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A B S T R A C T   

Considerable efforts have been devoted to treating gastric ulcers. Attempts in this field tend to develop drug 
delivery systems with prolonged gastric retention time. Herein, we develop novel Chinese herb pollen-derived 
micromotors as active oral drug delivery system for treating gastric ulcer. Such Chinese herb pollen-derived 
micromotors are simply produced by asymmetrically sputtering Mg layer onto one side of pollen grains. When 
exposed to gastric juice, the Mg layer can react with the hydrogen ions, resulting in intensive generation of 
hydrogen bubbles to propel the micromotors. Benefiting from the autonomous motion and unique spiny struc-
ture, our micromotors can move actively in the stomach and adhere to the surrounding tissues. Besides, their 
special architecture endows the micromotors with salient capacity of drug loading and releasing. Based on these 
features, we have demonstrated that our Chinese herb pollen-derived micromotors could effective deliver 
berberine hydrochloride and show desirable curative effect on the gastric ulcer model of mice. Therefore, these 
Chinese herb pollen-derived micromotors are anticipated to serve as promising oral drug delivery carriers for 
clinical applications.   

1. Introduction 

Gastric ulcer is one of the most common and tormented digestive 
diseases, which is characterized by gastric mucosa damages [1–3]. 
Significant scientific efforts have been placed on curing gastric ulcer 
[4–7]. Up to date, various drugs have been developed for gastric ulcer 
treatment in diverse formulations [8–12]. Among them, oral formula-
tions stand out benefiting from their high gastric targeting, better pa-
tient compliance and low cost [13–16]. Based on oral formulations, 
drugs such as ranitidine, famotidine and omeprazole have been proven 
effective in promoting the recovery of gastric ulcer [17–19]. However, 
the curative effect of these oral formulations was greatly limited by the 
quick gastric emptying, which usually leads to short retention time. 
Although some particles have been devised to carry drugs to resist the 

quick gastric emptying, their retention time remains unsatisfactory due 
to the lack of structural design. Thus, insights regarding how to devel-
oping new drug delivery system with long gastric retention time may 
exert a profound impact on the treatment of gastric diseases. 

In this paper, we proposed a novel Chinese herb pollen derived 
micromotors as active oral drug delivery system with prolonged reten-
tion time for gastric ulcer treatment, as schemed in Fig. 1. Chinese herb, 
which is an important branch of traditional Chinese medicine, has 
attacked worldwide scientific attention due to its multilevel functions 
[20–23]. Pollen grains as one of the most classic Chinese herbs not only 
exhibit desirable curative effect in regulating diseases, but also possess 
excellent adhesion due to their unique spiny architecture [24–27]. Be-
sides, the hollow cavity inside pollens imparts them with excellent ca-
pacity for cargo loading, making them ideal as cargo carriers [28–31]. In 
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contrast, micromotors are artificial self-propelled micro-devices that 
have come to the forefront as unique tools in many fields [32–34]. They 
can realize autonomous motion through energy transduction from 
external energy to kinetic energy [35,36]. Through specific design of 
propel mechanism, micromotors can even move actively in vivo [37–42]. 
Thus, it is conceived that the combination of pollen grains with micro-
motors can open new avenues for drug delivery. 

Herein, we fabricated the desired Chinese herb pollen-derived 
micromotors by asymmetrically sputtering an Mg layer onto one side 
of sporopollenin exine capsules (SECs), which were collected from pol-
len grains of sunflowers. With this treatment, the SECs could move 
autonomously in the gastric juice due to the recoil force resulted from 
the generated H2 bubbles. Benefiting from their autonomous motion and 
unique spiny structure, these pollen-derived micromotors could move 
spontaneously in the stomach and adhere to the surrounding tissues, 
thus prolonging the retention time and enhancing the bioavailability. 
Besides, the large surface-to-volume and the inner hollow cavity of SECs 
imparted these micromotors with excellent capacity of drug loading and 
releasing, making them serve as ideal carriers for drug delivery. As a 
proof of concept, these pollen-derived micromotors were loaded with 
berberine hydrochloride, an extract of Chinese herb coptis chinensis, to 
treat the gastric ulcer model of mice. Results showed that our pollen- 
derived micromotors exhibited desirable curative effect due to their 
active motion, excellent adherence, and good capacity of drug delivery, 
indicating great potential in oral drug delivery. 

