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Abstract

Manganese dioxide nanoparticles (MnO:-NPs) and graphene
oxide—based nanocomposites have attracted increasing
attention for protein recovery applications. In this study,
follicle-stimulating hormone (FSH) and luteinizing hormone
(LH) were investigated as model glycoproteins for adsorption
onto chitosan-coated MnO: nanoparticles (MnO:-NPs) and
chitosan/graphene oxide-MnO: nanocomposites (CS/GO-
MnO:-NPs). The CS/GO-MnO: nanocomposite was
synthesized using a co-precipitation method and characterized
by SEM, EDS, FT-IR, XRD, and particle size analysis.
Adsorption experiments were conducted using fixed
nanoparticle doses and varying hormone concentrations, and
thermodynamic parameters were evaluated at different
temperatures. The CS/GO-MnO:-NPs exhibited high
adsorption capacity for both hormones, following the
Freundlich isotherm, indicating surface heterogeneity.
Thermodynamic analysis confirmed that the adsorption
process was spontaneous and exothermic. These findings
suggest that MnO:-based nanocomposites are promising
platforms for hormone extraction and analytical applications
involving human serum.
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1. Introduction

Manganese dioxide (MnO2) is a cheap and naturally existing possible green oxide, which exhibits
unusual some of its remarkable physical and chemical behaviours at room temperature (Fahdil A, AL-
Niaimi D, 2018). There are numerous uses for this oxide in microwave absorbers, molecular adsorption,
and ion exchange, biosensors and energy storage due to its rich polymorphism and structural diversity
(Yano et al., 2022). Analysis of unusual optical, magnetic, mechanical and electrical properties of
nanoscale morphologies has attracted a lot of attention over the recent years. Hormones can be inhibited
through covalent bonding and physical adsorption onto Co-precipitation method-synthesized manganese
dioxide nanoparticles. It is regarded as one of the safest methods to lower protein uptake. One of the
advantages of co-precipitation is the ease with which the final particle size and content can be controlled,
the particle surface state and overall homogeneity modified, and the preparative process accelerated
[MW1]. Appropriate characterization techniques are required after CS/GO-MnO- NPs are synthesized
in order to investigate the physico-chemical properties of the particles. We have used the Fourier
transform infrared (FTIR), powder X-ray diffraction (XRD), scanning electron microscopy (SEM), and
energy dispersive X-ray spectroscopy (EDS) techniques to analyze CS/GO-MnO; NPs for the purposes
of such characterization. Characterizing the synthesized nanoparticles through the previously mentioned
techniques is crucial to confirm their safety, effectiveness, and consistency for use in healthcare

applications (Nugroho et al., 2023; Petrov et al., 2005; Yano et al., 2022).
2. Materials and Method
2.1 Synthesis of Manganese Dioxide Nps

All chemical reagents utilized were of analytical grade and handled according to the manufacturers’
guidelines. To synthesize MnO, a standard preparation procedure was followed in which 0.18 g of
MnCl.-4H-0 was mixed with 50 mL of isopropanol in a round-bottom flask equipped with a reflux
condenser. Under continuous stirring, this mixture was heated to around 83°C. Then, a hot solution
containing 0.10 g of KMnOx dissolved in 5 mL of deionized (DI) water was added within seconds to the
boiling solution to produce a thick black precipitate. The mixture was cooled to RT after 10 min, and
then the precipitate was separated by centrifugation, washed several times with DI water, and finally
dried overnight at 60 °C.

2.2 Synthesis of CS/GO-Mno2 Nps
In order to manufacture graphene oxide, 500 milliliters of deionized (DI) water was used to dissolve a

solution that contained 0.5 grams of graphene oxide and 0.1 grams of chitosan (CS) respectively (Sigma—
Aldrich, USA). The mixture was then stirred at room temperature for two hours with 0.5 g of
nanoparticles added. The supernatant was vortexed and centrifuged, followed by washing with DI water
to remove unbound material, and then placed in an oven overnight at 80 °C to evaporate excess water to
obtain the composite of the CS/GO-NPs.

