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Abstract

Background and Aim: A delivery system consisting of bone marrow mesenchymal stem cells (MSCs) loaded with
polyethylene glycol (PEG) coated superparamagnetic iron oxide nanoparticles (SPIONs) was constructed to treat a rat
model of cisplatin (Cis)-induced nephrotoxicity with 1/10 of the common dose of anti-tumor necrosis factor-alpha (TNF-)
antibodies (infliximab).

Materials and Methods: Morphology, size, crystallinity, molecular structure, and magnetic properties of uncoated and PEG-
coated SPIONs were analyzed. A delivery system consisting of MSCs containing infliximab-labeled PEG-coated SPIONs
(Infliximab-PEG-SPIONs-MSCs) was generated and optimized before treatment. Fifty female Wistar rats were divided
into five equal groups: Group 1: Untreated control; Group 2 (Cis): Rats were administered Cis through intraperitoneal (i.p.)
injection (8 mg/kg) once a week for 4 weeks; Group 3 (Infliximab): Rats were injected once with infliximab (5 mg/kg),
i.p. 3 days before Cis administration; Group 4 (Cis + MSCs): Rats were injected with Cis followed by an injection of 2 x 10°
MSC:s into the tail vein twice at a 1-week interval; and Group 5 (Cis + Infliximab (500 pug/kg)-PEG-SPIONs-MSCs): Rats
were injected with the delivery system into the tail vein twice at a 1-week interval. Besides histological examination of the
kidney, the Doppler ultrasound scanner was used to scan the kidney with the Gray-color-spectral mode.

Results: /n vivo, intra-renal iron uptake indicates the traffic of the delivery system from venous blood to renal tissues.
Cis-induced nephrotoxicity resulted in a significant increase in TNF-o. and malondialdehyde (MDA) (p < 0.05), bilirubin,
creatinine, and uric acid (p < 0.01) levels compared with the untreated control group. The different treatments used in
this study resulted in the amelioration of some renal parameters. However, TNF-o levels significantly decreased in
Cis + Infliximab and Cis + MSCs (p < 0.05) groups. The serum levels of MDA significantly decreased in Cis + Infliximab
(p <0.05), Cis + MSCs (p < 0.05), and Cis + Infliximab-PEG-SPIONs-MSCs (p < 0.01). Furthermore, the serum activities
of antioxidant enzymes were significantly elevated in the Cis + MSCs and Cis + Infliximab-PEG-SPIONs-MSCs groups
(p <0.05) compared to the Cis-induced nephrotoxicity rat model.

Conclusion: With the support of the constructed MSCs-SPIONSs infliximab delivery system, it will be possible to track
and monitor cell homing after therapeutic application. This infliximab-loading system may help overcome some challenges
regarding drug delivery to the target organ, optimize therapeutics’ efficacy, and reduce the dose. The outcomes of the
current study provide a better understanding of the potential of combining MSCs and antibodies-linked nanoparticles for the
treatment of nephrotoxicity. However, further investigation is recommended using different types of other drugs. For new
approaches development, we should evaluate whether existing toxicity analysis and risk evaluation strategies are reliable
and enough for the variety and complexity of nanoparticles.

Keywords: cisplatin, drug delivery system, infliximab, mesenchymal stem cells, nephrotoxicity, superparamagnetic iron
oxide nanoparticles, tumor necrosis factor-alpha.

Introduction nephrotoxicity is a frequent object in clinical medi-
cine. Since its authorization for medical use over
40 years ago, the nephrotoxicity of cisplatin (Cis) is

well known [1]. As of right now, there is no effective

The kidney is a major target organ for the
toxic effects of various chemical agents, and thus
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pharmacological treatment to prevent or cure Cis-
induced nephrotoxicity [2]. Due to their efficacy and
safety, mesenchymal stem cells (MSCs) may provide
promising cell therapy for nephrotoxicity [3]. The
utilization of stem cells as a therapeutic tool for the
treatment of toxicity and inflammation in different
tissues has been gaining a growing interest [4]. The
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renewing of damaged tissues by stem cells is based
on their natural capability to migrate to inflamma-
tory sites and generate tissue-specific progenies that
directly remodel parenchyma by directing differen-
tiation and organ repair, besides the stimulation of
endothelial cells for angiogenesis and neovasculariza-
tion [5]. Recently, innovative drug delivery technolo-
gies have been developed to improve the effectiveness
of treatments via supporting their biological availabil-
ity, reducing their degradation, enabling targeting and
consequently regulating their release, cellular uptake,
and avoiding undesired side effects [6]. MSCs are
interesting as delivery agents due to their innate prop-
erties besides their production of biological molecules
and immune-modulatory activities [7]. Since MSCs
have physiologically retained the “smart targeting,”
their ability to migrate/home toward damaged tis-
sues can be augmented by several factors extensively
explored in other studies.

Due to their exceptional properties in nanotech-
nology, superparamagnetic iron oxide nanoparticles
(SPIONs) have several uses in the medical industry,
particularly in imaging, diagnosing, trafficking, ther-
apy, and drug delivery [8]. There is ongoing research
focused on minimizing drug concentrations, toxicity,
and other side effects while improving SPIONs-based
therapeutic efficacy. Superparamagnetic iron oxide
nanoparticles are encased within synthetic polymer
coatings that have been used for the past two decades.
This approach is employed in vitro and in vivo settings
and MSCs achieved similar mechanisms to cells of
areas of interest as with drug loading, where cells can
engulf the SPIONs [9]. Further research has revealed
that SPIONs-loaded MSCs can improve migratory
efficiency in vivo without affecting cell viability, phe-
notype, or differentiation potential [10]. Coating the
surface of SPIONs with a shell can protect it from
aggregation, opsonization, disintegration, and phago-
cytosis, which extend its duration in the systemic cir-
culation [11]. The coating can expand the distribution
of the drug in injured tissues [12]. Drugs loaded in
coated SPIONs could be mitogens, growth factors,
antibodies, and morphogens [13, 14].

Thus, the study aimed to construct a drug deliv-
ery system based on MSCs loaded with SPIONs
that were precoated with anti-TNF-o antibody
(Infliximab)-labeled polyethylene glycol (PEG) to
treat Cis-induced nephrotoxicity rat model.

Materials and Methods

Ethical approval

This study followed the National Institutes of
Health’s Guide for the Care and Use of Laboratory
Animals. The protocol was approved by the
Institutional Animal Care and Use Committee of the
National Research Centre, Cairo, Egypt (Protocol
Number: 19/151). All surgeries were done under
sodium pentobarbital anesthesia, and every attempt
was made to minimize the pain.

Study period and location
This study was conducted from November 2021
to May 2022 at National Research Centre, Cairo, Egypt.

Isolation of rat bone marrow (BM)-MSCs

Healthy albino male rats with 120 g average
weight were used to isolate BM-derived all nucleated
cells from the femurs [15]. The isolated cells were
expanded by culturing at 10 x 10° cell density into
100 mm culture dishes (Greiner Bio-One, Sigma-
Aldrich, USA) in an expansion medium consist-
ing of alpha minimum essential medium (o-MEM,
Sigma-Aldrich) containing 20% fetal bovine serum
(FBS, Sigma-Aldrich, USA), L-glutamine (2 mM,
Sigma-Aldrich, USA), 2-mercaptoethanol (55 uM,
Sigma-Aldrich, USA) and penicillin/streptomycin
(Sigma-Aldrich, USA). Two days of incubation of cells
were done in 5% CO, at 37°C, and then the detached
cells were discarded by changing the medium, and
the adhered cells were maintained for 2-3 weeks.
Several passages were done by sub-culturing the
colony-forming adhered cells in the expansion
medium. The time on reaching approximately 80%
confluence was calculated by daily microscopic
observation (CKX-53, Olympus inverted microscope,
USA) [16]. Later on, BM-MSCs were collected at the
3" passage (P3) on reaching 80% confluence for char-
acterization and proliferation assays.

Proliferation capability of BM-MSCs

Dimethylthiazol-diphenyltetrazolium bro-
mide (MTT, Sigma-Aldrich) was dissolved in PBS
at 5 mg/mL and named as the stock solution, then
added to wells to be incubated at 37°C for 4 h. Acid-
isopropanol was added to all wells, and the plates
were then read at 570 nm for quantification of for-
mazan[17].

Viability and phenotypic analysis of BM-MSCs

Rat BM-MSCs were detached, collected, and
centrifuged at 300x g for 5 min and then resuspended
in the expansion medium. The viability of BM-MSCS
was evaluated in an aliquot using Trypan blue stain
by counting the stained live cells and excluding the
unstained dead cells [18]. Total count =number of cells
(16 square) x dilution x 10*= count x 2 x 10%1 mL.
The viability % = 100 x number of viable cells/num-
bers of total cells (viable + dead).

Specific cell surface markers were assessed for
BM-MSCs phenotypic analysis [19]. After washing
twice with phosphate buffer saline (137 mM NacCl,
2.7mM KCl, 10 mM Na,HPO,, and 1.8 mM KH,PO,,
Lonza, Germany) containing 1% bovine serum albu-
min (Sigma-Aldrich), 0.2 x 10° cells were stained with
anti-CD34, anti-CD14, anti-CD90 and anti-CD73
antibodies (BD Biosciences, USA). Labeled cells and
determination of positive and negative population per-
centages were done using a Fluorescence-activated
cell sorting (FACS Calibur flow cytometer, BD
Biosciences). A negative sample of untreated isotype
was used as a control.
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Bone marrow mesenchymal stem cells population
doubling time (PDT)

Final PD was calculated by seeding the cells with
complete media and using the formula log2 (number
of harvested cells/initial number of plated cells) [20].
PDT was calculated as the ratio of incubation period
divided by the number of cell doublings at each pas-
sage [21].

Adipogenic differentiation

MSCs were seeded in Dulbecco modified Eagle’s
medium (DMEM, 4.5 g/L glucose, Sigma-Aldrich)
with 1 uM DEX, 0.5 mM indomethacin, 0.5 mM
3-isobutyl-1- methylxanthine, 10% FBS, 1% (v/v)
P/S, 10 pg/mL insulin (Sigma-Aldrich) for 3 weeks.
Adipogenesis was evaluated by Oil Red O stain-
ing. A stock solution was prepared from Oil Red O
(0.5%) and isopropanol (Sigma-Aldrich). To prepare
the working solution, 6 mL of the stock solution was
mixed with 4 mL of distilled water and kept for 1 h at
room temperature (23°C). The cells were fixed with
4% paraformaldehyde (Sigma-Aldrich) for 20 min.
Fixed cells were stained with the working solution for
20 min, and then rinsed with PBS. Stained cells were
incubated with absolute isopropanol for 15 min, and
optical density (OD) was determined at 520 nm [22].

Osteogenic differentiation

MSCs were cultured for 2 weeks in a-MEM
with 20% FBS, 2 mM L-glutamine, 55 uM 2-ME,
100 uM L-ascorbic acid 2-phosphate, 2 mM B-glycer-
ophosphate, 10 nM Dexamethasone, and 100 U/mL
penicillin/streptomycin (Sigma-Aldrich) [23]. To con-
firm osteogenic differentiation, alizarin red staining
and alkaline phosphatase (ALP) activity were evalu-
ated. The cells were fixed in 60% (v/v) isopropanol
(Sigma-Aldrich) for 1 min then stained with alizarin
red, pH 4.1 (Sigma-Aldrich) after rehydration using
distilled water. The cells were lysed with 0.1% Triton
X-100 (Sigma-Aldrich) for 5 min at room temperature.
The ALP activity was assayed in cell lysates using a
commercial kit (Thermo Fisher Scientific Inc., USA),
and the absorbance was measured at 405 nm [23].

