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Sustainable agriculture relies heavily on various pollinators that support the
production and diversity of approximately 75% of global food crops. However,
pollinator populations are insharp decline largely due to insecticide exposure
during crop pollination and a lack of effective protective interventions.

Here we report abiomimetic detoxification system—mesoporoussilica
microparticles (MTSMs) coated with locust cell membrane and tannic
acid—to protect bumblebees againstinsecticides. By leveraging m-m
stacking and specific enzyme interactions, MTSMs presented high removal
efficiency across organophosphate, pyrethroid and neonicotinoid classes,
while maintaining minimum non-specific clearance of favourable enzymes
predominantly present in the gastrointestinal system of bees. In addition to
revealing dose-dependent detoxification capacity towards organophosphate
and neonicotinoid insecticides, MTSMs exhibited over 12-h residency in the
gastrointestinal tract of bumblebees to facilitate insecticide scavenging, and
could be mostly excreted by bees within48 h, causing no death of bees even
atahigh concentration of 50 mg ml™. Environmental safety assessments
indicate that MTSMs exhibit no observable inhibition effects on other insect
viability (for example, Teleogryllus mitratus and Teleogryllus emma) and
leguminous plant morphogenesis, suggesting their potential compatibility
with agricultural applications. Overall, MTSMs have the potential to provide
efficient broad-spectrum insecticide detoxification for the protection of
managed pollinators.

Pollinators play a vital role in maintaining ecosystem resilience and
supportingglobal agriculture production, contributing approximately
US$351 billion annually to the latter'>. However, the overuse of insec-
ticides (600,000 tyr™, globally) for pest control creates unintended
survival stresses for pollinators, reducing their range and abundance*”.
Addressing this crisis demands effective strategies to mitigate expo-
suretothreeleadinginsecticide categories: organophosphates (OPs),
pyrethroids (PYs) and neonicotinoids (NNIs)®"%,

Current mitigation efforts focus on eliminatinginsecticides from
environmental matrices such as water, pollen, agricultural crops and
wildflower nectar. Surface discharge cold plasma oxidation’, mag-
netic nanoparticles' and acetylcholinesterase (AChE)-functionalized
nanosponges''? have been explored to degrade or adsorb insecti-
cides. Although these methods reduce environmental contamination,
they fail to address internal insecticide accumulation in pollina-
tors. Recently, calcium carbonate microspheres encapsulated with
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Fig.1|Schematicillustration of construction and insecticide scavenging of MTSMs. a, MTSM construction. b, Selective insecticide scavenging from pollinators by
MTSMs. Schematics created in BioRender; a,b, Sun, Y. https://biorender.com/mq8mp7f (2026); b, Sun, Y. https://biorender.com/xulnytv (2026).

phosphotriesterase have been developed to afford direct mitigation
of OP insecticides in bees via enzymatic degradation™. However, the
coexistence of multiclass insecticides in modern agriculture necessi-
tates scavengers with broad-spectrum efficacy, high biocompatibility
and scalable fabrication.

Mesoporous silica microparticles (SMs) offer high surface areas,
accessible modification and excellent safety™ . Tannic acid (TA), anat-
ural polyphenol, provides multiple pyrogallols for robust surface func-
tionalization and drug binding via covalent and m-minteractions” .
Locust cell membrane exhibits unique insecticide affinity through
selective degradation of OP by AChE™*?*, and specific binding of
NNI and PY with nicotine receptors of acetylcholine (nAChRs) and
voltage-gated sodium channels (VGSCs), respectively?-*?°, Notably,
locust AChE possessing unique amino acid residues confers superior
affinity for OPs compared with other species?.

In this study, we engineer locust membrane-coated, TA-modified
mesoporous silica microparticles (MTSMs) as versatile and potent
insecticide scavengers to protect managed pollinators (Fig. 1).
MTSMs persisted over 12-h residency in the gastrointestinal tract of
bumblebees, enabling sustained detoxification. In bumblebees fed
with insecticide-contaminated pollen, MTSMs boosted survival to
90% via dose-dependent toxin removal. This potent, versatile and
broad-spectrum detoxification strategy addresses the urgent need
to safeguard pollinators from cocktails of agricultural insecticides.

Results and discussion

Fabrication of MTSMs

TA-coated microparticles (TSMs) was fabricated through the covalent
conjugation of TA with amino groups of mesoporous SMs via Schiff base
and Michael addition chemistry?. Characteristic Fourier transform
infrared (FTIR) spectroscopy signals of hydroxyl group at 3,500 cm™,
carbonyl group at 1,720 cm™and phenyl group at1,530-1,620 cm™

