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Introduction 
In the last years, the development of gadolinium-based nanoparticles (GdNPs) as contrast 
agents (CAs) for Magnetic Resonance Imaging (MRI) has grown exponentially, due to 
their interesting magnetic properties (1). Those MRI probes, that associated gadolinium 
chelates (GdCAs) and nano-sized objects (by covalent grafting of by encapsulation) act 
as catalysts to enhance the relaxation rates of tissue water proton molecules and then, to 
improve the image contrast in MRI. The advantage to combine GdCAs with nanoparti-
cles is not only to enhance MRI sensitivity by improvement of image contrast (2, 3) but 
also to diminish the injected Gd doses. Therefore, possible side effects (4, 5) reported for 
some GdCAs of Nephrogenic Systemic Fibrosis (NSF) in patients with renal failure (4) 
can be avoided, for the benefit of the patients. Recently, confinement of GdCAs with-
in in a hydrophilic polymeric nanostructures has allowed to pass a milestone in MRI 
probes efficiency (6, 7).The corresponding objects that combine an important concen-
tration of GdCAs within high-water content nanostructure help to improve the efficacy 
of commercially available GdCAs by a factor of 10 to 24. These highly hydrophilic NPs 
also called hydrogels are obtained by ionic gelation (8-12) between two biocompatible 
(13) polysaccharides chitosan (CS) and hyaluronic acid (HA) in the presence of sodi-
um tripolyphosphate (TPP) as a cross-linker (6, 7) The biocompatibility of the polymers 
does not presuppose that the corresponding hydrogels are biocompatible and the biocom-
patibility of the hydrogels incorporating the GdCA of DOTAREM, GdDOTA (DOTA 
= 1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetic acid) and GdDOTP (DOTP = 
1,4,7,10-tetraazacyclododecane-N,N’,N’’,N’’’-tetrakis(methylenephosphonic acid) is still 
poorly explored. Biodegradation, biodistribution and toxicity of chitosan were reported 
by T Kean et al. in a recent review (14) In this context, before considering their applica-
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Abstract
Gadolinium nanoparticles (GdNPs) are potential agents for MRI of lymph nodes. The aim of this study was to evaluate the in 
vitro effects of 1 μM, 2.5 μM and 5 μM of GdDOTA⊂CS-TPP/HA and GdDOTP⊂CS-TPP/HA NPs on A20 lymphocyte cells 
exposed for 6 and 24 hours. The total cellular biomass (SRB), lactate dehydrogenase activity (LDH) and oxidative stress param-
eters, such as reactive oxygen species generation (ROS), reduced glutathione (GSH), malondialdehyde (MDA) and advanced 
oxidation protein products (AOPP) were analyzed by spectrophotometric and fluorimetric methods. After cells exposure to 1 
μM, 2.5 μM and 5 μM of GdDOTP⊂CS-TPP/HA NPs their viability decreased in a time- and dose-dependent manner, whereas 
for GdDOTA⊂CS-TPP/HA no significant changes were noticed. Both NPs formulations in doses of 1 µM, 2.5 µM, 5 µM did 
not affect the plasma membrane at each time point tested. The levels of ROS, MDA and AOPP increased proportionally with 
the concentration and exposure time. GSH concentration decreased significantly for all doses of both NPs tested. Taken togeth-
er our data suggest that, GdDOTP⊂CS-TPP/HA and GdDOTA⊂CS-TPP/HA NPs induced oxidative stress in A20 lymphocyte 
cells which was counteracted by the cells antioxidant defense system to a certain extend.
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tions in clinical area, studies regarding nanoparticles toxicity 
are necessary (15).

This study aims to investigate the potential toxicity of two 
well-known, low risk contrast agents towards NSF i.e. GdDO-
TA and GdDOTP, encapsulated in a nanohydrogels consti-
tuted of CS and HA (GdDOTA⊂CS-TPP/HA and GdDOT-
P⊂CS-TPP/HA NPs, respectively). The in vitro effects of these 
new formulations have been evaluated on A20 murine model. 
The cytotoxicity and biochemical changes induced by the expo-
sure of A20 murine lymphocyte B cells to increasing concentra-
tions of GdDOTA⊂CS-TPP/HA and GdDOTP⊂CS-TPP/HA 
NPs were analyzed. For that, the total cellular biomass (SRB), 
lactate dehydrogenase activity (LDH) and oxidative stress pa-
rameters, such as reactive oxygen species generation (ROS), 
reduced glutathione (GSH), malondialdehyde (MDA) and ad-
vanced oxidation protein products (AOPP) were investigated 
in a time dependent manner.

