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A B S T R A C T   

Lipopolysaccharide (LPS) plays an important role in metabolic syndrome (MetS) and other gut-derived diseases, 
and detoxifying LPS is considered to be a fundamental approach to prevent and treat these diseases. Here, 
inspired by the feeding behaviour of scavenger, novel microfluidic microcapsules with alkaline phosphatase 
(ALP) encapsulation and the scavenger-like molecular sieve shell are presented for cleaning intestinal LPS. 
Benefiting from the precisely controlled of the pore size and microfluidic electrospray, the generated micro-
capsules were imparted with porous molecular-sieve shells and ALP encapsulated active cores. These micro-
capsules could continuously work as an intestinal scavenger after colonized in intestine. It has been demonstrated 
that the microcapsules could englobe LPS while inhibit the permeation of digestive enzyme, and this ability 
contributes to promising ALP’s activity, protecting cells at the presence of LPS and reducing inflammation. In 
addition, this scavenger inspired microcapsule could effectively decrease the LPS in organs, reduce inflammation 
and regulating fat metabolism in vivo. These features make the ALP encapsulated microcapsules an ideal 
candidate for treating MetS and other LPS related diseases.   

1. Introduction 

Metabolic syndrome (MetS) is a complex syndrome associated with 
obesity, type 2 diabetes, hypertension, atherosclerosis and non-alcoholic 
fatty liver disease, reaching epidemic proportions worldwide with great 
burden on medicine and economic [1–3]. Recently, lipopolysaccharide 
(LPS) has been regarded as central to the pathogenesis of MetS [4–6]. 
Along with the irregular diet and routines in modern life, especially the 
high fat and high sugar (HFHS) diet, the morbidity and severity of MetS 
increases with higher intake of LPS [7–9]. So far, several approaches 
including chemical drugs, hemofiltration and biomacromolecules have 
been applied to clean LPS and cure the diseases [10–12]. Among these 

methods, biomacromolecules, such as intestinal alkaline phosphatase 
(ALP), are the most attractive candidates due to their ability in detoxi-
fying LPS through dephosphorylation [13]. However, the direct injec-
tion or orally supplement of ALP protein leads to the short residence in 
body and causes loss of efficient actives [14]. This together with the 
intricate digestive systems and complex metabolism environment have 
limited the efficiency and clinical applications of ALP [15,16]. Thus, 
novel stratagem to utilize enzymes, which can continuously work in 
intestine, is still anticipated. 

In this paper, inspired by the feeding behaviour of scavenger, we 
present a novel microfluidic microcapsule with the scavenger-like mo-
lecular sieve and the ability to clean intestinal LPS, as shown in Fig. 1. In 
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nature, the scavenger could extract their food by filtration and purify 
environment through predation, which could be imitated with designing 
functional microcapsules. Generally, the microcapsules that with core- 
shell structures hold immense promise for encapsulating actives in 
different areas [17–21]. Thus, a number of techniques have been 
explored for their fabrications [22–28]. Among these methods, micro-
fluidic techniques are most attractive as proved to overcome inherent 
challenges to varieties associated with the production [29–33]. How-
ever, these methods usually require organic solvents as oil phase which 
may denature proteins and impede their function [34–40]. In addition, 
due to lacking design of shell, most of the microcapsules could hardly 
manage a balance between a good encapsulation and well permeability, 
which build the barrier between bioactive contents and targets. There-
fore, few researches are currently engaged in enzyme-based microcap-
sules for intestinal detoxification with microfluidic techniques. 

