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Abstract: This paper thoroughly reviews the mechanism of veterinary drug carryover in feed man-
ufacturing facilities, factors resulting in varying concentrations of drug carryover in processing
equipment, the impact of chemical and physical properties of drugs, and the effect of equipment type
and design. The Google Scholar database (from 1998 to 2023) was searched with words and phrases
such as drug carryover, feed manufacturing, equipment cleaning and validation, food allergen control,
sources of drug carryover, and process parameters in drug carryover. Some papers were from the
Iowa State University Library database and PubMed. Drug carryover is a function of ingredients,
nature of drugs, equipment type, process parameters, and cleaning procedures. The gaps are the
lack of commercial feed mills data on the role and interaction of nanomaterials, molasses, equipment
type, and process parameters in drug carryover in animal feed. Modification of process parameters,
e.g., airflow in bucket elevators and the interaction of feed ingredients, composition, equipment type,
and design, need to be investigated in the commercial setting to address drug carryover. Rhetorically,
can big data facilitate the standardization of cleaning procedures at feed mills? The findings can
result in drug carryover prevention/control in animal feed and animal-based human food.

Keywords: drug carryover; drug properties; equipment design; feed equipment cleaning; feed
manufacturing; mechanisms of drug carryover; nanomaterials in feed processing; process parameters

1. Introduction

Veterinary drugs administered to food-producing animals have shown tremendous
and good impacts by increasing the quality of life of the animals [1-3]. Veterinary drugs
are any substances applied or administered to food-producing animals, including meat
or milk-producing animals, poultry, fish, or bees, for therapeutic, prophylactic, or diag-
nostic purposes or modification of physiological functions or behavior [4]. According
to the Codex Alimentarius Commission (CAC), there are eleven (11) functional classes
of veterinary drugs, including Adrenoceptor agonists, anthelmintic agents, antibacterial,
antifungal, and anthelmintic, antimicrobial agents, antiparasitic agents, antiprotozoal agent,
Beta-adrenoreceptor blocking agent, Glucocortisteriod, Growth promoters, insecticides,
production aid, Tranquilizing agent and Trypanocides [5]. There are approximately eighty-
six (86) veterinary drugs recognized by the Codex Alimentarius [5]. In simple terms,
veterinary drugs are classified as antimicrobial, coccidiostats, and growth promoters [6].
Veterinary drugs are administered to the animals through the oral route and parenteral
route (including intravenous, intramuscular, subcutaneous, and intra-articular), but oral
administration is mostly preferred due to the difficulty in working with large groups of
animals [6,7].

Veterinary drugs have been added to feed for animals at manufacturing facilities to
accommodate large-scale animal feed production to meet demand. Most of the drugs
used for animals are significant in human health and can pose regulatory and global trade
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issues in countries with “zero” tolerance for residues [6]. In some cases, veterinary drugs,
e.g., Antibiotic residues, are linked to antimicrobial resistance [8,9]. Several systems, such
as Good Manufacturing Practices (GMPs), Hazard Analysis and Critical Control Points
(HACCP), and Hazard Analysis and Risk-Based Preventive Controls, are enforced by
countries to control veterinary drug residuals in commercial feed manufacturing [6]. The US
FDA 21 CER part 225 (Current Good Manufacturing Practices (cGMPs)-for medicated feeds)
mandates feed manufacturers and handlers to control the carryover of drugs from one batch
or lot to the next batch through equipment at medicated feed mills and in bulk delivery
trucks. Similarly, the Codex Committee on Residues of Veterinary Drugs in Food (CCRVDF)
had its 23rd session requesting the Food Agricultural Organization (FAO) and World Health
Organization (WHO) to provide science-based advice to mitigate the unintended carryover
of veterinary drugs into feed and subsequently, human food [6]. Carryover is a form of
contamination involving transferring an ingredient/medication/pathogen from one batch
to another and can occur during feed manufacturing, handling, transportation, and even
delivery to animals on the farm [6,10]. The scope of the review is on veterinary drugs,
and the incidences of drug carryover remain of interest to the global food system; hence,
the Codex Alimentarius of FAO/WHO organizes a series of meetings to address residues
of veterinary drugs in food. One such meeting is the 26th session of the Committee on
Residues of Veterinary Drugs in Food, which occurred in February 2023 with a focus on
extrapolating maximum residue limits (MLR) to one or more species [4]. It is important to
mention that micro-ingredients, e.g., Copper carryover, are equally important to the animal
production industry [11]. In some instances, other than the focus of this review, carryover
is defined as the residual of drugs in food of animal origin at the time of execution of
the animal as food or its by-products [12]. In feed manufacturing, carryover can occur
in a single piece of equipment, multiple pieces, or the entire production line [13]. The
phenomenon also occurs in the human food and pharmaceutical industries [14,15].

