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University, Bangkok, Thailand; dDepartment of Chemistry and Center of Excellence for Innovation in Chemistry, Faculty of Science, Mahidol
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ABSTRACT
Andrographolide is a group of diterpenoid lactone isolated from Andrographis paniculata (Burm. F.) NEES.
One of the analogues is 19-O-triphenylmethylandrographolide (RSPP050) which possesses anticancer
activity. In seeking to capitalise on the last property, we have investigated the in vitro tumour targeting
capabilities and MRI imaging for hepatocellular carcinoma. In this study, we have designed galactose-tar-
geted and non-targeted micelles comprised of poly(ethylene glycol)-b-poly(lactide) that enveloped
RSPP050 as an anticancer agent and superparamagnetic iron oxide (SPIO) as a contrast agent. The target-
ing abilities were endeavored by examining the cellular uptake with MTT assay, fluorescence microscopy,
Prussian blue staining, and in vitro MRI. Targeted SPIO micelles as a T2� contrast agent decreased the
relative T2� MRI intensity at 3 h. Results revealed that galactose micelles displayed 10.91±0.19% drug
loading content, �37.17±0.63mV zeta potential, and these micelles at the concentration of 0.5 mg/ml
exhibited higher cytotoxicity than non-targeted micelles and free RSPP050 after incubation for 24h.
Fluorescence microscopy and Prussian blue staining at 3 h demonstrated significant cellular uptake by
HepG2 cells. Thus, anticancer activity of RSPP050 could be improved using galactose as a targeting ligand
and theranostic function was achieved using SPIO.
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1. Introduction

Andrographis paniculata (Burm. F) Nees, a herbaceous plant is
native to South East Asia and possessed by the Acanthaceae fam-
ily. Andrographolide (diterpenoid lactone) is one of its major bio-
active compounds and bear numerous biological properties such
as immunostimulatory, anti-inflammatory, anti-allergic, anti-bacter-
ial, anti-tumour, anti-viral, anti-malarial, hepatoprotective, and
antidiabetic (Kumar et al. 2004; Jayakumar et al. 2013).
Andrographolide exerts low therapeutic efficiency for inhibiting
cancer cells and can be ameliorated by altering its chemical struc-
ture (Eawsakul et al. 2017). One such known modified androgra-
pholide is RSPP050 among many and known to exert its cytotoxic
effects against cancer cells (Sirion et al. 2012; Bhummaphan et al.
2013; Eawsakul et al. 2017).

During recent decades, theranostic agents have allured stupen-
dous interest which has been deployed to ameliorate therapeutic
efficacy by facilitating the therapeutic agents to the tumour site
and also for amalgamation of cancer detection and therapy.
Antecedently many researchers have inspected that theranostic
nanocarriers can be attached with functional agents and ligands
for targeting various cancer cells, employing anticancer drugs and
diagnostic agents for the detection and monitoring of the tar-
geted therapy (Nasongkla et al. 2004; Schleich et al. 2013; Yang
et al. 2017). The third most fatal cancer with a survival period of
about six months is known to be hepatocellular carcinoma (HCC)

(El-Serag and Rudolph 2007; Pranatharthiharan et al. 2017). It pre-
dominantly affects hepatocytes which are known to be more than
80% of the hepatic cells (Poelstra et al. 2012). Rapid detachment
of particulate carriers by kupffer cells restricts the hepatocyte
aggregation, thus hampering therapeutic ability. Henceforth, tar-
geted delivery elucidates a vital approach for liver cancer treat-
ment and can be accomplished by targeted delivery to receptors
which are profusely present on hepatocytes (Iacobazzi et al.
2017). The Ashwell-Morell Receptor (ASGPR), is a liver related sur-
face receptor and circa 500 000 receptor per cell are majorly
residing on hepatocytes and are abundantly expressed on well
differentiated form of HCC (Fallon and Schwartz 1988; Hyodo
et al. 1993). It is documented that ASGPR is associated in the
clearance of glycoproteins with galactose or acetylgalactosamine
residues from circulation with the aid of clathrin type receptor
mediated endocytosis (Iacobazzi et al. 2017). After formation, the
ligand-ASGPR receptor is promptly internalised and the receptor
comes back to the surface facilitating superior binding affinity
and puissant cellular uptake of ligand (Ciechanover et al. 1983).
Results of cellular uptake by Feng et al. (2014) indicated that the
galactose targeted micelles effectively transferred doxorubicin to
HepG2 cells via ASGPR mediated endocytosis. Huang et al. (2017)
research also suggested that galactose nanoparticles recognise
ASGPR on hepatocellular carcinoma cell (HepG2) surface, and
expedite its uptake by virtue of inner-mediated endocytosis. It is
established that clathrin and caveolae-mediated endocytosis and
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macropinocytosis are responsible for internalisation of micelles
into the cells.

