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core–shell CoFe2O4@BaTiO3

nanorods: their role in drug delivery and effect on
multidrug resistance pump activity in vitro†

Sadaf Mushtaq, ab Khuram Shahzad,c Muhammad Rizwan, c Anwar Ul-Hamid, d

Bilal Haider Abbasi, a Waqas Khalid,c Muhammad Atif,c Nafees Ahmad,b

Zulqurnain Alic and Rashda Abbasi *b

Nanoparticle mediated targeted drug delivery has become a widespread area of cancer research to address

premature drug delivery problems. We report the synthesis of magneto-electric (ME) core–shell cobalt

ferrite-barium titanate nanorods (CFO@BTO NRs) to achieve “on demand” drug release in vitro. Physical

characterizations confirmed the formation of pure CFO@BTO NRs with appropriate magnetic and

ferroelectric response, favorable for an externally controlled drug delivery system. Functionalization of

NRs with doxorubicin (DOX) and methotrexate (MTX) achieved up to 98% drug release in 20 minutes,

under a 4 mT magnetic field (MF). We observed strong MF and dose dependent cytotoxic response in

HepG2 and HT144 cells and 3D spheroid models (p < 0.05). Cytotoxicity was characterized by enhanced

oxidative stress, causing p53 mediated cell cycle arrest, DNA damage and cellular apoptosis via

downregulation of Bcl-2 expression. In addition, MF and dose dependent inhibition of Multidrug

Resistance (MDR) pump activity was also observed (p < 0.05) indicating effectivity in chemo-resistant

cancers. Hence, CFO@BTO NRs represent an efficient carrier system for controlled drug delivery in

cancer nanotherapeutics, where higher drug uptake is a prerequisite for effective treatment.
1. Introduction

With a tremendous impact on human mortality rate and ex-
pected increase in its burden, cancer remains an active area of
research focusing on novel therapeutic interventions and nano
drug delivery systems.1 The major limitation faced by conven-
tional chemotherapy is a lack of selective cancer cell targeting,
which equally harms healthy cells and causes undesired side
effects such as fatigue, hair-loss, nausea, vomiting, infertility,
organ damage and lower immunity.2 Furthermore, develop-
ment of multidrug resistance (MDR) in cancer cells such as
increased drug efflux (over expression of P-glycoprotein), vari-
able drug metabolism and activation of DNA repair pathways
also hamper chemotherapeutic efficacy.3

Passive targeting of tumors has been implicated in several
nanoparticle (NP) based drug delivery systems, relying on the
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Enhanced Permeability and Retention (EPR) effect. Function-
alized NPs accumulate at tumor sites due to their leaky vascu-
lature and poor lymphatic system. However, the percentage of
accumulated NPs in tumors is <1% even when EPR is high.2,4 To
overcome this problem, automation of NPs to target malignant
cells via external or internal stimuli or target ligand provides
a better approach. It has signicant potential to improve the
treatment efficacy and addressing problems of chemo-
resistance, lower bioavailability, biodistribution and stability
of drugs.1,5–7 Many researchers have acknowledged enhanced
effect of chemotherapeutic drugs, delivered via NPs with
increased bioavailability and decreased side effects.8–10

Most common nano drug carriers are designed to be
temperature or intracellular pH responsive. But, problems
occur in terms of pre-mature drug release where, a small change
in physiological conditions (pH and temperature) of the body
may result in off-target drug release.11–13 To eliminate this
limiting factor and deliver drug only at target site while sparing
normal cells, without depending on physiological conditions,
magnetoelectric nanoparticles (MENPs) were introduced.14

MENPs are class of multiferroic materials where magnetic
and electric elds are coupled with each other.15 The magnetic
moments of magnetic material have direct relation with electric
dipoles of ferroelectric material which induce intrinsic electric
potential.16 This intrinsic electric eld can be used to distin-
guish between normal and cancer cells and release bound drug
© 2022 The Author(s). Published by the Royal Society of Chemistry
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View Article Online
at target sites using external magnetic eld assistance.14,17 The
magnitude of induced electric potential mainly depends on
magneto electric coefficient i.e., interphase interaction between
magnetic and piezoelectric phases18 for which core–shell
structures are favorable.19 Cobalt ferrite–barium titanate core–
shell nanostructures (CFO@BTO) are promising magnetoelec-
tric nanocomposites with large magnetoelectric coefficient.20

Moreover, uniform layer of BTO shell on CFO core reduces
cytotoxicity and makes them well suited for biological
applications.10,21

Besides composition, shape of NPs also has huge impact on
cellular uptake efficiency and targeted drug delivery. Several
studies suggest that rod shaped NPs with high aspect ratio
exhibit enhanced cellular uptake and drug delivery compared to
spherical counterparts.22–24 Zhang et al. reported 1.5� increased
internalization of gold nanorods than nanospheres in vitro.25

Similarly, Meng et al. also reported higher cellular internaliza-
tion of silica nanorods with aspect ratio (2.1–2.5) than silica
nanospheres in human cervical and human lungs cancer cell
lines.26 Another study by Agarwal et al. based on polymer based
(polyethylene glycol diacrylate) hydrogel nanorods showed
higher cellular penetration than spherical nanospheres.27 Rod-
shaped NPs have higher cellular retention compared to spher-
ical NPs, due to their ability to escape endosomes before
formation of lysosomes,28 enabling longer stay in cytoplasm.
Besides, nanorods with diameter (<40 nm) can cross nuclear
membrane and deliver their cargo inside the nucleus more
efficiently than spherical NPs.29,30

In our previous research, we have studied drug delivering
efficiency of spherical CFO@BTO NPs in vitro using MF assis-
tance.10 Here, we aim at determining role of rod shape in anti-
cancer drug delivery, cytotoxicity, and biocompatibility in MF
assisted, drug functionalized cobalt ferrite–barium titanate
nanorods (CFO@BTO NRs) in vitro. To the best of our knowl-
edge, CFO@BTO NRs have not been reported yet for drug
delivery applications in vitro.

2. Experimental
2.1. Materials

Titanium isopropoxide [C12H28O4Ti], ethanol, cetrimonium
bromide ([(C16H33)N(CH3)3]Br (CTAB), sodium hydroxide
(NaOH), trichloroacetic acid (TCA), fetal bovine serum (FBS),
ethanol, orange G, dibutylphthalate polystyrene xylene (DPX)
and trypan blue were purchased from Merck Germany. Dul-
becco's Modied Eagle's Medium (DMEM), 1-ethyl-3-(3-
dimethylaminopropyl) carbodiimide (EDC), Triton X-100, sul-
forhodamine B (SRB), L-glutamine, sodium pyruvate, penicillin,
streptomycin, ethidium bromide, 20,70-dichlorodihydro-
uorescein diacetate (H2-DCFDA), trizma base, sodium dodecyl
sulfate (SDS), neutral red, dimethyl sulfoxide (DMSO), acridine
orange (AO), propidium iodide (PO), acetic acid, 40,6-diamidino-
2-phenylindole dihydrochloride (DAPI), doxorubicin (DOX),
methotrexate (MTX), cobalt nitrate [Co(NO3)2$6H2O], barium
nitrate (BaNO3), iron nitrate [Fe(NO3)3$9H2O] and nitric acid
(HNO3) were obtained from Sigma Aldrich (USA). Agarose
(normal and low melting) and DNA ladder (100 bp) were
© 2022 The Author(s). Published by the Royal Society of Chemistry
purchased from Thermo Fischer Scientic. Ki-67 (clone MIB-1),
p53 (clone DO-7), Bcl-2 (clone 124) mouse monoclonal anti-
bodies, peroxidase blocker (DM821), diaminobenzidine (DAB),
hematoxylin (K8018), chromogen (DM827) and secondary
antibody (DM822) conjugated with horseradish peroxidase
(HRP) were purchased from Agilent Technologies, Inc. (USA).
2.2. Synthesis of CFO@BTO core shell nanorods

Core–shell CFO@BTONRs were synthesized using solvothermal
protocol.31 In brief, 0.2 M solutions of cobalt nitrate and iron
nitrate with molar ratio 1 : 2 were dissolved in 100 ml deionized
water. Aerwards, 0.1 M solution of CTAB (prepared in 20 ml
ethylene glycol) was added with sonication for one hour at pH
11. The solution was then transferred to a three-neck round
bottom ask for solvothermal process. The reaction was carried
out at 180 �C for 10 hours with constant stirring. Aer complete
reaction, formed precipitates were washed 3–4 times with
deionized water and etched with 0.2 M HNO3 solution for 2
hours on sonication bath. In the next step, 0.2 M solutions of
barium nitrate (in 50 ml water) and titanium isopropoxide (in
50 ml absolute ethanol) were mixed with constant stirring and
transferred to three-neck round bottom ask for solvothermal
process followed by addition of 2 M NaOH and etched CFO
nanorods. The reaction was carried out at 150 �C for 3 hours
with constant stirring. Precipitates formed aer complete
reaction were washed 3–4 times with deionized water to remove
impurities. Sample was further dried at 100 �C in oven and
annealed at 800 �C in furnace.
2.3. Physical characterizations

Surface morphology, elemental composition, particle size
distribution, and crystalline size of CFO@BTO NRs were
assessed by scanning electron microscopy (SEM: TESCAN-
VEGA3), tted with energy dispersive spectroscopy (EDS), high
resolution transmission electron microscopy (HR-TEM: JEM
2100F) and X-ray diffraction (XRD: D8-Advance Bruker AXS)
diffractometer with CuKa radiation (k ¼ 1.54178 Å) operating at
25 �C, respectively. Physical Property Measurement System
(PPMS Quantum Design, USA) was used for determining
magnetic behavior of MENPs. Ferroelectric properties were
measured using Precision Premier II (Radiant Technologies,
Inc.). Drug loading and drug release analysis was carried out by
UV-Vis spectroscopy (Thermo Scientic™ Evolution) and
colloidal stability was assessed by Zeta sizer Nano ZS 90 with
a 633 nm wavelength He–Ne laser at 25 �C.
2.4. Preparation of colloidal NRs suspension and polymer
coating

To achieve hydrophilicity, phase change of CFO@BTO NRs was
performed in two steps: formation of colloidal NRs suspension
and surface functionalization with amphiphilic polymer.10 In
the rst step, freshly synthesized CFO@BTO NRs (0.1 M) were
etched with 0.2 M HNO3 (15 ml) for 3 hours on sonication bath.
The solution was covered with aluminum foil and heated at
80 �C for one hour. Sample was washed 3–4 times with
RSC Adv., 2022, 12, 24958–24979 | 24959
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methanol and re-dispersed in chloroform, forming stable
colloidal suspension.