2.3 Characterization of CS/GO-Mno: Nps

2.3.1 Scanning Electron Microscopy (SEM)

Materials and methods2.1. Preparation and characterization of CS/GO-MnO: nanoparticlesThe scanning
electron microscope (SEM) was conducted on CS/GO-MnO: nanoparticles with an AIS2300C
(AIS2300C, Korea) for analyzing the surface morphology and structural features. A thin gold layer was

243



Fairooz Nada Kerbala Journal of Pharmaceutical Sciences(2025)

deposited on top of the sample, the later with 1 mg placed on the SEM holder, in order to increase the
current in the image and achieve a better image resolution before imaging.

2.3.2 X-Ray Diffraction (XRD)

X-ray diffraction (XRD) analysis of synthesized MnO: nanoparticles in 26 from 10° to 100°
(diffractometer with Cu Ka radiation (A= 0.15425 nm)). The samples received were characterized by a
diffractometer Shimadzu XR-6000, copper target, 40 kV, 30 mA. Using the Debye—Scherrer equation,
the average crystallite size of the CS/GO-MnO: nanoparticles was determined as follow:

D =kM((B cos 0)) (where k (0.9) is the diffraction angle, 6 is the X-ray wavelength, p is the full width at
half maximum (FWHM) of the (370) diffraction peak, and ) is the Scherrer constant.

2.3.3 Fourier Transform Infrared Spectrophotometer (FTIR)

Fourier-transform infrared (FTIR) spectra were obtained using a SHIMADZU FTIR 8400S
spectrophotometer. The CS/GO-MnO- nanoparticles were blended with potassium bromide (KBr) to
form a pellet, and the spectral data were recorded within the wavenumber range of 400—4000 cm™'.
2.3.4 Particle Size Analysis (PSA)

Evaluation of the particle size distribution of the formed CS/GO-MnO: nanoparticles was performed via
dynamic light scattering (DLS) using 90 Plus Particle Size Analyzer with 12 mm cell. Sample
preparation was performed by dispersing a small amount of nanoparticle powder in pure methanol and
sonicating for 10 min. The measurements were taken at 25°C and the physical parameters (density,
refractive index, dielectric constant etc.) were adapted based on the CS/GO-MnO: nanoparticles and the
dispersant. The pH of each suspension was adjusted to 7 and 10 with either NaOH or HCI, and their
respective particle size distributions are shown in histogram format.

2.3.5 Zeta Potential Measurements

Using the 90 Plus Particle Size Analyzer, the electrophoretic mobility of CS/GO-MnO: nanoparticles
was studied in order to investigate their zeta potential. Using electrophoretic mobility measurements and
the Helmholtz—Smoluchowski equation, the zeta potential was calculated. 0.1 g of CS/GO-MnO2 NPs
were dispersed in 10 mL of methanol, sonicated for five minutes, and then measured at 25 °C to create
the sample.

2.4 Interaction of Hormone FSH, and LH with CS/GO-MnO: NPs

To assess the interaction between FSH and LH hormones and CS/GO-MnO: nanoparticles, Eppendorf
tubes containing different concentrations of CS/GO-MnO: NPs (5, 10, 15, 20, 25, 30, 35, and 40
mlU/mL) were each combined with 100 pL of the hormone solution. Hormone concentrations were
converted to ng/mL in accordance with WHO guidelines. The mixtures were agitated for one hour,
exceeding the equilibrium time reported in previous studies, and subsequently centrifuged at 4000 rpm
for 20 minutes. The Enzyme-Linked Immunosorbent Assay (ELISA) kits (Monobind Co., USA) were
used to evaluate the hormone levels in the resultant supernatant. The equation was used to determine
how much hormone was absorbed onto the nanoparticles: Q. = X / m = [V(Co — C¢)] / m where X
represents V is the volume of the solution (mL), C. is the equilibrium hormone concentration (ng/mL),

m is the weight of the adsorbent, and ng is the amount of adsorbed hormone.
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The relationship between Q. and C. is presented in the corresponding graphs. Equilibrium concentrations

(C.) were plotted to generate adsorption isotherms, enabling analysis and interpretation of the

adsorption behavior. The Freundlich isotherm was found to best describe hormone
adsorption onto CS/GO-MnO: nanoparticles and can be expressed linearly as:

log Q. = log Kf + (1/n) log C. Here, Kf, which depends on temperature and adsorption energy, reflects
the adsorption capacity of the nanoparticles and helps evaluate the interaction process. The empirical
constant # indicates the adsorption intensity, representing the strength of the driving force for adsorption.
Additionally, human serum was used as an alternative source of hormones, and the adsorption
experiments were repeated under the same conditions.

