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Conversion Factors

International System of Units to U.S. customary units

Multiply By To obtain
Length
centimeter (cm) 0.3937 inch (in.)
meter (m) 1.094 yard (yd)
Area
square meter (m?2) 0.0002471 acre
hectare (ha) 2471 acre
square centimeter (cm?) 0.001076 square foot (ft?)
square meter (m2) 10.76 square foot (ft?)
square centimeter (cm?) 0.1550 square inch (in?)
hectare (ha) 0.003861 square mile (mi?)
Volume
liter (L) 33.81402 ounce, fluid (fl. 0z)
liter (L) 2.113 pint (pt)
liter (L) 1.057 quart (qt)
liter (L) 0.2642 gallon (gal)
liter (L) 61.02 cubic inch (in?)
liter (L) 0.0353 cubic feet (ft)
Mass
gram (g) 0.03527 ounce, avoirdupois (0z)
kilogram (kg) 2.205 pound avoirdupois (Ib)

Temperature in degrees Celsius (°C) may be converted to degrees Fahrenheit (°F) as follows:
°F=(1.8x°C) +32.

Supplemental Information

Concentrations of chemical constituents in water are in either milligrams per liter (mg/L)
or micrograms per liter (pg/L). Concentrations of chemical constituents in fish are given in
milligrams per kilogram (mg/kg).



Abbreviations

< less than

+ plus or minus

°oC degrees Celsius

EPA U.S. Environmental Protection Agency

LD, lethal dose to cause mortality in 50 percent of a population
0DP oral delivery platform

r2 coefficient of determination

SD standard deviation

vii
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Abstract

Invasive carp pose substantial economic and ecologi-
cal damage when populations are widespread in freshwa-
ter systems within the United States. Resource managers
in the United States have few chemical control tools to
selectively remove nuisance fish. This study examined
whether Antimycin—A (antimycin) wax encapsulated mic-
roparticles could cause selective lethality in invasive carps.
The antimycin microparticles were selective toward big-
head carp (Hypophthalmichthys nobilis) and silver carp
(Hypophthalmichthys molitrix) across multiple experimental
scales. Microparticles applied in experimental pond studies
caused approximately 50 percent lethality in invasive carp.
Effluent pond studies performed at Rathbun Fish Hatchery
(Moravia, lowa) caused silver carp lethality at a lower rate
than previous pond or laboratory studies (approximately
1 percent); however, minimal effects on other fish species
were observed. The antimycin microparticle formulation
shows the ability to cause lethality in filter-feeding invasive
carp relative to other fish species and demonstrated the plau-
sibility for delivering a typically nonselective toxicant in a
selective manner to specific species based on their
physiological feeding traits.

Introduction

Lethal control agents are an important component
to fisheries management. Only four piscicides are reg-
istered with the U.S. Environmental Protection Agency
(EPA), including 4-nitro-3-(trifluoromethyl)phenol
(TFM-HP Sea Lamprey Larvicide; EPA regulation num-
ber 6704-45; U.S. Environmental Protection Agency, 1982),
niclosamide (Bayluscide Technical; EPA regulation num-
ber 6704-88; U.S. Environmental Protection Agency, 2019a),
Carbon Dioxide-Carp (EPA regulation number 6704-95;

U.S. Geological Survey.

2Formerly with the U.S. Geological Survey, currently at the U.S. Fish and
Wildlife Service.

U.S. Environmental Protection Agency, 2019b), and rotenone
(Prenfish Fish Toxicant; EPA regulation number 89459-85;
U.S. Environmental Protection Agency, 2016). The pesticides
4-nitro-3-(trifluoromethyl)phenol and niclosamide have a
restricted-use label, rotenone is labeled as a broad use pesticide,
and Carbon Dioxide-Carp is labeled for deterrence and under-
ice removal of nuisance species (Fredricks and others, 2021).
Another chemical control agent, Antimycin—A (antimycin;
Fintrol; EPA regulation number 39096-2; U.S. Environmental
Protection Agency, 2012), was nationally registered as a pesti-
cide from 1960 to 2017. Similar to rotenone, antimycin is a non-
selective pesticide that was historically used to remove nuisance
fish, and 1,138 units of Fintrol were used in the United States
between 1991 and 2000 (approximately 50.5 kilograms [kg] of
antimycin total over 9 years; Finlayson and others, 2002).
Currently, resource managers only have rotenone and
carbon dioxide to control undesirable bony fishes, such as
silver carp (Hypophthalmichthys molitrix) and bighead carp
(Hypophthalmichthys nobilis), collectively referred to as
“invasive carp” in this report. Both species were introduced into
the United States to control plankton in effluent ponds (Kolar
and others, 2005; Conover and others, 2007). They eventu-
ally escaped and have become established throughout multiple
river basins in the Central United States (Schrank and Guy,
2002; Conover and others, 2007; DeGrandchamp and others,
2008; Sampson and others, 2009; Coulter and others, 2013).
Once established, invasive carp compete with native fish for
resources such as food and habitat (Sass and others, 2014). The
high primary productivity of midwestern rivers allows invasive
carp populations to thrive, and recent estimates indicate their
population density in the La Grange reach of the Illinois River
to be near the highest in the world (Sass and others, 2010).
Invasive carp are highly fecund with relatively fast growth
rates, which creates concern for their potential to negatively
affect aquatic ecosystems. Silver carp diet overlaps with diets of
gizzard shad (Dorosoma cepedianum) and buffalo fishes (genus
Ictiobus; Sampson and others, 2009), and they are expected to
compete with juvenile sport and commercial fish species within
the Great Lakes basin (Cudmore and others, 2012). Silver carp
have continued to compete with gizzard shad and bigmouth
buffalo (Ictiobus cyprinellus), and as a result, a decline in
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body condition and catch per unit effort of native planktivores
has been noted in the La Grange reach of the Illinois River
(Pendleton and others, 2017).

Lethal control agents with species selectivity are of great
interest to fisheries managers. The selectivity of control agents
may be engineered by exploiting the physiology or behavior of
each species of interest. One selectivity strategy under evalu-
ation aims to exploit invasive carp’s filter-feeding behavior,
which minimally overlaps with nontarget fish species, by using
an oral delivery platform (ODP). Silver carp diets overlap
with gizzard shad diets, but there are key differences in the gill
rakers of these two species. The size of pores in silver carp gill
rakers (95-percent confidence intervals ranged from 80.69 to
185.75 micrometers [pum]) are much larger than the interraker
spacings in gizzard shad gill rakers (95-percent confidence inter-
vals ranged from 16.72 to 47.36 um; Walleser and others, 2014).
This size difference allows silver carp to filter a wider range of
particle sizes than gizzard shad. Several ODPs have been devel-
oped using both rotenone and antimycin previously (Rach and
others, 1994; Bonneau and Scarnecchia, 2001). These ODPs
were made by embedding bait directly with pesticides but with-
out protecting against the control agent hydrolysis and dissipa-
tion. Rotenone baits have limited oral toxicity and palatability
(Mallison and others, 1995; Bonneau and Scarnecchia, 2001).
More recently, an ODP was created with an encapsulated for-
mulation of antimycin inside a bait material (Poole and others,
2018). Poole and others (2018) observed mortality to common
carp (Cyprinus carpio) while minimizing lethality to yellow
perch (Perca flavescens) and bluegill (Lepomis macrochirus)
during mixed-species exposures; however, high mortality was
observed in fathead minnow (Pimephales promelas). Poole and
others (2018) hypothesized that bait manufacture modifications
could prevent small cyprinids from consuming the toxic bait.
These results indicate that mortality was a result of toxic bait
consumption dietarily rather than gill uptake and a correspond-
ing antimycin toxicity from the water.

