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a b s t r a c t

Ulcerative colitis (UC) is a chronic inflammatory bowel disease featured by dysregulated immune re-

sponses and compromised intestinal barrier function. Current therapies often suffer from limited effi-

cacy and systemic side effects due to non-specific drug distribution. Here, we developed macrophage

membrane-camouflaged nanovesicles (mcNVs) for targeted delivery of emodin (Emo) to inflamed colon

tissues. The biomimetic nanovesicles were fabricated by fusing J774A.1 macrophage membranes with

Emo-loaded liposomes, inheriting the parent cells’ chemotactic homing capabilities while maintaining

excellent drug loading and colloidal stability. Systematic characterization confirmed successful membrane

integration, as evidenced by transmission electron microscope (TEM) imaging, particle size, and ζ po-

tential analyses. In vitro studies demonstrated favorable sustained release and enhanced cellular uptake

of Emo-loaded mcNVs (Emo-mcNVs) compared to conventional liposomes. In a sodium dextran sulfate

(DSS)-induced murine colitis model, Emo-mcNVs exhibited superior colon-targeting capability through

chemokine gradient recognition (C-C motif chemokine ligand (CCL)2/3/5), resulting in significantly im-

proved therapeutic outcomes versus free Emo and 5-aminosalicylic acid controls. Treatment with Emo-

mcNVs attenuated disease severity (reduced disease activity index (DAI) score), preserved the colon ar-

chitecture, and decreased pro-inflammatory cytokines (tumor necrosis factor α (TNF-α), interleukin 1β
(IL-1β), IL-6). Biodistribution studies using multimodal imaging confirmed specific accumulation in the

inflamed colon tissue with minimal systemic exposure. This study presents a novel biohybrid delivery

system that leverages the pathophysiology of UC for targeted therapy, offering a promising translational

approach for inflammatory bowel diseases.

© 2026 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Ulcerative colitis (UC), a chronic and relapsing inflammatory

bowel disease (IBD), is characterized by diffuse mucosal inflam-

mation in the colon, leading to debilitating symptoms such as ab-

dominal pain, bloody diarrhea, and increased cancer risk [1,2]. Cur-

rent therapies, including aminosalicylates, corticosteroids, and bio-

logics, often suffer from systemic toxicity, off-target effects, or lim-

ited efficacy due to the complex inflammatory microenvironment

of UC [3,4]. Thus, there is an urgent need for targeted drug delivery

systems that can selectively accumulate in inflamed colon tissues

while minimizing adverse effects.

Emodin (Emo), a natural anthraquinone derived from Rheum

Palmatum, has demonstrated potent anti-inflammatory, antioxi-
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dant, and intestinal barrier-repairing properties in UC models [5–

7]. However, its clinical translation is hindered by poor solubility,

nonspecific biodistribution, and potential systemic toxicity at high

doses [8]. To address these challenges, biomimetic nanotechnol-

ogy leveraging cell membranes has emerged as a promising strat-

egy for targeted drug delivery [9–12]. Specifically, these biomimetic

systems exhibit multiple critical delivery advantages, including

bio-guided targeting capability, enhanced immune evasion, and

stimuli-responsive drug release. Macrophages, as key players in UC

pathogenesis, inherently possess chemotactic homing capabilities

toward inflamed sites via chemokine receptor-ligand interactions

(e.g., C–C chemokine receptor type 2-C-C motif chemokine ligand

2 (CCR2-CCL2)) [13–16]. By cloaking nanovesicles with macrophage

membranes, these vesicles can inherit the parent cells’ tropism for

inflammatory loci, enabling precise drug delivery.

Herein, we developed macrophage membrane-camouflaged

nanovesicles (mcNVs) for the targeted delivery of Emo to UC

https://doi.org/10.1016/j.cclet.2025.111727
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Fig. 1. Fabrication and characterization of Emo-mcNVs. (A) Schematic of the fabrication process. HPH, high-pressure homogenization. (B) Microscopic appearance of

macrophage and macrophage-derived membrane. (C) TEM images of Emo-LPs and Emo-mcNVs. Scale bar: 500nm. (D) Size distribution of Emo-LPs and Emo-mcNVs. (E)

