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ABSTRACT

Herein, we report a strategic design of dual temperature and pH responsive polymer
integrated magnetic nanohybrids comprising of smart block copolymer and mixed ferrite
nanoparticles (MFNPs) for efficient anti-cancer drug delivery and magnetic resonance
imaging (MRI). Citrate stabilized mixed ferrite nanoparticles (CA-MFNPs) were intelligently
modified with the dual responsive Polyethyleneimine (PEI) cross-linked Pluronic F127
copolymer via EDC/NHS method. In order to accomplish cancer targeting and imaging

capability, both the folic acid (FA) and rhodamine isothiocyanate (RITC) were tethered to the
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nanoparticles via intricate chemical approaches. These FA targeted nanohybrids were further
entrapped with doxorubicin (DOX) and investigated their release pattern. These DOX loaded
FA targeted nanoparticles (DOX-FA-Poly-MFNPs) demonstrated high drug payload and
encapsulation efficiency i.e. 4.6% and 92.0%, respectively. It is shown that at the lower pH/
higher temperature i.e. acidic pH (5.0) and at body temperature (37°C), the DOX-FA-Poly-
MFNPs exhibited enhanced release of DOX (drug release value ~ 53%) while retaining their
stealthy structure at physiological conditions, (drug release value ~ 12%) exhibiting an
apparent thermo/pH controlled drug release pattern. The folic acid receptor (FAR) specific
endocytosis to cancer cells (human cervix adenocarcinoma i.e. HeLa) in comparison to
normal immortalized keratinocytes (HaCaT) cells were demonstrated via fluorescence
microscopy and magnetic resonance imaging (MRI). Furthermore, these DOX-FA-Poly-
MFNPs displayed effective therapeutic activity evaluated by cytotoxicity assay and cell cycle
analysis in HeLa cells. Therefore, this dual responsive mixed ferrite nanoparticles may serve

as a promising theranostic agent for in-vivo cancer therapy.

KEYWORDS: Mixed ferrite nanoparticles, Smart block copolymers, Doxorubicin, Drug

delivery, Magnetic resonance imaging.

1. INTRODUCTION

Since the last decade, cancer research has envisioned that malignant cells exhibit an
enhanced temperature and acidic microenvironment due to their rapid growth, providing a
handle for pathological cells treatment with controlled drug release property. This concept
has stimulated researchers towards the development of thermo, pH and dual stimuli-

responsive polymeric nanomaterials (micelles, vesicles, gels) for cancer treatment ' . Among
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them, dual pH and thermo responsive nanocarriers have been striving forward as next
generation therapeutic nanomedicines because they can intelligently trigger their release in
stimuli responsive manner with minimal toxicity, improved therapeutic efficacy and reduced
dosage to healthy cells *°. Inorganic nanoparticles such as silica™® and magnetic
nanoparticles (MNPs) in forms of iron oxide as well as metal doped mixed ferrite
nanoparticles integrated with dual responsive polymeric functionalities have gained emerging
attention for a myriad of biomedical applications in simultaneous diagnosis and therapy °'°.
Of late, there is a stride of developing intelligent theranostic systems using stimuli responsive
polymers as delivery carriers and MNPs as MR imaging agents which can offer an improved
target-guided delivery of therapeutics with synergistic package of specific targeting >, MR

based diagnostic imaging '® and stimuli triggered delivery efficacy '’ '%.

In the past decade, pH-responsive polymer embedded MNP nanocarriers have attracted
profound attention as therapeutic carriers since there is a significant discrepancy in pH values

in normal tissues (7.4)"° and the acidic environment of both the extracellular (pH~6.8) and

20-21

endosomal environments (~5.0-5.5) of tumor cells Additionally, temperature-

responsive MNP nanocarriers” (exhibiting lower critical solution temperature ~ LCST) have
also been widely studied because of their inherent capability to generate heat in the presence
of applied magnetic field (AMF) ** which can trigger the release of drugs from the polymeric

carrier in tumor cells. To date, very limited reports are available on dual-responsive polymer

31

modified MNPs harnessing both the pH **** and thermo responsive *>' eminences of the

29-32

synthesized polymer to MNPs . In addition; it is also noteworthy that in most of the

cases, poly (N-isopropylacrylamide) (PNIPAAm) or poly (N-vinylcaprolactam) (PVCL) has

29-32

been used as thermo sensitive polymers . Recently, our lab has also reported a dual
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responsive MNPs as drug delivery carrier utilizing PNIPAAm as the surface activating
polymer’’. Of late, Patra et al. also reported a dual responsive polymer (poly N-
isopropylacrylamide-co poly glutamic acid) coated mixed ferrite nanosystems for drug

delivery applications®>.

Among the block copolymers, triblock copolymer Pluronic, consisting of both hydrophobic
poly (propylene oxide) (PPO) and hydrophilic poly (ethylene oxide) (PEO) blocks, have been
widely acclaimed as thermo responsive delivery nanocarriers for both in vivo and in vitro
drug delivery applications ****?®. Similarly, Polyethylene imine (PEI), a highly acclaimed pH
responsive polymer *°, has already been used in various modifications for drug/gene delivery
applications ***. Recently, Liu et al. has reported Pluronic crosslinked PEI (PF127-PEI)
block copolymer stabilized magnetic nanosystems as a thermoresponsive drug delivery
carrier’’, however, as par our knowledge concerned, no one has embarked on the

development of PF127-PEI tethered MNPs as dual delivery systems.

In addition, along with the concern of delivery of therapeutics, development of enhanced MR
based diagnostic imaging for cancer monitoring is also of prime concern to visualize, tract
and monitor the disease at its earliest stages. MNPs especially Mn doped mixed ferrite
nanoparticles (MFNPs) have drawn attention as ultrasensitive 7, contrast agents to enhance
the sensitivity of non-invasive MRI imaging*'. On the light of this advantage, we envisioned
that this PEI-PF127 polymer tethered MFNPs as a theranostic nanocarriers would be of great
interest, due to its potential advantage in delivering therapeutics in a intelligent manner
distinguishing normal and pathological cells, triggered release of cargos in a stimuli

responsive manner along with enhanced monitoring efficacy.

Page 4 of 40



Page 5 of 40

New Journal of Chemistry

To achieve the target, a strategic design for the fabrication of dual responsive mixed ferrite
nanohybrids is proposed and followed by further integration/encapsulation with targeting
agent (FA), fluorescence imaging dye i.e. rhodamine B isothiocyante (RITC) and
doxorubicin (DOX) as the anticancer drug. In particular, dual responsive polymer i.e. PEI-
PF127 was synthesized using simple conjugation approach and latter tethered to citrate
stabilized mixed ferrite MFNPs (CA-MFNPs). Thereafter, FA and RITC was conjugated to
aminated PEI-PF127-MFNPs (Poly-MFNPs) to endow the carrier with cancer targeting and
optical imaging ability. Finally, therapeutic agent, DOX molecules has been encapsulated
inside the hydrophobic cores of the nanocarriers to construct the targeted nanomedicine.
Since most tumor sites usually exhibit a more acidic environment or a higher
temperature, the dual pH and thermo-responsive releasing efficacy of the DOX entrapped
nanoparticles can be triggered enhanced drug release at a tumor region than a normal one.
The resulting nanocomposites have several advantages such as high drug entrapment
efficiency, enhanced FAR targeting and stimuli triggered cargo release ability to acidic
cancer cells along with the MR assisted intracellular tracking ability. As far our knowledge
concerned, this is the first attempt of a dual responsive polymer modified targeted
nanomedicine (DOX-FA-Poly-MFNPs) with cancer targeting, stimuli responsive drug
delivery and enhanced MR imaging ability.

