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Abstract
Sustainable agriculture highly relies on pollinators which affect the production and diversity of around
75% of foodcrops worldwide. However, the population and fitness of pollinators are showing sharp
declining trends for years. Exposure to insecticides especially during crop pollination together with
lacking effective management method has been reported as a dominant factor. Here, we have developed
versatile and potent insecticide scavengers based on locust cell membrane and tannic acid (TA)-coated
mesoporous silicon microparticles (MTSM) to prevent pollinators from a broad-spectrum insecticides
including organophosphorus, pyrethroids, and neonicotinoids. Leveraging the π-π stacking with TA and
specific binding by the acetylcholinesterases, nicotine receptors of acetylcholine, or voltage-gated
sodium channels on locust cell membrane, MTSM presented enormously high removal efficiency of
various insecticides while minimum nonspecific clearance of favorable enzymes mainly exsisting in
gastrointestinal system of bees. Notably, MTSM exhibited over 12 h residency in gastrointestinal tract of
bumblebees to facilitate insecticide scanvenging, and could be almost entirly excreted from bees within
48 h, causing no death of bees even at a high concentration of 50 mg/mL. In microcolonies of
bumblebee fed with insecticide-contaminated impatien pollen patties, MTSM revealed dose-dependent
detoxicification capacity towards organophosphorus and neonicotinoids insecticides. In sharp constrast
to complete death of bumblebees fed with triazophos at a dose of 98 ng/bee within 5 days, the survival
rate of bumblebees was significantly elevated to 75% and 90% by MTSM at doses of 1.0 and 20 mg/mL
within 10 days, respectively. Overall, MTSM combining the merits of good safety, facile construction, and
efficient and broad-spectrum detoxification presents versatile and potent scavengers to protect
managed pollinators from multiclass insecticides.

Highlights
1. Versatile and potent insecticide scavengers have been facilely constructed through surface

decoration of mesoporous silicon microparticles with tannic acid (TA) and locust cell membrane
sequentially (MTSM);

2. Leveraging π-π stacking with TA and specific membrane binding, MTSM presents enormously high
removal efficiency of a broad-spectrum insecticides including organophosphates, pyrethroids, and
neonicotinoids, while minimum nonspecific clearance of favorable enzymes existing in the
gastrointestinal system of pollinators;

3. MTSM can be almost entirely excreted from bees within 48 h and causes no death of bees even at a
high concentration of 50 mg/mL, signifying the excellent safety; 

4. With over 12 h residency in gastrointestinal tract of bumblebees, MTSM exhibites extensive
insecticides scavenging, affording dose-dependent detoxification efficacy towards
organophosphates and neonicotinoids insecticides as well as significantly elevated survival rate up
to 90%. 

Introduction
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Pollinators play a vital role in maintaining ecosystem resilience and supporting global agriculture
production with approximately $351 billion contribution annually 1–3 . However, the overuse of
insecticides (600 000 tons/year, globally) for pest control induces unintended survival stress towards
pollinators, resulting in massive population declination 4,5 . Thus, it is urgent to develop efficient
strategies to prevent the pollinators from insecticides including three leading categories of
organophosphates, pyrethroids, and neonicotinoids 6–8 .

Currently, most approaches for pollinator protection focus on removing the insecticides from the
contaminated drinking water and crop. Ni et al. reported that a surface discharge cold plasma oxidation
technology could generate reactive oxygen species and thus degrade imidacloprid insecticide in the
drinking water for bees, resulting in significant decrease of mortality to 35% after 7 days of exposure9.
Halik et al. presented a facile approach to remove organophosphorus compounds from water using
magnetic Fe3O4 nanoparticles, in which the molecular binding between phosphonic acid of

organophosphorus and metal oxides induced fast compound scavenging from artificial and real water
samples, while the magnetic property of magnetic nanoparticles enabled a facile collection10. Taking
advantage of specific binding of acetylcholinesterase (AChE) on erythrocyte membranes with
organophosphate, cell membrane-coated nanosponges and nanoparticles were developed and exhibited
effective removal and neutralization of organophosphorus insecticides11,12. The above reported methods
while affording certain benefits to decrease survival stress of pollinators are not appropriate for
scavenging the insecticides in the bodies of pollinators. Recently, Chen et al. developed calcium
carbonate microspheres encapsulated with phosphotriesterase as a detoxification formulation to
scavenge organophosphate insecticides in managed bees via enzymatic degradation of malathion,
affording a direct technique to mitigate organophosphate damage to pollinator colonies13. Considering
that multiclass insecticides have been extensively employed to increase crop production and quality in
modern agriculture, scavengers with potent removal capacity, facile construction, and towards broad-
spectrum insecticides is a better alternative to tackle the exposure of pollinators to a cocktail of
insecticides in agriculture processes.

