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A B S T R A C T

Passing the Blood-Brain-Barrier (BBB) is a challenging aspect in nanomedicine. Utilizing surfactant particles is
reported to be a potent strategy for easier BBB penetration. On the other hand, loading different functional
molecules on a single particle is therapeutically and economically beneficial. In this study, multifunctional
amphiphilic Janus nanoparticles have been prepared on the basis of superparamagnetic iron oxide nanoparticles.
This Janus platform is armed with folic acid targeting agent and Doxorubicin (DOX) drug that have been con-
jugated on different sides of the nanoparticles. DOX has been conjugated via imine bond that makes these
particles pH sensitive. Chemo-physical characters, in-vitro drug release pattern and toxicity of nanoparticles on
rat C6 glioma cell line were studied that confirmed the preparation and pH-dependent behavior of nanoparticles.
Microscopy observations showed the Janus morphology of nanoparticles and their cell penetration behavior.
Prepared Janus nanoparticle can be utilized as a multifunctional nanomedicine platform for brain cancer
treatment.

1. Introduction

Glioblastoma multiforme (GBM) may be the deadliest and most
frequent malignant primary brain tumor with a median survival of
about 14.6months (Thomas et al., 2017) and a five-year survival rate of
about 5.1% (Sun et al., 2017). A combined modality therapy of che-
motherapy, radiation, and surgery is the standard treatment for glio-
blastoma (Lallana and Abrey, 2003) which unfortunately leads to the
death of 80% of patients (Quirk et al., 2015). Since malignant tumor
cells migrate to normal brain tissues, they would be left behind after
tumor resection, causing tumor recovery (Munthe et al., 2016). Su-
perparamagnetic iron oxide nanoparticles (SPIONs) are the most pop-
ular magnetic nanoparticles (MNPs). SPION-dextran-based MRI con-
trast agent has been approved by the FDA for human clinical
approaches. It can also be used as a heat-generating agent for hy-
perthermia-based therapy (Stone et al., 2011) and an efficient magnetic
force-guided drug delivery vehicle (Lee et al., 2015; Mahmoudi et al.,
2010). Surface modification is necessary to avoid the rapid clearance of
bare MNPs from blood circulation. It must be as trustworthy as the
“Trojan horse” to remain in the circulation, reach the target tissue via
passive or active targeting, and release the therapeutic ligand
(Basiruddin et al., 2010). Polyethylene glycol (PEG) is one of the best,
most flexible, and highly hydrophilic coating biocompatible polymers

that reduce the MNPs uptake by macrophages (Zhang et al., 2002) and
increase the blood circulation time. Despite its benefits, the cell uptake
of PEG-coated MNPs is not appreciable. Thus, there have to be other
complementary strategies to solve this problem (Li et al., 2013). Con-
jugating folic acid (FA) on PEG can improve the tumor accumulation of
nanoparticles (NPs) and intracellular delivery (Hayashi et al., 2013). To
use NPs as drug delivery systems, the preferable drug must be either
conjugated on the particle or simply be loaded between polymer chains.
Different drugs such as temozolomide and doxorubicin (DOX) have
been used as the first-line treatment or combination therapy agents
along with radiotherapy or surgery, for patients with glioma (Ellor
et al., 2014). Ninety-eight percent of candidate chemotherapeutic drugs
are not able to traverse the blood–brain barrier (BBB) and the blood–-
brain tumor barrier (BBTB). On the other hand, hydrophobic drugs such
as DOX that can more easily pass through this obstacle are not appro-
priate for IV injection (Gao et al., 2017). Even if these cytotoxic drugs
are able to pass BBB, they may not achieve the proper therapeutic dose
in cancerous cells. Increasing the drug dose may seem to solve the
problem but it increases the drug’s side-effects and would affect the
patients’ quality of life during treatment (Sun et al., 2017). The short
blood circulation time is another shortcoming of anticancer drugs that
affects the drug dose and dosing intervals. Many strategies have been
proposed to overcome these problems by designing effective drug
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delivery systems which are able to transport and safeguard hydrophobic
drugs, alter the macrophage uptake to prolong circulation time, lower
the drug dose to decrease side-effects, and penetrate BBB. From among
these strategies, the use of NPs to carry drugs through BBB seems to be
an appropriate methodology because they can be tailored to be small
enough to pass blood barriers, non-toxic, biocompatible, biodegradable,
stable in blood, non-inflammatory, scalable, cost-effective, and able to
transport different types of molecules (Lockman et al., 2002). Since the
first time hexapeptide dalargin was delivered to the brain using NPs
(Kreuter, 2001), NPs have been widely used in researches related to the
central nervous system (CNS) drug delivery agents because of their
beneficial characters (Kang et al., 2018). In the case of active brain drug
delivery, it has been reported that the application of surfactant systems
can play a significant role in delivering molecules through BBB (Neves
et al., 2017).

Polysorbate, a polyoxyethylene-based amphiphilic surfactant, has
been utilized in different NPs for brain drug delivery. Since medicine-
containing polysorbates have shown pseudoallergies in some cases,
polyoxyethylene sorbitol oleate was used as a safe alternative (Sun
et al., 2017). Amphiphilic Janus NPs have anisotropic physical and/or
chemical properties and can express a surfactant behavior. Most im-
portant features determining Janus particles’ functionality are their
amphiphilicity, size, shape, and surface active agents. Spherical Janus
particles have three-time greater adsorption energy and much higher
surface activity compared to homogeneous surfactants (Tu and Lee,
2014) and, as a drug delivery system, Janus NPs have the best cell
uptake efficiency compared to other dual ligand targeting system (Xia
et al., 2017). These particles can be decorated to have extremely dif-
ferent sides which can be individually designed to exhibit distinct
functionalities in a single particle (Sundararajan et al., 2018). Using
these particles, it is possible to make multifunction nanomedicines
which have various functional ligands with different chemical and
physical properties, used for targeting, diagnosis, and therapy.

Here, we prepared SPION-based multifunctional Janus NPs de-
signed to pass through the BBB to accumulate in tumor via the FA li-
gand and deliver doxorubicin in the acidic stimuli of malignant glioma
cells. The characteristics of prepared NPs were investigated by proton
nuclear magnetic resonance (1H NMR), Fourier-transform infrared (FT-
IR), vibrating-sample magnetometer (VSM), transmission electron mi-
croscopy (TEM), thermo-gravimetric analysis (TGA), and dynamic laser
light scattering (DLS). The drug release pattern of the drug-conjugated
Janus NP (DOX-PCL-SPION-sPEG-FA) was measured in vitro, and in
vitro bio-interaction tests have been reported.

