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Abstract 
 

Chitin (degree of deacetylation ~18.13%, average viscosity molecular weight ~79.128 
g/mol), prepared from molted whiteleg shrimp shells, was used to synthesize a chitin 
selenoester-zinc (ChSe-Zn) complex via a heterogeneous reaction with ZnSO4 and SeO2 
in an acid medium. The resulting complex was characterized by Ultraviolet-visible, X-
ray diffraction, and Fourier-transform infrared spectroscopy. Dietary supplementation 
with the ChSe-Zn complex (25.1 g Zn/kg and 239 mg Se/kg) at ~42 mg Zn/kg and 0.4 
mg Se/kg in whiteleg shrimp (Litopenaeus vannamei) significantly enhanced growth 
and antioxidant capacity compared with the control group, and showed comparable 
effects to the diet containing zinc proteinate and selenomethionine at the same Zn 
and Se concentrations. These results highlight the potential of the ChSe-Zn complex as 
a feed additive to enhance shrimp growth and antioxidant capacity, while utilizing 
molted shrimp shell waste and reducing reliance on other organic Zn and Se sources.  
 

Introduction 
 

Aquaculture is rapidly expanding worldwide, 
particularly in intensively farmed crustaceans such as 
shrimp, which are an important source of high-quality 
protein in human diets. Trace minerals are essential for 
shrimp growth as they regulate various biochemical 
functions in the body (Karamzadeh et al., 2022). Zinc 
(Zn) is a key trace element that acts as a cofactor in 
osmoregulation and nutrient metabolism, while 
enhancing the activities of antioxidant enzymes 
(Salahuddin et al., 2017) and contributing to the 
synthesis of proteins, lipids, and vitamin A (Muralisankar 
et al., 2015), but it can’t be stored in the animal body; 
thus, regular dietary supplementation is necessary 
(Kazemi et al., 2020). According to Pan et al. (2022), the 
optimal dietary Zn level for Pacific white shrimp ranges 

from 40 to 100 mg/kg. Experimental studies on Pacific 
white shrimp (Litopenaeus vannamei) have shown that 
supplementation with 40–80 mg Zn/kg methionine not 
only promotes growth and Zn deposition in muscle and 
tissues, but also enhances immune-related enzyme 
activities such as superoxide dismutase (SOD), phenol 
oxidase (PO), acid phosphatase (ACP), and alkaline 
phosphatase more effectively than ZnSO4. 

Selenium (Se), alongside Zn, is an essential trace 
element involved in antioxidant and immune responses 
in animals through the synthesis of selenoproteins and 
selenoenzymes, which protect cells against oxidative 
stress (K. Khan et al., 2016). Under intensive aquaculture 
conditions, Se is often deficient and must be supplied 
primarily through the diet. Both Se deficiency and excess 
can impair antioxidant capacity and growth 
performance in shrimp (Yu et al., 2022). Similar to Zn, Se 
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bioavailability depends on its chemical structure. 
Sodium selenite (Na2SeO3), an inorganic source 
commonly used in aquafeeds, has the drawbacks of low 
absorption efficiency, high toxicity, and environmental 
risks (Caravaggi et al., 1970; Perić et al., 2009). Yu et al. 
(2022) reported that at a dietary supplementation level 
of 0.4 mg/kg, selenomethionine and Se-enriched yeast 
improved growth performance and immune capacity in 
whiteleg shrimp, whereas Na2SeO3 reduced these 
parameters. 

Several studies have demonstrated that the 
simultaneous supplementation of Zn and Se in shrimp 
diets enhances antioxidant activities, including SOD, 
catalase (CAT), and glutathione peroxidase (GPx), 
compared with either single supplementation or the 
control group (Karamzadeh et al., 2022). Organic forms 
of Zn and Se generally exhibit lower toxicity and higher 
efficacy in promoting growth and enhancing immunity 
in shrimp than inorganic salts. While organic forms of Zn 
and Se are available, they are often supplemented 
separately and can be costly. Therefore, developing a 
single, novel organic complex that simultaneously 
delivers Zn and Se, using a sustainable material like 
chitin derived from molted shrimp shells, represents a 
promising approach to improve aquaculture 
performance while mitigating environmental pollution. 
To the best of our knowledge, this study is the first to 
develop and apply such a dual-element organic trace 
mineral complex. 