2. Results and discussion 

In this experiment, the pollen grains were collected from sunflowers, 
which possessed spiny appendages (Fig. S1). As depicted in Fig. 2a, these 
pollen grains were composed of exine, intine and inner cells, with a layer 
of pollen cement covering on the surface. Scanning electron microscope 
(SEM) was applied to confirm their structure. As shown in Fig. S2, the 
original pollen grains exhibited a uniform size distribution of about 35 
μm and possessed spiny structures around the surface. Besides, blocked 
porous structure was observed at the bottom of the spiny structure, 
which was ascribed to the covering of pollen cements (Fig. 2b). Aiming 

at making the pollens grains ideal as drug carriers, the pollens were then 
treated to remove the cements and biomolecules to dredge porous 
structure and get rid of the allergen according to the previous work [24]. 
As shown in Fig. 2a, the original pollen grains received sequential 
treatment of acetone and diethyl ether for defatting. Then, the potas-
sium hydroxide was employed to remove the inner cells for obtaining 
the SECs. The SEM images of SECs showed that the porous structure was 
dredged (Fig. 2c). In addition, it’s found that the size of SECs was bigger 
than the original pollen grains due to the alkaline lysis (Fig. S3). Overall, 
we obtained SECs with spiny and porous structure via defatting and 
chemical hydrolysis of the original pollen grains from sunflowers. 

To fabricate the pollen-derived micromotors, the SECs were first 
dispersed on a slide (Fig. 3a). Then, a Mg layer was sputtered onto the 
surface of the slide with the help of ion sputtering instrument. After that, 
the slide received ultrasonic treatment to collect the pollen-derived 
micromotors. SEM was utilized to characterize the successful covering 
of Mg layer. As shown in Fig. 3b, one side of the SECs was covered with 
Mg layer while the other side maintained bare spiny morphology, 
indicating that the sputtering procedure had little damage on the ar-
chitecture of SECs. Notably, the thickness of the Mg layer could be 
tailored by adjusting the sputtering time. Herein, we fabricated Mg- 
sputtered pollen-derived micromotors with thickness of 0.5 μm, 1.0 
μm, 1.5 μm, and 2.0 μm. From the SEM images in Fig. S4, it’s found that 
the pollens were coated with different thickness of Mg layer. Further-
more, energy-dispersive X-ray spectroscopy was employed to further 
confirm the asymmetry distribution of Mg layer (Fig. 3c and d). Results 
indicated that the amount of Mg elements on the Mg layer was much 
larger than that on the bare side. Also, energy-dispersive X-ray images of 
the pollen-derived micromotors were captured (Fig. S5). Mg elements 
were only observed on the half side coated with Mg layer. To summary, 
pollen-derived micromotors were prepared by sputtering a Mg layer 
onto one side of the SECs, which possessed desired asymmetry essential 
for autonomous movement. 

The Mg layer on the micromotors could react with the H+ in the 
biofluids, generating continual H2. Due to the asymmetric distribution of 
the Mg layer, the H2 bubbles were generated on one side of the micro-
motors. And the detachment of bubbles could lead to a counter-force for 

Fig. 1. Schematic illustration of Chinese herb pollen-derived micromotors as active oral drug delivery system for gastric disease treatment. (a) The fabrication 
process of Chinese herb pollen-derived micromotors. (b) The mechanism of pollen-derived micromotors working in the stomach. 
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propelling the micromotors towards the opposite direction (Fig. 4a). We 
then exposed these pollen-derived micromotors to the artificial gastric 
juice to validate their capacity of autonomous movement. The motion 
routine was captured in time lapsing sequence, as shown in Fig. 4b and 
Movie S1. Results showed that our pollen-derived micromotors could 
realize self-propulsion in the artificial gastric juice benefiting from the 
continuous generation of bubbles. Besides, it’s found that the motion 
performance including the velocity and lifetime of micromotors were 
related to the pH value of the surrounding fluids. Considering the acidic 
environment (pH 1–2) in the stomach [43,44], we recorded the lifetime 
and average velocity of the pollen-derived micromotors with different 
Mg thickness in stimulated gastric juice with different pH value. As 
recorded in Fig. 4c, the average velocity of micromotors declined with 
the increasement of pH value, which was because the generation of 
bubbles decreased with decreasing H+ concentration. Also, thicker Mg 
layer contributed to higher average velocity. Furthermore, lower pH 
value of the surrounding fluids also contributed to longer lifetimes due 
to the slower reaction rate (Fig. 4d). To test the stability of these 
micromotors, we recorded the motion performance of the micromotors 
stored for 1 week. Results showed that the micromotors stored in a 
vacuum environment for one week exhibit similar motion performance 
with the initial micromotors, indicating good stability (Fig. S6). To sum 
up, our pollen-derived micromotors could realize self-propelled move-
ment on account of Mg/H+ reaction. 