In the pharmaceutical industry, strict procedures are required to avoid patients” expo-
sure to more than 1/1000 of the usual therapeutic dose of another active pharmaceutical
ingredient (API) [12]; hence, formulation and facility design are considered for effectively
cleaning drug manufacturing equipment. Under formulation, drug manufacturers con-
sider APIs cleanability, solubility, batch size, maximum daily dose, and permitted daily
exposure, whereas, with facility design, the surface area shared between the two drugs
(contaminant, contaminated) gives the basis for risk assessment and validation test of
cleaning efficiency [16]. In the food industry, the main concern is food allergens cross-
contamination. Improper production sequencing on equipment, inadequate cleaning of
shared processing and/or packaging equipment between product lines, aerosols, and
airborne dust from allergens through static electricity, use of compressed air to clean equip-
ment, and the existence of crossover points on production equipment [17]. Prevention
of cross-contamination/carryover in the food industry is by the scheduling of process
runs to minimize changeovers, the use of dedicated systems for allergenic products, and
control of rework and work in progress. Specifically, food manufacturers are advised to
design traffic patterns and airflow in the production facility to avoid cross-contact [18]. In
pharmaceutical and food manufacturing, validation of cleaning programs is key to prevent
carryover. Water is known as the best carryover remover, but that does not apply in dry
ingredient facilities such as flour and spices and is a similar challenge to the animal feed
manufacturing industry. Dry facilities should rethink traditional equipment design to
increase accessibility and cleaning through vacuuming, sweeping, scraping, wiping with
clothes/brushes, flushing, and dry ice [19]. Due to the difficulty in cleaning processing fa-
cilities, food manufacturers place a high emphasis on the validation of cleaning procedures
through visual inspection and swabs for analytical testing such as the ATP test, Polymerase
chain reaction, enzyme-linked immunosorbent assay, mass spectrometry, etc. [17,20].

In addition to veterinary drugs, micro-ingredient carryover is a persistent challenge in
feed production and transportation [13]. Although there is limited public reported data by
feed mills on micro-ingredient carryover in animal feed, it is evident that inorganic elements
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added to animal feed in excess result in detrimental effects [21,22]. An example is Selenium,
anutrient that is necessary for the prevention of muscle disease, but concentrations between
10-25 ppm can be toxic to horses and other ruminants [23]. It is important to mention
that most of the available peer-reviewed papers on drug carryover focused on developing
analytical methods to analyze feed and feed ingredients [24-28]. However, a few of the
peer-reviewed papers on the feed manufacturing process and management of safety [22]
mostly exclude the impact of feed manufacturing equipment parameters [10,21,29,30].
From the few research papers that focused on drug carryover during feed manufacturing,
the finished feed bins and bucket elevators remain where maximum drug carryover is
reported [10,13,30,31]. Drugs are less quickly cleaned from the elevator boots, resulting
in accumulation at the bottoms and possibly corners of the elevator. If carryover is not
properly controlled, contaminated feed can harm species vulnerable to the accidental veterinary
drug they eat [6,8]. Also, there is the possibility of these drug residues in food of animal
origin, such as meat, milk, and eggs, which can be unsafe for human consumption. Antibiotic
resistance of human and animal pathogens partly originated from excessive use of antibiotics
intentionally and unintentionally from carryover to untargeted animals [6,32,33]. Economically,
feed producers and animal farmers may incur financial losses due to drug carryover in feed
products and subsequent product recalls. From the US FDA routine animal feed recalls,
some reasons are based on elevated levels of drugs and micro-ingredients [34], although
investigations findings have not been published to determine the role of drug carryover.
The most effective cleanout procedure is a thorough cleaning of the feed manufacturing
equipment, but the procedure is effort-demanding and time-consuming [6,10,35]. As part
of the US FDA CGMPs, feed mill operators must use flushing and sequencing to control
drug carryover [10,36]. Sequencing is the pre-defined succession of feed manufacturing
to prevent contamination of subsequent batches, but its application is challenging for
low-production facilities. This is usually done in high-production facilities with enough
volume to predefine weekly production schedules. On the other hand, in both large and
smaller facilities, the cleaning technique is flushing, done using the cheapest available grain
(typically corn), ground to approximately 500 microns, and conveyed the same way the
medicated feed is to clean equipment [10]. To prevent economic loss, facilities that use
flushing as their cleanout procedure label the flush material as re-work and use it in future
medicated diets [10]. The danger lies in cross-contamination if proper care is not taken in
labeling and storing the flush material. The U.S. FDA recommends using 50-100 g/kg of
the mixer’s total capacity as the flush material, assuming that the residual drug in the feed
manufacturing system will not be higher than the drug tolerance levels in subsequent feed
batches [10,36].

