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Co‑administration 
of xylo‑oligosaccharides produced 
by immobilized Aspergillus 
terreus xylanase with carbimazole 
to mitigate its adverse effects 
on the adrenal gland
Shaimaa A. Nour 1, Doaa S. Foda 2, Islam A. Elsehemy 1 & Mohamed E. Hassan 1,3*

Carbimazole has disadvantages on different body organs, especially the thyroid gland and, rarely, 
the adrenal glands. Most studies have not suggested any solution or medication for ameliorating the 
noxious effects of drugs on the glands. Our study focused on the production of xylooligosaccharide 
(XOS), which, when coadministered with carbimazole, relieves the toxic effects of the drug on the 
adrenal glands. In addition to accelerating the regeneration of adrenal gland cells, XOS significantly 
decreases the oxidative stress caused by obesity. This XOS produced by Aspergillus terreus 
xylanase was covalently immobilized using microbial Scleroglucan gel beads, which improved the 
immobilization yield, efficiency, and operational stability. Over a wide pH range (6–7.5), the covalent 
immobilization of xylanase on scleroglucan increased xylanase activity compared to that of its free 
form. Additionally, the reaction temperature was increased to 65 °C. However, the immobilized 
enzyme demonstrated superior thermal stability, sustaining 80.22% of its original activity at 
60 °C for 120 min. Additionally, the full activity of the immobilized enzyme was sustained after 12 
consecutive cycles, and the activity reached 78.33% after 18 cycles. After 41 days of storage at 4 °C, 
the immobilized enzyme was still active at approximately 98%. The immobilized enzyme has the 
capability to produce xylo-oligosaccharides (XOSs). Subsequently, these XOSs can be coadministered 
alongside carbimazole to mitigate the adverse effects of the drug on the adrenal glands. In addition to 
accelerating the regeneration of adrenal gland cells, XOS significantly decreases the oxidative stress 
caused by obesity.

Keywords  Immobilized xylanase, Microbial scleroglucan, Covalent immobilization, Xylo-oligosaccharides, 
Carbimazole drug, Adrenal glands

One of the most important enzymes that can be used in xylan diodegradation is xylanase (1,4-beta-D-xylan 
xylanohydrolase, EC 3.2.1.8)1. Compared to traditional synthesis methods, enzyme-mediated catalytic pro-
cesses have several advantages in the biotechnological and industrial fields2. Enzymes are typically handicapped 
and limited by constraints such as no recovery, high cost, short catalytic lifetime, nonrecyclability, and poor 
operational stability against pH, temperature, and other factors3. A potential solution to these problems is the 
technique of immobilizing enzymes on appropriate carrier supports, which increases the stability and activity of 
the immobilized enzyme compared with those of the free enzyme. Improving the characteristics and reusability 
of enzymes is another objective of enzyme immobilization2.
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The operational stability of enzymes may be improved by immobilizing them on a solid matrix. Additionally, 
because the enzyme is immobilized on an inert carrier, it is possible to reuse the enzyme in several reactions 
and product separation cycles, which results in significant cost savings4. Methods of enzyme immobilization, 
such as entrapment, adsorption on solid carriers, and ionic or covalent binding, are often utilized to immobilize 
enzymes5.

The immobilization of enzymes can enhance their stability, efficiency, reusability, and cost-effectiveness. 
Stability is improved through techniques such as covalent immobilization, which prevents subunit dissociation, 
and strategies aimed at preventing enzyme aggregation and degradation. Multipoint covalent attachment is an 
additional technique that enhances the structural integrity of the enzyme. In addition to being stable, immo-
bilization creates a favorable environment for enzyme activity, although it may also lead to decreased enzyme 
activity. Factors such as partial blocking of active sites, limitations in mass transfer, and conformational changes 
can hinder catalysis. Therefore, there is a strong need for a new immobilization method that can simultaneously 
enhance enzyme activity and stability6,7.

Enzyme immobilization has been extensively employed to enhance enzyme catalytic properties, inhibit dena-
turation, and improve economic viability for various applications. There are many benefits to using immobiliza-
tion to improve the stability and reusability of enzymes. Enzyme immobilization has been studied for a variety 
of materials, including metal oxides, acrylic polymers, silica, and carbons8. In numerous biomedical applications, 
including cell culture, drug delivery, tissue engineering, and the immobilization of metals or enzymes for use 
as catalysts, alginate—a kind of polysaccharide—is frequently employed as a biopolymer. Because of its good 
biocompatibility, soft reducibility, and affordability, alginate has emerged as the preferred carrier in immobiliza-
tion technology9,10.

Among different immobilization techniques, the covalent method is often preferred. This is because it creates 
a strong covalent bond between the functional group of the enzyme and the functional group of the carrier. This 
type of binding ensures that the enzyme stays securely immobilized on the carrier surface, which leads to optimal 
activity when the immobilized enzyme is reused in consecutive cycles. Additionally, the multipoint-covalent 
linkages between the carrier and enzyme molecules provide protection against unfolding and denaturation. 
Covalent binding is widely used in various industrial enzyme applications because it helps to reduce enzyme 
leakage by strengthening the bond between the carrier and the enzyme11,12.

Alginate has been employed in immobilization technology by covalent methods13 or entrapment14. This can 
be achieved by activation with glutaraldehyde (GA) after reaction with polyethyleneimine (PEI)15. An efficient 
complex of alginate/scleroglucan beads was created by adding scleroglucan to alginate to boost its mechanical 
strength and immobilization effectiveness.

The main producers of scleroglucan, a natural exopolysaccharide, are members of the genus Sclerotium. It is 
composed of a D-(1–3)-glucopyranosyl main linear chain with a branch connecting a D-glucan unit (1–6) to 
every third unit (Fig. S1).

In particular, for the development of certain products and methods, scleroglucan stands out from other 
natural polysaccharides due to its variety of distinctive chemical and physical properties (such as its resistance 
to temperature, hydrolysis, and electrolytes). In addition, these materials might find use in the pharmaceutical 
industry, the food industry, medicinal delivery systems, and the cosmetic industry. Scleroglucan performs a 
wide range of mechanical tasks, mostly in the oil industry, where it is used to thicken, penetrate mud, improve 
oil recovery, and prepare adhesives, print inks, and animal feed. All of these uses are attributed to the unique 
rheological characteristics of these materials16.

The carrier was developed through the improvement of the mechanical characteristics of alginate via the 
incorporation of scleroglucan, resulting in an increased number of active groups on the surface of the alginate/
scleroglucan complex. The utilization of this complex in the immobilization process involves the formation of 
covalent bonds with the enzyme. By enabling multiple reuses for enzyme immobilization, this novel carrier 
effectively mitigates the associated costs. Furthermore, the obtained results exhibit noteworthy enzyme activity, 
rendering them suitable for a large number of uses in both the medical and industrial sectors17.

Additionally, Aspergillus terreus xylanase is an excellent xylanase producer and has the capacity to manufac-
ture large amounts of xylanase18. To make xylooligosaccharides from the xylan of beech wood, xylanase is used. 
Applying immobilized enzymes in this procedure will make it possible to reuse the xylanases and simplify the 
procedure.

Among the most vital organs of the human and animal endocrine systems is the adrenal gland19. It is located 
near the anterior poles of the kidneys20. The glands secrete different important hormones that are related to con-
trolling body homeostasis21. Adrenal gland hormones directly affect each important organ in humans, especially 
the heart, nervous system, kidneys, muscles, and bones. This effect also includes the process by which lipids, 
proteins, and carbohydrates undergo breakdown22.

The gland is divided into two main sections: the outer layer, called the cortex, is composed of three layers: 
the zona glomerulosa, which is the outermost layer; the zona reticularis, which is the intermediate layer; and the 
medulla, which is the inner layer, which consists mainly of chromaffin cells23. The adrenal glands are strongly 
affected by xenobiotics, which can result in many pathological conditions24,25.

In this study, we propose utilizing xylo-oligosaccharides (XOSs) derived from xylan degradation by Aspergil‑
lus terreus xylanase to mitigate the harmful effects of the antithyroid medication carbimazole on the structural 
integrity of the adrenal gland. This finding suggests a new application of XOS for this specific purpose.

This study’s primary goals are to assess Aspergillus terreus xylanase immobilization on microbial scleroglucan 
and apply it to the direct hydrolysis of xylan in beech wood. The goal of this study was to increase the yield of 
xylooligosaccharides and explore their potential use as in vivo detoxifying agents.
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Materials and methods
Materials
Alginate sodium salt (alg.) was purchased from Fluka. Scleroglucan was prepared in our laboratory. Glutaral-
dehyde (GA), polyethyleneimine (PEI), and beech wood xylan polymer were purchased from Sigma‒Aldrich, 
Germany. 3,5-Dinitrosalicylic acid (DNS) was purchased from Pan Reac, Barcelona, Spain. The other chemicals 
used were of Analar grade or equivalent quality.

