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Abstract
Since last decades various kinds of nanoparticles have been functionalized to improve their biomedical applications. How-
ever, the biological effect of un-modified/non-functionalized bi-metallic magnetic nanoparticles remains under investigated. 
Herein we demonstrate a multifaceted non-functionalized bi-metallic inorganic Gd-SPIO nanoparticle which passes dual 
high MRI contrast and can kill the cancer cells through several mechanisms. The results of the present study demonstrate 
that Gd-SPIO nanoparticles have potential to induce cancer cell death by production of reactive oxygen species and apoptotic 
events. Furthermore, Gd-SPIO nanoparticles also enhance the expression levels of miRNA-199a and miRNA-181a-7p which 
results in decreased levels of cancer markers such as C-met, TGF-β and hURP. One very interesting finding of this study 
reveals side scatter-based real-time analysis of nanoparticle uptake in cancer cells using flow cytometry analysis. In conclu-
sion, this study paves a way for future investigation of un-modified inorganic nanoparticles to purport enhanced therapeutic 
effect in combination with potential anti-tumor drugs/molecules in cancer cells.
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Introduction

Since last decades, major exploration of nanotechnology 
in biomedical applications has been extensively explored 
for imaging and cancer theranostics (Arvizo et al. 2012). 
Although cancer treatment strategies using functionalized 
nanoparticles have been significantly studied, the effect 
of un-modified bi-metallic nanoparticles remains under 
investigated (Arvizo et al. 2013). Nanoparticles have been 
considered as the most prominent vehicle for targeted drug-
delivery in cancer cells due to their unique properties of 
passing the biological barriers and distribution within the 
cellular counterparts through receptor-mediated or energy-
dependent pathways (Bhattacharya and Mukherjee 2008). 

Recent studies have explored several emerging nanoparticle-
based potential modalities for drug delivery which implies 
the use of different cell machineries as targeted delivery 
system to release a therapeutic payload (Rengan et al. 2014, 
2015; Krishnamurthy et al. 2016). The major focus of nano-
drug delivery approaches has been on shape, size, functional 
moieties and nanoparticle interaction sites on cancer cells.

Although a variety of nanoparticle-based drug delivery 
carriers have been used successfully in pre-clinical settings, 
there remain a number of limitations for their real-time 
monitoring. In addition, the effect of non-functionalized bi-
metallic nanoparticles on cancer cells needs to be investi-
gated in more detail to improve better therapeutic response 
in cancer cells. Therapeutic or diagnostic molecules which 
are delivered in cancer cells through nanoparticles gener-
ally leak from the cells during the loading process and after 
certain time points released from the cells (Jiang et al. 2008). 
This may lead to decreased therapeutic response in cancer 
cells. Hence, development of a self-therapeutic nanoparti-
cles and real-time monitoring of their delivery, bio-distri-
bution, release and cellular response is of utmost important 
which can provide critical information required for dynamic 
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optimization of treatment modalities in more personalized 
manner in real-time.

The ability to monitor nanoparticle accumulation or 
release in target cancer cells and simultaneous investiga-
tion of the therapeutic response may enable an individual-
ized feedback process to further adjust the treatment dose 
and protocols to meet the changing demands of each patient 
in more personalized manner. However, the lack of proper 
monitoring strategies for real-time assessment of cellular 
dynamics of nano-drug delivery and its consequential effects 
in cancer cells poses a potential challenge to develop more 
effective cancer treatment strategies. Earlier approaches are 
often carried out on end point analysis, rely on time-consum-
ing bulk measurements and vary from one cell population to 
the other (Bridot et al. 2007; Mayhew et al. 2009; Benezra 
et al. 2011; Chan and Lin 2015). In addition, these strategies 
provide averaged results and do not guarantee for precise 
control over the nano-drug delivery to cancer cells. These 
approaches also do not generate sufficient useful informa-
tions for the dynamics of nanoparticle–cell or drug–cell 
interactions and/or nanoparticle-based drug delivery in 
cancer cells.

