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Background: The M1/M2 polarization of intestinal macrophages exerts an essential function in the pathogenesis of ulcerative colitis 
(UC), which can be adjusted to alleviate the UC symptoms.
Purpose: A kind of pH-sensitive lipid calcium phosphate core-shell nanoparticles (NPs), co-loading with dexamethasone (Dex) and 
its water-soluble salts, dexamethasone sodium phosphate (Dsp), was constructed to comprehensively regulate macrophages in different 
states towards the M2 phenotype to promote anti-inflammatory effects.
Methods: Dex and Dsp were loaded in the outer lipid shell and inner lipid calcium phosphate (Cap) core of the LdCaPd NPs, 
respectively. Then, the morphology of NPs and methods for determining drug concentration were investigated, followed by in vitro 
protein adsorption, stability, and release tests. Cell experiments evaluated the cytotoxicity, cellular uptake, and macrophage polariza-
tion induction ability of NPs. The in vivo distribution and anti-inflammatory effect of NPs were evaluated through 
a 2,4,6-trinitrobenzene sulfonic acid (TNBS)-induced BALB/c mice ulcerative colitis model.
Results: The LdCaPd NPs showed a particle size of about 200 nm and achieved considerable loading amounts of Dex and Dsp. The 
in vitro and in vivo studies revealed that in the acidic UC microenvironment, the cationic lipid shell of LdCaPd underwent protonated 
dissociation to release Dex first for creating a microenvironment conducive to M2 polarization. Then, the exposed CaP core was 
further engulfed by M1 macrophages to release Dsp to restrict the pro-inflammatory cytokines production by inhibiting the activation 
and function of the nuclear factor kappa-B (NF-κB) through activating the GC receptor and the NF kappa B inhibitor α (I-κBα), 
respectively, ultimately reversing the M1 polarization to promote the anti-inflammatory therapy.
Conclusion: The LdCaPd NPs accomplished the sequential release of Dex and Dsp to the UC site and the inflammatory M1 
macrophages at this site, promoting the regulation of macrophage polarization to accelerate the remission of UC symptoms.
Keywords: ulcerative colitis, calcium phosphate, macrophage polarization, colon targeted delivery system, dexamethasone

Introduction
Ulcerative colitis (UC) is a chronic and non-specific inflammatory disease involved in the colon and rectum mucosa, 
characterized by local inflammatory cell infiltration and the aggregation of inflammatory mediators in the local intestine.1 

Numerous neutrophils, lymphocytes, and macrophages appear alternately during the development of UC, making the 
course of UC persistent and recurring, thus seriously affecting the health and quality of patients’ life, and increasing the 
risk of UC-related cancers.2–5 Currently, there is no cure for UC, and some patients need total colorectal resection.6 

Therefore, the treatment of UC has become a thorny clinical issue.
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The pathogenesis of UC is related to multiple factors, among which the macrophages at the intestine inflammatory site exert 
essential functions.7,8 The phenotype and function of intestinal macrophages are constantly changing dynamically.9,10 Various 
environmental stimuli trigger macrophage polarization in different directions to produce the classical pathway-activated 
macrophages (M1) and the alternative pathway-activated macrophages (M2).11 Macrophages in intestinal tissues are usually 
activated and polarized into the M1 phenotype under the stimulation of abnormal intestinal antigens and inflammatory factors to 
accelerate intestinal mucosa damage.12 The M1 macrophages secrete cytokines, chemokines, and adhesion factors (eg, TNF-α, 
IL-1β, and IL-12) that destroy the intestinal mucosal barrier to recruit neutrophils to the inflammation site to release proteolytic 
enzymes that destroy tissue and lead to ulceration, thereby promoting the development of inflammation.13–17 Besides, M1 
macrophages also up-regulate the activity of pathogenic type 1 helper T lymphocytes (Th1) to promote the release of 
inflammatory factors, thus disrupting the balance between Th1 and Th2 to aggravate the intestinal inflammatory response.18 

Nevertheless, when the microenvironment of the colonic inflammation site is conducive to the M2 polarization, it can polarize the 
macrophage to the M2 phenotype, which not only secrete high levels of anti-inflammatory factors, such as IL-10, etc., to inhibit 
the proliferation and activation of T cells and downregulate immune response, but also secrete growth factors to promote the 
fibroblast proliferation and angiogenesis, including transforming growth factor-β (TGF-β), vascular endothelial growth factor 
(VEGF) and epidermal growth factor (EGF), thus playing an anti-inflammatory role in the late phase of inflammatory response to 
promote the repair of damaged mucosa, ultimately relieving the UC symptoms.19,20 Research showed that the mechanism of 
some drugs against experimental colitis might be related to the regulation of M1/M2 polarization of macrophages.21 Since there 
are no precise and effective treatment strategies for UC patients, regulating the macrophages’ M1/M2 polarization will become 
a novel macrophage-centered treatment strategy and provide a broad prospect for UC therapy.

Currently, medication is one of the main treatment methods for UC.22 Glucocorticoids (GC) and aminosalicylic acids 
(ASA) are the classic drugs for the clinical treatment of UC, and GC can treat moderate to severe UC that are ineffective 
against ASAs.23–27 The binding of GC to its receptor can inhibit the signal conduction and activation of inflammatory 
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transcription factors, including nuclear factor kappa B (NF-κB) and activator protein-1 (AP-1), thus inhibiting the inflamma-
tory mediators’ generation to produce anti-inflammatory and immune suppressive effects.28,29 For the NF-κB signaling 
pathway involved in the M1 polarization, GC can inhibit the activation of NF-κB by enhancing the gene transcription of NF- 
suppressor protein α (I-κBα) to up-regulate the I-κBα level to inhibit the activation of NF-κB.30,31 Meanwhile, the activated 
GC receptors can directly interact with the activated NF-κBp65 to block the bond between NF-κB and the target DNA, 
ultimately inhibiting the M1 polarization of macrophages and alleviating the inflammatory response of UC by restraining the 
NF-κB activation.32 Moreover, the anti-inflammatory effect of GC is also related to its ability to induce M2 polarization.33,34 

Dexamethasone (Dex) is a highly effective anti-inflammatory GC, while the dose-time-dependent side effects and complica-
tions (eg, adrenal cortex necrosis, diarrhea, emaciation) caused by the long-term use of Dex are unacceptable.35 Therefore, 
unique design thoughts should be introduced into the construction of Dex preparations so that the drugs can effectively reach 
the lesion site to exert anti-inflammatory effects and reduce the adverse reactions caused by systemic absorption.

The application of nanomaterials as the carriers can achieve the targeted delivery of anti-UC drugs (eg, GC, ASA) to 
the colonic lesion, thereby improving their efficacy and effectively reducing their toxic side effects.36,37 Calcium 
phosphate (CaP) is a well-known biomaterial with high biocompatibility and biodegradability.38 The CaP nanoparticles 
(NPs) have been extensively investigated for many biomedical applications, such as tumor therapy,39 bone 
regeneration,40 and dentistry,41 due to their versatility in encapsulating many types of therapeutic compounds, including 
small molecule drugs, siRNA, DNA, and peptides.42–44 CaP NPs are readily stable at neutral pH but soluble at low pH,45 

which makes them suitable to maintain stability in the neutral bloodstream after intravenous administration (i.v). When 
accumulating in the colonic inflammation site by the enhanced permeability and retention effect (EPR), the CaP NPs are 
easily engulfed by M1 macrophages, and rapidly degrade and release drugs in the acidic intracellular environment. 
Furthermore, calcium ions can form stable chelates with various acid radical ions (phosphate, acetate, etc.) through 
coordination bonds, which enable CaP NPs to encapsulate large amounts of Dex salts containing these anhydride ions in 
their cores.46 Moreover, since CaP NPs are usually modified with phospholipid to maintain their structure stability,47 the 
hydrophobic Dex can be directly loaded into the lipid layer of CaP NPs, thus forming a dual drug co-loaded nanosystem, 
which can achieve sequential release of Dex and Dex salts to the inflammatory tissue and macrophages of the UC lesion 
to achieve the comprehensive regulation of macrophage polarization.

Therefore, based on the assumption of regulating the M1/M2 polarization strategy of colonic macrophages in the 
treatment of UC and the application characteristics of CaP NPs, this study constructed a CaP-based drug delivery system 
that could not only target the colonic inflammation site to release Dex directly but also been phagocytosed by macrophages 
located in this region, finally achieving the comprehensive M1/M2 polarization regulation to treat UC.48–50 To this end, by 
preparing the pH-sensitive lipid calcium phosphate core-shell nanoparticles (NPs), LdCaPd, Dex was loaded onto the outer 
pH-sensitive lipid layer of LdCaPd, while the dexamethasone sodium phosphate (Dsp) was loaded into the inner CaP NPs of 
LdCaPd (Figure 1). After i.v., LdCaPd NPs accumulated in the colonic inflammation site by EPR effect. The Dex was first 

Figure 1 Schematic illustration of the preparation of LdCaPd NPs.
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released to the acidic inflammatory tissue due to the pH-responsive dissociation of the outer lipid layer to construct 
a microenvironment that polarizes monocyte-macrophages directly to the M2 phenotype. Then, the inner CaP NPs were 
further engulfed by the inflammatory M1 macrophages to release Dsp via the pH-responsive dissociation of CaP. Dsp 
inhibits the activation and function of NF-κB by activating GC receptors and upregulating I-κBα levels, respectively, finally 
reversing the pro-inflammatory M1 macrophages to the anti-inflammatory M2 macrophages to exert the therapeutic effect 
on UC (Scheme 1) In conclusion, this study achieved the extensive regulation of macrophage polarization in the UC lesion 
site by simultaneously regulating the microenvironment for macrophages polarization and directly reversing M1 macro-
phages polarization, thus providing new research thoughts and methods on UC therapy.

