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Abstract

Iron oxide nanoparticles (IONPs) are increasingly being employed for in vivo biomedical nanotheranostic applications. The
development of novel IONPs should be accompanied by careful scrutiny of their biocompatibility. Herein, we studied the
effect of administration of three formulations of IONPs, based on their starting materials along with synthesizing methods,
IONPs-chloride, IONPs-lactate, and IONPs-nitrate, on biochemical and ultrastructural aspects. Different techniques were
utilized to assess the effect of different starting materials on the physical, morphological, chemical, surface area, magnetic,
and particle size distribution accompanied with their surface charge properties. Their nanoscale sizes were below 40 nm and
demonstrated surface up to 69m?/g, and increased magnetization of 71.273 emu/g. Moreover, we investigated the effects of
an oral IONP administration (100 mg/kg/day) in rat for 14 days. The liver enzymatic functions were investigated. Liver and
brain tissues were analyzed for oxidative stress. Finally, a transmission electron microscope (TEM) and inductively coupled
plasma optical emission spectrometer (ICP-OES) were employed to investigate the ultrastructural alterations and to estimate
content of iron in the selected tissues of IONP-exposed rats. This study showed that magnetite IONPs-chloride exhibited the
safest toxicological profile and thus could be regarded as a promising nanotherapeutic candidate for brain or liver disorders.
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Introduction 100 nm, the material is considered a nanomaterial” [3, 4].
NPs and submicron particles are defined as materials with
“nano-metric” sizes (1-100 and 100-1000 nm, respectively)

that interact with biological systems in an irregular man-

Nanoparticles (NPs) are defined as particles having at least
one dimension ranging between 1 and 100 nm (< 100 nm)

in diameter that can alter their physicochemical features in
relevant to their original bulk material where their behavior
relies upon their chemical composition and the size and/or
shape of the particles [1, 2]. The European Commission’s
(EC) definition of nanomaterials (NMs) “EC NM Defini-
tion” states that “if 50% or more of the particles in a material
have one or more of their external dimensions between 1 and
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ner due to their high surface to volume ratio [5]. NPs have
been employed in several fields of technology due to their
physicochemical features including small size, large surface
area, high surface to mass ratio, as well as in vivo drug deliv-
ery characteristics [6, 7]. Nanotechnology has been dem-
onstrated to be beneficial for several medical applications
including drug delivery and the development of nanoscale
materials for medical applications, through controlling the
material features at the nanometer scale either by scaling up
from a single collection of NPs or by refining bulk (parent)
materials into a required nanoscale [8]. NPs helped to over-
come drug resistance in some neurodegenerative disorders
through enabling delivery of therapeutic agents across the
barriers such as the blood—brain barrier (BBB) [9].

The combination of diagnosis and therapy in a single
platform, known as “theranostics,” can work synergisti-
cally to improve all phases of patient care, from disease
prognosis and diagnosis to therapeutics option [10, 11].
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Nanotheranostics (i.e., theranostic nanomedicines) integrates
the simultaneous non-invasive “in vivo” targeting, diagnosis,
and treatment of diseases with the potential to track simul-
taneous drug release and biodistribution, thus predicting
and validating the effectiveness of the therapy and therefore
performing a real personalized and optimized medicine [12].
Nanotheranostic-based approaches could provide a novel
platform for the development of nanotherapeutic and nanodi-
agnostic agents for several disorders through saving time and
money via integration of therapeutic and diagnostic (e.g.,
bioimaging) functionalities in a single platform, generating
a “smart” multifunctional strategy for disease management
[13], that is capable of targeting affected “non-healthy” tis-
sues through improving drug delivery across various physi-
ological barriers, and providing data on the stage of the dis-
ease, and even on the therapy response and effectiveness in
real time [14].

Therefore, an “ideal nanotheranostic agent” should cir-
culate for a long time in the blood and demonstrate a good
release behavior, effective tissue-target specificity and pen-
etration, bioimaging possibility, and high target to back-
ground ratio [15]. Several nanotheranostic agents demon-
strated the potential to localize diagnostic and therapeutic
agents in specific affected regions and decrease side effects
[16]. Nanotheranostics are approaches based on carriers of
submicron or nanosizes [16]; therefore, the specific phys-
icochemical features of the nanotheranostics would directly
affect the biodistribution, cellular uptake, and blood half-life
of NPs [17]. In other words, the dose and the frequency of
administration of nanoparticles would affect their “in vivo”
destiny; for example, nanodiagnostic-used iron oxide NPs
“IONPs” should be administered once or at least with a
longer spacing interval as compared to clinically nanothera-
nostic-used IONPs [12]. Accordingly, nanotheranostic-based
approaches demonstrated a promising application in diag-
nostics and non-invasive therapy of several diseases through
providing both nanodiagnostic agents enabling early detec-
tion of diseases, as well as nanotherapeutic strategy facili-
tating delivery of nano-drugs to target tissues; for instance,
there is a great unmet need for novel therapeutic options for
cancer as several cancer patients encounter adverse effects
due to “off-target” cytotoxicity and drug interaction with
biological molecules [18]; therefore, nanotheranostic-based
approaches provided significant benefits in the management
of disorders including cancer, neurodegenerative disorders,
and cardiovascular diseases [19-21].

Currently, there are about 2000 NP-containing prod-
ucts have become available in the market [7]. The abso-
lute diversity of the physicochemical features of NPs also
develops research questions regarding their toxic effects
[9, 22]. Thereby, it is mandatory to determine the interac-
tions of NPs with cells and biomolecules [23, 24]. This
leads to the emergence of the field of “Nanotoxicology”

that aimed at demonstrating data regarding the nanotox-
icity potential and the biochemical and structural altera-
tions in vivo [25], due to the potential of deposition of
stable NPs and subsequent induced nanotoxicity [26].
Several studies investigated in vivo nanotoxicity in differ-
ent organs [27-29]. Actually, the current knowledge about
the biocompatibility and bioreactivity of NPs is limited
[30]. Therefore, there is a keen interest to understand the
interaction between NPs and biological systems.

Iron is an abundant element that could be utilized in
several biomedical applications; in addition, there is a
keen interest in ferro- and ferri- magnetic materials for
nanotheranostics including targeting, tracking, and imag-
ing [31]. Iron oxide nanoparticles (IONPs) have promising
characteristics such as magnetic behavior and biocompat-
ibility owed to its large surface area along with function-
alization suitability to a large number of functional groups
that enable IONP cross-linking to small molecules for
nanodiagnostics (e.g., imaging) or nanotherapeutics (e.g.,
delivery of therapeutic agents) [32]; moreover, IONPs
have been found to be relatively not toxic [33]. Therefore,
IONPs are regarded as ideal nanotheranostic agents. There
are several biomedical applications of IONPs including
their use as contrasting agents (CA) for magnetic reso-
nance imaging (MRI), carriers for drug delivery, tissue
engineering, cell-labeling, enzyme-immobilization, pro-
tein-purification, magnetic hyperthermia, and bio-sensing
[34-38]. Moreover, IONPs, under an external magnetic
field, are capable of targeting a certain location within the
body [39] and can cross BBB [40]. Several factors should
be considered for biomedical applications of IONPs
including size, surface charge, lipophilicity, and serum
half-life, and BBB penetration [41].

Synthesis of NPs with a magnetic property, such as
IONPs, has attracted attention in the last few years because
of their unique physicochemical features [42]. Although
there are a variety of magnetic materials such as iron oxide,
metal ferrite, alloys, nickel, and cobalt [43], magnetite Fe;0,
is the most widely used one in many fields due to its chemi-
cal stability, super paramagnetic property [44], high bio-
compatibility [45], non-toxicity [46], inertness, and ease of
detection in the human body [47]. The most used magnetic
nanomaterial as a nanocarrier is the magnetite Fe;O, due to
its fine size and biocompatibility [48]. IONPs are employed
in biomedicine as the least hazardous among metallic NPs
[49, 50]; this might be attributed to the limited biodistri-
bution of IONPs as they are subjected to body’s highly
active clearance mechanism [41, 51]. The bioavailability of
IONPs in biological applications is improved by the cur-
rent advancement in synthesis, characterization, and surface
modification of NPs [52]. IONPs have also been found to
be transported to the brain in different animal models [53].
Therefore, IONPs might represent a good candidate for a
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plethora of applications in the central nervous system (CNS)
disorders [54, 55].

There are conflicting studies regarding the cytotoxicity of
IONPs; some studies have showed the high biocompatibility
and none-to-low toxicity of IONPs [33, 56-59]. Other con-
tradicting studies reported that IONPs might trigger geno-
toxicity, biochemical alterations, and oxidative stress [26,
27, 53, 60]. IONP-induced oxidative stress might be ascribed
to a large surface area presented by NPs for redox cycling; in
addition, using enzymatic activity to separate iron ions from
their surface may also generate ROS [46]. Released iron ions
from IONPs can contribute to Fenton’s reaction, generate
ROS from H,0, and superoxide, accumulate in the tissue,
and finally leading to damage of macromolecules [61].

