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a b s t r a c t

Inflammatory bowel disease (IBD) is a refractory chronic intestinal inflammatory disease caused by a mal-

function of immune system. As the key immune cells in the intestine, macrophages play an important

role in maintaining intestinal homeostasis and tissue repair of the IBD. Pharmacological modulation of

macrophage function exhibits the promising therapeutic effect for IBD. In this study, mannose-modified

liposomes (MAN-LPs) are prepared for macrophage targeting to improve therapeutic efficiency. Rosiglita-

zone (ROSI) as an agonist of peroxisome proliferators-activated receptor γ (PPAR-γ ) is used as the model

drug to fabricate different sized liposomes. The impacts of mannose modification and particle size for

macrophage targeting are investigated in cells, zebrafish, and mouse models and the therapeutic effects

of the MAN-LPs are evaluated on dextran sulfate sodium (DSS)-induced IBD mouse. Compared to un-

modified liposome, MAN-LPs display higher uptake by RAW 264.7 cells and better co-localization with

macrophage in zebrafish model. Furthermore, MAN-LPs could effectively accumulate in the inflamma-

tory intestinal sites in IBD mouse model. Most importantly, the targeting ability of MAN-LPs is obvi-

ously enhanced with the increasing of particle size, whereas the largest MAN-LPs particles achieve the

best anti-inflammatory effect in cells, and a higher therapeutic efficiency in IBD mouse model. Therefore,

mannose-modified liposome is a promising strategy for macrophage-targeting in IBD treatment. Particle

size of MAN-LPs will affect macrophage targeting ability, as well as the therapeutic effect in-vivo.

© 2023 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Inflammatory bowel disease (IBD) is a group of chronic non-

specific intestinal inflammatory diseases, including ulcerative col-

itis (UC) and Crohn’s disease (CD), that has been developed as a

global health problem with continuous growth of incidence rate

[1,2]. It is an intestinal related disease with the symptoms of re-

current and persistent abdominal pain, weight loss, diarrhea, and

mucous bloody stool that severely restrict the quality of life [3].

Although the pathogenesis of IBD is not very clear, it can be con-

firmed that many factors including intestinal immunity, gut mi-

croorganisms and exotic stimulants commonly influence the home-

ostatic imbalances in enteric [4]. The chronic inflammatory fea-
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tures include the impairments of intestinal epithelial barrier and

the imbalance of immune regulation in colon and rectum sites,

so promoting the resolution of intestinal inflammation and mu-

cosal repair is critical for the treatment of IBD. Currently, 5-

aminosalicylic acid (5-ASA) is the first line drug for IBD treatment

in clinic, and corticosteroids like prednisolone and budesonide are

the main strategy for clinical therapy [5]. Biological drugs and

immunotherapy agents such as infliximab, adalimumab and goli-

mumab that could bind to and neutralize tumor necrosis factor-α
(TNF-α) have also been developed and applied for relieving inflam-

mation [6]. However, due to the low targeting of conventional 5-

ASA, corticosteroids and immunotherapy agents, patients are sub-

jected to long-term treatment with high doses of drugs with se-

vere systemic side effects [7]. Therefore, the targeted drug delivery

platform is urgent to be explored and developed for IBD therapy.

With the development of nanotechnology and biotechnology,

various nanoparticles are delivered into the inflammatory colon

https://doi.org/10.1016/j.cclet.2023.108361
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site by passive and active targeting effects [7,8]. Due to the en-

hanced permeability and retention (EPR) in the destroyed intesti-

nal epithelial tissue, nanoparticles that based on specific physical

properties could deliver and accumulate into the inflamed colon

to increase drug concentrations [9]. For example, Abhijit et al. has

reported a budesonide nano-suspensions to improve penetration

efficiency in intestinal tissue by tailing particle size (∼225nm)

and muco-inert coating materials [10]. Zhang et al. have con-

structed a smart cauliflower-liked nanoparticle to transport astax-

anthin into the colon, which achieved pH-dependent release to en-

hance biological activities [11]. Active targeting is mostly relying

on receptor-mediated delivery systems. As the pathophysiological

conditions have been changed in IBD, many signals including re-

ceptors and proteins are overexpressed on the epithelia cells and

immune cells, which are the promising targets. CD44 is the re-

ceptor of hyaluronic acid (HA) that express on the surface of vari-

ous cells and response for cell interaction, adhesion and migration.