Global production of whiteleg shrimp reaches 
approximately 5–6 million tons per year, with a market 
value of 50–60 billion US dollars. Vietnam is the world’s 
second-largest shrimp exporter, producing on average 
745–930 thousand tons annually (Bộ Kế Hoạch và Đầu 
Tư, 2023). During its lifecycle, shrimp undergo roughly 
50 molts, generating substantial amounts of molted 
shells (Li et al., 2024). From 5 tons of shrimp, each 
farming cycle produces approximately 280 kg of molted 
shells (~5.6% of shrimp weight), containing around 
23.6% chitin (Pham et al., 2021). These functional 
groups (–NH2 and –OH) of partially acetylated chitin 
enable the preparation of various chitin/chitosan 
derivatives through reactions such as alkylation, 
acetylation, carboxymethylation, quaternization, 
esterification, Schiff base formation, N-coupling, graft 
copolymerization, crosslinking, and metal coordination 
(Žigrayová et al., 2024). The Zn2+ adsorption capacity of 
partially acetylated chitin is primarily attributed to its –
NH2 and –OH groups (Jaafarzadeh et al., 2014). The 
complexation mechanism of Zn2+ and other metal ions 
with –NH2 and –OH groups in chitin/chitosan has been 
described in numerous studies (Pestov & Bratskaya, 
2016; Dang et al., 2023).  

The –OH groups of chitosan can react with selenite. 
Wang et al. (2023) synthesized a Se-chitosan complex 
containing 139 mg Se/g, which was used to cultivate Se-
enriched microgreens. The reaction between chitosan 
and Na2SeO3 was carried out in a homogeneous phase 
using glacial acetic acid as a catalyst at 70°C for 6 h. 

Fourier-transform infrared (FTIR) analysis of Se-chitosan 
confirmed esterification at the C6 position of –OH. 
Similarly, esterification was observed at the C6 position 
between selenite and carboxymethyl chitosan (Chen et 
al., 2021). Due to the swelling properties of 
polysaccharides in solvents, esterification with selenite 
can also proceed in a heterogeneous medium 
(Cumpstey, 2013). Some studies employed HNO3 and 
Na2SeO3 as catalysts for polysaccharide selenylation; 
however, this method can lead to polysaccharide 
degradation under strong acidic conditions (Wei et al., 
2019). Se-chitosan complexes have been applied in 
various fields, including fruit preservation (Xie et al., 
2021), color retention (W. Wang et al., 2024), immune-
enhancing feed for laying hens and quails, and Se-
enriched egg production (Mohammadsadeghi et al., 
2023; Lari et al., 2024). Compounds formed between 
inorganic selenium and polysaccharides are considered 
safer and more biologically active than inorganic 
selenium due to the conversion of inorganic Se to 
organic forms (D. Wang et al., 2018). In nature, Se-
polysaccharides are very rare; therefore, the chemical 
synthesis has attracted considerable research interest 
(Dong et al., 2021). Although many studies have 
synthesized and applied polysaccharide selenoester 
compounds, there has been no published research to 
date on chitin selenoester compounds, particularly the 
chitin selenoester-zinc (ChSe-Zn) complex. 

In aquaculture, chitin is commonly supplemented 
from sources such as shrimp meal, yeast powder, or 
insect meal. Crustaceans can efficiently consume and 
utilize chitin, promoting growth, enhancing protein 
digestion (Pascon et al., 2025), and strengthening 
immune responses, thereby helping shrimp resist 
harmful microorganisms (Kumar et al., 2015). Beyond its 
ability to form esters with –OH groups at the C6 position, 
selenite can also form electrostatic interactions with –
NH2 and –OH groups at the C3 position of chitin (Y. Wang 
et al., 2023). Therefore, this study aimed to synthesize a 
novel chitin selenoester-zinc (ChSe-Zn) complex as a 
potential feed supplement to improve growth 
performance and antioxidant capacity in whiteleg 
shrimp. 

 

