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Abstract

Human serum albumin is the most abundant protein in plasma with the ability to bind to a variety of drug molecules. Mag-
netic nanoparticles are being extensively used in drug delivery due to its intrinsic magnetic properties. In this work, we have
synthesized human serum albumin-coated citrate-functionalized iron oxide nanoparticles by CDI coupling. Furthermore,
folic acid was decorated on human serum albumin by EDC and NHS coupling to confer targetability. Two cytotoxic drugs
5-fluorouracil (SFU) and curcumin were co-delivered. Wherein, the former is an anticancer agent and latter is a drug resist-
ance depressor of former. The nanoparticles showed good aqueous dispersibility with a zeta potential of —49.1 mV and mag-
netic core size in the range of 10—15 nm, thus exhibiting good magnetic property with magnetic saturation of 33.59 emu/g.
Controlled drug release behavior was noticed in both drugs with faster release profile of 5SFU. Nanoparticles also showed
good cytotoxicity with lower ICs, values in the presence of magnetic field. The contrasting difference was noticed in folic
acid-decorated and non-decorated composites, similarly in the presence of magnetic field where cell uptake was enhanced.
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Introduction The growth of nanotechnology has unfolded a new para-

digm of possibilities in the development of medical sciences

Despite the advancement in cancer treatment modalities,
such as surgical intervention, radiation, and chemothera-
peutic drugs, cancer yet remains one of the world’s most
catastrophic diseases; with more than 10 million new cases
every year (Hamzehalipour Almaki et al. 2017). Extermina-
tion of healthy cells and systemic toxicity lower the quality
of patient’s life. Inability to administer therapeutic moieties
to acquire selectivity of the desired targets with marginal or
no collateral damage has largely accounted for the discrep-
ancy (Peer et al. 2007).
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like drug delivery field, leading to the development of new
drug carrier composites in the nanometer size (Lohchar-
oenkal et al. 2014; Roco 2011). Nanoparticles, comprising
active pharmaceutical ingredients with biocompatible mate-
rials in nanometer size, have shown enhanced anticancer
property, improved pharmacokinetics, pharmacodynam-
ics, and active intracellular delivery (Lomis et al. 2016).
Concurrently, nanoparticles (NPs) are being developed as
drug carriers. Thanks to careful nanostructure construction
(tailored drug release characteristics, low immunogenicity,
etc.), yielding improved treatment efficacy and reduction of
unwanted side effects (Veiseh et al. 2010).

Among myriad non-therapeutic constructs for effec-
tive and safe therapeutics, protein-based carriers are ideal
because of: greater shelf life, amphiphilicity, amenability
for surface modification, biodegradability, and ease of ligand
bioconjugation (Tarhini et al. 2017). HAS is a major plasma
protein involved in the maintenance of osmotic pressure and
transport of nutrients to the cells. Its high aqueous solubil-
ity (up to 40% w/v) at pH 7.4 and its binding ability to a
wide variety of drugs has made it ideal for drug delivery
application (Lohcharoenkal et al. 2014). Hence, HAS is used

a
* @ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s40204-018-0104-3&domain=pdf

298

Progress in Biomaterials (2018) 7:297-306

in this work. Many drugs and endogenous molecules are
known to bind to albumin. These properties, as well as its
preferential uptake in tumor and inflamed tissue, have made
it an ideal material for drug delivery (Elzoghby et al. 2012;
Kratz 2008).

Magnetic nanoparticles (MNP) like Fe;O, due to its
intrinsic magnetic properties have attracted curiosity that
enables magnetic targeting, magnetic resonance imaging,
magnetic hyperthermia, etc. In addition to these physico-
chemical profiles, MNP can be easily tailored for a func-
tional group, inexpensive production, and possesses non-
offensive toxicity profile (Lu et al. 2007; Veiseh et al. 2010).
Moreover, Fe;0,-based products like Feraheme®, Feridex
L.V.®, and Gastromark® have already gained approval for
biomedical applications (Revia and Zhang 2016). Upon
metabolism, iron ions are added to the body’s iron stores
and eventually incorporated by erythrocytes allowing for
their safe use in vivo (Sun et al. 2008).

5-Fluorouracil (5FU), an anti-metabolite drug, has been
attributed to incorporate fluoronucleotides in place of nucle-
otides that inhibits the nucleic acid synthetic enzyme thy-
midylate synthase (TS), hence, exhibiting cytotoxicity. It is
being used in the treatment of a range of cancers namely
colorectal cancer, breast cancers, and cancers of the aerodi-
gestive tract. However, dihydropyrimidine dehydrogenase
(DPD), an enzyme abundantly expressed in liver, catabolizes
more than 80% of administered SFU to dihydrofluorouracil
(DHFU) (Longley et al. 2003). Furthermore, SFU also up-
regulates several survival signals including NF-kB and Akt.
NF-kB pathway is a major downstream effect or pathway
leading to chemoresistance (Vinod et al. 2013).

Curcumin (CUR), a natural polyphenol from the root of
Curcuma longa Linn, is a pharmacologically safe. Although
hydrophobicis yet potent anticancer molecule against a
variety of cancers including breast cancer (Yu et al. 2014;
Kakran et al. 2012; Rachmawati et al. 2013). Many mech-
anisms are involved in the biological activities of CUR
including NF-kB, IkBa kinase, Akt, activator protein-1,
mitogen-activated protein kinases (MAPK), cyclooxyge-
nase-2 and 5-lipoxygenases, inducible nitric-oxide syn-
thase, urinary plasminogen activator, tumor necrosis fac-
tor, chemokines, and cell cycle machinery which have been
suggested as the targets of CUR (Choi et al. 2008; Li and
Zhang 2014). Curcumin downregulates NF-kB, both directly
or via TS pathway, thereby circumventing S5FU resistance.
Thus, down regulation of NF-kB by chemopreventives is an
effective mechanism to tackle drug resistance (Vinod et al.
2013). However, the limited clinical utility of curcumin is
due to its poor solubility and unstable at neutral and basic
pH (Saengkrit et al. 2014).