2. RESULTS AND DISCUSSIONS

2.1 Synthesis and Characterization of dual responsive theranostic mixed ferrite
nanoparticles:

The goal of this work was to design and develop a dual pH and temperature responsive
polymer modified targeted nanomedicine (DOX-FA-Poly-MFNPs) for the targeted delivery

of the anticancer drug doxorubicin (DOX) in a stimuli triggered fashion and to achieve
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enhanced MR imaging. The step wise illustration involved in the fabrication of this magnetic

nanomedicine has been shown in Scheme 1.
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Scheme 1: Schematic illustration of fabrication of dual pH and temperature responsive Poly-MFNPs
and their subsequent conjugation with folic acid, RITC and DOX to fabricate a multifunctional

nanomedicine.

To fabricate dual responsive mixed ferrite particles described as PEI-PF127-MFNPs or Poly-
MFNPs (1), monodispersed mixed ferrite nanoparticles (MFNPs) were synthesized by
aqueous co-precipitation approach in presence of trisodium citrate. For the synthesis of dual

responsive copolymer, Pluronic F127 (PF127) has been chosen as the thermo responsive
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polymer because of its lower LCST facilitating the self assembly formation around body
temperature due to the temperature responsive hydration/dehydration phenomena®’.
Polyethyleneimine (PEI) was chosen because of its manifold role of pH responsive nature
due to its well known proton sponge effect and also its functional amine donating efficacy **.
Amine functionalities of the dual responsive PEI-PF127 copolymer were covalently tethered
to the citrate stabilized mixed ferrite MFNPs (CA-MFNPs) using EDC/NHS chemistry“.
Furthermore, the cancer targeting property was introduced in these Poly-MFNPs through
folic acid (FA) tethering via EDC/NHS approach44. Both of the FA targeted (FA-Poly-
MFNPs) and non targeted (Poly-MFNPs) were also labelled with RITC by covalent linking45
utilizing some of the residual surface amine groups imparting RITC-Poly-MFNPs and RITC-
FA-Poly-MFNPs respectively.

The high resolution X-ray diffraction pattern of CA-MFNPs (Figure S1 in Electronic
Supporting Information i.e. ESI) depicted the broadening of peaks with small
crystalline sizes of the nanoparticles, (an average core size of about 4-6 nm) using the
Debye—Scherrer formula for spherical particles. The size distribution and morphology
of these Poly-MFNPs (1) were examined by transmission electron microscopy (TEM)
analysis. Fig. 1(A-B) displayed the TEM images of CA-MFNPs and Poly-MFNPs (1).
Fig. 1(A) demonstrated that before polymeric modification, the size of the CA-MFNPs
were in between 8+2 nm whereas after modification, these Poly-MFNPs showed a size
enhancement as well as presence of a thin polymer layer depicting their successful

modification (~12 nm) [Fig. 1(B)].
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Fig. 1: A) and B) TEM images of CA-MFNPs and Poly-MFNPs.

However, some agglomeration appeared in case of Poly-MFNPs due to their high
magnetization and surface energy, although was comparatively lower respect to CA-
MFNPs. The uniform hydrodynamic sizes (HDs) and surface charges of these Poly-
MFNPs (1) at physiological pH were observed around 80+10 nm (PDI - 0.213) and
14.5mV reflecting good stabilization of these Poly-MFNPs. After FA modification,
the moderate increase in HD of FA-Poly-MFNPs (2) (~91 nm) and decrease in
positive charge (-12.5mV at pH 7.4) demonstrated these FA-Poly-MFNPs were
functionalized with carboxylate groups that endowed enhanced hydrogen bonding
efficacy compared to 1 nanoparticles. [The detailed description of DLS and zeta
potential of these nanoconjugates was included in the ESI in Table S1 and Figure S2
(A)].

The pH responsive nature of our nanoconjugates (Poly-MFNPs and FA-Poly-MFNPs)
was validated by measuring their effective hydrodynamic diameters (HDs) and surface
charge analysis under various pHs at room temperature (RT). (See Figure S2 (A) i.e.
Zeta potential vs. pH and (B) i.e. HD change vs. pH in the ESI). It was observed that

the surface charges and HDs of Poly-MFNPs showed an enhancement from 14.5mV
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to 35.5 mV and 81 nm to 113 nm when pH was decreased from 7.4 to 5. These
phenomena might be due to the extensive protonation of the PEI residues of Poly-
MFNPs due to its proton sponge effect, which resulted in an electrostatic repulsion
between the immobilized -NH, groups of the polymer. Thus, these Poly-MFNPs
inevitably underwent swelling under acidic pH ~ 5, which can eventually accelerate
the disruption of cargos entrapped in the nanohybrids®®. Therefore, the results showed
that these Poly-MFNPs could endow pH responsive property. In order to check
whether the pH responsive nature retained or not, these FA-Poly-MFNPs (2) were also
thoroughly checked with changes in HD vs. pHs and also zeta potential vs. pHs. It was
shown in [Figure S2 (A) and (B)] that at pH ~ 5, these 2 exhibit reasonable HD
changes (105 nm) and high positive charge (+22.5 mV) as compared to their value
from physiological pH (91.5nm and -12.5 mV). It was assumed that at lower pH,
presence of both functional -NH;" and —CO,H groups on FA-Poly-MFNPs counter
balanced the drastic HD change as compared to Poly-MFNPs (113 nm at pH 5),
although displayed the same pH responsive nature. Contrastingly, with increasing pH,
most of their carboxylate groups of 2 exhibit repulsion between the functional —-CO,H
groups, reflected by their enhanced change in HD and surface charge (103 nm and -
19.6 mV at pH 9). This HD change at higher pH was reasonably larger compared to
Poly-MFNPs (91 nm). Therefore, it was clear that both of these nanoparticles showed
almost similar response at lower pH values while at higher pH, the FA-Poly-MFNPs
exhibited considerable discrepancy indicating the presence of —CO,H groups.

