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Introduction 

Manganese carbonate nanoparticles (MC-NPs) 

have found wide application in various 

branches of science and technology [1,5]. 

Thus, MC-NPs are used in supercapacitors 

[6,9]. For instance,    Karuppaiah et al. [6] 

found that supercapacitors based on MC-NPs 
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This work presents a study on the synthesis, characterization, and 
biocompatibility assessment of manganese carbonate nanoparticles 
(MC-NPs) stabilized with methylcellulose. Manganese acetate was 
used as a manganese-containing precursor, ammonium carbonate 
was used as a precipitator, and methylcellulose served as a 
stabilizing agent. The samples obtained exhibited a size distribution 
described as monomodal, though the relatively large standard 
deviation (±80 nm) suggests some variability, which should be 
noted. The average hydrodynamic radius was measured as 393 ± 80 
nm. The phase composition of the samples was identified as 
manganese carbonate (MnCO3) with a rhombohedral crystal lattice 
belonging to the R-3c spatial group. MC-NPs samples were 
composed of spherical aggregates with diameters ranging from 0.4 
to 2 µm. Quantum chemical modeling and IR spectroscopy revealed 
that the interaction between manganese carbonate and 
methylcellulose occurs through the OH– group attached to the C4 
atom of the glucopyranose residue. While this interaction 
mechanism is briefly summarized, its specific relevance to the 
biocompatibility of the nanoparticles warrants further clarification. 
The biocompatibility of the obtained samples was evaluated using 
the chorioallantois membrane model of a chicken embryo and 
histological analysis. Results demonstrated that MC-NPs stabilized 
with methylcellulose are biocompatible, non-toxic, and hold great 
potential for multifaceted applications in medicine. 
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demonstrate a high specific energy of 18.07 

W/h∙kg-1, a power density of 7498 W/h∙kg-1 

and excellent capacity retention of 98.79% 

even after 10,000 cycles. MC-NPs are used to 

determine the concentration of various 

substances. Notably, Xu et al. [10] 

manufactured a biosensor based on MC-NPs 

and reached excellent performance in the 

electrocatalytic reduction of H2O2. The linear 

range of H2O2 detection ranged from 0.06 to 

40.0 µM with a detection limit of 0.015 µM. 

It is known about the use of MC-NPs in 

medicine, in particular for magnetic 

resonance imaging (MRI) [11,13], for drugs 

delivery to target organs [14], for 

sonodynamic therapy [15], etc. Cheng et al. 

[11] demonstrated the effectiveness of using 

MC-NPs with polydopamine sheathing for 

photothermal tumor ablation under MRI 

control in vivo by intra-tumor injection in 

mice with 4T1 tumors. The result of the MRI 

shows a significantly brighter MR image in the 

tumor area. The authors associated the high 

therapeutic efficacy with the high efficiency of 

photothermal transformation. Given that Mn 

is an essential trace element and participates 

in the regulation of many biochemical 

processes, its organic forms are used in 

medicine and pharmacy as bioavailable 

sources of Mn [16,18]. Interestingly, Mn is 

involved in the main neurochemical processes 

in the central nervous system, in the 

formation of bone and connective tissues, 

regulation of fat and carbohydrate 

metabolism, metabolism of vitamins C, E, 

choline, and B vitamins [19,21]. 

Currently, researchers use various 

methods for synthesis of MC-NPs [22,26]. 

Wang et al. [22] suggested a method for the 

production of MC-NPs doped with Gd, which 

consisted in the thermal decomposition of a 

mixture of manganese oleate with gadolinium 

oleate at 310 °C. The authors found that MC-

NPs doped with Gd can be obtained only if the 

concentration of Gd is in the range from 20 to 

33 mol.%. Notably, the uniformity of the 

obtained MC-NPs doped with Gd improves 

with increasing synthesis temperature and 

increasing synthesis time. Karuppaiah et al. 

