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Introduction: Rainbow trout (Oncorhynchus mykiss) is a premier cold-water
aquaculture species and a valuable source of high-quality protein and long-chain
Vitamin C n-3 polyunsaturated fatty acids. As trout farming intensifies, feeding strategies
must sustain rapid growth and optimal feed efficiency while safeguarding
carcass quality against physiological and environmental stressors. Vitamin C
Growth (ascorbic acid) is an indispensable micronutrient for teleosts because they lack
L-gulonolactone oxidase, the terminal enzyme required for endogenous ascorbic
acid biosynthesis. This vitamin plays a critical role in collagen synthesis, skeletal
Rainbow trout ontogeny, wound healing, and non-specific antioxidant defense; deficiency
severely impairs growth and compromises immunocompetence. However,
crystalline ascorbic acid exhibits poor stability during feed processing,
prolonged storage, and transit through the digestive tract, resulting in diminished
bioavailability. Chitosan is a biodegradable, biocompatible, and mucoadhesive
biopolymer capable of encapsulating and stabilizing delicate bioactive
compounds. Dietary administration of chitosan and its nanoscale derivatives
have been shown to enhance growth performance, nutrient utilization, mucosal
intestinal integrity, antioxidant status, and systemic immunity in aquatic species.
Nanoencapsulation can effectively shield ascorbic acid against oxidative
degradation while facilitating controlled gastrointestinal release. Although
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positive responses to nanochitosan-encapsulated vitamin C have been
documented in warm-water species such as Nile tilapia and Pacific white shrimp,
empirical evidence in salmonids remains scarce, as previous rainbow trout
studies have primarily focused on conventional ascorbic acid or synergistic
vitamin C-E regimens. Therefore, this study evaluated the effects of graded
dietary inclusion levels of nanochitosan-encapsulated vitamin C (NC-VitC) on
growth performance, feed utilization, and carcass proximate composition. It was
hypothesized that NC-VitC supplementation would non-linearly improve
growth and feed conversion efficiency, optimizing carcass quality by promoting
protein deposition and attenuating lipid accumulation at intermediate inclusion
levels.

Materials and Methods: NC-VitC nanoparticles were synthesized via ionic
gelation using low-molecular-weight chitosan, sodium tripolyphosphate (TPP),
and L-ascorbic acid. A chitosan solution (2 mg/mL; pH 4.8-5.0) was
homogenized with vitamin C and cross-linked with TPP at a 5:1 chitosan: TPP
mass ratio. The resulting colloidal suspension was isolated via centrifugation,
washed, lyophilized, and comprehensively characterized using DLS, FE-SEM,
FTIR, XRD, and EDS. A vitamin C-free basal diet meeting the nutritional
requirements of rainbow trout was formulated to contain 0, 25, 50, 100, or 200
mg NC-VitC/kg diet. Juvenile rainbow trout (initial body weight: 30.0 £ 1.0 g)
were randomly stocked into 15 fiberglass tanks (300 L; 20 fish/tank; three
replicate tanks per dietary treatment). Following a 10-day acclimation period,
fish were hand-fed to apparent satiation four times daily for 68 days under
controlled rearing conditions (water temperature: 14 = 1 °C; dissolved oxygen:
7.5 £ 0.3 mg/L; pH 7.2-7.6). Biometric indices, feed utilization parameters,
survival, and Fulton’s condition factor were calculated using the tank as the
experimental unit. Carcass moisture, crude protein, crude lipid, and ash were
determined following standard AOAC protocols. Data were subjected to One-
Way ANOVA, followed by Tukey’s post-hoc test (P<0.05) and orthogonal
polynomial contrasts (quadratic regression).