2. Materials and methods

The materials we used in this work included FeCl2·.4H2O,
FeCl3·.6H2O, paraffin wax granules, (3-aminopropyl)triethoxysilane
(APTES), (3-mercaptopropyl) triethoxysilane (MPTES), folic acid (FA),
polyoxyethylene (20) sorbitan monooleate, di-tert-butyl dicarbonate
(BOC), propargyl alcohol, tin(II) 2-ethylhexanoate, ɛ-caprolactone,
N,N-dicyclohexylcarbodiimide (DCC), 4-dimethylaminopyridine
(DMAP), sodium azide (NaN3), copper bromide (CuBr) and
N,N,N′,N″,N″-pentamethyl diethylenetriamine (PMDETA) were ob-
tained from Sigma-Aldrich. Ɛ-Caprolactone, dichloromethane (DCM),
N, N-dimethylformamide (DMF), hydrochloric acid (HCl), epi-
chlorohydrin, stannous octoate (Sn(Oct)2), 4-Toluenesulfonyl chloride
(TsCl), N-hydroxysuccinimide (NHS) were all purchased from Merck
Chemical Co. Triethylamine (TEA) was obtained from Fluka.
Doxorubicin hydrochloride solution (2mg/ml) was purchased from
Pfizer. All reagents and solvents were of analytical grade and used
without any purification.

2.1. Drug conjugated Janus nanoparticle synthesis

Synthesis of drug-conjugated Janus NPs (DOX-PCL-SPION-sPEG-FA)

was performed in four main steps: preparing core particle, hydrophilic
part synthesis, hydrophobic part synthesis, and Janus NPs combination.

2.1.1. Preparation of core particle
2.1.1.1. Synthesis of magnetite Fe3O4 nanoparticles. The chemical co-
precipitation method was employed to prepare Fe3O4 NPs in an
aqueous solution. The alkaline precipitation of FeCl3 and FeCl2 would
yield superparamagnetic iron oxide NPs (SPION). FeCl2·4H2O (1 g) and
FeCl3·6H2O (2.6 g) were dissolved in 25mL of deionized water at a
1:2 mol ratio in a three-necked round-bottom flask and degassed under
an inert nitrogen atmosphere. Then, 10mL of ammonia solution was
added to the stirring mixture dropwise at 70 °C under nitrogen flow and
stirred for 1 h using a mechanical stirrer to reach the desired size. The
black mixture of magnetic NPs was magnetically separated and washed
with deionized water (3×25mL) and ethanol (3×20mL).

2.1.1.2. Pickering emulsion. Janus SPIONs were prepared through the
Pickering emulsion technique. Bare SPIONs were masked and
immobilized in paraffin wax particles. Next, 1 g of SPION was
dispersed in about 50mL of distilled water for 20min using an
ultrasound sonicator. The mixture was poured into a cylindrical
beaker and heated up to 75 °C while being stirred at 1900 rpm using
a mechanical stirrer. Afterward, 10 g of paraffin wax granule was
gradually added to the stirring mixture. Stirring was continued for
another hour, and the amount of water and level of temperature were
precisely controlled. The mixture was suddenly cooled down by pouring
a large volume of freezing-cold distilled water into the mixture beaker
to solidify wax particles and form an emulsion. The mixture was kept in
the refrigerator for another hour to make the emulsion stable. Next,
non-trapped and weakly trapped SPIONs were separated through
decantation. As the SPION-stabilized colloidosomes float on the
water, the non-attached SPIONs precipitated and could be collected
from the mixture.

2.1.1.3. Grafting (3-mercaptopropyl) triethoxysilane on waxed SPIONs
(SPION-SH). The unshielded side of waxed SPIONs was coated with
MPTES (Khoee et al., 2015). SPION hydroxyl groups can react with
MPTES in the presence of water. Thus, the half side of SPIONs was
modified with the thiol functional group to be used in further thiol-ene
click reaction. Five g of waxed SPIONs was dispersed in 40mL of
ethanol, containing 2mL of MPTES and 1mL of water. The mixture was
let to stir overnight at 25 °C. Modified colloidosomes were then
separated using an external magnetic field and washed with ethanol
three times to remove unreacted MPTES. To release half-coated SPIONs
from wax colloidosomes, the mixture was washed several times with
hot chloroform and the particles were collected using a magnet.

2.1.1.4. Grafting azidated triethoxysilane on dewaxed SPIONs (N3-SPION-
SH). The bare side of dewaxed SPION-SH was modified with azidated
triethoxysilane. First, 1-azido-3-chloropropan-2-ol was synthesized
from the reaction of sodium azide and epichlorohydrin as reported by
Ryu et al. (Ryu et al., 2013). Then, 1-azido-3-chloropropan-2-ol was
reacted with APTES to form azidated triethoxysilane. As the last step,
azidated triethoxysilane was conjugated to the hydroxyl groups of
dewaxed SPION-SH NPs. Briefly, a mixture of sodium azide (2 g,
0.031mol), epichlorohydrin (2.86 g, 0.031mol), and
tetrabutylammonium bromide (25mg, 85mmol) in water was let to
stir overnight at 25 °C in a round-bottom flask covered by aluminum foil
to prevent the photodegradation of azide groups. To purify the product,
dichloromethane was added to the mixture and the organic non-
aqueous layer was separated, dried over magnesium sulfate, and
concentrated in a rotatory evaporator to yield azidated
epichlorohydrin (1-azido-3-chloropropan-2-ol). Freshly prepared
azidated epichlorohydrin (3.38 g, 25mmol) was added to a stirring
suspension of THF (10mL) and potassium carbonate (6.9 g, 0.05mol).
APTES (5.85mL, 0.025mol) was gradually poured in the reaction
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media at 25 °C. The mixture was refluxed at 65 °C for 18 h. The mixture
was then filtered and concentrated to yield azidated triethoxysilane. As
for the last step of grafting azidated triethoxysilane on dewaxed
SPIONs, half-conjugated NPs (1 g, 0.344mol silane) were dispersed in
ethanol (40mL) containing freshly prepared azidated triethoxysilane
(0.344mol) and H2O (1mL). The mixture was let to stir overnight at
25 °C. Modified Janus NPs were then separated using an external
magnetic field and washed in triplicate with ethanol to remove
unreacted azidated triethoxysilane. All the noted steps were
performed in a light-protected condition to prevent the
photodegradation of azide functional groups. The Janus magnetic NP
core was then conjugated with hydrophilic and hydrophobic polymers
through click reactions.

2.1.2. Preparation of the hydrophilic side
The hydrophilic side of Janus NPs consists of acrylated star poly

(ethylene glycol) that can be conjugated to the core NP via click reac-
tion. In the last steps of preparing the final particle, folic acid is con-
jugated to the free terminal hydroxyl functional groups of star poly
(ethylene glycol).

