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Bees provide crucial pollination services for crop cultivation, contributing

billions of dollars to the global agricultural economy. However, exposure

to pesticides such as neonicotinoids represents a major problem for bee
health, necessitating strategies that canimprove agricultural sustainability
and pollinator health. Here we report a simple and scalable solution,
through ingestible hydrogel microparticles (IHMs), which can capture
neonicotinoids invitro and in the bee gastrointestinal tract to mitigate

the harmful effects of pesticides. Using the common eastern bumblebee
(Bombus impatiens) as amodel species and the neonicotinoid imidacloprid,
we demonstrated by means of lethal and sublethal assays the substantial
benefits of IHM treatments. Under lethal exposure of imidacloprid,
bumblebees that received IHM treatment exhibited a30% increase in
survival relative to groups without IHM treatment. After a sublethal
exposure of 5 ng, IHM treatment resulted in improved feeding motivation
and a44% increase in the number of bees that engaged in locomotor
activity. Wingbeat frequency was significantly lower after asingle 5 or

10 ngimidacloprid dose; however, IHM treatment improved wingbeat
frequency. Overall, the IHMs improved bumblebee health, and with further
optimization have the potential to benefit apiculture and reduce risk during
crop pollination by managed bees.

Pollinators, especially bees, provide essential pollination services to
76% of crops' and contribute ~-US$195-387 billion annually to the global
agricultural economy’. However, pollinators are now experiencing
unsustainable losses, range contractions, and population declines.
Between 2017 and 2020, annual losses of managed US honeybee hives
averaged 40-44% (ref.3) and dozens of studies have now documented
regional and global declines of wild bees*”. There are several factors
contributing to pollinator declines, including loss of habitat, pesti-
cides, invasive species, climate change, and disease®. Of these, there is
considerable interest in the effect that pesticides are having on bees.
Forexample, honeybees and bumblebees are exposed to an average of

35and 19 pesticides, respectively, during commercial blueberry pol-
lination’. High-risk neonicotinoid and organophosphate insecticide
exposures occur frequently during blueberry and apple pollination®’
and near seed-treated corn and soybean fields'®, with exposure levels
that caninfluence susceptibility to parasites and pathogens”, foraging
behaviors™, and growth and survival of bees”. Although much effort has
goneintodevelopingintegrated pest management (IPM) tools meant
toreducereliance on pesticides, there remains limited adoption of IPM
techniques by farmers and continued widespread use of pesticides™.
A complementary approach couldbe to develop technology that mini-
mizestheimpact of pesticides onbees. To this end, we previously aimed
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totackle theissue of organophosphate toxicity inbumblebees using a
phosphotriesterase enzyme encapsulated in calcium carbonate micro-
particles to break down organophosphate insecticides through the
hydrolysation of their triester linkages". Besides this study, there have
been limited solutions that aimed to detoxify or degrade other pesti-
cides inside bees after exposure. Therefore, pesticide detoxification
inbees remains an unaddressed challenge.

Neonicotinoids are nicotinic acetylcholine receptors (nAChR)
agonists and are one of the most widely used classes of pesticides. They
leachinto groundwater and subsequently enter pollen and nectar that
are foraged by bees. The first neonicotinoid produced was imidaclo-
prid, which was patented in 1985, first sold in 1991, and approved by
the US Environmental Protection Agency (EPA) in 1994'°. The appeal
of neonicotinoids originally stemmed from their lesser toxicity to
vertebrates and preferential binding to insect nAChRs, which benefits
human health but does not consider the perspective of non-target
organisms such as bees and invertebrate aquatic wildlife'**. These
nAChRs are ionotropic membrane receptors, which play key roles in
membrane depolarization and neuronal signal transmission’s. Many
studies have reported both sublethal and lethal effects of neonicoti-
noids onboth bumblebees and honeybees'™ **. Impairments of learning
and behavioral activities, such as flight and memory, are examples
of these sublethal effects®. Neonicotinoids have also been shown to
induce oxidative stress which can resultin consequences such as mito-
chondrial damage and shortened lifespan®**. Imidacloprid has been
widely used since its introduction to the pest management market.
For example, from 2005 to0 2015,700,000 Ib yr ofimidacloprid were
applied to crops in the form of seed treatments?. In 2020, the US EPA
released interim decisions onimidacloprid usage including mitigation
measures suchas minimizing application rates, invoking targeted and
restrictive application protocols, and prohibiting some of its uses in
specified cases®. Inaddition, the European Union has banned outdoor
use of imidacloprid, clothianidin and thiamethoxam?.

Nitro-substituted neonicotinoids, such as imidacloprid, clo-
thianidin and thiamethoxam, have been shown to have a higher tox-
icity to bees compared to cyano-substituted neonicotinoids, such
as thiacloprid and acetamiprid®. Owing to the increased toxicity of
nitro-substituted neonicotinoids, they were chosen as the compounds
ofinterest for this study. Taken together, the detrimental effects neoni-
cotinoids can have on bees and the importance of bees to agriculture
and crop pollination provide motivation for the development of strat-
egies that could address these problems and offer solutions that are
both economically and environmentally feasible. In this work, we aimed
to develop a detoxification strategy in bees to combat neonicotinoid
exposure, thereby lessening or eliminating their toxicity and sublethal
effects (Fig. 1a). In this work, we developed ingestible hydrogel micro-
particles (IHMs) to capture imidacloprid in the bee gastrointestinal
(GI) tract and mitigate the harmful effects of this pesticide toimprove
pollinator health. Using the common eastern bumblebee (Bombus
impatiens) asamodel species, we demonstrated that IHM treatment not
onlyimproved bee survival by 30% after alethalimidacloprid exposure
butalsoimproved feeding motivation, locomotor activity and wingbeat
frequency (WBF) at sublethal doses. Overall, this proof-of-concept
study provides evidence that the IHMs may have the potential to benefit
apiculture and consequently agriculture.

