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Abstract: This work aimed to develop a methodology for marking Artemia with different markers
and evaluating their passage rate and digestibility in Lophiosilurus alexandri larvae of different ages.
In the first phase, Artemia nauplii were marked 28 h after hatching with chromium oxide, titanium
dioxide and NANOLIPE®. Contact times with the markers were 30, 60, 90 min at a concentration
of 500 mg/L. Titanium dioxide had a higher concentration in Artemia than the other markers. The
passage rate did not differ significantly between titanium and NANOLIPE®. In the second phase, the
apparent digestibility of the protein in Artemia nauplii was evaluated for L. alexandri larvae at three
ages. Average real protein digestibility at the three ages was 95.08%, demonstrating Artemia as a good
quality food. All ages exhibited the same final time of fecal excretion of 30 min after feeding. Artemia
nauplii presented satisfactory results for assimilation for all markers tested. In determining the
digestibility of Artemia protein, we can conclude that chromium oxide and NANOLIPE® were good
markers of animal metabolism and titanium dioxide was the worst marker of Artemia digestibility for
the initial stages of L. alexandri.

Keywords: larviculture; digestibility marker; Neotropical catfish; nutrition; apparent digestibility
coefficient; crude protein; life food

1. Introduction

The production of larvae is one of the most complex stages of fish farming due to the
lack of information about their nutrition and best rearing conditions [1]. Thus, research into
nutritional requirements at this stage, through methods that can assess the use of living
organisms and how they are used by the larvae, is essential.

Artemia is considered a remarkable living organism because, in addition to being
widely used as an experimental model, it is an important element in aquaculture [2–4].
Artemia is considered essential in marine fish larviculture [5]. Despite being a saltwater or-
ganism, it has also been used successfully to feed freshwater fish larvae, such as those of the
yellow mandi, Pimelodus maculatus [6]; piracanjuba, Bycon orbignyanus [7], oscar, Astronotus
ocellatus; pacu, Piaractus mesopotamicus, pintado, Pseudoplatystoma corruscans [8]; pacamã,
Lophiosilurus alexandri [9]; matrinxã Brycon amazonicus; piau, Leporinus macrocephalus [10];
trairão, Hoplias lacerdae [11]; and tambaqui, Colossoma macropomum [12,13], among others.
However, little is known about how these species can actually take advantage of the nu-
trients from this food. This micro-crustacean has some interesting characteristics such as
non-selective filter feeding [14] and the ability to assimilate nanoparticles and store them in
its intestine [15].
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The use of markers in diets is an old but quick and inexpensive alternative that is
still commonly used in research to determine the needs of fish [16–20]. However, to use
markers with live food, it is necessary to determine whether they can be incorporated, as
well as their passage time through the digestive system of the live food to be fed to larvae.
Chromic oxide is a commonly used marker in fish nutrition studies [21–26], although it may
have limitations in terms of its quantification through laboratory analysis [27]. Another
relevant marker is titanium dioxide, which showed good results when tested on rainbow
trout, Oncorhynchus mykiss [28,29]; pintado, Pseudoplatystoma sp. [30]; Arctic charr, Salvelinus
alpinus; Eurasian perch, Perca fluviatilis [31]; and carp, Cyprinus carpio [32]. However, there
are some restrictions on the use of titanium dioxide as a marker regarding its analytical
determination since the method used and described by [33] is labor-intensive and uses
many highly toxic substances. NANOLIPE® has also been studied as a marker in fish,
with results similar to those of titanium dioxide for Nile tilapia, Oreochromis niloticus [34].
NANOLIPE® is a modified and enriched hydroxyphenylpropane containing nanosized
particles.

In addition to determining whether live food can assimilate markers, it is essential
to assess retention rates. Several techniques have been described in the literature for
estimating the passage rate (k) or average retention time (1/k) of particles passing through
an animal’s gastrointestinal tract [35]. Passage rate has been evaluated through direct and
indirect methods. Although direct methods have some technical limitations, as in vivo
studies require complete excretion from the digestive tract, they are more accurate estimates
for determining particle retention time [36], but this is not a consensus [37]. Indirect
methods use non-absorbable markers by ingestion or infusion in a single dose, followed by
concentration analyses at pre-established time intervals. The marker concentration curve
is subsequently adjusted to a mathematical model as a function of the time elapsed since
administration, aiming to determine the parameters related to the dynamics of the passage
of the particles in the gastrointestinal tract [38].

