
Vol:.(1234567890)

Journal of Inorganic and Organometallic Polymers and Materials (2022) 32:1988–1998
https://doi.org/10.1007/s10904-022-02253-9

1 3

A Modified PEG‑Fe3O4 Magnetic Nanoparticles Conjugated with D( +)
Glucosamine (DG): MRI Contrast Agent

Ali Hossein Rezayan1 · Somayyeh Kheirjou2 · Maryam Edrisi1 · Mehdi Shafiee Ardestani3 · Hale Alvandi1

Received: 14 December 2021 / Accepted: 9 February 2022 / Published online: 16 February 2022 
© The Author(s), under exclusive licence to Springer Science+Business Media, LLC, part of Springer Nature 2022

Abstract
Molecular imaging (MI) can provide not only structural images utilizing temporal imaging techniques, but also functional 
and molecular data using a variety of newly developed imaging techniques. Nanotechnology’s application in MI has com-
manded a lot of attention in recent decades, and it has provided tremendous potential for imaging living subjects. In this 
study, D-glucosamine conjugated functionalized magnetic iron oxide nanoparticles  (Fe3O4-PEG-DG NPs) were prepared 
and studied as magnetic resonance imaging (MRI) contrast agents. To evaluate their distribution, single-photon emission 
computed tomography (SPECT) is performed.  Fe3O4 NPs are made using a well-known co-precipitation process and sub-
sequently coated with PEG 3450.  Fe3O4-PEG NPs were coupled to D-glucosamine to specifically target breast cancer cells. 
The resulted modified NPs were characterized by XRD, VSM, FESEM, and FTIR analysis. Moreover, the prepared contrast 
agent was studied through different biological assays, including MTT assay, T2-weighted in vitro MRI, and biodistribution 
analysis.  Fe3O4-PEG-DG NPs particle size and zeta potential were 98 nm and − 7.5 mV, respectively. Cytotoxicity was 
performed on normal human kidney (HEK-293) cells due to their high sensitivity to MRI contrast agents;  Fe3O4-PEG-DG 
NPs had a very slight toxicity effect on these cells and cell viability was more than 75%. MRI images of  Fe3O4-PEG-DG 
NPs show these NPs significantly reduce the signal intensity and increase the contrast. Animal studies show  Fe3O4-PEG-DG 
NPs tend to be highly sensitive to tissues with active metabolisms, such as the gastrointestinal tract. These nanoparticles can 
be a suitable MRI contrast agent and improve the quality of MRI images.

Keywords Magnetic resonance imaging (MRI) · D( +)Glucosamine (DG) · Fe3O4 NPs · Polyethylene glycol (PEG) · 
Contrast agent

1 Introduction

Cancer is a difficult disease that affects millions of people 
around the world. Breast cancer has been identified as one of 
the most common forms among its many varieties. Despite 
the fact that mammography and sidelong therapies have 
reduced breast cancer mortality rates, there is an increas-
ing desire for innovative therapy and diagnosis approaches. 

Breast cancer is treated primarily with surgery, followed 
by adjuvant chemotherapy or radiotherapy. Although this 
method has been beneficial in the majority of patients, it 
should be noted that it damages both normal and unhealthy 
tissues and organs at the same time [1–4]. As a result, a 
strategy that involves direct targeting of cancer cells by par-
ticular targeting agents that bind to cancer cells selectively 
provides an alternative to regular chemotherapy. Carbohy-
drates, lectins, peptides, and antibodies are just a few of 
the ligands that have been found and used to directly target 
cancer cells. Each of these conjugating ligands, which are 
utilized to target cells in a specific site of action for diagnosis 
or treatment, has its own set of advantages and disadvan-
tages [3, 5–10].

There are different diagnosis techniques, such as single-
photon emission computed tomography (SPECT), X-ray 
computed tomography (CT), ultrasound, positron emission 
tomography (PET), and magnetic resonance imaging (MRI). 
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In comparison, MRI is widely used since other molecular 
imaging techniques have high sensitivity but low spatial 
resolution, making them ineffective in properly identifying 
the body's anatomical parts. Furthermore, they use ionizing 
radiation; however, because MRI has a high spatial reso-
lution, it does not require ionizing radiation; nonetheless, 
because it has a poor sensitivity by design, contrast agents 
should be employed to boost sensitivity. MRI technology 
gives excellent precision from human organs and is widely 
employed around the world today [11–21].

