staining (HCA Assay)

CFP tagged ASC containing iBMDMs (iBMDM ASC-CFP) were seeded at a density 

of 2 × 105 cells in a glass-bottom 96 well black plate. Adhered cells were then LPS 

primed overnight. Primed cells were subjected to different nanoparticles treatments, NucRed 

(2drops in 1 mL media) and Propidium Iodide (conc.) stain; and further imaged at 

indicated time points using High Content Analysis Microscope at UMass Light Microscopy 

Core Facility. The images were analyzed and quantified using Nikon NIS-Elements AR 

(Ver.4.50).
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Cellular uptake of nanoparticles

To assess the cellular uptake, CSFE-stained iBMDMs were primed and treated with 

fluorescent sNPs for indicated time points (3 hours and 9 hours). CSFE staining was 

according to the user’s protocol. To begin with, 1million CSFE stained cells were seeded 

in a 12 well plate. Cultured cells were then treated with DiD encapsulated Fluorescent 

nanoparticles and washed twice with 1X PBS. After washing, they were resuspended in 100 

μL of FACS Staining buffer and quantified using ACEA Novocyte flow cytometer. Finally, 

double-positive cells were gated and analyzed on NovoExpress 1.2.5 software. Percent 

double-positive cells were plotted using Graph-pad prism.

Lysosomal Rupture Assay: Lysotracker, Acridine Orange

For evaluating lysosomal rupture using lysotracker, 0.2 × 106 iBMDMs were seeded in an 8 

well chamber slide (Labtek). After cells adhere to the slide, they were primed with ultrapure 

LPS for 12 hours, followed by DiD sNPs (y=0 to y=400) treatment for 4 hours. After 4 

hours of nanoparticle treatment, cells were washed with PBS twice and stained with 75 nM 

of LysoTracker™ Red DND 99 for 30 minutes. Nucleus was stained using NucBlue™ Live 

Ready Probes Reagent™ (Hoechst 33342), 2 drops per mL of media. After all the stainings 

and washings, warm media was added to the cells, and they were visualized using Nikon 

CrestV2 spinning disk confocal microscope (CrestV2-2xTIRF) at 60X. Next, the images 

were adjusted for brightness and contrast and analyzed with NIS Elements 4.6. Lysosomal 

rupture was quantified by identifying the reduction in percent lysotracker intensity among 

treatment groups compared to just primed cells. The graph was plotted using Graph Pad 

Prism software.

For examining lysosomal rupture using acridine orange, iBMDMs were seeded in 12 well 

plates at a density of 7 × 105 cells/mL. Adhered cells were LPS primed, treated with 

indicated nanoparticles for 4 hours and then incubated with 2 μg/mL acridine orange (AO) 

for 2 hours. Treated cells were further washed with PBS twice and finally re-suspended 

in FACS Staining Buffer (PBS with 3% BSA and 0.1% NaN3). AO-associated orange and 

green fluorescence intensity were quantified with ACEA Novocyte flow cytometry. Graphs 

for the reduction in orange fluorescence and increase in green fluorescence were plotted 

using Graph Pad.

Nanoparticle cellular uptake assessment by flow cytometry and confocal microscopy

iBMDMs were stained with CSFE according to the user’s protocol. For microscopy, 0.2 

× 106 CFSE Stained cells were plated in each well of an 8 well chamber slide (Labtek), 

followed by treatments with fluorescent DiD nanoparticles for the indicated time points. 

These stained cells were then fixed using 100% methanol and washed twice with 1X PBS. 

After washing, the cells were counterstained with DAPI, mounted, and imaged using a 

Nikon CrestV2 spinning disk confocal microscope at 60X and analyzed with NIS Elements 

4.6. Images were adjusted for brightness and contrast.

For Flow cytometry, 1million CSFE stained cells were seeded in a 12 well plate. Cultured 

cells were treated with DiD Fluorescent nanoparticles and washed twice with 1X PBS. After 
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washing, they were resuspended in 100 μL of FACS Staining buffer and quantified using 

ACEA Novocyte flow cytometer and analyzed on NovoExpress 1.2.5 software.

