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Background: The possibility of using a specific nanoparticle in nanomedicine highly depends 

on its biodistribution profile and biocompatibility. Due to growing demand for iron oxide 

nanoparticles (IONPs) and dendrimers in biomedical applications, this study was performed 

to assess the biodistribution, pharmacokinetics, and toxicity of dendrimer-coated iron oxide 

nanoparticles (G
4
@IONPs).

Materials and methods: IONPs were synthesized via co-precipitation and coated with the 

fourth generation (G
4
) of polyamidoamine (PAMAM) dendrimer. To determine the biodis-

tribution, 5 mg/mL G
4
@IONPs suspension was intraperitoneally injected into tumor-bearing 

BALB/c mice, and iron levels in blood and various organs, including the lung, liver, brain, heart, 

tumor, and kidney, were measured by inductively coupled plasma mass spectrometry (ICP-MS) 

at 4, 8, 12, and 24 h after injection. Also, to investigate the toxicity of G
4
@IONPs, different 

concentrations of G
4
@IONPs were injected into BALB/c mice, and blood, renal, and hepatic 

factors were measured. Furthermore, histopathological staining was performed to investigate 

the effect of G
4
@IONPs on the liver and kidney tissues.

Results: The results showed that the iron content was higher in the kidney, liver, and lung 

tissues 24 h after injection. Toxicity assessments revealed a significant increase in blood urea 

nitrogen (BUN) and direct bilirubin at the concentration of 10 mg/kg. Also, in this concentra-

tion, histopathological abnormalities were detected in liver tissue.

Conclusion: Although more systematic studies are still required, our results encouraged the 

future investigations of G
4
@IONPs in biomedical applications.

Keywords: G
4
@IONPs, biodistribution, pharmacokinetics, toxicity

Introduction
Application of nanotechnology in medicine and drug delivery is spreading fast.1 

Iron oxide nanoparticles (IONPs) are gradually being studied in different biomedical 

applications, including magnetic hyperthermia, targeted drug delivery, and magnetic 

resonance imaging (MRI) contrast agent; therefore, a comprehensive elucidation of 

their metabolic pathways and clearance mechanisms seems to be essential.2 Particle 

size, surface charge, and coating are crucial factors affecting the biodistribution, 

pharmacokinetics, and also toxicity platform of IONPs.3–5

Weissleder et al6 studied the biodistribution of dextran-coated superparamagnetic 

IONPs with an overall size of 21 nm in the rat; 25% of injected dose per gram tissue 

(ID/g) localized in the liver 24 h after intravenous injection, while the uptake of 80 nm 

IONPs in the liver was up to 83% ID only after 1 h. Furthermore, Chouly et al3 showed 
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similar results for biodistribution of dextran-coated IONPs 

with a range size of 33–90 nm. In this study, the uptake of 

larger nanoparticles was higher in the liver.

Surface charge is another crucial factor to determine the 

mechanism of cellular uptake, and the in vivo fate of nano-

particles (NPs).7–9 Papisov et al10 compared the positively 

charged and negatively charged dextran-coated IONPs 

biodistribution with a size of 26  nm in rats. The results 

clearly demonstrated that positively charged NPs mainly 

accumulated in the liver and spleen with a faster clearance 

(2 min), while the negatively charged ones were detected 

in the lymph nodes with a long clearance (50 min). On the 

other hand, the neutral surface charged IONPs had the longest 

circulation time, and also their uptake in the liver and spleen 

was much lower than positively and negatively charged ones.3 

In another study, Xiao et al11 assessed the effect of surface 

charge on biodistribution of PEG-oligocholic acid based 

micellar NPs. The results clearly showed a high liver uptake 

for high positively or negatively charged NPs, while slightly 

negative particles had a very low liver uptake.