Hence, the current study was focused on real-time quan-
tification and internalization of Gd-SPIO nanoparticles into 
cells using flow cytometry-based side-scatter approach. 
Dual-MRI contrast property of Gd-SPIO nanoparticles was 
also identified using 1.5T Magnetome to explore its poten-
tial in MRI-based cell tracking and tumor imaging. Further-
more, reactive oxygen species (ROS) generation, apoptosis 
and molecular analysis for oncogenic transcripts and miRNA 
expression were identified to better understand the cellular 
and molecular dynamics of bi-metallic nanoparticles loading 
in hepatoblastoma cells.

Materials and methods

All in vitro studies were conducted as per the guidelines of 
Institutional Review Board and animal studies were con-
ducted after taking approval by the Institutional Animal 
Ethics Committee of Deccan College of Medical Sciences, 
Hyderabad.

Synthesis and characterization of Gd‑SPIO 
nanoparticles

Gd-SPIO nanoparticles were synthesized using colloi-
dal hydrolytic synthesis method as reported in our earlier 
study (Athar et al. 2016). Briefly, Gadolinium trichloride 
hexahydrate  (GdCl3.6H2O) and anhydrous ferric trichloride 
 (FeCl3) were used as molecular precursors for synthesizing 
the nanoparticles. 12.31 mmol of  FeCl3 was stirred in de-
ionized water for 6 h which was further mixed with similar 

concentration of  GdCl3.6H2O and refluxed additionally 
for 6 h. The reaction was cooled and filtered to remove the 
unreacted impurities. Following this calcination was per-
formed at 10 °C/min from room temperature to 1000 °C. 
Further washing was performed to remove the ionic impu-
rities. Synthesized Gd-SPIO bi-metallic nanoparticles were 
characterized extensively (Athar et al. 2016). In addition 
to basic chemical properties, nanoparticles were dissolved 
in acetonitrile and a UV–vis spectrum was identified using 
UV–Spectrophotometer (Perkin Elmer Lambda 35).

Scanning electron microscopy (SEM) studies

SEM images of Gd-SPIO nanoparticles were obtained using 
a Hitachi S520 Scanning Electron Microscope. Further, 
human liver cells were treated with these nanoparticles for 
72 h and SEM analysis was carried out to identify the major 
changes in cell morphology and surface anatomy.

Biocompatibility studies

The biocompatibility of Gd-SPIO nanoparticles with 
human cells was identified using human liver cells which 
were incubated with different concentrations of Gd-SPIO 
nanoparticles ranging from 10 µg/ml to 1 mg/ml for 72 h 
in  CO2 incubator. The cell viability was determined by 
tetrazolium reduction assay. Briefly, cells were incubated 
with MTT reagent (2 mg/ml) in 96-well culture plates for 
72 h. After incubation period, reaction was stopped using 
acidified isopropanol or acetone by additional incubation 
for 10 min. The optical density of samples was measured 
in triplicates in three individual experiments. However, the 
in vivo biocompatibility study was performed by infusing 
200 µl of Gd-SPIO nanoparticles (1 mg/ml) into male Wister 
rats injected through tail vein. Histological analysis was per-
formed for major vital organs using hematoxylin and eosine 
(H&E) staining to identify any abnormality in tissues. Other 
biocompatibility parameters and retention time of Gd-SPIO 
nanoparticles have been well demonstrated in our earlier 
study (Athar et al. 2016).

Magnetic resonance imaging (MRI)

The dual MRI-contrast property of Gd-SPIO nanoparticles 
was identified in vitro using 1.5T clinical Magnetome at 
Princess Esra Hospital, Hyderabad. 10, 100, 250, 500 µg/
ml, 1 mg/ml concentrations of Gd-SPIO nanoparticles in 
water were kept in 12-well sterile cell culture plates at room 
temperature. MRI-contrast agents were categorized based on 
the changes in their relaxation times. The ratio of r2/r1 was 
identified to determine the T1 and T2 contrast properties of 
bi-metallic Gd-SPIO nanoparticles.
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Side‑scatter analysis (SCA)