Results

Invitro adsorption capacity of IHMs

The first step in assessing the efficacy of these IHMs (Fig. 1b) was to
determine if they could adsorb neonicotinoids in vitro at physiologi-
cally relevant pH values (Fig. 1c,d). R* values for imidacloprid were
higher for pseudo-first-order model fits. Pseudo-first-order fitsindicate
that the limiting mechanism is physisorption®’. Model parameters
including pseudo-first-and pseudo-second-order rate constants, equi-
librium constants and R? values are summarized in Supplementary

Fig. 1. In addition, imidacloprid capture with varying IHM concentra-
tions was also investigated. It was found that imidacloprid capture
was concentration dependent and up to 78% of imidacloprid removal
could be achieved with an IHM concentration of 5 mg ml™ (Supple-
mentary Fig. 3).

Bee survival after high imidacloprid exposure

First, beesurvival withoutimidacloprid exposure was assessed to deter-
mine if IHMs alone have effects on mortality. As shown in Fig. 2a, the
survival of bees provided with plain sucrose syrup was not statistically
significantly different from the survival of bees provided with IHM
syrup (=-0.005, s.e.=0.583, hazard ratio (HR) = 0.995, P=0.993).
The variance of the cage random effect was 0.01. Results of the inte-
grated log-likelihood and penalized log-likelihood tests were (y*= 0.01,
d.f.=2.00,P=0.997, Akaike information criterion (AIC) = -3.99, Bayes-
ian information criterion (BIC) =-4.96) and (y*=0.21, d.f. =1.08,
P=0.679, AIC =-1.95, BIC =-2.47), respectively. To confirm that any
improvements in survival would be the sole effect of IHMs reducing
thefreeimidaclopridinthe bee body and not caused by alower pollen
consumption and hence less pesticide intake, we examined the pollen
consumption withand without IHM treatment. The differencesin pol-
len consumption were not found to be statistically significant, with all
Pvalues being >0.05 (Fig. 2b). These data demonstrate that bees still
consume pollen even with concurrent IHM consumption.

Totestthe effect of IHMs onsurvival, we first determined the con-
centrations for the survival assays by evaluating survival after exposure
to differentimidacloprid concentrations (Fig.2c). The concentration
chosen for further experiments was 4 ppm, which resulted in a more
moderate rate of mortality relative to the other concentrations tested.
Using the 4 ppm concentration, survival assays were then conducted to
determine IHM efficacy inimproving survival. Bumblebees exposed to
4 ppmimidacloprid viaapollenball exhibited a significant decreasein
survivalcomparedto groupsreceiving clean pollen balls without imida-
cloprid (Fig. 2d). However, imidacloprid-exposed bumblebee groups
thatreceived IHM treatment exhibited an-30%increaseinsurvival com-
pared with those that did not receive IHM treatment (Fig. 2d). The sur-
vival probabilities for groups with and without IHM treatment were 87%
and 58%, respectively. Survival of the IHM group was statistically sig-
nificantly higher than the pesticide only group (8=-1.283,s.e.= 0.501,
HR=0.277,P=0.01). The variance of the cage random effect was 0.209.
Results of the integrated log-likelihood and penalized log-likelihood
testswere (y*=24.24,d.f.=2.00,P<0.001,AIC =20.24, BIC =16.42) and
(x¥*=31.58,d.f.=3.33,P < 0.001, AIC = 24.92, BIC = 18.56), respectively.
A concern was that the IHMs would have an impact on bumblebee
survival over aduration longer than the 8 d assay presented in Fig. 2a.
To address this concern, an extra survival assessment was performed
over a 34 d period (Supplementary Fig. 4) and differences in survival
were not observed. The differences in mortality rate between the pre-
liminary tests (Fig. 2c) and larger scale survival assay (Fig. 2d) may be
attributed to different colonies and the smaller sample sizes used in
the preliminary tests. When the sample sizes are smaller, asingle death
would have asubstantialimpact ontheresults of the group as awhole.

To confirm IHM ingestibility and movement through the diges-
tive tract, we studied their in vivo distribution using fluorescence
microscopy (Fig. 3a-e). At 0 and 1 h timepoints, IHMs were observed
in the crop and ventriculus. After 8 h, IHMs had traveled further into
the ventriculus and into the hindgut (Fig. 3c and Supplementary Fig. 5),
and atthe 48 htimepoint IHMs were primarily in the hindgut with some
remaining fluorescence signalin the ventriculus depending on the bee
sample. In some cages, the excrement had a blue colour, indicating
that IHMs were fully exiting the body. Lyophilized cyanine 5-amine
(Cy5)-labeled IHMs had a blue colour able to be visually seen with the
naked eye (Supplementary Fig. 5).

Imidacloprid consumption and exposure has been shown
to decrease feeding in bumblebees®**'. We aimed to confirm that
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Fig.1|Schematic of pesticide detoxification strategy using IHMs and IHM
characterization. a, Schematic of pesticide detoxification approachin the

bee Gltract. b, Scanning electron microscopy image of lyophilized [HMs.

¢, Adsorption ofimidacloprid by IHMs. d, Pseudo-first- and second-order model
fits for pH 4.8 (left) and pH 6.2 (right). Data are represented as mean + s.e.m.

The n =3 experimental replicates for each timepoint were exposed to identical
environmental and experimental conditions. Specifically, there were three
individual sample tubes for each timepoint. At each timepoint, an aliquot of
each sample tube was taken for HPLC analysis. Schematicin awas created with
BioRender.com.

bumblebees were consuming the IHM syrup throughout the survival
assay.AsseeninFig.3d, IHMs were observed inside bumblebee diges-
tive tracts throughout the 8 d assay, confirming that the bees were still
consuming the IHM syrup. Figure 3d provides representative examples
ofimages taken on days 0, 3, 5 and 8 and more images can be found in
Supplementary Fig. 6. [HM morphology was also maintained through-
out digestion as seen in the insets of Fig. 3e.

