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Abstract

The present study introduced a new biomedical engineering concept to realize the real-time adjustment of nutrient
absorption. With the aid of a 3D-printed wearable external magnet device, both the location and vibration of enteric-
coated magnetic nanoparticles (EMNPs) in the small intestine could be controlled directly. Through a facile mobile
app, gastrointestinal motility could be monitored directly in real time. Further tests revealed that this technology could
be an attractive way to adjust one’s weight without diet or exercise modification.

Introduction

Obesity and metabolic syndrome are a series of world-
wide health problems'. In 2015, Drs. Colditz and Yang’s
group reported that 39.96% of men and 29.74% of women
were overweight and that 35.04% of men and 36.84% of
women were obese in the U.S> Obesity is a high risk factor
for several chronic diseases', such as type 2 diabetes
mellitus®°, dyslipidemia, hypertension®, coronary heart
disease’, stroke®, and cancer’. In addition to avoiding the
risk of diseases, women, especially actresses, are always
looking to lose weight to keep up a fantasy facade. At
present, the main strategies for losing weight include
dietary therapy, physical activity, behavior therapy, phar-
macotherapy and surgery'®. Although the first three
options are relatively healthier, they are time consuming
and strenuous. Generally, pharmacotherapy is the most
convenient option, but it is usually accompanied by some
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side effects. For example, the lipase inhibitor orlistat, the
most widely used weight-loss drug, has some adverse
effects, including fatty stool, fecal urgency, and oily spot-
ting'". In addition to pharmacotherapy, bariatric surgery'?,
especially gastric bypass surgery'>, is currently one of the
most efficient protocols'®. However, this strategy also has
its own complications, including incisional hernia and
vitamin B12 deficiency'®. Moreover, because surgery is
irreversible, the side effects caused by gastric bypass sur-
gery are usually unrecoverable for the patients.
Fundamentally speaking, as shown in Scheme 1la, the
reason for gaining weight is not complicated. In simple
terms, obesity results when people consume more energy
than they expend. However, the conventional way to lose
weight (such as diet, exercise, or even gastric band
operation) would inevitably disrupt one’s regular daily
routine, which could adversely impact the quality of life.
Indeed, the most ideal protocol is to adjust one’s weight
without surgery, dietary changes or extra exercise. That is,
by reducing the absorption ratio, weight loss could be
realized without diet or exercise (consumption) mod-
ification, even if intake is greater than consumption
(Scheme 1b). In theory, this attractive protocol is not, in
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Scheme 1 lllustration of the proposed technical concept. a Schematic diagram of weight gain. When the intake is greater than consumption, the
body weight increases. b Theoretical basis of the present study. By reducing the absorption rate, we can achieve weight loss without dieting or
exercising. ¢, d Schematic of intestinal peristalsis stimulated by the vibration of EMNPs. The small intestine would accelerate peristalsis under the
stimulation of EMNPs with a magnetic field and regulate the absorption of food and alcohol. The strength of the H-field can be controlled by a

mobile app, which can adjust the absorption ratio of the intake

fact, impossible if the absorption ratio of intake nutrients
could be precisely controlled. The small intestine is the
major organ of nutrient digestion and absorption, and
small intestine peristalsis is directly related to its
absorption efficiency'®'”. Based on the above discussion,
a novel weight-loss concept that combines the advantages
of bariatric surgery (effective) and pharmacotherapy
(convenient) was proposed in this study. The most
innovative part of this study was the introduction of 3D-
printed wearable devices to provide tunable vibrating
magnetic power that led to mechanical stimulation, which
enhanced intestinal peristalsis and thus minimized the
absorption of intestinal villus. To achieve this target,
enteric-coated magnetic nanoparticles (EMNPs) were
synthesized for oral administration because both the
enteric capsule (E-capsule)'® and magnetic nanoparticles
(MNPs)* had been approved by the FDA (Food and Drug
Administration)**. With the aid of an external magnetic

field generated by a wearable magnetic device, the EMNPs
could be located and vibrated in the upper intestine where
the majority of nutrients were absorbed?'. Alcohol abuse
is a well-known worldwide problem that jeopardizes
human health??, and alcohol absorption occurs in the
upper intestine as well. In this sense, the EMNPs will also
help to reduce drunkenness through alcohol detoxifica-
tion, which stimulates intestinal peristalsis and accelerates
the excretion of alcohol.