(Fig. 2a) denoted the successful introduction of TA on SM. Moreover,
TSMs with a range of of TA content (0.76-12.0 wt%) could be readily
acquired by adjusting the feed ratios of TA to SM as characterized
by thermogravimetric (Fig. 2b and Supplementary Fig. 1) and bicin-
choninicacid (BCA, Fig. 2c) assays, in which the TA amount increased
withincreasing TA/SM weight ratio, and reached a plateau when the
TA/SM weight ratio was greater than 0.2. The locust cell membrane,
whichfeatures various binding sites for different insecticides, has been
utilized to selectively recognize insecticides released from polluted
pollen?**°, The coating of locust cell membrane on TSMs was facilely
accomplished under mild ultrasound conditions to form MTSMs™".
Confocalimaging revealed that notable red spots derived from the fluo-
rescent probe DiD inserted in locust cell membrane clearly appeared
on the microparticles (Fig. 2d,e), denoting the effective formation of
cell membrane patches on the particulate surfaces. The membrane
amount in MTSM can be adjusted by changing the concentrations of
cellmembrane, which correlated directly quantified with membrane
proteins, and nearly attained the maximum (approximately 5% of the
total mass of MTSMs) when the proteinincreased to 0.25 mg (Fig. 2f).
The bioactivity of AChE on microparticles was determined through
monitoring the degradation of acetylthiocholine into thiocholine by
AChE asdoneinprevious reports (Fig. 2g)***, and the resultsrevealed
thatthe process of membrane coatinginduced negligible changesinthe
catalyticactivity of AChE in cellmembrane towards acetylthiocholine
(Fig.2h). Notably, MTSMs following 7 days of storage in sucrose solution
exhibited sustained fluorescence intensity in DiD-labelled cell mem-
brane domains and minimal enzymatic activity change of AChE within
the cellmembrane coated on microspheres (Supplementary Fig. 2a,b),
denoting the good stability of cell membrane coating on MTSMs. Fur-
thermore, no detached cell membrane fragments were detected inthe
microsphere supernatant after 7 days of incubation in sucrose solu-
tion (Supplementary Fig. 2c), providing additional evidence for the
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Fig. 2| Characterization of MTSMs. a, FTIR spectra of mesoporous SMs, TA and
TSMs. b, Thermogravimetric curves of TSMs prepared at TA/SM weight ratios
of 0.1and 0.2. ¢, TAmass fraction in TSM prepared at different TA/SM weight
ratios determined by bicinchoninic acid assay. Data are presented as mean + s.d.
(n=5).Differences in TA mass fraction between groups were determined using
aone-way ANOVA. Statistical significance was defined as ***P < 0.001; NS, not
significant.d, Structure diagram of MTSMs whose outmost layer (locust cell
membrane) was stained with DiD fluorescence dye for tracking. e, Confocal
microscopy images of MTSMs inserted with DiD (red). Scale bars, 20 pm. This
experiment was conducted three times with almost the same results. f, AChE
content in MTSMs prepared using different amounts of locust cellmembrane
quantified with protein concentrations. Data are presented asmean + SD (n =5).
Differences in AChE content between groups were determined using a one-

way ANOVA. Statistical significance was defined as ****P < 0.0001. g, Diagram
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ofthe method used to characterize AChE activity. In the presence of AChE,
acetylthiocholine was degraded into thiocholine, which induced the cleavage of
the disulfide bonds of 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. Data are presented as
mean ts.d. (n =5). Differences in AChE activity between groups were determined
using an unpaired Student’s t-test. Statistical significance was defined. i, Surface
structure characterization of microparticles observed by scanning electron
microscopy. The lower panel displays magnification of selected rectangular
regions from the corresponding upper micrographs. Scale bars, 500 nm (upper),
50 nm (lower). This experiment was conducted three times with almost same
results. j, Pore size distribution of microparticles determined by the Brunauer-
Emmett-Teller method. Schematic in d created in BioRender; Sun, Y.
https://BioRender.com/03jma7p (2026).
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durability of the CM coating. Scanning electron microscopy images
displayed that TA and cell membrane coating, although notably remod-
elling the surface morphology, had little influence on the mesoporous
structuresinside the microspheres (Fig. 2i and Supplementary Fig. 3).
Consistently, N, adsorption isotherms revealed that both MTSM and
TSM possessed slightly decreased pore volume and comparable pore
sizesranging from 5to 20 nm (Fig. 2j and Supplementary Fig. 4), provid-
ing accessible space for drug adsorption as previous reports®.

Invitro removal efficiency of insecticides by MTSMs

Over one-third of insecticides in use contain OP compounds which
accumulatein high levels and are toxic to pollinators®**. In this study,
triazophos (TZP), methyl parathion (MPT) and chlorpyrifos (CP) were
used as examples of typical OP insecticides to evaluate removal effi-
ciency. Leveraging strong m—m stacking between OP insecticides and
TA, and biomimetic recognition and binding of OP insecticides by
AChE, MTSMs were expected to afford efficient insecticide scaveng-
ing (Fig. 3a). m—m stacking has been utilized to accomplish robust
drug loading in various drug-delivery systems including micelles,
polymersomes and nanoparticles®® *. Figure 3b demonstrates that
increasing the TA/SM weight ratio enhances TZP removal, with effi-
ciency plateauing at ratios higher than 0.2. Locust cell membrane
decoration further improved absorption, with membrane protein
concentrations of no lower than 0.25 mg ml™yielding over 83% removal
(Fig.3c). Thus, MTSMs with TA/SM = 0.2 and amembrane protein con-
centration of 0.25 mg ml were utilized to evaluate effects of removal
time, microparticle concentration and insecticide concentration.
As expected, TZP adsorption increased with MTSM concentrations,
although only a modest improvement (around 4%) was obtained
when increasing the concentration from 20 to 40 mg ml™ (Fig. 3d).
MTSMs efficiently removed TZP at concentrations of 0.01-0.5 mg ml™
(Fig. 3e), with over 57% clearance within 5 min and around 95% after
12 h (Fig. 3f). MSMs formed by coating SMs with cell membrane only
were used to explore the effect of cell membrane on clearance effi-
ciency. Regardless of incubation time, microparticle concentration
and drug concentration, the removal efficiency followed the sequence
MTSM >TSM » MSM > SM. The removal mechanism of MTSMs related
to TA and cell membrane was further explored. Mechanistic investi-
gation revealed a remarkable redshift of TZP from 278 to 290 nm in
ultraviolet-visible (UV-vis) spectra (Fig. 3g), indicating strong n-m
stacking with TA. Isothermal titration calorimetry (ITC) confirmed
spontaneous TA-TZP interaction (AG = -20 k) mol™), accompanied
by heat absorption (AH = 2,184 k] mol™) and an increase in entropy
(AS=7,396) mol™ K™), consistent with intermolecular - stack-
ing (Fig. 3h-i). AChE, which is known to recognize and degrade OP
insecticides'?, mediated TZP degradation (Fig. 3j), as confirmed
by high-performance liquid chromatography (HPLC) detection of

obviously reduced TZP and increased phenyltriazolol over time
(Fig. 3k). Amaximum phenyltriazolol/TZP ratio of 2:7 was attained
after12 hincubation (Supplementary Fig. 5), highlighting the essential
combination of physical sorption and biodegradation. MTSMs and
TSMs also efficiently scavenged MPT and CP, with MTSMs achieving
around 80% removal (Fig. 31).