Pacamã, Lophiosilurus alexandri, is a carnivorous fish species that has been studied for
the development of technology for juvenile production. Artemia has been widely used in
the larviculture of this species with success in studies of different water salinities [1,9,39],
stocking densities [40], prey concentrations [1,41], water temperatures [42], feeding fre-
quencies [43], culture tank water flow rates [44], culture tank drainage systems [45], water
filtration systems [46] and, when larvae are so classified, of different personalities [47].
However, despite the importance of Artemia as food, its digestibility for L. alexandri larvae
is still unknown.

Thus, the present work aimed to develop a method for marking Artemia with chromic
oxide, titanium dioxide and NANOLIPE®, and evaluate marker passage time through the
gastrointestinal tract of Artemia using an age-dependent mathematical model. This study
also evaluated the behavior of the markers for the apparent digestibility assay of the protein
of Artemia nauplii offered to L. alexandri larvae of different ages.

2. Materials and Methods

The experiment was carried out in the Laboratório de Aquacultura (LAQUA) and
Laboratório de Nutrição da Escola de Veterinária at the Universidade Federal de Minas
Gerais (UFMG, Brazil). All procedures described herein were approved by the Committee
for Ethics in Animals Use (CEUA/UFMG—n◦ 39/2021). The experiment was divided into
two phases.

2.1. Phase I—Ingestion and Passage Time of Different Makers in Artemia
2.1.1. Obtainment of Colloidal Particles of the Markers Chromic Oxide and Titanium
Dioxide

Based on preliminary tests, and due to the non-homogenization of particles in the
water column, the markers chromic oxide and titanium dioxide were reduced to the
colloidal size of 2.5 × 10−7 min diameter using a Partica LA-950 Laser Diffraction Particle
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Size Distribution Analyzer (Horiba Instruments, Inc., Irvine, CA). This technique avoids
contamination, since it does not use chemical reagents. The analysis was performed in the
Laboratório de Nutrição da Escola de Veterinária da UFMG. Five grams of each marker
was used after pre-maceration in a quartz mortar. The obtained powder was then put in
laser diffraction equipment using a 2.5 × 10−7 m diameter mesh. The particle separation
run took 15 min until the desired size was obtained. The marker NANOLIPE® needed no
transformation since it has a particle size of 10 nanometers. Thus, all markers were of an
appropriate size for being ingested by Artemia.

2.1.2. Marking Artemia

The hatching of Artemia cysts (BioArtemia, Rio Grande do Norte, Brazil) was con-
ducted according to the manufacturer’s guidelines, as was the separation of the newly
hatched Artemia from cysts. After quantification, the Artemia were stocked in 24 funnel-
shaped incubators (Figure 1) with 1 L of net volume, at a density of 300 nauplii/mL (FAO
1996). Incubators were set in a thermostatically controlled water bath and water conditions
were kept the same in all incubators (temperature at 30 ◦C, salinity at 30 g salt/L and
dissolved oxygen at 6 mg/L). Supplementary aeration in each incubator helped nauplii
moving through the water column as well as homogenizing the markers.

Fishes 2023, 8, x FOR PEER REVIEW 2 of 5 
 

 

2.1. Phase I—Ingestion and Passage Time of Different Makers in Artemia 
2.1.1. Obtainment of Colloidal Particles of the Markers Chromic Oxide and Titanium 
Dioxide 

Based on preliminary tests, and due to the non-homogenization of particles in the 
water column, the markers chromic oxide and titanium dioxide were reduced to the 
colloidal size of 2.5 × 10−7 min diameter using a Partica LA-950 Laser Diffraction Particle 
Size Distribution Analyzer (Horiba Instruments, Inc., Irvine, CA). This technique avoids 
contamination, since it does not use chemical reagents. The analysis was performed in the 
Laboratório de Nutrição da Escola de Veterinária da UFMG. Five grams of each marker 
was used after pre-maceration in a quartz mortar. The obtained powder was then put in 
laser diffraction equipment using a 2.5 × 10−7 m diameter mesh. The particle separation 
run took 15 min until the desired size was obtained. The marker NANOLIPE® needed no 
transformation since it has a particle size of 10 nanometers. Thus, all markers were of an 
appropriate size for being ingested by Artemia. 

