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ARTICLE INFO ABSTRACT

Keywords: Aim: In this study, in vivo biodistribution, clearness and toxicity of curcumin capped iron oxide nanoparticles
Curcumin capped iron oxide nanoparticles (Cur-IONPs) were addressed in different body organs.

Biodistribution Materials and methods: The physicochemical properties of the prepared Cur-IONPs were investigated. Long term
g)exaiitn;e (3 weeks) biodistribution, clearness and toxicity were assessed for a single-dose administration of Cur-IONPs

(5mg/kg). The iron content in liver, kidney, spleen and brain was quantified using atomic absorption spec-
troscopy. Serum biochemical parameters were also measured.

Key findings: The integrated in vivo results demonstrated that Cur-IONPs was mostly taken up in the liver and
spleen reaching its highest levels on days 1 and 2, respectively. In the brain, the results showed significant
accumulation of Cur-IONPs between 1 h to 1-day post injection. This represented the successful penetration Cur-
IONPs across the blood-brain barrier. Serum biochemical analysis demonstrated a temporal disturbance in the
performance of body organs. Also, the body weights showed no alteration throughout the experiment.
Significance: It has been deduced that the promising green synthesized Cur-IONPs as an “All in One” nano-

Serum biochemical analysis

platform is safe enough to be used in diagnostic and therapeutic purposes.

1. Introduction

An essential task of nanomedicine is designing non-toxic, bio-
compatible and multifunctional nanoformulations. The development
and production of newly manufactured nanomaterials have grown
much faster than the generation of sufficient toxicological information.
The toxicological behaviour of materials at the nanoscale is far beyond
predictions of what is known at the macro and bulk scale of the same
material [1]. Therefore, it is necessary to assess the toxicity of the
manufactured nanomaterials, even though the toxicity of the bulk
material with the same chemical composition might already be known.

Many researchers have elucidated the possibility of detrimental
biological effects due to the administration of nanomaterials [2,3].
However, the exact effects of these nanomaterials on human health and
the environment remain unclear [4-6]. One of the main concerns is to
determine the interactions of different types of nanoparticles (NPs), as a
function of their shape, size and surface modifications, with biological
cells [7,8]. This has led to the emergence of “Nanotoxicology” as an
independent field of research, that provides data regarding the toxicity

of nanoparticles.

Literature data screening, of research performed during this decade,
has shown that the biodistribution and toxicity of nanoparticles has
become an issue of concern [9-14]. At the cellular level, NPs may in-
duce many adverse effects by interacting with the cell membrane, mi-
tochondria, or nucleus. These effects cause organelle or DNA damaging,
oxidative stress, programmed cell death, change in protein regulation,
and mutagenesis [15-17].

Up until now, only fragmentary data explaining the biological me-
chanisms governing NPs cytotoxicity has been reported. In these stu-
dies, numerous factors that affect nanotoxicity including: particles size
[18-22], surface charge [23-28] and surface modification [29] have
been demonstrated.

Most in vitro studies demonstrate that NPs with a size of 10-60 nm
show a marked cellular uptake, regardless of core composition or the
surface charge of the nanomaterial [18,19]. Interestingly, it has been
found that the nanomaterial size plays an important role not only in the
cellular interaction and uptake, but also extends to in-vivo pharmaco-
kinetics, biodistribution and the circulation half-life of NPs, which in
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turn leads to different biological effects. For biomedical applications,
the optimal size of the nanomaterial depends on the specific targeted
tissue. The size-dependent organ distribution of nanomaterials has been
investigated [30], and it was reported that some nanomaterials with a
hydrated diameter lower than 10 nm are rapidly removed by the kid-
neys through renal filtration, which has an effective cut-off size of about
10 nm. On the other hand, NPs with a diameter > 150 nm are removed
from circulation and accumulated in the spleen and liver [20]. Sun,
et al. [21], found that at 1h post administration of 24 and 37 nm
polymeric nanoparticles, 50% of the small diameter nanomaterial was
found in the blood stream, compared with only 5% of the larger one.
Another study, demonstrated that pegylated gold nanomaterial with a
core size of 17 nm exhibited an eight-fold increase in circulation half-
life time in comparison with that of a core size of 86 nm [22].