Materials and Methods 
 

Materials 
 
Chemicals used included NaOH 96%, Na2HPO4 99%, 

HCl 37%, glacial CH3COOH 99.5%, ZnSO4·7H2O 99.5%, 
CH3COONa 99%, ammonium molybdate, H2O2 30% 
(Xilong, China); SeO2 98% (Merck, Germany); nitro blue 
tetrazolium (NBT), EDTA (Sigma-Aldrich); phosphate 
buffer (Himedia, India); hydroxylamine hydrochloride 
(NH2OH·HCl) 99% (Damao, China); zinc proteinate 
containing 10% Zn (Chengdu Chelation Biology 
Technology Co., Ltd, China), selenomethionine 1% 
(Wellnature Technology Ltd, China), and CoCl2·6H2O 
(GHTECH, China). 
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Molted whiteleg shrimp shells (90–150 days old) 
were collected from a farm in Vinh Long province; 
Commercial feed for whiteleg shrimp HEADWAY (free of 
Zn and Se) contained: Protein 39%, lipid 4%, fiber 5%, P 
0.9%, lysine 1.5%, and antioxidants (ethoxyquin 50 
mg/kg, butylated hydroxyanisole 50 mg/kg, and 
butylated hydroxytoluene 100 mg/kg) (Grobest 
Industrial Co., Ltd, Vietnam). Whiteleg shrimp juveniles 
were obtained from a hatchery, with an initial weight 
(IW) of 1.3±0.1 g (Vietnam). 

 
Methods 
 
Preparation of Chitin 

 
Chitin is prepared by industrial processes by 

chitosan manufacturing companies. Particularly, 100 g 
of molted shrimp shells (~9.8% moisture) were soaked 
in 1 L of 5% HCl (w/v) for 2 h to remove minerals. The 
sample was washed with water, drained (~45% 
moisture), then treated with 3% NaOH (w/w), 
thoroughly mixed, and incubated for 24 h. Residual 
protein and NaOH were subsequently removed by 
washing to neutral pH. The resulting chitin was dried at 
80°C to a constant weight, ground to a particle size of ≤ 
0.01 mm, packed in PE bags, and stored at room 
temperature. The chitin recovery yield (Y) was 
determined according to formula (1): 

 

Y (%)= 
Mc 

x100 (1) 
Ms 

 
Where mc and ms (g) are the dry weight of the 

obtained chitin and the molted shrimp shells, 
respectively. 

 
Synthesis of ChSe-Zn Complex 

 
The ChSe-Zn complex was synthesized as a feed 

additive for whiteleg shrimp, with a Zn:Se weight ratio 
in the range of 100:1–125:1 (particularly, 40–50 mg Zn 
and 0.4 mg Se per kg after mixing with commercial feed). 
A 250 mL buffer solution at pH ~5 was prepared by 
dissolving 1.3 g CH3COONa and 0.525 g glacial CH3COOH 
in distilled water and adjusting the volume to 250 mL. 
Subsequently, 10,76 g ZnSO4·7H2O (0.15 M) was added 
and completely dissolved, followed by the addition of 50 
g chitin. The mixture was stirred and heated at 50°C for 
60 min. Next, 0.0555 g SeO2 (2 mM) was dissolved in 
glacial CH3COOH and added to the mixture. Three 
parallel experiments were conducted with selenoester 
reaction times of 30, 60, and 90 min. After completion, 
the mixture was filtered and washed with water until no 
Zn2+ (no precipitate with K4Fe(CN)6) and no anion  
(no red coloration with ascorbic acid) (Dong et al., 2021) 
were detected in the filtrate. Finally, the product was 
dried at 60°C by constantly weighing to obtain the 
powdered ChSe-Zn complex. 

 

Characterization 
 
The viscosity molecular weight (Mv) of chitin was 

determined from its intrinsic viscosity ([η]) in a 5% 
LiCl/dimethylacetamide (DMAc) solvent system at 
different concentrations of chitin (0.3–0.5 g/100 mL) 
using the Mark-Houwink formula (2) (Zhao et al., 2019): 

 
[η] = K x Mva (2) 

 
Where [η] is intrinsic viscosity, K = 7.6 × 10⁻⁵ dL/g, 

and a = 0.95. 

The degree of deacetylation (DD) of chitin was 
determined from FTIR spectra using formula (3) 
(Yusharani et al., 2019): 

 
  

100 x 
A1655  

DD (%)= 100 - 
A3450 

(3) 
1.33 

 
Where A1655 and A3450 are the absorbance at 1655 

and 3450 cm–1, respectively. 
The Zn content was measured by atomic 

absorption spectroscopy (AAS) following AOAC 999:11 
using an AA-7000 spectrometer (Shimadzu, Japan). 

The Se content was determined by inductively 
coupled plasma-mass spectrometry (ICP-MS) according 
to AOAC 2001:10 using a NexION 2000 system 
(PerkinElmer, USA). 

The functional groups were determined by FTIR 
spectroscopy on an FTIR-840S (Shimadzu, Japan) within 
the wavenumber range of 4000–400 cm–1. The 
crystalline structure was determined by X-ray diffraction 
(XRD) using a D8 Advance diffractometer (Bruker, 
Germany). 
 