Intracellular calcium detection using fluo-4 AM

For time-dependent flow cytometry analysis to identify intracellular calcium levels in treated 

cells, 1 × 106 iBMDMs per well were seeded in a 12 well plate. Adhered cells were 

then primed with LPS and treated with nanoparticles for indicated time points (4, 12 

and 24hours). For positive control the primed cells were incubated with complete media 

throughout the nanoparticle treatment time points and then treated with nigericin for 20 

minutes right before fluo 4 staining. Next, cells were washed twice with PBS and incubated 

with 1 μM of cell-permeant Fluo-4AM (AM: Acetoxymethyl) in CPBS (PBS with CaCl2 

and MgCl2) for 30min at 37°C. y=400 sNPs 12 hours treatment group were also incubated 

with 10 μM BAPTA-AM cell permeant chelator for 30 minutes in order to evaluate the 

inhibition in calcium flux. After taking out the cells from the incubator, they were covered 

in foil and left in the hood for 10 more minutes (at room temperature) before processing for 

sample acquisition. Next, stained cells were scrapped, washed with PBS twice, resuspended 

in FACS staining buffer and acquired using ACEA Novocyte flow cytometer. Fluo-4 median 

fluorescence intensity was analyzed using NovoExpress 1.2.5 software and plotted using 

Graphpad Prism.

For microscopy studies, iBMDMs were plated at a density of 0.2 × 106 per well in an 8-well 

labtek chamber slide. They were first primed with ultrapure LPS overnight and then treated 

with hydrophobic series of sNPs for 12 hours. After signal 1 and signal 2 treatments, these 

cells were subjected to intracellular calcium staining using 2.5 μM Fluo-4 AM for 30minutes 

at 37°C. Further, cells were stained with NucBlue for 10 minutes, washed and visualized 

using Nikon CrestV2 spinning disk confocal microscope after adding warm media.

Determination of mitochondrial ROS generation

To quantify mitochondrial ROS production, 1 × 106 iBMDMs plated in each well (of a 

12-well plate) were first primed with LPS for 12 hours, treated with y=0 to y=400 sNPs for 

indicated time points (4, 12 and 24 hours) and then stained with 1 μM MitoSOX in HBSS 

at 37°C for 20 minutes. For positive control, the primed cells were treated with nigericin for 

30 minutes right before staining and to assess the calcium flux dependent loss of function, 

the cells were treated with 10 μM BAPTA-AM inhibitor. After MitoSOX treatment, cells 

were washed with PBS/HBSS, dislodged from the plate using a cell scraper and centrifuged 

at 2000 rpm for 5minutes to obtain the pellet. The cell pellets of different treatment groups 

were again washed with PBS to eliminate the residual MitoSOX, resuspended in FACS 

staining buffer and quantified using ACEA Novocyte flow cytometer.

To visualize mitochondrial ROS production, 1 × 106 iBMDMs per well were LPS primed 

and treated with nanoparticles for indicated times, then washed twice with PBS and treated 

with 5 μM of MitoSOX in HBSS at 37°C for 10min. The nuclei were stained using NucBlue, 

and cells were imaged at 60X oil objective using Nikon CrestV2 spinning disk confocal 

microscope.
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Statistical Analysis

Statistics were computed using ordinary one-way or two-way ANOVA analysis (GraphPad 

Prism 8). Multiple comparisons were performed using Dunnett’s multiple comparison test. 

