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Sprayable inflammasome-inhibiting lipid
nanorods in a polymeric scaffold for
psoriasis therapy
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Localized delivery of inflammasome inhibitors in phagocytic macrophages
could be promising for psoriasis treatment. The present work demonstrates
the development of non-spherical lipid nanoparticles, mimicking pathogen-
like shapes, consisting of an anti-inflammatory inflammasome inhibiting lipid
(pyridoxine dipalmitate) as a trojan horse. The nanorods inhibit inflamma-
some by 3.8- and 4.5-fold compared with nanoellipses and nanospheres,
respectively. Nanorods reduce apoptosis-associated speck-like protein and
lysosomal rupture, restrain calcium influx, and mitochondrial reactive oxygen
species. Dual inflammasome inhibitor (NLRP3/AIM-2-IN-3) loaded nanorods
cause synergistic inhibition by 21.5- and 59-folds compared with nanorods and
free drug, respectively alongside caspase-1 inhibition. The NLRP3/AIM-2-IN-3
nanorod when transformed into a polymeric scaffold, simultaneously and
effectively inhibits RNA levels of NLRP3, AIM2, caspase-1, chemokine ligand-2,
gasdermin-D, interleukin-1β, toll-like receptor 7/ 8, and IL-17A by 6.4-, 1.6-, 2.0-,
13.0-, 4.2-, 24.4-, 4.3-, and 1.82-fold, respectively in psoriatic skin in comparison
to Imiquimod positive control group in an in-vivo psoriasis-like mice model.

Psoriasis is a chronic inflammatory disease affecting 125million people
worldwide and was evaluated as high in the global burden of disease
study1. Psoriasis is associated with increased inflammatory arthritis,
and metabolic disorders, and affects mental health substantially1,2.
Psoriasis involves the development of hyperkeratosis, vascular
hyperplasia, and infiltration of immune cells3,4. The keratinocytes are
responsible for the initiation and maintenance phases of psoriasis5.
External stimuli expedite stressed keratinocyte formation and insti-
gate the conversion of plasmacytoid dendritic cells (pDC) to myeloid
dendritic cells (mDC) in the presence of inflammatory cytokines,
including tumor necrosis growth factor alpha (TNF-α), interleukin-1-
beta (IL-1β), and interferons (IFNα/γ)5. The activated keratinocytes
release chemokines, including chemokine (C-X-C motif) ligand 1/2/3
(CXCL1/2/3) and C-C motif chemokine ligand 2 (CCL2), to recruit leu-
kocytes like T cells (adaptive immune cells), dendritic cells, and

macrophages to induce innate immunity5. Also, nucleotide-binding
domain, leucine-rich-containing family, pyrin-domain-containing-1
(NLRP1), nucleotide-binding domain, leucine-rich-containing family,
pyrin-domain-containing-3 (NLRP3), absent in melanoma 2 (AIM2)
inflammasomes, nuclear factor kappa-light-chain-enhancer of acti-
vated B cells (NF-ĸB), and Gasdermin-D have been shown to aggravate
psoriasis6–9. Vitamin D3 derivatives10, immunosuppressants11, anti-
inflammatory small molecules and biologics12, steroids13, retinoids14,
and phototherapy15 are currently administered to treat psoriasis.
However, these treatments suffer from drawbacks, including chronic
and acute systemic intoxication, tachyphylaxis, localized irritation,
pustulation, skin atrophy, striations, telangiectasias, and diminished
potency13,16.

The inflammasome is a cluster of cytosolic proteins that are
activated due to the oligomerized pathogen recognition receptors
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(PRR), including the nucleotide-binding domain and leucine-rich-
repeat containing family (NLR) or absent in melanoma-2 (AIM2) like
receptor (ALR) when encountered with the damage-associated mole-
cular patterns (DAMP) or pathogen-associated molecular patterns
(PAMP). It involves the formation of a protein complex with the pyrin
domain of apoptosis-associated speck-like protein (ASC), the DAMP/
PAMP, and the NLR/ALR. The protein complex activates caspase-1
downstream, releasing inflammatory cytokines and pyroptotic cell
death17,18. The pathogen- and host-derived triggers stimulate canonical
NLRP3 inflammasomes, unlike other NLR-based inflammasomes. The
NLRP3 and AIM2 inflammasomes are also expressed by proliferating
keratinocytes within psoriatic skin. However, the role of macrophages
in the long-term persistence of psoriasis inflammation locally and
systemically is gravelyneglected. The persistence ofpsoriatic lesions is
majorly caused due to significantly higher expression of macrophage
inducible C-type lectin (mincle) associated with pro-inflammatory
macrophages (M1)19. Prokineticin-2 (PK2) is a neuroendocrine peptide
associated with psoriatic skin5,20. The PK2 activates NLRP3 inflamma-
somes in macrophages as an innate immune response, releasing IL-1β
and exacerbating keratinocyte proliferation angiogenesis and psor-
iatic lesions20,21. Macrophages are key players in sensing the IL-1β and
maintaining the PK-2-IL-1β positive feedback loop20. The tissue-
resident macrophages (Langerhans cells) exist as a lineage from
bone marrow from which the majority are lost due to disappearance
reactions during the initial stages of the disease. Later, constant pro-
liferation of remaining Langerhans cells occurs in response to persis-
tent psoriatic inflammation22. The tissue-resident macrophages are
present since birth and multiply due to local triggers (DAMP/PAMP)
instead of recruitment from the blood circulation, unlike the dendritic
cells22. Blood monocytes sense the inflammatory cytokine and circu-
late systemically causing vasculitis22,23. Therefore, it is vital to stop the
proliferation of the long-ignored tissue-resident macrophages to
attenuate local inflammation. Given their enhanced activity and role in
the pathogenesis of psoriasis, attenuating inflammasome activation
within macrophages would serve as a unique therapy for psoriasis
treatment. However, existing inflammasome inhibitors lack specificity,
potency, and ability to cross the hydrophobic stratum corneum,
reducing efficacy24. Additionally, simultaneously targeting and inhi-
biting multiple types of inflammasomes could lead to enhanced effi-
cacy against psoriasis. Nanoparticles have been utilized to enhance the
cellular delivery of drugs for inflammatory diseases25,26. Recently,
hyaluronic acid nanoparticles were demonstrated to possess an anti-
psoriatic effect27. Various synthetic or plant extracts inhibiting NLRP3/
AIM2 inflammasome were also explored against psoriasis28–32. How-
ever, the inhibitors and the hyaluronic acid nanoparticles would elicit
systemic immunosuppressive effects due to intravenous or intragas-
tric administration or be water soluble and may not penetrate the
stratum corneum.

Lipid nanoparticles (LNPs) havebeen explored for topical delivery
of drugs for psoriasis treatment33,34. However, recent reports demon-
strated that LNPs consisting of phosphatidylcholine and PEGylated
lipids, with or without cationic and ionizable lipids, activate inflam-
masomes or the immune response35,36. Studies have also explored the
effect of physicochemical properties of nanoparticles, including par-
ticle size, zeta potential, and formulation composition, on NLRP3
inflammasome activation37,38. There are reports elaborating on the
effect of LNPs on NLRP3 inflammasomes and toll-like receptors-2/4
(TLR-2/ TLR-4) when the LNPs were modified for their chemical
structure and surface charge39–42. These studies indicate the inflam-
matory nature of lipidic carriers and hence, the challenges associated
with utilizing conventional LNPs that could be inflammatory and
counterproductive for effective inflammasome inhibition and the
delivery of inflammasome inhibitors. Moreover, dendritic cells and
macrophages (Langerhans cells) are distinguished majorly based on
their function. The dendritic cells are a major key player in the

activation of adaptive immunity by presenting PAMP/DAMP to the
T cells. On the contrary, macrophages are phagocytic cells. Therefore,
the LNPs would be first phagocytosed by the macrophages. Inhibiting
the inflammasomes in macrophages residing within psoriatic skin
using LNPs would convert the pro-inflammatory phenotype (M1) into
anti-inflammatory (M2) macrophages thereby, inhibiting chemokine
and cytokine release, and other immune cells, which would serve as a
negative feedback signal43.

In this work, we rationalize that developing nanoparticles loaded
with inflammasome inhibitors could lead to efficacious inhibition and
alleviate psoriasis symptoms. We aimed to design LNPs with self-
inflammasome-inhibiting lipids and loaded with inflammasome inhi-
bitors for synergistic inflammasome attenuation in macrophages.
Inspired by the recent finding that non-spherical pathogens elicit
enhanced adherence to macrophages44,45, we engineer non-spherical
(nanorods and nanoellipses) and spherical LNPs using inflammasome
inhibitory lipids (trojan horse) (Fig. 1a) and studied their inflamma-
some inhibitory efficacy in macrophages. The study involves the
development of non-spherical LNP with different shapes (nano-
spheres/ellipses/rods) to evaluate the impact of shapes on enhanced
skin penetration, macrophage adherence, recognition, specificity, and
their efficacy in inhibiting inflammasome. To understand their
mechanism of action, we elucidate various internalization pathways of
the non-spherical LNPs in macrophages (Fig. 1b) and their effect on
cellular targets, thereby inhibiting inflammasomes (Fig. 1b). The
nanoellipses/rods internalize by macropinocytosis and clathrin-
mediated endocytosis, while the nanospheres are majorly phagocy-
tosed. The receptors involved in cellular internalization vary based on
the shape of the non-spherical LNP. Moreover, the inhibition of the
NLRP3 inflammasomes is significantly higher in macrophages treated
with nanorods compared with nanoellipses and nanospheres. There-
fore, nanorods are further utilized to develop an efficacious NLRP3-
inhibiting anti-psoriatic drug delivery platform.

To overcome the challenges associatedwith systemic side effects,
the present work involves the development of a sprayable polymeric
scaffold loaded with lipid nanorods for localized delivery with
enhanced skin penetration. Moreover, we aim to achieve a synergistic
effect by incorporating an NLRP3 and AIM2 dual inhibitor (NLRP3/
AIM2-IN-3; NA3) in NLRP3 inflammasome inhibiting lipid nanorods,
delivered topically. Poloxamer-407 (thermogelling agent) and mucin
(thickening agent) are utilized to develop a topical spray (Fig. 1c).
Mucin was shown to downregulate TLR-4 receptors and inhibit NLRP3
inflammasomes as per previous reports46. Here, we demonstrate the
synergy of NA3, trojan-horse nanorods, and mucin, which causes dual
NLRP3- and AIM2-inflammasome inhibition in the Imiquimod (IMQ)-
induced psoriasis-like mice model (Fig. 1d). The NA3-loaded nanorods
delay lysosomal rupture, and elicits NLRP3 and AIM2 inflammasome
inhibition with reduced ASC speck formation. Interestingly, the
sprayable NA3 nanorod-loaded polymeric scaffolds elicit an anti-
psoriatic effect by localized reduction of CXCL2, NLRP3-, AIM2
inflammasome, IL-1β, Caspase-1, Gasdermin-D, TLR-7, and TLR-8 RNA
levels alongwith IL-17Aprotein expression level in-vivo in IMQ-induced
psoriasis-like mice model. In summary, the sprayable NA3 nanorod-
loaded polymeric scaffold serves as a unique yet simple platform for
localized anti-psoriatic delivery, elicits synergy by targetingNLRP3 and
AIM2 dual inhibition, and avoids harmful systemic effects.