Experimental Methods
Materials
Dexamethasone (Dex), dexamethasone sodium phosphate (Dsp), cyclohexane, and calcium chloride (CaCl2) were 
purchased from Aladdin Chemistry Co. Ltd. (Shanghai, China). 1.2-dioleoyl-sn-glyceryl-3-phosphatidic acid (DOPA), 
1.2-Dioleoyl-3-trimethylammonium propane (DOTAP), cholesterol, and DSPE-PEG2000 were purchased from the 

Scheme 1 Schematic illustration of the release behavior and action mechanism of LdCaPd NPs in the inflamed colon tissue and macrophage.
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Avanti Polar Lipids Co. Ltd. (New Jersey, USA). Fetal bovine serum (FBS), DMEM, and McCoy’s 5A culture medium 
were purchased from Gibco Co. Ltd. (Massachusetts, USA). The CCK-8 assay kit, TNF-α ELISA assay kit (TNF-α, IL- 
1β, IL-10, Arg-1, and TGF-β1) were purchased from Beyotime Biotechnology Co. Ltd. (Shanghai, China). The anti- 
mannose receptor/CD206 rabbit pAb, FITC conjugated goat anti-rabbit IgG, nitric oxide synthase (iNOS) rabbit 
polyclonal antibody, Cy3 conjugated goat anti-rabbit IgG and the Western blotting assay related reagents were purchased 
from the Servicebio Co. Ltd (Wuhan, China). All other reagents were analytical grade and obtained from commercially 
available sources.

Cells and Animals
The HT-29 human colon cancer cell line and RAW264.7 mouse monocyte-macrophage leukemia cell line were purchased 
from the Cell Bank of Shanghai, Institute of Biochemistry and Cell Biology, Chinese Academy of Sciences (Shanghai, 
China). Cells were cultured in the DMEM medium under fully humidified conditions (37°C with 5% CO2), supplemented 
with 10% FBS, 100IU/mL penicillin, and 100 mg/mL streptomycin sulfate. Cells could be used in experiments when 
they were in the logarithmic phase of growth. Male BALB/c mice (20 ± 2 g) were obtained from the laboratory animal 
center of Xi’an Jiaotong University. Mice had ad libitum access to water and food under controlled temperature (20– 
25°C) and relative humidity conditions (50–60%). Moreover, mice were quarantined for one week before treatment. The 
animal care and experimental protocols were in strict accordance with the guidelines of the laboratory animal center of 
Xi’an Jiaotong University and approved by the institutional animal care and use committee of Xi’an Jiaotong University 
(No. XJTULAC 2019–068).

Construction of LdCaPd NPs
The construction of LdCaPd NPs involved two steps: first, the CaP NPs loaded with Dsp (CaPd NPs) were prepared. 
Second, the CaPd NPs were used as the template to prepare the LdCaPd NPs to load Dex via the hydrophobic forces. In 
the preparation of CaPd NPs, the Igepal CO-520 and cyclohexane were first mixed uniformly in a ratio of 29:71 (v/v) to 
prepare the oil phase, which was then mixed with CaCl2 solution (2.5 M, 300 μL) to establish the emulsion A. The Dsp 
(200 μg) and Na2HPO4 solution (500 mM, pH 9) were also dispersed in another oil phase (10 mL) constructed by Igepal 
CO-520 and cyclohexane with stirring, followed by adding DOPA (20 mM, 200 μL) to form emulsion B. The emulsion 
A was slowly added to emulsion B and stirred for 1 h, followed by adding absolute ethanol (20 mL) and standing for 1 
h to demulsify, which was then centrifuged at 10,000 g (15 min) to separate the precipitation. The precipitation was 
washed repeatedly with absolute ethanol to obtain CaPd NPs.

In the preparation of LdCaPd NPs, the CaPd NPs were dispersed in CHCl3 (1 mL), then mixed with a certain amount 
of Dex, 70 µL of the mixture of DOTAP and cholesterol (20 mM, nDOTAP: ncholesterol = 1:1), and DSPE-PEG2000 (3 mM, 
100 µL) in CHCl3 (5 mL). The CHCl3 was then removed by rotary evaporation, and the deionized water was added for 
hydration to obtain the LdCaPd NPs, which were preserved after freeze-drying. During the fabrication process, the 
concentration of Dsp and Dex, the calcium/phosphorus mol ratio (Ca/P ratio), and the stirring speed significantly 
influenced the formation of CaPd and LdCaPd NPs. Therefore, a series of single-factor experiments were performed to 
explore the above factors’ influence on the appearance of CaPd and LdCaPd NPs. Furthermore, the drug-loading 
coefficient (DL%) and entrapment efficiency (EE%) were calculated by the following equations, respectively:

Where Wt represented the weights of Dsp or Dex in the LdCaPd NPs; Ws represented the weights of all components in 
the LdCaPd NPs. W0 represented the weights of the feeding Dsp or Dex. Furthermore, the rhodamine B-loaded calcium 
phosphate NPs (CaPRB NPs) and fluorescein isothiocyanate (FITC) - rhodamine B co-loaded LFCaPRB NPs were 
prepared according to the above methods, which were employed in the cellular uptake assay.
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Characterization
The in vitro detection methodology of Dex and Dsp was shown in the supporting information (Supplementary Material 1. 
Experimental Methods). The particle size, Zeta potential, and polydispersity index (PDI) of LdCaPd NPs were tested by 
dynamic light scattering (DLS) using a Malvern Zetasizer Nano ZS (Malvern Instruments, Malvern, UK). Transmission 
electron microscope (TEM, Talos F200X, ThermoFisher Scientific, USA) and scanning electron microscope (SEM, 
ZEISS Gemini 500, Carl Zeiss, Germany) were used to investigate the morphological features of LdCaPd NPs. The 
energy dispersive spectrometer (EDS) analysis was performed on LdCaPd NPs to analyze the elemental composition in 
their structures qualitatively. Furthermore, to investigate the interaction between drug and carrier and the existence form 
of drugs in NPs, the freeze-dried blank calcium phosphate NPs, CaPd NPs, LdCaPd NPs, CaCl2, Dex, Dsp, and the 
physical mixture of raw materials were detected by X-ray photoelectron spectroscopy (XRD, AXIS Supra, Shimadzu 
KRATOS, Japan). The scanning speed was 2°/min, and the scanning range was 10° - 60°.

Protein Adsorption Test
20 mg CaPd NPs or LdCaPd NPs were suspended in 4 mL of pH 7.4 PBS containing bovine serum protein (BSA, 2.0 mg/ 
mL), then stirred at 25°C for 96 h. The solution was filtered by a 0.22 mm syringe at predetermined times, and the 
amount of protein adsorbed by NPs was calculated by the difference in protein concentration before and after adsorption 
analyzed by UV spectrometer at the wavelength of 280 nm.

In vitro Stability and Release Tests
The in vitro stability of LdCaPd NPs was evaluated by DLS. Briefly, The LdCaPd NPs solution was stored at room temperature 
for 7 d. The particle sizes and Zeta potential were measured daily by a Malvern Zetasizer Nano ZS. The data were recorded 
and analyzed to evaluate the storage stability of the LdCaPd NPs. In the in vitro release study, the CaPd NPs and LdCaPd NPs 
were suspended in PBS with different pH values (pH 5.5 and pH 7.4), then immersed in a dialysis bag (MWCO 8–10 kDa) 
and dialyzed against a PBS release medium with the corresponding pH value at 37 °C under sink conditions and moderate 
shaking. All the release medium was withdrawn and replenished with an equal volume of fresh medium at predetermined 
time intervals. The collected release medium was measured by high-performance liquid chromatography (HPLC) to detect 
the concentration of the released Dsp and Dex at each time point. The experiment was repeated three times, and the results at 
each time point were the relative value, which was the ratio of the tested value to the initial value.

