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Abstract

Plant-derived compounds have been recognized by the feed industry as im-
portant supplements for livestock welfare and health. In this context, Citrus
aurantium L. extract and Origanum vulgare L. essential oil have been demon-
strated to have strong anti-inflammatory and antioxidant effects on animals.
Being the composition of plant-derived extracts extremely influenced by the
environmental and growing conditions of the plants, quality control is neces-
sary in terms of the concentration of the active compounds to assure the re-
producibility of natural feed additives. The present work aimed at the valida-
tion of the extraction procedure from feed additives of Hesperidin (HES) and
Carvacrol (CAR), the main active compounds of Citrus aurantium and Ori-
ganum vulgare extracts. Then, the quantification method of both the analytes
was developed and validated by reversed high-performance liquid chromatogra-
phy coupled with a UV detector. The validated method was tested on premix-
tures and final feed additives supplied by a local feed factory to supervise the
production chain. The extraction method with methanol resulted to be effi-
cient and highly reproducible, with recovery higher than 90% for both the
analytes. The chromatographic method has been demonstrated to be accu-
rate, precise (relative standard deviation percent lower than 2.06%), and li-
near in the tested range concentrations, with regression coefficients equal to
0.995 and 0.999 for HES and CAR respectively. The method demonstrated that
the feed additives prepared by the factory by diluting the premixtures were less
concentrated than what was declared on the label.
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1. Introduction

Intensive animal agriculture incredibly increased in the last decades due to a
higher demand of animal-derived food (such as milk and meat). Intensive farm
practices are more convenient for profit, more efficient for the management, and
ensure affordable food prices. However, intensive farming has seriously com-
promised animal life and welfare by confinement [1]. As a consequence of lives-
tock management, animals are affected by chronic stress, inflammatory and in-
fectious diseases which might seriously impact animal health and performance
[2] [3]. Therefore, the employment of synthetic non-steroidal anti-inflammatory
drugs and antibiotics is a common practice in farms for disease treatment. In
addition to these, other veterinary drugs are used for treatment, such as tranqui-
lizers, antiparasitic, anthiasmatics, growth promoters, or for prophylaxis of in-
flammatory diseases [4] [5]. However, their administration is essential for livestock
health and productivity, the widespread use of these substances represents a risk
for consumers [6] [7]. Indeed, recent reports have highlighted the presence of
drug residues in animal-derived products, such as milk, eggs, and meat [8] [9]
[10]. In recent years, strong market pressure is being applied on livestock to be-
come Clean, Green, and Ethical (CGE). The CGE approach involves the reduc-
tion of synthetic drugs, the reduction of the impact of animal industries on the
environment, and the improvement of animal welfare [11]. Furthermore, in 2006,
the European Union banned the employment of antibiotic growth promoters
in animal nutrition to fight the emergence of antibiotic-resistant bacteria [12].
In this context, Phytogenic Feed Additives (PFAs) represent a valid alternative to
the use of synthetic drugs due to the antioxidant, antimicrobial, and anti-inflamma-
tory activities of plant bioactive compounds [13] [14] [15]. In addition to these
therapeutic properties, they demonstrated to ameliorate the performance and the
quality of animal products by acting as immunomodulators and digestive stimu-
lants [16] [17]. PFAs are commonly classified as various secondary plant metabolites
(phenolic acids, terpenes, flavonoids, and essential oils), and they might be recov-
ered from plant food industry by-products in the perspective of a circular econo-
my, with the aim to reduce industrial waste and increasing environmental sus-
tainability [18]. Moreover, the focus on employing “recycled” secondary plant
metabolites in livestock highlights the possibility of their usage in organic farms
[19].