2.1.2.1. Star-shaped poly(ethylene glycol) preparation (sPEG). Star-
shaped poly(ethylene glycol) can be obtained from polyoxyethylene
(20) sorbitan monolaurate (tween 20) via saponification reaction as
reported by Khoee et al. (Khoee et al., 2017a). Briefly, 10mL
(7.4 mmol) of polyoxyethylene (20) sorbitan monolaurate dissolved in
20mL of THF and 1 g (17mmol) of KOH was added to the solution in a
round-bottom flask under reflux condition. After about 24 h, the
produced mixture was added to hexane/acidic water (1:1) and
separated via decantation. The aqueous phase, containing sPEG, was
separated and neutralized and sPEG was extracted using
dichloromethane. The purification process was repeated in triplicate,
with the reaction yield of approximately 65%.

2.1.2.2. Mono(acryloyl)-functionalization of star poly (ethylene glycol)
(Acl-sPEG). One of the four terminal hydroxyl functional groups of
sPEG was acrylated through a previously reported procedure (Khoee
et al., 2017a). Briefly, 2mmol of sPEG (about 2.13 g) was dissolved in
25mL of DCM, degassed with nitrogen flow in a three-necked round-
bottom flask and cooled down to 0 °C. Next, 281 μL (2mmol) of
triethylamine and 163 μL (2mmol) of acryloyl chloride were added.
The solution was let to stir at 25 °C and nitrogen atmosphere for 24 h.
To separate the triethylammonium hydrochloride salt, the resulting
mixture was filtered and washed three times with 10mL of aqueous
sodium bicarbonate solution (10%) and three times with 10mL of
saturated aqueous sodium chloride solution. Acl-sPEG was extracted
with DCM, dried over magnesium sulfate, filtered, and concentrated
using a rotatory evaporator. The mono-acrylated sPEG reaction yield
was about 75%.

2.1.3. Preparing the hydrophobic side
Propargyl alcohol was used as the initiator so that the prepared poly

(ɛ-caprolactone) (PCL) would have a free alkyne terminal group(-yne)
for further click reaction with the azide groups of core NP. Briefly, 5mL
of ɛ-caprolactone and 110 μL of propargyl alcohol were poured into a
three-necked round-bottom flask and degassed with dried nitrogen. One
drop of tin(II) 2-ethylhexanoate was added, the mixture was heated up
to 110 °C, and stirring continued for 18 h. The mixture was cooled down
to 25 °C and dissolved in a minimum amount of DMF. The produced
OH-PCL-yne was precipitated in an excessive amount of cold water,
separated, and dried. Reaction yield was approximately 84%.

2.1.3.1. Conjugating doxorubicin to OH-PCL-yne. Ethylenediamine was
used as a proper crosslinker to conjugate DOX to the prepared yne-PCL-
OH. PCL hydroxyl end group was first activated by tosyl chloride and
then reacted with the free amine group of tert-butyloxycarbonyl (Boc)

protected ethylene diamine to modify OH-PCL-yne to Boc-NH2-PCL-
yne. After BOC deprotection, the modified amine end group was reacted
with the activated carbonyl group of DOX to form DOX-PCL-yne as the
hydrophobic complex. To prepare α,ω-p-toluenesulfonyl-yne-poly(ε-
caprolactone) (OTs-PCL-yne), a reported procedure was followed
(Lancuški et al., 2012). Briefly, OH-PCL-yne (5 g, 1.5mmol) was
dissolved in 25mL of dichloromethane in a round-bottom flask. 4-
Toluenesulfonyl chloride (TsCl) (5 eq, 1.4 g) and triethylamine (5 eq,
0.750 g) were dissolved in 15mL of DCM, added to the solution
dropwise, and let to stir for about 30 h at 25 °C. The mixture was
then washed with a saturated solution of NaCl, HCl (1M), and H2O and
the organic phase was separated using a separating funnel. The solution
was then dried over MgSO4, filtered, and concentrated using a rotatory
evaporator. The remaining product containing OTs-PCL-yne was
dissolved in a minimum amount of dichloromethane, precipitated in
cold diethyl ether, and freeze-dried (Tajhizat Sazan Pishtaz, Iran).

Ethylenediamine was employed as the coupling agent to conjugate
DOX to yne-PCL. First, one of the two amine end groups of ethylene-
diamine was protected with Boc. The other free amine was then bound
to yne-PCL-OTs to convert it to yne-PCL-NH2. Yne-PCL-NH2 was then
reacted with the free carboxyl group of Dox. Di-tert-butyldicarbonate
(Boc2O) (10 g, 45mmol) was dissolved in 25mL of 1,4-dioxane, added
dropwise to the solution of ethylenediamine (EDA) (21.5 g, 358mmol)
in 1,4-dioxane (20mL), and kept stirring at 25 °C for 24 h. The solvent
was then evaporated and the mixture was washed with 30mL of dis-
tilled water so that insoluble bis(N,N’-tert-butyloxycarbonyl)-1,2-dia-
minoethane (Boc-EDA-Boc) precipitated and was separated via filtra-
tion. Water-soluble tert-butyl-N-(2-aminoethyl) carbamate (Boc-EDA)
was extracted three times with 40mL of CH2Cl2. The organic phase was
dried over MgSO4 and concentrated to yield Boc-EDA as a colorless oil.

Tosyl-activated PCL-yne (2 g, 0.57mmol) was dissolved in DMSO
and gradually added to the mixture of Boc-EDA (4 eq., 370mg) in
DMSO, heated up to 70 °C, and let to stir for about 48 h. After the
completion of the reaction, trifluoroacetic acid (TFA) (1mL) was added
to the mixture and kept stirring overnight at 25 °C to deprotect terminal
amine group. The solvent was freeze-dried and the remaining crude was
washed several times with distilled water to wash out the non-reacted
EDA and TFA from NH2-PCL-yne. Doxorubicin was conjugated to yne-
PCL-NH2 via imine reaction between the amine group of NH2-PCL-yne
and the carbonyl group of DOX. The prepared NH2-PCL-yne (100mg,
28 Âµmol) was reacted with DOX (48mg, 88 μmol) in the presence of
EDC (13.7mg, 88 μmol) and NHS (10.31 mg, 88 μmol) as the carbonyl
activator in DMSO medium. This mixture was stirred for about 48 h at
25 °C. It was then freeze-dried and washed several times with distilled
water to remove the remaining unreacted reagents from the produced
DOX-PCL-yne. Afterward, it was freeze-dried and kept in inert condi-
tions for further reactions. In all steps, the pH of the reaction was
controlled to be basic in order to prevent imine hydrolysis and the
unwanted release of DOX.