To establish a real-time quantification for interaction 
between nanoparticles and cancer cells, human hepatoblas-
toma cell line (HepG2) was cultured in vitro and exposed 
to Gd-SPIO nanoparticles. Post-exposure of 10, 30, 60, 
120 min, 24 and 48 h at 37 °C temperature and 5%  CO2 
atmospheres, cells were harvested after completing each 
incubation time and subjected to flow cytometry-based side-
scatter analysis (SCA). SCA was performed to determine 
the shift in cell scatter in flow cytometry post-nanoparticle 
exposure. Side scatter was extracted after flow cytometric 
measurements through gating of phenotypically healthy cells 
which was characterized by negative staining for Annexin-V 
(Sigma-Aldrich, St. Louis, MO, USA) and propidium iodide 
(Sigma-Aldrich, St. Louis, MO, USA). The values of each 
side scatter of untreated control cells were set to 100% and 
used for computing the relative increase in side scatter of 
Gd-SPIO-treated cancer cells. The use of counting beads 
during acquisition was avoided to evade the non-specific 
binding and aberrant side scatter of the cells. The acquisition 
of raw data for each sample was measured for 60 s. The total 
events collected for each sample depend on the treatment of 
cells due to reduced cell proliferation and death.

Estimation of cellular apoptosis

The later investigations were carried out by standard apop-
tosis assay pre- and post-exposure of Gd-SPIO nanoparti-
cles to HepG2 cells in flow cytometry using Annexin-V and 
propidium iodide (PI) staining. Whereas, the cell membrane 
integrity or cell viability assay was further performed by 
the fluorescein di-acetate (FDA) assay using flow cytometry 
analysis. 10,000 events were collected for each sample which 
were analyzed using Cell Quest software (BD Biosciences) 
in FACS Calibre (Becton–Dickinson).

Reactive oxygen species (ROS) estimation

2′,7′-Dichlorofluorescin diacetate (DC-FDA) staining was 
performed to quantify the stress response in terms of reactive 
oxygen species (ROS) in cancer cells due to Gd-SPIO nano-
particle exposure. Flow cytometry was used to quantify the 
ROS levels pre- and post-Gd-SPIO nanoparticle exposure 
to HepG2 cells at different time points in culture. Briefly, 
10 µM of DCFDA was added to HepG2 cells and incubated 
for 30 min in dark at 37 °C temperature. Unbound DC-FDA 
was washed twice with 1× PBS and resuspended in 500 µl 
volume of each sample for flow cytometry analysis. A total 
of 10,000 events were collected for each sample and ana-
lyzed using Cell Quest software (BD Biosciences).

Prussian blue staining

The labelling efficiency of Gd-SPIO nanoparticles was esti-
mated using Prussian blue staining of HepG2 cells at differ-
ent time points (10 min to 48 h) at different concentrations. 
The distribution of Gd-SPIO nanoparticles was estimated 
by identifying the iron staining and was documented using 
light microscope.

Cell labelling efficiency

The total iron content in HepG2 cells incubated with Gd-
SPIO nanoparticles was quantified using total iron reagent 
set. In brief, cells labelled with potassium ferrocyanide in 
acidic condition were washed using culture medium fol-
lowed by three times additional washing with 1× PBS. Fur-
ther, cells were resuspended in 37% hydrochloric solution 
and incubated at 65–70 °C temperature for 30 min. The cell 
labeling efficiency was calculated by the retention of total 
iron content in the cell. The cell labeling efficiency of Gd-
SPIO nanoparticles was estimated by preparing cell lysate 
of labeled samples at different time points using Iron Calo-
rimetric Assay Kit (KA0814, Abnova) as per the manufac-
turer’s instructions. For calculation of labeling efficiency 
standard curve was plotted before conducting the experi-
ment. Following formula was used to calculate the labe-
ling efficiency C = Sa/Sv(nmol/μl, or mM),where Sa is the 
iron(II), iron(III), or total iron(II+III) content of unknown 
samples (in nmol) from standard curve. Sv is sample volume 
(μl) added into the assay wells.

Three individual experiments were performed to quan-
tify the total iron contents and estimating the cell-labeling 
efficiency after incubating HepG2 cells with Gd-SPIO 
nanoparticles.

