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Dispersion Technique May Change Structure  

and Bio-Oxidative Activity of Magnetic MOF Nanoparticles 

The overlooked influence of routine operations on hydrophobic nanosuspensions can induce polymorphic 

transformation, a critical factor that contributes to their instability and significantly limits their applications. 

Techniques such as ultrasonication are commercially employed for producing nanosuspensions. However, the 

impact of routine operations, including mechanical grinding and ultrasound, on obtaining stable suspensions 

has not received sufficient attention, despite their potential to alter microstructure, morphology, and conse-

quently, functional properties. In this study, Fe3O4-asсorbic acid/ metal-organic coordination polymer (MOF) 

MIL-88b (Fe3O4-AA-MOF) nanoparticles (NPs) were subjected to grinding in a mortar (GM). Subsequently, 

1.0 wt.% of aqueous suspensions were ultrasonicated (GM+US) for 3 min at 30 kHz and 37 °C. The structure 

and oxidative properties of the homogenized suspensions were investigated using X-ray diffraction technique, 

dynamic light scattering (DLS), and scanning electronic microscope (SEM), with native NPs serving as a 

control. Homogenization treatment significantly affected the microstructure and oxidative behavior of Fe3O4-

AA-MOF NPs. The combination of milling and ultrasound led to a change in the stoichiometry of magnetite, 

partial destruction of MOF, and simultaneously, an acceleration of the Fenton reaction and increased stability 

of NPs in suspension. These findings underscore that the influence of routine sample preparation operations 

on the functional properties of NPs cannot be underestimated. 

Keywords: metal organic framework, MOF, magnetic iron oxide nanoparticles, nanosuspensions, sample 

preparation operations, grinding in the mortar, ultrasonication, structure, oxidative properties 

 

Introduction 

The reproducibility crisis of scientific experiments can stem from various factors affecting chemical re-

actions, including solvent variability, temperature fluctuations, vessel configuration, heat and mass transfer 

within the reaction mixture, challenges with thorough mixing, reagent and intermediates purity, and contam-

ination or phantom reactivity, as highlighted by [1]. However, another often-overlooked factor significantly 

impacting the reproducibility of biological experiments, particularly those involving insoluble chemical 

compounds like magnetite nanoparticles (NPs), is the mandatory sample preparation. These routine opera-

tions, justified by the logic of in vitro and in vivo experiments, include grinding samples and dispersing them 

to achieve the required sizes for administration, such as intravenous injection. Such operations are frequently 

considered so routine and insignificant that they are often omitted from experimental methodology. Never-

theless, they can induce changes not only in particle size but also in their microstructure and, consequently, 

their functional properties. 

In a recent Nanofocus paper [2], the authors identified the need for improved nanotechnology tools and 

methods as one of 33 key questions in nanoscience and nanotechnology. As a crucial characteristic of NPs, 

size profoundly influences the efficiency of passive or active targeted drug delivery and other biomedicine 

applications. This influence extends to circulation time, biodistribution, accumulation, and penetration, cellu-

lar uptake, and subcellular distribution [3, 4]. While the preferred size for intravenous injection typically 

ranges from 2 to 200 nm, as larger NPs (>200 nm) are prone to phagocytosis by macrophages and thus can-

not leverage the enhanced permeability and retention effect [5, 6]. NPs generally range from 10 to 1000 nm 

in size [7]. Furthermore, numerous properties, including size, dictate their in vivo behavior, encompassing 

stability in blood and other body fluids, biodistribution, margination, circulation time, phagocytic uptake, 

organ-specific accumulation, drug release, attachment and penetration into target cells, excretion and toxicity 
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[3, 5, 6, 8–12]. Stability is a critical prerequisite for most of the biopreparations, as it ensures predictable and 

controllable behavior. Consequently, nanofluids are desired to possess thermodynamic, kinetic, chemical, 

and dispersion stabilities. Due to inter-particle adhesion forces, NPs tend to agglomerate, and their settlement 

can occur due to the gravitational forces [13]. Concurrently, an increasing number of newly developed drugs 

exhibit poorly solubility, leading to bioavailability challenges. A promising alternative approach to overcome 

these issues is the production of stable nanosuspensions with controlled size or post-production processing of 

NPs [14]. To prepare stable nanofluids, extensive investigations into colloidal dispersions have been con-

ducted, focusing on particle motion analysis under various flow conditions and sedimentation characteristics 

of suspended NPs in base fluids [15]. Two primary methods exist for producing nanofluids; (i) the one-step 

direct evaporation method, which involves the direct formation of NPs within the base fluids, and (ii) the 

two-step method, which entails forming NPs and subsequently dispersing them in the base fluids [15]. In the 

latter approach, various dispersion techniques are employed, including stirrers, ultrasonic baths, ultrasonic 

disruptors, high-pressure homogenizers, and modified magnetron sputtering systems, to prepare nanofluids. 