Herein, we have developed versatile and potent insecticide scavengers based on locust cell membrane
and tannic acid (TA)-coated mesoporous silicon microparticles (MTSM) to protect managed pollinators
from varying insecticides (Fig. 1). Besides high surface area, accessible modification, and superb safety,
mesoporous silicon microparticles (SM) afford immense space for cargo packing14–16. TA as a natural
polyphenol provides multiple pyrogallol for robust surface modification and drug encapsulation via
covalent conjugation and π-π stacking17–22. Locust cell membrane was reported to have strong affinity
with insecticides through selective degradation of organophosphorus (OP) by acetylcholinesterase
(AChE)11,23,24, and specific binding of neonicotinoid (NNI) and pyrethroid (PY) with nicotine receptors of
acetylcholine (nAChRs) and voltage-gated sodium channels(VGSCs), respectively25–28. MTSM was
designed to accomplish the removal of broad-spectrum insecticides and minimize nonspecific
interactions with favorable enzymes exsisting in gastrointestinal system of bees. Of note, MTSM
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exhibited over 12 h residency in gastrointestinal tract of bumblebees to facilitate insectide scanvenging,
and induced dose-dependent detoxicification effect in bumblebee fed with insecticide-contaminated
pollen patties, affording a remarkably elevated survival rate up to 90%. This potent, versatile and broad-
spectrum detoxification strategy holds tremdous potential to tackle the exposure of pollinators to
diverse insecticides dominantly used in agriculture processes.

Results and Discussion

Fabrication of MTSM
Tannic acid-coated microparticles (TSM) was fabricated through the covalent conjugation of TA with
amino groups of mesoporous silicon microparticles via Schiff base and Michael addition chemistry. The
characteristic signals of hydroxyl group at 3500 cm− 1, carbonyl group at 1720 cm− 1, and phenyl group at

1530–1620 cm− 1 in FT-IR spectra (Fig. 2a) signified the successful introduction of TA on SM. Moreover,
TSM with varying amount of TA (0.76-12.0 wt%) could be readily acquired by adjusting the feed ratios of
TA to SM as characterized by thermogravimetric (Fig. 2b, Supplementary Fig. 1) and bicinchoninic acid
(BCA, Fig. 2c) assays, in which the TA amount increased with elevating the TA/SM weight ratios, and
reached a plateau when the TA/SM weight ratio was higher than 0.2. The locust cell membrane featured
with various binding sites of different insecticides has been utilized to selectively recognize the
insecticides released from polluted pollen29,30. The coating of locust cell membrane on TSM was facilely
accomplished under mild ultrasound condition to form MTSM. Confocal imaging revealed that obvious
red rings derived from fluorescent probe DiD inserted in locust cell membrane clearly appeared on the
microparticles (Fig. 2d-e), signifying the successful membrane coating. The membrane amount on
MTSM could be adjusted by changing the concentrations of cell membrane that quantified with
membrane proteins, and nearly attained the maximum when the protein concentration increased to 0.25
mg/mL (Fig. 2f). The bioactivity of AChE on microparticles was determined through monitoring the
degradation of acetylthiocholine into thiocholine by AChE as previous reports (Fig. 2g) 31–33, and the
results revealed that the process of membrane coating induced negligible change of the catalytic activity
of AChE in cell membrane towards acetylthiocholine (Fig. 2h). N2 adsorption isotherms revealed that
both MTSM and TSM possessed slightly decreased pore volume with average pore sizes ranging from
5–20 nm (Fig. 2i, Supplementary Fig. 2), providing accessible space for drug adsorption. Porous surface
morphology of microparticles following the TA and cell membrane coating was further revealed by
scanning electron microscopy (SEM) images (Fig. 2J).

