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ABSTRACT: Immunogenic, methionine copper-induced response had proven to be
precedent in providing resistance against certain diseases in �sh. This study allocates the
�tness strategy for Oreochromis niloticus by introducing and incorporating the well-designed,
stabilized, and biocompatible N-carbamoyl-methionine copper (NCM-Cu) as a Cu potent
source in diet that enhances the bioavailability and �tness. The synchronized NCM-Cu
complex was characterized by directing ultraviolet and visible spectrophotometry (UV�vis),
Fourier-transform infrared (FTIR), X-ray di�ractometry (XRD), thermogravimetric analysis
(TGA), and single-crystal X-ray di�raction. Results revealed blue columnar crystalline, NCM-
Cu complex with an empirical formula as C12H30CuN4O10S2. Anonymously, the overall
growth performance of the �sh remained unaltered with NCM-Cu adjunct feed. NCM-Cu
signi�cantly raised the Cu accumulation in the �sh muscles, liver, gill, and intestine in
contrast to the basic Cu-rich feed. The serum antioxidant enzyme activity elevated up to
(ceruloplasmin: 19.38 U/L) and the lowest liver malondialdehyde (MDA) content (8.81
nmol/mg prot.) and triglyceride content (0.39 nmol/g prot.) were observed in the NCM-Cu group as compared to the basic Cu and
CuSO4 groups, suggesting that NCM-Cu promoted antioxidative responses and alleviated lipid peroxidation of O. niloticus.
Overweening, the synthesized complex, NCM-Cu signi�cantly regulated the expression levels of lysozyme, immunoglobulin M,
complement 4, and complement 3 up to 10.93 U/mL, 0.72, 0.77, and 1.18 mg/mL in serum, respectively. Thus, such endorsed
results reveal the preeminence of NCM-Cu-supplemented diet for the �tness in O. niloticus.

� INTRODUCTION
Methionine (Met) is an essential sulfur amino acid and is
generally considered as the primary limiting amino acid in
aquafeeds. Dietary Met de�ciency would a�ect the uptake of
essential nutrients by alteration of gene expression of amino
acid transporters, which results in the health problem of
animals.1,2 In biological systems, Met is involved in �ve
metabolic pathways, including transmethylation, transcultura-
tion, remethylation, aminopropylation, and salvage.3 However,
Met was found to be sensitive to oxidative damage caused by a
variety of oxidants, which can result in loss of structural
integrity and disruption of protein functions.4 To minimize this
shortcoming, a potential strategy for stabilizing Met against
oxidative damage is to functionalize it by adding a non-
oxidizable group such as a N-carbamoyl group.5 Indeed, N-
carbamoyl amino acids are considered as very stable
compounds, the hydrolysis of which requires drastic basic
conditions or the use of enzymes.6 Since most �sh digest feed
through the gastrointestinal tract, we only discuss the behavior
of an N-carbamoyl-methionine copper (NCM-Cu) sample
within two di�erential pH environments (i.e., acid and

neutral).7 It has been reported that a chelated metal complex
could be dissolved by stomach acid (acid environment), but its
dissolution rate is much lower than that of inorganic salts.8,9

Additionally, some previous in vitro bioavailability experiments
displayed that the chelated metal complex was slowly dissolved
in the succus entericus (neutral environment) and was kept
relatively constant.10,11 Therefore, the prepared NCM-Cu
sample theoretically has good gastrointestinal stability as
compared to inorganic salt. Interestingly, N-carbamoyl-
methionine (NCM) can be reconverted to Met in the body.
In prokaryotes, NCM is also the starting amino acid for
biological proteins.12

Cu is an essential trace mineral element for aquatic animals,
which is the primary component of key enzymes in biological
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processes such as lysyl oxidase, cytochrome c oxidase,
ferroxidase, and tyrosinase.13,14 Adequate dietary Cu levels
had a positive e�ect on growth performance, antioxidant status,
and immune response.15,16 Therefore, Cu should be
supplemented to diets for maintaining the normal growth in
�sh. Whereas, the use of Cu supplements requires careful
consideration of its levels in feed diet and may lead to negative
impacts on the environment. On the one hand, signs of
impaired growth, increased mortality, oxidative injury, and
immune barrier malfunctions may occur in �sh fed on Cu
de�ciency diet.17,18 On the other hand, unnecessarily high
additions of Cu in �sh can cause toxicity in the tissue structure,
leading to changes in osmotic response and acid�base
regulatory system.19,20 In an aquaculture system, dietary intake
is the major way of Cu acquisition for �sh.21,22 Accordingly, it
is necessary for aquaculture producers to give priority to Cu
sources with higher bioavailability in the intensi�cation of the
breeding system.