Microencapsulation has been extensively used in the
pharmaceutical and food industries and could be useful to
deliver lethal control agents to invasive species (Gaonkar and
others, 2014). In aquaculture, microencapsulation has been used
to deliver salmonid vaccines (Tobar and others, 2011; Caruffo
and others, 2016) and nutrients to invertebrates (Langdon and
others, 2008; Hawkyard and others, 2014). These microencap-
sulation technologies have a subset of considerations to make
their delivery and target optimal, such as the particle size, core
material, physiochemical properties, and control of chemical
release mechanisms. Formulation development often includes
understanding life history, feeding strategies, feeding stimulants,
and digestive physiology. Many of these elements may need to
be considered with the microencapsulation of lethal agents for
invasive species control, with special emphasis on the palatabil-
ity and leaching of the control agent from ODPs (Bonneau and
Scarnecchia, 2001). Leaching of the control agent can lead to
nontarget species lethality if encapsulation is not used to reduce
the rate of environmental release (Taverna and others, 2018;
Wang and others, 2020).

The U.S. Geological Survey has evaluated different
microparticles to identify a formulation that does not leach the
chemical control agent, is palatable, and is scalable for commer-
cial production (Kolar and Morrison, 2016; Gaikowski, 2018).
The study objectives were to (1) determine the acute toxicity
of the different antimycin microparticle formulations exposed
to invasive carp and non-target native fish in the laboratory and
experimental ponds, (2) determine the leaching rate of antimy-
cin microparticle in water, and (3) examine whether the mic-
roparticle delivery system establishes a toxicological selectivity
for invasive carp across multiple experimental scales.

Materials and Methods

Antimycin microparticles were evaluated to determine
their effectiveness on fish species in a series of laboratory
trials, experimental pond trials, and Rathbun Fish Hatchery
effluent pond trials. The antimycin microparticle formulation
was also evaluated for antimycin leaching.

Test Animals

These studies have been examined by the
U.S. Geological Survey Upper Midwest Environmental
Sciences Center Animal Care and Use Committee for con-
sistency with the Animal Welfare Act (7 U.S.C. 2131 et seq.)
and with rules governing the use of test animals at the
U.S. Geological Survey.

Laboratory study test fish were bluegill, largemouth
bass (Micropterus salmoides), silver carp, and bighead carp
(table 1). Both indigenous (bluegill and largemouth bass)
and nonindigenous fish (silver carp) were obtained from the
fish culture facility at the U.S. Geological Survey Upper
Midwest Environmental Sciences Center. Bighead carp were
acquired from the Osage Catfisheries, Inc., in Osage Beach,
Missouri. All fish were juveniles (1-3 years old) at the time
of each study.

Pond study test fishes were bighead carp, silver carp,
largemouth bass, bluegill, and grass carp (Ctenopharyngodon
idella; table 1). Juvenile bighead carp, silver carp, and grass
carp utilized in studies performed at U.S. Geological Survey
Columbia Environmental Research Center and fish were
collected from the field in the Missouri River near Hartsburg,
Mo. (river mile 159.3) via dip netting. Wild fishes were
transferred into floating cages placed within 0.1-hectare
pond (897,900 liters [L]) earthen ponds. Fish in ponds had
access to natural biota, supplemented with daily rations of
commercial fish food from Zeigler Bros., Inc., Gardners,
Pennsylvania, and approximately 50 grams (g) of a 50/50
algal mixture of dry Chlorella and Spirulina powder.

The fish assemblage in the Rathbun Fish Hatchery efflu-
ent pond study consisted primarily of bighead carp, silver
carp, bigmouth buffalo (Ictiobus cyprinellus), smallmouth
buffalo (Ictiobus bubalus), river carpsucker (Carpiodes
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Mean (plus or minus standard deviation) length and mass of each fish species used in Antimycin—A microparticle laboratory

trials, experimental pond trials, and Rathbun Fish Hatchery field trials. Data summarized from Sauey and others, 2024.

[n, number of fish per experimental chamber; mm, millimeter; g, gram; NA, not available]

Antimycin—A microparticle Experimental pond trials Rathbun Fish Hatchery
laboratory trials field trials
Species n per Mean Mq?an n per Mean Mgan n per Mean Mgan
replicate standard  weight replicate  standard weight replicate fork weight
length (g) length (g) length (g)
(mm) (mm) (mm)
Bluegill (Lepomis 9-11 60.6 (8.1)  88(3.7) NA NA NA NA NA NA
macrochirus)
Largemouth bass 10 92.1(7.7) 15.7(4.0)  9-10 235.1(56.2)  219.7 (184.0) NA NA NA
(Micropterus
salmoides)
Silver carp 10 942 (13.6) 16.9(7.7) 20 289.5(24.5)  390.8 (227.5) 17 599.7 (32.0) 3480.2 (632.6)
(Hypophthalmichthys
molitrix)
Bighead carp 10 745(9.8) 10.1 (4.5) 20 2734 (42.1)  369.5(248.3) NA NA NA
(Hypophthalmichthys
nobilis)
Grass carp NA NA NA 10 281.9 (120.4) 460 (975.2) NA NA NA
(Ctenopharyngodon
idella)

carpio), and common carp, all of which were unintend-
edly introduced during flood events. Other, sparse species
previously observed include gizzard shad, channel cat-

fish (Ictalurus punctatus), white bass (Morone chrysops),
white crappie (Pomoxis annularis), black crappie (Pomoxis
nigromaculatus), bluegill, walleye (Sander vitreus), sauger
(Sander canadensis), and green sunfish (Lepomis cyanellus).
Before the microparticle laboratory trial, a mark-recapture
fish abundance survey was conducted during a 2-week
period using hoop nets. Abundance was estimated using the
Schumacher-Eschmeyer method (Krebs, 1989).

Microparticle Production

Antimycin microparticles were produced via air atomi-
zation similarly to the methods described in Hawkyard and
others (2011) and Langdon and others (2008). Briefly, mol-
ten wax is sprayed through an air-atomizing spray nozzle
into a collection vessel, which has been chilled with liquid
nitrogen to solidify the wax microparticles instantaneously.
Antimycin (Aquabiotics, Incorporated, Bainbridge Island,
Washington) was emulsified in a molten mixture of refined
wax at 120 degrees Celsius (°C) and then sprayed using
an air atomizing sprayer (Spraying Systems Co., Wheaton,
[llinois) with a 35-um spraying nozzle. The nominal anti-
mycin percentage in the wax was approximately 20 percent
weight per weight (hereafter referred to as “type 17).