Methods
Production of Aspergillus terreus xylanase
The xylanase used in this investigation was generated using the techniques of Nour et al. This process involved 
solid-state fermentation of Ricinus communis waste using Aspergillus terreus RGS Eg-NRC (accession number 
MW282328)18.

The media consisted of the following (g/L): Ricinus communis, 20 g; corn steep, 10 g; KH2PO4, 6.5 g; glucose, 
40 g; and the moistening agent (60 mL/L). The media were subsequently incubated for 11 days at 30 °C. The 
fermented substrate was centrifuged at 5000 rpm for 10 min at 4 °C after extraction with 50 mL of distilled 
water after being incubated on an orbital shaker (150 rpm) for 1 h. The resulting supernatant was subjected to 
enzyme analysis18.

Xylanase, which was prepared in our laboratory, was used to enzymatically hydrolyze the xylan polymer 
found in beech wood to create XOS.

Estimation of the enzyme, protein and purification of xylanase
Then, 0.5 mL of diluted xylanase extract was mixed with 0.5 mL of beach wood xylan solution (1%) in 50 mM 
phosphate buffer (pH 6) for 30 min at 50 °C. The enzyme activity was ascertained according to Bailey et al.26 
DNS (2.5 mL) was added to halt the reaction once it cooled. The emission of the sugar xylose was recorded at 
540 nm. One unit (U) of xylanase activity releases one mole of crude extract of enzyme per milliliter of xylose.

The amount of protein was calculated using bovine serum albumin (BSA) in accordance with the methods of 
Lowry et al.27 Following fractional precipitation of enzymes using ammonium sulfate, a fraction of ammonium 
sulfate (60–70%) was utilized for xylan hydrolysis18.

Carrier preparation for covalent immobilization (alginate/scleroglucangel beads)
Alginate/scleroglucan (Alg/Sc.) Gel beads were created by utilizing an overhead mechanical stirrer to dissolve 
alginate (Alg) and scleroglucan (Sc) in distilled water at a 1:1 ratio to a final concentration of 2%. The compound 
was injected into 3% CaCl2 with a 300 mm nozzle utilizing an Innotech Encapsulator (IE-50, Switzerland).

Activation of gel beads
To prepare Alg/Sc. beads to immobilize covalent bonds, activation using polyethyleneimine (PEI) followed by 
glutaraldehyde (GA) can be used. Alg/Sc. The beads were first presoaked for three hours in 4% PEI at pH 9.5 
before being thoroughly rinsed with distilled H2O to remove any remaining PEI. After that, the aminated Alg/Sc 
beads were submerged for three hours in a 2.5% GA solution. Then, three rinses were performed on the unreacted 
GA from the Alg/Sc. beads, as depicted in Fig. 1. The activated beads could now be employed in the subsequent 
stages of enzyme immobilization28,29.

Xylanase immobilization on activated alginate/scleroglucan
The xylanase enzyme was immobilized on alginate/scleroglucan (Alg/Sc.) After being steeped in a 2.5 U enzyme 
solution, the specimens were incubated at room temperature for a whole day. To remove any remaining enzyme 
following immobilization, the beads were rinsed three times with distilled water. The cleaned beads were stored at 
4 °C in phosphate buffer (pH 5.6) for further measurements. The immobilization yield was calculated as follows:

I is the amount of immobilized enzyme (U/carrier), A is the total amount of enzyme added (U/carrier), and B is 
the amount of unbound enzyme (U/carrier). I is the quantity of enzyme that was immobilized (U/carrier), A is 
the total quantity of enzyme added (U/carrier), and B is the amount of unattached enzyme (U/carrier).

Statistical optimization of the immobilization process
By modifying Box and Wilson30, a central composite design (CCD) was implemented. To identify the factors 
that are independent of loading time (X1) and enzyme units added (X2), thirteen trials were carried out. The 
link between the independent components and the immobilization yield was ascertained using a second-order 
polynomial function:

where Y is the immobilization yield (%), β0 is the intercept, β1 and β2 are linear coefficients, β11 and β22 are quad-
ratic coefficients, and β12 is the cross-product coefficient.

Characterization of the modified gel beads using FT‑IR
An FT-IR spectrophotometer was used to obtain the infrared transmission spectra of alginate/scleroglucan, algi-
nate/scleroglucan/PEI, alginate/scleroglucan/PEI/GA, and alginate/scleroglucan/PEI/GA/Enzyme (FT-IR-800, 

(1)Immobilization Yield (% ) = I/(A− B)

(2)Y = β0 + β1X1 + β2X2 + β11X
2
1 + β22X

2
2 + β1β2X1X2
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Shimadzu, Japan). This process is employed to demonstrate how gel beads change as a result of the presence of 
the correct functional groups. Before the four formulations were mixed with KBr, each sample was allowed to 
air dry. After being crushed into an extremely fine powder in a mortar, the discs were compacted into discs using 
a hydraulic press operating at 10,000 pounds per square inch. The samples were scanned in the 400–4000 cm−1 
wavelength range at ambient temperature28.

Immobilized xylanase characteristics
Temperature and pH effects.  The impact of pH on enzyme activity between pH values of 5.7 and 9 was inves-
tigated. Two buffers were used: a 0.05 M phosphate buffer with pH values between 5.7 and 8.0 and a Tris HCl 
buffer with pH values between 8.5 and 9.0. At the optimal pH, the enzyme functioned at its maximum. Addition-
ally, the stability of the enzyme over a range of pH values was established. The remaining activity was measured 
every 30 min for up to two hours following preincubation at every pH. Without prior incubation, the enzyme 
was regarded as 100% active.

The impact of temperature on the activity of the immobilized enzyme was evaluated at different tempera-
tures (40–80 °C) and at the optimal pH. The activation energy (Ea) of the generated enzyme was determined 
by plotting the relative activity against the reciprocal of temperature in Kelvin, or the Arrhenius plot, using the 
following equation:

R, the gas constant.

Temperature stability.  The residual activity of xylanase after being immobilized under ideal conditions was 
estimated every 30 min for up to two hours after preincubation at 40–75 °C. When the previous incubation did 
not occur, the enzyme activity was evaluated as 100%.

Effect of different substrate concentrations.  We estimated the Aspergillus terreus xylanase activity using differ-
ent concentrations of xylan (2.5–25 mg/ml) at the optimum pH and temperature of the tested enzymes. From the 
Lineweaver–Burk plot equation (Eq. 4), we calculated the maximum reaction velocity (Vmax), Michaelis–Menten 
constant (Km), and specificity constant (Vmax/Km). The reaction velocity (V) is represented as the specific activity 
in U/mg protein, and S is the concentration of xylan (mg/mL).

(3)Slope = Ea/R

Figure 1.   Activation scheme and immobilization processes of Alginat/Scleroglucangel beads.
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Enzyme reusability
Under ideal circumstances, it was determined whether the immobilized enzyme could hydrolyze xylan in beech 
wood. When the reaction was complete, the beads were removed and washed before being added to another reac-
tion. As previously mentioned, the amount of freed xylose in the supernatant was calculated after every reaction. 
The beads were stored at 4 °C while immersed in phosphate buffer, after which the activity of the immobilized 
enzyme was monitored weekly for one month to determine the enzyme storage stability.

Xylan hydrolysis for xylooligosaccharide production
To test the activity of the immobilized enzyme in hydrolyzing beech wood xylan, 0.5 mL of 1% xylan in 0.05 M 
phosphate buffer (pH 5.8) containing 1 g of beads (2.65 U) was suspended in the mixture. The reaction mixture 
was incubated for one hour at 120 rpm and 40 °C. At the conclusion of the hydrolysis process, the beads were 
removed from the mixture. After that, the liquid was boiled for ten minutes to denature the additional enzyme, 
which halted the processes. Ultimately, the mixture was centrifuged for ten minutes at 4 °C to remove the 
remaining unhydrolyzed substrate at 7000 rpm. The reducing sugar content in the supernatant was measured 
using the DNS technique31.

Chromatography using thin layers
Using silica gel plates, TLC was used to separate and identify the carbohydrates. The samples were spread out 
across plates containing various real sugars (mono, di, tri, and tetra). Plates were made in a saturated chamber 
at ambient temperature using propanol:water (8.5:1.5 v/v) as the mobile phase. An approach involving spraying 
was used to identify sugars. The dried plates were then sprayed with phenol‒sulfuric acid reagent (3 g of phenol 
and 5 mL of highly concentrated sulfuric acid in 95 mL of ethyl alcohol), and the mixture was incubated for ten 
to fifteen minutes at 100 °C32.

In vivo application study of xylooligosaccharides
Experimental design for studying the effect of carbimazole treatment alone and xylooligosaccharide coadmin-
istration on several serum parameters and adrenal histopathology in female rats.  Twenty-four female Wistar 
rats weighing approximately 100–130 g were obtained from the breeding unit of the National Research Centre, 
Giza, Egypt, for our in vivo study. The rats were given plenty of food and water and were subjected to 12 h. had a 
cycle of morning and night with constant temperature and humidity. The animals were separated into 4 groups 
in different cages. Group I received carbimazole (83 mg/kg bw equivalent to 0.02% active ingredient) dissolved 
in 1% saline in drinking water. Group II received XOS or xylo-oligosaccharides (0.12 g/kg)33 coadministered 
with the drug carbimazole dissolved in 1% saline in drinking water. Group III received 1% saline. Group IV 
received no supplementation and served as a control.