The surface properties of NPs may also be crucial to their cytotoxic
effect [23]. It was found that positively charged nanoparticles disrupt
the cellular membrane's negative charges by electrostatic interactions
[24]. Also, Uboldi, et al. [25] suggested that the residue of sodium ci-
trate adsorbed on NPs surface was responsible for cytotoxicity. Fur-
thermore, it was reported that the citrate-capped NPs stimulate the
macrophages respiratory activity and the activity of enzymes for mi-
tochondrial macrophage [26]. Sun, et al. [27], found that, not only the
type of surface coating affects the nanotoxicity, but that also, by in-
creasing the concentration of adsorbed molecules on the NPs surface
would cause a decrease in the survival of HeLa cells. In fact, NPs en-
docytosis depends on their surface chemistry. For a size range 10 to
100nm, coated iron oxide cannot be easily filtrated by the re-
ticuloendothelial system and has a long circulation time, whereas un-
coated iron oxide tends to aggregate in biological fluids, resulting in
rapid removal from blood circulation [28].

Additionally, NPs' surface modification plays a critical role in the
interaction between nano-formulations and the biological system.
Applying a shell to the surface of NPs improves their biocompatibility
and solubility in water and other biological fluids. In this manner the
shell decreases the toxicity of NPs and supplies them with the facility
for selective interactions with different types of biological systems. The
shell also improves NPs stability, expands their opposition to environ-
mental factors and minimizes the release of toxic substances from their
core [29].

Iron Oxide Nanoparticles (IONPs) offer promising possibilities in the
nanomedical field mainly due to their physicochemical properties and
magnetic features [31,32]. Applications include: cell separation, con-
trasting agents for magnetic resonance imaging, cell labelling, drug
delivery and magnetic hyperthermia [11,13,33-35]. Some studies have
reported the high biocompatibility and none-to-low toxicity of IONPs
[14,36,37]. While other studies have reported contradictions to this
[1,38], revealing that NPs may cause significant genotoxicity, bio-
chemical alterations and oxidative stress. It is thus of high importance
for further research to be conducted to assess the toxicity of NPs in
general and specifically IONPs. IONPs are also prone to the body's
highly active clearance mechanism consequently limiting their bio-
distribution [39,40]. Recent progress in synthesis, characterization and
surface modification of the IONPs has enabled researchers to improve
the bioavailability parameters of IONPs in biological applications
[41,42]. In particular, green chemistry has become a new approach for
the synthesis of eco-friendly, biocompatible metallic nanoparticles
using natural compounds rather than organic chemical substances
[12,43,44]. One such natural product is curcumin (CUR), which is a
nutraceutical compound isolated from the rhizomes of the herb Cur-
cuma longa. CUR has received considerable attention due to its multiple
biological activities including anti-microbial, anti-inflammatory, anti-
oxidant, anti-cancer activities and wound healing [45]. CUR is also a
“Generally Recognized as Safe” compound by the Food and Drug Ad-
ministration (FDA).

The green synthesis of iron oxide nanoparticles may be performed
using prokaryotic, eukaryotic, microorganisms, or plant extracts
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[46,47]. The bio-molecules act as reducing agents to promote the re-
duction of metal atoms resulting in the formation of nanoparticles. At
the same time these biomolecules act as a stabilizing layer (coating) on
the surface of nanoparticles, preventing them from aggregating or
growing in a disorderly manner during their production. Most of the
IONPs obtained from green synthesis show desirable properties: (1) eco-
friendly (use of lesser toxic reagents and solvents), (2) simple and rapid
synthesis procedures (few steps), (3) biocompatible (can be used di-
rectly without purifications), (4) biodegradable (can be hydrolyzed by
biological pathways), and (5) economically efficient (low production
cost) [12].

Based on the above discussion, the size, surface coating and/or
shape of nanomaterial need to be tailored in a specific manner so as to
gain the best advantage of the unique properties of IOPNs, which can
then be utilized for different biomedical applications.