Among these techniques, ultrasonication is widely used
 
[13] due to its technical simplicity and cost effec-

tiveness. During homogenization, particle fracture is achieved through cavitation, high-shear forces, and in-

ter-particle collisions [16]. It is commonly assumed that longer ultrasonication durations are more beneficial 

for nanofluid preparation [13]. However, no standardized protocols have been established to nanofluid prepa-

ration, particularly regarding optimal homogenization duration, sonicator power amplitude, or the type and 

duration of pulse mode operation. Nevertheless, the National Institute of Standards and Technology (NIST, 

Gaithersburg, MD), in collaboration with the Center for the Environmental Implications of Nanotechnology 

(CEINT of Duke University), has initiated efforts to develop standardized and validated protocols for NPs 

dispersion [17]. Proposed guidelines include the use of cooling baths, pulse mode operation, and cylindrical 

flat-bottom beakers. It is important to note that ultrasonication is a complex physicochemical process that 

can both break down agglomeration and induce further aggregation, alongside other effects together and 

chemical reactions [17]. For iron-containing nanoparticles, even trace water and dissolved oxygen can shift 

the oxidation pathway and kinetics, as shown for zerovalent iron nanoparticles in isopropanol where the 

presence of water and air governs the transformation into oxide particles [18]. Ultrasonic dispersion is also 

frequently employed to obtain stable nanosuspensions for biomedicine [19–21]. Despite its routine use, au-

thors often overlook the state of NPs microstructure after dispersion. The harsh effect of cavitation can not 

only lead to re-aggregation [17], but also cause a change in the sample’s microstructure and surface chemis-

try [22]. According to Li et al
 
[22], ultrasonic irradiation can alter the dealloying process, activate particles 

by removing the oxide layer, and influence the morphology and structure of the products. Li et al. demon-

strated that ultrasonic irradiation leads to chemical dealloying of Co-Al NPs. Similarly, Zhang et al
 
[23] 

showed that extensive sonication severely damages the crystal structures of carbon nanotubes, thereby de-

grading the mechanical properties of carbon nanotube films and their composites. However, we have found 

no studies investigating the structure and functional properties of NPs after ultrasonic dispersion specifically 

for injection applications. 

Iron-based metal-organic coordination frameworks (MOFs) serve as efficient catalysts for heterogene-

ous Fenton reactions due to their high porosity, large specific surface area, and numerous, uniformly distrib-

uted unsaturated iron sites [24, 25]. We utilized, MIL-88b (Fe), a three-dimensional porous MOF composed 

of 1,4-benzenedicarboxylic acid and octahedral trinuclear Fe clusters (Fe3-μ3-oxo) with vacant coordination 

sites accessible to hydrogen peroxide (H2O2) molecules. The resulting MIL-88b was modified with ascorbic 

acid (AA) to accelerate the Fe
2+

/Fe
3+

 redox cycle and iron oxides, particularly magnetite Fe3O4, for localized 

drug delivery [26]. In this study, an aqueous suspension of Fe3O4-AA-MOF was homogenized using a me-

chanical grinding and ultrasound treatment as a routine procedure for injection. The effect of this homogeni-

zation, as a sample preparation step for injection, on both the crystal structure and oxidative characteristics of 

NPS was investigated. 