[6] synthesized MC-NPs by hydrothermal and 

microwave methods and obtained samples 

with developed porous structure. In parallel, 

the synthesis of spherical MC-NPs under 

supercritical conditions was presented by Lee 

et al. [23]. The authors used manganese 

acetate as a precursor, which was carbonized 

with carbon dioxide under supercritical 

conditions. The obtained samples had 

developed porosity with the inner surface 

area of the pores of about 83 m2/g and the 

specific capacity of 322 F·g–1. Lu et al. [24] 

produced spherical MC-NPs by chemical 

deposition. The authors revealed that when 

sodium sulfate was added to the reaction 

mixture, the MC-NPs morphology changed 

from spherical to cubic shape. The obtained 

material has a porous structure and can be 

used for photocatalysis. 

For the use of MC-NPs in medicine, it is 

necessary to justify that the nanoparticles do 

not have a toxic effect on a living organism. 

One of the ways to reduce the toxicity and 

increase the biocompatibility of MC-NPs is to 

form a shell consisting of a biocompatible 

material on the nanoparticles surface. For 

instance, Jiang et al. [27] synthesized MC-NPs 

consisting of an inner MnCO3 core and an 

outer shell made of a platelet membrane. The 

presence of a platelet membrane provides 

PMC with excellent biocompatibility and the 

ability to actively target, which allows for 

precise destruction of cancer cells. In vitro 

experiments showed that combined treatment 

using PMC completely suppresses the 

formation of stem cells. In other work, Meng 

et al. [28] obtained a biocompatible composite 

material consisting of MC-NPs, Ag NPs, and 

polydiallyldimethylammonium chloride. Thus, 

the correct selection of stabilizing agent for 

MC-NPs is critically important for formulation 

of biocompatible and non-toxic material. 

Thus, the aim of this work was to develop 

and study biocompatible MC-NPs stabilized 
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with methylcellulose for biomedical 

applications. 

While the biomedical focus of this study 

highlights the potential of MC-NPs for MRI 

contrast enhancement, drug delivery, and 

therapy, these applications are described 

without fully addressing the challenges or 

gaps in existing methods. By comparison, the 

introduction of MC-NPs emphasizes their use 

in super-capacitors at greater length, creating 

an imbalance in focus. Future work should 

aim to better contextualize the biomedical 

applications of MC-NPs, particularly by 

identifying limitations in current techniques 

and presenting how MC-NPs might overcome 

these challenges. 

Experimental 

Synthesis and characterization of MC-NPs 

stabilized with methylcellulose 

The MC-NPs synthesis stabilized with 

methylcellulose was performed as follows: A 

0.8 M solution of manganese acetate was 

mixed with a 1% solution of methylcellulose 

in a beaker and stirred on a magnetic stirred 

for 10 minutes at a speed of 500 rpm. The 

temperature during this process was not 

specified and should be clarified to ensure 

reproducibility. Subsequently, a 0.8 M 

ammonium carbonate solution was added 

dropwise to the mixture. The resulting 

precipitate was centrifuged five times for 5 

minutes at 3000 rpm, followed by drying at 

110 °C for 8 hours. While the drying process 

appears sufficient for water removal, the 

rationale for selecting these specific 

conditions over alternative drying methods 

(e.g., vacuum drying or freeze-drying) should 

be provided to improve reproducibility. 

MC-NPs stabilized with methylcellulose 

were characterized using X-ray phase analysis 

performed with an Empyrean 2 X-ray 

diffractometer (PANalytical B.Y, the 

Netherlands). The microstructure of the 

samples was analyzed using a MIRA-LMH 

scanning electron microscope (SEM) equipped 

with the AZtecEnergy Standard/X-max 20 

elemental composition determination system 

(Tescan, Czech Republic). Fourier-transform 

infrared (FTIR) spectroscopy was conducted 

using an FSM 1201 spectrometer (Infraspek, 

Russia) to investigate the structural features. 