Colloidal NRs were further functionalized with 0.8 M
synthesized amphiphilic polymer; polyisobutylene-alt-maleic
anhydride (PMA)32 as calculated by following equation:

VP ¼ pCVdeff
2 � RP=area

CP

(1)

where VP, CP is the volume and concentration of PMA respec-
tively, deff

2 is the diameter of core–shell CFO@BTO NRs. V, C is
the volume and concentration of CFO@BTO NRs respectively,
and RP/area is polymer monomers divided by surface area
of NPs.

A ¼ pCVNAdeff2

A ¼ (3.1416) � (11 mM) � (500 ml) � (6.01 � 1023 mol�1) � (15

nm)2

A ¼ (2.31) � (1018) nm2

VP ¼ A� RP=area

NA � CP

VP ¼ 2:31� 1018 nm2 � 50 nm�2

6:01� 1023 mol�1 � 0:8 M

VP ¼ 240.4 ml
Fig. 1 (a) Schematic diagram showing synthesis of amphiphilic polyme
chemistry.

24960 | RSC Adv., 2022, 12, 24958–24979
Functionalization of CFO@BTO NRs (500 ml) was performed
by adding 240 ml PMA with stirring at 60 �C using a rotary
evaporator system (200 rpm) for 40 minutes. Sample was
vacuum dried, washed with chloroform twice and re-dispersed
in sodium borate buffer (SBB) at pH 9. PMA coated CFO@BTO
NRs (NRs-PMA) were initially ltered using 0.2 mm syringe
lters and later concentrated by using centrifugal lters (Ami-
con Ultra-4).
2.5. Drug loading and encapsulation efficiency

PMA coated CFO@BTO NRs were post functionalized with
0.5 mM anticancer drugs: doxorubicin (DOX) and methotrexate
(MTX) using EDC chemistry.10 1 mM samples (200 ml) were
incubated with optimized (0.096 M) EDC for 1 hour followed by
addition of 0.5 mM (100 ml) DOX and MTX for 2 hours at room
temperature. The amphiphilic polymer was synthesized by
conjugating hydrophobic alkyl amines (dodecylamine) onto
hydrophilic maleic anhydride rings via spontaneous amide
linkage, which converts one maleic anhydride into one corre-
sponding amide and one free carboxylic acid32 as shown in
Fig. 1(a). The Hydrophobic domains (dodecylamine) on the
polymer coat intercalate with the hydrophobic tails of the
surfactant molecules (oleic acid) present on the surface of NPs
and the hydrophilic backbone stabilizes the NPs by electrostatic
repulsion.32 By using EDC with (PMA) functionalized NRs,
carboxylic groups on surface of NRs become more reactive and
form an amide linkage with primary amines present in anti-
cancer drugs (DOX/MTX). The EDC reacts with carboxylic acid
to form an amine-reactive O-acyl isourea intermediate33 as
shown in Fig. 1(b). In the absence of amine group, these
r (PMA). (b) Coating of NRs with PMA and drug attachment via EDC

© 2022 The Author(s). Published by the Royal Society of Chemistry
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intermediates will regenerate carboxyl group, but in the pres-
ence of amine groups, an amide bond linkage34 is formed
(Fig. 1(b)).

Drug loading was conrmed b UV-Vis spectroscopy and
unbound drug was removed by centrifugal lters. DOX andMTX
titration curves were used to determine concentration of
unbound drugs in waste and drug loading and encapsulation
efficiency (eqn (2) and (3)).

Drug encapsulation efficiency %

¼ absorbance of drug used� absorbance of waste

absorbance of drug used
� 100

(2)

Drug loading capacity % ¼ entrapped drug

nanoparticles weight
� 100 (3)

2.6. Time and MF dependent drug release kinetics of
CFO@BTO NRs

Time and a.c. MF dependent drug release behavior of
CFO@BTO NRs was determined as previously described10 by
designing a Helmholtz coil having 600 turns (N), diameter of
8 cm and frequency 50 Hz. Drug loaded (DOX and MTX)
CFO@BTO NRs were dispersed in phosphate buffer saline (PBS,
pH 7.2) and exposed to varying a.c. MF (1–7 mT) for 0–60
minutes at room temperature. Aer every timepoint, samples
were centrifuged at 5000 rpm for 5 minutes and supernatants
were analyzed spectrophotometrically to determine amount of
released drug with the help of DOX and MTX titration curves. %
Drug release was calculated by the formula given in eqn (4):

Drug release % ¼ absorbance of supernatent

absorbance of drug used
� 100 (4)

2.7. Cell culture

In vitro biological experiments were carried out using Human
Hepatocellular Carcinoma (HepG2, ATCC®HB-8065™) and
Human Malignant Melanoma (HT144, ATCC® HTB-63™) cell
lines, grown in supplemented DMEM containing 10% FBS and
1% GPPS (L-glutamine 2 mM, sodium pyruvate 1 mM, penicillin
100 U ml�1 and streptomycin 100 mg ml�1). Cultures were
maintained in humidied incubator at 37 �C with 10% CO2 and
harvested by 0.5 mM trypsin/EDTA at room temperature for 1
minute.

2.8. Cytotoxicity screening: sulforhodamine B (SRB) assay

NRs + DOX, NRs + MTX and NRs-PMA were evaluated for cyto-
toxicity in vitro using SRB assay.10 Pre-seeded HepG2 and HT144
cells (>90% viability, 1.5 � 105 cells per ml: Falcon® 96-well, at
bottom, clear microplate) were exposed to 1 mg ml�1 of drug
functionalized NRs for 24 hours at standard culture conditions.
Untreated cells (NTC) and free drug controls (DOX and MTX ¼
0.01 mM) equivalent to total drug attached with NRs at 1 mg ml�1

dose were also included. An external MF (4mT) was applied for 20
© 2022 The Author(s). Published by the Royal Society of Chemistry
minutes using Helmholtz coil. Aer treatment, cells were xed
with TCA (50%) for 1 hour at 4 �C, washed with deionized water
thrice and air dried. Cells were stained with 0.05% SRB dye for 30
minutes at room temperature, followed by washings (5�) with 1%
acetic acid to remove excess. Air dried plates were then used to
take photographs at 200� using Olympus CK2 light microscope
with attached camera (Optika C-B10 digital camera). Photographs
were analyzed using Optika Pro View soware (Version: x86,
3.7.13977.20190224). Experiment was performed twice with trip-
licates of all samples. For better comparison, treatment groups
without MF assistance, were also included in the study.

2.9. Quantitative assessment of apoptosis and necrosis in
treated cells: acridine orange and propidium iodide (AOPI)
staining

Quantitative assessment of necrotic and apoptotic cells in
HepG2 and HT144 cells treated with 1 mg ml�1 of drug loaded
CFO@BTO NRs with and without MF assistance (4 mT, 20
minutes) was done using AOPI staining.10 Cells (>90% viability,
1� 105 cells per ml) were exposed to NRs + DOX and NRs +MTX
for 4 hours. NRs-PMA (1 mg ml�1), NTC, free DOX and MTX (5
mM each) were included as controls. Aer treatment, cells were
washed with PBS, stained with AOPI solution (100 : 32 mg ml�1)
and observed under uorescent microscope (Nikon, MicroPhot-
SA). Viable cells exhibit green, necrotic cells exhibit red and
apoptotic cells show yellow to orange uorescence. Quantitative
analysis of viable, apoptotic, and necrotic cells was performed
using Optika Pro View (Version: x86, 3.7.13977.20190224) so-
ware and compared to NTC.

2.10. IC50 assessment of drug functionalized NRs: neutral
red assay

Neutral red assay was performed to calculate half maximal
inhibitory concentrations (IC50) of drug functionalized NRs
against cancer cell lines (HepG2 and HT144) and freshly iso-
lated lymphocytes.35 For lymphocytes, fresh blood (5 ml) was
collected from healthy individuals (with informed consent) in
EDTA vacutainers and diluted (1 : 3) with RBCs lysis buffer
(155 mM NH4Cl, 10 mM KHCO3 and 0.1 mM EDTA; pH 7.2).
Samples were incubated for 5 minutes and centrifuged at
4000 rpm for 10 minutes to separate out RBCs. The process was
repeated 4–5 times until clear pellet of lymphocytes was ob-
tained. Lymphocytes were then resuspended in fortied DMEM,
and viability was assessed by trypan blue method.

To determine IC50, HepG2, HT144 and lymphocytes cells
(>90% viability; 1.5� 105 cells per ml) were treated with different
concentrations of drug functionalized (0.0005–100 mg ml�1) for
24 hours at standard culture conditions. Experiment included
MF assisted (4 mT, 20 minutes) and non-assisted treatment
groups. Controls included NTC and free drugs (DOX and MTX ¼
5 � 10�6 to 1 mM) at doses equivalent to drug attached with NRs
at tested doses. NRs-PMA and non-cellular controls (media only
and NRs only) were also included. For free drugs, we calculated
IC20, IC50 and IC80 values (mM) by treating HepG2 & HT144 cells
with (5 � 10�6 to 30 mM) and lymphocytes with (0.001–100 mM)
concentrations of DOX and MTX for 24 hours (ESI Fig. S2(b)†).
RSC Adv., 2022, 12, 24958–24979 | 24961

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2ra03429h


RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

1 
Se

pt
em

be
r 

20
22

. D
ow

nl
oa

de
d 

on
 1

0/
29

/2
02

5 
12

:1
4:

35
 A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
Aer treatment, media was removed and replaced with neutral
red medium (fortied DMEM containing 40 mg ml�1 neutral red)
and incubated for 3 hours. Following incubation, neutral red
medium was removed, cells were washed with PBS to remove
excess dye and neutral red de-stain (49% deionized water, 50% of
96% ethanol and 1% glacial acetic acid) solution was added.
Plates were shaken on microplate shaker for 10 minutes and
absorbance readings were taken at 540 nm using FLUOstar
Omega microplate reader BMG LABTECH. Experiment was per-
formed twice with triplicates for all samples. Following formula
was used to calculate percent viabilities:

% Viability

¼ absorbance of sample� absorbance of sample control

absorbance of NTC� absorbance of media only
� 100

(5)

IC50 values were determined by using non-linear regression
curve tting (GraphPad Prism: 9.4.0).
2.11. Estimation of time dependent oxidative stress in
treated cells