After three weeks of treatment, the animals were sacrificed by dislocation. Blood was collected from the retro-
orbital plexus of the rat eye and subsequently centrifuged at 4000 rpm for 10 min to obtain the serum. The serum 
was subjected to several biochemical parameters, such as total cholesterol, random glucose and total antioxidant 
capacity (TOAC), which were determined via colorimetric methods34,35. The adrenal glands were histologically 
evaluated. The glands were separated, cleaned, rinsed in 10% buffered formalin, encased in paraffin and dyed 
with hematoxylin and eosin (H&E)36.

Statistical analysis
SPSS version 7.5 software (USA) was used to analyze the experimental data. Statistical comparisons between 
groups were performed by one-way ANOVA followed by post hoc tests. P values were considered to be signifi-
cant at P ≤ 0.05.

Ethical approval
Ethical approval No. 18157 was obtained from the animal ethical committee of the National Research Centre, 
Giza, Egypt, according to the guidelines of the Helsinki standard ethical laws.

Results and discussion
Enzyme activity
After optimization, the A. terreus strain RGS Eg-NRC provided the highest xylanase yield (245 U/g). Xylanase, 
which has a specific activity of 3.9 IU/mg protein, was largely purified when ammonium sulfate was saturated 
by 60–70%13. Given the significance of immobilizing the generated enzyme, the reusability of any enzyme is a 
critical factor in assessing the sustainability of its industrial application37.

Conditions of the immobilization process of xylanase on alginate/scleroglucan (Alg/Sc.) gel 
beads
The xylane enzyme was covalently immobilized on alginate/scleroglucan (Alg/Sc) gel beads with an immobili-
zation yield of approximately 53%. By using CCD, the immobilization procedure was enhanced. According to 
Table 1, loading the enzyme (2 U) onto one gram of activated gel beads and keeping the mixture stationary for 
22 h resulted in a nearly 97.2% immobilization yield.

(4)1
/

V =

(

1
/

Vmax

)

+
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Km
/

Vmax
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The presence of multiple hydroxyl groups in scleroglucan facilitates the attachment and physical coating of 
polyethylene imine (PEI) onto the beads. The abundant hydroxyl groups promote intermolecular hydrogen bond-
ing, thereby enhancing the stability of the beads in comparison to the alginate beads used alone. Furthermore, this 
bond augments the effectiveness of immobilization. In addition, this interaction contributes to the mechanical 
durability of the beads, safeguarding them from degradation or hydrolysis in solution38–40.

The loading unit was not significant according to the multiple regression analysis results (Table 2); however, 
the loading duration had a highly significant effect on the immobilization yield (P ˂ 0.05). These results further 
supported the accuracy of the model since the second-order polynomial model explained 97.1% of the variation 
in the experimental results, and the R2 value of the applied model was 0.971. According to Edwards et al.41 the 
R2 value (> 0.9) of the applied model is correct.

The high F value (136.1138) and extremely low P value (9.81E−15) in the analysis of variance (ANOVA) 
results reflect the statistical significance of the model terms utilized in the current investigation. The following 
second-order polynomial equation was produced from the regression analysis of the experimental results and 
was used to compute the expected immobilization yield:

Additionally, residual analysis (Fig. 2), which was developed by plotting the residuals (the observed-predicted 
values) against the immobilization yield (the response), showed that the residuals were consistently distributed 
throughout the range and fell in a symmetrical pattern, confirming that the model is accurate for the majority 
of the observed results.

Characterization of the modified gel beads using Fourier transform infrared (FT‑IR) 
spectroscopy
The FT-IR spectroscopy results for the four formulations (alginate/scleroglucan, alginate/scleroglucan/PEI, 
alginate/scleroglucan/PEI/GA, and alginate/scleroglucan/PEI/GA/enzyme) are shown in Fig. 3. According to 
curve A relating to the mixture of alginate and scleroglucan, an identifiable band at 3360 cm−1 was observed that 
is related to OH and found naturally in the structure of alginate and scleroglucan, as was a band at 1638 cm−1 
that is related to the carbonyl group (C=O) of scleroglucan. The interaction between the carbonyl groups in the 
mixture and the amine group (NH2) on the surface of the alginate/scleroglucan gel beads results in a new band at 
1478 cm−1 that is related to CN groups, as shown in Curve B, which is related to aminated alginate/scleroglucan 

Y = −99905+ 0.125009X1 + 0.225509X2 + 0.000656X
2
1 + 0.039457X

2
2 − 0.0391X1X2

Table 1.   CCD for optimization of the immobilization process.

Trial

Independent variable

Recovery of immobilized 
enzyme (%)

Observed immobilization 
yield (%)

Predicted immobilization 
yield (%) Residual

X1
Time of loading (h)

X2
Loading unit (U/g gel bead)

1 18 (−1) 2.5 (−1) 0.766 0.55 0.513185 0.036815

2 18 (−1) 3.5 (+ 1) 0.551 0.33 0.271096 0.058904

3 26 (+ 1) 2.5 (−1) 0.92 0.882 0.961569 -0.07957

4 26 (+ 1) 3.5 (+ 1) 0.640 0.349 0.40644 -0.05744

5 14 (−2) 3 (0) 0.532 0.215 0.267832 -0.05283

6 30 (+ 2) 3 (0) 0.981 0.915 0.85156 0.06344

7 22 (0) 2 (−2) 0.995 0.972 0.955778 0.016222

8 22 (0) 4 (+ 2) 0.441 0.153 0.15856 -0.00556

9 22 (0) 3 (0) 0.723 0.53 0.517712 0.012288

10 22 (0) 3 (0) 0.723 0.53 0.517712 0.012288

11 22 (0) 3 (0) 0.70 0.5 0.517712 -0.01771

12 22 (0) 3 (0) 0.72 0.52 0.517712 0.002288

13 22 (0) 3 (0) 0.723 0.53 0.517712 0.012288

Table 2.   Analysis of CCD.

Coefficients Standard error t stat p-value

Intercept −0.99905 0.663842 −1.50495 0.147966

X1 0.125009 0.031665 3.947866 0.000795

X2 0.225509 0.249465 0.903968 0.376773

X12 0.000656 0.000436 1.502415 0.148615

X22 0.039457 0.027926 1.412894 0.173061

X1X2 −0.03913 0.008355 −4.6829 0.000143
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gel beads. In curve C, which corresponds to activated alginate/scleroglucan gel beads, a band corresponding to 
amines is visible at wavelengths between 3120 and 3622 cm−1. In addition to the band for CN groups at 1451 
cm−1, this band corresponds to the CN group, which is the result of the interaction between the carbonyl groups 
of glutaraldehyde and the amine groups on the surface of the gel beads. The band at 1611 cm−1 is specific to the 
terminal carbonyl groups of glutaraldehyde. On the other hand, as shown in curve D, when the enzyme and 
activated gel beads reacted, the various amine groups in the enzyme caused the amine range to expand and 
reach 3271–3594 cm−1. There is also a band at 1516 cm-1 that pertains to CN groups as a result of the interaction 
between the carbonyl groups on the surface of activated alginate/scleroglucan gel beads and the amine group 
(NH2) on the surface of enzymes4,29.

Stability and operational conditions of the immobilized xylanase
The operational stability, also known as the storage stability and repeated use stability, determines how reusable 
an enzyme is. The immobilized enzyme maintained its full activity for more than 12 cycles, reaching 78.33 after 

Figure 2.   Residual plot.

Figure 3.   3FT-IR spectra of alginate/scleroglucan (A), alginate/scleroglucan/PEI (B), alginate/scleroglucan/
PEI/GA (C) and alginate/scleroglucan/PEI/GA/enzyme (D).
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18 cycles, according to the findings of repeated use (Fig. 4). The substrate might be the reason for this decline in 
enzyme activity becoming toxic after repeated usage of the enzyme42.

From an economic perspective, this is a major discovery because it will lower the overall cost of the enzyme. 
Additionally, the immobilized enzyme was allowed to react for more than 41 days at 4 °C, in contrast to the free 
enzyme, which has stable activity for 8 days and had to be contaminated, at which point the enzyme was fully 
active before it was removed. The immobilized enzyme is appropriate for extensive industrial application due to 
its great operational stability. According to Mostafa et al.28 the operational stability of xylanase immobilized on 
(Alg + PEI/Na +) gel beads has increased. For instance, after eight consecutive reactions, 96% of the initial activ-
ity of xylanase was retained after it was immobilized on (Alg + PEI/Na +) gel beads. However, following sixteen 
cycles, there was a slight and gradual decrease in enzyme activity, which eventually reached 73% of its initial level.