Macroscopic appearance of Emo-LPs and Emo-mcNVs. (F) In vitro Emo release profiles from Emo-LPs and Emo-mcNVs over 24h, paired t-test. M=mol/L. ∗∗P<0.01. Data

expressed as mean ± standard deviation (SD) (n=3).

lesions. The mcNVs combine the biological advantages of

macrophage membranes [17], such as inflammatory chemotaxis

and immune evasion, with the high drug-loading capacity and sta-

bility of synthetic liposomes. We hypothesized that mcNVs would

actively target the inflamed colon via macrophage-mimicking

chemotaxis, thereby enhancing Emo’s therapeutic efficacy while

reducing off-target effects. The engineered mcNVs are anticipated

to specifically accumulate in UC tissues through chemotactic

homing, thereby enhancing targeted delivery of the payload to

inflammatory loci, potentiating its anti-inflammatory effects and

promoting epithelial repair. This biomimetic platform may advance

UC therapy while providing a generalizable strategy for targeted

delivery in other inflammatory diseases.

Building upon our previous engineering of selenized liposomes

for Emo delivery [18], we demonstrated that selenization signif-

icantly ameliorated liposomal structural stability, though it did

not translate to enhanced oral bioavailability. This dichotomy sug-

gested that structural stabilization alone might be insufficient for

oral delivery but could prove valuable for localized therapeu-

tic applications. To transcend this limitation through biomimetic

engineering, we developed Emo-loaded mcNVs (Emo-mcNVs) us-

ing a common lipid membrane fusion approach (Fig. 1A) [19].

Successful fabrication of Emo-mcNVs was systematically verified

through multi-modal characterization. The fabrication process be-

gan with J774A.1 macrophage membrane isolation through five

freeze-thaw cycles (−80/37 °C) followed by differential centrifuga-

tion [20], which yielded lipid membranes retaining macrophage’s

biomarkers (Fig. 1B). Subsequent fusion with pre-formed Emo-

loaded liposomes (Emo-LPs) was confirmed through multiple an-

alytical techniques. Transmission electron microscope (TEM) re-

vealed the characteristic core-shell nanostructure with an ap-

parent outer membrane layer (Fig. 1C). Dynamic light scattering

(DLS) demonstrated a significant reduction in size from 152.9nm

(Emo-LPs) to 131.2 nm (Emo-mcNVs) (Fig. 1D) with low polydis-

persity index (PDI) (0.238) and high entrapment efficiency (EE

99.4%). Zeta potential measurements showed a clear shift from

−2.46mV (Emo-LPs) to −18.3mV (Emo-mcNVs), closely matching

native macrophage membrane charge [21]. In addition, the macro-

scopic transition from a translucent to a slightly opalescent so-

lution provided further qualitative validation (Fig. 1E). These re-

sults collectively confirm the successful integration of macrophage

membranes into the nanovesicles while preserving drug loading

integrity. Detailed experimental methods for the preparation, char-

acterization, and subsequent analysis of Emo-mcNVs are provided

in Supporting information.

The in vitro release behaviors of Emo-LPs and Emo-mcNVs

were comparatively evaluated under simulated physiological condi-

tions (deionized water, 0.1mol/L HCl, and pH 7.2 phosphate buffer

saline (PBS)). Notably, Emo-mcNVs exhibited consistently slower

and lower drug release kinetics than Emo-LPs across all tested con-

ditions (Fig. 1F), which is advantageous for disease treatment as it

allows the nanocarriers to maintain their structural integrity and

exert therapeutic effects in their intact modality [22]. In acidic en-

vironment (0.1mol/L HCl), Emo-mcNVs demonstrated a retarded

drug release profile after 4 h, indicating the macrophage mem-

brane coating impeded premature payload leakage. The differential

release became particularly pronounced at colonic pH (7.2 PBS),

where Emo-mcNVs maintained substantially lower accumulative

release compared to the counterparts throughout the observation

period (paired t-test, P<0.01). While both formulations displayed

similar initial burst release characteristics in deionized water, Emo-

mcNVs again showed more sustained release kinetics beyond the

4-h timepoint. This disparate release behavior can be attributed

to three key advantages conferred by the biomimetic membrane

cloaking: (1) Enhanced membrane retardancy from drug release,

(2) improved site-specific delivery matching the temporal require-

ments of ulcerative colitis therapy, and (3) increased resistance to

lipolysis in the gastrointestinal tract [23]. These results demon-

strate that the biomimetic membrane coating effectively modulates

Emo release kinetics while providing physiological protection [24].

