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Plant-derived lipid nanoparticles (PDNPs) are nano-sized par
ticles isolated from various edible plants that contain bioactive 
components involved in regulating biological responses. Here, 
we isolated maca-derived lipid nanoparticles (MDNPs) from 
Lepidium meyenii Walp (maca), evaluated their therapeutic ef
fects using two representative lethal models of sepsis, and 
determined their multimodal anti-inflammatory mechanism 
that relied on broad sequestration and neutralization of mul
tiple pro-inflammatory cytokines and acute phase proteins 
(APPs) through formation of a protein corona. Lipidomics 
of MDNPs revealed triacylglycerols and phytoceramides as 
major constituents. In vitro studies showed that MDNPs 
were non-toxic, reduced macrophage activation, and seques
tered lipopolysaccharide (LPS)-induced pro-inflammatory cy
tokines, while mitigating nuclear factor kappa B (NF-κB) ac
tivity. In a pre-established LPS-induced endotoxemia model, 
MDNP treatment significantly reduced systemic pro-inflam
matory cytokines, reduced organ damage, and increased sur
vival. Untargeted proteomics and bioinformatics analysis 
identified an enrichment in APPs present in MDNP protein 
coronas and corresponding inflammatory pathways modu
lated. The efficacy of MDNPs were further tested using a lethal 
polymicrobial sepsis model, where treatment significantly 
improved survival even in the absence of antibiotics. This 
study identifies MDNPs as an effective strategy capable of 
inducing potent anti-inflammatory responses, offering signif
icant therapeutic potential for diseases such as sepsis, while in
forming the future design of synthetic lipid nanoparticles.

INTRODUCTION

Edible plant-derived nanoparticles (PDNPs) are nanostructured and 
membrane-enveloped vesicles secreted by plant cells that serve as 
carriers of various endogenous bioactive substances. Although previ
ously perceived as cellular debris, PDNPs are recognized as crucial 
entities that regulate cell-cell communication and immune responses 
against pathogens.1 The evolving understanding of the biogenesis of 
PDNPs has been described in previous literature.2,3 Briefly, the pro

cess initiates with the formation of a trans-Golgi network or early en
dosome. Plant cells then generate the matured multivesicular endo
some that integrates and fuses with the plasmalemma, releasing 
PDNPs through the inward budding of multivesicular endosomes.4

There are several studies pointing to the potential therapeutic bene
fits of PDNPs, which in some cases demonstrate anti-inflammatory,5

antioxidant,6 and anti-cancer activity.7 This emerging class of natu
rally derived nanoparticles offers highly advantageous features for 
use as nanomedicines, exhibiting negligible toxicity or immunoge
nicity, efficient cellular uptake, and having capacity to deliver a vari
ety of therapeutic agents through re-engineering.8

Cytokine secretions and the acute phase response (APR) are early, 
systemic immune reactions that develop within minutes to hours 
as part of the body’s early defense mechanism to injury, infection, 
or immune challenge.9,10 The APR is triggered by the release of 
pro-inflammatory cytokines, such as interleukin-6 (IL-6), tumor ne
crosis factor alpha (TNF-α), interleukin-1 beta (IL-1β), and others, 
by macrophages, neutrophils, and various immune cells at the site 
of inflammation.11 This response triggers the production of acute 
phase proteins (APPs), which are typically undetectable under 
healthy conditions but increased 10- to 1,000-fold during inflamma
tion.12 These proteins play roles in modulating inflammation, 
enhancing pathogen clearance, and promoting tissue repair.13 The 
APR is generally recognized as beneficial for restoring homeostasis 
disturbed by such injuries; however, APPs have been described to 
elicit a range of functions to induce pro- or anti-inflammatory re
sponses. During severe inflammatory responses like sepsis, a dysre
gulated APR can potentiate the inflammatory response leading to 
coagulopathy, organ failure, and even death.9,14,15
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Several groups have developed strategies to mitigate the inflamma
tory response by sequestering pro-inflammatory cytokines.16 Multi
ple studies highlight that the use of membrane-coated nanoparticles 
that mimic biological cell membranes to trap and neutralize these in
flammatory cytokines.17 By acting as macrophage decoys, these 
nanoparticles can be developed to bind and neutralize endotoxins 
and pro-inflammatory cytokines.18 Similarly, neutrophil mem
brane-coated nanoparticles are produced using neutrophils isolated 
from mouse bone marrow after lipopolysaccharide (LPS) stimula
tion.19 The process involves membrane extraction, incubation, and 
extrusion or sonication with polymeric nanoparticle cores. These 
membrane-camouflaged nanoparticles reduce inflammation by 
binding and neutralizing endotoxins and cytokines such as IL-6 
and TNF-α.18,20 Despite these advancements, the complex synthesis 
and formulation required for these designs to sequester pro-inflam
matory mediators presents a significant challenge to clinical transla
tion. As a result, there is critical need to develop simpler anti-inflam
matory strategies that can sequester multiple inflammatory 
mediators to mitigate pro-inflammatory responses to augment sepsis 
survival.

Lepidium meyenii Walp, also referred to as maca, is a biennial root 
plant indigenous to the Peruvian Andes. Maca possesses high con
tents of fiber, amino acids, fatty acids, and other essential nutrients, 
while also containing various bioactive compounds that are 
involved in integral cellular activities within plants.21 Several 
studies have shown that maca alleviates fatigue,22 oxidative stress,23

tumor formation,24 and inflammation.25 However, studies have 
focused on the raw material or crude extract, which contains 
mixture of different active ingredients, to evaluate in disease 
models.26,27 Despite these known advantages, maca remains rela
tively underexplored.

This investigation demonstrates the isolation, characterization, and 
therapeutic development of a PDNPs isolated from maca root, 
termed maca-derived lipid nanoparticles (MDNPs), for the treat
ment of severe inflammation as exemplified using in vitro and 
in vivo models of LPS-induced endotoxemia and polymicrobial 
sepsis. MDNPs were isolated and characterized for physicochemical 
properties, as well as lipid composition using lipidomic analysis. 
The toxicity profile of MDNPs was then established prior to deter
mining their uptake profile and anti-inflammatory properties. 
In vitro, MDNPs efficiently sequestered multiple pro-inflammatory 
cytokines, which led to comprehensive in vivo assessment of their 
biodistribution and therapeutic activity. Therapeutic administra
tion of MDNPs to LPS-challenged mice led to significant reduc
tions in plasma pro-inflammatory cytokines, reductions in inflam
mation-induced organ damage, and improved survival. When 
nanoparticles are introduced into a biological fluid, they are rapidly 
covered by a layer of biomolecules known as the biomolecular 
corona (or protein corona).28,29 To identify the mechanism by 
which MDNPs elicited its anti-inflammatory effects, we performed 
untargeted proteomics analysis of the MDNP protein corona to un
cover the inflammatory mediators sequestered by MDNPs and cor

responding pathways and upstream regulators modulated. MDNPs 
were found to sequester and neutralize a variety of APPs, which 
promote the propagation of pro-inflammatory immune responses, 
in addition to pro-inflammatory cytokines. Lastly, the efficacy of 
MDNPs was assessed using a clinically relevant mouse model of 
polymicrobial sepsis and found to significantly increase survival. 
These results demonstrate the potential of MDNPs as an abundant, 
cost effective, naturally derived therapeutic agent for use as a multi
modal intervention for a variety of inflammatory diseases due 
to their ability to sequester a broad spectrum of inflammatory 
mediators.

RESULTS

Isolation and characterization of MDNPs

MDNPs were isolated from maca juice using differential ultracen
trifugation and density gradient sucrose gradient centrifugation 
(Figure 1).30 MDNPs accumulated at the interface of 20%/35% su
crose gradient, and the recovery was approximately 4 mg per 30 g 
of maca powder (Figures 1B and 1C). Transmission electron micro
scopy (TEM) revealed that MDNPs display a spherical morphology, 
and their core structure was consistent with that of solid lipid 
nanoparticles (Figure 1D). Size and zeta potential of MDNPs 
measured an average of 174.5 nm and − 9.6 mV, respectively 
(Figure 1E). We next assessed the stability of MDNPs at multiple 
temperatures in PBS. MDNPs could tolerate a freeze and thaw cycle 
and were stable at 4◦C for up to 6 days, the maximum length of 
time tested. All different temperature storage conditions kept 
MDNPs stable except for room temperature (RT), where after 
3 days the size was significantly increased (Figure 1F). The stability 
of MDNPs were also tested in cell culture medium and mouse 
plasma at RT and 37◦C. There were minimal changes in size and 
zeta potential (Figure S1). The sizes and zeta potential of 
MDNPs were also stable upon lyophilization (Figure S2). Differen
tial scanning calorimetry (DSC) analysis determined the summit of 
melting peak of MDNPs, which was measured as 74.3◦C 
(Figure 1G).