Materials and methods
Fabrication of EMNPs

A total of 1.5 g enteric capsules was added to 10 ml of a
weakly alkaline solution. After the capsules were com-
pletely dissolved, 0.01 g magnetic nanoparticles was
added. Then, the magnetic nanoparticles were completely
encapsulated by stirring. Finally, enteric magnetic nano-
particles (EMNPs) could be obtained.
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Fig. 1 The characterization of EMNPs’ structure. a lllustration of how EMNPs could be used as a new method to replace irreversible bariatric
surgery (RYGB). b TEM image of MNPs. ¢ TEM image of EMNPs. The scale bar is 50 nm. The blue part represents the membrane of the enteric capsule,
and the purple part represents the MNPs. d XRD data of the EMNPs, MNPs and E-capsule (enteric capsule). e Reaction of the enteric capsule in
different solutions (water, saline, pH = 6.5 (simulated intestinal fluid) and pH =
simulated gastric fluid. f Optical diagram of a 3D-printed elastic device with an H-field. The inset shows a customized wearable elastic device model,
which was digitally designed for 3D-printing techniques. g Optical photographs of C57BL/6 mice (left) and SD rats (right) with the wearable weight-
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Continuous medication and intermittent medication of
C57BL/6 mice

Each mouse was treated with 0.1 ml/10 g EMNPs a day
for three weeks, weighed on each weekend, and phlebo-
tomized and tested for the TC, TG and D-xylose of blood
with a reagent kit on the third weekend. Treatment was
stopped for one week during the fourth week, and the
mice were weighed and phlebotomized for the blood
content test. Then, the mice were medicated again for one
week and weighed; treatment was stopped at the sixth
week, and the weight of the mice was recorded on the
sixth weekend.

Results
Characterization of EMNPs

In this study, the regulation of intestinal peristalsis was
divided into three steps. First, the enteric capsule was used
to wrap the magnetic nanoparticles, which could not only
protect the EMNPs from erosion by gastric acid but also
cover the epithelium of the small intestine and then form
a barrier to block absorption. Afterwards, these capsules
would be gradually dissolved by intestinal fluids, thereby
releasing the magnetic nanoparticles. Subsequently, with

the aid of 3D-printing technology, a wearable external
magnetic field device could be customized according to
different populations. Finally, by manipulating the mobile
app, the magnetic field could be remotely controlled as
required and would realize the real-time regulation of
food and alcohol absorption to achieve the goal of weight
control (Scheme 1¢, d).

The enteric capsule was used as a package, and its main
components were HPMC (hydroxyl propyl methylcellu-
lose) and HPMCP (hydroxyl propyl methylcellulose
phthalate)®®. The IR spectrum of the enteric capsule is
provided in Fig. S1. The EMNPs were designed to form a
physical barrier on the mucosa against substances such as
nutrients, acids and digestive enzymes, while the magnetic
nanoparticles could promote gastrointestinal peristalsis
under magnetic fields (Fig. 1a). As shown in Fig. 1b, the
size of a typical MNP was approximately 50 nm, and the
original TEM (transmission electron microscopy) images
are presented in Fig. S2. An enteric capsule membrane
that successfully covered the MNPs could be observed by
TEM (Fig. 1c)**, which agreed with the X-ray diffraction
(XRD) spectrum (Fig. 1d). However, all enteric capsules
were used as protective membranes for the MNPs to
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Fig. 2 Effect of different treatments to mice. a, b The body weights of the C57BL/6 mice and SD rats were variable with different treatments.
Group A: fed with normal food and without other treatment; group B: fed with high-fat food and without other treatment; group C: fed with high-fat
food and with a varying magnetic field (MF); group D: fed with high-fat food and treated with E-capsules; group E: fed with high-fat food and treated
with EMNPs; group F: fed with high-fat food and treated with both EMNPs and varying magnetic field. “On” represents continuous medication; “off”
represents that the treatment was withdrawn. ¢ Digital gastrointestinal contrast radiography of mice with different treatments. d—f Images of
hematoxylin eosin (HE) staining of liver tissue slices for three groups, namely, group A, group B and high group F, respectively. g-i Images of
hematoxylin eosin (HE) staining of tissue slices of adipose tissue for group A, group B and high group F, respectively. j, k Optical images of the body
forms of the C57BL/6 mice and SD rats after different treatments (group A, group B and group F). Scale bars in (d-i) are 100 mm