Here, we employed electrostatically driven microfluidics to encap-
sulate the enzyme and fabricate programmable partially-degrading mi-
crocapsules with the desired features for regulating intestinal 
homeostasis and preventing LPS-derived diseases. It was demonstrated 
that the electrostatically driven microfluidics could encapsulate the 
contents into a core-shell structure through quick ionic crosslinking of 
alginate and photocuring of poly (ethylene glycol) diacrylate (PEGDA) 
without using organic solvents, which could not only retain the bioac-
tivity of ALP enzyme, but also protect the enzyme from digestive en-
zymes and gastric juice in stomach. As the alginate is a kind of pH 
responsive material, the alginate part of shell could be partially 
degraded and then the rest nondegradable PEGDA forms a porous 
structure with molecular sieving function in gut. Size of the pores could 
be precisely controlled through degrading a certain percentage of algi-
nate, preventing outflow of ALP and inflow of digestive enzymes while 
allowing the permeation of LPS, which promised ALP’s continuous 
function on detoxifying LPS in gut. We have also demonstrated that in 
vivo, this intelligent microcapsule could function as the scavenger to 
constantly englobe the LPS and detoxify it with ALP in the liquid cores, 
decrease intestinal permeability, regulate fat metabolism and reduce the 
inflammation. These indicated that the present intestinal scavenger 

microcapsules are valuable for internal secretion and biological 
detoxification. 

2. Experimental section 

2.1. Materials, cell lines, and animals 

Photoinitiator 1173 (HMPP), PEGDA, alginate (low viscosity, Alfa 
Aesar), calcium chloride (CaCl2), calcein-AM/PI (CA-PI), ALP, pepsin, 
pancreatin, potassium dihydrogen phosphate and phosphate buffer sa-
line (PBS) were bought from Aladdin. LPS-fluorescein isothiocyanate 
(FITC) and CCK8 were bought from sigma. Hydrochloric acid (HCl) was 
bought from Nanjing Wanqing Chemical Glass ware and instrument Co., 
Ltd. Sodium hydroxide (NaOH) was bought from Nanjing Chemical 
Reagent Co., Ltd. Green fluorescent protein (GFP) was bought from 
Solarbio. Ethylenediaminetetraacetic acid disodium salt was bought 
from Sinopharm Chemical Reagent Co. Ltd. A high voltage power supply 
was gained from Gamma High Voltage Research. Caco-2 cells, Bovine 
Serum albumin-FITC, ALP kit (KGT043) and fibroblasts were gained 
from Keygene Company. Cells were cultured in Eagle’s Minimum 
Essential Medium (EMEM, Gibco, USA) under the condition of 37 ◦C and 
5% CO2. The 8-12-week male mice were from Jinling Hospital. All an-
imals were treated in strict accordance with the recommendations in the 
Guide for the Care and Use of Laboratory Animals of the National In-
stitutes of Health, USA. All animals’ experimental protocols and care 
were reviewed and approved by Animal Investigation Ethics Committee 
of the Jinling Hospital. 

2.2. Microfluidic device design 

The microfluidic device was fabricated of a glass slide and tapered 
capillaries. The outer capillary was tapered and sanded to reach a 
diameter of approximately 150 μm, and the inner capillary was pulled 
with a laboratory portable Bunsen burner (Honest Micro Torch) to form 
spindle tips. Then inner capillary was then coaxially inserted into the 
outer tapered capillary. Needles with crevices at the bottom were used at 

Fig. 1. Design and fabrication of the intestinal scavenger microcapsule. Schematic illustration of the fabrication and application of the microfluidic encapsulated 
porous A-microcapsules. The shell of the microcapsules could protect the contents in stomach and degrade in gut to form a precisely controlled porous structure 
which allowed the permeation of LPS and prevented the traverse of digestive enzymes. 
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the connection of the inner and outer capillary. Then, a transparent 
epoxy resin was used to seal the microfluidic device. 

2.3. Fabrication of the microcapsules 

Alginate was composed with PEGDA and HMPP to form the outer 
phase. ALP was composed with 1% CMC for the internal phase. High 
voltage was generated through a voltage power supply which provided 
electric field for the microfluidic electrospray. Owing to the low flow 
rate, low diameter and high viscosity in Reynolds numbers and hydro-
dynamic focusing effect, the compound jet formed laminar flows and 
stretched to Taylor cone entirely, and then broke into microdroplets at 
high voltage. The generated microdroplets were collected and gelled by 
a dish filled with 2% calcium chloride and UV for 1 h. For analysing the 
pore size, alginate and PEGDA were disposed at the ratio of 0%, 1%, 4%, 
12% and 20% (w/w) to form gels and microcapsules with UV and cal-
cium chloride. The size and morphology of microcapsules and gels were 
analysed under different voltage (U), collecting distance (d) and flow 
rate of inner (Finner) and outer phase (Fouter). In this experiment, 12.5 kV 
voltage, 10 μL min− 1 of inner flow rate and 50 μL min− 1 of outer flow 
rate were applied to generate the microcapsule. 