There are three basic types of MRI scan, including the 
longitudinal relaxation time (T1)-weighted, (T2)-weighted, 
short T1 inversion recovery (STIR), and fluid attenuation 
inversion recovery (FLAIR). The MRI technique's most sig-
nificant challenge is its poor signal intensity and diagnosis 
sensitivity. Using contrast agents is one way to get around 
this problem. Contrast agents, such as magnetic metal ions, 
are now used in over half of all MRI scans to improve diag-
nosis sensitivity [11, 22]. To reduce side effects, the T1 con-
trast agent is commonly chelated transitional metal ion or 
lanthanide [23–27], while the T2 contrast agent is usually 
superparamagnetic nanoparticles (NPs) with coating layers 
[28].

Fe3O4 NPs have been widely studied and drawn atten-
tion owing to their particular features, such as their envi-
ronmentally benign nature, stability, secure storage, and 
operation [18, 29–32]. They are potential materials for labe-
ling cells and biomolecules, bio separation, hyperthermia, 
drug administration, and MRI contrast enrichment because 
to their strong magnetic characteristics [31, 33, 34]. Many 
scientists have recently become interested in the biomedical 
applications of NPs, particularly  Fe3O4. For instance, Gupta 
has done several studies on the application of  Fe3O4 NPs in 
biomedicine. Also, Xie et al. have reported the application 
of superparamagnetic  Fe3O4 NPs as negative MRI contrast 
agents [29–31].

The higher permeability and longevity of NPs explain 
their appropriateness for use as targeted carriers and their 
substantial accumulation in tumor tissues. Furthermore, NPs 
have a longer retention duration in blood medium, which 
causes a rise in the concentration of the associated drug 
in the target tissue, a phenomenon known as the enhanced 
permeability retention (EPR) effect [35]. To achieve these 
virtues, NPs must be coated with different materials and then 
attached to the target molecule.

Breast cancer growth is influenced by a variety of cir-
cumstances, and various molecules have been identified as 
breast tumor indicators. Glucose analogs are a very success-
ful agent in the detection and treatment of metastatic breast 
cancer. In the absence of oxygen, cancer cells prefer the gly-
colytic pathway for glucose metabolism [36]. In contrast to 
oxidative phosphorylation, glycolysis has a lower efficiency 
in ATP production, called the Warburg effect. Glycolic 

metabolism requires a significant amount of glucose. Glu-
cose uptake in breast cancer cells augments by increasing 
the glucose transporter (GLUT) expression, mainly GLUT1, 
that carries glucose into the cells [37]. This is the basis for 
clinical imaging and tumor staging via PET. [18F] Fluoro-
2-deoxy-d-glucose [(18F) FDG] is a glucose analogous used 
in PET; however, it has a small amount of radiation emission 
and a short half-life.

These molecules are absorbed by glucose transporters, 
introduced into the tumor, and kept there by phosphoryla-
tion as a diagnostic chemical. This glucose analogous uses 
tagged markers to offer a quantitative measurement of gly-
colysis that can be utilized to detect cancers in their early 
stages. Glucose analogs are transported by GLUT1-4 trans-
ducers and have a similar structure to D-glucose. Increasing 
metabolic requirements in tumor cells increase the with-
drawal of these analogs, which block the activity of hexose 
phosphate isomerases that converts glucose 6-phosphate into 
1–6-di-phosphate. This enzyme blockage results in a defect 
in cancer cell’s glycolysis cycle, leading to reduced metabo-
lism. Also, with a decrease in cancer cells' metabolism, the 
secretion of this enzyme probably curtails, which gives rise 
to slow the metastasis [37].

