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Keywords: ABSTRACT. Tilapia fish scales are among the fishery wastes that have not been optimally utilized, even
though they have economic potential when processed into chitosan. Chitosan is a poly(2-amino-2-deoxy-f3-

central composite D-glucose) obtained by deacetylation of chitin, with a high molecular weight ranging from 100 to 1.200 kDa,

de§1gn (CCD); making it difficult to dissolve in water. To increase its solubility, chitosan can be depolymerized into

chitosan; L oligochitosan with a lower molecular weight, around 5 — 10 kDa. This depolymerization process is influenced

depolymerization; by temperature, time, and concentration factors. This study aims to determine the optimal conditions for the

ﬁgh sca_les; depolymerization of chitosan from tilapia fish scales using a central composite design (CCD). The stages of

oligochitosan. chitosan production include demineralization, deproteinization, and deacetylation, yielding a white powder
with a molecular weight of 264.214 kDa and a degree of deacetylation of 74.24%. Based on CCD
optimization, the optimal conditions for the depolymerization of tilapia fish scale chitosan were 3.6 M H20a,
50 °C, and 2 hours, yielding a molecular weight of 3093 kDa. Fourier transform infrared (FTIR)
characterization showed a peak shift from wave number 3267 cm™! to 3303 cm'. Oligochitosan also showed
100% solubility in water at neutral pH.

INTRODUCTION

Indonesia's vast waters produce abundant fish, resulting in high annual fish production. Until 2023, data from
the Directorate General of Fisheries and Aquaculture show that fishery production reached 18.5 million tons, split
between capture and aquaculture fisheries, with tilapia (Oreochromis niloticus) as its flagship product. Tilapia is
a tough, fast-growing freshwater fish widely cultivated in Indonesia for its resistance to disease and adaptability
to various environments, including lakes, rivers, and fish ponds (Saleh ez al., 2021). However, the high production
of tilapia is also associated with significant waste.

Tilapia processing produces liquid and solid waste, with fish scales being the main component of the solid
waste. Suboptimal waste management can cause various problems, including water pollution, bad odors, and
negative impacts on the environment, health, and social life of the community (Susanti and Purwanti, 2020).
Recognizing the challenges of managing tilapia scale waste, recent studies have focused on its use as a value-
added product. One way this can be done is by producing chitosan derived from chitin in tilapia scales. Chitosan,
a product of chitin deacetylation, has a wide range of applications. However, its use is often hampered by its high
molecular weight (100 — 1,200 kDa), which limits solubility at pH below 6.3 or at neutral pH (Mahardika et a/.,
2020).

This condition underscores the need to modify chitosan through depolymerization to expand its function by
producing oligochitosan, which are chitosan with low molecular weight. The product exhibits increased solubility
and bioactivity, including better antibacterial properties. In general, oligochitosan can be made from chitosan with
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high molecular weight through depolymerization using enzymatic degradation (Nurhaeni et al., 2019; Aktuganov
and Melent'ev, 2017), acid hydrolysis (Wolf et al., 2023; Aljbour ef al., 2019), and oxidative degradation (Seo et
al., 2007). Oxidative degradation occurs much faster than acid hydrolysis and, moreover, enzymatic degradation.
Some of the ingredients that have been used in this method are O3, NaNO,, and H,O,. However, H,O, is more
widely used because it is easy to use, readily available, and environmentally friendly, leaving no harmful residues
(Tabassum et al., 2023; Tanasela et al., 2016). The effectiveness of H,O, in lowering the molecular weight of
chitosan has been reported in a number of studies, which showed a final molecular weight of 65 kDa (Binh et al.,
2021); 4.8 kDa (Sheng ef al., 2022); and 2 kDa (Nguyen et al., 2023), thus confirming its role as an efficient
degradation agent.

In the oxidative degradation method, the molecular weight of chitosan decreases sharply at the beginning of
the reaction, but as the reaction time increases, the change in oligochitosan molecular weight becomes insignificant
(Kadambayevich et al., 2021). Therefore, efficiency in this method is indispensable for determining the optimal
conditions of its reaction factors, such as temperature, time, and H,O, concentration. A statistical approach can be
taken to determine such optimal conditions. One statistical approach that can be used is the Central Composite
Design (CCD), which can predict responses across various conditions, reduce the number of experiments required,
and enable the use of surface response graphs to visualize the influence of variables on the response (Kamboj et
al., 2022). Several studies have reported that this method is excellent in determining optimal conditions in
pharmaceuticals (Somadasan et al., 2024), biotechnology (Araujo and Silva, 2024), food (Nainggolan et al., 2023),
and chemical analysis (Necer et al., 2024).