A methylcellulose and HA cross-linked hydrogel coating bovine

serum albumin has been prepared for rectal delivery with great

therapeutic effect. A diselenide-bridged HA nanoparticles could ef-

fectively reduce reactive oxygen species (ROS) to realize antiox-

idant relieving colitis [12,13]. Except that, folate receptor, trans-

ferrin receptor and cell adhesion molecules are the potential tar-

gets to improve biological activities. Compared with the traditional

forms, targeted drug delivery systems have demonstrated superior

properties in treating IBD with higher efficiency and lower side

effects.

During the process of IBD progression, macrophages play an im-

portant role in intestinal immune homeostasis and prevention of

excessive immunity [14]. Under physiological conditions, intestinal

macrophages exhibit a relatively inert phenotype, thereby avoid-

ing inappropriate inflammatory and activating immune responses.

In the state of IBD, a large number of pro-inflammatory media-

tors are produced, and inflammatory cytokines are released that

disrupt the gut microbial environment, resulting in mucosal struc-

tural destruction and immune dysregulation. Macrophage polariza-

tion is critical for inflammation process that is closely related with

initiating, maintaining and resolving of inflammation [15]. As the

innate immune cells in gut, the function of macrophages is es-

sential for IBD pathological progression [16]. Therefore, many drug

therapies improve IBD symptoms by acting on macrophages to in-

hibit inflammatory signaling pathways or to induce polarization of

macrophage phenotypes [17,18]. Peroxisome proliferators-activated

receptor γ (PPAR-γ ) is expressed on macrophage, which is re-

garded as a promising macrophage-targeted receptor for IBD treat-

ment. It has been reported that PPAR-γ could induce macrophage

polarize as M2 phenotype and accelerate the recovery from IBD

[19]. Rosiglitazone (ROSI), a synthetic agonist for PPAR-γ , has been

used for the treatment of type 2 diabetes in clinic, also developed

to suppress the inflammation in IBD by inhibiting macrophage in-

flammatory response [20,21]. However, increasing drug accumula-

tion in the inflammatory site and avoiding systemic side effect are

still a challenge for further clinical application [22,23].

Mannose receptor (MR) is an endocytic receptor involved in

homeostasis and immunity that highly expressed on macrophage.

It has reported that mannose modified trimethyl chitosan-

conjugated nanoparticles could selectively deliver to intestinal

macrophage by combining with mannose receptors for mucosal

repair and immunomodulation [24]. Nanoparticles functional-

ized with mannose have been applied for anti-tumor and anti-

inflammation treatment, which proved the feasibility of mannose

for macrophage targeting [25,26]. This study will design a ROSI

loaded mannose-modified liposome (MAN-ROSI-LP) that target to

inflammatory macrophages to precisely deliver drugs into the in-

testinal inflammation site for IBD treatment. Moreover, the size

effect for liposome particle targeting is also explored to achieve

the best drug accumulation in colon site to take anti-inflammation

function. As the transparent and dynamic in-vivo model, zebrafish

is more and more recognized for nanoparticle bio-fate study in

drug discovery [27]. To directly view the bio-distribution of the li-

posomes, zebrafish provides a new platform for tracking particles

in vivo. Therefore, the performance of MAN-ROSI-LPs with differ-

ent sizes were investigated both in-vitro and in-vivo to enhance

drug accumulation in the GI tract and then improve therapeutic

efficiency for IBD treatment. All the zebrafish experiments were

performed according to the protocol approved by the Animal Re-

search Ethics Committee of the University of Macau (ethics num-

ber: UMARE-021–2018).

To investigate the size effect of the MAN-ROSI-LPs on

macrophage targeting, a series of liposomes were prepared with

different sizes as shown in Fig. 1A, while polyethylene gly-

col (PEG)-ROSI-LP without mannose modification was also pre-

pared for comparison. The hydrodynamic diameter of PEG-ROSI-LP

was 114.4± 9.89nm, while that of small (S-MAN-ROSI), medium

(M-MAN-ROSI) and large (L-MAN-ROSI) liposomes was 124.6±
10.45nm, 219.8± 15.68nm and 324.5± 22.75nm, respectively (Fig.