The coating of IONPs decreases their uptake in reticu-

loendothelial system (RES) organs, and makes the blood 

circulation time longer, which is important in biomedical 

applications including therapy, drug delivery, and imaging.4 

Jain et al12 evaluated the biodistribution of 193 nm Pluronic-

OA-IONPs; 55% of ID accumulated in the liver 6 h after 

injection, while the uptake of dextran-coated IONPs was 

much more in RES (.75%). In another study, IONPs with 

crosslinked starch and PEG coating exhibited increased half-

life circulation (7–12 h).13

Another material which is used for surface coating of 

IONPs is dendrimer, which has attracted considerable atten-

tion due to its unique physicochemical properties.14 However, 

the feasibility of using a special coating in biomedical appli-

cations highly depends on its biodistribution profile. Opina 

et al15 investigated the gadolinium (Gd)-labeled G5 PAMAM 

dendrimers (G5–Gd-BnDOTA) as lymphatic imaging agents, 

and studied their long-term biodistribution (90-day) in mice.15 

The authors concluded that G5–Gd-BnDOTA was an appro-

priate agent for lymphatic imaging, but its slow clearance 

might prevent its subsequent clinical applications.

Few studies have investigated the biodistribution and 

toxicity profile of IONPs with different coatings4,5 and den-

drimers in particular. Systematic toxicity studies are required 

when different types of molecules or polymers are inte-

grated into the coating layer of the IONPs.16 Therefore, we 

studied the biodistribution, pharmacokinetics, and toxicity 

of G
4
@IONPs in BALB/c mice.

Materials and methods
Materials
Ferric chloride hexahydrate (FeCl

3
⋅6H

2
O, 99% w/w), ferric 

sulfate heptahydrate (FeSO
4
⋅7H

2
O, 99% w/w), ammonia 

solution (NH
3
, 32% v/v), hydrochloric acid (HCl, 32% v/v), 

3-aminopropyltrimethoxysaline (NH
2
(CH

2
)

3
-Si-(OCH

3
)

3
, 

APTS), methanol (99.9% v/v), ethanol (99.9% v/v), methyl 

acrylate (99.5% v/v), methoxy-PEG, and ethylenediamine 

(99% v/v) were used in the synthesis process; all materials 

were purchased from Sigma Aldrich (Hamburg, Germany).

Synthesis of IONPs
IONPs were prepared with the co-precipitation method. 

First, 0.84 g of FeSO
4
 and 1.22 g of FeCl

3
 were dissolved in 

20 mL deionized water followed by 30 min sonication. Then, 

1 mL of 2M HCl was slowly added with vigorous stirring in 

a nitrogen atmosphere. After 2 min, 4.6 mL ammonia was 

quickly added to the solution and stirring was continued 

for 1 min. The black precipitate of IONPs was washed five 

times with distilled water and ethanol through magnetic 

decantation.

Preparation of APTS-coated IONPs
First, 150 mL ethanol was added to 25 mL IONPs with a 

concentration of 5  g/L. Then, the solution was sonicated 

for 30 min, and 300 µL of APTS was added to the mixture 

after 20  min of sonication. The final solution was stirred 

for 15 h at room temperature and, eventually, the resultant 

black precipitate was washed with ethanol three times. 

The obtained materials were G
0
 dendrimer coated IONPs 

(G
0
@IONPs).17

Surface coating with PAMAM dendrimer
First, 10 mL ethanol was added to the G

0
@IONPs after 30 min 

sonication; subsequently, methyl acrylate/methanol solution 

(20%, v/v) was added (50 mL) at 0°C with sonication for 1 h, 

followed by stirring for 48 h. After washing with methanol 

and magnetic decantation, ethylenediamine/methanol 

(50%, v/v) was added (15 mL), and the solution was sonicated 

for 3 h at 25°C. This procedure was repeated to complete the 

desired number of dendrimer generation (G
4
). The product 

(G
4
@IONPs) was washed several times with methanol and 

water by magnetic decantation or centrifugation.18

PEGylation of G4@IONPs
Surface amino groups of dendrimer molecules were con-

jugated with mPEG (Mw =4,000 Da).19,20 The mPEG mass 

was three times more than the mass of iron. The mPEG was 
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dissolved in ethanol and added to the G
4
@IONPs solution 

followed by 18 h reflux.