2.5 Thermodynamics of the Adsorption Process

Three distinct temperatures (298, 308, and 318 K) were used for the adsorption tests in order to calculate
the adsorption process's thermodynamic parameters, AH®, AG®, and AS°. The equilibrium constant (K)
and the adsorption isotherm at each temperature are obtained by subtracting the quantity of hormone (Q)
in solution from the quantity adsorbed onto the CS/GO-MnO2-NPs surface. The weight of CS/GO-
MnO2-NPs used in this uptake was4was as 0.02g (where Keq = 0.02Qe/0.1Ce represents the weight of
CS/GO-MnO2-NPswas and Qe is the amount of hormone adsorbed). T: absolute temperature; R: gas
constant (8.314 J. mol-1. K-1), the formula AG®° = -RTInKeq can be used to find the change in free
energy, or AG®. The Van't Hoff equation (InKeq = -AH°/RT + Constant) was used to determine the heat
of adsorption (AH®). Plotting the suitable Ce versus the In Keq for each concentration allowed for the
identification of the equilibrium constant, Keq, which can be determined at a temperature where Ce
approaches zero. The enthalpy of the adsorption process (AH®) can be found by When (InKeq) is plotted
versus (1/T), a linear graph with a gradient of -AH°/R (Al-Hakeim et al., 2014). The formula AG° = AH®
- TAS® was used to determine the entropy change (AS®).

2.6. Desorption Process

To obtain the information on the amount of hormone desorbed from CS/GO-MnO2 NPs surface,
desorption tests were performed. Since the amount desorbed often decreases with increasing desorption
pressures, the cleavage of the adsorbate—adsorbent interaction is facile. According to the desorption
statistics, FSH accounts for 61.97% of the total desorption. In order to draw more reliable conclusions
about the nature of Table II displays the interactions between the adsorbent and adsorbate as well as the
Freundlich constants for the hormone-CS/GO-MnO2 NPs combination. The intensity of adsorption is
represented by a parameter n, which is used to identify the value at which maximum adsorption occurs

and enables prediction of hormone release from the hormone—CS/GO-MnO:nanoparticle system.

3-Results and Discussion
3.1 Adsorption Process
At 25°C, the maximum amount of FSH and LH hormones adsorbed onto the surface of CS/GO-MnO2

nanoparticles was 7.07 ng/g. These findings indicate that CS/GO-MnO: NPs can effectively adsorb these
hormones even at relatively low concentrations. The adsorption isotherms for FSH and LH on the
CS/GO-MnO: NP surface are presented in Fig.1A-B, while the linearized Freundlich plots for hormone
adsorption are shown in Fig.2A-B. The Freundlich plots provide a means to quantify and analyze

hormone adsorption on the nanoparticle surfaces.
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Figurel: Adsorption behavior of hormone/protein on CS/GO-MnO:-NPs at different
temperatures (298, 308, and 318 K). (A) Adsorption isotherms showing the relationship between
equilibrium adsorption capacity (Qe) and equilibrium concentration (Ce). (B) Freundlich isotherm
plots (log Qe versus log Ce), indicating heterogeneous surface adsorption and temperature-
dependent adsorption behavior.
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Figure2: Adsorption behavior of protein/hormone on CS/GO-MnO:-NPs at different
temperatures (298, 308, and 318 K). (A) Adsorption isotherms showing the relationship between
equilibrium adsorption capacity (Qe) and equilibrium concentration (Ce). (B) Freundlich isotherm
plots (log Qe versus log Ce), indicating heterogeneous surface adsorption and temperature-
dependent adsorption characteristics.