Supplementary video related to this article can be found at https:// 
doi.org/10.1016/j.bioactmat.2023.09.009 

In view of their unique spiny morphology and outstanding capacity 
of autonomous motion, these pollen-derived micromotors were 

speculated to act as active carriers which could move spontaneously and 
adhere to the surrounding tissues, thus resulting in a prolonged reten-
tion time. To verify these, we first evaluated the adhesive ability of SECs 
on the tissue surface by comparing the adhesive situation of SECs with 
that of spherical particles in vitro. To be specific, equivalent SECs and 
spherical particles were arranged to flow across the tissue surface. After 
that, phosphate buffered saline (PBS) flow was utilized to flush across 
the surface. Notably, red dyes were used to visualize the SECs. Optical 
images of the resultant tissue surface showed that the more SECs 
remained on the surface after the initial flow in comparison with 
spherical particles (Fig. S7a). After the PBS flushing, most spherical 
particles were flushed away while most SECs remained on the surface. 
Furthermore, we counted the particles remained on the surface to 
calculate retention rate (Fig. S7b). Results showed that near 75% SECs 
adhered to the tissue surface after the initial flow and less than 10% was 
flushed away by the PBS flow. In contrast, only 15% spherical particles 
left after the PBS flushing. These results indicated that SECs exhibited 
better adhesive ability due to their unique spiny structure, which could 
be ascribed to the lager contact area. 

Then, we carried out an in vivo experiment to compare the retention 
situation of spherical particles, SECs and pollen-derived micromotors. 
Mice were grouped at random and received gavage of the three kinds of 
particles, respectively. Notably, gavage could prevent the micromotors 
from contact with other digestive tract parts. All the particles were dyed 
with fluorescent dyes. Then, mice were sacrificed at specific time points 
to take out their digestive tracts for analysis of particle retention. For the 
mice received gavage of spherical particles, fluorescence signal was 
observed in the lower digestive tract after 1 h and the fluorescence signal 

Fig. 2. Fabrication of SECs. (a) Scheme of generating SECs from pollen grains. (b) SEM images of pollen grains. Scale bars are 8 μm, 2.5 μm and 0.85 μm in (i), (ii) 
and (iii), respectively. (c) SEM images of SECs. Scale bars are 7.5 μm, 3.2 μm and 1.5 μm in (i), (ii) and (iii), respectively. 
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Fig. 3. Fabrication of pollen-derived micromotors. (a) Schematic illustration of fabricating pollen-derived micromotors. (b) SEM images of pure side of pollen- 
derived micromotor (i), the whole pollen-derived micromotors (ii) and the Mg layer side of pollen-derived micromotors (iii). Scale bars are 2 μm, 6 μm and 2 
μm in (i), (ii) and (iii), respectively. (c–d) Energy-dispersive X-ray spectra of bare side (c) and Mg-coated side (d) of pollen-derived micromotor. 