RESEARCH METHODS

The ingredients used in this study were tilapia scales, NaOH (Merck), HCI 37% (Merck), methanol (Merck),
acetic acid (Merck), H,O, 30% (Merck), potassium ferrisianide (Ks;[Fe(CN)gs]), Na,COs, and standard D-
glucosamine hydrochloride. Meanwhile, the tools used include a magnetic stirrer, sieve, hotplate, analytical
balance, measuring cup, chemical beaker, blender, mortar and pestle, Fourier Transform Infrared (FTIR) Bruker
ALPHA 1I, and X-Ray Diffraction (XRD) XPERT PRO PANalytical.

Sample Preparation

Tilapia scale samples were washed clean with water, then dried in the sunlight until dry. Before being mashed,
tilapia scales are ovened for 30 minutes at 50 °C. The dried tilapia scales were mashed using the High Speed Multi
Function Grinder and then sifted through a 100-mesh sieve to obtain a uniform sample size.

Chitin Extraction and Isolation Stages
Demineralization

A total of 12 g of samples was added to 240 mL of 0.5 M HCI solution. The demineralization results were
filtered, washed with water until neutral, and dried in an oven at 40 °C (Alcalde and Fonseca, 2016).
Deproteinization

The demineralized sample was added to 100 mL of 0.5% NaOH solution (10:2) while stirring at 50 °C for 3
hours. After that, the sample was filtered, washed with water until neutral, and dried in an oven at 40 °C (Alcalde
and Fonseca, 2016).

Deacetylation Stage

A total of 10 g of chitin was added to 400 mL of 40% NaOH solution. The solution was stirred for 6 hours at
117 °C. The solution was filtered to separate the solids, then the solids were washed with water until the pH was
neutral. After that, the solids were washed with 30 mL of methanol and dried in an oven at 40 °C (Alcalde and
Fonseca, 2016).

Chitosan Characterization Stage
The chitosan obtained was characterized by ninhydrin assays, and its moisture content, ash content, molecular
weight, and degree of deacetylation were determined by FTIR.
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Chitosan Depolymerization Stage

A total of 2.0 g of chitosan was placed in the Erlenmeyer flask, then 100 mL of 0.5% HCI was added. Next,
50 mL of H,O; is added, left for 10 minutes, and heated. The treatment data from the variation in H,O,
concentration, heating temperature, and reaction time used are shown in Table 1. This treatment data is the result
of a design from the Design-Expert 13 software with o value of 1.68179, covering 14 non-center points and 6
center points. After that, the solution was cooled to room temperature, and NaOH was added until it was neutral.
The insoluble chitosan residues were separated by filtration. Next, the solution was evaporated with a rotary
evaporator and dried. The resulting solids were oven-dried at 40 °C.

Table 1. Chitosan depolymerization treatment data.

Run A= Concentration (M) B= Temperature (°C) C=Time (Hours)
1 1 70 1
2 3.6 50 2
3 2 50 2
4 2 83.6359 2
5 2 50 2
6 2 50 2
7 1 70 3
8 0.3 50 2
9 2 50 2
10 2 50 0.75
11 1 50 3
12 2 50 2
13 3 30 1
14 2 16.3641 2
15 3 30 3
16 2 50 2
17 3 70 1
18 1 30 1
19 3 70 3
20 2 50 3.42

Determination of Molecular Weight

The color reagent was prepared by dissolving 0.5 g of potassium ferrisianide in 1 L of 0.5 M sodium carbonate
and storing it in a brown bottle. A standard solution of D-glucosamine hydrochloride (GAH) was prepared by
dissolving 1 g of GAH in 100 mL of deionized water. Standard curves were created by mixing various volumes of
GAH standard solution with 2 mL of color reagent in a closed tube, then adjusting the volume to exactly 5 mL
with deionized water. After that, the tube was closed and heated in boiling water for 15 minutes, and cooled to
room temperature. Furthermore, its absorbance was measured using a UV-Vis spectrophotometer at 420 nm. The
same method was performed for oligochitosan samples (Tanasale ef al., 2019). The average molecular weight (M,)
of oligochitosan is calculated using Equation 1.

w
My =} x 2155 (D

2
Description:
W, = weight of oligochitesone (g)
W, = the amount of GAH equivalent to the oligochitosan absorbance of the standard curve (g)

Stages of Oligochitosan Characterization

The molecular weight of the depolymerized chitosan was statistically analyzed using the CCD method to
determine its optimal condition. The optimum conditions obtained were used in the advanced depolymerization
process, followed by characterization using FTIR and XRD, as well as solubility analysis.