Experimental 

Preparation of the Fe3O4-AA-MOF 

The Fe3O4-AA-MOF complex was synthesized following a procedure as described in [26]. Briefly, The 

Fe3O4–MOF complex was prepared in an inert atmosphere (argon) in two steps. In the first step, magnetite 

NPs were obtained by coprecipitation of aqueous solutions of iron(II) and iron(III) salts with a base using the 

Elmore method
 
[27] in an inert atmosphere (argon). Briefly, 3.07 g FeCl3×6H2O and 1.13 g FeSO4×7H2O 

were dissolved in 0.35 L of deionized water and stirred using a mechanical stirrer (1400–1500 rpm). Then 
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6.8 mL of 25 % NH4OH solution were slowly added with stirring, adjusting the pH to 9. Then, ascorbic acid 

(0.1 g AA per 1 g MOF), 5.90 g (0.035 mol) terephthalic acid (TPA) and 8.70 g (0.0118 mol) 

[Fe3O(C8H4O4)3(H2O)3]Cl were added to the suspension containing magnetite NPs. The mixture was contin-

uously stirred with a mechanical stirrer (900 rpm) for 60 min. The precipitate was filtered off on a paper fil-

ter and washed repeatedly with degassed distilled water and 96.5 % ethanol. The resulting sample was dried 

in a dynamic vacuum at low heating (60 °C). Elemental analysis revealed an iron content of 44.4 %. Infrared 

spectroscopy (KBr pellet) confirmed the expected structure, with characteristic peaks observed at 3423 cm
–1

 

(O–H), 2925 cm
–1

 (CH), 1564 and 1392 cm
–1

 (COO–), 1155 cm
–1

, and 1018, 822, 749, 613, and 551 cm
–1

 

(Fe–O). 

Pretreatment 

Intravenous administration of NPs requires their dispersion to reduce their size: dispersion was carried 

out sequentially by the gentle manual grinding in an agate mortar using agate pestle for 10 min in air-

ambient conditions and/or treatment in an ultrasonic bath (30 kHz, 50 W) for 3 min at 37 °C. Thus, three 

samples were selected for subsequent analysis of structure and morphology: initial Fe3O4-AA-MOF (IN), 

after grinding in the mortar (GM) and after both grinding and ultrasonication (GM+US). 

X-Ray Diffraction Analysis 

Transmission geometry was used for X-ray diffraction (XRD) analysis on a Philips X-pert 

diffractometer (Philips Analytical, Eindhoven, The Netherlands) with Cr-Ka radiation (λ = 2.29106 Å) and a 

step size of 0.0121. Quantitative analyses were performed by refinement of the total multiphase spectrum 

method (the Rietveld method) with a fundamental parameters approach, using the Profex software. Back-

ground was handly calculated and a fixed seven-line Kα plus an intensity-refined Kβ emission profile was 

adopted. 

Fourier Transform Infrared Spectroscopy 

The functional groups present in the samples were analyzed using Fourier transform infrared (FTIR) 

spectroscopy. Measurements were performed on an FTIR IR-200 spectrometer (ThermoNicolet, Waltham, 

MA, USA) in the range of 4000 to 400 cm
–1

. For analysis, powdered samples were mixed with high purity 

potassium bromide (KBr) at a ratio of 1 mg sample to 150 mg KBr. The mixture was then pressed into pel-

lets with a diameter of 13 mm using a force of 6 tons. 

Scanning Electron Microscopy 

To examine the size and shape of the particles, we used scanning electron microscopy (SEM). First, a 

double-sided sticky tape was attached to small sample holders (SEM stubs), and the particles were placed 

onto the stubs. To enhance image quality, a thin layer of platinum (10 nm thick) was sputtered onto the sam-

ples. Finally, the particles were observed using a Tescan Vega 3 microscope operating at 20 kV, equipped 

with a specialized detector for secondary electrons. 

Determining the Degree of Methylene Blue Decolorization. 

The degree of methylene blue decolorization was assessed as an indirect indicator of OH-radicals pro-

duction during the Fenton reaction (H2O2 decomposition) using UV-Vis spectroscopy. This method relies on 

the colour change of MB caused by these radicals. The experiments were carried out under conditions simu-

lating the microenvironment of tumor cells 0.1 M buffers (NaAc for pH 4.5) [28, 29]. Briefly, 10 mg of the 

sample was suspended in 1.5 mL of 0.1 M buffers (NaAc for pH 4.5) and MB. The mixture was heated to 

37 °C and stirred at 700 rpm. 30 % H2O2 (100 mM) was then added to initiate the Fenton reaction. To enable 

comparison of the experimental results with literature data, the H2O2 concentration was chosen in accordance 

with model experiments by other authors [30, 31]. At specific points in time (0, 30, 90, and 180 min), the 

reaction was stopped, and the supernatant was separated by centrifugation at 6000 rpm for 2 min. The ab-

sorbance of the supernatant was measured at 652 nm using a Cary UV-Vis-NIR Spectrophotometer (Agilent 

Technologies). 