Descriptions of xylanase in the immobilized state
pH profile of the immobilized xylanase
When 0.05 M phosphate buffer was utilized, the immobilization of xylanase on (Alg/Sc.) Gel beads resulted in a 
minor shift in the reaction’s optimum pH (6.5), although studies of the enzyme’s activity as a function of reaction 
pH (Fig. 5A)18 showed that the maximum pH of 6.0 was reached by free xylanase. The structural and functional 
stability of the immobilized xylanase (Alg/Sc.) can be used to explain these results. The presence of gel beads is 
predominantly influenced by the composition and structure of the carrier as well as the structure of the enzyme, 
and both of these factors significantly influence the enzyme’s catalytic activity following immobilization43. Addi-
tionally, for up to two hours, the immobilized xylanase maintained 100% of its enzyme activity (Fig. 5B). The 
maximum activity of xylanase that was immobilized under moderately neutral conditions was comparable to 
that reported by Wong et al., who reported that xylanase immobilized on metal ions had an optimum pH of 7.044.

Immobilized xylanase temperature profile
One of the most important features of immobilization technology is the reaction temperature. The immobilized 
xylanase functioned best at 65 °C, while the optimum temperature was 55 °C, as reported previously18. The 
enzyme activity decreased after that point, possibly because of the thermal denaturation of the enzyme (Fig. 5C).

The need for greater activation energy in the case of immobilized enzymes than in the case of free enzymes 
can explain the difference in the optimal reaction temperature for immobilized xylanase. The structural flexibility 
of the enzyme within the gel microenvironment may vary as a result of these modifications45–49.

Arrhenius plot of the immobilized enzyme
The Arrhenius equation can be used to calculate the activation energy and efficiency of chemical processes. 
When a reaction obeyed the Arrhenius equation, it showed a linear relationship with the log of residual activity 
vs. time. This indicated the enzyme’s first-order kinetic process, from which the activation energy (Ea) may be 
computed using the gradient and intercept. The graph of the amount of immobilized xylanase produced and 
this equation were identical.

Arrhenius plots were then used to calculate the activation energy (Ea) of the catalyst for A. terreus xylanase 
(Fig. 5D). For the xylanase Arrhenius plots, the regression formula was

The results showed that the Ea of the immobilized xylanase was 10.049 kJmol, which is less than that of the 
free enzyme (23.919 kJmol). This finding was previously reported18. With decreasing Ea, less energy is needed to 
reach the active site of the enzyme–substrate complex. Immobilized xylanase is more suitable for industrial appli-
cations due to these characteristics and its low activation energy, which decreases the overall manufacturing price.

y = 1.2359x + 5.776

Figure 4.   Operational stability of xylanase immobilized onto alginate/scleroglucan gel beads.
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Figure 5.   Effect of the reaction pH (control is pH 6) (A), preincubation at different pH values for different 
time intervals (the activity of the enzyme without preincubation was considered 100% activity), on the activity 
of the immobilized enzyme (B), the reaction temperature (50 °C is the control) (C), the activation energy (Ea) 
(D), and preincubation at different temperatures for different time intervals (the activity of the enzyme without 
preincubation was considered 100% activity) on the activity of the immobilized enzyme (E). Lineweaver–Burk 
plots were used to determine the values of the Michaelis–Menten constant (km) and maximum reaction rate 
(Vmax) for both free (F) and immobilized xylanase enzymes (G).
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Temperature stability
The enzyme exhibited no decrease in activity after 120 min of incubation at 40 °C or 45 °C, as shown in Fig. 5E. 
However, after 120 min at 50 °C, 90% of the activity remained, and at 60 °C, the immobilized enzyme could only 
sustain 80.22% of its activity, as opposed to its free enzyme, which only managed to maintain approximately 
72.55% of its activity18.

Effect of different substrate concentrations
The activity of both the immobilized and free enzymes at various substrate concentrations (xylan) was plotted 
using a Lineweaver‒Burk plot. The Michaelis‒Menten constants (Km) and maximal activity (Vmax) were com-
puted from this graph. The Km of the free enzyme was 3.57 mg ml−1, while the km of the immobilized enzyme 
was 5.0 mg ml−1. Furthermore, as shown in Fig. 5F and G, the Vmax of the free and enzymes immobilized were 
172.34 and 200 mg ml−1 min−1, respectively. Table 3 shows a comparison of Aspergillus terreus xylanase properties 
after immobilization by different polymers.

Hydrolytic conditions for the production of xylooligosaccharides
In 250-mL screw-capped bottles with 100 mL of 2% xylan (in 0.05 M phosphate buffer at pH 5.8) and immobi-
lized enzyme (5 U/ml) and incubated at 40 °C for two hours, the ability of the resulting enzyme to break down 
the wood xylan polymer was assessed. The polymer was then collected, cleaned with buffer, and used again to 
make xylooligosaccharides. Next, the clear supernatant was centrifuged at 7000 rpm for 10 min (4 °C). Using 
DNS, the quantities of reducing sugars in the hydrolysis products were determined. Therefore, using the same 
solvent system and spraying agent as32, thin layer chromatography was used to identify the hydrolysis product 
patterns and the reusability of the immobilized enzyme (Fig. S2).

Figure 6 shows the HPLC analysis of the dried hydrolysate obtained from the reaction and enzymatic hydroly-
sis of beech wood xylan. The primary products were found to be xylose, xylobiose, and xylotriose, according to 
the results. According to the analysis, their relative retention times were 8.61, 7.94, and 6.83 min, respectively. 
The xylan hydrolysate contained xylose (3.98 mg/g), xylobiose (143.49 mg/g), and xylotriose (256 mg/g). These 
results were in agreement with those of Wahba et al.50 who reported that the immobilized enzyme had the capac-
ity to combine xylooligosaccharides with a modest amount of xylose. Xylooligosaccharides have many biological 
activities, including antioxidant18 and prebiotic activities51.

In vivo study of xylooligosaccharides
Biochemical studies of the effects of carbimazole alone and xylooligosaccharide coadministration on several serum 
parameters in female rats
The antithyroid drug carbimazole is one of the most popular therapeutic agents used by physicians worldwide 
for the treatment of hyperthyroidism52. This disease is characterized by the overproduction of thyroid hormones 
(T4 and T3) and is associated with many enzymatic and hormonal disorders35. Although carbimazole success-
fully decreases serum thyroid hormone levels, it may strongly affect the adrenal glands and other organs53–57. 
The drug can also lead to the initiation of hypothyroidism due to a reduction in thyroid hormone levels, which 
in turn helps in the gradual increase in obesity 58.

As Table 4 illustrates, the data used in this investigation are consistent with earlier findings. Only the serum 
glucose and cholesterol levels were significantly greater in the carbimazole-treated group than in the control 
group. This group also showed a significant decrease in the overall antioxidant capacity of the serum. Conversely, 
however, significant improvements in the serum cholesterol concentration and total antioxidant capacity were 
observed in the XOS coadministered with carbimazole group (treated group), in addition to the serum glucose 
level showing no discernible change, as indicated by Table 4.

Histopathological examination of adrenal gland‑only and xylooligosaccharide coadministration
Adrenal cortex examination.  The anatomy of the adrenal glands in both the control and saline groups seemed 
normal. The zona glomerulosa, zona fasciculata, and zona reticularis are the three zones that make up the cortex 
layer. The zone had oval to rounded nuclei and acidophilic cytoplasm (Fig. 7A,B).

Table 3.   Comparison of Aspergillus terreus xylanase properties after immobilization by different polymers. 
a The number of cycles.

Polymer Properties Refs.

Alginate-polyethyleneimine/Na +  pH (5.5),Temp (60 °C), Km (13.33 mg/mL), Vmax (7.463 
Umin-1), Reusability (80% (16)a)

25

Protein-inorganic hybrid nanoflower pH (5.5),Temp (70 °C), Km (1.60 mg/ml), Vmax (455 μmol/
min/mg), Reusability (75.8 (10)a)

42

Aminated superparamagnetic graphene oxide nanocomposite pH (7.5),Temp (70 °C), Km (80.0 mM), Vmax (2.5 mM/min), 
Reusability (50% (4)a)

43

Gellan gum-agar beads pH (5–8),Temp (50–70 °C), Km (5.55 mg mL-1), Reusability 
(85.7% (11)a)

44

Microbial Scleroglucan pH (6.5),Temp (65 °C), Km (4.35 mg ml−1), Vmax 
(200 mg ml−1 min−1), Reusability (78.33% (18)a) This study
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Histopathological examination of adrenal gland tissues from rats treated with carbimaziole revealed degen-
eration, necrosis, pyknosis, and acidophilic cytoplasm, in addition to cytoplasmic vacuolation in the cells of 
the zona glomerulosa and zona fasciculata. Additionally, congestion of blood vessels and inflammatory cell 
aggregation were observed (Fig. 7C).