Polymeric micelles as nanocarriers can be attached with target-
ing ligands to deliver payloads and increases its potential at the
tumour site specific targets and also enhance their tumour-select-
ivity via augmented permeability and retention (EPR) effect. In the
micellar core–shell structure, the inner hydrophobic core can be
encapsulated with hydrophobic agents, whilst their hydrophilic
shell enables stabilisation in a hydrophilic milieu, allowing them
to self-assemble in an amphiphilic block copolymers (Yoo et al.
2002; Situ et al. 2016). Poly(ethylene glycol) (PEG) is the most
broadly used outer shell, as it carries advantages like antiphagocy-
tosis against macrophages, immunogenicity, biocompatibility
hydrophilicity, non-toxic, protection of protein absorption and
immune recognition, more blood circulation time (Xiao et al.
2010; Ebrahimi et al. 2016). The hydrophobic polymers generally
used are poly(lactide) (PLA), they function as inner core and aids
in accommodating hydrophobic drugs and provides stability and
assist in improving solubility (Theerasilp and Nasongkla 2013).
Superparamagnetic iron oxide (SPIO) nanoparticles are propitious
nanoplatforms for contrast-enhanced MRI and the latter offers an
excellent contrast agent for soft tissue at better resolution and is
mostly modality to identify malignant and normal tissue (Brigger
et al. 2002). They have renowned characteristics of exhibiting
non-toxicity, biocompatibility and an outstanding magnetic trait
(used as MRI probes) (Situ et al. 2016). Due to deficiency in
uptake of SPIO by specific cells, stability issues, poor efficiency of
internalisation and low sensitivity polymeric micelles as multifunc-
tional platform for delivering drugs, diagnosis, imaging, and SPIO
nanocarrier system has been utilised (Fan et al. 2011). In the
mouse model, SPIO polymeric micelles displayed no systemic tox-
icity and proved its multifunctionality for cancer therapy and
detection using MRI (Thitichai et al. 2019). Nasongkla et al.
designed polymeric micelles as cancer targeting abilities with
avb3 integrins and SPIO as contrast agent (Nasongkla et al. 2006).
SPIO lowers the proton relaxation time and is a powerful proton
relaxation enhancer. It has an effect on high spin-spin (T2) relaxiv-
ity (Ai et al. 2005; Cheng et al. 2011).

Previously, our research group have investigated the in vitro
anticancer effects of RSPP050 and also encapsulated into the
polymeric micelles to increase its aqueous solubility, bioavailability
and enhanced cytotoxic activity against cholangiocarcinoma
(Puntawee et al. 2016; Eawsakul et al. 2017). Hence, it was of our
interest in evaluating the HCC-targeting activities of the galact-
ose-SPIO-RSPP050 micelles by in vitro studies, and to further
investigate the feasibility for in vitro MRI. Our research proposed
to construct micelles with galactose moiety as a theranostic
agent, wherein RSPP050 act as an anticancer drug and SPIO nano-
particles as an imaging contrast agent. RSPP050/SPIO micelles
decorated with galactose were fabricated to target HepG2 cancer
cells through asialoglycoprotein receptor (ASGPR) in the in vitro
target system. Furthermore, the cellular uptake of these galactose
targeted SPIO and non-targeted SPIO micelles was investigated
and also endeavoured for MRI. We also assessed these SPIO
micelles on L929 mouse fibroblast (normal cells). To our best
knowledge, in vitro ligand targeted efficacy, anticancer effects and
MRI of novel analogue; RSPP050 has not been explored.

2. Materials and methods

2.1. Materials

Galactose-PEG(4K)-b-PLA(3K) and allyl-PEG(4K)-b-PLA(3K) polymers
were purchased from NanoPolyPEG, Co. Ltd. (Bangkok, Thailand).

Prof. Rungnapha Saeeng (Department of Chemistry, Faculty of
Science, Burapha University, Saen Suk, Thailand) provided
RSPP050 (anticancer drug used in this research work). Nile red
was purchased from TCI (Tokyo, Japan) and potassium ferrocyan-
ide and glutaraldehyde solution from Sigma-Aldrich (St. Louis,
MO). All the solvents used for the experimental purpose were pro-
cured from RCI Labscan (Bangkok, Thailand).