avoid gastric corrosion, and the protective effects of the
capsules were verified. After the enteric capsules entered
the digestive tract, they could only be dissolved in the
small intestine; in contrast, the simulated gastric fluid and
other solutions were nearly insoluble (Fig. le). This
finding demonstrated that the enteric capsules could
protect MNPs from gastric acid. With the aid of 3D-
printing technology, the wearable device for losing weight
could be customized according to the actual requirements
(Fig. 1f). The MNPs in the small intestine would be
arranged and moved in response to the magnetic force of
a varying magnetic field (H-field), and these movements
were similar to shaking. Supporting Video S1 simulates
this phenomenon. Herein, a gap for magnetic field loca-
tion was designed on the ventral side of the model, which
could induce the vibration of the MNPs in the body. In
Supporting Video S2 and Fig. S3, in vitro intestinal peri-
stalsis is simulated, and the magnetic field strength could
be controlled remotely by a mobile phone. Subsequently,
the magnetic field strength at different distances from the
target was studied. Theoretically, a magnetic field below
3000 Gs is harmless to the human body?>. According to
the results of our study, the maximum intensity of the
magnetic field was 1600 Gs, but it was enough to cause

the MNPs to move (Fig. S4). This magnetic strength was
too weak to make a significant difference in body health.

As the body weight of the mice decreased during the
treatment period, their body length and abdomen cir-
cumference also varied. Shoulder straps similar to those of
a brassiere were designed to clamp to the mouse
shoulders, and the users could adjust the length of the
shoulder straps according to the actual requirement (Fig.
1g). Moreover, PLA, the major elastic polymer component
of the 3D-printing material, allowed the shape of the
device to be adjusted according to the body type. Wearers
could choose the usage time based on the actual food
intake to realize the goal of individual therapy.

Weight-loss experiment

In this work, the C57BL/6 mice were divided into six
groups. There were five different control groups, and the
variables included food, H-field, and EMNPs. All experi-
ments were divided into two stages, each lasting 6 weeks.
The first stage was a continuous dosage step, and all of the
male mice were 6 weeks old”. From 7 to 12 weeks, their
weights were recorded once a week. As shown in Fig. 2a,
in the first 3 weeks of continued medication, both the
body weight of mice that were treated with the above
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EMNPs and the variable H-field decreased significantly,
but the rest of the mice in these groups showed an upward
trend in weight. The second stage was an intermittent
administration phase to observe the flexibility of our
treatment. The treatment was withdrawn at the 10th and
12th weeks; at the 11th week, the treatment was given. In
our experiments, the body weight of the mice decreased
with the treatment of EMNPs and variable H-field.
However, once the treatment was stopped, the body
weight would be recovered. Furthermore, a similar
experiment in SD rats was performed to ensure the effect
on different species. Herein, four groups, including three
typical control groups, were chosen for the experiment,
with 5 rats in each group. As expected, the rats treated
with EMNPs & H-field showed weight reduction, and the
others continued to gain weight (Fig. 2b). This result
agreed with our previous studies. The results showed that
all control groups had no visible change during the
experiment, which could indicate that these factors (food,
external stress, fear, etc.) have little impact on weight loss.
We were also surprised to find that the mice became
slimmer only if the EMNPs and variable H-field devices
worked together. For the purpose of proving our spec-
ulation of the mechanism, the peristalsis of the small
intestine of the mice was observed by digital gastro-
intestinal contrast radiography®’. The frequency of the
MNPs’ movements in the small intestine was approxi-
mately 90-100 times (Supporting Video S2). Supporting
Video S3 (Fig. 2c) shows that the average numbers of
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peristalsis in 20 s of each group from left to right in turns
were 11 + 2 (group B), 13 £ 1 (group C), 12 + 1 (group D),
11+2 (group E), and 18+ 1 (group F). This result indi-
cated that the peristalsis of mice that had been treated
with EMNPs & H-fields was remarkably promoted com-
pared with that of the others. The mechanism by which
the EMNPs affected the metabolic process was mainly due
to the motion of the magnetic nanoparticles. This
movement could stimulate the peristalsis of the small
intestine, speed up metabolism and reduce adsorption,
finally achieving weight loss. Figure 2d-i shows the
hematoxylin eosin (HE) staining of the tissue slices after
the weight-loss experiment. The adipose cells were
obviously enlarged in group B (fed with high-fat food) and
had lipids in the liver, while the adipose cells and liver
were normal in both group F (EMNPs & H-field) and
group A (common food). These results showed that
MNPs together with the H-field could effectively decrease
calorie intake. Figure 2j, k shows the body types of three
C57BL/6 mice and SD rats, and the right one treated with
EMNPs & H-field was the thinnest. The proposed method
was clearly effective in maintaining a healthy weight in the
long term.