Characterization
The G

4
@IONPs size and morphology were assessed by 

transmission electron microscopy (TEM). The hydrodynamic 

size and surface potential were measured through dynamic 

light scattering (DLS) and zeta potential, respectively. Also, 

the crystalline phase of NPs was confirmed by x-ray diffrac-

tion (XRD, λ=0.15406 nm) and the presence of saline and 

PAMAM bonds on the surface of Fe
3
O

4
 was shown through 

Fourier transform infrared (FTIR) spectroscopy.

Animal experiments
The Animal Ethics Committee of Tehran University of 

Medical Sciences approved all animal experiments (IR.TUMS.

REC.28169); Applied Research Ethics National Association 

guidelines were followed for the welfare of the animals. Male 

and Female BALB/c mice were purchased from the Animal 

Center of Pasture Research Center. Six- to eight-week-old male 

BALB/c mice weighing about 25–30 g were kept in groups of 

five. The groups were housed in individual cages with unlimited 

access to water and food. The circadian rhythm was 12 h in the 

light and 12 h in the dark. Male BALB/c mice were used to fulfill 

the toxicology studies, and female BALB/c mice were used to 

perform distribution and pharmacokinetics experiments.

Blood chemistry assessments
The short-term (acute) toxicity of G

4
@IONPs was investi-

gated after administration by intraperitoneal (IP) injection. 

Concentrations of 100, 50, 25, and 0 (control) mg/kg were 

administered, and there was no death or severe physical dis-

tress in test groups after injection. The mice were sacrificed 

24 h after injection, and blood samples were collected in 

heparin-coated centrifuge tubes and centrifuged at 1,000 rpm 

for 2  min to acquire the plasma. Total leukocyte count 

(WBC), erythrocyte count (RBC), platelets (Plt), hemoglobin 

(Hgb), and hematocrit (Hct) were detected by an animal blood 

counter (Celltac; Nihon Kohden, Tokyo, Japan). Plasma 

alkaline phosphatase (ALP), albumin (ALB), total bilirubin, 

and direct bilirubin were also measured as liver function 

indicators (BT 3500; Autoanalyser Model Biotecnica, Rome, 

Italy). Renal function indicators such as BUN, creatine (Cr), 

and glucose (Glu) were determined using CCX System (CCX 

WB; Nova Biomedical, Waltham, MA, USA).21,22

The chronic toxicity procedure was performed similarly 

to the acute toxicity experiment. Concentrations of 10, 5, 1, 

0.5, and 0 (control) mg/kg were injected intraperitoneally for 

7 days (2 mL per injection). After the 7th day, the mice were 

sacrificed, and blood samples were collected to analyze the 

blood, renal, and hepatic factors.

Histopathology assessments
After the blood was collected, the mice were killed by cervical 

dislocation. The liver and kidney tissues were isolated by inci-

sion immediately after necropsy, fixed in a 10% formalin solu-

tion containing neutral phosphate-buffered saline (PBS), and 

stored at 4°C. The tissues were routinely processed, embed-

ded in paraffin, sectioned at 3–5 mm, and then stained with 

hematoxylin and eosin (H&E) for microscopic examination.23 

Micrographs of the sections were recorded for comparison.

TUNEL staining
To assess the apoptotic effect of G

4
@IONPs on cardiac tissue, 

terminal deoxynucleotidyl transferase-mediated dUTP nick 

end-labeling (TUNEL) staining was done on 10-µm-thick 

paraffin-embedded sections by means of the In-Situ Cell 

Death Detection Kit, POD (Roche Applied Science, Penzberg, 

Germany). Heart-muscle tissue sections were deparaffinized in 

xylene, rehydrated, and immersed in 3% hydrogen peroxide to 

block the endogenous peroxidase activity. After rinsing with 

PBS, the sections were kept with proteinase K solution at 

37°C for 30 min to increase the staining, incubated for 60 min 

at 37°C with 50 µL of TUNEL reaction mixture, and then 

incubated for 30 min at 37°C with 50 µL of converter POD. 