To determine the lipid composition of MDNPs, untargeted high 
throughput lipidomics was performed. A bar graph (Figure 1H) 
and a pie/vertical slice chart (Figure 1I) shows the total lipid abun
dance and ratio in percentage of each component in MDNPs. The 
lipidomics identified a total of eight individual lipids in four cate
gories including sphingolipids, galactolipids, neutral lipids, and 
phospholipids (Figure S3). The most prevalent species within the 
MDNPs were the triglyceride subclass with 51 identifications 
(77.45%), followed by phytoceramide (Cer [Phyto]) (14.77%), phyto
hexosylceramide (HexCer [Phyto]) (2.7%), free fatty acids (FFAs) 
(1.95%), digalactosyldiacylglycerol (DGDG) (0.72%), phosphatidyl
choline (PC) (0.96%), phosphatidylinositol (PI) (0.85%), and lyso
phosphatidylcholine (LPC) (0.13%) (Table S1).

The complete protein compositional analysis of MDNPs using ultra- 
high performance liquid chromatrography-tandem mass spectrom
etry (UPLC-MS/MS) revealed undetectable levels of proteins that 
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could be linked to plant databases from UniProt and the Plant Pro
teome Database. This aligns with our lipidomics results indicating 
that MDNPs are primarily composed of lipids, with minimal or no 

associated protein content. Overall, these data demonstrate the suc
cessful isolation, purification, and characterization of MDNPs from 
bulk maca extract.

Figure 1. Isolation and characterization of MDNPs 

(A) Schematic representation of the isolation process for maca-derived lipid nanoparticles (MDNPs). Created in BioRender. Sung, J. (2025) https://BioRender.com/h22o988. 

(B) Before and after images of MDNP isolation. (C) MDNP recovery from pure maca powder. (D) A representative TEM image of MDNPs. (E) Room temperature dynamic light 

scattering (DLS) measurement of size (174.5 nm), PDI (0.231), and zeta potential (− 9.6 mV) of freshly isolated MDNPs. (F) Storage stability test of MDNPs up to 6 days under 

various storage temperatures. (G) Heat flow curve of MDNPs measured by differential scanning calorimetry showing the summit of melting peak at 74.3◦C. (H) Bar graph 

showing the abundance of lipids identified after bulk lipid extraction and component analysis by liquid chromatography coupled to high resolution mass spectrometry (LC- 

MS/MS). (I) Pie graph illustrating the whole ratio of each component, and the vertical slice magnifies less abundant lipid groups. Data is representative of mean ± SD (n = 3).
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In vitro cytotoxicity, internalization, and therapeutic effect of 

MDNPs

To analyze potential toxicity, bone marrow-derived macrophages 
(BMDMs) were treated with MDNPs (1 mg/mL) for 8 h prior 
to flow cytometry analysis to measure viability and apoptosis 
(Figure 2A). MDNP treatment did not affect the cell viability or 
induce apoptosis. Furthermore, we observed a time-dependent 
cellular uptake of Cy5.5-labeled MDNPs using BMDMs 
(Figure 2B). The quantitative measurement of mean fluorescence in
tensity (MFI), a commonly used method in confocal microscopy 
analysis,31 can be found in Figure S4. These findings demonstrate 
that MDNPs are non-toxic and efficiently internalized by BMDMs.

BMDMs were treated with LPS followed by MDNPs to assess their abil
ity to mitigate immune activation. The observed decrease in CD80 
(reduced but not significant), CD86, and major histocompatibility com
plex (MHC) II expression following MDNP treatment suggests that 
MDNPs reduced macrophage activation, contributing to a decreased 
pro-inflammatory response (Figures 2C–2E). Modulation of macro
phage polarization is one of the strategies to modulate inflammation, 
support tissue regeneration, and reestablish disrupted homeostasis.32

We also measured a reduction in CD206 as a marker of anti-inflamma
tory M2-like macrophages, suggesting that MDNPs induced a shift in 
macrophage phenotype toward a more undifferentiated or M0-like 
state (Figure 2F). These results indicate that MDNPs can impact the 
activation status of macrophages, suggesting that they aid in shifting 
their profile toward a more balanced and neutral immune response.

To assess the anti-inflammatory effects of MDNPs, we investigated its 
prophylactic and therapeutic activity by treating MDNPs on LPS-chal
lenged BMDMs. In the prophylactic setting, MDNPs were treated for 
8 h prior to 4 h LPS exposure (Figure 2G). However, treatment did not 
significantly attenuate the release of pro-inflammatory cytokines (IL-6 
and TNF-α) (Figures 2H and 2I), suggesting that it was unlikely that 
MDNP treatment directly modulated pro-inflammatory signaling 
pathways in macrophages responsible for cytokine secretion. In the 
therapeutic setting, BMDMs were challenged with LPS for 4 h prior 
to the treatment of MDNPs for 8 h (Figure 2J). The result shows 
that pro-inflammatory cytokines including IL-6 and TNF-α induced 
by LPS were significantly reduced, whereas IL-1β and interferon 
(IFN)-γ were only slightly reduced (Figure S5). Furthermore, addi
tional testing was conducted on the crude extract after MDNP isolation 
to determine if it possesses any anti-inflammatory efficacy; however, 
no cytokine reduction was detected (Figure S6). These results sug
gested that MDNPs can reduce pro-inflammatory responses, and the 
anti-inflammatory component of maca is the purified MDNPs.

Sequestration of cytokines and mitigation of NF-κB activation

IL-6 and TNF-α are well known to be involved in pathogenesis of 
chronic inflammation, autoimmune diseases, and cancer.33,34 Utiliz
ing data from the in vitro anti-inflammatory assay, an investigation 
was conducted to confirm whether MDNPs possess the capability 
to sequester pro-inflammatory cytokines in the absence of cells. 
In a time-dependent experiment, BMDMs were treated with 
100 ng/mL LPS for 4 h, then the supernatant rich in inflammatory 
cytokines was incubated with 100 μg/mL MDNPs for up to 24 h 
(Figure 3A). ELISA analysis of these supernatants indicated a gradual 
decrease in IL-6 levels, with a maximum of 48% reduction after 8 h 
(Figure 3B). A similar trend was observed for TNF-α levels, with a 
28% reduction over the same time frame (Figure 3C). Optimization 
of MDNP concentration revealed concentration-dependent cytokine 
sequestration properties of MDNPs, and 100 μg/mL MDNPs ex
hibited the most significant sequestration of IL-6 and TNF-α, 
whereas poly(lactic-co-glycolic acid) (PLGA) nanoparticles (as con
trol) did not display any cytokine sequestration properties 
(Figure S7). We also confirmed the ability of MDNPs to sequester re
combinant IL-6 to exclude the possibility of other proteins contrib
uting to cytokine removal in vitro (Figures 3D and 3E). Lastly, to 
assess whether the cytokine-sequestering ability of MDNPs is 
dependent on its structural integrity, we solubilized MDNPs in a 
chloroform:methanol mixture and reassembled it using the thin- 
film rehydration method, with or without PEGylated lipid or 
cholesterol (Figure S8). The restructured MDNPs retained its cyto
kine-binding activity, suggesting that its core properties are essen
tial for function. However, the inclusion of PEGylated lipid abol
ished cytokine sequestration, while the addition of up to 20% 
cholesterol impaired this ability, although cytokine levels remained 
significantly lower than in the LPS control. These results indicate 
that MDNPs can effectively sequester pro-inflammatory cytokines 
to mitigate inflammation, and that structural modifications can 
diminish this function, underscoring the importance of the native 
MDNP composition.