3.2 Adsorption Process Thermodynamics

Fig.3 shows the Van’t Hoff equation for the adsorption of FSH and LH hormones at near 298, 308, and
318 K at room temperature on the exterior ofCS/GO-MnQO; NPs. The thermodynamic parameters for
the hormone adsorption onto Tablel report the surface of the CS/GO-MnO2 NPs. Adsorption is an

exothermic reaction that proceeds spontaneously.
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Figure3: An example of the Vant Hoff equation for the adsorption of FSH hormone on CS/GO-
MnO; NP composite’s surface

Tablel: Physical and Chemical Characteristics of The Synthesized CS/GO-Mno: Nanoparticles

NPs (1/T)*1000 Xm = Keq In Xm Gradient AG® AH°® AS°
3.356 0.00994 -4.611
CS/GO-MnO:-NPs 3.247 0.005736 -5.161 4.362 11.425 -36.262 | -160.021
3.145 0.003584 -5.631

The main discovery of the work is that CS/GO-MnO2 NPs' surface allows for the spontaneous adsorption
of FSH and LH hormones. to determine whether the adsorption process results in modifications to the
structure of proteins, further work is needed. The heterogeneity of a surface is shown by applying the
Freundlich equation Fig.1A (Fahdil A, AL-Niaimi D, 2018). Freundlich isotherms, which are produced
by conjugating non-covalent protein-CS/GO -MnO2 NPs, show the various pressures that are exerted on
the surfaces of hormone molecules to produce heterogeneity. The initial direction of curvature of the
adsorption isotherms Fig.1B (Yano et al., 2022) indicates that as concentration increases, adsorption
becomes easier, and more adsorbate is adsorbed upon the first protein monolayer. Stated differently,
molecules interact with one another in a side-by-side manner, increasing the adherence of their surfaces.
The protein molecule is drawn as far into the aqueous phase as possible by the opposing force of its
attraction to water, whereas the adsorption strength is measured as the net of these forces (Singh et al.,
2018; Upadhyay et al., 2024). Protein molecules arranged on the surface of the CS/GO-MnO2 NPs
according to a variety of factors, and lose their freedom of motion in solution. Changes in conformation
can have a significant impact on the protein's adsorption driving force. Identical outcomes have
previously been observed (Singh et al., 2018). During adsorption, the protein and hormone interact

electrostaticallyCS/GO-MnO2 NPs are negligible. Even exothermic adsorption can occur spontaneously
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when the charge of the sorbent and the protein are the same. This complex dependence suggests that the
change in enthalpy cannot be explained by a single interaction (Asiri et al., 2020; Tang et al., 2015).
Therefore, it is only possible to calculate the AH® of the adsorption when sufficient detail about the entire
adsorption process is available (Tang et al., 2015). Polar groups' temperature-dependent migration from
the protein's inside to its exterior, where they come into contact with water molecules, tends to be
exothermic due to the enhanced molecular interactions that result in a negative AH® (Fahdil A, AL-
Niaimi D, 2018). Such overlap of the repulsion, [MW 1] requires that the AH for transfer is positive above
25 °C transfer the non- polar group into water [MW2] from the protein's core and negative below 25
0C,[MW?3] while the AH for transfer from the protein interior into water of the polar group is negative
below 25 0C and positive above. [MW4] Hydration entropies of both polar and non-polar groups are
negative from about work room temperature (Asiri et al., 2020; Singh et al., 2018; Tang et al., 2015).
Seems they both add some structure to the wet land. But these entropies have different dependencies on
temperature. Non-polar groups are less able to organize water at higher temperatures and may even
contribute to its disorder, as evidenced by the fact that their hydration entropy decreases with temperature
(Fahdil A, AL-Niaimi D, 2018). This is because they facilitate the easier rotation of water molecules and
have an impact on the size of the hydrogen-bonded network. Because the non-polar groups have more
degrees of freedom when the protein unfolds, entropy rises. Because polar groups can create even from
more disorganized water, ordered hydration shells, their entropy of hydration is lower and becomes more
negative as the temperature rises. As a result, the water becomes more arranged around hydrophilic
groups than it would be at higher temperatures, and When hydrophilic hydration occurs, its negative heat
capacity increases (Fahdil A, AL-Niaimi D, 2018). The surface of CS/GO-MnO2 NPs spontaneously
attaches to hormones due to an electrostatic method of attraction and changes in protein structure (Yano
et al., 2022). The relationship between the FSH/LH hormone on the surface of certain NPs has been
considered by a number of studies. Our findings are in line with a prior study that determined the primary
correlation between the FSH/LH hormones that have the ability to adsorb on nanoparticle surfaces on
their own, and indeed additional variables like the adsorption process's thermodynamics, adsorption
isotherm, and temperature difference. The findings of this study are consistent with those of Al-Hakeim
et al. (Brohi et al., 2017; Fahdil A, AL-Niaimi D, 2018; Wang et al., 2018), who discovered significant
differences between the quantity of hormone and the NPs utilized. This work attempts to uncover a
significant correlation between the FSH/LH hormone that can spontaneously adsorbed onto the surface
of CS/GO-MnO2 NPs. The absorption capacity of FSH and LH hormones by the nanocomposite is quite
high (7.07 pg/g of nanocomposite). Freundlich's adsorption isotherm was evaluated in adsorption part
suggested that surface of nanocomposite was heterogeneous. [MW 1] Thermodynamically, exothermic,
spontaneous adsorption mechanisms were observed from the experiments. Another research, the
nanocomposites were found to have high of and n values which gave FG of 31.43 and 29.97 mg/g for
(FSH) and (LH)[MW2]. A074 of the surface A074 of these hormones of supports our observations
(Fahdil A, AL-Niaimi D, 2018). Overall, the results indicated that the composite nanoparticles could
efficiently adsorb the LH and FSH molecules, Fig.4 and Table2.
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Figured4: Van’t Hoff plot for adsorption on MnO: nanoparticles showing the relationship
between In K,, and (1/T)x1000. The linear trend indicates the temperature dependence of the
adsorption equilibrium constant, allowing estimation of thermodynamic parameters such as AH®