Bee health after sublethal imidacloprid exposure

After observingimproved survival with IHM administration, sublethal
effects ofimidacloprid were tested. Preliminary testing of 5,10, 50 and
500 ngdoses ofimidacloprid were performed. Within 20 h, allbees that
received a 500 ng dose were deceased and those that received 50 ng
were very lethargic, non-responsive and would not fly so they were
not deemed suitable for further testing. Therefore, 5and 10 ng doses
were used for all sublethal assessments. A timeline of experimental
procedures is shownin Fig. 4a.

First, effects on syrup consumption were investigated. To confirm
the health and feeding capabilities of each bee, syrup consumption
was recorded before imidacloprid dosing. As shown in Supplemen-
tary Fig. 7, there were no significant differences in feeding behavior
between groups before receiving animidacloprid dose. After receiving
an imidacloprid dose of either 5 or 10 ng, bees exhibited substantial
decreasesinsyrup consumption both with and without IHM treatment
(Fig. 4b). The decreases in consumption relative to the no-pesticide
control group were 78%, 61%, 84% and 75% for 5, IHM-5,10 and IHM-10
experimental groups, respectively. The effects of imidacloprid dose
(sum of squares (SS) = 41.4, F, ,,, =185.10, P< 0.001) and IHM presence
(SS=1.236, F, ,,, =11.05, P=0.001) were statistically significant. How-
ever, theinteractionbetweenimidacloprid dose and IHM presence was
not found to be statistically significant (SS = 0.04, F, ,,, = 0.18,P=0.83).
There was astatistically significantincrease in syrup consumption with
IHM treatment after a 5 ng imidacloprid dose (s.e. = 0.07, d.f. = 276,
P=0.02), withanaverage increase of 0.176 pl mg™.For 0 ng (s.e. = 0.07,
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Fig.2|Survival assays and pollen consumption. a, Control groups that were
not exposed toimidacloprid. The survival of bees provided with plain sucrose
syrup was not statistically significantly different from the survival of bees
provided with IHM syrup (8=-0.005,s.e.=0.583, HR = 0.995, P= 0.993).

b, Cumulative mass of pollen consumed over time (mg per bee) corresponding
to the survival data presented in a. There were no statistically significant
differences in pollen consumption between bees provided with [HMs and bees
provided with plain sucrose feeding syrup (n = 3). Pvalues were 0.4658, 0.3359,
0.2987 and 0.3016 for days 1, 2, 3 and 8, respectively. We performed unpaired
t-tests with Welch'’s correction (two-tailed, 95% confidence). Data are presented
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asmean +s.e.m.c, Testing differentimidacloprid concentrations for survival
assays. d, Exposure toimidacloprid in pollen (4 ppm). Survival of the IHM
group was statistically significantly higher than the imidacloprid-only group
(B=-1.283,s.e.=0.501, HR = 0.277, P= 0.01). All survival data are presented

as Kaplan-Meier survival curves. A Cox model with a fixed effect of syrup
composition (with or without IHMs) and a random effect of cage was used to
compare survival between the treatment groups (two-tailed, 95% confidence).
Each treatment was donein triplicate with n =30-32beesin each group.

(+) indicates IHM syrup and (-) indicates plain sucrose syrup.

d.f.=273,P=0.07) and10 ng(s.e.=0.07,d.f. =273, P=0.11) doses, there
were no statistically significant differences in syrup consumption
observed with I[HM treatment. This indicates that the [HMs themselves
do not have an impact on feeding behavior but further studies must
be conducted to identify potential long-term effects. The random
intercept variance associated with trial and colony contributed to1.6%
and 3.9% of the total variance, respectively (trial variance = 0.002 and
colony variance = 0.005). The residual variance contributed to 94.5%
of the total variance (residual variance = 0.111).

After observing improvements in feeding behavior, locomotor
behavior was assessed. The percentage of bees that crossed the channel
duringthelhrecording period was 42%, 86%,38% and 52% for 5, IHM-5,
10 and IHM-10 groups, respectively (Fig. 4c). Therefore, the number
ofbees that did engage inlocomotor activity and crossed the channel
wasimproved by IHM treatment, as demonstrated by the 44% and 14%
increasesinthe percentages of beesin 5and 10 ng dose groups, respec-
tively. The differences in the number of crossings after a 0 ng dose
were not statistically significant (s.e. = 0.61, P= 0.75). The differences
in the number of crossings after a 5 ng (s.e.=0.09, P<0.001) or 10 ng
(s.e.=0.14, P=0.01) imidacloprid dose were statistically significant.
The average number of crossings increased fivefold when bees were
provided IHM syrup and given a5 ngimidacloprid dose (Fig. 4d). Also,
theincrease for 10 ng dose groups was over twofold (Fig. 4d). However,
all groups given an imidacloprid dose showed substantial decreases
inlocomotion relative to no-pesticide control groups, even with IHM

syrup. Therefore, IHMsimprove locomotion but do not returnit back
to normal levels at the timeframe studied in this experiment. The
interactionbetweenimidacloprid dose and IHM presence was statisti-
cally significant (y*=7.26, d.f. =2, P=0.03). The effect ofimidacloprid
dose was also statistically significant (y*=80.05, d.f. =2, P<0.001).
However, the effect of IHM presence was not statistically significant
(*=0.099,P=0.75).