Some pilots and industrial studies have been conducted to understand and remedy
drug carryover in manufacturing equipment, but this paper is a thorough review of the
mechanism of drug carryover in feed manufacturing facilities, factors resulting in varying
concentrations of veterinary drug carryover in different parts of processing equipment, the
impact of chemical and physicochemical properties of drugs, and the effect of equipment
type and design. The paper also compares the effectiveness of equipment cleaning and
drug carryover prevention methods in feed mills to methods employed by food processing
companies and drug manufacturers to control allergen and drug cross-contamination,
respectively.

2. Materials and Methods

The information in this review was collected through an extensive literature review by
assessing the Google Scholar database on keywords such as feed technology, food allergens,
pharmaceutical cleaning, classification of veterinary drugs, and validation research papers.
The database search consisted of papers published from 1998 to 2023. Some articles were ac-
cessed through the Iowa State University Library database and PubMed. During the review
of information, keywords and phrases searched included feed additives, drug carryover,
feed manufacturing, equipment cleaning and validation of cleaning, food allergen process
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control, sources of drug carryover, and process control for drug carryover. This included a
combination of these words and phrases. The Food and Agriculture Organization (FAO)
technical reports on veterinary drug carryover were reviewed to understand the global
significance of drug carryover. In addition, the FAO/WHO Codex Alimentarius was a
go-to website for reviewing the categories of veterinary drugs.

3. Results and Discussion
3.1. Veterinary Drugs as Feed Additives

Veterinary drugs are grouped into antimicrobial, coccidiostats, and growth promot-
ers [6]. Veterinary drugs are administered to animals through the oral route and par-
enteral [7], but oral administration of veterinary drugs to animals is mostly preferred
due to the difficulty in working with large groups of animals [6]. Medicated feeds are
manufactured by adding veterinary drugs to animal feed during manufacturing and fed to
the animals [26,37—-41].

Antimicrobials such as antibiotics are microorganism-killing or inhibiting compounds
added to animal feed for the treatment and prevention of diseases and growth promo-
tion [1,8]. Governmental regulatory bodies around the world have set laws to control the
use of antibiotics in animal feed, e.g., the ban on use for growth promotion due to instances
of antibiotic resistance [42—48]. Antimicrobials added to feed include but are not limited
to 3-Lactams (Penicillin and Cephalosporin), tetracyclines, chloramphicols, macrolides,
spectinomycin, lincosamide, sulfonamides, nitrofuranes, nitroimidazoles, trimethoprim,
polymyxins, quinolinones and macrocyclines (ansamycins, glycopeptides and aminoglyco-
sides) [1,8,40].

Coccidiostats are parasite-killing compounds used by the poultry industry to kill
coccidiosis-causing protozoans [2,49]. The eleven (11) authorized coccidiostats used as feed
additives include ecoquinate, diclazuril, halofuginone, lasalocid, maduramicin, monensin,
narasin, nicarbazin, robenidine, salinomycin, and semduramicin [50]. Concerns are raised
about using coccidiostats as feed additives in single production lines due to carryover to
feed for untargeted and sensitive species such as turkeys and horses [10,50].

Although all non-nutrient feed additives, such as antibiotics, can be called growth
promoters, Beta-agonists are the actual growth promoters that are added to feed to improve
utilization by animals [51,52]. Growth promoters, e.g., Ractopamine and Zilpaterol, remain
controversial drugs approved by countries such as the US but not others [53,54].