Folic acid (FA), vitamin B9, is vital for the mainte-
nance and proliferation of all the cells. Folic acid receptors
are overexpressed on the surface of many human tumor
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cells, including ovarian, lung, breast, endometrial, renal,
and colon cancers (Sun et al. 2006). Significant up-reg-
ulation of the folate receptor on tumor tissue has led to
the hypothesis that folate-linked therapeutic agents might
display reduced off-site toxicity and enhanced potency
against tumor cells compared to non-targeted drugs (Xia
and Low 2010). FA and FA conjugates can bind to the
FRs with high affinity and enter cells by receptor-mediated
endocytosis, so the FA-modified drug delivery vectors can
transfer the therapeutic agents to tumor cells that exhibit
amplified foliate receptor expression. In case of normal
cells, FRs’ expression is much lower (Lin et al. 2016).

In this work, we have synthesized folic acid-deco-
rated human serum albumin-coated Fe;O, nanoparticles
(C-MNP-HSA-FA) for synergistic delivery of 5-fluoroura-
cil and curcumin for the treatment of breast cancer. This
work attempts to entrap SFU to circumvent its metabolism
and further lower chemoresistance of SFU using CUR.
HSA confers CUR solubility and higher bioavailability.

Materials and methods
Materials

Anhydrous iron (III) chloride (FeCl;), iron (II) chloride
tetrahydrate (FeCl,-4H,0) 99%, ammonium hydrox-
ide (30-33% M), Tween-80, folic acid (FA), N,N'-
carbonyldiimidazole (CDI), (1-ethyl-3-(3-dimethylamino-
propyl)carbodiimide (EDC), and N-hydroxysuccinamide
(NHS) were purchased from Sigma-Aldrich. Oleic acid
and sodium citrate were purchased from TCI chemicals.
5-Fluorouracil and curcumin were purchased from MOL-
chem. Nitrogen-purged Mili-Q was used in all the steps
involved in the synthesis and formulation of magnetic
nanoparticles.

Synthesis of iron oxide magnetic nanoparticles
(MNP)

Iron oxide nanoparticles were prepared by alkaline co-
precipitation method (Yallapu et al. 2011; Ahn et al.
2012). Briefly, to the solutions of 0.1 M Fe3*(100 mL)
and Fe>*(50 mL) at 80 °C 10 mL of 25%, ammonia solu-
tion was added dropwise for 1 min with constant stirring
at 6000 rpm. A 50 mL of 0.005 M trisodium citrate was
added and stirred for 30 min under an inert atmosphere
(N,). Thus, obtained citric acid-coated Fe;O0, (C-MNP)
were washed multiple times by magnetic decantation using
milliQ water and stored at 4 °C.
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Coating of magnetic nanoparticles with HSA by CDI
coupling

C-MNP of 100 mg was suspended in MilliQ water by soni-
cation. C-MNP suspensions were washed with water and
DMSO ratio (1:4, 2:3, 3:2, and 4:1 v/v) and finally washed
three times with anhydrous DMSO to eliminate traces of
water. To the anhydrous C-MNP, 1 g of CDI was added. The
reaction mixture as was allowed to stir at room temperature
for 6 h. The C-MNP suspension was washed with DMSO to
obtain CDI-free MNP CDI adducts.

C-MNP CDI adduct was added dropwise to 100 mL
of 1 mg/mL of a buffered solution of HSA. The reaction
mixture was allowed to stir for 12 h. The unreacted HSA
was washed with phosphate buffer saline by centrifugation
to obtain serum albumin-coated magnetic nanoparticles
(C-MNP-HSA).

FA conjugation to C-MNP-HSA

The FA was coupled covalently on the surface of C-MNP-
HSA nanoparticles using zero-length crosslinkers, EDC and
NHS (Yang et al. 2014). To 5 mg of folic acid, dissolved in
10 mL of dry DMSO, 15 mg of NHS and 30 mg of EDC
were added under vigorous stirring. The reaction mixture
was allowed to stir for 1 h in the dark at room temperature
to obtain activated FA.

A 50 mg of C-MNP- HSA was dissolved in 100 mL of
carbonate buffer solution (pH 9.8, 0.05 M). To this, 5 mL
of activated folic acid in DMSO was added dropwise. The
reaction was allowed to stir 12 h in the dark at room tem-
perature. Folic acid-decorated nanoparticles were washed
multiple times by centrifugation.

Physical and chemical characterization
of nanoparticles

Fourier transform infrared spectroscopy (FTIR) of MNP,
C-MNP, C-MNP-HSA, and C-MNP-HSA-FA was recorded
using Thermo Nicolet 8700, USA in 4000-500 cm™! range,
with KBr as the sample holder.

The hydrodynamic particle-size measurements and sur-
face charge of MNP, C-MNP, C-MNP-HSA, and C-MNP-
HSA-FA were measured by dynamic light scattering using
Horiba SZ-100 particle-size analyzer. The size measurement
was carried out in polystyrene cuvettes and zeta potential
was measured using a graphite electrode polystyrene cuvette.
All the samples were of concentration 1 mg/10 mL, at 25 °C
temperature, and pH 7.4.

Particles were analyzed by Philips/FEI Inc., Briarcliff,
Manor, NY, transmission electron microscope (TEM). Sam-
ple preparation was carried out by a drop of an aqueous
dispersion of C-MNP-HSA-FA nanoparticles on a carbon-
coated copper TEM grid and was allowed to air dry.

Thermogravimetric analysis (TGA) of MNP, C-MNP, and
C-MNP-HSA-FA was recorded using SDT Q600, USA. A
5 mg sample was placed in the aluminum sample holder and
heated at a ramp rate of 10 °C/min to 600 °C under nitrogen
environment.

Magnetic properties of MNP, C-MNP, and C-MNP-HSA-
FA were measured using Lakeshore, Model 7407, USA,
vibrating sample magnetometer (VSM) at 15 kOe applied
magnetic field at room temperature.

Drug entrapment efficiency and drug release study

In drug-loading procedure, 5 mg of SFU and 5 mg of CUR
were dissolved in 5 mL of DMSO and were added dropwise
to 50 mg aqueous dispersion of C-MNP-HSA-FA. The mix-
ture was allowed to stir for 6 h at room temperature. SFU and
CUR-loaded C-MNP-HSA-FA (SFU-CUR-C-MNP-HSA-
FA) was separated by centrifugation.