1B). Transmission electron microscopy (TEM) images demonstrated

all the prepared liposomes were spherical particles without aggre-

gation or break. The polydispersity index (PDI) of each sample was

within 0.2, which confirmed the homogeneity of liposome parti-

cles (Fig. 1C). After 7 days storage at 4 °C, there were no obvi-

ous changes for particle size, indicating the good stability during

the short storage period (Fig. 1D). PEG- and MAN-ROSI-LPs were

all neutral charged with zeta potential of around 0.1. Free ROSI

were separated from the liposome solution after ultrafiltration pro-

cess, and the calculated encapsulation efficiency of the PEG-ROSI-

LP, S-, M- and L-MAN-ROSI were 78.8%, 88.8%, 83.2% and 82.8%, re-

spectively. The dissolution behavior of the free drug and liposomes

were measured as shown in Fig. 1E, where free drug and liposomes

demonstrated the similar dissolution properties. About 20% free

drug was released into the medium within 1h, then quickly dis-

solved in the next 8h and reached to the maximal release at 24 h

For the dissolution of PEG-ROSI-LP, there were 25% drug released

at 1h and reached to 90% at 8 h Similarly, all three sized MAN-

ROSI-LPs showed the comparable release profiles. S-MAN-LP exhib-

ited a relatively quick release that fully dissolved at 8h, whereas

M- and L-MAN-LPs gradually released and reached to 100% disso-

lution after 24 h.

To verify the targeting effect of mannose modified liposome for

macrophages, the fluorescent dye DiI was used as a marker to la-

bel liposomes, while PEG-LP was used as the comparison. After co-

cultured with liposomes for 2h, the fluorescence intensity (FI) of

the cell lysate was detected with a microplate reader as shown

in Fig. 2A. The FI of RAW 264.7 cell lysate in each MAN-DiI-LP

group was markedly higher than that in PEG-DiI-LP (P < 0.05),

and the FI gradually increased as the liposome particle size in-

creased. Conversely, for the epithelial cell A549 lysate, there were

no noticeable difference of FI between mannose modified groups

and PEG-DiI-LP, and no particle size dependent effect under the

same conditions. The FI of single cell that measured by flow cy-

tometer exhibited the similar results (Fig. 2B). To study whether

the higher uptake of MAN-DiI-LPs was attributed to the specific

targeting with mannose receptor, RAW 264.7 was pre-treated with

d-mannose (a competitive agent of mannose receptor) for 1h and

then co-cultured with the liposomes for 2 h. The FI for each sam-

ple was measured by flow cytometry as shown in Fig. 2C. For man-

nose modified liposome, d-mannose could inhibit the particle up-

take by macrophage as the FI were obviously reduced with man-

nose pretreatment, especially for large particles. Whereas the up-

take of unmodified liposome did not show difference with or with-

out d-mannose pretreatment group, indicating that there was no

competition between mannose and normal liposome. These results
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Fig. 1. Characterization of the MAN-ROSI-LPs. (A) The schematic of MAN-ROSI liposome particle. (B) The size distribution and representative TEM images of PEG-ROSI and

small, medium, large MAN-ROSI liposomes (the scale bar is 100nm). (C) The size and PDI of liposomes. (D) The particle size change of PEG- and MAN-ROSI-LP stored at 4 °C
during 7 days. (E) In-vitro release rate of the free drug, PEG- and MAN-ROSI-LPs in PBS with 1% Tween 80 within 24 h. Data are shown as mean ± standard deviation (SD)

(n=3).

Fig. 2. The targeting effect of mannose-modified liposome to macrophages in vitro. RAW 264.7 and A549 cells were treated with PEG-DiI-LP and MAN-DiI-LP with different

particle sizes containing the same concentration (25μg/mL) of DiI for 2 h. (A) Cells were lysed with RIPA and the lysates DiI fluorescence intensity were detected by

microplate reader at λ=565nm (n=3). (B) Cells were digested with trypsin, and the fluorescence intensity of each cell was detected by flow cytometry (n=3). (C) The

intracellular uptake of PEG-DiI-LP and different size MAN-DiI-LP with or without mannose pretreatment. (D) 30 cells were randomly selected from each group and the

fluorescence intensity was quantitatively analyzed by LAS-X software. (E) Cells were fixed with paraformaldehyde, and the phagocytosis of different liposomes was observed

by confocal microscope. DiI was marked in red and macrophage nuclei are stained with DAPI (blue). All significant differences of MAN-DiI-LPs compared with PEG-DiI-LP

were determined by one-way ANOVA. Data are shown as mean ± SD (n.s., no statistical difference. ∗P < 0.05, ∗∗P < 0.01).