2.1.2. Marking Artemia 
The hatching of Artemia cysts (BioArtemia, Rio Grande do Norte, Brazil) was 

conducted according to the manufacturer’s guidelines, as was the separation of the newly 
hatched Artemia from cysts. After quantification, the Artemia were stocked in 24 funnel-
shaped incubators (Figure 1) with 1 L of net volume, at a density of 300 nauplii/mL (FAO 
1996). Incubators were set in a thermostatically controlled water bath and water 
conditions were kept the same in all incubators (temperature at 30 °C, salinity at 30 g salt/L 
and dissolved oxygen at 6 mg/L). Supplementary aeration in each incubator helped 
nauplii moving through the water column as well as homogenizing the markers. 

 
Figure 1. Incubators with both Artemia and markers. 

The design consisted of four treatment groups in sextuplicate: T1—control group (no 
marker), T2—chromic oxide, T3—titanium dioxide and T4—NANOLIPE® (with 6 
replicates each). Based on the work of [48], who successfully marked Artemia with some 
oxides at 50 mg/L and 250 mg/L, the present study evaluated the non-previously tested 
concentration of 500 mg/L for all oxides. The markers were randomly and individually 
added into the incubators by slow placement onto the water surface up to the formation 
of a homogeneous solution. This procedure was performed each 4 h after nauplii 
separation, that is, 28 h after the start of hatching. Nauplii were collected at 30, 60 and 90 
min after marker addition. The maximum time of 90 min was stipulated according to [48]. 

Figure 1. Incubators with both Artemia and markers.

The design consisted of four treatment groups in sextuplicate: T1—control group (no
marker), T2—chromic oxide, T3—titanium dioxide and T4—NANOLIPE® (with 6 replicates
each). Based on the work of [48], who successfully marked Artemia with some oxides at
50 mg/L and 250 mg/L, the present study evaluated the non-previously tested concen-
tration of 500 mg/L for all oxides. The markers were randomly and individually added
into the incubators by slow placement onto the water surface up to the formation of a
homogeneous solution. This procedure was performed each 4 h after nauplii separation,
that is, 28 h after the start of hatching. Nauplii were collected at 30, 60 and 90 min after
marker addition. The maximum time of 90 min was stipulated according to [48]. A Bioval
light microscope (Hexasystems Group, São Paulo, Brazil) with a 40/065 (160/017) objective
lens was used to verify ingestion of the markers by Artemia. Thus, the experimental design
was a 4 × 3 factorial (four treatments and three collection times), with six replicates each.

Collection was performed in a standardized manner at all times of sampling. The
entire content of the incubator was strained through a 50 µm nylon mesh and washed with
freshwater, followed by distilled water and finally with deionized water, to expunge excess
markers. The washed samples were placed into 250 mL plastic flasks, with small portions
also being placed into Eppendorf tubes. Both were immediately cryopreserved in liquid
nitrogen (−196 ◦C) to grant sample integrity. All materials were kept frozen at −40 ◦C until
chemical and microscopy analyses.
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2.1.3. Chemical Analyses of Markers

All samples were thawed and placed into a glass decanting funnel with deionized
water to remove any possible contamination with cysts or markers that remained after
washing.

For chromic oxide and titanium dioxide analyses, samples were pre-dried in a hot
air drier at 55 ◦C and ground through a 1 mm sieve. Chromic oxide was analyzed using
an atomic absorption technique [49], while titanium dioxide was analyzed using the
ultraviolet method [50]. NANOLIPE® was analyzed using thawed samples and infrared
spectroscopy [51].

2.1.4. Mathematical Model for Passage Time in Artemia: age-dependent

The use of non-linear models is suggested for the study of flow kinetics [52]. Previous
studies have mainly resorted to three classes of non-linear models for adjusting fecal
concentration data for markers administrated in a single dose. The classes are: (1) models
with mixing compartments independent of time (age-independent); (2) models with mixing
compartments dependent of time (age-dependent); (3) multi-compartment models. Age-
dependent models assume that the system works with principles of probability or has
random elements, which cannot be certainly known. This model uses gamma functions
(non-exponential distributions of permanence times) to describe the passage of materials
through the several segments of the gastrointestinal tract. Therefore, the age-dependent
model implies that the probability for passage increases over time [53]. The flexibility
inherent to age-dependent models allows their use with fecal excretion data of diverse
animal categories [54].

