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ABSTRACT 

Objective: This study aimed to extract and characterize gelatin from Muscovy duck (Cairina moschata) bone using acid method. 

Methods: Gelatin production was carried out by soaking bone in 5 % hydrochloric acid with soaking times varying between 6, 12, and 24 h. The 
extraction process was conducted using a water bath at 70 °C for 4 h. Gelatin evaluation included yield value, proximate analysis (water content, ash 
content, lipid content, and total protein content), pH, viscosity, gel strength, color test, metal contamination level, fourier transform infrared (FTIR) 
and x-ray diffraction (XRD) analysis. 

Results: The yield value of gelatin produced from Muscovy duck (Cairina moschata) bone was between 10.27-10.56 %, with water, ash, lipid, and 
total protein content of 2.26-3.14 %, 0.84-1.52 %, 0.24-1.15 %, and 71.05-75.86 %, respectively. PH of gelatin was 4.2-4.9, with a viscosity of 6.18-
7.47 mPa. s, gel strength value was between 69.88-72.63 bloom, and color characteristic (L*= 33.33-35.31; a*= 0.52-0.81; b*=-0.55-0.26). In 
addition, the metal contamination levels were Cu<2 ppm, Zn<40 ppm, and As<0.2 ppm. FTIR profile showed that gelatin exhibited characteristic 
functional groups, while XRD analysis revealed that the diffraction peaks at 8° and 20° were specific characteristics of gelatin and similar to the 
commercial gelatin. 

Conclusion: Gelatin produced from Muscovy duck bone has a good physical and chemical characterization and has FTIR profile and XRD profile 
similar to commercial gelatin, making it highly potential to be developed as an alternative source for gelatin production. 
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INTRODUCTION 

Gelatin is one of the excipients widely used in various fields of 
pharmacy. It is the main component of capsule shells used as a 
dosage form for various synthetic and herbal medicines [1-3]. In 
addition, gelatin is also often used in the manufacture of tablets as a 
binding agent and as a coating agent [4, 5]. Several studies have 
shown that it can be applied as a gelling agent in various semisolid 
preparations and as film for food packaging [6-10]. This polymer has 
various advantages, such as being natural, biocompatible, 
biodegradable, and low toxicity [11]. 

The world's main source of gelatin, which mostly comes from pig 
skin, raises concerns about halal status, specifically in countries with 
a Muslim majority, such as Indonesia [12]. Another source of gelatin 
is cow skin or bone, but various diseases in cows also add to 
concerns about safety [13]. Therefore, various studies continue to be 
conducted to develop alternative sources, including the use of 
poultry products. Poultry is one of the animals that has a high 
collagen content, and by-products, such as skin, bone, and feet, have 
the potential to be developed as raw materials for gelatin 
production. 

Various studies on gelatin production from poultry have been 
conducted, including using chicken bone [14], chicken leg skin [15], 
chicken head [16], and duck feet [17]. These studies show that 
gelatin can also be produced from high-quality poultry products and 
used in pharmaceutical applications. Muscovy duck (Cairina 
moschata) is one of the poultry species commonly raised by 
Indonesians, along with chickens, which have the potential to be 
developed as source of gelatin [18]. 

In gelatin extraction process, the denaturation of collagen protein 
requires the assistance of compounds that can break collagen 
hydrogen bonds. This process of breaking hydrogen bonds can be 
carried out using acidic or alkaline solutions. The process does not 

damage collagen, but causes the structure to become looser, leading 
to easier hydrolysis into gelatin [19]. The method of immersion in 
acidic solution is preferred over an alkaline solution because it 
requires less time, and the product obtained has good quality. 
Several acidic solvents that have been used and proven to produce 
gelatin are acetic acid solution [20, 21], hydrochloric acid [22, 23], or 
sulphuric acid [24]. Hydrochloric acid is one of the best solvents 
considered capable of breaking down collagen fibers and producing 
a good-quality product [25]. Therefore, this study aimed to extract 
gelatin from Muscovy duck bone using acid method and evaluate the 
characterization of the produced gelatin. 

MATERIALS AND METHODS 

Chemicals and reagents 

Fresh Muscovy duck bone was obtained from the local market in 
Percut Sei Tuan, Deli Serdang District, North Sumatera Province, 
Indonesia. Commercial gelatin was purchased from Sigma Aldrich 
(USA). Hydrochloric acid was obtained from Merck (Darmstadt, 
Germany). All chemical reagents were analytical grade and used 
without further purification. 