suggested that mannose modified liposome could effectively tar-

get to macrophage by combining with mannose receptors and im-

prove the particle delivery efficiency. Furthermore, the uptake of

liposomes by RAW 264.7 was also directly observed by confocal

microscopy shown in Fig. 2E. After 2h incubation, there were al-

most no PEG-DiI-LPs uptake by macrophage. However, RAW 264.7

cells co-cultured with L-MAN-DiI-LPs showed more obvious fluo-

rescence co-localization compared with that of S- and M-MAN-

DiI-LPs, suggesting that larger liposomes were easily uptake by

macrophages. Thirty cells in each group were randomly selected

for quantitative analysis, which also confirmed the uptake of MAN-

DiI-LP was more than PEG-DiI-LP with statistical differences, where
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Fig. 3. The biodistribution of PEG-DiI and MAN-DiI liposomes in 2 dpf Tg (mpeg1: EGFP) zebrafish larvae and IBD mouse model. (A) The schematic of vein injection in

zebrafish. (B) The co-localization of macrophage and DiI liposomes in 12h after injection. (C) Macrophage uptake score of PEG-DiI and MAN-DiI-LPs by macrophage. (D) The

percentage of macrophages that co-localized with PEG-DiI and MAN-DiI-LPs. (E) Overlap coefficient of each group that co-localized with macrophage. The macrophage of

zebrafish was labeled as green fluorescence and liposome particles were labeled as red fluorescence. (F) Before induction of colitis, mice were randomly divided into six

groups (n=3): negative control group (PBS), free DiI group (DiI), small particle size vehicle-treated group (PEG-DiI- LP) and three MAN-DiI-LP groups with different particle

sizes (S-MAN-DiI-LP, M-MAN-DiI-LP and L-MAN-DiI-LP). After drinking 3.5% DSS for 5 days, 100 μL different solutions with 1μg/mL DiI were injected into the tail vein.

The animal imager was used to observe the fluorescence signal intensity of the isolated intestine after treatment for 24 h. All images were observed by CLSM at 24 hpi.

Significant differences of MAN-DiI-LPs compared with PEG-DiI-LP were determined by one-way ANOVA. Data are shown as mean ± SD (n=5, ∗P < 0.05, ∗∗P < 0.01, ∗∗∗P <

0.001, ∗∗∗∗P < 0.0001 compared with PEG-LP group; #P < 0.05, ###P < 0.001 compared with L-MAN-LP group).

the uptake of the large particles was significantly higher than those

of the small and medium particles (Fig. 2D).

The in-vivo size-dependent macrophage-targeting of mannose

modified liposomes were further explored in the Tg (mpeg1: EGFP)

zebrafish that had the enhanced expression of green fluorescence

protein on vascular macrophage. As shown in Figs. 3, the confo-

cal laser scanning microscope (CLSM) images of zebrafish exhib-

ited the fluorescence co-localization of macrophage with PEG- and

MAN-LPs. Firstly, DiI labeled liposome particles were injected into

vein as illustrated in Fig. 3A. After 24h post injection (hpi), the

particle distribution in vascular was presented in Fig. 3B. There

were very little PEG-LP particles uptake by macrophage, whereas

the red fluorescence of MAN-LPs overlapped with green fluores-

cence were brighter, which suggested mannose modified liposomes

could effectively target to macrophage. Moreover, with the particle

size increasing, the co-localization of green and red fluorescence

was more obvious. From the perspective of signal macrophage that

co-localized with liposome particles, macrophage uptake score,

the percentage of macrophages with co-localization and overlap

coefficient of different liposome treatment groups were calcu-

lated to semi-quantitatively evaluate co-localization as shown in

Figs. 3C–E. Macrophage uptake score in MAN-LPs groups were

higher than PEG-LPs, especially for L-MAN-LP that was significantly

higher than other groups. The percentage of the macrophages that

were co-localized with liposome particles to total macrophages in

whole zebrafish was showed in Fig. 3D, where the co-localized

macrophage in L-MAN-LPs was also larger than those of the PEG-

LP, S- and M-MAN-LPs. The overlap coefficient was also analyzed

in Fig. 3E. Consistently, it was obvious that overlap coefficient

of MAN-LPs was higher than PEG-LP, especially for the L-MAN-
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LP group which exhibited significant differences with that of the

PEG-LP. Therefore, mannose modified liposomes mostly tended to

aggregate around macrophage and could be effectively uptake by

macrophage in vivo. Moreover, this targeting effect was signifi-

cantly enhanced with the increased particle size.