Based on this finding, we decided to examine all the parameters described in the
kinetics model of [55], which was proven to be appropriate to the present study.

The following equation was employed for the model Faichney [55]:

Y = Ae-k1 × (tTT) − Ae-k2 × (tTT) fort ≥ TT (transit time)

Y = 0 for t < TT

where “Y” is fecal concentration of marker at time “t”.
The mean retention time (MRT) in the gastrointestinal tract (GIT) can be defined as

TRR (retention time up to the GIT) + TRPOS (retention time from GIT + TT (total time) [56].
Model of Faichney

MRT = ∑ [mi [(ti − 1 + (ti − ti − 1)/2)]∑ mi

where mi expresses the amount of marker.
The definition of ti varies among authors: mean time (h) for sampling [57], the total

amount of marker excreted at defecation “i” at time “ti”, after the intake of the marker.

2.2. Phase II—Apparent Digestibility of Artemia Nauplii for Lophiosilurus alexandri Larvae of
Different Ages
2.2.1. Animals and Conditions

The larvae of L. alexandri were all derived from breeding stock of the Laboratório de
Aquacultura of UFMG. Fertilized eggs were collected from natural spawning and incubated
at 28 ◦C with dissolved oxygen maintained above 5 mg/L. Larvae 8 days post-hatching
were cultivated in a recirculating aquaculture system (RAS), in tanks with a useful volume
of 28 L maintained at an average temperature of 28 ◦C, with dissolved oxygen greater
than 5 mg/L (measured with a YSI 6920VZ2 multiparameter probe) and pH 8.0 ± 0.2
(measured with a Hanna HI98130 portable multiparameter probe) and fed three times
a day. The larvae were stocked at a density of 15 larvae/L and fed with newly hatched
Artemia nauplii following the daily feeding protocol: 1300 nauplii/larva from the first to
the fifth day, 1950 nauplii/larva from the sixth to the tenth day, 2600 nauplii/larva from
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the eleventh to the fifteenth day, 3250 nauplii/larva from the sixteenth to the twentieth day
and 3900 nauplii/larva from the twenty-first to the twenty-fifth day (adapted from [41])

Larvae at three different ages were used for the digestibility tests: after 3 (0.012 g ± 0.02 g),
15 (0.175 g ± 0.03 g) and 25 (0.622 g ± 0.03 g) days of exogenous feeding, corresponding to 11,
23 and 33 days post-hatching, respectively.

2.2.2. Marking Artemia

Artemia cysts (Bio-artemia from Rio Grande do Norte, Brazil) were hatched according
to the manufacturer’s recommendation. Newly hatched Artemia nauplii were separated
from unhatched cysts and, after quantification, were stored in 24 funnel-type incubators
(n = 6 replicates each treatment) with 1 L useful volume at a density of 300 nauplii/mL [58].
The incubators were installed in a thermostatically controlled water bath, maintaining a
temperature of 28 ◦C, salinity of 30 g of salt/L (refined salt from Mossoró, Rio Grande
do Norte, Brazil. Ingredients: sodium chloride and sodium ferrocyanide) and dissolved
oxygen of 6 mg/L. Individual supplemental aeration of each incubator served both to keep
the nauplii moving in the water column and to aid in the homogenization of digestibility
and consumption markers.

The markers (chromium oxide, titanium dioxide, NANOLIPE®—500 mg/L for each)
were individually and randomly added to the incubators. Six incubators were also main-
tained with only Artemia (Control). The markers were slowly deposited on the surface
of the water until a homogeneous solution was formed. This procedure was performed
4 h after the separation of the nauplii, that is, 28 h after the beginning of the hatching
process. The nauplii were in contact with the markers for 90 min. After the 90 min, the
entire contents of each incubator were filtered through a 50 µm nylon screen and washed
with water under the same incubation conditions. The Artemia retained on the screen were
then offered to the L. alexandri larvae as the only food for carrying out the digestibility
experiment.