The drug loading (DL) and entrapment efficiency (EE) of
5FU and CUR in C-MNP-HSA-FA were determined using
the following equations:

Weight of drug in nanoparticles

DL (%) = % 100,
(%) Weight of nanoparticle M

Weight of drug in nanoparticles
Weight of drug loaded

EE (%) = x 100. )

The drug release was performed by suspending 10 mg
of SFU-CUR-MNP-HSA-FA NPs in 50 mL of phosphate
buffer solution (pH 7.4) with 0.05% (w/v) of Tween®80 at
37 °C. At specific time intervals, 1 mL of release buffer was
aspirated and replaced by fresh phosphate buffer solution.
The concentration of SFU and CUR was determined using a
Hitachi U-2800 UV-Vis spectrophotometer at a wavelength
of 241 nm and 421 nm, respectively.

In vitro cytotoxicity assay of drug-loaded
nanocarriers

The cytotoxic properties of SFU, CUR, C-MNP-HSA-FA,
SFU-CUR-C-MNP- HSA, 5FU-CUR-C-MNP-HSA-FA, and
S5FU-CUR-C-MNP-HSA-FA under magnetic field (SFU-
CUR-C-MNP- HSA-FA-Mag) was determined by MTT cell
viability assay. MCF-7 cells were seeded onto 96-well plates
at 5000 cells per well. After 24 h, the cells were treated
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with different concentrations (0.01, 0.1, 1, 10, and 100 pg/
mL) of 5SFU, CUR, C-MNP- HSA -FA, 5SFU-CUR-C-MNP-
HSA, 5SFU-CUR-C-MNP-HSA-FA, and SFU-CUR-MNP-
HSA-FA-Mag. For SFU-CUR-MNP-HSA-FA-Mag, cells
were cultivated under 0.05 T magnet placed beneath the
wells. After the incubation, the cells were washed multiple
times with DPBS and replaced with fresh growth medium.
To assess the cell viability, 50 uL dye solution was added to
100 pL of the medium in each well. The formazan crystals
thus formed after incubation for 4 h at 37 °C in 5% CO,
atmosphere was solubilized in 100 pL of DMSO, and the
plates were gently shaken to solubilize the formed formazan.
The absorbance was then measured with a spectrophotom-
eter at 540 nm.

Cellular uptake

Quantitative uptake of C-MNP-HAS and C-MNP-HSA-FA
in the presence and absence of magnetic field was evaluated
by measuring iron content in the cell by atomic absorption
spectroscopy (AAS) (Prijic et al. 2010; Dinda et al. 2012).
MCEF-7 were seeded in 6-well plates, upon reaching 90%
confluence, the supernatant was discarded and replaced by
2 mL of nanocomposite suspension in culture medium (iron

2FeCl; .
+FeCl, Ammonia

+ 4H,0 [————3

+ 8NH; 2000 rpm 80°C
+ CeH30,

C-MNP-HAS-FA

Fig.1 Graphical abstract depicting synthesis of SFU-CUR-C-
MNP-HSA-FA. MNP magnetic Fe;O, nanoparticles, C-MNP citric
acid-coated MNP, 5FU-CUR-C-MNP-HSA-FA 5-fluorouracil and

)
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content of 200 pg/mL). Plates were then placed in a 37 °C,
5% CO, incubator for the duration of 60 and 240 min. After
incubation, cells were trypsinized and washed with DPBS
three times to ensure the complete removal of media and
leftover nanoparticles. The cell pellets of each well were
then digested by adding 1 mL of HCI. After 24 h, dilution
at 1:4 was made and the iron content of the cell lysate was
analyzed by AAS.

Statistics

Drug release study, MTT assay, and cellular uptake data
were collected in triplicates and analyzed statistically using
SPSS 20 for standard mean and standard deviation.

Results and discussion

The magnetic nanoparticles are carving a niche into the
biomedical applications since a couple of decades (Tran
and Webster, 2010). Size and proper functionalization are
of utmost importance for its application (Ali et al. 2016).
Synthesis of SFU-CUR-C-MNP-HSA-FA is as depicted in
Fig. 1. Alkaline precipitation method was employed for the
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synthesis of Fe;0, nanoparticles. Addition of ammonia to
iron salts changed color from orange to black. Nanoparticles
were synthesized by alkaline co-precipitation method and
coated with citric acid. Citric acid apart from functionaliza-
tion confers good dispersibility and also acts as a capping
agent. Citric acid-coated Fe;O, was previously found to have
a good biomedical application like MRI contrast agent and
in hyperthermia (Andreas et al. 2012). The nanoparticles
showed good aqueous dispersity. The obtained nanoparti-
cles were washed by magnetic decantation. HSA, protein
found abundantly in human blood plasma, can tolerate pH
and temperature constraints. Multiple functional groups in
HSA provide an opposite for binding of hydrophobic and
hydrophilic drug molecules. Hence, we have coated iron
oxide nanoparticles with HSA. HSA was immobilized on
citrate-functionalized MNP by CDI coupling, followed by
folic acid decoration using zero-length crosslinkers. FA con-
jugation confers nanocomposites targetability to cancer cells
(Meng et al. 2011).

Fourier transform infrared spectra

FTIR spectra of MNP, C-MNP, C-MNP-HSA, and C-MNP-
HSA-FA are as shown in Fig. 2. MNP shows a prominent
peak of Fe—O vibrations at 576 cm™' which corresponds
to vibration of the Fe—O bonds in the crystalline lattice of
Fe;0, (Yang et al. 2014). The peaks at 1620 and 1384 cm™!
in C-MNP spectra correspond to asymmetric and symmet-
ric stretching of carboxyl group confirming the presence of
citric acid; the shift in the carboxyl group stretch may be
due to chemisorption of carboxyl group (Saraswathy et al.