Sections were washed in PBS, and then mounted in medium 

containing DAPI (4′,6-diamidino-2-phenylindole). Micro-

scopic fields (n=5) were randomly selected and evaluated to 

calculate the ratio of TUNEL positive to TUNEL negative 

cells. For the positive control, the sections were incubated 

in DNase1 solution at 15°C–25°C for 10 min, and, for the 

negative control, enzyme solution was omitted. Finally, the 

sections were dehydrated again and cover-slipped as described 

above, and were analyzed under fluorescent microscopy.24

TUNEL positive cell counting
TUNEL positive cells were counted in six adjacent 100× 

microscopic fields, from which the number of myocytes and 

the ratio of apoptotic cells to normal cells were obtained. 

To validate the automatic counting procedure, the number of 

TUNEL positive cells was manually counted in five selected 

fields of view in a random manner under 400× magnification 

for each animal.

Biokinetics and tissue distribution
To study the kinetics and tissue distribution, the mice were 

given a 5 mg/mL G
4
@IONPs suspension via IP injection. 
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This dose was chosen since it was low enough to be acutely 

nontoxic, based on the observation of the acute toxic effects, 

and was high enough to allow quantification of iron residue 

levels in organs of interest at later time points. Blood samples 

(~1 mL for each mouse) regained from the ocular vein were 

collected at predetermined time intervals (4, 8, 12, and 24 h 

post-injection). For the tissue distribution study, tissues 

(lungs, liver, brain, heart, tumor, and kidneys) were harvested 

at time points of 4, 8, 12, and 24 h after injection. In this 

experiment, saline was injected into three mice simultane-

ously as negative controls. All the blood and tissue samples 

were stored in a -80°C refrigerator for further analysis.

ICP-MS analysis
The iron analysis was based on the quantification of iron in 

several samples using an inductively coupled plasma-mass 

spectrometry (ICP-MS) method. Blood and tissue samples 

were thawed before analysis. About 40–80 mg of each sample 

was weighed, digested, and analyzed for iron content. In brief, 

before the elemental analysis, the blood and tissue samples 

of interest were digested in 5 mL nitric acid (32% v/v) over-

night. Then 1 mL hydrogen peroxide (H
2
O

2
, 30% v/v, metal 

oxide semiconductor grade) was added to the solution. The 

solution (~1 mL) was diluted to a total volume of 2 mL with 

2% nitric acid. The detection limit of iron was 0.001 ng/mL. 

Data are expressed as micrograms per gram (parts per million, 

ppm) of fresh blood or tissue normalized to the control group. 

To exclude the existing iron in blood and tissues, three mice 

were considered as a control group (saline injected). The iron 

content of blood and tissues of the control group was mea-

sured by ICP-MS. Finally, the measured iron content in each 

group was normalized to the result of the control group.

Statistical analysis
The statistical analysis was performed by one-way analysis 

of variance (ANOVA) test. Statistical significance was con-

sidered at P,0.05 in all experiments. Results are expressed 

as the mean ± standard deviation (n=3–5).

Results
Synthesis of G4@IONPs
For applications of IONPs in the nanomedicine, physical 

and chemical characterizations are needed.25,26 The size of 

G
4
@IONPs was 10±4 nm according to the TEM images 

(Figure 1A). The hydrodynamic size of different generations 

of PAMAM dendrimer coated IONPs were assessed by DLS, 

and the results clearly showed that the hydrodynamic size 

of NPs increased by adding each generation of PAMAM 

dendrimer (Figure 1B). The surface potential of G
4
@IONPs 

measured by zeta potential was +35 mV at pH=7 and 25°C. 

The hydrodynamic sizes of IONPs coated by G
1
, G

2
, G

3
, G

4
, 

G
4
@PEG, and polydispersity of each generation are given 

in Table 1.

Results of XRD indicated that all diffraction peaks could 

be assigned to Fe
3
O

4
 without any impurities. The character-

istic XRD pattern did not change by coating the NPs with 

PAMAM dendrimers (Figure 1C).18 Furthermore, the average 

diffracting crystallite size of G
4
@IONPs was calculated using 

Scherrer’s equation, from the most intense peak (311),26,27

	
D

cos
=

λ
β ( θ) θ

0 94

2

.