2.4. Characterization 

ALP encapsulated microcapsules (A-microcapsule) were recorded by 
microscopy (OLYMPUS IX71) equipped with CCD cameras (DP30BW) 
for bright-field images. The microstructures of microcapsules were 
characterized by a scanning electron microscope (SEM, Navo Nano 
SEM450). Before SEM, samples were treated with 0.5% (w/v) EDTA for 
2 h and then washed with ultrapure water for 3 times to remove the 
alginate and imitate the process in gut. Owing to the similar molecular 
weight, GFP was used to simulate the digestive enzymes. 100 μL of 
prepared 2 mg mL− 1 LPS-FITC solution and 100 μL 50 μg mL− 1 of GFP 
were separately added to the treated microcapsules and incubated for 1 
h at room temperature. The microcapsules were then observed under a 
fluorescence microscope. The encapsulation efficiency was determined 
through BSA-FITC and a microplate reader. Briefly, BSA-FITC was 
composted with CMC to fabricate microcapsules. The concentration of 
BSA-FITC in the supernatant was assayed by microplate reader at 520 
nm, and then subtracted by the total amount used. The encapsulation 
efficiency was defined as the ratio of the actual amount of encapsulated 
ALP over the used. Through regulating the initial concertation, the final 
amount of ALP could be controlled. The degradation of alginate was 
conducted in SIF. Briefly, alginate microspheres were fabricated through 
microfluidic electrospray. Later, these microspheres were immersed in 
SIF and observed through an optical microscopy at 0.5, 1, 1.5, 2 and 6 h. 

2.5. Cytotoxicity tests of the microcapsules 

1 mL EMDM was added to the resultant gels and incubated for 24 h. 
The fibroblasts were plated in 96-well culture dishes with 5000 cells per 
well (100 μL) and cocultured with pre-treated 1 mL EMDM for another 
24 h. The cell viability was then measured through CA staining and 
recorded with a fluorescent microscope. CCK-8 assay was also con-
ducted for quantitative analysis. Briefly, 10 μL CCK-8 PBS solution was 
added to each well and the plates were incubated for 2 h. The optical 
density (OD) of each well was measured using a microplate reader at 
490 nm. 

2.6. Analysing enzymatic activity of ALP after treated with digestive fluids 

In vitro digestion models were conducted to evaluate the behaviour 
of ALP, alginate-ALP and A-microcapsule groups in digestive system. 
SGF (3.2 g mL− 1 pepsin, 2 g L− 1 NaCl and pH 1.5) and SIF (10 g mL− 1 

pancreatin, 6.8 g mL− 1 potassium dihydrogen phosphate and pH 6.8) 
were prepared to imitate the digestion in alimentary tract according to 

previous research. The control groups were ALP group without SGF and 
SIF. Other groups were 0.7 U ALP (ALP group), 3% alginate microcap-
sule encapsulated 0.7 U ALP (ALG-ALP group) and 0.7 U PEGDA- 
alginate microcapsule encapsulated ALP (A-microcapsule group) 
treated with 20 μL SGF for 30 min. In SIF group, ALP, microcapsule and 
A-microcapsule were treated with SGF for 30 min and SIF for another 30 
min. Before the activity test, A-microcapsules were treated with EDTA 
for to generate porous structures. To analyse ALP’s activity, ALP and 
microcapsule were incubated with 100 μL disodium phenylphosphate 
(buffer A) and 100 μL 4-aminoantipyrine (buffer B). Then, the resultants 
were added with 300 μL potassium cyanide (buffer C) and heated in 
37 ◦C water-bath and fetched out at 15 min, 30 min, 45 min, 12 h and 24 
h. In this process, ALP degraded disodium phenyl phosphate into pbenol. 
Pbenol futher reacted with 4-aminoantipyrine, and the resultant could 
be catalyzed into red quinone derivatives by potassium cyanide. The 
result of enzyme activity is based on the indicator concentration of red 
quinone derivatives. The ALP kit (KGT043) is a common tool for 
detecting activity of ALP, and this experiment could only be done at 
neutral pH. To avoid the error in this process, we adjusted the pH in 
reactions after treated with SGF and SIF. Through the adjusting, the 
result would not be affected by pH. 