-~ C-MNP-HSA-FA
=}
s
Q
o
=
©
£ C-MNP-HSA
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[2]
g
= C-MNP
X
MNP
T M 1 M | M T M 1 v T v
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Fig.2 FTIR spectra of MNP, C-MNP, C-MNP-HSA, and C-MNP-
HSA-FA. MNP magnetic Fe;O, nanoparticles, C-MNP citric acid-
coated MNP, C-MNP-HSA albumin-coated citrate-modified magnetic
nanoparticles, C-MNP-HSA-FA folic acid-decorated albumin-coated
citrate-modified magnetic nanoparticles

2014). Pure HSA exhibits a characteristic spectral band at
1634 (amide I) and 1528 (amide II). All these bands are
present in C-MNP-HAS confirming attachment of HSA to
C-MNP indicating the confirmation of HAS immobiliza-
tion. A band appears around 1607 cm™! that we assign to
the C,=Nj3-stretching mode of the pterin ring of FA. The FA
peaks at 1542 and 1514 cm™! are from the C=C stretches
of the heterocyclic ring and heterocyclic ring breathing in
PCA (Li et al. 2012). FA displays similar peaks in C-MNP-
HSA-FA which indicates successful conjugation of FA to
C-MNP-HAS.

Size and zeta potential

The particle size and zeta potential of MNP, C-MNP,
C-MNP-HAS, and C-MNP-HSA-FA measured are as shown
in Table 1. Size of C-MNP-HSA-FA was found 108.4 nm
with —49.1 mV zeta potential. There is an increase in size
with a coating of citric acid and HSA. The anomalously

Fig.3 Transmission electron micrographs of C-MNP-HSA-FA

Table 1 Size and zeta potential analysis of MNP, C-MNP, C-MNP-
HAS, and C-MNP-HAS-FA

Sample Mean particle Zeta potential ~ Polydisper-
size (nm) sity index

1. NMP 124.0 =21 2.313

2. C-MNP 51.2 -40.2 0.190

3. C-MNP-HSA 107.9 -50.9 1.844

4. C-MNP-HSA-FA  108.4 -49.1 1.844

MNP magnetic Fe;O, nanoparticles, C-MNP citric acid-coated MNP,
C-MNP-HSA albumin-coated citrate-modified magnetic nanoparti-
cles, C-MNP-HSA-FA folic acid-decorated albumin-coated citrate-
modified magnetic nanoparticles
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bigger size of MNP in contrast to C-MNP is due to agglom-
eration of particles. The larger size of MNP may be due
to lack of capping agent and low zeta potential (Granata
et al. 2016). This can be backed up by low zeta poten-
tial and a high polydispersity index of MNP. Zeta poten-
tial is an overall surface charge of the nanoparticle; it is a
degree of repulsion between particles of similarly charged
colloids in suspension. Large negative and positive zeta
potential values in the suspension diminish the aggrega-
tion behavior of the particles (Arya et al. 2011). Samples
C-MNP-HAS and C-MNP-HAS-FA bestow zeta potential
of —50.9 mV and —49.1 mV, respectively. These values are
well beyond 30 mV, indicating high colloidal stability of
the nanoparticles (Bhattacharjee 2016). C-MNP particle-size
distribution is very narrow with a polydispersity index of
0.190. The contrasting drop in the size of the nanoparticle
to uncoated MNP is due to a citric acid coating which con-
fers MNP a good dispersibility. C-MNP-HSA showed an
increase in size which can be accredited to protein coat. No
significant change in size is observed in size upon function-
alization with FA. A slight reduction in zeta potential may
be due to the coating of positively charged FA on BSA with
a negative charge. Transmission electron microscopy images
measure mean size of the iron core as 10 nm (Fig. 3).

Thermogravimetric analysis

Thermal decomposition graph of MNP, C-MNP, and
C-MNP-HSA-FA is as shown in Fig. 4. Thermogravimet-
ric analysis shows weight loss with an increase in tem-
perature. According to the graph, the observed loss of
mass at around 90 °C can be accredited to moisture loss.

110

100

90 MNP

C-MNP

50 4 C-MNP-HSA-FA

«» -
50 100 150 200 250 300 350 400 450 500 550 600
Temparature (°C)

Fig.4 Thermograms of MNP, C-MNP, and C-MNP-HSA-FA. MNP
magnetic Fe;O, nanoparticles, C-MNP citric acid-coated Magnetic
Nanoparticles, C-MNP-HSA-FA folic acid-decorated albumin-coated
citrate-modified magnetic nanoparticles
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The weight loss witnessed at 190 °C by C-MNP is due
to decomposition of citrate moiety in C-MNP. Since the
total loss of 10% was observed in the case of C-MNP, it
may indicate the percentage composition of citric acid. In
the case of C-MNP-HSA-FA apart from moisture loss of
12.12%, 32.75% loss was noted. This is due to decompo-
sition of HSA and FA, i.e., total of 32.75% is the protein
component in the nanoparticles.

Vibrating sample magnetometry

For effective use as magnetically targeted drug delivery
systems, nanoparticles should exhibit superparamagnetism
with high saturation magnetization value. Superparamag-
netism is due to randomization of magnetic moment at
room temperature. It is characteristic magnetization, where
nanoparticles are magnetized in the presence of magnetic
field and immediately demagnetized when a magnetic
field is turned off (Cole et al. 2011). Magnetic saturation
(Ms) values of MNP, C-MNP, and C-MNP- HSA-FA were
found to be 52.04 emu/g, 50.6 emu/g, and 33.59 emu/g,
respectively. MNP, C-MNP, and C-MNP-HSA-FA sam-
ples showed negligible coercion of 0.51551 G, 0.5122 G,
and 0.24485 G, respectively (Fig. 5). The magnetometry
shows no obvious signs of hysteresis, i.e., neither magnetic
remanence nor coercion. This confirms the superparamag-
netic characteristic of MNP, C-MNP, and C-MNP-HSA-
FA. Not much of decrease in Ms was noted in case of
C-MNP. However, Ms post-coating with HSA was reduced
due to the coating of HAS, which reduces the weight ratio
of the iron core in nanoparticles (Yu et al. 2013). Since

(5]
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C-MNP

C-MNP-HSA-FA

Magnetisation (emu/g)

(5]
o
L

T T T T T
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Applied Magnetic Field (Oe)
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Fig.5 Magnetic hysteresis analysis of MNP, C-MNP, and C-MNP-
HSA-FA. MNP magnetic Fe;O, nanoparticles, C-MNP citric acid-
coated MNP, C-MNP-HSA-FA folic acid-decorated albumin-coated
citrate-modified magnetic nanoparticles
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C-MNP-HSA-FA nanoparticles are superparamagnetic and
size of the magnetic core is 10 nm, they can be ideal for
use in drug delivery (Wahajuddin 2012).