Cytotoxicity
The cytotoxicity of LdCaPd NPs on RAW 264.7 and HT-29 cells was evaluated by the CCK8 assay. Specifically, cells in 
the logarithmic growth phase were digested with 0.25% trypsin-EDTA solution and pipetted into single suspended cells, 
followed by counted on a hemocytometer to adjust the cell density to 5×104 cells/mL with culture medium (the RAW 
264.7 cells were adjusted by DMEM and the HT-29 cells were adjusted by McCoy’s 5A). Then, cells were seeded in 96- 
well plates with a density of 5×103 cells per well and continued to be incubated for 24 h. The LdCaPd NPs and CaPd NPs 
solutions were diluted with culture media (for RAW 264.7 cells, diluted with DMEM, for HT-29 cells, diluted with 
McCoy’s 5A) into different concentrations (For LdCaPd NPs, the sum of the concentrations of Dsp and Dex in LdCaPd 

NPs was set as the incubation concentration, For CaPd NPs, the concentrations of Dsp in CaPd NPs was set as the 
incubation concentration) and filtered through a 0.22 μm cellulose acetate filter. Then, the culture medium was replaced 
by the fresh medium containing NPs of different concentrations and continued culturing for another 24 h. Finally, the 
culture media were replaced by FBS free medium (100 μL) containing 10% CCK8 (v/v), which could form water-soluble 
orange and yellow formazan products in the presence of electron coupling vector 1- Methoxyphenazine methosulfate 
(PMS). After coincubation for 2 h, the absorbance was measured at the wavelength of 450 nm using a microplate reader 
(ELX808, BioTek, USA) to determine the cell viability by comparing untreated cells. In this part, the Dsp was also used 
as the positive control, and its treatment method was the same as that of the LdCaPd and CaPd NPs.
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Cellular Uptake
The LPS (100 ng/mL) stimulated and unstimulated RAW 264.7 cells were seeded separately in the 12-well plates 
containing coverslips and incubated overnight. Then, the culture medium was replaced by the fresh medium containing 
free rhodamine B, rhodamine B-loaded calcium phosphate NPs (CaPRB NPs), and fluorescein isothiocyanate (FITC) - 
rhodamine B co-loaded LCaP NPs (LFCaPRB NPs) and continue culturing for another 12 h. After that, coverslips with 
cells were taken off and washed with ice-cold PBS to remove free dyes. The final samples were analyzed by an inverted 
fluorescence microscope (Leica DMIL, Germany). The ImageJ software (National Institutes of Health, USA) was used to 
analyze the fluorescence in each image semi-quantitatively.

Investigation of the Effect of LdCaPd NPs on Macrophage Polarization
To investigate whether LdCaPd NPs could induce the M2 polarization of macrophages, the RAW 264.7 cells were 
seeded in 12-well plates at 2×105 cells/well and incubated overnight. Then, the culture medium was replaced by 
the fresh medium containing Dsp, or LdCaPd NPs incubated for 24 h. Macrophages were fixed, permeabilized, and 
blocked with 4% paraformaldehyde/0.5% Triton/10% BSA protocol. Anti-mannose receptor/CD206 rabbit pAb 
was incubated, followed by FITC conjugated goat anti-rabbit IgG. Then, the nuclei were counterstained with 
DAPI, and observed by an inverted fluorescence microscope (Leica DMIL, Germany). Moreover, the iNOS rabbit 
polyclonal antibody and Cy3 conjugated goat anti-rabbit IgG were stained using the same methods. The positive 
cell number of CD206 was counted using Image J software.

To investigate whether LdCaPd NPs could reverse the M1 polarization of macrophages, RAW 264.7 cells were seeded in 
12-well plates at 2×105 cells/well and incubated overnight. Then, cells were stimulated with LPS (100 ng/mL) for 12 h. After 
that, the LPS culture medium was replaced by the fresh medium containing Dsp or LdCaPd NPs (the sum of the 
concentrations of Dsp and Dex in LdCaPd NPs was set as the incubation concentration, which was equal to the concentration 
of Dsp, namely 100 nM) and incubated for 24 h. Cells were washed with ice-cold PBS and collected, followed by incubation 
with PE rat anti-mouse CD86, APC rat anti-mouse CD206, and FITC rat anti-mouse CD11b antibody label M1 and M2 
phenotypes of macrophages, respectively, and analyzed by flow cytometry (FACSCalibur, BD, USA). The data was 
processed with the Flowjo 10.6 software. Moreover, the reversal degree of the M1 polarization of LPS-induced macrophages 
by LdCaPd NPs was also verified by observing the immunofluorescence expressions of CD206 and iNOS. Furthermore, to 
verify that LPS-induced M1 polarization leads to the acidification of the colonic microenvironment, thus facilitating the pH- 
responsive release of LdCaPd NPs, RAW 264.7 cells (5 × 105 cells/well) were incubated with LPS (100 ng/mL) for 24 h, and 
the effect of M1 polarization induced by LPS on the pH values of the inflammatory tissue microenvironment was verified by 
detecting changes in the color and pH values of the culture medium.

To investigate the effects of LdCaPd NPs on the inflammatory cytokines’ expression, RAW 264.7 cells were 
first stimulated with LPS (100 ng/mL) for 12 h to construct the in vitro inflammatory cell models. The LPS- 
stimulated and unstimulated cells were seeded separately in 6-well plates at 4×105 cells/well incubated overnight. 
Then, the culture medium was replaced by the fresh medium containing Dsp or LdCaPd NPs (the sum of the 
concentrations of Dsp and Dex in LdCaPd NPs was set as the incubation concentration, which was equal to the 
concentration of Dsp, namely 100 nM), and incubated for 24 h. After the culture medium was aspirated and 
centrifuged, the expression of inflammatory factors and protein (TNF-α, IL-1β, IL-10, and Arg-1) in the super-
natant of the medium was determined by enzyme-linked immunosorbent assay (ELISA).

qRT-PCR
The mRNA levels of NF-κB and I-κBα were evaluated by qRT-PCR. RAW 264.7 cells stimulated with lipopolysacchar-
ide (LPS, 100 ng/mL) were seeded in 6-well plates at the density of 1×105 cells/well and incubated overnight. The 
culture medium was replaced by the fresh medium containing Dsp or LdCaPd NPs (the sum of the concentrations of Dsp 
and Dex in LdCaPd NPs was set as the incubation concentration, which was equal to the concentration of Dsp, namely 
100 nM), and incubated for 24 h. Then, the total RNA was isolated from cells by the TRIzol reagent (Invitrogen, 
Carlsbad, California, USA), followed by measuring its concentration using a NanoDrop spectrometer (ND-2000, Thermo 
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Scientific, USA). The qRT-PCR was performed on a CFX96 real-time PCR detection system (Bio-Rad, Hercules, 
California, USA) by using TB Green Premix Ex Tag II (TaKaRa Bio Inc., Japan) with 25 μL reaction mixtures. The 
relative mRNA expression levels of NF-κB and I-κBα were calculated by specific primers normalized to GAPDH 
according to the 2−ΔΔCt method (enlisted in Table S1).

In vivo Distribution and Pharmacokinetic Studies
Construction of Experimental Colitis Model Induced by TNBS
Mice were fasted for 24 hours but kept free drinking water before modeling. After mice were lightly anesthetized with 
ether, the ulcerative colitis model was established by enema administration with 2.5% 2,4,6-trinitrobenzene sulfonic acid 
(TNBS) solution (dissolved in 50% ethanol). Mice were hung upside down, and TNBS solution was slowly injected into 
the colon of the mice through the anus with a blunt head gavage needle. After maintaining the upside-down state for 
a few seconds, the mice were placed in the cage. The enema dose of each mouse was 0.1 mL, and the mice in the control 
group were injected with an equal volume of normal saline by enema administration.

Distribution of LdCaPd NPs in Mice with Experimental Colitis
The in vivo distribution study employed FITC-labeled LFCaP NPs to explore the in vivo distribution characteristics of Ld 

CaPd NPs. Specifically, using FITC marked DSPE-PEG2000 instead of DSPE-PEG2000 to prepare the LFCaP NPs 
according to the method in Construction of LdCaPd NPs. Male mice were randomly divided into three groups (n = 3 per 
group): (1) inducing experimental colitis model by TNBS and i.v. with the LFCaP NPs solution (0.1 mL); (2) inducing 
experimental colitis model by TNBS and i.v. with the FITC solution (0.1 mL); (3) normal control and i.v. with the LFCaP 
NPs solution (0.1 mL). After 1 h, the in vivo fluorescence distribution of FITC was observed with an IVIS imaging 
system (LumazoneFA2048, Teledyne Photometrics, USA). Then, mice were sacrificed, and the colon and other organs 
were harvested and separated for further verification of the distribution of different preparations in these organs.

Pharmacokinetics Study in Rats
The in vivo methodological HPLC study was shown in the supporting information (Supplementary Material 1. 
Experimental Methods). In the pharmacokinetics study, male rats were randomly divided into two groups (n = 6 per 
group): the LdCaPd NPs-treated group and the Dsp-treated group. The given dose was 6 mg/kg according to the 
concentration of Dsp, administered via the tail vein. Blood samples were drawn from the jugular vein at time points 
of 5 min, 15 min, 30 min, 45 min, 1 h, 2 h, 4 h, 8 h,12 h. Each sample was immediately centrifuged (12,000 rpm, 10 min) 
followed by the collection of supernatant plasma (100 mL). Subsequent operations are carried out according to the 
plasma sample processing method in the supporting information, and the final supernatant (100 μL) was taken for HPLC 
analysis. The Phoenix WinNonlin software (v5.2, Certara, USA) was used for the calculation of pharmacokinetic 
parameters.