Likewise, the thermo responsive nature of our nanohybrids (both Poly-MFNPs and

FA-Poly-MFNPs) was illustrated with the variation of HDs wunder different
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temperatures at physiological pHs (See Figure S2 (C) in ESI). The volume average
HDs of Poly-MFNPs underwent a sharp decrease from 85 to 31 nm with the
increasing temperature 2°C to 45°C. This temperature responsive phenomenon might
be attributed due to the thermally induced self assembly of the PF127 (PEO-PPO-
PEO) segment of the copolymer and was harmonized well with the previously

reported stimuli responsive Pluronic block copolymers 7%

. At relatively low
temperatures, the PF127 chains of Poly-MFNPs were fully extended via interacting
with water molecules, facilitating the entrapment of drug molecules into the vector.
While with increasing temperature above critical micelle concentration (CMC), a
dehydration process of polymer blocks was induced resulting the effective clustering
of PPO blocks 2" ***’_ Thus, at the temperature close to the body temperature (37°C),
the polymer shell of Poly-MFNPs got contracted, forming compact nanostructure,
which would reflect in the decrease of the HDs with increasing temperature. As the
thermoresponsive nature depends on the PF127, it was assumed that after FA
modification, as the polymer PF127 segment remains intact, therefore the FA-Poly-
MFNPs must exhibit the similar pattern of changes with respect to HD wvs.
Temperature.

The successful consecutive modifications of MFNPs using citric acid (CA-MFNPs), PEI-
PF127 as well as FA, were evaluated by FTIR analysis. The FTIR spectra of CA-MFNP,
PEI-PF127-MFNPs i.e. Poly-MFNPs (1), bare FA, and FA-PEI-PF127-MFNPs i.e. FA-Poly-

MFNPs (2) were shown in Fig. 2. (The FT-IR spectra of activated PF127 and PEI-PF127

were given in Figure S3). For CA-MFNPs, the broad band, around 1630 cm™ and a small

10
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peak around 1715 cm™ confirmed the successful modification of the mixed ferrite surface

with carboxylate groups **.

n

PEI-PF127-MFNP (1)

A-PE1-PF127-MFNP (2)

)

A
L

Transmittance (%T
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Fig. 2. FT-IR spectra of CA-MFNPs, PEI-PF127-MFNPs (Poly-MFNPs), FA-PEI-PF127-
MFNPs (FA-Poly-MFNPs) and free Folic acid (FA).

A strong absorption band of M-O bonds was also observed at 590 cm™ in this spectrum,
indicating the successful formation of MFNPs. The spectrum of Poly-MFNPs (1) showed not
only the main characteristic band of M-O but also the characteristic peaks of polymer at 1657
and 1563 cm’ indicating the formation of the amide band. The bands at 1626 cm™ and a
broad band at 3400 cm™' validated the presence of primary amine groups on 1 *. Hence,
these results portrayed that the PEI-PF127 polymer was successfully immobilized onto the
surface of CA-MFNPs. The FTIR spectrum of pure FA was characterized by a number of
characteristic bands according to previously reported literature *°. In the FTIR spectrum of
FA-Poly-MFNPs (2), the peaks at 1654 cm™ (bonded C=0 of —CONH amide band II) and

1564 cm™ (-NH amine band II) appeared with increased absorbance, generated from the

11
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amide bands within the FA structure as well as the amide bonding between FA and amine-
functionalized nanoparticles. Both the absence of a band at 1629 cm™ and the presence of
sharp bands at 1687, 1605 and 1401 cm™ hereby confirmed the successful conjugation of FA
to these Poly-MFNPs. Further, to demonstrate the modification of FA on Poly-MFNPs, the
folate content on 1 and 2 were conveniently compared with a standard FA absorbance,
attributing to folate only. (As shown in Figure S4). It is already known that Pure FA showed
two peaks at 280 and 360 nm due to n—n* and n—n*transitions, respectively. [Given as Figure
S4 (inset Figure) in ESI]. After modification with FA, these two peaks were observed with a
little shift, signifying the successful modification with folic acid.

The formation of the as mentioned surface-modified nanoparticles was further corroborated
by Thermal Gravimetric analysis (TGA) measurements. Step-wise weight loss from the
nanoparticles with increasing temperature (Supporting Information, Figure S5) could be
explained depending on the decomposition of the surface functionalities introduced at
various stages. To authenticate the feasibility and sensitivity of Poly-MFNPs (1) as
enhanced MR imaging nanoprobes, it is crucial that MFNPs should retain their
favourable magnetic properties after surface modification. The magnetic properties of
CA-MFNPs, Poly-MFNPs and FA-Poly-MFNPs have been evaluated using Vibration
Sample Magnetometry (VSM) analysis (as depicted in Figure S6). The results
corroborated that after modification with stimuli responsive polymer, Poly-MFNPs
exhibited superparamagnetic nature with reduced magnetization compared to CA-
MFNPs signifying their successful modification. Moreover, surface functionalization
was performed further and confirmed by XPS studies. A detail explanation of XPS spectra

and analysis is given in Supporting Information (Figure S7).

12
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2.2. Fabrication of DOX loaded targeted nanomedicine (DOX-FA-Poly-MFNPs) and
their dual responsive drug release phenomena:

Doxorubicin (DOX) was employed as a model drug to investigate the loading and release
profile of the dual responsive Poly-MFNPs. The DOX loading was thoroughly standardized
by varying DOX concentrations (0.2 mg/ml to 1 mg/ml) (Data not shown) with 10 mg FA-
Poly-MFNPs and the best ratio of DOX:FA-Poly-MFNPs obtained was 20:1. The loading
content and entrapment efficiency of DOX in FA-Poly-MFNPs were found to be 4.6% and
92.0%, respectively. It was previously reported that DOX can be loaded inside nanocarriers

via both hydrophobic/ionic interactions *® as well as covalent pH sensitive bonding™>'. I

n
our case, entrapment of DOX in FA-Poly-MFNPs (2) was due to the combined hydrophobic
and hydrogen bonding interactions between DOX molecules and PEI-PF127. In order to
validate the dual responsive property of poly-MFNPs, in vitro DOX release from DOX-FA-
Poly-MFNPs (4) was investigated at varied pHs i.e. physiological and lysosomal pH (pH 7.4
and 5.5) and varied temperatures (25 and 37°C) [Fig. 3(A)]. The stimuli triggered release

mechanism of DOX from DOX-FA-Poly-MFNPs was well represented in Scheme 2.

For temperature controlled release, at pH 7.4, nearly, 11-12% DOX was released at 37°C
after 24 h whilst, 23% drug was released at 25°C from DOX-FA-Poly-MFNPs (4). On the
contrary, at pH 5.5, about 31% of the loaded DOX was released after 24 h at 25°C, whereas,
53% was released at the same time interval at 37°C. From this, it was speculated that the
cumulative drug release was enhanced at lysosomal i.e. acidic pH compared to physiological
pH at body temperature. The block copolymer exhibited the combined and complementary

role of a stimuli responsive drug delivery carrier where the PF127 segment was merely

13
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responsible for the fabrication of thermoresponsive compact Poly-MFNPs at body

temperature while PEI plays the pH responsive role. The slower DOX release at the
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Scheme 2: Proposed presentation of dual temperature and pH responsive formation of self assembled

Poly-MFNPs nanocarriers and the stimuli triggered release of doxorubicin through disruption of Poly-

MFNPs at acidic pH and physiological temperature.