All the results were expressed as mean ± S.E.M (Standard Error of the Mean), and P<0.05 

was considered to be significant.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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ABBREVIATIONS

NAMPs Nanoparticle-Associated-Molecular-Patterns

PAMPs Pathogen-associated-molecular-patterns

DAMPs Damage-associated-molecular-patterns

NLR NOD-like Receptor

NLRP3 nucleotide-binding domain (NOD)-like receptor protein 3

TLR Toll-like Receptor

PRRs Pattern Recognition Receptor

ASC Apoptosis-associated speck like protein

sNPs Supramolecular polymeric nanoparticles

IL-1β Interleukin-1β

HCA High Content Analysis

iBMDMs Immortalized bone-marrow-derived-macrophages

ROS Reactive Oxygen Species
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Fluo-4AM AM: Acetoxymethyl

LPS Lipopolysaccharide

CFSE Carboxyfluorescein succinimidyl ester

MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide)

TNF-α Tumor Necrosis Factor

IFN-γ Interferon-gamma
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Figure 1. Schematic illustration of core hydrophobicity as a potential Nanoparticle-Associated-
Molecular Pattern (NAMP) responsible for activating NLRP3 inflammasome and its proposed 
mode of action.
Top part shows the structures of the polymer construct used for the synthesis of 

supramolecular nanoparticles (sNPs) with sequential core hydrophobicity contributed by 

octyl hydrophobic moiety (y). The bottom part displays their detailed signaling pathway for 

NLRP3 inflammasome activation.

Nandi et al. Page 24

ACS Appl Mater Interfaces. Author manuscript; available in PMC 2022 September 29.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 2. Screening and identification of NAMPs responsible for inflammasome activation by 
measuring IL-1β release.
(A) Structures of different polymer constructs used to synthesize sNPs for testing varied 

NAMPs. Four different NAMPs tested were: Surface charge, Core rigidity, Surface 

hydrophobicity, and Core hydrophobicity. (B) Concentration-dependent quantification of 

IL-1β release by LPS-primed iBMDMs treated with a series of supramolecular nanoparticles 

(sNPs) containing different NAMPs as listed before. Data shown are mean ± S.E.M. (n=6). 

Statistical significance was determined using Ordinary one-way ANOVA and Dunnett’s 

multiple comparisons test. *p < 0.05, **p<0.01, ***p<0.001, ****p<0.0001.
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Figure 3. Correlation of nanoparticle core hydrophobicity with inflammasome assembly and 
activation.
(A) Structure of sNPs containing sequentially varied core hydrophobicity due to different 

octyl moieties represented by “y”, ranging from y=0 to y=400. (B) IL-1β release in 

the supernatant of LPS-primed iBMDMs treated with sNPs with sequentially varied 

core hydrophobicity. Data shown are mean ± S.E.M. (n=6). Statistical significance was 

determined using Ordinary two-way ANOVA and Dunnett’s multiple comparisons test. *p 

< 0.05, **p<0.01, ***p < 0.001, ****p<0.0001. (C) Representative High Content Analysis 

(HCA) microscopic images of NucRed and PI stained iBMDMs, already primed and treated 

with y=0 to y=400 sNPs. Red fluorescence denotes NucRed signal, CFP channel shown 

in blue indicates the ASC specks, PI signal is shown by TRITC channel shown in yellow. 

Scale bars represent 200 μm. Images were taken at 20x magnification. (D) Percentage of 
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speck forming cells after 16 hours of sNPs treatment, normalized to the total number of live 

cells counted by NucRed signal. (E) Graph shows the percentage of dead iBMDMs after 

16 hours of sNPs treatment, indicating percent pyroptosis. This was again normalized with 

the total signal of live (NucRed) and dead (PI) cells. Data shown are mean ± S.E.M. (n=6). 

Statistical significance was determined using Ordinary one-way ANOVA and Dunnett’s 

multiple comparisons test. *p < 0.05, **p<0.01, ***p < 0.001, ****p<0.0001.
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Figure 4. Expression of the NLRP3-related proteins in the sNPs treated iBMDMs.
(A) Outline of treatments and sample processing for analysis of protein expression levels 

after inflammasome activation using western blot assay. i) Signal 1, LPS priming of 

iBMDMs for 12–16 hours. ii) Signal 2, y=0 to 400 sNPs treatment for 24hours. iii) Protein 