RESULTS AND DISCUSSION
Isolation of Chitin Scales of Tilapia

The demineralization process in this study was carried out to remove mineral content from fish scales and
obtain chitin with a higher level of purity. The demineralization method uses an HCI solution, chosen for its strong
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acidity, which dissolves calcium salts such as CaCO3 and Ca3(POs),, the main minerals in fish scales. The reaction
between the mineral and the Cl ions in HCI produces mineral salts (Ramadhani and Firdhausi, 2021). Nurmala et
al. (2018) report that the demineralization process was characterized by the appearance of CO, gas bubbles,
indicating the occurrence of a reaction between HCl and mineral salts in fish scales (Figure 1).

Figure 1. Demineralization process.

The chemical reactions that occur in the demineralization process are shown in Reactions 1 and 2.

Ca3(PO4)zs) + 6HCl(aq) = 3CaClaag) + 2H3PO4(aq) (Reaction 1)
CaCOs(s) + 2HClaq) = CaClagag) + H20 + COxg (Reaction 2)
Based on the chemical reactions, calcium carbonate is removed, yielding two products: calcium chloride, which is
soluble in water and is lost during the washing process (Reaction 1), and carbon dioxide, which is released as a

gas (Reaction 2).

After demineralization, deproteinization is performed to separate or release protein bonds in fish scales using
a NaOH solution. In this process, the alkaline NaOH reacts with proteins in fish scales to produce a soluble sodium
proteinate. This demineralization and deproteinization process yields 54.36% chitin from dried tilapia scales.

Deacetylation and Chitosan Scales of Tilapia

An important stage in the manufacture of chitosan is the deacetylation process, which removes the acetyl
group (—COCH3) from chitin using an alkaline solution, forming an amine group (—NH>) (Setiati et al., 2021). To
confirm the success of this deacetylation process, a ninhydrin test was performed to qualitatively demonstrate that
acetamide groups in chitin were deacetylated to form amine groups. The ninhydrin test is considered positive if it
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-

Figure 2. Ninhydrin test.

produces a purple solution (Figure 2).

Ninhydrin is a strong oxidizer that will react with the chitosan amine group at pH 4 — 8 to form a bonding compound
between ninhydrin and hydrandin via a purple nitrogen bridge, as shown in Reaction 3 (Imtihani and Permatasari,
2020).

R-NH, + CoHsO4 — Purple color product + HyO(g) (Reaction 3)

The results of the characterization of the chitosan functional group using FTIR in this study showed an
absorption band at 3000 — 3600 cm™!, corresponding to the stretching vibrations of O—H and N-H, with a peak at
3267 cm™!. The stretching vibration C—H is observed in the wavenumber range of 2800 — 3000 cm™', with a peak
at 2921 cm!. The bending vibration of the C—H bond is observed at 1412 cm™!. The characteristic of chitosan
compounds is shown by absorption in the 1500 — 1650 cm! region, with a peak at 1585 cm’!, which corresponds
to the bending vibration of the N—H group. The change in the functional group from chitin to chitosan is evidenced
by the absorption band at 1627.72 cm™!, which corresponds to the elongated vibration of C=0 and shows a decrease
in intensity after deacetylation. This is because the secondary N—H amide group present in the structure of the
chitin molecule is reduced due to the release of the acetyl group and the formation of an amine group (NH>) in
chitosan (Hsu ef al., 2015). The FTIR results for chitin and chitosan are shown in Figure 3.
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Figure 3. Results of FTIR chitin and chitosan.

Chitosan from tilapia scales is characterized by its degree of deacetylation and molecular weight. The degree
of deacetylation of chitosan from tilapia scales was determined using the baseline method, while the molecular
weight was determined by flow rate. The results of the calculation indicated that the degree of deacetylation and
molecular weight of chitosan from tilapia scales were 74.24% and 264.214 kDa, respectively.

Optimization of the Depolymerization of Chitosan Scales of Tilapia

The oligochitosan (low-molecular-weight chitosan) obtained in this study was analyzed for molecular weight
using the End Group Analysis method. The determination is made by first preparing a standard curve using a
standard solution of D-glucosamine hydrochloride with potassium ferricyanide as the dye reagent. The selection
of D-glucosamine hydrochloride as the standard was based on the similarity of the hydroxyl hemiacetal group to
the oligochitosan, allowing both to react with potassium ferrisianide, resulting in a measurable colored complex
(Tanasale et al., 2016). The standard curve shows an excellent linear relationship with a regression equation of'y
=0.5345x — 0.0204 and a determination coefficient (R?) of 0.9963, as shown in Figure 4.