Keeping in mind that nanomedicine is aimed at design-
ing and developing non-toxic, biocompatible, and multi-
functional nano-formulation. Accordingly, the application of
IONPs in the neurodegenerative disorders and cancer needs
serious caution [38, 62]. With the increasing production and
use of these IONPs, there is an evident higher risk of adverse
outcomes for the environment and humans. Therefore, the
physicochemical features (e.g., size, shape, chemical func-
tionality, surface coating or surface charge, and the type of
coating and side groups) of IONPs could be effectively tuned
to control their biological and magnetic behavior [58]. Creat-
ing toxicological profile of IONPs could help overcoming
their potential nanotoxicity.

The main goal of this research is to develop novel IONPs
which could be used in medical applications as nanothera-
peutic agents. This research is aimed at comparing the
in vivo toxicity of three different formulations of IONPs
including ferric chloride (FeCly), ferric lactate (CoHgFeOy),
and ferric nitrate Fe(NO;);. Evaluating their potential to
induce oxidative stress and to cause ultrastructural altera-
tions in the liver and brain of rats, after oral administration
for 14 days, was also assessed. Special emphasis was on the
effects of the liver and the brain as the safest formulation
of IONPs is aimed to be used as a drug delivery system.
For this purpose, porous IONPs were synthesized by using
solvothermal method using different iron precursors. This
was followed by assessing their physical, morphological,
chemical, surface area, magnetic, and particle size distribu-
tion accompanied with their surface charges properties.

Materials and Methods

Materials

The anhydrous iron chloride (FeCl;) (97%)
(MWt =162.20 g/mol), iron nitrate nonahydrate (Fe

(NO»);.9H,0) (=98%) (MWt=404.00 g/mol), and iron lac-
tate hydrate (Fe (C3H505),) (=98%) (MWt=233. 99 g/mol)
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were purchased from Sigma-Aldrich (Germany). Ethylene
glycol ((CH,OH),) (99%) (MWt=62.07 g/mol) was pur-
chased from Alpha (India). Hydrated hydrazine (N,H,.H,0)
(99%) (MWt=50. 06 g/mol) was purchased from Advent
(India). Absolute ethanol (C,Hs0) (99.8%) MWt=46. 07 g/
mol) was purchased from Piochem (Egypt).

Methods
Preparation of IONPs

Method I (I01) This method of preparation is considered
a modification method of a previous research [44]. Firstly,
anhydrous iron chloride was dissolved in 60 mL of ethyl-
ene glycol (EG) that the mixture was stirred at room tem-
perature until a yellowish brown suspension was obtained.
Then, 6 mL of hydrated hydrazine was added to the pre-
pared solution that resulted in a brown solution. Stirring the
mixture at room temperature till obtain a yellowish brown
suspension. The suspension was transferred into a Teflon-
lined stainless-steel autoclave (80 mL) and the autoclave was
put in the dryer at 200 °C for 2 days. Afterword, allow the
temperature of the autoclave to reach room temperature. The
formed mixture was centrifuged under the following condi-
tions: 7000 rpm, 15 min, 20 °C and washed with distilled
water and absolute ethanol several times to collect the black
precipitate. The black precipitate was then dried at 37 °C
for 2 days.

Method Il (102) Iron nitrate precursor was utilized in this
method as mentioned before in a previous research [63]
including several modifications. First, dissolve 1 g of Fe
(NO3)3.9H,0 in 200 mL EG stirring at 40 °C for 2 h. After-
word, the prepared solution was put in the dryer at 80 °C
until precipitation; then, the temperature was increased to
200 °C for another 2 days. After cooled to room tempera-
ture, the product was collected by centrifugation (7000 rpm,
15 min, 20 °C) and washed with distilled water and absolute
ethanol several times. Then, the product was dried at 60 °C
for 2 days.

Method Il (103) The second method was repeated and iron

nitrate was replaced with iron lactate. The prepared iron nan-
oparticles were numbered for simplicity as listed in Table 1.

Table 1 Codes of the prepared iron oxides

Code Sample name

101 Magnetic iron (I) oxide using iron chloride (Fe;0,)
102 Iron (II) oxide using iron nitrate (Fe,O5)

103 Iron (III) oxide using iron lactate (Fe,O5)
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Material Characterizations
XRD Analysis

The X-ray diffraction (XRD) technique was employed
to determine the crystallinity/amorphous nature of the
IONPs. The test was conducted using model BRUKUR
(Discover-D8, USA).

TEM Analysis

Particle size of the prepared IONPs was analyzed using
Transmission Electron Microscopy (TEM) (JEOL, Japan,
JEM-2100, ELECTRON MICROSCPE, TEM-HR). A
trace amount of iron oxides was dispersed in ethanol, then
few SuL of the solution was dropped on a copper grid and
images were further recorded by TEM.

FTIR Analysis

In order to know the formed functional groups of the pre-
pared iron oxides, infrared spectra were obtained using
Fourier Transformer Infrared (FTIR) spectrophotometer
(model FT/IR-6100 type A). The spectra were recorded
at a wave number range of 400-4000 cm™~!. The measured
samples were prepared by mixing iron oxide powders with
KBr.

Surface Area

Nitrogen adsorption—desorption measurements were car-
ried out at 77.35 K on a Nova Touch LX4 (Quantachrome,
USA) to determine the Brunauer—-Emmett—Teller (BET)
surface area and complete isotherm. Before measurements,
samples were degassed under high vacuum for a specific
time. Liquid nitrogen was used to cool samples and analyzed
by measuring the volume of (N,) gas adsorbed at specific
pressures. The samples (100 mg) of the magnetite powders
were exposed to two phases of examination: first, following
a degassing stage at— 196 °C for 3 h and, also, a nitrogen
intrusion and desorption combined stage for precise exami-
nation of the surface area. The pore volume was measured
from the adsorption branch of the isotherm curve at P/
Po=0.995 assuming complete pore saturation using BJH
method.

Magnetic Properties

To detect the magnetic properties of the prepared iron oxides
(I01, 102, and 103), a vibrating sample magnetometer

(VSM, Lake Shore Model 7410, USA) was used with an
applied field 31 kOe.

Particle Size Distribution and Zeta Potential

The size distribution and the zeta potential of the prepared
iron oxides (I01, 102, and 103) were determined using the
method of light scattering using Zetasizer Nano ZS instru-
ment (Malvern Instruments, UK accessorized with a 633 nm
laser). Samples were dispersed in a clear disposable zeta cell
by using deionized water at 25 °C. Measuring position in
case of measuring the size distribution is 5.50 mm from the
wall of Zeta cuvette and 2.00 mm in case of measuring the
zeta potential. Malvern instrument’s dispersion technology
software (Version 7.13) was used for data analysis and zeta
potential.

In vivo studies
Animals

Twenty-four female albino Wistar rats were sourced from
the Animal House of the National Research Centre (Dokki,
Giza, Egypt). The rats obtained were 6-8 weeks old and
weighed 150 +25 g. Before the experimental period, the
animals were allowed to acclimatize for 2 weeks in polypro-
pylene cages (six per group). The animals were fed standard
laboratory pellets with water ad libitum and the floors of
the cages were covered with wood shavings, which were
replaced every 3 days. They were maintained under standard
conditions of automated light cycles (12 h light/12 h dark),
humidity (55-65%), and temperature (22 +3 °C).

All experimental procedures were performed in compli-
ance with the ARRIVE guidelines and with the European
Council Directive 2010/63/EU on the care and use of labo-
ratory animal. All animals’ procedures were carried out in
accordance with the Ethical Committee, National Research
Centre (NRC), Egypt (Approval no. 19-313). All animals
used in this research were treated humanely according to the
institutional guidelines, with due consideration for the alle-
viation of distress and discomfort. Getting rid of the animals
after termination was done rapidly by the aid of the Safety
and Health Committee, NRC, Egypt.

Experimental Design

Acute Oral Toxicity Study

An in vivo oral toxicity study was performed according to
the Organization of Economic Co-operation and Develop-
ment (OECD) guideline 420 for testing a chemical [64].