Results and discussion
Synthesis and characterization of nano-spheres/ellipses/rods
It is established that PRR, including but not limited to TLR-4 and a
cluster of differentiation 14 (CD14), recognize PAMP and stimulate
NLRP3 inflammasome activation47. The pathogens are differently
shaped, including spherical and ellipsoidal cocci or rod- and spiral or
flagellated bacilli48. The rod-shaped pathogens cling to the macro-
phage surface and enhance internalization compared to spherical
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pathogens44. We hypothesized that the shape of the pathogens could
be recognized and reminisced by the macrophage receptors and the
internalization pathway would differ for non-spherical pathogens
compared to spherical ones. Therefore, our objective involved devel-
oping pathogen-mimicking lipid-based nano-spheres, ellipses, and
rods to study their effect on macrophage targeting, internalization
pathway, and inflammasomes inhibition (Fig. 1a, b). Activated inflam-
masomes are implicated in psoriasis pathogenesis and progression49.

Pyridoxine (Vitamin B6) is a well-known inflammasome inhibitor and
canbeutilized as apart of a lipid suchas pyridoxinedipalmitate (PD) to
facilitate the self-assembly to lipid nanoparticles50. Nanorods encom-
passing PD were developed and transformed into a topical anti-
inflammatory formulation eliciting enhanced internalization and tar-
geted delivery to macrophages. We rationalized that the nanorods
containing PD would result in trojan-horse pathogen-like LNPs and
elicit an anti-inflammatory response.

Fig. 1 | Design and engineering of sprayable polymeric scaffold loaded with
non-spherical pathogen-like trojan-horse lipid nanoparticles. a Schematic for
the synthesis of non-spherical pathogen-like trojan-horse lipid nanorods. The
nanorods, nanoellipses, and nanospheres were prepared using 10:1, 5:1, and 2:1
molar ratios of pyridoxine dipalmitate and DSPE PEG 2000 (carboxylic acid). Cre-
ated in BioRender. Kulkarni, A. (2024) BioRender.com/e03e101 bMechanism of non-
spherical lipid nanoparticle cellular internalization and NLRP3 inflammasome inhi-
bition. The non-spherical lipid nanoellipses/rods were internalized by macro-
pinocytosis and clathrin-mediated endocytosis, while the nanospheres were
internalized by phagocytosis. The nanorods delayed lysosomal rupture and sig-
nificantly reduced the IL-1β level by attenuating ASC speck formation, restraining
calcium influx, mitochondrial ROS and NLRP3 inflammasome, whereas the
nanoellipses and nanospheres reduced the mitochondrial ROS formation. Created

in BioRender. Kulkarni, A. (2024) BioRender.com/q44z068. c Scaffold design and
synthesis. The NLRP3/AIM2-IN-3 (NA3) was loaded within the nanorods, and later,
Poloxamer 407 (10% w/v; thermogelling agent) and mucin (2.5mg/mL; thickening
agent) were dissolved in the NA3 nanorods aqueous dispersion to form a solution
for topical spraying. When sprayed, the poloxamer solution forms micelles and
depicts temperature-dependent gellingproperties. Created inBioRender. Kulkarni,
A. (2024) BioRender.com/i72q105. d In vivo effect of sprayable polymeric scaffold
loaded with nanorods or NA3 nanorods on psoriasis. The NA3 nanorod polymeric
scaffold, when sprayed, causes a thin film due to gelation. The NA3 nanorods and
mucin reduce inflammation, psoriatic chemokines, and keratinocyte proliferation
due to their effect on NLRP3 and AIM2 inflammasome inhibition. Created in
BioRender. Kulkarni, A. (2023) BioRender.com/f54e160.
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Self-assembled nanoparticles with increasing aspect ratio from
spheres to ellipses and rods were developed by using anti-
inflammatory PD and DSPE-PEG (2000) carboxylic acid as a stabiliz-
ing phospholipid to study the effect of nanoparticle shape on
inflammasomes50,51. Upon increasing the molar ratio of PD: DSPE-PEG
(2000) carboxylic acid from 2:1 to 5:1 and 10:1 increased the aspect

ratio of the nanoparticle leading to the formation of nanospheres
(124.70 ±0.43 nm), nanoellipses (231.85 ± 12.37 nm), and nanorods
(176.6 ± 28.443 nm), respectively (Fig. 2a). As per the previous report
we hypothesize that the increased hydrophobicity of the core and
lower curvature of PD in the case of nanoellipses and nanorods, along
with the repulsive forces of the PEG chain, led to an increase in the
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aspect ratio of the nanoparticle to form nanoellipses and nanorods52.
The non-sphericalmorphology of the LNPswould have reducedGibb’s
free energy and enhanced the thermodynamic stability of the
system53,54. A similar effect was observed previously when the molar
ratio of ascorbyl dipalmitate increased the aspect ratio of the nano-
particles to reduce the Gibbs free energy of mixing52,55,56. Interestingly,
bimodal particle size distribution was observed for nanospheres
comparedwith unimodal particle size distribution for nanoellipses and
nanorods (Fig. 2a). The bimodal distribution of nanospheres corre-
lated with previous reports when ascorbyl dipalmitate and DSPE-PEG
2000 were used in 0.125:1 molar ratio52. The particle size distribution
graph corroborated with the polydispersity index (PDI). The PDI
decreased with an increase in the nanoparticle aspect ratio from
nanospheres (0.5805 ±0.006) compared with nanoellipses
(0.422 ± 0.039) and nanorods (0.392 ±0.048), respectively. Further-
more, the particle size and PDI of the nanospheres, nanoellipses, and
nanorods remained stable for up to 7 days at 4 °C (Fig. 2a). On the
contrary, the zeta potential of the nanospheres increased 2-fold on day
1 and remained stable until day 7. The zeta potential for nanoellipses
and nanorods remained consistent until day 7.

Evaluation of cellular internalization pathway of nano-spheres/
ellipses/rods
DiD-loaded nano-spheres/ ellipses/rods were developed to unveil the
nanoparticle shape-memory effect of PRR and the mechanism of cel-
lular internalization in immortal bone marrow-derived macrophages
(iBMDMs). PD, DSPE-PEG 2000 carboxylic acid, and DiD (0.067% w/w)
were dissolved in dichloromethane (DCM) and evaporated to form a
thin film. The thin film was rehydrated using Milli-Q to form the DiD-
loaded nano-spheres/ellipses/rods. The DiD-loaded nano-spheres/
ellipses/ rods were internalized efficiently by the iBMDMs (Fig. 2b, c).
Apart from phagocytosis, various internalization pathways exist in
iBMDM cells, including macropinocytosis, caveolae-, and clathrin-
mediated endocytosis57. The mean fluorescence intensity of DiD-
loaded nano-spheres, ellipses, and rods was measured in iBMDM pre-
treated with macropinocytosis, phagocytosis, clathrin-(CME),
dynamin-dependent endocytosis inhibitors to elucidate the cellular
internalization pathway. It was observed that the internalization
decreased with an increase in an aspect ratio of nanoparticles from
spheres to ellipses and rods in iBMDMspretreatedwith EIPA, CPM, and
Dynasore inhibiting macropinocytosis, CME, and dynamin-dependent
endocytosis, respectively. The cellular uptake of DiD nanoellipses was
3.2-, 1.9-, and 1.6-fold lower compared with nanospheres in iBMDMs
pretreatedwith EIPA, CPM, andDynasore (Fig. 2b, c).Whereas the DiD-
loaded nanorods depicted reduced internalization by 3.2-, 2.3-, and
2.03-folds compared with nanospheres in iBMDMs pretreated with
EIPA, CPM, andDynasore, respectively (Fig. 2b, c). On the contrary, the
cellular uptake was unaffected by the pre-treatment of cytochalasin D
(actin polymerization inhibitor affecting phagocytosis) and Nocoda-
zole (microtubule and spindle formation inhibitor) (Fig. 2c) These
results demonstrated that the nanoellipses and nanorods were inter-
nalized primarily by macropinocytosis and clathrin-mediated endo-
cytosis in iBMDMs due to their significant reduction in internalization

in the presence of EIPA (p < 0.0001) and CPM (p <0.001 and 0.01),
respectively. In contrast, the nanosphereswere internalizedmajorly by
phagocytosis due to their reduced internalization in iBMDMs pre-
treated with Dynasore. The clathrin pits endocytose the receptors;
therefore, the non-spherical LNPs would be recognized through spe-
cific receptors before endocytosis through clathrin pits.

CD14 protein is instrumental in recognizing damage-associated
molecular protein (DAMP) and pathogen-associated molecular pro-
tein (PAMP), activating canonical and non-canonical inflammasome
pathways58. The literature revealed that lipopolysaccharide (LPS;
PAMP) is recognized by both CD14 and TLR-4, while oxidized phos-
phorylcholine (ox-PAPC) derivatives (DAMP) are recognized only by
CD14 without the involvement of TLR-4 activating the NLRP3
inflammasome59. Therefore, the involvement of the CD14 and TLR-4
in the internalizaition of nano-spheres/ellipses/rods was further
explored. The CD14 receptor was blocked using anti-CD14 fluor-
escein isothiocyanate (FITC) antibody. The FITC signals increased
significantly in anti-CD14 antibody treated iBMDMs (Supplementary
Fig. 1a). Interestingly, the internalization of nanorods was sig-
nificantly reduced by 1.36-and 1.2-fold compared with nano-spheres
(p < 0.0001) and nanoellipses, respectively when the CD14 receptors
were blocked using anti-CD14 FITC antibody. Moreover, the inter-
nalization of nanorods was decreased significantly (p < 0.001) com-
pared with iBMDMs without CD14 FITC antibody treated group
(Fig. 2d). Therefore, the CD14 receptors could exclusively recognize
the non-spherical nanorods compared with nano-spheres and nano-
ellipses. Furthermore, it was observed that the relative expression of
TLR-4 increased in iBMDMs treated with nanoellipses compared with
nanorods (p < 0.0001) (Fig. 2e). These results demonstrated that the
nanoellipses were internalized through CD14 and TLR-4, whereas the
internalization of nanorods occurred only through the CD14 recep-
tor. In comparison, the expression of CD14 and TLR-4 remained
unaffected in iBMDMs treated with nanospheres, which were pri-
marily phagocytosed.

Cytotoxicity studies of nano-spheres/ellipses/rods byMTTassay
The cellular IL-1β inflammatory cytokine levels largely depend upon
cellular viability. IL-1β binds to IL-1 receptors on the surface of immune
cells and triggers further inflammatory processes60. However, pro-
longed NLRP3 inflammasome activation expedites pyroptosis, which
might diminish IL-1β levels61. The Trojan-horse nanoparticles were
anticipated to elicit an inhibitory effect on NLRP3 inflammasomes
without causing cytotoxicity. The cytotoxic effect of the nanospheres,
ellipses, and rods in iBMDMswasdeterminedbyMTT assay. Combined
activation by LPS (signal 1) and Nigericin (Signal 2) caused pyroptosis
with45.86 ± 7.2% iBMDMcell viability. On the contrary, the cell viability
was significantly higher (p < 0.0001) in iBMDMs treated with LPS
(90.07 ± 19.12%), and 500 µM or 1000 µM of nano-spheres (94.0 ± 13%
and 100 ± 20%), ellipses (95.0 ± 10% and 94.64 ± 11.6%), and rods
(87.15 ± 11.8% and 92.03 ± 11.9%) compared with LPS and Nigericin
treated iBMDMs (Supplementary Fig. 1b). Therefore, the nano-spheres,
ellipses, and rods at 500 µM and 1000 µM concentration levels were
considered safe for iBMDMs.