�

where D is the average crystallite size, λ is the wavelength 

of the incident X rays (0.154 nm), and θ is the diffraction 

angle (18.5°), β is the full width at half maximum in radians 

(0.0145), yielding a particle size of 10.6 nm, which is in close 

agreement with the size (10.65 nm) observed by TEM.

FTIR results related to G
1
–G

4
 generation of dendrimer-

modified IONPs are shown in Figure 1D. The presence 

of the Fe
3
O

4
 core could be detected by the strong peaks at 

570 cm-1, corresponding to the intrinsic stretching vibration 

of the metal at the tetrahedral site (Fe tetra–O); the NH
2
 group 

vibration is at about 3,410 cm-1.28 Moreover, the broad peak 

at 3,444 cm-1 shown the bending mode of free NH
2
 groups 

existing at APTS.29 The peaks of -CO-NH- bonds were 

detected at 1,450, 1,490, 1,570, and 1,620 cm-1. The peak at 

1,151 cm-1 demonstrated the existence of a C=O bond in ester 

groups, and the band at 1,480 cm-1 was related to the meth-

ylene group.30 Associated with alcohols, O-H bonds were at 

3,200–3,600 cm-1. In fact, FTIR spectra were well-matched 

with the stepwise dendrimer modification procedure.

Toxicity of G4@IONPs
Hematology and blood chemistry assessments were per-

formed to study the toxicity effects of G
4
@IONPs. In acute tox-

icity assessment, a significant increase in BUN levels (30 g/dL) 

and hyperuricemia were detected at 100 mg/kg (P,0.05).

Chronic exposure did not significantly change blood 

parameters (Figure 2A) and renal function indicators 

(Figure 2B) at all G
4
@IONPs concentrations. There was 

also a non-significant increase in ALP and ALT (alanine 

aminotransferase) enzymes, possibly due to the transfer of 

oleic acid molecules from liver macrophages to hepatocytes, 

or the impact of G
4
@IONPs injection (Figure 2C). Further-

more, direct bilirubin (an estimate of the conjugated bilirubin) 

increased significantly (P,0.05) at 10 mg/kg (0.66 g/dL 

versus 0.2 g/dL in the control group).
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Histological analysis of kidney and liver
To obtain an accurate evaluation of G

4
@IONPs toxicity at 

the microscopic level, histological staining of kidney and 

liver tissues was performed (Figure 3). The histopathological 

results showed edema and losing cytoplasm in the liver cells 

at 10 mg/kg. There were no significant histopathological 

variations in the kidney cells in all mice. At doses of 5, 1, and 

0.5 mg/kg, no histological abnormalities were detected.

Apoptosis in cardiac tissue
Based on chronic toxicity results, we found out that lactate 

dehydrogenase (LDH) was elevated at concentrations of 

10 and 5 mg/kg. Since this could be a sign of heart injury, 

TUNEL staining was performed to assess the cardiac toxicity 

of G
4
@IONPs more precisely. The outcomes revealed that 

apoptosis significantly increased at these concentrations 

(Figure 4A–E). Also, the quantity (%) of apoptotic cells 

were 73% and 52% at concentrations of 10 and 5 mg/kg, 

respectively, compared to 21% in the sham group (Figure 4F). 

The TUNEL results thereby confirmed blood chemistry 

outcomes.

Biokinetics, tissue distribution, and 
hemostability of G4@IONPs
Blood concentration of G

4
@IONPs in different time points 

after IP injection into mice is shown in Figure 5A. The 

blood iron levels persisted and increased slightly up to 4 h 

(2.72 ppm) and then decreased to a lower level of 1.57 ppm 

until 8 h. Finally, at the end of 24 h, the iron concentration 

decreased to almost half of the maximum amount detected at 

θ
Figure 1 (A) TEM image and size distribution of G4@IONPs. (B) DLS shows size distribution and hydrodynamic size of G1, G2, G3, G4, G4@PEG@IONPs, (C) XRD result 
identified the crystal structure and all diffraction peaks assigned to Fe3O4, and (D) FTIR spectra of IONPs coated by G1, G2, G3, G4, G4@PEG.
Abbreviations: TEM, transmission electron microscopy; IONPs, iron oxide nanoparticles; DLS, dynamic light scattering; XRD, x-ray diffraction; FTIR, fourier transform 
infrared spectroscopy.