For oral administration, IONPs (in powder form) were sus-
pended in polyethylene glycol (PG) (Fig. 1) immediately
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Fig.1 Three formulations of IONPs dispersed in polyethylene gly-
col (PG) to be administrated to rats: (A) IONPs-chloride (I01), (B)
IONPs-nitrate (I02), and (C) IONPs-lactate (I03). Preference for
color: online

Table 2 The different experimental groups

Groups Administrations

Group 1 Negative control
received PG (vehicle
control)

Group 2 IONPs-lactate (103)

Group 3 IONPs-nitrate (I02)

Group 4 IONPs-chloride (I01)

before administration. Before each administration, the
solution was also vortexed for 1 min to prevent probable
agglomeration of [ONPs. The three formulations of IONPs
were administrated orally at a daily dose for a period of
14 days. Figure 1 shows the different forms of adminis-
trated IONPs (I01-102-103). Following 2 weeks of accli-
matization, rats were randomly divided into four groups
including six rats each:

Three groups were administrated 100 mg/kg/day of the
different IONPs prepared in this study orally once a day
for 14 days. The selected doses of IONPs in animal studies
were chosen according to the previous studies by Najafabadi
et al. [65] and Askri et al. [66]. The IONP-exposed rats were
compared with control group that was administrated 100 mg/
kg/day of PG at the same conditions as listed in Table 2.

Toxicity Analysis
Body Weight Measurement

The body weight of the animals was recorded regularly
(twice a week) throughout the experimental period.

@ Springer

Observation of Clinical Signs of Stress and Neurotoxicity

Body weights of all the animals were recorded regularly
throughout the experimental period and on the day of sacri-
fice. Home cage observations of the animals were carried out
regularly (twice a week until the completion of experiment)
in order to analyze clinical signs of stress and neurotoxic-
ity including toxicity-induced unusual behaviors like move-
ment (spinning, convulsions, decreased physical activities),
anxiety, lethargy, appearance (e.g., ruffled skin coat), and
mortality.

Blood Collection and Tissue Sampling
Collection of Blood Samples

Five days after administration of the last dose, rats were
fasted overnight, with free access to water; blood samples
were collected from all groups just before sacrificing the
rats, under light anesthesia with diethyl ether. The blood
was collected, before decapitation, from the sublingual vein
of random rats in each group. The blood samples were left
to clot in clean, dry test tubes for 30 min at room tempera-
ture (RT) and then centrifuged at 4000 RPM for 15 min,
which were performed with SIGMA centrifuge (3-18KS,
Germany). The clear supernatant serum was then frozen
at—20 °C for biochemical analyses of aspartate amino
transaminase (AST), alanine amino transaminase (ALT),
and alkaline phosphatase (ALP). All measurements were
performed according to the procedures of the biochemical
kit assay.

Brain and Liver Tissues Sampling and Preparation

After the rats were anesthetized and decapitated, the head
was moved onto the dry ice for 4 min. The whole brain was
rapidly dissected on an ice-cooled glass plate, thoroughly
washed with isotonic saline, dried on a filter paper, and sag-
ittally divided into two portions. The same procedure was
performed for liver tissues. Small portions (0.5 g) of the
brain or liver were homogenized using an electrical homog-
enizer (Remi 8000 RPM), to give 10% (*/,) homogenate in
ice-cold medium in 9 volumes (1:9 */,) of a 50 mM phos-
phate-buffered saline (PBS) pH 7.4 containing 0.1 mmol/L
ethylene-diamine-tetra-acetic acid (EDTA). The unbroken
cells and cell debris were removed by centrifugation at
4000 RPM for 30 min at 4 °C to prepare 10% supernatants.
Following protocol procedures, the clear supernatant was
analyzed to determine the levels of catalase (CAT) activity,
malondialdehyde (MDA), and reduced glutathione (GSH)
contents, following the protocols. Another portion of brain
and liver tissues was utilized by inductively coupled plasma
atomic emission spectroscopy (ICP-OES). Small fragments
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of the brain (either right or left) and liver was used for ultra-
structural evaluation using transmission electron microscope
(TEM).

Biochemical Assays

Biochemical determinations in rat serum and tissue homoge-
nates were carried out on a UV/Vis Spectrophotometer
(Aglient Technologies, India).

Measurement of Liver Function Markers

Serum samples were used for colorimetric determinations of
the enzymatic activities of AST and ALT according to Reit-
man and Frankel [67], and ALP according to Belfield and
Goldberg [68], using kits from Biodiagnostic Co., Egypt.
Enzyme activities of AST and ALT were expressed as Units
(U)/mL, where ALP activities were expressed as [U/L.

Assessment of Oxidative Stress Markers in the Liver
and the Brain

Lipid Peroxidation (LPO)

Lipid peroxidation was estimated colorimetrically, using kits
from Biodiagnostic Co., Egypt, according to the protocol
proposed by Ohkawa et al. [69]. Lipid peroxidation levels
were estimated via measuring thiobarbituric acid reactive
substances (TBARS) as malondialdehyde (MDA), a prod-
uct of lipid peroxidation. The reaction between thiobarbi-
turic acid and MDA, in acidic medium, resulted in pink-
colored product that was measured spectrophotometrically
at 534 nm. The results were expressed as nmol/g tissue.

Reduced Glutathione Content

GSH content was measured colorimetrically, using kits from
Biodiagnostic, Egypt, according to the method reported by
Beutler et al. [70] and it involved the spectrophotometric
detection of yellow-colored product formed as a result of the
reduction of 5,5-dithiobis-2-nitrobenzoic acid (DTNB) by
GSH. The absorbance of the sample was obtained at 405 nm.
The results were expressed as mg/g tissue.

Assay of Catalase Activity

Measurement of antioxidant catalase (CAT) enzyme activity
was measured colorimetrically, using kits from Biodiagnos-
tic, Egypt, according to Aebi [71]. The reaction mixture was
prepared with 0.5 mL of 10 mM PBS (pH 7.0) and 0.4 mL
of 0.2 M H,0,. One hundred microliters of tissue homoge-
nate was added to the reaction mixture. Then, the mixture
was immediately vortexed and incubated for 1 min at 37 °C.

Each unit of catalase decomposes 1 uM of H,O, per minute.
The absorbance of sample was obtained at 510 nm. Catalase
activity was expressed as Units/g.

Hepatic and Brain Uptake of IONPs

At the end of the exposure phase, collected liver and brain
tissues were stored at — 80 °C until utilized by ICP-OES to
quantify iron (Fe) content at alternate wavelengths (232 nm
and 238 nm). Briefly, 0.5-1 g liver or brain tissue was
digested in an acid solution using Anton-Paar microwave
digestion system (Multiwave PRO) using 5 mL of 65% con-
centrated nitric acid (conc. HNOj;) as acid reagent [72]. All
samples were analyzed as triplicates for quantification of
Fe. The determination of Fe content was analyzed using the
Agilent 5100 Synchronous Vertical Dual View (SVDV) ICP-
OES, with Agilent Vapor Generation Accessory VGA 77.
Accuracy and precision of the iron ion measurements were
confirmed using external reference standards from Merck,
and standard reference material and quality control sample
from National Institute of Standards and Technology (NIST)
were used to confirm the instrument reading.

Ultrastructural Analysis Using a Transmission Electron
Microscopy

Brains/livers from four random rats of each experimen-
tal group were randomly collected for TEM examination.
Brain and liver tissues were cut into small fragments (small
blocks of about 1 mm3), immediately fixed in ice-cold Kar-
novsky’s fixative (2.5% glutaraldehyde +4% paraformalde-
hyde +0.1 M phosphate buffer), for 4 h at RT, incubated
at 4 °C overnight, and washed with PBS. Tissues were
maintained in 1% osmium tetra-oxide for 1 h post-fixation.
After washing in PBS, tissues were sequentially dehydrated
in ascending grades of alcohol solutions (50%, 70%, 80%,
95%, and 100%). Further treatment of tissue with propyl-
ene oxide (30 min), propylene oxide-resin (overnight), and
pure resin was conducted for 48 h. Thereafter, tissues were
embedded in Better Equipment for Electron Microscopy
(BEEM) capsules. Ultrathin sections stained with uranyl-
acetate and lead citrate were examined under a TEM (JEOL,
Japan, JEM-2100, ELECTRON MICROSCPE, TEM-HR)
[73].

Statistical Analysis

The results of this study are expressed as mean val-
ues =+ standard error of the mean (SEM) for n =6 rats per
group. For statistical analysis, one-way analysis of variance
(ANOVA) followed by Tukey’s test as the post hoc analysis
was performed using the SPSS statistical software version
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16. A value of p<0.05 was considered to be statistically
significant.

Results
XRD Analysis

XRD analysis is carried out to show the sharp and the
intense peaks that reveal the formation of the Fe;O, crystal-
line sample. Figure 2 shows the diffraction peaks of (I01)
locating at 20=30.1, 35.8, 43.1, 53.8, 57.3, and 63.0° can be
indexed to (220), (311), (400), (422), (511), and (440) planes
of Fe;0, (JCPDS card no. 19-629), respectively [42, 43, 63].