Materials and Methods
Reagents
Sterile water was purchased from Laboratoire Aguettant, Lyon, 
France and sodium tripolyphosphate from Acros Organics. 
DOTA and DOTP were purchased from Macrocyclics (Dal-
las, USA). Chitosan (KiOmedine CsU-A), sodium hyaluronate 
were provided by Sigma (France) and bovine serum albumin 
by Sigma (New Zealand). Fetal bovine serum, RPMI-1640 me-
dium and phosphate-buffered saline were purchased from Gib-
co and 2’,7’-dichlorodihydrofluorescein diacetate from Invit-
rogen by Thermo Fisher Scientific Inc. (Waltham, MA, USA). 
HCl (37%), HNO3 (69%), acetic acid glacial, potassium iodide, 
glucose, ethylenediaminetetraacetic acid, 5-sulfosalicylic acid, 
antibiotic-antimycotic solution stabilized with 10.000 units 
penicillin, 10 mg streptomycin and 25 µg amphotericin B per 
mL, In Vitro Toxicology Assay Kit Sulforhodamine B based, In 
Vitro Toxicology Assay Kit Lactic Dehydrogenase based, Re-
duced glutathione, 5,5-dithio-bis-(2-nitrobenzoic acid), thio-
barbituric acid, 1,1,3,3-tetramethoxypropane and chloramine 
T were purchased from Sigma (St. Louis, MO, USA). Bradford 
reagent was provided by Bio-Rad.

Synthesis and characterization of nanoparticles 
Stock solutions of CS (KiOmedine CsU-A) were prepared by 
dissolution of the CS powder (2.5 mg.mL-1) in a 10% (m/v) cit-
ric acid aqueous solution and stirred overnight. 

Nanoparticles were obtained by an ionotropic gelation pro-
cess (6, 7). The polyanionic phase i.e. HA (0.8 mg.mL-1) and 
TPP (1.2 mg.mL-1) in water (4.5 mL), were added dropwise 
to the CS solution (9 mL) under sonication (750W, amplitude 
32%) to obtain stable nanosuspensions. The gadolinium com-
plex (GdDOTA or GdDOTP) was previously dissolved in the 
polyanion solution. At the end of the addition, magnetic stir-
ring was maintained for 10 min. Unloaded nanoparticles were 
obtained in the same way, omitting the gadolinium complex. 
Nanosuspensions were then freeze-dried, using glucose 15% 

(m/v) as a cryoprotectant. NP average hydrodynamic diame-
ters (DH) and polydispersity indexes (PdI) were determined by 
Dynamic Light Scattering (DLS) (Malvern Zetasizer Nano-ZS, 
Malvern Instruments, Worcestershire, UK). Each nanosuspen-
sion was analyzed in triplicate at 20 °C at a scattering angle of 
173°, for each sample, after 1/20 dilution in water. Pure water 
was used as a reference dispersing medium. ζ-(zeta) potential 
data were collected through electrophoretic light scattering at 
20 °C, 150 V, in triplicate for each sample, after 1/20 dilution in 
water. The instrument was calibrated with a Malvern - 68 mV 
standard before each analysis cycle. Gadolinium nanoparticle 
loading was determined on nanoparticle suspensions by ICP-
OES. The nanoparticle suspension was incubated overnight in 
a 1:3 (v:v) mixture of HCl (37%) and HNO3 (69%). Volumetric 
dilutions were carried out to achieve an appropriate Gd con-
centration within the working range of the method. Samples 
were analysed using Thermo Scientific iCAP 6300 series Duo 
ICP spectrometer. Gd emission intensity was correlated to Gd 
concentration by means of a calibration curve which was previ-
ously established from Gd(NO3)3 ICP-OES standard. Solutions 
used for the calibration were obtained by dilution of increasing 
amounts of Gd(NO3)3 standard with unloaded nanoparticles 
previously incubated under acidic conditions, as described 
above.