2.7. Protection of microcapsules on cells 

0.1 μg mL− 1 LPS and 104 caco-2 cells were employed to build the 
MetS model. Normal cells without LPS was set as control. Three groups 
stimulated with LPS were set as experimental groups including LPS 
group, microcapsule group + LPS and A-microcapsule + LPS group. LPS, 
microcapsules and A-microcapsules were mixed for 12 h before cocul-
tured with cells. Later, the supernatants were separated for cell experi-
ment. After 24 h culture, the cells were stained with CA-PI to analyse the 
cell viability and protection of the microcapsules. A fluorescent micro-
scope was used to record the images. Additionally, the inflammatory 
levels in different groups were further detected through ELISA according 
to manufacturer’s instructions. The results were expressed with respect 
to the control. 

2.8. Protection of microcapsules on mice 

All animal tests were carried out according to the guidelines 
approved by the Animal Ethics Committee of Jinling Hospital affiliated 
to Medical School of Nanjing University. A mouse MetS model was 
employed to evaluate the effect of A-microcapsules on MetS preventing. 
During 8 weeks, a total of 15 healthy C57/BL mice were treated with a 
HFHS diet to induce MetS and 5 healthy C57/BL mice were fed with 
HFHS diet to set as control. This HFHS diet was fabricated as reported in 
the previous study [42]. Briefly, the HFHS diet included 20% casein high 
nitrogen, 0.18% L-cysteine, 26.9% sucrose FCC, 5% alphacel 
non-nutritive bulk, 6.7% mineral mix, 1.4% vitamin mix, 19.8% lard, 
19.8% corn oil, 0.2% choline bitartrate and 0.03% 
tert-butylhydrytoluene. The normal diet included 19% crude protein, 
6.2% fat, 44% carbohydrate, 3.5% crude fibre, 15% insoluble fibre and 
5.3% ash. HFHS mice were divided into three groups, including micro-
capsule group, ALP group and A-microcapsule group, and treated with 
different interventions throughout 8 weeks. In microcapsule group, mice 
were treated with 500 mg empty microcapsule daily. In ALP group, mice 
were treated with 1000 units ALP in 100 μL PBS daily. In A-microcapsule 
group, mice were treated with 500 mg microcapsule encapsulated 1000 
units ALP daily. This is the common dosage for mice experiment. At 8th 
week, all mice were sacrificed. Tissues were collected for further his-
tology analysis. Blood was drawn in tubes for analysing inflammatory 
factors and blood biochemical factors. Inflammatory factors including 
IL-1 β, TNF-α and IL-6 were measured through ELISA according to the 
manufacturer’s instructions. Briefly, the samples were prepared into 
supernatants, and then coated with monoclonal capture antibodies for 2 
h. After washed with PBS, the cytokines were added with a horseradish 
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peroxidase-conjugated antibody. The resultant samples were further 
incubated and washed. Then, chromogenic substrate was added and the 
absorbance was measured at 450 nm. The concentrations of inflamma-
tory factors were then determined through standard curves. Results 
were expressed with respect to control. Blood biochemical factors, 
including triglyceride, total cholesterol (TC), low-density lipoprotein 
(LDL), high-density lipoprotein (HDL), aspartate aminotransferase 
(AST), alanine aminotransferase (ALT) and glutamyl transpeptidase 
(GGT), were detected with a Tosoh-G8 analyser (Tosoh Bioscience, 
Japan) following the manufacturer’s manual to analyse the lipid meta-
bolism. We validated the disease model through the manifestations, 
including disruption of gut barrier proteins, increased intake of LPS in 
intestine, disordered fat metabolism and increased inflammation. 

