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Abstract 

Clitoria ternatea flower extract (CTE) contains bioactive compounds that can alleviate oxidative stress. 

Nonetheless, these bioactive compounds exhibit instability and low bioavailability. Nanoencapsulation improves 

stability and bioavailability. This study aimed to establish the optimal formulation of nanoencapsulated C. 

ternatea flower extract (CTE-N) as a feed additive to mitigate oxidative stress in broiler chickens. A D-optimal 

mixture design was used to optimize the concentration of chitosan, sodium tripolyphosphate (NaTPP), and CTE 

by considering the encapsulation efficiency of anthocyanin and flavonol. The optimal formulation obtained was 

characterized, and its antioxidant activity was measured. The results showed that the optimal CTE-N formulation 

consisted of 66.67% chitosan, 14.42% NaTPP, and 18.91% CTE, with the encapsulation efficiency of 

anthocyanin was 21.00±1.85% and flavonol was 12.10±1.36%. CTE-N particles had a nanometric size of 

142.2±5.46 nm, a zeta potential of 28.23±0.72 mV, a PDI of 0.45±0.08, and spherical particle morphology. CTE-

N exhibited higher antioxidant activity than CTE in the DPPH and ABTS radical scavenging assays, while the 

H₂O₂ radical scavenging, reducing power assay, and TAC assays showed the opposite results (p-value<0.05). In 

conclusion, the optimum formulation of CTE-N possesses a nanoscale size, a positive surface charge, good 

homogeneity, and assay-dependent effects of antioxidant activity. 

 

Keywords: Antioxidants, Characteristics, Clitoria ternatea flower extract, D-Optimal, Nanoencapsulation 

 

1 Introduction 

 

Oxidative stress occurs when the production of 

reactive oxygen species (ROS) exceeds the capacity of 

the endogenous antioxidant system to neutralize them, 

hence disrupting the body's redox equilibrium and 

resulting in oxidative damage [1]. In the poultry 

industry, modern broiler chickens produced by 

selective breeding exhibit heightened susceptibility to 

oxidative stress due to their high metabolic rate [2]. 

Moreover, intensive production systems subject birds 

to several stressors, including prolonged photoperiods, 

infections, and heightened levels of ammonia and 

dust, which cumulatively lead to oxidative stress [3]. 

Consequently, the increased production of ROS 

disrupts the antioxidant balance, weakens 

gastrointestinal health, reduces performance, and 

results in significant economic losses [4]. Therefore, 

antioxidants are crucial for regulating the 

overproduction of ROS and preventing oxidative 

damage.  
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Antioxidants are components that have the 

ability to prevent or inhibit oxidation and can protect 

against ROS [5]. Butterfly pea (C. ternatea Linn. 

(CT)) is a plant from the Fabaceae family that has 

antioxidant activity, which can prevent or protect 

against oxidative damage [6]. This ability is related to 

the bioactive compounds contained in the C. ternatea 

flower extract, including flavonol glycosides and 

anthocyanins [7]. Flavonoids in plant extracts are 

antioxidant compounds that potentially prevent 

oxidative stress [8]. However, some bioactive 

flavonoid compounds are susceptible to degradation 

or alteration during digestion and storage [9]. In an in 

vitro study of the human digestive system, total 

anthocyanin concentration can decrease by 

approximately 42%, and antioxidant activity can be 

lost by as much as 29% during digestion in the 

intestine [10]. Under neutral or basic pH conditions in 

the intestine of broiler chicken, flavylium cations of 

anthocyanin will transform into unstable hemiketal, 

chalcone, and quinoidal base forms [11]. 

Nanoencapsulation is a technique of encasing 

bioactive compounds within a biopolymer matrix at a 

nanometric size (1–1000 nm), offering numerous 

advantages for various applications [12], [13]. 

Chitosan, a heteropolysaccharide comprising an 

amino group (C-2) and hydroxyl groups (C-3 and C-6), 

is a polymer commonly used in nanoencapsulation 

[14]. Chitosan nanoencapsulation can serve as a good 

carrier for active compounds due to its several 

characteristics, including biocompatibility, 

biodegradability, non-toxicity, and mucoadhesiveness 

[15]. In the digestive tract, chitosan nanoencapsulation 

acts as a biological membrane that prevents or slows 

down the degradation of active compounds and 

increases the residence time in the intestinal lumen 

due to chitosan's affinity for the intestinal mucosa 

[16]. Furthermore, the nanometric scale size of 

nanoparticles allows the particles to move across 

various biological barriers toward specific target 

locations, thereby increasing bioavailability [17].  