A second microparticle was manufactured by top-coating
an aliquot of type 1 with an additional layer of wax using the
methods described above but with a 60-um spraying nozzle.
Preliminary studies indicated the percentage of antimycin
decreased following the second spraying method to approxi-
mately 4 percent weight per weight (hereafter referred to as
“type 2”). Microparticles used in the Rathbun Fish Hatchery
effluent pond study also contained 0.1 percent (weight per
weight) yttrium as a dietary tracer to verify fish microparticle
consumption (Jobling and others, 2001). All microparticles were
immediately frozen after production and stored at —20 °C for
later use.

Laboratory Toxicity Studies

Fish were exposed to a type 2 antimycin micropar-
ticle in two independent laboratory toxicity studies (trials
1 and 2). Experiments were conducted in 12 cylindrical,
flat-bottom, 227-L experimental chambers (81-centimeters
high by 61-centimeters diameter tanks) filled with 150 L of
well water in a flow-through system at approximately 20 °C.
The well water flow rate was set to be 2.5 liters per minute.
Each study was conducted with 10 silver carp, bighead carp,
largemouth bass, and bluegill in each tank (table 1). Fish
were acclimated to test conditions and fasting for 48 hours
before testing. After acclimation, duplicate tanks of experi-
mental concentration were dosed with type 2 antimycin
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microparticles. The water flow was interrupted for 1 hour
upon microparticle addition to minimize the loss of the mic-
roparticles in the waste effluent. Microparticles were added
via hand broadcast to the surface of each tank. Experimental
concentrations were determined by the nominal mass of anti-
mycin per total fish weight (milligrams per kilograms total
fish) in each tank. The nominal mean (plus or minus [+] stan-
dard deviation [SD]) concentrations used in the study were
0.00 (control), 0.20 (0.02), 0.49 (0.03), 0.93 (0.07), and 1.89
(0.19). These concentrations resulted from adding approxi-
mately 0.0, 0.1, 0.25, 0.5, and 1.0 g of type 2 microparticles
in each tank. Water quality parameters (dissolved oxygen,
temperature, and pH; table 2) were measured at 1, 24, and
48 hours after application with a handheld YSI dissolved
oxygen and Beckman Coulter Phi 410 pH meter. Fish mortal-
ity was assessed every hour for the first 6 hours and then 24
and 48 hours after application. Dead fish were removed at
each time point, and standard length (millimeters) and wet-
weight (grams) measurements were recorded. Fish remain-
ing at the conclusion of each study were euthanized with an
overdose of 200 milligrams per liter (mg/L) Tricaine-S for
15 minutes. The lethal concentration or dose to cause lethal-
ity in 50 percent of fish ([LD,,]) was calculated using the
mean nominal concentration of antimycin (milligrams per
kilogram of total fish) with the EPA Toxicity Relationship
Analysis Program (v1.30a; Erickson, 2010). Toxicity values
and confidence intervals were calculated for each time point
(6, 24, and 48 hours) (table 3).

Laboratory Dissipation Study

Dissipation studies were conducted with antimycin mic-
roparticle type 2 to determine the rate of chemical dissipation
in water. Dissipation is the process of the chemical leaching
from the wax microparticle into water, chemical degrada-
tion, and chemical partitioning elsewhere. The dissipation
rate is the measure of chemical dissipation over time. Type 2
antimycin microparticle (for example, 100 milligrams [mg])
contained in a 35-micron nylon mesh bag were added to trip-
licate glass bottles with 25 milliliters (mL) of ultrapure water

(18.3 mega ohms per centimeter squared; Barnstead E-Pure
Water System, Thermo Fisher, Waltham, Massachusetts).
Triplicate water samples (1 mL) were collected temporally
at 30 minutes and 60 minutes in ultrapure water and were
processed using Solid Phase Extraction (SPE; Oasis MAX
60 mg, Waters Corp., Milford, Mass.). Additionally, a dissi-
pation study was conducted with ultrapure water and natural
river water collected from the Black River in La Crosse,
Wisc. The water quality parameters of Black River were
characterized using the Long Term Resource Monitoring
Program database (table 2; U.S. Army Corps of Engineers
and others, 2023). Antimycin microparticle (100 mg) was
added to glass bottles in triplicate containing 1.0-L water and
stored in the dark at room temperature (20 °C). Triplicate
ultrapure water samples, each 2.0 mL, were collected on 1, 3,
7,10, 14, 18, 22, 26, 30, 33, and 38 days following the addi-
tion of microparticle at each time point. Water samples, each
2.0 mL, were collected from the Black River to quantify anti-
mycin occurrence on 1, 3, 7, 10, 13, and 16 days. All water
samples were processed using SPE cartridges, as mentioned
above, to concentrate antimycin for analytical verification
using an Agilent 6530 Accurate-Mass quantitative time-of-
flight liquid chromatography/mass spectrometry system,
Agilent Technologies, Santa Clara, Calif.) or an Agilent
6460 Triple Quad liquid chromatography/mass spectrometry
system according to previous published methods (Bernardy
and others, 2013). Instrument configuration and acquisi-

tion conditions are summarized in appendix 1. Antimycin
(Sigma-Aldrich, St. Louis, Mo.) was dissolved in acetonitrile
with 1-percent formic acid to create analytical standards
(4.1-256.1 micrograms per liter [pug/L]) for a calibration
curve. Scatter plots were created to graph the antimycin
water concentration (y-axis) across time (days) and subse-
quently determine the dissipation rate for each water type.

A natural log transformation of the antimycin concentration
was necessary to increase linearity. Linear regression analy-
sis was performed to determine whether the slope of each
curve was different than zero and calculate the dissipation
rate (slope). Significance was declared at probability value
(p-value) less than (<) —0.05.

Table 2. Mean (plus or minus standard deviation) water chemistry parameters of exposure water used in laboratory, pond, and
Rathbun Fish Hatchery effluent pond studies of Antimycin—A microparticle. Data summarized from Sauey and others (2024).

[n, number; mg/L, milligram per liter; °C, degree Celsius; NA, data not available]

Experiment n pH Dissolved oxygen (mg/L) Temperature (°C)
Laboratory trial 1 30 7.9 (0.04) 8.6 (0.8) 20.7 (0.1)
Laboratory trial 2 30 7.9 (0.12) 8.2(0.5) 20.8 (0.1)
Black River water! 1 7.6 5.7 27.2
Pond Trial 1 6 8.0 (0.04) 7.6 (0.5) 30.1 (0.1)
Pond Trial 2 6 8.0 (0.08) 5.5(0.4) 26.5(0.1)
Rathbun Fish Hatchery 9 NA 3.9(2.0) 24.5(0.7)

"Water quality data retrieved from the Long Term Resource Monitoring Program database (U.S. Army Corps of Engineers and others, 2023).
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Table 3. Mean (plus or minus standard deviation; experimental chamber replicate=4, number of fish per experimental chamber=39-41)
percent survival of fish species exposed to type 2 Antimycin—A microparticle for 6 hours, 24 hours, and 48 hours. All four fish species
(n=9-11 fish per tank) including silver carp, bighead carp, bluegill, and largemouth bass were present in each experimental chamber.