Expression studies

Total RNA was extracted using GITC method from pre- 
and post-treatment groups of HepG2 cells. Complementary 
DNA was prepared using OligodT primer. Whereas micro-
RNAs were extracted from the control (non-treated) and Gd-
SPIO-treated HepG2 cells after 48 h using miRNeasy mini 
kit (Qiagen, Valencia, CA, USA) according to the manu-
facturer’s protocol. Universal stem loop primer was used 
to construct complementary DNA from extracted miRNAs. 
Three cancer-related genes [c-MET, TGF-β and hepatoma 
upregulated protein (hURP)] and two microRNAs (miRNA-
199a and miRNA-181a) targeting various cancer path-
ways were quantified using specific primers. The primers 
sequences used to analyze the expression levels of specific 
mRNA transcripts and miRNAs are c-MET (F-CTT TGA 
CGT GAA GTA CGT GGT, R-CGT ATG GCT ACA AAC ACA 
GCAC), TGF-β (F-TCC ATT GAC GAC GCC TTG G, R-CCC 
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TCT CTA ACG TCT TGA GTCT), hURP (F-AAG CCT CGT 
TGA GTG GAA GG, R-AAG CAG GAA CCC TCA CAA CC), 
GAPDH (F-CAT GGG GAA GGT GAA GGT CGGA, R-TTG 
GCT CCC CCC TGC AAA TGAG), miRNA-199a (F-AGG 
AAG CTT CTG GAG ATC CTGC, R-TGC TCT CCC TTG CCC 
AGT CTAAC) and miRNA-181a (F-ACA CTC CAG CTG 
GGA ACA TTC AAC GCT GTC GG, R-CTC AAC TGG TGT 
CGT GGA ) and U6-miRNA (F-GCG CGT CGT GAA GCG 
TTC , R-GTG CAG GGT CCG AGGT). SYBR green-based 
quantitative real-time polymerase chain reaction (RT-qPCR) 
was performed to evaluate the changes in gene expression 
and miRNA expression levels pre and post-nanoparticles 
exposure. Relative fold values were calculated using  2−ΔΔCt 
method (Livak and Schmittgen 2001).

Statistical analysis

All statistical analyses were performed using GraphPad 
Prism software (Version: V). One way and two way ANOVA 
was performed to identify the significance in single and 
multiple variants. Percentage cell viability was compared 
in different groups using formula: Atest/Acontrol × 100. Inhi-
bition rate of cells pre- and post-nanoparticle exposure was 
calculated using the optical densitometric analysis of each 
sample in triplicated in three different cohort studies using 
the formula: IR (%) = 1−ODtest/ODcontrol × 100. The per-
centage cell viability was calculated using formula: percent-
age viability = 100−IR (%). Glyceraldehyde 3-phosphate 
dehydrogenase (GAPDH) was used for the normalization 
of test samples during gene expression analysis whereas 
U6 miRNA was used as endogenous control for normaliza-
tion of miRNA expression changes in test samples as com-
pared to the controls. PCR efficiency of each transcript was 
calculated using Y = mx + c formula. Each transcript was 
analyzed in triplicates in three different set of experiments. 
The mean was taken for each sample and the relative fold 
value of each transcript was calculated using the  2−ΔΔCT 
method by StepOne (Version 2.2) software in StepOne real-
time PCR. All the results were expressed as mean ± SEM 
(standard error of mean). p value ≤ 0.05 was considered 
statistically significant for all the variables.

Results

Gd‑SPIO nanoparticle synthesis 
and characterization

Hydrostatic chemical synthetic approach provided crystal-
line powder of Gd-SPIO nanoparticles with high purity at 
lower temperature. Schematic representation for the synthe-
sis and major properties of Gd-SPIO nanoparticles is rep-
resented in Fig. 1a. FT-IR studies demonstrated stretching 