Synthesis of SPIONs

Chemicals of analytical reagent grade were used
without additional purification. The chemical copre-
cipitation method was used for the preparation of
SPIONSs [24]. In this method, ferric chloride hexahy-
drate (FeCl,.6H,0 99%) and ferrous sulfate heptahy-
drate (FeSO,.7H,0, > 99%, Merck, USA) solutions
were mixed stoichiometrically with a molar ratio (2:1)
under N, vapor gas. NaOH solution (1M) was injected
into the mixture drop by drop, and the reaction was
sustained under vigorous stirring at room temperature
using a magnetic stirrer for 1 h until the pH reached
11. The addition of NaOH (Merck) solution at a rate
of 3.0 mL/min was justified in order to achieve uni-
form precipitation. The SPIONs were formed when
the color of the solution changed to dark black. The
obtained particles were separated magnetically and

then repetitively washed with deionized water and eth-
anol until the pH was 7. The products were subjected
to vacuum dryness at 80°C for 6 h to be characterized.
The possible reaction for the formation of Fe,O, par-
ticles: Fe** + 2Fe*" + 8NaOH = Fe,0,] + 8Na+4H,0.
Synthesis of polymer coated SPIONs

PEG 6000, (Sigma-Aldrich) coated SPIONs sam-
ples were prepared using ex situ coating technicality.
Here, PEG 6000 (Sigma-Aldrich) was used as a dis-
persing agent to prevent the aggregation of nanopar-
ticles [25]. Briefly, different loading concentrations
(25, 50, 100, 500, 1000, 1500, 2000, and 2500 mg/L)
of PEG 6000 dissolved in 10 mL water were sonicated
with 0.2 g of the suspended SPIONs for 20 min. The
mixed solution was shacked for 24 h at room tem-
perature. After shaking and agitation, the suspended
yield was separated using an external magnet and then
washed with water and ethanol. The synthesized PEG
functionalized Fe,O, (PEG-coated SPIONs) was dried
at 80°C for 6 h.

Characterizations of nanoparticles

The morphology of all investigated uncoated and
coated SPIONs was determined by scanning electron
microscopy (SEM-JEOL, JXA-840A Electron Probe
Micro-Analyzer, Japan). Energy-dispersive X-ray
(EDX) spectroscopy was applied on an SEM-field emis-
sion microscope (Hitachi S-800, Oxford, USA) to assess
the atomic concentration of various elements on the top
surface of the considered samples. Confirmation of the
nanostructure was performed using a transmission elec-
tron microscope (TEM, JEOL, Japan). X-ray diffraction
analysis was used to determine the crystalline phases
of the magnetite and their coated nanoparticles using a
Bruker diffractometer (Bruker D8 advance, Germany).
The patterns were run with a CuKal target with a sec-
ond monochromator 40 kV, 40 mA. The molecular
structure was studied qualitatively using a Fourier trans-
form infrared spectroscopy (FTIR) (6100 JASCO) in
the range of 4000400 cm™. A vibrating sample magne-
tometer (VSM), (LakeShore 7400; Chicago, IL, USA)
was used to investigate the magnetic properties of the
magnetite nanoparticles at 300K.
Preparation of PEG-coated SPIONs labeled with anti-
TNF-a antibodies

A chimeric monoclonal an anti-TNF-o antibody
(infliximab lyophilized powder, Sigma-Aldrich) was
suspended in PEG-coated SPIONs at 34:1 wt/vol ratio
resulting in 5 mg/mL anti-TNF-a antibody [13].
Loading MSCs with Infliximab-labeled PEG-coated
SPIONs and determination of the intracellular uptake

After trypsinization and counting the cells,
2 x 10° cells were added to each well of the 6-wells
plate. Cells were seeded in a 6-well plate and incu-
bated with 40 nm PEG-coated SPIONs at the iron
concentration of 155,119, 87, 64, and 31 ug/mL, in
DMEM culture at 37°C for 48 h [26]. Labeled cells
were washed with PBS 3 times to remove excess iron.
Cells were centrifuged and 32% nitric acid (HNO,)
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was added to each cell sample and heated to boil-
ing. The amount of iron released in the solution was
measured by iron kits (Sigma-Aldrich) [27]. Labeled
adherent cells were trypsinized and washed with PBS
before use.

Improving labeling of MSCs with coated SPIONs
Poly-I-lysine (Sigma-Aldrich) was used as a
vehicle for iron oxide uptake into cells [28]. Cells were
seeded and cultured for 24 h in a culture medium con-
taining 25 ug Fe/mL and 0.75 mg/mL poly-I-lysine.

Cytotoxicity assessment

The cytotoxicity assessment was determined after
24husingdimethylthiazol-diphenyltetrazoliumbromide
(MTT) assay. Dimethylthiazol-diphenyltetrazolium
bromide (Sigma-Aldrich) was dissolved in PBS at
5 mg/mL (stock solution) and was added to all wells
and incubated at 37°C for 4 h. Acid-isopropanol
(Sigma-Aldrich) was mixed to all wells and the plates
were read at a wavelength of 570 nm [17].

Experimental design of nephrotoxicity model

Nephrotoxicity was induced in female Wistar
rats weighing 120 g on average. Fifty animals were
assigned into five groups, ten rats each (caged sep-
arately). In Group 1 (untreated control): Animals
were kept without any therapy. Cisplatin (8 mg/kg)
was injected intraperitoneally (i.p.) once a week for 4
consecutive weeks [1]. The treatment with infliximab
(5 mg/kg, i.p. rout) was done once 3 days before Cis
administration [29]. Group 2 (Cis): Rats were injected
with Cis followed by injection with 1 mL of normal
saline. Group 3 (Infliximab): Rats were injected with
infliximab. Group 4 (Cis + MSCs): Rats were injected
with Cis followed by an injection of 2 x 10°® MSCs
into the tail vein twice at a 1-week interval. Group 5
(Cis + Infliximab-labeled PEG-coated SPIONs-
loaded MSCs): Rats were injected with 2 x 10° PGE
coated SPIONs-loaded MSCs into the tail vein twice
at a 1-week interval. The authors, who were properly
educated in animal care and handling, followed the
standards of the National Centre for the Replacement,
Refinement, and Reduction of Animals in Research
for humane endpoints. All animal welfare concerns
were considered during the experiment, which was
conducted under sodium pentobarbital anesthesia to
reduce pain and discomfort. Throughout the trial, body
weight, temperature, and behavioral changes were
tracked on a daily basis to serve as precise endpoint
criteria. When any animal met the endpoint criterion,
it was immediately euthanized for a humane death.

Ultrasound examination

The rats were detected by ultrasound after
2 weeks from transplantation to detect the kidney
lesions [30]. Doppler ultrasound scanner equipped
with liner array 12 MHz transducer will be used to
scan kidneys with the Gray-mode, color mode, and
spectral mode. The scanning parameters for each
region, such as the gain, field of view, and time gain
control were independently optimized. The shape,

borders, and features of kidney lesions, as well as
their location, were observed. The renal blood flow
end focuses were quantified using color mode and
power flow mode. The peak systolic velocity (PSV),
end-diastolic velocity, and resistance index (RI) were
measured.

Homing of injected MSCs

Two methods for assessing tissue homing of
MSCs were used in the current study. First, an assay
of the in vivo intra-renal cellular iron uptake by the
kidney tissues was done. Three rats from each group
were used for collecting blood samples 20 and 40 min
post-treatment. Forty minutes following the treat-
ment, animals were slaughtered and kidney sam-
ples were collected. The collected tissues and blood
samples were used for measuring iron concentration
using commercially available kits (Sigma-Aldrich).
The second method was by detection of sex-deter-
mining region Y (SRY) in a gene (Table-1) on the
Y-chromosome of male donor rats in female recipient
rats using the conventional polymerase chain reaction
(PCR) [31]. The PCR conditions were by incubation
at 94°C for 4 min; 35 cycles of 94°C for 50 s, 60°C
for 30 s, and 72°C for 1 min; and a final incubation at
72°C for 10 min. About 2% agarose gel electropho-
resis was used to separate PCR products and stained
with ethidium bromide.

Histological analysis

Kidney tissues were collected 2 weeks after the
last transplantation and weighed promptly. For histo-
logic analysis, the 5-um thickness of paraffin slides
was done and stained with Haemotoxylin and Eosin.

Measurement of plasma TNF-a

Measurement of rat TNF-o cytokine was
assessed in plasma after the 4" week of transplanta-
tion using a rat-specific kit (Invitrogen, USA).

Measurement of tissue antioxidant

The dissected weighted kidney samples were
homogenized in PBS (pH 7.4) to yield 20% (w/v)
homogenate [32]. Cooling centrifugation was done at
4°C for 10 min at 300x g. Malondialdehyde (MDA)
was determined in the supernatant to exhibit lipid
peroxidation. The supernatant was further diluted
with PBS to be 2% dilution for the determination of
the activities of glutathione peroxidase (GPx), cata-
lase (CAT), and superoxide dismutase (SOD) using
Spectrum kits (BioMerieux Ltd, UK).

Measurement of creatinine and blood urea nitro-
gen (BUN)

Creatinine was measured in diluted 1:50 urine
and undiluted serum using a commercial kit (Sigma
Aldrich, USA) [33]. The creatinine clearance was cal-
culated as follows: Creatinine Clearance = urine cre-
atinine X 24 h urine volume x 1440/serum creatinine.

The BUN level in serum was measured using
a kit at 340 nm ultra-violet by a spectrophotome-
ter. The following formula was used to calculate
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BUN: BUN = OD of sample x concentration of stan-
dard % 0.47/0OD of standard.

Measurement of K and Na
Serum K and Na were measured by ELYTE 2
colorimetric method to assess renal functions.

Statistical analysis

Values of data were illustrated as means + stan-
dard errors. Analysis of variance was performed for
statistical analysis followed by Duncan’s Multiple
Range Test, with p < 0.05 being considered statisti-
cally significant. Statistical analysis was conducted
with the SAS program 21 (SAS, USA).

Results

Cultured MSCs were regularly observed by an
inverted microscope until 80% confluence was reached
(Figure-1a). Oil Red O staining indicated in vitro adi-
pogenic differentiated cells as demonstrated by accu-
mulated lipid droplets (Figure-1b). In vitro osteogenic
differentiation potential of BM-MSCs was confirmed
by highly scattered calcified nodules stained red by
alizarin red staining (Figure-1c). Flow cytometric
analysis showed the percentages of positively stained
cells that indicated the marker of isolated MSCs
(Figure-1). Results revealed that MSCs negatively
expressed CD34 (1.9%) and CD14 (2.6%) while pos-
itively expressed CD90 (95.8%) and CD73 (98.5%).

Table-1: Primer used in the study.

Serial passages were performed where the
viability and cell proliferation were assayed at the
3" passage. Mesenchymal stem cells reached 80%
confluence after 17.438 days and recorded 98.02%
viability as indicated by the Trypan blue examination.
Formazan OD in confluent cells was 1.224 which
indicated cell proliferation. After adipogenic differen-
tiation, the OD of lipid accumulation was 0.636, and
the total lipids was 7.503 ug/10 uL. Moreover, OD and
concentration of ALP in the osteogenic-differentiated
cells were 0.222 and 55.81 U/mg protein, respectively
(Table-2).