Whether the MAN-LPs could be delivered and accumulated in

the inflammatory sites in IBD model, the dextran sulfate sodium

(DSS)-treated mice model that reproduced the symptoms of hu-

man ulcerative colitis were used in this study [28]. All mouse

breeding and experimental procedures were approved by the An-

imal Experiment Ethics Committee of the University of Macau

(ethics number: UMARE-023–221). After adding DSS into free

drinking water to induce IBD mice model, the gradual onset of IBD-

related pathological symptoms, including body weight loss, blood

in the stool, rectal bleeding, and pathological changes in colonic

sections, were obviously observed in mice from 1 day to 6 days.

On the last day of DSS administration, PBS, free DiI, PEG-DiI-LPs

and MAN-DiI-LPs with different particle size were injected through

the tail vein. After 24h, the whole intestines of mice were pho-

tographed with in-vivo imaging. As shown in the Fig. 3F, more

MAN-DiI-LP particles accumulated in the colon where was the

most severely inflammatory site of IBD, indicating that mannose

could effectively target macrophages and accumulate in inflamma-

tory tissue. Furthermore, as the particle size increased, the fluo-

rescence intensity of the colon tissue gradually enhanced, indicat-

ing that the larger particles enhanced targeting of MAN-DiI-LPs to

the inflammatory sites in-vivo. Then macrophages in colon were

labeled as maker F4/80 and colon tissue slices were photographed

by fluorescence confocal microscope. The MAN-DiI-LPs showed the

obvious co-localization with macrophages, especially for larger par-

ticles (Fig. S2 in Supporting information), which was consistent

with the overall distribution in colon and further confirmed the

better co-localization of MAN-DiI-LPs.

In the inflammatory site of colitis, macrophage could be ac-

tivated and polarized as M1 phenotype, some pro-inflammatory

cytokines were produced and released to enhance the severity

of inflammation. After the treatment of MAN-ROSI-LPs, the in-

flammatory cytokines of macrophage were measured to verify the

macrophage targeting ability and anti-inflammatory effect of MAN-

ROSI-LPs. RAW 264.7 was firstly induced by lipopolysaccharides

(LPS) to build the inflammatory cell model. With the LPS and

MAN-ROSI-LPs co-cultured, the mRNA level of cytokines was mea-

sured by RT-PCR (Figs. S3A–C in Supporting information). It was

clear that mRNA levels of inducible nitric oxide synthase (iNOS),

interleukin-1β (IL-1β) and IL-6 were significantly up-regulated af-

ter LPS stimulation and could be inhibited by free ROSI. But PEG-

ROSI-LP did not show the ability to attenuate the up-regulation

of inflammatory factor transcription induced by LPS. In the MAN-

ROSI-LP groups, the mRNA levels of iNOS, IL-1β and IL-6 decreased

with the increase of particle size, and gradually tended to the ef-

fect of free ROSI. Next, the secretion of inflammatory factors in

the cell culture supernatant was examined by enzyme-linked im-

munosorbent assay (ELISA). MAN-ROSI-LPs could effectively de-

crease the release of IL-6 induced by LPS compared with PEG-ROSI-

LP (Fig. S3D in Supporting information). Moreover, with the size

increased, less IL-6 was released. Similarly, MAN-ROSI-LPs also in-

hibited the produce of IL-1β , especially the L-MAN-ROSI obviously

decreased the concentration of IL-1β in cell culture supernatant

(Fig. S3E in Supporting information). For the anti-inflammatory cy-

tokine of IL-10, ROSI could stimulate the production of IL-10, and

the L-MAN-ROSI significantly improved the express level of IL-10

(Fig. S3F in Supporting information). Inhibiting pro-inflammatory

cytokines and promoting anti-inflammatory cytokines could syner-

gistically mitigate inflammation with MAN-ROSI-LPs treatment.

Because the large sized liposomes demonstrated the best tar-

geting ability, L-MAN-ROSI-LP was selected for the follow-up in-

vivo bioactivity experiments. The timeline of building IBD mouse

model was described in Fig. 4A. Following the inducement of IBD

by 3.5% DSS water, ROSI of 0.2mg/kg or the equal concentration

of ROSI encapsulated in L-MAN-ROSI-LP was injected into the tail

vein every day. On the 6th day of the experiment, DSS was changed

to the free drinking water to observe the recovery of IBD symp-

toms in different group of mice. Disease activity index (DAI) was

used to evaluate the severity of the disease in mice. The higher

of the score, the more severe of IBD. As shown in Fig. 4B, ex-

cept the control group (the normal water drinking group), the DAI

of the other groups continuously increased from 1 day to 8 days.