D-optimal mixture design is a statistical method 

extensively employed to optimize the most effective 

combination of components via fitted models [18]. 

This approach optimizes the determinant of the 

information matrix, thereby reducing the overall 

variance of the predicted regression coefficients [19]. 

D-optimal mixture design has numerous advantages in 

formulation, such as minimizing the number of 

experimental runs and statistically identifying 

interactions among components to address the 

limitations of existing methods. To the best of our 

knowledge, there are no reported studies on the 

nanoencapsulation of C. ternatea flower extract 

utilizing chitosan with a D-optimal mixture design. 

This study sought to determine the best formulation of 

CTE-N using a D-optimal mixture design. The best 

formulation was characterized, and its antioxidant 

activity was assessed. 

 

2 Materials and Methods 

 

2.1 Extraction of C. ternatea flower 

 

Extraction of C. ternatea flower was performed using 

the maceration technique. The dried sample was 

extracted using a 46.69% ethanol solution at a 

material-to-solvent ratio of 1:10 and a pH of 3.4 for 

three days, followed by filtration using filter paper. 

The resulting filtrate was subsequently evaporated 

with a rotary evaporator at –55 °C (R-300, Buchi 

Labortechnik AG, Flawil, Switzerland) and stored at  

–20 °C (DW-40L262, Haier, Qingdao, China) prior to 

further application. The CTE used in this study has an 

anthocyanin and flavonol content of 449.03±4.02 µg/g 

and 13.62±0.17 mg/g CTE paste extract, respectively. 

 

2.2 Optimization of nanoencapsulation formulation 

of CTE-N 

 

CTE-N consists of CTE, chitosan (Shrimp SHELL 

extract), and NaTPP (Xilong Scientific, Shantou, 

China). The process of making CTE-N was carried out 

by mixing the extract at a concentration of 4% (w/v) 

with a 0.2% (w/v) chitosan solution. The chitosan 

solution was obtained by dissolving it in a 1% (v/v) 

acetic acid (Merck, Darmstadt, Germany) solution. 

The extract and chitosan solutions were homogenized 

using a magnetic stirrer at a speed of 700 rpm for 30 

minutes. A 0.1% (w/v) NaTPP solution was then 

slowly added and stirred again with a magnetic stirrer 

(MS7-H550-S, DLAB, Beijing, China) at 700 rpm for 

30 min [20]. The optimization formulation of CTE-N 

was performed using the D-optimal mixture design 

(Design Expert trial version 13.0.5.0, Stat-Ease Inc., 

USA). The upper and lower bounds of each 

component used in this experiment are presented in 

Table 1. 
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Table 1: Upper and lower bounds of the independent 

variables and the target response of the dependent 

variable. 
Independent variable Lowest 

Level 

Highest 

Level 

Chitosan (%) 58.82 66.67 
NaTPP (%) 13.33 23.53 

CTE (%) 17.65 20.00 

Dependent variable Target 

Anthocyanin encapsulation 
efficiency (%) 

Maximum 

Flavonol encapsulation efficiency 

(%) 

Maximum 

 

Optimization formulation of the CTE-N was 

performed based on the encapsulation efficiency (EE) 

values of anthocyanins and flavonols from each 

formulation. Encapsulation efficiency was measured 

by centrifuging at 10,000 rpm (Centrifuge 5425, 

Eppendorf AG, Hamburg, Germany) for 20 minutes 

[21]. The resulting supernatant was then measured for 

anthocyanin [22] and flavonol [23] content. 

Encapsulation efficiency is measured using the 

equation below: 

 

 EE (%)= 
Total compound (mg)-total free compound (mg)

Total compound (mg)
×100% 

 

2.3 Characterization of nanoencapsulated C. 

ternatea flower extract (CTE-N) 

 

2.3.1  Average hydrodynamic diameter particle size, 

polydispersity index (PDI), and zeta potential 

 

The average hydrodynamic diameter particle (Z-

average), PDI and zeta potential were analyzed using 

a dynamic light scattering (DLS) (Zetasizer Nano-ZS 

ZEN3600; Malvern Instruments Ltd., Worcestershire, 

UK). Disposable cuvettes (Ratiolab GmbH, Dreieich, 

Germany) were utilized for the assessment of Z-

average and polydispersity index, whereas disposable 

folded capillary cells (DTS1070, Malvern Panalytical, 

Worcestershire, UK) were employed for the 

measurement of zeta potential. All measurements 

were conducted at a temperature of 25 °C. Zetasizer 

software (version 8.02) was used to calculate the Z-

average, PDI, and zeta potential values [24]. 