Results and Discussion: Physicochemical profiling confirmed the successful
synthesis and loading of NC-VitC. Characteristic alterations in FTIR spectra
across the O-H/N-H stretching regions, the 1700-1500/cm band, and the
polysaccharide fingerprint confirmed the chemical entrapment of ascorbic acid.
XRD spectra exhibited broad, diffuse haloes lacking sharp crystalline
reflections, denoting an amorphous dispersion within the polymer matrix. DLS
analysis revealed an intensity-weighted hydrodynamic diameter of 6399.8 +
671.0 nm, whereas FE-SEM depicted discrete primary spherical nanoparticles
ranging from 25.79 to 47.09 nm residing within visible clusters. This variance
indicates that DLS measured secondary agglomerates in liquid suspension, an
expected artifact stemming from the distinct operational principles of dynamic
light scattering versus electron microscopy. EDS spectra displayed dominant
carbon, nitrogen, and oxygen peaks, confirming an organic, contaminant-free
polysaccharide scaffold. Dietary inclusion of NC-VitC significantly influenced
final body weight, total weight gain, daily weight gain, specific growth rate
(SGR), feed conversion ratio (FCR), protein efficiency ratio (PER), and
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condition factor, with no adverse effects on survival across treatments. Final
body weight increased from 69.28 g in the unsupplemented control to 80.97 g in
the 200 mg/kg group; overall weight gain escalated from 40.26 to 51.65 g,
accompanied by an increase in SGR from 1.28 to 1.49%/day. The basal control
diet yielded the highest FCR (1.50) and lowest PER (1.48), whereas the most
favorable nutrient utilization indices were achieved at 50 and 200 mg/kg.
Quadratic regression revealed non-linear plateau responses, predicting an
optimum growth response at 150-170 mg NC-VitC/kg diet. This plateau
phenomenon is consistent with micronutrient kinetics and tissue saturation
profiles in teleosts, corroborating the biostimulatory effects of functional nano-
carriers in aquatic feeds. However, because unencapsulated ascorbic acid and
bare chitosan controls were not evaluated alongside, the specific carrier effects
cannot be fully decoupled from the encapsulation synergy. Carcass moisture and
ash contents were unaffected by dietary treatments. Conversely, whole-body
crude protein peaked at 100 mg/kg (19.30%), coinciding with a minimum crude
lipid level (8.80%), compared with 17.50% protein and 10.30% lipid in the
control cohort. Quadratic models estimated optimal carcass composition within
the 110-120 mg/kg inclusion range. Similar shifts in carcass composition have
been documented following functional feed supplementation, reflecting
enhanced nutrient deposition efficiency rather than verified alterations in hepatic
lipogenesis. Overall, intermediate supplementation levels provided the optimal
physiological balance between growth acceleration and carcass quality.
Conclusion: Dietary supplementation with nanochitosan-encapsulated vitamin
C significantly improved somatic growth and feed utilization in juvenile rainbow
trout under intensive culture conditions. Relative to the unsupplemented control,
NC-VitC elevated final biomass, weight gain, and SGR, while concurrently
lowering FCR and enhancing PER. Survival remained exceptionally high across
all groups, demonstrating physiological safety. Second-order polynomial
regression indicated an optimal dietary inclusion range of 150-170 mg/kg for
maximal growth, whereas optimal carcass proximate composition was achieved
at a lower threshold (110-120 mg/kg). Although the primary particles were
nanoscale, their secondary aggregation in suspension highlights the necessity for
advanced dispersion stabilization protocols in feed processing. While NC-VitC
represents a potent functional aquafeed additive, parallel validation against free
ascorbic acid and blank nanoparticles is recommended prior to commercial
application.

*Corresponding author: seyedabdolmajid.mousavi@iau.ac.ir
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Table 1 Ingredient composition and proximate analysis of the experimental diets containing
graded levels of nanochitosan-encapsulated vitamin C (NC-VitC).