In vitro removal efficiency of insecticides by MTSM
Over one third of insecticides in use are OP insecticides which cause high accumulation and toxicity
towards pollinators34,35. Here, triazophos (TZP), methyl parathion (MPT), and chlorpyrifos (CP) were
employed as typical examples of OP (Supplementary Fig. 3) to evaluate the removal efficiency.
Leveraging the strong π-π stacking between OP insecticides and TA as well as biomimetic recognition
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and binding of OP insecticides by AChE, MTSM was expected to afford efficient insecticide scavenging
(Fig. 3a). π-π stacking has been utilized to accomplish robust drug loading in varying drug delivery
systems including micelles, polymersomes, nanoparticles36–39. Figure 3b exhibited that increasing the
TA/SM ratios benefited the removal of TZP, in which the removal efficiency reached a plateau when the
TA/SM weight ratios was higher than 0.2. The decoration of locust cell membrane on microparticles
further improved the drug absorption, and a membrane protein concentration of no lower than 0.25
mg/mL afforded a removal efficiency of over 83% (Fig. 3c). Thus, MTSM constructed at a TA/SM weight
ratio of 0.2 and a membrane protein concentration of 0.25 mg/mL was utilized for the evaluation of the
effect of removal time, microparticle and insecticide concentrations. As expected, the TZP adsorption
was enhanced with increasing MTSM concentrations, while modest increase (around 4%) of removal
efficiency was obtained when the MTSM concentrations increased from 20 to 40 mg/mL (Fig. 3d).
Figure 3e demonstrated that MTSM afforded efficient removal of TZP at a wide range of TZP
concentrations from 0.01 to 0.5 mg/mL. More importantly, MTSM provided swift TZP removal with over
57% drug clearance within 5 min, and the removal efficiency could reach around 95% after 12 h
incubation (Fig. 3f). MSM formed by coating SM with cell membrane only was used to explore the cell
membrane effect on drug clearance. Regardless of incubation time, microparticle and drug
concentrations, the removal efficiency was in the order: MTSM > TSM > > MSM > SM. Removal
mechanism of MTSM related to TA and cell membrane was further explored. Of note, remarkable red
shift from 278 to 290 nm of TZP induced by TA in UV-vis spectra (Fig. 3g) indicated that strong π-π
stacking occurred between TZP and TA. Spontaneous interaction between TA and TZP revealed by the
low negative Gibbs energy (ΔG=-20 kJ/mol) was further confirmed by isothermal titration calorimetry
(ITC, Fig. 3h-i). The binding process was also accompanied with heat absorption (ΔH = 2184 kJ/mol) and
entropy increment (ΔS = 7396 J/mol·K) that may be attributed to the intermolecular reaction including π-
π stacking. AChE was reported to be responsible for recognition and degradation of OP insecticides11,12,
and the degradation reaction of TZP triggered by AChE was illustrated in Fig. 3j. Following the incubation
of TZP with MTSM, the significantly reduced TZP, and the appearance and increased phenyltriazolol with
time was measured by HPLC (Fig. 3k), corroborating that TZP was efficiently degraded by AChE on the
microparticles. Apart from the direct physical absorption mediated by TA, enzymatic degradability of
AChE towards TZP greatly benefits the insecticide detoxification. Furthermore, MPT and CP as two
conventional OP insecticides were utilized to further evaluate the removal capacity of microparticles
towards OP insecticides, and the results demonstrated that both MTSM and TSM could efficiently
scavenge the insecticides (Fig. 3l). In comparison with TSM and MSM, MTSM generated much higher
removal efficiency of around 80% towards MPT and CP.

Compared with conventional OP insecticides, NNI and PY insecticides as advanced insecticides
exhibited even more toxicity towards bees and other crop pollinators characterized by much lower LD50

7.
Imidacloprid (IMI) was employed as a typical example of NNI insecticides to evaluate the scavenging
capacity, and the results showed that the removal efficiency of microparticles was markedly elevated
with the introduction of TA and reached a plateau of 43.1% when the TA/SM weight ratios were higher
than 0.2 (Fig. 4a). Neonicotinoids and pyrethroids were reported to bind the nAChRs and VGSCs on the
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insect cell membrane, respectively to kill insects40. MTSM presented nearly 10.0 µg/g of nAChRs and 5.2
µg/g of VGSCs on the surface when the concentration of locust cell membrane proteins was 0.25
mg/mL (Fig. 4b), indicating that microparticles decorated with cell membrane might improve the drug
absorption. Indeed, over 55% removal efficiency for IMI was attained when the membrane protein on
MTSM was 0.25 mg/mL (Fig. 4c). Thereafter, MTSM constructed as above was utilized for the evaluation
of the effect of removal time, pH, microparticle and insecticide concentrations. As expected, the IMI
adsorption was enhanced with increasing microparticle concentrations and reached 67.1% when the
MTSM concentration was 40 mg/mL (Fig. 4d). Furthermore, MTSM could maintain high removal
efficiency even at a high IMI concentration of 0.5 mg/mL (Fig. 4e), and the removal efficiency increased
with treatment time and reached 77.3% at 48 h (Fig. 4f). Of note, decreasing pH to 4.8 showed little
influence on the absorption efficiency (Fig. 4g), suggesting that the removal efficiency of insecticides by
MTSM would not be compromised in the stomach and gut of bees (pH 4.8–6.5). Similarly, MTSM and
TSM exhibited efficient scavenging of other NNI insecticides (acetamiprid, thiamethoxam), in which
MTSM revealed a removal efficiency of around 45.2% for acetamiprid (Fig. 4h). Meanwhile, we assessed
the scavenging capacity of PY by microparticles using chlorpyrifos as a typical example, and the result
displayed that around 50% of chlorpyrifos was removed by MTSM within 60 min (Fig. 4i, Supplementary
Fig. 4), corroborating their broad-spectrum scavenging capacity towards varying insecticide.