TEM Analysis

To confirm the formation iron oxides nanospheres, TEM
analysis was performed with different magnifications to
evaluate the effect of the starting materials and method on
their final morphology features. TEM images (Fig. 3) show
that IO1 has nanosphere particles of approximately ~ 20 nm
and 102 has nanosized particles of 5-7 nm. In addition to
the NPs of 103 that demonstrated diameter range between
32 and 40 nm, the pattern of diffraction showed that the
formed Fe;O, (IO1) particles are found in single crystal-
like electron diffraction pattern not polycrystals, as there are
no aggregates of nanocrystallites; the particles are found in
individual Fe;0, particle [42, 44]. While in the case of the
amorphous Fe, O3, the electron diffraction reveals the porous
structure of the prepared NPs.

Intensity (a.u.)
o
N

20 40 60 80
2 Theta (degree)

Fig.2 XRD patterns of the prepared iron oxides: 101, 102, and 103
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FTIR Analysis

FTIR spectrum of the prepared iron oxides is shown in
Fig. 4. The strong and the broad band at 588, 603, and
607 cm™! for 101, 102, and 103, respectively, is correspond-
ing to Fe—O bond vibration modes, which was the character-
istic absorption peak of magnetite Fe;0, and hematite Fe,O;
[72, 73]. Bands at 1049, 1164, and 1054 cm™! for IO1, 102,
and 103, respectively, are attributed to C-O stretching of
alcoholic derivatives [74]. In each spectrum, the sharp band
at 1384 cm™ is corresponding to bending C-H. The strong
band of the bending O—H group at all spectra at 1617 cm™"
is due to the presence of ethylene glycol as a precursor. 101,
102, and 103 have bands at 2923, 2927, and 2925 cm™" that
is due to C-H stretching bands. The strong broad bands
at 3473, 3478, and 3473 cm™~! for 101, 102, and 103 are
attributed to stretching O—H due to the presence of alcoholic
group (ethylene glycol) [74]. This implies that the influence
of the staring materials and synthesizing method is ignored
on their functional groups.

Surface Area

The surface area of the material is an important parame-
ter that greatly correlates to the degree of the active sites
(reactivity) of the material. BET surface area, pore volume,
and average pore radius of the prepared iron oxide nano-
particles are determined and recorded in Table 3. The BET
surface area of IO1, 102, and 103 is 69.8727, 33.9421, and
36.1064, respectively. This result showed that IO1 has the
larger surface area and pore volume and the smallest pore
radius. Figure 5 shows N, adsorption—desorption isotherms
of I01, 102, and 103.

The average pore diameter and pore volume were slightly
changed with changing the starting material of the IONPs.
From the cumulative pore volume observed, range of pore
radius for IONPs was 3-20 nm (IO1) and 3-10 nm (I02
and I03). Their isotherms demonstrated minor changes with
changing the precursor. The resulting isotherm curves for
all samples exhibit hysteresis behavior with two branches,
adsorption (capillary condensation) and desorption (evapo-
ration), indicating the existence of open pores between its
particles, according to IUPAC classification [75].

Figure 5(a, ¢) shows that the hysteresis lope of samples
101 and 102 matched that of a type II hysteresis loop. The
adsorption increased dramatically at low relative pressures,
suggesting the existence of micropore structure. The mon-
olayer adsorption converted to multilayer adsorption as
the pressure increased, and because of the well-developed
macropore, the adsorbance dramatically increased when the
relative pressure becomes 1. Furthermore, as is typical with
open wedge pores, the maximum absorbance for the adsorp-
tion and desorption branches of type H3 was not detected.
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Fig.3 TEM images of the
prepared iron oxides: 101, 102,
and 103. Preference for color:
online

9.511/nm

y
6/711/nm , 4

Figure 5(e) sample 103 shows open isotherm, which indi-
cates that the volumes adsorbed are so small, adsorption
kinetics can become apparent, and large massive particles do
not encourage rapid equilibrium. When completely equili-
brated, however, the isotherm assumes a type II non-porous
material characteristic and thus a pore size distribution. This
was also in agreement with the results of pore volume
distributions of 101, I02 and 103 that are represented in

Fig. 5(b, d, f), respectively. This was also in agreement with
the results of pore volume distributions of IO1, I02 and 103
that are represented in Fig. 5(b, d, ), respectively.
Magnetic Properties

The superparamagnetic property is an essential characteris-
tic for the biomedical applications especially drug delivery,
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Fig.4 FTIR spectra of the prepared iron oxides: 101, 102, and 103

Table 3 Pore structure parameters of the prepared samples

Samples BET surface (m*g) Pore volume (cm*/g)  Average
pore radius
(nm)

101 69.8727+3.5 0.146743 +0.010 1.9516e*!

102 33.9421+1.2 0.0263579+0.006  4.0175¢!

103 36.1064 +1.7 0.0333718+£0.004  3.7767e!

and Fe;O, nanoparticle acts as a single magnetic domain,
at temperatures above the blocking temperature [76, 77].
Vibrating sample magnetometer (VSM) was performed to
characterize the hysteresis loops of IONPs as a function of
the magnetic field at room temperature (Fig. 6). The values
of saturation magnetization (Ms) and high coercivity (Hci)
are shown in Table 4. The saturation magnetization of IO1
was about 71.273 emu/g that is compatible with that found
for Fe;O, magnetite [78, 79], compared to 0.354 emu/g and
0.509 emu/g for IO2 and IO3, respectively. VSM test indi-
cates that IO1 has superparamagnetic nature can be easily
separated from solution using magnetic field that revealed
101 is a Fe;O, phase. However, 102 and IO3 samples show
weak ferromagnetic behavior of the sample that explained
the amorphous Fe,O; hematite phase [80, 81]. It is highly
worth the increasing of the particle size affects the Ms value
obtained by applying the law of approach to saturation [82].

@ Springer

Particle Size Distribution and Zeta Potential

To know the particle size distribution and charges of the
fabricated IONPs that governs the cell interaction with nano-
particles, size distribution and zeta potential were carried
out using Zetasizer instrument. Figure 7 shows the particle
size distribution of 101, 102, and I03. IONPs exhibited an
average dynamic distribution of particle diameters of 1000,
1847, and 612.4 nm in 100%, respectively.

Zeta potential (Fig. 8) of 101, 102, and 103 nan-
oparticles has a maximum zeta potential value
at—14.5,—-5.95,-21.9 mV, respectively. The noted varia-
tion of the particle nanosize between TEM and the zetasizer
might be attributed to the agglomeration in nanoscale of
nano-powders [83, 84].

Clinical Sign Observation and Body Weight Change

Following exposure to IONPs, the clinical and behavioral
(neurotoxic) signs, in addition to other toxicity signs includ-
ing appearance, hair, possible trauma, and mortality, were
carefully monitored. Variations in clinical sign parameters
were observed throughout the experimental period from day
0 to day 19 (the day of animal euthanasia).

Treatment with a dose of 100 mg/kg body weight was
well tolerated by the animal group treated with I01; the
rats did not show any sign of mortality or exposure-related
abnormalities throughout the observation period, com-
pared to groups treated with 102 and IO3 nanoparticles;
thus, no clinical symptom was observed in the control and
101 groups. Groups treated with 102 and 103 nanoparti-
cles exhibited a clear toxicological profile; they demon-
strated clinical signs of general toxicity related to appear-
ance (including ruffled skin coat, in addition to loss of hair
and fluid accumulation at the abdominal area) and unusual
behavior (including lethargy, ataxia, and decreased physi-
cal activities). In addition, difficulty in blood collection was
experienced in rats exposed to I02 and I03. Hence, it was
concluded that the formulated IO1 was found to be orally
safe at a dose of 100 mg/kg body weight.

Regarding body weights of rats exposed to IONPs, the
oral administration of IONPs to rats for 14 days altered the
average body weights relative to the control (Fig. 9). Body
weight change, as important toxicity index, was measured
twice a week. Body weight of the animals decreased signifi-
cantly from day O to 4, then it showed a constant increase
from days 4 to 8, finally body weight from 8 to 14 days was
constantly declined. This style of fluctuation was observed
in all the experimental groups but with different degrees.
As compared to the initial body weights records, negative
control rats exhibited a significant decrease by 10.59%; on
the other side, rats of 103 and IO1 groups demonstrated a



Hepatotoxic and Neurotoxic Potential of Iron Oxide Nanoparticles in Wistar Rats: a Biochemical...