TC, TG and D-xylose absorption

To demonstrate the function of EMNPs on absorption,
the levels of triglyceride (TG) and total cholesterol (TC)
and the absorption of D-xylose®® in blood serum were
detected after three weeks of continuous administration.
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Fig. 3 TC, TG and D-xylose absorption level of mice. a-c The absorption levels of TC, TG and D-xylose in the mice. No significant difference
existed in the serum levels of total cholesterol (TC) and triglyceride (TG) (a) (b); on the contrary, the absorption level of xylose significantly decreased
(0). The significance level is *P < 0.05. d—f Alcohol-detoxification efficiency. The blood alcohol concentration and ADH content in the serum of the
experimental group treated with EMNPs & H-field (group F) were significantly lower than those in the other groups and were similar to those of the
blank group, while the recovery time was also remarkably shortened after treatment (EMNPs & H-field). The significance level is *P < 0.01
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Fig. 4 SEM images of the small intestine tissue fragments. No significant iron oxide residue was detected in the experimental group. In the
positive control group, naked iron oxide nanoparticles could be easily found. Fe is marked red in the elemental scanning analysis (the insert images)

jejunum

ileum

There was no significant difference in the levels of TC and
TG (Fig. 3a, b), but the absorption level of D-xylose in
group F (EMNPs & H-field) was significantly lower than
those of the other groups (Fig. 3c). In addition, group C
(fed with high-fat food & H-field) and group D (fed with
high-fat food & E-capsules) presented a relatively low
absorption of xylose. This result was due to the presence of
hydrophilic methylcellulose, the main component of the
capsule, which could adsorb small water-soluble molecules
and reduce absorption through the small intestine*”, This
result also indicated that the method could effectively
decrease the absorption of water-soluble substances but
would not form an effective barrier for fat-soluble sub-
stances. The shortcomings of lipase inhibitors could be
counterbalanced, which means that the absorption of fat-
soluble vitamins would not be affected, but water-soluble
vitamins would be lost during the period of medication. In
future practical usage, we recommend to take a vitamin
complex tablet 1h before the treatment. Meanwhile, we
continue to work on improving the composition of the
capsule, adding fat-soluble materials to trap fatty particles,
and minimizing the loss of water-soluble nutrients.

Alcohol detoxification of EMNPs

Interestingly, in addition to contributing to losing
weight, the EMNPs also played a role in alcohol detox-
ification. The blood alcohol concentration and ADH
content in the serum increase after alcohol intoxication
and have the most significant distinction in the first
90 min®°. Recovery time is another persuasive index to
test the effect of treatment on drunkenness. As expected,
the results were extremely similar to those of the weight-
loss experiment (Fig. 3d, e). The blood alcohol con-
centration and ADH content in the serum of group F were
similar to those of the blank group (group A), while the
results of the other groups were almost the same as those
of the alcoholism group (group B). The blood alcohol
concentrations in groups C (H-field), D (E-capsule), and E
(EMNPs) showed a decline compared with those in group
B, which was supposed to be caused by the hydrophilic
absorbability of methylcellulose. In addition, the recovery
time of group F (EMNPs & H-field) was obviously shorter
than that of the other groups. The above results of blood
alcohol concentration, ADH content in the serum and
recovery time showed that our method (EMNPs & H-field)
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Fig. 5 MTT assay results of EMNPs in two cell lines and HE staining of rat tissue slices. The MTT results of two cell lines, HUVEC and RAW 264.7,
showed good biocompatibility of EMNPs at different concentrations (a, b). HE staining of rat tissue slices of the heart, liver, spleen, lung, kidney and
cerebrum in groups B (high-fat diet) and F (high EMNP shaking), which presented no inflammation or atypia and definitely normal morphological
characteristics (c). HE staining microscopy images under 200x magnification. (d, e) Average proximal intestine villi/crypt ratio (d) and distal intestine
villi/crypt ratio (e). f Hemolysis ratio of EMNPs. Triton X-100 was set as a control

had the potential to be an antidote and a preventive
measure against alcohol intoxication.