Oxidative stress in treated HepG2 and HT144 cells was calcu-
lated in time dependent manner (1–45 minutes) using H2-
DCFDA (20,70-dichlorodihydrouorescein diacetate) assay.36 In
pre-seeded cells (>90% viability; 1.5 � 105 cells per ml), media
was replaced by PBS containing 25 mM H2-DCFDA and 2% FBS
with 45 minutes incubation. Cells were then treated with drug
functionalized NRs at 1 mg ml�1 dose with and without MF
assistance (4mT, 20minutes). Fluorescent intensities (emission
and excitation ¼ 355/590 nm; gain ¼ 700) were recorded at
different time points using microplate reader (FLUOstar Omega
microplate reader BMG LABTECH). Controls included free DOX
and MTX ¼ 0.5 mM, NRs-PMA ¼ 5 mg ml�1 and NTC. Non-
cellular controls (DCF only and NRs only) was also included.
Experiment was performed in triplicates.
2.12. Effect of drug functionalized NRs on cell cycle

Pre-seeded HepG2 and HT144 cells (>90% viability; 1.5 � 105

cells per ml) were analyzed by ow cytometry37 aer treatment
with IC50 doses of drug functionalized NRs for 24 hours with
and without MF assistance (4 mT, 20 minutes). Controls of the
experiment included free DOX and MTX ¼ 0.05 mM each and
NTC. Treated cells were collected, washed (PBS) and xed (70%
ethanol, 20% deionized water and 10% PBS) at 4 �C. Prior to
ow cytometry, xed cells were washed, resuspended in PBS,
and stained with DAPI for 5 minutes at room temperature in
dark. At least 10 000 cells per sample were analyzed using ow
cytometer (CytoFLEX LX ow cytometer, Beckman Coulter Life
Sciences) and CytExpert soware (Version 2.4).
2.13. Assessment of genotoxicity in cells treated with drug
functionalized NRs

Genotoxicity in cells was assessed by comet assay.37 Pre-seeded
HepG2 and HT144 cells (>90% viability; 1.5 � 105 cells per ml)
24962 | RSC Adv., 2022, 12, 24958–24979
were treated with IC50 doses of drug loaded NRs in the presence
and absence of MF (4 mT, 20 minutes) for 1 hour at optimum
culture conditions. Untreated cells (NTC) and free drugs (DOX
and MTX ¼ 0.05 mM each) were included as experimental
controls. Aer treatment, cells were harvested and counted. Cell
suspension of 2.7 � 105 per ml was embedded in 0.7% low
melting agarose and spotted on glass slides at 4 �C. Slides were
dipped overnight in cell lysis buffer (100 mM Na2-EDTA, 10 mM
Trizma base pH 10, 2.5 M NaCl, 1% Triton X-100 and 1% sodium
sarcosinate) at 4 �C, followed by 20 minutes immersion in pre-
chilled alkaline solution (0.3 M NaOH, 1 M Na2-EDTA; pH 13) to
allow DNA unwinding. Slides were then electrophoresed at 25 V
and 300 mA for 20 minutes and air dried. Cells were stained with
propidium iodide (PI, 5 mg ml�1) for 5 minutes and visualized
under uorescent microscope (200�; Nikon, MicroPhot-SA).
Analysis of 150–200 cells per sample was performed using
ImageJ soware and median olive tail moments (OTM) were
calculated relative to NTC.

2.14. Assessment of DNA fragmentation in cells treated with
drug functionalized NRs: ladder assay

Apoptotic DNA fragmentation was assessed via DNA ladder
assay.38 HepG2 and HT144 cells (>90% viability, 1 � 105 per ml)
were treated with IC50 doses of drug functionalized NRs for 24
hours with and without MF assistance. Controls of the experi-
ment included NTC, free DOX and MTX (30 mM each). Aer
treatment, harvested cells were lysed with DMSO (100 ml), fol-
lowed by addition of equal volume of TE buffer containing 2%
SDS (pH 7.4). Samples were centrifuged at 12 000 rpm for 10
minutes to separate out low molecular weight DNA fragments
(180 bp or multiples) and quantied by Nanodrop 2000C. Equal
volumes of DNA (with Orange G dye) were electrophoresed on 2%
agarose gel containing 50 mg perml ethidiumbromide, at 50 V for
2 hours. DNA bands were visualized using UV transilluminator.

2.15. Evaluation of cancer biomarker expression (Ki-67, p53
and Bcl-2) in treated cells: immunocytochemistry (ICC)

Expression of Ki-67, p53 and Bcl-2 proteins was evaluated by
ICC (Dako EnVision™ FLEX detection system) in treated cells.39

HepG2 and HT144 cells (>90% viability; 1.5 � 105 cells per ml)
were cultured on sterile coverslips, treated with IC50 doses of
drug functionalized NRs for 24 hours with or without MF
assistance (4 mT, 20 minutes), and xed with absolute meth-
anol. Untreated cells (NTC) and free drugs (DOX and MTX ¼
0.05 mM each) were included as experimental controls. Antigen
retrieval was performed at 95 �C for 45minutes and endogenous
peroxidases were blocked by addition of peroxidase blocker for
10 minutes. Cells were incubated with mouse monoclonal
antibodies; Ki-67 (clone MIB-1; working dilution ¼ 1 : 150), p53
(clone DO-7; working dilution ¼ 1 : 50) and Bcl-2 (clone 124;
working dilution ¼ 1 : 100) overnight at 4 �C. Following day,
HRP conjugated secondary antibody (rabbit, polyclonal) was
added for 30 minutes and stained with DAB chromogen (dark
brown stain) with several washings in between the process.
Counter staining was performed with hematoxylin for 5–6
minutes. Cells were dehydrated, mounted, and visualized under
© 2022 The Author(s). Published by the Royal Society of Chemistry
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light microscope (Nikon, MicroPhot-SA with digital camera
Optika C-B10; 200�). Images were analyzed with Optika Pro
View soware (Version: x86, 3.7.13977.20190224) and
percentage of antibody positive cells was calculated in each
sample replicate using following formula:

% Antibody positive cells ¼ number of antibody positive cells

total number of cells

� 100

(6)

2.16. Determination of multidrug resistance (MDR) pump
activity in cancer cells aer treatment with drug
functionalized NRs

Both HepG2 and HT144 cell lines have active ABC transporters40,41

responsible for MDR. MDR1 and MRP1 activity in cells was
determined using a uorometric MDR assay kit (ab 112142,
Abcam, Cambridge, MA, USA) using manufacturer's protocol.42

Pre-seeded HepG2 and HT144 cells (15000/well) were exposed to
NRs + DOX and NRs + MTX at 1 and 5 mg ml�1 concentrations
with and without MF assistance (4 mT, 20 minutes) for 24 hours.
NTC, free DOX and MTX (0.1 mM each) were included as controls
whereas cyclosporine A (Cyc A: 10 mM)was used as positive control
(inhibitor of MDR pump). Next, dye loading solution (100 ml per
well) was added, and plates were incubated in dark for 3 hours at
room temperature. Fluorescent intensity of cells was determined
by plate reader (FLUOstar Omega microplate reader BMG LAB-
TECH) at excitation and emission wavelengths of 485 and 530 nm,
respectively. Fluorescent intensity inside the cells was determined
relative to NTC aer subtracting drug only background. Higher
uorescence inside cells indicated inhibition of MDR pump
activity. Experiment was performed in triplicates.

2.17. Cytotoxicity screening of drug functionalized NRs in
3D spheroids

3D spheroid cultures represent a more suitable approach
towards screening of therapeutic agents mainly due to their
close resemblance to in vivo tumors. In the present study, 3D
spheroids of HepG2 and HT144 cell lines were grown for 72
hours using 1.5% agarose coated (50 ml per well) sterile 96 well
plates (Falcon® 96-well, at bottom, clear Microplate) with
plating density of 5000 cells per well (>90% viable). Plated cells
were accumulated in agarose meniscus by centrifugation for 10
minutes at 2500 rpm and incubated at 37 �C.2 Spheroids were
treated with drug functionalized NRs for 14 days at 5 mg ml�1

concentration with and without MF assistance (4 mT, 20
minutes). Controls included NTC and free drugs (DOX andMTX
¼ 0.05 mM each). Media was replenished aer every 48 hours. At
each time point, photographs were taken using Olympus CK2
light microscope at 100� magnication with attached camera
(Optika C-B10 digital camera) and Optica Pro View soware
(Version: x86, 3.7.13977.20190224). ImageJ soware was used to
calculate average diameter of spheroids covering lowest and
highest diameter ranges of treated and untreated spheroids.

At 14th day, viability of spheroids was determined in tripli-
cates using trypan blue method.43 Spheroids were washed with
© 2022 The Author(s). Published by the Royal Society of Chemistry
PBS and trypsinized for 5 minutes to allow formation of single
cell suspension.

3. Results and discussion
3.1. Physical characterizations

The XRD data was analyzed using Rietveld renement tech-
niques by Fullprof Suit program. The data for CFO@BTO NRs
composite was rened according to space groups (Fd3m, R3m)
and Crystallographic Information File (CIF) for cobalt ferrite
and barium titanate with chi-squared (c2) value 2.89. The
Rietveld rened XRD pattern of (CFO@BTO NRs) is marked as
triangle indicating experimental data with red solid line marked
as calculated intensities. The difference between two intensities
was marked with blue line at the bottom of graph and Bragg's
peak positions are marked as vertical lines according to their
space groups. All the observed peaks are allowed the Bragg's 2q
positions. The background was rened using pseudo-voigt
function by taking atomic fractional positions as xed param-
eters during renement, however some factors such as lattice
constant, isothermal parameters, scale, and shape factors are
considered as free parameters.