2.1.4. Conjugating hydrophobic and hydrophilic sides on the core NP
2.1.4.1. Conjugating hydrophilic side (Acl-sPEG) on N3-SPION-SH. Acl-
sPEG was conjugated to N3-SPION-SH via thiol-ene click reaction
(Bradley et al., 2016). Here, to prevent azide photodecomposition,
the thermal radical initiator was used to perform the thiol-ene click
reaction (Goddard-Borger et al., 2012). Briefly, N3-SPION-SH (0.1mmol
–SH) was dispersed in degassed MeOH (5mL) containing Acl-sPEG
(0.1mmol, 95mg). The degassed MeOH (2mL) solution of
azobisisobutyronitrile (AIBN) (1 μmol, 0.18mg) was added dropwise
to the main reaction medium while it was refluxing at 70 °C under an
inert condition in a dark place far from any light source. Stirring
continued for 48 h. The sPEG conjugated NPs (N3-SPION-sPEG) were
then collected using external magnetic field and washed three times
with MeOH.

2.1.4.2. Conjugating folic acid (FA) onto N3-SPION-sPEG. Folic acid
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conjugation was prepared by carbodiimide coupling chemistry. The
carboxyl group of FA was first activated (Li et al., 2017) and then
reacted with free hydroxyl end groups of the sPEG. Briefly, FA (300mg,
680mmol), dicyclohexylcarbodiimide (DCC) (93mg), N-
hydroxysuccinimide (NHS) (77mg), and triethylamine (0.5 mL) were
dissolved in dried DMSO (10mL), added to a one-neck flask, and stirred
overnight at 30 °C in a dark place. It was then filtered to remove the
produced dicyclohexylurea and added dropwise to a mixture of 100mL
of cold acetone and anhydrous diethyl ether (1:2). The precipitated
yellow product was separated and washed several times with
anhydrous diethyl ether and then freeze-dried.

The resulting NHS-ester of folic acid (100mg, 0.185mmol) was
dissolved in DMSO. A dispersion of N3-SPION-sPEG (0.89mg,
0.062mmol) in 5mL DMSO was added to the solution of NHS-ester of
folic acid in a foil-covered round-bottom flask, and the reaction was
continued overnight at 25 °C. Afterward, the precipitate was separated
using an external magnetic field and washed in triplicate with DMSO
and DCM to remove the remaining excess amount of folic acid and
regents. N3-SPION-sPEG-FA NPs were then sonicated three times in
deionized water, acetone, and ethanol, respectively, and magnetically
separated and vacuum-dried at 25 °C for 24 h.

2.1.4.3. Conjugating the hydrophobic side (DOX-PCL-yne) on N3-SPION-
sPEG-FA. DOX-PCL-yne was conjugated to N3-SPION-sPEG-FA via
alkyne-azide cycloaddition (CuAAC) click reaction catalyzed by CuBr/
PMDETA. N3-SPION-sPEG-FA (0.93 mg, 50 μmol azido groups) was
dispersed in 30mL DMSO containing DOX-PCL-yne (173mg, 50 μmol)
and PMDETA (11 μL, 50 μmol). The mixture was rigorously degassed to
remove oxygen from the medium. CuBr (7.17mg, 50 μmol) was
introduced into the mixture, the reaction flask was sealed, and the
reaction continued for 72 h at 25 °C. After the completion of the
reaction, DOX-PCL-SPION-sPEG-FA NPs were collected using an
external magnetic field and washed several times with DMSO and
MeOH.

2.2. Preparing Janus, monolayer, and FA-free Janus nanoparticles

Five types of NPs were prepared in this study: drug-conjugated
Janus NP (DOX-PCL-SPION-sPEG-FA), Janus NP (PCL-SPION-sPEG),
two simple monolayer NPs, i.e. SPION-sPEG-FA (M1) and DOX-PCL-
SPION (M2) which consist of a layer of folic acid-conjugated sPEG and
DOX-conjugated PCL, respectively, and FA-free Janus NPs (DOX-PCL-
SPION-sPEG). The synthesis process of Janus NP (PCL-SPION-sPEG)
was most similar to the described preparation methods used to produce
the drug-conjugated Janus NP (DOX-PCL-SPION-sPEG-FA). The mag-
netic core was synthesized, waxed through the Pickering emulsion
method, half-coated by MPTES, and then dewaxed using the solvent
exactly as described. N3-APTES was then anchored on the free side of
the core particle. Then, Acl-sPEG was conjugated to the core via thiol-
ene click reaction. For Janus NP, HO-PCL-yne was utilized as the hy-
drophobic side and sPEG was not modified with folic acid molecules
(Fig. S1). Simple Janus NPs were prepared to investigate the surfactant
properties of NP’s platform and in-vitro toxicity evaluation.

To prepare M1 (SPION-sPEG-FA), SPIONs were modified with
MPTES and then Acl-sPEG was conjugated on the NPs. Folic acid was
then grafted to sPEG as described in previous sections (Fig. S2). For M2
(DOX-PCL-SPION) preparation, SPIONs was modified with N3-APTES
and DOX-PCL-yne was grafted to the particle via azid-yne click reaction
as explained in previous sections (Fig. S3). These particles were used in
in-vitro toxicity evaluation and TGA analysis.

FA-free Janus NPs were prepared from conjugating DOX-PCL-yne on
N3-SPION- sPEG without attaching folic acid to N3-SPION- sPEG. These
particles were used in in-vitro cell uptake evaluation to determine the
role of FA in NPs active targeting.

2.3. In vitro tests

2.3.1. In vitro release studies of Janus NP
In order to detect the drug release behavior of drug-conjugated

Janus NPs at different pH values, 1 mg of NP was dispersed in 10mL of
freshly made phosphate buffer solutions at three pH values (4, 6.2, and
7.4). The mixture was let to stir at 200 rpm and 37 °C. At distinct in-
tervals, the NPs were separated from the media using an external
magnetic field and the media was replaced by the proper solution. The
DOX content of the samples taken from the experiment was measured
by UV–Vis spectroscopy at 495 nm, according to the calibration curve
of DOX in the same pure solution of each pH values.

2.3.2. Cytotoxicity evaluation
The rat C6 glioma cell line was obtained from the National Cell Bank

of Iran (NCBI), Pasteur Institute, Tehran, Iran. Cells were cultured in
90% Dubelco’s modified essential medium (DMEM)/10% fetal bovine
serum (FBS; Gibco, USA), 100 U/mL of penicillin, and 100 g/mL of
streptomycin in a humidified incubator, at 37 °C and 5% CO2.