NNI and PY insecticides, more toxic towards pollinators than
converntional OPinsecticides (lower LDy,)’, were further evaluated. For
imidacloprid (IMI, a typical NNI), TA introduction markedly elevated
removal efficiency, plateauing at 43.1% when TA/SM weight ratios were
higherthan 0.2 (Fig.4a). NNIsand PYs were reported to bind the nAChRs
and VGSCs on the insect cell membrane, respectively, to kill insects*.
MTSMs presented nearly10.0 pg g of nAChRs and 5.2 ug g of VGSCs
onthesurface whenthelocust cellmembrane protein concentation was
0.25 mg ml™ (Fig. 4b), enabling over 55% IMI removal (Fig. 4c). There-
after, MTSMs constructed as above were utilized to evaluate the effect
of removaltime, pH, microparticle concentration and insecticide con-
centration. As expected, the IMladsorption was enhanced withincreas-
ing microparticle concentrations and reached 67.1% at 40 mg ml™
(Fig.4d). Furthermore, MTSMs could maintain high removal efficiency
even at a high IMI concentration of 0.5 mg ml™ (Fig. 4¢); the removal
efficiency increased over time and reached 77.3% at 48 h (Fig. 4f).
Notably, decreasing the pHto 4.8 had little influence on the absorption
efficiency (Fig. 4g), suggesting that the removal efficiency of insecti-
cides by MTSMs would not be compromised in the stomach and gut
of bees (pH 4.8-6.5). Similarly, MTSMs and TSMs exhibited efficient
scavenging of other NNl insecticides (acetamiprid, thiamethoxam),
with MTSMs affording around 45.2% removal of acetamiprid (Fig. 4h).
Meanwhile, we assessed the scavenging capacity of PY by microparti-
clesusing CP as atypical example, and found that around 50% of CP was
removed by MTSMs within 60 min (Fig. 4i and Supplementary Fig. 6),
corroborating their broad-spectrum scavenging capacity. Although
MTSMs are effective at sequestering the major insecticide classes,
including OP, NNI and PY, future studies must explore interactions
with other pesticides given their diversity and continuous develop-
ment. To elucidate the sorption mechanisms of microspheres (MTSMs,
TSMs, MSMs and SMs) toward structurally distinct insecticides (TZP,
IMI, CFT), systematic investigations of adsorption interactions were
performed using selective inhibitors including NaCl (electrostatic
interactions), urea (hydrogen bonding), Tween-80 (hydrophobicinter-
actions) and pyrene (r-m stacking) (Supplementary Fig. 7). Although
SMs, MSMs, TSMs and MTSMs displayed a range of surface charges
(SupplementaryFig. 8), NaCl-mediated shielding experiments revealed
negligible electrostatic contributions to insecticide adsorption, prob-
ably due to near-neutral insecticide charges. Instead, MTSMs demon-
strated a synergistic adsorption mechanism for insecticide removal,
combining TA-mediated m—n/hydrophobicinteractions evidenced by

Fig. 3| Removal efficiency of OP insecticides by MTSMs. a, Scheme of
biomimetic recognition of insecticides by MTSMs. b, Effect of TA coating on TZP
removal. The ratio of TA/SM ranging from O to lindicates that the content of SM
remains constant while the amount of TAin TSMis continuously increased. Data
arepresented asmean s.d. (n =5). ¢, Effect of locust cellmembrane coating on
TZP removal. We used the concentration of membrane proteins to represent

the content of the cell membrane, with the membrane protein concentration
ranging from 0 to1 mg ml™. Data are presented as mean t s.d. (n = 5). d, Effect of
microparticle concentrations on TZP removal. The experiments in each group
followed the principle of a single variable, with the microsphere concentration
ranging from 2 to 40 mg ml™. Data are presented as mean + s.d. (n = 5). e, Effect of
TZP concentration. The experiments in each group followed the principle of
asingle variable, with the TZP concentration ranging from 0.01to 0.50 mg ml™.
Dataare presented as mean +s.d. (n =5).f, Effect of incubation time. The
experiments in each group followed the principle of asingle variable, with the
incubation time ranging from 5 to 720 min. Data are presented as mean * s.d.
(n=5).g, UV-vis spectra of the mixture of TAand TZP in PBS (pH 6.5).

h,i, Isothermal titration calorimetry of TZP (0.1 mM) (h) and TA (0.5 mM) (i).

j, Degradation reaction of TZP triggered by AChE. TZP and its degradation
product (phenyltriazolol) were monitored by HPLC with different elution

times asillustrated. k, TZP and phenyltriazolol were monitored by HPLC
following the coincubation of TZP with MTSMs for (a) 5 min, (b) 15 min, (c)

60 min and (d) 240 min, respectively. l. Removal efficiency of OP insecticides
triazophos TZP, MPT and CP by MTSMs. Data are presented as mean + s.d.
(n=>35).1IFor these experiments, the treatment time was 60 min, the pH was 6.5,
and the concentrations of microparticles and insecticides were 20 mg ml™ and
50 pg ml™, respectively, unless otherwise mentioned. The n = 5 experimental
replicates for each group were exposed to identical environmental and
experimental conditions. Specifically, there were five individual sample tubes for
each group. After meeting the set conditions, an aliquot of each sample tube was
taken for HPLC analysis. Differences in removal efficiency between groups

were determined by ANOVA. Statistical significance was defined as *P < 0.05,
**P<0.01,**P<0.001, ***P<0.0001. Schematic in acreated in BioRender;

Sun, Y. https://BioRender.com/6Imhnn0 (2026).
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Tween-80/pyreneinhibition with cell-membrane-driven biodegrada-

tion confirmed by enzyme inactivation effects.