3647

-

N » 2] 3 o

o o o o o
L L L L 1

Volume adsorbed (cm’/g) &

7

0.1
P/P_Relative pressure

b)
0.035 -
| —
20.030
€ 0.025
)
©.0.020 -
)
£ 0.015-
=
S 0.010-
> 0.005
il
& 0.000 -

-0.005

A
Y
W

Sevee,,

)
0o, 000.0.0-0-0.,

0

T T T T 1

5 10 15 20 25
Pore diameter (nm)

18 4
16 4
14 4
124
10 4
8 -
6 -
4
24
0

Volume adsorbed (cm®/g) <
AN

0.014 -

=

o

=

N
1

=

o

=

=)
1

Pore volume (cc/nm/g) =
© o o o
[=3 [=3 [=3 [=3
S 2 8 8

0.000 -

-0.002

5 .10 15 20
Pore diameter (nm)

25 -

204

15

10

Volume adsorbed (cm’/g)=

0.1
P/P0 Relative pressure

=

o

=

°
1

Pore volume (cc/nm/g)
© ©
[=3 [=3
S S

-0.002

PR —— Py =T
P

o000

o

35 40

T T T T
15 20 25 30

10
Pore diameter (nm)

Fig.5 N2 adsorption—desorption isotherms and cumulative pore volume of the prepared iron oxides: (a, b) 101, (¢, d) 102, and (e, f) IO3. Pref-

erence for color: online

significant decrease in body weights by 9.54 and 16.29%,
respectively, while IO2 group demonstrated a significant

increase in their body weight by 13.51%.

Effect of Three Formulations of IONPs on Liver

Function

In order to find out which formulations of IONPs
could cause hepatotoxicity and to evaluate the proper
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performance of the liver, serum levels of AST, ALT, and
ALP were estimated. The administration of 101, 102,
and 103 resulted in a significant elevation in serum lev-
els of AST by 13.80, 17.96, and 20.73% respectively, as

@ Springer

compared to negative control rats. However, 102 exhibited
an increase in ALT level by 30.22%, followed by 19.21
and 9.26%, respectively, for IO3, and IO1, as compared to
negative control rats. On the other side, ALP demonstrated
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Table 4 Magnetic parameters of IONPs obtained by different precur-

sors

Sample Magnetization (Ms) Coercivity (Hci)
(G) (emu/g)

101 71.273 £4.6 44.315+2.70

102 0.35434+0.05 9.7622 +0.30

103 0.50924 +0.02 171.12+14.33

a significant elevation in 103 by 35.5%, a mild increase by
8.35% in 102, and a non-significant change in IONPs-Cls;,
as compared to negative control rats (Fig. 10).

Fig. 7 Particle size distribution LSS A e

curves of the prepared IONPs
recorded by Zetasizer device.
Preference for color: online
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Effect of IONPs on Oxidative Stress Markers

Oxidative stress in the liver and brain was analyzed by
evaluation of MDA, GSH, and catalase. Determination
of lipid peroxidation provides an estimate of the extent
of oxidative injury on hepatic and brain cellular mem-
branes. During evaluation of hepatic LPO, a statistically
significant elevation in MDA was demonstrated in 103 and
102 by 44.5 and 34.05%, respectively, while IO1-exposed
rats demonstrated an alteration by 14.43%, as compared
to negative control rats. On the other side, hepatic GSH
demonstrated a significant decrease by 58.61, 54.73, and
34.06%, respectively, for 02, 103, and 101, as compared
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Fig.8 Zeta potential profiles of
the prepared IONPs recorded by - 103
Zetasizer device. Preference for
color: online
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to negative control rats. Considering hepatic CAT activity,
101 (4.03%) showed a non-significant decrease, as com-
pared to negative control rats. On the other hand, 102 and
103 showed a significant decrease by 38.92 and 22.15%,
as compared to negative control rats (Fig. 11).

Regarding LPO activity in the brain, MDA showed a sig-
nificant elevation in 102, 103, and 101 by 34.42, 29.5, and
16.43%, respectively, as compared to negative control rats.
Regarding brain GSH content, 102, 103, and IO1 demon-
strated a significant decrease by 54.11, 40.68, and 30.09%,
respectively, as compared to negative control rats. Similarly,
brain CAT activity demonstrated a non-significant change
for IO1-exposed rats, while I02 and 103 showed a signifi-
cant decrease by 46.05 and 30.26%, respectively, as com-
pared to negative control rats (Fig. 12).
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Iron Content in Hepatic and Brain Tissues

In order to analyze the uptake of IONPs in rats’ liver and
brain, 5 days after the last administration of IONPs, the total
Fe content in the liver and brain was measured, relative to
control using ICP-OES.

Regarding the total Fe content in the liver, 103
(83.71%) > 101 (27.64%) >102 (10.3%), as compared to
Fe content in negative control rats. On the other hand, Fe
content in the brain, 102 (46.51%) >101 (40.4%) >103
(35.04%), as compared to Fe content in negative control
brains.

The highest hepatic content of 103 (83.71%) signifies the
hepatic uptake of 103 after oral administration and subse-
quent degradation into iron constituents, and partial deposi-
tion in the hepatocytes. On the other side, 102 (46.51%) was
highly up taken and deposited in I02-exposed brains. The



Hepatotoxic and Neurotoxic Potential of Iron Oxide Nanoparticles in Wistar Rats: a Biochemical... 3651

Fig.9 Body weights of Wistar 250
rats following administration

of different formulations of
IONPs recorded twice a week
for 15 days at time intervals

of 0, 4, 8, 12, 15. Groups:
Negative control rats and IONP-
exposed rats: 103 (lactate),

102 (nitrate), IO1 (chloride).
Results are expressed as mean
values + standard error of the
mean (SE) for n=6 rats per
group, using one-way analysis
of variance (ANOVA) followed
by Tukey’s test as the post hoc
analysis

200

Body weight (g)

150

100

—Negative Control
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------ 101 (magetite)

percent of change of IONP content in the liver and brain
tissues is illustrated in Fig. 13.

Subcellular Localization and Ultrastructure
Alteration in the Liver and Brain

After oral administration, IONPs circulate in the blood and
reach the liver and brain. TEM findings confirmed altera-
tions within the tissue ultrastructure coupled with IONP
deposition. Ultrastructural investigation showed the subcel-
lular localization of IONPs that could underlie the pathologi-
cal changes and biochemical alteration in the liver and brain
(Figs. 14 and 15).

The ultrastructural observation of the hepatocyte’s
nucleus had been performed by using TEM and the results
are demonstrated in Fig. 14(A-D). As shown in Fig. 14(A),
ultrathin sections of normal liver tissue showed hepatocytes
with normal round nuclei, and a distinct nuclear membrane
(NM). In addition, there was no breakage of organelles,
including mitochondria and flattened intact and well-devel-
oped rough endoplasmic reticulum (RER); in addition, gly-
cogen (QG) granules were observed. The hepatocyte ultras-
tructure is clearly preserved in control livers.

Using TEM revealed the presence of swelling mito-
chondria (m) presence of condensed and scattered chro-
matin (Ch.) in the hepatocytes of I03- and 102- exposed
rats. Nuclear membranes exhibited dense and irregular
outline as compared to the nuclear membranes in control

hepatocytes alongside with nucleolus collapse. IONP
accumulations were detected in different regions of the
hepatocytes, as individual free NPs or as aggregates
(Fig. 14(B, C)). 103 clusters were observed in the nucleus
and cytoplasm of hepatocytes in the form of agglomerates
(Fig. 14(B)). IONPs were seen clustered together through-
out the cytoplasm in the hepatocytes (Fig. 14(B, C)). In
addition, TEM observation revealed that IONP aggregates
were uptaken by lysosomes that appeared as dark and vac-
uolated organelles. I03- and 102-exposed rats displayed
cytoplasmic alterations in hepatocytes, such as mild vac-
uolization and swollen fat globules (f) of various sizes.
On the other side, I0O1-exposed hepatocytes (Fig. 14(D))
demonstrated the least subcellular localization of NPs and
consequently the least ultrastructural modifications in the
hepatocytes.