3.2. Veterinary Drugs Carryover in Feed Manufacturing

Drug carryover may be prevented through equipment and factory design for new
facilities and by designating different equipment for specific animal species feed [38] that
could come with an extra investment cost. Not many studies have been conducted to
determine equipment parameters that can be modified to address the challenge for existing
feed manufacturing facilities. Instead, researchers mentioned that equipment must be easily
accessible for dismantling and cleaning [19]. In practice, most feed manufacturing compa-
nies are limited by time for such laborious activities, raising the question for researchers
and manufacturing engineers to study equipment parameters that can be easily modified
to address carryover. To compare, in the food industry, contact surfaces for manufactured
foods are mostly smooth to avoid crevices, projections, and edges that can cause carryover.
Ironically, food companies use surfaces of high Ra values but still must deal with carryover
or cross-contamination of allergens [20].

In the feed industry, some specific locations in the processing line for drug carryover
and the proposed mechanism of the carryover incidents are presented in Table 1. Although
the Agricultural Extension group detailed some possible causes of drug carryover in
different feed manufacturing equipment (Table 1), a greater impact can be achieved if
research engineers validate the factors listed. One such factor is that drug carryover in the
bucket elevator results from residual feed remaining in buckets and boots and electrostatic
or moisture hang-up (Table 1). The claim is partially supported by the findings that fine
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particles of feed ingredients and micro-tracer during carryover (9.8%) are affected by the
feeding angles of the test bucket elevator, and conducting an up-scale industrial experiment
to validate the findings is necessary [30].

Table 1. Proposed sources of drug/ingredient carryover in feed equipment by Extension Services [39].

Equipment Form of Carryover

The prolonged return of dust to the manufacturing line
Dust system Extreme pickup of drugs and carrier
Hang-up (electrostatic or moisture)

Residual feed lingering in the mixer
The buildup of material on ribbons and walls

Mixer Electrostatic hang-up on walls and top
Leaking mixer gate (not fully closed)

Suree bin Partial clean-out

& Electrostatic or moisture hang-up

Conveyors Same as the surge bin
Residual feed remaining in buckets and boots

Elevators . .
Electrostatic or moisture hang-up

Bins Bridging

Residual feed from the partial cleanout

Error in bin chart records
Bulk truck Partial clean-out
Bridging and hang-up

In addition to equipment type, certain feed ingredients such as processed animal
by-products (PAP), including meat and bone meal, poultry by-products, blood meal, and
feather meal from unspecified species can present drug carryover in non-target food-
producing animals (Table 2) [6]. The implementation of the Codex Alimentarius Maximum
Residue Limit (MRL) for the eighty-six veterinary drugs in different animal species [55] and
other country-specific MLRs can also help to resolve the incidence of drug carryover when
processed animal by-products (PAP) are used for feed manufacturing [56]. For instance,
in 2008, the US FDA detected Virginiamycin and Erythromycin in distillers” dried grains
(DDGs) after fermentation (Table 2). The two antimicrobials are added to the fermentation
of DDGS to prevent bacterial growth but raise concerns about carryover in animal feed.
Rhetorically, has the challenge been resolved to keep the grain processing and feed manu-
facturing industries thriving safely? The FAO/WHOs report in 2019 calls for researchers to
also focus on the incidences and impact of drug carryover resulting from the non-intentional
introduction of medications from feed ingredients (Table 2). It is important to mention that
the information provided in Table 1 is an industrial representation of drug carryover, which
necessitates the need for researchers to conduct experiments to support the claim by the
industry. There is limited data on the use of PAP for feed manufacturing in developing
countries, hence creating a gap for researchers to investigate the possibility of the use of
PAP and drug carryover challenges. To be circumspect, bucket elevators are mentioned as
the main source of veterinary drug carryover [10,13,30]. To this challenge, residual feed
remaining in buckets and boots and electrostatic or moisture hang-up are proposed to be
the reasons (Table 1) [30,39]. Ironically, there is limited published research to validate the
claim, raising the need to conduct experiments focused on explaining the interaction of the
chemistry of the veterinary drugs and engineering parameters of buckets elevators on drug
carryover [39]. In perspective, it is justifiable and necessary to understand the interaction
of the chemistry of veterinary drugs, feed ingredients, and engineering parameters in drug
carryover for all individual feed equipment. A list of troubleshooting steps for different
feed manufacturing equipment to control drug carryover in feed processing equipment,
e.g., for the bucket elevator, proposed checks include adjusting bucket clearance in boots,
installing air sweep jets, and remodeling boots for a more complete cleanout is provided in
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Table 3 [39]. Again, as an example, how much published research data exists to support the
cleanout level from air sweep jets and remodeling of boots? Considering Tables 1 and 3,
more avenues exist to reignite research on the parameters of different feed equipment and
the interaction with drugs and feed ingredients leading to drug carryover.