Cell culture and treatment 
A20 is a BALB/c B cell lymphoma line derived from a reticu-
lum cell sarcoma found in an  BALB/cAnN mouse. The cells 
were cultured in RPMI-1640 medium (Roswell Park Memorial 
Institute medium) supplemented with 1% antibiotic (penicillin, 
streptomycin and amphotericin B) and 10% fetal bovine serum 
maintained at 37°C in a humidified air atmosphere with 5% CO2. 
They were seeded at a density of 2 × 105 cells/mL onto 75 cm2 
culture flasks and the experiments were carried out using cells 
between passages 3 and 5. The cells were exposed to 1 μM, 2.5 
μM, 5 μM of GdDOTA⊂CS-TPP/HA and GdDOTP⊂CS-TPP/
HA NPs for 6h and 24h. CS-TPP/HA NPs were used as controls.

Cellular lysate preparation and determination of protein 
concentration
A20 cells, collected from culture flasks were centrifuged at 
1500 rpm for 5 min at 4⁰C. After removing the culture medi-
um, the cell pellet was washed with phosphate-buffered saline 
(PBS) two times and centrifuged again in the same conditions. 
Cell pellets were resuspended in 0.3 mL of PBS and then, ho-
mogenized by sonication using Hielscher Ultrasonic processor 
UP50H on ice three times, for 30 seconds each. The cellular ly-
sate was centrifuged at 5000 rpm for 10 min at 4⁰C. The super-
natant was decanted, aliquoted and stored at -80⁰C and used 
for further biochemical determinations. The total protein con-
centration was measured according to the method described 
by Bradford (16) using bovine serum albumin (BSA) as a stan-
dard. The absorbance was spectrophotometrically measured at 
a wavelength of 595 nm using the Appliskan Thermo Scientific 
Multireader and the results were expressed as mg. mL-1.
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Sulforhodamine assay (SRB)
The viability of A20 cells was assessed using the in vitro Tox-
icology Assay Kit, Sulforhodamine B based (Sigma-Aldrich, 
St. Louis, MO, USA) and following manufacturer’s instruc-
tions. This method is based on the measurement of total bio-
mass by staining cellular proteins with the Sulforhodamine B 
dye. After 6 and 24h of exposure to 1 μM, 2.5 μM, 5μM Gd-
DOTA⊂CS-TPP/HA and GdDOTP⊂CS-TPP/HA NPs, cells 
were fixed with 50% trichloroacetic acid (TCA) solution (1/4 
volume of growth medium) for 1 hour at 4°C. Then, cells were 
washed with distilled water several times and the plates were 
air dried. Cells were then stained for 20 minutes at room tem-
perature in the presence of a 0.4% sulforhodamine B (Acid Red 
52) solution. The dye was then removed and the cells washed 
with a solution of acetic acid 1% (v:v).  In order to solubilize 
the sulforhodamine B dye incorporated into the cells a 10mM 
Tris base solution was used. The absorbance was spectrophoto-
metrically measured at a wavelength of 550 nm using the Ap-
pliskan Thermo Scientific Multireader. 

Lactate dehydrogenase release (LDH)
Lactate dehydrogenase (LDH) activity was evaluated using a 
commercial kit, in vitro Toxicology Assay Kit, Lactic Dehydro-
genase based (Sigma-Aldrich, St. Louis, MO, USA) according 
to the manufacturer’s instructions. The cell membrane integrity 
was estimated as a function of the quantity of LDH released into 
the cell culture medium. The method is based on the reduction 
of nicotinamide adenine dinucleotide (NAD+) in the presence 
of lactate and LDH, followed by the conversion of a tetrazolium 
dye into a colored formazan compound which can be spectro-
photometrically quantified at 450 nm. A total of 2 × 105 A20 
cells per mL were seeded in 24-well cell culture plates. After 
24h of incubation, the cells were exposed to concentrations of  
1 µM, 2.5 µM, 5 µM of GdDOTA⊂CS-TPP/HA and GdDOT-
P⊂CS-TPP/HA NPs for 6 and 24 h. A volume of 50 μL of each 
sample was placed on a 96-well microtiter plate and then 100 
μL of lactate dehydrogenase assay mixture were added. After 30 
min at room temperature, the reaction was stopped by adding 
1/10 volume of HCl 1M M to each well and the absorbance 
was read spectrophotometrically at a wavelength of 450 nm 
using the Tecan GENios Multireader. The LDH activity was ex-
pressed as % of controls (cells treated with unloaded CS-TPP/
HA NPs). 