2.2.3. Digestibility Test

For the digestibility test, 360 larvae of each age (after 3, 15 and 25 days of exogenous
feeding) were stored in 24 beakers (n = 6 replicates each treatment) with 1 L of water at a
density of 15 larvae/L and kept fasting for 24 h under the same limnological and cultivation
conditions. After this period, the bottom was cleaned and 80% of the water volume was
changed. The larvae were then fed with Artemia previously marked with the markers
composing the following treatments: T1—control group (no marker), T2—chromic oxide,
T3—titanium dioxide and T4—NANOLIPE®.

After 15 min of feeding, the larvae were captured with a traditional sieve and imme-
diately placed in funnel-shaped incubators with 1 L of water under the same conditions,
for the collection of feces. Continuous observations were then carried out to identify the
beginning of fecal production for each treatment, until the moment when fecal production
was no longer detected, and then for another hour to guarantee that there would be no
more production of feces. After this period, the larvae were removed from the incubators,
euthanized with a 285 mg/L eugenol solution [59] and frozen at −40 ◦C for subsequent
chemical analysis of their body composition and markers to certify that their gastrointesti-
nal tract was completely emptied. The water with the feces from each incubator was also
frozen individually at −40 ◦C for later collection and analysis of the feces.

Digestibility was calculated using the internal marker formula suggested by Burns et al.,
1994 [60]:

Dig = 100 − [100 × (CIdiet/CIfeces)]

where:
Dig: Digestibility;
CIdiet: Concentration of marker in diet;
CIfeces: Concentration of marker in feces.
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2.2.4. Analyses

All analyses were carried out in the Nutrition Laboratório de Nutrição of the Escola de
Veterinária of UFMG, Brazil. The water with the feces was thawed, pre-dried and ground
in a 1 mm sieve [50]. The nutrients analyzed were Crude Protein (CP) by the Kjeldahl
method and Dry Matter (DM) at 105 ◦C [50]. Chromic oxide was analyzed using the
atomic absorption technique [49]. Titanium dioxide was analyzed according to [33] by the
ultraviolet technique. NANOLIPE® analysis was performed according to the methodology
described by [51] through infrared spectroscopy in NirsLab N-200 (MCS 100) equipment.

The larvae were analyzed using the same methodology as the feces and diet to deter-
mine the presence or absence of the marker in their gastrointestinal tract and thus assess
whether or not there was total collection of feces.

The nutritional composition of Artemia nauplii (Table 1) was analyzed using benchtop
techniques according to [50], to characterize the food offered to L. alexandri larvae.

Table 1. Nutritional composition of Artemia nauplii used in the experiment.

Composition Value

Total dry matter (%) 57.65
Dry matter 105 ◦C (%) 82.98

Crude protein (%) 16.37
Ethereal extract (%) 2.42

Crude fiber (%) 6.67
Calcium (%) 8.90

Phosphor (%) 2.15
Gross energy (cal/g) 4615.15

2.3. Data Analysis

Statistical analyses, whether of marker concentration or passage time, were performed
using InfoStat software [61]. All data were analyzed for normality using the Shapiro–
Wilk test and homogeneity of variance using the Cochran test. The results for the variable
concentration of markers were log-transformed and analyzed by factorial ANOVA followed
by Tukey’s test with a significance level of 5%. For parametric data, ANOVA was used
followed by Tukey’s test at 5% probability, while the Kruskal–Wallis test at 5% was used
for non-parametric data.

3. Results
3.1. Phase I—Ingestion and Passage Time of Different Markers in Artemia

The tested markers were ingested by Artemia nauplii (Figure 2).
Table 2 shows the results for the concentrations of the three markers found in Artemia.

There was a significant effect of marker (p < 0.001) and exposure period (p < 0.05) on
concentration but not for their interaction (marker × period; p > 0.05). The greatest marker
concentration found in Artemia was for T3, followed by T4 and lastly T2.

The highest concentrations were seen when nauplii remained in contact with the
markers for 90 min, followed by 60 min and then, with the lowest concentrations, 30 min of
exposure, independent of the tested marker (Table 2).

Table 3 contains the transit times observed through the gastric emptying of Artemia
during the marking process with the three markers. Both T2 and T4 had a total transit
time of 30 min, while T3 took more time for the complete departure of the digestive tract.
However, after 90 min no markers were detected in the digestive tract of Artemia.