X-ray diffraction analysis of CFO@BTONRs has conrmed the
formation of crystalline material as shown in Fig. 2(a). Peaks
positions are well matched when compared with JCPDS no. (22-
1086 & 05-0626) for CFO and BTO, respectively. The average
crystalline size was calculated by Debye–Scherrer formula and
found to be 38 nm. Moreover, tetragonal phase of BTO was
conrmed by peak's split at 2q ¼ 45.9�. The inset image in
Fig. 2(a) indicates the tetragonal phase of barium titanate. Barium
titanate has different phases depending upon Curie temperature
and distortion in Centro symmetry of titanium atom. Tetragonal
phase and piezoelectric behavior of BTO are prime objectives for
biological studies. Phase can be recognized through XRD pattern
by identifying the peak's split at specic angles.44

Surface morphology and presence of major elemental
composition of core–shell nanorods was analyzed using scan-
ning electron microscopy and energy dispersive spectroscopy.
SEM images have shown the formation of core–shell nano rods
(Fig. 2(b)). High resolution SEM image (500 nm) indicates that
ferromagnetic CFO core is uniformly surrounded by piezoelec-
tric BTO shell. The formation of ferromagnetic CFO nanorod
core depends upon CTAB concentration. It is a surfactant
having bromine that produces stable elongated micelles in
synthesis solution. The bromine of CTAB forms complex bonds
with CFO that controls its growth in single axial direction,
resulting in lengthened CFO crystals. Average length and width
of core–shell nanorods was found to be (length ¼ 78 nm, width
¼ 30 nm, aspect ratio¼ 2.6) using image J soware. The pH and
CTAB concentration can be adjusted to control the length and
thickness of nanorods. EDS spectrum has also conrmed the
major elemental presence with negligible impurity peaks in the
sample.

The high resolution TEM image in Fig. 2(c) explain the
crystalline structure with edges of double grain of nano-
particles. Calculated inter planner distance for both phases
(0.252 nm, and 0.398 nm) with marked lattice fringes with their
RSC Adv., 2022, 12, 24958–24979 | 24963
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Fig. 2 Physical characterizations of CFO@BTO NRs. (a) Rietveld refined XRD pattern of CFO@BTO NRs, inset image shows the tetragonal phase
of BTO. (b) SEM images at different magnifications confirming formation of CFO@BTO NRs and EDS spectrum indicating major elemental
composition. (c) Bright field transmission electron microscopy (TEM) image of CFO@BTO NRs with High Resolution TEM (HR-TEM) and cor-
responding selected area electron diffraction (SAED) patterns of CFO@BTO NRs. (d) MH loops at 300 K of CFO and CFO@BTO NRs under 2 T
applied field. (e) ZFC-FCmagnetization curvemeasured in the temperature range of 0–360 K under applied cooling field (HCF) of 0.5 T. (f) TB vs. H
(T) of ZFC-FC magnetization curve measured in the temperature range of 10–300 K under applied cooling field (HCF) of 0.5 T to 7 T.

24964 | RSC Adv., 2022, 12, 24958–24979 © 2022 The Author(s). Published by the Royal Society of Chemistry

RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

1 
Se

pt
em

be
r 

20
22

. D
ow

nl
oa

de
d 

on
 1

0/
29

/2
02

5 
12

:1
4:

35
 A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2ra03429h


Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

1 
Se

pt
em

be
r 

20
22

. D
ow

nl
oa

de
d 

on
 1

0/
29

/2
02

5 
12

:1
4:

35
 A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
respective planes (311, and 100) have conrmed the presence of
CFO and BTO respectively. These planes are well matched with
the inter planner distance of diffraction patterens standards
obtained from their standard JCPDS database. Crystalline
Fig. 3 (a) Polarization (mC cm�2) vs. electric field (kV cm�1) hysteresis loo
hydrodynamic size (nm) of CFO@BTO NRs in different suspension media
plot of DOX and MTX with NRs-PMA, sample waste, NRs + DOX and NR
functionalized CFO@BTO NRs using different magnetic field intensities
respectively. *p < 0.05,-p < 0.01, rp < 0.005, +p < 0.001 and:p < 0.000
compared to 0 mT at all time points).

© 2022 The Author(s). Published by the Royal Society of Chemistry
nature of composite was studied by selected area electron
diffraction (SAED) patterns. The SAED images explain the
position of crystalline system upon diffraction with concentric
rings for both CFO and BTO with their respective hkl planes.
p at 200 V measured at room temperature. (b and c) Zeta potential and
(deionized water, PBS, SBB and DMEM). (d and e) UV-Vis absorbance
s + MTX respectively. (f and g) Drug release kinetics of DOX and MTX
(0–7 mT) at different exposure times (1, 5, 10, 20, 40 and 60 minutes)
5 (paired two-tailed t-test when drug release in the presence of MF was

RSC Adv., 2022, 12, 24958–24979 | 24965
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The magnetization vs. applied eld (MH) loops of samples
were obtained at room temperature using cycling elds � 2 T
(Fig. 2(d)). Ferromagnetic behavior was observed at room
temperature with saturation magnetization Ms of (66 emu g�1)
and (47.4 emu g�1) respectively for CFO andCFO@BTONRs. CFO
has higher value of Ms than CFO@BTO due to having large
magnetic contents as compared to CFO@BTO NRs composite.
Further, the coercivity Hc values for CFO@BTO NRs (1396 Oe) is
greater than CFO (488 Oe) due to formation of core–shell
morphology that enhanced the interphase exchange coupling in
composite.45 Moreover for core–shell nanorods, the rise in coer-
civity in the samples can be attributed to the presence of BTO
layer at surface which gives rise to strong uniaxial anisotropy
originating from the interaction of core and surface atoms.46

The temperature dependent magnetization (0 K to 360 K)
was studied in the presence of eld cooling (FC) and zero eld
cooling (ZFC) at different static magnetic elds (0.5–7 T). From
Fig. 2(e) and (f), the blocking temperature TB showed inverse
relation with applied eld. Both FC and ZFC magnetization
shows qualitatively similar behavior, however at all HCF there is
transition between ferromagnetic and superparamagnetic
regimes. Below TB the curves show ferromagnetic behavior and
above TB superparamagnetic behavior was observed. The
competition between magneto crystalline anisotropy energy
and thermal energy generates the splitting between FC–ZFC
curves.47 However, at lower applied eld of 0.5 T, blocking
temperature (TB) became very high (345 K) due to core–shell
morphology of samples.

Piezoelectric behavior was studied using ferroelectric hyster-
esis loop (P–E) at 200 V electric eld (Fig. 3(a)) that shows the
formation of a ferroelectric loop. The coercivity and remnant
polarization was found in order of 1.29 kV cm�1, and 3.26 mC
cm�2. Core–shell nanorods have large value of remnant polari-
zation and coercivity than core–shell spherical NPs as reposted in
literature,10 due to large surface and interacting area between two
phases. Moreover, large value of ferroelectric measurements has
conrmed the formation of pure tetragonal (BTO) phase.

The colloidal stability (hydrodynamic size, surface charge,
and polydispersity index PDI) of polymer coated and drug
functionalized NRs was determined by dynamic light scattering
(DLS). The samples were dispersed in different suspension
Table 1 Zeta potential, hydrodynamic diameter, and PDI results of NRs

Sample

Zeta potential (mV) � SD Water
SBB
PBS
DMEM

Hydrodynamic size (nm) � SD Water
SBB
PBS
DMEM

PDI Water
SBB
PBS
DMEM

24966 | RSC Adv., 2022, 12, 24958–24979
media (deionized water, SBB pH 9.0, PBS pH 7.4 and DMEM).
Potential value in SBB and PBS indicated indirect surface charge
on NPs surface. Whereas, deionized water suspension was
analyzed to determine electrolyte inuence on NPs stability,
and DMEM was included as representative of biological
assays.48 The results as shown in Fig. 3(b) and (c) and Table 1
revealed better colloidal stability indicated by higher value of
zeta potential (�37mV to�23mV) in all suspensionmedia. The
slightly lower value of zeta potential in DMEM was due to
interaction of serum proteins with NPs.10 The hydrodynamic
size measurements emphasized on successful drug attachment
at NPs surface. Polymer coated NRs had lower hydrodynamic
size value (76–117 nm) compared to drug attached samples
(109–171 nm). The hydrodynamic size of all samples increased
in DMEM due to serum proteins–NPs interactions (up to 171 �
8 nm) which is considered suitable for biological applica-
tions.10,49 The uniform distribution of all samples in all
suspension media was conrmed from lower values (0.13–0.33)
of polydispersity index (PDI) as shown in Table 1.

3.2. Drug loading

Doxorubicin (DOX) and methotrexate (MTX) drugs were loaded
on PMA functionalized CFO@BTO NRs and conrmed via UV-
Vis spectroscopy, with distinct peaks at 480 and 370 nm
respectively (Fig. 3(d) and (e)). Centrifugal lters were used to
remove unbound drug from samples and quantied using drug
titration curves as shown in Fig. 3(d) and (e) insets. NRs drug
encapsulation was 87 and 91%, whereas drug loading concen-
tration was found to be 61 and 67% for DOX and MTX,
respectively.

3.3. Drug release kinetics (time and MF dependent)

MF and time dependent (1–7 mT, 1–60 minutes) drug release
experiment was performed to determine ideal MF and time
point where maximum drug release is achieved. The obtained
results clearly indicated direct relationship between % drug
release and applied MF with time (Fig. 3(f) and (g)). Optimized
MF and timepoint which achieved 98% drug (DOX and MTX)
release was 4 mT and 20 minutes, respectively which was
implicated in biological assays in vitro. The drug release
mechanism of CFO@BTO NRs can be explained as controlled
measured by DLS

NRs-PMA NRs + DOX NRs + MTX

�37 � 1.1 �33 � 1.2 �31 � 1.5
�32 � 1.3 �30 � 1.4 �30 � 1.4
�29 � 1.9 �26 � 1.1 �28 � 1.9
�24 � 2.1 �23 � 1.8 �23 � 1.9
76 � 3 109 � 3 109 � 3
81 � 4 135 � 5 127 � 5
82 � 4 130 � 2 126 � 3
118 � 5 171 � 8 169 � 6
0.20 0.19 0.20
0.26 0.22 0.21
0.21 0.29 0.28
0.41 0.47 0.40

© 2022 The Author(s). Published by the Royal Society of Chemistry
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release by a passive mechanism of action using external MF.
Upon exposure of drug functionalized NRs to external MF,
electric dipoles are formed due to magnetoelectric effect50,51

which will generate dipole moment that breaks the original
symmetry of the charge in the CFO@BTO shell. On further
increase in MF up to 4 mT, the dipole charge density becomes
comparable to the ionic charge density in the shell and weakens
nanoparticles drug bond. The produced charge density will
breakdown nanoparticles drug bond on one side and
strengthen the bond in the reverse direction.52 Further, the
bond symmetry in the reverse direction can be broken by
applying a magnetic eld in the reverse direction.14,17 This
phenomenon ideally sweeps all bond orientation with a.c. MF
and enhance drug release efficiency.10
3.4. Drug loaded NRs cause enhanced cytotoxicity with MF
assistance