During DSS inducing, ROSI slightly reduced DSS-induced DAI levels

compared with the model group, although no statistical difference.

Whereas the treatment of MAN-ROSI-LP effectively reduced the

DAI of mice compared with the model and ROSI groups (P < 0.05).

After the DSS inducing, the model group exhibited the further ag-

gravation of the disease due to the lack of effective treatment. Con-

versely, DAI decreased in both the ROSI and L-MAN-ROSI-LP groups

but was more pronounced in the L-MAN-ROSI-LP, as indicated by

an upward trend in body weight, better stool morphology, and no

apparent bleeding.

After 8 days, mice were sacrificed, and the colon was taken to

measure the length. The results showed that the colon length of L-

MAN-ROSI-LP treatment mice group was significantly longer than

that of free ROSI and control group (Figs. 4C and D). On the other

hand, L-MAN-ROSI had no significant effect on the liver and spleen

index of the mice (Figs. 4E and F). HE staining of colon sections

showed that the colon tissue of animals in the model group ex-

hibited strong mucosal erosion, shortened crypts, accompanied by

inflammatory cell infiltration, edema and marked thickening of the

intestinal wall. In contrast, histological sections of the colons in the

L-MAN-ROSI group showed markedly reduced inflammation with

only mild inflammatory infiltration, edema and normal bowel wall

thickness (Fig. 4H). Histology scoring based on HE-stained picture

also concluded that the score of L-MAN-ROSI-LP was lower than

that of the ROSI and model groups (Fig. 4I).

Myeloperoxidase (MPO) was an enzyme presented in a variety

of immune- and inflammation-related cells, and its activity was

proportional to the degree of inflammation in the tissue. Decreased

MPO activity in inflamed tissue was a sign of tissue repair and

healing. The MPO activity of each mouse colon tissue was mea-

sured and shown in Fig. 4G. Treatment with ROSI and MAN-ROSI-

LP significantly reduced the DSS-induced MPO enzyme activity in

colon tissue, and L-MAN-ROSI-LP existed the better efficacy com-

pared with ROSI. This phenomenon revealed that L-MAN-ROSI-LP

system could effectively deliver the drug to the inflammatory site

and exert better therapeutic efficacy than free drug at the same

dose.

IBD was featured with persistent and recurring inflammation,

during which, the misfunction of macrophage population played a

dominant role. In DDS-induced colitis mice model, a large num-

ber of pro-inflammatory macrophages and monocytes infiltrated

in mucosa to triggered inflammatory and immune responses [29].

Therefore, macrophage was the appropriate and effective target

for IBD therapy [30]. Existing drugs, including classic non-steroidal

anti-inflammatory drugs, glucocorticoids, antibody drugs and syn-

thetic immunosuppressants were related to regulate intestinal

macrophage differentiation and activity [31–33]. Due to the sys-

temic side effects and the long course of treatment, there was still

no approved drug system for targeting inflammatory macrophages

as pharmaceutical product. Mannosylated liposomes specifically

targeting to macrophages was an effective way for IBD treatment.

Liposome was used as carrier for drug delivery with higher bio-

compatibility and ROSI as the agonist of PPAR-γ was act as model

drug. Drug or delivery system was injected via tail vein that would

facilitate the treatment of deep inflammation without inhibiting
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Fig. 4. Anti-inflammatory effect of MAN-ROSI-LP in DSS induced mice model. (A) The timeline of liposome treatment in vivo. C57BL/6 mice were freely fed with 3.5% DSS

for 6 days to induce IBD, and then changed to drinking water. 100 μL PBS, 0.2mg/kg ROSI or MAN-ROSI-LP with 0.2mg/kg ROSI were injected into the tail vein every day.