Gelatin extraction 

Gelatin was produced based on a modification of the methods of 
Fasya (2018) and Said (2011) [25, 26]. The bone was cleaned with 
water from the meat and other impurities and then cut into smaller 
pieces (1 cm x 1 cm). Subsequently, the bones were soaked in hot 
water at 70 °C for 30 min to facilitate the removal of fat and meat 
still attached. The sample was added with 5 % of hydrochloric acid 
in a ratio of 1:4 (w/v) and soaked for 6, 12, and 24 h, and the 
samples were named T6, T12, and T24, respectively. After this 
procedure, bones were washed with distilled water until the pH was 
close to neutral (in the range 6.5-7.0). The extraction process was 
conducted by using a water bath at 70 °C for 4 h, and the solution 
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was filtered with a filter using a mesh of 200, then centrifuged at 
9.707 RCF, temperature 20 °C for 15 min, and dried in an oven at a 
temperature of 60 °C for 24 h. This dried gelatin was blended until 
smooth to get a powder form and ready for evaluation. 

Gelatin characterizations 

Yield value of gelatin 

The amount of gelatin yield obtained from Muscovy duck bone was 
determined by comparing the amount produced with the raw bone 
material used [26]. The percentage yield was calculated using the 
following formula. 

Yield value (%) =
Resulting gelatin

Initial weight of bone
x 100% 

Proximate analysis 

Proximate content analyzed was water content of gelatin using 
moisture balance method with a Moisture Analyzer (DSH-10A, 
China). The procedure of measurement was based on Warmiati, 
2024 [27]. Ash analysis procedure referred to Indonesian national 
standardization (SNI) 06-3735-1995 [28]. Fat and total protein 
content was analyzed based on SNI no 01-2354.1.2006 [29]. Total 
protein content was evaluated using the Micro Kjeldahl method and 
calculated with a conversion factor of 6.25. 

Determination of pH 

A solution of gelatin was made by dissolving 1 g of gelatin in 100 ml 
(w/v) of distilled water at a temperature of 60 °C, after which the 
mixture was allowed to cool to room temperature. The pH meter (Az 
86505) was calibrated beforehand using standard pH buffers of 4 
and 7. The pH meter electrode was then immersed in the solution 
until a constant reading was obtained [30, 31]. 

Viscosity measurement 

Gelatin sample solution was prepared at a concentration of 6.67 % 
w/v (7.50 g and 105 ml of distilled water) and heated at a 
temperature of 60 °C until the particles dissolved completely. 
Viscosity of the sample was measured using a viscometer NDJ 8S 
(Huanghua Faithful Instrument Co., Ltd, China). Gelatin solution was 
poured into the sample place of the viscometer, and viscosity was 
measured at room temperature [32, 21]. 

Gel strength 

This sample was prepared based on the solution preparation for the 
viscosity test and then stored at a temperature of 10 °C for more than 16 
h. Gel strength was measured using a LFRA texture analyzer (Brookfield, 
USA) with trigger 5 g, distance 10 mm, and speed at 1 mm/s [33, 34]. 

Color test 

Gelatin sample was prepared according to the sample preparation 
method for viscosity testing. Gelatin color was determined based on 
the values of “L*”, ‘a*’ and “b*” using a colorimeter WR10 (Fru, 
Shenzhen Wave Optoelectronics Technology Co., Ltd, China) [35]. 

Atomic absorption analysis 

Atomic absorption analysis was used to measure the metal 
contamination levels of copper (Cu), zinc (Zn), and arsenic (As) in 
gelatin. The measurements were carried out using an atomic absorption 
spectrophotometer (AAS Perkin Elmer Pinnacle 900T, USA) [36, 37]. 

FTIR analysis 

The infrared spectra of gelatin were characterized using a FTIR ATR 
spectrophotometer (Bruker-Tensor II) with a frequency range of 
4000-500 cm-1, 45 s of scanning, and a resolution of 4.0 cm. In 
addition, the resulting gelatin from Muscovy duck bone was 
compared with the commercial gelatin [38]. 