Examination of sections from the groups treated with carbimazole and XOS revealed that most of the mor-
phological changes observed in the positive control group improved. However, the acidophilic cytoplasm, slight 
cytoplasmic vacuolation, pyknosis, and sinusoids in the zona reticularis were filled with erythrocytes from the 
cells of the zona glomerulosa and zona fasciculata (Fig. 7D).

Adrenal medulla examination.  In the control and saline groups, chromaffin cells appeared as large polyhedral 
cells clustered in cords and clusters in the adrenal medulla slices and displayed normal characteristics. Blood 
vessels divide these cords and clusters (Fig. 8A,B). Staining of the adrenal medulla from rats given carbimazole 
treatment revealed pyknotic nuclei, extensive clusters of necrotic chromaffin cells, loss of normal architecture, 
and vascular congestion (Fig. 8C). Minor vascular congestion is present along with a few foci of necrotic chro-
maffin cells and a few pyknotic nuclei, and the stained sections of the adrenal medulla from rats treated with 
carbimazole and XOS showed nearly identical histological changes to those of the control group (Fig. 8D).

In the rat group that received only carbimazole, as shown in the Figs. 7C and 8C, there were clearly visible 
structural alterations in both the cortex and the medulla of the adrenal gland as opposed to those in the control 
group (7A–D).

Sánchez et al.59 and Skórka-Majewicz et al.60 reported that a normal structure of the adrenal cortex was 
observed after 24 h of injection into mice treated with saline; on the other hand, injecting snake venom altered 
the structure of the mouse adrenal cortex. In addition to chemicals, natural or synthetic toxins can affect the 
efficiency of the adrenal cortex and adrenal hormone secretions. Tseilikman et al.61 reported that stress leads to 
alterations in adrenal gland functions. Recent studies have shown that the morphological alterations observed 
in adrenal gland tissues associated with alterations in secreted hormones can translate to adapt from the gland to 
resist certain external stresses (this may occur for a distinct duration) 62–64. Numerous studies have reported on 
the outstanding regeneration ability of adrenal gland cells and their ability to adapt to specific physiological and 
pathological conditions65–67 These authors attributed this ability to the crosstalk between the different cell types of 

Figure 6.   HPLC analysis of beech wood xylan hydrolysate.

Table 4.   Effect of Carbimazole drug only and xylooligosacarides co-administration on some serum 
parameters in female rats. Pa significant to 1% saline gp. Pb significant to positive gp. Pc significant to control 
normal. Pd significant to treated group.

Groups parameters Carbimazole administrated (Positive)
Co-administration of XOS and 
carbimazole (Treated) 1% Saline control Control normal

Total cholesterol (mg/dl) 125 ± 7.10a,c,d 97.23 ± 7.41a,b,c 74.58 ± 5.42b,d 64.19 ± 0.38b,d

Random glucose (mg/dl) 91.66 ± 0.01c 83.33 ± 8.33 97.21 ± 7.98c 75.78 ± 18.51a,d

TOAC (mM/L) 0.0033 ± 0.015c,d 0.02 ± 0.001b 0.05 ± 0.001c 0.024 ± 0.0071a,b
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the gland and their progenitor cells and to vascularization support, which in turn co-operates to create a suitable 
microenvironment surrounding the gland. Kanczkowski et al.68 revealed the relationship between the progres-
sion of many diseases in the adrenal gland and alterations in the microenvironment surrounding the gland.

In the present study, the adrenal gland experienced two main stresses. The first was recognizing the medi-
cation as a chemical toxin, and the second was the development of fat and a corresponding decrease in total 
antioxidant capacity. Increasing oxidative stress, which is linked to the onset of obesity, is always reflected in 
declining antioxidant capacity69.

The coadministration of xylo-oligosaccharides with the medicine carbimazole was suggested for the first 
time in the present study to reduce pharmacological problems that can damage the adrenal gland. Compared 
with those in the control group, the cortex and medulla of the adrenal tissues in the treated group showed 
morphological improvement, as shown in the Figs. 7D and 8D, and in the group that received carbimazole, as 
demonstrated in the Figs. 7C and 8C.

These results paralleled the significant improvements observed in the serum cholesterol and TOAC levels in 
the treated group, as shown in Table 4. These data reflected the antioxidant influence and hypolipidemic effect 
of XOS in alleviating carbimazole complications that harm the adrenal gland in addition to helping to accelerate 

Figure 7.   (A) Photomicrographs of adrenal gland sections from the control group were normal in structure. 
The cortex layer consists of three zones with oval to rounded nuclei (N) and acidophilic cytoplasm (arrow). 
(B) A photomicrograph of a section of the adrenal gland from the saline treatment group showed that the 
structure was normal. The cortex layer consists of three zones with oval to rounded nuclei (N) and acidophilic 
cytoplasm (arrow). (C) Photomicrograph of a section of the adrenal gland of a rat treated with carbimazole 
showing degeneration, necrosis (arrowhead), pyknosis (P), and acidophilic cytoplasm (arrow); cytoplasmic 
vacuolation in the cells of the zona glomerulosa and zona fasciculata (V); congestion of blood vessels (star); 
and inflammatory cell aggregation (IF). (D) Photomicrographs of adrenal gland sections from rats treated with 
carbimazole and XOS showing that most of the morphological changes observed in the positive control group 
were improved, with acidophilic cytoplasm (arrow), slight cytoplasmic vacuolation (V), pyknosis (P), and 
sinusoids in the zona reticularis filled with erythrocytes in the cells of the zona glomerulosa and zonafasciculata 
(E).



13

Vol.:(0123456789)

Scientific Reports |        (2024) 14:17481  | https://doi.org/10.1038/s41598-024-67310-4

www.nature.com/scientificreports/

regeneration in the short term. These results are consistent with those of Li et al.70 and Boyanov et al.71, who 
confirmed the antioxidant and hypolipidemic effects of XOS. We investigated the harmful effects of CBZ on the 
liver, kidneys, thyroid66 and, ultimately, adrenal glands.

Most of the studies discussing the effect of carbimazole on adrenal gland morphology have not proposed 
any solutions or medications to mitigate the harmful effects of the drug on the glands. This research primarily 
focused on the drawbacks of CBZ administration to various organs, particularly the thyroid gland, and rarely 
mentioned the adrenal glands.

Based on our previous work, coadministration of XOS with CBZ can enhance the efficacy of CBZ in both the 
thyroid gland and the adrenal gland. This indirectly suggests the correction of signals between the brain–thyroid 
axis and the brain–adrenal axis, ensuring the safe coadministration of XOS with the drug in cases of disease72.

Figure 8.   (A) Photomicrograph of the adrenal medulla of a rat in the control group showing normal 
architecture of the adrenal gland. Polyhedral chromaffin cells (arrows). (B) Photomicrograph of the adrenal 
medulla of a rat in the saline group showing normal architecture of the adrenal gland. Polyhedral chromaffin 
cells (arrows). (C) Photomicrograph of the adrenal medulla of rats in the carbimazole-treated group showing 
loss of normal architecture (arrow), large foci of necrotic chromaffin cells (star), vascular congestion 
(arrowhead), and pyknotic nuclei (P). (D) A photomicrograph of the adrenal medulla of rats treated with 
carbimazole and XOS showing similar histopathological changes to those of the control group in addition to a 
few foci of necrotic chromaffin cells (star) and mild vascular congestion (arrowhead) with few pyknotic nuclei 
(P).
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Conclusion
The xylanase derived from Aspergillus terreus is effectively immobilized by utilizing a complex of microbial 
Scleroglucan and alginate polymer. This particular enzyme can degrade xylan, a polysaccharide predominantly 
present in beechwood, yielding xylo-oligosaccharides. The novel approach of combining these xylo-oligosac-
charides with carbimazole demonstrates a potential avenue for mitigating the deleterious impact on the adrenal 
glands. This application of xylo-oligosaccharides is pioneering in nature. Furthermore, the use of XOS has been 
shown to reduce oxidative stress associated with obesity while concurrently promoting the rejuvenation of 
adrenal gland cells.

Data availability
All the data generated or analyzed during this study are included in this published article and its supplementary 
information file.

Received: 15 February 2024; Accepted: 10 July 2024

References
	 1.	 Biely, P., Vrsanská, M., Tenkanen, M. & Kluepfel, D. Endo-beta-1,4-xylanase families: Differences in catalytic properties. J. Bio‑

technol. 57(1–3), 151–166. https://​doi.​org/​10.​1016/​s0168-​1656(97)​00096-5 (1997).
	 2.	 Aggarwal, S., Chakravarty, A. & Ikram, S. A comprehensive review on incredible renewable carriers as promising platforms for 

enzyme immobilization & thereof strategies. Int. J. Biol. Macromol. 167, 962–986. https://​doi.​org/​10.​1016/j.​ijbio​mac.​2020.​11.​052 
(2021).

	 3.	 Naseer, S. et al. Immobilization of β-glucosidase by self-catalysis and compared to crosslinking with glutaraldehyde. Int. J. Biol. 
Macromol. 154, 1490–1495. https://​doi.​org/​10.​1016/j.​ijbio​mac.​2019.​11.​030 (2020).