Cell membrane is an electrically polarizable medium due to
presence of several ion channels and transporters which allow
permeability to ions such as K+, Na+, Cl�, and Ca2+. Therefore,
a membrane potential (Vm) arises due to unequal distribution of
these ions in intracellular and extracellular environment.53

Literature suggests that Vm is associated with cell cycle
progression, wound healing, cellular differentiation, develop-
ment and regeneration.53,54

Since ion channels are actively involved in cancer progres-
sion, Vm therefore has an active role in cancer pathology.
According to Cone's theory, malignant transformation of cells is
characterized by signicant membrane depolarization.55 Cancer
cells maintain depolarized Vm characterized by high intracel-
lular Na+ concentration which favors mitosis and alters
membrane porosity.56 Studies suggest that normal cells are
hyperpolarized (Vm ¼ �60 mV to �100 mV). For instance, Vm of
normal human lymphocytes is �70 mV.56,57 Whereas cancer
cells are depolarized with Vm varying from �5 mV to �50 mV.
For example, Vm of HepG2 cells is �9.8 � 0.5 compared to
normal hepatocytes (�35 mV).58

Since Vm in cancer cells is consistently weaker than healthy
counterparts, the electric eld across membrane of a cancer cell
will also be reduced.56 Magneto-electric nanoparticles alter
membrane porosity by electroporation (in response to electric
eld). MENRs have negative surface charge like that of plasma
membrane. However, their cellular translocation is made
possible via electrostatic interactions and ionic charge imbal-
ance.59–61 Under the inuence of external MF, NPs generate
sufficient electric eld (magnetoelectric effect) in the vicinity of
plasma membrane, generating pores for NPs entry and drug
delivery.17 MF required for electroporation of cancer cells is
much lower (around 3 mT) due to depolarized Vm, compared to
normal cells (20 mT or greater) allowing target specicity.10,17,62,63

Apart fromMF assisted targeting, shape of NPs has also a key
role in cellular toxicity and internalization. Several studies
suggest better cellular uptake of rod-shaped NPs compared to
spherical counterparts.28–30

Cytotoxic ability of drug loaded NRs was tested in vitro using
HepG2 and HT144 cell lines. Cells were treated with 1 mg ml�1
© 2022 The Author(s). Published by the Royal Society of Chemistry
of NRs + DOX, NRs + MTX and NRs-PMA for 24 hours with and
without MF assistance in the presence of free drug controls
(DOX and MTX ¼ 0.01 mM each) and NTC. Obtained results
(Fig. 4(a)) indicated prominent difference in cytotoxicity when
compared to NTC. Cellular viability in the absence of MF was
around 60% which decreased prominently in the presence of
MF, resulting in <50% viability in both cell lines with
morphological alterations.64 Cytotoxicity was also higher than
equivalent free DOX and MTX controls where 70–80% cells were
viable. NRs-PMA showed minimal cytotoxicity (approx. 5–10%)
in the presence and absence of MF indicating suitability for
functionalization and safety in biological systems. We also
observed no signicant difference in NTC viability in the pres-
ence of MF, compared to NTC alone (ESI Fig. S1(a)†).
3.5. Drug loaded NRs induce higher apoptosis with MF
assistance

AOPI staining was performed to quantitatively determine frac-
tions of live, apoptotic, and necrotic cells relative to NTC in
treated HepG2 andHT144 cells (Fig. 4(c) and (d)). Upon staining
with AOPI, live, apoptotic, and necrotic cells appeared green,
orangish-yellow, and red respectively (Fig. 4(b)). Results indi-
cated signicant increase in apoptotic and necrotic cellular
fractions when external MF was applied.

In HepG2 cells, NRs + DOX produced an apoptotic fraction of
26.66 � 1.9% at 1 mg ml�1 which increased up to 2� (63.7 �
4.7%) when MF was applied. Similarly, NRs + MTX produced
19.6 � 3.7% apoptotic and 3.0 � 1.1% necrotic cells which
increased up to 3�whenMF was applied (60.1� 3.6% apoptotic
and 10.1 � 1.51% necrotic cells). Results were signicant (p <
0.005) when both MF assisted, and unassisted samples were
compared. NRs-PMA however, did not produce signicant
apoptosis (percent viable cells around 87% in MF assisted and
unassisted samples). Free DOX and MTX controls (0.01 mM
each) produced 35.8 � 3.2% and 40.5 � 2.3% apoptotic cells
respectively (p < 0.001 compared to NTC). Whereas necrotic
fraction was non-signicant (1.4 � 0.1% and 2.5 � 0%
respectively).

In HT144 cells, NRs + DOX produced 22.9 � 3.3% apoptotic
and 2.0 � 1.2% necrotic cells. Application of MF caused 1.5�
increase in apoptotic fraction (36.0� 3.8%) and 10� increase in
necrotic fraction (20.0 � 2.94%). Treatment with NRs + MTX
produced an apoptotic and necrotic fraction of 31.9 � 4.4% and
5.04 � 1.9% respectively. With the assistance of MF, up to 1.4-
and 7.5-folds increase was observed in apoptotic (44.8 � 3.5%)
and necrotic (37.9 � 3.23%) fractions respectively. In both
samples, MF assisted samples showed signicantly higher (p <
0.005) effect compared to unassisted samples. MF assisted and
unassisted NRs-PMA produced minimal cytotoxicity with
percent viable cells around 83.3%. Free DOX and MTX controls
(0.01 mM each) produced 45.1 � 5.5% and 40 � 1.2% (p < 0.05
compared to NTC) apoptotic fraction with non-signicant
necrosis (2.2 � 0.9% and 0.5 � 0.3%, respectively).

In both cell lines, we observed no signicant difference in
NTC and NTC (MF) (ESI Fig. S1(b)†), indicating that a low MF (4
mT, 20 min) had no effect on cellular viability of untreated cells.
RSC Adv., 2022, 12, 24958–24979 | 24967
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Fig. 4 (a) Cytotoxicity screening (SRB) and (b) fluorescent microscopic images (AOPI) of HepG2 and HT144 cells (magnification ¼ 200�, scale
bar ¼ 100 mm) treated with drug functionalized (DOX and MTX) CFOBTO NRs (1 mg ml�1) for 24 hours in the presence and absence of external
magnetic field (4 mT; 20 min). Controls of the study included untreated HepG2 and HT144 cells (NTC), free DOX and MTX (0.01 mM each in SRB
and 5 mM each in AOPI) and NRs-PMA (1 mg ml�1). (c and d) Bar charts indicating percent fractions of live, necrotic, and apoptotic cells after
treatment in HepG2 and HT144 cells, respectively. *p < 0.05, -p < 0.01, rp < 0.005, +p < 0.001 and :p < 0.0005 (paired two-tailed t test when
compared to NTC). p < 0.005 (paired two-tailed t test) when MF assisted, and un-assisted samples were compared. Experiment was repeated
twice with triplicates for all samples.
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Fig. 5 (a) Dose dependent cytotoxicity of drug functionalized CFO@BTO NRs in HepG2, HT144 and lymphocytes cells. (Left to right): Cells were
treated with free DOX and MTX (0.000005–1 mM), NRs-PMA, NRs + DOX and NRs + MTX (0.0005–100 mg ml�1) for 24 hours at in the absence
and presence of MF assistance (4 mT, 20 min). Untreated cells (NTC) were also included as controls. Plotted data represents mean � SD of three
independent triplicates. Doses on x-axis are plotted as log values. *p < 0.05, -p < 0.01, and rp < 0.005 (paired two tailed t-test when compared
to NTC). Non-linear regression curve analysis (GraphPad Prism 9.4.0) was used to determine IC50 concentrations (mg ml�1). (b) Measurement of
time dependent (1–45 minutes) intracellular oxidative stress in HepG2 and HT144 cells. (Left to right): Cells were treated with free drug controls
(DOX and MTX ¼ 0.5 mM each), NRs-PMA ¼ 5 mg ml�1, NRs + DOX and NRs + MTX at 1 mg ml�1 dose with and without MF assistance (4 mT, 20
min). ROS production at each time point was calculated relative to untreated cells (NTC). Data is represented as mean � SD of experimental
triplicates. *p < 0.05, -p < 0.01 and rp < 0.005 (two tailed t-test when samples were compared to NTC).
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3.6. Drug loaded NRs have lower IC50 with MF assistance in
cancer cells and are biocompatible to normal lymphocytes

Half maximal inhibitory concentration (IC50) of functionalized
NRs was determined by neutral red assay. Cells (HepG2, HT144
and lymphocytes) were exposed to several concentrations
(0.0005–100 mg ml�1) of NRs + DOX, NRs + MTX and NRs-PMA
for 24 hours with and without MF assistance. Controls of the
experiment included free DOX and MTX in concentrations
(0.000005–1 mM) equivalent to drug attached with tested doses
of NRs and untreated cells (NTC). At all tested doses, percentage
viabilities were plotted (Fig. 5(a)) and IC50 concentrations were
calculated (Table 2). IC20, IC50 and IC80 concentrations of free
drugs were also calculated (ESI Fig. S2(b) and Table S1†).

In treated HepG2 cells, MF assisted, and non-assisted
samples started showing signicant difference in cytotoxicity
even at a low dose of 0.1 mg ml�1. NRs + DOX and NRs + MTX
showed viability of 79.0 � 2.9% and 71.26 � 5.1% (p < 0.01)
respectively in the absence of MF. However, external MF assis-
tance caused viability values to signicantly (p < 0.05) drop up to
1.2 folds (65.76 � 5.2% and 57.6 � 2.6% respectively). This
difference in cytotoxicity increased up to 2.3 folds at higher
doses indicating better internalization of drug functionalized
NRs with MF assistance.

Similarly, in HT144 cells, treatment with 0.1 mgml�1 of NRs +
DOX and NRs + MTX reduced cellular viability to 73.95 � 9.6%
and 80.0 � 2.95% (p < 0.05) respectively. However, MF assis-
tance signicantly enhanced the cytotoxic potential (p < 0.05) up
to 1.2� (cellular viabilities ¼ 60.4 � 2.49% and 64.21 � 4.03%,
respectively) which increased up to 1.7� at higher doses.