Fig. 2 | Evaluation of lipid nanoparticle shape on internalization and inflam-
masome inhibition in macrophages. a Synthesis and physicochemical char-
acterization of non-spherical pathogen-like Trojan-horse lipid nanoparticles
including Transmission electron microscopy, Particle size, and zeta potential dis-
tribution, and stability studies at 4 °C (Data represented as mean± SD; n = 3 indi-
vidual trials for particle size and zeta potential determination and n = 2 for stability
studies).b, cMechanismof internalization of nano-spheres/ellipses/rods usingflow
cytometer (Mean± SD; n = 6, 3 biological and 2-technical replicates; data analyzed
by two-way ANOVA and Tukey’s multiple comparison test). d, e Internalization of
nano-spheres/ellipses/rods throughCD14 and TLR-4 determined by flowcytometry

and RT-PCR, respectively (Mean± SD and mean ± SEM, respectively n = 6 with 3
biological replicates and 2 technical replicates were used for both the studies, data
analyzed by ordinary one-way ANOVA Tukey’s multiple comparisons and Brown
Forsythe Welche Dunnet’s T3 multiple comparisons, respectively. The Fig. 2(e)
represents the minima and maxima as the whisker bounds, the 25th and 75th
percentile as the bounds of boxes, and the median as the center). f Effect of nano-
spheres/ellipses/rods on NLRP3 inflammasomes in iBMDM determined by IL-1β
ELISA. (Mean± SD; n = 6 with 3 biological replicate and two technical replicate per
biological sample data analyzed by ordinary one-way ANOVA and Tukey’s multiple
comparison test).
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Effect of nano-spheres/ ellipses/ rods on in-vitro NLRP3 inflam-
masome inhibition
The inhibitory effect of the nanoparticles on NLRP3 inflammasomes
in the LPS and Nigericin (positive control)62 activated iBMDMs would
be evident with reduced IL-1β levels. It was observed that nano-
spheres and nanoellipses (500 µM and 1000 µM) did not inhibit the
inflammasome activation in Nigericin-treated iBMDMs (Fig. 2f).
Moreover, the inhibitory effect of the nanorods diminished in
iBMDMs activated with LPS (Supplementary Fig. 1c). The LPS is
known to bind the TLR4 along with co-receptor CD14 and furnishes
signal 1 for NLRP3 inflammasome activation47. It was reported that
oxidized phospholipid 1-palmitoyl-2-arachidonoyl-sn-glycero-3-
phosphorylcholine (ox-PAPC, cellular DAMP) utilizes CD14 to inter-
nalize within the cells and activate NLRP3 inflammasomes59. There-
fore, we hypothesize based on the nanorods’ cellular internalization
mechanism involving LPS recognizing CD14 receptor protein
(Fig. 2d) that the nanorods might mimic the ox-PAPC as trojan horse
and successfully inhibit NLRP3 inflammasomes.

Significant concentration-dependent NLRP3 inflammasome inhi-
bition was observed when iBMDMwas treatedwith nanorods followed
by LPS. Also, 1.3-fold (500 µM) and 3.8-fold (1000 µM) NLRP3 inflam-
masome attenuation was observed in nanorods pretreated iBMDM
compared with nanoellipses (Fig. 2f). To conclude, the aspect ratio of
the trojan-horse nanoparticles was directly proportional to the extent
of NLRP3 inflammasome inhibition in iBMDMs. Moreover, upregula-
tion of TLR-4 RNA expression in nanoellipse-treated iBMDMs, as
observed previously (Fig. 2e), would have resulted in lower NLRP3
inflammasome inhibition than nanorod-treated iBMDMs. Additionally,
Pyridoxine elicits an antioxidant and anti-inflammatory effect. There-
fore, the reduced IL-1β level causedby the trojan-horse nanorods could
be attributed to higher PD compared with nano-spheres and ellipses50.
These results elucidate further the variousmechanisms resulting in the
inhibitory effect on NLRP3 inflammasomes. Based on the recent
report, we hypothesize greater adherence of the nanorods onto the
macrophage, which might diminish protracted LPS-induced signal
1 stimulation required for activation of NLRP3 inflammasome63,64.

Effect of nano-spheres/ellipses/ rodsonASC speckand lysosome
The NLRP3 inflammasome is a multi-protein complex that when acti-
vated causes oligomerization of adaptor-protein apoptosis-associated
speck-like protein containing pyrin domain (ASC), and causes caspase
activation and recruiting domain (CARD)65. The ASC further oligo-
merizes and activates pro-caspase-1, which upon auto-proteolysis
cleaves to caspase-1. Caspase-1 stimulates the release of cytokines,
gasdermin D pore formation, and pyroptosis61. After that, the released
ASC and caspase-1 further activate the NLRP3 inflammasomes in other
cells (Fig. 3a)66. Given the significance of ASC in NLRP3 inflammasome
activation, an orthogonal technique of determining the ASC speck
formation could further confirm the ability of the nano-spheres/ellip-
ses/ rods to inhibit the NLRP3 inflammasomes. The number of ASC
specks per live cell was significantly reduced in iBMDMs pretreated
with nanoellipses (p <0.01) and nanorods (p <0.001) compared with
iBMDMs treated with positive control (Fig. 3b, c). Moreover, no sig-
nificant difference was observed in the iBMDMs treated with nano-
spheres compared with positive control. The ASC speck per live cell
was 3.2- and 11.5-fold higher in iBMDMs treated with nanospheres
compared with nanoellipses (p <0.001) and nanorods (p <0.0001),
respectively. Therefore, increasing the aspect ratio of the nano-
particles effectively inhibits ASC speck formation required for down-
stream inflammatory signaling cascade.

TheDAMPandnanoparticle associatedmolecularpattern (NAMP)
are internalized and released into the cytosol by lysosomal rupture,
triggering the oligomerization of ASC and NLRP3 activation
(Fig. 3d)38,61. The majority of bacteria67,68 and viruses69 endocytose,
resulting in lysosomal rupture and cathepsin B release activating

NLRP3 inflammasomes70. Interestingly, the pathogen-like nanorods
depicted reduced lysosomal rupture compared with nanoellipses
(p < 0.05) and nanospheres (p < 0.01) (Fig. 3e–g). Although nano-
ellipses and nanorods could reduce the ASC speck formation, only
nanorods efficiently delayed lysosomal rupture compared with nano-
ellipses which could cause significant impact on the inhibition of
NLRP3 inflammasomes. Moreover, Nigericin is a well-known signal 2
that activates inflammasome without lysosomal rupture by increasing
potassium efflux71. Therefore, significantly higher intact lysosomes
were observed in LPS and Nigericin-treated iBMDMs (Fig. 3g). Evasion
of lysosomal rupture through membrane-bound blebs by macro-
pinocytosis is one of the primary mechanisms for virus entry72. We
hypothesize that the inhibition of lysosomal rupture observed in the
case of nano-ellipses and rods compared with nanospheres could be
attributed to their internalization through macropinocytosis (similar
to the mechanism of virus entry) in addition to Clathrin-mediated
endocytosis (Fig. 3d, Fig. 2c) as trojan horses.

Effect of nano-spheres/ellipses/ rods on Calcium influx and
mitochondrial reactive oxygen species
Under ordinary conditions, the cytosolic calcium is significantly lower
than the extracellular (<200,000-folds) and endoplasmic reticulum or
lysosome (<5000-folds)73. However, themembrane depolarization and
endoplasmic reticulum/lysosomal membrane permeabilization cause
a continuous inflow of calcium due to an electrochemical gradient74.
Since the developed trojan horse LNPs caused lysosomal membrane
permeabilization, observing the effect on calcium influx would be
noteworthy. It was observed that Nano-spheres, ellipses, and rods
restrained the intracellular calcium in iBMDM cells similar to the LPS
and Nigericin (positive control) treated iBMDMs. Potassium efflux is
associated with calcium influx through the cell membrane channel75.
Nigericin is a knownNLRP3 signal 2molecule that increases potassium
efflux through the cellular membrane, resulting in calcium influx
upstreamofNLRP3 inflammasomes. Therefore, the increase in calcium
influx for Nano-spheres/ellipses/rods could be attributed to the com-
bined effect of Nigericin-induced calcium influx through the cell
membrane and the release of lysosomal calcium stores. (Fig. 3h).

Identification of DAMP, NAMP, or PAMP is associatedwith various
cellular responses, including increased cell volume, membrane per-
meabilization, and mitochondrial ROS (mtROS) generation76. There-
fore, the effect of nano-spheres, ellipses, and rods was evaluated for
their efficacy against mtROS generation. The nanospheres (p < 0.001),
nanoellipses (p < 0.001 and 0.0001), and nanorods (p <0.0001 and
0.01) were effective in inhibiting the mtROS generation in iBMDMs by
2.3–3.9-folds when compared with positive control (Fig. 3i). Each
group treated with the nano-spheres/ellipses/rods were activated by
LPS (signal 1) and Nigericin (signal 2) and the efficacy of the nano-
spheres/ellipses/rods to attenuate mtROS was determined. Nigericin
elicits an effect on mtROS generation through NLRP3-dependent and
stress-induced severemitochondrial dysfunction (NLRP3 independent
pathway)77. However, the current study aimed to elucidatewhether the
effect of nano-spheres/ellipses/rods onmtROS generation was caused
due to activated NLRP3 inflammasomes.

An increase in lysosomal membrane permeabilization leads to
calcium efflux, signaling the endoplasmic reticulum and mitochon-
drion. This leads to the generation of mtROS production. However,
PD is an antioxidant that could inhibit the ROS50,78. Therefore, the
increasedmtROS inhibition observed in the case of nano-ellipses and
spheres could be attributed to higher lysosomal rupture in iBMDMs
treated with nano-ellipses and spheres, causing enhanced cytosolic
PD concentration andmtROS inhibition.Whereas, the nanorodswere
efficacious compared with nano-spheres and ellipses in NLRP3
inflammasome attenuation due to decrease in TLR-4 upregulation,
ASC speck formation, NLRP3 oligomerization, mtROS formation, and
lysosomal rupture.
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NA3 nanorod-loaded scaffold design and characterization
Exacerbated keratinocyte proliferation and psoriatic lesions are
caused by the combination of NLRP3 and AIM2 inflammasomes5,79.
Administration of immunosuppressants would enhance the risk of
comorbidities in the case of psoriasis80. Therefore, localized simulta-
neous modulation of NLRP3 and AIM2 inflammasomes in

macrophages of psoriatic skin coax safe recovery from psoriasis. The
NA3was loaded into the nanorods to enhance the efficacy towardboth
NLRP3 and AIM2 (Fig. 4a). The critical process parameters, including
sonication time and lipid concentrations, were optimized to yield
stable NA3 nanorods (234.6 ± 4.7 nm, 0.42 ±0.02, −43.3 ± 1.3mV)
(Fig. 4b, c). The NA3 nanorods were stable for 7 days at 4 °C (Fig. 4d)
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with the NA3 loading and % entrapment efficiency of 11.70% ± 3.5% and
71.11% ± 23.6%, respectively (Fig. 4e).