2.9. Histology analysis and immunofluorescence analysis 

Before histology analysis, tissues were immersed in neutral formal-
dehyde for at least 24 h. Frozen liver tissues were stained with oil red 
and the pathological scores were graded based on the number and size of 
stained fat droplets. Other organs which included kidney, intestine, 
pulmonary, heart and spleen were dehydrated and embedded in paraffin 
for Hematoxylin-eosin (HE) staining. Afterwards, oil red o staining was 
conducted with a microtome to acquire a 5 μm serial sections. Sections 
for immunofluorescence staining were then incubated with ZO-1 or 
occludin-3 antibody at 4 ◦C overnights. Then, the sections were washed 
with PBS for three times and treated with secondary antibody (dissolved 
in 1% BSA) for 1 h at 25 ◦C. Images were recorded with an Olympus 
BX43 fluorescence microscope. To analyse the content of LPS in tissue, 
intestines were taken and measured with an LPS ELISA kit (Cusabio, 
CSB-E09945h) following the manufacturer’s instructions. Briefly, tis-
sues were pre-treated with 1 × PBS. Reagents were added to samples and 
incubated for 4.5 h at 37 ◦C, and the absorbance was read at 540 nm. 
Standard curve was conducted using known amounts of LPS. 

2.10. Statistical analysis 

All statistical analyses were conducted with SPSS 19.0. The data 
were presented as mean ± standard deviation. Statistical significance of 
the difference was determined by t-test. P < 0.05 was considered 
significant. 

3. Results and discussion 

3.1. Structural and morphological characterization 

In a typical experiment, ALP encapsulated microcapsules (A-micro-
capsules) were fabricated with a coaxial capillary microfluidic chip 
(Fig. 2A). Owing to hydrodynamic focusing, the outer phase was 
sheathed around the inner CMC-ALP phase during the flowing. Then, the 
droplets were formed within the electric field and sprayed into UV area 
and the gelling bath which contained 2% CaCl2. The fast gelation of 
alginate-Ca2+ and PEGDA could instantly solidify the shell structure of 
the microcapsule and encapsulate ALP in the core to form core-shell 
structure (Fig. 2B). Then, a porous shell could be fabricated through 
removing alginate with ethylenediaminetetraacetic acid disodium salt. 
The characteristics of the microcapsule were further observed in detail 
with SEM (Fig. 2C–F). Moreover, the encapsulation efficiency of mi-
crocapsules can reach 84%, and the dosages used later have already 
been calculated according to the encapsulation rate after conversion. By 
dynamically regulating voltage (U), outer phase flow velocity (Fouter), 
inner phase flow velocity (Finner) and collecting distance (d), size of the 
microcapsules could be precisely controlled and good monodisperse 
could be achieved (Fig. S1 and Fig. S2). Theoretically, smaller size of the 
microcapsule contributes to the larger contact area and better effect. 
However, it is difficult to prepare smaller size of the microcapsule. In 
addition, smaller microcapsule could lead to undesirable wrapping ef-
fect and accelerated degradation. So, we chose microcapsules of a few 
hundred microns. Alginate could remain their structure in stomach and 
degrade in intestine owing to the different pH, which contributed to the 
protection of contents and formation of pores in shell (Figs. S3A and B). 
In low pH environment of gastric fluid, the microcapsules remained 
intact without a molecular sieving effect. When the microcapsules were 
in slightly alkaline environment of SGF, the alginate will degrade which 
lead to the generation of molecular sieving effect. After treated with low- 
pH SGF, the alginate still could degrade in SIF. So, it’s conceivable that 
low pH values in stomach won’t influence the molecular sieving effect 
[43]. Furthermore, the size of pore in the shell could be precisely 
controlled to act as molecular sieve by adjusting the ratio of alginate and 
PEGDA (Fig. S4). Thus, we could adjust the proportion of materials to 
advance a molecular sieving shell which could allow the absorption of 
LPS and inhibit the permeation of digestive enzymes. 