Data summarized from Sauey and others (2024).

[mg/kg, milligram per kilogram]

Species Concentration (mg/kg) 6 hours 24 hours 48 hours
All fish 0.00 100.0 (0.0) 100.0 (0.0) 100.0 (0.0)
0.20 99.4 (1.3) 93.8 (4.2) 92.5 (6.8)
0.49 92.5 (8.7) 62.6 (18.1) 55.7(19.6)
0.93 77.4 (22.8) 37.0 (15.3) 29.5 (5.0)
1.89 45.6 (13.6) 25.0 (6.1) 23.1(5.5)
Silver carp 0.00 100.0 (0.0) 100 (0.0) 100.0 (0.0)
(Hypophthalmichthys molitrix) 0.20 97.5 (1.1) 90.0 (1.8) 87.5 (2.7)
0.49 95 (2.2) 42,5 (6.2) 32.5(7.8)
0.93 62.5 (8.4) 7.5(3.2) 5.0(2.2)
1.89 10 (3.1) 0.0 (0.0) 0.0 (0.0)
Bighead carp 0.00 100 (0.0) 100 (0.0) 100 (0.0)
(Hypophthalmichthys nobilis) 0.20 100 (0.0) 100 (0.0) 97.5 (1.1)
0.49 97.5 (1.1) 80.0 (8.7) 57.5 (8.0)
0.93 75.0 (9.4) 27.5(6.7) 2.5(L1)
1.89 15.0 (5.2) 0.0 (0.0) 0.0 (0.0)
Bluegill 0.00 100 (0.0) 100 (0.0) 100 (0.0)
(Lepomis macrochirus) 0.20 100 (0.0) 85.0 (2.2) 85.0 (2.2)
0.49 92.5 (2.1) 27.5(3.2) 27.5(3.2)
0.93 75.0 (2.8) 20.0 (3.1) 17.5 (2.7)
1.89 57.5(4.8) 7.5(3.2) 2.5(L1)
Largemouth bass 0.00 100 (0.0) 100 (0.0) 100 (0.0)
(Micropterus salmoides) 0.20 100 (0.0) 100 (0.0) 100 (0.0)
0.49 100 (0.0) 100 (0.0) 100 (0.0)
0.93 100 (0.0) 100 (0.0) 100 (0.0)
1.89 100 (0.0) 92.5(3.2) 90.0 (4.3)

Experimental Pond Study

Two initial proof-of-concept pond trials were conducted
to test the microparticle effectiveness on a larger scale. Both
trials 1 and 2 pond studies were conducted in a 0.1-hectare
pond (897,900 L) at the U.S. Geological Survey Columbia
Environmental Research Center from June 1, 2016, to
August 11, 2016. A single pond was divided into two using a
weighted 1/4-inch mesh seine net (fig. 1) to serve as control
and treatment experimental units. Each side of the pond con-
tained a ring constructed of 8-inch polyvinyl chloride (PVC)
pipe, with an internal area of 0.75 square meter, to contain an
algal attractant and microparticle. Trial 1 contained silver carp
(n=20 per side), bighead carp (n=20 per side), and largemouth
bass (side A: n=10; side B: n=9). Trial 2 contained silver carp
(n=20), bighead carp (n=20), largemouth bass (n=5), and grass
carp (n=5) on each side of the pond. The length and weight of

fish used in both trials are in table 1. Fish were acclimated to
feeding rings in each trial for greater than or equal to
7 days before study initiation (Trial 1: 9 days; Trial 2:
48 days). During acclimation, carp were fed approximately
64 g of a 50/50 mixture of Spirulina and Chlorella powder in
the feeding rings via telescopic pole, two times per day (morn-
ing and afternoon). Water quality parameters (pH, dissolved
oxygen, and temperature; table 2) were measured before
microparticle addition using a handheld YSI multiparameter
water quality meter.

Type 2 antimycin microparticle (Trial 1: 0.615 g anti-
mycin or 15.80 mg/kg total fish; Trial 2: 0.332 g antimycin
or 21.08 mg/kg total fish) was dosed in the morning feeding
on the treatment side of the pond and an equal amount of
blank microparticle was added to the control side of the pond.
Mortality observations were performed at 6 and 24 hours
after addition of microparticle, and dead fish were removed
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Figure 1. Experimental pond setup at the U.S. Geological Survey.

and measured for standard length (millimeters) and weight
(grams). After 24 hours, the pond was drained, and the remain-
ing fish were counted to record survival. A Fisher’s Exact Test
(SigmaPlot v14.5; Systat, Inc.) was performed to determine
whether significant (p-value<0.05) lethality occurred between
control (experimental replicates [N=2]) versus the micropar-
ticle treatment (N=2).

Rathbun Fish Hatchery Effluent Pond Field Study

A semi-controlled field study was conducted to examine
the type 1 antimycin microparticle effectiveness on captive
wild fish at the Rathbun Fish Hatchery, near Moravia, lowa.
Type 1 microparticle was selected for this study, as opposed
to type 2, to increase the dosage of antimycin delivered

because the invasive carp were larger than the fish used in
previous studies. The effluent discharge system consisted

of two 0.81-hectare ponds (6,784,000 L) with a mean water
depth of 1.5 meters. Effluent baffles placed at the end of each
pond to increase water retention and a containment boom
(Super Stream Boom, Elastec, Inc., Carmi, Ill.) placed at the
pond outflow were used to prevent microparticle release into
the river.

At 6 equidistant points around the pond, feeding rings
were placed to apply a liquid algal attractant (50/50 of
Spirulina and Chlorella) and subsequent microparticles.
Feeding rings were constructed of extruded plastic and
closed cell foam (1.5-meters diameter) and held in place by
tethering to a cinderblock. A secondary (3-meters diameter)
containment ring was constructed and placed around the
primary feeding ring to further contain the microparticle.
Fish were feed trained by autonomously pumping the liquid
algal mixture into feeding rings (approximately 4 L of liquid
algal mixture per feeding ring) at 22:00 hours for 14 days
before microparticle application, using a Turbo Rain irriga-
tion system attached to a 378-L storage tank (Garden Green
EcoSolutions/Turborain, Downers Grove, IlL.).