Dietary Experiment on Whiteleg Shrimp 
 

A feeding trial was conducted with three dietary 
treatments, each with three tank replicates (each tank 
presenting one experimental unit), for a total of 9 tanks. 
Each 200 L tank contained 150 L of seawater and thirty 
shrimp. The initial weight (IW) of shrimp in each tank 
was recorded, and the feeding rate was maintained at 
5% of body weight (BW), adjusted every seven days. 
Shrimp were fed four times daily at 08:00, 12:00, 16:00, 
and 20:00. In the control, 97% of the commercial feed 
HEADWAY was moistened with 0.05% polyvinyl alcohol 
solution (2 L/100 kg) and subsequently coated with 3% 
(w/w) bentonite (control diet). The test diet (T1) 
consisted of the control diet supplemented with the 
ChSe-Zn complex, providing 40–45 mg Zn/kg and 0.5 mg 
Se/kg. This supplementation level was selected based on 
previous studies demonstrating that dietary Zn and Se 
supplementation can improve growth performance and 
enhance immune responses in whiteleg shrimp (Lin et 
al., 2013; J. Yang et al., 2022; Yu et al., 2021, 2023). The 
comparative diet (T2) consisted of the control diet 
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supplemented with zinc proteinate and 
selenomethionine to achieve Zn and Se content 
equivalent to those in T1. All diets were dried to 8% 
moisture and stored at 25°C. One hour after feeding, 
uneaten feed was siphoned, dried at 70°C, and weighed 
to determine feed intake (FI) and feed conversion ratio 
(FCR) according to formulas (4) and (5). Water was 
exchanged at 30% per day, maintained at 30 ± 2°C with 
dissolved oxygen of 7.0–7.5 mg/L, and salinity of 40 g/L. 
After 56 days, shrimp were fasted for 24 h before 
sampling. Shrimp in each tank were counted, weighed, 
and measured for total length (L) to determine growth 
parameters, including weight gain (WG), specific growth 
rate (SGR), Fulton’s condition factor (K), and survival 
rate (SR), following formulas (6)–(9) (Ghaffarizadeh et 
al., 2022). 

 

FI (% BW/day)= 
Total feed intake per tank 

x100 (4) 
IW+FW 

x 56 
 2  

 

FCR= 
Total feed intake (g) 

(5) 
WG (g) 

 

WG (%)= 
FW - IW 

x100 (6) 
IW 

 

SGR (%/day)= 
lnFW - lnIW 

x100 (7) 
Number of feeding days 

 

KF= 
FW 

x100 (8) 
Total length3 

 

SR (%)= 
Final number of shrimp 

x100 (9) 
Initial number of shrimp 

 
Hemolymph collection: Six shrimps were randomly 

selected from each tank. 2 mL hemolymph was collected 
from the ventral sinus using a sterile syringe preloaded 
with 1.2 mL anticoagulant solution (0.01 M KCl, 0.45 M 
NaCl, 10 mM EDTA-Na2, and 0.01 M HEPES). Samples 
were transferred into Eppendorf tubes and centrifuged 
at 5,000 rpm for 10 min at 4°C. The supernatant was 
stored at –20°C for subsequent biochemical analyses 
(Campa-Córdova et al., 2002). 

Protein content in hemolymph was determined by 
the Bradford method (1976) using Coomassie Brilliant 
Blue G-250, and absorbance was measured at 595 nm 
(Bradford, 1976). 

Determination of SOD enzyme activity (Kono, 
1978): SOD activity was determined based on its ability 
to inhibit the auto-oxidation of pyrogallol. Particularly, 
the reaction mixture consisted of 0.5 mL NBT, 0.5 mL 
NH2OH·HCl, 0.25 mL EDTA/Na2CO3 buffer (pH 10.2), and 
collected shrimp hemolymph with different volumes (0, 
0.5, 1.0, and 1.5 mL; equivalent to 0, 0.3125, 0.625 and 
0.9375 mL hemolymph in the mixture). Distilled water 
was added to a final volume of 3 mL. Absorbance was 
measured at 560 nm using a UV-vis V630 

spectrophotometer (Jasco, Japan). The inhibition rate (I) 
was calculated according to formula (10): 

 

I (%)= 
A0–A  

x 100 (10) 
A0 

 
Where A0 and A represented the absorbance of the 

control and test samples, respectively. A standard curve 
was plotted between I and hemolymph volume, and the 
volume corresponding to 50% inhibition was defined as 
one SOD unit. SOD activity was then expressed as U/mL 
of hemolymph. 