Fig. 4. Motion performance of pollen-derived micromotors. (a) Scheme of the autonomous motion mechanism. (b) Time-lapse sequence of pollen-derived micro-
motors’ autonomous motion routine. Scale bar is 80 μm. (c) Statistical analysis of average velocity of pollen-derived micromotors with different Mg thickness in 
different pH value. (d) Statistical analysis of the lifetime of pollen-derived micromotors with different Mg thickness in different pH value. 
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decreased to a very low value after 3 h, indicating that the spherical 
particles were almost cleared out of the digestive tract with peristalsis 
(Fig. 5a). For the mice received gavage of SECs, fluorescence signal 
could be observed in the stomach after 3 h, which indicated that part of 
the SECs still stayed in stomach after 3 h and part of them were emptied 
from the stomach and entered the lower gastrointestinal tract (Fig. 5b). 
These results further proved that SECs exhibited better adhesive ca-
pacity than traditional spherical particles benefiting from their unique 
spiny architecture. For the mice received gavage of pollen-derived 
micromotors, after 1 h, strong fluorescence signal was detected in the 
stomach while little fluorescence signal was observed in the other parts 
of the digestive tract (Fig. 5c). Furthermore, even after 6 h, the stomach 
still exhibited strong fluorescence signal, indicating that our pollen- 
derived micromotors presented a longer retention time in the stom-
ach. This was because that the pollen-derived micromotors could move 
spontaneously in the gastric juice. Notably, apart from the motion pro-
pelled by the bubble generation, the pollen-derived micromotors could 
move spontaneously towards the stomach wall as both micromotors and 
stomach wall are hydrophilic [14,45]. With the autonomous movement, 
the pollen-derived micromotors could move towards the tissue, which 
benefited the adherence to the tissue. Therefore, our pollen-derived 
micromotors could serve as active carriers with prolonged retention 
time benefiting from their spiny structure and autonomous motion. 

We then demonstrated the drug delivery capacity of pollen-derived 
micromotors by employing Rhodamine B (RhB) as drug model 

through an in vitro experiment. RhB molecules could be loaded into SECs 
by soaking the SECs in the RhB aqueous solution, followed with vacuum 
treating. The RhB drug loading efficiency was as shown in Fig. S8. It’s 
worth mentioning that the vacuum treating helped the RhB molecules 
enter the inner cavity, which could enhance the loading efficiency. In 
addition, large surface-to-volume ratio of SECs also contributed to more 
adsorption of RhB. Then, the micromotors loaded with RhB were 
exposed to artificial gastric juice at 37 ◦C to investigate their drug 
release performance. As shown in Fig. 5d, the intensity of fluorescence, 
which derived from RhB, deceased gradually with time going on because 
of the continual release of RhB from the SECs. From the cumulative 
release profile, a burst release of RhB was observed at the first 12 h and 
the cumulative release rate gradually increased and reached about 60% 
after 60 h (Fig. 5e). Besides, hemolysis test and biocompatibility test 
were carried out to validate the biosafety of our pollen-derived micro-
motors. Little difference was observed between the control groups and 
experimental groups, demonstrating the ideal biosafety of pollen- 
derived micromotors (Fig. S9 and Fig. S10). Thus, our pollen-derived 
micromotors presented excellent drug loading capacity and desirable 
drug release profile, acting as ideal carriers for drug release. 

The unique self-propulsion, outstanding adhesive capacity and 
excellent drug delivery property made our pollen-derived micromotors 
ideal for active drug delivery. To test their practical capacity in curing 
diseases, we loaded these micromotors with berberine hydrochloride, an 
extract of Chinese herb coptis chinensis, to treat the gastric ulcer model 

Fig. 5. Retention test in vivo and drug release in vitro. (a) The digestive tract of mice given gavage of spherical microparticles sacrificed at 1 and 3 h after gavage. (b) 
The digestive tract of mice given gavage of SECs sacrificed at 1 and 3 h after gavage. (c) The digestive tract of mice given gavage of spherical microparticles sacrificed 
at 0, 1, 3 and 6 h after gavage. (d) The time-lapse sequence fluorescence images of RhB-loaded SECs during drug release process. (e) The release kinetic profile of 
RhB-loaded SECs. 
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of mice. We first divided mice randomly into four groups. One of them 
was set as healthy group and the other three were induced to gastric 
ulcer by gavage of acetic acid at Day 0. We gave gavages to the healthy 
group with PBS and gave gavages to the other three diseased groups with 
PBS, free berberine hydrochloride and drug-loaded micromotors, 
respectively, on Day 1, Day 3, and Day 5. During the treatment, it’s 
found that gastric ulcer affected the weight of mice, as shown in Fig. S11. 
To be specific, mice of healthy possessed gaining weights while mice 
with gastric ulcer started to lose weight from Day 1. Notably, weight of 
gastric ulcer-induced mice received gavage of PBS kept the downward 
trend. On the contrary, gastric ulcer-induced mice received gavage of 
free berberine hydrochloride maintained the same weight as Day 1 and 
started to gain weight gradually from Day 3. For the mice received 
gavage of drug-loaded micromotors, their weight kept an increasing 
trend from Day 1. These results indicated that our drug-loaded pollen- 
derived micromotors exhibited better curative effect than the free drugs, 
which could be ascribed to longer retention time. 