 

2.3.2 Morphology particle 

 

The nanoencapsulated sample was diluted with 

distilled water at a ratio of 1:5, and a sample drop was 

stained with 2% phosphotungstic acid for 30 s and 

placed on a copper grid. The prepared samples were 

imaged using a TEM (JEM-100 CX, JEOL, Tokyo, 

Japan) [25]. 

 

2.3.3 ATR-FTIR spectroscopy 

 

The samples of CTE-N and CTE were dried using a 

freeze dryer for 48 hours. ATR-FTIR analysis was 

performed in the wavenumber range of 400 cm⁻¹ to 

4000 cm⁻¹ [26]. 

 

2.4 Antioxidant activity of nanoencapsulated C. 

ternatea flower extract (CTE-N) 

 

The analysis was performed by comparing the 

antioxidant activity of the CTE-N and the CTE. The 

antioxidant activity tests conducted included the 

DPPH radical scavenging activity [27], the ABTS•+ 

radical scavenging activity [28], reducing power assay 

[28], H2O2 radical scavenging activity [29], and total 

antioxidant capacity (phosphomolybdenum assay) 

[28]. Results were expressed as mg of ascorbic acid 

equivalents g-1 CTE-N (mg/g). 

 

2.5 Statistical analysis 

 

The D-optimal mixture design was used to determine 

the optimal formulation between CTE, chitosan, and 

NaTPP. Statistical parameters used for evaluation 

included estimation coefficients, lack of fit, and model 

type. The verification of the optimum formula 

obtained from the D-optimal mixture design was 

tested by comparing the predicted values with the 

actual values using a one-sample T-test [30]. Data of 

Z-average, zeta potential, PDI, particle morphology, 

and FTIR were analyzed descriptively. Antioxidant 

activity data were analyzed using an independent 

samples T-test. A p-value less than 0.05 was 

considered to be statistically significant. Results were 

expressed as mean ± standard deviation (SD). Data 

analysis was performed using OriginPro 2025b 

version 10.2.5.212. 

 

3 Results And Discussion 

 

3.1 Optimization formulation of nanoencapsulated 

C. ternatea flower extract (CTE-N) 

 

3.1.1  Model fitting 

 

In this study, 16 combinations of independent 

variables (chitosan, NaTPP, and CTE) were arranged 

based on the D-optimal design. Based on this 
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experimental design, the effect of combining chitosan, 

NaTPP, and CTE on the encapsulation efficiency of 

anthocyanins and flavonols can be observed in Table 

2 below. 

 

Table 2: Effect of variations in the combination of 

chitosan, NaTPP and CTE based on the D-Optimal 

design on the encapsulation efficiency of 

anthocyanins and flavonols. 
Composition (%) Encapsulation efficiency (%) 

Chitosan NaTPP CTE Anthocyanin Flavonol 

58.82 23.53 17.65 17.27 ± 0.75 7.65 ± 0.40 

58.82 21.18 20.00 17.29 ± 1.54 11.35 ± 0.99 

62.75 19.61 17.65 17.66 ± 2.05 12.43 ± 0.65 
66.67 13.33 20.00 17.29 ± 1.35 12.72 ± 1.01 

62.75 18.43 18.82 17.46 ± 2.05 11.32 ± 1.18 

58.82 21.18 20.00 18.36 ± 1.60 10.91 ± 0.57 
58.82 23.53 17.65 20.03 ± 0.92 10.32 ± 0.84 

64.71 15.88 19.41 19.85 ± 1.45 10.54 ± 0.92 

58.82 21.18 20.00 19.40 ± 0.61 11.55 ± 0.60 
66.67 13.33 20.00 18.95 ± 0.66 13.06 ± 1.12 

66.67 15.69 17.65 18.38 ± 0.75 10.81 ± 0.76 

66.67 14.51 18.82 22.32 ± 1.37 13.8 ± 0.56 
60.79 20.98 18.24 19.28 ± 1.74 11.92 ± 1.14 

66.67 15.69 17.65 19.45 ± 0.98 11.91 ± 1.25 

62.75 17.26 20.00 15.65 ± 0.77 13.88 ± 1.58 
58.82 22.35 18.82 21.48 ± 1.91 10.49 ± 0.96 

 

The variations in the proportions of chitosan, 

NaTPP, and CTE influence the encapsulation 

efficiency of anthocyanins and flavonols. Table 2 

shows that chitosan is the primary factor influencing 

encapsulation efficiency; an increase in chitosan 

composition correlates with enhanced encapsulation 

efficiency. The effect of NaTPP is linearly 

proportional to chitosan, but the encapsulation 

efficiency exhibits a compound-dependent effect 

based on varying CTE compositions. Furthermore, the 

data on the encapsulation efficiency of anthocyanin 

and flavonol were used to make the model and obtain 

the optimum formulation. Based on the D-optimal 

mixture analysis, the model equations presented in 

Equations (1) and (2) are obtained. 