One study compared the efficacy of NA3 on NLRP3 and AIM2
inflammasomes in both J774A.1 cells and bone marrow-derived mac-
rophages (BMDMs)81. NA3 depicted lower efficacy on AIM2 inflamma-
somes in J774A.1 cells compared with BMDMs while the drug elicited
significantly higher efficacy on NLRP3 inflammasomes in J774A.1 cells
(IC50-19.62 µM) compared with BMDMs (IC50-48.98 µM)81. However, in
presence of the Poly dA:dT (AIM2 stimulating signal 2) the NA3 loaded

nanorods elicited enhanced efficacy (p < 0.0001) against NLRP3 and
AIM2 inflammasomes in iBMDMs compared with free NA3 and blank
nanorods. It was observed that the in-vitro efficacy of the NA3 loaded
nanorods (equivalent to 200 µM NA3) depicted 21.5- and 59-fold
reduction in IL-1β levels compared with blank nanorods and free NA3,
respectively (Fig. 4f). Therefore, the efficacy of NA3 was improved
compared with free NA3 when incorporate within nanorods. Since the
activation of both NLRP3 and AIM2 results in ASC speck formation, we
further studied the effect of NA3-loaded nanorods on ASC speck. The

Fig. 3 | Mechanistic evaluation of lipid nanoparticles (LNPs) shape on inflam-
masome inhibition in macrophages. a Schematic representation of the effect of
LNP shapes on ASC speck formation. Created in BioRender. Kulkarni, A. (2023)
BioRender.com/i04d511. b Confocal microscopic images of ASC speck (CFP) in
iBMDM with nano-spheres/ellipses/rods at 20X (Scale bar: 100 µm). c ASC speck
number per cell when treated with nano-spheres/ellipses/rods. (Mean ± SD, n = 3
biological replicates with 4 technical replicates per biological sample using Brown
Forsythe Welche one-way ANOVA and Dunnett’s T3 multiple comparison. The
graph represents theminima andmaxima as the whisker bounds, the 25th and 75th
percentile as the bounds of boxes, and the median as the center) (d) Schematic
representation of the effect of LNP shapes on lysosomal rupture. Created in
BioRender. Kulkarni, A. (2023) BioRender.com/l77q945. e Confocal microscopic

images of intact lysosomes (TRITC) in iBMDM treated with nano-spheres/ellipses/
rods at 20X (Scale bar: 100 µm). f, gAnalysis of intact lysosomesnormalized against
LNP internalization and live cells as indicated by Cy5 and DAPI signal, respectively
when treatedwith nano-spheres/ellipses/rods. Eachdata represented asmean ± SD;
n = 7; with 3 biological replicate and 2,2,3 technical replicates data analyzed by
ordinary one-way ANOVA and Tukey’s multiple comparisons. h, i Effect of nano-
spheres/ellipses/rods on calcium influx and mitochondrial ROS formation deter-
mined by flow cytometer. (Each data represented as mean ± SD; n = 5 with 2 bio-
logical and 2, 3 technical replicates andn = 10;with 4biological and 2,2,3,3 technical
replicates, data analyzed by Brown ForsytheWelche one-way ANOVAwith Dunnets
T3 multiple comparison and ordinary one-way ANOVA, respectively).

Fig. 4 | Effect of NLRP3-AIM2 inhibitor (NA3) loaded nanorods on inflamma-
some inhibition. a Schematic of NA3 nanorods synthesis. Created in BioRender.
Kulkarni, A. (2023) BioRender.com/o21z452. b, c Particle size (mean± SD; n = 3
individual trials) and zeta potential distribution (mean ± SD; n = 2 individual trial) of
NA3 loaded nanorods (d) Time-dependent stability studies ofNA3 nanorods at 4 °C
(Data represented as mean ± SD; n = 2 individual trials). e % drug loading and %
encapsulation efficiency of NA3 in nanorods determined by RP-HPLC (n = 5 indivi-
dual replicates). f Effect of NA3 loaded nanorods on inflammasome inhibition in

iBMDMdeterminedby IL-1β ELISA (Eachdata representedasmean± SD;n = 5with2
biological replicate and 2,3 technical replicate per biological replicate; data ana-
lyzed by two-way ANOVA with Tukey’s multiple comparisons). g Effect of NA3
nanorods on ASC speck formation determined by confocal microscopy (Each data
represented as mean± SD; n = 5 with 2 biological replicate and 2 and 3 technical
replicate per biological replicate data analyzed by ordinary one-way ANOVA and
Tukey’s multiple comparison). The images were observed at 60X (scale bar 20 µm).
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results corroborated with the IL-1β ELISA with an 11.9-fold reduction in
ASC speck formation compared with blank nanorods (Fig. 4g).

To facilitate the topical application of NA3-loaded nanorods, a
thermogelling excipient was essential. Poloxamer 407, due to the
presence of poly(propylene oxide)(PPO) and poly(ethylene oxide)
(PEO) groups, elicits micellization and gelation at 37 °C and ensures
low toxicity due to its non-ionic nature82,83. It is reported that Polox-
amer 407 was used in topical formulations with upto 20% w/v
concentration84. It was observed that the gelling time decreased from
620 s ± 43.9 s to 177.3 s ± 35.8 s with increased Poloxamer 407

concentration (5%–15 w/v) (Fig. 5a). Similarly, the spray area of 5% w/v
poloxamer solution was significantly higher (4.8 ± 0.95 cm2)compared
with 10% w/v (2.6 ± 0.27 cm2) and 15% w/v (2.4 ± 0.71 cm2) (p < 0.05)
(Fig. 5a). Considering the required consistency, a sprayable NA3-
loaded scaffold containing 10% w/v Poloxamer 407 was utilized for
topical administration. Mucin (2.5mg/mL) was used as a thickening
agent to enhance the viscosity further and improve the anti-
inflammatory effect (Fig. 1c). We hypothesized that the non-ionic
surfactant property of Poloxamer 407 would enhance the penetration
of the NA3 nanorods and hydrophilic mucin (Fig. 1c,d) within the
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thickened psoriatic skin. The NA3 nanorod polymeric scaffold
(252.75 ± 95.8 nm, 0.426 ± 0.02, −27.5 ± 0mV) and the blank nanorods
polymeric scaffold (187.7 ± 57.13 nm, 0.48 ±0.14, −26 ± 3.7mV) were
stable for 7 days at 4°C (Fig. 5b–d). The sprayable NA3 nanorod poly-
meric scaffold led to sustained NA3 release (69.09 ± 16.27%) up to 24 h
in PBS (Fig. 5e). Furthermore, the drug release kinetics of NA3 nanor-
ods polymeric scaffold was done in the presence of cell lysate. The
cumulative drug releasewas found tobe96.67 ± 23.9%within8 h in cell
lysate. Therefore, the NA3 nanorods would lead to quick release once
within the macrophages. On the contrary, 107.1 ± 4.5% NA3 was
released within 4 h in the case of free drug. The in vitro efficacy of
NLRP3 and AIM2 inhibition by sprayable NA3 nanorods polymeric
scaffold was evaluated by IL-1β ELISA in iBMDMs. Dual inhibition of
NLRP3 and AIM2 inflammasomes in iBMDMs led to significantly lower
IL-1β concentration (p <0.0001) compared with blank nanorods scaf-
fold (Fig. 5f). Moreover, the NA3 nanorods scaffold (50–200 µM NA3
equivalent) caused 1.8–2.2 fold reduction in IL-1β levels directly cor-
relating with reduced NLRP3 and AIM2 inflammasome activation
comparedwith blank nanorods. In contrast, only a 1.5-fold reduction in
IL-1β level indicating the NLRP3/AIM2 inflammasome reduction was
observed in iBMDMs treated with blank nanorods scaffold (equivalent
to 200 µM NA3) compared with the positive control (p <0.0001)
(Fig. 5f). Earlier, we observed that nanorods caused downregulation of
TLR-4 RNA expression, delayed lysosomal rupture, and ASC speck
formation. However, their effect on active caspase-1 was not eluci-
dated. The NA3 nanorod polymeric scaffold significantly reduced
active caspase-1 formation compared with positive control (p <0.001).
On the contrary, the blank nanorods did not have any effect on active
caspase-1 (Fig. 5g). Therefore, the NA3 nanorod-loaded polymeric
scaffold caused significantly lower IL-1β levels resulting from
decreased NLRP3 and AIM2 inflammasome formation compared with
the blank nanorod-loaded scaffold due to the inhibition of caspase-1.
The NA3 nanorod-loaded and blank nanorod-loaded polymeric scaf-
folds reduced the ASC speck formation compared with the positive
control group (p < 0.01). When the number of ASC specks per live cell
was analyzed by confocal microscopy, a 2-fold reduction in ASC speck
formation was observed in iBMDMs treated with NA3 nanorod-loaded
polymeric scaffold compared with blank nanorod-loaded polymeric
scaffold (Fig. 5h).

The development of topical spray was instigated to support ease
of administration and patient compliance. However, a reversible shear
thinning and solid-like behavior is desirable for quick administration
through the spray nozzle85. Poloxamer 407 aqueous solution is widely
used as a fluid that encompasses temperature-dependent yield stress,
the ability to reduce viscosity on the application of shear stress, and
forms a weak gel when in contact with a surface84. Moreover, the anti-
fouling effect and anti-protein adsorption make it suitable for topical
spray86. The viscosity at a sol-gel temperature of Poloxamer 407 was
12.09 and 165 Pa.s at 10%w/v and 15%w/v, respectively (Supplementary

Fig. 3a). However, the higher viscosity of the gel reduces the pene-
tration ability of the nanoparticles within the skin when applied topi-
cally. For instance, an increase in viscosity of cellulose from
16.3 ± 1.05 Pa.s to 40.4 ± 3.11 Pa.s reduced penetration of Sulphadia-
zene sodium by 1.66 folds87. Therefore, an optimal 10% w/v Poloxamer
407 concentration was used to develop a sprayable scaffold. The
mucin provided an additive effect that formed a mesh-like network
above 1.875mg/mL concentration88. Hence, we decided to utilize
Poloxamer 407 and mucin (as an anti-inflammatory thickening agent)
to develop a sprayable scaffold. An increase in shear rate caused
decreased viscosity of the sprayable NA3 nanorod polymeric scaffold,
eliciting shear thinning behaviorwhen passed through the spraybottle
nozzle (Fig. 5i). The NA3 nanorod scaffold showed sol-gel transition at
43 °C with an increase in viscosity from 2.41 Pa.s (43 °C) to 361.4 Pa.s
(49 °C). As per the previous reports, the storage/elastic modulus (G’)
and loss/viscous modulus (G”) increased rapidly at the sol-gel transi-
tion, eliciting the thermogelling nature of the scaffold (Fig. 5i).