Inhibition of non-specific adsorption

Ideal insecticide scavengers should not only possess potent removal
capacity, but also need to exhibit minimal adsorption of favourable sub-
stancesinthe gastrointestinal system of pollinators (Fig. 5a). Sucrase,
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protease and amylase are crucial digestive enzymes generally present
in the gastrointestinal system of bees*’. As shown in Fig. 5b-d, obvi-
ous adsorption of sucrase, protease and amylase was observed with
TSMs due to the interactions of enzymes with TA on the surface of
the microparticles. In sharp contrast, MTSMs displayed significantly
decreased absorption of all enzymes at concentrations varying from
1.0t0100 pg ml™, indicating that the introduction of cell membranes
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Fig. 4| Removal efficiency of neonicotinoid insecticides by MTSMs. a, Effect
of TA coating on IMI removal. The TA/SM ratios ranging from O to lindicated
that the SM content maintained at a constant level, while the TA amount in TSMs
was progressively increased. Data are presented asmean +s.d. (n =5). b, nAChR
and VGSC contentin MTSMs prepared at locust cellmembranes containing
0.25 mg protein. ¢, Effect of locust cell membrane coating on IMIremoval. The
amount of cellmembrane was represented by membrane proteins ranging from
0to01.0 mg. Data are presented as mean + s.d. (n = 5). d, Effect of microparticle
concentrations on IMIremoval. The experiments in each group followed the
principle of a single variable, with the microsphere concentration ranging

from 5.0 to 40 mg ml™. Dataare presented as mean +s.d. (n=5). e, Effect of IMI
concentration. The experiments in each group followed the principle of asingle
variable, with the IMI concentration ranging from 0.01to 0.50 mg ml™. Data

are presented as mean + s.d. (n = 5).f, Effect of treatment time on IMI removal.

The experiments in each group followed the principle of a single variable, with
the treatment time ranging from 1.0 to 48 h. Data are presented as mean * s.d.
(n=5).The n=S5experimental replicates for each group were exposed to
identical environmental and experimental conditions. There were five individual
sample tubes for each group. g, pH effect on IMI removal efficiency of MTSMs.

h, Removal efficiency of acetamiprid (ACM) and thiamethoxam (TMX). Data are
presented as mean + s.d. (n = 3).i, Removal efficiency of CP. Data are presented as
mean +s.d. (n =3). The n =3 experimental replicates for each group were exposed
toidentical environmental and experimental conditions. If not otherwise
mentioned, In these experiments, the treatment time was 60 min, the pH was

6.5, and the concentrations of microparticles and insecticides were 20 mg mi™*
and 50 pg ml™, respectively, unless otherwise noted. Differences in removal
efficiency between groups were determined by ANOVA. Statistical significance
was defined as *P < 0.05, **P < 0.01, **P < 0.001, ***P < 0.0001.

greatly inhibited the non-specific clearance of favourable enzymes.
A mixture of TZP and enzymes was prepared to mimic the gastroin-
testinal environment of bees to explore insecticide removal using
microparticles. In comparison with TSMs, MTSMs presented obviously
enhanced TZP removal while significantly decreasing the adsorption
of sucrase (15% versus 27%), amylase (17% versus 48%) and protease
(14% versus 42%) (Fig. 5e). The potent insecticide clearance and
minimum adsorption of favourable enzymes (<20%) support the out-
standing efficiency and safety of MTSMs. The selective adsorption

is predominantly governed by the compact interfacial membrane
coating on MTSMs, which inhibits the non-specific adsorption of
macromolecular proteins such as digestive enzymes by blocking their
access tothe microsphere surface, while maintaining permeability for
small-molecule pesticides.

Invivo gastrointestinal distribution
MTSMs were labelled with fluorescein isothiocyanate (FITC-MTSMs)
throughthe reaction of FITC with the amino group of SMsto track the
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Fig. 5| Inhibition of non-specific adsorption and in vivo gastrointestinal
distribution of MTSMs. a, Schematicillustration of non-specific adsorption

of different digestive enzymes. b-d, Inhibition of non-specific adsorption of
digestive enzymes in the gastrointestinal system of pollinators: sucrase (b),
amylase (c) and protease (d). The experimental conditions for different enzyme
types are the same and independent of each other without any interference. The
MTSM solution (20 mg ml™) was mixed with different enzymes (1-100 pg ml™)
for1hat37°C.Dataare presented as mean +s.d. (n = 3). e, Selective removal of
TZP under an environment of gastrointestinal enzymes. TZP (50 pg ml™) was
mixed with digestive enzymes (sucrase, amylase and protease) at a concentration
of 10 pg ml™. These measurements are independent of each other without any
interference. Dataare presented asmean + s.d. (n =3). The n =3 experimental

replicates for each group were exposed to identical environmental and
experimental conditions. There were three individual sample tubes for each
group. Differences in adsorption content between groups were determined
using an unpaired Student’s t-test. Statistical significance was defined as
**P<0.01,**P < 0.001, ***P < 0.0001. f-i, In vivo gastrointestinal distribution
of MTSMs. FITC-labelled MTSMs in the gastrointestinal tract of bumblebees
weretracked using fluorescentimaging within O h (f), 4 h(g), 12 h (h) and 48 h (i).
Red rectangle: crop stomach or proventriculus; blue rectangle: midgut; yellow
rectangle: hindgut. Scale bars, 4 mm (top), 50 pm (bottom). This experiment
was conducted three times with almost same results. Schematicina createdin
BioRender; Sun, Y. https://BioRender.com/Iqrfhql (2026).

distribution and metabolisminthe gastrointestinal tract of pollinators.
After feedingbumblebees with FITC-MTSMs for 30 min, MTSMs were
observed to pass sequentially through the crop stomach, proventricu-
lus, midgut and hindgut of the gastrointestinal tract with time. During
the initial period of digestion, most microparticles were distributed

inthe crop stomach, and negligible dissemination of microparticles
was observed in the midgut and hindgut (Fig. 5f). Then, the majority
of FITC-MTSMs moved out of the crop stomach and reached the mid-
gut after 4 h. Notably, an apparent number of microparticles existed
in the midgut and hindgut of the gastrointestinal tract from 4 to12 h
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Fig. 6 | In vivo detoxification of insecticides in bumblebees using MTSMs.