Following feed training, type 1 antimycin microparticle
was added to each feeding ring (approximately 1.016 g of
antimycin per feeding ring; approximately 6.095 g of total
antimycin in the pond; 0.903 pg/L of total nominal antimycin
concentration applied to the pond) with the algal attractant.
To ensure the remaining microparticle was not discharged, a
wet/dry vacuum was used to remove any residual particle on
the water’s surface within each feeding ring, after 24 hours.
Fish mortality was monitored daily for 96 hours, and floating
fish were collected by hand, measured (fork length; millime-
ters), weighed (grams), and intestinal tracts were excised for
yttrium tissue analysis. Intestinal tracts were frozen imme-
diately for later processing at the U.S. Geological Survey
Upper Midwest Environmental Sciences Center laboratory.
Intestinal tracts were thawed in the laboratory and homog-
enized using dry ice and allowed to sublimate. Triplicate
0.5-g aliquots of homogenized individual fish intestines
were acid digested according to EPA Method 3052
(U.S. Environmental Protection Agency, 1996) using a
Mars 6 Microwave Digestion System (CEM Corporation,
Matthews, North Carolina), and samples analytically verified
for yttrium using an Agilent 5110 vertical dual view induc-
tively coupled plasma optical emission spectrometer (Santa
Clara, Calif.). After scanning a blank to account for sample
background, standard solutions (1, 5, 10, 50, 100, 500,
and 1,000 ng/L) and sample solutions were analyzed. The
detection limit of yttrium (<1 ng/L) was determined by the
concentration of yttrium, yielding a signal equivalent to three
times the standard deviation of the blank signal. Instrument
configuration and acquisition conditions are summarized in
appendix 1. Triplicate intestinal samples per fish were used
to calculate mean yttrium concentrations.



Results

The results of the study addressed the study objectives:
(1) determined the acute toxicity of the antimycin micropar-
ticle formulation to invasive carp and non-target native fish
when cohabitated in the laboratory, (2) determined the leach-
ing rate of the antimycin microparticle in two water types,
and (3) demonstrated that the microparticle delivery system
establishes a toxicological selectivity for invasive carp across
multiple experimental scales. All data associated with this
study are available in Sauey and others (2024).

Laboratory Toxicity Studies

All fish survived in the experimental control test cham-
bers. No differences or anomalies in water quality parameters
were found and individual water quality parameters (dis-
solved oxygen, temperature, and pH) over the study duration
were averaged (table 2). Going forward, the term “all fish”
will refer to mortality observed in experimental chambers
containing all four species per replicate. Individual species
within each chamber will be referenced by common name to
emphasize the differential toxicity observed among species.
A dose-response curve was observed in each toxicity study
with increasing mortality corresponding to an increasing type
2 antimycin concentration (milligrams per kilogram of total
fish weight; fig. 2). Mortality was observed in all species at 6
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hours, except largemouth bass. The antimycin microparticles
caused an all fish mean (+SD) survival of 45.6 percent (+13.6)
at the highest concentration (1.89 mg/kg) after 6 hours, and the
lowest fish survival occurred in silver carp (10.0 percent), big-
head carp (15.0 percent), and bluegill (42.5 percent; table 3;
fig. 2). At 48 hours in the highest concentration, all fish sur-
vival was 23.1 percent (+5.5) and survival was 0 percent in
silver carp and bighead carp, followed by 2.5 percent (+3.2),
and 90.0 percent (+4.3) mortality in bluegill and largemouth
bass, respectively (table 3). The all fish 6-, 24-, and 48-hour
LDy, (confidence interval) values were 1.7 mg/kg (1.6-1.9),
1.0 mg/kg (0.8—1.3), and 0.9 mg/kg (0.7-1.2), respectively
(table 4). Individual LDs, values were calculated for all spe-
cies, except largemouth bass owing to inadequate fish mortal-
ity, and an inverse relationship between study duration and the
derived LD, value was observed, with derived LD, values
decreasing over time (table 4). Silver carp were the most sen-
sitive to antimycin microparticle across all exposure durations
(648 hours; fig. 3, table 4).

Laboratory Dissipation Study

The dissipation study demonstrated the presence and
subsequent loss of antimycin in the water from the type 2 mic-
roparticle, but at significantly different rates per water type.
The mean percent (+SD) dissipation after 24 hours in ultra-
pure water and Black River water was 52.9 percent (11.5) and
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Figure 2. Mean combined fish survival with standard deviation at 6 hours, 24 hours, and 48 hours exposed to type 2 Antimycin-A
microparticle (experimental chamber replicates=4). Experimental tanks contained four fish species (n=9-11 fish per species or 39-41
total fish): bighead carp (Hypophthalmichthys nobilis), silver carp (Hypophthalmichthys molitrix), bluegill (Lepomis macrochirus), and

largemouth bass (Micropterus salmoides).



A Novel Tool to Selectively Deliver a Control Agent to Filter-Feeding Silver and Bighead Carp
Silver carp Bighead carp
; ; ; ; - 00 : ; ; ; -

4 80 L 4
4 60 L 4
4 40 L 4
4 20 L 4

1=

| of -

@ 1 1 1 1

= 25 0 0.5 1.0 15 20 25

c—;f Largemouth bass

s ] 100¢0—o——= o— ' o' ]

Uz) V\\é
i 80 | i
i 60 | i
] 40 |
] 20k |
] 0 i 1 1 1 1 ]
25 0 0.5 1.0 15 20 25

Antimycin—A, in milligrams per total kilograms of fish

EXPLANATION

[Mean is calculated from four
experimental chamber replicates]

Mean fish survival at least 6 hours

% Plus a standard deviation

Minus a standard deviation

Mean fish survival at least 24 hours

E Plus a standard deviation

Minus a standard deviation

Mean fish survival at least 48 hours

% Plus a standard deviation

Minus a standard deviation

Figure 3. Mean fish survival with standard deviation for four fish species at 6 hours, 24 hours, and 48 hours exposed to type 2
Antimycin—A microparticle (experimental chamber replicates=4). Experimental tanks contained four fish species (n=9-11 fish per

species): silver carp (Hypophthalmichthys molitrix), bighead carp (Hypophthalmichthys nobilis), bluegill (Lepomis macrochirus), and
largemouth bass (Micropterus salmoides). The dose-response curves per species were plotted separately to visualize the temporal

toxicity.
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Laboratory-determined lethal dose values and 95-percent confidence intervals (parentheses) for fish exposed to type 2

Antimycin—A laden microparticle. Lethal dose values were calculated using the nominal concentrations (milligrams Antimycin—A per
kilogram total fish weight). Four fish species (n=9-11) were present in each experimental chamber and the survival is represented by
the term “All fish.” The survival of fish species within each experimental chamber is also represented by the species. Data summarized

from Sauey and others (2024).

[LDy, lethal dose to cause mortality in 50 percent of a population; CI, confidence interval; N/A, no value]

LDy, 24 hour (95-percent Cl) LD, 48 hour (95-percent Cl)

Species LD, 6 hour (95-percent CI)

All fish 1.7 (1.6-1.9)
Silver carp

(Hypophthalmichthys molitrix) 12(1.0-1.3)
Bighead carp

(Hypophthalmichthys nobilis) 13.2-1.5)
Bluegill (Lepomis macrochirus) 1.9 (1.6-2.3)
Largemouth bass N/A!