In-vivo efficacy of sprayable NA3 nanorod-loaded polymeric
scaffold in imiquimod (IMQ)-induced psoriasis-like Balb/c mice
As per the literature, the 2D and 3D in-vitro human cell-based models
have been developed using human keratinocytes co-cultured with T-
cells/macrophages and inflammatory cytokines aggravating keratino-
cyte proliferation89,90. Certain drawbacks with in vitro models include
morphological dysfunction of necrosis, spongiosis, and parakeratosis
even before losing keratinocyte integrity91, improper selection of cul-
turemediamimicking thefluidvolume in thepsoriatic skin tissue, dose
extrapolation, loss of disease phenotype during cell expansion90, lack
of reproducibility92 and scarcity of the source of psoriatic lesional
skin90, inability to estimate the vascular inflammation and
hypervascularization90, and inability to predict the systemic effect. On
the contrary, the in-vivo model exactly illustrates the involvement of
inflammatory mediators, the communication between innate and
adaptive immune systems, the role of resident cells, and the evaluation
of new therapies93. Therefore, we decided to confirm the efficacy of
NA3 nanorods and blank nanorod-loaded polymeric scaffold in the
mice psoriasis model.

Animal models should be selected based on species that develop
similar diseases, augmentation of key molecule or cell type, and/or
inhibition of target molecule or cell type93. Therefore, the appropriate
animal model for the present study should include an aggravated
inflammasome response causing chronic psoriasis-like symptoms
which is observed in IMQ-induced or IL-23 induced psoriasis like mice
model. IMQ stimulates the activation of NLRP3 and AIM2 inflamma-
somes through TLR 7/8 receptors94. Similarly, IL-36 and Keratin-14
(K14) promoters cause psoriasis-like symptoms by activation of NLRP3
inflammasome and IL-17/IL23 axis95. However, an IMQ-induced psor-
iasis-like mice model was used in the current study considering its
acceptability, ease of psoriasis induction, and cost96. Furthermore,

Fig. 5 | Effect of NLRP3-AIM-2 inhibitor (NA3) loaded nanorods polymeric
scaffold on inflammasome inhibition. a Screening of thermogelling polymer
concentration (Data represents mean± SD, n = 3 individual experiments analyzed
by one-way ANOVA and Tukey’s multiple comparison test) (b, c) Particle size and
zeta potential distribution, respectively of NA3 loaded nanorods polymeric scaf-
fold.dTime-dependent stability studies ofNA3nanorodspolymeric scaffold at 4 °C
(Mean ± S.D;n = 2 individual formulations).e In-vitro drug release ofNA3 fromNA3-
loaded nanorods polymeric scaffold in PBS and cell lysate. (Each data represents
mean ± SD; n = 6 for NA3 nanorods polymeric scaffold, n = 3 and 2 for NA3 nanor-
ods scaffold drug release in cell lysate and free NA3, respectively. Data analyzed by
two-way ANOVA, p =0.0182,0.040, 0.0010, 0.0486,0.0107,0.0021 for NA3 nanor-
ods polymeric scaffold in PBS compared with NA3 nanorods polymeric scaffold in
cell lysate) (f) Effect of NA3 loaded nanorods polymeric scaffold on inflammasome
inhibition in iBMDM determined by IL-1β ELISA. (Each data represents mean ± SD;
n = 5 with 2 biological replicate and 2,3 technical replicate and analyzed by two-way

ANOVA and Tukey’s multiple comparisons). g Effect of NA3 loaded nanorods and
blank nanorods polymeric scaffold on caspase-1 determined by western blot in
iBMDM (1-untreated, 2-LPS (Negative control), 3-LPS+Nigericin (positive control),
4-Blank nanorods polymeric scaffold, 5-NA3 nanorods polymeric scaffold treated
iBMDM) (Each data represents mean± SD; n = 3 technical replicate per biological
sample and analyzed by one-way ANOVA and Tukey’s multiple comparisons). The
samples were obtained from same experiment and the blots were run in parallel on
the same gel. The uncropped gels are available in the supplementary and source
data file. h Effect of NA3 nanorods polymeric scaffold on ASC speck formation
determined by confocal microscopy. The images were observed at 60X magnifi-
cation (scale bar-20 µm) (Each data represented as mean ± SD; n = 5 with 2 biolo-
gical and 2,3 technical replicates and analyzed by Brown Forsythe Welche one-way
ANOVA with Dunnett’s T3 multiple comparison). i Rheological studies of NA3
nanorods polymeric scaffold.
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IMQ-induced psoriasis-like models closesly resemble human psoriasis
including infiltration of both innate and adaptive immune cells (Th17
and Th22 responsible for IL-17A/IL-23 axis activation), dendritic cells,
macrophages, keratinocytes leading to parakeratosis, acanthosis, rete-
ridges, and vascular hyperproliferation, and hyperplasia90. Therefore,
the difference in the efficacy of blank nanorods, NA3 nanorods treated
polymeric scaffold versus IMQ-treated and vaseline (positive and
negative control) were more pronounced in the IMQ-induced psor-
iasis-like model.

Furthermore, other in-vivo models are associated with several
disadvantages that includes dermal infiltration including mast cells,
macrophages, and neutrophils without the involvement of cross-talk
between innate and adaptive immune cells (T-cells), no-efficacy
against cyclosporin (calcineurin inhibitor) in spontaneous mutation
model93, complexity in identification and modification of genes to
establish chronic skin inflammation in genetically modified mice
psoriasis model97, variation in the penetrance of the transferred
T-cell phenotypes and prioritizing only T-cells in immune cell
induced psoriasis-like model93, unpredictable phenotype and inap-
propriately developed skin model representing more like atopic
dermatitis than psoriasis in IL-23 induced psoriasis model98 indicate
IMQ-induced Balb/c mice psoriasis model as a suitable platform to
evaluate anti-psoriatic efficacy.

The mice in groups 1 and 2 were treated topically with Vaseline
(negative control) and IMQ (62.5mg/day; positive control) on the
shaved back for 5 days. Whereas the mice in groups 3 and 4 were
treated with sprayable NA3 loaded polymeric scaffold (equivalent to
800 µM NA3) and sprayable blank nanorod loaded polymeric scaf-
fold (equivalent to 800 µM NA3), respectively post 8 h daily treat-
ment with IMQ (62.5mg/day) until 6 days (Fig. 6a and Supplementary
Table 2). The mice were observed daily for indication of psoriatic
scaling. It was observed that the psoriatic scaling on the mice back
skin reduced in the order of IMQ treated (positive control) > blank
nanorods scaffold > NA3 nanorods scaffold > Vaseline treated
(negative control) (Supplementary Fig. 4a). The mice in each group
were evaluated for erythema, scaling, and thickness using psoriatic
area and severity index (PASI) scoring (Supplementary Table 3). It
was observed that the cumulative PASI score of the mice in group 2
increased to 10.25 ± 1.25 on day 5. The cumulative score on day 5 was
0, 1.33 ± 0.577, and 0.66 ± 0.577 for mice in the negative control,
Blank nanorod scaffold, and NA3 nanorod scaffold treated groups,
respectively (Fig. 6b). No significant difference was observed in the
body weight of the animals (Fig. 6c). The results corroborated pre-
vious findings that depicted species and strain-specific effects of
IMQ-induced psoriasis on body weight99. The back thickness of mice
treated with a blank nanorod-loaded polymeric scaffold decreased
gradually compared with the NA3 nanorod-loaded polymeric scaf-
fold, indicating higher efficacy of the NA3 nanorod-loaded polymeric
scaffold (Fig. 6d). Prolonged inflammation causes an increase in the
size and weight of the spleen. Interestingly, the spleen weight of the
mice, when normalized against body weight in the NA3 nanorods
polymeric scaffold and blank nanorods scaffold treated group, was
significantly less (p < 0.05) compared with positive control (Fig. 6e).
On day 6, the animals were euthanized, and the change in RNA
expression levels relative to β-actin of NLRP3, AIM2, IL-1β, Caspase-1,
and Gasdermin-D were evaluated from the back skin to elucidate the
effect of NA3 nanorod/blank nanorod polymeric scaffold on NLRP3
and AIM2 inflammasomes. The results of qPCR corroboratedwith the
in-vitro efficacy studies. Both NA3 nanorods polymeric scaffold and
blank nanorods polymeric scaffold reduced the levels of caspase-1
and NLRP3 inflammasome, resulting in decreased IL-1β cytokine and
gasdermin-D release compared with the positive control (Fig. 6f).
The reduced inflammatory cytokine also reduced the T-cell recruit-
ing CXCL2 chemokine levels. Although the nanorods were inter-
nalized using CD14 receptor, IMQ is endocytosed through TLR7 and

TLR8 which enhances the Th17 cell recruitment and increased IL-17A
cytokine100. The TLR 7 and 8 are also increased in presence of single
stranded viral RNA and small synthetic compounds101. Therefore, we
further studied the effect the blank nanorods/NA3 loaded nanorods
scaffold on the TLR7 and TLR8. The upregulation of TLR7 was alle-
viated by 1.4-and 4.3-fold in blank nanorods polymeric scaffold and
NA3 nanorods polymeric scaffold treated group, respectively com-
pared with IMQ treated group (Fig. 6f). Additionally, the NA3
nanorods scaffold could alleviate the TLR8 by 1.8-fold comparedwith
IMQ treated group (Fig. 6f). The enhanced efficacy of NA3 nanorods
polymeric scaffold compared with blank nanorods polymeric scaf-
fold was because of NA3 on AIM2 inflammasome and active caspase-1
where the blank nanorods lacked efficacy compared with positive
control (Fig. 6f). Therefore, the RNA expression levels of AIM2
(p < 0.01), IL-1β (p < 0.0001), Caspase-1 (p < 0.001), CXCL2
(p < 0.0001), Gasdermin-D (p < 0.001), and TLR 7 and 8 (p < 0.0001)
were significantly reduced in NA3 nanorods polymeric scaffold
compared with blank nanorod polymeric scaffold treated mice skin.
Moreover, IL-17A plays a central role in psoriatic inflammation, ker-
atinocyte proliferation, hyperplasia, and microabscess formation
providing a positive feedback loop in exacerbating immune
response102–104. The Th17 cells in the psoriatic skin secrete IL-17A
which attracts other inflammatory cells including the T-cells, natural
killer cells, neutrophils, and mast cells103. Therefore, we analyzed the
effect of NA3 nanorods on IL-17A where we observed IL-17A protein
expression from the mice back skin treated with blank nanorods and
NA3 nanorods was significantly reduced (p < 0.05) compared with
IMQ treated mice back skin (positive control) when analyzed by
western blot (Fig. 6g). Therefore, we hypothesize that targeting
NLRP3 inflammasomes in macrophages (innate immune cells) serves
as negative feedback loop to the Th17 cells reducing the TLR7, TLR8,
and IL-17A levels. As expected, localized delivery led to no significant
difference in the inflammasome activity systemically when confirmed
with IL-1β levels in plasma samples (Supplementary Fig. 4b).