lysate preparation using RIPA buffer with protease inhibitor. iv) Supernatant collection 

followed by the addition of 1mM PMSF before storage. v) Western blot analysis of NLRP3-

related proteins in the sample lysate as well as supernatant. (B) Top part shows the protein 

expression levels of NLRP3, ASC, Pro-caspase-1 determined by western blot of cell lysate 

obtained from sNPs treated iBMDMs. Bottom part displays the protein levels of active 

caspase-1 subunit (p20) released in the supernatant of these sNPs treated iBMDMs. No NP 

group represents no nanoparticle treatment. (C) Graph displaying the quantitative analysis of 

active caspase-1 released in the supernatant, normalized to pro-caspase-1 protein expression 

in the cell lysate. Data shown here are mean ± S.E.M. (n=3). Statistical significance was 

calculated by Ordinary one-way ANOVA and Dunnett’s multiple comparisons test. ‘ns’, not 

significant; *p < 0.05, **p<0.01, ***p < 0.001, ****p<0.0001.
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Figure 5. Cellular uptake of DiD encapsulated fluorescent sNPs and their lysosomal rupture 
potential in treated iBMDMs.
(A) Graph shows the percentage of CSFE labeled cells internalizing DiD dye encapsulated 

sNPs at different time points (0, 3 and 9 hours). (B) Fluorescent images of iBMDMs treated 

with DiD sNPs (y=0 to y=400) for 4hours, followed by lysosomal labeling with Lysotracker 

Red DND-99 and nuclear staining with NucBlue Live ReadyProbes Reagent (Magnification: 

20x, Scale bar: 200 μm). (C) Quantification of percentage lysotracker mean fluorescence 

intensity in sNPs treated iBMDMs with respect to primed iBMDMs. (D) Representative 

western blot image showing the expression of mature cathepsin B in treated and only LPS 

primed iBMDMs. (E) Graph displaying a relative expression of mature cathepsin B in sNPs 

treated iBMDMs compared to only primed ones; normalized with b-actin expression in 

the respective samples. Data shown here are mean ± S.E.M. (n=3). Statistical significance 
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for (A) was calculated using two-way ANOVA and Dunnett’s multiple comparisons test. 

Statistical significance for (C) and (E) were calculated by Ordinary one-way ANOVA and 

Dunnett’s multiple comparisons test. ‘ns’, not significant; *p < 0.05, **p<0.01, ***p < 

0.001, ****p<0.0001.
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Figure 6. Intracellular Ca2+ levels and mitochondrial ROS production in the sNPs treated 
primed-iBMDMs
(A) Representative microscopic images of fluo-4AM stained iBMDMs treated with sNPs. 

Nuclei were stained with NucBlue Live ReadyProbes Reagent. Green shows intracellular 

calcium, and blue denotes the live-cell nucleus. Images are of 60x magnification (Scale 

bar: 100 μm). (B) Graph displays time-dependent fold change in the median fluorescence 

intensity of fluo4 in sNPs (y=0 to 400)-treated cells compared to untreated. Data shown 

here are mean ± S.E.M. (n=3). Statistical significance was calculated by Ordinary one-way 

ANOVA and Dunnett’s multiple comparisons test. ‘ns’, not significant; *p < 0.05, **p<0.01, 

***p<0.001, ****p<0.0001. (C) Representative confocal images of iBMDMs treated with 

y=0 to y=400 sNPs for 16hours, followed by MitoSOX and NucBlue staining. MitoSOX 

(Orange) represents mitochondrial ROS, and NucBlue (Blue) shows live-cell nucleus. 
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Images are of 60x magnification (Scale bar: 100 μm). (D) Graph showing fold change 

in median fluorescence intensity of MitoSOX stained treated cells with respect to untreated 

at indicated time points. Data shown here are mean ± S.E.M. (n=6). Statistical significance 

was calculated by two-way ANOVA and Dunnett’s multiple comparisons test. *p < 0.05, 

**p<0.01, ***p < 0.001, ****p<0.0001.
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