Lipid peroxidation measurement (MDA)
The level of malondialdehyde (MDA), a marker for oxidative 
degradation of lipids was assessed using thiobarbituric acid 
(TBA) as a reagent according to Dinischiotu et al. (17). A vol-
ume of 200 μL of cell lysate with a total protein concentration 
of 3  mg. mL-1 was mixed with 700 μL of HCl 0.1 M and incu-
bated at room temperature for 20 min. Afterwards, 900 μL of 
0.025 M thiobarbituric acid were added and the mixture was 
maintained for 65 min at 37°C. Finally, 400 μL of PBS were 
added. The fluorescence of MDA-TBA adduct was quantified 
fluorometrically (λexc/em =520/549 nm) using a Jasco FP-750 

spectrofluorometer (Tokyo, Japan). MDA concentration was 
calculated using a 1,1,3,3-tetramethoxy propane calibration 
curve with concentrations in the range of 0.5-5 μM. The results 
were expressed as nmoles of MDA per mg of protein.

Reduced glutathione assay (GSH)
The GSH concentration was determined using the Glutathione 
Assay Kit (Sigma-Aldrich, St. Louis, MO, USA) following man-
ufacturer’s instructions. Briefly, cellular lysates were deprotein-
ized with an equal volume of 5% 5-sulfosalicylic acid (SSA) and 
centrifuged at 10000 rpm for 10 minutes at 4°C. A volume of 
10 μL of each supernatant was placed on a 96-well microtiter 
plate. Then 150 μL of working mixture containing 8 mL of 100 
mM potassium phosphate buffer, pH 7.0, with 1 mM ethylene-
diaminetetraacetic acid (EDTA) - assay Buffer and 228 μL of 
1.5 mg.mL-1 5,5’-dithiobis-(2-nitro benzoic acid) (DTNB) were 
added. After 5 minutes of incubation at room temperature, the 
absorbance of 5-thio-2-nitrobenzoic acid (TNB) was measured 
spectrophotometrically at a wavelength of 412 nm using the 
Tecan GENios Multireader. In order to determine the amount 
of glutathione in the samples, a calibration curve of GSH in the 
range of 0.5-0.03 nmoles was used. The results were expressed 
as nmoles of GSH per mg of protein.

Determination of intracellular reactive oxigen species (ROS)
Detection of intracellular ROS in A20 cells was assessed using a 
chemically reduced, acetylated form of fluorescein, 2’,7’-dichlo-
rodihydrofluorescein diacetate (H2DCFDA) (18). This nonflu-
orescent compound is converted to a green-fluorescent form 
upon cleavage of the acetate groups by cellular esterases and 
oxidation occurs within the cell. A20 cells were seeded in six-
well plates at a density of 2 × 105 cells mL-1. 

After exposure to 1 µM and 5 µM of  
GdDOTA⊂CS-TPP/HA and GdDOTP⊂CS-TPP/HA NPs for 
6h and 24h, the cells were incubated with 10 μM of H2DCFDA 
in the dark for 30 minutes at 37°C. Then, cells were collect-
ed by centrifugation at 250 g for 4 minutes, the pellets were 
washed twice and resuspended in 2 mL of PBS solution. The 
fluorescence of dichlorofluorescein (DCF) was quantified fluo-
rometrically (λexc/em = 488/515 nm) using a Jasco FP-750 spec-
trofluorometer (Tokyo, Japan). The results were calculated by 
dividing the fluorescence intensity to the number of viable cells 
and expressed as % of controls (cells treated with unloaded CS-
TPP/HA NPs). 