The average hydrodynamic radius of the 

particles was determined by dynamic light 

scattering (DLS) on the Photocor-Complex 

instrument (Photokor, Russia), and data 

analysis was conducted using the DynaLS 

software. To understand the interaction 

between manganese carbonate and 

methylcellulose, quantum chemical modeling 

was performed using QChem software with 

the IQmol molecular editor (Q-Chem Inc., 

Pleasanton, CA, USA). The calculations 

employed the B3LYP method, a 6-31G* basis 

set, and convergence criteria of 5. These 

calculations were conducted at the North 

Caucasus Federal University's data processing 

center (Schneider Electric, Ratingen, 

Germany). 

CAM assay 

The MC-NPs biocompatibility was evaluated 

in vivo using the chorioallantoic membrane 

(CAM) model of a chicken embryo. The 

procedure followed the methodologies 

outlined by Coelho et al. [29], Shendage et al. 

[30], and Rzhepakovsky et al. [31], with slight 

modifications. 

Fertilized chicken eggs of the Haysex 

Brown cross were sourced from 

Agrokormservice Plus (Adygea, Russia). The 

eggs were disinfected with 70% ethanol and 

incubated in an Rcom Maru Deluxe Max 380 

digital incubator (AUTOELEX CO., Korea) at 

37.6 °C and 55% humidity, with automatic 

tray rotation every hour. On the 3rd day of 

incubation, 3 mL of albumen was aspirated 

from the blunt end of the egg under sterile 

conditions using a syringe, and the opening 

was sealed with paraffin wax. A window 

measuring 2.5 cm² was then created on the 
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eggshell and covered with transparent tape. 

The eggs were returned to the incubator for 

further development. 

On the 8th day of incubation, MC-NPs 

powder samples were UV-sterilized using an 

ultraviolet irradiator ("Azov" OBN-35-01 UHL 

4.2, St. Petersburg, Russia). A 10 mg powder 

sample was placed on the CAM surface using a 

sterile silicone ring (inner diameter 5 mm, 

thickness 1.5 mm) to mark the application 

area. However, the rationale for choosing 10 

mg as the test quantity was not discussed and 

should be clarified, particularly in the context 

of its clinical relevance. The CAM with an 

empty silicone ring served as a negative 

control. After applying the samples, the shell 

windows were resealed, and incubation 

continued until day 14. 

On day 14, CAM tissues were 

photographed in ovo before the embryos were 

euthanized in a gas chamber with 70% CO₂ for 

30 minutes, following humane euthanasia 

guidelines [32]. CAM sections in contact with 

MC-NPs were excised and visualized ex ovo 

under an ARSTEK SZ0850 stereomicroscope 

(Beijing, China). Images were captured with a 

38 MP Samega V6 digital camera and analyzed 

using S-EYE2.0 software (YOUNG WIN 

Technology Co., Beijing, China). 

Histological examination 

CAM tissues in contact with the MC-NPs 

samples were fixed in 10% buffered formalin 

for 72 hours, dehydrated in isopropyl alcohol, 

and embedded in Histomix medical paraffin 

(Biovitrum, Saint Petersburg, Russia). Sections 

6 µm thick were prepared using a Thermo 

Fisher Scientific NM 325 rotary microtome 

(Waltham, USA). Histological staining was 

conducted with hematoxylin and eosin. 

However, no mention was made of controls to 

validate staining quality, nor were measures 

to minimize embedding artifacts described, 

which should be addressed in future studies. 

Histological slides were examined under an 

Axio Imager 2 microscope (Carl Zeiss 

Microscopy, Oberkochen, Germany) equipped 

with the AxioCam MRc5 imaging system. 

Images were analyzed using Zen 2 Pro 

software (Carl Zeiss Microscopy, Oberkochen, 

Germany). 