Determination of the Equilibrium Concentration of Fe
2+

 and Fe
3+

 in Solution 

To detect iron ions, the powder was suspended in 0.1 M buffers (NaAc for pH 4.5) then subjected to 

centrifugation (6000 rpm, 5 min) after 0, 30, 90, 180 min, and 24 h. Appropriate ion detection reagents were 

added to the supernatant after separation. To detect Fe
3+

, 200 µL of potassium thiocyanate KSCN (50 % so-

lution) and 200 µL of HCl (18.25 % solution) were added to 5 mL of supernatant since the reaction between 

Fe
3+

 and KSCN proceeded in a strongly acidic medium at pH close to 2. The solution was then kept for 
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20 min to reach equilibrium, and the absorption spectrum in the region of 480 nm was measured. In order to 

detect Fe
2+

 ions, 2 mL o-phenanthroline C12H8N2 H2O (2.5 % solution) and 600 µL of ammonium acetate 

buffer solution (250 mL of NH4OH and 900 mL of glacial acetic acid) were also added to 5 mL of the super-

natant. The solution was also kept for 20 min to reach equilibrium (no color change) and examined in the 

region of 510 nm. The absorbance was detected by UV-Vis-NIR spectrophotometry (Cary UV-Vis-NIR 

Spectrophotometer, Agilent Technologies). 

Results and Discussion 

Effect of Sample Preparation on the Crystal Structure and Morphology of NPs 

The NPs powder underwent sample preparation, which involved grinding in a mortar followed by dis-

persion in deionized water using an ultrasonic bath for 3 min at 30 kHz and 37 °C. Our primary interest was 

to determine whether this sample preparation alters the structure and morphology of the NPs, as such chang-

es could subsequently affect their functional properties. The Fe
2+

 located at tetrahedral sites on the surface of 

magnetite NPs are highly susceptible to rapid oxidation under ambient conditions, leading to alterations in 

composition and properties [32]. This sensitivity to oxygen often restricts their application, as distinct mag-

netic properties and particle size can be compromised. To accurately determine the Fe
2+

/Fe
3+

 ratio in our 

samples, employed X-ray diffraction (XRD) analysis (Figure 1), which can reveal changes in the crystal 

structure indicative of a complete atomic rearrangement that occurs during the oxidation process. As evident 

from the diffraction pattern, peaks observed at 2θ values of 30.14, 35.53, 43.32, 53.51, 57.20, and 62.69 cor-

respond to those of magnetite (ICDD-PDF 19–629). Additionally, peaks at 17.37, 25.20, and 27.91 corre-

spond to an impurity phase, specifically unreacted TPA ligand (CCDC 1269122). This impurity may be at-

tributed to the entrapment of ligand molecules within the pores of MOF. Low intensity peaks at 39.6° and 

41.1° are highly likely due to NH4Cl (ICDD 34-0710), which was formed as a by-product of the reaction be-

tween ferric chloride and ammonia. 
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Figure 1. XRD of initial sample (IN), after grinding in the mortar (GM)  

and after both grinding and ultrasonication (GM+US) 

Rietveld analysis, performed using Profex 2.5.4 program (goodness of fit, GoF) values are presented in 

Table 1), was used to determine the lattice parameters for samples containing iron oxide NPs. Interestingly, 

all samples displayed lower lattice parameters compared to standard magnetite (8.396–8.400 Å according to 

ICDD-PDF 19–629), yet higher values than those of maghemite (8.330–8.340 Å according to ICDD-PDF 

39-1346). This observation suggests partial oxidation of Fe
2+

 during drying, storage, or modification, leading 

to the formation of non-stoichiometric magnetite. Stoichiometric magnetite refers to the mineral phase with 

an ideal Fe
2+ 

content, corresponding to the Fe3O4 formula. As magnetite undergoes oxidation, its Fe
2+

/Fe
3+

 

ratio changes, resulting in a nonstoichiometric or partially oxidized form, represented by the formula Fe3-σO4 

(where σ ranges from zero for stoichiometric magnetite to 1/3 for fully oxidized maghemite) [33]. 