Entrapment efficiency and in vitro release of drugs

To achieve nanoparticle-assisted combination tumor chem-
otherapy, the nano-sized vehicles should possess a property
of controlled and sustained release with the ability to bind
to a variety of drugs with five different physicochemical
and therapeutic properties for simultaneous drug deliv-
ery (Singh and Lillard 2009). Curcumin typically binds
to hydrophobic cavities of HAS (Kar et al. 2017), whereas
5FU binds to albumin by both hydrophobic interaction and
hydrogen bonding (Chinnathambi et al. 2014). For 5FU,
drug-loading capacity and entrapment efficiency were 1.9%
and 19.1%, respectively. Similarly, drug-loading capacity
and entrapment efficiency of 2.7% and 27.2% were noted
for CUR. The drug release study of C-MNP-HSA-FA is
presented in Fig. 6. It can be observed that, during the first
24 h, the release of SFU was predominant and reached
around 27%. Total release of around 54% was achieved in
200 h. Curcumin showed slow release profile compared to
5FU, with a total of 32% release over 260 h. Both drugs
displayed a sustained release behavior, demonstrating that
BSA-SPIOs would be excellent vehicles for dual drug
loadings.

In vitro cytotoxicity of drug-loaded NPs
MTT assay was performed under various time periods, 48

and 96 h, to assess cell viability of MCF-7 cells and results
are presented in Fig. 7a, b. It is observed that the cytotoxicity

~+-5FU {7{
o 1 cr {} %,_,,}-} +
£ w .
g % 7 »i_%yﬂ% %—--{-A;,;,V{
E 20 ‘}
2

Time (hours)

Fig.6 Drug release profiles of SFU and CUR from 5FU-CUR-C-
MNP-HSA-FA. 5FU 5-fluorouracil, CUR curcumin, 5FU-CUR-C-
MNP-HSA-FA 5-fluorouracil and curcumin entrapment folic acid-dec-
orated albumin-coated citrate-modified magnetic nanoparticles

of the drug-loaded nanoparticles is dependent on the drug
concentration and the treatment period. Drug-loaded nano-
particles showed contrastingly lower values compared to
C-MNP-HSA-FA which is obviously due to drug content.
Furthermore, folic acid-conjugated nanoparticles showed
higher cytotoxicity. ICs, values as determined by MTT
assay of the 5SFU, CUR, C-MNP-HSA-FA, 5FU-CUR-C-
MNP-HSA, 5FU-CUR-C-MNP-HSA-FA, and 5FU-CUR-
C-MNP-HSA-FA under magnetic field for 48 h were found
to be 0.576, 0.409, 151.36, 6.567, 3.344, and 1.984, respec-
tively. For 96 h, they were 0.184, 0.016, 96.34, 2.805, 1.191,
and 0.340, respectively. Figure 7a, b shows the graphical
depictions of cytotoxicity elicit by nanoparticles. Higher tox-
icity in case of folic acid-conjugated nanoparticles can be
accredited to higher uptake by cells. Folic acid conjugation
shows enhanced uptake by the cells, since folic acid binds
to overexpressed folic acid receptors which lead to receptor-
mediated endocytosis (Lin et al. 2013). Due to the higher
cellular uptake of nanoparticles in contrast to non-targeted
drug delivery systems, SFU-CUR-C-MNP-HSA-FA shows
higher uptake. In the presence of magnetic field, the cyto-
toxic effect of SFU-CUR-C-MNP-HSA-FA was enhanced.
In the presence of magnetic field, the concentration of nano-
particles near the surface of cells is higher, thus leading to
higher uptake by the cells (Liu et al. 2012).

Cellular uptake

Uptake of the nanoparticle is one of the important param-
eters for drug delivery applications. The nanoparticle
uptake was analyzed by measuring iron content in the cell
by AAS is as shown in Fig. 8. The iron content of approxi-
mately 9.16, 12.16, 19.8, and 52.77 pg/cell was witnessed
by C-MNP-HSA, C-MNP-HSA-mag, C-MNP-HSA-FA,
and C-MNP-HSA-FA-mag for 1 h incubation. Similarly,
for 4 h incubation time, 12.16, 31.9, 38.6, and 87.6 pg/cell
concentration was shown by C-MNP-HSA, C-MNP-HSA-
mag, C-MNP-HSA-FA, C-MNP-HSA-FA-mag, respec-
tively. Increased cellular uptake was noticed in case of
SFU-CUR-C-MNP-HSA-FA. Cell uptake in case of nano-
particles incubated for 1 h, folic acid conjugation brought
about 1.32-fold increases in uptake, and the presence of
the magnetic field further increased the uptake of nano-
particles by 1.9-fold. Similarly, 4 h incubation with folic
acid-conjugated sample brought about 1.9-fold increases in
cell uptake. Furthermore, 1.6-fold increases in uptake were
brought about by a magnetic field. This increase is due to
the receptor-mediated uptake of FA-conjugated nanopar-
ticles in case of FA-conjugated samples and effect of the
magnetic field that increases the concentration of nanopar-
ticles at the cell surface.
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Fig.7 Cell viability of MCF-7 u5FU u CUR
cells after incubation with a
5FU, CUR, C-MNP-HSA- 120 u C-MNP-HSA-FA m SFU-CUR-C-MNP-HSA

FA, SFU-CUR-C-MNP-HSA,
SFU-CUR-C-MNP-HSA-FA,
and SFU-CUR-C-MNP-HSA-
FA-mag for 48 h (a) and 96 h
(b). 5FU 5-fluorouracil, CUR
curcumin, C-MNP-HSA-FA
folic acid-decorated albumin-
coated citrate-modified mag-
netic nanoparticles, SFU-CUR-
C-MNP-HSA 5-fluorouracil
and curcumin-loaded folic
acid-decorated albumin-coated
citrate-modified magnetic 20
nanoparticles, SFU-CUR-C-

MNP-HSA-FA 5-fluorouracil

and curcumin entrapment folic 0
acid-decorated albumin-coated 0.01
citrate-modified magnetic nano-

particles, SFU-CUR-C-MNP-
HSA-FA-Mag 5-fluorouracil

and curcumin entrapment folic b
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citrate-modified magnetic nano-

particles under magnetic field
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Conclusions