Anti Experimental Colitis Study
The mice experimental colitis model was induced according to the procedure in Construction of Experimental Colitis 
Model Induced by TNBS. Mice in the control group received normal saline instead of TNBS solution. 40 male mice were 
randomly divided into 4 groups: (1) control-no colitis induced (injected intravenously (i.v.) with the saline, n = 10); (2) 
TNBS (i.v. with the saline, n = 10); (3) TNBS + Dsp (i.v., 0.5 mg/kg, n = 10); (4) TNBS + LdCaPd NPs (i.v., the drug 
concentration in LdCaPd NPs was the sum of the Dsp and Dex concentrations, which was equal to the concentration of 
Dsp, namely 0.5 mg/kg, n = 10). From the second day after modeling (Day 1), mice were administered twice every 
other day (Day 1 and 3), and the mice were sacrificed on the 6th day. During the experiment, the body weight changes of 
the mice in each group were recorded. The mice’s feces were collected daily to measure the measuring fecal occult blood. 
The evaluation criteria of fecal occult blood level are shown in Table S2. Moreover, the fecal occult blood index was 
combined with bodyweight change and fecal character to calculate the disease activity index (DAI) score, whose scoring 
standard was manifested in Table S3.
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At the end of the experiment, the mice’s blood samples were collected under isoflurane anesthesia. Then, the mice 
were sacrificed to excise the entire colons. The colon length of each mouse was measured, followed by washing them 
with precooled saline. The cleaned colon tissues were divided into two parts. One part was homogenized, followed by 
detecting the myeloperoxidase (MPO) activity, superoxide dismutase (SOD), and malondialdehyde (MDA) with corre-
sponding assay kits, detecting inflammatory cytokines with corresponding ELISA assay kits and performing the Western 
blotting assay on the quantitative expression of NF-κB p65, pNF-κB p65, I-κBα, and pI-κBα. For the Western blotting 
assay, proteins were extracted from the colon tissue homogenate and quantified by BCA protein assay kits. The calibrated 
amounts of proteins were separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) gel and 
blotted onto a polyvinylidene fluoride (PVDF) membrane. Protein blots were blocked with 5% nonfat milk for 2 h at 
room temperature, then incubated with corresponding primary antibodies (NF-κB p65, pNF-κB p65, I-κBα, and pI-κBα) 
overnight, followed by incubated with appropriate secondary antibodies for 2 h at room temperature. The protein bands 
were developed by a chemiluminescence imaging system (ChemiDoc XRS+, Bio-Rad, USA) and quantitative protein 
band density with ImageJ software. Moreover, the other part of the isolated colon tissue was fixed with 4% paraformal-
dehyde and used for histopathological observation and immunohistochemistry investigation. Specifically, after being 
fixed with paraformaldehyde, the colon tissue was embedded in paraffin and sectioned. All the tissue sections were 
stained with hematoxylin and eosin (H&E) for histopathological observation and histological scoring (the scoring 
standards were described in the supporting information: Supplementary Material 1. Experimental Methods). Moreover, 
the colon tissue sections were also taken for immunohistochemistry to investigate the effect of LdCaPd NPs on 
macrophage polarization (marking CD86 and CD206) in inflammatory colon tissue.

Safety Evaluation
The blood compatibility of LdCaPd NPs was evaluated by the hemolysis test. The whole blood from the sacrificed rats 
was mixed with heparin, then centrifuged (2000 r/min, 5 min) to collect the red blood cells, followed by preparing the 
isotonic red blood cell PBS suspension (2%, v/v). The LdCaPd NPs solution was diluted with PBS to 30, 60, 90, 120, and 
150 μg/mL gradient concentrations. LdCaPd NPs solution (3 mL) with different concentrations was mixed with the 
prepared red blood cell suspension, and then incubated water bath (37 °C) for 4 h. After centrifuging at 2000 r/min for 5 
min, the absorbance of the supernatant of each experimental group was measured at 540 nm with UV-vis. The negative 
and positive controls were the isotonic phosphate buffer and deionized water. The hemolysis ratio (HR) of NPs is 
calculated according to the following equation:

Where Asample, Anegative and Apositive are the absorbance values of the sample group, negative control group, and positive 
control group at the wavelength of 540 nm, respectively. The biocompatibility of LdCaPd NPs was also evaluated by the 
histological investigation during the anti-experimental colitis study, namely that at the end of the treatment, other major 
organs (heart, liver, spleen, lung, and kidney) in each group were also taken out, followed by fixed with 4% 
paraformaldehyde and used for H&E staining and histopathological observation.

Statistical Analysis
In this work, the experimental data were presented as mean ± SD and statistically analyzed by one-way ANOVA and 
LSD test using SPSS Statistical Software (v.22; IBM, Chicago, IL, USA). p < 0.05 was statistically significant.

Results and Discussion
Preparation of LdCaPd NPs
This study delivered Dex and Dsp to the site of colitis and inflammatory macrophages, respectively, to regulate 
macrophage polarization via the LdCaPd NPs due to the essential role of macrophage polarization in the development 
of UC. The DOPA-modified CaP NPs were first fabricated by the reverse microemulsion method to load Dsp. Then, the 
CaPd NPs were employed as the template, whose hydrophobic lipid layer (in the structure of DOPA) self-assembled with 
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the hydrophobic parts of the cationic phospholipids, DOTAP, and DSPE-PEG2000 to load Dex, and forming the final 
NPs (Figure 1).

During the fabrication process, multiple factors affected the final morphology and function of LdCaPd NPs. The 
influences of stirring speed, calcium/phosphorus (Ca/P) molar ratio, and dosages of Dsp on the fabrication of the CaPd 

NPs are shown in Figure S1. The stirring speed greatly impacted the fabrication of CaPd NPs, because stirring the inverse 
microemulsion would cause the fusion and division between microemulsion particles. The faster-stirring rate resulted in 
a greater particle dispersion degree, thus helping to form the uniform and dispersed NPs. As shown in Figure S1A, the 
particle size and PDI decreased with increased stirring speed. The phosphate ion in the DOPA microemulsion reacts with 
calcium ions to generate CaP NPs. Therefore, controlling the calcium/phosphorus (Ca/P) mol ratio is crucial for the 
formation and particle size distribution of CaPd NPs. From Figure S1B, the small Ca/P mol ratio tended to form large 
NPs, and the latter would create a visible settlement. However, when the Ca/P mol ratio increased, the particle size of 
CaPd NPs decreased significantly, and the distribution was more uniform, indicating that increasing the Ca2+ concentra-
tion is conducive to forming a more uniform nanosystem. Moreover, the phosphate in the structure of Dsp could react 
with Ca2+ to enhance the loading efficiency of Dsp. Therefore, the effects of different Dsp dosages on the morphology 
and loading efficiency of CaPd NPs were investigated. From Figure S2A and B, the increased Dsp dosage within a certain 
range showed no significant effect on the particle sizes of NPs. However, when the feeding amount was raised to 400 μg, 
the loading capacity of CaPd NPs reached saturation, and the drug loading efficiency did not increase significantly with 
the continuous feeding increase. During the fabrication of LdCaPd NPs, the hydrophobic tail of DOPA phospholipids in 
the CaP NPs extended outward, which was then self-assembled with the hydrophobic parts of the DOTAP phospholipids 
and DSPE-PEG2000 under hydration conditions, simultaneously loading Dex onto the lipid hydrophobic layer. 
Therefore, the effects of different dosages of Dex on the morphology and loading efficiency of LdCaPd NPs were also 
investigated. From Figure S2C and D, the morphology of NPs did not change significantly with the increase in Dex 
dosage. At the same time, the drug loading capacity rate reached saturation when the dosage exceeded 200 μg to 
saturation. Therefore, when the stirring speed was 700 rpm, the Ca/P mol ratio was 100, the dosages of Dsp and Dex 
were 200 µg, the final parameters were listed as follows: particle size: 197.8 ± 1.14 nm; Zeta potential: 39.36 ± 6.26 mV; 
PDI: 0.18 ± 0.02; EEDsp: 47.95% ± 10.43; DLDsp: 7.99% ± 1.74; EEDex: 57.64% ± 10.51; DLDex: 10.06% ± 2.08.