 
Y1 = 23.1106 * A + 18.8024 * B -148.69 * C -

16.1661 * AB + 196.276 * AC + 214.683 * BC      (1) 

 

Y2 = 12.3762 * A + 9.82783 * B + 16.3026 * C           (2) 

 

Where: 

Y1= anthocyanin encapsulation efficiency 

Y2= flavonol encapsulation efficiency 

A= chitosan 

B= NaTPP 

C= CTE 

The results reveal that the anthocyanin 

encapsulation efficiency is optimally represented by a 

quadratic model, and the flavonol encapsulation 

efficiency is best represented by a linear model (Table 

3). This result is evidenced by the significant value (p-

value < 0.05) in the model type for both dependent 

variables. This outcome corresponds with the 

negligible lack of fit for both dependent variables (p-

value > 0.05). The lack of fit value pertains to the 

model's inaccuracy. The adequate precision value for 

both dependent variables exceeds 4 (Table 3), 

signifying that the model is applicable in the 

optimization process to determine the optimal 

composition for the production of CTE-N. 

 

Table 3: Analysis of variance (ANOVA) of encapsulation 

efficiency of anthocyanin and flavonol. 
 Estimation 

coefficient 
F-value p-value 

Encapsulation efficiency of 

anthocyanin 
  

Linear mixture - 0.67 0.54 

A 23.11 - - 

B 18.80 - - 
C -148.69 - - 

AB -16.17 10.80 <0.01 

AC 196.28 13.46 <0.01 

BC 214.68 15.43 <0.01 

Lack of fit - 0.72 0.64 

Model type Quadratic 4.36 0.02 
Adeq. precision   8.02 

Encapsulation efficiency of flavonol   

Linear mixture - 5.92 0.02 

A 12.38 - - 
B 9.83 - - 

C 16.30 - - 

Lack of fit - 1.96 0.24 
Model type Linear 5.92 0.02 

Adeq. precision   6.71 

 

3.1.2  D-optimal mixture analysis  

 

The encapsulation efficiency of anthocyanins and 

flavonols rises with an increase in the ratio of chitosan 

(A) and NaTPP (B) (Figure 1 and Table 3). Our 

findings align with the prior research of anthocyanin-

loaded chitosan nanoparticles, which reported that an 

increased fraction of chitosan leads to enhanced 

encapsulation efficiency [31]. Augmenting the 

chitosan concentration enhances encapsulation 

efficiency, since a higher quantity of chitosan provides 

more NH₃+ groups for binding the active chemical 

[11]. The combination of chitosan and active 

compounds yields a chitosan/active compound 

complex that is generated concurrently [32]. The 

findings of this study demonstrate that the interaction 
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effect between the two independent variables, chitosan 

and NaTPP (AB), significantly (p-value < 0.01) 

exhibits a negative connection with the encapsulation 

efficiency of anthocyanin. The inverse connection 

may arise due to the binding of both NaTPP and 

bioactive chemicals to the NH₃+ group in chitosan. At 

a constant chitosan concentration, an increase in 

NaTPP concentration results in a diminished 

proportion of active molecules associated with it. 

NaTPP binds to chitosan via an electrostatic bond, 

which is more robust than the hydrogen interaction 

established between the active chemical and chitosan 

[33]. 

 

 
Figure 1: Contour plot of the effect of the combination 

of chitosan, NaTPP and CTE at different levels on the 

encapsulation efficiency of anthocyanins and 

flavonols. 

 

Our finding shows that the proportion of CTE 

(C) is directly proportional to the encapsulation 

efficiency of flavonols (-148.69C) and inversely 

proportional to the encapsulation efficiency of 

anthocyanins (16.30C). Furthermore, the 

encapsulation efficiency of anthocyanins is greater 

than the encapsulation efficiency of flavonols. The 

greater encapsulation efficiency of anthocyanins 

compared to flavonols is likely related to the content 

of hydroxyl groups. The dominant anthocyanin 

component contained in C. ternatea flower extract is 

delphinidin, while the dominant flavonol component 

is kaempferol [34]. Delphinidin has a higher number 

of hydroxyl groups than kaempferol [35], so that more 

anthocyanins can bind to chitosan. The complex of 

chitosan and bioactive compounds involves hydrogen 

bonds formed between the electronegative atoms in 

the hydroxyl groups of the bioactive compounds and 

the hydrogen atoms from the amine groups in chitosan 

(-NH₃+), which are one of the primary forces in 

nanoparticle formation [36]. Consequently, increasing 

the proportion of hydroxyl groups can enhance the 

hydrogen bonding between chitosan and bioactive 

compounds, thereby improving encapsulation 

efficiency [37]. 