Morphological analysis of SPIONs and PEG-coated
SPIONs

The surface structure of the prepared SPIONs
(Figure-2a) and PEG-coated SPIONSs (Figures-2b and c)
was recorded by SEM. The regular and spherical shapes
of SPIONs were shown for all samples. The forma-
tion of Fe,O, nanoparticles was confirmed by EDX
spectra. The Fe was found to be (31.95 wt %) and O
(35.85 wt %) which form a Fe-O functional group
bond by binding to each other (Figure-2d). Fourier-
transform infrared spectroscopy proved the presence
of the Fe-O bond.

Structural analysis of SPIONs and PEG-coated SPIONs
The TEM images of both uncoated and coated
SPIONs are shown in Figures-3a and b. It was shown

Primer Forward (5'-3’)

Reverse (5’-3") Accession number

SRY gene CATCGAAGGGTTAAAGTGCCA

ATAGTGTGTAGGTTGTTGTCC

NM_012772.1

SRY=Sex-determining region Y
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Gate: [No Gating]
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Figure-1: Morphology,immunophenotyping characterization, and differentiation potential of BM-MSCs. (a) Photomicrographically
image illustrated the 1ry layer of adhered rat BM-MSCs at 80% confluence. (b) Lipid droplets accumulated by in vitro adipogenic
differentiated cells as detected by Oil Red O staining (arrow). (c) In vitro osteogenic differentiation potential of BM-MSCs as
indicated by highly scattered calcified nodules stained red by alizarin red staining (40x). Flow cytometric analyses of BM-MSCs
CD markers showed positive stained cells percentages. BM-MSCs negatively expressed CD34 (1.9%) and CD14 (2.6%)
markers while positively expressed CD90 (95.8%) and CD73 (98.5%) markers. Isotope was used as —ve untreated control
sample (0.3%). Scale bars = 50 um. BM-MSCs=Bone marrow mesenchymal stem cells.
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Table-2: Measured parameters of MSCs.

Viability % Time to reach 80% Formazan OD Lipid accumulation Total lipids ALP OD ALP
confluence (days) (A=570 nm) (OD) (ug/10 uL) (A=405 nm) (U/mg protein)
98.02 + 3.71 17.438 = 3.30 1.224 + 0.031 0.636 + 0.094 7.503 £ 1.93 0.222 + 0.06 55.81 + 4.91

MSCs=Mesenchymal stem cells, ALP=Alkaline phosphatase, OD=0Optical density

-_ & h”lln WI“‘III | ]\Ikl\l\!ll‘l[‘ll\l JIJI e 1

_ ag [ t W t W 4/12/2021
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Figure-2: Field emission SEM images and EDX. (a) Iron oxide magnetic nanoparticles at 11,000 x magnification.
(b) PEG-coated SPIONs at 2000 x magnification. (c) PEG-coated SPIONs at 80,000 x magnification. (d) EDX of SPIONs for
iron oxide magnetic nanoparticles which indicated the presence of Fe and O elements. SEM=Scanning electron microscopy,
PEG=Polyethylene glycol, SPIONs=Superparamagnetic iron oxide nanoparticles, EDX=Energy-dispersive X-ray spectrum.

that the SPIONs have an average size of 8§ and 15 nm
with narrow size distribution which is in agreement
with the XRD results (Figure-3c). Agglomeration
appeared due to the magnetic properties of the pre-
pared SPIONs (Figure-3a). This agglomeration
was clearly reduced by adding PEG (Figure-3b).
Furthermore, it was seen that the homogeneous shape
of SPIONs samples indicated that the PEG acts as a
stabilizer and dispersing agent.

According to the obtained XRD picture, all
samples have a single-phase spinel cubic structure of
SPIONSs. This was indicated by appearing all six char-
acteristic peaks belong to the cubic structure of SPIONs
at 20 = 30.1°, 35.4°, 43.1°, 53.2°, 56.9°, and 62.5°,
which can be indexed to the (22 0), (31 1), (4 00),
(422),(511),and (440) and this matched well with
JCPDS (19-0629) card. The existence of the small size
of nanoparticles was indicated through those broad-
ening peaks. In the comparison of the two diffraction
peaks of the uncoated nanoparticles and that coated
with the highest addition of PEG, it can be seen that
the diffraction peaks are broader and weaker in inten-
sity for the coated nanoparticles. It indicates that the
modification of SPIONs by PEG causes a reduction in
crystallinity. Furthermore, no peaks were found for the
PEG phase in the sample. This showed that PEG-6000

acted as a template only and did not react or cause any

change in the SPIONs phase. The average crystallite

size was calculated using the Scherrer equation and
0.9A

Bcos®

0.9 is the Scherrer constant, A is the X-ray diffraction
wavelength (A = 1.5406 A), B is the full width at half
maximum (FWHM) of the plane (311), and 0 is the
Bragg angle in degree [35]. The measured diffraction
peak was at a 35.4° angle, the average crystallite size
of Fe,O, was 16.09 nm, and modified Fe,O, nanopar-
ticles were 8.84 nm.

Where

an X-ray diffraction pattern [34]: d =

Chemical analysis of SPIONs and PEG-coated SPIONs

Fourier-transform infrared spectroscopy charac-
terized the surface chemical structures of PEG-coated
SPIONS. Figure-4A (a, b, and c¢) showed FTIR spectra
of SPIONs, PEG-coated SPIONs, and PEG, respec-
tively. The successful preparation of SPIONs and their
incorporation in the PEG hybrid were confirmed by
the presence of the characteristic peak at 570 cm™
conformable to intrinsic stretching vibrations of the
metal at the tetrahedral site (Fetetra<>QO), whereas the
metal-oxygen band observed at 445 cm™, v2 is charac-
teristic to octahedral-metal stretching (Feocta«<>O). The
affirmations of PEG by the presence of aliphatic C—H
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(a) SPIONs, (b) PEG-coated SPIONs, and (c) PEG, 26 position of magnetite (Fe,0,) and (PEG) according to ICSD data.
TEM=Transmission electron microscope, XRD=X-ray diffraction, SPIONs=Superparamagnetic iron oxide nanoparticles,

PEG=Poly ethylene glycol.
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Figure-4: (A) Characterization of surface structure by FTIR and (B) the magnetic properties using VSM. (a) SPIONs,
(b) PEG-coated SPIONs, and (c) PEG. FTIR=Fourier transform infrared spectra, VSM=Vibrating sample magnetometry,
SPIONs=Superparamagnetic iron oxide nanoparticles, PEG=Poly ethylene glycol.

stretching and bending vibration of PEG were observed
at 2919 and 874 cm!, respectively, in addition to the
sharp peak at 1062 cm™! refers to the vibration band of
C-O bond in and 1470 cm ™! which corresponding to the
stretching vibration of C-C group of PEG.
Magnetic properties of SPIONs and PEG-coated
SPIONs

The VSM at 22°C was used to analyze the mag-
netic properties of both uncoated and coated SPIONSs.
Figure-4B showed the hysteresis loops of the prepared
samples. It can be seen that s-shaped curves appeared
over the applied magnetic field, confirming the super-
paramagnetic behavior of the prepared samples. The
magnetization characteristics of the magnetic prepared
samples were presented. The saturation magnetization
(Ms) was 84.05 and 71.5 emu/g, the remanent magne-
tization (Mr) was 11.09 and 2.33 emu/g, the square-
ness (Mr/Ms) was 0.132 and 0.0325, and the coercive
field (Hc) was 49.98 and 26.53 Oe for SPIONs and
PEG-coated SPIONS, respectively (Table-3).

In vitro intra-mesenchymal stem cellular iron uptake

Iron concentration in the culture media was
determined to verify the in vitro intracellular uptake of
the infliximab-labeled PEG-coated SPIONs by MSCs
(Table-4). After48 hincubation, the iron concentrations

Table-3: Ms, Mr, Mr/Ms, and Hc of SPIONs and
PEG-coated SPIONSs.

Sample (M_emu/g) (M . emu/g) M /M_ H_(Oe)
VSM SPIONs 84.05 11.09 0.132 49.98
VSM 71.5 2.33 0.0325 26.53
PEG-coated

SPIONs

Ms=Saturation magnetization, Mr=Remanent
magnetization, Mr/Ms=Squareness, Hc=Coercive field,
SPIONs=Superparamagnetic iron oxide nanoparticles,
PEG=Poly ethylene glycol

were 109.9, 98.64, 52.69, 35, and 11 pg/dL. By the
iron uptake calculations, the results revealed that iron
uptake was 45.1, 20.36, 34.31, 29, and 21 ug/dL in
infliximab-labeled PEG-coated SPIONs-loaded MSCs
achieving 29.1%, 17.1%, 39.4%, 45.3%, and 64.5%,
respectively. It was noticed that the higher concentra-
tion of infliximab-labeled PEG-coated SPIONs mix-
ture achieved the lowest iron uptake % and vice versa;
the lowest concentration recorded the highest iron
uptake %. From these results, the ideal concentration
of infliximab-labeled PEG-coated SPIONs to achieve
the optimum iron uptake by MSCs was 87 ug/dL. The
cytotoxicity assessment was determined after 48 h, as
evaluated by measuring the OD of the formazan assay
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in loaded cells. The released quantity of formazan was
1.532 after the incubation with Infliximab-labeled
PEG-coated SPIONSs at iron concentrations of 87 ug/
dL (Table-4).

In vivo intra-renal iron uptake

The in vivo intra-renal cellular iron uptake in
different groups was determined (Table-5). After IV
therapy with Infliximab-labeled PEG-coated SPIONs-
loaded MSCs, iron concentration significantly elevated
in the serum after 20 min and 40 min (p < 0.05) com-
pared to other groups. However, the iron concentra-
tion in the serum significantly decreased after 40 min
compared to the concentration observed at 20 min
post-therapy. Furthermore, the iron concentration in
the kidney tissue significantly increased after 40 min of
the IV therapy with the infliximab-labeled PEG-coated
SPIONs-loaded MSCs (p < 0.05) compared to other
groups. These results indicated the in vivo intra-renal
cellular iron uptake by kidney tissues demonstrating
the traffic of infliximab-labeled PEG-coated SPIONs-
loaded MSCs from venous blood to renal injuries.
Renal parameters, electrolytes, TNF-a, and antioxi-
dant activity

Cis-induced nephrotoxicity resulted in a sig-
nificant increase in kidney weight compared to the
untreated control group (p < 0.01). Consequently, a
disturbance in renal parameters was observed in the
Cis-induced nephrotoxicity rat model. Serum BUN,
creatinine, and uric acid concentrations were signifi-
cantly increased (p <0.01) in the Cis group compared to
the untreated control group. However, urine creatinine
concentration was significantly decreased (p < 0.05).
On electrolyte levels, serum Na and K levels were

significantly increased (p < 0.05) in the Cis-induced
nephrotoxicity rat model compared to the untreated
control. In addition, Cis nephrotoxicity resulted in a
significant increase in TNF-o (p < 0.05). The anti-
oxidant MDA was significantly elevated (p < 0.05),
while SOD was significantly declined (p < 0.05) in
Cis-induced nephrotoxicity rats compared with the
untreated control group (Table-5). The different treat-
ments used in this study resulted in the amelioration
of some of the examined renal parameters. Briefly,
kidney weight and concentrations of BUN, creatinine,
and uric acid in the serum significantly declined in the
groups treated with Cis + Infliximab, Cis + MSCs and
Cis + Infliximab-labeled PEG-coated SPIONs-loaded
MSCs compared to the Cis-induced nephrotoxicity rat
model (p <0.05). In contrast, urine creatinine was sig-
nificantly elevated in Cis + Infliximab compared to
the Cis-induced nephrotoxicity rat model (p < 0.05).
Moreover, serum Na levels significantly declined in
the Cis + Infliximab-labeled PEG-coated SPIONs-
loaded MSCs (p < 0.05). However, TNF-o levels sig-
nificantly decreased in the groups treated with Cis +
Infliximab and Cis + MSCs compared to the Cis-
induced nephrotoxicity rat model (p < 0.05). Serum
level of MDA has significantly decreased in Cis
+ Infliximab (p < 0.05), Cis + MSCs (p < 0.05) and
Cis + Infliximab-labeled PEG-coated SPIONs-loaded
MSCs (p < 0.01) compared to Cis-induced nephrotox-
icity rat model. However, serum levels of GPx, CAT
and SOD were significantly elevated in Cis + MSCs,
and Cis + Infliximab-labeled PEG-coated SPIONs-
loaded MSCs (p < 0.05) compared to Cis-induced
nephrotoxicity rat model (Table-6).