(Micropterus salmoides)

1.0 (0.8-1.3) 0.9 (0.7-1.2)
0.5 (0.4-0.6) 0.5 (0.4-0.6)
0.7 (0.7-0.8) 0.6 (0.5-0.6)
0.6 (0.5-0.7) 0.5 (0.4-0.6)
N/A! N/A!

LDy, value could not be calculated owing to insufficient mortality.

96.7 percent (1.2), respectively. Approximately 100 percent
dissipation of antimycin was observed in ultrapure water after
33 days and in Black River water after 10 days. Linear regres-
sion analysis resulted in both water type’s slopes being signifi-
cantly different than zero (ultrapure p-value <0.001, coefficient
of determination (r2) = 0.85; Black River p-value <0.001, 12 =
0.92), and the dissipation rate (micrograms per liter per day;
95-percent confidence interval) of antimycin in ultrapure water
was —0.2 (=0.1 to —0.2) and —0.4 (—0.4 to —0.5) in Black River
water (table 5). The antimycin dissipation rate in Black River
water was 2.6 times faster than in ultrapure water.

Experimental Pond Studies

The pond toxicity trials resulted in fish mortality follow-
ing type 2 antimycin microparticle exposure at a larger experi-
mental scale. In the first trial, no mortality was observed after
24 hours in the control (blank type 2 microparticle); however,
significant mortality was observed in bighead carp (80 percent;
p-value <0.001) and silver carp (25 percent; p-value=0.047) in
the treated group exposed to type 2 microparticles. No large-
mouth bass (n=19) mortality was observed in the microparticle
exposed group. In the second pond trial, no mortality was

observed in the control group, and significant treated group
mortality was observed in bighead carp (80 percent mortal-
ity; p-value <0.001), whereas insignificant mortality was
observed in silver carp (20 percent mortality; p-value=0.106).
Significant mortality was not observed in either the control or
treatment groups for grass carp (n=10) and largemouth bass
(n=10) 24 hours after application.

Rathbun Fish Hatchery Effluent Pond Field Study

Over the 2-week mark-recapture survey, only silver carp,
river carpsucker, bigmouth buffalo, and smallmouth buffalo
recaptures were sufficient to estimate abundance. Silver carp
abundance (95-percent confidence interval) was estimated to
be 1,593 (1,109-2,822), river carpsucker was 127 (80-301),
smallmouth buffalo was 74 (44-242), and bigmouth buffalo
was 9 (6-18). A total of 15 bighead carp and 6 common carp
were captured, with only 1 recapture each. Captures of mini-
mally sampled species were not reported.

The Rathbun Fish Hatchery effluent pond type 1 anti-
mycin microparticle application resulted in fish mortality 96
hours after application, including 17 silver carp and 1 juvenile
golden shiner (Notemigonus crysoleucas). The mean (£SD)

Table 5. Type 2 Antimycin—A microparticle dissipation rate (micrograms per liter per day) and 95-percent confidence interval
(parentheses) across two water types. Dissipation rate refers to the loss of antimycin in the water over time (days). Data summarized

from Sauey and others (2024).

[ng/L/day, microgram per liter per day; CI, confidence interval]

Dissipation rate (95-percent Cl)

Water type Duration (days
VP (days) (ng/L/day)
Ultrapure 0.02-38.0 —0.2 (0.1 to —0.2)
Black River 1.0-16.0 —0.5 (=0.4 to —0.5)
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silver carp mass was 3.6 (£0.6) kg. Inductively coupled
plasma—optical emission spectrometer analysis of silver carp
intestinal tracts indicated yttrium was present in all 17 dead
silver carp. From the yttrium amounts measured in silver carp
intestine samples, mean (+SD) microparticle consumed was
363.0 (£284.6) mg/kg of microparticle in fish and ranged
from 98.2 to 1135.0 mg/kg of microparticle in fish. Based

on the inclusion rate of yttrium and the nominal amount of
antimycin used to generate the type 1 microparticle, the mean
dose of antimycin delivered to the 17 silver carp was 73 mg/
kg of antimycin in fish and ranged from 12 to 228 mg/kg of
antimycin in fish. The total mean microparticle consumed by
the 17 silver carp was estimated to be 18,304 mg or 3,680 mg
antimycin (61 percent of the microparticle/antimycin added to
the effluent pond).

Discussion

This study indicated different formulations of antimycin
microparticles were lethal to filter-feeding silver and bighead
carp across multiple experimental scales. The effectiveness
and selectivity observed across studies with invasive and
indigenous fish indicate that the microparticle application has
the potential to be effective in targeting invasive carp in expo-
sures containing fish with multiple feeding strategies; how-
ever, we did not test the life stages of non-target species that
would consume a similar particle size. Whether omnivorous
fish are susceptible to the antimycin microparticle following
consumption needs to be carefully examined further to mini-
mize the potential for nontarget fish lethality in prospective
applications.

Microparticle technologies have been used in the aqua-
culture industry to deliver vitamins, minerals, and vaccines
(Tobar and others, 2011; Caruffo and others, 2016). This study
demonstrates that microparticle technology could be an effec-
tive mechanism for delivering a pesticide to filter-feeding fish
and could be engineered to be selectively toxic to target fish
species. Antimycin is a historical nonselective pesticide for
nuisance fish removal and management (Gilderhus, 1972).
Both antimycin microparticle formulations caused signifi-
cant mortality to invasive carp compared to largemouth bass
co-exposed in laboratory, and experimental pond studies. The
antimycin microparticle oral LD values for fish are several
magnitudes higher than those derived from water-based expo-
sures, based on previous published acute Antimycin—A toxicity
studies, which indicate encapsulated antimycin formulations
decrease fish toxicity. The 24-hour laboratory antimycin mic-
roparticle LDy, value for bighead carp (0.74 mg/kg) is approx-
imately 1,000 times higher than water-based 24-hour toxicity
values (0.71-0.99 ng/L; Rach and others, 2009). Similarly, the
bluegill 24-hour antimycin microparticle LDy, was 0.58 mg/kg
compared to 0.13-0.92 pg/L during 24-hour water exposures
(Mayer and Ellersieck, 1986). The selectivity associated with
the microparticle technology was demonstrated by the lack

of juvenile largemouth bass mortality observed across both
laboratory and experimental pond studies because the water-
based 24-hour antimycin LCs, values previously published

for largemouth bass range from 0.37 to 1.02 pg/L (Mayer and
Ellersieck, 1986). There is a margin of safety for indigenous
fish when exposed to antimycin microparticles compared to
antimycin water applications due to the characteristics of the
microparticle formulation and the differences in fish feeding
strategies, both of which were considered during microparticle
formulation development.