2.2. Determination of the RSPP050/SPIO/Nile red
loading contents

SPIO micelles were freeze-dried and then disseminate in ethanol
prior to UV–vis analysis. In order to segregate the suspending
SPIO nanoparticles, a bar magnet was kept on the samples over-
night. NanoDropTM UV-Vis spectrophotometer (Thermo Fisher
Scientific, Waltham, MA) was used to analyse RSSPP050. RSPP050
with different concentrations was dissolved in ethanol and the
absorbance was noted at 252 nm.

Flame atomic absorption spectrophotometer (FAAS) (Perkin
Elmer, Waltham, MA) was deployed to determine the iron (Fe)
content of SPIO micelles. For the micelle disaggregation and disin-
tegration of SPIO nanoparticles, the samples were dripped into
HCl solution for about 20min. At the absorption wavelength of
248.3 nm, iron concentration was spotted. The formulae for calcu-
lating drug loading content (%) and drug loading efficiency (%)
are given below:

Drug loading content ð%Þ
¼ weight of drug in micelles mgð Þ

=weight of micelles mgð Þ � 100

Drug loading efficiency ð%Þ
¼ amount of drug in micelles mgð Þ

=initial amount of drug mgð Þ � 100

For Nile red samples, SPIO micelles were well dissolved in
ethanol and for separating SPIO nanoparticles the samples were
attached with a magnetic bar overnight. Fluorescence spectros-
copy at excitation 559 nm and emission 617 nm was used to
measure the Nile red content.

2.3. Preparation of galactose RSPP050/SPIO micelles (targeted)
and allyl RSPP050/SPIO micelles (non-targeted) and Nile red
loaded micelles

Galactose-PEG-b-PLA, SPIO and RSPP040 were completely dis-
solved in tetrahydrofuran (THF) via vortex and then the above
concoction was drop wise added to the deionised water in the
presence of ultrasonic probe sonication (SONIC, Model VCX 130,
Newtown, CT) to acquire micelles in the aqueous milieu. These
micelles were placed on top of orbit shaker and to remove the
traces of solvent in the micelle solutions air pump was utilised. In
order to remove free drug, micelles were filtered by 0.45 mm fil-
ters and was centrifuged (centrifugal filter MW cut off 50 kDa) at
4000 rpm at 4 �C. For preparing non-targeted micelles, allyl-PEG-b-
PLA polymer was utilised.

For preparing Nile red micelles, galactose-PEG-b-PLA, SPIO,
RSPP040, and Nile red were dissolved together in THF and the
above blend was dropped into the DI water deploying ultrasonic
probe. For preparing allyl Nile red micelles, allyl-PEG-b-PLA
was used.
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2.4. Transmission electron microscopy (TEM)

TEM samples were prepared by adding a drop of SPIO micelles
samples on to carbon coated copper grids and excess were
removed by filter paper and dehydrated completely. SPIO micelles
were spotted and captured under JEM-2010 electron microscope
at an accelerating voltage of 200 kV, LaB6 filament and a bottom
mounted Gatan CCD camera.

2.5. Measurement of particle size and zeta potential

For measuring the size and zeta potential of RSPP050/SPIO
micelles and SPIO micelles, dynamic laser light scattering (DLS) at
25 �C with Zetasizer Nano ZS, Malvern (Worcestershire, UK)
was utilised.

2.6. Preparation of SPIO nanoparticles

SPIO nanoparticles preparation method was followed as previ-
ously reported (Mazumder et al. 2019). In the presence of nitro-
gen gas, oleic acid (6mmol), oleylamine (6mmol), Fe(acac)3
(2mmol), benzyl ether (20ml), and 1,2-hexadecanediol (10mmol)
were blended together in a round bottom equipped with conden-
ser for refluxing and heated up to 200 �C for 2 h. Temperature
was then increased to 300 �C for 1 h. The product was precipi-
tated in ethanol and separated by centrifugation. Hexane was
added to resuspend this precipitate.

2.7. Culturing of human hepatocellular carcinoma (HepG2) and
mouse fibroblast (L929) cell line

HepG2 and L929 cell line obtained from JCRB cell bank (Osaka,
Japan) were cultured at 37 �C in a 5% CO2 humidified environ-
ment and using Dulbecco’s modified Eagle’s medium (DMEM) as a
cell culture media for HepG2 and minimum essential medium
(MEM) for L929. Cell culture media was added by 10% foetal
bovine serum (Biochrom, Berlin, Germany) and 1% penicillin/
streptomycin (Gibco, Carlsbad, CA). Both cells were cleaned twice
with sterile phosphate-buffered saline (PBS) followed by
trypsin–EDTA solution (Biochrom, Berlin, Germany) for 5min at
37 �C to detach all the cells. Then, cell pellets were obtained by
centrifugation at 1500 rpm, 4 �C for 6min. Fresh culture media
was added to the pellet and mixed well after the disposal of
supernatant. In every alternative day, the culture medium was
replenished with fresh media. Cell viability was monitored and
calculated by employing trypan blue test and viability was calcu-
lated by the formulae below:

Viable cells ð%Þ
¼ number of live cells=total cells live þ dead cellsð Þ � 100

2.8. In vitro cytotoxic assay

In vitro cell viability of SPIO micelles against HepG2 and L929 cells
was evaluated by deploying MTT assay. MTT solution at the con-
centration of 2mg/ml was prepared using serum free medium.
For monolayer formation, HepG2 and L929 (20 000 cells/well)
were pipetted into 96-well plates, incubated for 24 h and treated
with different concentrations of RSPP050 (in 5% DMSO), galactose
SPIO micelles (targeted), allyl SPIO micelles (non-targeted) blank
SPIO micelles (without RSPP050), and DMSO (5%). After 24 h, the
medium was discarded and the MTT solution (50 ll) was added.
The plate was placed in 5% CO2 humidified incubator at 37 �C for

around 1.5 h. After 1.5 h, MTT solution was taken out and dis-
carded, followed by addition of 200 ll of DMSO and mixed well.
The absorbance was noted and recorded at 570 nm using a
VERSA max microplate reader (Molecular Devices, CA, USA). The
percentage cell viability was calculated by using the formulae
below:

% Cell viability

¼ absorbance of treated cells

=absorbance of the untreated cells � 100

2.9. Cellular uptake of Nile red loaded SPIO micelles

For imaging the cellular uptake, HepG2 and L929 cells at the
density of 50 000 cells/well were seeded in glass bottom dishes
for 24 h. The media was then aspirated and cells were washed by
steriled PBS without disturbing cells followed by addition of
serum-free medium to the well plates. Galactose and allyl
RSPP050/SPIO/Nile red loaded micelles were added to the wells at
Nile red concentration of 0.02 mg/ml and incubated at 37 �C for
0.5, 1, and 3 h. After incubation at various time periods, the
medium was removed and cells were washed with PBS to with-
draw the excess micelles. For fixing the cells, 2.5% glutaraldehyde
was used for 20min, after 20min cells were subjected to wash
with PBS, following incubation with Hoechst (12 ml/ml) solution
for 20min. Then, the solution was discarded and rinsed with PBS
several times. The images were captured and examined under
fluorescence microscopy (Eclipse Ti-S Nikon, Tokyo, Japan). Images
J was employed to measure the fluorescence intensity.

2.10. Prussian blue staining and intracellular iron content

For Prussian blue staining, HepG2 and L929 cells (50 000 cells/
well) were seeded into the well plate for 24 h then cells were
washed with PBS and serum free media. Galactose targeted and
non-targeted SPIO micelles were incubated for 0.5, 1, and 3 h at
37 �C in 5% CO2 humidified atmosphere at the iron concentration
of 61 ppm. After incubation at various time period, cells were
rinsed by PBS in order to remove free iron particles. To fix the
cells, 2.5% glutaraldehyde solution was incubated for 20min fol-
lowing incubation, the cells were washed with PBS. Then, the cells
were incubated at 37 �C with 10% potassium ferrocyanide and
20% HCl solution for 45min. After that, cells were washed by PBS
three times then images of Prussian blue staining were captured
under bright field inverted microscopy (Eclipse Ti-S Nikon,
Tokyo, Japan).

For intracellular iron content study, 50 000 cells/well of HepG2
cells were seeded into 24-well plate. After incubation for 24 h, the
media was removed. Cells were washed with PBS and fresh serum
free media was seeded into the well plate. Galactose targeted
and non-targeted SPIO micelles were incubated at 0.5, 1, and 3 h
time period with an iron concentration of 61 ppm. After incuba-
tion, media was removed and cells were trypsinised and pro-
ceeded by centrifugation for 1500 rpm for 10min at 4 �C.
Solutions of 12 M HCl were added to the cells which were col-
lected after centrifuge, iron content in these solutions was meas-
ured by using flame atomic absorption spectroscopy.

2.11. In vitro MRI

In six-well plate, HepG2 cells with 5� 105 per well were seeded
and incubated for 24 h. After 24 h of monolayer formation, cells
were incubated with galactose targeted and allyl non-targeted
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SPIO micelles for 3 h in a humidified atmosphere with 5% CO2 at
37 �C. After that cells were cleaned with PBS, trypsinised and cen-
trifuged at 1500 rpm for 8min at 4 �C. For fixing cells, 2.5% gluta-
raldehyde solution was utilised for about 30min. Following
fixation, cells were centrifuged and then PBS was added to the
cells and suspended well and to this PBS, 2% agarose solution
was added and transferred to 96 well plates, which was employed
as MRI phantom. Phantom well plates were placed at 4 �C over-
night. Phantom was scanned by a 3-Tesla MRI scanner with high
magnetic field strength (Ingenia, Philips, The Netherlands, B.V.,
Best, The Netherlands) equipped with an elbow coil (dStream,
Philips, Netherland, B.V., Best, The Netherlands).