and bending vibrations of Gd-SPIO nanoparticles at 3750 
and 1603.80/cm. The hydrostatic synthesis resulted in the 
formation of self-assembled nanostructure framework as 
demonstrated by thermal and XRD analysis. The vibration 
frequencies of Gd-SPIO nanoparticles do not change with 
the aging which represents that the quantum size of nanopar-
ticles remains controlled thereby not altering the oxidation 
of metal ions. The average Gd-SPIO nanoparticle size was 
estimated to be approximately 41.65 nm as calculated by 
Debye–Scherer equation. SEM analysis of Gd-SPIO nano-
particles showed porous structures with different sizes due to 
aggregation (Fig. 1b). We found that changes in surface mor-
phology of Gd-SPIO nanoparticles depend upon the reac-
tion conditions and type of metal precursors used. UV–vis 
spectra of Gd-SPIO nanoparticles showed a strong peak at 
700 nm representing highly pure nature of the nanoparticles 
(Fig. 1c).

Biocompatible nature of Gd‑SPIO nanoparticles

The biocompatibility nature of Gd-SPIO nanoparticles 
was evaluated both in vitro, using human hepatocytes, and 
in vivo, using male Wister rats. SEM analysis of human 
hepatocytes with Gd-SPIO nanoparticle exposure for 72 h 
showed intact cellular morphology and extra-cellular matrix 
(ECM) (Fig. 1d). Percentage cell viability post-nanoparticle 
exposure for 72 h did not show significant variations with 
increasing the nanoparticle concentrations from 10 µg/ml to 
1 mg/ml as compared to untreated cells (referred as control) 
(Fig. 1e). Histological analysis of vital organs of male Wister 
rats exposed to 1 mg/ml concentration of Gd-SPIO nano-
particles did not show any visible tissue manifestation or 
adverse pathologies (Fig. 1f). Other biological compatibility 
parameters for Gd-SPIO nanoparticles have been demon-
strated in our earlier study (Athar et al. 2016).

Dual‑MRI contrast properties

In vitro MRI of Gd-SPIO nanoparticles was performed using 
1.5T clinical MRI machine at pH 7.4 to validate the potential 
of gadolinium (Gd) as T1 and super paramagnetic iron oxide 
nanoparticles as T2 MRI contrast agents residing in a sin-
gle bi-metallic nanoparticle. MRI contrast imaging showed 
strong T1 MR signal with increasing the concentration of 
nanoparticles and represented the relaxivity coefficient of 
14.3/mM/s (as obtained from the R1 relaxivity plots) due 
to strong interaction between the gadolinium and water 
molecules. The lower r2/r1 ratio (2.1) demonstrated highly 
enhanced T1 contrast of gadolinium ion (Fig. 2a). Further-
more the r2/r1 relaxation ratio was found to be enhanced 
(12.23) during T2-weighted MRI in nanoparticle-treated 
cells when compared with the control condition (untreated 
cells) (Fig. 2b).
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Nanoparticles uptake and SCA analysis

SCA analysis of HepG2 cells labeled with Gd-SPIO nano-
particles revealed significant increase in side scatter (SSC) 
of cells exposed with increasing the incubation time up to 
120 min. No significant change in SSC was observed after 
24 and 48 h of incubation when compared with the untreated 
cells (Control). This analysis revealed that nanoparticle 
uptake is highest at 120 min and almost removed or excreted 
from the cells after prolonged incubation time (24 and 48 h) 
(Fig. 3).

Changes in HepG2 cell viability post‑nanoparticle 
exposure

The simultaneous analysis of cell viability along with the 
SCA revealed no significant change in cell viability up to 
120 min whereas at 24 and 48 h the cancer cell viability was 
decreased up to 70 and 50%, respectively, in the presence 
of highest Gd-SPIO nanoparticle concentration (1 mg/ml) 
(Fig. 4a).

Changes in cellular apoptosis and ROS levels

The apoptosis assay revealed continuous increase in apop-
tosis rate of cells post-Gd-SPIO nanoparticle exposure 
with increasing the incubation time from 10 min to 48 h. 
The highest level of apoptosis was found after 48 h of 
exposure whereas the amount of necrotic cells remained 
constant (Fig. 4b). The ROS analysis did not show signifi-
cant change for 120 min whereas it was increased drasti-
cally after 24 and 48 h of Gd-SPIO nanoparticle exposure 
Fig. 4c).