and AS°.

Table2: Thermodynamic Functions (AG, AH, AS) For LH Adsorption On CS/GO-Mno: Nanoparticles

At 25°C
NPs (1/T)*1000 Xm=Keq In Xm Slope AG® AH® AS°
3.356 45.541 3.819
CS/GO-MnO:-NPs 3.247 30.051 3.403
3145 19263 2058 4.073 -9.461 -33.861 -81.880

3.3 Scanning Electron Microscopy (SEM) of MnQO2-NPs.

The size and shape of the manganese dioxide nanoparticles produced were determined using a scanning

electron microscope, as shown in Fig.5. The SEM in Fig.5 illustrates how nearly all of the graphene

crystalline nanoparticles on the surface of the MnO2 have nanoscale dimensions. Manganese dioxide

(MnO2) displays a range of crystal shapes due to the wide range of corner and/or edge-sharing

arrangements of building block units (Jayandran et al., 2015). As seen in Fig.5, the particles in the

samples were nearly spherical in form and compactly arranged. SEM images at different magnifications.

The size range of the manganese dioxide nanoparticles generated was found to be 28.2 — 40.1 nm.
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FigureS: Scanning electron microscopy (SEM) images of the synthesizec
nanoparticles/nanocomposite at different magnifications. The micrographs reveal a heterogeneou:
and agglomerated surface morphology composed of irregularly shaped particles. Higher
magnification images show nanoscale particles with average diameters in the range of approximately
28-46 nm, confirming successful nanoparticle formation and uniform surface coverage, which i
favorable for adsorption applications.

3.4 Energy Dispersive X-ray Spectroscopy (EDX) of MnOz NPs

The elemental analysis of MnO, and CS/GO-MnO;, NP nanoparticles is displayed in Fig.6. For the
structural analysis of the material, energy-dispersive X-ray spectroscopy (EDX) is a suitable analytical
technique. The elements Mn and O of the synthetic sample are apparent in Fig.6. It should be noted that
the distribution of the atoms was comparable to that of the C, N, O, and Mn atoms in the MnO; NPs that
were generated. According to EDS data, the proportion of manganese was 7.76%. and the oxygen content

was 28.90%, indicating the presence of MnO> NPs.