The innate immune responses that are triggered by LPS are medi
ated by Toll-like receptor (TLR)-4 and subsequent activation of the 
transcription factors NF-κB and activator protein 1.35 Upon 
encountering various PAMPs and DAMPs, macrophages undergo 
rapid activation and secrete a diverse range of cytokines and che
mokines including IL-6 and TNF-α.36 In this experiment, RAW- 
Blue cells, an NF-κB macrophage reporter cell line that releases 
secreted embryonic alkaline phosphatase (SEAP) after activation, 
were used to gauge MDNP-mediated effects following LPS stimu
lation (Figure 3F). Following treatment with 100 μg/mL MDNPs 

Figure 2. In vitro cytotoxicity, cellular internalization, immunomodulation, and therapeutic effects against LPS-induced inflammation 

(A) PI/annexin V assay by flow cytometry using 1 mg/mL of MDNPs in BMDMs. Quantitative analysis of live, apoptotic, and dead cells after MDNP treatment. (B) Uptake of 

Cy5.5-labeled MDNPs by BMDMs after 4 and 8 h. Cells were stained with DAPI and FITC-phalloidin to visualize the nucleus and F-actin, respectively. (C–F) Immuno

modulatory activity of MDNPs in LPS stimulated BMDMs using flow cytometry of CD80, CD86, MHC II, and CD206 markers. (G) A timeline for prophylactic treatment of 

MDNPs. Created in BioRender. Sung, J. (2025) https://BioRender.com/x40h804. (H and I) ELISA cytokine measurements of (H) IL-6 and (I) TNF-α. (J) A timeline for ther

apeutic treatment. (K and L) ELISA cytokine measurements of (K) IL-6 and (L) TNF-α. Data are expressed as mean ± SD (n = 3). *p < 0.05 and **p < 0.01 versus LPS control 

group.
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for 1 h, a significant decrease in NF-κB activity was measured, con
firming that MDNPs possess the capacity to mitigate pro-inflam
matory cell signaling and reduce macrophage activation 
(Figure 3G). PLGA was used as a control, which was unable to 
reduce NF-κB activation.

In vivo biodistribution and anti-inflammatory effects of MDNPs

For the in vivo biodistribution study, MDNPs were labeled with 
Cy5.5 and administered intraperitoneally (i.p.) or intravenously 
(i.v.) into LPS-challenged mice (5 mg/kg LPS dose) twice at an 

MDNP dose of 2 mg/injection at 0.5 and 2 h (Figure 4A). At 4 h, 
mice were euthanized to image the biodistribution of Cy5. 
5-MDNPs in different organs including liver, spleen, heart, kidney, 
and lung with an in vivo imaging system (IVIS). Most of the 
Cy5.5-labeled MDNPs were delivered to the liver and kidney by 
both i.p. and i.v. injection, and very low amounts were detected in 
the spleen, heart, and lung (Figures 4B and 4C).

We also investigated how the route of administration (i.p. versus i.v.) 
affected the in vivo therapeutic effects in mice. Mice were challenged 

Figure 3. In vitro sequestration of pro-inflammatory cytokines from LPS-stimulated BMDMs 

(A) Schematic representation of LPS stimulation and pro-inflammatory cytokine reduction over time after MDNP treatment. Created in BioRender. Sung, J. (2025) https:// 

BioRender.com/n91r920. (B and C) ELISA cytokine measurements of (B) IL-6 and (C) TNF-α. (D) Schematic of IL-6 cytokine sequestration study. Created in BioRender. 

Sung, J. (2025) https://BioRender.com/n10c223. (E) Concentration-dependent sequestration of IL-6 protein by MDNPs. (F) Schematic of NF-κB activity assay using RAW- 

Blue 264.7 cells. Created in BioRender. Sung, J. (2025) https://BioRender.com/y73h708. (G) NF-κB activity after treatment with MDNPs in LPS stimulated cells. PLGA was 

used as a control. All data are expressed as means ± SD (n = 5). **p < 0.01, ***p < 0.001, and ****p < 0.0001 versus LPS or NT control group.
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with 5 mg/kg LPS i.p., followed by treatment with 2 mg MDNPs at 
0.5 h and 2 h post-LPS treatment. After 4 h, mice were euthanized 
to collect organs samples and plasma (Figure 4A). Plasma samples 

were processed using a MAGPIX Luminex multiplexing immuno
assay system. This system was employed to analyze the expression 
level of a 7-plex panel of cytokines which included IL-6, TNF-α, 

Figure 4. Route of administration-dependent biodistribution and anti-inflammatory effects of MDNPs 

(A) Timeline of MDNP treatments following LPS challenge. The schematic illustrates i.p. and i.v. injections performed on C57BL/6J mice (LPS only, LPS + i.p. injection, and 

LPS + i.v. injection, n = 3 per group). Created in BioRender. Sung, J. (2025) https://BioRender.com/n92o995. Created in BioRender. Sung, J. (2025) https://BioRender.com/ 

v94b216. (B) IVIS image of biodistribution of fluorescently labeled MDNPs in mouse organs (liver, kidney, spleen, lung, and heart). (C) Fluorescence intensity measurement of 

MDNPs biodistribution. (D–K) (D) Heatmap of cytokine expression including the following: (E) IL-6, (F) TNF-α, (G) MCP-1, (H) IL-10, (I) IL-1β, (J) IFN-β, and (K) GROα 
quantification from mice plasma samples. Data are expressed as mean ± SD (n = 3). *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001 versus PBS control group.
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MCP-1, IL-10, IL-1β, IFN-β, and growth regulated protein α 
(GROα). The heatmap demonstrates overall reduction of pro-in
flammatory cytokines for both routes (Figure 4D). The analysis re
vealed a significant reduction in IL-6 level following both adminis
tration routes (Figure 4E), and a notable reduction in TNF-α, 
MCP-1, and GROα for i.p.-administered MDNPs (Figures 4F–4K). 
Administration of MDNPs by i.v. route also reduced systemic cyto
kine levels; however it was slightly less effective. We further evalu
ated blood biochemistry of albumin, alanine transaminase, creatine, 
aspartate transferase, globulin, total protein (TP), and blood urea ni
trogen (BUN). Although minor reductions were observed for 
MDNP-treated mice, there was no significant alteration in levels of 
blood biochemistry parameters compared to LPS-treated controls 
(Figure S9). The non-significant reductions in blood biochemistry 
following MDNP-treatment could be due to the pre-established se
vere inflammatory response, which could not be completely reversed 
by the endpoint of the study.

Treatment of MDNPs accelerated organ recovery and improved 

survival

Histological analysis was used to evaluate the level of inflammation in 
tissues isolated from experiments conducted in Figure 4. H&E stain
ings of five different organs including the liver, kidney, spleen, lung, 
and heart are shown in Figure 5. LPS-treated liver showed severe im
mune cell infiltration, tubular necrosis was detected in the kidney, 
focal necrosis, and dysregulation in white pulp of spleen was observed, 
and extensive clots in the alveoli of lung appeared, but no significance 
of heart injury was measured. On the contrary, the i.v. and i.p. admin
istered MDNP groups displayed notable improvements in histology 
scores when compared to the LPS group (Figures 5B–5F). Based on 
the overall safety profile and reductions in pro-inflammatory cyto
kines, MDNPs were used to further evaluate survival in vivo. Mice 
were challenged with lethal dose of 20 mg/kg LPS in sterile PBS i.p. 
Then, mice were monitored after two doses of 2 mg MDNPs 
(Figure 5G). As a result, 60% of MDNP-treated mice survived, 
whereas 0% of the LPS-treated (control) mice survived (Figure 5H).

Proteomic profiling of MDNP protein corona

The ability of MDNPs to reduce systemic cytokines and promote LPS 
mouse survival prompted an exploration of the composition and 
types of proteins sequestered by the MDNPs. Adsorbed proteins 
were characterized by forming a protein corona on MDNPs 
ex vivo by incubating with either healthy or LPS-treated mouse 
plasma (MDNP-H or MDNP-LPS, respectively) (Figure 6A). Prote
omics analysis of these coronas identified 297 total proteins 
(Tables S2 and S3), with 270 common between the two conditions, 
1 distinctive for healthy, and 26 for LPS-treated (Figure 6B). 
Table 1 presents a list of uniquely adsorbed proteins from each 
group. Among these, CD14, LCN2 (lipocalin-2), APCS (serum am
yloid P component), fatty acid binding protein 4, neutrophilic 
granule protein (NGP), and HSP90AA (heat shock protein 90 alpha) 
are known to play roles in inflammation and categorized as APPs 
excluding NGP. The heatmap in Figure 6C shows the differential 
expression of total 297 detected proteins. Comparing MDNP-H to 