Characterization
The in vitro detection methodology of Dex and Dsp was shown in the supporting information (Supplementary Material 2. 
Results, data were shown in Figures S3–S5, Tables S4–S6), all the data demonstrated that the constructed analysis 
method could achieve the quantitative analysis of Dex and Dsp. The morphology and structure of LdCaPd NPs fabricated 
by the optimized preparation method were further characterized by TEM and SEM. The TEM images showed that the 
DOPA-wrapped CaPd NPs were a spheroid-like structure (Figure 2A). Moreover, the core-shell structure of LCaPd NPs 
was formed after being modified with DOTAP and DSPE-PEG2000 (Figure 2B). After loaded with Dex, no difference 
occurred in the morphology and volume between LCaPd NPs and LdCaPd NPs (Figure 2C), indicating the weak effect of 
Dex on the morphology of final NPs. The SEM results also demonstrated that the three kinds of NPs showed uniformly 
dispersed spherical structures, and the particle sizes gradually increased with the addition of the positively charged lipid 
phosphate (Figure S6A–C). The particle sizes and Zeta potentials from CaPd NPs to LdCaPd NPs exhibited a gradually 
increasing trend due to the wrapping of the positively charged phospholipid materials (Figure S7). The EDS results 
revealed that the main elements in CaP NPs were Ca, O, and P, and the Ca/P ratio was 1.32, which was closer to the Ca/P 
ratio described in the references (Figure S8).51 The XRD analysis verified the interaction between drug and carrier and 
the existence form of drugs in NPs. The results indicated that Dsp, Dex, and CaCl2 powders showed prominent 
crystallization characteristics, with diffraction peaks at 12° and 32°, respectively. Similar characteristic diffraction 
peaks could also be observed in the mixture of the three species. However, after continuous encapsulation by DOPA 
and DOTAP, the related distinct peaks disappeared, indicating that the amorphous CaP could be prepared by CaCl2 and 
sodium phosphate, and Dex and Dsp were successfully encapsulated in the lipid calcium phosphate NPs. (Figure 2D).
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In vitro Studies
It has been discovered that plasma protein is the most abundant component in biological fluids, which can adsorb onto 
the surface of NPs in blood circulation and form a coating called “protein crown” on the surface of NPS through 
electrostatic, van der Waals forces, and hydrophobic interactions, finally affecting the blood circulation time, in vivo 
distribution, and targeting of NPs.52 The protein adsorption test used PBS (pH 7.4) containing 2 mg/mL BSA to simulate 
the plasma environment, incubating LdCaPd NPs and CaPd NPs in the solution for varying times to investigate the protein 
adsorption on the surface of NPs. From Figure S9, the amount of protein adsorbed on the surfaces of the two NPs 
significantly increased with increasing incubation time, while their Zeta potentials showed downward trends. In addition, 
because the surface positive charge of LdCaPd NPs was stronger than that of CaPd NPs, the amount of protein ultimately 
adsorbed and the change degree of potential charges of LdCaPd NPs were higher than those of the latter. However, the 
protein adsorption capacity of the two NPs was relatively low (less than 20 mg/g) and positively charged within 24 h, 
indicating that the protein adsorption did not significantly affect the NPs’ structure in a short time. Literature research 
showed that lipid NPs can be distributed to the target site within a relatively short time after i.v.53 and our subsequent 
in vivo distribution and targeting experiments (In vivo Distribution and Pharmacokinetic Studies) also demonstrated that 
the LdCaPd NPs were distributed to the colonic inflammatory site within 1 h after injection. Therefore, we believe that 
protein adsorption would not impact the degradation and drug release of NPs significantly at the inflammatory site. The 
storage stability of LdCaPd NPs has an important impact on their therapeutic performance. The particle size changes of Ld 

CaPd NPs after being stored at room temperature for 7 d were shown in Figure S10. The particle sizes, Zeta potential, and 
PDI remain unchanged for 7 days, indicating the good storage stability of LdCaPd NPs, which facilitates their application.

Figure 2E–G were the in vitro release behavior investigations of CaPd NPs (Figure 2E) and LdCaPd NPs (Figure 2F 
and G) in different release media. As shown in Figure 2E, in the pH 5.5 PBS solution simulating the intracellular 
lysosome environment, CaPd NPs exhibited the rapid release character with a cumulative release rate of over 60% at the 
4th h. However, in the pH 7.4 PBS solution simulating the blood circulation, the release of Dsp from CaPd NPs was 
relatively slow (less than 20%) at the 4th h, and the final cumulative release rate was around 50%. The results indicated 
that the pH-responsiveness of CaP NPs enables them to be relatively stable in blood circulation while releasing the 

Figure 2 Characterization and in vitro release studies of LdCaPd NPs. (A–C) TEM images of CaPd NPs (A), LCaPd NPs (B), and LdCaPd NPs (C), scale bars: 100 nm. (D). 
XRD spectra of different compositions. a. LdCaPd NPs; b. the mixture of raw materials; c. Dex; d. CaPd NPs; e. CaCl2; f. Dex. (E). In vitro release behavior of CaPd NPs in 
the release medium with different pH values. (F and G). In vitro release behavior of LdCaPd NPs in the release medium with different pH values, (F). Dex released from Ld 

CaPd NPs, (G). Dsp released from LdCaPd NPs. In (E–G), **P < 0.01: significantly different from that in pH 7.4 release media. Mean ± SD, n = 3.
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loading drugs after being engulfed by cells and transported to the acidic lysosome environment.54 However, the 
inflammatory environment of the colon is also acidic, which may cause the dissociation and early release of drugs from 
CaPd NPs before they are taken up by cells. Therefore, in this study, the cationic lipid DOTAP and DSPE-PEG2000 were 
used to further modify the CaPd NPs, and Dex was loaded into the lipid layer to construct the LdCaPd NPs, thus trying to 
achieve the release of Dex and Dsp into inflammatory sites and inflammatory macrophages, respectively. As shown in 
Figure 2F, Dex covered under the cationic lipid DOTAP layer released faster in the acidic condition (pH 5.5) than in the 
neutral condition (pH 7.4). In the first 4 h, the Dex showed obvious burst release in the pH 5.5 release medium, and the 
final cumulative release was about 90%. In contrast, the release was slower in the pH 7.4 medium with the final 
cumulative release of around 60%, indicating that the LdCaPd NPs could keep stable in the blood circulation while 
achieving rapid release of Dsp to the acidic inflammatory tissue of the colon due to the pH-responsive dissociation of 
DOTAP. Moreover, Figure 2G showed the accumulated release curve of Dsp from the LdCaPd NPs, which exhibited 
a special “S” release curve in the pH 5.5 release medium, namely that the release rate was relatively slow at the initial 
stage (0–3 h), then appeared burst release within 4–8 h, finally slowed down again. The final cumulative release rate 
reached 88%. However, in the pH 7.4 release medium, Dsp released from LdCaPd NPs was slower than from CaPd NPs, 
and the final cumulative release rate was just 45%. The unique release character of LdCaPd NPs might be related to their 
structure: the outer DOTAP layers of LdCaPd NPs were protonated under acidic conditions to lead to the massive release 
of Dex first within a short period. Then, the exposed CaP NPs dissolved under acidic conditions to release Dsp, resulting 
in the hysteresis of the burst release and the special “S” release curve of Dsp. From the results of the in vitro studies, we 
could assume that the LdCaPd NPs could keep stability in the blood circulation with neutral pH conditions after i.v. When 
the LdCaPd NPs targeted the colonic inflammatory environment through the EPR effect, the outer DOTAP layers were 
protonated and dissociated under acidic conditions to achieve the massive release of Dex first to create 
a microenvironment conducive to the M2 polarization of macrophages, while the Dsp was still protected by the inner 
CaP NPs and release less amount compared to Dex at this moment. The CaPd NPs were then engulfed by inflammatory 
M1 macrophages and triggered the degradation of CaP in the acidic lysosome, thus releasing large amounts of Dsp in the 
cytoplasm to regulate the M1 polarization.

Cytotoxicity and Cellular Uptake
The cytotoxicity test employed RAW 264.7 and HT-29 cell lines to evaluate the biocompatibility of LdCaPd NPs by the CCK8 
assay. As shown in Figure 3A and B, after being incubated with Dsp or LdCaPd NPs with a concentration range from 0 to 128 
μg/mL, the cell viabilities of RAW 264.7 and HT-29 cells at all concentrations were higher than 80%. Moreover, the CaPd NPs 
also showed satisfactory cytocompatibility on the two cells (Figure S11), indicating that the prepared nanosystems and their 
components have good biocompatibility and can be further applied to in vivo anti-inflammatory therapy.