Determination of CAT enzyme activity (Góth, 
1991): A 0.1 mL of hemolymph was incubated for 1 min 
with 1 mL of reaction mixture containing 50 mM 
phosphate buffer (pH 7.0) and 10.6 mM H2O2. The 
reaction was terminated by adding 0.5 mL of 32.4 mM 
ammonium molybdate solution, and absorbance was 
measured at 410 nm using a UV-vis V630 
spectrophotometer (Jasco, Japan). 

Determination of GPx enzyme activity 
(Ghaffarizadeh et al., 2022): 20 μL of hemolymph was 
mixed with 150 μL of reaction buffer (1 mM NADPH, 1 
mM glutathione, 1.2 U glutathione reductase, 50 mM 
Tris-HCl, and 5 mM EDTA). 20 μL of cumene 
hydroperoxide was added to the mixture, and 
absorbance was measured at 340 nm. 

Determination of malondialdehyde (MDA) 
concentration (Buege & Aust, 1978): 200 μL of 
hemolymph was mixed with 2 mL of thiobarbituric acid 
reagent (0.375% TBA, 15% trichloroacetic acid, and 0.25 
N HCl). The mixture was boiled for 15 min, cooled, 
centrifuged, and the absorbance was measured at 532 
nm. 

The whole-body compositions of shrimp, including 
crude protein, crude lipid, ash, and moisture, were 
determined according to the AOAC official methods 
920.87, 920.39, 950.46, and 923.03, respectively. 

 
Statistical Analysis 
 

Experimental data were analyzed using IRRISTAT 
5.0 and Microsoft Excel 365, and the results were 
presented as the mean ± standard error. Mean values 
were compared using one-way analysis of variance 
followed by the least significant difference test at a 0.05 
probability level. The sample size for each treatment 
was n= 3. 

 

Results 
 

The chitin recovery yield and elemental chemical 
composition of molted whiteleg shrimp shells after 
demineralization and deproteinization are presented in 
Table 1. The chitin recovery yield was 39.87%, while the 
Mv of chitin, determined by the viscometric method, 
was 79,128 g/mol. 

The Zn and Se contents of the ChSe-Zn complex at 
different esterification times are presented in Table 2. 
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When hydrated chitin was complexed with ZnSO4 for 60 
min, the Zn content remained nearly unchanged during 
subsequent esterification with selenite for 30, 60, and 
90 min (18.9–26.0 g Zn/kg). Meanwhile, the Se content 
increased progressively with reaction time, reaching 
169, 239, and 295 mg/kg, respectively. 

The UV-vis spectra of chitin (Figure 1a) showed 
that chitin exhibited a characteristic absorption peak at 
208 nm. Upon complexation with Zn2+ and esterification 
with selenite, the intensity of this peak decreased, while 
a new absorption peak emerged at 230 nm (Figure 1b). 

The XRD patterns of chitin and the ChSe-Zn 
complex are presented in Figure 2. For chitin (Figure 2a), 
two strong diffraction peaks at 2θ ~9.4° (020) and 19.1° 
(110), along with three weaker peaks at 2θ ~12.6° (021), 
23.0° (120), and 26.3° (130). In contrast, the ChSe-Zn 
complex (Figure 2b) exhibited only two diffraction peaks 
at 2θ ~9.2° (020) and 19.2° (110) with markedly reduced 

intensities, while the minor peaks observed in native 
chitin disappeared. 

The FTIR spectra of chitin and the ChSe-Zn complex 
are presented in Figure 3 and Table 3. The DD of chitin, 
calculated according to formula (3), was 18.13%. 

The ChSe-Zn complex obtained after 60 min of 
esterification reaction time contained 25.1 g Zn/kg and 
239 mg Se/kg. It was applied as a feed additive in white-
leg shrimp feed at a ratio of 1:600 (corresponding to Zn 
and Se contents of approximately 42 and 0.4 mg/kg, 
respectively). 