Inhibition of nonspecific adsorption
The ideal insecticide scavengers should not only possess potent removal capacity, but also minimize the
adsorption of favorable substances in gastrointestinal system of pollinators (Fig. 5a). Sucrase, protease,
and amylase are crucial digestive enzymes and generally present in gastrointestinal system of bees41.
As shown in Fig. 5b-d, obvious adsorption of sucrase, protease, and amylase was observed in TSM
owing to the interactions of enzymes with TA on the surface of microparticles. In sharp contrast, MTSM
displayed significantly decreased absorption of all enzymes at concentrations varying from 1.0 to 100
µg/mL, signifying the introduction of cell membranes extraordinarily inhibited the nonspecific clearance
of favorable enzymes. A mixture of TZP and enzymes was prepared to mimic the GI environment of bees
for the exploration of insecticide removal using microparticles. In comparison with TSM, MTSM
presented obviously enhanced TZP removal while significantly decreased adsorption of sucrase (15% VS
27%), amylase (17% VS 48%), and protease (14% VS 42%) (Fig. 5e). The potent insecticide clearance and
minimum adsorption of favorable enzymes (< 20%) support the outstanding efficiency and safety of
MTSM.

In vivo gastrointestinal distribution
MTSM was labeled with FITC (FITC-MTSM) through the reaction of FITC with amino group of SM to track
the distribution and metabolism in GI of pollinators. After feeding bumblebees with FITC-MTSM for 30
minutes, MTSM was observed to sequentially pass through the crop stomach, proventriculus, midgut
and hindgut of the GI tract with time. During the initial period of digestion, most microparticles were
distributed in the crop stomach, and negligible dissemination of microparticles was observed in the
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midgut and hindgut. Then, the majority of FITC-MTSM moved out of the crop stomach and reached
midgut after 4 h (Fig. 6a). Notably, a significant number of microparticles existed in the midgut and
hindgut of the GI tract from 4 to 12 h (Fig. 6b-c). Pollen grains were reported to be similarly digested in
the ventriculus for around 12 h42,43, thus facilitating the absorption of insecticides in pollen by MTSM in
the GI tract of bees. After 48 h, no fluorescent microparticles was observed in crop stomach,
proventriculus, midgut and hindgut of the GI tract, supporting that all microparticles were excreted from
bees within 48 h (Fig. 6d).

In vivo detoxification efficacy
Bumblebees (n = 20) fed with MTSM at varying concentrations of 0.1–50 mg/mL in sucrose solution (2.0
g/mL) all survived within 10 days (Supplementary Fig. 5), signifying the remarkable safety of MTSM. The
in vivo detoxification efficacy was evaluated in bumblebees fed with insecticide-contaminated pollen
balls. Initially, pollen balls containing different concentrations of TZP (3, 15, 60, 120 µg/g) were employed
to determine the levels of insecticide toxicity, and the results revealed that pollen balls containing 60 and
120 µg TZP/g caused 100% mortality at day 4 and 1 (Supplementary Fig. 6), and thus were employed for
the assessment of moderate and acute toxicity, respectively. At the moderate level of toxicity (60 µg
TZP/g in pollen), TSM and MTSM treatment largely decreased the incidence of mortality and presented
60% and 70% survival rate within 10 days at a low concentration of 1.0 mg/mL in sucrose, respectively
(Fig. 7b). As expected, increasing the concentration of microparticles to 20 mg/mL generated better
detoxification effect with a survival rate up to 90%. At the acute toxicity condition (120 µg TZP/g in
pollen), both TSM and MTSM induced extended survival time, in which bumblebees in TSM group all died
after 7 days while those in MTSM group presented 15% survival rate even 10 days later (Fig. 7c,
Supplementary Fig. 7). The survival rate could be further increased to 60% when a higher microparticle
concentration of 20 mg/mL was employed.