Results and discussion 

Initially, the average hydrodynamic radius of 

MC-NPs stabilized with methylcellulose was 

studied. The resulting histogram of the 

particle size distribution, depicted in Figure 1, 

shows a unimodal distribution with the 

majority of particles concentrated around a 

single size range. The polydispersity index 

(PDI) was calculated to assess the degree of 

size uniformity. A low PDI indicates a narrow 

size distribution, while a higher PDI suggests 

greater variability in particle size. This 

analysis confirms the relatively consistent size 

of the MC-NPs.  
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FIGURE 1 Histogram of the distribution of the hydrodynamic radius of MC-NPs stabilized with 

methylcellul

Analysis of the resulting histogram showed 

that the sample has a monomodal size 

distribution. The average hydrodynamic 

radius was 393 ± 80 nm. Further, the resulting 

sample was examined by X-ray phase analysis. 

The resulting diffractogram is depicted in 

Figure 2. 
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FIGURE 2 Diffractogram of MC-NPs stabilized with methylcellulose 

FIGURE%202%20Diffractogram%20of%20MC-NPs%20stabilized%20with%20methylcellulose
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Analysis of the resulting diffractogram 

showed that the sample consists of 

manganese carbonate (MnCO3) with a 

rhombohedral crystal lattice of the space 

group R3c. At the next stage, the obtained 

sample was examined by SEM. The resulting 

SEM micrographs are presented in Figure 3. 

 

FIGURE 3 SEM-micrographs of MC-NPs stabilized with methylcellulose at magnifications 

×20,000 (a) and 160,000 (b) 

     The analysis of Figure 3 showed that the 

sample includes spherical aggregates with a 

diameter of 0.4-2 µm. Aggregates are formed 

from MC-NPs of 50-170 nm. It is important to 

note that the particles had a developed 

surface. 

     As a result of quantum chemical modeling 

of the interaction of MC-NPs with 

methylcellulose, molecular models and 

quantum chemical calculations were obtained 

and presented in Table 1 and Figure 4. 

 

 

TABLE 1 Results of quantum chemical modeling of the interaction of MC-NPs with 

methylcellulose 

Type of interaction E, kkal/mol ∆E, 
kkal/mol 

EHOMO, 
eV 

ELUMO, 
eV 

η,  
eV 

A section of the methylcellulose 
molecule 

-1455.031 – -0.229 0.041 0.135 

Through hydroxyl group attached to C3 
atom of the glucopyranose residue 

-2868.107 1413.076 -0.095 -0.016 0.040 

Through hydroxyl group attached to C4 
atom of the glucopyranose residue 

-2868.161 1413.130 -0.098 0.000 0.049 

FIGURE%203%20SEM-micrographs%20of%20MC-NPs%20stabilized%20with%20methylcellulose%20at%20magnifications%20×20,000%20(a)%20and%20160,000%20(b)
TABLE%201%20Results%20of%20quantum%20chemical%20modeling%20of%20the%20interaction%20of%20MC-NPs%20with%20methylcellulose
FIGURE%204%20The%20results%20of%20quantum%20chemical%20modeling%20of%20the%20interaction%20of%20MC-NPs%20and%20methylcellulose%20through%20hydroxyl%20group%20attached%20to%20C4%20atom%20of%20glucopyranose%20residue%20of%20methylcellulose:%20model%20of%20molecular%20complex%20(a),%20distribution%20of%20electron%20density%20(b),%20the%20gradient%20of%20the%20distribution%20of%20electron%20density%20(c),%20the%20highest%20occupied%20molecular%20orbital%20HOMO%20(d),%20the%20lowest%20unoccupied%20molecular%20orbital%20LUMO%20(e),%20and%20decoding%20of%20atoms%20(f)
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FIGURE 4 The results of quantum chemical modeling of the interaction of MC-NPs and 

methylcellulose through hydroxyl group attached to C4 atom of glucopyranose residue of 

methylcellulose: model of molecular complex (a), distribution of electron density (b), the 

gradient of the distribution of electron density (c), the highest occupied molecular orbital HOMO 