Psoriasis is a dermatological disorder involving epidermal
hyperplasia and erythema105. The commencement of psoriasis includes
edema in blood vessels and infiltration of neutrophils and
lymphocytes4. Furthermore, it leads to parakeratosis due to incom-
plete maturation of keratinocyte retention of nuclei and release of
extracellular lipids responsible for adhesion. Therefore, the stratum
corneum becomes flaky. It involves the thickening of the epidermis,
leading to acanthosis called Rete ridges. The severe form leads to
hypogranulosis andmigration of neutrophils in the intracorneal region
into the stratum corneum called ‘Munro abscess’ and similar accu-
mulation in the epidermis called ‘pustule of Kogoj’106,107. The positive
control (IMQ treated) mice depicted the characteristic features of
psoriatic skin as per the H&E transverse section (Fig. 7a). On the con-
trary, faded rete ridges, inflammatory infiltration, and capillary
inflammation were evident in blank nanorod-loaded polymeric
scaffold-treated mice. The epidermal thickness and appearance were
similar to negative control in NA3 nanorod-loaded polymeric scaffold-
treated mice except for the presence of few inflammatory infil-
trates (Fig. 7a).

The mitotic cell cycle phase is higher in psoriatic skin108. The Ki-
67 are nuclear proteins that are increased in rapidly proliferating
cells109. The immunohistochemical analysis of the 3,3’-Diamino-
benzidine (DAB) antigen Keil 67 (Ki67) stained samples corroborated
with the histopathological analysis. The DAB integrated density of
IHC images was 1.8-folds higher in blank nanorods polymeric scaffold
treated mice compared with NA3 nanorods polymeric scaffold.
Therefore, the IHC analysis further uncovered the synergistic efficacy
of NA3, nanorods, and mucin embedded in the polymeric scaffold
(Fig. 7a, b). The H&E images and anti-CD31 DAB stained back skin
transverse sections were analyzed microscopically to confirm
the vascular hyperproliferation (Fig. 7a, c) and the extent of
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inflammatory cell infiltration (Fig. 7d and Supplementary Fig. 4f). It
was observed that the inflammatory cell infiltrates were 2.1-fold and
4.1-fold lower in blank nanorods polymeric scaffold and NA3 nanor-
ods polymeric scaffold treated mice, respectively when compared
with the mice treated with IMQ (Fig. 7d). Moreover, the mean grey
value of DAB stained anti-CD31 antibody was reduced by 1.6-folds in
NA3 nanorods polymeric scaffold treated mice compared with IMQ

treated mice (Fig. 7c). To conclude, despite the reduction in the
NLRP3 inflammasome, the blank nanorod-loaded polymeric scaffold
delayed the reduction in keratinocyte proliferation compared with
the NA3 nanorod-loaded polymeric scaffold.

Existing anti-psoriatic therapy majorly consists of vitamin D3,
retinoids, corticosteroids, calcineurin inhibitors, biologics, and pho-
totherapy. Systemic, oral, and phototherapy are indicated for patients
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eliciting failure to first-line topical therapy, and in case ofmoderate-to-
severe psoriasis with a PASI area of >10%110. Phototherapy involves
frequent physician visits decreasing patient compliance. Moreover, it
could increase the riskof patient skin cancer and sensitivity toUV light.
An increased susceptibility to secondary infections was observed due
to systemic immunosuppression111,112. This leaves the topical localized
anti-psoriatic therapy as a suitable treatment approach.

The topical therapy has been majorly explored to inhibit pro-
liferation in T-cells and keratinocytes. The potent or super-potent
corticosteroids that inhibit cell proliferation were considered suitable
due to their efficacy113. However, corticosteroids increased the risk of
adverse events including atrophy, striae, telangactiaceas, purpura,
iatrogenic cushing syndrome, corticosteroid-related adison crises,
growth retardation, mineralocorticoid effect114,115, psoriatic relapse,
and corticosteroidwithdrawal symptoms116 decreasing quality of life in
psoriasis patients. Therefore, steroid-sparing agents were highly
recommended and promoted for anti-psoriatic effects even if they
would elicit delayed but consistent effects113. Other topical treatment
regimens include vitamin D3 derivatives and retinoids targeting kera-
tinocyte differentiation and proliferation13,117. Only, 14–50% clinical
efficacy was obtained with vitamin D3 derivative or tazarotene (reti-
noid) monotherapy113 due to their limitations including pH and UV-
light sensitivity (Vitamin D3)113, and erythema, pruritis, and burning
associated with tazoretene13. Another approach includes T-cell tar-
geted topical therapy including Calcineurin inhibitors. Various anti-
bodies were developed with advances in the immunopathology of
psoriasis. For instance, bimekizumab (IL-17A and IL-17F blocker) eli-
cited clinical efficacy in 91% of psoriatic patients118. The development
of antibodies against various receptors and cytokines would lead to an
increased cost and unavoidable systemic immunomodulation. Given
the drawbacks of existing therapies, there was an urgent need for a
safe, efficacious, and cost-effective anti-psoriatic treatment. The
majority of the existing drugs fail to target the inflammatory macro-
phages within psoriatic skin. The NA3 nanorod polymeric scaffolds
decreased the IL-1β levels released by macrophages in psoriatic skin
which would prevent further activation of Th17 keratinocyte
proliferation81,119. Current work was directed toward the development
of uniquemacrophage-targeted anti-psoriatic therapywhichmayelicit
delayed yet consistent response. To avoid the repeatability as per the
3 R principle, considering the adverse effects of existing therapies, and
the novelty of the developed NA3 nanorods polymeric scaffold, the
blank nanorods polymeric scaffold and NA3 nanorods polymeric
scaffold were compared with IMQ treated mice (positive control) to
evaluate their ability to improve psoriasis in mice without causing
systemic effects.

To conclude, the non-spherical LNPswere successfully developed,
varying the molar ratio of PD and DSPE-PEG 2000 (carboxylic acid)
from 2:1 to 10:1 by self-assembled thin-film hydration method. The
morphology and stability of the nano-spheres/ellipses/rods were
confirmed by transmission electron microscopy (TEM) and dynamic
light scattering, respectively. The pathogen-like non-spherical trojan
horse LNPs were internalized by macropinocytosis and clathrin-
mediated endocytosis. The nanorods were internalized using CD14

while, the nanoellipses were internalized through TLR-4 receptors,
respectively. The trojan-horse nanorods attenuated the NLRP3
inflammasomes due to the incorporation of PD. Moreover, it reduced
ASC speck, lysosomal rupture, restrained calcium influx, and mito-
chondrial ROS formation. Developing a sprayable polymeric scaffold
for delivering NA3-loaded nanorods elicited ease of administration, a
simplemanufacturing process, and synergistic inhibition ofNLRP3 and
AIM2 inflammasomes formation along with caspase-1 inhibition. The
enhanced efficacy of the NA3 nanorod polymeric scaffold could be
attributed to the combination effect of nanorods, NA3, andmucin. The
evaluation of sprayable NA3-loaded nanorods in IMQ-induced psor-
iasismicemodel depicted reduced psoriasis as confirmedbyqPCR and
immunohistopathology. Moreover, the reduced proliferation marker
(Ki-67), vascularization, and inflammatory infiltrates confirmed the
prodigious anti-psoriatic treatment potential of sprayable NA3-loaded
nanorods polymeric scaffold. To conclude, non-spherical trojan horse
nanorods incorporated within a sprayable polymeric scaffold were a
novel platform delivery system with anti-inflammatory and anti-
psoriatic properties. The sprayable NA3 nanorods-loaded polymeric
scaffold paved the way for efficacious and localized delivery against
psoriasis, eliminating drawbacks with existing therapies, including
systemic immunosuppression and poor skin penetration. This
approach could potentially revolutionize psoriasis therapy, eliciting
benefits including ease of administration, tolerability, and scale-up.
The novel prospects of the platform technology could be well
explored for other inflammatory dermatological disorders with
potential clinical translation.

Methods
Synthesis and characterization of nano-spheres/ellipses/rods
The self-assembled nano-spheres/ellipses/rods were obtained by thin
film hydration coupled with ultrasonication with some
modifications55. Briefly, pyridoxine-3,4-dipalmitate (PD) and DSPE-
PEG(2000)carboxylic acid (DSPE-PEG 2000) were dissolved in
dichloromethane andmixed in a round-bottomed flask at 2:1, 5:1, and
10:1 molar ratios for making nano-spheres, ellipses, and rods,
respectively. The dichloromethane was evaporated at 90 °C under a
vacuum on a Buchi® R-100 rotary flask evaporator to obtain a dried
thin film. The dried film containing 2mM PD was rehydrated using
Milli-Q water at 90 °C. The rehydrated film was sonicated for 10 s at
40% amplitude using the FischerScientific probe sonicator (Model
CL-18) and stirred at room temperature to obtain Nano-spheres/
ellipses/rods.

DiD (0.067mol% of total lipid concentration) dissolved in
dichloromethane was added to PD and DSPE-PEG 2000 to prepare
DiD-loaded Nano-spheres/ellipse/rods as per the aforementioned
procedure.

Particle size, PDI, and ζ-potential measurement
The Nano-spheres/ellipses/rods were diluted 100-folds using Milli-Q
and the particle size and PDI were measured using a disposable sizing
cuvette using a 637 nm laser at 173° backscattering angle on the Mal-
vern Zetasizer ZSP (Malvern Instruments Ltd., UK) at 25 °C.

Fig. 6 | In-vivo evaluation in Imiquimod (IMQ) induced Psoriasis Balb/C
mice model. a Study paradigm schematic representation. Created in BioRender.
Kulkarni, A. (2023) BioRender.com/h57d051. b Cumulative daily PASI score of back
scaling, erythema, and thickness (Data represented as mean ± SEM, n = 4 for all
other groups and 3 for negative control and analyzed by ANOVA and Tukey’s
multiple comparisons between NA3 nanorods and blank nanorods scaffold with **
indicates p =0.0075). c Daily body weight measurement of IMQ-induced psoriasis
mice in each group (Data represented asmean ± SD, n = 4 for all other groups and 3
for negative control). d, e Back thickness and spleen to body weight ratio of IMQ-
induced mice from each group (Each data represented as mean ± SD; n = 4 for all
other groups and 3 for negative control group; data analyzed by two-way ANOVA

and Tukey’s multiple comparisons). f RNA expression of different cellular compo-
nents involved in NLRP3 and AIM-2 inflammasome activation extracted from the
back skin of Balb/cmice in each group. (Eachdata represented for n = 4 for all other
groups and 3 for negative control with 3 technical replicate per animal, data ana-
lyzed byBrownForsythe andWelcheone-way ANOVATest).gWestern blot analysis
of IL-17A expressed in the mice back skin from each group (Each data represented
as mean± SD; n = 4, samples of 2 animals/sample were pooled and two different
samples were run for western blot analysis, data analyzed by one-way ANOVA and
Tukey’s multiple comparison test). The uncropped gels are available in the sup-
plementary and source data file.
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Fig. 7 | Microscopic evaluation of in-vivo skin samples from Imiquimod (IMQ)
induced Psoriasis Balb/C mice model. a Light microscopic images of H&E, Ki67
(DAB), and CD31 antibody (DAB) stained preserved back skin transverse sections
from euthanized mice on day 6 (Images represent Munro microabscess (black
arrow), hyperplasia/hypogranulosis (blue arrow), Capillary proliferation (green
arrow), Rete Ridges (orange arrow), Inflammatory infiltration (red arrow)). TheH&E
and DAB Ki 67 were analzyed at 20X (Scale bar: 100 µm) and the represented DAB
CD31 were observed at 40X (scale bar: 300pixels).b The integrated density of Ki67
DAB stain indicating cell proliferation measured from IHC sections imaged at 20X
(n = 4 for all the groups and 3 for negative control group with 2 technical replicate

forpositive andnegative control group and 3 technical replicates for blank andNA3
nanorods scaffold; data represented as mean± SD; and analyzed by ordinary one-
way ANOVA). c Mean grey value of CD31 marker indicating vascular hyperproli-
feration measured for IHC microscopic images at 20X and 40X (Data represented
asmean± S.D; n = 4 with 2 technical replicate per sample and analyzed by ordinary
one-way ANOVA Tukey’s multiple comparison) (d) The inflammatory cell infiltrate
count indicating cell proliferation for H&E images at 40X (n = 4 with 2 technical
replicate) (Data represented asmean± SD; and analyzedbyBrown ForsytheWelche
Dunnet’s T3 multiple comparison).
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The ζ-potential of Nano-spheres/ellipses/rods was measured
using disposable folded capillary cells (DST1070) on the Malvern
Zetasizer ZSP (Malvern Instruments Ltd., UK) at 25 °C.