MDNP-LPS, highlighted significant changes in protein abundance, 
with 49 proteins being significantly upregulated and 100 proteins 
downregulated (Figure 6D). Haptoglobin (Hp), which is known for 
its pro-inflammatory properties,37 was found to be the most differen
tially abundant protein in the MDNP-LPS corona. The top 25 pro
teins identified in the MDNP-LPS group are shown in Figure S10. 
Among these, Hp, Seprina3n, and Saa1 are well known for their 
pro-inflammatory roles in regulating inflammatory process and pro
moting the release of inflammation cytokines. Their levels can in
crease dramatically during inflammation.38 Figure 6E lists the canon
ical pathways of MDNP-LPS coronas from ingenuity pathway 
analysis (IPA). APR signaling was most highly associated with 
MDNP-LPS corona. The network diagram in Figure 6F illustrates 
the complex but close interaction of APPs and these upstream pro- 
inflammatory regulators within the APR signaling pathway. The 
highlighted connections between APR shows its direct interaction 
with the APPs sequestered on MDNP-LPS coronas (Hp, Saa1, and 
SerpinA3N) and a subset of upstream regulators (IL-6, TNF, IL1B, 
angiotensinogen (AGT), and HNF1A). Importantly, IL-6, TNF, 
and IL1B play pivotal roles in either indirectly or directly activating 
these APPs. Figure 6G illustrates the result of ex vivo cytokine 
sequestration assays using MDNPs. It demonstrates that MDNPs re
tains the ability to bind and remove pro-inflammatory cytokines, 
such as IL-6 and TNF-α, from the LPS plasma. It is also important 
to point out that protein corona formed on the surface of MDNPs 
did not activate any pro-inflammatory responses when treated on 
BMDMs, supporting that the formation of the corona effectively 
neutralizes the pro-inflammatory responses of these various media
tors (Figure S11). Figure 6H summarizes the proposed mechanism of 
MDNPs by forming a multimodal protein corona composed of pro- 
inflammatory cytokines and APPs and neutralization. This inhibits 
the key inflammatory pathways, blocking the production of pro-in
flammatory upstream regulators, ultimately reducing pro-inflamma
tory cytokines, improving organ function, and increasing survival.

MDNP treatment improved survival in polymicrobial sepsis 

model

The survival benefit of MDNPs were also tested in a clinically rele
vant severe polymicrobial cecal ligation and puncture (CLP) sepsis 
model (Figure 7A). Mice underwent the CLP procedure and were 
treated with three doses of 2 mg MDNPs, followed by monitoring 
for 5 days. To confirm that MDNPs could sequester pro-inflamma
tory cytokines in CLP plasma, we first incubated MDNPs with 
plasma isolated at 3 h post-CLP and observed an almost complete 
reduction in IL-6 and TNF-α (Figure 7B). In the survival study, 
MDNP-treated mice showed significant improvement in survival 
(40%) compared to control group (0%) (Figure 7C). Taken together, 
the ability of MDNPs to increase the survival of septic mice in the 
absence of antibiotics highlights their translational potential for 
treating inflammatory diseases, including sepsis.

DISCUSSION

A tremendous amount of research has been implemented to enhance 
the clinical management of inflammatory diseases caused by 
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excessive stress,39 infections,40 autoimmune disorders,41 or second
ary diseases.42 Despite many clinical trials aimed at blocking specific 
inflammatory mediators, most have been unsuccessful due to the 
complexity and multifactorial nature of inflammatory diseases. 
This highlights the need for multimodal approaches that target mul
tiple inflammatory mediators simultaneously to improve treatment 
outcomes. The core pathophysiology of sepsis is known to involve 
the disruption of the finely tuned balance between inflammatory 
and anti-inflammatory immune responses.43 Recognition of path

ogen- or damage-associated molecular patterns (PAMPs/DAMPs) 
by innate immune cells functions as the trigger to initiate inflamma
tory cell signaling and subsequent cytokine release, leading to multi
organ damage, and death. Notably, studies have shown that 
increased plasma IL-6 and TNF-α levels in sepsis patients are corre
lated with mortality.44–46 Our MDNPs efficiently reduced systemic 
pro-inflammatory cytokines including IL-6, TNF-α, among others 
(Figures 4E, 6G, and 7B), while simultaneously neutralizing addi
tional pro-inflammatory mediators (Figure 6D). Strategies for 

Figure 5. Representative images of organ recovery and survival effect by treatment of MDNPs during LPS-induced sepsis 

(A) Hematoxylin and eosin (H&E) staining of the liver, kidney, spleen, lung, and heart. The LPS-treated group images shows presence of neutrophil infiltration (yellow arrow) in 

the liver, tubular necrosis (white arrow) in the tubules in kidney, focal necrosis and dysregulation in white pulp of spleen, appearance of extensive clots (red arrow) in the alveoli 

in lungs, while no noticeable damage in heart. On the contrary, mice organs administered with i.p. and i.v. displayed notably reduced organ damage similar to the level of the 

non-treated control group. (B–F) Quantification of H&E staining. Levels of injury scores were calculated. Data are expressed as mean ± SD (n = 3). *p < 0.05 and **p < 0.01 

versus LPS control group. (G) Schematic of survival study of LPS-treated and LPS + MDNP-treated C57BL/6J mice (n = 10/group). Created in BioRender. Sung, J. (2025) 

https://BioRender.com/l63d302. (H) The survival analysis graph displays a significant difference between LPS-only and the MDNP-treatment group. Mice were challenged 

with 20 mg/kg LPS i.p. followed by two injections of MDNPs. Kaplan-Meier curves and a log rank test was performed to compare the survival rates. ***p < 0.001.

www.moleculartherapy.org 

Molecular Therapy: Methods & Clinical Development Vol. 33 June 2025 9 

https://biorender.com/l63d302


(legend on next page)

Molecular Therapy: Methods & Clinical Development

10 Molecular Therapy: Methods & Clinical Development Vol. 33 June 2025 



reducing pro-inflammatory mediators include conventional adsorp
tion resins like CytoSorb, or more sophisticated membrane-coated 
nanoparticles,18 telodendrimer nanotraps,47 or abiotic histone- 
capturing hydrogel nanoparticles.48 Although these approaches 
have shown success in certain cases, the complex structural compo
sition and manufacturing processes may hinder rapid development. 
In contrast, we developed MDNPs, isolated from maca root, as a 
novel approach to mitigate broad pro-inflammatory responses 
from abundant and readily available plant material, facilitating 
convenient access and long-term storage potential (Figure 1). We 
further demonstrated their ability to reduce organ damage and 
improve survival as reflected in two representative and lethal sepsis 
models (Figures 5A, 5H, and 7C) through the formation of a multi
modal protein corona (Figure 6).

Sepsis endotypes include hyperinflammatory (early) and immuno
suppressive (late) states.49 A clinical study indicated that early-iden
tified sepsis is associated clinically with higher mortality than late- 
identified sepsis.50 Thus, achieving control over the cytokine storm 
holds great potential to improve patient survival. Modes of cytokine 
sequestration have generally relied on charge-based interactions, 
where most pro-inflammatory cytokines are negatively charged, 
and anti-inflammatory cytokines are positively charged at neutral 
pH.51 Interestingly, the zeta potential of MDNPs were − 9.6 mV 
(Figure 1E), yet cytokines like IL-6 (pI 6.96) and TNF-α (pI 5.01) 
were strongly sequestered, but IL-1β (pI 4.96) and IFN-γ (pI 8.25) 
were not (Figures 2K, 2L, and S6). These differences suggest the pos
sibility of a combination of forces driving the binding of cytokines 
to the surface of MDNPs. Our lipidomics analysis of MDNPs 
(Figures 1H and 1I) showed the presence of multiple charged or 
ionizable lipid species like Cer (Phyto), HexCer (Phyto), FFA, 
LPC, and PC (Figure S2). Therefore, it is possible that a combination 
of local charge and hydrophobic interactions are contributing to the 
apparently selective sequestering of specific pro-inflammatory cyto
kines. Although we have not fully elaborated how MDNPs facilitate a 
selective binding interaction for certain cytokines, which is a limita
tion of our study, our results provide the basis for future studies to 
investigate the role of specific lipid components and their ability to 
alter binding interactions. Also, while our study demonstrates prom
ising safety and therapeutic effects with the 2 mg/dose administra
tion, future studies that investigate the impact of MDNP dose level 
and frequency will yield valuable information regarding the potential 
therapeutic enhancements or long-term safety implications, which 

could be particularly relevant for chronic conditions requiring sus
tained therapeutic intervention.