Buk
eto

v U
niv

ers
ity



Dispersion Technique May Change Structure and Bio-Oxidative Activity … 

ISSN 2959-0663 (Print); ISSN 2959-0671 (Online); ISSN-L 2959-0663 155 

T a b l e  1  

XRD and statistical parameters of Rietveld refinement 

 Unit lattice, Å GOF Formula
 

IN 8.3756±0.0002 1.06 Fe2.89O4 

GM 8.3742±0.0004 1.07 Fe2.89O4 

GM+US 8.3574±0.0001 1.09 Fe2.79O4 

 

This analysis confirms the formation of non-stoichiometric magnetite Fe2.89O4 within the MOF matrix, 

which contains both magnetite and maghemite NPs (Figure 1). This is likely due to the oxidation of Fe
2+

 ions 

in the pre-synthesized magnetite. The synthesis, storage, and use of iron oxide NPs can lead to oxidation and 

phase transformations. The mechanism for this process involves: (1) adsorption of oxygen: oxygen adsorbs 

onto the NPs surface, where it is ionized by the electrons released during the oxidation of Fe
2+

 to Fe
3+

, (2) 

concentration gradient and diffusion: further surface oxidation creates a concentration gradient, promoting 

diffusion of iron ions to the surface and the formation of vacancies [34]. Gentle manual grinding of NPs in a 

mortar does not significantly alter the elementary cell parameter or magnetite content (Table 1). In contrast, 

ultrasonic dispersion results in a notable change in the unit cell parameter, indicating partial oxidation of Fe
2+

 

to Fe
3+

 and the subsequent transformation of Fe3O4 to γ-Fe2O3. This partial oxidation of divalent iron ions 

may be attributed to the unique conditions of ultrasonic irradiation, such as the acoustic cavitation process, 

which generates localized hot spots with temperature up to 5000 K, pressures up to 2000 atm, cooling rates 

of 1010 K s
-1

. In addition to these hot spots, sonochemical processes also produce shock waves and 

microjets [35]. Interestingly, while US-exposure can lead to magnetite oxidation, possibly due to the me-

chanical effects of cavitation, it can also induce the reduction of iron ions depending on the specific condi-

tions. For example, Stolyar et al [36] reported the formation of α-Fe metal phase from iron oxide and iron 

oxyhydroxide NPs when exposed to ultrasound, but only in the presence of albumin. 

As revealed by Infrared (IR) spectroscopy (Figure 2), all three samples exhibited identical absorption 

bands before and after pretreatment, which demonstrates the stability of the sample’s microstructure to both 

mechanical and ultrasound treatment. In all samples, a broad absorption band in the 2800–3600 cm
–1

 region 

was observed. This band is attributed to the stretching vibrations of hydroxyl (OH) groups, originating from 

both physically adsorbed and crystallizing water molecules. 
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Figure 2. IR-spectra of initial sample (IN), after grinding in the mortar (GM)  

and after both grinding and ultrasonication (GM+US) 

The IR-spectra displayed stretching vibration peaks correspondimg to the =C–H bonds of the 

terephtaluic acid (TPA) molecules between 2950 and 2640 cm
–1

, with the most prominent at 2817 cm
–1

). 

Additionally, peaks approximately 1600 cm
–1

 and ~1400 cm
–1

 are assigned to the asymmetric and symmetric 

stretching vibrations of the carboxylate anion (–COO) within the MOF. A vibration peak located at approxi-

mately 530 cm
–1

 correspond to the Fe–O bond, which is present in both the MOF and the iron oxide compo-

nents. 
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SEM analysis (Figure 3) confirmed that the morphology of Fe3O4-AA-MOF was preserved after grind-

ing in a mortar. As shown in Figures 3a and b, the characteristic bipyramidal shape of the MIL-88B compo-

nent remained intact [37–39]. 

 

a b c 

   

    

 

  

 

   

Figure 3. SEM images of IN (a) [26], GM (b) and GM+US (c).  

The size distribution for MOF length and width is based on the analysis  

of at least 100 particles per image, with at least three images used for each calculation.  

(PDI=0 — monodisperse distribution; PDI=1 — polydisperse distribution) 

Following the mechanical dispersion, the average particle length decreased from 564 to 492 nm, and the 

width decreased from 179 to 149 nm. In contrast, subsequent dispersion in an ultrasonic bath resulted in the 
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partial destruction of the MOF structures (Figure 3c), although the iron oxide immobilized on its surface was 

preserved. The size of these Fe3O4 particles was measured to be 62 nm. 