Stability studies of nano-spheres/ellipse/rods
The prepared Nano-spheres/ellipses/rods were stored at 4 °C for
7 days. The stability of the nanoparticles was determined bymeasuring
particle size, PDI, and zeta potential as mentioned above.

Transmission electron microscopy
All spreads are done on freshly prepared carbon-stabilized Formvar
support films on 200 mesh copper grids. The Nano-spheres, ellipses,
and rodswere absorbed into a carbon-coated Formvar supportfilm for
30 s. Excess liquid was removed with filter paper and the sample was
immediately negatively stainedby running 6drops of 1% uranyl acetate
over the grid to contrast the spread samples. The excess stain was
removed, and the sample was air-dried in a controlled humidity
chamber (60% humidity). The samples were then examined using a
ThermoFisher/FEI Tecnai 12 G2 transmission electron microscope and
images were recorded using a Gatan Rio9, CMOS CCD camera system.

Cell culture studies
iBMDMs with self-expressing ASC-CFP were thawed, diluted with
DMEM cell culturemedia supplementedwith 10% FBS and 1% Penicillin
streptomycin (complete DMEM), and centrifuged using Thermo-
Scientific centrifuge (Legend X1R, Waltham, USA) (355 g, 4 °C) for
5min to obtain iBMDM pellet. The supernatant was discarded and the
iBMDMs were split at a 1:6 ratio and cultured in a T25 flask by resus-
pending in complete DMEM in a CO2 incubator (37 °C, 5% CO2). The
confluent iBMDMs were then passaged in a T-75 flask to obtain a cell
count of 20 million cells/mL.

Cytotoxicity studies by MTT assay
The cytotoxicity of the Nano-spheres/ellipses/rods was confirmed by
MTT assay120,121. Briefly, iBMDMs (160,000 cells/well) were seeded in a
96-well plate overnight in a CO2 incubator (37 °C, 5% CO2). The Nano-
spheres, ellipses, and rods were diluted with complete DMEM to yield
500 µM and 1000 µM total lipid concentration. The cells were treated
with 100 µL Nano-spheres, ellipses, and rods (500 µM and 1000 µM),
respectively for 24 h in an incubator (37 °C, 5% CO2). The supernatant
was then removed and the cells were incubated with 100 µL MTT
reagent (500 µg/mL in PBS) for 4 h in a CO2 incubator. The MTT
reagent was removed and the formazan crystals were dissolved in
100 µL of cell culture grade DMSO for 1 h at room temperature. The
absorbance was measured using Synergy HI BioTek microplate reader
(Vermont, USA) at 570 nm to obtain the % cell viability using Eq. (1)

% cell viability=
Absorbance of cells treated with nanoparticles � Absorbance of blank

Absorbance of untreated cell � Absorbance of blank
× 100

ð1Þ

Cellular uptake and internalization pathway by flow cytometry
The iBMDMs were counted using Trypan blue to obtain one million
cells per well in a 12-well plate. The cells were pelleted by cen-
trifugation and stained using 2 µMCSFE in 1X PBS for 20min at 37 °C.
Thereafter, the cells were separated by centrifugation and resus-
pended in complete DMEM. The CSFE-stained iBMDMs were seeded
at 1 × 106 cells/ well in a 12-well plate overnight. The cells were treated
with EIPA (100 µM), CPM (10 µg/mL), Dynasore (50 µg/mL), Cyto-
chalasin D (2.5 µg/mL), and Nocodazole (5 µM) except in the control
groups for 1 h. The supernatant was removed and the cells were
washed with 1X PBS. Thereafter, DiD-loaded nano-spheres, ellipse,
and rods, respectively (200 µM total lipid concentration) were added
to the iBMDMs for 2 h. The supernatant was removed and the cells
were washed with 1X PBS. The cells were then scraped, and

centrifuged using ThermoScientific Legend Micro21R centrifuge
(355 g, 4 °C, 5min), and pellets were resuspended in 100 µL FACS
staining buffer. The cellular uptake was quantified using an ACEA
novocyte flow cytometer. The double-positive cells were gated using
Novoexpress 1.2.5 software and the fluorescent intensity of APC in
the double-positive quadrant was plotted in GraphPad Prism (ver-
sion 9.3.1).

Cellular internalization by CD14 and TLR-4 determined by flow
cytometry
The iBMDMswere seeded in 12well plate (1 × 106 cells/well). The cells in
each well were treated with FITC anti-CD14 antibody (Biolegend, Cat
no.: 123307, clone name: Sa14-2, lot no.: B410733; dilution: 1:100) for
30min to block the CD14 receptors while, the cells without treatment
of FITC anti-CD14 antibody (1:100 dilution) served as control. The cells
were washed and then treated with DiD loaded nano-spheres/ellipses/
rods (200 µMtotal lipid concentration) for 4 h. A groupof cells without
treatment of lipid nanoparticles but stained for anti-CD14 antibody
served as control. The supernatant was removed and the cells were
washed with 1X PBS. The cells were then scraped, and centrifuged
using ThermoScientific Legend Micro21R centrifuge (355 g, 4 °C,
5min), and pellets were resuspended in 100 µL FACS staining buffer.
The gating was done using Novoexpress 1.2.5 software and the fluor-
escent intensity of APC-positive cells was plotted in GraphPad Prism
(version 9.3.1).

The involvement of TLR-4 in the internalization of Trojan-horse
LNP and the iBMDMs were treated with 1000 µM of nano-spheres/
ellipses/rods respectively. Thereafter, the supernatant was removed
and the cells were scraped and separated by centrifugation (355 g,
5min). The RNA was extracted using Trizol reagent based on the
manufacturer’s protocol and the purity was assessed using Nano-
drop. The total TLR-4 RNA was reverse transcribed using the high-
capacity cDNA reverse transcriptase kit according to the manu-
facturer’s protocol. The qPCR was performed using Taqman Fast
Advanced MasterMix and Taqman gene expression assay as per
manufacturer protocol. The gene expression was normalized by β-
actin mRNA.

IL-1β levels by ELISA
iBMDMs (1.6 × 105 cells/ well) were seeded in a 96-well plate overnight.
The cells were treated with 100 µL nano-spheres, ellipses, and rods,
respectively (500 µM and 1000 µM total lipid concentration) for 24 h.
Thereafter, the supernatant was removed and the cells were primed
with 200 µL lipopolysaccharide (100 ng/mL) for 4 h. Later, the super-
natant was removed and the cells were treated with 100 µL Nigericin
(10 µM) for 2 h. The supernatantwas removed and added to the 96-well
plate which was previously coated with capture antibody and blocked
with ELISA spot buffer. The IL-1β released by individual groups was
determinedby performing the ELISA as per the InvitrogenCorporation
manufacturer’s instruction.

ASC speck and lysosomal rupture by confocal fluorescent
microscopy
iBMDMs expressing CFP-ASC were seeded in an 8-well chamber slide
(0.8 × 106 cells/well) overnight. For ASC speck determination, the cells
were treated with 100 µL of nano-spheres, ellipses, and rods for 12 h.
Thereafter, the cells werewashedwith 1X PBS and treatedwith 200 µL/
well LPS followed by 100 µL/well Nigericin (10 µM) for 4 h and 1 h,
respectively. The cells were incubated at 37 °C for 15min with com-
plete DMEM media containing NucBlue (2 drops/ mL) and Propidium
Iodide (2 µg/mL) and imaged at 20X magnification using CREST v2
TIRF Spinning Disc Confocal Microscope. The data were quantified
using Nikon NIS element AR software.

For the lysosomal rupture assay, the cells were treated with
200 µM DiD-loaded nano-spheres, ellipse, and rods for 2 h before
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200 µL LPS (100ng/mL) and 10 µMNigericin treatment for 4 h and 1 h,
respectively. Thereafter, the cells were treated with NucBlue (2 drops
per mL) and LysoTracker Red DND-99 (0.1 µM) at 37 °C for 30min.
Later, the cells were washed and treated with media containing Nuc-
Blue for imaging and quantification.

Calcium influx and mitochondrial ROS levels by flow cytometry
The iBMDMs (1 × 106 cells/well) were seeded in a 12-well plate over-
night. The cells were treated with 1mM of nano-spheres, ellipses, and
rods for 4 h. Thereafter, the cells were washed with 1X PBS and treated
stained with Fluo-4 AM or MitoSox Red in complete CPBS (with Cal-
cium chloride and Magnesium chloride) and HBSS, respectively for
20min at 37 °C for 30min. Later the cells were washed and scraped in
1X PBS/HBSS. The cells were separated by centrifugation, resuspended
in 100 µL FACS buffer and processed by ACEA novocyte flow cyt-
ometer. The FITC and PE-positive cells were quantified to determine
the calcium influx and mitochondrial ROS production, respectively.
The FITC or PE fluorescent intensity was plotted in GraphPad Prism
(version 10).

Synthesis of NA3 nanorods and NA3 nanorods polymeric
scaffold
NA3, PD, and DSPE-PEG 2000 COOH in the molar ratio of 20:10:1 were
dissolved in DCM (1mL). The DCM solution was added to a round
bottom flask (RBF) to form a thin film on the rotary flask evaporator
(90 °C, 10min). The thin film was rehydrated using Milli-Q (1mL,
90 °C). The rehydrated solution was subjected to bath sonication (7 s,
60 °C) and probe sonication (7 s, 90 °C, 40% amplitude, 7 s on and off
cycle). The formulation was kept under stirring until it reached room
temperature. The free NA3 was separated by centrifugation (14,084 g
for 5min) and the NA3-loaded nanorod in the supernatant was col-
lected and analyzed by RP-HPLC to analyze % drug loading and %
entrapment efficiency.

The NA3 nanorods polymeric scaffold was synthesized using
Poloxamer 407 (10%w/v) andmucin (2.5mg/mL) which were added to
NA3 nanorods (1mL) and stirred to obtain a clear solution. Only
Poloxamer 407 (10%w/v) was added to blank nanorods to obtain blank
nanorods polymeric scaffold. The scaffold was further analyzed to
obtain the NA3 content using the RP-HPLC method.