OP was reported to induce ACh massive accumulation and neurotoxicity by inhibiting carboxyl ester
hydrolases like AChE in different insects including pollinators44,45. To explore the protection capacity of
MTSM towards AChE bioactivity in bees, homogenized bumblebee cell fragments were incubated with
the supernatants of mixed TZP and microparticles (Fig. 7d). With increasing concentrations of
microparticles, higher retention of AChE activity was obtained (Fig. 7e). For MTSM, the retention activity
of AChE reached over 80% when the microparticle concentration was higher than 5 mg/mL, and nearly
complete activity retention (around 99%) was acquired at a MTSM concentration of 40 mg/mL,
indicating a dose-dependent protection of AChE by MTSM.

Besides OP, NNI insecticides like imidacloprid (IMI) was employed to explore the in vivo detoxification
capacity of microparticles. It should be noted that IMI presented much higher toxicity than TPZ, and
pollen balls containing 15 µg IMI/g (acute toxicity) and 5 µg IMI/g (moderate toxicity) induced complete
death of bumblebees within 1 and 3 days, respectively (Fig. 7f-g). MTSM demonstrated apparent
detoxification efficacy towards moderate and acute toxicity in bumblebees. For bumblebees fed with
pollen balls containing 5 µg IMI/g, MTSM at a concentration of 20 mg/mL in sucrose afforded a high
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survival rate of 95%. Thus, MTSM afforded potent in vivo scavenging capacity of broad-spectrum
insecticides in pollinators.

Conclusions
We have demonstrated that versatile and potent insecticide scavengers constructed through facile
surface decoration of mesoporous silicon microparticles with tannic acid (TA) and locust cell membrane
sequentially (MTSM) afford effective protection of pollinators from a broad-spectrum insecticides
including organophosphorus, pyrethroids, and neonicotinoids. Leveraging the π-π stacking with TA and
specific binding by the acetylcholinesterases, nicotine receptors of acetylcholine, or voltage-gated
sodium channels on locust cell membrane, MTSM induced markedly improved removal of various
insecticides while minimum nonspecific clearance of favorable enzymes mainly exsisting in
gastrointestinal system of pollinators. MTSM could be almost entirly excreted from bees within 48 h, and
caused no death of bees even at a high concentration of 50 mg/mL, signifying the excellent safety. With
over 12 h residency in gastrointestinal tract of bumblebees, MTSM exhibited extensive insectide
scavenging, affording dose-dependent detoxicification efficacy towards multiple insecticides and
significantly elevated survival rate up to 90%. Although more research such as field-wide bee colony
survival test and pollination efficiency of crops after treatment should be further conducted, MTSM
featured with versatility and potency in detoxification of pollinators has shown a great potential in
translation, which might benefit sustainable agriculture worldwide.

Experimental Section

Materials
Mesoporous silica microparticles with amino groups on the surface (SM, Suzhou NanoMicro Technology
Co., Ltd, China), tannic acid (TA, > 98%, Sigma-Aldrich, Germany), triazophos (TZP, > 99%, Shanghai Titan
Scientific Co., Ltd, China), methyl parathion (MPT, > 99%, Shanghai Titan Scientific Co., Ltd, China),
chlorpyrifos (CP, > 99%, Shanghai Macklin Biochemical Co., Ltd, China), imidacloprid (IMI, > 99%,
Shanghai Macklin Biochemical Co., Ltd, China), thiamethoxam (TMX, > 99%, Shanghai Macklin
Biochemical Co., Ltd, China), acetamiprid (ACM, > 99%, Shanghai Macklin Biochemical Co., Ltd, China),
cyfluthrin (CFT, > 99%, Shanghai Titan Scientific Co., Ltd, China), phenyl methane sulfonyl fluoride (PMSF,
Beyotime Biotech Inc, China), cell membrane red fluorescent probe (DiD, Beyotime Biotech Inc, China),
fluorescein isothiocyanate (FITC, Shanghai Macklin Biochemical Co., Ltd, China) and 5,5'-dithiobis-2-
nitrobenzoic acid (DTNB, Shanghai Aladdin Biochemical Technology Co., Ltd, China) were used as
received. 4-hydroxyethyl piperazine ethanesulfonic acid (HEPES, > 99.5%, Sigma-Aldrich, Germany),
tris(hydroxymethy)amino- methane hydrochloride (Tris-HCl, > 99%, Sigma-Aldrich, Germany) and
phosphate buffered saline (PBS, > 99%, Sigma-Aldrich, Germany) were the buffer systems. Pierce™ BCA
protein assay kit (Beyotime), membrane and cytosol protein extraction kit (Beyotime), insect amylase
ELISA kit (Meimian), insect protease ELISA kit (Meimian), and insect sucrase ELISA kit (Meimian) were
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used according to the instructions. All other reagents and solvents purchased from Sinopharm Chemical
Reagent Co., Ltd. and used as received.