physiological temperature (37°C) and pH 7.4 authenticated the supreme stability of DOX-
FA-Poly-MFNPs as an ideal delivery carrier. Due to the temperature responsive self
assembly behaviour, at 25°C, the DOX molecules were entered inside the self assembled
nanoparticles through the extended polymeric shell while with increasing temperature above
the LCST, the shell was contracted, imparting the compact structure of DOX-FA-Poly-
MFNPs, entrapping the loaded DOX molecules®” *. When these compact DOX-FA-Poly-
MFNPs were delivered to tumor cells, at the lysosomal pH ~5.5, the proton sponge effect of
PEI exhibited protonation in the -NH, groups of PEI segments of DOX-FA-Poly-MFNPs,
which resulted in enhanced electrostatic repulsion followed by swelling between the

particles. This phenomenon subsequently triggered the release of drugs followed via the

14
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disruption of DOX-FA-Poly-MFNPs and the DOX molecules would come out in a controlled
fashion in cancer cells at body temperature > **. On the contrary, at pH 7.4, the almost
neutrally charged DOX particles displayed negligible extent of release restraining the
degradation of these DOX-FA-Poly-MFNPs (4) during blood circulation. Thus, at body
temperature, the DOX-FA-Poly-MFNPs i.e. 4 nanoparticles were highly stable at pH 7.4 but
were degraded when the pH was lowered to 5.5, mimicking lysosomal pH of acidic tumor
cells. The drug release pattern reflected that the dual responsive polymer exhibited a key role

on both the loading as well as release of loaded drug in a desired fashion.

A B
100 - 120
;g 20 : o \\_; \'\
°7 20 .
6 ’ 2|0 I 4IU ' GTIB . SIO I 160 ' 1é0I T T T T T T T T T T T
0 5 10 15 20 25
Time (in Hrs) Concentration of MFNPs(ug/mL)

Fig. 3(A-B) A) Stimuli triggered release pattern of DOX from DOX-FA-Poly-MFNPs at
different pH and temperature conditions. (B) Cell Cytotoxicity Assay of HeLa and HaCaT
cells treated with FA-Poly-MFNPs, DOX-Poly-MFNPs and DOX-FA-Poly-MFNPs at

different concentrations. Cell toxicity is measured by MTT assay at 570 nm.
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2.3. Biological evaluation of targeted, non-targeted and DOX-loaded
Nanoparticles.

2.3.1. Evaluation of therapeutic efficacy of DOX-FA-Poly-MFNPs.

Prior to evaluation of the anticancer activity of DOX-FA-Poly-MFNPs, cellular viability of
Poly-MFNPs (1) and FA-Poly-MFNPs (2) have been evaluated in cancer HeLa-HFAR (High
Folic acid Receptor) and normal HaCaT cells to prove that these nanocarriers are not
cytotoxic (Figure S8, description given in ESI) and hence can be used for further in vitro and
in vivo applications.

In contrast, the DOX-FA-Poly-MFNPs (4) and DOX-Poly-MFNPs showed significant
cytotoxicity to cancer HeLa (HeLa-HFAR) cells after 24 h incubation. It was observed
that the DOX-FA-Poly-MFNPs (4) induced almost 81% killing of HeLa cells [as
shown in Fig. 3(B)]. DOX-Poly-MFNPs without FA also has caused more than 50%
growth inhibition at 25ug/mL, although was comparatively lower than DOX-FA-Poly-
MFNPs. whereas, at the same concentration (25ug/mL), the DOX-FA-Poly-MNPs (4)
are almost cytocompatible in normal HaCaT cells. The half maximum inhibition
concentration (ICsp) value of 4 is 12.5 pg/mL in HeLa cells.

Further to check whether the higher death in HeLa cells was due to the FA targeted
receptor mediated endocytosis,”> same concentration dependent study has been
performed using synthesized DOX-FA-Poly-MFNPs and DOX-Poly-MFNPs without
FA in HeLa-HFAR and HeLa cells expressing low Folic acid receptor (HeLa-LFAR)

for 2h treatment (Shown in Fig. 4).

16
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Fig. 4 Study of Folic acid receptor (FAR) targeting efficiency of DOX-FA-Poly-MFNPs and
DOX-Poly-MFNPs into HeLa-HFAR (Highly FAR overexpressed) and HeLa-LFAR (Low

FAR overexpressed) cells.

It was shown that after 2h incubation, the DOX-FA-Poly-MFNPs (25ug/ml) showed
effective toxicity (around 63% viable) in HeLa-HFAR cells, while the DOX-Poly-
MFNPs were significantly less toxic to HeLa-HFAR (81% viable cells) signifying that
this higher toxicity of DOX-FA-Poly-MFNPs was mainly controlled due to FA
modification because both were incubated with the same origin of HeLa cells. On the
other hand, treated with either DOX-FA-Poly-MFNPs or DOX-Poly-MFNPs, in both
the cases, HeLa-LFAR showed almost considerable amount of viable cells, indicating
less targeting effect to HeLa-LFAR cells. Therefore, it could be authenticated that
targeting efficiency of DOX-FA-Poly-MFNPs was due to FAR mediated
internalization to HelLa cells over expressing high percentage of Folate receptors
(HeLa-HFAR) and induced higher cell death.

2.3.2. Folate receptor mediated cellular internalization study.

The time dependent intracellular uptake of FA-Poly-MFNPs (2) and Poly-MFNPs (1) was

analyzed by fluorescence microscopy. The target RITC-FA-Poly-MFNPs (3) and control

17
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RITC-Poly-MFNPs (concentration 10pg/ml) were incubated in HeLa cells over expressing
high FAR in folate free medium (HeLa cells over expressing HFAR) for Oh, 30 min, 1h, 2 h,
and 4 h to evaluate the time-dependent cellular internalization of nanoparticles. Fig. 5(a-e)
showed that with increasing incubation time, the red colored 3 were found to be distributed
more intensifically near the nucleus of HeLa cells compared to the control RITC-Poly-
MFNPs nanoparticles, suggesting enhanced cellular internalization in HeLa-HFAR cells.
This study unambiguously established that the presence of FA on the fabricated 3 play the
key role towards the folate receptor targeted internalization into HeLa cells compared to
control nanoparticles i.e. RITC-Poly-MFNPs *. Further, to demonstrate the FAR targeting
ability of RITC-FA-Poly-MFNPs in comparison to normal HaCaT cells, the cellular
internalization was also cross verified using HeLa-HFAR and FAR negative HaCaT cells for
4h. [Detailed description and data were given as Figure 9(A-B) in ESI]. Though the FAR
targeting ability was validated via performing cytotoxicity assay using DOX-FA-Poly-
MFNPs and control DOX-Poly-MFNPs to HeLa-HFAR cells, in order to revalidate the
ambiguous uptake in presence of free FA (i.e. HeLa-LFAR), the intracellular uptake of 3 in
presence and in absence of FA (i.e. HeLa-HFAR) have been cross verified using
fluorescence imaging analysis. [Detailed description and data were given as Figure 10(A-B)

in ESI].
2.3.3. MR based Diagnostic imaging analysis.