As a proof-of-concept, the Rathbun Fish Hatchery study
was successful at demonstrating that filter-feeding fish can be
targeted using the antimycin microparticle. While only 1 per-
cent of the silver carp population died from the pesticide appli-
cation, the majority of the applied microparticles (61 percent)
were consumed by only 17 fish. The development of applica-
tion methods and delivery mechanisms that can disperse the
microparticle to a greater proportion of the population will
be necessary to increase effectiveness. With the exception of
a single golden shiner (a species not previously detected), no
mortality was observed in the non-target species known to be
present. Further, non-laboratory research would be necessary
to demonstrate selectivity with feral fish under conditions with
similar fish abundances among target and non-target species,
with an emphasis on native filter feeders (juvenile fish and
invertebrates) associated with bighead and silver carp occur-
rence. However, given the invasive nature of these fish, a natu-
ral system suitable for testing antimycin microparticles would
likely contain an unbalanced population structure, and silver
carp would likely comprise the majority of the fish biomass
(Sass and others, 2010) in locations where a targeted pesticide
application would be a possible strategy.

Filter-feeding bighead carp diets vary based on zoo-
plankton abundance and biomass (Kolar and others, 2005).
Invasive carp are opportunistic consumers that can switch
from zooplankton to phytoplankton based on seasonal biomass
fluctuations, and a range of dietary food particle sizes have
been reported ranging from 50 to 3,000 pm (Cremer and
Smitherman, 1980; Spataru and others, 1983; Opuszynski and
others 1991; Kolar and others, 2005). Wild juvenile blue-
gill (0 years old, 19—65 mm) diets mainly consist of small
invertebrates (Dewey and others, 1997), which decreases the
likelihood of antimycin microparticle consumption during a
field application, although they are also opportunistic feed-
ers. Largemouth bass were relatively unaffected by antimycin
microparticle exposure, which may be attributed to the size
and type of food they consumed at a very young age. Huskey
and Turingan (2001) demonstrated largemouth bass adjust
to piscivory at around 20-37 mm standard length, as soon as
their mouth is big enough to consume larger prey and stop
consuming plankton between 29 and 69 mm standard length.
Furthermore, Wamboldt and others (2020) demonstrated that
largemouth bass are top predators (that is, two trophic lev-
els above plankton) at all size classes and essentially grow
out of targeting plankton at a very young age. Therefore,
the antimycin microparticle formulations evaluated in this



study demonstrate that fish selectivity can be achieved using
pesticide encapsulation technology to minimize indigenous
fish mortality while causing significant invasive carp lethality
at the laboratory, experimental pond, and effluent pond scales.
Further development of the application method and micropar-
ticle dispersion can help increase the effectiveness of the
microparticle as a pesticide delivery tool.

Owing to the acute toxicity of antimycin to fish follow-
ing water-based exposures, the type 2 antimycin microparticle
dissipation study was conducted to evaluate the occurrence
of antimycin in water from the microparticle. Antimycin
degrades via hydrolysis so developing an appropriate mic-
roparticle formulation that prevents immediate degradation is
essential for direct application to water for consumption by a
filter-feeding fish. However, due to its toxicity, the chemical
cannot be allowed to leach from the microparticle and cause
non-selective lethality indirectly before target fish consump-
tion. The Black River water type 2 microparticle study dem-
onstrated the mean dissipation (that is, loss) of the antimycin
was 96.7 percent after 24 hours and confirms previous reports
indicating antimycin rapidly degrades in the presence of
water. Antimycin water dissipation was approximately 2 times
slower in ultrapure water, indicating an influence of water
constituents. Black River water is characterized as hard water
(high hardness, alkalinity, and alkaline pH) and decreases the
bioavailability of a weak acid such as antimycin (Saari, 2023).
Lethality was observed following laboratory antimycin mic-
roparticle consumption by invasive carp and likely exposed
fish to antimycin in the tank water. Minimal toxicity to large-
mouth bass was observed, which indicates antimycin water
degradation is indeed quite rapid. Very few antimycin toxicity
studies analytically verify exposure concentrations (Klimisch
and others, 1997) and most report toxicity values based on
nominal concentrations (Saari, 2023). The influence of pH
on the degradation rate of antimycin has been demonstrated
previously (Marking and Dawson, 1972); however, antimy-
cin degradation was measured through fish bioassay and not
through direct measurement of antimycin itself. Additional
analytically verified dissipation studies across multiple water
types, light and dark conditions, and temperatures are nec-
essary to characterize antimycin dissipation rates from the
microparticle in order to minimize the potential non-target fish
mortality during microparticle applications. This study repre-
sents one of the first analytically verified dissipation rates for
antimycin, which is in contrast to historical studies reporting
nominal values and often monitoring degradation by means of
biological activity (yeast or fish bioassay; Saari, 2023).

Microparticles that are similar have been shown to be
effective tools at delivering vitamins and minerals to target
species; however, the vitamins and minerals investigated are
very water-soluble. Antimycin—A is very water-insoluble,
and this may have caused a lower than predicted mortality
when a wax microparticle was used. The digestive physiology
(for example, enzymes) of carp may not have been sufficient
to release enough antimycin from the wax particle to cause
mortality, and only fish that consumed a large amount of

References Cited 1

microparticle were exposed to lethal levels owing to minimal
partitioning of antimycin into water. Additional wax types in
the microparticle formulation are planned to be examined.
Reformulating the microparticle may have implications for
aquaculture use but is beyond the scope of this report. For this
technology to be useful for resource managers, additional field
studies can be conducted to demonstrate outcome repeatability
with indigenous fish, with an emphasis on filter-feeding fish,
to comprehensively characterize species selectivity. Overall,
the antimycin microparticle formulations evaluated in this
study demonstrate that fish selectivity can be achieved using
pesticide encapsulation technology to minimize indigenous
fish mortality while causing invasive carp mortality at the
laboratory, experimental pond, and effluent pond scales.
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Appendix 1

Two liquid chromatography coupled with mass spectrom-
etry instrument methods were used to determine the concen-
tration of Antimycin—A in water. Antimycin—A is a mixture
of four homolog pairs. The chromatographic conditions were
set to elute each homolog, and all four homologs were used
to quantitate the total Antimycin—A in each water sample
by measuring the total response peak area (for example,
Antimycin—A1l, Antimycin—A2, Antimycin—A3, Antimycin—
A4). Quantitation was calculated by comparing the area cal-
culated for each sample with a standard curve generated from
a minimum of eight reference standards that bracketed sample
concentrations.

Liquid Chromatography-Quadrupole Time of
Flight Method

An Agilent Technologies (Santa Clara, California, United
States) Liquid Chromatography-Quadrupole Time of Flight
system was used to measure and analyze the concentration of
Antimycin—A in water samples. This system consisted of an
Agilent 1290 Infinity Liquid Chromatography stack (G1330B
mobile phase pump, G4226A autosampler, G1316C column
heater, and G1314E UV detector) and Agilent 6530 Accuate-
Mass Quadrupole Time of Flight. The separation of the four
homologs was achieved on an Agilent Zorbax Extended C18
Rapid Resolution 2.1x100 millimeters 1.8 micrometers col-
umn. The mobile phase solutions consisted of Mobile Phase

Table 1.1.
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A (5 millimolar [mM] ammonium acetate at pH 8.5 in 50:50
ratio of ultrapure water:methanol) and Mobile Phase B (meth-
anol). The mobile phase gradient used is shown in table 1.1.