Cell‑labeling efficiency and intracellular 
nanoparticle concentrations

Further to verify internalization and release of Gd-SPIO 
nanoparticles from the cancer cells, Prussian blue stain-
ing was performed which demonstrated highest level of 
internalization up to 120 min (Fig. 5a). With increasing the 
time duration most of the nanoparticles were found to be 
released at 24 and 48 h into the surrounding microenviron-
ment. The cancer cell labeling efficiency increased with 

Fig. 1  a Schematic representation of Gd-SPIO nanoparticles 
 (FeGdO3) synthesis and inherent properties of MRI contrast, para-
magnetism and biocompatibility. b SEM of synthesized Gd-SPIO 
nanoparticles showing < 50 nm size. c UV–vis spectra of Gd-SPIO 
nanoparticles after complete solubilization. d SEM image showing 
intact surface of human primary hepatocytes exposed to 1 mg/ml of 
Gd-SPIO nanoparticles for 72 h. e MTT cell viability assay showing 

no significant change in percentage cell survival of human primary 
hepatocytes exposed to different concentrations of Gd-SPIO nanopar-
ticles for 72 h. f H&E staining of male Wister rat liver microsections 
of control (i.e. without nanoparticle injection) and Gd-SPIO- (1 mg/
ml) treated group showing absence of any pathological feature (mag-
nification: ×10, scale bar: 20 µm)
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increasing the concentration of Gd-SPIO nanoparticles 
(Fig. 5b) which was quantified by the estimation of intracel-
lular iron content (Fig. 5c, d). Whereas the total iron content 
in cells was significantly high at 500 µg/ml and 1 mg/ml 
concentrations when compared to others. More interestingly, 
the iron content was significantly reduced after 24 and 48 h 
of incubation.

Gene expression analysis

The gene expression analysis of liver cancer markers using 
RT-qPCR showed downregulation for oncogenic transcripts 
such as c-MET, TGF-β and hURP after Gd-SPIO nanoparti-
cle exposure (1 mg/ml) for 48 h (Fig. 6a).

Micro‑RNA expression analysis

Micro-RNA expression studies in HepG2 cells post-expo-
sure to Gd-SPIO nanoparticles (1 mg/ml) showed upregula-
tion of miRNA-199a (Fig. 6b) and miRNA-181a-7p (Fig. 6c) 
after 48 h.

Fig. 2  a T1-weighted MRI image (obtained by 1.5T Magnetome) of 
cells incubated with different concentrations of Gd-SPIO nanoparti-
cles showing highly enhanced contrast even at very low concentration 
up to 100 µg/ml. b T2-weighted MRI contrast of cells incubated with 
different concentrations of Gd-SPIO nanoparticles showing enhanced 
contrast with increasing the concentration

Fig. 3  a–f Side-scatter plots of flow cytometry-based analysis show-
ing changes in HepG2 cancer cell granularity after in vitro exposure 
of Gd-SPIO nanoparticles (1 mg/ml) for different time points (Blue 

bar: untreated cells, Red bar: nanoparticles treated cells, **p < 0.001, 
***p < 0.0001, ns = non-significant, i.e. p > 0.05)
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Discussion

The present study explores the unique properties of bi-
metallic nanoparticle (Gd-SPIO) comprising gadolinium 
and iron ions. The results demonstrate that Gd-SPIO nano-
particles can be used for the effective killing of cancer 
cells without functionalization. The cost-effectiveness 
and hydrolytic synthesis approach offer the tuneable and 
ease of functionalization for enhanced contrast imaging 
and therapeutic possibilities (Athar et al. 2016). Addition-
ally Gd-SPIO nanoparticles are less than 50 nm in size 
with dual MRI contrast which can be utilized for enhanced 
clinical imaging and real-time monitoring of drug target-
ing mechanisms. We also report a unique self-therapeutic 
property of Gd-SPIO nanoparticles in hepatoblastoma 
cells (HepG2) through real-time flow cytometry analysis. 
The schematic representation of the study outline has been 
depicted in Fig. 1a.