To evaluate these FA-Poly-MFNPs as 7> contrast MRI agents, in vitro MR imaging has been
performed. The T>-weighted phantom images of HeLa cells incubated with targeted FA-Poly-
MFNPs (2) exhibited a significant negative contrast enhancement (signal darkening) in

comparison to the MR image obtained for 2 treated HaCaT cells, suggesting its significant
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internalization to folate receptor positive HeLa-HFAR cells. [As shown in Fig. 6(A)]. This
distinguishable darkening of 7> weighted MR images of the 2 in HeLa cells was rationalized
due to folate receptor mediated endocytosis. The enhanced MR imaging efficacy of targeted
2 has also been verified with targeted magnetite nanoparticles (MNPs) synthesized without
Mn doping. The MR images revealed that for the targeted FA-Poly-MFNPs (2), the signal
darkening effect was higher compared to the similarly sized targeted FA-Poly-MNPs, though
folate moiety was present in both the nanoconjugates. This may be attributed due to the

higher magnetization value of the similarly sized MFNPs compared to MNPs only .

Fig. 5(a-e): Fluorescence images of uptake of HeLa-HFAR cells incubated with RITC-Poly-MFNPs

and RITC-FA-Poly-MFNPs after (a) 0 min (b) 30 min (c) 1 h (d) 2 h e) 4h incubation.
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The relative 7, relaxation times of target FA-Poly-MFNPs (2) as well as control Poly-
MFNPs (1) nanoparticles in HeLa-HFAR and HaCaT cells were also evaluated with
increasing concentrations (0-30pg/ml). Fig. 6(B) showed the 7>-relaxation time as a
function of particle concentration (1 and 2) in cell-culture media. HeLa cells cultured
with target (2) nanoparticles possessed a shorter 7>-relaxation time compared to
HaCaT cells, which was probably arising due to enhanced magnetism, germinated
probably from the higher internalization of 2 by HeLa cells in comparison to the same
in HaCaT cells. It was also observed that HeLa cells cultured targeted 2 had a shorter
T relaxation time than the targeted-Poly-MNPs due to enhanced magnetism of the
similar sized Mn-doped mixed ferrites nanoparticle. It was further observed that the
relaxation rate 1/75 varied linearly with the iron concentration (equation no 2 given in
experimental section). The transverse relaxivity, », of the targeted 2 in HeLa cells
(corresponding to the slope of the line) was found to be 184.22 mM 's™! respectively
and it was found more than three times higher compared to FA-Poly-MNPs (60.12
mM 's') in HeLa cells as shown in Figure S11(B). All these results unequivocally
established the potential of our as-prepared FA-Poly-MFNPs as cancer-targeted, MRI

probes.

2.3.4. FA targeted cancer cell inhibition via cell cycle analysis and apoptosis study

To further evaluate the antiproliferative action of DOX-FA-Poly-MFNPs (4) on HeLa-
HFAR cells, cell cycle analysis and DNA fragmentation study i.e. apoptosis studies
have been performed using propidium iodide (PI) and DAPI staining. From cell cycle

analysis, early apoptosis and the phases of cell death could be investigated. For this,
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HeLa cells were incubated with FA-Poly-MFNPs (at highest concentration ~

25pug/mL, free DOX (10pg/mL) and DOX-FA-Poly-MFNPs (3.25 to 25 pg/mL).

i i Relaxivity 184.22 Fe mM"s™ of
Nanoparticle concentration B - —a—Poly-MFNPs (1) in HeLa cells C u. I, *-‘“":Avpm . : pl: 50
pe/mL 0 0 20 30 m =8 FA-Paly-MFNP(2) in HeLa cells oy
754
FA-Polv-MNPs ‘E' 8 =—v¥—FA-Poly-MNP in HeLa cells .
in HeLa g 5 -
FA-Poly-MFNP % &
-Paoly- s
. ) © ¥ ]
n Hela i %%v €
= . u ~ 50
Poly-MFNPs 2 —~
.. k \ 45
in HeLa - .
40 4
FA-Paly-MFNPs 0 0 20 30 40 50 o0 _ 005 010 015 020 0%
in HaCaT Fe Concentration (mM)

Fe concentration(ug/ml)

Fig. 6(A-C). A) T,-weighted spin-echo MR phantom images of HeLa cells and HaCaT cells
incubated with 0-30 pg/mL of various nanoparticle suspensions (FA-Poly-MNPs, Poly-
MFNPs and FA-Poly-MFNPs) for 4h. FA-Poly-MNPs are the abbreviated form of FA
targeted Polymer modified magnetite (Fe;O4) nanoparticles to compare the enhanced MR
activity between mixed ferrite magnetic nanoparticles (MFNPs) and magnetite nanoparticles
(MNPs). (B) T, relaxation analysis of HeLa and HaCaT cell suspensions of the FA-Poly-
MFNPs, Poly-MFNPs and FA-Poly-MNPs. C) r2 Relaxivity analysis of FA-Poly-MFNPs with

increasing Fe concentrations.

From the Fig. 7(A-F), it is evident that only FA-Poly-MFNPs (without DOX) has no
apoptotic effect on HeLa cells in comparison whereas in free DOX, both the S phase
population (24.44%) along with apoptotic Sub Go/G; phase (6.0 %) population count
has been increased. In case of DOX-FA-Poly-MFNPs, increasing concentrations of
DOX-FA-Poly-MFNPs showed the maximum cell intensification at S phase,
exhibiting cell cycle arrest in the same phase. In addition, the apoptotic Sub Gy/G;

phase population also increases in a dose dependent manner in comparison to 2.
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Therefore, DOX-FA-Poly-MFNPs has inhibited the growth of HeLa cells by arresting
cell cycle progression at S phase and followed to apoptosis or cell death. According to
the previous reports, the DOX prevents cancer cell growth by inducing DNA breakage
and arresting cell cycle at Go/M phase >® in HeLa cells. The deviation observed in our
work, from previous reports may not be erroneous because free DOX also induced S
phase arrest in our study. Again there are also reports that DOX molecules induced S
phase arrest in other cancers cells like MCF-7 breast cancer cell line®!, so the

possibility of S phase arrest by DOX treatment cannot be nullified.”
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Fig. 7(A-F). Flow-cytometric analysis of cell cycle phase distribution. HeLa cells treated with (A)
Control FA-Poly-MFNPs, (B) Bulk DOX 10 pg/ml, (C) Target DOX-FA-Poly-MFNPs (3.75 pg/ml)
(D) 6.25 ug/ml E) 12.5 pg/ml and F) 25.0 ug/ml for 24 h. Diva software after the cells were labelled

by PI preceding RNAase treatment and percentage of apoptosis was calculated.