XRD analysis 

The test was conducted using XRD spectroscopy (PAN alytical 
AERIS, Netherlands). XRD characterization in this study was 
performed using a voltage of 40 kV. Monochromatic Cu kα radiation 
(target source) with a wavelength of λ = 1.5406 Å, with a step size of 
0.02°, a scan rate of 0.2/s, and a scan range from 2θ = 5 to 85 in solid 
form. The sample to be characterized was gelatin powder placed in a 
2x2 cm² holder on the diffractometer [39, 40]. 

Statistical analysis 

The results were expressed as mean±standard deviation (SD). One-
way analysis of variance (ANOVA) was performed on the data, and 
differences between means were evaluated using Tukey multiple 
range test. A p-value<0.05 was considered to be statistically 
significant. IBM Statistical Product and Service Solutions (SPSS) 26 
program was used for data analysis. 

RESULTS AND DISCUSSION 

Yield of gelatin 

The effect of soaking time with hydrochloric acid on the yield values 
of gelatin can be shown in fig.1. Based on the data, different times 
influenced the yield value, but the difference was not significant 
(F(2,6)=0.514, p value=0.622). Soaking for 6 h showed a smaller 
yield value than soaking for 12 and 24 h, but the difference was very 
small. The results of this study were consistent with the previous 
study, which used 5 % of hydrochloric acid for 12 and 24 h on 
chicken bone samples and produced a yield of over 10 % [25]. 
Although the yield value for 12 h soaking time was higher than 6 h, 
the difference was very small. Based on these results, it can be 
indicated that soaking for 6 h has shown near maximum 
demineralization. From several previous references, the use of 
strong acids such as HCl tends to be faster in the bone 
demineralization process compared to weaker acids, where the end 
point or maximum point of the demineralization process can be 
reached in 3 to 7 h [41]. According to Khirzin (2019), the lower the 
hydrochloric acid concentration, the less gelatin was extracted 
because gelatin was still strongly bound to the bone tissue, as a 
result, extraction was not optimal. However, when hydrochloric acid 
concentration was too high, it could also cause gelatin components 
to break down and dissolve in hydrochloric acid [42]. 

 

 

Fig. 1: The effect of immersion time on the yield value of gelatin. Data were expressed in mean±SD, (n=3). The same letters above bars 
indicate no significant differences (p>0.05) 
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Proximate composition determination 

Proximate parameters of the resulting gelatin were presented in 
table 1. Based on the proximate parameter tests conducted, both 
water and ash contents of gelatin produced using acid method met 
the requirements of SNI 06-3735-1995 regarding gelatin quality. 
Water content from the drying shrinkage test showed that gelatin 
produced met the water content requirement that should be no 
more than 16 %, and there was no significant difference for all 
soaking time variation (F(2,6)=2.911, p value =0.131) [28]. For the 
ash content test, there was no significant different between soaking 
time variation at 6 and 12 h, but the result for 24 h showed 
significant different (F(2,6)= 73.580, p value=0.000) compared with 
the others, but the test showed that all gelatin produced exhibited 
ash content below 2 % and met the requirement (<3.25 %) [28]. In 
addition, the lipid content in gelatin produced was also very low, it 
was below 1.2 % (F(2,6)=2522.364, p value=0.000). 

Total protein content testing also showed more than 70 % for all 
soaking time variation and the 24 h showed lower than others. The 
duration of soaking in 5 % hydrochloric acid showed very little 
change in protein content of gelatin, but there was no significant 
difference (F(2,6)= 5.683, p value=0.041). Based on the data, 
increasing the duration of hydrochloric acid immersion for 24 h 

resulting in a decrease in the protein content of the gelatin 
produced. This occurs in relation to acid-induced hydrolysis 
processes. If the soaking time in acid is too long, it can cause the 
collagen fibers to shrink, the collagen structure to break down, and 
lead to the degradation of collagen into an unordered structure. 
Collagen that gets damaged from too much acid exposure will 
dissolve in the soaking solution and be washed away during rinsing, 
which reduces the amount of gelatin protein extracted [43]. 

The results at this study were similar to those of protein content 
testing on chicken bone samples, where the use of 5 % of 
hydrochloric acid for 12 h of soaking produced gelatin with a protein 
content of 70.6% [25]. Subsequently, this was even higher than the 
results of a study on gelatin production using 5 % of hydrochloric 
acid for 48 h on broiler chicken bones, which was 67.75 % [44]. 
Several factors could cause differences in gelatin protein content, 
including the fact that gelatin protein levels depend on the species of 
animal that produce collagen. The use of acidic solvents in the 
demineralization process also affected protein content of gelatin 
produced. The higher the acid concentration, the longer the soaking 
time, and the higher the temperature used decreased the protein 
content due to more protein in the raw material was hydrolyzed 
[45].