To further evaluate the therapeutic efficacy, all the mice were 
sacrificed on Day 7 for histopathological analysis. The hematoxylin and 
eosin (HE) histology images were presented in Fig. 6a. HE results in 
healthy group showed that the mucosal layer structure was intact and 
the mucosal epithelial cells were normal without exfoliation. No edema 
or inflammatory cell infiltration were found in the mucosal layer. Be-
sides, the gastric glands arranged orderly and tightly. By contrast, in the 
group of diseased mice received gavage of PBS, the tissue mucosa layer 
was damaged. To be specific, exfoliated epithelial cells, loose submu-
cosal fibrous connective tissue, and massive inflammatory cell infiltra-
tion were observed. Furthermore, the arrangement of gastric glands was 
loose and large necrosis of gastric gland epithelial cells was observed. 
For those who received gavage of free berberine hydrochloride and 

drug-loaded micromotors, the mucosal damage was significantly 
improved. The group of drug-loaded micromotors exhibited rarer exfo-
liation of epithelial cells and slighter inflammatory cell infiltration than 
the group of free berberine hydrochloride. These results demonstrated 
that our drug-loaded pollen-derived micromotors exhibited better 
curative effect than the free drugs. 

In view of that tumor necrosis factor (TNF-α) and interleukin-10 (IL- 
10) are involved in inflammatory regulation, their expression level in 
the tissues was assessed. As shown in Fig. 6b, a high-level expression of 
TNF-α was observed in the mice with gastric ulcer, which was because 
TNF-α plays a role in promoting inflammation. After the gavage of free 
berberine hydrochloride and drug-loaded micromotors, the expression 
of TNF-α decreased due to the relief of the symptoms. In addition, owing 
to excessive TNF-α and shortage of anti-inflammation of IL-10, the 
healing of gastric ulcer in the diseased mice was impeded. Notably, IL-10 
can exhibit anti-inflammatory effect by reducing the expression of in-
flammatory factors including TNF-α. After the gavage of free berberine 
hydrochloride and drug-loaded micromotors, the expression of IL-10 
increased (Fig. 6c). All these results implied that our pollen-derived 
micromotors served as efficient carriers for effective gastric ulcer 
treatment benefitting from their longer retention time and excellent 
capacity in drug delivery, indicating great potency in clinical medicine. 

3. Conclusion 

In summary, we have developed a novel kind of Chinese herb pollen- 
derived micromotors as an active oral drug delivery system for the 
treatment of gastric ulcer. The pollen-derived micromotors was pro-
duced by asymmetry sputtering a Mg layer onto one side of the SECs. 
After exposing to gastric juice, the Mg layer could react with H+ to 

Fig. 6. Histopathological analysis. (a–c) Representative HE (a), TNF-α (b) IL-10 (c), images of healthy mice (i), diseased mice received gavage of PBS (ii), free drug 
(iii), drug-loaded micromotors (iv). (d–e) Statistical analysis of expression quantification of TNF-α (d) and IL-10 (e). 
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generate intensive bubbles to drive the micromotors to move. It’s 
demonstrated that our micromotors could actively move in the stomach 
and adhere to surrounding tissues benefiting from their autonomous 
movement and unique spiny structure. In addition, their special struc-
ture endowed the pollen-derived micromotors with remarkable drug 
loading and release capabilities. Based on these characteristics, we 
proved that our micromotors could effectively move and adhere to 
deliver berberine hydrochloride, exhibiting an ideal therapeutic effect 
on mice gastric ulcer model. Thus, we envisioned that our novel Chinese 
herb pollen-derived micromotors could ushered in a new era for drug 
delivery. 