In continuation of our interest in the synthesis of nano-
materials and investigation of their application in diagnosis, 
treatment, and environmental remediation [38–42], in this 
study, a new MRI contrast agent, i.e., PEGylated D-glucosa-
mine functionalized magnetic  Fe3O4 NPs  (Fe3O4-PEG-DG), 
was prepared and investigated. This contrast agent efficiency 
was evaluated by changing the imaging signal using in vitro 
MRI, and the SPECT assessed its biological distribution 
in vivo. Also, the biological activity of  Fe3O4-PEG-DG NPs 
was analyzed via in vitro cytotoxicity analysis.

2  Experimental Section

2.1  Materials

All reagents and solvents were purchased from Merck (Ger-
many) and used without more purification. All the used 
containers and equipment were first washed with distilled 
water, alcohol, deionized water, and acetone to prevent the 
introduction of impurities.

2.2  Synthesis of  Fe3O4‑PEG‑DG NPs

Common co-precipitation approach was utilized for the syn-
thesis of  Fe3O4 NPs. The repute of this method is due to its 
ease of use and high efficiency. In addition, by dominating 
the synthesis parameters, such as pH, the particles size can 
be partially controlled. However, beyond its benefits, it has 
some disadvantageous too. For example, the particle size 
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in this method is not uniform. So, in this study, ultrasonic 
waves were used to narrow the size distribution. In order to 
prevent accumulation of the synthesized NPs and enhance 
their stability, they were coated by hydrophilic polyethylene 
glycol (PEG) with a molecular weight of 3450 Da. In this 
design, maleic anhydride was as a carboxyl source. Briefly, 
0.13 g maleic anhydride and 3.6 g PEG were dissolved in 
10 ml dry toluene for 8 h at 80 °C under stirring. Then, 
yielded PEG diacid was precipitated into hexane for three 
times and dried by oven. Next, dopamine was used as a 
linker. For this purpose, 517 mg PEG diacid was dissolved in 
a solution of  CHCl3 (15 ml) and DMF (10 ml) consisting of 
N-Hydroxysuccinimide, N-ethyl-N (3-dimethyl aminopro-
pyl), Carbodiimide hydrochloride (NHS/EDC), anhydrous 
 Na2CO3 (100 mg), and dopamine hydrochloride (10.27 mg). 
The solution was mechanically stirred at room temperature 
for 2 h. Thereafter, the solution of NPs was slowly added 
after sonication for about 15 min under  N2. After 24 h, the 
modified NPs were precipitated by adding hexane, separated 
by magnet, and dried under  N2. Then, NPs were dissolved 
in deionized water and dialyzed through a 12 kDa bag for 
24 h in water.

In order to functionalize the synthesized NPs with D-glu-
cosamine, 10 ml of coated NPs (1 mM) was added to the 
solution of EDC (0.5 mM)/NHS (0.25 mM) and stirred for 
30 min at room temperature. 10 ml D-glucosamine, with 
the final concentration of 2 mg/ml, was added to 20 ml of 
the above solution, and the resulting mixture was stirred at 
room temperature for 2 h and then purified by dialysis bag 
(Scheme 1) [32, 43].

2.3  Characterization of  Fe3O4‑PEG‑DG

To investigate the physicochemical properties of 
 Fe3O4-PEG-DG NPs, X-ray diffraction (XRD) was applied 
to study the  Fe3O4 nuclei before and after the addition of 
PEG and DG, dynamic light scattering (DLS) was used to 
determine the particle size distribution and surface zeta 
potential of the prepared NPs, vibrating-sample magnetom-
eter (VSM) was done for investigating the magnetism of the 
NPs, field emission scanning electron microscopy (FE-SEM) 
was utilized for analysing the morphology of NPs, Fourier 
transform infrared spectroscopy (FTIR) was performed to 
investigate the binding of PEG and DG to  Fe3O4 NPs.

2.4  In vitro MRI

To investigate the effect of  Fe3O4-PEG-DG NPs on reduc-
ing MRI signal intensity, T2 relaxation time test was done 
by 1.5 Tesla clinical MRI device at different concentrations 
of Fe (0.1, 0.25, 0.5, 0.75, and 1 mM). Samples of different 
concentrations were prepared in 1 ml microtubes which were 

submerged in water in a rack. Distilled water was used as 
control sample.