Characterization
Fourier transform infrared (FTIR) spectra were recorded in the wavenumber range of 500–4000 cm− 1

using FTIR spectroscopy (Tensor 27, Bruker, Germany). The surface morphology of the microparticles
was observed using scanning electron microscope (SEM, Hitachi SU8010, Japan). Surface area and pore
size analyzer (ASAP2460, Micromeritics, America) was used to analyze the pore size and pore volume of
microparticles. The degassing temperature was 120 ℃ and the degassing time was 12 h. The
concentrations of insecticides were detected by high performance liquid chromatograph (HPLC, ProStar
LC240, Waters Alliance HPLC) equipped with a C18 analytical column. The column temperature was set
at 30 ℃, the flow rate was 1.0 mL/min, the injection volume was 10 µL, the mobile phase was
acetonitrile/ water (65/35, v/v), and the UV detection wavelength was 230 nm (TZP, MPT), 245 nm (CP),
and 270 nm (IMI, CFT). Multifunctional microplate reader (Varioskan LUS, Thermo Fisher Scientific,
America) was used for the measurement of AChE activity.

MTSM Preparation
MTSM was prepared through sequential surface decoration of mesoporous silicon microparticles (SM)
with tannic acid (TA) and locust cell membrane. Firstly, TA-decorated SM (TSM) was obtained by the
covalent conjugation of TA with amino group of SM. Briefly, a TA solution in HEPES was added into 100
mg of SM dispersed in HEPES buffer (20 mL, 5 mM, pH = 7.4). The TA/SM weight ratios were fixed at
0.01, 0.1, 0.2, 0.5, and 1. After stirring at room temperature for 12 h, the reaction solution was
centrifuged at 6000 rpm for 6 min and washed with phosphate buffered saline (PBS, 10 mM, pH 7.4) for
three times. Then, the obtained dispersion was reacted with two-fold excessive NaBH4 at room
temperature for 4 h. After sequential centrifuging, washing with PBS, and drying at 35°C in a vacuum
oven, TSM product was obtained. Yield: 95.6%. FTIR: 3350 cm− 1 (-OH, ν), 1720 cm− 1 (C = O, ν), 1530 and

1619 cm− 1 (C-C, C = C of benzyl group, ν).

Differential centrifugation method was utilized to extract the locust cell membrane46–48. Briefly, the living
locusts were frozen under liquid nitrogen, sterilized in 75% ethanol, grinded, and filtered with a cell
strainer (70 µm) to obtain cell suspension. To 20 million of extracted locust cells, 1.0 ml of membrane
protein extraction solution was added according to membrane and cytosol protein extraction kit.
Phenylmethylsulfonyl fluoride (PMSF) as a protease inhibitor was introduced within a few minutes at a
final concentration of 1.0 mM to maintain the activity of the proteins on cell membrane. After shaking for
30 min in an ice-water bath, the mixture was repeatedly frozen and thawed thrice to disrupt the cells.
Then, the membrane fragments were separated using differential centrifugation and stored at -80 ℃
until use. The total protein content in membrane fragments was quantified by a Pierce™ BCA protein
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assay kit. The locust cell membrane was coated on TSM by using ultrasound machine (FB15063,
Fisherbrand, America) with a power of 100 W in ice-water bath for 15 min. The concentrations of
membrane proteins varied from 0 to 1.0 mg/mL. To observe the membrane coating, DiD stained MTSM
(DiD-MTSM) was prepared by adding 0.5 wt% of DiD (excitation/emission = 644/665 nm) into locust cell
membrane solution, and then was coated on microparticles by gentle sonication.

Measurement of AChE activity.

AChE activity assay was performed in accordance with a previously described protocol31,32. In short, a
working solution of 100 mM Tris-HCl, 20 mM KCl, 2.0 mM DTNB, and 2.0 mM acetylthiocholine was
prepared. Then, 100 µL of working solution was mixed with equivalent volume of cell membrane solution
containing AChE in a 96-well plate. UV absorbance of the reduced phenyltriazolol product at 412 nm was
recorded using a Varioskan Lux multimode reader every 1 min for 20 min to determine the change of
AChE activity.