The results conclude that C-MNP-HSA-FA shows good
aqueous suspending ability, and can be prepared and
loaded with SFU and CUR. Nanoparticles showed super-
paramagnetic behavior thus suitable for drug delivery
applications. The controlled release of both the drugs was
elicited by 5SFU-CUR-C-MNP-HSA-FA. Drug-loaded

* @ Springer
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nanoparticles showed a dose-dependent cytotoxic effect in
MCEF-7 cells. Enhanced cytotoxicity and cell uptake were
observed in case of folic acid-conjugated nanoparticles,
due to folic acid targeting. The external magnetic field
can further enhance cytotoxicity and cellular uptake of
nanoparticles due to magnetic targeting effect. Moreover,
nanoparticles showed good magnetic saturation value and,
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Fig.8 C-MNP-HSA, C-MNP-HSA-mag, C-MNP-HSA-FA, and
C-MNP-HSA-FA-mag at 1 h and 4 h incubation. C-MNP-HSA albu-
min-coated citrate-modified magnetic nanoparticles, C-MNP-HSA-FA
folic acid-decorated albumin-coated citrate-modified magnetic nano-
particles, C-MNP-HSA-Mag albumin-coated citrate-modified mag-
netic nanoparticles under magnetic field, C-MNP-HSA-FA-mag folic
acid-decorated albumin-coated citrate-modified magnetic nanoparti-
cles under magnetic field

hence, can be used to enhance treatment efficacy by mag-
netic targeting.

Compliance with ethical standards

Conflict of interest Authors Chinmay G Hiremath, Mahadevappa Y
Kariduraganavar, and Murigendra B Hiremath do not have a conflict of
interest for publishing an original article entitled “Synergistic delivery
of 5-Fluorouracil and Curcumin using Human Serum Albumin-coated
Iron Oxide Nanoparticles by Folic Acid targeting” in your journal.

Ethical approval This article does not contain any studies with human
participants or animals performed by any authors.

Open Access This article is distributed under the terms of the Crea-
tive Commons Attribution 4.0 International License (http://creativeco
mmons.org/licenses/by/4.0/), which permits unrestricted use, distribu-
tion, and reproduction in any medium, provided you give appropriate
credit to the original author(s) and the source, provide a link to the
Creative Commons license, and indicate if changes were made.

References

Ahn T, Kim JH, Yang H-M et al (2012) Formation pathways of mag-
netite nanoparticles by coprecipitation method. J Phys Chem C
116:6069-6076. https://doi.org/10.1021/jp211843¢

Ali A, Zafar H, Zia M et al (2016) Synthesis, characterization, applica-
tions, and challenges of iron oxide nanoparticles. Nanotechnol Sci
Appl 9:49-67. https://doi.org/10.2147/NSA.S99986

Andreas K, Georgieva R, Ladwig M et al (2012) Highly efficient
magnetic stem cell labeling with citrate-coated superparamag-
netic iron oxide nanoparticles for MRI tracking. Biomaterials
33:4515-4525. https://doi.org/10.1016/j.biomaterials.2012.02.064

Arya G, Vandana M, Acharya S, Sahoo SK (2011) Enhanced anti-
proliferative activity of herceptin (HER2)-conjugated gemcit-
abine-loaded chitosan nanoparticle in pancreatic cancer ther-
apy. Nanomed Nanotechnol Biol Med 7:859-870. https://doi.
org/10.1016/j.nano0.2011.03.009

Bhattacharjee S (2016) DLS and zeta potential—what they are and
what they are not? J Control Release 235:337-351. https://doi.
org/10.1016/j.jconrel.2016.06.017

Chinnathambi S, Velmurugan D, Hanagata N et al (2014) Investiga-
tions on the interactions of 5-fluorouracil with bovine serum
albumin: optical spectroscopic and molecular modeling studies. J
Lumin 151:1-10. https://doi.org/10.1016/J.JLUMIN.2014.01.063

Choi BH, Kim CG, Lim Y et al (2008) Curcumin down-regulates
the multidrug-resistance mdrlb gene by inhibiting the PI3K/
Akt/NFkB pathway. Cancer Lett 259:111-118. https://doi.
org/10.1016/j.canlet.2007.10.003

Cole AJ, Yang VC, David AE (2011) Cancer theranostics: the rise of
targeted magnetic nanoparticles. Trends Biotechnol 29:323-332.
https://doi.org/10.1016/j.tibtech.2011.03.001

Dinda A, Kumar M, Singh V et al (2012) Cellular interaction of folic
acid conjugated superparamagnetic iron oxide nanoparticles and
its use as contrast agent for targeted magnetic imaging of tumor
cells. Int J Nanomed 7:3503. https://doi.org/10.2147/1IN.S32694

Elzoghby AO, Samy WM, Elgindy NA (2012) Albumin-based nano-
particles as potential controlled release drug delivery systems.
J Control Release 157:168—-182. https://doi.org/10.1016/j.jconr
el.2011.07.031

Granata G, Yamaoka T, Pagnanelli F, Fuwa A (2016) Study of the
synthesis of copper nanoparticles: the role of capping and
kinetic towards control of particle size and stability. ] Nanopart
Res 18:133. https://doi.org/10.1007/s11051-016-3438-6

Hamzehalipour Almaki J, Nasiri R, Idris A et al (2017) Trastuzumab-
decorated nanoparticles for in vitro and in vivo tumor-targeting
hyperthermia of HER2+ breast cancer. ] Mater Chem B 5:7369—
7383. https://doi.org/10.1039/C7TB01305

Kakran M, Sahoo NG, Tan I-L, Li L (2012) Preparation of nanopar-
ticles of poorly water-soluble antioxidant curcumin by antisol-
vent precipitation methods. J Nanopart Res 14:757. https://doi.
org/10.1007/s11051-012-0757-0

Kar T, Basak P, Sen S et al (2017) Analysis of curcumin interaction
with human serum albumin using spectroscopic studies with
molecular simulation. Front Biol (Beijing) 12:199-209. https
://doi.org/10.1007/s11515-017-1449-z