The cell uptake analysis revealed that Emo-mcNVs exhibited

faster and stronger internalization compared to Emo-LPs, as ev-

idenced by the more intense DiO fluorescence signal colocalized

with Hoechst-stained nuclei in the merged images (Fig. 2A). Quan-
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Fig. 2. Cellular uptake and internalization of Emo-LPs and Emo-mcNVs. (A) Con-

focal laser scanning microscopy (CLSM) images of cellular internalization upon co-

incubation for 0.5 h. Scale bar: 50 μm. (B) Cellular uptake quantified by flow cytom-

etry (∗∗P<0.01, paired t-test). (C) Relative cellular uptake in the presence of trans-

port inhibitors or under 4 °C (L: left, R: right. ANOVA with Tukey’s test, ∗P<0.05,
∗∗P<0.01 vs. control). Data expressed as mean ± SD (n=3).

titative data demonstrated time-dependent uptake, with Emo-

mcNVs showing significantly higher cellular association at an early

time point (Fig. 2B), suggesting enhanced interaction with cells

due to the macrophage membrane coating. Both Emo-mcNVs and

Emo-LPs likely shared similar endocytic pathways such as energy-

dependent membrane mobile transport (cytosis) and caveolin-

mediated endocytosis (Fig. 2C) [25], but the natural ligands on the

macrophage membrane of Emo-mcNVs further promoted receptor-

mediated internalization [26]. This improved uptake efficiency,

combined with the previously observed sustained drug release

profile, supports the potential of Emo-mcNVs for targeted intracel-

lular drug delivery applications. The biological membrane cloaking

not only facilitated cellular entry but also contributed to prolonged

intracellular retention, thus aligning with the therapeutic goal of

achieving effective drug accumulation at disease sites.

The therapeutic efficacy of Emo-mcNVs was comprehensively

evaluated in DSS-induced colitis mice. All animal experiments were

conducted in strict accordance with The Guide for the Care and

Use of Laboratory Animals (NRC) and were approved by Jinan Uni-

versity’s Animal Ethics Committee. Emo-mcNVs demonstrated re-

markable therapeutic effects in the murine UC model through a

multifaceted mechanism of action. As shown in Fig. 3, treatment

with Emo-mcNVs effectively alleviated key pathological manifes-

tations of ulcerative colitis. The induction and treatment protocol

for UC is illustrated in Fig. 3A. Treatment with Emo-mcNVs signifi-

cantly mitigated body weight loss and reduced disease activity in-

dex (DAI) scores during the early intervention phase (Figs. 3B and

C), indicating substantial improvement in curative outcomes. The

preservation of colon length and decreased serum levels of pro-

inflammatory cytokines (tumor necrosis factor α (TNF-α), inter-

leukin 1β (IL-1β), and IL-6) suggested systemic anti-inflammatory

activity (Figs. 3D–H). Histopathological examinations revealed that

Emo-mcNVs effectively preserved mucosal architecture while sub-

stantially diminishing both inflammatory infiltration and fibrotic

deposition in the colonic tissue (Figs. 3I and J). This multimodal

therapeutic approach results in enhanced tissue protection and re-

Fig. 3. Anti-colitis effects of Emo-mcNVs in a DSS-induced UC model. (A) Schematic

of experimental design: DSS administration in drinking water (days 1–7) and treat-

ment by oral gavage (days 4–11). (B) Body weight changes. (C) DAI score. (D,

E) Representative colon images and colon length quantification (∗∗P<0.01 vs. con-

trol, ANOVA). (F–H) Serum levels of TNF-α, IL-1β , and IL-6 (∗P<0.05, ∗∗P<0.01 vs.

DSS group). Data expressed as mean ± SD (n=3). (I) Colon histopathology by

hematoxylin-eosin (H.E.) staining (yellow arrows indicate inflammatory infiltration).

Scale bar: 50 μm. (J) Fibrosis assessment by Masson’s trichrome staining after treat-

ment (blue: collagen deposition). Scale bar: 200μm.
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generation compared to conventional treatments and other Emo

formulations.