(d), the lowest unoccupied molecular orbital LUMO (e), and decoding of atoms (f) 

Based on the analysis of the data obtained, 

it was found that all the presented compounds 

are energetically advantageous (∆E > 

1413.070 kcal/mol). Based on the optimal 

values of chemical hardness and the 

difference in total energy, the most likely 

variant of the interaction of MC-NPs with 

methylcellulose was determined. Thus, the 

optimal interaction (∆E = 1413.130 kcal/mol; 

η = 0.049 eV) occurs through hydroxyl group 

attached to C4 atom of glucopyranose residue 

of methylcellulose. It can be concluded that 

the chemical interaction between MC-NPs and 

methylcellulose is formed, which is due to a 

shift in electron density and the formation of 

molecular orbitals in the zone of interaction 

between molecules. 

At the next stage, the obtained samples 

were examined by IR spectroscopy. The 

results are shown in Figure 5. 

FIGURE%205%20IR-spectra%20of%20MC-NPs%20stabilized%20with%20methylcellulose
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FIGURE 5 IR-spectra of MC-NPs stabilized with methylcellulose 

An analysis of the IR spectrum of MC-NPs 

showed that the sample contains oscillation 

bands characteristic of manganese carbonate: 

Mn-O oscillation band (576 cm-1), the C-O and 

C=O valence band in the CO32–group (725 cm-

1), the C-O out-of-plane oscillation band and 

C=O in the CO3
2- group (862 cm-1), the band of 

C–O and C=O asymmetric and symmetric 

vibrations in the CO32- group (1451 cm-1), C=O 

valence bond vibrations (1796 cm-1) [33-36]. 

The Mn–OH bond oscillations are also present 

in the sample, which correspond to bands at 

1075 and 1155 cm-1, as well as the C–O 

oscillation band (1055 cm-1) [37,38]. 

Analysis of the IR spectrum of 

methylcellulose showed that in the region 

from 2800 to 3500 cm-1, the presence of bands 

of valence bond oscillations is observed: at the 

2841 cm-1 site there are symmetrical 

vibrations of the –CH2 and –CH groups, at 

3478 cm-1 there are longitudinal symmetrical 

vibrations of the OH– group of methylcellulose 

[39,40]. In the IR spectrum of methylcellulose 

in the range from 1000 to 1700 cm-1, bands 

characteristic of valence vibrations are 

observed: a band at 1082 cm-1 corresponds to 

symmetrical vibrations of the C-O bond in the 

C-O-H group, a band at 1478 cm-1 corresponds 

to vibrations of the CH3 bond, a band at 1622 

cm-1- oscillations of the C–H bond, a band at 

1680 cm-1 – symmetric oscillations of the C–O 

group [41]. In the area from 500 to 950 cm-1, 

bands characteristic of deformation vibrations 

are observed in the IR spectrum of 

methylcellulose: the area from 661 to 685 cm-

1 corresponds to out-of-plane vibrations of the 

OH– group, the section at 885 cm-1 

corresponds to the -CH3 bond, the section at 

939 cm-1 corresponds to vibrations of the 

methoxy group -O-CH3 [42]. At 520 and 561 

cm-1, characteristic bands are observed due to 

fluctuations in the –CH3 and –CH2 bonds. 

Analysis of manganese carbonate 

nanoparticles stabilized with methyl cellulose 
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showed that the samples contain oscillation 

bands characteristic of manganese carbonate: 

a low-intensity Mn–O oscillation band (580-

600 cm-1), a low–intensity C–O and C=O 

valence band in the CO3
2– (721-725 cm-1) 

group, the band of out-of-plane vibrations C–O 

and C=O in the CO32- group (863-864 cm-1), 

the band of Mn–OH coupling vibrations 

(1073-1088 cm-1), the band of asymmetric 

and symmetrical vibrations C–O and C=O in 

the CO32- group (1420-1480 cm-1), valence 

vibrations of the C=O bond (1796-1803 cm-1). 