Table-4: In vitro intra-mesenchymal stem cellular uptake of Infliximab-labeled PEG-coated SPIONs using iron assay

(ug/dL) and OD of formazan assay.

Infliximab-labeled PEG-coated SPIONs mixture

Infliximab-labeled PEG-coated

Formazan OD
SPIONs-loaded MSCs

After 48 h Iron Iron

incubation Uptake Uptake %
155 109.9 45.1 29.1 1.526
119 98.64 20.36 17.1 1.577
87 52.69 34.31 39.4 1.532
64 35 29 45.3 1.249
31 11 21 64.5 1.188

SPIONs=Superparamagnetic iron oxide nanoparticles, PEG=Poly ethylene glycol, OD=Optical density

Table-5: In vivo intra-renal iron uptake in different groups (ug/dL).

Groups/ Untreated Cis Cis + Cis + MSCs Cis + Infliximab-labeled p-value
Parameters control Infliximab PEG-coated
SPIONs-loaded MSCs

Serum iron after 20 39.05 + 1.88 37.48 = 1.51 41.21 £ 2.77 44.15 + 2.33 128.55% + 3,12 0.03121
min from injection

Serum iron after 40 39.17 £ 1.63 40.23 + 3.52 38.25 + 3.19 45.20 + 4.81 83.36% = 2.17 0.03500
min from injection

Kidney iron after 40 74.22 +£ 3.26 66.09 £ 4.54 72.27 £4.91 66.73 £ 5.59 112.23*% + 3.51 0.02111

min from injection

In the same row, *is significantly different at p < 0.05. Cis=Cisplatin; MSC=Mesenchymal stem cells; PEG=Polyethylene
glycol; SPIONS=Superparamagnetic iron oxide nanoparticles
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Ultrasonography and spectral Doppler

According to an ultrasound scan, the kidney was
segmented into the parenchyma and renal sinus. The
renal sinus appeared hyperechoic and was formed of
the pelvis, fat, and the main intrarenal vessels. The uri-
nary collecting system was not evident in the healthy
control group, but it showed a hetereochoic image with
the intervening fat and vasculature. The parenchyma
was even more hypoechoic and consistent, with the
outermost cortex and the innermost, lesser echogenic
medullary pyramids (Figure-5a). Higher echogenicity,
homogeneous structure with no obvious difference
between parenchyma and renal sinus, and decreased
renal area were seen in the Cis-induced nephrotoxic-
ity group’s kidneys (Figure-5b). The Cis + Infliximab
group’s renal ultrasonography revealed increased
echogenicity, homogeneous structure, and no obvious
distinction between the parenchyma and the cortex
(Figure-5¢). However, in the Cis + MSCs group, renal
sonography appeared with nearly normal hypoechoic
renal parenchyma, medullary pyramids, and outer-
most cortex (Figure-5d). Moreover, the kidney of
Cis + Infliximab-labeled PEG-coated SPIONs-loaded
MSCs group indicated hypoechoic renal parenchyma
with prominent medullary pyramids and outermost
cortex (Figure-5e). Applying spectral Doppler to the
renal artery, peak systolic velocities, and resistive
index were estimated (Figure-5). Normal PSV of the
renal artery (37.5 cm/s) and RI (0.88) were recorded
in the healthy control group. However, high PSV
(225.8 cm/s) and high RI (0.91) were recorded in the
Cis-induced nephrotoxicity group. Furthermore, the
Cis + Infliximab group showed high PSV (185 cm/s)
and high RI (0.88). Treatment with MSCs recorded
PSV (160 cm/s) in the Cis + MSCs group with slightly
high RI (0.76). In contrast, Cis + Infliximab-labeled
PEG-coated SPIONs-loaded MSCs recoded normal
PSV (34.9 cm/s) and RI (0.58).

Homing of injected MSCs

By tracking male donor cells in the treated female
recipient’s rat’s kidney using conventional PCR, SRY
gene of a male donor was detected in the kidney tissue
of Cis + MSCs treated and Cis + Infliximab-labeled
PEG-coated SPIONs-loaded MSCs treated groups.
These findings verified that male donor cells had been
found in the injured kidneys of female recipients who
had received treatment (Figure-6).

Histological examination

The cortex with malpighian corpuscle containing
the parietal layer of Bowman’s capsule, glomerulus, and
Bowman'’s space were seen in the healthy control group
with normal proximal and distal tubules. The renal cor-
tex of a Cis-treated rat showed severely shrunk glom-
eruli, large renal space, and dilated blood vessels with
congested erythrocytes. The tubular cells with degen-
erative changes and necrosis were noticed. Injection of
Cis + Infliximab resulted in necrotic nuclei and necrotic
areas. However, the kidney showed normal architec-
ture after IV injection of marrow mesenchymal stem
cells (MSCs). After IV injection of Cis + Infliximab-
labeled polyethylene glycol-coated superparamagnetic
iron oxide nanoparticles-loaded MSCs, the glomeruli
had open capillary loops and were normocellular. There
was no evidence of segmentation, necrosis, or sclero-
sis. There were no histological alterations in the tubular,
interstitial, or vascular components, and no evidence of
necrosis or inflammation was found (Figure-7).

Discussion

Researchers have recently been interested in
constructing drug delivery systems to enhance target-
ing and reduce drug doses, but this area is still in its
infancy. In the present work, a system of anti-TNF-«
antibody (infliximab)-labeled PEG-coated SPIONs-
loaded MSCs was developed to treat rat nephrotoxic-
ity induced by Cis.

Table-6: Measured parameters of rat model of Cis-induced nephrotoxicity and after therapy.

Groups/Parameters Untreated Cis Cis + Cis + MSCs Cis + p-value
control Infliximab Infliximab-labeled
PEG -coated
SPIONs-loaded MSCs
Kidney weight/100 g 0.59 £ 0.08 1.33 £0.01** 0.61 = 0.04*> 0.63 + 0.03? 0.60 £ 0.07° 0.00346
body weight
Serum BUN (mg/dL) 92.21 £ 6.49 122.66 + 5.22* 89.11 + 3.64* 89.43 = 5.372 90.11 + 7.74¢ 0.03021
Serum creatinine (mg/dL) 1.01 £ 0.04 1.99 £ 0.01** 1.21 + 0.04® 1.32 £ 0.142 1.38 £ 0.07° 0.00216
Uric acid (umol/L) 79.83 £ 3.65 122.16 + 4.44%* 88.65 + 5.17° 94.44 + 7.542 80.61 £ 3.99° 0.0030
Urine creatinine (mg/dL) 31.31 £ 2.77 20.98 £ 2.39* 30.21 + 3.08% 33.54 £ 4.11 32.42 + 4.81 0.0401
Serum Na (megq/L) 135 + 7.21 160 = 4.99* 139 + 5.43 144 + 8.34 143 + 4.93¢ 0.03211
Serum K (meg/L) 3.71 £ 0.66 5.88 £ 0.24* 4.23 £ 0.41 3.74 £0.33 4.11 £ 0.56 0.0141
Rat TNF-o (ng/mL) 10.99 +£ 1.43 15.72 £ 1.91* 11.44 + 1.44% 10.32 = 1.04° 11.49 + 3.11 0.0300
MDA (nmol/g tissue) 33.85 £ 3.11 48.22 £ 3.54* 32.43 £ 2.412 35.11 £ 3.76° 31.09 = 3.01° 0.0211
GPx (U/g tissue) 65.42 £ 5.39 44.65 £ 4.22 48.33 £ 3.43 69.32 + 5.61° 67.66 £ 5.09° 0.0113
CAT (nmol/min/g tissue) 34.60 = 4.11 27.61 +£2.43 28.43 + 3.08 33.72 £ 1.112 36.41 + 4.87¢ 0.0371
SOD (U/g tissue) 9.11 £ 1.16 5.81 +£ 1.31%* 6.33 £1.40 9.09 = 1.32° 8.76 £ 1.542 0.0151
Values with * and ** are significantly different than untreated control at p < 0.05 and p < 0.01, respectively.
Values with a and b are significantly different than Cis group at p < 0.05 and p < 0.01, respectively.
Cis=Cis, SOD=Superoxide dismutase, CAT=Catalase, GPx=Glutathione peroxidase, MDA=Malondialdehyde,
K=Potassium, Na=Sodium
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Figure-5: Ultrasonographic appearance of the renal parenchyma and spectral Doppler of renal artery. (a) Normal echogenic
kidney with hyperechoic sinus, hypoechoic renal parenchyma showed prominent medullary pyramids and outermost
cortex with normal renovascular resistance with PSV of the renal artery was 37.5 cm/s and RI was 0.55. (b) Cis-induced
nephrotoxicity group showed glomerulonephritis with increased echogenicity and reduced kidney size and cortical thinning
with PSV of the renal artery was 225.8 cm/s and RI was 0.91. (c) Cis + Infliximab group with high echogenicity, a
homogeneous architecture with no obvious distinction between the parenchyma and the renal sinus, and a smaller kidney
area with high PSV (185 cm/s) and RI (0.88). (d) Cis + marrow mesenchymal stem cells (MSCs) with nearly normal
hypoechoic renal parenchyma with medullary pyramids and outermost cortex with PSV (160 cm/s) and slightly high
RI (0.76). (e) Cis + Infliximab-labeled PEG-coated SPIONs-loaded MSCs with hypoechoic renal parenchyma, prominent
medullary pyramids and outermost cortex with normal PSV (34.9 cm/s) and RI (0.58). S=Sinus, RP=Renal parenchyma,
P=Pyramids, C=Cortex, RA=Renal artery, RI=Resistive index, PSV=Peak systolic velocity, EDV=Peak diastolic velocity,
SPIONs=Superparamagnetic iron oxide nanoparticles, PEG=Polyethylene glycol. On the US image, the measurement of
kidney length is shown by “¢” and a dashed line.

percentages as measured by Trypan blue and prolifer-
ation at the 3™ passage on reaching 80% confluence.
Flow cytometric analysis showed 95.8% and 98.5%
of CD90 and CD73, respectively, with a negative
expression of CD34 (1.9%) and CD14 (2.6%), indi-
cating expression of the common markers of pure
and healthy MSCs as previously reported [36, 37].
The total lipids measured after adipogenic differenti-
ation was 7.503 ug/10 uL with the deposited Oil Red
O stained lipid droplets that prove adipogenicity as
previously obtained [38]. Moreover, the measured
concentration of ALP of osteogenic differentiated
cells was 55.81 U/mg protein with highly scattered
calcified nodules stained red by alizarin red staining.
Photomicrograph images were typical of the pictures
previously obtained [39]. These mesenchymal images

Figure-6: Ultra-violet-transilluminated agarose gel of
polymerase chain reaction products of sex-determining

region Y gene expression at 104 bp. Lane 1 is polymerase
chain reaction marker (100-1000 bp), lane 2 untreated
control group, lane 3 Cis induced nephrotoxicity group, lane 4
infliximab treated group, lane 5 Cis + marrow mesenchymal
stem cells (MSCs) treated group, lane 6 Cis + Infliximab-
labeled polyethylene glycol-coated superparamagnetic iron
oxide nanoparticles-loaded MSCs treated group.