T2 relaxation time calculations were performed using 
Standard Spin Echo, # of Echoes = 32, TE = 13, 26, 39, 
52, 66, 79, 92, 105, 118, 145, 158, 171, 184, 198, 211, 
237, 250, 264, 277, 290, 330, 343, 356, 369, 382, 396, 
and 422 (ms), TR = 20, 50, 100, 200, 400, 2000, and 3000 
(ms), matrix = 256*256, Slice Thickness = 1/5 (mm), 
FOV = 18*18 (cm), NEX = Non protocol. Further analysis 
was performed using Dicomwork (version 1.3.0.5), Micro-
dicom (version 0.7.1.1824), and MATLAB (version 1.0.0.1). 
The results were plotted as a signal intensity diagram vs. TE 
values for different Fe concentrations.

2.5  Cytotoxicity Analysis of  Fe3O4‑PEG‑DG NPs 
on Normal Human Kidney (HEK‑293) Cell Line 
by MTT Assay

The HEK-293 cell line was delivered in flasks from the 
Pasteur Institute of Iran (Tehran, Iran). After incubation of 
 CO2-incubated cells for two days, the cells were passaged 
in two 75 ml flasks. To do so, the previous culture flask was 
discarded, and the cells were washed with PBS. By adding 
5 ml trypsin, cells were isolated from the flask surface by 
incubation for 5 min at 37 °C. The remaining cells were 
completely separated by pipetting, and after adding 10 ml of 
FBS-containing culture medium to neutralize trypsin, cells 
were transferred into 15 ml falcon encompassing 4 ml RPMI 
cell culture medium containing 10% FBS. Then after, 1% 
PBS was added and thoroughly mixed. 2 ml of cell suspen-
sion and 8 ml of culture medium were poured into two 75 ml 
flasks which were placed in a  CO2 incubator after mixing. 
In each flask, the cells were incubated for 72 h in a solution 
containing  Fe3O4-PEG-DG NPs at different concentrations. 
After 72 h, the cell culture medium was removed, and MTT 
reagent was added at a concentration of 5 mg/ml. After a 
while the soluble purple formazan crystals formed. The 
MTT solution was then removed from the wells, and DMSO 
solution was added to dissolve formazan precipitants. The 
optical density plate was then mounted on an ELISA device 
and measured at a wavelength of 570 nm [44, 45].

2.6  Investigating the biodistribution 
of  Fe3O4‑PEG‑DG NPs in animal model using 
SPECT

All animal studies were performed based on animal rights. 
To investigate the biodistribution of  Fe3O4-PEG-DG NPs 
in the animal model, rats and CT/SPECT model (Siemens, 
simbia T2) equipped with LEHR collimators were used. 
To label the NPs with di-glucose amine, 0.1 ml of  SnCl2 
solution (4 mg/ml) and 370 99mTco4 MBq in 2 ml iso-
tonic saline, obtained from 99Mo/99mTc generator, to a kit 
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containing 1 mg of smart nanoparticles. It is added with 
glucosamine and incubated at room temperature for 20 min. 
Then, NPs labelled with technetium 99 were injected into the 
animal through the tail vein, and SPECT images were taken 
immediately 40 min post-injection.

3  Results and discussion

3.1  XRD analysis

Figure 1a shows the XRD pattern of the synthesized  Fe3O4 
NPs. By comparing the obtained pattern with the reference, 
the type of the synthesized iron oxide, i.e.,  Fe2O3 or  Fe3O4, 
can be determined. As seen, the peak that has the highest 
intensity is related to (311) planes (2θ = 35.5°). Also, the 
second and third peaks (in terms of intensity) are at dif-
ferent 2θ angles for each material. Regarding magnitude, 
the second peak corresponds to (440) planes (2θ = 62.5°), 
and the third peak is related to (220) planes (2θ = 30.5°); 
whereas, the location of hematite is supplanted. Also, the 
expansion at the peaks of XRD patterns is related to the size 
of the crystals, and as the size decreases, the peak expansion 
increases [46]. As a result, the type of the synthesized iron 
oxide NPs is determined to be  Fe3O4 [47, 48]. Characteristic 
peaks of the synthesized  Fe3O4 NPs completely match with 
the reference (JCDPS-19–0629) [49] proving that  Fe3O4 NPs 
have been successfully synthesized.