The interaction effects of CTE with chitosan 

(AC) and with NaTPP (BC) both showed significant 

values (p-value < 0.05) and were positively correlated 

with anthocyanin encapsulation efficiency. Both types 

of interactions showed a bimodal distribution pattern 

in terms of anthocyanin encapsulation efficiency. This 

pattern suggests that the midpoint of chitosan to CTE 

or NaTPP to CTE achieves the optimum anthocyanin 

encapsulation efficiency. However, increasing or 

decreasing the proportion beyond the midpoint 

gradually causes a decrease in the anthocyanin 

encapsulation efficiency. The results of this study are 

in accordance with previous studies that excessively 

high anthocyanin concentrations can reduce 

encapsulation efficiency due to saturation of binding 

sites in the encapsulant [20], [38]. The formation of 

the chitosan-anthocyanin complex is contingent upon 

the concentration of anthocyanin compounds; a larger 

concentration results in an increased density of 

hydroxyl groups, hence enhancing the potential for 

hydrogen bonding with chitosan [39]. However, 

excessive anthocyanins can saturate the -NH₃+ group 

on chitosan, resulting in fewer available groups for 

bonding and hence diminishing encapsulation 

efficiency [33]. 

 

3.1.3  Verification of the optimum formula for 

nanoencapsulated C. ternatea flower extract (CTE-N) 

 

The D-optimal mixture analysis indicates that the best 

formulation comprises 66.67% chitosan, 14.42% 

NaTPP, and 18.91% CTE (Table 4). This formulation 

was selected because of its better desirability value 

(0.84) compared to the other alternatives. The selected 

nanoencapsulation formulation is predicted to achieve 

an encapsulation efficiency of anthocyanin 21.58% 

and an encapsulation efficiency of flavonol 12.59%. 

 

Table 4: Ingredients composition of the optimal CTE-N. 
Composition (%) EE (%) 

Des 
Cth NaTPP CTE Ant Flav 

66.67 14.42 18.91 21.58 12.59 0.84 

58.82 22.13 19.05 21.23 10.72 0.64 

Description: Cth: chitosan; CTE= C. ternatea flower extract, Ant: 
anthocyanin; Flav: flavonol; Des: desirability; EE= encapsulation 

efficiency 

 

The verification procedure involves comparing 

the predicted values with the actual values acquired 

from the experiment that are displayed in Table 5. The 

results of the optimum formulation verification 
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showed that the encapsulation efficiency values for 

anthocyanins and flavonols were in the range between 

the lower 95% PI and the upper 95% PI (Table 5). 

These results indicate that the previously 

recommended formula has quite satisfactory quality 

[40]. Verification was also carried out using a one-

sample t-test by comparing the predicted values with 

the actual values. The analysis results indicated that 

there was no significant difference (p-value > 0.05) 

between the predicted and actual values, both in the 

encapsulation efficiency values of anthocyanins and 

flavonols. The non-significant difference between the 

predicted and actual values indicates that the 

previously created model can be used to develop a 

formulation according to the targeted objectives [30]. 

Overall, the results of the study above indicate that the 

D-optimal mixture design can be used to optimize the 

nanoencapsulation formulation of CTE-N according 

to the desired target response. 

 

Table 5: Verification of predicted values with actual 

values of the formulation. 
Variable Prediction Actual p-value 

EE Ant 21.58 21.00±1.85 0.48 

EE Flav 12.59 12.10±1.36 0.42 

Description: Ant: anthocyanin; Flav: flavonol; EE= encapsulation 

efficiency. 

 

3.2 Characterization of nanoencapsulated C. ternatea 

flower extract (CTE-N) 

 

3.2.1  The average hydrodynamic diameter size         
(Z-average) 

 

The Z-average of the CTE-N obtained in this study 

was 142.2±5.46 nm (Figure 2). The mean particle size 

obtained in this study is less than the particle size of 

nanoencapsulated blueberry (Vaccinium myrtillus) 

extract from previous research, recorded at 504.2 nm 

[41], and resides within the particle size range of 

nanoencapsulated extract from Pandanus tectorius 

fruit, which spans from 110.5 to 181.3 nm [42]. The 

composition of the materials used in the 

nanoencapsulation process influences the particle size 

of the nanoencapsulation. The lower the ratio of 

chitosan to extract, the smaller the particle size [43]. 