The results in Table 4 demonstrated that dietary 
supplementation with Zn and Se significantly enhanced 
the growth performance of whiteleg shrimp. In 
particular, shrimp in both T1 and T2 exhibited higher 
FW, WG, L, and SGR than the control treatments, with 
significant differences. In contrast, IW, K, and SR were 
not significantly different among groups. Regarding feed 

Table 1. Chemical composition of molted shrimp shells and chitin recovery efficiency 

Moisture (%) Mineral (%) Protein (%) Y (%) 

13.78±0.08 18.24±0.47 28.11±0.41 39.87±0.42 
 
 
 

Table 2. Zn and Se contents of the ChSe-Zn complex at different esterification times 

Esterification time (min) Zn content (g/kg) Se content (mg/kg) 

30 18.9±0.3 169±2.6 
60 25.1±0.3 239±2.6 
90 26.0±0.4 295±3.5 

 
 
 

 

Figure 1. UV-vis spectra of chitin (a) and the ChSe-Zn complex (b).  
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utilization, both FI and FCR were significantly reduced in 
T1 and T2 compared with the control. FI decreased from 
3.48% to 2.99% in T1 and 3.02% in T2, while FCR 
decreased from 1.34 to 1.08 (T1) and 1.11 (T2). 

Along with improved growth performance, 
parameters related to the endogenous antioxidant 

system were also identified and presented in Figure 4. In 
particular, T1 and T2 showed that the activities of SOD, 
CAT, and GPx were significantly higher, whereas the 
MDA concentration was significantly lower than in the 
control. In addition, hemolymph protein concentration 
in shrimp increased slightly from 98 mg/mL (control) to 

 

Figure 2. XRD patterns of chitin (a) and the ChSe-Zn complex (b).  

 

 
Figure 3. FTIR spectra of chitin (a) and the ChSe-Zn complex (b). 

 



636 

Aquaculture Studies, 26(5), 630-641 AQUAST3292 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

106 mg/mL (T1) and 103 mg/mL (T2); these differences 
were not statistically significant. 

The results of mineral accumulation and whole-
body composition of whiteleg shrimp under different 
diets are presented in Table 5. Dietary supplementation 
with Zn and Se significantly increased the 
concentrations of these two elements in shrimp 
compared with the control. Particularly, whole-body Zn 
contents of shrimp in T1 and T2 were nearly 1.5-fold 
higher than in the control, while Se contents increased 
by approximately 65%. Along with changes in mineral 
accumulation, the proximate composition of shrimp also 
showed noticeable variations. Protein contents in 
shrimp increased in both T1 and T2, whereas lipid 
contents slightly decreased compared with the control. 
 

Discussion 
 

The chitin recovery yield in this study was higher 
than that of adult shrimp (29.4%) (Pham & Trang, 2012). 
Because molted shells contained less protein than the 
heads and shells of adult shrimp (24.3%–54.4%) (Black & 
Schwartz, 1950; Pham & Trang, 2012), their 
deproteinization required a lower amount of NaOH. 
Thus, molted shrimp shells can be considered a 
promising raw material for chitin production. The Mv of 

chitin was relatively moderate and suitable for the 
synthesis of the ChSe-Zn complex. 

The Se contents of the ChSe-Zn complex at 
different esterification times were considerably lower 
than those reported for the chitosan-selenite ester (139 
mg Se/g) (Y. Wang et al., 2023). This discrepancy was 
mainly attributed to the more extended esterification 
period (6 h) in a homogeneous medium, which rendered 
the –OH group at the C6 position of chitosan more 
reactive than its hydrated form. Moreover, in the case 

of chitosan,  anions not only participated in 
esterification but also coordinated with the protonated 
–NH2 groups under acidic medium (Y. Wang et al., 2023). 
After 90 min of esterification, the Zn content of the 
ChSe-Zn complex did not increase significantly. 
Therefore, we selected 60 min as the optimal 
esterification time between chitin and selenite to 
synthesize the ChSe-Zn complex for subsequent studies 
on its structural properties and biological efficacy in 
whiteleg shrimp. 

The characteristic absorption peak of chitin 
(Figure 2a) at 208 nm is attributed to the π–π* transition 
of the primary amide group (Amelia et al., 2021). For the 
ChSe-Zn complex (Figure 2b), the intensity of this peak 
decreased due to reduced intramolecular hydrogen 

Table 3. FTIR spectral peaks and functional group of chitin and the ChSe-Zn complex 

Chitin ChZn-Se complex Functional group References 

3450 3445 –OH and –NH2 stretching vibrations (Akpan et al., 2018) 

3090 2967 
Symmetric and asymmetric stretching vibrations of CH and CH2 (Hong et al., 2021) 

2914 2891 

1655 1635 C=O stretching vibrations in amide I (NHCOCH3) (Shigemasa et al., 1996) 

1560 1575 N–H blending and C–N stretching vibrations of amide 2 (Shigemasa et al., 1996) 

1431 1431 CH2 scissoring or C–H bending vibrations in the pyranose ring (Baseri & Baker, 2011) 

1376 1383 CH3 symmetrical deformation (Shinu et al., 2023) 