Combining the properties of MSCs and coated
SPIONS for use as drug delivery to diseased kidney
tissue is the main goal of the present study. Therefore,
the work was planned firstly for the isolation of MSCs
from rat BM followed by their characterization.
The obtained results showed high cellular viability

indicate the readiness of the cell for either therapeutic
application or labeling as previously reported [40].

The chemical coprecipitation method for the
preparation of SPIONs followed by coating with
PEG was done as the second step. Six analysis proce-
dures of uncoated or coated SPIONs with PEG were
performed by XRD for structural analysis; SEM for
shape; EDX for indication of iron; TEM for coating;
FTIR for surface structure; and VSM for analyzing the
magnetic properties.

XRD indicated that all samples have a sin-
gle-phase spinel cubic structure of SPIONs as indi-
cated by appearing all six characteristic peaks belong
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containing the parietal layer of Bowman'’s capsule (black arrow), glomerulus (G), and Bowman’s space were seen in the
healthy control group (yellow arrow). Note the proximal (P) and distal (D) tubules are normal. (b) The renal cortex of a
Cis-treated rat shows severely shrunk glomeruli (G), a large renal space (yellow arrow), and dilated blood vessels with
congested erythrocytes (V). Note the tubular cells with degenerative changes (black star) and necrosis (black arrow).
(c) injection of Cis + Infliximab showing renal tubules with necrotic nuclei (black arrow) and necrotic areas (yellow arrow).
(d) The kidney showed normal architecture after IV injection of marrow mesenchymal stem cells (MSCs). (e) After IV
injection of Cis + Infliximab-labeled polyethylene glycol-coated superparamagnetic iron oxide nanoparticles-loaded MSCs,
the glomeruli have open capillary loops and are normocellular (G). There was no evidence of segmentation, necrosis, or
sclerosis. There were no histological alterations in the tubular, interstitial, or vascular components, and no evidence of

necrosis or inflammation were found (Haemotoxylin and Eosin stain x 40, scale bars = 50 um).

to the cubic structure of SPIONs at 26 = 30.1°, 35.4°,
43.1°, 53.2°, 56.9°, and 62.5°, which can be indexed
tothe (220),311),(400),422),(511),and
(4 4 0) and this matched well with JCPDS (19-0629)
card [41]. The existence of small-size nanoparti-
cles was indicated through those broadening peaks.
The comparison of the two diffraction peaks of the
uncoated nanoparticles and that coated with the high-
est addition of PEG revealed that the diffraction peaks
are broader and weaker in intensity for the coated
nanoparticles. It indicates that the modification of
SPIONs by PEG causes a reduction in crystallin-
ity [42]. Furthermore, no peaks were found for the
PEG phase in the sample. This showed that PEG-6000
act as a template only and did not react or cause any
change in the SPIONs phase [43]. The estimated dif-
fraction peak is at the angle of 35.4° and the average
crystallite size of SPIONs is 16.09 nm and modified
SPIONSs is 8.84 nm.

The properties, physical characteristics, and
efficiency of PEG-coated SPIONs changed by func-
tionalization, so they were estimated [44]. The inter-
nalization into the cell and lifetime in blood circulation
are mostly affected by the morphology and shape of
nanoparticles [45, 46].

The SEM examination showed the regular and
spherical shape of SPIONs. Among all shapes, the
spherical shape of SPIONs is the most suitable for
drug delivery applications [47]. The agglomeration
due to the magnetic properties of the prepared SPIONs
was clearly reduced by adding PEG.

The formation of SPIONs was confirmed by
EDX spectra. The Fe was found to be (31.95 wt %)
and O (35.85 wt %) which form Fe-O functional group
bond by binding to each other. Fourier transform infra-
red spectroscopy spectroscopy spectra will prove the
presence of the Fe-O bond. Fourier transform infra-
red spectroscopy characterized the surface chemical
structures of PEG-coated SPIONs. The successful
preparation is indicated by the existence of a distinc-
tive peak at 570 cm™!, which corresponds to intrinsic
stretching vibrations of the metal at the tetrahedral site
(Fetetra—>0), and a metal-oxygen band at 445 cm',
v2, which corresponds to octahedral-metal stretch-
ing (Feocta—~Q) [48]. The affirmations of PEG by
the presence of aliphatic C—H stretching and bending
vibration of PEG were observed at 2919 and 874 cm™!,
respectively, in addition to the sharp peak at 1062 cm™
refers to the vibration band of C—-O bond and 1470
cm 'which corresponding to the stretching vibration
of C—C group of PEG [49-52].

VSM at 22°C was used to analyze the magnetic
properties of both uncoated and coated SPIONS.
Vibrating sample magnetometer showed the hys-
teresis loops of the prepared samples. It can be seen
that s-shaped curves appeared over the applied mag-
netic field confirming the superparamagnetic behav-
ior of the prepared samples [53]. The TEM image of
both uncoated and coated SPIONs showed that the
nanoparticles have an average size of 8 and 15 nm
with narrow size distribution which agrees with the
XRD results. Furthermore, the homogeneous shape of
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the SPIONs sample was seen, indicating that PEG acts
as a stabilizer and dispersing agent [54].

Construction of the infliximab-labeled PEG-
coated SPIONs-loaded MSCs delivery system was the
third step before treatment. Mesenchymal stem cells
were coated with PEG-coated SPIONSs, and intracel-
lular uptake was determined, followed by cytotoxicity
assessment. [ron concentration in the culture media was
determined after 48 h incubation to verify the in vitro of
the intracellular uptake of infliximab (one over ten the
in vivo dose 5 mg) (500 pug/two million cells)-labeled
PEG-coated SPIONs by MSCs. The results showed
that the optimum iron concentration in the solution of
infliximab-labeled PEG-coated SPIONs was 87 ug/dL.
The cytotoxicity assessment was determined after 48 h
of incubation time, as measured by the OD of the for-
mazan in loaded cells. Results revealed that the quantity
of release was 1.532 after incubation with Infliximab-
labeled PEG-coated SPIONs with the optimal iron con-
centration of 87 pg/dL. This value expressed by OD of
formazan assay in confluent cells was 1.508 which was
similar to before coated.

The in vivo intra-renal cellular iron uptake in dif-
ferent groups was determined. In the Cis group, iron
concentration was significantly increased in kidney tis-
sue than in the control group. Iron accumulation after
nephritis was used in another study [55] that referred
to the accumulation cause of the renal injury and exe-
cration of iron-binding protein. Iron concentration in
kidney tissue was significantly increased after 40 min
from IV therapy with Infliximab-labeled PEG-coated
SPIONs-loaded MSCs compared to other groups.
These results indicated in vivo intra-renal cellular iron
uptake by kidney tissue, indicating the traffic of inflix-
imab-labeled PEG-coated SPIONs-loaded MSCs from
venous blood to injured kidney. Measurement of iron
in kidney tissue calorimetrically is an easy and cheap
method for assessing the traffic of SPIONs-loaded
MSCs than other methods [26].

Cis-induced nephrotoxicity resulted in a sig-
nificant increase in kidney weight compared to the
untreated control group. Consequently, a disturbance
in renal parameters was observed in the Cis-induced
nephrotoxicity rat model. Serum BUN, creatinine, and
uric acid concentrations were significantly increased
in the Cis group compared to the untreated control
group. However, urine creatinine concentration was
significantly decreased. On electrolytes levels, serum
Na and K levels were significantly increased in the
Cis-induced nephrotoxicity rat model compared to the
untreated control. The pathological profile, weight,
and biochemical parameters of kidneys were dis-
cussed and detailed by Nematbakhsh et al. [56].

Concerning the immune and oxidative effect of
Cis on the kidney, TNF-a was significantly increased
as a result of Cis nephrotoxicity, as previously
recorded by Jiang et al. [57]. Therefore, due to neu-
tralizing effect of infliximab as an antibody against
TNF-q, it was used in the present study but with a

very low concentration (one over ten). In addition, the
antioxidant MDA was elevated and SOD declined in
Cis-treated rats compared with the untreated control
group. The oxidative load and antioxidant impairment
of the kidney by Cis was measured in the previous
studies [58, 59] and showed elevation in MDA and
lowering in SOD, GSH, and CAT.

Kidney weight and concentration of BUN, cre-
atinine, and uric acid in serum significantly declined
in the groups treated with Cis + Infliximab compared
to the Cis-induced nephrotoxicity rat model. In addi-
tion, TNF-a levels significantly decreased in the
groups treated with Cis + Infliximab. Serum levels
of MDA significantly increased in Cis + Infliximab
treated groups. However, serum levels of GPx, CAT,
and SOD were not significantly elevated in the Cis +
Infliximab treated group compared to the Cis-induced
nephrotoxicity rat model. It is well known that inflix-
imab is a monoclonal antibody against TNF-a and
when injected into rat models or even humans with
nephrotoxicity, it resulted in amelioration of some
immune parameters, kidney biochemical profile, and
oxidant-antioxidant system [60]. It directly reacts with
TNF-o to inhibit the inflammatory response [61].
Infliximab has different side effects by repeated intra-
venous administration or the higher dose used in rats
such as exposure to infectious and autoimmune reac-
tions [62, 63]. Therefore, in the present study, the
main goal is to answer how to deliver the drug to the
kidney at a low dose to avoid immune complications
and systemic exposure.

Treatment with MSCs used in this study resulted
in the amelioration of some renal parameters. Briefly,
kidney weight and concentration of TNF-o,, BUN,
creatinine, and uric acid in serum were significantly
declined in the groups treated with Cis + MSCs.
Serum level of MDA was significantly decreased,
while serum levels of GPx, CAT, and SOD were sig-
nificantly elevated. The beneficial effect of MSCs to
recover nephrotoxicity was discussed by following
studies; MSCs’ ability to migrate to the sites of inflam-
mation makes them suitable to be utilized as a part of
the delivery system [64]. The mechanism for recovery
was through various ways, including anti-inflammation
[65], anti-apoptosis, anti-fibrosis, immunomodulation
including natural killer cells [66], immune suppression
[67], suppression of the expression of some inflamma-
tory cytokines specially TNF-c. [68], and proangiogen-
esis [69]. From the above results, it can be concluded
that MSCs have been shown to ameliorate Cis-induced
acute kidney injury [70].