The ultrastructure of brain cells (neuropils) in the con-
trol group rats showed normal appearance (Fig. 15(A)).
The ultrastructural photomicrographs of brain cells pre-
sented in Fig. 15(B-D) clearly show the ultrastructural
effects of NPs. Differently, selected structural alterations
evidenced in the brains of both 102- and 103- exposed
rats were presented. TEM images of 103-exposed brains
demonstrate ultrastructural alterations in neuronal
mitochondria (m), which were swollen with fragmen-
tation of the cristae (cristolysis), in addition to nuclear
degeneration (Fig. 15(B)). 102-exposed brain cells
(Fig. 15(C)) were featured by the presence of elongated
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Fig. 10 Effect of the three formulations of IONPs on liver function.
Groups: Negative control rats and IONP-exposed rats: 103 (lactate), 102
(nitrate), IO1 (chloride). Results are expressed as mean values + standard
error of the mean (SE) for n=6 rats per group, using one-way analysis
of variance (ANOVA) followed by Tukey’s test as the post hoc analysis.
Mean with different superscripts (a—c) are significant at p <0.05. (A), (B),
(C) Aspartate aminotransferase (AST), alanine aminotransferase (ALT),
and alkaline phosphatase (ALP), respectively. Preference for color: online
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Fig. 11 Effect of the three formulations of IONPs on oxidative stress
markers in the liver. Groups: Negative control rats and IONP-exposed
rats: 103 (lactate), IO2 (nitrate), IO1 (chloride). Results are expressed
as mean values +standard error of the mean (SE) for n=6 rats per
group, using one-way analysis of variance (ANOVA) followed by
Tukey’s test as the post hoc analysis. Mean with different superscripts
(a—c) are significant at p<0.05. (A), (B), (C) Malondialdehyde
(MDA), reduced glutathione (GSH), and catalase (CAT), respectively.
Preference for color: online
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Fig. 12 Effect of the three formulations of IONPs on oxidative
stress markers in the brain. Groups: Negative control rats and IONP-
exposed rats: 103 (lactate), 102 (nitrate), IO1 (chloride). Results are
expressed as mean values + standard error of the mean (SE) for n=6
rats per group, using one-way analysis of variance (ANOVA) fol-
lowed by Tukey’s test as the post hoc analysis. Mean with different
superscripts (a—c) are significant at p <0.05. (A), (B), (C) Malon-
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mitochondria (m). On the other hand, IO1-exposed brains
(Fig. 15(D)) showed the least subcellular localization of
IONPs and consequently the least ultrastructural altera-
tions in the neural cells.

Discussion

The physical nature of the obtained IONPs in this study was
evaluated by XRD techniques, where crystalline phase of
magnetite was confirmed to IO1 sample and amorphous
phases of Fe,O; were detected to the other two samples (102
and 103). This may be attributed to the applied annealed
temperature at 200 °C according to previous literature
[85-87]. This was also confirmed by the TEM results as 101
sample exhibited semi-hexagonal nano-crystalline particles
and the 102 sample demonstrated amorphous nanospheres
that include porous structure within the particle boundary,
while sample 103 demonstrated compact nanospheres like
particles with no sign of porous structure. The precursor, as
well as the synthesizing method, showed remarkable influ-
ence on the physical structure and morphological features of
the achieved IONPs as affirmed by XRD and TEM results.
On the other side, the chemical integrities of the fabricated
IONPs were not alerted by the variation in the starting mate-
rials as confirmed by FTIR results.

Moreover, the BET surface area measurements revealed
that the average pore diameter and pore volume were slightly
changed with changing the starting material of the IONPs
along with the appearance of their isotherms. In general,
they exhibited type II hysteresis loop containing nano-pores
(samples IO1 and I02) and nanoparticles free pores (sample
103). This difference could be owed to the influence of dif-
ferent precursors and the different synthesizing conditions.
Previously, similar variations in the BET surface area param-
eters were noticed for mesoporous silica fabricated with
different methods including hydrothermal synthesis [88]. It
was noticed also that magnetization features of the obtained
IONPs demonstrated huge values’ variations, which sug-
gested the great impact of starting materials on the magnetic
properties on the final produced nanoparticles.

The particle size distribution and the charges allocated
on their surfaces play a significant role on the mechanism
of nanoparticles-cells interactions. Therefore, defining these
important factors is very valuable while considering nano-
carriers. For the IONPs, a negative zeta potential can be an
advantageous property for better cell internalization. The
low zeta potential distribution values for all of the samples
studied suggested that the particle suspensions are on the
verge of being unstable. Magnetic nano-carriers demon-
strated impressive adjusted drug delivery in our previous
research [89].
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In vivo experiments were performed using three differ-
ently formulated IONPs, regarding that IONPs are non-
stable metallic NPs that display relative high rates of ion
release. Female rats are utilized as they are slightly more
sensitive according to OECD guidelines [64]; moreover, it
was observed that NPs tend to accumulate in female repro-
ductive organs and present a potential threat to the suscep-
tible female population [90]. Adult female Wistar rats were
exposed orally to three formulations of IONPs (101, 102,
and 103) to evaluate their toxic potential.

No mortality was observed in the animals in any IONP-
exposed groups. Treatment with a dose of 100 mg/kg body
weight of three different formulations of IONPs resulted in
variations in clinical signs. IO1-exposed rats demonstrated
no clinical signs or symptoms of toxicity or mortality; these
rats exhibited normal appearance and non-neurotoxic behav-
ior. IO1-exposed rats showed the safest toxicological pro-
file regarding appearance and behavior, in comparison with
102 and I03. The order of clinical signs based toxicity is
102>103>101. Published data regarding toxicity of IONPs
are not consistent, which might be due to variation in IONP
physicochemical characteristics (e.g., size, shape, and sur-
face charge) and experimental conditions (e.g., animal mod-
els, administration route, and quantification techniques) used
in different studies [91, 92]. These physicochemical charac-
teristics are strongly correlated with the interactions with
biological macromolecules (e.g., lipids), cellular uptake,
in vivo fate, and toxicity of IONPs [92].

@ Springer

103 102 101

Estimation of body weight was considered a principal
toxicity index for rats; however, a previous toxicological
study demonstrated that relative organ weights terms (organ
to body weight ratio) could increase the error rate and lead to
mis-interpretation of toxic potential [93]. Changes in body
weight could be linked to toxicity of administered chemical
or toxicant [24]. Herein, the IONPs administration resulted
in significant alterations in body weights of rats in com-
parison to the control; this could represent a part of the
symptoms of toxic events associated with IONPs exposure.
Herein, 102 (nitrate-IONPs)—exposed rats demonstrated
the highest body weight, as compared to their initial body
weight; this could be justified by the increased accumulation
of fluids in the abdominal area; a clear toxicity sign.

Several studies revealed that the distribution or deposi-
tion of NPs in the organs might lead to the organ toxicity;
the liver and brain are among the major target organs of
nanotoxicity [27, 94, 95]. Therefore, for nanotherapeutic
application, it is vital to avoid opsonization to keep NPs in
circulation for longer period and increasing the opportunity
for targeted delivery [96]. The liver is the main organ of the
mononuclear phagocytic system (MPS) that is exposed to
systemically administered NPs and where NPs are likely to
end up [97, 98]. Regarding liver function, ALT and AST are
two of the most reliable markers of hepatocellular injury.
The administration of IONPs resulted in significant eleva-
tions in serum levels of AST and ALT in the following order
I02>103>101. The elevation of the activities of AST and
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Fig. 14 TEM ultrastructure
images from liver tissue of
control (A) and IONP-exposed
rats (B-D). Rats were adminis-
trated IONPs through gavage for
14 days and sacrificed 5 days
after the end of the treatment.
A: Ultrastructure of Control
liver: the hepatocytes have
normal ultrastructural features,
demonstrating normal nucleus
(N) with regular nuclear
membrane (NM), containing
nucleopores (empty arrows),
mitochondria (m), well-
developed rough endoplasmic
reticulum (RER), and glycogen
granules (G). B: Ultrastruc-
ture of I03-exposed liver:
dense smaller isolated clusters
“aggregates” were recognized
free in cytoplasm (black
arrowheads) and presence of - .
condensed chromatin (Ch.). C: ( A)
Ultrastructure of 102-exposed
liver: dense nano-clusters were
observed in lysosomes (white
arrowheads) and some smaller
isolated aggregates were identi-
fied free in cytoplasm (black
arrowheads). Nanoaggregates
were mainly deposited in
lysosomes (white arrowheads),
in addition to the presence of
elongated mitochondria (m)
and condensed chromatin
(Ch.). Notice the presence

of cytoplasmic vacuolization
with containing numerous fat
globules (f). D: Ultrastructure
of 101-exposed liver: showed
almost normal appearance with
normal structure of hepatocytes.
Preference for color: online

ALT might be linked to hepatotoxicity [24, 99, 100], due to
the uptake and deposition of NPs by the MPS hepatocytes
and Kupffer cells [101]. ALT is considered more specific
than AST as it is a cytosolic enzyme mainly located in the
hepatocytes, while AST exhibits cytosolic and mitochondrial
forms and exists in different tissues [101]. Therefore, the
significant elevation of ALT confirms hepatotoxicity [102].