3.2. Characterizing the ability of the molecular sieving 

To identify the ability of molecular sieving, the resultant 

Fig. 2. Fabrication and characterization of the microcapsules. A) The real-time image of the microfluidic electrospray process. B) Bright field microscope images of 
the A-microcapsules. C–F) SEM images of the (C) A-microcapsule, (D) half dissected microcapsule, (E) the surface of shell, and (F) the outer surface of alginate- 
removed porous shell. Scale bars in (B) is 200 μm, in (C) is 50 μm, in (D) is 75 μm, in (E) and (F) is 2 μm. 
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microcapsules were characterized with fluorescence confocal. Micro-
capsules with different ratios of alginate/PEGDA were fabricated and 
cultured with LPS-FITC and GFP. In our opinion, pores could be fabri-
cated and enlarged with the increase of alginate, which could regulate 
the permeation of molecules with different molecular weight (Fig. 3A). 
After 1 h coculture, 4%, 12% and 20% groups showed significantly 
increased intake of LPS-FITC which implied higher level permeation of 
small molecules. Due to the larger specific surface area provided by the 
porous structure, the scavenger microcapsules provide more sites for the 
adsorption of LPS-FITC, enabling LPS-FITC to be enriched inside the 
microspheres after a period (Fig. S5). GFP was used to imitate digestive 
enzyme owing to the similar molecular weight. In terms of GFP, it 
showed no significant permeation in 0%, 1%, 4% and 12% groups which 
indicated potential protection from digestive enzymes. However, the 
microcapsules in 20% groups showed more permeation of GFP which 
implied accelerated permeation of lager molecules with increased per-
centage of alginate (Fig. 3B-D). The quantified result also implied the 
successful formation of molecular sieving microcapsule which accel-
erate the permeation of small molecules (e.g. LPS) but retarded the 
traverse of larger molecules (e.g. digestive enzymes). The hydrogel 
microcapsules with molecule-selective permeability have been designed 

by microfluidic method, which could regulate the permeability of the 
shell according to the microenvironment. They have been applied in 
sensor platform, controlled release, enzyme capture and so on [44–46]. 
Thus, we believed our designed intestinal scavenger microcapsules have 
great potential in biomedical application and treating LPS associated 
diseases. 

3.3. Analysing the biomedical potential of the microcapsules 

To evaluate the biomedical application potential of the microcap-
sules, their biocompatibility was estimated. Microcapsules with 
different ingredient ratios were fabricated by changing the ratios of 
alginate and PEGDA. Then, 5000 cells were used to assess the cytotox-
icity of the microcapsules through the extract solution, CAM staining 
and CCK-8 (Fig. 4). After 24 h culture, the results of cell fluorescence and 
CCK-8 indicated that the biocompatibility of pure PEGDA was poor 
when alginate was not incorporated. The biocompatibility of the mi-
crocapsules improved with the addition of sodium alginate. In different 
ratio groups, the 12% group showed best biocompatibility with most cell 
viability, which indicated its potential in biomedical application. At the 
same time, as the total amount of microcapsules decreases, the biosafety 

Fig. 3. Characterization of the molecular sieving system. A) Schematic illusion of the mechanism of molecular sieving system. B) Permeation of LPS in different 
microcapsules. C) Permeation of GFP in different microcapsules. D) The quantification of absorbed LPS in B). E) The quantification of permeated GFP in C). ** for P 
< 0.01 and *** for P < 0.001. 
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of microcapsules was better when it was 100 mg or less. Through a series 
of optimizations, the appropriate ratio of shell for both biocompatible 
and molecular sieving system was set as 12%. 

In digestive systems, the complex inner environment could impede 
the proteins’ functions through digestive enzymes, gastric acid and so 
on, which limits the application of protein drugs. To investigate ALP’s 
activity in digestive systems, A-microcapsules were incubated in simu-
lated gastric fluid (SGF) and simulated intestinal fluid (SIF). Then, the 
resultants were collected and tested through ALP activity kits (Fig. 5). As 
it showed, the ALP group and alginate-ALP group showed very low level 
of enzymatic activity, while the A-microcapsule group showed signifi-
cantly different after 15 min. Additionally, this group showed sustained 
effect during the following 30 min, which indicated the protecting effect 
of PEGDA-alginate shell against SGF and the function of detoxifying LPS 
through dephosphorylation and molecular sieving system (Fig. 5B). In 
all the groups, A-microcapsule group showed best activity and worked 
continuously during 24 h (Fig. 5C and Fig. S6). The presence of SIF in-
fluences reaction, so HCl was added to reduce this effect. As a result, the 
response speed of the microcapsules in the SIF-treated group was slower 
than the SGF-treated group. In this process, we were more concerned 
about the continuous working ability of the microcapsules in the intes-
tine. The mechanics of microcapsules play an important role in their 
functions and should be reinforced. In the digestive process, the mi-
crocapsules must withstand the wear and tear associated to storage, 
transport and administration. Some studies use the ability of intestinal 
digestion to break the capsule to release drugs. In our experiments, the 
stable existence of the microcapsule in the digestive tract may contribute 
to better performance of the function of the contents [47]. The results 
demonstrated the effect of the porous-structure shell with molecular 
sieving function which could protect the contents from complex 