Upon exposure to biological fluids, nanoparticles dynamically 
adsorb biomolecules onto their surface, forming a protein corona 
that dictates how nanoparticles interact with host cells. These inter
actions can alter both drug delivery efficiency52 and biological func
tion.53 The analysis of MDNP protein coronas revealed significant 
differences between MDNP-H and MDNP-LPS groups, highlighting 
that unique protein fingerprints are associated with MDNPs under 
inflammatory conditions. This is consistent with the concept of the 
“personalized protein corona,” which demonstrates that unique pro
tein fingerprints are formed on the surface of nanoparticles as a func
tion of disease state.28,54 The ability of MDNPs to bind cytokines in 
LPS- or CLP-treated mouse plasma confirmed its ability to directly 
modulate inflammatory responses in ongoing disease settings 
(Figures 6G and 7B). An unexpected finding from our proteomics 
analysis was the identification of multiple pro-inflammatory APPs 
being upregulated in the coronas of MDNP-LPS like Hp, 
SerpinA3N, and Saa1 (Figure 6D). Hp activates immune cells, pro
motes secretion of pro-inflammatory cytokines, and interacts with 
complement system, potentially intensifying inflammatory re
sponses.55 SerpinA3N is involved in regulating inflammatory re
sponses by controlling protease activity to prevent excessive tissue 
damage, but it is upregulated under inflammatory conditions.56

Saa1 plays direct role in recruiting immune cells and modulating 
pro-inflammatory cytokines.57 Supporting that MDNPs neutralized 
the pro-inflammatory functions of corona constituents, MDNP-LPS 
was cultured with BMDMs, and no significant immune activation 
was measured when evaluating IL-6 or TNF-α secretions 
(Figure S11). These results highlighted that MDNPs formed multi
modal protein corona under inflammatory conditions that could 
mitigate aberrant immune activation caused by individual compo
nents, representing a novel approach to the treatment of inflamma
tory diseases.

Here, we demonstrated that MDNPs sequestered and neutralized 
multiple pro-inflammatory cytokines and APPs in their protein 
corona to reveal a highly effective anti-inflammatory PDNP-based 
therapeutic strategy for managing severe inflammatory responses. 
Our data indicate that MDNPs exhibit negligible toxicity, are effi
ciently internalized by macrophages, display immunomodulatory 
activities, and demonstrate significant therapeutic efficacy. 

Figure 6. Mapping and identification of protein corona adsorbed onto the surface of MDNPs 

(A) Schematic showing the process of evaluating the MDNP protein corona. Created in BioRender. Sung, J. (2025) https://BioRender.com/j58w712. (B) Venn diagram 

illustrating a total of 296 protein corona including unique (1 in healthy and 26 in LPS) and 270 shared proteins in the corona. (C) Heatmap shows abundance of 49 upregulated 

and 100 downregulated proteins in the LPS compared to healthy MDNP corona groups. (D) Volcano plot of significantly upregulated and downregulated protein corona. Hp, 

Serpina3n, and Saa1 (red dots) are categorized as pro-inflammatory and acute phase response signaling proteins. (E) Top 10 canonical pathways associated with the 

significantly enriched corona proteins were identified, with acute phase response signaling being the most prominent pathway. (F) A network representation of acute phase 

response signaling proteins and major upstream regulators. (G) Ex vivo sequestration of pro-inflammatory cytokines by incubating LPS plasma with MDNPs. Both IL-6 and 

TNF-α was significantly reduced following 8 h incubation with MDNPs. ****p < 0.0001 versus LPS control group. Created in BioRender. Sung, J. (2025) https://BioRender. 

com/f87s608. (H) A graphical depiction illustrating the proposed mechanism of how the MDNPs sequester and deactivates pro-inflammatory cytokines and acute phase 

proteins to reduce overall inflammation to enhance sepsis survival. Created in BioRender. Sung, J. (2025) https://BioRender.com/p54m386.

www.moleculartherapy.org 

Molecular Therapy: Methods & Clinical Development Vol. 33 June 2025 11 

https://biorender.com/j58w712
https://biorender.com/f87s608
https://biorender.com/f87s608
https://biorender.com/p54m386