The final sublethal assessment was WBF. Images showing the
progression of a bumblebee downstroke (highest to lowest point of
vertical wing movement) are shown in Fig. 5a. There was an 11% and
15% decrease in WBF for the 5and 10 ng groups without IHM treatment,
respectively (Fig. 5b). The effects of imidacloprid dose (SS =2,710.3,
F,,5=3.97,P=0.02) and IHM presence (SS =2,184.4, F, ;,= 6.40,P=0.01)
were statistically significant. However, the interaction between imi-
dacloprid dose and IHM presence was not found to be statistically
significant (S§=1,426.7, F, ,s=2.09, P=0.13). There was a statistically
significant difference in WBF with IHM treatment after a5 ngimidaclo-
priddose (s.e.=8.03,d.f.=73.0,P=0.02).ForOng(s.e.=7.81,d.f. =77.7,
P=0.89) and 10 ng (s.e. =7.36, d.f. = 64.9, P= 0.06) doses, there were
no statistically significant differencesin WBF observed with IHM treat-
ment. Therandom intercept variance associated with trial and colony
contributed to 0% and 7% of the total variance, respectively (trial vari-
ance = 0, colony variance = 26.55). Theresidual variance contributed to
93% of the total variance (residual variance = 344.88). Factors such as
wing length and environmental conditions have been shown to affect
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Fig.3|Invivo IHM tracking. a, Image of fluorescently labeled IHMs. From
left to right: phase contrast, fluorescence (Cy5), merged phase contrast and
fluorescence. b, Brightfield image of excised bumblebee Gl tract. ¢, Bees were
individually dosed at the same time with Cy5-labeled IHMs. d,e, IHMs were
observedinbee Gl tracts throughout an 8 day survival assay with exposure

to4 ppmofimidaclopridin pollen. d, The topmostimage is from a control

bee fed only 50% sucrose without IHMs. Days O, 3 and 5 are presented. e, Day 8
fluorescence images at 4x (right) and 40x (left) magnifications for visualization
of IHM morphology. For allimages, tissues are presented in the same orientation
from left (crop) toright (rectum).

WBF*>**, The wing lengths corresponding to bees whose WBFs were
measured are presented in Fig. 5c. Wing length between groups were
found to not be statistically significant (SS=23.11, d.f. =5, F; ;s =1.65,
P=0.16).Inaddition, the difference in AIC was <1whenincluding wing
length in the model. For these reasons, wing length was not included
in the model. More details about WBF measurements can be found in
Supplementary Fig. 8.

Discussion

Bees contribute substantially to crop pollination and areimportant to
agricultural and apicultural success. Worldwide, bee health is being
compromised and bees are facing notable declines due to a variety
of different factors such as habitat loss, agrochemicals and climate
change®. Our group has previously developed pollen-inspired enzy-
matic microparticles that aimed to address the issue of organophos-
phate exposure by encapsulating and delivering an enzyme that can
degrade organophosphates®. This approach was specific to organo-
phosphates, so we sought to find asolution that could be more broadly
applied. Thefirst step was to investigate a different class of insecticide
and develop astrategy that could help with its toxicity. Neonicotinoids
are aclass of insecticides that has been shown to have many harmful
effects on bee health and survival. They have been found in nectar,
pollen and other agricultural samples that bees may come in contact
with in the environment, thus putting bees at risk. In this work, we
aimed to develop an inexpensive, scalable solution to alleviate the
harmful effects of these pesticides on bees. The objective was to capture
neonicotinoids in vivo, thus lowering their free concentrations in the

bee body. In terms of size, it has been reported that the size range for
pollento be handled by bee mouthparts, travel through the oesopha-
gus and be subsequently filtered by the proventriculus is 0.5-100 pm
in diameter®°. Therefore, it was crucial for our IHMs to be within this
range. We synthesized IHMs -5 pumin diameter using a facile precipita-
tion polymerization approach as aresult of this method not requiring
time-consuming or expensive steps or reagents. Another benefit of
this polymerizationis thatit does not require the use of any stabilizers
or surfactants”. Hydrogel microparticles have been shown to adsorb
neonicotinoids for useinin vitro applications such as pesticide removal
and detection in water, fruit or other agricultural samples®*°. These
studies implemented a molecular imprinting approach to improve
microparticle selectivity; however, we did not use molecularimprint-
ing and our IHMs are not inherently selective to a specific type of pes-
ticide. To establish a proof-of-concept for our approach, we chose
imidacloprid to be the neonicotinoid of interest for our experiments.
Adsorption relied on interactions between methacrylic acid and imi-
dacloprid, including hydrogen bonding and ionic interactions as well
as hydrophobic effects. In vitro studies confirmed that imidacloprid
can be captured by IHMs through a physisorption mechanism. After
IHM characterization and in vitro testing, exposure to a lethal con-
centration of imidacloprid was used to assess survival of bees with
and without IHM treatment. Bees exhibited a 30% increase in survival
with IHM treatment. After seeing improvements in survival, we used
fluorescence microscopy to confirm that bees were consuming IHMs
continuously throughout the survival assay since imidacloprid has
been widely demonstrated to negatively impact feeding behavior.
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Fig. 4| Syrup consumption and locomotor activity. a, Timeline of
experimental procedures for sublethal assessments. b, There was a statistically
significant difference in syrup consumption with IHM treatment aftera5 ng
imidacloprid dose (s.e. = 0.07, d.f. =276, P= 0.02). As presented on x axis from
left toright:n=41,42, 51, 44, 49, 57. Data were fitted using a linear mixed effects
model (Ime4 package) with fixed effects of imidacloprid dose and IHM presence
using R statistical software (two-tailed, 95% confidence). The model included an
interaction term between imidacloprid dose and IHM presence. Trial and colony
source were also included as random effects. Fixed effects were tested using
Ftests with Satterthwaite’s method approximation for the degrees of freedom.
¢, Percentage of bees that crossed the channel. d, Number of times a bee crossed
the midline of the channel over 1 h. Data are presented on alogarithmic scale and

Imidacloprid dose (ng)

Imidacloprid dose (ng)

include bees that did not cross the channel. Bees that did not cross are shown at
the 0.1 mark on the y axis for visualization purposes.n=17,18,19, 21,21, 21. There
were statistically significant improvements in the number of crossings with IHM
treatment after a5 ng (s.e.=0.09, P=0.0005) and 10 ng (s.e. = 0.14, P= 0.013)
imidacloprid dose. Data were analyzed using a negative binomial mixed model
with fixed effects of imidacloprid dose and IHM presence using R statistical
software (two-tailed, 95% confidence). This model was used because of the
number of crossings being a count response. The model included aninteraction
termbetween imidacloprid dose and IHM presence and a random effect of trial.
Fixed effects were tested using a Wald chi-square test. *P < 0.05, ***P < 0.001. Data
are presented as mean + s.e.m. (+) indicates IHM syrup and (-) indicates plain
sucrose syrup. Schematic in a created with BioRender.com.