environment of digestive system and promise the function of the 
contents. 

3.4. Validation on the effect of the microcapsules in vivo 

In practical situations, the internalized LPS could be secreted into 
mesenteric lymph and systemic circulation, which induces chronic 
inflammation and damage of organs. Systemic and local inflammation 
lead to overexpression of inflammatory factors, which increases gut 
permeability and several symptoms of MetS. Hence, the capability of A- 
microcapsule to detoxify LPS and relieve the inflammation was also 
investigated. To further analyse the therapeutic effects of the A-micro-
capsule, cells were cultured with LPS and different interventions. The 
testing samples were divided into four groups, namely, control, LPS, 
empty microcapsule + LPS and A-microcapsules + LPS. It was found 
from the live-dead cell staining that the cells were alive in all groups 
while they are different in numbers. However, only the cells in A- 
microcapsule and control groups maintained their original appearance, 
which indicated therapeutic effect of the microcapsule (Fig. S7). 
Inflammation caused by LPS is the pathogeny of MetS and lead to dis-
orders of organ function. Therefore, the anti-inflammatory capability of 
A-microcapsules was also measured in this study. LPS induced a serious 
inflammation in LPS and empty microcapsule + LPS group. However, in 
A-microcapsule group, the cells keep a relative high viability and low 
inflammatory levels. As the TNF-α and IL-6 decreased, these results 
indicated anti-inflammatory effect of the A-microcapsule in LPS induced 
diseases and we believe this effect contributed to relieving MetS. 

To investigate the potential value of the A-microcapsule, a MetS 
murine model was constructed using a HFHS diet. The testing samples 
were divided into four groups, A-microcapsule, microcapsule, ALP and a 

Fig. 4. Cytotoxicity experiment of shell material in different ratios and weights. A) Calcein AM staining of cells. B, C and D) OD value of cells coculturing with 200 
mg shell material, 100 mg shell material and 50 mg shell material. Cell death decreased with the concentration of alginate and the weight of shell material after 24 h 
coculturing. Scale bar is 20 μm in (A). 
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control group feeding HFHS without any intervention. From the 
microscale observation of immune staining, it was found that the barrier 
proteins density of claudin-1 and occludin in the intestine were clearly 
restored in the A-microcapsule group (Fig. 6A and B). Claudin-1 and 
occludin are important barrier proteins which regulate the permeation 
of the intestine; LPS could disrupt barrier functions and induce abnormal 
distribution of claudin-1 and occludin in diseases. Moreover, MetS 
related manifestations could drive intestinal barrier dysfunction and 
increase the permeation of LPS. In the pathogenesis of MetS, intestinal 
barrier function plays an important role in prevention and treatment 
[41]. Therefore, the correction of lost proteins is very important for 
treatment of MetS. The results implied that this intestinal scavenger 
microcapsule could effectively decrease intestinal hyperpermeability. As 
a result, the well protected intestinal barrier was likely to decrease the 
intake of LPS, as well as excessive fat, leading to the well-regulated 
metabolism (Figs. 6C and 7). The control group and microcapsule 
group showed greatest amount of fat deposit in liver oil red o staining 
which showed red staining. In contrast, the A-microcapsule group 
showed least amount of fat deposit in slides which implied better 
metabolism of lipid in liver (Fig. 6C). 