(B) Mice were weighed daily, and DAI was assessed. (C, D) At the end of the study (day 8), the length of mouse colons were measured, and colon tissue were collected for

image. (E, F) The spleens and livers of mice were weighed. (G) MPO activity of colon tissue were detected. (H, I) Colon tissue was taken for HE staining and histological

scoring. All significant differences of MAN-DiI-LPs compared with PEG-DiI-LP were determined by one-way ANOVA, data represent mean ± SD (n.s. means not statistically

different, ∗P < 0.05, ∗∗P< 0.01, ∗∗∗P< 0.001, ∗∗∗∗P< 0.0001).

repair of mucosal damage and ulcer. It also avoided the impact of

the complex intestinal environment and act on macrophages di-

rectly. Furthermore, particle size was also screened to realize the

best macrophage targeting. It was a significant improvement of

therapeutic effect than free drug with a very low drug concentra-

tion in the IBD mouse model.

MR was a neutral receptor for mannose that expressed on the

surface of macrophages and was closely related to the functions of

the innate immune system and homeostasis. This study confirmed

that compared to PEG-LP, MAN-LP with the same particle size

displayed better targeting efficiency to cultured macrophage RAW

264.7, but not epithelial cell A549 In-vitro. Furthermore, L-MAN-

LPs had the better ability to target macrophages of the model or-

ganism zebrafish and intestinal inflamed areas of IBD mice model.

Moreover, the combination of mannose and MR would play a role

in inhibiting the secretion of inflammatory factors by macrophages

and further attenuating the inflammatory response of the intestine.

Therefore, mannose modification was an effective way to deliver

the drug to inflammatory macrophages and exert the medicinal ef-

fect.

Except the specific ligand-receptor combination, particle size

was an important parameter for targeting inflammatory lesions.

Previous studies confirmed that the larger liposome particles were

more efficiently taken up than smaller one, while they were more

likely to be trapped by splenic macrophages when the particle

size was greater than 400nm [34,35]. The MAN-LPs were prepared

with different size from 100nm to 300nm, and the macrophage

targeting efficiency was investigated individually. With the size in-

creased, the uptake of MAN-LPs by macrophage and accumula-

tion of MAN-LPs in inflammatory bowel sites were significantly in-
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creased. One of the mechanisms could be that macrophage pref-

erentially recognized and uptake the larger sized particles. On the

other hand, with the diameter increased, more mannose molecules

can be decorated on the surface of liposomes for macrophage tar-

geting enhancement [36]. In addition, a previous study claimed

that the diameter of fenestrated endothelium within the liver sinu-

soidal was between 100nm and 150nm, which facilitated the hep-

atocytes uptake for the particles smaller than this size [37]. There-

fore, liposomes with larger particle size could escape from the en-

trapment of the liver sinusoids.

ROSI was reported to be benefit for IBD model by alleviation

of activated intestinal macrophages [38]. It was expected to bind

to PPAR-γ expressed on activated macrophages to inhibit the in-

flammatory response and repair the mucosa. In this research, the

ability of MAN-ROSI-LPs alleviating LPS-induced secretion of pro-

inflammatory factors in macrophages was particle size dependent.

In DSS-induced IBD mice model, L-MAN-ROSI-LPs treatment signif-

icantly ameliorated the changes of symptoms, pathological mani-

festations and tissue MPO activity with a very low drug dose that

did not produce significant benefits in free drug group. It was an

easy and efficient delivery system that increased the accumulation

of ROSI in the inflammatory sites for IBD treatment.

The potential toxicity of the delivery system was also an impor-

tant issue to consider. There were already a variety of liposomes

in the pharmaceutical market for the treatment of diseases such as

cancer and influenza, which reflected the excellent biological safety

of liposomes in clinic. Our results showed that tail vein injection of

MAN-ROSI-LP for short term did not significantly change the liver

and spleen indices of IBD mice. Moreover, the DSS-induced spleen

index increasing was reduced due to the potent effect of the drug,

indicating good biocompatibility of this targeted drug delivery sys-

tems.

In conclusion, different sized mannose-modified ROSI loaded

liposomes were synthesized and successfully targeted to

macrophages on both in-vitro and in-vivo zebrafish and mice

models. The enhanced targeting effect and anti-inflammatory

effect of MAN-ROSI-LPs was size-dependent, which was also well

confirmed in the zebrafish and intestinal inflammation site of IBD

mice model without observed toxicity. Using MR as a targeting re-

ceptor and mannose-modified liposomes with particle size tailing

as the drug delivery systems may provide an effective strategy for

macrophage-targeting to deliver lipophilic drugs, which can en-

hance IBD therapeutic activity and minimize the systemic adverse

effects of the drug.
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