Table 2. A list of some drugs identified in processed animal by-products for feed manufacturing.

Drugs Identified Place Identified Source Reference
Monensin, Flumequine, Meat, bone meal,

Enrofloxacin, . poultry by-products,

Trimethoprim, Tylosin, European Union blood meal, feather [6,26,37,57,58]
Ciprofloxacin meal

Fluoroquinolones,

tetracycl.mes, folic acid Umtefi States of . Feather meal [26,58-60]
antagonists, and America and China

streptogramins

Table 3. Proposed troubleshooting to control drug carryover by an Extension service [39].

Mode of Carryover Proposed Corrective Action

Ground wire to the equipment of interest
Use a non-electrostatic type of premix
Use liquid ingredients to limit dust
Vibrators to shake hang-up loose

Electrostatic hang-up

Adjust air velocity at collection points
allow more time for dust to clear up

Delayed or extended dust Use liquid ingredients to reduce dustiness
return Collect and discard dust following the production of medicated
feeds

Remodel dust system

Adjust ribbons or paddles
Install plastic ‘wipers” on ribbons
Mixer residues Install air sweep jet for cleaning
Remodel discharge for a more complete cleanout
Add drug when mixer is 1/7 to 3/ 4 full

Adjust for a more complete cleanout

Surge bin, conveyor residues Remodel bin or discharge

Adjust bucket clearance in boots
Elevator residues Install air sweep jets
Remodel boot for a more complete cleanout

Manual inspection and cleaning when changing the kind of
Bin residues feed stored
Install vibrator or air sweep jets

Flush blender and dies
Adjust the dryer for a more complete cleanout

Pellet mill and dryer residues

Use production schedule
Entire system Allow time between kinds of feed for manual cleaning of the
system

3.3. Mechanism of Drug/Micro-Ingredient Carryover
3.3.1. Chemical and Physicochemical Properties of Veterinary Drugs

The feed type and composition of the veterinary drugs are significant in determining
the carryover amount [6,13]. In general, factors proposed to influence carry-over are
electrostatic charge, particle size, hygroscopic nature of drugs, segregation, equipment
design, and infrastructure, as well as cleaning methods of the line [27,61]. Some veterinary
drugs used in feed are presented with a summary of the main characteristics of the drugs
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resulting in their carryover (Table 4). The few numbers of references in Table 4 indicate that
most of the papers identified hardly focused on determining the mechanism of carryover.
Significantly, among antimicrobials, Tetracyclines, Sulfonamides, and Penicillin are mostly
implicated with carryover in feed due to their powdered nature and high electrostatic
charges [6,13]. The antimicrobials adhere to equipment surfaces and are challenging
to clean. Some manufacturers are now producing granular versions of these drugs to
address the problem [6,13]. Particle size and segregation fall in the same category since
a high variation within the same ingredient and between different ingredients results in
segregation. The possibility of controlling carryover by limiting particle size variation
between ingredients used for feed manufacturing must be investigated. For coccidiostats,
e.g., Monensin, the main implication is the harm caused to other non-target species, such
as horses [62]. Growth promoters, e.g., Ractopamine, remain controversial drugs approved
by countries such as the US but not others [53,54]. Although growth promoters are not
approved in other countries, except the US, calls for research to understand the mechanism
of its carryover in non-targeted feed is necessary.

Nanotechnology is an emerging technology involving the operation of constituents on
an atomic or molecular scale (0.1-100 nm in size) with vast applications in diverse fields of
study, such as medicine [46].

Currently, nanotechnology has been implemented in producing feed ingredients such
as drugs to improve feeding efficiency and nutrition, minimize losses of animals due to
diseases, and convert waste to value-added products [6,46,63]. As researchers call for the use
of Nanomaterials, e.g., oxides of Magnesium oxide, Silver, and Copper nanoparticles [46,64]
in place of antibiotics, there is a need for proactive studies to investigate the impact of
nanomaterials in drug carryover of animal feed.