Groups treated with Cis + Infliximab-labeled
PEG-coated SPIONs-loaded MSCs showed kidney
weights and concentrations of TNF-a, Na, BUN,
creatinine, and uric acid in serum were significantly
declined compared to the Cis-induced nephrotox-
icity rat model. The serum levels of MDA were
significantly decreased. However, serum levels of
GPx, CAT, and SOD were significantly elevated in
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Cis + Infliximab-labeled PEG-coated SPIONs-loaded
MSCs group compared to the Cis-induced nephrotox-
icity rat model.

Due to their intrinsic physicochemical features,
nanoparticles’ tiny size promotes cellular uptake
and can optimize intracellular routes, increasing
drug delivery to target regions, as previously dis-
cussed [71, 72]. However, this property is not enough
to target and treat inflamed tissues [73], and the pres-
ent study on infliximab was performed to improve the
targeting ability of SPIONS.

Mesenchymal stem cells mimicking nanoencap-
sulations encapsulate pharmaceuticals with a variety
of components, such as chemotherapeutic agents,
nucleic acids, and proteins [74], and MSCs mimicking
nanoencapsulation employ the cell membrane frac-
tion as the capsule and targeting molecules, such as
chemokine receptors [75, 76]. The capacity of MSCs
to be loaded with infliximab to be released at the site
of nephrotic inflammation makes it a superior choice
among drug delivery systems. The beneficial effect of
this technique was used to minimize the side effects
and toxicity of infliximab and improves experimental
outcomes [77].

The use of SPIONS in the present study was used
due to their biocompatibility and tailor-made surface
coatings [78]. SPIONs was also used as an enhancer of
contrast between tissues [26]. Furthermore, SPIONs
were used to label MSCs isolated from BM with
successful tracking by MRI images taken over some
time [79]. In addition, MSCs loaded with SPIONs
were successfully tracked in the body of a rat [80].

The histological examination of the kidney
showed that Cis treated rat showed the renal cortex
with highly shrunk glomeruli; wide renal space; and
dilatated blood vessels with erythrocytic congestion.
The tubular cells showed degenerative changes and
necrosis. This picture was like many previous works.
Atrophic glomeruli, a dilated urinary space, the lack of
proximal convoluted tubule brush boundaries, hyper-
trophied podocyte pedicles, thicker glomerular base-
ment membrane, and tubular cell vacuolization were
all seen [81]. Ozkok and Edelstein [82] mentioned that
Cis handling resulted in a decrease in renal blood flow,
glomerular filtration rate, ischemia or necrosis of prox-
imal renal tubular epithelial cells with DNA damage,
and shedding of the brush shape and apoptosis. Yang
et al. [83] described the thickening and dilatation of
the proximal tubule basement membrane. Injection of
Cis + Infliximab showing renal tubules with necrotic
nuclei and necrotic areas. The kidney showed nor-
mal architecture after IV injection of MSCs. After
IV injection of Cis + Infliximab-labeled PEG-coated
SPIONs-loaded MSCs, the glomeruli have open cap-
illary loops and are normocellular. There was no evi-
dence of segmentation, necrosis, or sclerosis. There
were no histological alterations in the tubular, inter-
stitial, or vascular components, and no evidence of
necrosis or inflammation was found. The mechanisms

by which MSCs protect the kidney may be by prevent-
ing tubular cell apoptosis followed by promoting renal
tubular epithelial cell proliferation [84].

Ultrasonographic appearance of the renal
parenchyma and spectral Doppler to the renal artery
showed normal echogenic kidney with hyperechoic
sinus, hypoechoic renal parenchyma showed promi-
nent medullary pyramids and outermost cortex with
normal renovascular resistance with PSV of the renal
artery was 37.5 cm/s and RI was 0.55. Cis-induced
nephrotoxicity group showed glomerulonephritis
with increased echogenicity and reduced kidney size
and cortical thinning with PSV of the renal artery
was 225.8 cm/s and RI was 0.91. Similar pictures
were previously obtained [85, 86]. Cis + Infliximab
group showed increased echogenicity, a homogeneous
structure with a little obvious distinction between the
parenchyma and the renal sinus, and a smaller kidney
area with high PSV (185 cm/s) and RI (0.88). Cis +
MSCs reflect nearly normal hypoechoic renal paren-
chyma with medullary pyramids and outermost cor-
tex with PSV (160 cm/s) and slightly high RI (0.76).
Cis + Infliximab-labeled PEG-coated SPIONs-loaded
MSCs exhibited hypoechoic renal parenchyma, prom-
inent medullary pyramids, and outermost cortex
with normal PSV (34.9 cm/s) and RI (0.58). In this
section of the result, the ultrasonographic technique
established here will be beneficial for enhancing kid-
ney disease cell therapy, as recently verified [87].
Furthermore, as compared to other invasive methods,
this approach can be built as a clinical application and
will be beneficial for cell delivery. As a result, the
information obtained from this work can be used to
improve cell therapies in a variety of rodent models of
renal diseases.

Conclusion

With the support of the MSCs-SPIONSs Infliximab
delivery system, it will be possible to easily track and
monitor cell homing after therapeutic application.
This infliximab-loading system will help the fate of a
drug entering the body to the target organ, optimizes
the efficacy of therapeutics, and reduces doses. This
study’s outcomes contribute to a better understanding
of the potential of combining MSCs and nanoparticles
with antibodies specific to nephrotoxicity. However,
further investigation is recommended using different
types of other drugs. For new approaches development,
we should evaluate whether existing toxicity analysis
and risk evaluation strategies are reliable and enough
for the variety and complexity of nanoparticles.

Authors’ Contributions

FAMA: Designed the study, isolation, prolifer-
ation, viability, PDT, and phenotypic analysis of rat
BM-MSCs and their adipogenic and osteogenic dif-
ferentiation. FAMA: Assessed the homing of injected
MSCs, histological analysis, and measurement of
plasma TNF-q, tissue antioxidant, creatinine, BUN,

Veterinary World, EISSN: 2231-0916

2487



Available at www.veterinaryworld.org/Vol.15/October-2022/14.pdf

K, and Na. SEE: Synthesis and polymer coating of
SPIONs and their characterizations. AAZ: Labeling
with anti-TNF-a antibodies, working with FAMA
loading MSCs with infliximab-labeled PEG-coated
SPIONs and determination of the intracellular
uptake. AAZ and FAMA: Cytotoxicity assessment.
AAZ: Nephrotoxicity model and ultrasound examina-
tion. AAZ and SMA: Analyzed the data and wrote the
manuscript. All authors have read and approved the
final manuscript.

Acknowledgments

The authors would like to appreciate the financial
support of National Research Centre, Egypt, through
project no. “12050414.”

Competing Interests

The authors declare that they have no competing
interests.

Publisher’s Note

Veterinary World remains neutral with regard
to jurisdictional claims in published institutional
affiliation.

References

1. Fu, Y., Cai, J,, Li, F, Liu, Z., Shu, S., Wang, Y., Liu, Y.,
Tang, C. and Dong, Z. (2019) Chronic effects of repeated low-
dose cisplatin treatment in mouse kidneys and renal tubular
cells. Am. J. Physiol. Renal. Physiol., 317(6): F1582-F1592.

2. Fang, C.Y., Lou, D.Y., Zhou, L.Q., Wang, J.C., Yang, B.,
He, Q.J., Wang, J.J. and Weng, Q.J. (2021) Natural prod-
ucts: Potential treatments for cisplatin-induced nephrotox-
icity. Acta Pharmacol. Sinica, 42(12): 1951-1969.

3. Savio-Silva, C., Soinski-Sousa, P.E., Balby-Rocha, M.T.A.,
Lira, A.D.O. and Rangel, E.B. (2020) Mesenchymal stem
cell therapy in Acute Kidney Injury (AKI): Review and per-
spectives. Rev. Assoc. Med. Bras., 66(1): s45—s54.

4. Crigna, A.T., Daniele, C., Gamez, C., Balbuena, S.M.,
Pastene, D.O., Nardozi, D., Brenna, C., Yard, B., Gretz, N.
and Bieback, K. (2018) Stem/stromal cells for treatment
of kidney injuries with focus on preclinical models. Front.
Med. (Lausanne)., 5(1): 179.

5. Yin, K., Wang, S. and Zhao, RC. (2019) Exosomes from
mesenchymal stem/stromal cells: A new therapeutic para-
digm. Biomark. Res., 7(1): 1-8.

6. Mottaghitalab, F., Farokhi, M., Shokrgozar, M.A., Atyabi, F.
and Hosseinkhani, H. (2015) Silk fibroin nanoparti-
cle as a novel drug delivery system. J. Control. Release,
206(1): 161-176.

7. Wu, L., Rong, C., Zhou, Q., Zhao, X., Zhuansun, X.M.,
Wan, S., Sun, M.M. and Wang, S.L. (2021) Bone marrow
mesenchymal stem cells ameliorate cisplatin-induced renal
fibrosis via miR-146a-5p/Tfdp2 axis in renal tubular epithe-
lial cells. Front. Immunol., 11(1): 623693.

8. van Rijt, S. and Habibovic, P. (2017) Enhancing regener-
ative approaches with nanoparticles. J. R. Soc. Interface,
14(129): 20170093.

9. Markides, H., Newell, K.J., Rudorf, H., Ferreras, L.B.,
Dixon, J.E., Morris, R.H., Graves, M., Kaggie, J., Henson, F.
and El Haj A.J. (2019) Ex vivo MRI cell tracking of autolo-
gous mesenchymal stromal cells in an ovine osteochondral
defect model. Stem Cell Res. Ther., 10(1): 25.

10. Farcal, L., Andon, F.T., Di Cristo, L., Rotoli, B.M,,
Bussolati, O., Bergamaschi, E., Mech, A., Hartmann, N.B.,
Rasmussen, K., Riego-Sintes, J. and Ponti, J. (2015)
Comprehensive in vitro toxicity testing of a panel of

I1.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

representative oxide nanomaterials: First steps towards an
intelligent testing strategy. PLoS One., 10(5): ¢0127174.
Labusca, L., Herea, D.D. and Mashayekhi, K. (2018) Stem
cells as delivery vehicles for regenerative medicine-chal-
lenges and perspectives. World J. Stem Cells, 10(5): 43-56.
Garg, T., Bhandari, S., Rath, G. and Goyal, A.K. (2015)
Current strategies for targeted delivery of bio-active drug
molecules in the treatment of brain tumor. J. Drug Target,
23(10): 865-887.

Robert, M.C., Frenette, M., Zhou, C., Yan, Y., Chodosh, J.,
Jakobiec, F.A., Stagner, A.M., Vavvas, D., Dohlman, C.H.
and Paschalis, E.I. (2016) A drug delivery system for
administration of anti-TNF-ou antibody. Trans. Vision Sci.
Technol., 5(2): 11.

Mohammadzadeh, A., Pourfathollah, A.A., Shahrokhi, S.,
Fallah, A., Tahoori, M.T., Amari, A., Forouzandeh, M. and
Soleimani, M. (2016) Evaluation of AD-MSC (adipose-de-
rived mesenchymal stem cells) as a vehicle for IFN-f3 deliv-
ery in experimental autoimmune encephalomyelitis. Clin.
Immunol., 169(1): 98-106.