The marker chromium oxide (T2) had greater MRT than the other markers (T4 and T3;
Table 4), but lower average passage time, with T4 and T3 having similar passage values.
The transit time (TT) of the markers through the digestive tract of Artemia corroborates the
data found for MRT, since it was greater for T2, compared to T3 and T4.
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Table 2. Concentration of the markers Chromium Oxide (T2), Titanium Dioxide (T3) and NANOLIPE®

(T4) (mean ± standard deviation) found in Artemia at the exposure periods of 30, 60 and 90 min.

ANOVA F (Value)

Marker (M) <0.0001 *
Duration (D) 0.0286 *

M × D 0.4066 ns

Factors Concentration (ppm)

Marker
T2 9.53 ± 0.74 c

T3 67.79 ± 6.59 a

T4 25.08 ± 0.62 b

Duration (minutes)
30 29.82 ± 6.01 b

60 33.74 ± 6.86 ab

90 38.85 ± 8.75 a

ns not significant F test result (p < 0.05). * significant F test result (p < 0.01). Means followed by distinct letters
differ in Tukey’s test (p < 0.01).

3.2. Phase II—Apparent Digestibility of Artemia nauplii for Lophiosilurus alexandri Larvae of
Different Ages

Real digestibility for larvae after 3 days of feeding. T1 was similar between T4 and T2;
it was not possible to determine it for T3 (p < 0.05) (Table 5). The comparison of T4 and
T2 revealed they differed from each other (p < 0.05). The initial time of fecal production
was lower for T1, T2 and T4 than for T3 (p < 0.05), with T2 and T4 being similar to T1 (Real
time). The final fecal production time did not differ among all treatments (p > 0.05).
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Table 3. Transit time (min) of the different markers in Artemia.

Time (min)

Marker 0 10 20 30
T2 16.7 c 10.6 c 5.34 c 0
T3 75.4 a 42.03 a 20.75 a 0.06
T4 43.8 b 24.6 b 12.05 b 0

Standard error 0.8 0.8 0.8 0.8
p-value <0.05 <0.05 <0.05 0.9983

Means followed by distinct letters differ in Tukey’s test (p < 0.01). T2—chromic oxid, T3—titanium dioxide and
T4—NANOLIPE®.

Table 4. Mean retention time (MRT), passage rate (Tx %/min) and total passage time (TT) of the
markers in Artemia, after Faichney’s model.

MRT Tx %/min TT

T2 6.5 15.34 19.5
T3 6.1 16.53 15.5
T4 6.1 16.53 15.5

T2—chromic oxid, T3—titanium dioxide and T4—NANOLIPE®.

Table 5. Values (mean ± standard deviation) of digestibility, initial time of fecal production and final
time of fecal production of Lophiosilurus alexandri larvae of different ages fed with Artemia nauplii
with different markers.

Treatments

T1 T2 T3 T4 p-Value

L. alexandri larvae after 3 days of exogenous feeding
Digestibility % * 94.38 ± 0.94 ab 93.53 ± 1.09 b SR 95.50 ± 0.97 a 0.0152

Ti (min.) ** 38.83 ± 1.32 b 40.17 ± 2.71 b 56.83 ± 3.76 a 40.17 ± 1.72 b 0.0015
Tf (min.) ** 29.83 ± 0.75 30.33 ± 0.51 29.17 ± 1.47 30.6 7 ± 0.81 0.1229

L. alexandri larvae after 15 days of exogenous feeding
Digestibility % * 96.65 ± 1.00 a 96.53 ± 0.90 a 94.75 ± 1.34 b 96.62 ± 0.81 a 0.0245

Ti (min.) ** 39.50 ± 1.04 b 40.00 ± 0.89 b 59.83 ± 2.04 a 40.50 ± 0.54 b 0.0015
Tf (min.) ** 29.83 ± 1.16 31.17 ± 0.75 30.17 ± 1.60 30.50 ± 0.83 0.2341

L. alexandri larvae after 25 days of exogenous feeding
Digestibility % * 97.22 ± 0.44 a 96.27 ± 0.61 bc 95.43 ± 0.68 c 96.62 ± 0.52 ab 0.0391