Biocompatibility of MNPs

Fe is an essential element in our body, but excess Fe in
the blood would lead to deposition in the organs and
would be harmful to our health. The EMNPs were sup-
posed to attach to the mucous membrane and not the
villus and would be excreted with the intestinal peristalsis.
The SEM images of tissue fragments of the duodenum,
jejunum and ileum were inspected to demonstrate whe-
ther MNPs were embedded in the intestine villus and
absorbed into the body. The intestinal tissues were dis-
sected at 15min, 1h, 6h and 24 h after treatment. As
illustrated in Fig. 5, no MNPs were detected on the sur-
face of the small intestine tissue fragments. Similarly, the

corresponding elemental scanning analysis of Fe (the
insert images) indicated that after treatment of EMNPs
and shaking, few MNPs attached to the mucous mem-
brane of the small intestine regardless of time. The
positive control group was treated with the same dose of
drug, and the MNPs could be detected easily, as the Fe
element was marked red (Fig. 4). After 6 weeks of treat-
ment in the weight-loss experiment, the liver, renal
function and lipid content were evaluated to test the
safety of this new method. In Fig. S5, the results were
within the normal limits of each group and were not
significantly different from each other. As shown in Fig.
S6, the iron element content in different organs (liver,
spleen, kidney and lung) was analyzed by ICP (inductively
coupled plasma)®!, and we found no significant difference
between the control group and the experimental group
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(EMNPs + H-field). Furthermore, no Fe peak was
observed in the EDX (energy dispersive X-ray) spectra
except in that of the positive control group (Fig. S7).

To evaluate the biocompatibility of the MNPs, an
in vitro cytotoxicity test was performed. In Fig. 5a, b, the
MTT results of two cell lines, HUVEC and RAW 264.7,
show that EMNPs have no significant cytotoxicity within
the effective concentration. Figure 5c is the HE staining of
tissue slices of the heart, liver, spleen, lung, kidney and
cerebrum from groups B and F, which presented no
inflammation or atypia and normal morphological char-
acteristics. The ratio of villi/crypt in the proximal and
distal intestines did not change (Fig. 5d, e), which sug-
gested that MNPs have favorable biocompatibility with the
gastrointestinal mucosa. In addition, the compatibility of
the material in the blood was studied by a hemolysis test.
The hemolysis rates of the MNPs were all below 1.5%,
indicating that the material has good blood compatibility
(Fig. 5f and Fig. S8). Overall, the SEM images and the
results of the elemental scanning, elemental spectra, ICP,
MTT and HE staining of the tissue slices showed that
EMNPs do not adhere to the mucosa or are absorbed by
the body, which ensures their safety to humans.

Discussion

Obesity could lead to a series of metabolic diseases, and
the three most important pathophysiological factors are
hyperglycemia, hyperlipidemia and hypertension. The
proposed vibrating EMNP treatment can effectively
accelerate intestinal peristalsis and reduce absorption,
especially of water-soluble molecules. According to the
obtained results, vibrating EMNPs can reduce the
absorption of carbohydrates and lessen blood glucose
accumulation and deposition in the body. This method is
effective for both weight loss and alcohol detoxification;
however, we still need to do further work to determine its
ability to prevent hyperlipidemia and hypertension.
Compared with the current drug and surgery therapy, our
method was a completely physical way to minimize the
amount of residual drug in the body and thus avoided
several adverse effects. Furthermore, the users can adjust
the dosage of EMNPs and the vibrating level themselves;
additionally, 3D-printed devices can provide tunable
magnetic power to achieve tailored weight reduction.
Notably, because of the enteric-coated capsule membrane,
most of the EMNPs could be excreted from the body after
treatment. No significant difference existed in iron
metabolism, and no iron signal was observed in the organs
(such as the liver, spleen, kidney, and lung) of mice.
Additionally, the MTT and HE staining of the tissue slices
indicated in vivo safety of the proposed protocol. In brief,
efficiency, flexibility, convenience and safety are the four
major advantages of our protocol. Ongoing research
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would focus on three parts. First, we would improve the
materials to minimize the loss of water-soluble vitamins
and block the absorption of adipose tissue. Second,
intestinal peristalsis would be stimulated by different
magnetic intensities and amplitudes. Third, we would
attempt to combine the size of nanoparticles with the
vibration degree. Therefore, we hope that the magnetic
intensity could be autonomously adjusted by selecting
different motivation levels, which are marked on the
devices. While both the enteric capsule (E-capsule) and
magnetic nanoparticles (MNPs) have been approved by the
FDA (Food and Drug Administration), we believe that the
proposed method will soon be adopted in practical usage.
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