a, Schematic illustration of in vivo detoxification. b, Survival rate of bumblebees
treated with TZP (60 ugTZP g'in pollen) and microparticles. ¢, Survival rate

of bumblebees treated with TZP (120 ugTZP g™ in pollen) and microparticles.

d, Schematicillustration of AChE activity protectionin bumblebees by

MTSMs. e, AChE activity of bumblebee cell membrane following treatment

with a supernatant of a mixture of TZP (20 mg ml™) microparticles at different
concentrations. Data are presented as mean + s.d. (n = 3). The n = 3 experimental
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replicates for each group were exposed to identical environmental and
experimental conditions. Differences in AChE activity between groups were
determined by ANOVA. Statistical significance was defined as ****P < 0.0001.

f, Survival rate of bumblebees treated with IMI (5 pgIMI g *in pollen). g, Survival
rate of bumblebees treated with IMI (15 pgIMI g tin pollen). Datain b,c,f.g,e are
presented as mean + s.d. (n = 20 individuals). Schematics created in BioRender: a,
Sun, Y. https://BioRender.com/kgxdzls (2026); d, Sun, Y. https://BioRender.com/
xulnytv (2026).

(Fig. 5g—h). Pollen grains were reported to be similarly digested in the
ventriculus for around 12 h (refs. 44,45), thus facilitating the absorp-
tion of insecticides in pollen by MTSMs in the gastrointestinal tract of
bees. Therefore, administering detoxification particles to the bees once
aday in the morning might be appropriate in practical applications.
Specifically, these microparticles canbe thoroughly blended into the
nutrient sucrose fed to colonies prior to their daily pollination activi-
ties, ensuring efficient delivery alongside routine feeding protocols.
After 48 h, no fluorescent microparticles was observed in the crop
stomach, proventriculus, midgut and hindgut of the gastrointestinal
tract, confirming that all microparticles were excreted from bees within
48 h (Fig. 5i).

Invivo detoxification efficacy
Bumblebees were used to assess in vivo detoxification efficacy
because they processinsecticides in similar fashion to honeybees***.

Oral administration of MTSMs at concentrations of 0.1-50 mg ml™in
sucrose solution (2.0 g ml™) elicited no mortality over 10 days, with
minimal midgut cell death (indicated by red dots) and reactive oxy-
genspecies (ROS) fluctuations compared with the non-treated group
(Supplementary Figs. 9-11). The expression of genes associated with
social behaviours (period), mating (mvl, period) and foraging ability
(ame-let-7, Lkr, mvl) of bumblebees*®* revealed negligible perturba-
tions under MTSM exposure as verified by quantitative polymerase
chainreaction analysis (Supplementary Fig.12), indicating the reason-
ablein vivo safety of MTSMs. Moreover, MTSMs exhibited little influ-
ence ontheforaging capability of bumblebees (Supplementary Fig.13).
Future safety studies should address long-term exposure effects across
the developmental stages of pollinators (larval, pupal and adult phases).

In vivo detoxification efficacy was evaluated in bumblebees fed
insecticide-contaminated pollen balls (Fig. 6a). Initially, pollen balls
containing different concentrations of TZP (3,15, 60,120 pg g™) were
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used to determine the levels of insecticide toxicity, and the results
revealed that pollen balls containing 60 and 120 pgTZP g™ caused
100% mortality at day 4 and 1, respectively (Supplementary Fig.14).In
addition, toxicological studies revealed that the median lethal doses
(LDso) of TZP for bumblebees was 0.620 pg per bee over 48 h (ref. 42).
Based on the average daily pollen consumption of 10.2 mg per bee
reported for bumblebees®, dietary exposure of 60-120 ugTZP g™
pollenwithin 48 hrepresents 2-4 times the LD, values. Inaccordance
with previous studies*, pollen containing 60 and 120 pugTZP g’ was
therefore used to assess moderate and acute toxicity, respectively. At
the moderate level of toxicity (60 pgTZP g in pollen), TSMand MTSM
treatment largely decreased theincidence 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. 6b). As expected, increasing
the concentration of microparticles to 20 mg ml™ generated a better
detoxification effect with a survival rate of up to 90%. For the acute
toxicity condition (120 pgTZP g™ in pollen), both TSMs and MTSMs
induced extended survival times: bumblebees in the TSM group all
died after 7 days whereas those in the MTSM group presented a 15%
survivalrate even10 days later (Fig. 6c and Supplementary Fig.15). The
survival rate was further increased to 60% when a higher microparticle
concentration of 20 mg ml” was used.

OP was reported to induce a massive accumulation of ACh and
neurotoxicity by inhibiting carboxyl ester hydrolases such as AChE in
different insects including pollinators®*2. To explore the protection
capacity of MTSMs towards AChE bioactivity in bees, homogenized
bumblebee cell fragments were incubated with supernatants of mixed
TZP and microparticles (Fig. 6d). With increasing concentrations
of microparticles, higher retention of AChE activity was obtained
(Fig. 6e). For MTSMs, the retention activity of AChE reached over 80%
when the microparticle concentration was higher than 5 mg ml™, and
nearly complete activity retention (~99%) was acquired at a MTSM
concentration of 40 mg ml™, indicating a dose-dependent protec-
tion of AChE by MTSMs. Moreover, the AChE activity in the heads of
bumblebees that had been successfully detoxified by MTSMs showed
no obvious difference compared to those of healthy bumblebees
(Supplementary Fig.16).