Conversely, the higher the ratio of chitosan to NaTPP, 

the smaller the particle size [44]. Nanoparticles with 

small sizes can be formed by adding NaTPP at low 

concentrations, where both materials will form ionic 

interactions that bind the active compounds within the 

system [38]. 

 
Figure 2: Z-average and zeta potential of CTE-N 

 

3.2.2  Zeta potential 

 

Zeta potential is a parameter that represents the surface 

electrical charge characteristics of nanoparticles and is 

related to the electrostatic interactions between 

particles in a colloidal system [40]. The zeta potential 

value indicates the attractive or repulsive forces 

between adjacent particles [44]. The results of this 

study show that the average zeta potential value is 

28.23 ± 0.72 mV. The zeta potential of the 

nanoencapsulated particles produced in this study is 

lower than that of nanoencapsulated Maqui extract 

(Aristotelia chilensis) obtained from a previous study, 

which has a zeta potential value of 33.68 to 41 mV 

[45], and nanoencapsulated grape water extract, which 

has a zeta potential value of 24.6 to 35 mV [43]. The 

zeta potential value of the nanoparticle dispersion 

obtained in this study falls within the range of ±20 to 

±30 mV, which can be classified as having moderate 

stability [46]. Furthermore, the zeta potential value 

obtained in this study is positive, which is related to 

the amine groups present in chitosan [38]. 

 

3.2.3  Polydispersity index (PDI) 

 

PDI is the ratio between the average molecular weight 

and the average number of molecules, representing the 

uniformity of particle size distribution. A PDI value 

close to 0 indicates particle size homogeneity, while a 

PDI value greater than 0.5 indicates a heterogeneous 

particle size distribution [40]. The results of this study 
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show a PDI value of 0.45±0.08, indicating that the 

particle size distribution is still considered 

homogeneous. The PDI value obtained in this study is 

higher than the PDI value from prior research of 

nanoencapsulated Litchi polyphenols, which the PDI 

value was 0.156 [47]. This study's results confirm the 

homogeneity of the particle size distribution. 

 

3.2.4  Morphology particles 

 

The nanoparticles in this study had a spherical 

morphology and a size of ~150 nm (Figure 3). The 

diameter of the particle obtained from TEM analysis 

was confirmed using the DLS technique. The 

morphology of the CTE-N obtained in this study is 

consistent with the previous study of 

nanoencapsulated quercetin that has a compact 

structure and nearly spherical shape [32]. The small 

particle size and symmetrical morphology of the 

nanoencapsulated samples indicate an optimum ratio 

between chitosan and NaTPP [20]. 

 

 
Figure 3: Morphology of CTE-N particle visualized 

by TEM at different magnifications. (a) 10,000x 

magnification, (b) 20,000x magnification, (c) 40,000x 

magnification, (d) 80,000x magnification 

 

3.2.5  ATR-FTIR spectroscopy 

 

Figure 4 illustrates the functional groups present in 

CTE-N, CTE, chitosan, and NaTPP. The chitosan 

spectrum exhibits vibrations at 3360 cm⁻¹ and 3302 

cm⁻¹, corresponding to the stretching of ─OH and 

N─H groups [44], whereas 2912 cm⁻¹ indicates C─H 

stretching [48]. The spectral peak at 1647 cm⁻¹ 

signifies the presence of a ─CONH₂ group from amide 

I and is linked to the axial deformation of C═O 

associated with the residual chitin in chitosan [49]. 

The spectra peak at 1589 cm⁻¹ signifies C─N 

stretching [20], while the peak at 1419 cm⁻¹ denotes 

N─H bending [40]. The peak at 1149 cm⁻¹ signifies 

the stretching of the C─O─C bond in β─1─4 glucose 

[32]. The C─O stretching of oxygen in the pyran ring 

is signified by vibrations at 1030 cm⁻¹ [50]. The peak 

at 876 cm⁻¹ corresponds to the vibration of the 

pyranose ring in chitosan [38]. 

The structural spectrum of NaTPP features 

vibrations at 1134 cm⁻¹, indicative of the asymmetric 

stretching of the phosphate group ─PO₂, and a 

vibration at 887 cm⁻¹, signifying the asymmetric 

stretching of P─O─P [49]. The FTIR spectra of CTE 

exhibit a vibration at 3317 cm⁻¹, signifying the 

presence of a ─OH group [51]. The vibration at 2928 

cm⁻¹ indicates the presence of C─H stretching [45]. 