	 4.	 Esawy, M. A. et al. Enzymatic synthesis using immobilized Enterococcus faecalis Esawy dextransucrase and some applied studies. 
Int. J. Biol. Macromol. 92, 56–62. https://​doi.​org/​10.​1016/j.​ijbio​mac.​2016.​06.​041 (2016).

	 5.	 Hashem, A. M., Gamal, A. A., Hassan, M. E., Hassanein, N. M. & Esawy, M. A. Covalent immobilization of Enterococcus faecalis 
Esawy dextransucrase and dextran synthesis. Int. J. Biol. Macromol. 82, 905–912. https://​doi.​org/​10.​1016/j.​ijbio​mac.​2015.​09.​076 
(2016).

	 6.	 Cui, J., Zhao, Y. & Liu, R. Surfactant-activated lipase hybrid nanoflowers with enhanced enzymatic performance. Sci. Rep. 6, 27928. 
https://​doi.​org/​10.​1038/​srep2​7928 (2016).

	 7.	 Kuang, G. et al. Immobilization of lipase on hydrophobic MOF synthesized simultaneously with oleic acid and application in 
hydrolysis of natural oils for improving unsaturated fatty acid production. Int. J. Biol. Macromol. 242(2), 124807. https://​doi.​org/​
10.​1016/j.​ijbio​mac.​2023.​124807 (2023).

	 8.	 Almulaiky, Y. Q. & Almaghrabi, O. Polyphenol oxidase from Coleus forskohlii: Purification, characterization, and immobilization 
onto alginate/ZnO nanocomposite materials. Catal. Lett. 152, 3089–3099. https://​doi.​org/​10.​1007/​s10562-​022-​03916-5 (2022).

	 9.	 Almulaiky, Y. Q. & Al-Harbi, S. A. Preparation of a calcium alginate-coated polypyrrole/silver nanocomposite for site-specific 
immobilization of polygalacturonase with high reusability and enhanced stability. Catal. Lett. 152, 28–42. https://​doi.​org/​10.​1007/​
s10562-​021-​03631-7 (2022).

	10.	 Hashem, A. M. et al. Optimization of Enterococcus faecalis Esawy KR758759 dextransucrase and evaluation of some dextran 
bioactivities. Biocatal. Agric. Biotechnol. 15, 348–358 (2018).

	11.	 Ismail, S., Ismail, S., Hassan, M., Hosny, A. E. & Hashem, A. Covalent immobilization of Dothideomycetes sp. NRC-SSW chitosanase 
and its application in chitosan hydrolysis. Egypt. J. Chem. 65(1), 397–406 (2022).

	12.	 Engelmann, C. et al. Enzyme immobilization on synthesized nanoporous silica particles and their application in a bi-enzymatic 
reaction. Chem. Cat. Chem. 12, 2245–2252. https://​doi.​org/​10.​1002/​cctc.​20190​2293 (2020).

	13.	 Sawsan, S. D., Mohamed, E. H., Harby, E. A., Mustafa, A. E. & Mohamed, B. E. Evaluation of effectiveness of covalently immobi-
lized α amylase and lipase in cleaning of historical textiles. Biointerface Res. Appl. Chem. 11, 9952–9962. https://​doi.​org/​10.​33263/​
BRIAC​113.​99529​962 (2021).

	14.	 Shen, Q. et al. Gelatin-templated biomimetic calcification for b-galactosidase immobilization. Process Biochem. 46, 1565–1571 
(2011).

	15.	 Ali, K. A., Hassan, M. E. & Elnashar, M. M. Development of functionalized carrageenan, chitosan and alginate as polymeric chelat-
ing ligands for water softening. Int. J. Environ. Sci. Technol. 14, 2009–2014. https://​doi.​org/​10.​1007/​s13762-​017-​1298-y (2017).

	16.	 Elsehemy, I. A. Noor El Deen AM, Awad HM, Kalaba MH, Moghannem SA, Tolba IH, Farid MAM, Structural, physical charac-
teristics and biological activities assessment of scleroglucan from a local strain Atheliarolfsii TEMG. Int. J. Biol. Macromol. 163, 
1196–1207. https://​doi.​org/​10.​1016/j.​ijbio​mac.​2020.​06.​272 (2020).

	17.	 Matricardi, P., Onorati, I., Coviello, T. & Alhaique, F. Drug delivery matrices based on scleroglucan/alginate/borax gels. Int. J. 
Pharm. 316(1–2), 21–28. https://​doi.​org/​10.​1016/j.​ijpha​rm.​2006.​02.​024 (2006).

	18.	 Nour, S. A. et al. Safe production of Aspergillus terreus xylanase from Ricinus communis: Gene identification, molecular docking, 
characterization, production of xylooligosaccharides, and its biological activities. J. Genet. Eng. Biotechnol. 20(1), 121. https://​doi.​
org/​10.​1186/​s43141-​022-​00390-9 (2022).

	19.	 Everds, N. E. et al. Interpreting stress responses during routine toxicity studies: A review of the biology, impact, and assessment. 
Toxicol. Pathol. 41, 560–614. https://​doi.​org/​10.​1177/​01926​23312​466452 (2013).

	20.	 Hammer, G. D., Parker, K. L. & Schimmer, B. P. Minireview: Transcriptional regulation of adrenocortical development. Endocrinol‑
ogy 146(3), 1018–1024. https://​doi.​org/​10.​1210/​en.​2004-​1385 (2005).

	21.	 Petruska, J. M., Adamo, M., McCartney, J., Aboulmali, A. & Rosol, T. J. Evaluation of adrenal cortical function in neonatal and 
weanling laboratory Beagle dogs. Toxicol. Pathol. 49, 1117–1125. https://​doi.​org/​10.​1177/​01926​23321​10094​92 (2021).

	22.	 Raees, K. et al. Histological and micrometric effects of diazinon exposure on adrenal medulla and cortex in mice. J. Appl. Anim. 
Res. 40, 267–272. https://​doi.​org/​10.​1080/​09712​119.​2012.​672309 (2012).

	23.	 Oyouni, A. A. A. et al. Melatonin ameliorates the adrenal and pancreatic alterations in streptozotocin-induced diabetic rats: Clinical, 
biochemical, and descriptive histopathological studies. Front. Vet. Sci. 9, 1–14. https://​doi.​org/​10.​3389/​fvets.​2022.​10163​12 (2022).

	24.	 Rosol, T. J., De Lellis, R. A., Harvey, P. W. & Sutcliffe, C. Endocrine system. In Haschek and Rousseaux’s Handbook of Toxicologic 
Pathology 3rd edn (eds Haschek, W. M. et al.) 2391–2492 (Academic Press, 2013).

	25.	 Inomata, A. & Sasano, H. Practical approaches for evaluating adrenal toxicity in nonclinical safety assessment. J. Toxicol. Pathol. 
28, 125–132. https://​doi.​org/​10.​1293/​tox.​2015-​0025 (2015).

	26.	 Bailey, M. J., Biely, P. & Poutanen, K. Interlaboratory testing of methods for assay of xylanase activity. J. Biotechnol. 23(3), 257–270 
(1992).

https://doi.org/10.1016/s0168-1656(97)00096-5
https://doi.org/10.1016/j.ijbiomac.2020.11.052
https://doi.org/10.1016/j.ijbiomac.2019.11.030
https://doi.org/10.1016/j.ijbiomac.2016.06.041
https://doi.org/10.1016/j.ijbiomac.2015.09.076
https://doi.org/10.1038/srep27928
https://doi.org/10.1016/j.ijbiomac.2023.124807
https://doi.org/10.1016/j.ijbiomac.2023.124807
https://doi.org/10.1007/s10562-022-03916-5
https://doi.org/10.1007/s10562-021-03631-7
https://doi.org/10.1007/s10562-021-03631-7
https://doi.org/10.1002/cctc.201902293
https://doi.org/10.33263/BRIAC113.99529962
https://doi.org/10.33263/BRIAC113.99529962
https://doi.org/10.1007/s13762-017-1298-y
https://doi.org/10.1016/j.ijbiomac.2020.06.272
https://doi.org/10.1016/j.ijpharm.2006.02.024
https://doi.org/10.1186/s43141-022-00390-9
https://doi.org/10.1186/s43141-022-00390-9
https://doi.org/10.1177/0192623312466452
https://doi.org/10.1210/en.2004-1385
https://doi.org/10.1177/01926233211009492
https://doi.org/10.1080/09712119.2012.672309
https://doi.org/10.3389/fvets.2022.1016312
https://doi.org/10.1293/tox.2015-0025


15

Vol.:(0123456789)

Scientific Reports |        (2024) 14:17481  | https://doi.org/10.1038/s41598-024-67310-4

www.nature.com/scientificreports/

	27.	 Lowry, O. H., Rosebrough, N. J., Farr, A. L. & Randall, R. J. Protein measurement with folin phenol reagent. J. Boil. Chem. 193, 
265–275 (1951).