In the last years, the dietary effects of Citrus extract (Citrus aurantium L.) and
oregano essential oil (Origanum vulgare L.) have been demonstrated on differ-
ent animal-producing food, and their employment is admitted as feed additives
[12]. Hesperidin (HES) is the most important flavanone glycoside found in the
peel of citrus fruits, and it is normally recovered from the wastes of the food in-
dustry [20] [21] [22]. HES has shown good anti-inflammatory and antioxidant
properties in animals, and therefore has the potential to prevent chronic diseases
[23]. Furthermore, several authors recently proved that HES supplementation

could ameliorate the composition, antioxidant, and microbial qualities of chick-
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en meat [24] [25] [26] [27] [28]. Oregano essential oil is extracted by steam dis-
tillation and it is commonly used in the food industry and feed production as a
flavoring agent. The beneficial activities of oregano essential oil are mainly at-
tributed to carvacrol and thymol which are the most abundant monoterpenes.
Carvacrol (CAR) and thymol are phenolic monoterpenes with a strong free-radical
scavenging action, conferring the essential oil antioxidant and anti-inflammatory
properties [29]. In addition, CAR has been demonstrated to exert a beneficial
probiotic effect in porcine, and positive effects on intestinal morphology in poultry
[30] [31].

The administration of citrus extract and oregano essential oil, along with oth-
er natural extracts, as feed additives in livestock nutrition, could represent a va-
lid solution to enhance animal welfare. The quality control of feed additives or
their premixtures (PMs) is necessary to assure the reproducibility of the benefi-
cial effects. In addition, also the raw materials employed for the production of
PMs should be characterized regarding the concentration of active compounds
to establish the dilution for the production of the final formulation. Thus, the
present work aimed at the development of an efficient extraction procedure of
HES and CAR from both PMs and final feed additives for their quantification.
Furthermore, a reverse-phase High-Performance Liquid Chromatography (HPLC)
UV method was validated for the simultaneous quantification of the analytes.
The chemical structures of HES and CAR are displayed in Figure 1.

2. Method
2.1. Materials

Two PMs and three final feed supplements (FS) were kindly gifted by APA-CT
S.r.l. (Forli, Italy). The PMs were obtained with a powder blender containing

Hesperidin (HES) Carvacrol (CAR)

OH

OH

HO o)

Figure 1. Chemical structures of Hesperidin (HES) and Carvacrol (CAR).
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hydroalcoholic extracts of Echinacea spp., Rosa canina, Glycyrrhiza glabra, Ci-
trus aurantium, and essential oil of Origanum vulgare. The excipients contained
in the PMs were inorganic materials. The supplied FS are dilutions of the PMs at
different concentrations: FS-A1l and FS-A2 were obtained from PM-A at the fi-
nal concentration of 40% and 10% w/w of the PM in silica, respectively. Finally,
FS-B1 was obtained by diluting PM-B with dextrose at the concentration of 10%
w/w.

For the HPLC method validation, HES and CAR were provided from Extra-
synthese (Genay, France) and Sigma-Aldrich (Milan, Italy) respectively. The In-
ternal Standard (IS) methyl parahydroxybenzoate was purchased from Carlo Erba
Reagenti (Milan, Italy).

Acetonitrile (ACN), methanol (MeOH), dimethyl sulfoxide (DMSO) were pro-
vided from Sigma-Aldrich (Milan, Italy). All the solvents were of analytical gra-
de.

2.2. Preparation of Standard Solutions

Stock standard solutions of HES (0.2 mg/mL) and CAR (2 mg/ml) were prepared
by dissolving them in MeOH. The Internal Standard (IS) solution was prepared in
MeOH at the concentration of 1.65 mg/mL. All solutions were stored protected
from light at 4°C until use. Under these conditions, the drugs and the IS resulted

to be stable up to one month.

2.3. Extraction of HEP and CARYV from PMs and FSs

The samples were extracted by dynamic maceration. Briefly, a weighed amount
of the sample (2.5 g of the PMs, and 5 g of the FSs) was extracted with 25 mL of
MeOH under magnetic stirring for 4 h. The solution was then filtered under re-
duced pressure. The residue was extracted with the same procedure for a second
time with 15 mL of MeOH for 30 min, and for a third time with 10 mL of MeOH
for 30 min. The filtrates were combined and adjusted at the final volume of 50
mL with MeOH in a volumetric flask. Before the addition of the extracting sol-
vent, 2.5 mL of IS solution were added to obtain in the final solution the con-
centration of 82.75 ug/mL.

To evaluate the efficiency of the extraction, the solid-to-solvent ratio was de-
creased. Thus, the procedure was also conducted by extracting 1 g of the PMs
(the samples with the highest content of active ingredients) with the same pro-

cedure described above.