2.12. Statistical analysis

GraphPad PrismTM (version 5.01, La Jolla, CA) was deployed for
statistical analysis and the experiments were performed in tripli-
cate. Statistical significance was interpreted with one-way ANOVA.
Results are illustrated as mean± standard deviation (SD), and sig-
nificance was at p< 0.05.

3. Results and discussion

3.1. Characterisation of galactose RSPP050/SPIO micelles and
allyl RSPP050/SPIO micelles

Galactose and allyl RSPP050/SPIO-loaded micelles were prepared
by solvent evaporation method as published earlier (Theerasilp
et al. 2018; Mazumder et al. 2019). SPIO micelles were assessed
for their zeta potential, particle size, encapsulation efficiency, drug
loading content, polydispersity index (PDI), and iron content. DLS
measurement shows that the size of targeted and non-targeted
SPIO micelles was 141.5 ± 15.56 and 160.6 ± 10.47 nm, respectively.
Size of blank micelles was 131 ± 7.93 nm and was smaller than tar-
geted and non-targeted SPIO micelles, as no drug (RSPP050) was
loaded into the hydrophobic core of blank micelles. It has also
been reported that nanoparticles with less than 200 nm in size
have extravasation and accumulation at tumour site by the
enhanced permeability and retention (EPR) effect (Li M et al.
2016). Yang et al. (2017) prepared SPIO micelles with amphiphilic
diblock polymer with galactosyl and lactosyl sugar units as a tar-
get ligand (ASGPR) and found that the size of micelles was 120
and 150 nm, respectively. In another study, polymeric micelles
were conjugated with folate and were examined for tumour

targeting by MRI. Particle size of these micelles was reported at
196 nm (Li H et al. 2015). In the present study, zeta potential was
found to be �37.17 ± 0.63mV for targeted SPIO micelles. The size
of non-targeted and blank SPIO micelles was at �34.57 ± 0.70 and
�36.33 ± 1.26mV, respectively. It was reported that micelles with
negative zeta potential caused electrostatic repulsion in the par-
ticles, provided stability and prevented aggregation during
physiological conditions. Negatively charged particles prolong
blood circulation time and lower the chance of non-specific bind-
ing to normal cells (Voon et al. 2017). Galactose SPIO micelles dis-
played drug loading content and drug loading efficiency at
10.91 ± 0.19% and 19.28 ± 0.35% whilst non-targeted SPIO micelles
displayed drug loading content and drug loading efficiency at
11.33 ± 0.47% and 17.65 ± 0.74%. Next, iron content in micelles
was evaluated. Results show that iron content of galactose tar-
geted, non-targeted SPIO and blank SPIO micelles was 1.51 ± 0.03,
1.54 ± 0.04, and 1.64 ± 0.07mg, respectively. Polydispersity index
of these micelles is small: targeted SPIO micelles 0.18 ± 0.03, blank
SPIO micelles 0.18 ± 0.04, and non-targeted SPIO micelles
0.14 ± 0.01. In the current study, the particle size of SPIO nanopar-
ticles was approximately 5 nm in diameter. It should be noted
that an ideal iron oxide nanoparticles to be categorised as super-
paramagnetic should have diameter in the range of 4–10 nm
(Lam et al. 2013).

3.2. Transmission electron microscopy

TEM was exploited to examine the size and morphology of
RSPP050/SPIO-loaded micelles (Figure 1). TEM micrographs of tar-
geted, blank, and non-targeted SPIO micelles are shown in Figure
1(A–C). It was visualised that targeted, non-targeted, and blank
SPIO micelles exerted spherical shape with no indication of aggre-
gation. SPIO nanoparticles can be indicated as the black spot
encircled by dark grey area. Results also showed that SPIO nano-
particles were encapsulated into the hydrophobic core of poly-
meric micelles. For blank SPIO micelles (without drug), no drug
was encapsulated into the hydrophobic core, consequently the
size was smaller.

3.3. In vitro cytotoxicity

HepG2 and L929 cell lines were exploited to demonstrate the
cytotoxic effects of the blank SPIO, targeted SPIO and non-

Figure 1. TEM micrographs depict (A) targeted SPIO micelles, (B) blank SPIO micelles, and (C) non-targeted SPIO micelles at �25 000 magnification. The scale bar rep-
resents 100 nm.