The superior efficacy of Emo-mcNVs compared to free Emo or

5-aminosalicylic acid (5-ASA, a positive control drug) may be at-

tributed to their targeted delivery and sustained release properties,

which enhance drug accumulation in the inflamed colon tissues

while minimizing systemic side effects [27,28]. Although previ-

ous studies have demonstrated Emo’s anti-UC potential through its

anti-inflammatory (proinflammatory cytokine and signaling path-

way suppression), antioxidant, and epithelial barrier-protective ef-

fects [29–32], its clinical application remains limited by poor

solubility and non-specific biodistribution. Our engineered Emo-

mcNVs effectively overcome these limitations. Emo-mcNVs pri-

marily achieve colonic accumulation and therapeutic improvement

through chemotactic homing to inflamed tissues [33,34], medi-

ated by their interactions with inflammatory cells and vascular en-

dothelium in UC lesions. This targeted delivery approach enables

synergistic modulation of multiple pathological processes in UC,

including inflammation, oxidative stress and fibrosis [35,36], result-

ing in profitable attenuation in DAI compared to 5-ASA. The perfor-

mance of Emo-mcNVs surpasses both conventional therapies and

previously reported Emo formulations [37], such as hydrogels and

lipid nanoparticles.

To elucidate the underlying mechanisms responsible for the en-

hanced therapeutic effects of Emo-mcNVs, we systematically eval-

uated their biodistribution using multimodal imaging approaches

with an FD-B21 fluorescent probe [38]. Two-dimensional real-time

tracking was conducted using the IVIS Lumina Series III imag-

ing system (PerkinElmer), while three-dimensional spatial mapping

was performed with the InSyTe FLECT/CT platform (TriFoil), which

integrates fluorescence molecular tomography with anatomical X-

ray CT for enhanced spatial resolution. Two-dimensional small an-

imal in vivo imaging revealed a distinct pattern of fluorescence

accumulation in the Emo-mcNVs group, with pronounced colonic

localization observed particularly after 8 h post-administration. In

contrast, Emo-LPs exhibited a more dispersed fluorescence signal

across multiple tissues, indicating a non-specific distribution pat-

tern (Fig. 4A). This finding strongly supports the superior colon-

targeting properties of Emo-mcNVs. Ex vivo imaging further cor-

roborated these results, demonstrating significant colonic accu-

mulation of Emo-mcNVs (as indicated by arrows), while Emo-

LPs showed widespread distribution throughout the intestinal tract

(Fig. 4B). Notably, both Emo-LPs and Emo-mcNVs displayed min-

imal accumulation in vital organs (heart, liver, spleen, lungs,

and kidneys), with predominant localization in the gastrointesti-

nal tract, thereby effectively mitigating potential systemic toxi-

city risks. At the 8-h time point post-administration, we per-

formed combined computerized tomography (CT) and fluores-

cence imaging on depilated mice. Three-dimensional reconstruc-

tion analysis confirmed the differential distribution patterns, re-

vealing multi-tissue dispersion of Emo-NVs alongside concentrated

colonic localization of Emo-mcNVs (Fig. 4C), in agreement with

two-dimensional in vivo imaging results. FD-B21 is a novel abso-

lute aggregation-caused quenching (aACQ) probe that exhibits fluo-

rescence in its uniformly dispersed state but undergoes quenching

upon aggregation [39]. This unique property enables precise pre-

diction of nanocarriers’ in vivo fate. Notably, the fluorescence signal

specifically reflects intact nanocarriers rather than released fluores-

cent molecules, since the latter tend to aggregate and consequently

lose fluorescence. Owing to these advantages, aACQ technology has

emerged as a powerful tool for tracking the in vivo behavior of

nanocarriers [40–43]. The concordance between two- and three-

dimensional (2D and 3D) in vivo imaging, complemented by ex vivo

imaging data, provides robust evidence for the colon-specific tar-

geting capability of Emo-mcNVs. This targeted delivery mechanism

fundamentally explains the enhanced therapeutic performance of

Fig. 4. In vivo temporal distribution profiles of Emo-LPs and Emo-mcNVs in murine

UC model. (A) Time-dependent accumulation patterns post-administration cap-

tured by 2D in vivo imaging. (B) Ex vivo imaging of intestinal biodistribution,

a comparison between Emo-LPs and Emo-mcNVs (arrows highlight colon-specific

localization). (C) 3D reconstructed mapping of colonic distribution at 8h post-

administration, aligned with therapeutic activity timelines in former assays.