In addition to OP insecticides, NNl insecticides such as IMI were
used to explore the in vivo detoxification capacity of microparticles.
Notably, pollen balls containing 15 pgIMI g™ and 5 pgIMI g™ induced
complete death of bumblebees within 1 and 3 days, respectively
(Fig. 6f-g), revealing that IMI presented relatively higher toxicity than
TPZ. Consistently, IMIwas reported to have an LD;, 0f 0.223 pg per bee
for bumblebees over 48 h (ref. 42), and pollen balls containing 5 and
15 pgIMI g were similarly selected for the assessment of moderate and
acutetoxicity, respectively. MTSMs demonstrated apparent detoxifica-
tion efficacy towards moderate and acute toxicity inbumblebees. For
bumblebees fed with pollen balls containing 5 ugIMI g™, MTSMs at a
concentration of 20 mg ml™ in sucrose afforded a high survival rate
of 95%. Thus, MTSMs afforded potent in vivo scavenging capacity of
broad-spectrum insecticides in pollinators.

Environmental safety

MTSM was engineered through the integration of mesoporous silica
particles, TA and locust cell membrane, all of which demonstrate
acceptable biocompatibility and safety profiles. Mesoporous silica,
recognized for its excellent biosafety, has been extensively utilized
asafood additive and in biomedical fields*. TA, a naturally occurring
polyphenolic compound, exhibits favourable biodegradability through
both mammalian metabolic processes and microbial degradation,
leading to minimal toxicological concerns®*. Locust-derived compo-
nents present negligible biosafety risks considering their long-standing
history as edible insect species in various cultures and ecosystems™.
Upon environmental exposure, silica particles undergo degradation
into non-toxic monosilic and polysilic acids, TA decomposes into

carbon dioxide and water, and locust cell membranes convertinto
small-molecule fatty acids, glycerol and phosphoric acid*****, poten-
tially maintaining minimal influence on the environment and biodiver-
sity. Based on the established safety profiles of individual components
and their natural origins, we assume that MTSMs generate insignificant
environmental or biosafety hazards. Furthermore, we assessed the
influence of particles on the environment by monitoring the survival
rates of two other insect models (Teleogryllus mitratus and Teleogryl-
lusemma) and the phytotoxic effects onleguminous crops (soybean,
Glycinemaxand mungbean, Vigna radiata). The MTSM-treated insects
revealed 100% survival rates (n = 20 per group) after 10 days of exposure
(Supplementary Fig. 17). Concurrent phytological analysis demon-
strated complete germination equivalence between experimental and
control groups (n =20 per group) (Supplementary Fig.18). Quantitative
measurements showed no significant difference in the root and shoot
growth lengths of soybeans and mung beans between the two groups
(Supplementary Fig.19).

Theecologicalimpact of excreted MTSMs was further assessed on
bothinsects and non-insect species. Notably, post-digestion MTSMres-
idues exhibited no measurable adverse effects on the survival ofinsects
such as T. mitratus and T. emma (Supplementary Fig. 20). Meanwhile,
the supernatant of excreted MTSM-containing suspension showed no
significant inhibition on the germination rates and growth lengths of
mungbeans and soybeans (Supplementary Figs. 21and 22). These find-
ings collectively indicate that MTSM exhibits no observableinhibition
effects on insect viability (7. mitratus and T. emma) and leguminous
plant (soybean, G. max and mung bean, V. radiata) morphogenesis,
suggesting its potential compatibility with agricultural applications.

We have demonstrated that versatile and potent insecticide scav-
engers (MTSMs) constructed through facile surface decoration of
mesoporous silica microparticles with TA and locust cell membrane
sequentially afford effective protection for pollinators from a broad
spectrumofinsecticides including OPs, PYsand NNIs. By leveraging the
m-mstacking with TA and specificbinding by the acetylcholinesterases,
nicotinereceptors of acetylcholine, or voltage-gated sodium channels
onlocust cellmembrane, MTSMsinduced markedly improved removal
ofvarious insecticides combined with minimum non-specific clearance
of favourable enzymes from the gastrointestinal system of pollinators.
MTSMswas almost entirely excreted from bees within 48 h, and caused
no death of bees even at a high concentration of 50 mg ml™, meaning
the excellent safety of this material. Over a 12-h residency in the gas-
trointestinal tract of bumblebees, MTSMs exhibited extensive insec-
tide scavenging, affording dose-dependent detoxicification efficacy
towards multipleinsecticides and notably elevated survival rates of up
t090%. Although additional research such as the safety of the particles
for ecosystemes, field-wide assessments of bee colony survival, pol-
lination efficiency, crop yield and quality, and economic viability after
treatment remains warranted, the versatility and potency of MTSMsin
insecticide detoxification for pollinators show great potential in practi-
calapplications. Because the raw materials are commercially accessible
and affordable, the coating procedureis straightforward and scalable,
and the costs are notably lower than conventional hive replacement,
MTSMs offer a practical solution for large-scale agriculture.

Methods

MTSM preparation

MTSMs were prepared through sequential surface decoration of
mesoporous SMswith TAand locust cellmembrane. First, TA-decorated
SMs (TSMs) were obtained by the covalent conjugation of TA with the
amino group of SMs. Briefly, a TA solution in HEPES was added into
100 mg of SMs dispersed in HEPES buffer (20 ml, 5mM, pH 7.4). The
TA/SMweight ratios were fixed at 0.01, 0.1,0.2, 0.5and 1. After stirring
atroomtemperature for12 h, thereaction solution was centrifuged at
400 gfor 6 minand washed three times with phosphate-buffered saline
(PBS,10 mM, pH 7.4). Then, the obtained dispersion was reacted with
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atwofold excess of NaBH, at room temperature for 4 h. After sequen-
tial centrifuging, washing with PBS and drying at 35 °C in a vacuum
oven, TSM product was obtained. Yield, 95.6%; FTIR, v= 3,350 cm™
(-OH), v=1,720 cm™ (C=0), v=1,530 and 1,619 cm™ (C-C, C=C of
benzyl group).