Advanced oxidation protein products assay (AOPP)
The level of AOPP, a marker of oxidative stress was analyzed 
using the method described by Witko-Sarsat et al. (19). 200 μL 
of cell lysate was mixed with 10 μL of 1.16 M potassium iodide 
and vortexed for 5 minutes at room temperature. A volume of 
20 μL of glacial acetic acid was added and then the mixture 
was vortexed again for 30 seconds. The sample’s optical densi-
ty was read at a wavelength of 340 nm using a Tecan GENios 
Multireader. Spectrophotometric determination of AOPP was 
calculated based on a chloramine T calibration curve with con-
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centrations up to 100 μM. The results were expressed as nmoles 
of AOPP per mg of protein.

Statistical analysis
The results were expressed as mean value of triplicate exper-
iments ± standard deviation (SD) and compared by Student’s 
t-test using standard statistical packages. Data were represent-
ed as graphics relative to control which was considered 100%. 
Statistical significance was accepted for a p value less than 0.05.

Results
Sulforhodamine B assay (SRB) 
A20 murine B lymphocytes viability in the presence of different 
concentrations (1, 2.5 and 5 µM) of GdDOTA⊂CS-TPP/HA 
and GdDOTP⊂CS-TPP/HA NPs for 6 and 24h was presented 
in Fig. 1.

When A20 cells were treated with GdDOTA⊂CS-TPP/HA 
NPs, no significant NPs impact was encountered on cell via-
bility at any doses tested up to 24h. In the case of cell exposure 
to GdDOTP⊂CS-TPP/HA NPs, a time- and dose-dependent 
decrease of cell viability was observed. Thus, after 24h, the cell 
viability decreased by 18% at the lowest concentrations and 
28% at the highest. 

LDH release
The cytotoxic potential of Gd⊂CS-TPP/HA NPs on A20 cells 
was evaluated by testing the cell membrane integrity via LDH 
leakage in the culture medium.

Fig. 2 showed that both nanoparticle formulations in doses 
of 1 µM, 2.5 µM, 5 µM did not affect the plasma membrane 
at each time points, since no significant amount of LDH was 
released to cell culture medium, as compared to control (CS-
TPP/HA NPs). 

Determination of intracellular ROS
ROS level proved that exposure of A20 cells to both types of 
nanoparticles generated a rise of ROS production in a time 
dependent manner for the higher concentration (Fig. 3).

A significant increase in ROS levels by 16% and 25% was 
noticed in A20 cells exposed to 5 µM GdDOTP⊂CS-TPP/HA 
after 6h and 24h, respectively, as compared to control (CS-TPP/
HA NPs) whereas for GdDOTA⊂CS-TPP/HA treatment the 
increase was insignificant. 

Lipid peroxidation (MDA), reduced glutathione (GSH) and 
advanced oxidation protein products (AOPP) in A20 cells
A time- and dose-dependent increase in the MDA level in A20 
cells was registered compared to control (Table 1). 

Significant MDA level increases of 15% and 17% were ob-
served after 6h of exposure to 5 µM GdDOTA⊂CS-TPP/HA 
and GdDOTP⊂CS-TPP/HA respectively, and by 16% and 21% 
after 24h.

The concentrations of GSH, a non-enzymatic antioxidant 
decreased in a significant statistically manner, compared to 

Figure 1. Viability cell (SRB assay) of A 20 cells after exposure to 1 
µM, 2.5 µM, 5 µM GdDOTA⊂CS-TPP/HA and GdDOTP⊂CS-TPP/HA 
NPs for 6h and 24 h. Unloaded CS-TPP/HA NPs were used as control. 
Results are calculated as means ± SD (n = 3) and expressed as % 
from controls. *p < 0.05; ** p < 0.01             

Figure 2. LDH release from A 20 cells after exposure to 1 µM, 2.5 
µM, 5 µM GdDOTA⊂CS-TPP/HA and GdDOTP⊂CS-TPP/HA NPs for 
6h and 24 h. Unloaded CS-TPP/HA NPs were used as control. Re-
sults are calculated as means ± SD (n = 3) and expressed as % from 
controls.

Figure 3. Reactive oxygen species (ROS) production in A20 cells, 
after exposure to 1 µM and 5 µM NPs GdDOTA⊂CS-TPP/HA and Gd-
DOTP⊂CS-TPP/HA for 6h and 24 h. Unloaded CS-TPP/HA NPs were 
used as control. Results are calculated as means ± SD (n = 3) and 
expressed as % from controls.
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controls (Table 1). Thus, GSH levels were reduced after 6h of 
exposure for both NP doses tested. The decrease was amplified 
till 5% and 11% after 24h for 1 µM and 11% and 18% for 5 µM 
GdDOTA⊂CS-TPP/HA and GdDOTP⊂CS-TPP/HA, respec-
tively. 