T
a

b
le

 1
. 
L

is
t 

o
f 

u
n

iq
u

e
 p

ro
te

in
s
 a

d
s
o

rb
e

d
 o

n
to

 t
h

e
 s

u
rf

a
c

e
 o

f 
M

D
N

P
s
 f

ro
m

 L
P

S
 a

n
d

 h
e

a
lt

h
y
 p

la
s
m

a

Pr
ot

ei
n 

co
ro

na
A

cc
es

sio
n

D
es

cr
ip

tio
n

G
en

e 
sy

m
bo

l
Fu

nc
tio

n
A

cu
te

 p
ha

se

LP
S 

pl
as

m
a

Q
8B

M
T4

tr
an

sf
or

m
in

g 
gr

ow
th

 fa
ct

or
 β

 a
ct

iv
at

or
 L

RR
C

33
N

rr
os

ke
y 

re
gu

la
to

r 
of

 T
G

FB
1 

re
qu

ir
ed

 fo
r 

m
ic

ro
gl

ia
 

fu
nc

tio
n 

in
 n

er
vo

us
 s

ys
te

m

Q
9Z

1T
2

th
ro

m
bo

sp
on

di
n-

4
Th

bs
4

ad
he

siv
e 

gl
yc

op
ro

te
in

 th
at

 m
ed

ia
te

s 
ce

ll-
to

-c
el

l 
in

te
ra

ct
io

n

P3
98

76
m

et
al

lo
pr

ot
ei

na
se

 in
hi

bi
to

r 
3

Ti
m

p3
re

gu
la

te
s 

he
m

at
op

oi
et

ic
 s

te
m

 c
el

l p
ro

lif
er

at
io

n,
 

di
ffe

re
nt

ia
tio

n,
 a

nd
 tr

af
fic

ki
ng

P0
20

89
he

m
og

lo
bi

n 
su

bu
ni

t b
et

a-
2

H
bb

-b
2

ox
yg

en
, C

O
2 

tr
an

sp
or

t, 
an

d 
pH

 r
eg

ul
at

io
n

P6
28

06
hi

st
on

e 
H

4
H

4
ce

nt
ra

l r
ol

e 
in

 tr
an

sc
ri

pt
io

n 
re

gu
la

tio
n,

 D
N

A
 

re
pa

ir
, a

nd
 r

ep
lic

at
io

n

P1
08

10
m

on
oc

yt
e 

di
ffe

re
nt

ia
tio

n 
an

tig
en

 C
D

14
C

d1
4

co
-r

ec
ep

to
r 

fo
r 

TL
R4

, a
nd

 r
ec

og
ni

ze
 L

PS
 a

nd
 

PA
M

Ps
O

P1
16

72
ne

ut
ro

ph
il 

ge
la

tin
as

e-
as

so
ci

at
ed

 li
po

ca
lin

Lc
n2

re
gu

la
te

s 
ne

ut
ro

ph
il 

re
cr

ui
tm

en
t a

nd
 m

od
ul

at
es

 
pr

o-
in

fla
m

m
at

or
y 

cy
to

ki
ne

s
O

P1
41

52
m

al
at

e 
de

hy
dr

og
en

as
e,

 c
yt

op
la

sm
ic

M
dh

1
in

vo
lv

ed
 in

 K
re

bs
 c

yc
le

 a
nd

 p
la

ys
 c

ri
tic

al
 r

ol
e 

in
 

ce
llu

la
r 

en
er

gy
 p

ro
du

ct
io

n

P1
22

46
se

ru
m

 a
m

yl
oi

d 
P-

co
m

po
ne

nt
A

pc
s

ac
ut

e-
ph

as
e 

re
ac

ta
nt

 th
at

 b
in

d 
to

 c
om

pl
em

en
t 

pr
ot

ei
ns

 a
nd

 d
am

ag
ed

 c
el

l
O

P0
41

17
fa

tty
 a

ci
d-

bi
nd

in
g 

pr
ot

ei
n,

 a
di

po
cy

te
Fa

bp
4

re
gu

la
te

s 
ch

ol
es

te
ro

l e
st

er
 a

cc
um

ul
at

io
n 

an
d 

in
fla

m
m

at
or

y 
re

sp
on

se
s

O

P3
28

48
pa

rv
al

bu
m

in
 a

lp
ha

Pv
al

b
ca

lc
iu

m
-b

in
di

ng
 p

ro
te

in
 in

vo
lv

ed
 in

 re
gu

la
tio

n 
of

 
C

a2+
 le

ve
ls 

in
 n

eu
ro

ns
 to

 m
us

cl
e

P7
02

96
ph

os
ph

at
id

yl
et

ha
no

la
m

in
e-

bi
nd

in
g 

pr
ot

ei
n 

1
Pe

bp
1

re
gu

la
te

 th
e 

tr
af

fic
ki

ng
 a

nd
 d

ist
ri

bu
tio

n 
of

 
ph

os
ph

at
id

yl
et

ha
no

la
m

in
e 

w
ith

in
 c

el
ls

Q
99

PT
1

Rh
o 

G
D

P-
di

ss
oc

ia
tio

n 
in

hi
bi

to
r 

1
A

rh
gd

ia
in

hi
bi

ts
 G

D
P/

G
TP

 e
xc

ha
ng

e 
ac

tiv
ity

 o
f R

ho
 

G
TP

as
es

O
08

69
2

ne
ut

ro
ph

ili
c 

gr
an

ul
e 

pr
ot

ei
n

N
gp

en
zy

m
at

ic
 a

ct
iv

ity
 th

at
 b

re
ak

s d
ow

n 
ba

ct
er

ia
l w

al
l 

th
at

 d
am

ag
ed

 b
ac

te
ri

al
 D

N
A

Q
64

33
9

ub
iq

ui
tin

-li
ke

 p
ro

te
in

 IS
G

15
Is

g1
5

an
tiv

ir
al

 d
ef

en
se

 b
y 

de
gr

ad
at

io
n 

vi
ra

l p
ro

te
in

s a
nd

 
m

od
ul

at
e 

im
m

un
e 

re
sp

on
se

P0
94

11
ph

os
ph

og
ly

ce
ra

te
 k

in
as

e 
1

Pg
k1

ca
ta

ly
ze

 th
e 

re
ve

rs
ib

le
 tr

an
sf

er
 o

f a
 p

ho
sp

ha
te

 
gr

ou
p 

be
tw

ee
n 

1,
3-

BP
G

 a
nd

 A
D

P

P4
87

74
gl

ut
at

hi
on

e 
S-

tr
an

sf
er

as
e 

M
u 

5
G

st
m

5
ca

ta
ly

ze
 th

e 
co

nj
ug

at
io

n 
of

 G
SH

 to
 e

le
ct

ro
ph

ili
c 

co
m

po
un

ds
 s

uc
h 

as
 to

xi
n 

an
d 

RO
S

P7
02

90
55

 k
D

a 
er

yt
hr

oc
yt

e 
m

em
br

an
e 

pr
ot

ei
n

M
pp

1
fa

ci
lit

at
e 

th
e 

ex
ch

an
ge

 o
f C

l- 
an

d 
H

C
O

2-
 a

cr
os

s 
th

e 
er

yt
hr

oc
yt

e 
m

em
br

an
e

P0
79

01
he

at
 s

ho
ck

 p
ro

te
in

 H
SP

 9
0-

al
ph

a
H

sp
90

aa
1

in
vo

lv
ed

 in
 p

ro
te

in
 fo

ld
in

g,
 s

ta
bi

lit
y 

an
d 

tr
af

fic
ki

ng
O

P5
41

16
st

om
at

in
St

om
m

ai
nt

ai
n 

m
ec

ha
ni

ca
l s

ta
bi

lit
y 

of
 e

ry
th

ro
cy

te
 

m
em

br
an

e

O
89

10
3

co
m

pl
em

en
t c

om
po

ne
nt

 C
1q

 r
ec

ep
to

r
C

d9
3

in
iti

at
e 

th
e 

cl
as

sic
al

 p
at

hw
ay

 o
f c

om
pl

em
en

t 
ac

tiv
at

io
n

P2
86

66
m

ur
in

og
lo

bu
lin

-2
M

ug
2

(C
on

tin
ue

d 
on

 n
ex

t p
ag

e)

Molecular Therapy: Methods & Clinical Development

12 Molecular Therapy: Methods & Clinical Development Vol. 33 June 2025 



Administration of MDNPs in vivo effectively reduced pro-inflamma
tory cytokines and promoted improved survival in two representa
tive sepsis mouse models, LPS-induced endotoxemia and CLP poly
microbial sepsis. This research underscores the broad therapeutic 
potential of the MDNPs, which leverages a unique and never-previ
ously-examined mechanism of action through the formation of a 
multimodal protein corona that effectively binds and neutralizes 
pro-inflammatory cytokines and APPs from propagating systemic 
inflammation.

MATERIALS AND METHODS

Isolation, purification, and characterization of MDNPs

A fine ground organic powder of 100% L. meyenii Walp (maca) 
(family: Brassicaceae, order: Brassicas) was purchased from an 
organic producer, Happy Andes (https://www.happyandes-usa. 
com/). Maca powder (30 g) was mixed in 400 mL of autoclaved de
ionized water and stirred for 12 h at RT to make maca juice. The ob
tained maca juice was transferred to 50 mL tubes and centrifuged at 
3,000 × g for 20 min at 20◦C, and then the supernatant was centri
fuged again in new 50 mL tubes at 10,000 × g for 2 h at 20◦C to re
move small and large fibers. Next, the clear light brown colored su
pernatant was collected in 70 mL polycarbonate ultracentrifuge 
bottles (Beckman Coulter, Brea, CA) and was ultracentrifuged with 
using a 45 Ti rotor (Beckman Coulter) at 150,000 × g for 2 h at 
4◦C. Then, the collected pellets were suspended in 2 mL of phos
phate-buffered saline (PBS) through dispersion with an ultrasonic 
processor. PBS-suspended maca pellets were transferred to a sucrose 
gradient (8%, 20%, 35% [g/v]) and ultracentrifuged at 150,000 × g 
for 2 h at 4◦C, and then the cloudy band between 8% and 20% sucrose 
was collected as previously described.30 The concentration of 
MDNPs was measured using a Bio-Rad quantification assay. The 
quantified MDNPs were stored at 4◦C. The size and zeta potential 
of MDNPs were measured by dynamic light scattering (DLS) using 
a Zetasizer Nano ZSP (Malvern, UK) and Nanoparticle Tracking 
Analysis NS300 (NTA) (Malvern, UK). MDNP stability was evalu
ated under various storage temperatures (RT, 4◦C, − 20◦C, and 
− 80◦C) in PBS. In addition, its stability was tested in cell culture me
dium and mouse plasma at both RT and 37◦C to assess behavior un
der biologically relevant conditions. TEM images of MDNPs were 
acquired using a formvar-coated copper grid and staining using 
1% uranyl acetate. Differential Scanning Calorimetry (DSC) 2500 
(TA Instruments, New Castle, DE) was used to analyze the temper
ature and heat flow associated with thermal transition in the 
MDNPs. Sample (5 μL) in liquid form was added into a hermetic 
aluminum pan and sealed with metal lid (DSC Consumables, Austin, 
MN) with Tzero sample press kit (TA Instruments). The following 
thermal procedure was used to scan: ramp 2 ◦C/min from 25◦C to 
80◦C. The heat flow transition was analyzed on a plot by thermal 
advantage (TA) analysis software Trios (version 5.4.0.300). For 
lyophilization, frozen MDNPs in 1.5 mL tubes with holes on top of 
screw caps were placed in a benchtop freeze-dryer (Labconco, Kan
sas City, MO) overnight. Completely dried samples were collected 
and reconstituted in PBS for stability testing.T
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Lipid extraction and composition analysis

A total lipid extract was prepared using a modified methyl-tert- 
butyl ether (MTBE) lipid extraction protocol.58 Briefly, 400 μL 
of cold methanol and 10 μL of internal standard mixture 
(EquiSPLASH lipidomix) were added to each sample followed 
by incubation at 4◦C, and shaking at 650 RPM for 15 min. 
Next, 500 μL of cold MTBE was added followed by incubation 
at 4◦C for 1 h with shaking at 650 RPM. Cold water (500 μL) 
was added slowly and resulting extract was maintained at 4◦C, 
with shaking at 650 RPM for 15 min. Phase separation was 
completed by centrifugation at 8,000 RPM for 8 min at 4◦C. 
The upper, organic phase was removed and set aside on ice. 
The bottom, aqueous phase was re-extracted with 200 μL of 
MTBE, followed by 15 min of incubation at 4◦C with shaking 
at 650 RPM. Phase separation was completed by centrifugation 
at 8,000 RPM for 8 min at 4◦C. The organic extract was dried un
der a steady stream of nitrogen at 30◦C. The recovered lipids were 
reconstituted in 200 μL of chloroform:methanol (1:1, v/v) con
taining 200 μM of butylated hydroxytoluene. Prior to analysis, 
samples were further diluted with acetonitrile:isopropanol:water 
(1:2:1, v/v/v). The total lipid extract was analyzed by liquid chro
matography coupled to high-resolution tandem mass spectrom

etry (LC-MS/MS). The LC-MS/MS analyses were performed on 
an Agilent 1290 Infinity LC coupled to an Agilent 6560 Quadru
pole Time-of-Flight (Q-TOF) mass spectrometer. The separation 
was achieved using a C18 CSH (1.7 μm; 2.1 × 100 mm) column 
(Waters Corporation, Milford, MA, USA). Mobile phase A was 
10 mM ammonium formate with 0.1% formic acid in water/aceto
nitrile (40:60, v/v) and mobile phase B was 10 mM ammonium 
formate with 0.1% formic acid in acetonitrile/isopropanol 
(10:90, v/v). The gradient was ramped from 40% to 43% B in 
1 min, ramped to 50% in 0.1 min, ramped to 54% B in 4.9 min, 
ramped to 70% in 0.1 min, and ramped to 99% B in 2.9 min. 
The gradient was returned to initial conditions in 0.5 min and 
held for 1.6 min for column equilibration. The flow rate 
was 0.4 mL/min. The column was maintained at 55◦C and 
the auto-sampler was kept at 5◦C. A 2 μL injection was 
used for all samples. LC-MS data from the iterative MS/MS work
flow was analyzed for lipid identification via Agilent’s 
Lipid Annotator (version 1.0). Positive and negative ion mode ad
ducts included [M + H]+, [M+Na]+, [M + NH4]+, [M-H]− , and 
[M + CH3CO2]− , respectively. The LC-MS data from the MS1

workflow were processed using Agilent’s MassHunter Profinder 
(version 10.0).