A differential centrifugation method was utilized to extract the
locust cell membrane®®*°, Briefly, living locusts were frozen in lig-
uid nitrogen, sterilized in 75% ethanol, ground and filtered with a cell
strainer (70 um) to obtain a cell suspension. To 20 x 10° extracted
locust cells, 1.0 ml of membrane protein extraction solution was added
according toamembrane and cytosol protein extraction kit (Beyotime,
#P0033). Phenylmethylsulfonyl fluoride (PMSF) as a protease inhibitor
was introduced within afew minutes at afinal concentration of 1.0 mM
to maintain the activity of the proteins on the cell membrane. After
shaking for 30 min in an ice-water bath, the mixture was frozen and
thawed three to disrupt the cells. Then, the membrane fragments were
separated using differential centrifugation and stored at —80 °C until
use. Thetotal protein content of the membrane fragments was quanti-
fied using a Pierce BCA protein assay kit. The locust cellmembrane was
coated onthe TSMs by an ultrasound machine (FB15063, Fisherbrand)
with a power of 100 W in an ice-water bath for 15 min. The concentra-
tions of membrane proteins varied from 0 to 1.0 mg ml™. To observe the
membrane coating, DiD-stained MTSMs (DiD-MTSMs) were prepared
by adding 0.5 wt% DiD (excitation/emission = 644/665 nm) to the locust
cell membrane solution, which was then coated on microparticles by
gentle sonication.

Measurement of AChE activity

AChE activity assay was performed in accordance with a previously
described protocol*>*. In short, a working solution of 100 mM Tris-
HCI, 20 mM KCI, 2.0 mM 5,5’-dithiobis-(2-nitrobenzoic acid) and
2.0 mM acetylthiocholine was prepared. Then, 100 pl of working solu-
tion was mixed with an equivalent volume of cell membrane solution
containing AChEina96-well plate. The 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 in
AChE activity.

Insecticide removal

Different OP insecticides, including TZP, MPT and CP were used to
evaluate the scavenging capacity of MTSMs. First, simulated intestinal
fluid (SIF, pH 6.5) was prepared by dissolving KH,PO, (6.8 g, 50 mM)
and NaOH (0.9 g, 22.5 mM) in distilled H,0 (1.0 litre). Then, MTSMs
were mixed with OP insecticides in SIF by gentle vortexing at 37 °C.
After centrifuging at 400g for 6 min, the remaining insecticides in
supernatant were quantified by HPLC (ProStar LC240, Waters Alliance).
The removal efficiency of the OP insecticides was calculated with the
formula: removal efficiency (%) = (1 - OP insecticides in supernatant/
feed OPinsecticides) x 100%. The effect of OPinsecticide concentration
(0.01-0.5 mg mlI™), microsphere concentration (2.0-40 mg ml™) and
mixing time (5.0-720 min) on removal efficiency was investigated in
detail. Allexperiments were performedintriplicate. The removal capac-
ity of MTSMs towards neonicotinoids and pyrethroids was similarly
investigated except that HPLC with a detection wavelength of 270 nm
was utilized for quantification.

The m-minteractions between OP insecticides and microspheres
were investigated by monitoring the bathochromic shift of absorp-
tion peak generated by mixing TZP (20 pug ml™) and TA (20 pg ml™)
solutions. The interaction forces between TA and TZP molecules was
determined by ITC (TA Instruments). The binding and neutralization of
OPinsecticides with AChE on microspheres was monitored by measur-
ing theleaving group phenyltriazolol. After mixing the microparticles
(20 mg ml™) with TZP (50 pg ml™) for 5, 15, 60 or 120 min, the super-
natant was collected and the amount of TZP and phenyltriazolol was
quantified with HPLC.

In vitro detoxification effect

Theinvitro detoxification effect was assessed by measuring the activ-
ity retention of AChE on bumblebee cell membrane, following the
treatment with the supernatant of the mixture of TZP and MTSM solu-
tion. Typically, TZP (50 pg ml™) was mixed with MTSMs (2, 5, 10, 20,
40 mg ml™) atroom temperature for 1 h. After centrifuging at12,000g
for30 min, 200 plof supernatant was mixed with an equivalent volume
ofthe bumblebee cellmembrane solution. The AChE activity was deter-
mined as described above.

Inhibition of non-specific adsorption

Sucrase, protease and amylase existing in the gastrointestinal tract of
bumblebees were utilized to evaluate the inhibition of non-specific
adsorptionby MTSMs. The MTSM solution (20 mg ml™) was mixed with
different enzymes (1-100 pg ml™) for1 hat37 °C. After centrifuging at
400gfor 6 min, the activity of enzymesin supernatant was determined
by the corresponding enzyme kit.

Animal experimental models

The animal experiments utilized commercial Bombus terrestris
colonies (80 individuals per colony) from Biobest. The bumble-
bees were housed at 22-26 °C with 50 + 5% relative humidity and
12 h light/dark cycles. Groups of 20 individuals were housed in
nest boxes (50 cm x 35 cm x 25 cm) connected to flight boxes
(60 cm x 43 cm x 30 cm) for free movement and foraging. Daily nutri-
tion included pollen (5 g) and sucrose solution (2.0 g ml™) through
dedicated feeding portsin specially designed hives with2-mm ventila-
tiongrilles®®. To maintain circadian rhythm consistency, experimental
managementoccurred between 8.00 and 20.00. All equipment under-
went pre-experiment cleaning with detergent and 75% alcohol. Healthy
and active bumblebees from normal colonies were randomly selected
as experimental subjects”.

Invivo distribution and safety

FITC-labelled MTSMs (FITC-MTSMs) were prepared by the reaction of
FITC with the amino group on the surface of microparticles, followed
by coating with locust cellmembrane. Twenty bumblebees were placed
in separate test tubes. After starving for 3 h, the bees were fed with a
sucrose solution (2.0 g mI™) containing 1.0 mg ml™ FITC-MTSMs for
30 min. Then, the bumblebees were beheaded using dissection scis-
sorsat0,4,12,48 h. Gastrointestinal tracts were collected and placed
onaglassslide for fluorescence imaging (490 nm) using a microscope
(Eclipse, Nikon, Japan).