Insecticide Removal
Different OP insecticides including triazophos (TZP), methyl parathion (MPT), and chlorpyrifos (CP) was
employed to evaluate the scavenging capacity of MTSM. Firstly, simulated intestinal fluid (SIF, pH 6.5)
was prepared by dissolving KH2PO4 (6.8 g, 50 mM) and NaOH (0.9 g, 22.5 mM) in distilled H2O (1.0 L).
Then, MTSM was mixed with OP insecticides in SIF via gentle vortex at 37 ℃. After centrifuging at 6000
rpm for 6 min, the remained insecticides in supernatant was quantified by high performance liquid
chromatography (ProStar LC240, Waters Alliance HPLC). The removal efficiency of OP insecticides was
calculated with the formula: removal efficiency (%) = (1-OP insecticides in supernatant/feed OP
insecticides) × 100%. The effect of OP insecticides concentration (0.01–0.5 mg/mL), microsphere
concentration (2.0–40 mg/mL), and mixing time (5.0-720 min) on removal efficiency was investigated in
detail. All experiments were performed in triplicate. The removal capacity of MTSM towards
neonicotinoids and pyrethroids was similarly investigated except that HPLC with a detect wavelength at
270 nm was utilized for quantification.

Mechanism of OP insecticides removal
The π-π interactions between OP insecticides and microspheres were investigated by monitoring the
bathochromic shift of absorption peak generated by mixing TZP (20 µg/mL) and TA (20 µg/mL) solution.
The interaction forces between TA and TZP molecules was determined by isothermal titration
calorimetry (ITC, TA, America). The binding and neutralization of OP insecticides with AChE on
microspheres was monitored by measuring the leaving group phenyltriazolol. After mixing the
microparticles (20 mg/mL) with TZP (50 µg/mL) for 5, 15, 60, or 120 min, the supernatant was collected
and the amount of TZP and phenyltriazolol was quantified with HPLC.
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In vitro detoxification effect
In vitro detoxification effect was assessed by measuring the activity retention of AChE on bumblebee cell
membrane, following the treatment with the supernatant of the mixture of TZP and MTSM solution.
Typically, TZP (50 µg/mL) was mixed with MTSM (2, 5, 10, 20, 40 mg/mL) at room temperature for 1 h.
After centrifuging at 12000 g for 30 min, 200 µL of supernatant was mixed with equivalent volume of the
bumblebee cell membrane solution. The AChE activity was determined as described above.

Inhibition of nonspecific adsorption
Sucrase, protease, and amylase existing in gastrointestinal tract of bumblebees were utilized to evaluate
the inhibition of nonspecific adsorption by MTSM. The MTSM solution (20 mg/mL) was mixed with
different enzymes (1 ~ 100 µg/mL) for 1 h at 37℃. After centrifuging at 6000 rpm for 6 min, the activity
of enzymes in supernatant was determined by corresponding enzyme kit.

In vivo biodistribution
FITC labeled MTSM (FITC-MTSM) was prepared by the reaction of FITC with amino group on the surface
of microparticles, followed by the coating with locust cell membrane. After starving for 3 h, twenty of
bumblebees were fed with 1.0 mg/mL FITC-MTSM in sucrose (2.0 g/mL) for 30 min. Then, the
bumblebees were beheaded using dissection scissors at 0, 4, 12, 48 h. GI tracts were collected and
placed on a glass slide for fluorescence imaging (490 nm) using a microscope (Eclipse, Nikon, Japan).

In vivo detoxification efficacy
Pollen balls were prepared by mixing various insecticides with 10 g of high-desert bee pollen granules,
followed by shaking until a homogeneous slurry was formed and full absorption of insecticides. The
insecticide-containing pollens was rolled with sucrose into pollen ball by hand to obtain contaminated
pollen balls. Microparticles dispersed in a sucrose solution (2 g/mL) were prepared as scavenging
agents. Bumblebees (20/group) placed in microcolony-rearing cages were treated with the contaminated
pollen balls and the microparticles-based scavenging agents simultaneously. Microcolonies were
observed every 12 h for mortality monitor until all bees deceased or 10 d elapsed.
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Figures

Figure 1

Schematic illustration of construction and insecticide scavenging of tannic acid and locust cell
membrane-adapted mesoporous silicon microparticles (MTSM). a, MTSM construction. b, Selective
insecticide scavenging from pollinators by MTSM.
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Figure 2

Characterization of locust cell membrane and tannic acid-adapted mesoporous silicon microparticles
(MTSM). a, FTIR spectra of mesoporous silicon microparticles (SM), tannic acid (TA), and tannic acid
coated mesoporous silicon microparticles (TSM). b, Thermogravimetric curves of TSM prepared at
TA/SM weight ratios of 0.1 and 0.2. c, TA mass fraction in TSM prepared at different TA/SM weight
ratios determined by bicinchoninic acid assay (BCA). d, Structure diagram of MTSM whose outmost layer