The aromatic ring associated with flavonoid 

compounds is indicated by a vibration at 1608 cm⁻¹ 

[45], whereas the stretching of the ═C─O─C group 

within the flavonoid ring is represented by a vibration 

at 1512 cm⁻¹ [38]. The peak at 1404 cm⁻¹ indicates 

vibrations from the bending of the ─CH₃ group, 

whereas 1030 cm⁻¹ denotes the stretching of C─O 

[44]. 

CTE-N was identified by the presence of several 

spectral peaks. After the gelation process, there was a 

peak shift from 3317 cm⁻¹ in CTE-N to 3302 cm⁻¹ and 

a decrease in intensity, indicating a change in 

hydrogen bonding of the ─OH group [49]. This 

change in intensity also indicates the presence of 

intermolecular hydrogen bonds that are likely formed 

due to cross-linking [26]. A shift in C-H vibrations 

also occurred, as indicated by a shift from 2912 cm⁻¹ 

in chitosan and 2928 cm⁻¹ in CTE to 2924 cm⁻¹ in the 

CTE-N. The peak changes that occur in the range of 

1500 cm⁻¹–1600 cm⁻¹, the appearance of a peak at 

1558 cm⁻¹, and the absence of a peak at 1647 cm⁻¹ in 

CTE-N indicate that flavonoids enter the 

encapsulation system. This is because changes in this 

range are related to the C═C stretching of the aromatic 

ring [48]. The peak at 1404 cm⁻¹ indicates the 

vibration of the methyl group [44]. Furthermore, a 

peak shift also occurred from 1030 cm⁻¹ in chitosan 

and CTE to 1022 cm⁻¹ in the CTE-N, which is likely 

related to the C─O stretching of the hydroxyl group of 

the saccharide [38], [52]. 
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Figure 4: ATR-FTIR spectroscopy of CTE-N and its 

components. 

 

The features of CTE-N identified in this study 

demonstrate its appropriateness as a feed additive for 

broiler chickens. The nanometric size of CTE-N offers 

advantages, including enhancing the penetration 

process via the intestinal epithelial cell membrane 

[53]. Furthermore, the nanometric sizes of the 

nanoparticles enhance the water solubility of the 

predominantly hydrophobic extract [54], enabling its 

administration by drinking water. Moreover, the 

positive surface charge of the CTE-N particles, shown 

by the zeta potential value, will interact in electrostatic 

interactions with the negative charge of the intestinal 

mucosal surface [55], thus enhancing cellular uptake 

[56]. Moreover, the bioactive compounds 

incorporated inside the chitosan nanoencapsulation 

system, as indicated by FTIR data, can enhance the 

stability of these compounds, hence extending their 

shelf life and protecting them from degradation in the 

digestive tract [57], [58]. However, further research 

should be carried out to investigate the bioavailability, 

the stability, and the release kinetics of bioactive 

compounds from CTE-N, particularly anthocyanins 

and flavonols. 

 

3.3 Antioxidant activity of Nanoencapsulated C. 

ternatea flower extract (CTE-N) 

 

3.3.1 DPPH radical scavenging activity 

 

In this study, the DPPH test shows that the antioxidant 

activity of the CTE-N surpasses that of the 

unencapsulated extract (Figure 5). Our finding aligns 

with nanoencapsulated grape extract that exhibited 

superior antioxidant activity in the DPPH assay 

compared to the extract form [43]. The antioxidant 

activity of CTE-N and CTE is associated with 

bioactive compounds, such as anthocyanin ternatin, 

quercetin, myricetin, and kaempferol [59]. The DPPH 

free radical scavenging capacity of bioactive 

components in the extract is associated with the 

hydroxylation and methoxylation activity in ring B. 

Delphinidin, characterized by an O-diphenyl structure 

in ring B, demonstrates significant efficacy in binding 

DPPH radicals [60]. This study demonstrated that 

CTE-N exhibited higher antioxidant activity 

compared to the extract, likely due to enhanced 

dispersion of hydrophobic substances [61] and the 

presence of hydroxyl and amine groups in chitosan, 

which interact with free radicals [43]. However, it is 

important to point out that unloaded chitosan 

nanoparticles exhibit restricted antioxidant activity 

[43], [62], with certain investigations reporting a 

complete absence of antioxidant activity [63]. 