0.6
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¥=0.5345% - 0.0204 AT 051

04 | R2=10.9963 ‘.._g\--'d_‘u

0.3 1 % 0,285
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Figure 4. Standard curve of glucosamine hydrochloride.

Optimization is carried out to facilitate the preparation and interpretation of the data obtained, while
minimizing the cost of using raw materials and maximizing the desired results. One effective method for
independent variable optimization is the Central Composite Design (CCD). This method is used to determine the
ideal setting for optimal results. CCD can overcome the limitations of trial-and-error methods and is the preferred
method for optimizing target values (Suryani et al., 2022).

The results of the CCD calculation indicate that the best-performing models are linear. The model's accuracy
is evident from the lack-of-fit test. The lack-of-fit value is 0.0147, indicating that the model is appropriate and
accurate. This is also shown by the lack-of-fit value of <0.05, which indicates a good model according to statistical
criteria. The R? value from the CCD analysis itself was 0.8748. These results are good because the R? value is
close to 1, indicating that the response (oligochitosan molecular weight) is strongly influenced by the independent
variables of concentration, temperature, and time.
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Table 2. Analysis of variance (ANOVA) for linear models of CCD results.

Source Sum of Squares df  Mean Square F-value p-value

Models 3.446 x 107 3 1.149 x 107 37.25 <0.0001 Significant
A-Concentration 2.841 x 107 1 2.841 x 107 92.12 <0.0001
B-Temperature 3.244 x 106 1 3.244 x 106 10.52 0.0051

C-Time 2.810 x 106 1 2.810 x 106 9.11 0.0082

The accuracy of each parameter, based on its significance to the response, is shown in Table 2. The results
showed the overall accepted significance level is p < 0.0001. The details of the inaccuracies are as follows: the
concentration parameter has a p-value < 0.0001, while the temperature and time parameters have p-values of
0.0051 and 0.0082, respectively. According to Hendrawan et al. (2016), the response is considered significant if
the P value is less than 5%. In addition, the F value in the model is 37.25, indicating that the model is significant.
Therefore, there is only a 0.01% chance that an F value of this magnitude could occur due to noise; thus, it can be
said that the model was not obtained by chance.

The results of the CCD model calculation, evaluated across all factors, indicated that the model produced the
optimal prediction at an H>O concentration of 3.6 M, a temperature of 50 °C, and a reaction time of 2 hours. The
result will result in a molecular weight of 3.093 kDa. These results show that the H>O, -mediated depolymerization
process successfully produces oligochitosan with a low molecular weight. Compared with previous studies, the
final molecular weight obtained was comparable or higher, namely 4.8 kDa (Sheng et al., 2022) and 2 kDa
(Nguyen et al., 2023). These results show that the optimization conditions obtained using the CCD method produce
oligochitosan products with characteristics comparable to those reported in previous studies.

The linear model equation obtained from the optimization analysis of chitosan depolymerization conditions
on the molecular weight response is shown in Equation 2.

Mn = 8120,75 — 1442,28 A — 24,37 B + 435,591 C 2)
Based on the results of this CCD calculation, a 3D graph of the influence of concentration, temperature, and time
on the response shown in Figure 5 was also obtained.
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Figure 5. The 3D graph results of the CCD calculation (a) concentration with temperature, (b) concentration with
time, and (c) temperature with time.
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Based on the CCD calculation, a perturbation plot was generated (Figure 6), showing the change in response
when one factor varies around the reference point while the other is held at the reference value. The line's slope
indicates how strongly the factor influences changes in the response. affects the change in response. A steep line
indicates a more influential factor, and a slope sign indicates the direction of influence. Line A has the steepest
slope and decreases from left to right, indicating an increase in H,O» concentration and a noticeable decrease in
the chitosan molecule's weight. This shows that H,O, concentration is the most important factor in reducing
molecular weight during depolymerization. The B line is also decreasing, but more sloping in the same direction
as the A line, indicating that the depolymerization temperature exerts a moderate effect on the decrease in the
weight of the chitosan molecule. Meanwhile, the C line is slightly up, indicating that the depolymerization time
exerts a small influence.