(8) ©)

B: Ultrastructure of I03-exposed liver

IONP-induced hepatotoxicity occurs as damaged hepato-
cytes release this cellular enzyme into blood stream. The
translocation of NPs into the blood stream facilitates their
interaction with opsonin proteins that subsequently enable
resident macrophages of the MPS to easily recognize and
engulf these NPs, thereby resulting in uptake and deposition
of NPs in MPS organs, such as the liver and spleen [103]. In
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Fig. 14 (continued)

addition, after cellular distribution of IONPs, iron dissolved
from the NP core and is reduced to ferrous iron (Fe *?) under
acidic conditions [104]. During excess iron exposure, the
liver tends to protect other tissues from iron-induced cel-
lular toxicity through increasing iron storage, which might
result in ROS-induced hepatic damage [105]. Using TEM,
the presence of IONPs in hepatocyte can provide direct
evidence of IONP-induced hepatotoxicity and refers to the
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D: Ultrastructure of 101-exposed liver

obvious biochemical alterations in hepatocytes at the subcel-
lular and cellular levels.

The hepatic accumulation and deposition of IONPs
resulted in disturbance of the liver function indices, which
are markers indicating oxidative stress—induced hepatic
injury. In this study, I03 and 102 induced hepatic damage,
as confirmed by the increased serum ALT and AST activities
and TEM analysis. This elevation in liver enzymes runs in
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Fig. 15 TEM ultrastructure
images from brain tissue of
control (A) and IONP-exposed
rats (B-D). Rats were adminis-
trated IONPs through gavage for
14 days and sacrificed 5 days
after the end of the treatment.
A: Ultrastructure of Control
brain: showed normal structure
of the neuronal cell with normal
appearance of mitochondria
(m) and well-defined neural
structure. B: Ultrastruc-

ture of 103-exposed brain:
Nano-aggregation of IONPs
inside the neuronal cells (black
arrows); NPs are observed

as dark nanosized granules.

In addition, a mitochondrial
aberration (cristolysis) could be
visualized that appeared as dark
circular objects (m). It was also
demonstrated the shrunken and
degenerated neuronal cells and
the condensed chromatin in the
nucleus (N). The presence of
myelinated (thick black arrow)
and demyelinated (thick white
arrow) nerve fibers could be
observed, in addition to degen-
eration of nerve fibers (black
triangle). C: Ultrastructure of
102-exposed brain: abnormal
structure of the neuronal cell
with deformed appearance

of elongated mitochondria

(m). The presence of myeli-
nated (thick black arrow) and
demyleinated (thick white
arrow) nerve fibers could be
observed, in addition to degen-
eration of nerve fibers (black
triangle). D: Ultrastructure of
I01-exposed brain: showed
almost normal appearance with
normal neuronal structure. Pref-
erence for color: online

B: Ultrastructure of 103-exposed brain cell (neuropil)

agreement with a study by Shirband et al. [106] that showed
destruction of liver cells and obstruction of bile ducts. These
observations could be considered substantiation for acute
hepatotoxicity in rats. In addition, ALP demonstrated sig-
nificant elevation in rats exposed to 103 and 102 by 1.36
and 1.084 folds, respectively, while rats exposed to magnetic
101 showed normal values with respect to the control group.
ALP is present in several tissues, including the liver, bone,
kidney, and white blood cells, and is measured to detect the

liver disease or bone disorders [107]. Thereby, the release of
ALP into the blood stream reflects damage to these organs.
The results indicate a safe toxicological profile regarding
the therapeutic use of I01. Besides hepatotoxicity (liver
dysfunction), IONP accumulation might induce generation
of reactive oxygen species (ROS) and cause oxidative stress
resulting in the lipid peroxidation, inhibition of antioxidant
enzymes, depletion of glutathione, and endoplasmic reticu-
lum stress [94, 108]. Orally administrated IONPs reach the
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Fig. 15 (continued)

D: Ultrastructure of 101-exposed brain cell (neuropil)

liver, via the blood stream, and induce local oxidative reac-
tions. The effect of IONPs on hepatic function stimulated
the antioxidative stress response [108]. Herein, adminis-
tration of 103 and 102 significantly increased MDA and
depleted GSH. These findings were in accordance with those
of Reddy et al. [94] and Askri et al. [108]. Decline in GSH
content might be linked to increase scavenging of hepatotox-
icity-induced ROS production. CAT catalyzes hydrogen per-
oxidation reaction and is generally responsible for removing
generated hydrogen peroxide (H,0,) [105]. 4+ Suppression
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of hepatic CAT activity might be attributed to the IONP-
increased generation of free radicals.

Taken together, significant alterations in lipid peroxida-
tion, as well as AST, ALT, and ALP serum levels in IONP-
exposed rats, confirm that I03 and 102 could result in loss of
the functional integrity of the cell membranes and cause the
leakage of these liver enzymes [105, 109], indicating hepa-
tocellular injury. In contrast, the lack of significant altera-
tions in lipid peroxidation as well as liver enzymes in [01-
exposed rats confirms that this formulation did not affect
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the functional hepatocellular integrity. This signifies the
safe and good biocompatibility with only slightly elevated
ALP, ALT, and AST levels unaccompanied by any obvious
ultrastructural changes. A dose of 100 mg/kg body weight
of IO1 was capable of retaining hepatic functional integrity,
even though with some enhancement of “redox defenses.”
101-chloride induced only minimal levels of oxidative stress
and therefore 101 could be used for nanotherapeutics.

As recommended by a previous study by Easo and
Mohanan [105], we aimed to evaluate the oxidative stress
hepatotoxicity and neurotoxicity of repeated administrations
(14 days) of IONPs to explore the potential of utilizing these
NPs for biomedical application. Similarly, IONP-induced
oxidative stress in the brain was determined by assessing
GSH and MDA levels, in addition to CAT activity. As dem-
onstrated, exposure of rats to I02 and 103 significantly
increased lipid peroxidation, as well as induced significant
reduction in GSH content and CAT activities in comparison
to control group.

Iron is an essential factor for proper function of CNS; it
is involved in synthesis and metabolism of neurotransmit-
ters, myelin production, oxygen transportation, and oxida-
tive phosphorylation [110, 111]. Furthermore, oligodendro-
cytes, which are responsible for myelin production, have the
highest Fe content in the brain [112]. However, there is a
strong connection between Fe overload or accumulation in
the brain and Fe-induced neurotoxicity [111]. The brain is
more vulnerable to oxidative stress due to the reduced lev-
els and activities of antioxidant enzymes including CAT,
high lipid content, and oxygen turnover and low mitotic rate
[113]. Therefore, abnormal iron homoeostasis within the
brain is capable of generating ROS-induced neurotoxicity
and disrupting the function of BBB [114]. During exposure
to IONPs, rate of lipid peroxidation surpasses antioxidant
capability in the brain [115]. IONPs affect several neural
pathways involved in brain activity and function, indicat-
ing their neurotoxic potential [108]. The high surface area
of deposited NPs may contribute to cellular interaction and
ROS generation; these reactions cause neural damage and
increased risk of developing neurodegenerative disorders
[116]. Therefore, it is necessary to study the potential of
IONPs to cause oxidative stress in the brain.

Similarly, IONP exposure was capable of inducing oxida-
tive stress in the brain. Oxidative stress is the main mecha-
nism of Fe-induced toxicity, and this could be attributed to
the “flexible nature and redox potential” of Fe, as a transi-
tion metal, that is able to give and receive an electron; thus,
excessive content of iron can be cytotoxic and neurotoxic
[110, 117]. Consequently, the oxidation state of iron (Fe>* or
Fe*") in NPs is an important factor to estimate NP toxicity,
for example, Fe** in Fe,0; is more genotoxic than Fe** in
Fe;O, [118], which is in the same line of our findings.

Ocxidative stress is one of several mechanisms leading
to nanotoxicity [119], as the biological enzymatic activity
attacks NPs and releases iron ions, resulting in ROS pro-
duction, damage of macromolecules, and finally leading to
cellular death [120]. Naturally, redox-active iron ions (Fe’*)
participate in ROS-generating reactions (e.g., Fenton reac-
tions) through reacting with H,O, and produce OH* radical
[121]. “H,0,-induced apoptosis” is another mechanism that
increases intracellular iron pool, where iron-induced oxida-
tive stress is capable of damaging lysosomes, in addition to
disrupting iron hemostasis through increasing transcription
of ferritin and loss of transferrin receptor on the surface of
cellular membrane [122]. Ferritin binds to excess iron in the
cytoplasm, and the free iron could elaborate toxic potential;
the intracellular amount of Fe>*, in presence of both oxy-
gen and GSH, is also able to produce ROS [123] that might
react with cellular membranes resulting in lipid peroxida-
tion and the production of toxic MDA [114]. Moreover, this
might result in mitochondrial dysfunction through disrupting
mitochondrial permeability transition pore that results in the
release of Ca>* and cytochrome C into the cytoplasm, causes
disruption of ATP synthesis and Ca** buffering, and finally
activates apoptosis [124]. Mitochondrial dysfunction was
obvious in ultrastructural investigation.