The toxicity of DOX, drug-conjugated Janus NP, Janus NP, (M1),
and (M2) NPs on Rat C6 glioma cell line was evaluated through 3-(4,5-
Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium-bromide (MTT) assay.
Briefly, 1×104 rat C6/well were seeded in 96-well plates and in-
cubated overnight. The concentrations of 50, 100, 200, 500, and
1000 μg of each NP were dispersed in 100 μL of DMEM supplemented
with 10% FBS and added to 6 wells containing the seeded cells. In the
following 24 h, the medium was removed and replaced with 100 μL of a
0.5 mg/mL MTT solution (Sigma, USA). After 4 h, purple formazan
crystals were dissolved in 100 μL of isopropanol (Merck, Germany) by
incubation at 37 °C for 15min. The absorbance of each well was mea-
sured by a multi-well microplate reader (Statfax 2100, USA) at 545 nm
and normalized to the control measurement. Prior to in vitro NP eva-
luations, optimum pH value and time in which rat C6 cells remained
alive in the acidic medium was determined. These MTT assays were
performed as explained in this section. Time variance was between 6
and 48 h for the pH values of 5.8, 6, 6.2, 6.8, and 7.4.

2.3.3. Cell uptake study
For qualitative cell uptake study, C6 glioma cells were seeded on

sterile 18mm round glass coverslips at a concentration of 1× 104 cells/
coverslip and incubated overnight. Seeded cells were then incubated
with the dispersion of 100 μg drug-conjugated NPs and FA-free Janus
NPs in 0.5mL of 90% DMEM/10% FBS medium for 1, 3, and 5 h at
37 °C. After determined intervals, cells were washed with PBS and fixed
by paraformaldehyde for 30min. Cells were then stained using propi-
dium iodide (PI) via 15min of incubation, washed three times with
PBS, and observed by confocal laser scanning microscopy Leica TCS SP5
II with excitation wavelength at 488 nm.

For the quantitative study, the fixed cells on 6 coverslips from the
previous phase were incubated with bovine serum albumin (BSA) at
4 °C for 1 h and then washed with PBS several times to take out non-
internalized NPs. The supernatant was removed and the cells were lysed
using 0.5mL of 90% DMSO/10% PBS overnight at 25 °C. The lysate
mixture was collected and NP concentration was measured by UV–Vis
spectroscopy at 495 nm, according to the calibration curve of DOX in
the NP-free lysate mixture. Cell uptake efficiency is reported as the
percentage of internalized NPs.

3. Results and discussion

We prepared Janus SPIONs decorated with FA and DOX in order to
target cancerous cells and deliver chemotherapy drugs. The main focus
of this work was on producing a particle with the potential to pass the
BBB due to its surfactant properties. The work was divided into two
parts, the synthesis, and characterization of the Janus NPs and the in
vitro evaluation of these particles.
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Superparamagnetic iron oxide NPs were prepared via the co-pre-
cipitation method which is a simple, easy, and cost-effective method for
magnetic NP preparation (Scheme 1).

Black precipitated SPIONs were collected with the external mag-
netic field and their surface nature was characterized by FT-IR analysis
(Fig. 1a). The broad peak at 3200 cm−1 is attributed to the stretching
vibration of Fe-OH functional groups on the surface of the magnetic NP
and the peak at 588 cm−1 indicates the Fe–O bonds of SPIONs.

Janus NPs were prepared through a Pickering emulsion. A large
amount of Janus NPs can be prepared through this easy, fast, and in-
expensive technique. Since the melting point of paraffin wax granules is
about 62 °C, gradually adding wax granules into a mixture of dispersed
SPION NPs in water with a higher temperature would melt the wax.
Hydrophilic SPION NPs would act as an emulsifier that settles in the
interface of two liquid phases. Melted wax is shredded into small par-
ticles through vigorous stirring and is coated by the SPION NP. This
would stabilize wax emulsion in the water medium. Therefore, when
the mixture is suddenly cooled down, the light brownish solid particles
of SPION-coated wax called colloidosomes 28 would float on the sur-
face of water due to wax density (Fig. 2).

These colloidosomes express a magnetic behavior and are absorbed
into a magnetic field because of magnetite NPs trapped as a layer on the
surface of waxed NPs. The wettability of SPION NPs plays a key role in
this technique. Drying SPION NPs before this stage can affect wett-
ability and may result in failure. Trapping the SPION NPs on the surface
of wax particles would mask one side of these NPs. The free unshielded
side of the particles can be chemically modified with proper agents and

groups to form half-coated particles.
The free side of trapped SPIONs was decorated with (3-mercapto-

propyl) trimethoxysilane (MPTES). The FT-IR spectra of MPTES-mod-
ified SPIONs (Fig. 1b) show the new peaks added to the characteristic

Scheme 1. Schematic presentation of drug-conjugated Janus NP synthesis steps: a) core preparation and conjugation of the hydrophilic and hydrophobic side, b)
preparation of N3-APTES, c) Acl-sPEG synthesis, d) activation of folic acid and e) the hydrophobic side preparation. Schematic wave bond indicates that the
conjugating functional group is connected to the last hydroxyl group of PCL chain.

Fig. 1. The FT-IR spectrum of a) bare SPION and b) SPION-SH.
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peaks of bare NPs. Peaks at 1032 and 1115 cm−1 are attributed to Si-O
stretching, and the peak at 3127 cm−1 is related to the carbon-hy-
drogen bonds absorption (CH2) of MPTES.

The attached silane group moles were theoretically estimated from
simple calculations (McCarthy et al., 2012) listed in Table 1. SPION
radius was considered to be around 15 nm. As the Janus NPs are half-
modified by silane groups, the moles of silane per sample were divided
by 2 to measure the moles of silane per 1 g of Janus NP, which equals
0.3437.

SPION-SH particles were then washed off the wax and the other
bare side of the particles was modified with azidated triethoxysilane.
Azidated triethoxysilane (N3-APTES) itself was prepared from the re-
action of azidated epichlorohydrin (1-chloro-2-hydroxy-3-azidopro-
pane) (AZ-ECH) and (3-aminopropyl) triethoxysilane (APTES).
Azidated epichlorohydrin was prepared from epichlorohydrin and so-
dium azide in the presence of a phase-transfer catalyst. The FT-IR
spectrum of AZ-ECH is depicted in Fig. 3a. The strong absorption at
2087 cm−1 attributed to the azide group and a characteristic peak at
1267 cm−1 is related to the CH2-Cl bond. AZ-ECH was then reacted
with APTES to form N3-APTES.

FT-IR spectrum of azidated APTES (Fig. 3b) compared to AZ-ECH
spectrum that shows the appearance of the 1031 cm−1 and 1116 cm−1

peak related to the SieOeH and SieOeSi bonds, as well as, remaining
of the strong peak at 2096 cm−1 related to the azide group confirms the
attachment of AZ-ECH to APTES.