Finally, AOPP concentrations were not significantly changed 
at any GdDOTA⊂CS-TPP/HA doses tested up to 24h of expo-
sure, whereas significant increases up to 19% and 48% were re-
corded after 6h and 24h of cell exposure to the higher concen-
tration of GdDOTP⊂CS-TPP/HA NPs, compared to control.

Discussion
Despite the gaining popularity of Gd(III) contrast agents in the 
medical field, their potential toxicity and long-term adverse 
side effects represent an important concern (20-24). In order 
to improve these aspects, new nanocarriers which are charac-
terized by a good biodegradability, water-solubility, controlled 
drug release and low toxicity are now receiving a growing inter-
est for Gd-based contrast agents vectorization (25-29). 

Being designed for in vivo applications, especially for lymph 
node imaging, the evaluation of the potential toxicity generated 
by GdDOTA and GdDOTP nanocarriers (GdDOTA⊂CS-TPP/
HA and GdDOTP⊂CS-TPP/HA) is essential for their future 
applications. 

The first step towards understanding the way in which 
nanoparticles interact with cells often involves in vitro cell cul-
ture studies. Murine models of B-cell lymphomas are consid-
ered to be promising tools for development of cancer studies 
(30, 31) and can determine a massive invasion of liver, spleen 
and lymph nodes (32, 33) Previously it was demonstrated that 
some nanoparticles induce oxidative stress on lymphocytes 
and lymph nodes which could lead to their damage  (34). For 
these reasons A20 cell line was selected as a model for in vitro 
experiments. 

Several studies have revealed that Gd-based contrast agents 

induced apoptosis and necrosis in different cell types (renal tu-
bular cells, human foreskin fibroblasts (HFFs), NIH/3T3 fibro-
blasts) in a time (35) -and dose (36, 37) -dependent manner. By 
contrast, another research group has demonstrated the safety 
of a new designed multifunctional MRI contrast agents against 
HepG2 cells at the test concentrations, after 24h of incubation 
(38) Lack of toxic effects induced by different doses of gado-
linium loaded chitosan and chitosan-hyaluronic acid nanopar-
ticles in three cell lines (B16, HepG2, and A549 cells) at the 
same time point, were also reported (39, 40). Likewise, hydro-
gels incorporating GdDOTA and GdDOTP did not exhibit any 
toxicity towards C6 glioma or primary fibroblasts cells (6, 7).

Sulforhodamine B viability tests suggested that GdDOT-
P⊂CS-TPP/HA NPs were more toxic for A-20 cells compared 
to GdDOTA⊂CS-TPP/HA ones. These results were not con-
firmed by LDH activity in the culture medium probably due to 
a lesser sensitivity of the enzymatic method.

Feng X. et al. have reported a remarkable increase in LDH 
leakage, after exposure of rat cortical neuron cells to GdCl3 
(0.2, 2, 20 and 100 µM) even at low micromolar doses (41). 
Almost in the same time, Xia Q. et al. (42) revealed that GdCl3 
(0.2, 2, and 20 µM) induced in neurons a decrease of cell viabil-
ity and an increase of LDH released onto the culture medium 
in a time- and concentration-dependent manner (43). Our data 
are not in accordance with these two studies, due to the fact 
that in our experiments Gd3+ was firstly complexed by DOTA 
or DOTP and secondly embedded in the nanogels.

The mechanisms by which Gd-based nanoparticles enters 
the cells are not entirely understood. Some studies demonstrat-
ed that, these nanoparticles are generally transported to cells by 
endocytic pathway depending on their size, shape and nature 
(44). Thus, mechanisms such as macropinocytosis (45), clath-
rin-mediated endocytosis (46), receptor-mediated endocytosis 
(47) were proposed. Dodane and Vilivalam reported that, chi-
tosan and chitosan nanoparticles due to their positive charge, 

Table 1. Relative values of lipid peroxidation (MDA), reduced glutathione (GSH) and advanced oxidation protein products (AOPP) in 
A20 cells, after exposure to 1 µM and 5 µM GdDOTA⊂CS-TPP/HA and GdDOTP⊂CS-TPP/HA NPs for 6h and 24 h. Unloaded CS-TPP/
HA NPs were used as control.