Characterization of NA3/Blank nanorods loaded polymeric
scaffold
The NA3/blank nanorods and their polymeric scaffold were diluted
100-folds using Milli-Q and the particle size and PDI were measured
using a disposable sizing cuvette using a 637 nm laser at 173° back-
scattering angle on the Malvern Zetasizer ZSP (Malvern Instruments
Ltd., UK) at 25 °C. The ζ-potential of the NA3/blank nanorods and their
polymeric scaffold was measured using disposable folded capillary
cells (DST1070) on the Malvern Zetasizer ZSP (Malvern Instruments
Ltd., UK) at 25 °C. The Blank/NA3 nanorods and their polymeric scaf-
fold were stored at 4 °C for 7 days. The stability of the nanoparticles
was determined by measuring particle size, PDI, and zeta potential as
mentioned above.

The NA3 % entrapment efficiency, % drug loading in nanorods,
and the NA3 content in NA3 nanorod polymeric scaffold was ana-
lyzed by RP-HPLC method. The stationary phase consisted of a sun-
fire C18 column (4.6 × 150mm) and the mobile phase consisted of
0.1% TFA in acetonitrile and Milli-Q (A&B). The RP-HPLC method
involved gradient elution with %A and %B of 5% and 95% at the initial
time point. The gradient was switched to 95:5(%A:%B) in 1min and
continued until 7min, The gradient was reversed to 5:95 (%A:%B)
from 7–12min. The mobile phase was pumped at a 1ml/min flow rate
using a quaternary gradient pump in the Waters® HPLC system with
the manual injector.

In vitro characterization of NA3/blank nanorods and NA3/blank
nanorods loaded polymeric scaffold
iBMDMs (1.6 × 105 cells/ well) were seeded in a 96-well plate overnight.
The cells were treated with 100 µL NA3 nanorods/blank nanorods, free
NA3, NA3/blank nanorods loaded polymeric scaffold (equivalent to
200 µM, 100 µM, 50 µMNA3) for 24h. Thereafter, the supernatant was
removed and the cells were primed with 200 µL lipopolysaccharide
(100ng/mL) for 4 h. Later, the supernatant was removed and the cells
were treated with 100 µL Nigericin (10 µM) and/or 100 µL Nigericin
(10 µM) and Poly (dA:dT) (2.5 µg/mL) for 2 h. The supernatant was
removed and added to the 96-well plate which was previously coated
with capture antibody and blocked with ELISA spot buffer. The IL-1β
releasedby individual groupswasdeterminedbyperforming the ELISA
as per the Invitrogen Corporation manufacturer’s instruction.

iBMDMs expressing CFP-ASC were seeded in an 8-well chamber
slide (0.8*106 cells/well) overnight. For ASC speck determination, the
cells were treated with 100 µL of NA3 nanorods/blank nanorods, free
NA3, and NA3/blank nanorods loaded polymeric scaffold (equivalent
to 200 µM NA3) for 12 h. Thereafter, the cells were washed with 1X
PBS and treated with 200 µL/well LPS followed by 100 µL/well
Nigericin (10 µM) for 4 h and 1 h, respectively. The cells were incu-
bated at 37 °C for 15min with complete DMEM media containing
NucBlue (2 drops/ mL) and Propidium Iodide (2 µg/mL) and imaged
at 20X magnification using CREST v2 TIRF Spinning Disc Confocal
Microscope. The data were quantified using Nikon NIS element AR
software.

In-vitro drug release studies
NA3 nanorods loaded polymeric scaffold were suspended in Milli-Q or
iBMDM cell lysate (pH 5-6) and filled in a dialysis bag (1000Da mole-
cular weight cut off). The dialysis bags were suspended in PBS (pH
7.4;10mL) and kept under stirring (350 rpm, 37 °C) to mimic sink
condition. An aliquot (0.5mL) was withdrawn at pre-determined time
points and replenishedwith equivalent fresh PBS. The cumulative drug
release was analyzed by the RP-HPLC method.

Western blot analysis
iBMDMs (3.2 × 106 cells) were seeded in petri-plate (60mm dia-
meter). The cells were treated with NA3 nanorods loaded polymeric
scaffold (equivalent to 200 µM NA3; 2mL) and blank nanorods
polymeric scaffold (equivalent to NA3 nanorods; 2mL) for 24 h. The
supernatant was removed and the cells were treated with LPS
(100 ng/mL; 2mL) for 4 h followed by Nigericin (10 µM, 2mL) for 1 h.
The supernatant was removed and cells were washed with 2mL 1X
PBS and lysed using 1X HALT protease and phosphatase inhibitor in
RIPA lysis buffer. Samples were kept on ice and vortexed every 5min
for 30min. Samples were then sonicated in a water bath for 10 s for
90 s and centrifuged at 14,084 g for 15min. The supernatant was
removed and put into a new tube to be frozen at −80 °C. For western
blot analysis of animal samples, tissues were homogenized in 2mL 1X
HALT protease and phosphatase inhibitor in RIPA lysis buffer. After
homogenization samples were prepared as previously described for
in vitro samples.

The protein content in each group was determined by BCA assay
and samples containing equal amounts of protein lysates were elec-
trophoresedon a 10%polyacrylamide gel. The gel was transferredonto
the PVDF membrane followed by blocking for 2 h in TBST (5% skim
milk). Themembranes were incubated in 1% BSA in TBSTwith caspase-
1 (1:1000 dilution) antibody (Rabit IgG by Cell signaling technology®,
catalogue no.:24232S, clone no.:N/A, lot no.:4), β-actin (Source: Rabit
IgG by Cell signaling technology®, Catalogue no.: 4970S, clone no.: N/
A, lot no.: 19, Dilution: 1:1000) and IL-17A antibody (Rabit IgG by Cell
signaling technology®, catalogue no.:13838S, clone no.: N/A, lot no.:4,
Dilution: 1:1000) (for tissue samples) overnight at 4°C. Themembranes
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were then washed with TBST and incubated with horseradish
peroxidase-conjugated secondary antibody (1:2000 dilution) (Source:
Mouse IgG by Santa Cruz Animal Health, catalogue no.: 516102, Clone
no.:N/A, lot no.: E2318) for 1 h at room temperature. Detection was
done using Biorad Clarity ECL and the images were processed by
Image J. The uncropped and unprocessed images of the blot are
represented in Supplementary Fig. 6f.

Rheological behavior of NA3 nanorods loaded polymeric scaf-
fold by parallel plate rheology
The storage and loss moduli (G’ and G” respectively) of poloxamer
solutions and nanoparticle formulations were determined on a
Netzsch Kinexus parallel plate rheometer and used to find the gel
transition temperature. Measurements were run on a 20mm flat plate
with a 1mm plate gap and a solvent trap to prevent water evaporation
at elevated temperatures from affecting the data. A temperature table
from 25 to 50 °C was constructed by running a frequency sweep from
0.1–10Hz at 1% strain followed by an amplitude sweep from 0.1 to 10%
strain at 1 Hz, incrementing the temperature by 1 °C after each pair of
sweeps. The gel point was defined using the Winter-Chambon criter-
ion, for which the gel point is defined as the point at which tanδ
becomes frequency independent at small frequencies. Rheological
experiments were analyzed using IRIS Rheo-Hub.

In-vivo studies in Psoriatic Balb/c mice
Female Balb/c mice were housed at ambient temperature with 70%
relative humidity in the institute animal house and provided with 12 h
light and dark cycle. The Balb/c mice (total: 15; 4–6 weeks old) were
divided into four groups (n = 4 each) and their back was shaved two
days before the study. The differences in the sexwas not considered in
this study since the aim of the in-vivo study was to establish proof of
concept of the developed sprayable polymeric scaffold loaded with
NA3 nanorods. Moreover, the difference in the skin thickness would
not be a major concern since we aim to develop a topical therapy
devoid of systemic effect. The mice in group 1 were untreated (nega-
tive control, n = 3). Imiquimod topical cream (5% w/w; 62.5mg per
mouse) was applied on the back of every mouse in the rest of the
groups for 5 consecutive days. Two groups were treated with blank
nanorods (suspended in Poloxamer 407 (10% w/v) topical spray and
NA3 loaded nanorods (suspended in Poloxamer 407 (10% w/v)) and
mucin (2.5mg/mL) topical spray), respectively for 5 days post Imiqui-
mod treatment. The efficacywas evaluated using the psoriatic area and
severity index scoring for 5 days. The body weight, back thickness,
scaling, and erythema were evaluated every day for 6 days. The mice
were sacrificed on day 6 and the skin was minced and analyzed for
cellular inflammatory and proliferation markers including NLRP3,
AIM2, IL-1β, CXCL2, Caspase-1, TLR7, TLR8, and Gasdermin-D. The
remaining skin was processed for immunohistochemistry of Ki-67
proliferation marker, CD31 vascular proliferation marker as per man-
ufacturers protocol, and hematoxylin and Eosin staining (H&E)28. The
study protocol was approved byUniversity ofMassachusetts, Amherst
IACUC committee (protocol no.: 4895).

qPCR analysis of skin samples
RNA extraction. Skin tissue (50–100mg) was minced and homo-
genized for 1min in Trizol (1mL), vortexed, and incubated at 37 °C for
20min. Chloroform (200 µL) was added, vortexed, and sample was
incubated at 37 °C for 2-3min. All sampleswere centrifuged at 12,000 g
for 15min. The clear solution was separated and isopropanol (500 µL)
was added as well as 0.5 µL RNA grade glycogen, vortex, and store at
4 °C for 10min. The sample was centrifuged at 12,000 g for 10min and
pellet was collected. One mL ethanol (75% v/v) was added to each
sample, vortexed, and centrifuged at 7500 g for 5min, discarding the
supernatant. Allow the Eppendorf to air dry for 5 to 10min. Add 20 µL
RNA-free water and place sample in 55–60 °C water bath for 10 to

15min. RNA concentration and purity weremeasured usingNanodrop.
Total RNA was reverse transcribed using the High-Capacity cDNA
Reverse Transcriptase Kit (Applied Biosystems) according to the
manufacturer’s protocol122.

qPCR. qPCR was performed with TaqMan Fast Advanced Master Mix
and TaqMan Gene Expression Assay (FAM) following the manu-
facturer’s protocols. Relative transcription was normalized for that of
β-actin mRNA. Information about the qPCR primers is provided in
Supplementary Supplementary Table 1.

Histopathological evaluation of psoriatic skin specimens
The psoriatic skin sections were flash-frozen in OCT. Thin sections
(5 µM) of the tissue were obtained and stained with hematoxylin-eosin
stain, DAB Ki-67 antibody (Abcam ab16667, Dilution 1:100, AR: pH6
10min, cloneno.SP6, catalogue no. ab16667, lot no. GR3255131-11), and
DAB CD31 antibody (Source: Abcam, dilution: 1:2000, clone no.:
EPR17259, catalogue no: ab182981, lot no.: GR3341007-16). The stained
sections were then mounted and imaged on a Keyence BZ-X810 light
microscope. The images were analyzed by Image J.

Statistical analysis
The in-vitro an in-vivo statistical analysis has been done using both
technical and biological replicates. Specific statistical tests applied for
the analysis are mentioned in the figure caption.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
The authors declare that all data supporting the findings of this study
are available within the paper and its Supplementary Information. The
additional data as requested will be provided by the corresponding
author. Source Data is available for Figs. 2(a, c–f), 3(c, f–i), 4(b–g),
5(a–i), 6(b–g), 7(b–d), andSupplementary Figs. 1(b, c), 4(c–e), 6(a–d) in
associated source data file. Source data are provided with this paper.
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