251



Fairooz Nada Kerbala Journal of Pharmaceutical Sciences(2025)

0.001 cpsfeV

70

60

Sso

e —
S
-l

5

0.

se Mo

x4
5

Se Mo

30

20

10

W DVW'W‘J" l',. H}ll ol J IWH Jyh i mevr ) T oo

A Vvv- butalal IR .
3 3 8 10 12 1 16 18 20

"8 §_—-—

kev
Cpsens
2.0
1.8
16
1.4
N
1.2 c‘u
M M
1.0
0.8
0.6
0.4
0.2
5 o V——y
ST Ty . =
- L T 1| T Ry e R S O !
2 4 [ [} 10 12 14 16 18 20

ke

Figure6: Energy-dispersive X-ray spectroscopy (EDS) spectra of the synthesizec
nanoparticles/nanocomposite. The spectra confirm the presence of manganese (Mn) and oxygen (O
as the main constituents, along with carbon (C) and nitrogen (N) originating from chitosan anc
graphene oxide. The absence of significant impurity peaks indicates high purity and successfu
synthesis of the MnO:-based nanomaterial.

3.5 X-Ray Diffraction (XRD) of MnO:2 NPs
XRD was used to investigate the crystal structure of MnO2 NP nanocomposites spanning the 20 angle

range from 100 to 800. The produced powder's XRD pattern is illustrated in Fig.7. The manganese
dioxide particles were subjected to X-ray technology analysis utilizing an X-ray diffractometer. Fig.8
displays the XRD patterns for powdered MnO2 NPs. The quantity of peaks found in these nanoparticles
at 370 angles is caused by the massive generation of crystalline manganese dioxide nanoparticles. Many
polymorphs, or distinct crystal structures, of MnO2 are known to exist, including the a-, 8-, y-, 8-, -,
and A-types, among others. The arrangement of the [MnO6] octahedron's basic structural unit separates
each polymorph from the others. These octahedral linkages indicate that MnO2 can exist as a 3D structure
such as the A-type, as a layered or sheet structure such as §-MnO2, or as a tunnel structure resembling a
chain, such as the a-, 8-, and y-types. Phases H202-, H202-, and H202- have one-dimensional (1D)
tunnels with X*X octahedral cross sections (X = 1, 2, 3, or 4); phase H202- is a two-dimensional
compound, while phase H202- has a three-dimensional spinel structure (Andris et al., 2021; Shaker &
AbdAlsalm, 2018; Smith et al., 2016). The MnO2 NPs identified by Debye-Scherer had an average size
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of about 28.2 nm, based on the results of the XRD pattern examinations. The existence of 37.1, the
phase's highest peak, suggests that the -MnO2 phase is the dominant phase according to the standard
(JCPDS: 44 - 0141) (Andris et al., 2021; Jayandran et al., 2015; Shaker & AbdAlsalm, 2018; Smith et
al., 2016).
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Figure7: X-ray diffraction (XRD) patterns of (A) MnO: nanoparticles (MnO.-NPs) and (B)
chitosan/graphene oxide-MnO: nanocomposites (CS/GO-MnO.-NPs). The -characteristic
diffraction peaks confirm the crystalline structure of MnO-, while peak broadening and intensity
variations in the nanocomposite indicate successful incorporation of chitosan and graphene
oxide without altering the MnO: crystal phase.

3.6 Fourier Transform Infrared Spectrophotometer (FTIR) of MnO2-NPs.
The type and purity of manganese dioxide metal nanoparticles generated by the co-precipitation

technique were determined using FTIR spectroscopy, as shown in Fig.8. The quality and makeup of
manganese dioxide metal nanoparticles made by the co-precipitation technique were evaluated using
FTIR spectroscopy. This method relies heavily on highly precise and sensitive interference. The
functional groups found in the generated manganese dioxide nanoparticles are shown in Fig.8. The two

absorption bands at 588.31— 842.94 cm-1 are related to the stretching vibration of O—-Mn—O, suggesting
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the presence of MnO2, although the bands in the 400—800 cm-1 range are assumed to be Mn-O vibrations.
The presence of O-H, C=0, C-C, Mn-C, Mn-O, and Mn can be inferred from the peaks at 2969, 1442,
1377, 1037, and 842 cm-1. The broad absorption bands in the 4000—3000 cm-1 region is ascribed to both
hydroxyl group and H-O-H stretching vibrations [1]. The bending vibration of an adsorbed water

molecule was identified as the cause of the peak at 1770 cm-1.