Table 4. Some veterinary drugs implicated in carryover and the proposed characteristics leading to
carryover in feed.

Drug Type Main Characteristics Reference
Tetracyclines,
Penicillin, Amoxicillin, Physical characteristics
.. . . Chlorotetracycline, High concentrations added to feed [6,47,65]
Antimicrobials/ Antibiotics Doxycycline, Florfenicol, Ivermectin, Highly electrostatic and dusty [6,66]
Lincomycin, Tiamulin (powdered form)
Sulfonamides

Lasalocid, maduramicin, monensin,

nicarbazin, narasin, salinomycin and . .
y High electrostatic dusty (powdered

Coccidiostats semduramicin, decoquinate, diclazuril, [6,61,67]
. . . . form)
clazuril, halofuginone, nicarbazin,
robenidine and amprolium
Ractopamine
Growth promoters Zilpaterol .
(B-adrenergic agonists) Clenbuterol Not discussed clearly [6,54]

Hydrochloride (not approved)

3.3.2. Impact of Feed Composition and Ingredients

In the experimental setting, a full ingredient list and quantity of each ingredient for
both medicated feed and non-medicated to study Nicarbazin carryover were provided [10].
Subsequent research to compare carryover in different compound feeds providing all
the feed ingredients and the respective amounts can help researchers understand drug
carryover more efficiently.

In the case study setting (commercial) for drug carryover, the identified research
papers did not discuss the impact of feed composition and ingredients on drug carryover
except for the comparison of mean % carryover about the drug doses with the nutritional
composition of labels and finding low correlations with crude proteins, calcium and many
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more [61]. Feed samples were from 25 feed mills in Brazil, and 63% had carryover greater
than 1% of the required doses [61]. In a similar fashion, models were developed to pre-
dict drug carryover in a feed mill to the farm; variables included in the model were the
probability of cross-contamination, the weight of the flush, the weight of the batch, the
weight of total feed produced, the number of cross-contaminations, the flush weight of
cross-contamination, and flushing per country excluding feed composition and ingredients
used [29]. Future research, including feed formulation and ingredient type, will provide an
in-depth understanding of reducing drug carryover in animal feed.

Although there are limited studies to understand the role of feed ingredients in
drug carryover, liquids such as molasses, fat, or water added to the feed formulation are
recommended to control the segregation of ingredients and drug particles [19]. Liquids
aid agglomeration, but some liquids, e.g., sugar molasses, can stick to equipment and
bins, leading to a high risk of carryover, while soybean molasses has a lower viscosity [28].
Conducting studies to understand the role of varieties of molasses with different viscosities
in drug carryover and the means of controlling it will provide more information to support
the feed industry.

3.3.3. Impact of Equipment Types and Design

The basic feed mill equipment is a hammer mill/roller mill, mixer, surge bins, el-
evators/conveyors, and finished feed bins [10]. Equipment flushing is the use of raw
feed ingredients such as corn meal to clean out equipment in between the production of
medicated feed and non-medicated feed. Sequencing is the predefined succession of feed
production to possibly prevent drug carryover [13,31]. Veterinary drug carryover is traced
to individual equipment, multiple equipment, and transportation of both medicated and
non-medicated feed without proper steps to avoid cross-contamination [10,13,19]. In the
production line, carryover is traced to some ingredients, mixers, conveyors, surge bins,
elevators, and finished bins [10]. Varying time of sample collection, factory construction,
place of sampling, number of samples, and their interaction on levels of carryover of some
antibiotics to determine homogeneity of carryover with time [13]. The findings indicate
that carryover can reduce with time and the number of runs but can also vary in the same
equipment at a facility, resulting in inhomogeneity of drug carryover [13]. Establishing
a system based on the homogeneity of drug carryover for feed mills is difficult, and one
possible reason is the lingering of the medicated feed in corners of the equipment, e.g., the
buckets of elevators, even after flushing. Although flushing can reduce carryover in the
mixer to a very low level (below the Maximum Residue Limit) [10], an experiment on the
effect of liquid application time and wet mix time with different mixers (double ribbon,
paddle mixer, twin shaft counter poise mixer) indicated that increasing wet mix time had a
greater effect on % coefficient of variation (CV) for double ribbon paddle mixer and paddle
mixer but not for twin shaft counterpoise mixer [68]. While extended liquid application
times are beneficial, there must be a minimum wet mix time after all the liquids have been
added to the mixer. In Brazil, all the feed mills in the case study did not meet the coefficient
of variation of the mixture homogeneity as required by the Brazilian government [61]. It
is important to state that Brazil’s standard for % coefficient of variation is 5%, which is
very stringent compared to 10% of other countries such as the US. Finding the impact of
the liquid application time and wet drying time on carryover in the mixer and other feed
equipment is a step toward understanding drug carryover better.