1317 1317 C–N stretching and N–H bending vibrations in amide III (Shinu et al., 2023) 

1261 1259 C–N stretching vibrations of amide III, –NHCO of secondary amides (Zvezdova, 2010) 

1160 1159 C–O–C stretch (Tan et al., 2020) 

1029 1029 C–O stretch vibrations (Palpandi et al., 2009) 

954 953 CH3 wagging vibration in N-acetylglucosamine (Palpandi et al., 2009) 

897 897 Ring stretching vibration of the glycosidic linkage (C–O–C) (Palpandi et al., 2009) 

- 712 Se=O stretching vibrations (Dong et al., 2021) 

- 620 C–O–Se stretching vibrations (Dong et al., 2021) 

- 534 N–Zn stretching vibrations (X. Wang et al., 2004) 
 
 
 

Table 4. Effect of dietary Se and Zn on growth performance of whiteleg shrimp 

Parameters Control T1 T2 

IW (g) 1.35±0.01ns 1.33±0.04ns 1.37±0.01ns 
FW (g) 8.62±0.11a 10.30±0.12b 10.16±0.09b 
L (cm) 11.10±0.10a 11.73±0.09b 11.67±0.15b 
WG (%) 540.06±5.24a 677.45±14.17b 643.22±8.29b 
SGR (%/day) 3.31±0.01a 3.67±0.07b 3.58±0.09b 
K 0.63±0.01ns 0.64±0.01ns 0.64±0.01ns 
FI (% BW/day) 3.48±0.04a 2.99±0.04b 3.02±0.02b 
FCR 1.34±0.02a 1.08±0.01b 1.11±0.01b 
SR (%) 88.89±2.22ns 96.67±1.92ns 93.33±1.92ns 

Notes: Means in a row with the same letter are not significantly different (P<0.05), whereas “ns” indicates no significant difference (P>0.05) 
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bonding (Roquyya et al., 2025), and a new absorption 
peak emerged at 230 nm, characteristic of selenoester 
polysaccharides (S. Yang & Zhang, 2016). 

The XRD results of chitin (Figure 2a) revealed peaks 
characteristic of α-chitin (Poerio et al., 2020). In 
contrast, the ChSe-Zn complex (Figure 2b) showed a 
pronounced decrease in diffraction intensity, together 

with the disappearance of minor crystalline peaks, 
indicating a pronounced reduction in crystallinity upon 
complex formation. This change is likely due to the 
coordination of –NH2 groups with Zn2+ and the 
esterification of –OH groups with selenite, consistent 
with previous results on Se-chitosan (Y. Wang et al., 
2023) and chitosan-Zn (A. Khan et al., 2013) complexes. 

  

  

 

Figure 4. Effect of dietary Se and Zn on oxidative enzymes, MDA, and protein in hemolymph of whiteleg shrimp. Different letters 
above the bars indicate significant differences (P<0.05), whereas “ns” indicates no significant difference (P>0.05).  

 
Table 5. Effect of dietary Se and Zn on mineral accumulation and whole-body composition of whiteleg shrimp 

Parameters Control T1 T2 

Zn (mg/kg) 10.81±0.35a 16.21±0.25b 15.96±0.24b 
Se (mg/kg) 0.89±0.02a 1.46±0.01b 1.47±0.03b 
Crude lipid (%) 4.91±0.14ns 4.72±0.13ns 4.69±0.08ns 
Crude protein (%) 15.41±0.25a 16.94±0.20b 16.87±0.18b 
Ash (%) 2.91±0.07ns 3.15±0.23ns 3.06±0.26ns 
Moisture (%) 77.35±0.23ns 77.12±0.65ns 77.69±0.80ns 

Notes: Means in a row with the same letter are not significantly different (P<0.05), whereas “ns” indicates no significant difference (P>0.05).  
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The FTIR results indicated that the ChSe-Zn 
complex (Figure 3b) retained most of the characteristic 
peaks of chitin (Figure 3a). However, the complexation 
of –NH2 groups with Zn2+ and the esterification of –OH 
groups with selenite shifted the characteristic 
absorption bands of –OH and –NH2 from 3450 to 3445 
cm–1, with slight shifts also observed in other vibrations. 
Notably, the peak at 1029 cm–1, attributed to C–O 
stretching, decreased in intensity due to partial 
esterification of –OH groups with selenite. Furthermore, 
the FTIR spectrum of the ChSe–Zn complex showed new 
peaks at 712, 620, and 534 cm–1, corresponding to Se=O, 
C–O–Se, and N–Zn bonds, respectively. These results 
confirmed that chitin successfully complexed with Zn2+ 
and was esterified with selenite. The DD of chitin is 
higher than the value of approximately 6% reported by 
Hien et al. (2005). This result idicated that the chitin 
obtained from molted whiteleg shrimp shells underwent 
partial deacetylation during the protein removal step 
using 3% (w/w) NaOH, thereby facilitating subsequent 
complexation with Zn2+ ions and esterification with 
selenite. A schematic illustration of the proposed Zn2+ 
coordination and Na2SeO3 esterification on partially 
deacetylated chitin is presented in Figure 5. 