The IHMs were also able to befiltered through the proventriculus and
travel through the Gl tract, without getting stuck in the crop or other
tissues, while maintaining their particle morphology.

The concentration of imidacloprid used in this study exceeds
field-realistic concentrations’ but was used to simulate a high con-
centration scenario that would induce mortality. It was expected that
a higher concentration would be required to achieve mortality after
exposureviapollen compared to exposure viasucrose solution because
bees typically consume more nectar than pollen®. This deviance from
afield-realistic scenario motivated experiments assessing sublethal
effects ofimidacloprid. The 24 h LD, value forimidacloprid in Bombus
terrestris has been reported to be 40 ng per bee*’. However, the lethal
dose or concentration ofimidacloprid varies between bee species and
season®. Many field-realistic doses have also been reported and often
vary depending onfactorssuch as geographicallocation, crop of inter-
estand application method**. For example, 5,20 and 100 ppb have been
reported as field-realistic concentrations in nectar***® and, assuming
thatanadultbumblebee worker consumes up to 400 mg of nectar per
day", this canresultin an exposure of 2.5-40 ng per day. For this work,
doses within this range were desired. Imidacloprid has been proven to

have negative impacts on the feeding motivation of bees****¢, Both 5
and 10 ngimidacloprid doses considerably decreased feeding motiva-
tion of bumblebees; however, IHMs improved feeding in the case of a
5ngdose.Inthese experiments, bees only received asingle dose, which
demonstrates the toxicity ofimidacloprid and how detrimental it can
betobee health. Inreality, bees are more likely to experience repeated
exposures, so further testing with alternative exposure schemes and
timeframes is necessary to gain a better understanding of real-life
scenarios. Locomotor activity was also improved, with increases in
the number of crossings and the percentages of bees that crossed
the channel. It has been shown that the effects of imidacloprid on
locomotor activity are both dose and time dependent*; therefore, it
is probable that observations at longer timeframes, for example 2 or
10 d after exposure, may provide different results. For example, others
evaluated the locomotion of B.impatiens after receiving imidacloprid
doses ranging from 0.2 to 2.2 ng and found that bees were less active
<1 hafterexposure but were more active 1-2 h after exposure®. Further
work should be done in investigating the locomotion of bumblebees
over longer timeframes to provide further validation of IHM efficacy
in helping lessen the effects of imidacloprid on locomotor activity.
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Fig. 5| Wingbeat frequency. a, Examples of frames showing the progression of a
single downstroke. b, WBF of bees. There was a statistically significant difference
in WBF with IHM treatment after a 5 ng imidacloprid dose (s.e. = 8.03, d.f. = 73.0,
P=0.02). Data were fitted using a linear mixed effects model (Ime4 package®®)
with fixed effects of imidacloprid dose and IHM presence using R statistical
software (two-tailed, 95% confidence). The model included an interaction term
between imidacloprid dose and IHM presence. Trial and colony source were
alsoincluded as random effects. Fixed effects were tested using F tests with
Satterthwaite’s method of approximation for the degrees of freedom. ¢, Wing
lengths of bees whose WBF measurements were obtained. Mean wing lengths
between groups were found to not be statistically significant using one-way
ANOVA (two-tailed, 95% confidence) in GraphPad Prism (SS =23.11, F5 ;s = 1.65,
P=0.16). All dataare represented as mean + s.e.m. In order presented from left
torightonxaxis,n=16,11,14,13,16,14.*P < 0.05. (+) indicates IHM syrup and (-)
indicates plainsucrose syrup.

There havebeenseveral reports ofimidacloprid having negative effects
on bee flight behavior*®*'. For example, ref. 50 found that WBF and
glucose levels were appreciably lower in honeybees dosed with 28 ng
of imidacloprid. They observed a19 Hz decrease in WBF by 24 h after
exposure relative to bees not exposed to imidacloprid and bees also
exhibited shorter moving distances. In our study, IHMs improved
WBFs of imidacloprid-exposed bees after a 5 ng dose of imidacloprid
and decreasesin WBF exceeded 10% for bees exposed toimidacloprid
but not supplied with IHM syrup. To quantify the impact of reduction
inflight performance, an11% decrease in WBF leadstoa21% reduction
in lift force, assuming the same stroke trajectory and amplitude’.
Consequently, the affected bee may struggle to carry even areduced
load, including its own weight™.

Alimitation of this study is that a singleimidacloprid dose does not
reflectatrue exposure; however, this was done to ensure bees received
the same dose for comparative purposes. Itis alsoimportant to note that
bees will typically be exposed toacombination of different pesticides,
rather thanjustone®. So, it would be critical to test combinations of dif-
ferent pesticides as wellinthe future. For example, it would be interest-
ingtotest neonicotinoid and fungicide combinations because they have
beenshown to have harmful synergistic effects®. Inaddition, thorough
testing of these IHMs in managed pollinators, such as honeybees, would
bevaluablesincethey are the target species for this technology. In this
study, WBF was the only flight characteristic investigated; however,
other flight characteristics, such as flight distance, duration and veloc-
ity*, have also been shown to be affected by imidacloprid exposure.

Future studies that aim to more directly measure imidacloprid
capture by IHMs in vivo and determine whether or not IHMs prevent

imidacloprid metabolization must be conducted before large-scale
application canbe considered. For example, such studies may include
performing residue analysis at various timepoints after exposure
to quantify levels of imidacloprid and its metabolites. In addition,
microparticles with superior biodegradability should be considered.
For implementation, IHMs could be added to products already com-
mercially available, such as pollen patties or syrup supplements. These
IHMs were synthesized using commonly used monomers and solvents
which makes them desirable for usage in apiculture. In addition, the
current formulation does not include biologically derived molecules
or compounds that would raise the cost of production and market
price. Future work will also aim to design IHMs that can promote amore
selective binding mechanismand/or accommodate for adsorption of
other pesticides. Alternative methods that may be used to detoxify
neonicotinoids involve the use of membrane receptor subunits conju-
gated to the microparticle surfaces or the encapsulation and delivery
of bacteria or enzymes that can degrade these pesticides™.