2.4. Chromatographic Conditions

The HPLC analyses were performed on an Agilent 1100 system (Agilent Tech-
nologies, Waldbronn, Germany) equipped with a quaternary pump, an auto-
sampler, and a UV detector. System management and data acquisition were car-
ried out by the HP ChemStation software. Chromatographic separation was achie-

ved with an Ascentis express C18 column (15 cm x 3.0 mm X 2.7 um) (Supelco,
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PA, USA) at 25°C. The mobile phase consisted of H,O (A) and ACN (B). The
gradient elution was set as follows: 0 to 5 min, isocratic at 20% (B); 5 - 20 min,
linear gradient from 20% to 80% (B); 20 - 22 min, isocratic at 80% (B). The equi-
libration period was 10 min long and the total run time was 32 min. The flow
rate was set at 0.4 mL/min and the injection volume was 3 pL. The detection

wavelength was 278 nm.

2.5. Method Validation

The present study was validated in agreement with the international guidelines
for analytical methods for quality control of veterinarian products (VICH guide-
lines) [32]. The validation of HPLC-UV method was based on the following cri-
teria: linearity, precision, accuracy, Limit of Detection (LOD), Limit of Quanti-
tation (LOQ), and recovery.

1) Calibration and quality control samples

Ten-point calibration curves were used to determine linearity. Calibration
samples of HES and CAR were prepared in the range of 2.00 - 90.00 pg/mL and
5.00 - 170.00 pug/mL respectively, by diluting the standard stock solutions. The
internal standard was added to all the working solutions at the final concentra-
tion of 82.75 ug/mL. All calibration curves were analyzed in triplicate. Linearity
was assessed by plotting the ratio between drug peak areas and IS peak area ver-
sus the corresponding drug concentrations. Least-squares linear regression fits
were performed by using GraphPad Prism 8.4.3 (GraphPad Software, Inc., San
Diego, CA).

Quality Control (QC) samples were prepared at three different concentration
levels of analytes. The concentrations were 2.00, 45.00, and 90.00 pg/mL for HES,
and 5.00, 100.00, and 170.00 ug/mL for CAR.

2) Precision and accuracy

The precision and the accuracy of the chromatographic method (intra- and
inter-day variation) were evaluated by replicated analyses of the QC samples at
low, medium, and high levels (n = 5, each). Method precision was expressed as
percent relative standard deviations (RDS %) of the “found” values: RSD% =
(SD/Mean) x 100. Method accuracy was obtained by comparing the concentra-
tion obtained from the calibration curve with the true concentration value of the
analytes. Results are expressed as a percent of the estimated concentration.

3) LOD and LOQ

Limit of Detection (LOD) and Limit of Quantitation (LOQ) were calculated as
signal-to-noise ratio 3:1 and 10:1 respectively, for each analyte. The LOD and the
LOQ concentrations were validated by analyzing drug solutions at the same
concentrations.

4) Recovery

The recovery of the extraction was assessed by comparing the level of HES and
CAR in the extracted samples (spiked before extraction) to that of unextracted sam-
ples (at low, medium, and high concentration levels (n = 3, each). The excipients

used for feed additives formulation were mixed at the same ratio as the real sam-
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ples and used as matrix for the recovery.

3. Results and Discussion

The feed industry has recognized plant-derived compounds as important sup-
plementary additives for livestock in recent years. Indeed, PFAs include both fla-
voring and bioactive ingredients, essentials for animal welfare and growth. Plant-
derived extracts may largely vary in composition depending on the environmental
conditions or might degrade during feed preparation processes. As a consequence,
for both the feed industry and the farmers it is important to quantify the con-
centration of the beneficial ingredients. In this manner, the feed ration can be
optimized depending on the livestock and the final positive effect of nutrients
can be controlled and reproducible [33]. In the present work, the validated me-
thod for the simultaneous quantification of HES and CAR was applied on a de-
fective product batch of final feed additives prepared starting from concentrated
PMs.