SPION-SH was modified with N3-APTES to form N3-SPION-SH.
After producing the Janus core particle (N3-SPION-SH), hydrophilic and
hydrophobic sides were prepared. The hydrophilic side (FA-sPEG) was
synthesized in multiple steps. First, sPEG was obtained from the hy-
drolysis reaction of polysorbate Tween 20 in refluxing alkaline THF.
The hydrolysis reaction was confirmed by FT-IR spectrum (Fig. 3c). A
distinct stretching peak related to the carbonyl group of lauric acid at
1730 cm−1 disappears, meaning that this group is successfully sepa-
rated through hydrolysis. sPEG has 4 hydroxyl terminal groups only one

of which was acrylated in the next step. FT-IR spectrum (Fig. 3d) de-
monstrates the characteristic peaks of sPEG as well as two new peaks at
1633 and 1724 cm−1, which respectively indicate C=C and carboxylic
acid C]O stretching vibration in Acl-sPEG. The intensity of the hy-
droxyl stretching vibration peak around 3000–3500 cm−1 was reduced
due to the acrylation of the hydroxyl group.

Acl-PEG was then conjugated to MNP core via thiol-ene click reac-
tion between terminal thiol groups on N3-SPION-SH and Acl-PEG to
form N3-SPION-sPEG. This was characterized by Fourier-transform in-
frared spectroscopy (Fig. 3e). By comparing this spectrum with bare
and silanized MNPs, sPEG-modified particles exhibit new peaks at

Fig. 2. Waxed SPION colloidosomes a) float on the surface of the water, b)
attracted to the external magnetic field, and c) precipitated in ethanol.

Table 1
Theoretically estimation of the silane groups’ moles for 1 g Janus nanoparticle, the mass of drug-conjugated Janus NPs produced from 1 g NP, and Dox per gram of
drug-conjugated JNPs.

Definition Value Equation Amount

Volume per nanoparticle VNP (4/3 πr3) 1.41× 104 nm3

Surface area per nanoparticle SNP (4πr2) 2.82× 103 nm2

Density d – 8.4× 10−25 g/nm3

Mass per nanoparticle MNP VNP× d 1.19× 10−20 g
Surface area per silane* Ssilane – 0.4 nm2

Number of silanes per nanoparticle* #SiNP (SNP/SSilane)× 0.7 4.93× 103

Number of nanoparticles per gram #NPSample MSample/MNP 8.4× 1019

Number of silanes per gram #SiSample #NPSample ×#SiNP 4.14× 1023

Moles of silane per gram NSi/Sample #SiSample/NA 0.6874
Moles of silane per gram of Janus nanoparticle NSi/Janus Sample NSi/Sample/2 0.3437
Mass of drug-conjugated JNPs produced from 1 g nanoparticle Mdrug-conjugated JNP ∑(Mreagents ×NSi/Janus Sample) 2065 g

* Values have been obtained from the literature (McCarthy et al., 2012).

Fig. 3. FT-IR spectra of a) AZ-ECH, b) N3-APTES, c) sPEG, d) acrylated sPEG,
and e) N3-SPION-sPEG.
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1601, 1093 and 2923 cm−1, attributed to C]O steric, CeO etheric, and
CeH bond stretching, respectively, and the wide peak around
3100–3400 cm−1 indicates O–H bond stretch from conjugated sPEG.
1035 and 1117 cm−1 peak are related to the Si-O–H and Si-O-Si bonds.
Strong absorption at 2102 cm−1 is attributed to the azide group that
remained unchanged in this spectrum. The strong peak at 1601 cm−1

can be related to secondary N–H bend. This can be considered as an
evidence for sPEG conjugation on the surface of NPs via click reaction.

Folic acid was then conjugated to previously prepared N3-SPION-
sPEG via carbodiimide coupling chemistry. The carboxyl group of FA

was first activated with DCC and NHS and then attached to terminal
hydroxyl groups of PEG in N3-SPION-sPEG. The characteristic UV ab-
sorbance of folic acid at 285 and 363 nm was used to verify their at-
tachment to particles. As illustrated in Fig. 4, these two characteristic
peaks were also observable for high molecular weight SPION-FA.

The UV spectra of folic acid, Doxorubicin, bare SPION, N3-SPION-
sPEG, N3-SPION-sPEG-FA, and DOX-PCL-SPION-sPEG-FA were shown
in Fig. 4.

The prepared N3-SPION-sPEG-FA was then heterogeneously mod-
ified with the hydrophobic DOX-PCL-yne polymer. Hydrophobic side
synthesis began with the propargyl alcohol-initiated ring-opening
polymerization of ɛ-caprolactone. Proton nuclear magnetic resonance
(1H NMR) was employed to investigate the chemical composition of
HO-PCL-yne (Fig. 5-1).

The methylenic protons of the PCL chains in CDCl3 as a solvent were
observed as multiplets at δ=4.05 (b), δ=1.55 (c, e), δ=1.30 (d) and
δ=2.3 (f) ppm. The shifts at δ=3.37 (h) and δ=4.6 ppm (g) indicate
terminal acetylene proton and two methylene protons in propargyl end
group. The molecular weight was then calculated from the area ratio of
acetylene (h) and methyl-related peaks. The molecular weight of PCL
was calculated to be about 3500 g/mol.

Ethylenediamine was utilized as a proper crosslinker to conjugate
DOX to HO-PCL-yne. The hydroxyl end group of PCL was first activated
by tosyl chloride and then reacted with the free amine group of tert-
butyloxycarbonyl (Boc)-protected ethylene diamine to make Boc-NH2-
PCL-yne (Scheme 1e). After BOC deprotection, the modified amine end
group was reacted with the activated carbonyl group of DOX to form
DOX-PCL-yne as the hydrophobic complex. The prepared OTs-PCL-yne,
NH2-PCL-yne, and DOX-PCL-yne were characterized by 1H NMR (Fig. 5-
2, 5-3 and 5-4). In addition to the signals related to HO-PCL-yne, new
peaks appeared specifically for each compound. Two significant
doublet δ=7.8 (i) and δ=7.2 (j) are related to tosyl groups in OTs-
PCL-yne which are added to the HO-PCL-yne spectrum and omitted in
the next spectrum related to NH2-PCL-yne. Instead of these two omitted

Fig. 4. UV absorption of folic acid, Doxorubicin, bare SPION, N3-SPION-sPEG,
N3-SPION-sPEG-FA, and DOX-PCL-SPION-sPEG-FA.

Fig. 5. 1H NMR spectrum of 1) HO-PCL-yne, 2) OTs-PCL-yne, 3) NH2-PCL-yne and 4) DOX-PCL-yne.
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peaks, two multiplets have appeared at δ=3.3 and δ=3.4 (k) in-
dicates the methylenic protons adjacent to the amine groups of attached
ethylenediamine.

In the 1H NMR spectrum of DOX-PCL-yne, compared to previous
spectra, multiple new signals are obvious at δ=7.72 (L), δ=7.55 (m),
δ=2.2 (n), δ=0.9 (p) which are indicators for DOX attachment. DOX-
PCL-yne was then conjugated to N3-SPION-sPEG-FA via alkyne-azide
cycloaddition (CuAAC) click reaction, catalyzed by CuBr-PMDETA. The
conjugation of DOX-PCL-yne to N3-SPION-sPEG-FA was examined using
UV–Vis spectroscopy (Fig. 4). FA and DOX had characteristic UV ab-
sorption at around 280 nm 495 nm, respectively.