Imidacloprid served asthe model neonicotinoid in this work; how-
ever, this IHM strategy may be applicable to other neonicotinoids or
even other classes of pesticides after appropriate optimizations are
performed, such asimprovementsinselectivity or the addition of bioac-
tive substances such as enzymes. The methodologies presentedin this
work provide useful insights and areas of focus for future experimental
design and testing of IHM-based treatments for pesticide detoxifica-
tioninbees. As previously described, bees play an essential role in the
pollination of a variety of crops and in the maintenance of agricultural
sustainability. Theseroles ultimately promote food security and prompt
the necessity for technologies, such asthe IHMs presented in our study,
that have the potential to provide a defense for managed bees against
harmful pesticides that they encounter in the field.

Methods

Materials

Methacrylic acid (=99.0%, MEHQ stabilized), ethylene glycol dimeth-
acrylate (>97.0%, HQsstabilized) and N-hydroxysuccinimide were pur-
chased from TCI America. The 2,2’-azobis(2-methylpropionitrile (98%),
citric acid, acetone and acetonitrile (HPLC grade) were purchased
from Sigma-Aldrich. Cy5 was purchased from Lumiprobe. Phosphate
buffer saline (PBS) pH 7.4 was purchased from Corning Life Sciences.
The 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide HCI (EDC) was
purchased from Chem Impex International. Bee pollen granules col-
lected by honeybees were purchased from All Star Health and the manu-
facturer was CC Pollen. Pollen was ground into a fine powder before
use. Sodium citrate was purchased from VWR. Sugar was purchased
from Domino Foods. Sucrose solutions were prepared by dissolving
appropriate amounts of white sugar in deionized (DI) water to obtain
desired concentrations. Analytical grade imidacloprid was purchased
from Agilent Technologies. Stock solutions (50 mg ml™) for adsorp-
tion experiments were prepared by dissolving imidacloprid in HPLC
grade acetonitrile. Stock solutions (10 pg ml™) for beeinoculation and
invivo experiments were prepared by dissolving imidaclopridina50%
sugar solution. Stock solutions were stored at 4 °C away from light to
prevent photolysis.

Fabrication of IHMs

The hydrogel microparticles were synthesized using precipita-
tion polymerization®**’, Briefly, methacrylic acid (0.8 mmol),
ethylene glycol dimethacrylate (3.84 mmol) and 2,2’-azobis(2-
methylpropionitrile (0.25 mmol) were fully dissolved in 25 ml of ace-
tonitrile in a round-bottom flask using gentle shaking at room tem-
perature. The flask was sealed and degassed with nitrogen for 20 min
atroomtemperature. Next, the reaction flask was placed in an oil bath
on a shaker (140 rpm) and heated to 60 °C to initiate free-radical pre-
cipitation polymerization. After 24 h, the reaction flask was opened
to air to stop any remaining polymerization. Acetonitrile was then
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removed using a Rotovap. The remaining white precipitate was washed
with 70% ethanol and DI water three and two times, respectively, to
remove excess initiator and unreacted monomers. Each wash step
included adding fresh washing solution (either ethanol or DI water),
vortexing and centrifuging at17,000g for 20 min. After the final wash,
IHMs were filtered through a 40 pum cell strainer and then lyophilized
to form awhite powder.

Adsorption ofimidacloprid onto IHMs

Atotal of 1 mgofimidacloprid was mixed with 10 mg of IHMs in citricacid
buffer solutions with a total sample volume of 10 ml. Two different physi-
ologically relevant pH buffer solutions were tested, 4.8 and 6.2, which
are representative of the crop and ventriculus of bees, respectively’®.
Samples were incubated at room temperature in a rotator shaker. At
designated timepoints, samples were centrifuged and the supernatant
collected for high-performance liquid chromatography (HPLC) meas-
urements to quantify remaining free imidacloprid concentrations. The
pH ofthe crop and ventriculus have beenreported as4.8 and 6.5, respec-
tively*®. Wewanted to ensure that the IHMs could perform comparably in
both pH conditions. Data for each experimental condition were fit using
nonlinear regression according to both Lagergrens’s first-order rate
equation® for pseudo-first-order kinetics and a pseudo-second-order
kinetics model®®**(Supplementary Fig.1) in GraphPad Prism 9. To test
how adsorption changes with increasing IHM concentration, samples
consisted of1,2,3 or 5 mg ml” of IHMs and 1 mg of imidacloprid in citric
acid buffer (pH 6.2) for 4 h (Supplementary Fig. 3).

High-performance liquid chromatography

Samples were analyzed using reverse-phase HPLC (Agilent Technolo-
gies) witha flow rate of 1.0 ml min™, mobile phase of acetonitrile/water
(v/v,90/10) and aninjection volume of 20 pl. The column temperature
was 22-23 °Cfor allmeasurements. Imidacloprid concentrations were
quantified at an absorption wavelength of 270 nm. Limits of detection
and quantification were determined according to International Council
for Harmonisation of Technical Requirements for Pharmaceuticals
for Human Use (ICH) guidelines. The limit of detection and limit of
quantification ofimidacloprid were11.1and 33.6 pg ml™, respectively.
Imidacloprid standard curve data are presented in Supplementary
Fig. 2. Samples were filtered through a 0.22 um syringe filter before
analysis. Column specifications are Ultra C18 5 um, 250 x 4.6 mm?.

Bumblebee colony maintenance

B. impatiens research colonies were purchased from Biobest (now
Plant Products). Before experiments, bees were housed together and
provided a30% by weight sugar solution (sucrose) in Dl water and pol-
lenballs. For example, sucrose was made by dissolving 600 g of sugar
in1,400 gof DI water. Bee colonies and experimental bees were always
kept indoors at room temperature. Whenever bees were transferred
fromthe colony into tubes or smaller cages for experiments, they were
transferred under red light to limit their flight and vision®.