In freshly isolated human lymphocytes, no signicant
difference was observed in MF assisted and un-assisted samples
indicating selective targeting of cancer cells. NRs + DOX showed
signicant cytotoxicity at 5 mg ml�1 and higher doses (%
viability range ¼ 69.81 � 0.67% to 18.60 � 4.1%). They were
biocompatible at lower doses (% viability range ¼ 100 � 1.06%
to 81.84 � 0.92%). Whereas NRs + MTX caused signicant (p <
0.05) cytotoxic response at 10 mg ml�1 and higher doses (%
viability range ¼ 66.94 � 7.53% to 15.05 � 6.57%) with non-
signicant effect at lower doses (% viability range ¼ 100 �
5.70% to 76.03 � 6.14%). Obtained IC50 values in lymphocytes
(Table 2) were up to 28� and 9.7� higher compared to that of
MF assisted and unassisted NRs in cancer cell lines respectively.

In HepG2, HT144 and lymphocytes cells, NRs-PMA showed
minimal cytotoxicity at 0.1 mg ml�1 dose. Percent viabilities
Table 2 IC50 values (mg ml�1) of CFO@BTO NRs + DOX, NRs + MTX
and NRs-PMA with and without magnetic field assistance in HepG2,
HT144 and lymphocytes

Sample

IC50 (mg ml�1)

HepG2 HT144 Lymphocytes

w/o MF MF w/o MF MF w/o MF MF

NRs + DOX 3.83 1.06 2.45 0.76 14.84 17.55
NRs + MTX 3.85 0.76 2.46 0.86 23.78 21.29
NRs-PMA 56.37 56.2 39.27 38.7 60.34 60.7

24970 | RSC Adv., 2022, 12, 24958–24979
were 91.3� 3.2%, 85.36� 2.65% and 94.85� 1.2% respectively.
Cytotoxicity was negligible at doses lower than 1 mg ml�1.
However, higher doses (5–100 mg ml�1) produced signicant (p
< 0.05) cytotoxicity in HT144 cells with viability values ranging
from 75.9 � 1.76% to 9.43 � 2.3%. Whereas viability in HepG2
cells ranged from 86.2 � 3.2% to 13.53 � 3.36%. NRs-PMA
showed maximum biocompatibility in lymphocytes with
signicant decrease in viability (p < 0.05) at 10 mg ml�1 and
higher doses (% viability range ¼ 75.24 � 0.49% to 29.2 �
6.36%). Free drug controls (DOX andMTX) produced signicant
cytotoxicity in both cell lines at higher doses 0.25–1 mM (p <
0.05: % viability range ¼ 78.5 � 2.7% to 52.91 � 5.63%) which
indicates that cytotoxicity is enhanced when drugs are loaded
on NRs. Non-signicant results were obtained in lymphocytes,
showing up to 80% viability at 1 mM dose of free drugs.

In all untreated cells (HepG2, HT144 & lymphocytes), we
observed >99% cellular viability with or without MF inuence (4
mT, 20 min) validating harmless role of MF in cellular viability
(ESI Fig. S2(a)†).
3.7. Drug functionalized NRs produce time dependent
oxidative stress in the presence of MF

Oxidative stress is one of the predominant mechanisms of
nanotoxicity causing impairment of cellular redox regulation,
lipid peroxidation, generation of protein radicals, DNA strand
breaks, initiation of inammatory responses and apoptosis.
NPs mediated ROS production is dependent on several physical
and chemical parameters such as shape, size, surface area,
oxidation status, solubility, surface ligands, particle agglomer-
ation and aggregation.65,66

Generally, shape of NPs is not considered a primary deter-
minant of oxidative stress. However, it has signicant role in
cellular uptake. For example, rod-shape NPs have higher
cellular uptake compared to spherical, cylindrical, and cubical
shapes. Moreover, higher the aspect ratio of NRs, higher the
cellular uptake due to increased surface area causing enhanced
ROS production.67,68

Drug functionalized NRs were tested for production of
oxidative stress in HepG2 and HT144 cells in a time dependent
manner (0–45 minutes) at 1 mg ml�1 dose with and without MF
assistance. NRs-PMA (5 mg ml�1), free drugs (DOX and MTX ¼
0.5 mMeach) and NTC were included as controls (Fig. 5(b)). NRs-
PMA caused up to 3.5� to 6� (p < 0.05) increased oxidative
stress in HepG2 and HT144, respectively at 5 mg ml�1. Sen et al.
also reported similar ndings where polymeric coatings
reduced cytotoxicity but had no effect on cellular ROS produc-
tion. However, increased expression of antioxidant enzymes
(SOD, CAT and GPx1) was reported in cell lines upon insult with
polymer coated NPs.69

Results indicated clear enhancement of ROS production
with MF assistance. In both cell lines, NRs + DOX and NRs +
MTX produced signicant ROS (p < 0.05) from 1 minute onward
and reached maximum at 20 minutes time interval under MF.
ROS declined aer 20 minutes indicating that MF released
maximum drugs within 20 minutes. In non-assisted samples,
no signicant increase in relative ROS production was observed
© 2022 The Author(s). Published by the Royal Society of Chemistry
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for rst 15 minutes of exposure and slight to moderate increase
was observed aer 15 minutes and reached maximum level at
30 minutes. Maximum ROS produced under MF was up to 2
folds higher in HepG2 and 3 folds higher in HT144 compared to
non-assisted samples which emphasizes upon efficient drug
delivery and release under MF assistance. Also, HT144 appeared
to be more sensitive towards drug functionalized NRs as ROS
produced under MF was 1.6 folds higher than that of HepG2.
Lower sensitivity of HepG2 can be explained by presence of
intrinsic antioxidant and xenobiotic detoxication
mechanisms.70,71

Furthermore, upon comparison with free drug controls (DOX
and MTX), NRs + DOX and NRs + MTX produced higher ROS
(1.6–2.3� in HepG2 and 1.9–2.6� in HT144) indicating better
performance of anticancer drugs when delivered via MF assis-
ted CFO@BTO NRs. Our results also indicated non-signicant
oxidative stress in NTC, exposed to MF (4 mT, 20 minutes)
compared to NTC alone (ESI Fig. S3†).
3.8. Drug functionalized NRs induce cell cycle arrest at
a much lower dose with MF assistance

Effect on cell cycle progression was determined by ow cytom-
etry aer treating HepG2 and HT144 cells with IC50 doses (Table
2) of NRs + DOX and NRs + MTX for 24 hours with and without
MF assistance. Obtained results were compared to NTC(MF)
and NTC respectively (Fig. 6(a)). No signicant difference was
observed between NTC and NTC(MF) in both cell lines (ESI
Fig. S4(a)†).

In HepG2 cells, free DOX caused G2 arrest with signicantly
lower (p < 0.05) cell number in S phase. Free MTX slightly
effected G1 and G2 phases however the effects were non-
signicant. Both MF assisted and non-assisted NRs + DOX
and NRs + MTX caused signicant G1 (p < 0.05) and S phase (p <
0.001) arrest with lower cell population in G2 phase (p < 0.05).
When compared to free DOX control (equivalent to drug
attached with IC50 concentration of NRs without MF), both MF
assisted and non-assisted NRs + DOX caused enhanced G1
(1.6� higher) and S phase (3.2� higher) arrest. However, when
compared to free MTX control (equivalent to drug attached with
IC50 concentration of NRs without MF), G1 arrest caused by NRs
+ MTX and NRs + MTX (MF) was 1.1� and S phase was 3�
higher. These results indicate efficient drug delivery via NRs
and early cell cycle arrest compared to free drugs.

InHT144 cells, free DOX caused signicant (p < 0.005) G2 arrest
and free MTX caused accumulation of cells in S phase (p < 0.001)
with signicantly lower (p < 0.05) cell population in G1 phase.
Upon treatment with NRs + DOX, signicant G1 (p < 0.01) and S (p
< 0.05) phase arrest was observed. MF assisted NRs + DOX
produced highly signicant S phase arrest (p < 0.001) with
decreased cellular population in G1 and G2 phases (p < 0.05). In
NRs +MTX, bothMF assisted, and non-assisted samples produced
signicant S phase arrest (p < 0.05) with decreased cellular pop-
ulation in G2 (p < 0.01). Upon comparison with free DOX control,
NRs + DOX enhanced G1 arrest by 1.2 folds andMF assisted NRs +
DOX enhanced S arrest by 2.7 folds. Similarly, S phase arrest was
up to 1.6� higher in NRs + MTX (MF assisted and non-assisted)
© 2022 The Author(s). Published by the Royal Society of Chemistry
compared to free MTX control which indicates efficient drug
delivery via NRs indicating halting of DNA synthesis.

In both cell lines, we obtained similar results with MF
assisted and unassisted NRs at IC50 doses (Table 2). However,
this nding indicates that same magnitude of cytotoxic
response can be achieved at dose �1 mg ml�1 with the help of
MF assistance, compared to unassisted samples at doses 2.45–
3.85 mg ml�1. Thereby, validating an active cancer targeting
strategy where dose is minimized to obtain optimum results.

3.9. Drug functionalized NRs induce DNA strand breaks

Comet assay was performed to determine drug induced geno-
toxicity in HepG2 and HT144 cells (Fig. 6(b)). Cells were treated
with drug functionalized NRs for 1 hour at IC50 doses with and
without MF assistance. Free drugs (DOX and MTX ¼ 0.05 mM
each) and NTC were included as controls. An Olive tail moment
(OTM) as determinant of genotoxicity was measured for each
sample relative to NTC (Fig. 6(c)).

In HepG2 cells, MF assisted and non-assisted NRs + DOX
produced maximum signicant (p < 0.005) genotoxicity with
relative OTM of 14.5 � 3.95 approximately. When compared to
free DOX control (relative OTM ¼ 1.43 � 1.27), NRs + DOX had
signicantly (p < 0.005) enhanced (10 folds) genotoxic activity.
Similarly, MF assisted and non-assisted NRs + MTX also had
signicantly (p < 0.005) enhanced (up to 7�) genotoxicity
(relative OTM ¼ 11.26 � 1.3 and 11.91 � 5.53 respectively)
compared to free MTX control, where relative OTM of 1.78 �
1.12 (p < 0.05) was observed.

Similar trend was observed in HT144 cells. MF assisted and
non-assisted NRs + DOX produced signicant (p < 0.01) DNA
damage with relative OTM of 9.5 � 2.75 and 8.6 � 1.71,
respectively. Obtained results were signicantly (p < 0.005)
improved (up to 5�) when compared with free DOX control
having relative OTM of 2.0 � 0.94 (p < 0.05) only. In case of NRs
+ MTX, both MF assisted, and non-assisted samples showed
signicant (p < 0.005) genotoxicity, having relative OTM of 15 �
4.28 and 14.35 � 4.26, respectively. Results were signicantly (p
< 0.005) enhanced (up to 6�) when compared to free MTX
control having relative OTM of 2.5 � 0.94 (p < 0.05) only.