Kratz F (2008) Albumin as a drug carrier: design of prodrugs, drug
conjugates and nanoparticles. J Control Release 132:171-183.
https://doi.org/10.1016/j.jconrel.2008.05.010

Li Y, Zhang T (2014) Targeting cancer stem cells by curcumin and
clinical applications. Cancer Lett 346:197-205. https://doi.
org/10.1016/j.canlet.2014.01.012

Li G, Magana D, Dyer RB (2012) Photoinduced electron transfer in
folic acid investigated by ultrafast infrared spectroscopy. J Phys
Chem B 116:3467-3475. https://doi.org/10.1021/jp300392a

Lin Q, Huang X, Tang J et al (2013) Environmentally friendly, one-
pot synthesis of folic acid-decorated graphene oxide-based
drug delivery system. J Nanopart Res 15:2144. https://doi.
org/10.1007/s11051-013-2144-x

Lin M, Teng L, Wang Y et al (2016) Curcumin-guided nanother-
apy: a lipid-based nanomedicine for targeted drug delivery in
breast cancer therapy. Drug Deliv 23:1420-1425. https://doi.
0rg/10.3109/10717544.2015.1066902

Liu Q, Zhang J, Xia W, Gu H (2012) Magnetic field enhanced cell
uptake efficiency of magnetic silica mesoporous nanoparticles.
Nanoscale 4:3415. https://doi.org/10.1039/c2nr30352¢c

Lohcharoenkal W, Wang L, Chen YC, Rojanasakul Y (2014)
Protein nanoparticles as drug delivery carriers for

% @ Springer


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1021/jp211843g
https://doi.org/10.2147/NSA.S99986
https://doi.org/10.1016/j.biomaterials.2012.02.064
https://doi.org/10.1016/j.nano.2011.03.009
https://doi.org/10.1016/j.nano.2011.03.009
https://doi.org/10.1016/j.jconrel.2016.06.017
https://doi.org/10.1016/j.jconrel.2016.06.017
https://doi.org/10.1016/J.JLUMIN.2014.01.063
https://doi.org/10.1016/j.canlet.2007.10.003
https://doi.org/10.1016/j.canlet.2007.10.003
https://doi.org/10.1016/j.tibtech.2011.03.001
https://doi.org/10.2147/IJN.S32694
https://doi.org/10.1016/j.jconrel.2011.07.031
https://doi.org/10.1016/j.jconrel.2011.07.031
https://doi.org/10.1007/s11051-016-3438-6
https://doi.org/10.1039/C7TB01305
https://doi.org/10.1007/s11051-012-0757-0
https://doi.org/10.1007/s11051-012-0757-0
https://doi.org/10.1007/s11515-017-1449-z
https://doi.org/10.1007/s11515-017-1449-z
https://doi.org/10.1016/j.jconrel.2008.05.010
https://doi.org/10.1016/j.canlet.2014.01.012
https://doi.org/10.1016/j.canlet.2014.01.012
https://doi.org/10.1021/jp300392a
https://doi.org/10.1007/s11051-013-2144-x
https://doi.org/10.1007/s11051-013-2144-x
https://doi.org/10.3109/10717544.2015.1066902
https://doi.org/10.3109/10717544.2015.1066902
https://doi.org/10.1039/c2nr30352c

306

Progress in Biomaterials (2018) 7:297-306

cancer therapy. Biomed Res Int 2014:180549. https://doi.
org/10.1155/2014/180549

Lomis N, Westfall S, Farahdel L et al (2016) Human serum albumin
nanoparticles for use in cancer drug delivery: process optimization
and in vitro characterization. Nanomaterials (Basel, Switzerland)
6:116. https://doi.org/10.3390/nano6060116

Longley DB, Harkin DP, Johnston PG (2003) 5-Fluorouracil: mecha-
nisms of action and clinical strategies. Nat Rev Cancer 3:330-338.
https://doi.org/10.1038/nrc1074

Lu A-H, Salabas EL, Schiith F (2007) Magnetic nanoparticles: synthe-
sis, protection, functionalization, and application. Angew Chemie
Int Ed 46:1222-1244. https://doi.org/10.1002/anie.200602866

Meng H, Chen J-Y, Mi L et al (2011) Conjugates of folic acids with
BSA-coated quantum dots for cancer cell targeting and imaging
by single-photon and two-photon excitation. JBIC J Biol Inorg
Chem 16:117-123. https://doi.org/10.1007/s00775-010-0709-z

Peer D, Karp JM, Hong S et al (2007) Nanocarriers as an emerging
platform for cancer therapy. Nat Nanotechnol 2:751-760. https://
doi.org/10.1038/nnano.2007.387

Prijic S, Scancar J, Romih R et al (2010) Increased cellular uptake
of biocompatible superparamagnetic iron oxide nanoparticles
into malignant cells by an external magnetic field. ] Membr Biol
236:167-179. https://doi.org/10.1007/s00232-010-9271-4

Rachmawati H, Edityaningrum CA, Mauludin R (2013) molecular
inclusion complex of curcumin—p-cyclodextrin nanoparticle to
enhance curcumin skin permeability from hydrophilic matrix
gel. AAPS PharmSciTech 14:1303-1312. https://doi.org/10.1208/
$12249-013-0023-5

Revia RA, Zhang M (2016) Magnetite nanoparticles for cancer diagno-
sis, treatment, and treatment monitoring: recent advances. Mater
Today 19:157-168. https://doi.org/10.1016/j.mattod.2015.08.022

Roco MC (2011) The long view of nanotechnology development: the
National Nanotechnology Initiative at 10 years. J] Nanopart Res
13:427-445. https://doi.org/10.1007/s11051-010-0192-z

Saengkrit N, Saesoo S, Srinuanchai W et al (2014) Influence of cur-
cumin loaded cationic liposome on anticancer activity for cervical
cancer therapy. Colloids Surf B Biointerfaces 114:349-356. https
://doi.org/10.1016/j.colsurfb.2013.10.005

Saraswathy A, Nazeer SS, Jeevan M et al (2014) Citrate coated iron
oxide nanoparticles with enhanced relaxivity for in vivo magnetic
resonance imaging of liver fibrosis. Colloids Surf B Biointerfaces
117:216-224. https://doi.org/10.1016/j.colsurfb.2014.02.034