Gugjoo, M.B., Kinjavdekar, A.P., Aithal, H.P., Ansari, M.M.,
Pawde, A.M. and Sharma, G.T. (2015) Isolation, culture and
characterization of New Zealand white rabbit mesenchymal
stem cells derived from bone marrow. Asian J. Anim. Vet.
Adv., 10(10): 537-548.

Al-Mutairi, K.S., Almundarij, T.I. and Zaki, A.A. (2019)
Osteogenic/adipogenic differentiation of intact and ova-
riectomized young and adult female rat Bone Marrow
Mesenchymal Stem Cells (BMMSC). Biol. Chem. Sci.,
10(2): 253-265.

Guan, J., Wang, F., Li, Z., Chen, J., Guo, X., Liao, J. and
Moldovan, N.I. (2011) The stimulation of the cardiac dif-
ferentiation of mesenchymal stem cells in tissue constructs
that mimic myocardium structure and biomechanics.
Biomaterials, 32(24): 5568-5580.

Ega, L.P., Ramalho, R.B., Oliveira, 1.S., Gomes, P.O.,
Pontes, P., Ferreira, A.T. and Mazzetti, M.P.V. (2009)
Comparative study of technique to obtain stem cells from
bone marrow collection between the iliac crest and the femo-
ral epiphysis in rabbits. Acta Cirurg. Brasil., 24(5): 400-404.
Phuc, P.V.,, Nhung, T.H., Loan, D.T.T., Chung, D.C. and
Ngoc, PK. (2011) Differentiating of banked human umbilical
cord blood-derived mesenchymal stem cells into insulin-se-
creting cells. In Vitro Cell. Dev. Biol Anim., 47(1): 54-63.
Choi, J.R., Pingguan-Murphy, B., Abas, W.A.B.,
Azmi, M.AN., Omar, S.Z., Chua, KH. and
Safwani, W.K.Z. (2014) Impact of low oxygen tension
on stemness, proliferation and differentiation potential of
human adipose-derived stem cells. Biochem. Biophys. Res.
Commun., 448(2): 218-224.

Abo-Aziza, F.A. and Zaki, A.A. (2017) The impact of con-
fluence on Bone Marrow Mesenchymal Stem (BMMSC)
proliferation and osteogenic differentiation. /nt. J. Hematol.
Oncol. Stem Cell Res., 11(2): 121-131.

Abo-Aziza, F.AM., Zaki, A.A., Abd-Elhalem, S.S. and
El-Soud, S.M. (2018) Metabolic hormones and lipogram
related to adipogenic differentiation of umbilical cord blood
mesenchymal stem cells during ovine pregnancy. Res.
J. Pharm. Biol. Chem. Sci., 9(2): 257-268.

Aljohani, A.S., Zaki, AK.A., Al Abdulmonem, W.,
Rasheed, Z., Alhumaydhi, F.A. and Abo-Aziza, F.A. (2021)
Therapeutic approach for an osteoporotic animal model by
bone marrow mesenchymal stem cells. J. Appl. Pharm. Sci.,
12(01): 149-158.

Chapa-Gonzalez, C.,Roacho-Pérez,J.A.,Martinez-Pérez, C.A.,
Olivas-Armendariz, I., Jimenez-Vega, F., Castrejon-Parga, K.Y.
and Casillas, P.E.G. (2015) Surface modified superparamag-
netic nanoparticles: Interaction with fibroblasts in primary cell
culture. J. Alloys Compd., 615(1): S655-S659.

Gaihre, B., Khil, M.S., Lee, D.R. and Kim, H.Y. (2009)
Gelatin-coated magnetic iron oxide nanoparticles as carrier
system: Drug loading and in vitro drug release study. Int.

Veterinary World, EISSN: 2231-0916

2488



Available at www.veterinaryworld.org/Vol.15/October-2022/14.pdf

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

J. Pharm., 365(1-2): 180-189.

Naseroleslami, M., Aboutaleb, N. and Parivar, K. (2018)
The effects of superparamagnetic iron oxide nanoparti-
cles-labeled mesenchymal stem cells in the presence of a
magnetic field on attenuation of injury after heart failure.
Drug Deliv. Trans. Res., 8(5): 1214-1225.

Wang, Q., Chen, B., Ma, F.,, Lin, S., Cao, M., Li, Y. and
Gu, N. (2017) Magnetic iron oxide nanoparticles acceler-
ate osteogenic differentiation of mesenchymal stem cells
via modulation of long noncoding RNA INZEB2. Nano.
Res.,10(2): 626-642.

Babic, M., Horak, D., Trchova, M., Jendelova, P.,
Glogarova, K., Lesny, P., Herynek, V., Hajek, M. and
Sykové, E. (2008) Poly (L-lysine)-modified iron oxide
nanoparticles for stem cell labeling. Bioconjug. Chem.,
19(3): 740-750.

Abdelrahman, A.M., Al Suleimani, Y.M., Manoj, P.,
Ashique, M., Ali, B.H. and Schupp, N. (2020) Effect
of infliximab, a tumor necrosis factor-alpha inhibitor,
on doxorubicin-induced nephrotoxicity in rats. Naunyn
Schmiedebergs Arch. Pharmacol., 393(1): 121-130.

Zeng, H., Wang, J., Liu, W., Li, Q., Wang, Y. and Han, W.
(2016) Evaluation of experimentally induced early hepatic
alveolar echinococcosis in rats with ultrasonography.
Radiol. Inf. Dis., 3(3): 114-119.

Motawi, T.M., Atta, HM., Sadik, N.A. and Azzam, M.
(2014) The therapeutic effects of bone marrow-derived
mesenchymal stem cells and simvastatin in a rat model of
liver fibrosis. Cell Biochem. Biophys. 68(1): 111-125.
Yilmaz, 1., Hatipoglu, H.S., Taslidere, E. and Karaaslan, M.
(2018) Comparing the regenerative effects of Silymarin and
Apricot on liver regeneration after partial hepatectomy in
rats. Biomed. Res., 29(7): 1465-1473.

Gao, J., Liu, R., Wu, J., Liu, Z., Li, J., Zhou, J., Hao, T,
Wang, Y., Du, Z., Duan, C. and Wang, C. (2012) The use
of chitosan based hydrogel for enhancing the therapeutic
benefits of adipose-derived MSCs for acute kidney injury.
Biomaterials, 33(14): 3673-3681.

Deng, J., Ding, X., Zhang, W., Peng, Y., Wang, J., Long, X.,
Li, P. and Chan, A.S. (2002) Magnetic and conducting
Fe304-cross-linked polyaniline nanoparticles with core-
shell structure. Polymer., 43(8): 2179-2184.

Gu, H., Huang, Y., Zhang, X., Wang, Q., Zhu, J., Shao, L.,
Haldolaarachchige, N., Young, D.P., Wei, S. and Guo, Z.
(2012) Magnetoresistive polyaniline-magnetite nanocom-
posites with negative dielectrical properties. Polymer,
53(3): 801-809.

Yin, X., Li, Y., Li, J., Li, P,, Liu, Y., Wen, J. and Luan, Q.
(2016) Generation and periodontal differentiation of human
gingival fibroblasts-derived integration-free induced plu-
ripotent stem cells. Biochem. Biophys. Res. Commun.,
473(3): 726-732.

Kugi, S., Kugi, Z., Schéfer, R., Spohn, G., Winter, S.,
Schwab, M., Salzmann-Manrique, E., Klingebiel, T. and
Bader, P. (2019) Molecular signature of human bone mar-
row-derived mesenchymal stromal cell subsets. Sci. Rep.,
9(1):1774.

Robert, A.W., Marcon, B.H., Dallagiovanna, B. and
Shigunov, P. (2020) Adipogenesis, osteogenesis, and chon-
drogenesis of human mesenchymal stem/stromal cells:
A comparative transcriptome approach. Front. Cell. Dev.
Biol., 8(1): 561.

Thomas, S. and Jaganathan, B.G. (2022) Signaling network
regulating osteogenesis in mesenchymal stem cells. J. Cell.
Commun. Signal., 16(1): 47-61.

Ye, F., Li, J., Xu, P, Xie, Z., Zheng, G., Liu, W,, Ye, G.,
Yu, W,, Lin, J., Su, Z. and Che, Y. (2022) Osteogenic differ-
entiation of mesenchymal stem cells promotes c-Jun-depen-
dent secretion of interleukin 8 and mediates the migration
and differentiation of CD4" T cells. Stem Cell Res. Ther.,
13(1): 58.

Nidhin, M., Indumathy, R., Sreeram, K.J. and Nair, B.U.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

(2008) Synthesis of iron oxide nanoparticles of narrow size
distribution on polysaccharide templates. Bull. Mater. Sci.,
31(1): 93-96.

Anbarasu, M., Anandan, M., Chinnasamy, E., Gopinath, V.,
Balamurugan, K. (2015) Synthesis and characterization
of polyethylene glycol (PEG) coated Fe304 nanoparti-
cles by chemical co-precipitation method for biomedical
applications. Spectrochim Acta A Mol. Biomol. Spectrosc.,
135(1): 536-539.

Angelia, P., Baqiya, F.M., Mashuri, T. (2011) Darminto sin-
tesis nanopartikel Fe304 dengan template PEG-1000 dan
karakterisasi sifat magnetiknya. J. Mater. Energ. Indones.,
1(01): 1-6.

Quevedo, I.R., Olsson, A.L., Clark, R.J., Veinot, J.G. and
Tufenkji, N. (2014) Interpreting deposition behavior of
polydisperse surface-modified nanoparticles using QCM-D
and sand-packed columns. Environ. Eng. Sci., 31(7): 326-337.
Champion, J.A. and Mitragotri, S. (2006) Role of tar-
get geometry in phagocytosis. Proc. Nat. Acad. Sci.,
103(13): 4930-4934.

Geng, Y.AN., Dalhaimer, P., Cai, S., Tsai, R., Tewari, M.,
Minko, T. and Discher, D.E. (2007) Shape effects of fila-
ments versus spherical particles in flow and drug delivery.
Nat. Nanotechnol., 2(4): 249-255.

Venkataraman, S., Hedrick, J.L., Ong, Z.Y., Yang, C.,
Ee, PL.R., Hammond, P.T. and Yang, Y.Y. (2011) The
effects of polymeric nanostructure shape on drug delivery.
Adv. Drug Deliv. Rev., 63(14-15): 1228-1246.

Waldron, R.D. (1955) Infrared spectra of ferrites. Phys.
Rev., 99(6): 1727.

Durmus, Z., Tomas, M., Baykal, A., Kavas, H. and
Toprak, M.S. (2011) PEG-assisted synthesis of Mn304
nanoparticles: A structural and magnetic study. Synth.
React. Inorg. Met. Org. NanoMet. Chem., 41(7): 768-773.
Gunay, M., Sozeri, H. and Baykal, A. (2012) Polyol approach
for the synthesis of water soluble Mn304 nanoparticles
using PEG. J. Superconduc. Nov. Mag., 25(6): 1929-1935.
Karaoglu, E., Ozkaya, T. and Baykal, A. (2012) Hydrothermal
synthesis and characterization of PEG stabilized Co304
nanoparticles. J. Superconduc. Nov. Mag., 25(7): 2403-2406.
Covaliu, C.1., Jitaru, 1., Paraschiv, G., Vasile, E., Biris, S.S.,
Diamandescu, L., Ionita, V. and Iovu, H. (2013) Core-shell
hybrid nanomaterials based on CoFe204 particles coated
with PVP or PEG biopolymers for applications in biomedi-
cine. Powder Tech., 237(1): 415-426.