Table 1 The hydrodynamic size of coated IONPs by G1, G2, G3, 
G4, and G4@PEG, and their polydispersity percentages

IONPs coated by G1 G2 G3 G4 G4@PEG

Size (nm) 25 53.3 83.7 241.9 298.4
% polydispersity 28 32 31.6 34 31.46

Abbreviation: IONPs, iron oxide nanoparticles.
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4 h (1.61 ppm). In control mice, 1.2 ppm iron was detected 

(without any iron injection).

To investigate the tissue distribution and disposition of G
4
@

IONPs, the concentration of iron in lung, liver, brain, heart, 

tumor, and kidney tissues at 4, 8, 12, and 24 h after IP injection 

was determined by the ICP-MS method (Figure 5B).

After administration of a single dose of 5 mg/kg, the iron 

content was higher in the kidney, liver, and lung. The level 

Figure 2 Blood chemistry of (A) blood factors, (B) renal factors, and (C) hepatic factors of animals treated with 10, 5, 1, 0.5, and 0 (control) mg/kg of G4@IONPs. 
No significant difference was observed in blood and renal parameters. A significant increase of direct bilirubin was detected in a group of 10 mg/kg (*P,0.05).
Abbreviations: IONPs, iron oxide nanoparticles; Hgb, hemoglobin; HCT, hematocrit; MCV, mean corpuscular volume; MCH, mean corpuscular hemoglobin; MCHC, mean 
corpuscular hemoglobin concentration; BUN, blood urea nitrogen; Cr, creatine; Glu, glucose; ALP, alkaline phosphatase; ALB, albumin; NPs, nanoparticles.

Figure 3 The histopathology images of the liver and kidney; the mice received 10, 5, 1, 0.5, and 0 (control) mg/kg of G4@IONPs.
Note: Black arrows: edema, red arrows: cytoplasm losing.
Abbreviations: IONPs, iron oxide nanoparticles; L, liver; K, kidney; C, control.
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Figure 4 TUNEL staining showed apoptotic cells in cardiac tissue at different G4@IONPs concentrations (*P,0.05): (A) 10 mg/kg, (B) 5 mg/kg, (C) 1 mg/kg, (D) 0.5 mg/kg, 
and (E) control. (F) TUNEL assay represented the number of apoptotic cells (%) in cardiac tissue (white arrows show the apoptotic cells).
Abbreviations: TUNEL, transferase-mediated dUTP nick end-labeling; IONPs, iron oxide nanoparticles; NPs, nanoparticles.
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of iron in the brain remained steady for the entire duration 

of the experiment (0.45 ppm). In the liver, 1.92 ppm of iron 

was detected during the first 4 h, then a severe decreasing 

trend was observed after 8 h (0.84 ppm); finally, 1.27 ppm 

of iron was detected in the liver, which was almost half of 

that detected in kidney tissue at this time point (2.47 ppm). 

It seemed that G
4
@IONPs due to their minute size were 

mostly excreted by kidneys and were finally absorbed in lung 

tissue. In the lung, the results showed a steady state in iron 

level during the experimental time, with an increase at 24 h 

(1.92 ppm). Also, in the tumor tissue, iron content decreased 

with time; after 4 h, 1.07 ppm of iron was detected in this 

tissue, while it was just 0.75 ppm after 24 h.

Discussion
Nowadays, dendrimers have attracted a great deal of atten-

tion, especially in drug delivery and imaging. It is, therefore, 

vital to assess their toxicity and biodistribution.20,31–33 In this 

study, the G
4
@IONPs were synthesized by co-precipitation 

and coated with G
4
 PAMAM dendrimer in a stepwise manner. 