To investigate the uptake behavior of macrophages to LdCaPd NPs, the water-soluble fluorescent dye, rhodamine B, 
was selected instead of Dsp, and the FITC labeled DSPE-PEG2000 was employed to prepare fluorescent labeled CaPRB 

NPs and LFCaPRB NPs using the aforementioned method. CaPRB NPs were incubated with LPS-activated or unpolarized 
macrophages, followed by the cell uptake results with a fluorescence microscope. As shown in Figure 3C. the 
fluorescence signal in macrophages co-incubated with CaPRB NPs was more significant than that of the cells incubated 
with free rhodamine B, indicating that the macrophages could uptake more NPs than the free fluorescent dye, which 
might be due to the better fusion of CaP NPs with the cell membrane of macrophages through their outer phospholipid 
(DOPA), thereby enhancing the uptake of NPs by cells.55 Besides, the cells polarized by LPS also showed a significant 
effect on the uptake of CaPRB NPs, manifesting stronger fluorescence intensity of rhodamine B in polarized macrophages 
(Figure 3D). To further verify the feasibility of lipid calcium phosphate core-shell NPs releasing loaded Dex through the 
rupture of their pH-sensitive lipid shell in acidic inflammatory environments, dual fluorescent lipid calcium phosphate 
NPs, LFCaPRB, were selected to co-incubate with LPS polarized or unpolarized macrophages. The results were shown in 
Figure 3E and F. Both green fluorescence (FITC) and red fluorescence (rhodamine B) could be observed in macrophages 
without the incubation of LPS, indicating the complete absorption of LFCaPRB NPs by these cells. However, after being 
activated by LPS, the green fluorescence of FITC in macrophages decreased significantly, while the red fluorescence of 
rhodamine B remained stable, indicating that macrophages mainly ingested CaPRB NPs rather than LFCaPRB NPs. The 
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possible reasons for this phenomenon were listed as follows: the glucose metabolism of activated M1 macrophages shifts 
from oxidative phosphorylation to glycolysis, thus increasing the consumption of glucose and accumulation of lactate, 
finally leading to the acidification of the colon tissue microenvironment in which macrophages reside.56 Moreover, we 
also confirmed that LPS-induced macrophage polarization could induce microenvironment acidification (See 
Macrophages Polarization and Anti-Inflammation). Therefore, in the acidic microenvironment, the outer cationic lipid, 
DOTAP, was dissociated and achieved the early release of FITC from the outer phospholipid layer of LFCaPRB NPs. 
Moreover, the CaPRB NPs are further engulfed by activated M1 macrophages to complete the intracellular delivery of 
rhodamine B. Therefore, the outer pH-sensitive lipid layer of LFCaPRB NPs ruptured under the stimulation of acidified 
inflammatory microenvironment to release FITC, while the interior CaPRB NPs continued to be ingested by macrophages. 
This experiment verified that LdCaPd NPs could achieve the successive deliver of Dex and Dsp to the colonic 
inflammation site and macrophages.

Macrophages Polarization and Anti-Inflammation
Macrophages are the critical members of immune cells, which polarize in different directions to mainly produce M1 or M2 
phenotypes when stimulated by various factors.57,58 The M1 polarization promoted by the intestinal microenvironment will 
weaken the immune regulation balance and aggravate UC’s development.59 However, the M2 polarization will alleviate the 

Figure 3 Cytotoxicity and cellular uptake investigation. (A) Cytotoxicity of LdCaPd NPs in RAW 264.7 (A) and HT-29 cells (B). (C) The uptake of free rhodamine B and 
CaPRB NPs by RAW 264.7 cells. (D). Semi-quantitative calculation results of Figure 2C. (E) The uptake of LFCaPRB NPs by RAW 264.7 cells. Green for FITC and Red for 
rhodamine B. (F). Semi-quantitative calculation results of Figure 2E. Scale bars: 10 μm. LPS: lipopolysaccharide, **P < 0.01, mean ± SD, n = 3.
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UC symptoms. The LdCaPd NPs could comprehensively induce the M2 polarization of macrophages in colonic inflamma-
tory sites: the Dex released first to the colonic acidic inflammatory tissue via the pH-responsive protonated dissociation of 
DOTAP in LdCaPd, followed by creating a favorable environment for inducing the M2 polarization. Furthermore, the inner 
CaP NPs were exposed and continued to deliver Dsp to the M1 inflammatory macrophages, thus further promoting the 
transition to the M2 phenotype by inhibiting the NF-κB activation and function, finally exerting the anti-inflammatory 
effects. The acidic inflammatory environment is the prerequisite for LdCaPd NPs to release drugs. In this study, LPS was 
used to induce the M1 polarization of macrophages. The relationship between macrophage polarization and the formation 
of an acidic inflammatory environment was investigated by observing and measuring the color changes and pH values of the 
culture medium. As shown in Figure S12A, compared with the unused DMEM medium containing fetal bovine serum 
(10%, v/v), The colors of both DMEM medium with and without LPS were changed from purple to pink after incubation for 
24 h, which was due to the color change of the acid-base indicator, phenol red, added to the medium with the decrease of pH, 
and the color of LPS culture medium is more inclined towards red.60 Then, the pH of each culture medium was measured by 
a pH meter. The pH of the LPS culture medium was significantly lower than that of the untreated culture medium and the 
LPS-free culture medium with the same incubation time (Figure S12B). The possible causes were that after being polarized 
by LPS, the M1 macrophages are mainly powered by glycolysis,61 which enables cells to secrete large amounts of lactic 
acid to lead to the microenvironment acidification,62,63 thus facilitating LdCaPd NPs to achieve the first release of Dex to the 
microenvironment, followed by releasing Dsp to the cytoplasm of macrophages to complete the comprehensive regulation 
of macrophage polarization.

Then, the pathways and methods of M2 polarization induced by LdCaPd NPs were further explored. LdCaPd NPs 
could dissociate the outer DOTAP layer through its pH-responsive protonation to release Dex, which can polarize the 
unpolarized macrophages and recruited monocytes to the M2 phenotype to exert anti-inflammatory effects.64,65 This 
work used unpolarized RAW 264.7 cells, CD206 (M2 marker), and iNOS (M1 marker) to observe the M2 polarization 
characteristics of LdCaPd NPs by immunofluorescence staining.66 As shown in Figure 4A, less CD206 and iNOS staining 
were observed in unpolarized macrophages. However, after incubation with Dsp or LdCaPd NPs, the CD206 signal was 
significantly enhanced while the iNOS signal remained at a low level. Moreover, the fluorescence intensity of CD206 in 
the LdCaPd NPs group was stronger than that in the Dsp group, indicating that the LdCaPd NPs can polarize unpolarized 
macrophages to the M2 phenotype to play the anti-inflammatory effect. Moreover, the LdCaPd NPs also release the inner 
CaP NPs to be engulfed by the polarized M1 macrophages, thus releasing Dsp into the cytoplasm to reverse the 
phenotype of pro-inflammatory macrophages, which can further enhance the polarization regulation ability of NPs. As 
shown in Figure 4B, the LPS-induced macrophages mainly showed M1 phenotype with high expression of iNOS, while 
Dsp and LdCaPd NPs treated macrophages significantly inhibited the expression of CD206 and enhanced the expression 
of iNOS, and the changes in the LdCaPd NPs group were more obvious, indicating that the co-loading of Dex and Dsp 
could exert a synergistic effect on the macrophage polarization, thus significantly promoting the anti-inflammatory 
function of the M2 macrophages. The effect of LdCaPd NPs on macrophage polarization was further investigated by flow 
cytometry. As shown in Figure 4I–K, macrophages were first polarized to M1 after adding LPS, manifesting as 
a significant increase in the number of cells expressing the biomarker CD86 representing the M1 phenotype. However, 
when cells were incubated with Dsp or LdCaPd NPs, the number of cells expressing CD86 decreased significantly 
(Figure 4I and J). In contrast, the number of cells expressing the biomarker CD206 of the M2 phenotype increased 
significantly, especially in the group treated with LdCaPd NPs. (Figure 4I and K). The above results showed that 
compared with free drugs, LdCaPd NPs were more conducive to the transformation of macrophages from the M1 
phenotype (CD11b+, CD86+) to the M2 phenotype (CD11b+, CD206+) and finally realized the effective regulation of 
macrophage polarization and improve the therapeutic effect on inflammation.

The effects of different preparations on the secretion of inflammatory cytokines by macrophages, including pro- 
inflammatory cytokines (TNF-α and IL-1β) and anti-inflammatory cytokines and protein (IL-10 and Arg-1), were 
investigated. As shown in Figure 4C–F, the production of TNF-α and IL-1β significantly increased in RAW 264.7 
cells after being induced by LPS, while the content of Arg-1 and IL-10 dramatically decreased in the same cells. After 
being incubated with different preparations, the expression of pro-inflammatory factors in macrophages decreased 
significantly. In contrast, the expression of anti-inflammatory factors increased, which was more evident in the group 
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Figure 4 The effect of LdCaPd NPs on macrophage polarization and inflammatory factor expression. (A). Representative fluorescence images of a cluster of differentiation 
CD206 (green) and nitric oxide synthase (iNOS, red) staining of unpolarized RAW 264.7 cells after being treated with different preparations. (B) Representative 
fluorescence images of a cluster of differentiation CD206 (green) and nitric oxide synthase (iNOS, red) staining of LPS-induced RAW 264.7 cells treated with different 
preparations after 12 h. (C–F). Effects of Dsp and LdCaPd NPs on cytokines expression in macrophages. (C). IL-1β; (D). TNF-α; (E). Arg-1; (F). IL-10; (G and H). NF-κB 
mRNA level (G) and I-κBα mRNA level (H) as determined by qRT-PCR in RAW 264.7 cells. (I). Flow cytometry analysis of the effects of Dsp and LdCaPd NPs on the 
phenotypic transformation of M1 and M2 macrophages. (J and K). Quantitative analysis of the effect of Dsp and LdCaPd NPs on macrophage polarization by flow cytometry. 
(J) M1 macrophage (%). (K) M2 macrophage (%). Scale bar: 100 µm, **P < 0.01, *P < 0.05, mean ± SD, n = 3.
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treated with LdCaPd NPs. These results indicated that LdCaPd NPs could significantly inhibit the secretion of pro- 
inflammatory cytokines and promote the expression of anti-inflammatory cytokines in macrophages, thus playing an 
excellent anti-inflammatory effect.