In biological systems, the presence of protons (H+) could
facilitate the dissolution of dietary Cu due to the interactions
of endogenous inhibitors (e.g., phytate and tricalcium
phosphate) in the feed; dissolved Cu2+ reprecipitates to form
insoluble or indigestible complexes and reduce the bioavail-
ability of dietary Cu.15 Over presence of HCO3

� (>50 mmol/
L) limits the bioavailability of Fe2+ (precipitation of Fe
(HCO3)2), which may also be applicable for Cu2+.
Interestingly, studies found that the chelated trace elements
may protect metal ions against antinutritional factors present in
practical diets.23,24 Moreover, the bioavailability of organic
chelated Cu is higher than Cu inorganic salts in �sh such as
Oncorhynchus mykiss and Epinephelus malabaricus.25 It has been
reported that chelated Cu as an organic Cu supplement had
great bene�ts for animal growth performance, antioxidant
status, and immunity.26Therefore, using N-carbamoyl-methio-
nine copper (NCM-Cu) as the Cu source may be more
bene�cial to meet the nutritional needs of aquatic animals.

Nile tilapia (Oreochromis niloticus L.) is the most important
aquaculture products economically, being farmed in more than
135 countries, with a global creation around 5.9 million
tones.27 In China, Nile tilapia aquaculture production has
increased signi�cantly to provide a valuable source of protein
for the increasing market demand. In this study, the NCM-Cu
complex was fabricated and a new organic Cu source was used
in the feed to improve the overall �tness of O. niloticus. The
molecular structure and interactions of the NCM-Cu complex
were determined by a variety of physicochemical methods
including ultraviolet and visible spectrophotometry (UV�vis),
Fourier-transform infrared (FTIR), the X-ray di�ractometry
(XRD), thermogravimetric analysis (TGA), and single-crystal
X-ray di�raction. Furthermore, the e�cacy of NCM-Cu on the
growth performance, tissue mineralization, antioxidant status,
and immune response of a freshwater �sh, O. niloticus was
evaluated.

� RESULTS AND DISCUSSION
Present work was focused on the synthesis and e�cacy of N-
carbamoyl-methionine copper on the growth performance,
tissue mineralization, immunity, and enzymatic antioxidant
capacity of Nile tilapia (O. niloticus). The overall illustration of
intake of N-carbamoyl-methionine copper as diet and their
biological e�ects on Nile tilapia (O. niloticus) are shown in
Figure 1.

Both methionine (Met) and Cu element are essential
substances in maintaining the �sh’s normal life activities.1,13

Besides, it has been reported that N-carbamoyl-methionine
(NCM) can be reconverted to Met in the body.12 In
prokaryotes, NCM is also the starting amino acid for biological
proteins. Thus, the NCM-Cu supplements are nontoxic and
safe for �sh. However, studies have shown that the excessive
accumulation of Cu in �sh can cause changes in the tissue
structure, induce antioxidation, damage and stress response in
tissues and organs, lead to changes in osmotic pressure and the
acid�base regulatory system, induce immunotoxicity, hinder
the cell circulation of immune organs, promote apoptosis, and
a�ect the growth, development, and reproduction of �sh.19

Therefore, the use of NCM-Cu supplements requires careful
consideration of Cu levels in feed diet.