Size calculations of the synthesized NPs are carried out 
using the Scherrer method (Eq. 1)

where K is a dimensionless shape factor which has a value 
between 0.8 and 1 (in most cases is considered K ≈ 0.9), λ 
is the x-ray wavelength, B is the physical width of a reflec-
tion (in 2θ), and θ0 is the Bragg angle of a line maximum 
[50]. The obtained particle size using the Scherrer equation 
is 18 nm.

3.2  DLS analysis

The size and size distribution of NPs are strongly dependent 
on the synthesis method [51]. For instance, in the co-precip-
itation method, the particle size distribution is non-uniform 
and can affect the properties and thus the application of NPs. 
In general, the more uniform the particle size distribution, 
the more homogeneous the properties of NPs. One of the 
crucial synthesis parameters is pH of the solution during the 
formation of  Fe3O4 NPs' nuclei which is usually between 9 
and 14 resulting in a finer particle as the pH rises. In this 
study,  Fe3O4 NPs were synthesized at pH 12 which led to 
synthesis of small NPs, as the average size of NPs without 
and with PEG coating is 23.3 and 47.2 nm, respectively. 
This difference in size is associated with the presence of 

(1)d =

K�

B cos �
0

Fig. 1  a X-ray diffraction 
of synthesized NP, b Com-
parison of X-ray diffraction of 
synthesized NP with reference 
(JCDPS-19–0629)
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PEG [52]. Also, the average size of  Fe3O4-PEG-DG NPs is 
determined 98 nm.

Moreover, to ascertain the surface charge of 
 Fe3O4-PEG-DG NPs, zeta potential analysis was done. 
Due to the ubiquity of a carboxyl group on the surface 
of NPs, the surface charge should be negative (equal to 
− 19.72 ± 0.32 mV), yet zeta potential of  Fe3O4-PEG-DG 
NPs has become more positive (equal to − 7.15 ± 0.14 mV). 
This decrease in surface charge could be due to the bind-
ing of glucose amine to carboxylic groups leading to drop-
ping the number of carboxylic groups on the surface of 
 Fe3O4-PEG-DG NPs.

3.3  FTIR Analysis

Figure 2a shows the FTIR spectrum of pure  Fe3O4 NPs in 
which the characteristic peak at 578.96  cm−1 represents the 
stretching vibration of Fe–O bond. Thereafter carboxylation 
of polyethylene glycol, in the polymer chain the OH groups 
are reinstated by the COOH. To be prepared for FTIR analy-
sis, the polymer goes under precipitation by hexane and is 
dried in oven. As shown in Fig. 2b, the peak at 1729  cm−1 is 
related to the C = O bond of COOH indicating the successful 
carboxylation of the polyethylene glycol [38, 53, 54].

For  Fe3O4-PEG NPs (Fig. 2c), the absorption peak at 
1625  cm–1 is ascribed to the stretching vibration of acidic 
C = O confirming the presence of acidic groups on the sur-
face of  Fe3O4-PEG NPs. By comparing the FTIR spectra 
of PEG diacid and  Fe3O4-PEG NPs at the wavelength of 
1625  cm–1, it could be observed that the resulted peak has 
been broadened. This can be due to presence of dopamine 
aromatic ring. Moreover, the peaks at 1104 and 2874  cm–1 
are due to C–O–C bond and asymmetric stretching of C–H 
bond of  Fe3O4-PEG NPs, respectively. These results com-
pletely consist with the obtained results by Feng et al. [53]. 
Also, the peak observed at 1465  cm–1 is due to bending 
vibrations of  CH2 group. Therefore, these FTIR spectra dem-
onstrate that PEG-COOH has been successfully grafted onto 
the surface of  Fe3O4 NPs.