 

Table 1: Proximate parameter muscovy duck gelatin 

Treatment Water content (%) Ash content (%) Lipid content (%) Total protein content (%) 

T6 2.26±0.76a 0.84±0.06a 1.15±0.02a 75.50±2.03a 

T12 3.14±0.43a 0.93±0.08a 0.70±0.01b 75.86±1.86a 

T24 2.36±0.51a 1.52±0.08b 0.24±0.01c 71.05±1.96a 

Data in mean±SD (n=3), followed by the different letters in each column, show significant difference (p<0.05) 
 

pH value 

The pH of gelatin extracted using acid method, namely 5% of 
hydrochloric acid, tended to be acidic (fig. 2a). But, the pH of gelatin 
still met the requirements for type A gelatin according to gelatine 
manufacturers institute of America (GMIA) requirements, which was 
between 3.8 and 5.55, and all pH results showed significant different 
(F(2,6)=111, p value=0.000). Previous studies on the pH values of 
poultry gelatin were 5.50 for chicken intestine [14], pH 5.35 from 
chicken head [16], or pH 6.0 for chicken bone [44]. Based on previous 
studies, several factors affected the pH of gelatin produced, including 
the type of acid used and the neutralization process carried out after 
soaking in acid, which must be considered because it could affect the 
final pH of gelatin [46]. The washing process during neutralization 
may not remove all acid residues in the collagen tissue of the bone 
marrow, thereby contributing to the low pH of the gelatin produced. 

Viscosity measurement 

Based on the data in fig. 2b, viscosity of Muscovy duck bone gelatin 
produced was meeting the gelatin viscosity requirements according 
to SNI 06-3735-1995, which was between 1.5 and 7.5 mPa. s. 
Increasing the duration of bone immersion in 5 % of hydrochloric 
acid caused a decrease in viscosity value of gelatin produced. The 
difference in acid immersion time produced significant difference 
viscosity values (F(3,8)=664.079, p value=0.000), but the viscosity of 
T6 gelatin did not different significantly from the viscosity of 
commercial gelatin. The viscosity value of the gelatin produced was 
similar to several previous studies, such as from chicken bone using 
acid method (6.0 mPa. s) or using chicken head with acetic acid 4 % 
(6.33 mPa. s) [44, 16]. This viscosity value was influenced by various 
factors such as temperature, pH, hydrodynamic interactions 
between gelatin molecules, and related to the polypeptide chains of 
amino acids that generate the gelatin structure [24]. 

Gel strength 

The gel strength test results showed for gelatin produced can be 
seen in fig. 2c. This value indicated that the gel strength was quite 
good and still met gel strength test requirements from GMIA [32] in 
the range of 50-300 bloom and similar to the commercial gelatin gel 
strength, which usually range from 50 to 200 bloom [47]. There was 
no significant difference between gel strength values with soaking 
time variation, but the gel strength value was significant compared 
with commercial gelatin (F(3,8)= 4355.189, p value=0.000). Gel 
strength is one of the most important parameters of gelatin because 
it greatly determines its ability to form a gel when applied. Although 
T6 showed an increase in gel strength compared to T12 and T24, the 
increase was not significant and only a trend, not a proven 
difference. In addition, the gel strength value under 100 bloom also 
considered in weak category [47]. Various factors can greatly affect 
gel strength, including pH, amino acid content, and molecular weight 
distribution of gelatin [34]. 

Color test 

Color of duck bone gelatin produced in variations of soaking time (6 h, 
12 h, and 24 h) was shown by the l, a*, and b* notation values in table 2, 
which tended to be yellowish white/pale and did not different 
significantly in all treatments (F(2,6)=4.277, p value=0.070 for l), 
(F(2,6)= 0.525, p value =0.616 for a*) and (F(2,6)= 0.045, p value=0.956 
for b*), respectively. This suggested that the difference in the length of 
soaking during the pretreatment process with hydrochloric acid did not 
greatly affect color of gelatin produced. Extraction method factors, such 
as the temperature used and the extraction time, could affect color of 
gelatin produced [35]. Color evaluation of gelatin was used as a quality 
parameter in gelatin production, ensuring that repeated production 
yielded the same color parameters. 