It is important to note that in the samples 

there is a decrease in the intensity of bands in 

the range from 580 to 600 cm-1, characteristic 

of Mn-O bond fluctuations, compared with 

pure manganese carbonate. 

There is also a decrease in the intensity of 

symmetric oscillations of the C-O bond in the 

C-O-H group by 1082 cm-1, characteristic of 

the IR spectrum of methylcellulose. Thus, it 

can be concluded that the interaction of 

manganese carbonate nanoparticles with 

methylcellulose occurs through a hydroxyl 

group. The results are consistent with the data 

of quantum chemical modeling. 

At the next stage, the bioavailability of MC-

NPs stabilized with methylcellulose was 

studied. The CAM system of the chicken 

embryo acts as a full-featured in vivo platform 

for studying the reaction of tissues to various 

materials [43,44]. Taking into account the 

proven similarity of CAM tissue reactions with 

mammalian models, the primary 

biocompatibility and vascular effects of the 

provided powders were studied by applying 

samples to the CAM surface. 

Implantation of MC-NPs stabilized with 

methylcellulose onto the CAM did not 

critically affect the survival of embryos up to 

14 days of development. The percentage of 

embryo mortality in the experimental group 

and in the control group was 25% and 10%, 

respectively, which is not out of the reference 

range for the conditions of such experiments. 

The CAM reaction 6 days after implantation of 

the tested powder samples is demonstrated in 

Figure 6. 

 

FIGURE 6 Representative macroscopic photographs of CAM in ovo and the reverse side of CAM 

ex ovo 6 days after implantation of powders: a) control, b) MC-NPs stabilized with 

methylcellulose, c) control (reverse side of CAM ex ovo), and d) manganese carbonate (reverse 

side of CAM ex ovo) 

FIGURE%206%20Representative%20macroscopic%20photographs%20of%20CAM%20in%20ovo%20and%20the%20reverse%20side%20of%20CAM%20ex%20ovo%206%20days%20after%20implantation%20of%20powders:%20a)%20control,%20b)%20MC-NPs%20stabilized%20with%20methylcellulose,%20c)%20control%20(reverse%20side%20of%20CAM%20ex%20ovo),%20and%20d)%20manganese%20carbonate%20(reverse%20side%20of%20CAM%20ex%20ovo)
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The structural and surface properties of 

the sample of MC-NPs stabilized with 

methylcellulose allowed them to be absorbed 

on the surface of the sample while preserving 

the implantation site throughout the 

experiment. It is important to note that after 6 

days of incubation, a part of the implanted 

powders was preserved on the surface of the 

CAM. A macroscopic assessment of the 

vascular system of the CAM in ovo after 6 days 

of implantation of MC-NPs stabilized with 

methylcellulose showed no pronounced 

neovascularization or decrease in vascular 

growth and lysis compared with the control. 

For a sample of MC-NPs stabilized with 

methylcellulose, compared with the control in 

the implantation zone (center of the ring), 

there is an increase in vascularization in the 

areas of the CAM adjacent directly to the 

materials due to the formed new capillaries 

and collaterals growing towards the 

implantable powders. Such a vascular pattern 

is typical for loose and porous biocompatible 

materials implanted on CAM, which was noted 

in similar works by other researchers [45]. 

The results of the histological evaluation of 

the MC-NPs biocompatibility stabilized with 

methylcellulose on CAM tissues are illustrated 

in Figures 7 and 8. 