4. Experimental section 

4.1. Materials 

The pollen grains were bought from Changhong Bee Industry Co., 
Ltd. The acetone, diethyl ether, ethanol, potassium hydroxide (KOH), 
and acetic acid were obtained from Sinopharm Chemical Reagent Co., 
Ltd. The Mg disk was purchased from Hefei Fangzun Metal Materials 
Co., Ltd. The artificial gastric juice was from Fuzhou Phygene Biotech-
nology Co., Ltd. The Rhodamine B and berberine hydrochloride were 
bought from BASF Chemical Co., Ltd and Macklin Biochemical Tech-
nology Co., Ltd, respectively. The phosphate buffer saline (PBS) and 
deionized (DI) water were self-prepared. 

4.2. Fabrication of SECs 

To fabricate the SECs, pollen grains of sunflowers were collected and 
immersed in water to wash away the large contaminating particulate 
matter, followed by natural air drying. Then, acetone (400 mL) was 
employed to soak the pollen grains (200 g) with stirring (300 rpm) at 
50 ◦C for 3 h. After removing the acetone, deionized water (1 L, 50 ◦C) 
was added to the pollen grains under stirring (220 rpm) for 1 h. Next, the 
pollen grains were collected by vacuum filtration. The acetone treating 
procedure was repeated once. After air drying overnight, resultant 
pollen grains (20 g) were dispersed in diethyl ether (250 mL) and the 
mixture was kept stirring for 2 h (25 ◦C, 400 rpm). Defatted pollen grains 
were obtained by repeating the diethyl ether treating procedure for 3 
times with processing time of 4 h, 8 h and 12 h, respectively. After that, 
the resultant pollen grains were collected by vacuum filtration. To 
remove the inner cytoplasm, 10% KOH (40 mL) was employed to soak 
the defatted pollen grains under stirring (80 ◦C, 800 rpm, 2 h). The KOH 
treating procedure was repeated for 5 times and each time the defatted 
pollen grains were collected via centrifugation at 6000g for 10 min. The 
SECs were finally obtained by vacuum filtrating the mixture. 

4.3. Fabrication of pollen-derived micromotors 

To fabricate the pollen-derived micromotors, the resultant SECs 
(0.1g) were dispersed in ethanol (5 mL) and the mixture was vortexed to 
uniform dispersion. After that, the mixture (100 μL) was transferred to a 
slide and spread evenly on a glass slide with the help of a scraper. With 
the volatilization of ethanol, SECs remained on the slide. Then, the slide 
with pollens were treated with plasma to make the pollens hydrophilic. 
Subsequently, the slide was put on the stage of ion sputtering instrument 
installed with a Mg disk, followed by Mg sputtering. Notably, the 
thickness of the Mg layer could be tailored by adjusting the sputtering 
time. Herein, we fabricated Mg-sputtered pollen-derived micromotors 
with thickness of 0.5 μm, 1.0 μm, 1.5 μm, and 2.0 μm. Next, the slide was 
immersed in ethanol and received ultrasonic treatment for 1 min to 
detach the pollen-derived micromotors. The pollen-derived micro-
motors were collected via centrifugation at 6000g for 10 min and 
removed the supernatant. The micromotors were stored in a vacuum 
environment to reduce oxidation of the magnesium layer. 

4.4. Test of motion performance 

The pollen-derived micromotors were exposed to artificial gastric 
juice with different pH value and their motion performance was recor-
ded by a CCD camera. 

4.5. Test of retention property in vitro 

To test the retention property of pollen-derived micromotors in vitro, 
stomach tissue of mice was employed. The pollen-derived micromotors 
were dyed with red dyes. Spherical particles with the same size as 
pollen-derived micromotors were utilized and dyed with black dyes. PBS 
flows with the same amount of pollen-derived micromotors and spher-
ical particles were arranged to flush through the stomach tissue, 
respectively. The amount of particles remained on the stomach tissue 
was counted for calculating the initial retention ratio. After that, fresh 
pure PBS flows were employed to flush the stomach tissue twice. Then, a 
second counting was carried out to calculate the retention rate after 
flushing. 

4.6. Test of retention property in vivo 

To test the retention property of pollen-derived micromotors in vivo, 
mice were randomly divided into four groups. These four groups 
received gavage of PBS, spherical microparticles, SECs and pollen- 
derived micromotors, respectively. Notably, all the particles were 
dyed with Rhodamine B to endow them with fluorescence signal. Then, 
they were sacrificed on specific time points and their digestive tracts 
were taken out for analysis of fluorescence retention. 