Singh R, Lillard JW (2009) Nanoparticle-based targeted drug deliv-
ery. Exp Mol Pathol 86:215-223. https://doi.org/10.1016/j.yexmp
.2008.12.004

Sun C, Sze R, Zhang M (2006) Folic acid-PEG conjugated superpara-
magnetic nanoparticles for targeted cellular uptake and detection

"
n @ Springer

by MRI. J] Biomed Mater Res Part A 78A:550-557. https://doi.
org/10.1002/jbm.a.30781

Sun C, Lee J, Zhang M (2008) Magnetic nanoparticles in MR imaging
and drug delivery. Adv Drug Deliv Rev 60:1252-1265. https://
doi.org/10.1016/j.addr.2008.03.018

Tarhini M, Greige-Gerges H, Elaissari A (2017) Protein-based
nanoparticles: from preparation to entrapment of active mol-
ecules. Int J Pharm 522:172-197. https://doi.org/10.1016/j.ijpha
rm.2017.01.067

Tran N, Webster TJ (2010) Magnetic nanoparticles: biomedical
applications and challenges. J] Mater Chem 20:8760. https://doi.
org/10.1039/c0jm00994f

Veiseh O, Gunn JW, Zhang M (2010) Design and fabrication of
magnetic nanoparticles for targeted drug delivery and imaging.
Adv Drug Deliv Rev 62:284-304. https://doi.org/10.1016/j.
addr.2009.11.002

Vinod BS, Antony J, Nair HH et al (2013) Mechanistic evaluation of
the signaling events regulating curcumin-mediated chemosensi-
tization of breast cancer cells to 5-fluorouracil. Cell Death Dis
4:e505. https://doi.org/10.1038/cddis.2013.26

Wahajuddin Arora S (2012) Superparamagnetic iron oxide nanopar-
ticles: magnetic nanoplatforms as drug carriers. Int J] Nanomed
7:3445. https://doi.org/10.2147/1IN.S30320

Xia W, Low PS (2010) Folate-targeted therapies for cancer. ] Med
Chem 53:6811-6824. https://doi.org/10.1021/jm100509v

Yallapu MM, Othman SF, Curtis ET et al (2011) Multi-functional mag-
netic nanoparticles for magnetic resonance imaging and cancer
therapy. Biomaterials 32:1890-1905. https://doi.org/10.1016/j.
biomaterials.2010.11.028

Yang R, Tang Q, An Y et al (2014) Preparation of folic acid-con-
jugated, doxorubicin-loaded, magnetic bovine serum albumin
nanospheres and their antitumor effects in vitro and in vivo. Int J
Nanomed 9:4231. https://doi.org/10.2147/1JN.S67210

Yu S, Wu G, Gu X et al (2013) Magnetic and pH-sensitive nanopar-
ticles for antitumor drug delivery. Colloids Surf B Biointerfaces
103:15-22. https://doi.org/10.1016/j.colsurfb.2012.10.041

Yu Y, Zhang X, Qiu L (2014) The anti-tumor efficacy of curcumin
when delivered by size/charge-changing multistage polymeric
micelles based on amphiphilic poly(f-amino ester) derivates.
Biomaterials 35:3467-3479. https://doi.org/10.1016/j.biomateria
15.2013.12.096

Publisher’s Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.


https://doi.org/10.1155/2014/180549
https://doi.org/10.1155/2014/180549
https://doi.org/10.3390/nano6060116
https://doi.org/10.1038/nrc1074
https://doi.org/10.1002/anie.200602866
https://doi.org/10.1007/s00775-010-0709-z
https://doi.org/10.1038/nnano.2007.387
https://doi.org/10.1038/nnano.2007.387
https://doi.org/10.1007/s00232-010-9271-4
https://doi.org/10.1208/s12249-013-0023-5
https://doi.org/10.1208/s12249-013-0023-5
https://doi.org/10.1016/j.mattod.2015.08.022
https://doi.org/10.1007/s11051-010-0192-z
https://doi.org/10.1016/j.colsurfb.2013.10.005
https://doi.org/10.1016/j.colsurfb.2013.10.005
https://doi.org/10.1016/j.colsurfb.2014.02.034
https://doi.org/10.1016/j.yexmp.2008.12.004
https://doi.org/10.1016/j.yexmp.2008.12.004
https://doi.org/10.1002/jbm.a.30781
https://doi.org/10.1002/jbm.a.30781
https://doi.org/10.1016/j.addr.2008.03.018
https://doi.org/10.1016/j.addr.2008.03.018
https://doi.org/10.1016/j.ijpharm.2017.01.067
https://doi.org/10.1016/j.ijpharm.2017.01.067
https://doi.org/10.1039/c0jm00994f
https://doi.org/10.1039/c0jm00994f
https://doi.org/10.1016/j.addr.2009.11.002
https://doi.org/10.1016/j.addr.2009.11.002
https://doi.org/10.1038/cddis.2013.26
https://doi.org/10.2147/IJN.S30320
https://doi.org/10.1021/jm100509v
https://doi.org/10.1016/j.biomaterials.2010.11.028
https://doi.org/10.1016/j.biomaterials.2010.11.028
https://doi.org/10.2147/IJN.S67210
https://doi.org/10.1016/j.colsurfb.2012.10.041
https://doi.org/10.1016/j.biomaterials.2013.12.096
https://doi.org/10.1016/j.biomaterials.2013.12.096

	Synergistic delivery of 5-fluorouracil and curcumin using human serum albumin-coated iron oxide nanoparticles by folic acid targeting
	Abstract
	Introduction
	Materials and methods
	Materials
	Synthesis of iron oxide magnetic nanoparticles (MNP)
	Coating of magnetic nanoparticles with HSA by CDI coupling
	FA conjugation to C-MNP-HSA
	Physical and chemical characterization of nanoparticles
	Drug entrapment efficiency and drug release study
	In vitro cytotoxicity assay of drug-loaded nanocarriers
	Cellular uptake
	Statistics

	Results and discussion
	Fourier transform infrared spectra
	Size and zeta potential
	Thermogravimetric analysis
	Vibrating sample magnetometry
	Entrapment efficiency and in vitro release of drugs
	In vitro cytotoxicity of drug-loaded NPs
	Cellular uptake

	Conclusions
	References