Accordingly, in this study, we attempted to minimize the toxicity of
the IONPs using an eco-friendly approach. The aim of this work is the
green synthesis of IONPs using the medicinal plant curcumin to en-
hance the biosafety profile of the prepared nanoformulation. It is ex-
pected that curcumin capped iron oxide nanoparticles will exhibit high
stability as well as high degree of safety enabling its potential utiliza-
tion in different biomedical applications. In order to verify this, the in-
vivo biodistribution and toxicity of curcumin capped iron oxide nano-
particles (Cur-IONPs) will be studied.

2. Materials and method
2.1. Materials

Iron (II) chloride (FeCly4H50), iron (III) chloride hexahydrate
(FeCl36H,0), ammonium hydroxide (NH4OH), nitric acid (HNO3),
curcumin powder, ketamine/xylazine (KX) and phosphate buffered
saline (PBS) were purchased from (Sigma- Aldrich, USA). Dimethyl
sulfoxide (DMSO) was purchased from Gibco (USA). Biochemical ana-
lysis kits for Creatinine (Cr), Uric Acid (UA), urea, alanine amino-
transferase (ALT), and aspartate aminotransferase (AST), albumin were
purchased from BioMed Diagnostic (Singapore).

2.2. Methods

2.2.1. Green synthesis of Iron oxide nanoparticles coated with Curcumin

Cur-IONPs were synthesized as described [48]. An aqueous solution
of Fe (III) and Fe (II) salts with a molar ratio of (2:1) was dissolved in
40 ml of water and stirred for 15 min at 40 °C till the appearance of a
brown colour. Then, 100 ul of curcumin solution (20 mg curcumin
dissolved in 1 ml DMSO) was added to the mixture drop-wise. The
mixture was heated and 5 ml of 28% ammonium hydroxide was added,
till the mixture's colour turned black. The mixture was left to cool till a
black precipitate was seen topped by a clear transparent supernatant.

In order to measure curcumin loading efficiency, the supernatant
was removed using a pipette and then optically measured using an
UV-visible spectrophotometer. The precipitate was washed and dried,
completing the formation of Cur-IONPs.

2.2.2. Physicochemical characterization

Cur-IONPs were characterized using: Transmission Electron
Microscope (TEM), Zeta Potential, Vibrating-Sample Magnetometer
(VSM), UV-VIS-IR spectroscopy and X-ray diffraction (XRD).

2.2.2.1. TEM. Cur-IONPs size and morphology were visualized by TEM
(HR-TEM, Tecnai G20, FEL, Netherland) at an electron acceleration
voltage of 200 kV.

2.2.2.2. Zeta potential measurements. The surface potential of Cur-
IONPs was determined using the Zeta Potential/Particle Seizer
[Malvern, UK, Zeta sizernano series (Nano ZS), 0.6:6000nm,
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operating at (—200:200 mV)]. The measurements were repeated three
times and the standard deviation (SD) was calculated using origin 8.0
software.

2.2.2.3. VSM. The magnetic properties of Cur-IONPs were investigated
using VSM (LakeShore 7410, LakeShore, and Westerville, USA).

2.2.2.4. UV-VIS-IR spectroscopy. The absorbance spectrum of Cur-
IONPs was measured using UV-VIS-IR Spectroscopy.
(Jenway 6405, Barloworld Scientific, Essex, UK).

2.2.2.5. X-ray diffraction (XRD). X-ray diffraction (XRD) technique was
used to measure the diffraction pattern of Cur-IONPs using the XPERT-
PRO-PAN analytical, Nether land (operating at 45 kV and 30 mA) with a
CuKa radiation (k = 1.54056 ;\). The sample was scanned from 5 to 70.

2.2.3. In vivo studies

The study protocol met the approval conditions of the Unit of
Biomedical Ethics Research Committee (registration No. HA-02-J-008,
reference No.76-17, 13/03/2017) at King Fahad Medical Research
Centre (KFMRC).

2.2.3.1. Animals. Forty-five male Balb/c mice with a weight of 25-28 g
were obtained from the KFMRC, King Abdulaziz University. The
animals had access to food and water, and were kept at a facility
with a 12-hour light/dark cycle with controlled humidity and
temperature.