Obtained results indicated no signicant differences
between MF assisted and non-assisted samples at IC50 doses
(Table 2: �1 mg ml�1 and 2.45–3.85 mg ml�1 for MF assisted and
unassisted samples respectively), indicating efficient NRs
mediated drug delivery controlled by external MF, resulting in
optimal DNA damage at doses �1 mg ml�1 in both cell lines.
Furthermore, applied MF had no signicant impact on geno-
toxicity in NTC (MF) and NTC controls of both cell lines (ESI
Fig. S4(b) and (c)†).

3.10. Drug functionalized NRs cause apoptotic DNA
fragmentation

DNA laddering is a hallmark of apoptotic cell death. Upon
treatment of HepG2 and HT144 cells with drug functionalized
CFO@BTO NRs (IC50 doses, 24 hour treatment) with and
without MF assistance, fragments of DNA (around 180 bp) were
observed on 2% agarose gel (Fig. 6(d)). These results suggest
RSC Adv., 2022, 12, 24958–24979 | 24971
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Fig. 6 (a) Flow cytometric analysis of cell cycle progression and (b) fluorescent microscopic images (magnification¼ 200�, scale bar¼ 100 mm)
after treatment of HepG2 and HT144 cells with drug functionalized (DOX and MTX) CFO@BTO NRs. HepG2 and HT144 cells were treated with
IC50 doses (IC50 values with MF¼�1 mgml�1, IC50 values W/OMF¼ 2.45–3.85 mgml�1 for both cell lines) for 24 and 1 hour respectively with and
without MF assistance (4 mT, 20 minutes). Controls of the experiment included untreated cells (NTC), free DOX and MTX (0.05 mM each). (c)
Genotoxicity was determined by measuring olive tail moments relative to NTC. Data represents mean� SD of three experimental replicates. *p <
0.05,-p < 0.01, rp < 0.005, +p < 0.001,:p < 0.0005 and ◉p < 0.0001(two tailed t-test when samples were compared to NTC). p < 0.005 and p
< 0.001 (two-tailed t test when samples were compared to free drug controls). (d) DNA laddering (180 bp) in HepG2 and HT144 cells after 24
hours treatment with MF assisted and un-assisted NRs + DOX and NRs + MTX at IC50 doses (IC50 values with MF ¼ �1 mg ml�1, IC50 values W/O
MF ¼ 2.45–3.85 mg ml�1 for both cell lines). Free DOX and MTX ¼ 30 mM each and NTC were included as controls. DNA samples were elec-
trophoresed with DNA ladder (100 bp) at 50 V for 2 hours using 2% agarose gel.
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apoptotic cellular death upon treatment with NRs + DOX and
NRs + MTX.
3.11. Drug functionalized NRs cause alterations in Ki-67,
p53 and Bcl-2 expressions in treated cells

Ki-67 is a proliferative cancer biomarker localized in nucleus and
involved in rRNA synthesis. It has prognostic characteristic for
determining survival rates in cancer patients. Higher the expres-
sion of Ki-67, lower the survival rate. It has low expression rate in
G1 and S phases and higher expression in G2 phase of cell cycle.72,73

Whereas p53, a tumor suppressor protein has diverse gene
regulating functions ranging from DNA repair, apoptosis, and
cell cycle. Elevated expression of p53 is mainly associated with
stress-based provocation such as oxidative stress, hypoxia,
ionizing radiations, and carcinogens.74–76

Bcl-2, the proto-oncogene is involved in inhibition of cell
death and is overly expressed in cancer cells. However, it is
downregulated indirectly via p53 by activation of Bax protein,
causing cells to undergo apoptosis in response to certain stress
stimuli.77 However, Bcl-2 promoter also contains a p53 negative
response element whichmay indicate its direct trans-repression
via p53.78

Present study included immunocytochemical assessment of
Ki-67, p53 and Bcl-2 cancer biomarkers in HepG2 and HT144
cells aer treatment with drug functionalized CFO@BTO NRs at
IC50 doses for 24 hours with and without MF assistance
(Fig. 7(a) and (b)).

In HepG2 cells (Fig. 7(c)), NTC had positive Ki-67 expression
of 75.8� 8.1% whereas, p53 and Bcl-2 expressing cells were 12.9
� 5.1% and 71.9� 6.4% respectively. Upon treatment with both
MF assisted and un-assisted NRs + DOX and NRs + MTX, a 4�
signicant reduction (p < 0.005 compared to NTC) in Ki-67
expression was observed with % antibody positive cells
ranging from 17.11 � 5.67% to 28.88 � 3.83%. Similarly,
signicant (p < 0.005 compared to NTC) increase in p53
expression (4�) was observed with % p53 positive cells ranging
from 42.9 � 4.9% to 56.5 � 4.1%. Increased p53 expression also
led to decreased Bcl-2 expression (6�), where antibody positive
cells were recorded at 11.71 � 4.27% to 19.71 � 5.46% (p <
0.001). Obtained results were also signicantly enhanced (p <
0.005) when compared with free drug controls where expression
levels of Ki-67, p53 and Bcl-2 were 72.3 � 3.8%, 31.25 � 3.2%
and 69.2� 2.1% (p < 0.05) in free DOX and 67.4� 5.1%, 38.75�
4.1% and 57.8 � 1.6% (p < 0.05) in free MTX, respectively. This
indicates enhanced cellular cytotoxic response when anticancer
drugs were delivered via magnetoelectric CFO@BTO NRs.

Similar ndings were obtained in HT144 cells (Fig. 7(d)).
Untreated cells positively expressing Ki-67, p53 and Bcl-2 were
77.3 � 4.5%, 9.16 � 5.2% and 69.2 � 5.5% respectively. Treat-
ment with MF assisted and un-assisted NRs + DOX and NRs +
MTX signicantly reduced (p < 0.001 compared to NTC) Ki-67
expression up to 4�, ranging from 15.7 � 1.9% to 25.4 �
3.4%. Likewise, elevation in p53 (7�) and inhibition of Bcl-2
expression (3�) was observed with antibody expression
ranging from 60.8� 6.3% to 70.3� 5.7% (p < 0.0005) in p53 and
6.25 � 1.3% to 23 � 1.5% (p < 0.001) in Bcl-2. Upon comparison
© 2022 The Author(s). Published by the Royal Society of Chemistry
with free drugs, all samples showed signicantly enhanced (p <
0.005) effects. Expression levels of Ki-67, p53 and Bcl-2 were
69.03 � 3.5%, 39.4 � 3.1% and 42.1 � 3.4% (p < 0.05) in free
DOX and 65.9� 7.2%, 49.4� 2.3% and 35.9� 3.9% (p < 0.05) in
free MTX, respectively.

In both cell lines, drug functionalized NRs reduced expres-
sion of Ki-67 protein, indicating possible role in inhibition of
cellular proliferation. However, ow cytometric results also
indicated G1 and S phase arrests in both cell lines. Since
expression rate of Ki-67 is already low at G1 and S phases of cell
cycle,72,73 it is unclear whether NRs had a role in inhibition of Ki-
67 protein. Therefore, further investigations are required to
validate these ndings.

The results indicated no signicant difference between MF
assisted and un-assisted samples at IC50 doses (Table 2) in both
cell lines. This nding suggests that application of external MF
can produce similar results at a much lower dose (�1 mg ml�1)
compared to un-assisted samples (2.45–3.85 mg ml�1: Table 2)
due to enhanced drug release and internalization of NRs. We
also report no signicant difference in expression levels of Ki-
67, Bcl-2 and p53 proteins in NTC (MF) compared to NTC
alone in both cell lines (ESI Fig. S5(a) and (b)†).
3.12. Drug functionalized NRs cause dose and MF
dependent inhibition of MDR pump activity in treated cells

Multidrug resistance (MDR) to chemotherapeutic drugs imparts
a major hurdle in cancer therapy leading to poor patient
outcome. Over the course of chemotherapy, cancer cells acquire
genetic alterations which cause changes in drug action mech-
anisms (changes in apoptotic signaling, over expression of drug
efflux pumps and enhanced repair mechanisms), making them
desensitized to structurally and functionally similar or unre-
lated drugs.79–81

In addition, poor pharmacokinetics, limited half-life, limited
biodistribution and non-specic uptake of drugs at tumor sites
also contribute to MDR development. Since, chemotherapeutic
agents cause adverse effects in normal cells as well, the dosage
of these drugs is restricted due to which incomplete treatment
occurs.82

Strategies to combat MDR include development of novel
pharmaceuticals or targeted drug delivery at tumor sites. From
drug delivery standpoint, MDR can be suppressed by loading
anticancer drugs on NPs such as carbon-based NPs, liposomes,
polymeric or non-polymeric NPs, dendrimers, and quantum
dots.83 The EPR effect along with active targeting (ligand or
stimulus based) favors NPs internalization via endocytosis,
escaping P-gp pumps and MDR transporter proteins, resulting
in improved half-life and prevention of pre-mature drug
release.84 It is also reported that functionalization of NPs
surface with polymer forms a hydration layer which causes
steric inhibition of electrostatic and hydrophobic interactions
with plasma proteins, causing escape from reticuloendothelial
system (RES). As a result, bioavailability and biodistribution
proles of the drug are improved signicantly.80

Overexpression of P-glycoprotein (P-gp), a protein efflux
pump (MDR1 gene product), belonging to ABCB1 family of ATP-
RSC Adv., 2022, 12, 24958–24979 | 24973
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Fig. 7 (a and b) Microscopic images (magnification ¼ 200�, scale bar ¼ 100 mm) of immunocytochemical (ICC) assessment of Ki-67, p53 and
Bcl-2 cancer biomarkers in HepG2 and HT144 cells respectively, treatedwith IC50 doses (IC50 values withMF¼�1 mgml�1, IC50 valuesW/OMF¼
2.45–3.85 mg ml�1 for both cell lines) of NRs + DOX and NRs + MTX for 24 hours with and without MF assistance (4 mT, 20 minutes). Controls
included free DOX and MTX (0.05 mM each) and NTC. (c and d) Quantitative analysis of ICC (HepG2 and HT144 respectively) with antibody
positive cells counted and plotted as percentages (mean� SD). *p < 0.05, -p < 0.01, rp < 0.005, +p < 0.001 and :p < 0.0005 (paired two-tailed
t-test when compared to NTC). p < 0.005, p < 0.001 and p < 0.0005 (paired two-tailed t-test when samples were compared to free drug
controls).
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binding cassette (ABC) proteins, is majorly involved in pumping
out several chemotherapeutic agents such as doxorubicin,
vincristine, etoposide, paclitaxel and rhodamine-123.85