Ti (min.) ** 40.16 ± 1.47 b 40.17 ± 1.32 b 59.83 ± 0.75 a 40.50 ± 1.22 b 0.0034
Tf (min.) ** 29.67 ± 0.81 30.50 ± 0.83 30.33 ± 0.81 29.50 ± 1.04 0.1724

Ti—initial fecal production time in minutes. Tf—final fecal production time in minutes after the beginning of fecal
production. SI—Artemia without marker. SF—without fecal recovery. Artemia without marking (T1), Artemia with
Chromium oxide (T2), Artemia with Titanium dioxide (T3) and Artemia with NANOLIPE® (T4). * Different letters
in line indicate difference by Tukey’s test at 5%. ** Different letters in line indicate difference by the Kruskal–Walllis
test at 5% probability.

Real digestibility after 15 days of exogenous feeding was similar between T4 and T2
and T1 (p > 0.05), with T3 differing, underestimating real digestibility (p < 0.05) (Table 5).
The same was true for the initial time of fecal production, with T3 being different and
superior to the others (p < 0.05). The final time of fecal production did not differ among
treatments (p > 0.05).

Estimated and real digestibility did not differ for T4 after 25 days of feeding (Table 5).
Estimated digestibility for T4 was similar to that of T2, but different from that of T3, with
and T2 and T3 underestimating real digestibility (p < 0.05). As for the previous ages, initial
fecal production time was similar for T1, T2 and T4 and greater for T3 (p > 0.05) and final
fecal production time did not differ among treatments (p > 0.05).

Larvae from all treatments did not show readings for the three markers studied,
confirming complete gastric emptying.
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4. Discussion

Research into fish larvae nutrition and feeding is known to be very laborious; thus,
simpler and more accurate methods are desired [62]. The present work demonstrated
that the three studied markers could be assimilated by Artemia and quantified through
the methods employed. These findings will allow future studies to use this technique to
evaluate nutritional trials involving fish larvae of the diversity of species that use this live
feed. The results also allow for comparisons to be made with other techniques, such as
incubation with trypsin in vitro [63], the marking of microdiets with FluoSpheres® [64], or
analyses with stable carbon isotopes (δ13C) [65].

The markers chromium oxide and titanium dioxide used in the present study were
obtained at the colloidal size of 2.5 × 10−7 m in diameter, to achieve nanometric scale.
NANOLIPE® also consists of extremely small particles at nanometric scale, with a diameter
of 10−9 m [66]. According to [15], Artemia is able to assimilate nanoparticles, which was
demonstrated in the present work by the conducted analyses and micrography, showing
the adequate size of the markers for Artemia. It should also be highlighted that the washing
of nauplii assures that the analyzed markers were inside Artemia, and not on their surface.
Thus, the use of this technique in future assays of larval nutrition might assure that the
quality of the marker could be quantified more precisely, since if it was adhered to their
surface it would probably be more easily lost when offered to larvae as live feed in rearing
tanks.

The formation of colloids of chromium oxide and titanium dioxide was also important
for obtaining a homogeneous suspension of these markers in the water column, ensuring
better contact with Artemia. On the other hand, in another study, the animals needed to
go through intense aeration when testing the markers yttrium oxide, ytterbium oxide,
lanthanum oxide and dysprosium oxide, to keep them in solution [48]. Thus, preparation of
the colloidal suspension of the markers has proven itself more efficient. For NANOLIPE®,
however, direct use was efficient in proportioning a homogeneous suspension, as the
markers that were obtained for forming the colloidal suspension.

Among the evaluated markers, titanium dioxide was found at the highest concen-
trations in Artemia. It is known that, for some animal species, up to 99% of the provided
marker may be recovered, depending on the time when the trial is conducted [67,68]. This
knowledge, as well as the present work, suggest that this marker is good for future studies
in fish larval nutrition. The second most recovered marker was NANOLIPE®, followed by
chromium oxide. Due to their nanometric size, NANOLIPE® particles have faster disper-
sion through the digestive tract [66], which can explain the higher concentrations recovered
compared to chromium oxide. According to [69], chromium oxide needs an adaptation
period of 6 to 7 days to reach a constant concentration in the animal digestive tract. The
longest contact time of Artemia with chromic oxide was 90 min. Thus, future studies are
needed to undertake this kind of evaluation, regarding marking with this marker, and to
better understand the behavior of markers in the digestive tract of Artemia.