22



Page 23 of 40

New Journal of Chemistry

With the aim of examining the nuclear morphology and identifying cell death in the
path of apoptosis, HeLa cell nuclei were further stained with 4’-6-diamidino-2-
phenylindole (DAPI), and the data was presented in Fig. 8(A-E). As predicted from
the cytotoxicity experiments, the fluorescence images of HeLa cells, incubated with
target nanoparticle without DOX (2) has shown that nuclear structures were well
preserved without any visible abnormalities. [Fig. 8(A)] however, while treated with
increasing concentration of DOX-Poly-FA-MFNPs, there was significant nuclei
fragmentation which included condensed nucleus, membrane blebbing and formation
of apoptotic bodies [(Fig. 8(B—E)]. It was also clearly visible that the quantity of
apoptotic nuclei enhanced with an increasing concentration of DOX-Poly-FA-MFNPs.
(apoptotic nuclei shown by arrow in the figure). There were previously acclaimed
reports that doxorubicin interacts with DNA topoisomerase II (topo II) and can cause
the accumulation of enzyme-DNA adducts that ultimately lead to double-strand breaks
followed by programmed cell death or apoptosis *>’. In our case, the same pattern of
nuclei fragmentation was observed after treatment of DOX-FA-Poly-MFNPs with

Hela cells.
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Fig.8. Apoptosis Study of DOX-FA-Poly-MFNPs by morphological changes in cell nuclei,
determined by means of fluorescence microscopy after DAPI staining. HeLa cells were treated
with (A) FA-Poly-MFNPs without DOX for 24 h and (B) 3.75 (C) 6.25 (D) 12.5 and (E) 25
pg/ml of DOX-FA-Poly-MFNPs for 24 h. Arrows indicate apoptotic nuclei.

3. CONCLUSION

In summary, stimuli responsive polymer integrated targeted nanomedicine was designed for
combined cancer-targeted therapy and multimodal imaging by a facile preparation method.
These nanoprobes were found to be potentially capable of dual pH and temperature
responsive drug delivery, specifically targeted to cancer cells and also shown intracellular
MR based diagnostic/tracking ability. These nanoprobes display a significant amount of drug
entrapment inside the polymeric shell and initiate the release the drugs preferably at pH 5.5
and temperature 37 °C. The in vitro biological studies revealed that these nanoprobes are able
to provide a single nanoconstruct, which is capable of simultaneously target, track and

destroy folate-receptor over expressing cancer cells compared to the free drug. They
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specifically accumulate inside the cancer cells through receptor mediated endocytosis, and
the payloads can be released via the stimuli triggered nature of the fabricated nanoprobes.
From the biological studies, it is envisioned the prepared nanohybrids comprised of cancer
specific targeting, imaging, and therapeutic application in a single entity could be used as a

theranostic platform for cancer treatment and may be of particular interest in near future.

4. EXPERIMENTAL SECTION

4.1. Materials
Pluronic F127 (F127, Mw: 12,600 KDa) were specially ordered from BASF, china. Succinic

anhydride (SA), triethylamine (TEA), 4-dimethylaminopyridine (DMAP), branched Poly-
(ethylenimine) (PEI, 25KDa), ferric chloride (FeCls), ferrous sulphate (FeSO4.7H,0),
Trisodium Citrate, MnCl,.4H,0, EDBE, folic acid (FA), N-hydroxysuccinimide (NHS), 1-
[3-(dimethylamino) propyl]-3-ethyl carbodiimide hydrochloride (EDC), trinitrobenzene
sulfonic acid (TNBS), rhodamine isothiocyanate (RITC), Doxorubicin, 4'-6-Diamidino-2-
phenylindole (DAPI), propidium iodide (PI), RNase and 3-(4,5-Dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT) were purchased from Sigma-Aldrich Chemicals, USA.
Commercially available dimethyl sulfoxide (DMSO) and N, N'-dimethyl formamide (DMF)
were purified by vacuum distillation and dried 1,4-dioxane was distilled over sodium.
Chloroform (CHClIs3) was procured from Merck, Germany. Fetal bovine serum and Minimum
Essential Medium (MEM) were procured from Hyclone, USA and Himedia, India,

respectively.
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4.2. Methods
4.2.1. Synthesis of PEI crosslinked Pluronic F127 block copolymer (PEI-PF127)

For the synthesis of the PEI-PF127 block copolymer, the chemically inert PF127 was first
modified by anhydride-acylation using SA.’® For this, Anhydrous 2.5 g of Pluronic F127 was
dissolved in 40 ml of 1,4 dioxane followed by the addition of 46 mg of SA, 50 mg of DMAP
and 56 pl of TEA. The mixture was stirred under N, atmosphere for 24 h at room
temperature. After solvent evaporation, white residue was obtained and these were then
dissolved in chloroform to remove unreacted SA by filtration. The transparent solution was
precipitated against excess cold diethyl ether in a dropwise manner. The precipitates were
dried under vacuum and stored for later use. For the preparation of PEI-PF127 copolymer,
briefly, a total of 100 mg of succinylated PF127, 100 mg of EDC, 100 mg of NHS were
dissolved in 10 mL of Milli-Q water for 4 hrs under dark for carboxyl activation. Then, 10
mL aqueous solution of branched PEI (5.0 mg/mL) was added drop-wise to pre-activated
PF127 solution at pH 5-5.5.°° The mixture was further stirred for 24 h to allow the
completion of cross-linking between the activated PF127 and PEI. The resulting mixture was
dialyzed against distilled water at pH 6 for 3 days and lyophilized to obtain PEI-PF127. The
obtained PEI-PF127 was confirmed by proton nuclear magnetic resonance (‘H NMR)

analysis. (Given in ESI)

4.2.2 Preparation of Citrate stabilized MFNPs (CA-MFNPs) and PEI-PF127-MFNPs or Poly-

MFNPs (1)

Magnetic mixed ferrite nanoparticles, here forth mentioned as CA-MFNPs in this paper, were

prepared by a chemical coprecipitation approach according to our previously reported
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procedure.60 In brief, a mixture of FeCl; (0.324g), FeSO,4-7H,0 (0.140g) and MnCl,.4H,0O
(0.098g) in a 4:1:1 ratio were dissolved in 40 ml deoxygenated Milli-Q water containing
trisodium citrate (Img/ml) in a three necked flask equipped with argon flow and a
mechanical stirrer. To this, ammonium hydroxide (5 ml) was added dropwisely and the
mixture was stirred for 4 h at 70 °C. After completion of the reaction, black CA-MFNPs

were recovered and washed thoroughly with Milli-Q water followed by drying.

The previously synthesized PEI-PF127 was covalently conjugated to the CA-MFNPs via the
well established EDC/NHS method. In brief, 0.1g of CA-MFNPs was dispersed
ultrasonically in 20 ml Milli-Q water for 30 mins and was activated with 0.1g of NHS and
0.1g of EDC under dark for 4h. To this solution, 20 ml of PEI-PF127 (5 mg/ml) was added
drop wise under ultrasonication at pH around 5-6 followed by stirring for 24 hrs.
Subsequently, these aminated Poly-MFNPs (1) were finally recovered through magnetic

separation, washed with Milli-Q water, and followed by drying.