Emo-mcNVs in UC treatment, as it ensures precise drug delivery

to the affected colonic tissues while minimizing off-target effects

and systemic exposure [44–46]. The temporal distribution patterns

observed at 0.5, 4, 8, and 12h (as indicated in the reference im-

ages) further support the sustained colon retention of Emo-mcNVs,

which likely contributes to their prolonged therapeutic action at

the disease site.

Chemokines are small signaling proteins that recruit immune

cells to inflammatory sites, playing pivotal roles in immune re-

sponses, inflammation, and cell migration [47]. They are implicated

in various diseases, such as rheumatoid arthritis, atherosclerosis,

and neuropathy [48]. Upon stimulation by tissue cells, immune

cells or pathogens, chemokines are secreted. These chemokines

form concentration gradients at inflammatory sites either by bind-

ing to extracellular matrix components or via free diffusion, with

higher concentrations directing immune cells toward the inflam-

matory core. Macrophages, which express multiple chemokine re-

ceptors [49], migrate along these gradients via receptor-ligand in-

teractions.

To elucidate the role of chemokine-mediated macrophage re-

cruitment in UC, we measured the expression of CCL2, CCL3,

and CCL5, three key macrophage-associated chemokines, in colon

tissues of healthy and UC-modeled mice using enzyme-linked

immunosorbent assay (ELISA). As shown in Table 1, all three

chemokines exhibited significantly elevated expression in UC

colons compared to normal tissues (P<0.01), consistent with prior

findings [50]. This chemokine upregulation establishes a strong
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Table 1

Chemokine expression in the normal colon and ulcerative colon.

Chemokine Normal colon Ulcerative colon

CCL2 87.51±3.62 653.27± 6.84∗∗

CCL3 35.84±4.45 175.47± 5.17∗∗

CCL5 37.66±2.78 156.29± 4.26∗∗

Note: Measurements were performed through mouse ELISA kits. Data expressed as

mean ± SD (n = 3), ∗∗P < 0.01, paired t-test, compared with normal group; con-

centration: pg/100 mg colonic tissue.

chemoattractant gradient that directs the targeted migration of

Emo-mcNVs to inflamed colon tissues, mirroring the chemotaxis-

driven delivery strategy employed in tumor-targeting nanothera-

peutics [51].

Our engineered Emo-mcNVs exploit this endogenous target-

ing mechanism through active chemotactic navigation, simi-

lar to NETs-targeting systems [52], achieving site-specific drug

delivery by leveraging pathological chemokine gradients. This

pathophysiology-guided approach represents a novel therapeutic

strategy for UC that aligns with current trends in nanomedicine.

The macrophage membrane biomimicking confers distinct ad-

vantages over conventional synthetic nanocarriers, including en-

hanced chemokine receptor-mediated targeting comparable to

macrophage-derived exosome systems [53], as well as improved

biocompatibility and prolonged circulation time characteristic of

biomimetic platforms [54]. Although scale-up production presents

challenges, these may be overcome through innovative hybrid en-

gineering approaches [55].

In conclusion, this study demonstrates the successful develop-

ment of macrophage membrane-engineered nanovesicles as an in-

novative delivery system for targeted UC treatment. By leverag-

ing the innate chemotactic properties of macrophage membranes

combined with synthetic liposomal carriers, the engineered Emo-

mcNVs achieved successful colonic targeting through chemokine

gradient recognition while maintaining excellent drug loading ca-

pacity and stability. The bioinspired nanovesicles demonstrated su-

perior therapeutic effects in a murine UC model, including re-

duced disease activity, preserved colon morphology and attenuated

inflammatory responses, outperforming both free Emo and stan-

dard 5-ASA treatment. This work establishes a novel biomimetic

strategy that exploits disease pathophysiology for targeted drug

delivery, offering significant potential for improving inflammatory

bowel disease therapy. The findings not only advance UC treat-

ment options but also provide a platform technology adaptable

to other chemokine-driven inflammatory diseases. Future studies

should focus on clinical translation and expanding applications of

this promising nanomedicine approach.
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