Ingredient composition Control T T2 T3 T4
(g/kg diet) (25mg/kg) (50mg/kg) (100mg/kg) (200mg/kg)
Fish meal 420 420 420 420 420
Soybean meal 220 220 220 220 220
Corn gluten meal 100 100 100 100 100
Wheat flour 130 130 130 130 130
Fish oil 80 80 80 80 80
Soybean oil 20 20 20 20 20
Vitamin premix’ 10 10 10 10 10
Mineral premix’ 10 10 10 10 10
Dicalcium phosphate 5 5 5 5 5
Binder (CMC?) 5 5 5 5 5
Proximate composition (%, as-fed basis)

Crude protein 45 45 45 45 45
Crude lipid ~17 ~17 ~17 ~17 ~17
Ash ~9 ~9 ~9 ~9 ~9

! Vitamin and mineral premixes were formulated to meet or exceed the nutritional requirements of
rainbow trout (NRC, 2011). The vitamin premix contained no vitamin C. The NC-VitC nanoformulation
contained a nominal vitamin C content of 16.7% (w/w). Therefore, dietary supplementation with 25, 50,
100, and 200 mg NC-VitC/kg diet provided 4.17, 8.33, 16.67, and 33.33 mg vitamin C equivalents/kg
diet, respectively, corresponding to 20.83, 41.67, 83.33, and 166.67 mg chitosan equivalents/kg diet. 2

CMC = Carboxymethyl Cellulose
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Figure 1 FTIR spectra of chitosan nanoparticles with and without vitamin C. Fourier-transform infrared
(FTIR) spectra of blank chitosan nanoparticles (CHITOVCB) and vitamin C-loaded chitosan
nanoparticles (CHITOVCF). The spectra show characteristic chitosan bands and formulation-
dependent changes in the O-H/N-H stretching region and other functional-group regions,
supporting molecular interactions between chitosan and vitamin C in the loaded formulation.
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Figure 2 X-ray diffraction (XRD) pattern of vitamin C-loaded chitosan nanoparticles. XRD
diffractogram of CHITOVCF (CS-VitC). The profile is dominated by broad features with reduced

sharp crystalline reflections, indicating a predominantly amorphous/poorly ordered structure
consistent with dispersion/encapsulation of vitamin C within the chitosan matrix.
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Figure 3 Dynamic light scattering (DLS) size distribution of the nanoparticle suspension. DLS results for
the nanoparticle dispersion showing the intensity-weighted hydrodynamic size distribution (and
summary statistics, as reported by the instrument). The micrometer-range hydrodynamic

diameter reflects aggregate/agglomerate size in suspension under the measurement conditions
rather than the primary particle size.
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Figure 4 FE-SEM micrographs of chitosan-vitamin C nanoparticles. Field-emission scanning
electron microscopy (FE-SEM) images of CHITOVCEF at different magnifications (a—f) showing
granular nanoscale features arranged within larger dried assemblies. Panel (b) illustrates
representative particle-size measurements in the tens-of-nanometers range. Scale bars are
provided in each panel.
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Figure 5 EDS spectrum of vitamin C-loaded chitosan nanoparticles. Energy-dispersive X-ray

spectroscopy (EDS) spectrum of CHITOVCF showing dominant signals of C, N, and O, consistent
with an organic chitosan-based system and supporting the absence of major inorganic

contaminants in the analyzed region.
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Table 2 Growth performance, feed utilization, survival and condition factor of rainbow trout
(Oncorhynchus mykiss) fed diets supplemented with nanochitosan-encapsulated vitamin C (NC-
VitC; mg/kg diet) for 68 days