The size distribution of drug-conjugated Janus NP and Janus NP in
aqueous solution was measured by DLS (Fig. 6a). The mean size of
Janus NP and the drug-conjugated Janus NP equals 68.9 and 90.4 nm,
respectively. The size of NPs plays a key role in drug delivery. NPs must
be small enough to penetrate through barriers and tumor tissue but
large enough to have a proper retention effect (Patel and Patel, 2017).

The presence of an external magnetic field can magnetize super-
paramagnetic iron oxide NPs. These particles lose their magnetization
by the removal of the external magnetic field. This superparamagnetism
phenomenon can be used for magnetic hyperthermia and targeted drug
delivery. The magnetization variations of prepared drug-conjugated
Janus NPs and bare SPIONs are presented in Fig. 6b. The saturation
magnetization value of drug-conjugated Janus NP is about 30 emu/g at
25 °C, compared to the saturation magnetization value of bare SPION
that is about 55 emu/g at 25 °C. On the other hand, the magnetic
properties of NPs would facilitate product purification and separation
through the synthetic process. Comparing bare and Janus NPs, the sa-
turation magnetization value has decreased in coated Janus NPs. This is
due to the grafted polymer shell on the surface of NPs that affects the
magnetization properties. It has been reported that sPEG-coated SPIONs
have higher saturated magnetization values compared with linear PEG-
coated SPIONs (Khoee et al., 2017b).

The TEM images of Janus NPs (Fig. 7) indicate particles with two
different sides. In Fig. 7a, SPIONs which have been half-coated with the
sPEG polymer are attached together due to their magnetic attraction.
The sPEG coating is recognizable beneath dark SPION cores. As ob-
viously shown in Fig. 7b, Janus NP consists of two separated sides that
make them “Janus”. The bushy bright side is an sPEG polymer and the
darker coat on the other side is PCL.

The weight percent of coated polymers on the surface of NPs can be
measured using a thermogravimetric analyzer (Fig. 8). Comparing the
TGA results of drug-conjugated Janus NP with M1 and M2, two main
mass losses at about 275 and 355 °C are related to sPEG and PCL, re-
spectively. According to TGA curves, the average weight percent of
grafted polymers equals 17W% for the hydrophilic part and 18W% for

Fig. 6. a) Size distribution of drug-conjugated Janus NP, b) magnetization
properties of bare SPIONs and drug-conjugated Janus NP.

Fig. 7. Transmission electron microscopy picture of a) half-coated SPION particles with a bright coating of sPEG on the back sides b) Janus nanoparticle (PCL-SPION-
sPEG) with two distinctly different sides.
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the hydrophobic part.
In making Janus NPs through the Pickering emulsion technique, the

coating ratio of polymers on two sides is highly related to how deep
particles penetrate inside the wax balls. The more they move inside the
liquid wax before wax congelation, the less they can be modified in the

first step of polymer coating (sPEG in this work) and the more the
second coating polymer (PCL in this work) would be conjugated on the
other side of the NP after washing off the wax.

As an amphiphilic Janus NP, PCL-SPION-PEG is desired to have
distinct surfactant properties. As illustrated in Fig. 9, a simple visual
test was performed to investigate if these NPs can act as a surfactant to
make a stabilized oil-in-water emulsion or not.

NPs were well dispersed in both organic (CH2Cl2 dyed with Para
red) and aqueous (water) phases (Fig. 9b, d). In aqueous solutions, NPs
may aggregate such that the hydrophobic sides of NPs would face each
other and the hydrophilic sides would face the outer aqueous medium.
The inverse mechanism may happen in the organic phase. NPs can
aggregate to form a structure that has a hydrophobic outer layer to
contact the organic medium. This can be the reason for Janus NPs’ well
dispersion in both organic and aqueous media. When the organic and
aqueous phases are mixed, NPs may place in the interface of these two
phases and stabilize the emulsion. The formation of an opaque oil-in-

Fig. 8. TGA analysis results at 10 °Cmin−1 for drug-conjugated Janus NPs, M1, and M2.

Fig. 9. Surfactant behavior of Janus nanoparticle. a) water, b) dispersed na-
noparticles in water, c) dyed CH2Cl2 as the oil phase, d) dispersed nano-
particles in the oil phase, e) oil and water phase mixture, f) nanoparticles dis-
persed in oil/water mixture, act as a surfactant and made oil in water emulsion.

Fig. 10. Drug release rate from Janus nanoparticles at different pH values of 4,
6.2 and 7.4.
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water emulsion (Fig. 9f) in the presence of Janus NPs is a simple proof
for the surfactant properties of these particles.

As the drug release strategy of designed NPs is based on pH-sensi-
tivity, cell toxicity was determined at different pH values and times.
According to these data, the optimum pH value and time, i.e. the
minimum pH value in maximum time at which the viability of the cells
were more than 50%, are pH=6.2 and 24 h, respectively. Cell viability
in this condition is 53.74%.

In order to determine the maximum amount of conjugated drug
molecules on the surface of the NPs, precise amount of drug-conjugated
Janus NPs was first washed with a basic solution to wash out non
conjugated drugs from the NPs and then dispersed them in defined
amount of acidic media (pH=4). The drug release was measured by
UV–Vis spectroscopy at 495 nm, according to the calibration curve of
DOX in the same acidic solution. Cumulative release of DOX under
acidic condition increases sharply at the first 20 h of experiment be-
cause of the vast imine bond breakage that releases DOX from NPs. At
pH 4, approximately 87.5%, 89.9%, and 94.5% of doxorubicin were
released within 24, 50, and 256 h, respectively. The total amount of
DOX was released from NPs in 28 days (672 h).

The release study was conducted at two pH values of 6.2 and 7.4 to
simulate cancerous and normal cell conditions, respectively (Fig. 10).
To measure the drug release in these pH values, drug-conjugated Janus
NPs were first washed using basic solution to wash out not conjugated
drug molecules which may be loaded between polymer chains or have
attached to the conjugated DOX molecules through π-π stacking

interactions, to obtain more actual results which represents the accu-
rate amount of conjugated drug molecules.

Under slightly acidic conditions (pH=6.2), cumulative release of
DOX gradually increases within the first 50 h, followed by a steady rate
of increase for the rest of the experiment (Fig. 10). At this pH, ap-
proximately 25%, 32%, and 42% of doxorubicin were released within
24, 50, and 256 h, respectively. Consuming the steady rate of increase,
according to the graph equation, drug release would reach 100% in
about 1614 h. In contrast to acidic pH, at pH 7.4, only 1%, 2.3%, and
9.5% of doxorubicin were released within 24, 50, and 256 h, respec-
tively.