 

Table 2: Results of gelatin color tests produced from muscovy duck bones 

Treatment L* a* b* 
T6 33.33±0.47a 0.75±0.37a -0.33±1.06a 

T12 33.54±1.54a 0.81±0.20a -0.55±0.14a 

T24 35.31±0.23a 0.52±0.59a 0.26±1.54a 

L*: lightness, a*: red/green value, b*: blue/yellow value. Data in mean±SD (n=3) followed by the different letters in each column show significant 
difference (p<0.05) 
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Fig. 2: Effect of soaking time on a) pH, b) viscosity, and c) gel strength (different letters above bars indicate significant differences 
(p<0.05)) 

 

Atomic absorption analysis 

Heavy metal content testing on gelatin samples was conducted for 
Cu, Zn, and As. Based on the data in table 3, it was observed that 
there were Cu, Zn, and As metal contents in gelatin samples 
produced, but only in very small amounts. Therefore, it could still 
meet SNI requirements. The difference in soaking time with acid 
causes a slight difference in the Cu content in gelatin, but the 
difference was significant (F(2,6)=1093.371, p value= 0.000). 
Whereas the Zn content in gelatin shows that the difference in 
immersion time with acid shows no significant difference in all 
samples (F(2,6)=4.042, p value= 0.077). Although the As levels in all 
treatments were very low, the differences were significant (F(2,6)= 
2202, p value= 0.000). Metal content in gelatin produced was due to 

the natural content in the material used as a source of gelatin, and 
also contamination that occurred during gelatin manufacturing 
process. Therefore, the selection of safe collagen sources and strict 
inspection during the manufacturing process were very important to 
produce good-quality gelatin [48]. When heavy metal content met 
the requirements, gelatin produced from Muscovy duck bones could 
be used safely [49]. 

FTIR analysis 

The results of FTIR profile analysis of gelatin produced compared to 
commercial gelatin were displayed in fig. 3. Based on the results of 
the study, the infrared spectrum of Muscovy duck bone gelatin 
samples using 5 % hydrochloric acid immersion for 6, 12, and 24 h 
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consecutively showed wave numbers of 3277 cm-1, 3272 cm-1, and 
3287 cm-1, respectively. This was in accordance with Sugita (2021), 
who stated that Amide a absorption peak was in the range of 3600-
2300 cm-1. Amide a absorption region could occur due to the 
presence of N-H stretching, namely from amide group bonded to 
amino acids and hydroxyproline, and hydrogen bonds [50]. 

The next absorption region of Muscovy duck bone gelatin using 5% 
of hydrochloric acid immersion for 6, 12, and 24 h showed wave 
numbers of 2928 cm-1, 2925 cm-1, and 2926 cm-1, respectively. This 
absorption region was the absorption region for C-H functional 
group. According to Coates (2000), the absorption peak of C-H 
functional group ranged from 2935 to 2915 cm-1 [51]. 

 

Table 3: Results of heavy metal testing on muscovy duck bone gelatin using acid method 

Treatment Result (ppm) 
Cu Zn As 

T6 0.80±0.04a 35.12±1.52a 0.17±0.01a 

T12 0.53±0.03b 34.35±1.50a 0.02±0.01b 

T24 1.99±0.08c 36.00±1.11a 0.001±0.00c 

Requirements based on SNI 06-3735-1995 (ppm) Maximum 30 Maximum 100 Maximum 2 

Data were expressed in mean±SD, (n=3), followed by the different letters in each column show significant difference (p<0.05) 

 

 

Fig. 3: FTIR profile of Muscovy duck bone gelatin compared to commercial gelatin. There are similar functional groups in gelatin samples 
and commercial gelatin, indicating the presence of amide functional groups A, B, I, II and III, which are commonly found in gelatin 

 

In this study, the next absorption region of Muscovy duck bone gelatin 
using 5 % of hydrochloric acid immersion for 6, 12, and 24 h showed 
the similar wave numbers of 1627 cm-1. This absorption region was 
absorption region of amide group I, namely C=O functional group and 
C-N stretching. According to Casanova (2020), wave numbers between 
1600-1700 cm-1 showed the presence of C=O functional group [52].  