Although determining the homogeneity of drug carryover is challenging, researchers
have consistently mentioned that the highest concentrations of drug carryover happen
in the bucket elevator and finished feed bins. Nicarbazin concentration after flushing
the feed manufacturing line ranges from 1.8 x 10~* mg/kg to 3.18 x 10~* mg/kg in the
bucket elevator and 9.10 x 1075 mg/kg to 3.18 x 10~* mg/kg in the finished feed bin [10].
Similarly, multiple drug carryover ranges from 0.1-154 mg/kg without indicating the
specific area in the process line where samples were collected [13]. We sought to identify
possible research papers that compared types of mixers, bucket elevators, and finished feed
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bins on drug carryover, but we did not find any implying that the research gap must be
addressed.

3.3.4. The Influence of Process Parameters

Experimental studies on industrial sites have attributed drug carryover to equipment
between the mixer and pellet mill, implying that bucket elevator is a significant source
of carryover, and deposits of fine particles on the walls of buckets are the culprit [10,30].
Further, the phenomenon of drug carryover is proposed in two phases, which are the
separation of medicated feed particles from the first run and the collection of medicated
feed into the second non-medicated feed run [30]. The head and foot areas of bucket
elevators are known to have higher deposits of drugs. Interestingly, particle size analysis
shows that the particle size distribution of the deposits is under 200 um [30]. It is argued that
deposits on the leg have high particle size as compared to deposits on walls and the head
area. The inference is that deposits on the legs are from unpicked products from buckets
and down leggings, and the first phase of drug carryover is influenced by the interaction
between the discharge spout angle and discharge type (centrifugal or gravity) [30]. In the
second phase, the concentration of residue collected in subsequent feed is attributed to
the interaction of space between bucket walls and discharge type to this phase [30]. To
further explain, these parameters are located on the head of bucket elevators and may
influence airflow in this area. Unfortunately, the researchers only focused on discharge
parameters to explain drug carryover, and the experiment was on a small-scale test bucket
elevator. Also, airflow in bucket elevators may not only be contributed by head parameters,
but an experiment to explain how modification of buckets influences airflow may help
understand and reduce drug carryover through bucket elevators. The few and current
review papers in feed manufacturing (e.g., Future Directions) focused on the entire feed
technology to meet challenges in the world, while the current review is a specific one to
address the importance of conducting research to better understand process parameters
of processing equipment in controlling drug carryover. It is significant to mention that
some claims are made by the extension services (Tables 1 and 3) in the feed industry, and
conducting experiments to validate them will interest the entire industry in meeting feed
safety regulations. It is also important to mention that the review calls for future research
to be conducted in commercial /larger feed mills (if possible) together with studying the
effect of process parameters on drug carryover.

3.4. Cleaning Procedures to Control Drug Carryover

Food safety regulations such as the US FDA CGMPs and Codex Alimentarius are
directives to help medicated feed manufacturers prevent drug carryover. The cleaning
procedures proposed to control drug carryover are full cleaning, sequencing, and/or flush-
ing [10,31,69]. Full cleaning of production lines is the most effective choice, but considering
the schedule and production rate of feed mills, routine full cleaning is not practical. Most
facilities resort to a combination of flushing and sequencing of feed. Sequencing of feed is a
challenge for smaller feed mills to implement. The FDA recommends using a 50-100 g/kg
mixer capacity as flush material. The effectiveness of the flush size recommended by the
FDA and found a significant reduction in drug carryover [10]. Yet, the concentrations
of drug residue in bucket elevators and finished feed bins were relatively high, raising
concerns for further studies to address the problem. This is a significant problem to address
after the medicated feed is contaminated with the immediate medication used and because
other researchers have found that drug carryover is inhomogeneous. Sometimes, non-
medicated runs after the medicated feed are contaminated with the immediate medication
used and medication used in several batches earlier [13]. Contrarily, in cattle feedlots, one
sequencing decreased drug residue by 99% [31]. In support, a 1% flush size effectively
avoids the remnant of narasin and monensin in poultry feed [10]. Also, the end-of-line
mixers prevented drug carryover, which is not feasible for commercial feed mills [29]. In
the aquaculture industry, drugs are added to pellets post-manufacturing and effectively
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prevent drug carryover [38]. Experimental studies to determine the application of aquacul-
ture techniques in producing other commercial feed while addressing its shortfalls, such
as reduced palatability, can be helpful in the quest to control carryover. Could standard
cleaning procedures be developed based on developed models from industry-collected
data to improve cleaning procedures at feed mills?