Mn(-NPs

CS/GO-MnO)a-

Absorbance Units

0.0
I
842,94

1037.87 <=

-0.2

2069.23
1770.16
1252.75

T
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Wavenumber cm-1

Figure8: Fourier-transform infrared (FTIR) spectra of MnO: nanoparticles (MnO>-NPs) and
chitosan/graphene oxide—-MnO: nanocomposites (CS/GO-MnO2-NPs). The spectra show
characteristic absorption bands corresponding to Mn—O vibrations, as well as functional groups
associated with chitosan and graphene oxide, confirming successful surface modification and
formation of the nanocomposite.

3.7 Particle Size Distribution of MnO2 NPs
The measurement of the particle size distribution of the CS/GO-MnO2 NP nanocomposite and MnO2

NPs is displayed in Fig.9. According to the size distribution histogram obtained from DLS, the size range
of these MnO2 particles is 561-566 nm. Version 7.01 of the Malvern Zetasizer Particle Size Analyzer
Software was used to verify the measurement of the particle size distribution. The size particle
distribution of MnO2 NPs was suggested by the strong peak observed in Fig.9 at 28.2 nm. The addition
of chitosan and graphene oxide causes the nanoparticles to agglomerate less while increasing in size.
Graphene and chitosan have a narrower particle size distribution than manganese dioxide. The additives
prevent manganese oxide nanoparticles from aggregating by influencing particle size and size
distribution as a result of their adsorption onto the surface of MnO2 nanoparticles. Consequently,
graphene oxide would be the surface additive that is most strongly adsorbed (“Malvern Instruments Inc.,”

1986; Rahman et al., 2021; Rinaudo, 2006).
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Figure9: Dynamic light scattering (DLS) size distribution of MnO: nanoparticle:
(MnO:-NPs) and chitosan/graphene oxide-MnQO: nanocomposites (CS/GO
MnO:-NPs). The results show a narrower and more uniform particle size distributior
for the CS/GO-MnO.-NPs compared with MnO.-NPs, indicating improved dispersiot
and stability after surface modification.

3.8 Zeta Potential Analysis of MnO: NPs
Fig.10 shows the MnO2 NPs dispersion zeta potentials as a function of pH. A charge on a particle's
surface results in a zeta potential, which can have either a positive or negative polarity depending on the
chemistry of the particle. The level of repulsion between particles in a formulation that have similar
charges is measured by the zeta potential. Repulsive forces prevent particles from clumping while being
stored. Thus, a formulation's zeta potential indicates the likelihood of its physical stability. Fig.10 shows
how the zeta potential changes. Additionally, particle size. The zeta potential ranged from -19.67 mV to
-20.73 mV, with the latter seemingly dependent on pH. TThe pH was 7.3. As pH drops, the zeta potential
rises. The dispersion of MnO2 NPs’ zeta potential as a function of pH is shown in Fig.10, and is constant
for all production procedures. The zeta potential is positive when the pH is less than 5.5 and negative

when the pH is increased to about pH = 5.6. The zeta-potential is determined by the interaction of
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nanoparticles with water ions [1]. The Helmholtz-Smoluchowski equation, {= E (4m /¢), was utilized to
convert the electrophoretic mobility to a zeta potential. In this equation, { is the zeta potential (mV), E is
the electrophoretic mobility, 1 is the viscosity of the dispersion medium, and ¢ is the solvent's dielectric

constant (Hou et al., 2022; Tadros, 1982; Vold, 1982; Zhang et al., 2019).
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Figurel0: Zeta potential and electrophoretic mobility distributions of MnO: nanoparticle:
(MnO:-NPs) and chitosan/graphene oxide-MnO: nanocomposites (CS/GO-MnO:-NPs)
The surface modification results in a shift in zeta potential, indicating enhanced surface charge
and improved colloidal stability of the nanocomposite.

4.Conclusion

The findings of our study reveal the success of the chemical method for MnO2 NP production, fabricated
in flakes. Chitosan, a biopolymer, has been used to chemically synthesize a MnO2 NP composite.
Conclusions The study demonstrates the immense scope that chitosan-coated MnQO: nanoparticles could
have in biomedical applications. These nanoparticles adsorb FSH and LH hormones in human serum

effectively as a composite with organic molecules.
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