2.2.3.2. Single dose administration. The objective of this protocol was to
assess the biodistribution and toxicity of a single Cur-IONPs dose at
different time points (0.5h, 1h, 2h, 1day, 2days, 1 week, 2 weeks,
3 weeks) following the administration. Mice were divided into 9 groups
(n =5). Mice in the control group received an intravenous (IV)
injection of 100 pul phosphate buffered saline (PBS). The remaining 8
experimental groups received 100 pl Cur-IONPs of (5 mg/kg) via the tail
vein.

For serum biochemical analysis, blood samples were collected from
the control and the treated groups at the designated time points, as
mentioned above. Blood was withdrawn from the Orbital Sinus. Serum
fractions were immediately separated by centrifugation at 2000 rpm for
15 min and stored at —80 °C till the end of the experiment. The mice
were then sacrificed using an over dose of anesthesia ketamine/xyla-
zine mixture (87/13 mg/kg) at the designated time points. The four
organs (liver, kidney, spleen, and brain) were collected form mice of
each group (n = 5) and stored at —80 °C until the measuring of their
iron content using atomic absorption spectroscopy (AAS) was per-
formed.

i) Serum Biochemical Analysis

Blood samples were collected at the appointed time points from Cur-
IONPs treated groups as well as the control group. Serum biochemical
analysis was conducted to assess the performance of liver and kidney.
Aspartate transaminase (AST) and alanine transaminase (ALT) were
measured to evaluate liver function. The levels of uric acid (UA), al-
bumin, urea, and creatinine (CRE) were measured to assess kidney
function. The total iron content in the serum was measured to in-
vestigate the effect of the administrated magnetic nanoparticles on
blood constituents. Additionally, the glucose (Glc) level was measured.

All measurements were performed according to the procedures of
the biochemical kit assay.

ii) Atomic Absorption Spectroscopy

To study the biodistribution of Cur-IONPs in the four body organs,
the organs were weighed and digested overnight with 2ml of 70%
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nitric acid: 36% hydrochloric acid (1:1 v/v) at 70 °C. The solution was
diluted with deionized water to a final volume of 10 ml and filtered
through a 0.2 um polyethersulfone (PES) filter. The samples were then
analysed using AAS.

iii) Body Weight Measurements

Mice body weight was measured twice weekly throughout a period
of three weeks.

2.2.4. Data analysis and statistics

All data was calculated and displayed as an average + SE. The p-
values *p < 0.05, **p < 0.01 and ***p < 0.001 were considered sta-
tistically significant relative to the control group. Data was compared
by one-way analysis of variance (ANOVA) using Fisher's LSD (least
significance difference). Statistical analysis was performed using the

statistical package SPSS.

3. Results
3.1. Physicochemical characterization

TEM images revealed the successful preparation of Cur-IONPs. Cur-
IONPs appeared mono-dispersed, spherical in shape, with an average
size > 10nm, as shown in Fig. 1.a. This would potentially facilitate
high cellular uptake of Cur-IONPs by human endothelial cells [49].

The measured Zeta potential of Cur-IONPs was —35 + 2.5mV
(Fig. 1.b). Such a high negative value indicates the non-aggregate
nature of the prepared Cur-IONPs. The negative charge value greatly
minimizes the tendency of nanoparticles to absorb plasma proteins,
thus providing Cur-IONPs stability and prolonging its blood circulation
time, [50].

The measured magnetic parameters of Cur-IONPs using VSM were
87.419 E-3emu/cm®, 18.975G and 3.2237E-3 emu/cm?® for magneti-
zation saturation (Ms), magnetic coercivity (Hci) and Retentivity (Mr)
respectively (Fig. 1.c). As shown in (Fig. 1.c) the hysteresis curve with
high Ms value demonstrated the small size and the superparamagnetic
behavior of Cur-IONPs. Moreover, there is no observed hysteresis loop
as indicated by the small value of Hci. The small values of coercivity
and remanence of the hysteresis loop further confirm the super-
paramagnetic property of Cur-IONPs, [51]. This in turn extends the
biomedical applications of Cur-IONPs. The superparamagnetic property
of Cur-IONPs plays an important role in targeted drug delivery to the
diseased site via an external magnetic field. Upon the removal of the
magnetic field, the nanoparticles will aggregate and can escape suc-
cessfully from phagocytes achieving a prolonged circulation time [52].
Furthermore, the green synthesized Cur-IONPs act as nanocarriers for
the medicinal plant curcumin. Additionally, superparamagnetic iron
oxide nanoparticles (SPION) can be used as a contrast agent providing
highly sensitive magnetic resonance imaging for early tumor detection.
Accordingly, the promising Cur-IONPs can potentially be used either as
therapeutic or diagnostic agents.