Figure 7. Survival effects of MDNP treatment using the severe CLP model of polymicrobial sepsis 

(A) Schematic timeline of the cecal ligation and puncture (CLP) survival study. C57BL/6J mice underwent CLP surgery to induce severe inflammation and polymicrobial 

infection and three separate doses of MDNPs were administered i.p. (0.5, 2, and 24 h time point, 2 mg/injection) to analyze survival (n = 5/group). Created in BioRender. Sung, 

J. (2025) https://BioRender.com/q03l127. (B) Ex vivo cytokine sequestration assay using CLP plasma following incubation with MDNPs. Created in BioRender. Sung, J. 

(2025) https://BioRender.com/t95w854. (C) Kaplan-Meier curves and a log rank test was performed to compare the survival rates. **p < 0.01. Data are expressed as mean ± 

SD (n = 4). ****p < 0.0001 versus PBS control group.
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Characterization of MDNP protein composition and protein 

corona fingerprints in healthy and LPS plasma

To form the MDNP protein corona, purified MDNPs were incubated 
with plasma isolated from healthy and LPS-treated C57BL/6J mice 
for 4 h at 37◦C. As described in our previous publication, MDNP 
bound to proteins were washed and centrifuged 3 times at 
13,000 × g, 4◦C with 1× cold PBS.28 Then it was evaluated using 
the following protocol. Prepared samples were lysed in a lysis buffer 
containing 5% sodium dodecyl sulfate (Sigma, St. Louis, MO), 
50 mM triethylammonium bicarbonate (1 M, pH 8.0) (Sigma, 
7408). Proteins were extracted and digested using S-trap micro col
umns (ProtiFi, Farmingdale, NY). The eluted peptides from the 
S-trap column were dried, and peptide concentration was deter
mined using a BCA assay kit (Thermo Fisher Scientific, 23275), after 
reconstitution in 0.1% formic acid. All tryptic peptides were sepa
rated on a nanoACQUITY Ultra-Performance Liquid Chromatog
raphy analytical column (BEH130 C18, 1.7 μm, 75 μm × 200 mm; 
Waters Corporation) over a 185-min linear acetonitrile gradient 
with 0.1% formic acid on a nanoACQUITY Ultra-Performance 
Liquid Chromatography system (Waters Corporation) and analyzed 
on a coupled Orbitrap Fusion Lumos Tribrid mass spectrometer 
(Thermo Fisher Scientific, San Jose, CA). Full scans were acquired 
at 240,000 resolutions, and precursors were fragmented by high-en
ergy collisional dissociation at 35% for up to 3 s. MS/MS raw files 
were processed using Thermo Proteome Discoverer (PD, version 
3.0.0.757) with the Sequest HT search engine against the plant meta
genome database and UniProt mouse reference proteome. Trypsin 
was used with a maximum of two missed cleavages, and peptide 
lengths were restricted to 6–144 amino acids. Label-free quantifica
tion was performed using the Minora feature detector. Protein iden
tification was filtered at a 1% false discovery rate across peptide-spec
trum matches (PSM), peptide, and protein levels using the Percolator 
algorithm in PD. Exported protein abundances were analyzed with 
Perseus software (version 1.6.14.0), with further filtering to include 
only proteins identified without missing values across all samples. 
The quantitative protein data were log2 transformed and further 
normalized using median centering. Two-tailed student’s t test 
(adjusted p value <0.05) was applied to determine the differentially 
expressed proteins. Plant data was analyzed with library from 
UniProt and the Plant Proteome Database (Lepidium meyenii: tax
onomy ID 153348, entry: 92 sequences; Plant metagenome: taxon
omy ID 1297885, entry: 27312 sequences; Zingiberales: taxonomy 
ID 4618, entry: 357900). IPA (QIAGEN) was utilized to identify ca
nonical pathways, biological function, upstream regulators, and dis
ease association.

Cell culture

The generation of BMDMs followed a previously published 
method.59 As established, the tibia and femur from a C57BL/6J 
mouse was isolated by removing bulk muscles and connective tis
sues. RPMI media(supplemented with L-glutamine, penicillin 
[100 units/mL], streptomycin [100 μg/mL], 10% heat-inactivated 
fetal bovine serum [FBS], and 20% L929 cell-conditioned media) 
-drawn needles were inserted into bones to flush the marrow into 

a 10-cm Petri dish. The collected bone marrow was filtered to 
grow in uncoated 10-cm cell culture plates. BMDMs were cultured 
in RPMI media conditioned with L929 at 37◦C, 5% CO2. The media 
was replaced every 3 days. On days 8–10, BMDMs were lifted using 
Versene (Gibco, Grand Island, NY), to be used for subsequent exper
iments. Trypan blue solution was used to determine the cell number 
and viability with an EVE Automated Cell Counter (NanoEntek, 
Waltham, MA). RAW-blue cells were also cultured to confluency 
in 75-cm2 flasks in identical incubation condition with Dulbecco’s 
modified Eagle’s medium (DMEM) supplemented with penicillin 
(100 U/mL), streptomycin (100 U/mL), and heat inactivated 
FBS (10%).

Mice

Male C57BL/6 (6–8 weeks old) purchased from the Jackson Labora
tory (Bar Harbor, ME) were maintained in cages at ambient temper
ature, 55% relative humidity, and under a 12 h dark/light cycle. LPS- 
induced endotoxemia model: mice were challenged with 5 mg/kg 
LPS i.p. prior to treatment with two doses of 2 mg MDNPs at 
30 min and 2 h via both i.p. and i.v. injections. CLP model: mice 
were lightly anesthetized with a mixture of ketamine (75 mg/kg) 
and xylazine (15 mg/kg) at 1:1 ratio. After abdominal fur was 
removed, a small incision was made to expose the cecum. The cecum 
was then ligated with a silk suture and perforated with a 19-gauge 
needle. A small amount of feces was extruded by gently squeezing 
the cecum; the cecum was replaced, and the abdomen was sutured 
after the bowel was repositioned. Experimental groups were i.p-in
jected with three doses of 2 mg MDNPs at 30 min, 2 h, and 24 h 
time points. The selection of the appropriate dose was based on 
well-established tolerability for multiples nanoparticle administra
tion discussed in literatures.60,61 All experiments were performed 
in compliance with the protocol by the University of Maryland, Bal
timore Institutional Animal Care and Use Committee as well as the 
Animal Research: Reporting of In Vivo Experiments (ARRIVE) 
guidelines.

Cytotoxicity assay

To measure the cytotoxicity of MDNPs, a propidium iodide (PI)/an
nexin V-FITC apoptosis assay was conducted using BMDMs. The 
assay utilizes PI staining to distinguish between early and late-stage 
apoptotic cells. Fluorescein isothiocyanate (FITC) labeling allow for 
the visualization of annexin V-bound cells using flow cytometry. 
Cultured BMDMs at a density of 1.0 × 105 per well were treated 
with MDNPs at 1 mg/mL for 8 h, then the cells were harvested 
with Versene after washing with PBS. Collected cells were centri
fuged at 500 × g for 5 min, and cell pellets were resuspended in 
1× binding buffer. Cell suspension (100 μL) in flow cytometry tubes 
were added with annexin V-FITC and PI to be analyzed by flow cy
tometry. The data were analyzed by De Novo Software FCS Express 7 
(Dotmatics, Boston, MA).