382 A. MAZUMDER ET AL.



targeted SPIO micelles, free drug and DMSO (Figure 2). HepG2
andL929 cells were treated with various concentrations of SPIO
micelles (21, 10.5, 5, 2.5, 1.5, 1, and 0.5 mg/ml), free RSPP050 and
DMSO. After 24 h, MTT assay was carried out to assess the cell via-
bility. The viability of HepG2 cells (Figure 2(A)) was almost 100%
for all concentrations of blank SPIO micelles as confirmed by the
in vitro cell proliferation assay. These results confirmed that bio-
degradable PEG-PLA SPIO-micelles are non-toxic and did not
induce any inhibitory effects. It was noteworthy that galactose tar-
geted micelles exerted cytotoxic effects at almost all concentra-
tions (Figure 2(A)). Non-targeted SPIO micelles at all

concentrations except the lowest concentration (0.5 mg/ml) inhib-
ited the growth of HepG2 cells. Free RSPP050 did not elicit toxic
effects at lower concentration (0.5 and 1 mg/ml) but it showed
cytotoxic effects at other concentrations (21, 10.5, 5, 2.5, and
1.5 mg/ml). At the concentration of 0.5 mg/ml, it was noticed that
galactose targeted SPIO micelles exhibited significant (one-way
ANOVA, p< 0.05) toxic effects than non-targeted micelles after
24 h of incubation time. In order to test the cytotoxic effects and
later cellular uptake study of targeted and non-targeted micelles
with lesser incubation period than 24 h, we decided to assess
cytotoxic activity at higher concentration (21 mg/ml) with lesser

Figure 2. In vitro cell viability of HepG2 and L929 cells. (A) Cell viability against HepG2 after 24 h of incubation of targeted, blank and non-targeted SPIO micelles,
free drug, and DMSO with different concentrations (21, 10.5, 5, 2.5, 1.5, 1, and 0.5 mg/ml). (B) Cytotoxicity of targeted and non-targeted SPIO micelles against HepG2
incubated at various time periods at concentration 21 mg/ml. (C) Cell viability against L929 after 24 h of incubation of targeted, blank and non-targeted SPIO micelles,
free drug, and DMSO with various concentrations (21, 10.5, 5, 2.5, 1.5, 1, and 0.5 mg/ml). Data represent the mean± standard deviation (n¼ 3).
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incubation time periods (8, 6, and 4 h). The results demonstrated
(Figure 2(B)) that from 8h, galactose targeted SPIO micelles
exerted significant difference (p< 0.05) in their activity compared
to non-targeted SPIO micelles.

The MTT assay for L929 cells (Figure 2(C)) suggested that blank
SPIO micelles and DMSO did not exert any toxic effects at any
concentration against normal cells. Figure 2(C) demonstrates that
at higher concentration (5, 10.5, and 21 mg/ml), both targeted and
non-targeted SPIO micelles showed cytotoxicity effect much
higher than that of concentration at 0.5, 1, 1.5, and 2.5 mg/ml.
Free drug was toxic to the cells at all concentrations except at
the concentration of 0.5 and 1 mg/ml.

3.4. In vitro cellular uptake of Nile red/SPIO micelles

The micelle uptake was observed and evaluated on HepG2 and
L929 cells. These cells were incubated with Nile red at the con-
centration of 0.02 mg/ml at different incubation time points (0.5,
1, and 3 h). The red colour is from Nile red, whilst the blue image
denotes the cells nuclei which were stained by Hoechst dye

(Figure 3(A,B)). As shown in Figure 3(B), as the incubation time
elevated from 0.5 to 3 h, images indicated that Nile red-loaded
micelles were uptaken by cancer cells. It was observed that the
intensity of internalisation of the galactose conjugated micelles
augments significantly as time of incubation escalated from 0.5 to
3 h than non-targeted micelles. At 3 h of incubation, a substantial
concentration of micelles within cells was noticed; however, very
little Nile red was present in the HepG2 cells during 0.5 h of incu-
bation time in both targeted and non-targeted micelles. The cellu-
lar uptake data also revealed that there was homogenous
spreading of Nile red into the cytoplasm of cells and nuclei at 3 h.
During this time period, fluorescence intensity was observed to
be more than 0.5 and 1 h. The images demonstrated that galact-
ose targeted micelles are incorporated extensively in the cytoplas-
mic region and for the non-targeted micelles, the extent of
internalisation was markedly less than that of the targeted
micelles, whose uptake process can be ascribed through ASPG
receptor-mediated endocytic pathway. It was noteworthy that
L929 cells displayed little to no red colour from Nile red cellular
uptake, suggesting Nile red SPIO micelles were not taken up by

Figure 3. Fluorescence microscopy images of (A) L929 and (B) HepG2 cells incubated 0.5, 1 and 3 h with Nile red SPIO micelles at a Nile red concentration of 0.02
mg. Images shows hoechst staining, Nile red staining and merge. (C) Graph illustrates fluorescent intensity (AU) of HepG2 cells incubated at various time points by
using Image J. Data represent the mean± standard deviation (n¼ 3).