However, Multidrug Resistance-associated Protein (MRP1)
belonging to ABCC1 family is also linked with development of
MDR in cancer. MRP1 is majorly involved in pumping out
hydrophobic molecules and several xenobiotics such as anti-
metabolites (folate-based), antiandrogens, anthracyclines,
heavy metals, and vinca-alkaloids. Overexpression of MRP1
leads to elimination of therapeutic agents from cancer cells,
hindering therapeutic efficacy.86 Increased expression of MRP1
protein is also associated with metastasis.87

In the present study, HepG2 and HT144 cells were treated
with NRs + DOX and NRs + MTX at 1 and 5 mg ml�1 doses with
and without MF assistance for 24 hours and inhibition of MDR
pump activity was estimated via uorometric determination of
dye retention inside the cells relative to NTC (Fig. 8). In HepG2
cells, samples showed dose and MF dependent inhibition of
MDR pump. NRs + DOX at 1 mg ml�1 caused signicant inhi-
bition of MDR pump by 2.4 folds (p < 0.05) relative to NTC which
increased signicantly (p < 0.05) up to 8.2 folds (p < 0.01) when
MF was used. NRs + MTX at 1 mg ml�1 caused up to 6 folds (p <
0.05) increase in MDR pump inhibition under MF assistance
compared to 1.1� in non-assisted sample. Inhibition of MDR
pump increased at higher dose and fold difference between MF
Fig. 8 Inhibition of MDR pump activity in HepG2 and HT144 cells af
concentrations for 24 hours with and without MF assistance (4 mT, 20 m
DOX, MTX (0.1 mM each) and NTC were included as negative controls. In
determined relative to NTC (mean � SD). Experiment was performed i
compared to NTC). ^p < 0.05 and p < 0.005 (paired two-tailed t-test w

© 2022 The Author(s). Published by the Royal Society of Chemistry
assisted and un-assisted samples reached up to 5 folds (p <
0.005). Free DOX and MTX had low dye retention (2.2 and
1.42�) relative to NTC indicating active P-gp pump activity in
HepG2 cells. Whereas Cyc A (positive control) inhibited MDR
pump up to 4 folds (p < 0.05).

In HT144 cells, similar dose and MF dependent behavior was
observed. NRs + DOX at 1 mg ml�1 caused pump inhibition by 1.8
folds relative to NTC. The effect signicantly increased up to 5.2
folds (p < 0.05) with MF assistance. Similarly, drug efflux inhi-
bition in NRs +MTX (1 mgml�1) was up to 4 folds relative to NTC,
which increased up to 6 folds (p < 0.05) in the presence of MF. At
5 mg ml�1 dose, both samples showed increased activity against
MDR pump (up to 5.4�) which amplied up to 7.6� with MF
assistance. Cyc A caused inhibition ofMDR pumpby 4 folds. Free
DOX and MTX had lower retention in cells (2.63 and 4.08�
respectively). DOX and MTX have also been reported as
substrates of P-gp pump, having inducing effect on MDR.88,89 In
both cell lines, MF exposure had no signicant effect on MDR
pump activity in NTC compared to unexposed NTC (ESI Fig. S6†).
3.13. Drug functionalized NRs cause MF dependent
cytotoxicity in 3D spheroids

Drug functionalized NRs were screened for cytotoxicity on 3D
spheroid models of HepG2 and HT144 cells with and without
ter treatment with NRs + DOX and NRs + MTX at 1 and 5 mg ml�1

inutes). Cyclosporine A (Cyc A, 10 mM) was used as positive whereas,
crease in fluorescence indicating increased MDR pump inhibition, was
n triplicates. *p < 0.05 and -p < 0.01 (paired two-tailed t-test when
hen MF assisted, and un-assisted samples were compared).
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Fig. 9 (a) Microscopic images representing cytotoxic effects of NRs + DOX and NRs + MTX on HepG2 and HT144 3D spheroids. Spheroids were
treated with drug functionalized NRs for 14 days with and without MF assistance (4 mT, 20 minutes) at 5 mg ml�1 dose. Controls included untreated
spheroids (NTC) and free drugs (DOX andMTX¼ 0.05 mMeach). Magnification¼ 100�, scale bar¼ 100 mm. (b) Bar charts indicating average changes
in (left to right) HepG2 and HT144 spheroids diameter after treatment with drug functionalized NRs for 3, 7 and 14 days. Mean � SD spheroid
diameters were calculated using ImageJ software at each time point. Multiple regions were covered to include all maximum and minimum diameter
ranges of spheroids. (c) Determination of cellular viability via trypan blue assay at 14th day in (left to right) HepG2 and HT144 spheroids after treatment
with drug functionalized NRs. Data presents mean� SD of three replicates. *p < 0.05, -p < 0.01, rp < 0.005 and +p < 0.001 (paired two-tailed t-test
when compared toNTC). ^p < 0.05, #p < 0.01, p < 0.005, p < 0.001 and p < 0.0005 (paired two-tailed t-test when compared to free drug controls).
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MF assistance. Spheroids share close resemblance towards in
vivo phenotype (drug resistance, hypoxia and denser extracel-
lular matrix) and allow better understanding of pathobiological
aspects of human cancers.90

Untreated HepG2 and HT144 spheroids had diameters of
393 � 39.8 mm and 494 � 136.44 mm aer 72 hours which
reached to maximum diameters of 426.52 � 33.21 mm and
591.94 � 60.7 mm (Fig. 9(a) and (b)) at 14th day with % viability
of 81.2� 3.3% and 78.5� 5.5% respectively (Fig. 9(c)). Free DOX
and MTX caused up to 1.2� (p < 0.001) and 1.6� (p < 0.005)
reduction in spheroid diameter in HepG2 and HT144 respec-
tively at 14th day of treatment with cellular disaggregation
observed in HT144. Up to 78.4 � 1.5% cells were viable in
HepG2 spheroids treated with free drugs whereas, HT144
spheroids showed maximum viability of 76.2 � 2.9%.

In HepG2 spheroids (14th day), treatment with NRs + DOX
and NRs + MTX reduced spheroid diameter up to 1.47 folds (p <
0.005) with viability up to 53 � 4.2% (p < 0.05) compared to NTC
(% viability ¼ 81.2 � 3.3%). Whereas MF assistance increased
cytotoxicity by reducing spheroid diameter up to 1.6� (p < 0.001)
with enhanced spheroid disaggregation, having strong reduction
in % viability (43 � 1.9%; p < 0.01). Signicantly strong results (p
< 0.005) were obtained compared to free drug controls, indicating
better performance of MF assisted NRs as drug carriers.

In HT144 spheroids, NRs + DOX and NRs + MTX reduced
spheroid diameter up to 2.9 folds (p < 0.005) at 14th day of
treatment with viability up to 57.14 � 1.7% (p < 0.05) compared
to NTC (% viability ¼ 78.5 � 5.5%). Use of MF assistance
signicantly upregulated cytotoxicity with up to 9� (p < 0.001)
decrease in spheroid diameter and almost complete disaggre-
gation of spheroids. Viability values up to 41.9 � 4.2% (p < 0.01)
were obtained. MF assisted NRs + drugs were signicantly (p <
0.01) efficient in reducing cellular viability and spheroid
diameter, compared to free drug controls indicating better
penetration of NRs inside spheroids.

In both cell lines, MF exposure had no prominent effect on
spheroid diameter and viability in NTC compared to NTC alone,
indicating non cytotoxic effects of low intensity MF (ESI
Fig. S7(a)–(c)†).

Application of a.c. MF causes production of pulsed electric
eld by MENRs which interacts with polar phosphate groups of
plasma membrane bilayer. This interaction causes repulsion
between negatively charged phosphate groups and pulse electric
eld of MENRs. As a result, repulsive forces cause dislocation of
phospholipids, creating a nanopore onmembrane surface which
allows efficient permeation of MENRs through it.91

4. Conclusion

Magneto-electric core–shell nanorods (CFO@BTO NRs) were
designed to amplify drug delivery and to achieve controlled
drug release under external MF stimulation. CFO@BTO NRs
were successfully synthesized by solvothermal method. Physical
studies have conrmed the formation of pure core–shell ME
nanostructures having average crystalline size �38 nm. More-
over, magnetic behavior of sample having saturation magneti-
zation (47.4 emu g�1), coercivity (1396 Oe) and high blocking
© 2022 The Author(s). Published by the Royal Society of Chemistry
temperature (TB) 345 K at 0.5 T from MT curves also supports
the formation of core–shell structures. Ferroelectric analysis
has shown BTO tetragonal phase with large value of Remnant
polarization 3.26 mC cm�2 and coercivity 1.29 kV cm�1 at 200 V.
Synthesized CFO@BTO NRs were functionalized with PMA and
anticancer drugs (DOX and MTX) using EDC chemistry with
87% and 91% drug loading efficiency, respectively. Maximum
drug release (98%) was achieved at 4 mT MF applied for 20
minutes. In vitro cytotoxicity assay in HepG2 and HT144 cancer
cell lines showed MF and dose dependent cytotoxicity with IC50

values ranging from 0.76–1 mg ml�1 in MF assisted and 2.45–
3.85 mg ml�1 in non-assisted samples. Furthermore, augmen-
tation in intracellular ROS production was observed up to 1.6
folds with MF. Cancer cells undergo apoptosis because of
oxidative stress (p < 0.05) leading to genotoxicity (p < 0.005), p53
(elevated expression: p < 0.005) mediated cell cycle arrest (G1
and S phase: p < 0.05), and down-regulation of anti-apoptotic
Bcl-2 protein (p < 0.005). In addition, drug functionalized NRs
exhibited signicant (p < 0.05) MDR pump inhibition activity,
highlighting their potential role in combating chemo-resistance
in cancer. Similarly, MF assisted NRs + Drugs caused signi-
cantly enhanced cell death and disaggregation (p < 0.01) in 3D
spheroids of HepG2 and HT144 compared to free drug controls,
indicating enhanced cellular permeation. With denitive
results obtained with MF assistance at doses �1 mg ml�1,
CFO@BTO NRs prove to be effective drug carriers, offering
selective targeting of cancer cells without harming normal cells
in vitro. However, further exploitation of cytotoxicity mecha-
nisms and in vivo pharmacokinetics studies are required to
elaborate their potential in cancer therapy.
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