MetS is a constellation of risk factors which often progress to severer 
metabolic diseases, including type 2 diabetes and liver diseases, leading 
to low degrade inflammation and disorders in metabolism. Through 
decreasing the intake of LPS, A-microcapsule could improve the meta-
bolism system through regulating inflammation and fat metabolism 
(Fig. 7). In Fig. 7A, this A-microcapsule could reduce the level of LPS in 
intestine. Researches support the opinion that excessive enteric LPS 
leads to disorders in organs, and results in MetS finally [4–6]. Detoxi-
fying LPS through dephosphorylation has great potential in treating 
MetS. In comparison with other groups, the bio-inspired intestinal 
scavenger could effectively prevent and treat the metabolic syndrome 
through detoxifying enteric LPS. Decreased fat deposit in A-microcap-
sule group led to lower level of AST, ALT and GGT in blood which 
implied a protective effect of the microcapsule on liver (Fig. 7B-D). Also, 
this group showed lowest level in the blood biochemical detection of 
triglyceride, TC, LDL, HDL and HDL/LDL, which implied decreased risk 
of cardiovascular disease (Fig. 7E-I). Herein, the microcapsule treated 
mice were protected from the metabolic disorder that occurs in response 
to HFHS induced MetS. IL-1β, TNF-α and IL-6 in serum were further 
tested to analyse the resulting systemic inflammation. In comparison 

Fig. 5. Characterizing the enzymatic activity of ALP in digestive fluids. A) Standard curve of ALP’s activity. B) ALP’s activity of different groups in SGF with special 
focus on impact of digestive time changes on A-microcapsule. C) ALP’s activity of different groups in SIF with special focus on impact of digestive time changes on A- 
microcapsule. 

C. Zhao et al.                                                                                                                                                                                                                                    



Bioactive Materials 6 (2021) 1653–1662

1660

with other groups, the elevated level of inflammation could be reversed 
through the complement of A-microcapsule (Fig. 7J-L). In vitro, we used 
excessive the digestive juices and enzymes which are less in mice. So, 
there may be a small amount of ALP that can play a role before inacti-
vation in vivo, but the efficiency was relatively low. These results 
demonstrated that the A-microcapsules were ideal materials for HFHS 
induced MetS through detoxifying LPS, protecting barrier function, 
regulating inflammation and restoring metabolism. 

4. Conclusion 

In conclusion, an intestinal scavenger from microfluidic encapsu-
lated A-microcapsules for preventing LPS induced MetS has been built. 
These microcapsules were inspired by predatory ability of scavengers, 
which could englobe molecules of a specific size and purify the envi-
ronment. Additionally, owing to the non-degradable feature of PEGDA, 
these resultant microcapsules could continuously work in gut to detoxify 
LPS through dephosphorylation. In vitro, we have demonstrated that 
through designing the shell, the microcapsule could protect ALP in SGF 

Fig. 6. Evaluation of therapeutic effect on preventing HFHS induced MetS. Intestinal immunofluorescence staining of gut barrier proteins, including claudin-1 (A) 
and occludin (B). C) Liver oil red o staining of mice with different interventions. Scale bars are 50 μm in (A) and (B) and 40 μm in (C). (For interpretation of the 
references to colour in this figure legend, the reader is referred to the Web version of this article.) 

Fig. 7. A-microcapsules prevented HFHS diet induced MetS. A) The concentration of LPS in intestine. B–H) Blood biochemical factors of lipid metabolism in serum, 
including B) ALT, C) AST, D) GGT, E) triglgceride, F) TC, G) LDL, H) HDL and I) HDL/LDL. J, K, L) Inflammatory factors of J) IL-β, K) TNF-α and L) IL-6 in serum. * for 
P < 0.05, ** for P < 0.01 and *** for P < 0.001. 
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and SIF. In addition, the A-microcapsule showed significantly improved 
function in mice. Through this work, we could protect ALP’s activity in 
gastrointestinal which could highly improve its efficiency, and provide a 
way for utilizing bioactive substance in digestive tract. The practical 
value of the resulting A-microcapsules has been demonstrated through 
both of in vitro and in vivo experiments that LPS induced MetS could be 
relieved through restoring intestinal permeability, regulating fat meta-
bolism and reducing inflammation. These features manifested that the 
A-microcapsules are efficient for preventing MetS, and thus we believe 
that these microcapsules have great potential in clinic. 
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