Time

(h)

Nanoparticles MDA (nmoles/mg) 

 Control  1 μM    5 μM

GSH (nmoles/mg)

 Control  1 μM  5 μM

AOPP (nmoles/mg)

 Control  1 μM  5 μM

6 h

GdDOTA
  100±8    102±2  115±8

                               *

 100±4  96±8   93±7

         

 100±5   101±5  106±2

GdDOTP
  100±10  102±4  117±6

                               *

 100±5   95±4  90±3

                             *

 100±6  102±9   119±4

                              **

24 h

GdDOTA
     100±5    110±5   116±10

                               *

 100±9   95±8   89±7

                             *

    100±9   108±3   111±11

GdDOTP
   100±6    113±9   121±3

                              **

 100±6   89±2  82±6

                           **

   100±7   109±9   148±12

                               **

Note: Results are calculated as means ± SD (n = 3) and expressed as % from controls; *p < 0.05; ** p < 0.01
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enter the cells via cell membrane depolarization, leading to an 
increased Ca2+ influx (48).

Gd-based contrast agents have been intensively investigated 
with main focus on nephrotoxicity and nephrogenic systemic 
fibrosis (NSF) in patients with severe renal impairment (49-
53). Our experiment showed that, both types of nanoparticles 
at a concentration of 5 μM induced moderate levels of reactive 
oxygen species in A-20 cells.

 Lipid peroxidation is a process generated by the action 
of reactive oxygen species on polyunsaturated fatty acids. 
Malondialdehyde (MDA) the end product of lipid peroxida-
tion is considered a mutagenic secondary product (54). In the 
present work, significant increases of MDA level, by 16% and 
21% after 24h of exposure to 5 µM GdDOTA⊂CS-TPP/HA 
and GdDOTP⊂CS-TPP/HA, respectively show that, the anti-
oxidant system of A20 cells counteracted an extensive damage 
of lipids.  After exposure of human bladder tumor cells 5637 to 
chitosan, it was suggested that chitosan could induce apoptosis 
via caspase-3 activation, without the generation of MDA (55). 
This suggests that the peroxidation cascade occurs differently 
in a cell type dependent manner.

GSH is the principal non-protein thiol in cells and a ROS 
scavenger molecule, being involved in maintaining intra- and 
extracellular redox environments (56, 57). GSH depletion, as a 
consequence of the oxidative stress was observed in peripheral 
blood mononuclear cells (PBMC) exposed to low-dose Gd-Tex   
(58). 

In our experiment, the decrease of GSH level registered 
in cells exposed to GdDOTA⊂CS-TPP/HA and GdDOT-
P⊂CS-TPP/HA- was correlated with the increase of MDA con-
centration.  

The disturbance of the natural balance between pro-ox-
idant species and antioxidant systems in favor of the former, 
causes proteins oxidation. AOPP are formed via myeloperox-
idase-H2O2-halide system (59) and their role in activation of 
human neutrophil and monocyte oxidative metabolism was 
previously shown (60).

In our work, significant increases of AOPP, by 19% and 48%, 
were recorded after exposure to the higher concentration of 
GdDOTP⊂CS-TPP/HA NPs for 6h and 24h, respectively re-
lated to control, which are in a close correlation with GSH and 
MDA results.

Conclusions
Our data suggest that GdDOTP⊂CS-TPP/HA NPs and Gd-

DOTA⊂CS-TPP/HA NPs induced a moderate oxidative stress 
in A 20 cells which resulted in a slight decrease of GSH level 
and increase of MDA and AOPP concentrations. These effects 
were more pronounced in the case of GdDOTP⊂CS-TPP/HA 
NPs exposure. According to these, it appears that the cells an-
tioxidant defense system counteracted to a certain extend the 
induced oxidative stress. Taking into account all of these, it ap-
pears that these NPs could be used in injectable formulations 
for MRI diagnostic.
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