The flow cytometry-based SCA analysis represents cell 
size in forward scatter whereas cellular granularity in side 
scatters. The nanoparticle integration inside the cells was 
identified by SCA due to the light scattering nature of Gd-
SPIO which can be easily detected by comparing with the 
untreated cells after surpassing the detection threshold. We 
observed significant increase in side scatter of cells exposed 
to Gd-SPIO nanoparticles with increasing the incubation 
time up to 120  min which later showed no significant 
change (after 24 and 48 h) in relation to the un-treated cells. 
This analysis revealed that nanoparticle uptake is highest 
at 120 min and released from the cells after 24 and 48 h 
(Fig. 2). These data were well supported by the findings 
demonstrated in Fig. 5b, d wherein cell labeling efficiency 
was found gradually increased with the time whereas the 
total iron content retained in cells was significantly less after 
24 and 48 h of incubation when compared to 120 min. The 
complete removal of Gd-SPIO nanoparticles from HepG2 

Fig. 4  Changes in a percent-
age HepG2 cell viability 
(estimated through FDA-based 
flow cytometry analysis). Red 
bar: untreated cells, Black bar: 
nanoparticle-treated cells. b 
Percentage cell apoptosis at 
different time points during 
exposure to Gd-SPIO nano-
particles (1 mg/mL). c ROS 
generation due to formation of 
free radicals in HepG2 cells and 
d predicted mechanism for cel-
lular dynamics after Gd-SPIO 
nanoparticle exposure to HepG2 
cells (*p < 0.01, **p < 0.001, 
ns = non-significant, i.e. 
p > 0.05)
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cells can be due to exosomic transportation or apoptotic and 
necrotic cell death or cell membrane damage.

The simultaneous analysis of cell viability along with the 
SCA revealed no significant change in cell viability up to 
120 min whereas at 24 and 48 h the cancer cell viability was 
decreased up to 70 and 50%, respectively, in the presence 
of highest Gd-SPIO nanoparticle concentration (1 mg/ml) 
(Fig. 3a). The apoptosis assay revealed continuous increase 
in apoptosis rate of cells with the increasing Gd-SPIO nano-
particle concentration whereas the amount of necrotic cells 
remained constant (Fig. 3b). The ROS analysis did not show 
significant change up to 120 min whereas it was increased 
drastically after 24 and 48 h of Gd-SPIO nanoparticle expo-
sure in a dose-dependent manner (Fig. 3c). Collectively 
these quantitative flow cytometry-based analyses of Gd-
SPIO nanoparticle uptake and their effect on HepG2 cells 
showed a unique panel for real-time assessment of nano-
particle interaction and internalization in cancer cells. The 
predictive mechanism for the anti-cancer effect of Gd-SPIO 
nanoparticles concluded that higher Gd-SPIO concentra-
tion exposure to HepG2 cells results in increased level of 
ROS production that results in cell cycle arrest and further 
leads to DNA damage and ultimately apoptotic cell death 
(Fig. 3d). These findings provide unique self-therapeutic 
anti-cancer property of Gd-SPIO nanoparticles. Further to 
verify these data, nanoparticle internalization and release 
from the cancer cells were identified using Prussian blue 
staining of nanoparticle exposed cells (Fig. 5a). The cancer 

cell labeling efficiency was increased with increasing the 
concentration of Gd-SPIO nanoparticles (Fig. 5b) which was 
identified by intracellular iron content estimation (Fig. 5c, 
d).