4.2.3. Preparation of Folic acid (FA) Tethered Polymer modified MFNPs (FA-Poly-MFNPs)

Folic acid tethering to Poly-MFNPs was carried out via EDC/NHS chemistry according to a

reported procedure with a little modification.***’

In a typical synthesis, 100mg of FA (0.22
mM) was dissolved in 10 mL of DMSO-Milli Q water mixture (1:1 v/v) and pH was
maintained at 8-10 using dilute NaOH. To the above FA solution, activation was carried out
using EDC (100 mg, 0.48 mM) and NHS (56 mg, 0.48 mM) for 4 h under dark condition.
Subsequently, 100 mg aqueous dispersion of Poly-MFNPs (1) was added to it and the
resulting mixture was stirred overnight in dark at RT. At last, the FA modified Poly-MFNPs
(FA-Poly-MFNPs) were magnetically concentrated, washed several times with Milli Q water

as well as DMSO and at last, recovered.

27



New Journal of Chemistry

4.2.4. Doxorubicin loading Studies

For DOX loading, 10 mg of FA-Poly-MFNPs (2) was added to a 10 ml of 0.5mg/mL DOX
solution, and the mixture was kept in a shaker for 48 h under dark conditions. Finally, the
DOX loaded FA-Poly-MFNPs (3) were recovered using magnetic decantation followed by
repetitive centrifugation and washed thrice with distilled water to remove unbound DOX
molecules. For the synthesis of DOX-Poly-MFNPs, similar amount of DOX solution was
incubated with the same concentration of Poly-MFNPs (10mg) and the same procedure was
repeated as followed for DOX-FA-Poly-MFNPs. In both the cases, the supernatant was
collected to determine the drug loading content and drug encapsulation efficiency (EE) from
UV—Vis absorbance at 480 nm. The amount of DOX entrapped was determined from a
calibration curve previously made using DOX solutions of different concentrations. The drug
loading content and entrapment efficiency were determined by the following equations:

Drug loading contents (%):  Weight of drug in nanoparticles x 100

Weight of prepared nanoparticles

Drug entrapment efficiency (%): Weight of drug in NPs x 100

Weight of drug injected

4.2.5. Preparation of RITC labelled FA-Poly-MFNPs (Fluorescent conjugates of 1 and 2)

For the fluorescent labelling, a portion of the FA-Poly-MFNPs (2) mentioned above, were
covalently linked with rhodamine isothiocyanate (RITC), a highly fluorescent molecule,
using the residual amine groups of FA-Poly-MFNPs via covalent conjugation approach. For
this, 1mg of rhodamine isothiocyanate (RITC) dissolved in 1ml of DMSO-H,0 mixture was
added drowse to an aqueous suspension of FA-Poly-MFNPs (10mg) at pH 8. The resulting

suspension was sonicated for an hour and stirred for 12 hr in the dark. Particles were
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recovered by magnetic decantation followed by centrifugation and washed thoroughly with
deionized water to remove any unreacted or physically bound RITC molecules. These
particles were labelled as RITC-FA-Poly-MFNPs (3). Similar labelling was also done with
MFNPs without folic acid modification (RITC-Poly-MFNPs) in the as described manner and

used as a control for an imaging study.

4.2.6. Release of Doxorubicin from nanoparticles

The cumulative drug release profile of DOX from the DOX-FA-Poly-MFNPs (4) was carried
out at four different conditions to evaluate the stimuli-response behaviour of the nanohybrids
towards pH and temperature. The release of DOX from the DOX-loaded MFNPs was carried
out under the physiological pH (in pH~7.4) at two different temperatures 25°C and at 37°C
and also lysosomal pH condition (pH~5.5) using the same temperatures. For each
experiment, 10 mg of DOX-FA-Poly-MFNPs was dispersed in 5 mL of phosphate buffer (pH
~7.4) or in phosphate-citrate buffer (pH ~5.5) and incubated in the above-mentioned
temperature. Then they were dialyzed against distilled water in different pH and temperatures
in a shaking bath kept in the dark using membrane of molecular weight cut-off of 12 kDa.
The released DOX from solution was assayed spectrophotometrically by measuring the
absorbance of the solution at 480 nm collected at specific time intervals. The samples taken
for measurement were returned to the receiver solution after measurement. The percentage of
released drug was calculated from a standard curve of free drug solution. The data were

expressed as the mean value of three independent experiments with the standard deviation.
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4.2.7. Cell lines and Cytotoxicity Studies

The biocompatibility of the FA-Poly-MFNPs (2) and DOX-FA-Poly-MFNPs (4) was
evaluated by standard MTT [3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide]
assay. Two types of cells cultivated for in vitro experiments were HelLa (human cervix
adenocarcinoma) and HaCaT (immortalized human keratinocyte), which were acquired from
the National Centre for Cell sciences (NCCS), Pune, India. It is mentioned that the as
received HelLa cells was used as Hela cells expressing High Folate receptor (HeLa-HFAR)
cells. HeLa cells expressing Low Folate receptor (HeLa-LFAR) cells were prepared from
incubation of free folic acid in medium. These cells were cultured in Minimum Essential
Medium (MEM) and Dulbecco's Modified Eagle's medium (DMEM) medium supplemented
with 10% fetal calf serum, penicillin (100 units/mL), streptomycin (100mg/mL), and 4mM
L-glutamine at 37°C in tissue culture flasks in a 5% CO, and 95% air humidified atmosphere.
For the cytotoxicity experiment, trypsinized cells were adjusted to a concentration of 1x10°
cells/mL and plated in a 96 well flat bottom culture plates (180ul/well). For toxicity studies,
both the cells were incubated with DOX-FA-Poly-MFNPs, DOX-Poly-MFNPs and FA-Poly-
MFNPs for 24 h at 37 °C in a humidified 5% CO, incubator. Then MTT was added and
plates were incubated for 4 h under the dark. The resulting formazon crystals were
solubilised by dissolving in an MTT solubilization buffer. Then, the absorbance was
measured at 570 nm by using a (Biorad) microplate reader and the values were compared
with respect to control cells. Mean and standard deviation for the triplicate wells were

reported.

With the aim to confirm the targeting efficacy of the DOX-FA-Poly-MFNPs,

approximately 1 x 10° cells per well were seeded in 96-well plates the day before the
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experiments to bring the cells to confluence. Then, the DOX-FA-Poly-MFNPs or
DOX-Poly-MFNPs with same concentration (25ug/ml) were separately added to both
HeLa-HFAR and HeLa-LFAR cells, the medium in wells containing the complexes
was totally taken out and replenished with the same volume of fresh medium after 2 h
incubation. The cells were then incubated for 48 h at 37 °C. After that, an MTT assay
was used to quantify the viability of cells. The assays were carried out according to
the manufacturer’s instructions. Mean and standard deviation for the triplicate wells

were reported.