The results of DLS showed that, by adding each generation 

of coating layer, the hydrodynamic size of NPs increased. 

The hydrodynamic diameter was notably larger than the size 

measured by TEM; that might be due to two main reasons; 

the scattering of small particles varies strongly with particle 

radius in DLS, and the signal of larger particles can still 

overwhelm the signal of smaller ones.

The main disadvantage of DLS is the difficulty in data 

interpretation of polydispersity with wide particle size 

distribution. Bigger particles contribute to increasing the 

light scattering and shifting the measured size toward larger 

values.34,35 The polydispersity of G
4
@IONPs as measured 

Table 2 The effect of most crucial parameters in IONPs synthesis. 
The effect of an increase of these parameters (in an optimum 
range) was shown on bare IONPs characteristics

Initial  
parameters

Effect

Saturation  
magnetization

Average  
size

Size  
distribution

Purity

Ferric (Fe+3)  
concentration

Increase40 Increase40 – –

Time Increase41 Increase42 Increase42 –
Temperature Increase43 Increase42 Decrease43 –
pH Decrease43 Increase43 – Increase44

Abbreviation: IONPs, iron oxide nanoparticles.

Figure 5 The distribution of G4@IONPs following IP injection in mice, the concentrations of iron in (A) blood and (B) lungs, liver, brain, heart, tumor, and kidneys at 
different time points were determined by ICP-MS.
Abbreviations: IONPs, iron oxide nanoparticles; IP, intraperitoneal; ICP-MS, inductively coupled plasma mass spectrometry; ppm, parts per million.

by TEM and DLS was approximately 32%. In this situation, 

the enlargement of size distributions induces an error in 

DLS sizing measurements: sizes are shifted to higher values 

compared with TEM analyses.36 The second reason is that 

the techniques based on light scattering like DLS require a 

higher concentration of NPs solution, which is more likely to 

lead to aggregation. Consequently, the aggregated NPs have 

a disproportionate influence on the analytical signal.37

The synthesis procedure of IONPs is greatly influenced 

by many factors, such as time, temperature, and solution 

pH, which must, therefore, be carefully controlled.38,39 These 

parameters and their effects on synthesized IONPs are 

listed in Table 2.40–44 In this study, we synthesized IONPs 

through a fast method, which took approximately 5 min to 

complete and did not require heating, which simplified the 

synthesis process.

To obtain exhaustive information on in vivo G
4
@IONPs 

toxicity, blood chemistry and histological studies were per-

formed. The results showed no significant histological abnor-

mality in the hepatic and renal tissue; while, at concentration 
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of 10 mg/kg, edema and losing cytoplasm were seen in the 

liver cells, which might be the result of an accumulation of 

G
4
@IONPs in the liver during 4 h after injection (1.92 ppm); 

furthermore, indirect bilirubin and BUN levels significantly 

increased at 10 mg/kg and 100 mg/kg, respectively. IONPs 

have been reported to be toxic at 60 mg/kg of body mass, 

while in our study the toxicity level of G
4
@IONPs was 

decreased (100 mg/kg), possibly due to dendrimer coating.45 

IONPs are generally assumed to be biocompatible and non-

toxic materials, as their LD
50

 (the dose needed to kill half of 

the tested animals during a specified time) was reported to be 

200–600 mg Fe/kg body weight, while this value increased 

to 2,000–6,000 mg Fe/kg for dextran-coated IONPs.46

Our results showed good agreement with outcomes of 

other studies; as Jain et al12 assessed the toxicity of Pluronic 

coated IONPs with a hydrodynamic size of 186–206  nm 

in rats, by checking ALT, aspartate aminotransferase and 

ALP in serum after injection. Also, the amount of lipid 

hydroperoxide in different tissues was used to analyze the 

levels of their oxidative stresses due to the administration 

of the IONPs. They showed that the IONPs only caused 

minor transient changes, over a period of 6–24 h in the liver 

enzyme levels. Oxidative stress levels in different tissues also 

declined after 3 days. These results were also confirmed by 

histological analyses of the organs, which showed no appar-

ent abnormal changes. In another study, Gu et al16 studied 

the in vivo toxicity of the monodisperse oleic acid capped 

IONPs with a size of 5, 15, and 30 nm, coated with a layer 

of phospholipid–PEG copolymer. One day after injection, 

the hematology results revealed an increase in the number 

of neutrophils which returned back to normal during the 

next 30 days. This was recognized as the host body defense 

response to the presence of IONPs. All the other parameters 

were without any change.