Parameter C (Control) T1 (25) T2 (50) T3 (100) T4 (200)
Wi (g) 29.02+0.16 29.47+090  29.70+0.54 29.98 +0.45 29.32+0.89
Wt (g) 69.28 +1.34> 76.57+2.79* 78.63+0.59° 79.28+1.63*  80.97+1.01*
WG (g) 4026 +1.18° 47.10+1.99°  48.93+£0.26*  49.30+1.33*  51.65+0.13?
PWG (%) 138.73 £3.27° 159.79 +£3.76° 164.76+3.16" 164.39+3.59* 176.24 +5.00°
DWG (g/day)  0.59 +0.02¢ 0.69 +0.03° 0.72 £0.00* 0.72 £0.022 0.76 £ 0.00?
SGR (%/day) 1.28 +£0.02¢ 1.40 £ 0.02° 1.43 £0.02° 1.43 £0.02° 1.49 £ 0.03?
FCR 1.50 = 0.00? 1.07 = 0.06° 0.94 +0.03° 1.11+0.05° 0.96 + 0.02¢
PER 1.48 +0.00° 1.99 £ 0.08° 2.13 £0.09° 2.16+£0.13% 2.31£0.052
SR (%) 88.33 £2.36* 96.67+£2.89% 96.67+2.89% 95.00+5.00° 95.00 £ 5.00?
CF 1.30£0.11° 1.19+0.03? 1.49+0.31° 1.10 £ 0.06* 0.99 £ 0.06°

NC-VitC contained 16.7% (w/w) vitamin C; thus 25, 50, 100 and 200 mg NC—-VitC/kg diet provided
4.17, 8.33, 16.67 and 33.33 mg vitamin C equivalents/kg, respectively. Values are presented as mean +
SEM (n = 3 tanks per treatment). Different superscript letters within the same row indicate significant
differences among treatments at P<0.05 (Tukey’s test). Wi = Initial Weight, Wf = Final Weight, WG =
Weight Gain, PWG = Percentage Weight Gain, DWG = Daily Weight Gain, SGR = Specific Growth
Rate, FCR = Feed Conversion Ratio, PER = Protein Efficiency Ratio, SR = Survival Rate, CF =
Condition Factor
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Figure 6 Quadratic regression between dietary nanochitosan-encapsulated vitamin C (NC-VitC)
level and weight gain (g/fish) of rainbow trout after the feeding trial
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Figure 7 Quadratic regression analysis of growth performance and feed utilization indices,
including specific growth rate (SGR), feed conversion ratio (FCR), and protein efficiency ratio
(PER), in response to dietary nanochitosan-encapsulated vitamin C (NC-VitC) levels in rainbow
trout. All regression models were statistically significant (P<0.05). Data points represent

treatment means
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Table 3 Carcass proximate composition (% wet weight) of juvenile rainbow trout (Oncorhynchus
mykiss) fed diets supplemented with nanochitosan-encapsulated vitamin C (NC-VitC; mg/kg diet)
for 68 days

?Zr;re‘ievtf;gh y C(Controh)  TI(25) T2 (50) T3 (100) T4 (200)

Crude protein ~ 17.50+0.30> 17.87+£0.25> 18.27+£0.25> 19.30+£0.36* 17.87+0.51"

Crude lipid 10.30£0.20c 9.93 +£0.25* 9.40+0.20> 8.80+0.20* 9.73 +£0.25"

Moisture 72.03 £0.45¢ 71.80+0.30* 71.33+0.15¢ 71.47+0.45 71.33+0.15°

Ash 1.45+0.05* 1.46+0.060 148+0.03* 1.45+0.04> 1.52+0.03?
Values are mean + SEM (n = 3 tanks per treatment; tank considered the experimental unit). Different
superscript letters within the same row indicate significant differences among treatments (P<0.05;
Tukey’s test). We converted ash values to wet-weight percentages using the corresponding moisture
content. NC-VitC contained 16.7% (w/w) vitamin C; therefore, dietary inclusion levels of 25, 50, 100,
and 200 mg NC-VitC/kg diet provided 4.17, 8.33, 16.67, and 33.33 mg vitamin C equivalents/kg diet,

respectively.
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Figure 8 Quadratic regression between dietary nanochitosan-encapsulated vitamin C (NC-VitC)
level and carcass proximate composition, including crude protein and crude lipid contents (% wet

weight), of rainbow trout at the end of the feeding trial. Both regression models were statistically
significant (P<0.05). Data points represent treatment means.
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