4. Conclusions

Although future research is needed to understand and remedy veterinary drug carry-
over at feed mills, the phenomenon is a function of ingredients, nature of drugs, equipment
type, process parameters, and cleaning procedures. Ingredients such as meat, bone, blood
and feather meals, and other poultry by-products are the ingredient source of drug car-
ryover. The electrostatic charge, particle size, and hygroscopic nature of drugs such as
antimicrobials facilitate segregation, leading to drug carryover. The bucket elevator and
finished feed bin are identified as major sources of drug carryover during feed manufactur-
ing. Currently, sequencing and flushing can reduce drug carryover if applied appropriately
since full cleaning can be challenging. Despite the limited information on process parame-
ters on drug carryover, airflow in elevator buckets, discharge spout, and discharge angle
were proposed to impact drug carryover in a pilot lab setting.

The gaps are the lack of commercial feed mills data on the role and interaction of
nanomaterials, molasses, equipment type, and process parameters in drug carryover in
animal feed. Modification of process parameters, e.g., airflow in bucket elevators and
the interaction of feed ingredients, composition, equipment type, and design, need to be
investigated in the commercial setting to address drug carryover. Rhetorically, can big data
facilitate the standardization of cleaning procedures at feed mills? The findings can result
in drug carryover prevention/control in animal feed and animal-based human food.

5. Future Directions

Future research on the list of possible causes and corrective actions of drug carry-
over in different feed manufacturing equipment (Tables 1 and 3) must be validated by
research engineers through experiments. Policymakers can consider applying the Codex
Alimentarius Maximum Residue Limit (MLR) for the eighty-six veterinary drugs, and other
country-specific MLRs could be impactful in resolving some incidences of drug carryover
through processed-by-products used for feed manufacturing. Also, experiments on drug
carryover during feed manufacturing should factor in feed ingredients, and formulations
feed forms (mash or pellets) as possible variables to be studied. Conducting studies to
understand the role of varieties of molasses with different viscosities in drug carryover and
the means of controlling it will provide more information to support the feed industry. As
researchers call for the use of Nanomaterials, e.g., oxides of Magnesium oxide, Silver, and
Copper nanoparticles in place of antibiotics, there is a need for proactive studies to investi-
gate the impact of nanomaterials in drug carryover of animal feed. Designing experiments
by varying process parameters such as airflow, discharge type, etc. of feed equipment,
e.g., bucket elevator, can help research engineers identify possible means of controlling in-
homogeneity in drug carryover. The research gap to identify the use of PAP for animal feed
manufacturing in developing countries and to identify possible drug carryover issues will
proactively protect public health. Although growth promoters are not approved in other
countries, except the US, calls for research to understand the mechanism of its carryover
in non-targeted feed is important. Lastly, most experiments, e.g., on process parameters,
are conducted at small pilot plants or lab settings; hence, upscaling to commercial feed
mills poses a non-linear relation problem. Collecting drug carryover/cross-contamination
data from multiple commercial feed mills can generate models to address drug carryover and
inhomogeneity and standardize cleaning protocols through big data, and machine learning.
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A List of acronyms mentioned in the paper.
Acronym Full Meaning
US FDA United States Food and Drugs Administration
CFR Code of Federal Regulations
CGMPs Current Good Manufacturing Practices
API Active Pharmaceutical Ingredient
ATP Adenosine triphosphate
PAP Processed animal by-product
DDGs Distillers” dried grains
Ra values Roughness average values
FAO Food and Agriculture Organization
WHO World Health Organization
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