4.7. Test of drug loading and drug release 

Rhodamine B was utilized as drug model in this experiment to test 
the drug loading and drug release capacity. Rhodamine B was loaded 
into the SECs by simply immersing SECs in the aqueous solution of 
Rhodamine B, followed by vacuum treating. After 12 h, the drug-loaded 
SECs were centrifugated at 6000 g for 10 min and collected by removing 
the supernatant. The drug loading (DL) efficiency was calculated via the 
equation: 

DL efficiency (%)=
mass of loaded drug

mass of the drug − loaded micromotors
∗ 100% 

To observe their drug release kinetics, drug-loaded SECs were 
exposed to artificial gastric juice. The mixture was oscillated at 400 rpm 
at 37 ◦C. Then, we took out the supernatants at specific time interval into 
a 96-well plate, followed by supplying equal volume of fresh artificial 
gastric juice to the mixture. By scanning the 96-well plate with the help 
of microplate reader at 488 nm, the data was collected for calculation of 
the cumulative release rate. 

4.8. Test of hemolysis of pollen-derived micromotors 

To test their hemolysis, we took the blood sample from mouse and 
collected it in an anticoagulant tube. Then, the red blood cell was pu-
rified by centrifugating the blood sample at 1500 rpm for 5 min for 10 
times. Then, normal saline was used to adjust the cell concentration to a 
value of 2 v/v%. And the new blood solution was divided equally into 
three groups. Then, normal saline, DI water and pollen-derived micro-
motors were added to the three groups, respectively, serving as negative 
control group, positive control group and experimental group. After 3 h, 
the supernatant of three groups were sucked out to measure OD value at 
570 nm. The calculation formulation of hemolysis was demonstrated in 
Fig. S9. 
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4.9. Test of biocompatibility of pollen-derived micromotors 

NIH-3T3 cells were cultured for the test of biocompatibility of pollen- 
derived micromotors. Cells were cultured according to our previous 
work [46]. We set three groups in this manuscript, which involve control 
group, pollen group and micromotor group. First, same amount of cul-
ture medium and NIH-3T3 cells were added to a single well of the 6-well 
plate. Then, the pollens and micromotors were soaked into the culture 
medium with the help of sieves, as shown in Fig. S10a. After cells were 
cultured for 24 h, MTT solution was added to the culture medium. After 
4 h, sieves containing materials were removed, followed by adding 
dimethyl sulfoxide to the culture medium. Then, same amount of culture 
medium of each group was collected for measuring the OD value. To 
calculate the relative activity, the OD value of control group each day 
was set as 100%. On day 3, the cells were imaged by using calcein AM to 
stain them. The cell images were captured by fluorescence microscope 
after washing cells with PBS for three times. 

4.10. Gastric ulcer model establishment of mice 

To establish the gastric ulcer model, the mice were fasted overnight. 
Then, mice were given a gavage of DI water (0.5 mL). Repeated the 
gavage after 3 h. After 2 h, the mice were given acetic acid aqueous 
solution (20 v/v%) by gavage, whose volume corresponds to their 
weight (0.025 mL/10 g). All animal experiments were approved by 
Animal Investigation Ethics Committee of Drum Tower Hospital. 

4.11. Test of the therapeutic efficacy of pollen-derived micromotors on 
gastric ulcer 

To demonstrate the therapeutic efficacy of pollen-derived micro-
motors on gastric ulcer, berberine hydrochloride, an extract of Chinese 
herb coptis chinensis, was chosen as the drug. We firstly divided mice 
into four groups at random. One group of them was set as healthy 
control group and the other three were established with gastric ulcer 
model on Day 0. The healthy group received gavage of PBS while the 
other three groups received gavage of PBS, free berberine hydrochloride 
dissolved in PBS, and berberine hydrochloride-loaded micromotors 
dispersed in PBS, respectively. Notably, all mice were fasted overnight 
before every gavage to empty chyme in the stomach, which would 
benefit the adherence of micromotors to the stomach wall. Gavage was 
carried out on Day 1, Day 3 and Day 5. And on Day 7, all the mice were 
sacrificed and their stomach tissues were taken out for histopathological 
analysis. Also, the weight of mice was recorded on Day 0, Day 1, 3, 5, 
and 7. 
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