The NCM-Cu complex was successfully synthesized, which
presents a stable crystal form for the intake of �sh. An optical
microscope image (Figure 2a) indicated that the solid product
of the NCM-Cu complex had a blue columnar morphology.
For the sake of con�rming the successful complexation of the
NCM-Cu complex, UV�vis spectroscopy and FT-IR spectros-
copy were applied. For the UV�vis spectra (Figure 2b), a
bathochromic shift of the NCM-Cu complex was obviously
observed, which may be due to the extension of the conjugated
system with complexation.28 For the FT-IR spectra (Figure
2c), two characteristic peaks of Met were detected at 1582 and
553 cm�1 corresponding to �NH2 bending vibration and to
C�S�C stretching vibration, respectively.29,30 In contrast, the
appearance of new absorption peak at 1652 and 495 cm�1

indicated the existence of �OH and Cu�O in the NCM-Cu
complex, respectively.31,32 The existence of these characteristic
peak con�rmed that the NCM-Cu complex was formed. In
addition, X-ray di�raction (XRD) was further employed to
characterize the phase composition of the NCM-Cu complex
(Figure 2d). Compared to Met, the appearance of a new and
special di�raction pattern con�rmed that a new crystal
structure of the NCM-Cu complex was formed.33 Besides, a
series of intense and sharp peaks of XRD patterns displayed

Figure 1. Illustration of the synthesis of N-carbamoyl-methionine
copper (a) intake as diet (b) and their biological e�ects on Nile tilapia
(O. niloticus) (c).
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that the NCM-Cu complex was a crystalline compound. To
further corroborate this notion, the chemical states of the
NCM-Cu complex were investigated by the single-crystal X-ray
di�raction. The results (Table 1) revealed that the NCM-Cu

complex was crystallized in the monoclinic system and the
P21/c space group. Moreover, the empirical formula of NCM-
Cu was identi�ed as C12H30CuN4O10S2.

As depicted in Figure 2e, the aminocarbonyl (O�C�NH2)
group was coordinated with secondary amine (�NH) in the
NCM-Cu complex. Simultaneously, the Cu atom in the NCM-
Cu complex was coordinated with the carboxyl groups of N-
carbamoyl methionine ligands via a Cu�O bond. Besides, two
crystallization water was strongly trapped in the crystal lattice.
These results were consistent with other analysis data.
Noteworthy, the crystallization behavior may be a�ected by
the central atom, which directly a�ected the packing of the
structure.9,34 The content of Cu of the NCM-Cu complex was

14.28% (w/w) as measured by inductively coupled plasma
spectrometer (ICP).

TGA�DTA analysis is useful for evaluating the composition,
thermal stability, and degradation behavior of metal complexes.
In the preparation and processing of feed, heating at high
temperatures may create a large change in the chemical
properties of feed additives.35 The change of chemical
properties of feed additives can in�uence the stability and
physiological e�cacy of NCM-Cu samples.36 The poor
thermal stability of feed additives has an adverse e�ect on its
development and zoological research.37 Thus, it is important to
evaluate the NCM-Cu samples prepared in this work. In
another experiment, the thermal stability of Met and NCM-Cu
over a range of 40�600 °C was tested (Figure 3). The TG

curve of Met showed mass loss within the temperature range of
214.01�340.47 °C with DTG peaks at 279.17 °C. In contrast,
the �rst mass loss of NCM-Cu (8.0%) was related to the loss of
crystallization water.38 Besides, the second stage mass loss of
NCM-Cu at 134.56�427.10 °C was 61.2%. The di�erence in
the thermal stability of the NCM-Cu complex might be caused

Figure 2. Structural characterization. (a) Optical microscope image of the NCM-Cu complex. (b) UV�vis spectra: (i) Met and (ii) NCM-Cu. (c)
FTIR spectra: (i) Met and (ii) NCM-Cu. (d) XRD patterns. (e) Molecular structure of NCM-Cu.

Table 1. Crystallographic Data and Structure Re�nement of
N-carbamoyl-methionine copper

parameter values

empirical formula C12H30CuN4O10S2

formula weight (g/mol) 518.07
T (°C) 149.99
crystal system monoclinic
space group P21/c
a (Å) 15.8914(2)
b (Å) 4.65130(10)
c (Å) 15.2181(3)
volume (Å3) 1094.89(4)
Z 2
�nal R indices 0.0476/0.1329
R indices (all data) 0.0491/0.1365

Figure 3. Thermal stability analysis. (a) Thermogravimetry (TG)
curves; (b) derivative thermogravimetry (DTA) curves.
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