Comparing the cumulative release of DOX in different media shows
that drug release is higher at pH=6.2 at the same time due to the
imine bond breakage that occurs under acidic conditions. This indicates
that the prepared drug-conjugated Janus NPs are stimuli-sensitive and
can be used as a targeting drug delivery system releasing its conjugated
drug molecules in the acidic condition of tumors compared to the
normal stimuli of blood fluid and normal cells (pH=7.4).

The cytotoxicity quantification of DOX, drug-conjugated Janus NP,
Janus NPs, SPION-sPEG-FA (M1), and DOX-PCL-SPION (M2) NPs in-
dicated significant differences in samples’ toxicity (Fig. 11, Fig. S4).
MTT assay was performed at pH values of 6.2 and 7.4 and various NP
concentrations (50, 100, 200, and 1000 µg) for all samples. In the case
of drug-conjugated Janus NP and M2, the difference between cell vi-
abilities in two pH values is more distinct due to more drug molecule
release at pH=6.2 because of imine bond breakage, as investigated in
the release test. The M1 NP can be considered as nontoxic in these
conditions because of its surface modification. M2 toxicity is much
higher than drug-conjugated Janus NP due to full DOX-PCL modifica-
tion all over the NPs, making the DOX concentration twice that of Janus
NP.

IC50 is calculated for drug conjugated Janus NPs, Janus NPS, M1,
and M2 on the basis of their cell viability data (Table.2).

Cell uptake of drug-conjugated Janus NPs was studied via confocal
microscopy. Cells were incubated with FA-free and FA-conjugated

Fig. 11. Cytotoxicity evaluation of drug-conjugated Janus NPs (DOX-PCL-SPION-sPEG-FA), Janus NPs (PCL-SPION-sPEG), SPION-sPEG-FA (M1), and DOX-PCL-
SPION (M2) on rat C6 glioma cell-line at pH=7. 4 and pH=6.2.

Table 2
IC50 calculation for drug conjugated Janus NPs, Janus NPS, M1, and M2.

Samples pH=6.2 pH=7.4

Drug Conjugated Janus NPs (µg) 147.83 279.5
Janus NPS (µg) 1679.48 1773.51
M1 (µg) 9952.1 12560
M2 (µg) 69.74 112.411
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Janus NPs (Fig. 12A and B, respectively) at 37 °C for 1, 3, and 5 h and
stained by PI to label the cells’ nucleic acid. Conjugating folic acid (FA)
on PEG can improve the tumor accumulation of nanoparticles (NPs) and
intracellular delivery (Hayashi et al., 2013; Oyewumi and Mumper,
2003). In vitro tests were carried out in Rat C6 glioma cells since they
are known to express folate receptors (Saul et al., 2003). As compared
in Fig. 12, the folate-mediated cell uptake of drug-conjugated Janus NPs
(Fig. 12.B) is significantly higher than time-dependent cell uptake of
FA-free drug-conjugated Janus NPs (Fig. 12A). Nanoparticles were
observed as green dots in confocal images, which are dispersed outside
the cells after 1 h incubation. After 3 h, most of NPs have aggregated
around the cells’ membrane and some has penetrated into the cells.
Punctate pattern of NPs internalization indicates the vesicular

endocytosis uptake. Incubating the cells for 5 h resulted in successful
cell penetration. Most of the NPs have been uptaken by cells as green
fluorescent punctate packages inside the cells (Fig. 12B). Apoptosis
pattern of a cell is also observable at only 5 h of cell incubation. After
incubating FA-free Janus NPs with C6 cells for 5 h, NPs accumulated on
the surface of the cells and only a little percentage of NPs have entered
the cells via passive targeting, compared to the cell uptake of drug-
conjugated Janus NPs after 5 h in which most of the NPs have been
uptaken by cells as green fluorescent punctate packages inside the cells.

A quantitative study was carried out to determine the amount of
internalized NPs per cell for 6 coverslips. NPs that remained in the
medium or attached on the cell membrane was washed off using BSA
and the cells were lysed. DOX concentration of the lysate was measured
and the NP concentration was calculated using data from Table.1. The
concentration of internalized NPs and cell uptake efficiency are not
measurable for 1 h incubation because of extremely small amounts of
penetrated NPs and detecting limits. The concentration of internalized
NPs is much higher in the case of 5 h incubation, which is about 6 times
higher compared to the NP concentration in 3 h incubation that mat-
ches the microscopy visual data (Fig. 13). Cell uptake efficiency is
measured as the percentage of internalized NPs. Cell uptake efficiency
was 0.24 and 1.32% for 3 and 5 h of incubation, respectively.

4. Conclusion

Drug-conjugated Janus NPs were prepared on the basis of an am-
phiphilic Janus NP platform as a potent targeting drug delivery system
that can be employed as both stimuli-responsive targeting agent and a
magnetic targeting agent. Prepared Janus NPs were decorated with
DOX and FA as chemotherapeutic drug and a targeting agent models,
respectively. NPs were physicochemically evaluated. Conjugating DOX
molecules to the particle may increase drug blood circulation time and,
due to the covalent bond between drug and vehicle, fewer drug mole-
cules would release in undesired tissues. The imine bond that grafted
the drug to the surface of coating polymer can be hydrolyzed in the
acidic condition of tumors and releases the conjugated molecule. In
vitro tests proved the pH-dependency of drug release for drug-

Fig. 12. Confocal microscopic study of time-dependent cell uptake of FA-free drug-conjugated Janus NPs (A) and folate mediated cell uptake of drug-conjugated
Janus NPs (B) at the indicated time. Rat C6 glioma cells were stained with PI. The intracellular locations of NPs are observed as green dots.

Fig. 13. Quantitative cell uptake study of drug-conjugated Janus NPs. The
concentrations of internalized NPs are reported as picogram per cell. N= 6.
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conjugated Janus NPs. These drug-conjugated Janus NPs were de-
termined to be vital for rat C6 glioma cell line. The MTT assay was
performed in normal and acidic conditions to examine the effects of pH
variation on cell viability in the presence of the NPs. It was investigated
that drug-conjugated Janus NP is more vital in acidic condition.
Quantitative in vitro cell uptake study revealed that after 5 h, NPs have
accumulated in the cells in a considerable concentration. Laser confocal
microscopy approved the quantitative results and showed internaliza-
tion pattern of Janus NPs. All these characterizations revealed that
prepared Janus NP can be used as a reliable drug delivery platform
which can be decorated with different types of therapeutic, targeting,
and/or diagnostic molecules with different characteristics to offer an
effective multifunctional nanomedicine for patients suffering from
cancer.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.ijpharm.2019.01.020.
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