The qRT-PCT test was employed to investigate the possible mechanism of LdCaPd NPs to inhibit inflammation. 
Studies showed that the NF-κB is easily activated by LPS stimulation, which in turn regulates the transcription and 
protein synthesis of a series of inflammatory cytokines, such as interleukin, adhesion molecules, chemokines, and MHC 
I/II antigens, leading to the overproduction of these inflammatory factors and causing colonic mucosal damage.67,68 Dex 
can act as a ligand to bind and activate its corresponding receptor, the latter couples the nucleus with the RelA subunit of 
NF-κB to inhibit its function.69 On the other hand, Dex enhances the upregulate of the protein levels of I-κBα protein by 
enhancing its gene transcription, thereby blocking the processes of nuclear translocation and DNA binding of NF-κB.70,71 

From the results of the qRT-PCT test (Figure 4G and H), compared with the LPS group, the Dsp and LdCaPd NPs 
significantly decreased the mRNA level of NF-κB (Figure 4G), while dramatically increasing the mRNA level of I-κBα 
(Figure 4H), during which the LdCaPd NPs showed the significant effect than that of Dsp, indicating that LdCaPd NPs 
could deliver more Dex and Dsp to macrophages to play the above functions to inhibiting expression and function of 
NF-κB.

In vivo Distribution and Pharmacokinetic Studies
The in vivo distribution was evaluated by detecting the in vivo fluorescence distribution of FITC-labeled LFCaP NPs. 
Results showed that after i.v. for 1 h, the aggregation of FITC fluorescence could be observed in the abdomen of UC 
model mice treated with LFCaP NPs. At the same time, the free FITC did not exert obvious fluorescence signals in the 
abdomen of UC model mice. Moreover, no fluorescent signal was observed in the abdomen of the healthy mice after 
being treated with LFCaP NPs. The fluorescence signals from the major organs also revealed that more FITC 
fluorescence signal was observed in the colon than in other organs in the experimental colitis mice treated with LFCaP 
NPs. However, the FITC fluorescence signals in the colon were similar to that in other organs in the experimental colitis 
mice treated with free FITC and healthy mice treated with LFCaP NPs solution (Figure 5A). These results indicated that 
LdCaPd NPs could passively target to the colitis tissue through the EPR effect to improve the local drug concentration. 
The in vivo HPLC methodological investigation of Dex and Dsp was shown in the supporting information 
(Supplementary Material 2. Results, data were shown in Figures S13, S14, Tables S7 and S8), which demonstrated the 
feasibility of in vivo quantitative analysis of Dex and Dsp. In the pharmacokinetic study, since the surface of LdCaPd NPs 
was modified with a hydrophilic PEG chain, which endows LdCaPd NPs longer circulation time than drug molecules after 
i.v., thus making LdCaPd NPs probably target the colonic inflammatory sites through the EPR effect and perform the 
treating effect fully. Furthermore, since Dsp was encapsulated in the CaP core of LdCaPd NPs, whose in vivo transport 
process is significantly different from that of direct injection of free Dsp. Therefore, this experiment investigated the 

Figure 5 In vivo distribution and pharmacokinetics behavior of LdCaPd NPs on experimental colitis mice. (A) Fluorescence distribution images in vivo and in various organs 
of mice. (B) Plasma concentration curves of Dsp (i.v. administration of 6 mg/kg) and LdCaPd NPs (i.v. administration of NPs containing 6 mg/kg Dsp) in rats. Mean ± SD, n = 6.
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pharmacokinetic behavior of LdCaPd NPs by detecting the content of Dsp in the blood. The plasma concentration-time 
profiles of Dsp and LdCaPd NPs after i.v. administration was shown in Figure 5B, and the main pharmacokinetic 
parameters were listed in Table S9. The AUC0-12 and AUC0-∞ of the LdCaPd NPs treated group are 4.57 and 4.34 times 
that of the Dsp-treated group, respectively. Moreover, compared with the Dsp-treated group, the half-life time (t1/2) and 
peak concentration of the LdCaPd NPs treated group were prolonged and increased, respectively. These results indicated 
that the i.v. administration of LdCaPd NPs can achieve the long-circulation effect, which was beneficial to enrich LdCaPd 

NPs in the colitis sites through the EPR effect, thus playing the therapeutic role.

Anti-Ulcerative Colitis Study
The anti-ulcerative colitis study mainly investigated the therapeutic effect of LdCaPd NPs on experimental colitis mice 
and explored the therapeutic mechanism of LdCaPd NPs. In the therapeutic effect investigation of LdCaPd NPs, the 
weight loss degree in mice was a critical indicator for assessing the severity of UC. The weight changes of mice during 
treatment were shown in Figure 6A. The body weight loss of the normal group increased steadily, while the body weight 
of the TNBS group continued to decrease. After being treated with Dsp and LdCaPd NPs, the weight-loss trends of the 
mice were reversed after the 2nd day, and the final body weights of mice treated with LdCaPd NPs were higher than that 
of the Dsp-treated group, revealing the better effects of LdCaPd NPs than Dsp. DAI is the aggregated indicator of the 
quantitative evaluation of the overall condition of mice during treatment, including bloody stools, diarrhea, reduced 
activity, and weight loss.72 The DAI scores of the normal group remained stable throughout the experiment, while the 
DAI scores of the TNBS group were much higher than those of the normal group, indicating the severity of the induced 
experimental colitis. On the 2nd day of treatment, the DAI scores of the two treatment groups showed downward trends. 
After 5 days of treatment, the DAI index of these treatment groups was significantly decreased compared with the TNBS 
group. The DAI index of the LdCaPd NPs treated group was lower than that of the Dsp treated group (Figure 6B). The 
TNBS-induced experimental colitis may lead to the compensatory hypertrophy of colon tissues, which would result in the 
significant thickening of the colon wall and shortening of the colon length. Hence, colon shortening is regarded as an 
indirect indicator of colitis. As shown in Figure 6F and G, the colon length of the TNBS group was much shorter than 
that of the normal group due to the inflammation, mucosal damage, and edema in the colon after the TNBS modeling. 
After being treated with LdCaPd NPs and Dsp, the colon lengths were significantly improved, and the colon lengths of the 
LdCaPd NPs group were more prolonged than that of the Dsp group, indicating that the precise drug release of LdCaPd 

NPs in the colon lesion and macrophages could more effectively exert anti-inflammatory effects and restore the colon 
length. MPO is a kind of peroxidase that mainly exists in inflammatory cells, and can be used as a biological marker to 
assess UC status.73 From Figure 6C, the MPO activity of the TNBS group was significantly higher than the normal group 
(P < 0.01), indicating the significant development of inflammation after the TNBS modeling. The MPO activities of the 
two treatment groups dramatically decreased compared with the TNBS group (P < 0.01), and the LdCaPd NPs group was 
lower than the Dsp group (P < 0.01) and was close to the normal group. Large numbers of reactive oxygen species (ROS) 
are generated during the development of UC, which promotes the UC by aggravating the oxidative stress degree in 
inflammatory sites. MDA and SOD reflect the oxidative damage degree and antioxidant levels in inflammatory 
tissues.74,75 As shown in Figure 6D and E, the MDA or SOD levels of the TNBS group were much higher (MDA) or 
lower (SOD) than that of the normal group (P < 0.01). However, these parameters of the treatment groups significantly 
reduced (MDA) or increased (SOD) compared with the TNBS group (P < 0.01). ROS increases gradually with the 
inflammation production and promotes the inflammation development by expending antioxidant substances.76 Therefore, 
LdCaPd NPs and Dsp inhibited the inflammatory factors production by regulating macrophage polarization, thereby 
reducing the ROS production, and recovering the activity of SOD to improve the antioxidant capacity. Since LdCaPd NPs 
could comprehensively regulate the macrophage polarization by creating a microenvironment conducive to M2 polariza-
tion and directly regulating macrophage polarization, their inhibitory ability on inflammatory factors and oxidative stress 
was stronger than that of Dsp. The histomorphology changes of the colon tissues in the different groups were evaluated 
by H&E staining. As shown in Figure 6H, the colon tissues of the normal group had complete epithelial barriers and clear 
crypt structures (6Ha and 6He). In contrast, tissues of the TNBS group exhibited all the characteristics of TNBS-induced 
inflammation, including the atrophy and loss of the epithelial barriers, the loss of crypt structures, and the inflammatory 
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cell infiltration into the lamina propria of the colon (6Hb and 6Hf). In contrast, relatively complete epithelial cell barriers, 
clear crypt structures, and almost no inflammatory cell infiltration were observed in the LdCaPd NPs treated group (6Hd 
and 6Hh), almost the same as in the normal group. These results demonstrate the excellent anti-inflammatory effects of 
LdCaPd NPs. The histological changes were also quantified by a colon damage scoring system. The TNBS group showed 
the highest histological score, while the Dsp and the LdCaPd NPs decreased the score by 72% and 85%, respectively 
(Figure S15).