Individual bumblebee dosing

Bees were taken from the colony and placed individually in 5 ml tubes.
Each bee was then anaesthetized with carbon dioxide (CO,). Once
anaesthetized, the bee wasremoved from the tubeand a5 pldrop ofa
pesticide solution, sucrose or IHM syrup was placed on the proboscis
depending onthe experiment. IHM syrup contained 1 mg of IHMs per ml
of sucrose (50%, w/w). Bees were observed carefully to ensure that each
bee received the full dose. After the drop of solution was consumed,
bees were either placed back inindividual tubes or into experimental
group housing, depending on the experiment.

Survival testing inbumblebees
Bumblebees were transported under red light from colonies to cages
with a mesh bottom. After being transferred to experimental cages,

bees were given sucrose (50%, w/w) or IHM solutions (1 mg ml™)
immediately. After a24 h cage acclimation period, any dead bees were
counted, recorded and eliminated from the total group number. Dur-
ing the acclimation period, bees were fed either IHM or plain syrup to
ensure that bees were able to access the IHM treatment and have itin
their systems before pesticide exposure. Cages were provided with
either a clean or imidacloprid-containing pollen ball; this day was
considered day 0. Each succeeding day, the number of deceased bees
was recorded. Experimental bee cages were kept in the dark and at
room temperature throughout the experiments. The 50% sucrose or
IHM solutions were provided to bees ad libitum throughout survival
assays by means of a15 ml tube inserted into the cage. IHM syrup con-
centration was 1 mg ml™ for all tests.

Pollen consumption without neonicotinoid exposure
Bumblebees were transferred to experimental cages with 32 bees in
each cage and three cages per treatment. After 24 h of cage acclimation,
each cagewasgivena clean pollen ball without pesticide. Ondays 0, 1,
3 and 8, the pollen ball was weighed and recorded. Pollen balls stored
under the same conditions but without bees were used as controls to
correct for mass loss due to evaporation (n =3).

IHM labeling for in vivo distribution imaging

IHMs were labeled using amethod adapted from a previously reported
protocol®*. A total 100 mg of IHMs, 100 mg of EDC and 100 mg of
N-hydroxysuccinimide were dissolved in 10 ml of MilliQ water in a
round-bottom flask witha magnetic stir bar. The mixture was stirred at
room temperature for 1.5 h. After EDC/N-hydroxysuccinimide activa-
tion, the IHM suspension was centrifuged at 14,000g for 20 min and
resuspended in10 ml of PBS (pH 7.4). The suspension was then added
to a glass vial with 0.5 mg of Cy5 and incubated at room temperature
overnight, protected from light. After dye conjugation, IHMs were
washed three times with MilliQ water and redispersed in PBS.

In vivo IHM visualization and tracking

For biodistribution studies to assess how long IHMs travel through the
digestive tract, individual bees were dosed once with 10 pl of asolution
containing Cy5-labeled IHMs. Bees were housed individually and fed
sucrose (50%, w/w) for the duration of the experiment after inocula-
tion. For studies to determine if bees consume IHMs throughout the
8 day assay, bees were continuously provided with Cy5-labeled IHMs
(1mg ml™in50% sucrose) ad libitum and housed together. To prepare
samples for IHM visualization using fluorescence microscopy, bees
were firstanaesthetized with CO, Then the head and legs were removed
in preparation for dissection. Each dorsal tergite was removed individu-
allyto exposetheinside ofthe abdomenand the digestive tract was then
carefully removed. Excised digestive tracts were placed on glass cover
slips and imaged using a Nikon ECLIPSE Ti inverted microscope. All
images are presented in the same orientation. From left to right: crop,
ventriculus, ileumand rectum. At 30 min after IHM administration was
considered time zero.

Feeding behavior

Bees were weighed and transferred into individual cages. Then either
plain sucrose (50%, w/w) or IHM syrup (1 mg ml™ in 50% sucrose) was
provided to each bee via a borosilicate glass tube (5 mm optical den-
sity, 3 mm inner diameter) and the syrup level was recorded. After
20 h, the syrup level was recorded again and the amount consumed
before imidacloprid dosing was calculated. The feeding tubes were
thenremoved and the bees were starved for 2 hin preparation for imi-
dacloprid dosing. After the 2 h, bees were removed from their cages,
anaesthetized with CO, and a 5 pl drop of imidacloprid solution was
administered onto the proboscis as they woke up from anaesthesia.
Bees were anaesthetized to dose them individually and inacontrolled
manner viathe proboscis. Bees were observed carefully to ensure they
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consumed the entire drop before transferal backinto their respective
cages. Beesreceived either 5or 10 ng ofimidacloprid. Control bees (not
inpesticide groups) received plain sucrose instead of the imidacloprid
solution. Feedingtubes were thenre-introduced into the cages and the
syrup level replenished and recorded. After 18 h, the syrup level was
measured to calculate the amount of syrup consumed after imidaclo-
prid dosing and then normalized by the body mass of the bee. Then
beeswere either tethered for flight recordings or underwent locomo-
tion studies. During data analysis, loss of syrup due to evaporation
was accounted for. There were five evaporation controls for both plain
syrup and IHM syrup included in every trial and syrup consumption
values were adjusted accordingly. There were eight trials conducted.

Locomotion

Locomotion chambers consisted of athree-dimensional printed base
with a glass panel on the top which allowed for bee visualization. The
base was printed using white polylacticacid filament (1.75 mm) and fea-
tured air holes and vertically sliding entry doors for transferring bees
into and out of the chambers. Each chamber contained four separate
channels (8 x 2in?, L x W) and only asingle bee was permitted inagiven
channel. For experiments, each bee was removed fromits individual
cage and transferred into one of the channels. Bees were recorded from
above for1 husinga AKASO EK7000 HD Action Camera using aframe
rate of 60 fps. The number of times each bee crossed the midpoint line
of the channel was counted. Three locomotion trials were conducted
and asingle source colony was used.