384 A. MAZUMDER ET AL.



the normal cells at this time period (Figure 3(A)). This can be
attributed to the lack of ASGP receptor expression in the L929
cells. Thus, indicating that Nile red was only taken up by the
HepG2 cells. The cellular uptake data substantiate strong and spe-
cific binding of the galactose SPIO micelles to HepG2 cells, due to
the existence of an abundant ASGPR on the HepG2 cell surface.
Nile red dye (hydrophobic dye) has been utilised as tracker and
has been prominently enveloped into the hydrophobic core of
the micelles for imaging the cellular uptake studies. Nile red
exhibits strong fluorescence in hydrophobic milieu, i.e. the core of
polymeric micelle. In the aqueous solution, the fluorescence emis-
sion intensity was reduced, thus only the fluorescence of Nile red
incorporated in the micelles was spotted in the intracellular envir-
onment (Majdanski et al. 2018). Cajot et al. (2013) deployed Nile
red as a fluorescent probe and encapsulated into the block
copolymers for micelle internalisation. SPIO and Nile red were
loaded into the polymeric micelles and cellular uptake study dem-
onstrated that the Nile red/SPIO co-loaded micelles were taken by
the cells and steadily increased when the incubation time was
extended (Lu et al. 2017; Li W-J et al. 2018).

To further elucidate, ImageJ analysis (Figure 3(C)) was
deployed to quantify the cellular uptake study. ImageJ results cor-
roborated the results from fluorescence microscope. At 0.5 h of
incubation, no significant uptake of micelles was observed in
both targeted and non-targeted micelles, whereas at 3 h, galact-
ose conjugated micelles were significantly internalised to the
HepG2 cells than the non-targeted SPIO micelles. Results of

ImageJ confirmed that the cellular uptake of galactose micelles
was faster and expeditious than non-targeted micelles at 3 h time
period. At 3 h, targeted SPIO micelles demonstrated significantly
higher uptake of Nile red in comparison to non-targeted micelles.

3.5. In vitro Prussian blue staining and determination of
iron content

Prussian blue staining was carried out to investigate the iron
uptake ability of targeted and non-targeted SPIO micelles in
HepG2 and L929 cells. These cells were qualitatively visualised by
Prussian blue staining and the latter produces characteristics blue
colour in the presence of ferric ions. Figure 4(B) unveils that
HepG2 cells had higher uptake, shown as more blue deposition,
than L929 after incubation at various time periods (Figure 4(A)). It
was noteworthy that L929 cells showed little to no blue colour
staining at all time period (Figure 4(A)). It also revealed the
intense blue colour of SPIO entrapped into the HepG2 cells. At
3 h, results (Figure 4(B)) suggested the uptake of these SPIO in
HepG2 cells appeared to be higher. Data also denoted that the
micelles were efficaciously taken up into the cells and gradually
absorbed when incubation time was prolonged from 0.5 to 3 h.
HepG2 cells treated by galactose SPIO micelles exhibited much
stronger blue colour than non-targeted SPIO micelles, as ASGPR
are over-expressed on HepG2 cells and can mediate galactose
micelles effectively, internalising into cells by means of recogni-
tion between galactose and ASGPR.

Figure 4. Prussian blue staining of (A) L929 and (B) HepG2 cells that were incubated with targeted and non-targeted SPIO micelles with iron concentration 61 ppm
for 0.5, 1, and 3 h and (C) intracellular uptake of Fe at various time periods by FAAS. Data represent the mean± standard deviation (n¼ 3).
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Lee et al. (2009) demonstrated SPIO nanoparticles carrying ter-
minal galactose groups exerted more affinity towards ASGPR on
the hepatocyte surface and the result showed significantly high
SPIO uptake possessing galactose ligand. In vitro Prussian blue
staining was performed by Li W-J et al. (2018) and it was found
that SPIO nanoparticles were effectively taken up by the cells and
the amount was escalated as the incubation time was prolonged.
Liu et al. (2016) research also focussed on targeting lactobionic
acid (galactose moiety) into HepG2 cells and it showed that gal-
actose micelles exhibited much stronger blue colour stain. Our
results are congruous with the above researcher’s Prussian blue
staining data and our findings also substantiate the targeting effi-
ciency of the galactose ligand in HepG2 cells (Figure 3(B)).