MTSM sucrose solutions were prepared across a concentration
gradientranging from 0.1to 50 mg ml™. Bumblebees (n =20 per group)
were randomly allocated into breeding cages and fed with MTSM
sucrose suspension at 12-hintervals. The in vivo safety of MTSMs was
evaluated by observing the survival of the bumblebees over a10-day
period. Bumblebees were randomly assigned to species-appropriate
rearing cages, and were provided with MTSM-supplemented sucrose
solution (MTSM concentration, 20 mg ml™) every 12 h for 10 days.
Then, the digestive tracts were dissected and processed for viability
assessment using live/dead fluorescence cell staining. Meantime,
midgut tissues were dissected and incubated with 10 puM dichlorodihy-
drofluorescein diacetate (DCFH-DA) at 37 °C for 30 min to measure the
ROS production. Inaddition, the bumblebee heads were homogenized
inphosphate solution, filtered and centrifuged at 12,000g for 30 min.
The resultant cell suspensions were then subjected to qPCR analysis.
Therelevant genetic sequences can be found in the linked file.

To explore the foraging, the selected worker bees were housed
in flight boxes (60 cm x 43 cm x 30 cm, 5 individuals per cage) and
provided with ad libitum access to sucrose solution or MTSM-
supplemented sucrose solution (MTSM concentration, 20 mg ml™).
Freshsolutions were replenished every 12 h to ensure continuous food
availability throughout the experimental period. The consumption
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of sucrose solution was quantified following each feeding for
5days, and the pollen intake was weighed and recorded at the end of
the experiment.

Invivo detoxification efficacy

Microparticles (20 mg ml™) with an average diameter of ~8 um dis-
persed in a2 g ml™” sucrose solution were prepared as scavenging
agents. To ensure that each bumblebee has equal access to the food and
minimize inter-cage variability,20 bumblebeesin each group housedin
four microcolony-rearing cages (5bumblebees per cage) were treated
withthe contaminated pollen balls and the microparticles-based scav-
enging agents simultaneously. Pollen balls were prepared by mixing
various insecticides with 10 g of high-desert bee pollen granules, fol-
lowed by shaking until a homogeneous slurry was formed and full
absorption of insecticides was achieved. The insecticide-containing
pollenwas rolled with sucrose into pollen balls by hand to obtain con-
taminated pollenballs. Microparticles dispersed in asucrose solution
(2 g ml™) were prepared as scavenging agents. Bumblebees (20 per
group) placed in microcolony-rearing cages were treated with the con-
taminated pollen balls and the microparticle-based scavenging agents
simultaneously. Microcolonies were observed every 12 h for mortality
monitor until all bees deceased or 10 days had elapsed. On day 10, the
heads of bumblebees detoxified by MTSMs were harvested, ground
and homogenized to extract thebumblebee cells. The changesin AChE
activity were then detected using the same method as described above.

Environmental safety

The safety profile of MTSMs was further investigated ininsect models
(T. mitratus and T. emma) and leguminous crops (soybean, G. maxand
mung bean, V. radiata). The T. mitratus and T. emma used for envi-
ronmental safety evaluation were purchased from Qingdao Darun-
fucheng Animal Husbandry. The insects were maintained in ventilated
containers (100 cm x 90 cm x 30 cm), each housing 20 individuals.
The breeding environment was maintained at 22-30 °C with40-60%
relative humidity and a daily lighting period of over 6 h. A 3- to 5-cm
layer of moist kitchen paper simulated natural substrate conditions
for burrowing behaviour. Nutritional requirements were met through
a combination diet of high-fibre oatmeal and commercial fish feed.
For insect trials, T. mitratus or T. emma (n = 20 per group) were ran-
domly allocated into experimental and control groups and housed in
species-appropriate rearing cages. The treatment group received ad
libitum access to standard feed pellets containing MTSMs (10 mg g™),
while controls were provided unmodified feed. Mortality was assessed
using standardized vitality criteria within 10 days. Concurrently, leg-
ume germination studies used the supernatant of MTSM suspension
(20 mg ml™) for mung beans and soybeans in the treatment group,
while the control group received tap water for germination and growth
(n=20 per group). Under optimal growth conditions (25°C, 8/16 h
light/dark), the germination rate, and root and shoot growth lengths
were recorded. All experiments included triplicate trials with rand-
omized block designs to ensure statistical validity.

We comprehensively assessed the ecological effects of MTSMs
through analysis of postdigestive residuesin bumblebee faeces. Bum-
blebees were first fed with MTSM-fortified sucrose solution to collect
faeces for subsequent evaluation. T. mitratus or T. emma (n =20 per
group) were randomly allocated and housed in species-appropriate
rearing cages. The treatment group received feed pellets supplemented
with MTSM-containing faecal matrix (10 mg g™), while the control
group was maintained on standard feed. Mortality was monitored
every 12 h. To assess phytotoxic effects, the germination and growth
of mungbeans and soybeans in precisely regulated growth chambers
(25°C,16/8 hlight/dark cycle) were monitored. Experimental groups
received the supernatant of MTSM suspension (20 mg ml™), while
the control group was given tap water. Germination rates and growth
lengths were quantitatively measured daily.

Statistical analysis

Datawererepresented as mean + s.d. All statistical analyses were per-
formed using GraphPad Prism software (v.8.0.2, GraphPad Software).
For comparison between the two groups, P-values were derived from
anunpaired Student’s ¢-test. For multiple group comparisons, one-way
analysis of variance (ANOVA) with Tukey’s multiple-comparisons test
was empolyed. For survival analysis, the log-rank (Mantel-Cox) test
was applied. Statistical significance was defined as *P < 0.05,**P < 0.01,
*#**P < 0.001, ***P< 0.0001; NS indicates no significance.

Reporting summary
Further information on the research design is available in the Nature
Research Reporting Summary linked to this article.

Data availability

The authors declare that the data supporting the findings of this study
are available within the paper and its Supplementary Information.
Source data are provided with this paper.
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