3.1. Chromatography

The chromatographic conditions were selected focusing on the development of a
simple and fast method preserving the chromatographic resolution of the target
analytes. The selected column and the mobile phase consisting of acetonitrile and
water resulted suitable for the chromatographic separation of HES and CAR. The
linear gradient from 20% to 80% between 5 and 20 min was set to reduce the elu-
tion time of CAR. In this way, the chromatographic run lasted 22.000 min in to-
tal. Methyl parahydroxybenzoate was selected as IS for a similar structure to CAR
and its scarce presence in nature. Indeed, being the feed additives prepared with
plant extracts, other compounds similar to the analytes (such as flavonoids and
phenolic acids) might be present. Moreover, the IS showed an intermediate re-
tention time with respect to the analytes, without interfering with their retention
windows (Figure 2). In particular, HES was quickly eluted after 6.830 min, IS at
8.696, and CAR at 18.200.

The repeatability of the retention time of the analytes was satisfactory, with
RSD% values lower than 0.7% for all the analytes. The repeatability was assessed
on 45 individual analyses of the QC samples at three different levels (Table 1).

3.2. Method Validation

Regarding the validation of the analytical method, the selectivity could not be
assessed, since it was not possible to analyze the blank matrix composed by the
ethanolic extracts of different plants and excipients. For both HES and CAR the
linearity was adequate in the tested range with correlation coefficient values
higher than 0.990 (Table 2).

The intra- and inter-day precision, accuracy, and recovery were evaluated at
three different levels and the results are displayed in Table 3. The precision val-
ues were satisfactory, being in all cases lower than 10% at the three different
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Figure 2. Representative chromatogram of a calibration sample containing 90.00 ug/mL of hesperidin (1), 82.75 pg/mL of
IS (2) and 170.00 pg/mL of carvacrol (3).

Table 1. Relative Standard Deviation % (RSD %) of the retention times of Hesperidin (HES), Carvacrol (CAR), and Internal
Standard (IS) on different days at three different concentration levels (2.00, 45.00, and 90.00 pg/mL for HES, and 5.00, 100.00, and
170.00 pg/mL for CAR).

Day1 Day2 Day 3 Inter-Day
Drug
L M H L M H L M H L M H
HES 0.46 0.17 0.48 0.42 0.63 0.61 0.12 0.12 0.22 0.44 0.38 0.60
CAR 0.03 0.01 0.07 0.05 0.06 0.04 0.02 0.02 0.00 0.04 0.06 0.06
IS 0.44 0.11 0.40 0.44 0.32 0.36 0.21 0.15 0.08 0.44 0.42 0.60

Note: L, low; M, medium; H, high.

Table 2. Calibration curve parameters (number of points equal to 30), LOD and LOQ values of Hesperidin (HES), and Carvacrol
(CAR).

Drug Linearity Range Slope (£SE) Intercept (£SE) R2 LOD (pg/mL) LOQ (pg/mL)
HES 2.00 - 90.00 ug/mL 0.01149 (£0.0002) 0.007751 (+0.0002) 0.995 0.30 0.97
CAR 5.00 - 170.00 ug/mL 0.00517 (£0.00003) +0.00469 (+£0.00469) 0.999 0.23 0.76

Table 3. Method validation data: precision (intra- and inter-day), accuracy, and recovery values at low, medium, and high con-
centrations (2.00, 45.00, and 80.00 pug/mL for HES, and 5.00, 100.00, and 170.00 pg/mL for CAR) in the quality control samples.

Intra-day precision (RSD %)Inter-day precision (RSD %) Accuracy % Recovery %
brig L M H L M H L M H L M H
HES 0.71 0.27 0.37 1.00 1.01 2.06 100.5 102.7 100.9 95.81 89.99 91.03
CAR 0.51 0.18 0.95 1.36 0.64 1.74 97.84 96.8 100.25 100.26  96.86 90.05

Note: L, low; M, medium; H, high.
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concentration levels. For this reason, the proposed method can be considered as

precise for all analytes. Regarding the method accuracy, the values were within

the accepted limits in the range of 90% - 110%.

Regarding the recovery, all the values at the three concentration levels were

higher than or equal to 90%, suggesting that the extraction method was suitable

for both HES and CAR at all tested concentrations.