To evaluate the stability of the Fe3O4-AA-MOF in 0.9 % NaCl solution following the treatments, the 

concentration of TPA was monitored. The samples were suspended for 180 min with continuous shaking at 

300 rpm (Figures 4a and b). 
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Figure 4. UV-Vis spectra of the samples after grinding in a mortar and dispersion in an ultrasonic bath  

during 180 min (a); Concentration of TPA in IN, GM, GM + US samples during 180 min (b) 

As shown in Figure 4b, the concentration of TPA increased by a factor of approximately 1.7 over the 

three-hour period. This increase is likely attributable to the release of unreacted TPA from the pores of the 

MOF, a funding that is consistent with the X-ray diffraction data. Concurrently, the variation in TPA concen-

tration between the untreated and treated samples did not exceed 20 %. This limited variation indicates the 

sample’s stability against both mechanical and ultrasound exposure, which corroborates the findings from IR 

spectroscopy and X-ray diffraction analyses. 

Study of Prooxidant Properties of the Sample Before and After Treatment 

In this study, methylene blue (MB) was selected as a model dye to systematically investigate the degra-

dation mechanism and reactive oxygen species (ROS) generation in iron-containing systems. A reduction in 

absorbance at λmax is typically associated with the oxidation of the chromophore group by hydroxyl radicals 

(•OH). Dye decolorization was monitored by measuring the decrease in absorbance at its characteristic wave-

length of λmax (652 nm) under the experimental conditions suggesting that the dye was likely converted into 

colorless, smaller molecules [40]. To correlate the model data with the in vivo experimental results, sample 

concentrations of 7.5 and 15 g L
–1

 were chosen, corresponding to doses of 25 and 50 mg kg
–1

. 

An investigation into the effect of sample preparation method used in in vivo experiments revealed that 

mechanical grinding in a mortar, or mechanical treatment followed by ultrasonic dispersion, led to a two-fold 

increase in the reaction rate. Complete decolorization occurred within 90 min, compared to 180 min for the 

native sample (Figure S1, SI). 

Mechanical dispersion in a mortar resulted in a statistically significant 1.4-fold increase in the Fenton 

reaction rate. The rate constant increased from 0.015 min
–1

 for the native sample to 0.02 min
–1

 for the ground 

sample (Figure 5). Conversely, additional dispersion in an ultrasonic bath did not lead to statistically signifi-

cant changes in the prooxidant properties or any deterioration compared to the original preparation. 
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Figure 5. Fenton reaction rate constant of samples in the presence of hydrogen peroxide 

The contribution of the Fenton reaction to MB degradation was estimated by calculating the difference 

between the supernatant absorbance after sorption without H2O2 and its absorbance after the Fenton reaction 

in the presence of H2O2. It was observed that both mechanical grinding and a combination of grinding with 

ultrasonic dispersion resulted in a statistically significant acceleration of the Fenton reaction. It is well-

documented that coupling the Fenton reaction with external energy sources like ultraviolet (UV) or ultra-

sound (US) is of great interest due to a higher yield of hydroxyl •OH radicals or the ability to use lower con-

centrations of Fenton reagents [41]. Accordingly, the oxidation rate of a process like UV/Fenton is accelerat-

ed through generation of additional radical •OH radicals within the system [42, 43]. 

To elucidate the mechanism underlying the effect of sample preparation on the prooxidant properties of 

the Fe3O4-AA-MOF sample, the release of Fe
2+

 and Fe
3+

 ions was investigated. As illustrated in the corre-

sponding graph, sample preparation generally leads to an increased concentration of both released Fe
2+ 

and 

Fe
3+ 

ions over the course of the experiment. Figure 6 shows an estimate of the Fe
2+

/Fe
3+

 ion ratios for differ-

ent sample preparation methods 90 minutes after the experiment began. The data indicate that mechanical 

grinding, as well as its combination with ultrasonic dispersion, leads to a decrease in the relative Fe
2+

 con-

centration. This is presumably due to the oxidation of these ions in localized hot spots generated by the 

sonochemical process. Nevertheless, despite the oxidation of Fe
2+

 ions during sample preparation, the net 

increase in the total concentration of released ions leads to the observed acceleration of the Fenton reaction 

(Figure 6). 