When UC occurs, monocyte macrophages in intestinal tissues or recruited from the bloodstream are activated and 
polarized to M1 macrophages by stimulation via the abnormal intestinal antigens and inflammatory factors, thereby 
accelerating the damage of intestinal mucosa.77 M1 macrophages secrete cytokines, chemokines, and adhesion factors 
that destroy the intestinal mucosal barrier to recruit neutrophils to the inflammation site to release protease hydrolysis and 

Figure 6 In vivo therapeutic effect of LdCaPd NPs on experimental colitis mice. (A) Effects of Dsp and LdCaPd NPs on weight changes in mice. (B) The influence of Dsp and 
LdCaPd NPs on the variation of DAI index of mice. (C) Effects of Dsp and LdCaPd NPs on MPO activities. (D) Effects of Dsp and LdCaPd NPs on MDA levels. (E). Effects of 
Dsp and LdCaPd NPs on SOD activities. (F). Images of the effect of Dsp and LdCaPd NPs on the colon length of mice. (G) Statistical data of colon length of mice after 
treatment. (H) H&E staining results of mouse colon tissue after treatment with LdCaPd NPs, from a to d, the scale bar is 200 μm, from e to h, the scale bar is 100 μm. In 
(A and B) **P < 0.01, significantly different from the TNBS-treated group; In (C–E and G) **P < 0.01, *P < 0.05. Mean ± SD, n = 10.
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destroy the tissue, finally promoting inflammation and resulting in ulcers.21,78 Dex not only up-regulates the I-κBα level 
to inhibit the activation of NF-κB but also activates GC receptors to block the bond between NF-κB and the target DNA, 
thereby inhibiting the M1 polarization of macrophages to exert the anti-inflammatory effects. Furthermore, Dex can also 
promote the transformation of macrophages or monocytes into the M2 phenotype, thereby secreting anti-inflammatory 
cytokines. Therefore, the inflammatory cytokine levels in colon tissue and serum were investigated to demonstrate the 
therapeutic mechanism of LdCaPd NPs. Figure 7A–D showed the pro- and anti-inflammatory cytokines change in serum. 
In Figure 7A and B, after being treated with TNBS, IL-1β, and TNF-α significantly increased, while these cytokines 
dramatically decreased in the LdCaPd NPs and Dsp groups, and these indicators of the LdCaPd NPs group were lower 
than that of the Dsp group under the same dose conditions (P < 0.01). However, TGF-β1 and IL-10 (Figure 7C and D) in 
the TNBS group were significantly reduced compared with the normal group (P < 0.01). After being treated with Dsp or 
LdCaPd NPs, these cytokines dramatically increased compared with the TNBS group (P < 0.01). Meanwhile, TGF-β1 and 
IL-10 in the LdCaPd NPs group showed a more significant increase than that of the Dsp group (P < 0.01). These 
inflammatory cytokines in colon tissues were also detected, which showed similar change trends with those in serum 
(Figure 7E–H). We further investigated the signaling pathway in which LdCaPd NPs exerted therapeutic effects by 
Western blot analysis. As shown in Figure 7I, compared with the normal group, the phosphorylated NF-κB p65 (pNF-κB 
p65) in the other three groups showed varying degrees of increase after being treated with TNBS, indicating that applying 
TNBS could promote NF-κB to lead to the generation and development of the inflammation. However, after treatment 
with Dsp or LdCaPd NPs, the corresponding protein expression changed significantly: the expression of pNF-κB p65 
decreased, and the expression of phosphorylated I-κBα (pI-κBα) upregulated, which was more pronounced in the LdCaPd 

NPs group (Figure 7J and K), Moreover, the ratio between NF-κB p65 and p-NF-κB p65 (NF-kB p65/p-NF-kB p65, 
Figure S16A) and the ratio between I-κBα and pNF-κB p65 (I-κBα and pNF-κB p65, Figure S16B) also demonstrated the 
effective regulation of the NF-κB pathway by LdCaPd NPs. These results indicated that: TNBS causes protein 
haptenization in colon tissue, resulting in the production of corresponding antibodies and leading to the immune response 
and the production of inflammatory cytokines,79,80 which activates NF-κB and regulates its translocation to the nucleus 
and bonding with the target DNA, thus producing more pro-inflammatory cytokines. LdCaPd NPs can achieve the 
comprehensive regulatory effect on the macrophage polarization, namely by releasing Dex first to construct a suitable M2 
polarized microenvironment, then delivering Dsp to the inflammatory macrophages to activate the GC receptor and 
upregulate the I-κBα level to inhibit the NF-κB function to achieve the directly regulation of macrophage polarization. 
The comprehensive regulatory effect of LdCaPd NPs on the inflammatory environment and inflammatory macrophages 
can fully mobilize the anti-inflammatory effect of macrophages, resulting in better therapeutic effects than Dsp. The 
immunohistochemistry assay results are shown in Figure 7L, compared with the TNBS group, the CD86 decreased while 
the CD206 levels increased in colon tissues in both Dsp and LdCaPd NPs treated groups. These indicators changed more 
significantly in the LdCaPd NPs treated groups (P < 0.01). The decrease in the CD86 (M1 marker) and the increase in the 
CD206 (M2 marker) in colon tissue indicate that macrophages are converted from M1 to M2 (Figure S17). These results 
suggested that LdCaPd NPs could effectively inhibit M1 polarization of macrophages and promote the transformation of 
macrophages into the M2 phenotype, thereby accelerating the recovery of UC through inhibiting colitis and applying the 
healing-promoting effect of M2 macrophages, finally achieving the UC treating function through the regulation of the 
macrophages M1/M2 polarization by Dex/Dsp.

Safety Evaluation
The blood compatibility of LdCaPd NPs plays a crucial role in their safety through i.v. administration, which urged us to 
investigate the hemolysis of LdCaPd NPs. LdCaPd NPs with different concentrations (calculated by the concentration of 
Dex, and the final concentration was the sum of the Dsp and Dex concentrations in LdCaPd NPs ranging from 30 to 150 
μg/mL) were co-incubated with rats’ erythrocyte suspension. The red blood cells in the positive control group were 
broken, and hemolysis occurred, expressed as dark red supernatant. However, there was no hemolysis in the negative 
control group and LdCaPd NPs with varying concentrations (Figure S18A). The quantitative analysis results also 
demonstrated that the hemolysis ratio gradually increased with the increase in drug concentration while the hemolysis 
ratio was still less than 2 when the concentration reached 150 μg/mL (Figure S18B). According to the American Society 
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Figure 7 Therapeutic mechanism investigation of LdCaPd NPs. (A–D). Effects of LdCaPd NPs on the expression of IL-1β (A), TNF-α (B), TGF-β1 (C), and IL-10 (D) in 
mouse serum. (E–H) Effects of LdCaPd NPs on the expression of IL-1β (E), TNF-α (F), TGF-β1 (G), and IL-10 (H) in mouse colon tissue. (I) Western blotting results of the 
inflammatory-related proteins: NF-κB p65, pNF-κB p65, I-κBα, and pI-κBα. (J) The content of the expression of NF-κB p65, and pNF-κB p65 as compared to β-actin. (K) The 
content of the expression of I-κBα, pI-κBα as compared to β-actin. (L) Immunohistochemical staining results of colon tissue of mice treated with LdCaPd NPs, scale bars: 100 
μm. **P < 0.01, *P < 0.05, significantly different from the TNBS-treated group. Mean ± SD, n = 10.
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for Testing and Materials Designation (ASTM) F756-00, samples were regarded as safe and non-hemolytic provided 
their hemolytic rates were less than or equal to 5%.81 Therefore, the LdCaPd NPs have good hemocompatibility within 
the concentration from 0 to 150 μg/mL. Conducting biocompatibility tests on nanomaterials is the precursor for their 
security application. Therefore, the histological analysis was performed in the main organs of mice in anti-colitis 
experiments. From Figure S19, the sections of major organs in the Dsp and LdCaPd NPs groups, including heart, liver, 
spleen, lung, and kidney, did not exhibit obvious inflammation or other pathological changes compared with the normal 
group 5 days of treatment, indicating that LdCaPd NPs have good biocompatibility.

Conclusion
To summarize, this study constructed a kind of pH-sensitive lipid calcium phosphate core-shell NPs, LdCaPd, co-loaded 
with Dex and Dsp. The LdCaPd NPs showed good biocompatibility. After i.v., LdCaPd NPs could be enriched in the 
colitis sites depending on the EPR effect. Dex loaded in the lipid layer of LdCaPd NPs was released to the acidic 
inflammatory tissues depending on the pH-responsiveness of LdCaPd NPs forming a microenvironment that induced the 
M2 polarization of macrophages. Then, the inner CaP NPs that loaded Dsp were further engulfed by inflammatory M1 
macrophages, followed by releasing Dsp to the cytoplasm by the pH-responsiveness of CaP to inhibit the M1 polarization 
of macrophages and reverse them to the M2 phenotype. This study provides new research thoughts and methods for 
multiple responses to target inflammatory sites and macrophages and the treatment of colitis by regulating the M1/M2 
polarization of macrophages.
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