4.2.8. Intracellular Uptake Studies

The folate mediated internalization of RITC-Poly-MFNPs and RITC-FA-Poly-MFNPs by a
folate receptor overexpressed HelLa cancer cell i.e. HeLa-HFAR (positive control) and a
normal human keratinocyte HaCaT cells were demonstrated by fluorescence microscopy. For
time dependent uptake studies, 10pg/mL MFNPs of each types were incubated with folate
receptor positive (FAR) HeLa cells (HeLa-HFAR cells) in variant times (0, 30 min, 1 h, 2 h
and 4 h). After incubation, HeLa-HFAR cells cells were fixed with 4% paraformaldehyde for
15 min, permeabilized with 0.1% Triton X-100, and stained with DAPI (1 mg/ml) for 5 min
at 37°C. The cells were then washed with PBS and examined by time dependent fluorescence
microscopy (Olympus IX 70). Likewise, for the evaluation of the FAR receptor specificity of
HeLa cells, intracellular uptake of RITC-FA-Poly-MFNPs was cross checked using both the
HeLa-HFAR and receptor negative FA (-) HaCaT cells for 4h and studied via Fluorescence
imaging. (Detailed Data and description was given as Figure S9 in ESI). The FAR targeting
efficiency of FA-RITC-Poly-MFNPs was also validated using HeLa-HFAR and HeLa-LFAR

(preincubated with free folic acid). (Data was shown in ESI as Figure S10).
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4.2.9. Cell Cycle Analysis

For the evaluation of the therapeutic efficacy of the DOX-FA-Poly-MFNPs (4),
concentration dependent cell-cycle analysis was performed in HeLa-HFAR cells. Cells
(1x10%) were treated with different concentration (3.25, 6.25, 12.5 and 25 pg/ml) of 4 for 24
h at 37 °C. The cells were harvested and fixed in 70% ethanol stored at —20 °C. Then, the
cells were washed with ice-cold PBS (10 mM, pH 7.4) and resuspended in 200 puL of PBS
followed by incubation with 20 pul DNAase free RNase (10 mg/mL) and 20 ul of DNA
intercalating dye PI (1 mg/mL) at 37 °C for 1 h in dark. Apoptotic cells were determined by
their hypochromic sub-diploid staining profiles. The distribution of cells in the different cell-
cycle phases was analyzed from the DNA histogram using Becton-Dickinson FACS Calibur

Flow Cytometer and Cell Quest software.
4.2.10. DAPI Staining for Nuclear Morphology Study

For visualization of HeLa cells, the cell nucleus was stained with DAPI. The DAPI staining
was performed to corroborate the apoptotic effect of 4 on HeLa-HFAR cells. For this, HeLa
cells were treated with PBS (control set) and (3.25, 6.25, 12.5 and 25 pg/mL) of DOX-FA-
Poly-MFNPs for 24 h at 37 °C. After this, cells were fixed with 3.7% formaldehyde for 15
min, permeabilized with 0.1% Triton X-100 and stained with 1pg/mL DAPI for 5 min at 37
°C. The cells were then washed with PBS and examined under fluorescence microscopy

(Olympus IX 70).
4.2.11. In vitro cellular MR imaging

Samples for MR phantom imaging were prepared by suspending 10° cells in low-melting 1%

agarose gel (50 mL).* MRI was performed with a 1.5 T clinical MRI scanner (GE Medical
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systems, Milwaukee) using a prefabricated sample holder. A spin-echo multi-section pulse
sequence was selected from the GE Medical systems to acquire MR phantom images. A
repetition time (TR) of 2100 ms and variable echo times (TE) of 42—110 ms were used. The
spatial resolution parameters were set as follows: an acquisition matrix of 256x256, field of
view of 240x240 mm’, section thickness of 8 mm, and two averages. The MRI signal
intensity (SI) was measured using the in-built software. 7, values were obtained by plotting
the SI of each sample over a range of TE values. 75 relaxation times were then calculated by
fitting a first-order exponential decay curve to the plot. The fitting equation can be expressed
as SI=Ae ™7, + B....Equation 1, where SI is the signal intensity, TE is the echo time, A is the
amplitude and B is the offset. The relaxivity, the R, value, was also calculated plotting the
inverse of T, with respect to Fe concentration, according to the following equation, 1/T, =
1/T; (o) + 1 [Fe].....Equation 2, where 1/T, is the observed transverse relaxation rate in the
presence of magnetite nanoparticles, 1/T; () is the relaxation rate of pure water, [Fe] is the

concentration of magnetite nanoparticles and r, denotes transverse relaxivities.
5. CHARACTERIZATIONS

The surface chemistry and chemical structures of products were analyzed from FTIR and 'H
NMR (Bruker, 400 MHz) spectra. The FTIR of the biofunctionalized nanoparticles were
recorded in KBr in the range 400-4000 cm™ with a model Nexus-870, Thermo Nicolet
Corporation, Wisconsin, USA. The phase analysis of the synthesized mixed ferrite
nanopowder was performed on an X’pert Pro Phillips X-ray diffractometer. The sample for
XRD was prepared by the deposition of well dispersed nanoparticles on a glass slide and,
after drying, the analysis was performed by using Ni-filtered Cu-Ka radiation (I = 1.54 A°).

The size and morphology of the nanoparticles were observed by high-resolution transmission
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electron microscopy (HRTEM) (JEOL 3010, Japan) operated at 200 KV. The nanoparticles
were thoroughly dispersed in water by ultra-sonication (1 mg/50 ml Milli Q water) and a
drop of the solution was placed on carbon coated copper grid. The average particle size from
TEM micrographs was analyzed using image J software. Surface composition of
nanoparticles was obtained from X-ray photoelectron spectroscopic (XPS) analysis using an
Al Ka excitation source in an ESCA-2000 Multilab apparatus (VG microtech). The sample
used in XPS prepared in the similar procedure as used in TEM. TNBS assay was used to
determine the percentage of primary amines in the NPs solution. The —NH, group
concentration was calculated by a graph originated by taking glycine (0-2 mmol) as
standard®’. To determine the extent of folate conjugation, UV-Vis spectra were recorded by
spectrophotometric analysis of absorbance at 286 nm and 360 nm and also cross-checked by
determination of residual amine concentration via TNBS assay. The Dynamic Light
Scattering (DLS) measurements at different temperatures and pHs were done using
Brookhaven 90 Plus particle size analyzer. The surface charge of the nanoparticles was
investigated through zeta potential measurements (Zetasizer 4, Malvern Instruments, UK).
Thermal analysis was done with a thermal analyzer (Pyris Diamond TG/DTA) with a heating
rate 8 °C min ' with in temperature range 50 °C to 1000 °C. Magnetic measurements of
nanoparticles were performed using a SQUID-VSM instrument (Ever cool SQUID VSM DC

Magnetometer).

SUPPORTING INFORMATION.

Detailed tables of DLS after modification with PEI-PF127 and FA, and amine quantification
results, Change of zeta potential with pH, dual pH and Temperature responsive transition of
HDs of FA-Poly-MFNPs and Poly-MFNPs at fixed temperature as well as pH, FT-IR, UV-

Vis Spectra, TGA, XPS, VSM analysis were given. Cell viability assays of Poly-MFNPs and
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FA-Poly-MFNPs in cancer HeLa and normal HaCaT cell lines and intracellular uptake of
RITC labeled FA-Poly-MFNPs in presence and in absence of free FA. '"HNMR of the block
copolymer PEI-PF127 is given as Figure S12 which was used for the surface modification

with CA-MFNPs,
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mimicking lysosomal condition i.e. physiological temperature (37°C) and acidic pH (5.5).
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