 

3.3.2 ABTS•+ radical scavenging activity 

 

The CTE-N exhibited better antioxidant activity 

compared to the extract alone (Figure 5). This finding 

aligns with the nanoencapsulation of buriti oil 

(Mauritia flexuosa L.f.) that exhibited superior 

antioxidant activity compared to its unencapsulated 

form [64]. The antioxidant efficacy of CTE-N 

correlates with the makeup of its bioactive 

constituents, specifically flavonols and anthocyanins. 

The 3' and 4' dihydroxyphenyl groups in ring B of 

polyphenols and flavonoids typically account for their 

antioxidant activity, as they can generate ortho-

semiquinones and subsequently ortho-quinones via 

two successive single electron transfer processes [65]. 

 

 
 

Figure 5: Antioxidant activity of CTE-N and CTE 

with various types of antioxidant tests. 
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3.3.3 Reducing power assay 

 

The reducing power assay was performed to assess the 

electron-donating capacity of the sample, which is 

crucial to the reduction of Fe³⁺ to Fe²⁺ [66]. Our 

findings indicate that the CTE-N showed a reduced 

reduction capacity relative to the unencapsulated 

extract. Our results contrast with the 

nanoencapsulation of buriti oil that enhanced the 

reducing capability [64]. The reducing power assay 

reflects electron-donating capacity, which is crucial to 

the reduction of Fe³⁺ to Fe²⁺ [66]. Bioactive 

substances, including polyphenols and flavonoids, 

possess hydroxyl groups that function as electron 

donors [67]. In nanoencapsulation systems, there is a 

reduction in electron donor capacity, potentially due 

to steric hindrance [68]. The formation of 

nanoparticles by electrostatic interactions and 

chemical crosslinking might alter the local 

environment of functional groups in polymers, 

resulting in a denser structure that could cause steric 

hindrance [68], [69]. 

 

3.3.4 H2O2 radical scavenging activity 

 

In the metabolic process, H₂O₂ is a molecule generated 

by the reduction of two electrons from O₂ and the 

incorporation of 2H⁺. Hydrogen peroxide (H₂O₂) is not 

a radical chemical; nonetheless, it can be transformed 

into the hydroxyl radical (HO•) via hemolytic fission, 

a process facilitated by transition metal ions (Fenton 

reaction) [70]. Figure 5 shows that the H₂O₂ 

scavenging activity of CTE-N is lower than that of 

CTE. Our finding contradicts the prior study of 

nanoencapsulated curcumin with chitosan that 

exhibited better scavenging activity against H₂O₂ 

relative to non-encapsulated curcumin [71]. The 

diminished scavenging activity of the CTE-N in this 

study is presumably attributable to the bioactive 

chemicals enclosed inside the nanoencapsulated 

particles. The nanoencapsulation potentially inhibits 

electron or proton (H+) donors from flavonoids and 

polyphenols, which are crucial for neutralizing H₂O₂. 

Our result aligns with previous studies indicating that 

the capacity to reduce H₂O₂ correlates with phenolic 

content, which can donate electrons, thereby 

decomposing H₂O₂ into water [72]. 

 

 

 

3.3.5 Total antioxidant capacity by phosphomolybdenum 

assay 

 

Total antioxidant capacity is based on the reduction of 

the Mo6+ ion to Mo5+ and the formation of a green 

phosphate-Mo(V) complex under acidic conditions 

[73]. The result showed that CTE-N exhibits a reduced 

total antioxidant capacity relative to CTE (Figure 5). 

Our finding aligns with a previous study that reported 

the antioxidant activity of nanoencapsulated 

anthocyanins is inferior to that of pure, non-

encapsulated anthocyanins, due to the entrapment of 

bioactive compounds within the biopolymer 

nanoparticles [20]. In this study, the diminished 

antioxidant activity of CTE-N compared to CTE was 

likely attributable to the acidic conditions present in 

the phosphomolybdenum assay. In an acidic 

environment, the chitosan-TPP nanoparticle complex 

remains stable, but at physiological pH, the chitosan-

TPP complex is entirely dissociated [74]. The acidic 

pH likely stabilized the chitosan-TPP nanoparticle 

complex [75], which probably diminished the electron 

donor capacity of the bioactive compounds within the 

complex, leading to lowered antioxidant activity 

values. 

 

4 Conclusions 

 

The optimal formulation for the CTE-N consists of 

66.67% chitosan, 14.42% NaTPP, and 18.91% CTE. 

Particles of CTE-N possess a nanometric particle size, 

a positive surface charge, and good uniformity in 

particle size. The CTE-N exhibits assay-dependent 

effects of antioxidant activity. These characteristics 

and native antioxidant capacity enable CTE-N to 

potentially be used as a feed additive to mitigate 

oxidative stress in broiler chickens. 
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