FIGURE 7 Histological sections of the CAM with a silicone ring (control). Hematoxylin and eosin 

staining: a) marginal zone ×50, b) central zone ×50, c) marginal zone ×200, and d) central zone 

×200 

FIGURE%207%20Histological%20sections%20of%20the%20CAM%20with%20a%20silicone%20ring%20(control).%20Hematoxylin%20and%20eosin%20staining:%20a)%20marginal%20zone%20×50,%20b)%20central%20zone%20×50,%20c)%20marginal%20zone%20×200,%20and%20d)%20central%20zone%20×200
FIGURE%208%20Histological%20sections%20of%20the%20CAM%20with%20a%20silicone%20ring%20filled%20out%20by%20MC-NPs%20stabilized%20with%20methylcellulose:%20a)%20marginal%20zone%20×50,%20b)%20central%20zone%20×50,%20c)%20marginal%20zone%20×200,%20and%20d)%20central%20zone%20×200
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FIGURE 8 Histological sections of the CAM with a silicone ring filled out by MC-NPs stabilized 

with methylcellulose: a) marginal zone ×50, b) central zone ×50, c) marginal zone ×200, and d) 

central zone ×200 

Microscopic visualization of histological 

sections of control sample corresponded to 

the characteristics of normal CAM histology 

described by other researchers [46,47]. It 

consists of an ectoderm (in contact with 

air/egg shells), a stroma (loose connective 

tissue), and an endoderm (in contact with 

allantois) and has a thickness of up to 200 µm. 

Interestingly, MC-NPs stabilized with 

methylcellulose showed a pronounced tissue 

reaction both in the CAM stroma and in the 

structures of the material. This may be due 

not so much to their chemical properties as to 

weight and density. Observations made at this 

stage of the study using the CAM model of a 

chicken embryo showed that MC-NPs 

stabilized with methylcellulose are compatible 

with the biological environment of CAM. 

Conclusion 

In this work, the synthesis and 

characterization of biocompatible MC-NPs 

stabilized with methylcellulose for potential 

medical applications were carried out. The 

study of the average hydrodynamic radius of 

MC-NPs demonstrated a monomodal size 

distribution, with a mean hydrodynamic 

radius of 393 ± 80 nm. The phase 

composition, as confirmed by X-ray 

diffraction, showed that the samples consisted 

of manganese carbonate (MnCO₃) with a 

rhombohedral crystal lattice belonging to the 

spatial group R-3c. SEM micrographs revealed 

spherical aggregates ranging in diameter from 

0.4 to 2 µm. 

Quantum chemical modeling, supported by 

IR spectroscopy, indicated that the interaction 

between MC-NPs and methylcellulose occurs 

primarily through the hydroxyl group 

attached to the C4 atom of the glucopyranose 

residue of methylcellulose. The calculated 

binding energy difference 

(ΔE=1413.130 kcal/mol\Delta E = 1413.130 \, 

\text{kcal/mol}ΔE=1413.130kcal/mol) and 

optimal chemical hardness (η=0.049 eV\eta = 
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0.049 \, \text{eV}η=0.049eV) suggest a stable 

chemical interaction that contributes to the 

stabilization of MC-NPs by methylcellulose. 

However, further validation of these 

computational results through direct 

experimental techniques, such as detailed 

spectral shifts or binding energy 

measurements, is necessary to conclusively 

support these findings. 

In vivo studies using the CAM model of a 

chicken embryo demonstrated the 

biocompatibility of MC-NPs stabilized with 

methylcellulose. No significant toxicity or 

adverse effects were observed on the 

chorioallantoic membrane, indicating 

compatibility with biological environments. 

This biocompatibility highlights the potential 

of MC-NPs for biomedical applications. 

The study concludes that MC-NPs 

stabilized with methylcellulose are 

biocompatible and non-toxic, confirming their 

potential use in various biomedical 

applications. However, the general statement 

that "the chemical interaction is formed" 

should be supported by more quantitative 

data, such as experimental measurements of 

interaction forces or additional binding 

energy validations. Future research should 

focus on developing and characterizing 

advanced biomedical scaffolds based on these 

stabilized MC-NPs for tissue engineering 

applications. Further studies exploring the 

long-term stability, functional performance, 

and detailed mechanisms of interaction in 

biological systems would provide stronger 

evidence for their use in medical devices or 

therapies. 
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