The results in Table 4 demonstrated that shrimp 
were initially uniform and that the supplemented diets 
were well-tolerated without adverse effects. Thus, the 
observed improvements in growth were mainly 
attributable to the dietary supplementation. Notably, 
although the differences were not statistically 
significant, shrimp in T1 tended to exhibit slightly higher 
growth than those in T2. It might be due to the ChSe-Zn 
complex containing chitin, which promoted protein 
digestion (Pascon et al., 2025). 

The improvement in endogenous antioxidant 
capacity of shrimp following Zn and Se supplementation 
was consistent with the research of Cheng et al. (2002), 
who reported hemolymph protein concentrations 
ranging from 82.7 to 144.0 mg/mL, depending on shrimp 
size and molt stage. This result suggested that Zn and Se 
supplementation enabled shrimp to eliminate reactive 
oxygen species more efficiently, thereby reducing lipid 
peroxidation and minimizing cell membrane damage. 
The enhanced ability to control oxidative stress could 

provide a physiological basis for the observed 
improvements in growth and feed efficiency in T1 and 
T2 compared with the control. Similarly, Shi et al. (2021) 
demonstrated that organic Zn stimulated SOD activity 
and reduced lipid peroxidation. Wang et al. (2021) 
reported that Se-methionine improved growth and 
nitrite tolerance by enhancing the antioxidant enzyme 
system. 

The increase in Zn and Se content throughout the 
shrimp’s whole-body indicated that the bioavailability of 
the ChSe-Zn complex was comparable to that of 
commercial Zn proteinate and Se methionine, 
highlighting the potential role of chitin as a stabilizing 
agent. These results were consistent with the 
observations of Pan et al. (2022), who reported that 
organic Zn was efficiently absorbed and accumulated in 
shrimp tissues.  

The increase in protein content and the decrease 
in lipid content in shrimp in T1 and T2 are commonly 
observed when trace minerals associated with 
antioxidant enzymes and energy metabolism are 
supplemented. Selenium is an essential component of 
GPx, while Zn participates in the activity of more than 
200 enzymes, including those involved in transcription 
and protein synthesis (Ghaffarizadeh et al., 2022). By 
reducing oxidative stress, protein could have been 
preferentially utilized for cell growth rather than 
protective responses, thereby increasing crude protein 
content in the tissues. Karamzadeh et al. (2022) 
demonstrated that the combined supplementation of 
Zn and Se nanoparticles in whiteleg shrimp promoted 
faster growth, enhanced antioxidant capacity, and 
improved feed utilization compared with single-element 
supplementation. 

Therefore, supplementation with the organic 
complex ChSe-Zn demonstrated efficacy comparable to 
other organic Se and Zn sources, such as Se-methionine 
and Zn-proteinate, highlighting its potential as an 
alternative micronutrient supplement in shrimp diets. 
Moreover, using molted shrimp shell by-products as a 
raw material for synthesizing the ChSe-Zn complex could 
reduce environmental pollution and create a value-
added product from shrimp shell waste. 
 

 

Figure 5. Schematic illustration of Zn2+ coordination and Na2SeO3 esterification on partially deacetylated chitin.  
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Conclusion 
 

This study successfully synthesized a novel organic 
trace minerals complex from molted shrimp shells using 
inorganic Zn and Se sources. Characterization analyses 
confirmed the complex formation, in which Zn2+ ions 
coordinated to –NH2 groups, while selenite participated 
in esterification with the –OH group of the 
glucopyranose ring. Dietary supplementation with the 
ChSe-Zn complex significantly enhanced shrimp growth 
performance and increased the activity of key 
antioxidant enzymes. These results indicated that the 
ChSe-Zn complex had potential application as an organic 
mineral supplement for aquaculture. Moreover, using 
molted shrimp shell by-products for its synthesis 
contributes to the development of a circular, 
sustainable aquaculture industry.   
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