As shown in Fig. 2a, there is no absorption peak for Cur-IONPs in
UV-VIS-IR range (200-800nm), which in agreement with previous
study by Ghorbani et al. 2018 [50].

In Fig. 2b, XRD pattern of Cur-IONPs showed characteristic peaks at
20 = 30.2, 35.5, 43.2, 53.6, 57, 62.75. It is obvious that the diffraction
peaks of Cur-IONPs were consistent with the typical diffraction peaks of
Fe304 reported in previous studies [53,54]. This consistency indicated
that the fabrication of Cur-IONPs has no effect on Fe;O4 crystalline
structure.

Measurement of curcumin loading efficiency showed that the total
amount of curcumin loaded on iron oxide nanoparticles was about 96%.
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Fig. 1. Cur-IONPs (a) TEM images. (b) Zeta potential measurement. (c) Magnetization profile performed by VSM.

3.2. In vivo studies: single dose administration

3.2.1. Biodistribution of Cur-IONPs

Liver iron content for the treated groups started increasing 0.5 h post
injection reaching the maximum (7-fold increase) at day-1 post injec-
tion. By the end of week-1 iron content had returned to the normal level
as in the control group (Fig. 3.a).

Kidney iron content exhibited no significant change between the
treated and control groups (Fig. 3.b).

Spleen iron content started increasing 1h post injection reaching a
two-fold increase on day-2 followed by a gradual decrease compared
with the control group (Fig. 3.c).

Brain iron content began increasing 1 h post injection reaching the
maximum (2-fold increase) at 2 h post injection relative to the control
group, then returning to the normal level 2days post injection
(Fig. 3.d).

The maximum accumulation of iron in the liver, spleen, kidney and
brain was at day-1, day-2, 2h and 2 h respectively. The iron content in
the liver was the greatest followed by the spleen then the kidney and
then the brain (273.81 * 10.57pg/g, 155.45 + 37.25ug/g,
58.70 + 3.3ug/g and 44.55 + 2.85ug/g, respectively). This reveals
the varying biodistribution of Cur-IONPs in different body tissue.

Our results showed a relevant relationship between the iron con-
centration changes in blood and the iron tissue content in the liver,
kidney, spleen and brain. A large number of Cur-IONPs were collected
by mononuclear macrophages in the liver or spleen after being injected
intravenously. Consequently, Cur-IONPs concentration represented by
the iron content in the liver and spleen reached their highest levels on
days 1 and 2, respectively, this is in agreement with [55,56]. The
marked accumulation of iron in liver tissues is attributed to the ability
of hepatocyte to detoxify Cur-IONPs as ferritin or hemosiderin [57].
Our results are also in agreement with Pham et al. [58], where the
maximum accumulation of IONPs in the liver was at 4 h post injection
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and the clearance was between 48 h-1 week. Owing to the very small
size of the Cur-IONPs > 10 nm, the content of iron in the kidney re-
mained slightly above the background level throughout the time in-
tervals of the experiment indicating that the iron renal excretion was
modest [56].

Interestingly, the results demonstrated that the accumulation of
Cur-IONPs in brain tissues was time dependent, this is in accordance
with the results of Nosrati et al. 2019 [35]. There was a significant
difference between brain iron content of the treated and control groups.
This indicated the successful penetration of Cur-IONPs across the
blood-brain barrier (BBB). The biodistribution pattern of Cur-IONPs in
the brain may be influenced by the iron binding proteins: transferrin
and ferritin that enable iron uptake by body organs. Accordingly, the
increased iron content in brain tissues could be attributed to the sti-
mulation of iron receptors in the brain due to the effect of iron trans-
ferrin binding [58]. Furthermore, the small nanoparticle size of the
promising Cur-IONPs facilitated their passage across the BBB and the
incorporated curcumin increased the biocompatibility of the nano-
particle [59-61].