	28.	 Mostafa, F. A., El Aty, A. A. A., Hassan, M. E. & Awad, G. E. A. Immobilization of xylanase on modified grafted alginate polyeth-
yleneimine bead based on impact of sodium cation effect. Int. J. Biol. Macromol. 140, 1284–1295. https://​doi.​org/​10.​1016/j.​ijbio​
mac.​2019.​08.​211 (2019).

	29.	 Elnashar MM. Carriers for Immobilization and Reusability of Enzymes. US Patent, application No.12/866,748. http://​www.​wipo.​
int/​pctdb/​wo/​2009/​155937, Publication No.US 2011/0076737 A1.

	30.	 Box, G. E. & Wilson, K. B. On the experimental attainment of optimum conditions. J. R. Stat. Soc. Ser. Bibliogr. 13, 1–38 (1951).
	31.	 Miller, G. L. Use of dinitrosalicylic acid reagent for determination of reducing sugars. Anal. Chem. 31, 426–428 (1959).
	32.	 Adachi, S. Thin-layer chromatography of carbohydrates in the presence of bisulfite. J. Chromatogr. A 17, 295–299 (1965).
	33.	 Moure, A., Gullon, P., Dominguez, H. & Parajo, J. C. Advances in the manufacture, purification and applications of xylooligosac-

charides as food additives and nutraceuticals. Process Biochem. 41, 1913–1923 (2006).
	34.	 Foda, D. S., Nour, S. A., Ismail, S. A. & Hashem, A. M. Safety evaluation of β-mannanase enzyme extracted from the mutant 

pathogenic fungal strain Penicillium citrinumin female Wistar rats. Int. J. Vet. Sci. 11, 74–81. https://​doi.​org/​10.​47278/​journ​al.​ijvs/​
2021.​074 (2022).

	35.	 Foda, D. S. & Ibrahim, N. E. Detection of some hormonal and enzymatic disorders associated with experimentally iodine induced 
hyperthyroidism. Egypt. J. Chem. 64, 1789–1798 (2021).

	36.	 Bancroft, J. D. & Stevens, A. Theory and Practice of Histological Techniques 4th edn. (Churchill Livingstone, 1996).
	37.	 Kumar, S., Haq, I., Yadav, A., Prakash, J. & Raj, A. Immobilization and biochemical properties of purified xylanase from Bacillus 

amyloliquefaciens SK-3 and its application in kraft pulp biobleaching. J. Clin. Microbiol. Biochem. Technol. 2, 26–34 (2016).
	38.	 Baghel, M. et al. Carboxymethylated gums and derivatization: Strategies and significance in drug delivery and tissue engineering. 

Pharmaceuticals 16, 776. https://​doi.​org/​10.​3390/​ph160​50776 (2023).
	39.	 de Andrade, S. T., Keijok, W. J., Guimarães, M. C. C., Cassini, S. T. A. & de Oliveira, J. P. Impact of immobilization strategies on the 

activity and recyclability of lipases in nanomagnetic supports. Sci. Rep. 12(1), 6815. https://​doi.​org/​10.​1038/​s41598-​022-​10721-y 
(2022).

	40.	 Hassan, M. E., Yang, Q. & Xiao, Z. Covalent immobilization of glucoamylase enzyme onto chemically activated surface of 
κ-carrageenan. Bull. Natl. Res. Cent. 43, 102. https://​doi.​org/​10.​1186/​s42269-​019-​0148-0 (2019).

	41.	 Edwards, L. J., Muller, K. E., Wolfinger, R. D., Qaqish, B. F. & Schabenberger, O. An R2 statistic for fixed effects in the linear mixed 
model. Stat. Med. 27, 6137–6157. https://​doi.​org/​10.​1002/​sim.​3429 (2008).

	42.	 Abdel Wahab, W. A. et al. Optimization of pectinase immobilization on grafted alginate-agar gel beads by 24 full factorial CCD 
and thermodynamic profiling for evaluating of operational covalent immobilization. Int. J. Biol. Macromol. 113, 159–170. https://​
doi.​org/​10.​1016/j.​ijbio​mac.​2018.​02.​086 (2018).

	43.	 Tyagi, R. & Gupta, M. N. Immobilization of Aspergillus niger xylanase on magnetic latex beads. Biotechnol. Appl. Biochem. 21, 
217–222 (1995).

	44.	 Wong, H.-L., Hu, N.-J., Juang, T.-Y. & Liu, Y.-C. Co-immobilization of xylanase and scaffolding protein onto an immobilized metal 
ion affinity membrane. Catalysts 10(12), 1408. https://​doi.​org/​10.​3390/​catal​10121​40 (2020).

	45.	 Rehman, H. U. et al. Degradation of complex carbohydrate: Immobilization of pectinase from Bacillus licheniformis KIBGE-IB21 
using calcium alginate as a support. Food Chem. 139, 1081–1086. https://​doi.​org/​10.​1016/j.​foodc​hem.​2013.​01.​069 (2013).

	46.	 Chang, M. Y. & Juang, R. Activities, stabilities, and reaction kinetics of three free and chitosan-clay composite immobilized 
enzymes. Enzym. Microb. Technol. 36, 75–82 (2005).

	47.	 Fernandes, K. F., Cortijo-Triviño, D., Batista, K. A., Ulhoa, C. J. & García-Ruiz, P. A. Chitin hydrolysis assisted by cell wall degrading 
enzymes immobilized of Thichodermaasperellum on totally cinnamoylated D-sorbitol beads. Mater. Sci. Eng. C Mater. Biol. 33(5), 
3077–3081. https://​doi.​org/​10.​1016/j.​msec.​2013.​03.​049 (2013).

	48.	 Kumar, A. et al. Immobilization of xylanase using a protein-inorganic hybrid system. J Microbiol. Biotechnol. 28, 638–644 (2018).
	49.	 Mehnati-Najafabadi, V., Taheri-Kafrani, A., Bordbar, A. K. & Eidi, A. Covalent immobilization of xylanase from Thermomyces 

lanuginosus on aminated superparamagnetic graphene oxide nanocomposite. J. Iran Chem. Soc. 16, 21–31 (2019).
	50.	 Wahba, M. I. et al. Xylanase immobilization using activated carrier of gellan gum-agar beads: Improved stability and catalytic 

activity for the production of antioxidant and anti-proliferative xylooligosaccharides. Biocatal. Agric. Biotechnol. 56, 103013 (2024).
	51.	 Ismail, S. A., Hassan, A. A., Nour, S. A. & El-Sayed, H. S. The production of stirred yogurt fortified with prebiotic xylooligosac-

charide, probiotic and synbiotic microcapsules. Biocatal. Agric. Biotechnol. 50, 102729 (2023).
	52.	 Tsang, C. C., Hui, W. S., Lo, K. M., Yeung, J. H. & Cheng, Y. L. Anti-thyroid drugs-related myopathy: Is carbimazole the real culprit?. 

Int. J Endocrinol. Metab. 13, e17570. https://​doi.​org/​10.​5812/​ijem.​17570 (2015).
	53.	 Sarwar, G. & Janjua, M. Z. Effects of carbimazole on morphology of rat adrenals. J. Coll. Physicians Surg. Pak. 13, 94–97 (2003).
	54.	 Sarwar, G. & Parveen, S. Carbimazole-induced hypothyroidism causes the adrenal atrophy in 10 days’ prenatally treated albino 

rats. J. Coll. Physicians Surg. Pak. 15, 383–386 (2005).
	55.	 Dehghani, F., Zabolizadeh, J., Noorafshan, A., Panjehshahin, M. R. & Karbalay-Doust, S. Protective effect of Brewer’s yeast on 

methimazole-induced-adrenal atrophy (a stereological study). Tokai J. Exp. Clin. Med. 35, 34–39 (2010).
	56.	 Womack, N. & Jude, E. Urticaria as a manifestation of hyperthyroidism. Clin. Case Rep. 9(5), e03620. https://​doi.​org/​10.​1002/​ccr3.​

3620 (2021).
	57.	 Maliyakkal, A. M. et al. Carbimazole-induced jaundice in thyrotoxicosis: A case report. Cureus 13, e15241. https://​doi.​org/​10.​

7759/​cureus.​1524 (2021).
	58.	 Aurangabadkar, G. & KusumaBoddu, S. Hypothyrodism and obesity: Is there a bidirectional link? What is the impact on our 

clinical practice?. Thyroid Res Pract. 17, 118–122 (2020).
	59.	 Sánchez, E. E. et al. Crotamine-like from Southern Pacific rattlesnake (Crotalusoreganushelleri) Venom acts on human leukemia 

(K-562) cell lines and produces ultrastructural changes on mice adrenal gland. Ultrastruct. Pathol. 42, 116–123. https://​doi.​org/​
10.​1080/​01913​123.​2017.​14228​27 (2018).

	60.	 Skórka-Majewicz, M. et al. Effect of fluoride on endocrine tissues and their secretory functions: A review. Chemosphere 260, 127565. 
https://​doi.​org/​10.​1016/j.​chemo​sphere.​2020.​127565 (2020).