Figure 2d depicts the FTIR spectrum of  Fe3O4-PEG-DG 
NPs. As seen, the absorbent peak at 1108  cm–1 is due to the 
stretching vibration of C–N bond indicating the successful 
attachment of glucose amine. Moreover, the peaks at 1646 
and 1553  cm–1 are attributed to O–H bond and stretching 
vibration of O-C-O bond, respectively. Also, the character-
istic peak at 583  cm−1 is related to the stretching vibration 
of Fe–O bond [53, 54].

3.4  FE‑SEM analysis

The morphology and particle size of  Fe3O4-PEG and 
 Fe3O4-PEG-DG NPs were studied using FE-SEM analysis 

[55]. Since the hydrodynamic diameter of NPs is usu-
ally larger than their actual size detected by the electron 
microscope, for more accurate investigation and getting a 
high-resolution image of the prepared samples, FE-SEM 
was used. As seen in Fig. 3a, b, the size of  Fe3O4-PEG 
and  Fe3O4-PEG-DG NPs is smaller than 30 and 50 nm, 
respectively.

Fig. 2  FTIR spectra of a pure  Fe3O4 NP, b PEG diacid, c  Fe3O4 NPs 
coated with PEG diacid, and d D-glucose amine functionalized NPs
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3.5  VSM analysis

Fe3O4 NPs have different magnetic properties according to 
their structure and size [56]. Figure 4 shows the obtained 
VSM graphs of the non-coated and coated  Fe3O4 NPs. PEG 
has been used as a coating material owing to its good bio-
compatibility, nontoxicity, and biodegradability. It should 
be noted that the use of a non-magnetic material for coating 
may reduce the magnetic properties of  Fe3O4 NPs [56]. As 
shown in Fig. 4b, the saturation magnetism of the prepared 
NPs has reduced from 56 emu/g to 30 emu/g after coating 
with PEG.

3.6  In vitro MRI Analysis

In order to evaluate  Fe3O4-PEG-DG NPs as an MRI contrast 
agent, in vitro MRI analysis was carried out at different con-
centrations of the sample. As seen in the Fig. 5, the ability 
of  Fe3O4-PEG-DG NPs to reduce the signal intensity and 
create a negative contrast increases, as the Fe concentration 
soars, so that the produced image is darkened incrementally.

As found from Table 1,  Fe3O4-PEG-DG NPs have a sig-
nificant effect on the reduction of signal intensity, as this 

effect has increased with an increase in Fe concentration of 
the NPs. Synthetic magnetic NPs, with an effect on the T2 
relaxation time of the proton, encompass NPs cause increase 
of the contrast and cause the darkening of the environment 
include NPs [38, 57].

It has been previously reported that size of a contrast 
agent could impact its ability to reduce signal intensity, 
as the smaller the particle size, the lower the  T2 relaxivity 
[38]. Also, as shown in Fig. 4, PEG coating has curtailed 
the magnetism of the NPs which could affect the magnetic 
property and thus the capability of the NPs to reduce the 
signal intensity.

3.7  Evaluation of Cell Toxicity

The cytotoxicity test was performed on normal human kid-
ney (HEK-293) cells at different concentrations of the pre-
pared samples and was repeated three times. According to 
the results, non-coated  Fe3O4 NPs (200 μM),  Fe3O4-PEG 
NPs (50 and 100 μM), and  Fe3O4-PEG-DG NPs (50 and 
100 μM) exhibited different biocompatibility features in 72 h 
of treatment.

The selection of HEK-293 cells was due to the fact that 
most of the contrast agents exhibit the highest toxicity on 
kidney, and kidney tissue is highly vulnerable against MRI 
contrast agents. As shown in Fig. 6, cell viability of HEK-
293 treated with  Fe3O4-PEG-DG NPs and  Fe3O4-PEG NPs 
(50 and 100 μM) was more than 75% and these nanoparticles 
had a very slight toxicity. This is because coating  Fe3O4 
NPs with PEG reduces the cytotoxicity, especially for a kid-
ney cell line [58]. Also, there is no meaningful difference 
between two concentrations of  Fe3O4-PEG-DG NPs in terms 
of cytotoxicity indicating that a change (at this particular 
range) in their concentration does not alter their level of 
cytotoxicity noticeably. These results are consistent with a 
study by Amendola et al. (2021) on the toxicity of PEG-Ag-
Fe NP [52].