 

 

Figure 6. Kinetics of Fe
2+

 and Fe
3+

 release from Fe3O4-AA-MOF before and after sample preparation 

Several additional reasons for the increased catalytic activity of magnetite NPs are highlighted in the 

literature. Changes in the catalytic activity of the modified magnetite have been attributed to the existence of 

thermodynamically favorable redox pairs of cations on the catalysts surface. These pairs are reported to en-
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hance Fenton degradation of probe molecules through three primary pethways (i) direct involvement in the 

Fenton oxidation cycle and generation of •OH radicals via the Haber-Weiss mechanism; (ii) the regeneration 

of Fe
2+

 cations; and (iii) the acceleration of electron transfer during the oxidation reaction within the magnet-

ite structure [44, 45]. Futhermore, Costa et al. proposed the generation of oxygen vacancies as another possi-

ble reason for enhanced catalytic activities [46]. These vacancies, which arise from adjustments for unequal 

replacements or cationic deficiency in the modified iron oxide structure, can act as active sites. They may 

contribute either directly to the degradation of probe molecules or indirectly by facilitating the decomposi-

tion of H2O2 [47]. Additional factors, such as enlarged surface area and consequently higher concentrations 

of hydroxyl groups on the catalyst surface, have also been reported in numerous studies [48]. Regarding the 

MOF component, under ultrasonic conditions, MIL-88B can be stimulated to produce electron-hole (e
–
h

+
) 

pairs. The resulting electrons can react with O2 to generate superoxide radicals (•O2
–
), while the holes can 

react with OH
–
 or H2O to generate hydroxyl radicals (•OH), also leading to an acceleration of the Fenton re-

action [49]. 

It can be concluded that the observed enhancement of iron ions release and functional properties is 

caused by the samples preparation steps of mortar grinding and subsequent dispersion. This outcome is likely 

the result of a decrease in particle size and a corresponding increase in surface area, or the partial destruction 

of the MOF. These changes would create more active sites on the surface for contact with H2O2 and promote 

the release of Fe
2+

/Fе
3+

 ions. 
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Figure 7. Change in hydrodynamic diameter of NPs before and after treatment for 5 min 

The hydrodynamic diameter of NPs was evaluated by DLS in 0.9 % NaCl medium, as shown in Fig-

ure 7. A particle size distribution analysis in deionized water confirmed that all prepared samples were 

polydisperse, exhibiting polydispersity indices between 0.004 and 0.007. The initial average particle diame-

ters at time zero were measured as 890±60 nm for the initial NPs (IN), 1308±83 nm for particles subjected to 

grinding in a mortar (GM), and 906±76 nm for particles that were ground and subsequently treated with 

ultrasonication (GM+US). The untreated NPs consisted of two primary fractions with sizes around 800 nm 

and 4000 nm. The process of grinding in a mortar lead to a statistically significant decrease in the proportion 

of the micron-sized fraction from 13.9±9.2 to 1.9±0 (Figure S1, SI). This fraction was further reduced to 0 % 

in samples with ultrasonication. 

To assess their suitability for animal studies, the aggregation stability of NPs was investigated over a 

5-minute period, mimicking the time from suspension to administration. This study revealed that after 

5 minutes of storage, the hydrodynamic diameter of the initial (IN) and ground (GM) particles increased by 

approximately 200 nm and 400 nm, respectively. Conversely, for particles prepared by grinding and 

ultrasonication (GM+US), the hydrodynamic diameter decreased by about 200 nm, a change attributed to 

contribution of newly observed 204 nm fraction (5.5 %). Importantly, holding the ultrasonically dispersed 

particles for 5 minutes did not result in the appearance of a micron fraction. This observation suggest that 

these samples are sufficiently stable for use in in vivo applications. 
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Conclusions 

This work investigated the effect of homogenization treatment on the crystal structure and oxidative 

performance of NPs. The results revealed that the NPs initially formed within MOF-cylinder as surface 

Fe3O4-spheric samples. However, after homogenization treatment involving mortar grinding and 

ultrasonication (3 min at 30 kHz and 37 °C), these particles transformed into compact, near-spherical struc-

tures. Crucially, the oxidative behavior of NPs was remarkably improved by both milling and ultrasonic ho-

mogenization. The enhanced oxidative performance of the homogenized samples is primarily attributed to 

the increased release of Fe
2+

/Fe
3+

 ions. Furthermore, the ultrasonically-treated samples exhibited sufficiently 

low hydrodynamic diameters and higher stability compared to the initial samples. These findings underscore 

that the influence of routine sample preparation operations on the structure and functional properties of NPs 

cannot be underestimated. 
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