The next functional group absorption region was amide II at 6, 12, 
and 24 h of immersion, which showed wave numbers of 1524 cm-1, 
1524 cm-1, and 1522 cm-1, respectively. According to Ko and Yu 
(2007), absorption region at wavenumbers between 1450 cm and 
1575 cm-1 indicated the presence of N-H and C-N functional groups. 
This absorption occurred due to changes in N-H bond structure in 
protein molecule, which was related to the change in the 
tropocollagen structure to an alpha-helix chain structure [53]. 

Absorption regions of amide III functional group in immersion with 
5 % of hydrochloric acid at 6, 12, and 24 h were 1234 cm-1, 1233 cm-

1, and 1234 cm-1, respectively. In addition, the results obtained were 
in accordance with the statement by Woo et al. (2008), stating that 
absorption region at 1200-1400 cm-1was absorption of amide III. 
This absorption region indicated the presence of N-H bending 
groups. All functional groups that appeared in FTIR analysis results 
of duck bone gelatin were in accordance with the functional groups 
that appeared in commercial gelatin [54]. 

The calculation of the amide I to amide II ratio in the FTIR profile of 
gelatin was an important parameter that can be used to assess the 
degree of protein denaturation, the relative amount of unfolded 
protein, or the degree of hydrolysis that has occurred. Based on the 
data in table 4, the amide I/amide II ratio of all samples showed 
values above 1. This result was confirmed by other researchers who 
calculated the amide I/amide II ratio for gelatin, such as bovine 
gelatin and fish gelatin, with ratios of 1.16 and 1.12, respectively 
[55]. The amide III/1450 cm-1 ratio value, which was lower than I, 
also indicates that collagen denaturation has occurred during the 
gelatin extraction process. Based on Koochakzaei (2023), during the 
gelatin extraction process, there was a change in the secondary 
structure of collagen, particularly the α-helix chain, which becomes a 
random coil and β-sheet, as can be seen from the change in peak 
intensity in the amide I region [56]. 

XRD analysis 

The results of the thermal analysis of gelatin samples using XRD 
method could be seen in Fig.4. In this figure, peaks appeared at 2θ ≈ 
8 and 20 in all XRD graphs of the samples, and these peaks 
correlated with the triple helix content in gelatin and it was typically 
a partially crystalline gelatin [57, 58]. The main patterns that 
appeared in graphics from all gelatin samples produced were 
consistent with the patterns that appeared in commercial gelatin, 
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which was also tested as a comparison. This was consistent with 
Mosleh's (2020) statement that the peak at 8° was related to gel 
strength of the tested gelatin [57]. However, the results of this study 
differ slightly from the results of XRD testing of gelatin extracted 

from the scales of the freshwater fish (Labeo rohita), namely peaks 
appearing at 2θ ≈ 7 and 19 [56]. Another XRD analysis test using pig 
skin gelatin samples showed almost identical peak results, 
appearing at 2θ ≈7.8 and 22.12 [59]. 

 

Table 4: Information on the ratio of amide I/amide II and the ratio of amide 3/1450 cm-1 from muscovy duck bone gelatin compared to 
commercial gelatin 

Sample Amide I/Amide II Amide III/Amide 1450 cm-1 

T6 1.11±0.01 0.78±0.01 
T12 1.17±0.02 0.79±0.01 
T24 1.05±0.01 0.75±0.02 
Commercial gelatin 1.00±0.01 0.74±0.01 

Data were expressed in mean±SD, (n=3) 

 

 

 Fig. 4: XRD pattern of Muscovy duck bone gelatin using acid method compared to commercial gelatin. Peaks appeared around 2θ ≈ 8 and 
20 in all XRD graphs on gelatin samples, similar to commercial gelatin as a direct comparison. 

 

CONCLUSION 

In conclusion, gelatin produced from Muscovy duck bone has a good 
physical and chemical characterization and has FTIR profile with 
functional groups and XRD profile similar to commercial gelatin, 
making it highly potential for use as an alternative source of gelatin. 
However, this study still has several limitations in terms of 
confirming that gelatin from Muscovy duck bones is truly safe for 
use as pharmaceutical excipients, such as microbiological testing, 
bloom strength-based application classification, and compatibility 
studies that should be conducted for further studies. 
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