The mobile phase flow rate was 0.25 milliliter per minute
with an analysis run time of 6.0 minutes. The column tem-
perature was kept at a constant 35 degrees Celsius (°C). The
injection volume was 1 microliter (uL) for samples and 10 puL
for the standards solutions. The Quadrupole Time of Flight
Mass Spectrometer conditions are shown in table 1.2, and the
ion selection and detection parameters are shown in table 1.3.
All chromatographic data were processed with Agilent’s Mass-
Hunter software to determine sample concentration.

Liquid Chromatography-Triple Quadrupole Mass
Spectrometer Method

An Agilent Technologies (Santa Clara, California, United
States) Liquid Chromatography-Triple Quadrupole Mass
Spectrometer system was used to measure and analyze the
Antimycin—A concentration in water samples. This system
consisted of an Agilent 1260 Infinity Liquid Chromatography
stack (G1379B mobile phase degasser, G1312B mobile phase
pump, G1329B autosampler, G1316B column heater, and
G4212B UV detector) and Agilent 6460 Triple Quadrupole
Mass Spectrometer. Antimycin—A homolog separation was
achieved on an Agilent Zorbax Eclipse Plus C18 2.1x100 mil-
limeters 1.8 micrometer column. The mobile phase solutions

A time table describing the change in liquid chromatography mobile phases (A and B) throughout the acquisition. The

mobile phases consisted of Mobile Phase A (5 millimolar [nM] ammonium acetate at pH 8.5 in 50:50 ratio of ultrapure water:methanol)

and Mobile Phase B (methanol).

Time (minutes)

Percent of Mobile Phase A

Percent of Mobile Phase B

0.0
0.36
3.0
3.5

60 40
30 70
20 80
60 40

Table 1.2. The Quadrupole Time of Flight Mass Spectrometer conditions for the Antimycin—A quantitation.

Electrospray lonization Negative Mode

Condition

Gas temperature

Gas flow

Nebulizer pressure
Sheath gas temperature
Sheath gas flow
Nozzle voltage
Fragmentor voltage

Skimmer voltage

325 degrees Celsius

5 liters per minute

20 pounds per square inch
295 degrees Celsius

12 liters per minute

1,000 volts

165 volts

65 volts
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Table 1.3. The Antimycin—A homolog chemical formula and corresponding mass targeted by the Quadrupole Time of Flight Mass

Spectrometer.

[C, carbon; H, hydrogen; N, nitrogen; O, oxygen]

Antimycin-A Homolog Formula Mass
Antimycin-A1 C,gH N0, 548.2734
Antimycin—A2 C,;H3N,0q 534.2578
Antimcyin-A3 C,HyN,O, 520.2421
Antimeyin-A4 C,sHy,N,0, 506.2265

consisted of Mobile Phase A (5 mM ammonium acetate at pH
8.5 in 50:50 ratio of ultrapure water:methanol) and Mobile
Phase B (methanol). The mobile phase gradient used through-
out the acquisition is shown in table 1.4.

The mobile phase flow rate was 0.3 milliliter per minute
with an analysis run time of 3.5 minutes, and the column tem-
perature was kept constant at 35 °C. The injection volume was
1 pL for samples and 10 pL for the standards solutions. The
Triple Quadrupole Mass Spectrometer conditions are shown in
table 1.5.

The ion selection and detection parameters are shown
in table 1.6. The chromatographic data was processed
with Agilent’s MassHunter software to determine sample
concentrations.

Inductively Coupled Plasma—Optical Emission
Spectrometer Method

An Agilent 5110 VDV inductively coupled plasma—optical
emission spectrometer instrument was used for yttrium analysis.
A 1,000-microgram per liter (ug/L) Scandium reference solu-
tion was used as an internal standard during analysis (361.383
nanometers). After scanning a blank to account for sample
background, standard solutions (1, 5, 10, 50, 100, 500, and 1,000
pg/L) and all sample solutions were analyzed. The instrument
configuration and experimental conditions are summarized
in table 1.7. For each sample, triplicate determinations were
performed and mean results were reported. The detection limit of
yttrium (less than 1 pg/L) in samples was determined from the
standard curve containing yttrium in the samples with 5-percent
nitric acid in water based on the usual definition as the concentra-
tion of the analyte yielding a signal equivalent to three times the
standard deviation of the blank signal. The detection limits of the
method are sufficient and permit the determination of yttrium in
S-percent nitric acid in water at background concentrations.

Table 1.4. Atimetable describing the change in liquid chromatography mobile phases (A and B) throughout the acquisition. The mobile
phases consisted of Mobile Phase A (5 millimolar [nM] ammonium acetate at pH 8.5 in 50:50 ratio of ultrapure water:methanol) and

Mobile Phase B (methanol).

Time (minutes)

Percent of Mobile Phase A

Percent of Mobile Phase B

0.0
0.05
1.25
1.5

60
20
20
60

40
80
80
40

Table 1.5. The Triple Quadrupole Mass Spectrometer conditions for the Antimycin-A quantitation.

Electrospray lonization Negative Mode

Condition

Gas temperature

Gas flow

Nebulizer pressure
Sheath gas temperature
Sheath gas flow

Nozzle voltage

350 degrees Celsius

7 liters per minute

20 pounds per square inch

295 degrees Celsius

12 liters per minute

1,000 volts




Appendix 1

Table 1.6. The Antimycin—A homolog precursor and product ion mass, fragmentor voltage, cell accelerator voltage, and collision
energy voltage parameters used by the Triple Quadrupole Mass Spectrometer.
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Antimycin-A Homolog Precursor ion Product ion Fragmentor Cell accelerator Collision energy
(volts) (volts) (volts)
Antimycin—Al 547.26 263 132 7 11
Antimycin—-A2 533.25 263 132 7 11
Antimycin—A3 519.23 263 132 7 11
Antimycin—A4 505.22 263 132 7 11

Table 1.7. Inductively coupled plasma—optical emission spectrometer operating conditions.

Operating parameter

Conditions

Read time

Relative frequency power
Stabilization time
Nebulizer flow

Plasma flow

Aux flow

Make up flow
Quantification wavelength
Qualification wavelength
Viewing mode

Replicates

Pump speed

Uptake delay

Rinse time

5 seconds

1.20 kiloWatts

15 seconds

0.70 liter per minute
12.0 liters per minute
1.00 liter per minute
0.00 liter per minute
371.029 nanometers
360.074 nanometers
Axial

3

12 revolutions per minute
25 seconds

30 seconds
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