Page 17/23

(locust cell membrane) stained with DiD fluorescence dye for tracking. e, Confocal images of MTSM
inserted with DiD (red). f, AChE content in MTSM prepared at different amount of locust cell membrane
quantified with proteins concentrations. g, Diagram of characterization method of AChE activity. In the
presence of AChE, acetylthiocholine was degraded into thiocholine, which induced the cleavage of
disulfide bonds of 5,5’-dithiobis-(2-nitrobenzoic acid) (DTNB) to form TNB with UV absorbance at 412
nm. h, AChE bioactivity change following the membrane coating via ultrasound quantified by measuring
the catalytic activity towards acetylcholine. Statistical analysis was performed by using a two-tailed
Student’s t-test (ns: not significant). i, Pore size distribution of microparticles determined by Brunauer-
Emmett-Teller (BET) method. j, SEM images of microparticles. The images in below row were the
magnification of the rectangular region of the above row. Scale bars: 500 nm (top), 100 nm (below).
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Figure 3

Removal efficiency of organophosphorus insecticides by MTSM. The treatment time was 60 min, the pH
was 6.5, and the concentrations of microparticles and insecticides were 20 mg/mL and 50 μg/mL,
respectively, if not otherwise mentioned. a, Scheme of biomimetic recognition of insecticides by MTSM.
b, Effect of TA coating on TZP removal. c, Effect of locust cell membrane coating on TZP removal. d,
Effect of microparticle concentrations on TZP removal. e, Effect of TZP concentrations. f, Effect of
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incubation time. g, UV-vis spectra of the mixture of TA and TZP in PBS (pH=6.5). h-i, Isothermal titration
calorimetry of TZP (0.1 mM) and TA (0.5 mM). j, Degradation reaction of TZP triggered by AChE. TZP and
its degradation product (phenyltriazolol) could be monitored by HPLC with different elution time as
illustrated. k, TZP and phenyltriazolol was monitored by HPLC following the co-incubation of TZP with
MTSM for (a) 5 min, (b) 15 min, (c) 60 min and (d) 240 min, respectively. l. Removing efficiency of
different OP insecticides including triazophos (TZP), methyl parathion (MPT), and Chlorpyrifos (CP) by
MTSM.

Figure 4

Removal efficiency of neonicotinoid and pyrethrin insecticides by MTSM. If not otherwise mentioned, the
treatment time was 60 min, the pH was 6.5, and the concentrations of microparticles and insecticides
were 20 mg/mL and 50 μg/mL, respectively. a, Effect of TA coating on IMI removal. b, nAChRs and
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VGSCs content in MTSM prepared at locust cell membrane quantified with 0.25 mg/mL proteins
concentrations. c, Effect of locust cell membrane coating on IMI removal. d, Effect of microparticle
concentrations on IMI removal. e, Effect of IMI concentrations. f, Effect of treatment time on IMI removal.
g, pH Effect on IMI removal efficiency of MTSM. h, Removal efficiency of acetamiprid and thiamethoxam.
i, Removal efficiency of chlorpyrifos.

Figure 5

Inhibition of nonspecific adsorption by MTSM. a, Schematic illustration of nonspecific adsorption of
different digestive enzymes. b-d, Inhibition of nonspecific adsorption of digestive enzymes b, sucrase; c,
amylase; d, protease existing in gastrointestinal (GI) system of pollinators. e, Selective removal of TZP
under the environment of GI enzymes.
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Figure 6

In vivo gastrointestinal distribution of MTSM. FITC-labeled MTSM in the gastrointestinal tract of
bumblebees was tracked using fluorescent imaging within 0 h (a), 4 h (b), 12 h (c), 48 h (d). Red
rectangle: crop stomach or proventriculus; blue rectangle: midgut; yellow rectangle: hindgut.
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Figure 7

In vivo detoxification of insecticides in bumblebee using MTSM. a, Schematic illustration of in vivo
detoxification. b, Survival rate of bumblebees treated with TZP (60 μg TZP/g in pollen) and
microparticles. c, Survival rate of bumblebees treated with TZP (120 μg TZP/g in pollen) and
microparticles. d, Schematic illustration of AChE activity protection in bumblebees by MTSM. e, AChE
activity of bumblebee cell membrane following the treatment with the supernatant of the mixture of TZP
(20 mg/mL) microparticles at different concentrations. f, Survival rate of bumblebees treated with IMI (5
μg IMI/g in pollen). g, Survival rate of bumblebees treated with IMI (15 μg IMI/g in pollen).
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