H,0O, produces oxygen radicals (-OH) during the depolymerization reaction, which will promote more
effective termination of the chitosan chain than increases in temperature and time within the test range. Therefore,
the concentration of H>O, can accelerate the chitosan chain-cleavage reaction, leading to a marked decrease in
chitosan molecular weight (Zheng et al., 2022). Meanwhile, temperature and time affect kinetics, but their effects
are relatively small because the availability of H,O, controls the selected reaction range or trajectory (Purwanto et
al.,2019).
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Figure 6. Perturbation graph. Figure 7. A comparison graph of predicted and actual

values of the CCD.

Based on the CCD calculation, a graph was generated showing the molecular weight predictions from the
CCD and the actual molecular weight of the depolymerization obtained in the study. The results of the graph are
shown in Figure 7. Figure 7 shows the relationship between the molecular weight predicted by the CCD model
and the experimental results for chitosan depolymerization of tilapia scales. The data points scattered around the
diagonal line indicate that the prediction model shows a good degree of agreement with the experimental data. The
closer the point is to the diagonal line, the smaller the deviation between the actual value and the prediction. The
relatively even distribution of points around the line also indicates that the model can predict with high accuracy
across a wide range of data. This is reinforced by a high coefficient of determination (R?) of 0.8513, indicating a
valid and reliable model for determining the optimal process conditions (Bezerra et al., 2008).

Oligochitosan Characterization

The product resulting from the chitosan depolymerization process in this study was characterized by FTIR to
confirm that the depolymerized product is oligochitosan, which has the same FTIR absorption profile as chitosan
(Figure 8). This similarity in absorption suggests that oligochitosans lack structural damage, despite their differing
molecular weights.

Identification of crystalline and amorphous particles to determine the crystallinity index of chitosan and
oligochitosan was performed using XRD (Figure 9). The crystallinity index for chitosan was 84.34%, while that
for oligochitosan was 59.17%. Suryani et al. (2022) state that oligochitosan with a lower crystallinity index or
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oligochitosan with increasingly amorphous structures will have greater solubility in water. This is because
amorphous structures have looser molecular chains than crystalline structures, creating more intermolecular space
that allows water molecules to enter, interact with oligochitosan chains, and dissolve them.

—— Oligochitosan . .
—— Chitgsan ———~0ligochitosan
———Chitosan
< 7
b A (a)
= 1015 b
£ 2
E £
w -
=
£
[_|
(b)
1148
T T T T T T T T d T T T T T T T T T T T T T T
4000 3500 3000 2500 2000 1500 1000 500 0 20 40 60 80 100
2Theta
wavenumber (cm™) eta (o)
Figure 8. Comparison chart of FTIR spectra of Figure9. The diffraction pattern of XRD is (a)
oligochitosan and chitosan from fish scales. oligochitosan and (b) chitosan tilapia

scales.

Identification of crystalline and amorphous particles to determine the crystallinity index of chitosan and
oligochitosan was performed using XRD (Figure 9). The crystallinity index for chitosan was 84.34%, while that
for oligochitosan was 59.17%. Suryani et al. (2022) state that oligochitosan with a lower crystallinity index or
oligochitosan with increasingly amorphous structures will have greater solubility in water. This is because
amorphous structures have looser molecular chains than crystalline structures, creating more intermolecular space
that allows water molecules to enter, interact with oligochitosan chains, and dissolve them.

The oligochitosan products produced in this study are also characterized by solubility at neutral pH. This
solubility is an important parameter for distinguishing chitosan and oligochitosan. This happens because chitosan
is insoluble in water at neutral pH, whereas oligochitosan is highly soluble at neutral pH (Pari ef al., 2022).
Oligochitosan solubility was characterized in this study by dissolving oligochitosan in water at neutral pH for 30
minutes. A comparison of the solubility results from this study is shown in Figure 10. The solubility of
oligochitosan in water with a neutral pH in this study was 100%. The results are also the same as those of Pari et

al. (2022), who found that chitosan depolymerized by three different methods dissolves completely in water at
neutral pH.

Figure 10. The difference in the solubility test results of (a) oligochitosan and (b) chitosan from tilapia scales.

CONCLUSION

The chitosan yield obtained from the tilapia chitin deacetylation process was 54.36%, with a degree of
deacetylation of 74.24% and a molecular weight of 264.214 kDa. The optimal conditions predicted using Central
Composite Design (CCD) for the chitosan depolymerization process in this study are 3.6 M concentration, 50 °C
temperature, and 2 hours, with a molecular weight of 4.093 kDa. The analysis of the depolymerization results from
this study shows that the most influential factor in oligochitosan production is H>O, concentration. The
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characterization of oligochitosan includes measurements of crystallinity and solubility, indicating that it exists in
an amorphous form and dissolves completely in water.
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