Ji, F., Zhang, K., Li, J., Gu, Y., Zhao, J. and Zhang, J. (2018)
A dual pH/magnetic responsive nanocarrier based on
PEGylated Fe304 nanoparticles for doxorubicin delivery.
J. Nanosci. Nanotechnol., 18(7): 4464—4470.

Karimzadeh, 1., Aghazadeh, M., Doroudi, T., Ganjali, M.R.
and Kolivand, P.H. (2017) Superparamagnetic iron oxide
(Fe304) nanoparticles coated with PEG/PEI for biomedical
applications: A facile and scalable preparation route based
on the Cathodic Electrochemical Deposition Method. Adv.
Phys. Chem., 2017(2): 9437487.

Marks, E.S., Bonnemaison, M.L., Brusnahan, S K., Zhang, W.,
Fan, W., Garrison, J.C. and Boesen, E.I. (2017) Renal iron
accumulation occurs in lupus nephritis and iron chelation
delays the onset of albuminuria. Sci. Rep., 7(1): 12821.
Nematbakhsh, M., Ashrafi, F., Nasri, H., Talebi, A.,
Pezeshki, Z., Eshraghi, F. and Haghighi, M. (2013) A
model for prediction of cisplatin induced nephrotoxicity
by kidney weight in experimental rats. J. Res. Med. Sci.,
18(5): 370-373.

Jiang, M., Wang, C.Y., Huang, S., Yang, T. and Dong, Z.
(2009) Cisplatin-induced apoptosis in p53-deficient renal
cells via the intrinsic mitochondrial pathway. Am. J. Physiol.
Renal. Physiol., 296(5): F983-F993.

El-Sayed, E.S., Abd-Ellah, M.F., Attia, S.M. (2008)
Protective effect of captopril against cisplatin-induced neph-
rotoxicity in rats. Pakistan J. Pharm. Sci., 21(3): 255-261.
Sung, P.H., Chang, C.L., Tsai, T.H., Chang, L.T., Leu, S.,

Veterinary World, EISSN: 2231-0916

2489



Available at www.veterinaryworld.org/Vol.15/October-2022/14.pdf

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

Chen, Y.L., Yang, C.C., Chua, S., Yeh, K.H., Chai, H.T.
and Chang, H.W. (2013) Apoptotic adipose-derived mesen-
chymal stem cell therapy protects against lung and kidney
injury in sepsis syndrome caused by cecal ligation puncture
in rats. Stem Cell Res Ther, 4(6): 1-20.

Levin, A.D., Wildenberg, M.E. and van den Brink, G.R.

72.

Arias-Alpizar, G., Kong, L., Vlieg, R.C., Rabe, A.,
Papadopoulou, P., Meijer, M.S., Bonnet, S., Vogel, S., van
Noort, J., Kros, A. and Campbell, F. (2020) Light-triggered
switching of liposome surface charge directs delivery of
membrane impermeable payloads in vivo. Nat. Commun.,
11(1): 3638.

(2016) Mechanism of action of anti-TNF therapy in inflam- 73.  Tietjen, G.T., Bracaglia, L.G., Saltzman, W.M. and Pober, J.S.
matory bowel disease. J. Crohns Colitis., 10(8): 989-997. (2018) Focus on fundamentals: Achieving effective nanopar-
Ooi, C.J., Hilmi, L., Banerjee, R., Chuah, S.W., Ng, S.C., ticle targeting. Trends Mol. Med., 24(7): 598—606.
Wei, S.C., Makharia, G K., Pisespongsa, P., Chen, MH., 74, Shin, M.J., Park, Y., Lee, D.H. and Khang, D. (2021) Stem
Ran, Z.H. and Ye, B.D. (2019) Best practices on immuno- cell mimicking nanoencapsulation for targeting arthritis.
modulators and biologic agents for ulcerative colitis and Int. J. Nanomed., 16(1): 8485.
Crohn’s disease in Asia. J. Gastroenterol. Hepatol., 34(8): 75.  Su, Y., Zhang, T., Huang, T. and Gao, J. (2021) Current
1296-1315. . ) advances and challenges of mesenchymal stem cells-
ég(?rwal,DA[: K%dla: IS., SJam,N?, Fup\t?i)v’lthpanna’ S-’ based drug delivery system and their improvements. /nt.

adav, st oyal, . ouli, e mgra, " J. Pharm., 600(5): 120477.
Makharia, G. and Ahuja, V. (2018) High risk of tuberculo- 76.  Kwon, s: Kir(n,) S.H., Khang, D. and Lee, 1.Y. (2020)
sis during infliximab therapy despite tuberculosis screen- Potential therapeutic usage of nanomedicine for glaucoma
e In é?gafgéngatg% bowel disease patients in India. Intest. treatment. Int. J. Nanomedicine., 15(1): 5745-5765.

es., : 208=5708. ) 77. Liao, W., Du, Y., Zhang, C., Pan, F., Yao, Y., Zhang, T. and
é\il:lfsrtsr%?;l I\II{Né ;‘;ﬁctfsr:;‘k’s BM ifﬁglri‘, I?Ii—(lis{issog, 2:[1& Peng, Q. (2019)'151X(1‘50m§5: Thedndext ggnlqration og e}l;ldoge-
Jess, T. (2014) Association between tumor necrosis factor-o. j(;l;; g?g::lr;;:: ?268(3()):r i;,flce rug delivery and therapy.
antagonists and risk of cancer in patients with inflammatory 78.  Santoso, M.R. and Yang, P.C. (2016) Magnetic nanoparti-
ll;(;z;la?lliseise. é}(‘;‘ll{[‘gfi.’ %1 1§221I3;1)s:h2i?1?6£24113;j00 MH. and cles for targeting and imaging of stem cells in myocardial
Niknejad, H. (2020) Recent advances on drug-loaded mes- 79 Ellizrcglo\r;aitgerr;{CYelfi{JntI;, ]230 lli(li ) J il 95;7119(‘)]'\{ Yang, Y.Q
enchymal stem cells with anti-neoplastic agents for targeted ' d ’Ya;1 S R, ('26’1 5) in vm’) ma’ riet.i’c res,or.la;ce im; in .
treatment of cancer. Front. Bioeng. Biotechnol., 8(7): 748. and Yang, >.% g . 1asins
Mori da Cunha. M.GM.. Zia S. Arcolino. FO. tracking of transplanted superparamagnetic iron ox1de—!a-
Carlon. M.S Beck’mann D V’ Pippi, N L’ Luhers G;aga D ’ beled bqne marrow mesenchymal stem cells in rats with
Levtchenko, E., Deprest, J. and Toelen, J. (2015) Amniotic 30 ?gr(l)ca(r)dla}filr}farLcltll(;)rBMgiil\éedWI;ip "Iél(”ll“i)a;nl 13}22 7
fluid derived stem cells with a renal progenitor phenotype ’ Lei inI biu’ B’ an d, L1’u W’ (5 01 S)gl\’/IR'I’ tracl;in.’ of bg(,)ng
inhibit interstitial fibrosis in renal ischemia and reperfusion > > > cxing
injury in rats. PLoS One., 10(8): ¢0136145. marrow mesenchymal sterp cells label.ed w1.th ultra-small
Noone, C., Kihm, A., English, K., O'Dea, S. and superparamagnetic iron oxide nanoparticles in a rat model
MahonZ B.P’. (2013),IFN:Y stimulat,ed hl’lman uml’)ilical-tis- of temporalllobe epilepsy. N?MFOSCi’ Lett. 606(1(.)): 30-35.
sue-derived cells potently suppress NK activation and 81.  Abdelmeguid, .N'E” Chmals.se, H.'N’ anq Zelpab, N.A.
resist NK-mediated cytotoxicity in vitro. Stem Cells Dev., (2010) P rotective effect of silymarin on cisplatin-induced
22(22): 3003-3014. nephrotoxicity in rats. Eak. J. Nutr., 9(7): 624—63§.
Huang, F., Thokerunga, E., He, F., Zhu, X., Wang, Z. and 82. QZkok? A and Edelsteln,'C.L, (2Q14) Pathophysiology of
Tu, J. (2022) Research progress of the application of mes- cisplatin-induced acute kidney injury. BioMed. Res. Int.,
enchymal stem cells in chronic inflammatory systemic dis- 2014(10): 967826. .
eases. Stem Cell Res. Ther., 13(1): 1-5. 83. Yang, Y., Yu, X., Zhang, Y., Ding, (.}.,‘Zhu,.C., Huang, S.,
Li, X., Guan, Y., Li, C., Zhang, T., Meng, F., Zhang, J., Li, J., Jia, Z. and Zhang3 A.' (2018) Hypoxia-inducible factor pro-
Chen, S., Wang, Q., Wang, Y., Peng, J. and Tang, J. (2022) Iyl .hydro.xylasle 1.nh1b1t0r roxadugtat (FF}-.4592) protects
Immunomodulatory effects of mesenchymal stem cells in against cisplatin-induced acute kidney injury. Clin. Sci.
peripheral nerve injury. Stem Cell Res. Ther., 13(1): 1-13. (Lond)., 132(1): 825-823.
Sayegh, S., El Atat, O. Diallo, K., Rauwel, B. 84. Rabelink, T.J. and Little, M.H. (2013) Stromal cells in tis-
Degboé, Y., Cavaignac, E., Constantin, A., Cantagrel, A., sue homeostasis: Balancing regeneration and fibrosis. Nat.
Trak-Smayra, V., Alaaeddine, N. and Davignon, J.L. (2019) Rev. Nephrol., 9(12): 747-753.
Rheumatoid synovial fluids regulate the immunomod- 85.  Boddi, M. (2017) Renal ultrasound (and doppler sonog-
ulatory potential of adipose-derived mesenchymal stem raphy) in hypertension: An update. Adv. Exp. Med. Biol.,
cells through a TNF/NF-kB-dependent mechanism. Front. 956(1): 191-208.
Immunol., 10(6): 1482. 86. Fisch, S., Liao, R., Hsiao, L.L. and Lu, T. (2016) Early
Moustafa, F.E., Sobh, M.A., Abouelkheir, M., Khater, Y., detection of drug-induced renal hemodynamic dysfunc-
Mahmoud, K., Saad, M.A. and Sobh, M.A. (2016) Study of tion using sonographic technology in rats. J. Vis. Exp.,
the effect of route of administration of mesenchymal stem 11(109): €52409.
cells on cisplatin-induced acute kidney injury in Sprague 87. Thin, M.Z., Ogunlade, O., Comenge, J., Patrick, P.S,,
Dawley rats. Int. J. Stem Cells, 9(1): 79-89. Stuckey, D.J., David, A.L., Lythgoe, M.F., Beard, P. and
Sanna, V. and Sechi, M. (2020) Therapeutic potential of tar- Kalber, T.L. (2020) Stem cell delivery to kidney via min-
geted nanoparticles and perspective on nanotherapies. ACS. imally invasive ultrasound-guided renal artery injection in
Med. Chem. Lett., 11(6): 1069-1073. mice. Sci. Rep., 10(1): 7514.

seoskoskoskoskoskoskok

Veterinary World, EISSN: 2231-0916

2490