In vitro cellular internalization

BMDMs were seeded overnight in Falcon Culture slides at a density 
of 0.5 × 105 per well. Cy5.5 was incubated with MDNPs under 
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shaking for 30 min in the dark to label the MDNPs and excessive 
Cy5.5 dye was removed by 20 min centrifugation at 13,000 × g prior 
to use. Then, 50 μL of Cy5.5-labled MDNPs were added to 0.5 mL of 
culture medium and incubated with cells for 0, 4, and 8 h. Negative 
control, untreated cells were used to establish the 0 h time point. At 
the determined time points, cells were washed with PBS three times, 
fixed with 4% paraformaldehyde (PFA) for 10 min, and dehydrated 
with acetone for 5 min at − 20◦C. After blocking the culture with 1% 
BSA in 1× PBS 30 min, the cells were washed again with 1× PBS and 
treated with 100 μL of FITC-labeled phalloidin (1:50 dilution in PBS) 
for 30 min to stain F-actin. The cells were then washed two times 
with 1× PBS and dried in the dark condition and glass cover slips 
were mounted with mounting medium containing 4′,6-diamidino- 
2-phenylindole (DAPI) after carefully removing the plastic cham
bers. The final fluorescence images were captured using an Olympus 
fluorescence microscope (Tokyo, Japan) equipped with Hamamatsu 
Digital Camera ORCA-03G and Nikon software was used to analyze 
the image data.

Flow cytometric phenotyping of MDNP-treated macrophages

BMDMs were seeded at a density of 1.0 × 105 per well were in a ster
ile 24-well plate. Cells were treated with 100 ng/mL of LPS in com
plete media for 24 h to induce inflammation. Then, 100 μg/mL 
and 200 μg/mL MDNPs were treated for 8 h. Cells were resuspended 
in MACS buffer (PBS pH 7.2 supplemented with 1% FBS and 0.4% 
0.5 M EDTA, Quality Biological, Gaithersburg, MD) and transferred 
to the flow cytometry tubes. FcR blocking (CD16/32, BioLegend, San 
Diego, CA) was performed and cells were stained with following sur
face marker antibodies: live/dead fixable green, F4/80, CD11b, MHC 
II, CD206, CD80, and CD86 (BioLegend). Samples were analyzed us
ing Cytek Aurora 3 (Fremont, CA). FCS Expression 7 Flow Cytom
etry De Novo Software was used for flow data processing. Mean fluo
rescence intensity (MFI) was generated by GraphPad Prism 
Software 10.1.1.

In vitro pro-inflammatory cytokine sequestration and effects on 

NF-κB activity

Anti-inflammatory properties of MDNP were investigated in two 
ways: prophylactic and therapeutic. For prophylactic treatment, 
BMDMs at a density of 1.0 × 105 per well were treated with 
100 μg/mL MDNPs for 8 h and 100 ng/mL of LPS in complete media 
in 24-well plates (Corning, Corning, NY) were incubated for 4 h. For 
therapeutic study, BMDMs in identical culture condition as 
mentioned previously were treated with 100 ng/mL of LPS for 4 h 
and 100 μg/mL of MDNPs were subsequently added and incubated 
for 8 h. Supernatants were then collected to measure the reduction of 
pro-inflammatory cytokines including IL-6, TNF-α, IL-1β, and IFN- 
γ by enzyme-linked immunosorbent assay (ELISA) (BioLegend). We 
also assessed the ability of MDNPs to modulate cytokine levels in the 
absence of cells. The supernatants from another set of LPS-treated 
BMDMs were collected and incubated with 100 μg/mL of MDNPs 
in a time dependent manner (0, 0.5, 1, 4, 8, 12, and 24 h). To evaluate 
whether disrupting MDNP structure affects its ability to sequester 
pro-inflammatory cytokines, we reformulated MDNPs using the 

thin-film hydration method with additional components such as 
DSPE-PEG600 and cholesterol. MDNPs were first dissolved in a 
chloroform:methanol mixture (2:1 v/v) and subjected to rotary evap
oration (Model I-300, Buchi, Switzerland) at 37◦C, 100 mBar, and 
280 RPM for 1 h. DSPE-PEG600 or cholesterol was then incorpo
rated at varying concentrations (5%, 10%, and 20%) to generate 
distinct restructured lipid nanoparticles. Following rehydration, 
the nanoparticles were extruded through a 0.4 μm polycarbonate 
membrane using an Avanti Mini Extruder (Birmingham, AL). Lastly, 
we confirmed the direct ability of MDNPs to sequester IL-6 by incu
bating 5 ng/mL of IL-6 recombinant protein in DMEM with 
100 μg/mL of MDNPs for 8 h. Remaining IL-6 levels were measured 
using ELISA.

An NF-κB reporter cell line, RAW-Blue, was used to determine the 
ability of MDNPs to alter NF-κB activity due to LPS stimulation. 
The cells were plated at a density of 1.0 × 105 per well and were stim
ulated with LPS for 4 h and treated with 100 μg/mL MDNPs for 8 h. 
Then, QUANTI-Blue was added to the collected supernatant in flat 
bottom 96-well plate. It was incubated at 37◦C for 1 h, and then 
secreted embryonic alkaline phosphatase (SEAP) reporter was de
tected using a spectrophotometer at 620–655 nm. Poly(lactic-co-gly
colic acid) (PLGA) particles of similar size as MDNPs were used as a 
control and fabricated using a microfluidics device as we previously 
described.62 The size and zeta potential of the PLGA was measured 
163.8 nm and − 39.3 mV, respectively.

Ex vivo cytokine sequestration assay

To evaluate the cytokine sequestration ability of MDNPs in mouse 
plasma ex vivo, 100 μg/mL of MDNPs in PBS was prepared and 
added to 100 μL of diluted LPS-treated or CLP mouse plasma to ul
tracentrifuge tubes. The mixture tubes were incubated at 37◦C for 8 
h. After incubation, samples were centrifuged at 2,000 × g for 10 min 
to pellet the cytokine bound MDNPs. Then the supernatant was 
collected to measure IL-6 and TNF-α levels using ELISA 
(BioLegend).

In vivo biodistribution and anti-inflammatory effect following 

LPS challenge

The in vivo biodistribution study was performed by i.p. or i.v. injec
tion of MDNPs that were labeled with the near-infrared fluorescent 
Cy5.5 dye. Mice were administered 2 mg of Cy5.5-MDNPs twice (0.5 
and 2 h time point)-post LPS challenge (5 mg/kg) and euthanized af
ter 4 h to collect blood by cardiac puncture and organs including the 
liver, lung, spleen, heart, and kidneys. The fluorescence of the organs 
was imaged using an IVIS with emission (720 nm) upon laser exci
tation (675 nm). Blood samples were centrifuged at 1,000 × g for 
20 min at 4◦C in microtainer capillary blood collection plasma tubes. 
The plasma samples were used to measure the alteration of system
atic cytokines levels using a Luminex MAGPIX System (Luminex, 
Austin, TX). The 7-plex panel included murine IL-6, TNF-α, 
MCP-1, IL-10, IL-1β, IFN-β, and IFN-γ. Blood biochemistry was 
also measured for alanine aminotransferase (ATL/SGPT), aspartate 
aminotransferase (AST/SGOT), creatine (CREA), BUN, TP, and 
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globulin, and albumin (VRL Animal Health Diagnostics, Gaithers
burg, MD). The collected organs were fixed in 4% formalin immedi
ately after euthanasia and paraffin-embedded for sectioning. H&E 
staining was performed using standard procedures by the Pathology 
Biorepository Shared Services Core at the University of Maryland, 
Baltimore. The level of injury scores was calculated based on the 
following scoring criteria: score 0, no damage; score 1, >10% slight 
inflammation; score 2, 10%–25% mild; score 3, 26%–50% moderate; 
score 4, 51%–75% severe; score 5, >75% necrosis.

In vivo sepsis survival study

The in vivo survival study was carried out using two representative 
sepsis models: a lethal LPS-induced endotoxemia and CLP polymi
crobial mouse model. For endotoxemia, C57BL/6J mice were chal
lenged with 20 mg/kg LPS and two doses of MDNPs (2 mg) were 
administered via i.p. injection. For CLP model, the cecum of anesthe
tized C57BL/6J mice was perforated to release fecal materials into 
peritoneal cavity to generate an exacerbated polymicrobial infection. 
Three doses of MDNPs (2 mg/injection) were administered via i.p. 
route. Survival for each model was evaluated over the course of 
5 days. Body temperature was also recorded every day for CLP mice.

Statistical analysis

Data evaluation was performed using GraphPad Prism Software 
10.1.1 (San Diego, CA). One-way ANOVA and t test for unpaired 
data were employed to evaluate statistical significance along with Tu
key’s multiple comparison test. Kaplan-Meier survival curve and sta
tistical significance of mouse survival were determined with a long- 
rank (Mantel-Cox) X2 test. Significant differences were indicated as 
*p < 0.05, **p < 0.01, ***p < 0.001, and ***p < 0.0001, related to con
trol unless otherwise stated.
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