We also assessed the toxicity of G
4
@IONPs in cardiac 

muscle by TUNEL assay, because of the following reasons; 

an increase of LDH in the blood test, accumulation of a high 

amount of G
4
@IONPs in this tissue, and application of den-

drimers in cardiovascular imaging.32,47 The results indicated 

that G
4
@IONPs could increase apoptosis at concentrations 

of 5 and 10 mg/kg.

Furthermore, no major change was noted in mice weight 

and mortality during the experiment time, similar to the other 

studies. For example, Malik et al48 found that three daily 

doses of G
3.5

 PAMAM (95 mg/kg) injected into C
57

 mice 

bearing B16F10 tumors had no adverse weight changing. 

In another study, no toxicity or mortality was seen when 

a single dose (up to 2.56  g/kg) of PEGylated melamine 

dendrimer was injected into male C3H mice. Also, BUN 

levels or transaminases remained unchanged.49

For biodistribution investigation, the concentration of 

G
4
@IONPs in different tissues was measured during 24 h. 

At this time point, the maximum amount of G
4
@IONPs 

accumulated in the lung and kidney tissues. It is worth 

mentioning that the most favorite excretion route for IONPs 

from the body is through the kidneys, which have negligible 

intracellular catabolism, so the probability of reactive oxygen 

species generation is low.2 Barry50 claimed that IONPs 

smaller than 50 nm evade opsonization and are then slowly 

collected by macrophages in RES; while in our study G
4
@

IONPs were mainly taken up by the kidney tissue.

The results showed a decrease in accumulated G
4
@IONPs 

in all tissues 8 h after injection. The iron levels at this time 

declined to approximately half of the primary concentration, 

except the lung tissue, in which this decrease was only 14%. 

This might be due to a return of absorbed G
4
@IONPs to the 

bloodstream and then to the spleen or lymph nodes, while 

the inherent immune system in lungs acts as the main barrier 

against G
4
@IONPs and prevents them from returning to the 

bloodstream and other organs.51

The iron level detected in blood was highest 4 h after 

injection, while after 8 h this amount decreased. This might 

be because of accumulation of G
4
@IONPs inside the tissues. 

As mentioned before, at this time, also the amount of iron 

decreased in tissues so there was just a hypothesis that G
4
@

IONPs was taken up by other tissues such as lymph nodes 

or the spleen. After 12 h, the amount of iron increased again 

and then, at the end of 24 h, this value reached approximately 

half of the primary amount (1.6 ppm).

Limitations
There were some limitations in our study; first, the experi-

ment duration to determine the biodistribution could have 

been longer than 24 h. In most tissues, a steady decline in G
4
@

IONPs concentration was seen, so a longer duration might be 

necessary to study longer tissue distribution. Second, we did 

not measure the iron content in the spleen and lymph nodes, 

which are important organs in RES. Further research could 

elaborate on the biodistribution of the other generations of 

dendrimers.

Conclusion
IONPs are gradually being assessed for their potential in 

targeted drug delivery, magnetic hyperthermia, gene delivery, 

and as a contrast agent in MRI. A comprehensive clarifica-

tion of their toxicity and clearance platform seems to be 
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essential. This study indicated that dendrimers could be an 

appropriate coating for IONPs, due to their unique properties, 

such as acceptable toxicity, clearance pattern, and also long 

circulation time in the BALB/c mice. Obviously, there is a 

high demand to assess the toxicity and biokinetics of coated 

IONPs with the other dendrimer generations.
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