This particular strategy highlights the considerable capac-
ity of SCA in combination with simultaneous detection of 
several other important parameters in flow-cytometry for 
Gd-SPIO nanoparticle applicability in highly personalized 
medicine for real-time quantification and self-therapeutic 
effect in cancer cells. Further expression analysis of mRNA 
as well as miRNA using RT-qPCR showed downregulation 
for cancer transcripts such as c-MET, TGF-β and hURP 
(Fig. 6a) and up regulation of miRNA-199a (Fig. 6b) and 
miRNA-181a-7p (Fig.  6c) after Gd-SPIO nanoparticle 
exposure for 48 h. Suh molecular aberrations in cancer cells 
along with enhanced ROS and apoptosis may lead to can-
cer cell death (Fig. 6d). The possible mechanism for this 
can be explained as the overexpression of c-MET mRNA 
is a prominent event in liver cancer which is triggered by 
cytokines like IL-6, TNF-α and TGF-β (Granito et al. 2015). 
In addition, the enhanced expression of c-MET allows 
increased binding of HGF proteins on it which stimulates 
several cancer pathways for enhanced cell growth, invasion 
and protection from apoptosis (Webb et al. 1998; Daveau 
et al. 2003; Sierra and Tsao 2011; Lee et al. 2013). Thus 
downregulation of c-MET and hURP protein important 
for cancer cell progression after Gd-SPIO nanoparticles 
exposure provide evidence for anti-cancer effect of these 

Fig. 5  a Prussian blue staining of Gd-SPIO nanoparticles in cell sus-
pension at different time points in culture showing increased uptake 
up to 120  min and release from cells after 24 and 48  h post-expo-
sure (scale bar: 20  µm, resolution: ×40). b The labelling efficiency 
of Gd-SPIO nanoparticles and c intracellular nanoparticle (measured 

in terms of iron content) concentration in HepG2 cells showed grad-
ual increase with increasing the nanoparticle concentration. d The 
amount of nanoparticles inside the cells was highest after 120  min 
which was significantly reduced after 24 and 48  h (**p  <  0.001, 
***p < 0.0001)
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nanoparticles. Another evidence was obtained from the 
expression levels of non-coding regulatory molecules such 
as miRNA-199a which is upregulated after Gd-SPIO nano-
particle exposure. MiRNA-199a downregulation in cancer 
cells is one of the common and quantitative events due to its 
direct binding with the c-MET receptor protein which leads 
to enhanced HGF binding on c-MET resulting in increased 
cancer cell proliferation and invasion (Fornari et al. 2010). 
Similarly, miRNA-181a-7p is also a direct target for c-MET 
whose downregulation in cancer cells leads to increased 
survival, invasion and morphogenesis (Korhan et al. 2014). 
The upregulation of miRNA-181a-7p expression after 
Gd-SPIO nanoparticle exposure to HepG2 cells provides 
additional evidence for its self-therapeutic property. Such 
molecular events may find its real applicability in normal 
malignant as well as drug-resistant cancer treatment after 

functionalization as described in our earlier studies (Khan 
et al. 2015; Vishwakarma et al. 2015, 2017).

Conclusion

The present study explores a multi-variant approach to moni-
tor nanoparticle uptake and intracellular processing in real-
time which could serve a unique platform for high-through-
put screening of nanoparticle-based studies in cancer cells. 
This study demonstrated a unique strategy for real-time 
quantification of cellular uptake of Gd-SPIO nanoparticle-
based SCA analysis using flow cytometry. We also observed 
self-therapeutic nature of non-functionalized Gd-SPIO nano-
particles which induces cancer cell death by production of 
reactive oxygen species and apoptotic events. Furthermore, 

Fig. 6  Expression studies. a Fold change in the expression of cancer 
markers after 48 h of exposure of HepG2 cells with Gd-SPIO nano-
particles showing reduction as compared to untreated control groups. 
Whereas the expression levels of b miRNA-199a and c miRNA-
181a-7p was significantly enhanced after nanoparticle exposure. d 

Schematic representation showing the overall effect of Gd-SPIO 
nanoparticle exposure to HepG2 cells. These cellular and molecular 
events lead to the activation of several toxic mechanisms within the 
cancer cells which further results in cancer cell death. ***p = 0.0001
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Gd-SPIO nanoparticles also enhance the expression lev-
els of miRNA-199a and miRNA-181a-7p which results in 
decreased levels of cancer markers such as C-met, TGF-β 
and hURP. Conclusively, the real-time assessment of self-
therapeutic properties of Gd-SPIO nanoparticles with the 
help of flow cytometry-based SCA analysis in combination 
with cellular and molecular approaches represents a unique 
multifaceted platform to explore potential of such nanopar-
ticles in future applications.
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