3.2.2. Toxicity assessment (serum biochemical analysis)

Serum Biochemical Parameters of Liver: Measuring the level of the
enzymes; AST, ALT and albumin can assess the proper performance of
the liver. Compared with control group, AST activity started to increase
0.5h post injection, reaching the maximum value (2-fold increase) 1-
week post-injection. During week 2 and 3, the serum AST level began
decreasing while still showing a significant difference compared with
the control group (Table 1). Similarly, ALT activity started increasing
0.5h post-injection reaching its maximum at week 1, then it began
gradually decreasing until week 3 (Table 1). While, the serum albumin
level revealed a significantly high increase 2 h post injection and then
returned back to normal after day 1 (Table 1).

The significant high levels of AST and ALT are attributed to the
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Fig. 2. (a) UV-VIS-IR spectrum of Cur-IONPs. (b) XRD pattern of Cur-IONPs.

uptake and accumulation of nanoparticles by hepatocytes and Kupffer
cells, which are special macrophages located in the liver [62]. These
results are in agreement with Wei et al. [63], where the levels of AST
and ALT increased 24h post magnetic nanoparticles injection than
declined throughout the following two weeks. These findings are in
contrast to Storey et al. [64], as a prolonged retention of nanoparticles
in body organs (11 months) was noticed. In the present study, it was
clearly observed that Cur-IONPs retention in the four body organs was
limited to a certain time period, indicating that the promising Cur-
IONPs causes minimum cytotoxicity. The transient increase in AST and
ALT levels in serum upon administration of Cur-IONPs might be at-
tributed to the normal response of mice to blood withdrawal. In addi-
tion to, the anesthesia that may stimulate the liver activity and in turn
increases liver enzymes level. In a similar study, Jiang et al. [65], a
transient increase in ALT and AST activity following injection of chit-
osan- and polyethylenimine-DNA complexes was observed. Generally,
AST levels three times the upper limit of the normal range (range
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39-262 U/1) represent abnormal liver function [66]. The results in this
study are consistent with Jain et al. [66], where liver enzymes dis-
turbance was only confined to a certain time interval. This demon-
strates the safety of Cur-IONPs when being used as a drug nanocarrier
and image contrast agent.

Serum Biochemical Parameters of Kidney: The levels of serum urea,
CRE and UA in the blood are associated with the functionality of the
kidney. For the treated groups, the serum urea level increased reaching
its highest value at 1h post injection, after which, it decreased to its
normal level one day post injection (Table 1). The serum CRE level
showed a significant increase (p < 0.001) at 2h post injection com-
pared with the control group. By 1-week post injection, the CRE level
had returned back to its normal level (Table 1). The serum level of UA
showed a significant increase after 0.5h followed by a rapid decrease
returning back to normal level (Table 1).

The performance of the kidney, represented by the levels of serum
urea, CRE and UA, revealed temporal variations in the treated groups
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compared with the control group. However, these observed changes
might be attributed to the ultra-small size of Cur-IONPs that provides
rapid clearance from kidney tissues (Table 1).

Blood Glc Level: All groups showed a significant decrease in blood
sugar level except for the 1-week group, which showed a significant
increase in blood sugar concentration in comparison with the control
group (Fig. 4a). Therefore, it cannot be excluded that Cur-IONPs might
induce temporal inflammation in pancreatic cells resulting in a high glc
level during week-1 post injection. However, in the following two
weeks the glc level returned to its normal level (Fig. 4a).