	61.	 Tseilikman, V. et al. A rat model of posttraumatic stress syndrome causes phenotype-associated morphological changes and 
hypofunction of the adrenal gland. Int. J. Mol. Sci. 22, 13235. https://​doi.​org/​10.​3390/​ijms2​22413​235 (2021).

	62.	 Berger, I., Werdermann, M., Bornstein, S. R. & Steenblock, C. The adrenal gland in stress: Adaptation on a cellular level. J. Steroid 
Biochem. Mol. Biol. 190, 198–206. https://​doi.​org/​10.​1016/j.​jsbmb.​2019.​04.​006 (2019).

	63.	 Sunwoo, S. H. et al. Chronic and acute stress monitoring by electrophysiological signals from adrenal gland. Proc. Natl. Acad. Sci. 
116, 1146–1151. https://​doi.​org/​10.​1073/​pnas.​18063​92115 (2019).

	64.	 Akin, S. et al. Possible adaptation of the adrenal gland Hsp72 expression to hypoxic stress. High Alt. Med. Biol. 22, 293–299. https://​
doi.​org/​10.​1089/​ham.​2021.​0025 (2021).

	65.	 Wood, M. A. et al. Fetal adrenal capsular cells serve as progenitor cells for steroidogenic and stromal adrenocortical cell lineages 
in M. musculus. Development 140, 4522–4532. https://​doi.​org/​10.​1242/​dev.​092775 (2013).

	66.	 Tyczewska, M. et al. Enucleation-induced rat adrenal gland regeneration: Expression profile of selected genes involved in control 
of adrenocortical cell proliferation. Int. J. Endocrinol. 2014, 1–13. https://​doi.​org/​10.​1155/​2014/​130359 (2014).

https://doi.org/10.1016/j.ijbiomac.2019.08.211
https://doi.org/10.1016/j.ijbiomac.2019.08.211
http://www.wipo.int/pctdb/wo/2009/155937
http://www.wipo.int/pctdb/wo/2009/155937
https://doi.org/10.47278/journal.ijvs/2021.074
https://doi.org/10.47278/journal.ijvs/2021.074
https://doi.org/10.3390/ph16050776
https://doi.org/10.1038/s41598-022-10721-y
https://doi.org/10.1186/s42269-019-0148-0
https://doi.org/10.1002/sim.3429
https://doi.org/10.1016/j.ijbiomac.2018.02.086
https://doi.org/10.1016/j.ijbiomac.2018.02.086
https://doi.org/10.3390/catal1012140
https://doi.org/10.1016/j.foodchem.2013.01.069
https://doi.org/10.1016/j.msec.2013.03.049
https://doi.org/10.5812/ijem.17570
https://doi.org/10.1002/ccr3.3620
https://doi.org/10.1002/ccr3.3620
https://doi.org/10.7759/cureus.1524
https://doi.org/10.7759/cureus.1524
https://doi.org/10.1080/01913123.2017.1422827
https://doi.org/10.1080/01913123.2017.1422827
https://doi.org/10.1016/j.chemosphere.2020.127565
https://doi.org/10.3390/ijms222413235
https://doi.org/10.1016/j.jsbmb.2019.04.006
https://doi.org/10.1073/pnas.1806392115
https://doi.org/10.1089/ham.2021.0025
https://doi.org/10.1089/ham.2021.0025
https://doi.org/10.1242/dev.092775
https://doi.org/10.1155/2014/130359


16

Vol:.(1234567890)

Scientific Reports |        (2024) 14:17481  | https://doi.org/10.1038/s41598-024-67310-4

www.nature.com/scientificreports/

	67.	 Kanczkowski, W., Sue, M., Zacharowski, K., Reincke, M. & Bornstein, S. R. The role of adrenal gland microenvironment in the 
HPA axis function and dysfunction during sepsis. Mol Cell Endocrinol. 408, 241–248. https://​doi.​org/​10.​1016/j.​mce.​2014.​12.​019 
(2015).

	68.	 Kanczkowski, W., Sue, M. & Bornstein, S. R. The adrenal gland microenvironment in health, disease and during regeneration. 
Hormones 16, 251–265. https://​doi.​org/​10.​14310/​horm.​2002.​1744 (2017).

	69.	 Manna, P. & Jain, S. K. Obesity, oxidative stress, adipose tissue dysfunction, and the associated health risks: Causes and therapeutic 
strategies. Metab. Syndr. Relat. Disord. 13, 423–444. https://​doi.​org/​10.​1089/​met.​2015.​0095 (2015).

	70.	 Li, F. et al. Effects of xylooligosaccharides on lipid metabolism, inflammation, and gut microbiota in C57BL/6J mice fed a high-fat 
diet. Front. Pharmacol. 12, 1–13. https://​doi.​org/​10.​3389/​fphar.​2021.​791614 (2021).

	71.	 Boyanov, K. O. et al. Effect of oligosaccharides on the antioxidant, lipid and inflammatory profiles of rats with streptozotocin-
induced diabetes mellitus. Z. Naturforsch. C. J. Biosci. 77, 379–386. https://​doi.​org/​10.​1515/​znc-​2021-​0215 (2022).

	72.	 Foda, D. S. & Nour, S. A. Role of xylo-oligosaccharides in relieving complications accompanied to carbimazole drug administered 
with 1% saline in female Wistar rats. Beni-Suef Univ. J. Basic Appl. Sci. 12, 77. https://​doi.​org/​10.​1186/​s43088-​023-​00413-5 (2023).

Acknowledgements
This work was supported by the National Research Centre, Chemistry of Natural and Microbial Products Depart-
ment, Therapeutic Chemistry Department, and the Centre of Excellence for Advanced Sciences, Encapsulation 
& Nano biotechnology Group.

Author contributions
S.N., D.F., I.E., and M.H. contributed to conceptualizing and planning the experiments. I.E. and M.H. designed 
the carrier. S.N. and D.F. carried out the enzymatic experiments. S.N., D.F., I.E., and M.H. contributed equally 
to the interpretation of the results. All the authors contributed to the writing of the manuscript.

Funding
Open access funding provided by The Science, Technology & Innovation Funding Authority (STDF) in coopera-
tion with The Egyptian Knowledge Bank (EKB).

Competing interests 
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https://​doi.​org/​
10.​1038/​s41598-​024-​67310-4.

Correspondence and requests for materials should be addressed to M.E.H.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note  Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access   This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http://​creat​iveco​mmons.​org/​licen​ses/​by/4.​0/.

© The Author(s) 2024

https://doi.org/10.1016/j.mce.2014.12.019
https://doi.org/10.14310/horm.2002.1744
https://doi.org/10.1089/met.2015.0095
https://doi.org/10.3389/fphar.2021.791614
https://doi.org/10.1515/znc-2021-0215
https://doi.org/10.1186/s43088-023-00413-5
https://doi.org/10.1038/s41598-024-67310-4
https://doi.org/10.1038/s41598-024-67310-4
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Co-administration of xylo-oligosaccharides produced by immobilized Aspergillus terreus xylanase with carbimazole to mitigate its adverse effects on the adrenal gland
	Materials and methods
	Materials
	Methods
	Production of Aspergillus terreus xylanase
	Estimation of the enzyme, protein and purification of xylanase
	Carrier preparation for covalent immobilization (alginatescleroglucangel beads)
	Activation of gel beads
	Xylanase immobilization on activated alginatescleroglucan
	Statistical optimization of the immobilization process
	Characterization of the modified gel beads using FT-IR
	Immobilized xylanase characteristics
	Temperature and pH effects. 
	Temperature stability. 
	Effect of different substrate concentrations. 

	Enzyme reusability
	Xylan hydrolysis for xylooligosaccharide production
	Chromatography using thin layers
	In vivo application study of xylooligosaccharides
	Experimental design for studying the effect of carbimazole treatment alone and xylooligosaccharide coadministration on several serum parameters and adrenal histopathology in female rats. 


	Statistical analysis
	Ethical approval

	Results and discussion
	Enzyme activity
	Conditions of the immobilization process of xylanase on alginatescleroglucan (AlgSc.) gel beads
	Characterization of the modified gel beads using Fourier transform infrared (FT-IR) spectroscopy
	Stability and operational conditions of the immobilized xylanase
	Descriptions of xylanase in the immobilized state
	pH profile of the immobilized xylanase
	Immobilized xylanase temperature profile
	Arrhenius plot of the immobilized enzyme
	Temperature stability
	Effect of different substrate concentrations

	Hydrolytic conditions for the production of xylooligosaccharides
	In vivo study of xylooligosaccharides
	Biochemical studies of the effects of carbimazole alone and xylooligosaccharide coadministration on several serum parameters in female rats
	Histopathological examination of adrenal gland-only and xylooligosaccharide coadministration
	Adrenal cortex examination. 
	Adrenal medulla examination. 



	Conclusion
	References
	Acknowledgements