The highest marker concentrations resulted when nauplii remained in contact with
them for 90 min, the longest exposure duration evaluated. These results imply the need
to evaluate longer exposure durations. The lower concentrations found at 30 and 60 min
can be explained by the heterogeneity of Artemia development stages in the samples,
since multi-stage nauplii were seen under microscopy. This implies the need for a better
definition of the ideal moment to start marking Artemia, which is difficult to set since even
with a standardized technique of cyst hatching, it does not occur in all cysts at the same
time.

The passage rate of these markers in Artemia is also important. On the basis of our
data, many trials in fish nutrition will be able to be developed, addressing the digestibility
and intake of nutrients in the diets of the larvae of several fish species. The main point
should be to employ an experimental design that ensures that fish will ingest the marked
Artemia.
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The nutritional quality of Artemia varies considerably, which may be related to geo-
graphic origin [14], differences among different batches of cysts from the same origin and
to methods of analysis. This variation makes it important to determine the biochemical
composition of live food used in nutritional studies with fish larvae [70]. It is noteworthy
that L. alexandri larvae have a low capacity to digest artificial food at the beginning of
exogenous feeding due to the lack of digestive enzymes, and that live food would provide
complementary enzymes for effective protolytic activity [46], thus facilitating digestion.

The average real digestibility of the protein of Artemia at the three ages was 95.08%,
demonstrating it to be an excellent quality food for L. alexandri larvae. The average di-
gestibility for Herring larvae (Clupea harengus), was 60% of the protein of Artemia nauplii
(marked by the addition of a protein hydrolysate), with 20% found in the body and 39%
catabolized by the larvae, 24 h after feeding [71]. The average digestibility of Artemia
nauplii by Senegalese sole (Solea senegalensis) ranged between 83.08 ± 4.37% (6 days after
hatching—DAH) and 69.04 ± 5.45% (15 DAH) [72]. Both works showed lower values than
the present study. However, in another study, the authors found digestibility of up to 86%,
comparing the digestibility of Artemia and microencapsulated diets for Atlantic cod larvae
(Gadus morhua) testing the rare earth oxides yttrium oxide (Y2O3) and dysprosium oxide
(III) (Dy2O3) [73].

The protein digestibility of the different live feeds used in larviculture was also studied
through the in vitro technique of incubation in trypsin, a different technique from the one
used in the present study [63]. The authors concluded that there is relative susceptibility
to proteolytic digestion among different organisms and prey and that there is a natural
orchestration of several enzymes that participate in larval digestion, increasing or not the
efficiency of enzymatic degradation. These factors may explain the previously reported
differences in digestibility among larvae of different species.

In a study of the digestibility of L. alexandri juveniles fed inert diets, testing different
ingredients of animal and vegetable origin [74], the authors found digestibility results
between 82.38% and 91.49%, the latter being for purified fish meal (an ingredient of animal
origin). These values were also lower than those verified in the present study for larvae,
suggesting an effect of animal age on the use of food, as well as the type of food used.

The present experiment found the same final time of fecal excretion for all ages, demon-
strating that ingested Artemia is completely excreted in 30 min under the conditions of this
study. This was the time used in the experiment as the feeding interval for Atlantic cod
(G. morhua) larvae [73]. All markers showed the same final fecal excretion profile, demonstrat-
ing that none of the markers influenced the rate of passage of Artemia through the digestive
tract of L. alexandri larvae, thus fulfilling one of the requirements of an ideal marker [75].

5. Conclusions

Colloidal particles of metallic markers and nanoparticles of an organic marker were
shown to be efficient for Artemia intake. The exposure duration of 30 min was, for all
markers, enough for both ingestion and quantification; however, higher concentrations
were found for 90 min. The three tested markers showed potential, regarding passage rate
and mean retention time, for use in fish larvae nutrition.

The digestibility of Artemia for L. alexandri larvae at the three studied ages can be deter-
mined using NANOLIPE® or chromic oxide at 3 and 15 days of feeding. Titanium was the
worst marker of Artemia digestibility at the three ages evaluated for L. alexandri larvae.
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