3.3. Development of Extraction Procedure

Being HES and CAR both lipophilic compounds, the extraction from the feed

additives was attempted by using different organic solvents, namely DMSO, MeOH,

and isopropanol. Among these, MeOH demonstrated to be the most suitable for
the analytes and the IS. Several authors argued that MeOH is the best extraction

solvent for HES from citrus peel, and the extraction time and solid-to-solvent ratio

were fundamental parameters [20] [34] [35]. The same evidence was observed in

our experiments. Indeed, the highest yield for HES was reached by decreasing the

solid-to-solvent ratio to 1:25 ratio and increasing the extraction time to 5h. In

particular, it was noticed that increasing yields were obtained by protracting the

first extraction step up to 4h, where about 90% of HES was extracted. Mauricio
et al. reported that hot MeOH markedly reduced the extraction time of HES from

orange albedo [34]. In our case, the same strategy could not be applied due to

CAR high volatility. The effectiveness of the optimized extraction procedure of
HES and CAR from the PMs was demonstrated by decreasing the solid-to-solvent
ratio (1g extracted with a total of 50 mL of MeOH). No differences in the yields

were observed, suggesting that the extraction procedure was exhaustive. Thus, all

the samples were extracted in triplicate to determine the concentration of the ana-
lytes in PM-A and PM-B, and their diluted FSs. Typical chromatograms of the sam-

ples and the quantitative results are displayed in Figure 3 and Table 4 respec-

tively.

As can be observed in Figure 3, in the extracts of the feed additives, HES and

D \

absorbance

8
- k Al

i l

retention time

Figure 3. Typical chromatograms of the feed additives PM-A, PM-B, FS-Al, FS-A2, FS-B1.

PM-B
PM-A
FS-A1
FS-A2
FS-B1
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Table 4. Quantitative results of HES and CAR extracted from the samples. The results are
expressed as mean + standard deviation of three replicates. FS samples were prepared by
the manufacturer by diluting PM-A and PM-B with dextrose or colloidal silica.

Dilution

S 1 HES CAR Dilution f d
ample declared in label (mg/g) (mg/g) ilution foun
PM-A - 0.597 + 0.029 2.747 £ 0.064 -
PM-B - 0.785 £ 0.013 2.379 £ 0.051 -

HES: 29.75%
FS-Al 40% PM-A 0.178 £ 0.010 0.652 + 0.049

CAR: 23.72%

HES: 9.17%
FS-A2 10% PM-A 0.055 + 0.002 0.136 = 0.007

CAR: 4.96%

HES: 5.86%
FS-B1 10% PM-B 0.046 + 0.001 0.138 £ 0.003

CAR: 5.78%

CAR were the main compounds present. The peak at 18.547 was identified as
thymol, the structural isomer of CAR highly abundant in the essential oil of ore-
gano [36].

The FS resulted in less concentration compared to what was stated on labels.
In particular, CAR amounts in FS samples were lower than HES. This evidence
might be explained by CAR loss during the mixing procedure with the diluting
excipients, due to its high volatility. In order to assure that the lower content of
the analytes was due to errors during the manufacturing process, home-made
diluted samples with the same excipients were extracted and analyzed. The re-
covery for HES and CAR ranged from 89% to 105% and 88% to 96% respective-
ly, confirming that the diluting excipients or the extraction procedure did not sig-

nificantly affect the extraction of the analytes.

4. Conclusion

The quality control of final or intermediate products involved in the production
chain of feed additives is extremely important to obtain reproducible effects in
animals, in terms of beneficial and pharmacokinetic results. For this reason, va-
lidated analytical methods for the quantification of the active compounds are ne-
cessary to guarantee product batches in compliance with what is stated in labels.
The results demonstrated that the extraction method is highly reproducible, ex-
haustive, and efficient, with high recovery values for both the analytes at three dif-
ferent concentrations. Moreover, the developed analytical method has been shown
to be precise, accurate, and adequate for the quantification of HES and CAR. Fur-
ther studies will be carried out in order to evaluate the long-term stability of the
feed additives in terms of degradation and/or loss of the active compounds. Fur-
thermore, the nutraceutical effects of the final products will be investigated on

livestock.
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