Bioaccumulation and retention of IONPs in the liver and
the brain triggered the oxidative stress and affected the cellu-
lar ultrastructure. Cellular deposition of iron depends on sev-
eral factors including the initial concentration, size, shape,
and a functional group, in addition to cell type [125]. Depo-
sition of iron ions is capable of inducing cellular apoptosis
known as “ferroptosis” through stimulating morphological,
biochemical, and genetic features distinct from apoptosis,
necrosis, and autophagy, such as smaller mitochondria,
elevated cytotoxic lipid ROS, decreased dopamine, and
increased membrane density [115].

IONP-induced oxidative stress was evidenced by eleva-
tion of MDA and depletion of GSH and CAT in the liver
and the brain. Exposure of rats to 102 and 103 induced
oxidative stress that might be co-related with hepatic dys-
function and brain injury. To counteract IONP-induced
oxidative stress, cells utilize antioxidant enzymes such as
GSH and CAT to remove the redundant ROS and to attack
IONPs that results in release of iron ions and subsequently
increased iron pool, contributing to oxidative stress. The
variation in the ability of IONP formulations to generate
oxidative stress might be related to the physicochemical
properties of NPs [115]. This variation in the cytotoxic-
ity of the three different IONPs might be size dependent,
as small NPs degrade sooner than the large NPs, which
tend to agglomerate; then, they are easily sequestered
by macrophages [126]. In addition, smaller NPs present
more reactive surface areas therefore generate more ROS,
as compared with the larger particles [118]; for instance,
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10 nm NPs may induce oxidative stress in endothelial cells
[127]. In contrast, Yu et al. [125] have explained that NPs
with diameter of 30 nm have induced ROS formation; but
the NPs around 5 nm have not altered ROS content. The
effect of size in toxicity of IONPs needs further investiga-
tion [115]. IO2 and 103 exhibited redox-active iron ions
(Fe*) that are capable of attacking cellular components;
moreover, 102 exerted the highest oxidative stress that
might be attributed to their size that ranged between 5
and 7 nm. On the other side, IO1 exhibited (Fe’*) with a
size ranged from 20 to 25 nm; thereby, IO1 was involved
in slight ROS generation. Moreover, there was no change
in the general health of the rats exposed to 101 throughout
the study, thus demonstrate a safe toxicological profile that
supports their use as potential nanotherapeutic agents.

In rats exposed to 101, no significant alterations in
hepatic and brain contents of oxidative stress markers or
hepatic enzymes activity were observed, indicating that
under the conditions IO1 do not cause deleterious hepatic
or neural cell membrane damage. Taken together, the lack
of significant biochemical alterations in I01-exposed rats
confirms that these particles do not affect the functional
integrity of the liver or the brain. The altered redox defense
status due to exposure of rats to IO1 might be described as
an initial tissue response to the bioaccumulation of [ONPs
in the liver and brain. IO1 is well tolerated and does not
affect the functional integrity of organs under study and
thus suggests its potential biomedical application. Similarly,
PG-8000-coated ultra-small superparamagnetic IONPs had
excellent biocompatibility with only slightly increased ALP,
ALT, and lipid peroxidation levels unaccompanied by any
obvious histopathological alterations [128]. In addition,
IONPs could effectively cross BBB; this iron transport in
different organs could be achieved through the transferrin
receptor [74]. This slight increase in brain IO1 level did not
induce behavioral alterations in [O1-exposed rats, indicating
no significant neurotoxic effects of these NPs.

The aforementioned biochemical investigation was sup-
ported by the electron TEM examination of both the liver
and brain. It was demonstrated that histopathological inves-
tigation might fail to show structural alterations in organs
exposed to repeated doses of IONPs [100]. For instance, the
ultrastructural mitochondrial alterations in brains (neuropil)
exposed to 02 and IO3 as swollen cristolysed mitochondria
or elongated mitochondria might be explained by a simi-
lar study of Skalska et al. [129] on silver NPs. Elongated
mitochondria indicated that the stress of exposure to IONPs
enhanced fusion activity [130]. This mitochondrial dysfunc-
tion might promote oxidative stress and enhance generation
of free radicals. Ultrastructural evaluation by TEM revealed
that IO1 administration did not stimulate any significant
pathological damage upon comparison to normal control
rats. In addition, the ultrastructural evaluation results are in
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accordance with the other findings, which reveal that there
is no significant alteration of hepatic tissues in IO 1-exposed
rats, as compared to control. According to our findings, 101
shows less toxic properties as compared to 102 and 103.

Due to their high detection limit, ICP-OES is regarded as
a “gold standard” approach to quantify IONPs; ICP-OES is
of great importance in distribution studies as it can quantify
iron without any additional labeling at a concentration of
0.1 mg/L (0.1 ppm) [131]. ICP-OES is utilized to quantify
the cellular uptake and biodistribution of IONPs in rat liver
and left brain, relative to control. Hydrodynamic size (hD)
of the IONPs is one of the most important factors that con-
trols biodistribution kinetics [132]. Reddy et al. [94] demon-
strated that IONPs were absorbed and extensively deposited
in the liver and the brain, using ICP-OES analysis. Simi-
larly, Wang et al. [133] reported that deposition of IONPs
in major systemic organs of mice at an oral dose of 600 mg/
kg bwt is in support of our results. It was demonstrated that
size and charge of NPs also affect the uptake and clearance
mechanisms [94]. Hepatic accumulated IONPs is generally
degraded into ionic Fe forms and released in the blood where
it is conjugated with hemoglobin of erythrocytes and differ-
ent iron-binding proteins [105]. On the other side, NPs can
diffuse in the brain through pathways of rapid perivascular
flow of cerebrospinal fluid (CSF) and slow axonal transport
both anterograde and retrograde [134, 135].

The total Fe content and distribution of IONP-exposed
liver and brains run in accordance with size of NPs of dif-
ferent formulations of IONPs, and 102 with a size of 5-7 nm
was highly accumulated in the brain (46.51%) due to their
ability to cross BBB. While 103 demonstrated the highest
deposited Fe content in the liver (83.71%) and the lowest
Fe content in the brain (35.04%), this distribution of Fe is
strongly connected to the large size of NPs (32-40 nm) that
trapped them in the liver tissue and hindered them from
crossing BBB and subsequent deposition in the brain. This
deposition of IONPs was evident by ultrastructural investi-
gation of hepatocytes that showed clusters of NPs dispersed
intracellular and extracellular. Regarding 101, this formula-
tion demonstrated an average distribution of Fe content in
both liver and brain tissues, considering the average size of
these NPs (20-25 nm). In addition, this manner of Fe distri-
bution was supported by the least oxidative stress provoked
by this formulation of IONPs. This runs in accordance with
Kwon et al. [136] who performed an inhalation exposure
study in mice that demonstrated that IONPs < 50 nm reached
the brain without stimulating any side effects. It was revealed
that uptake of IONPs was more in the liver and the brain;
this organ distribution pattern is likely to be affected by
Fe-binding proteins that act as Fe carriers (e.g., transferrin
and ferritin). Elevated Fe brain content might be ascribed to
binding of Fe to transferrin that enhances the upregulation
of Fe receptors in the brain thus delivering Fe across BBB
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Table 5 Pattern of nanotoxicity of IONPs formulations

IONPs  Shape Size (nm) Ironion Toxicological profile
Chloride Semi-spheres 19+4.0  Fe'? Safe

Lactate  Semi-spheres 32+3.0  Fe'? Toxic+

Nitrate  Semi-spheres 5+2.0 Fe*? Toxic+ +

[137]. Higher hepatic deposition and localization of IONPs
might have triggered ultrastructural alterations. Compari-
son summary for nanotoxicity of the [ONPs is illustrated in
Table 5.

Conclusions

This study demonstrated that I02 (IONPs-(NO;);) was the
most acutely toxic compound, followed by 103 (IONPs-lac-
tate), where 101 (IONPs-Cl,) exhibited a safe toxicological
profile, which was explained by their different microstruc-
tures and physicochemical and surface area features. The
oxidative stress—induced nanotoxicity was in the order of
101 <103 <102. The biochemical investigations and the
TEM examination suggested that the IO1 could be further
used for developing novel nanotherapeutic applications
including drug delivery to treat neurodegenerative disorders
or liver diseases. Therefore, further kinetic and toxicoki-
netic investigations are essential to extend the current knowl-
edge on NP behavior in vivo. Moreover, the results of this
study provided useful information for risk analysis to define
“safety limits” for the employment of IONPs in biomedical
“nanotheranostic” applications by administrative agencies.
This work is encouraging for further study on employing
magnetic IONPs-chloride (IO1), as a nanotherapeutic agent,
for efficient drug loading and delivery to manage neurode-
generative or liver disorders.
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