Furthermore, for explicating of intracellular iron content of
these targeted and non-targeted micelles, FAAS was deployed to
study the amount of SPIO taken up by cancer cells. It was note-
worthy that the cellular uptake was raised when galactose was
conjugated on the surface of SPIO micelles. The data obtained are
in consistent to the Prussian blue staining results (Figure 4(B)),
suggesting that at 3 h, iron content in the galactose SPIO micelles
were significantly higher than non-targeted SPIO micelles.

3.6. In vitro MRI

From our Nile red cellular uptake and Prussian blue staining
results (Figures 3(B) and 4(B)), it was perceived that the targeting
efficacy of galactose targeted SPIO micelles was evident at 3 h
and significant in respect to non-targeted SPIO micelles. Hence, it

was decided to investigate the feasibility for tumour targeting by
in vitro MRI. SPIO has the ability to shorten the hydrogen longitu-
dinal relaxation time (T1) and lower the signal intensity by short-
ening the hydrogen transverse relaxation time (T2) (Li W-J et al.
2018). These processes enhance the MRI intensity and also exped-
ite the darkening effect of the interfered areas. MRI sensitivity was
detected by assessing the transversal relaxation time (T2�) of
water proton in tissue-mocking phantom (agarose gel).

At Fe concentration of 61 ppm, HepG2 cells (5� 105) were
treated with galactose targeted and non-targeted SPIO micelles
for 3 h. After that HepG2 cells were combined and mixed well
with 20 ml of agarose solution and quickly transferred into 96-well
plate for phantom preparation. T2�-weighted MR images of gal-
actose targeted and non-targeted SPIO micelles incubated with
HepG2 cells and control (PBSþHepG2 cells) for 3 h and their rela-
tive intensity are presented in Figure 5(A,B). The results from in
the current study indicated that incubation of the HepG2 cells
with the galactose targeted SPIO micelles decreased the signal
intensity. The enhancement of HepG2 cell uptake by galactose
SPIO micelles caused in the darkening effect of MRI images com-
pared to non-targeted micelles and PBSþ cells. T2�-weighted
image intensity of HepG2 incubated with galactose SPIO micelles
after 3 h significantly (one-way ANOVA, p< 0.05) declined in
respect to non-targeted SPIO micelles and PBSþ cells. Figure 5(C)
shows the signal intensity as a function of echo time of targeted
and non-targeted SPIO micelles. Theerasilp et al. (2017) conducted
similar in vitro MRI, in which they found when sugar targeted lig-
and was attached to the SPIO micelles they significantly and

Figure 5. (A) Relative MRI signal intensity of HepG2 treated with PBSþ cells, non-targeted SPIO and targeted SPIO micelles for 3 h. (B) T2�-weighted images of PBS
with HepG2 cells, non-targeted and targeted SPIO micelles for 3 h of incubation. (C) Curve fitting of signal intensity as function of echo time. Data represent the
mean± standard deviation (n¼ 3).
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prominently decreased the relative T2� MRI intensity and
increased darkening effect of MRI images after 2 h of incubation.
When Zhu et al. (2018) conjugated galactose with SPIO loaded
nanostructured lipid carrier, they found that these galactose tar-
geted lipid nanocarriers can be employed as a contrast medium
and aided in the diagnosis of hepatic diseases. The results from
the current study explicit the targeting efficiency of galactose
conjugated RSPP050/SPIO micelles.

4. Conclusions

The current study was focused on fabrication of galactose PEG-b-
PLA targeted and allyl PEG-b-PLA non-targeted micelles to target
HepG2 cells. SPIO contrast agent and hydrophobic drug RSPP050
was concurrently encapsulated into the hydrophobic part of the
micelles. RSPP050 loaded micelles exerted inhibitory effect on
HepG2 cells. Fluorescence images and Prussian blue staining
study revealed that RSPP050 and SPIO could be competently car-
ried into the HepG2 cells by galactose SPIO micelles. Galactose
targeted micelles exhibited significant cellular and iron uptake at
3 h in comparison to non-targeted micelles. MRI data also indi-
cated that T2�-weighted image intensity of galactose SPIO
micelles after 3 h was less with respect to non-targeted SPIO
micelles. Results from the experiments confirmed the efficiency of
the theranostic function of galactose RSPP050/SPIO micelles that
were the groundwork for in vivo study in the future.
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