Wingbeat frequency

Bees wereremoved from their respective cages and transferred to 5 ml
tubes. They were anaesthetized on ice and subsequently tethered to
eye pins (0.2 g) using Loctite gel control super glue. Bees were mounted
to aring stand and filmed using a colour Photron high-speed cam-
era (NOVA; Supplementary Fig. 6) with 1,024 x 1,024 pixel resolution
interfaced with Photron Fastcam Viewer v.4.0 software. Flight record-
ings were taken at a frame rate of 9,000 fps. WBFs were calculated by
counting the number of complete wing strokes using Fiji (ImageJ)® and
multiplying that value by the frame rate and dividing by the number
of frames elapsed. Bees that would not fly right away after being put
in position for filming were agitated slightly using a piece of paper
or small tube by placing the object underneath them and dropping
it suddenly, which prompted them to start flying. Throughout all of
the four trials conducted, researchers who recorded the videos and
calculated the WBFs were blind to which experimental group each
bee belonged to.

Statistics

To compare results between groups for pollen consumption tests,
unpaired t-tests were performed with Welch’s correction (two-tailed,
95% confidence). Kaplan-Meier survival curves were made using
GraphPad Prism 9. A Cox model with a fixed effect of IHM presence
and arandom effect of cage was used to compare survival between the
treatment groups using R statistical software (two-tailed, 95% confi-
dence)®**”. IHM presence refers to abinary representation of whether
or not IHMs were provided in the feeding syrup with ‘0’ indicating that
no IHMs were provided and ‘1’ indicating IHMs were provided. For WBF
and syrup consumption experiments, data were fitted using a linear
mixed effects model (Ime4 package®®) with fixed effects of imidaclo-
prid dose and IHM presence using R statistical software (two-tailed,
95% confidence). The model included an interaction term between
imidacloprid dose and IHM presence. Trial and colony source were also
included asrandom effects. Fixed effects were tested using F tests with
Satterthwaite’s method approximation for the degrees of freedom.
Assumptions of normality and homogeneous variance were assessed
visually using residual plots. Differences in wing lengths between
groups were determined using a one-way analysis of variance (ANOVA)

in GraphPad Prism (two-tailed, 95% confidence). Locomotion datawere
analyzed using a negative binomial mixed model with fixed effects
of imidacloprid dose and IHM presence using R statistical software
(two-tailed, 95% confidence). This model was used because of the
number of crossings being a count response. The model included an
interaction term between imidacloprid dose and IHM presence and a
random effect of trial. Fixed effects were tested using a Wald chi-square
test. All data are presented as mean * s.e.m. unless otherwise stated.

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

Data availability

Wingbeat frequency videos were captured using a high-speed camera,
whichresultedinthe raw datafiles being exceedingly large; therefore,
they are available from the corresponding author upon reasonable
request. Videos acquired during locomotion studies can be found at
https://github.com/julia-caserto/Bee-Locomotion-Analysis. Source
data are provided with this paper.

Code availability
Codeusedtoanalyze locomotion videos can be found at https://github.
com/julia-caserto/Bee-Locomotion-Analysis.
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Sample size Sample sizes for in vivo studies were chosen according to sizes used in related published studies. Studies investigating bee survival after
imidacloprid exposure used group sizes consisting of three biological replicates each containing 35-40 bees [DOI: 10.1111/1744-7917.12335;
DOI: 10.1038/s41598-017-16245-0]. Studies quantifying effects of neonicotinoids on wingbeat frequency used sample sizes ranging from
10-34 bees per experimental group [DOI: 10.1007/s10646-016-1669-z ; DOI: 10.1016/j.envadv.2021.100051; DOI: 10.1016/
j.envpol.2023.121920]. For feeding and locomotion studies, samples sizes of 30-50 bees and 15-24 bees per experimental group, respectively,
have been used [DOI: 10.1098/rs0s.191883]. For our experiments we chose sample sizes within these ranges. Final sample sizes varied due to
bees dying or escaping cage enclosures. For wingbeat frequency experiments there were bees that did not fly as described in further detail in
supplementary figure 8. Exact sample sizes can be found in the figure captions. The design of the IHMs was inspired by previous studies that
have demonstrated that microparticles can successfully adsorb neonicotinoids. Further details are provided in the discussion section. Due to
the synthesis and design of the IHMs themselves not being the focus of our study, we chose a sample size of three replicates for each
experimental condition for in vitro adsorption studies in order to calculate means and standard errors.

Data exclusions  None

Replication Survival studies presented within the main text were performed with three biological replicates. Replicate experiments containing 1-3
biological replicates were successful and yielded results showing improvement in survival with IHM treatment. For feeding studies, eight
experimental trials were conducted and within each trial there were 3-6 bees (biological replicates) that underwent procedures for each
experimental group. For locomotion and wingbeat frequency studies, three and four experimental trials, respectively, were conducted and
within each trial there were 3-6 bees (biological replicates) that underwent procedures for each experimental group. In vitro adsorption
experiments contained three replicates for each experimental condition, as described in the figure captions and all attempts at replication
were successful.

Randomization  Bee subjects were randomly selected from the source colony and randomly assigned to experimental groups.

Blinding Researchers that filmed bee flight and calculated wingbeat frequencies were blind to which group bees belonged to. Otherwise, no blinding
was performed due to requirements for treatment group labeling and the predetermined nature of the measurements.
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Laboratory animals Bumblebees (bombus impatiens) were purchased from Plant Products and Koppert. Colonies from Koppert were only used to obtain
data shown in supplementary figure 7. All other data were collected using colonies from Plant Products.

Wild animals No wild animals were used in this study.
Reporting on sex Female worker bumblebees were used.
Field-collected samples  No field-collected samples were used in this study.

Ethics oversight No ethical approval or guidance was required to use invertebrate research subjects.

Note that full information on the approval of the study protocol must also be provided in the manuscript.
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