Serum Iron Concentration: Compared with the control group, the
serum iron level started to increase 0.5 h post injection and exhibited a
significant increase throughout the first two weeks. Thereafter, the

Table 1

serum iron level began to decline slowly returning to its normal level
after 3 weeks (Fig. 4b). In this study, serum iron data was only con-
cerned with the free iron forms and not with its bound one. The ex-
tended high iron level over a period of 2 weeks indicated the rate of iron
clearance from the body. These results are consistent with the study of
Bourrinet et al. [67] that showed 7 weeks clearance. This might be due
to the incorporation of the injected iron into the stored body iron,
which in turn slows down its clearance. However; Jain et al. [65] re-
ported rapid iron clearance from the body. This discrepancy in iron
clearance time is owed to the differences in the size and surface coating
of the synthesized iron oxide nanoparticles, which can greatly affect its
biodistribution and clearance.

The serum concentration of: AST, ALT, Albumin, urea, CRE and UA measured over the time intervals (0.5h, 1h, 2h, 1 day, 2 days, 1 week, 2 weeks, and 3 weeks) for

control and treated groups.

Test AST(U/D) ALT(U/D) Albumin(gm/dl) Urea (md/dl) CRE (md/dl) UA (md/dl)
Control 161.00 = 8.50 39.50 + 2.50 2.10 = 0.07 32.33 = 1.76 0.33 = 0.02 2.80 = 0.15
¥%h 256.33 * 16.29 84.33 + 1.20 2.47 = 0.23 50.00 = 5.51 0.48 = 0.02 3.40 = 0.25
1h 295.00 * 2.65 85.33 + 0.88 1.70 = 0.15 50.67 + 5.90 0.53 + 0.03 2.50 = 0.17
2h 264.00 * 6.67 96.00 + 1.53 2.80 = 0.06 45.00 = 2.65 0.63 + 0.03 3.00 = 0.12
1 day 251.00 * 12.22 104.00 * 3.06 2.53 = 0.19 33.25 + 2.53 0.48 = 0.02 2.95 = 0.06
2 days 272.00 * 12.29 136.00 *= 10.15 2.20 = 0.21 25.00 * 2.65 0.50 = 0.06 2.83 = 0.29
1 week 371.33 * 6.39 208.33 *= 18.52 2.40 = 0.14 40.33 = 4.70 0.43 + 0.03 2.80 = 0.15
2 weeks 192.67 + 12.24 41.00 *= 4.30 2.04 = 0.10 24.25 * 2.84 0.37 = 0.03 2.88 = 0.27
3 weeks 192.33 * 13.54 47.33 = 1.45 2.28 = 0.15 29.00 * 6.08 0.37 = 0.03 2.80 = 0.12

All parameters are expressed as average + SE (n = 5).

The statistically significant differences were determined using one-way ANOVA.
* Clinically significant at p < 0.05.
** Highly significant at p < 0.01.
=+ Extremely significant at p < 0.001.
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Fig. 4. (a) Blood glc level (mg/dl), (b) serum iron concentration (ug/dl) and (c) body weight for control group and Cur-IONPs treated group measured every 3 days

throughout 3 weeks.

3.2.3. Body weight measurements

The body weight of the mice in both the treated and control groups
showed no difference throughout the period of 3 weeks (Fig. 4c). Also,
no abnormalities were observed in mice behaviour and activity. This is
consistent with previous studies by Hanini et al. [49], Chamorro et al.
[68] and Wei et al. [63] that showed a good general health for animals
treated with IONPs as well as no obvious abnormal body weight loss or
mortality in the treated mice.

The green synthesized IONPs with the golden medicinal spice cur-
cumin exhibited superior properties that achieved biocompatibility
(natural agent curcumin), non-toxicity and bio-safety.

Beyond the scope of the current study that addressed the biodis-
tribution, clearness and toxicity of Cur-IONPs, we can suggest the po-
tential utilization of Cur-IONPs in many biomedical applications:

i) As a drug nanocarrier that can be easily overcome the physiological
limitations of drug transport especially the BBB [11,35].

ii) As a contrast agent in magnetic resonance imaging due to their
superparamagnetic property and high cellular uptake (owing to

82

their small size) [35,60].
iii) The curcumin coat is considered as a therapeutic agent against
many diseases including neurological disorders and cancers.

Thus, Cur-IONPs is highly recommended as a biosafe candidate for
the purposes of diagnosis and therapy “nanotheranostic”.
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