The slight cytotoxicity of  Fe3O4-PEG-DG NPs stems 
from different issues as follows: (1) Conjugation of DG to 
the NPs impedes its phosphorylation inside the cell, so it 
turns into an antimetabolite and thus demonstrates cytotoxic-
ity. (2) DG exhibits an increased EPR effect and prolonged 
entrapment time inside the cell. (3) DG is internalized by the 
cell through transporter-mediated endocytosis leading to an 
intensified cellular uptake and thus enhanced cytotoxicity.

3.8  Investigating the Biological Distribution 
of  Fe3O4‑PEG‑DG NPs in the Animal Model

Tcm99 labeled  Fe3O4-PEG-DG NPs were injected through 
the tail vein of rats. Images taken at 0 and 40 min after 
injection show that  Tcm99 labeled  Fe3O4-PEG-DG NPs 
have entered the animal’s digestive tract, which is well 

Fig. 3  The FE-SEM images of a  Fe3O4-PEG and b  Fe3O4-PEG-DG 
NPs
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seen in the peritoneum, gastrointestinal tract, and visceral 
system. Especially at 40 min after injection, the injected 
NPs show an even distribution in the digestive tract which 
suggests that these NPs tend to be highly sensitive to tis-
sues that have active metabolism, such as gastrointestinal 
tract. Glucose can be used for imaging of a variety of areas 
and tissues of the body, one of which is the gastrointesti-
nal tract, and the obtained result completely justifies that 
 Tcm99 labeled  Fe3O4-PEG-DG NPs have entered the diges-
tive tract. (Fig. 7) 

4  Conclusion

In this study,  Fe3O4-PEG-DG nanoparticles were synthe-
sized to improve MRI images. The hydrodynamic sizes of 
NPs were 23 and 98 nm pre and post conjugation, respec-
tively. XRD, VSM, FTIR and FESEM were used to char-
acterize the nanoparticles.  Fe3O4-PEG-DG nanoparticles 
compare to other contrast agent were not toxic to normal 
human kidney cell line of HEK-293. In vitro MRI analysis 
for  Fe3O4-PEG-DG NPs showed significant decrement of 
signal intensity with an increment in Fe concentration. 

Fig. 4  Magnetization curves 
of a pure  Fe3O4 NPs and b 
 Fe3O4-PEG NPs
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MRI images also revealed that  Fe3O4 NPs reduced the  T2 
relaxation time and increased the negative contrast effect. 
The results of the SPECT imaging showed that  Tcm99 
labeled NPs were well integrated into the gastrointestinal 

tract of the animal. Particularly, within 40 min after injec-
tion, the distribution of labeled NPs was clearly seen in 
the gastrointestinal tract. Due to the appropriate size of the 
prepared NPs, as well as adequate PEG coating, stability 

Fig. 5  a T2 relaxation time 
curves and b MRI images of 
 Fe3O4-PEG-DG NPs at different 
Fe concentrations
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Table 1  T2 relaxation time for 
different Fe concentrations of 
 Fe3O4-PEG-DG NPs

Fe concentration 
(mM)

Water 0.1 0.25 0.5 0.75 1

1/T2  (s−1) 0.44 3.01 5.7 10.2 16.5 20.7
T2 (s) 2.3 0.33 0.18 0.1 0.06 0.05

Fig. 6  Diagram of cell 
viability vs. different concentra-
tions of  Fe3O4,  Fe3O4-PEG, 
 Fe3O4-PEG-DG NPs, and 
Lumirem®
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and biocompatibility of NPs increased. These nanoparti-
cles can bind to other macromolecules such as anticancer 
drugs and target drug release. These nanoparticles can 
be used as a multi-agent nanosystem for simultaneous 
therapeutic and diagnostic applications. For this reason, 
continuing research in this field is very important in medi-
cine and can not only reduce costs but also bring patient 
satisfaction.
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