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Abstract

We report a biphasic system (BPS) consisting of PEGylated Th**-doped GdPO,
nanorice sensitized with Ce** (PEG-NRs) and glutamic acid coated iron oxide nanoparticles
(IONPs) with multifunctional capabilities. The mesoporous PEG-NRs exhibit green light
luminescence property and high degree of aqueous stability. Its drug loading and release
capacities were investigated for anti-cancer chemo doxorubicin (DOX). Its mesoporous
nature and availability of plenty negatively charged functional group (-COQ") on the surface
of PEG-NRs facilitates approximately 94 wt. % DOX loading. In vitro studies carried out for
PEG-NRs and its biphasic integrated system with iron oxide using HeLa and MCF-7 cell
lines demonstrated its cell killing efficacy. The green luminescent observed under confocal
laser scanning microscopy (CLSM) confirms the cellular uptake of PEG-NRs by HelLa cell
lines and its accumulation in the cytoplasm. Approximately 50-55% of HelL.a and MCF-7 cell
death was observed after 24 h of incubation with DOX loaded BPS (2 mg IONPs and 0.25
mg PEG-NRs+DOX) which further increased to about 90 % when exposed to AC magnetic
field (AMF) for 25 min. Our findings demonstrate that the therapeutic efficacy of BPS loaded
with DOX could be a powerful multimodal system for imaging and synergistic chemo-

thermal cancer therapy.

Keywords: PEGylation, GAPO, Nanorice, Iron oxide Nanoparticle, Biphasic system, Drug

delivery, Cancer, Theranostics.
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1. Introduction

Development of multifunctional nanoparticles has become one of the focus areas for various
biological applications. Amongst these, fabrication and designing of highly efficient site
specific drug delivery (DD) systems have gained importance recently.” During the last
decade, there have been many reports on various types of DD systems including magnetic

nanocomposite,’ dendrimer,” polymeric and oxide nanoparticles,® °

mesoporous silica
nanoparticles (MSNs) etc.’ ** These DD systems combined with fluorescent molecules such
as dyes, semiconductor quantum dots etc. have been utilized for real time monitoring during
the drug transport.** ** Recently, lanthanide based rare earth oxides have become promising
as an alternative to conventionally used luminescent labels (dyes and semiconductor quantum
dots).** This is due to their attractive optical properties, high chemical and photochemical
stability and low toxicity along with their resistance to photobleaching, blinking,
photochemical degradation and large Stokes shift.*" 1>

Among various such oxides, GdPO, doped with lanthanide ions is an outstanding
luminescent material for applications like display devices and biological imaging.'® *%° The
use of Gd*" based nanophosphors as multifunctional platform for magnetic resonance (MR)
and optical imaging has been lately reported.’® ** The possibility of combining optical
imaging with a drug carrier will serve as an imaging probe to locate disease sites and as a
carrier to precisely target the delivery of therapeutics, thus minimizing side effects on
neighboring tissues or organs.'® ?*?" Xu et al. recently reported urchin-like GdPO4:Eu®"
hollow spheres for simultaneous drug delivery of Ibuprofen and for bio imaging

applications.™ Also, Huang et al.?®

demonstrated the possibility of the use of self-assembled
hydrogel like GdPO4-H,O for drug delivery. In this context, functionalization of
nanoparticles with free functional group(s) on the surface allows for the conjugation of

different biomolecules, proteins, drugs etc.”® Therefore, an efficient functionalization of Gd**
2
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based luminescent nanoparticles such as GdPO4:Ln*" (Ln*" = lanthanide ions) will pave the
way for the development of a single entity with multiple functionalities such as T; contrast
agent in magnetic resonance imaging (MRI), optical imaging and simultaneous transport of
drug. These nanoparticles can also be made an upconversion luminescent material with
suitable combination of doping of lanthanide ions like Yb**/Er**, Yb*/ Tm** etc.’®e % 3
These may be excited by a continuous-wave of near-infrared (NIR) that exhibits an unique
narrow photoluminescence with higher energy (visible region). This makes it suitable for in
vivo applications.®® Also, NIR has more penetration depth in the tissues and hence
advantageous.

Iron oxide nanoparticles (IONPs), on the other hand, can be of extra benefit towards
combination of thermo and chemotherapy for the treatment of cancer. Under AC magnetic
field (ACMF), IONPs can be used for the generation of hyperthermia temperature causing
death of the tumor cells. Also, ACMF is known to enhance the therapeutic efficacy of
anticancer drug such as doxorubicin (DOX).32**

In view of the attractive properties of the two systems, in the present work, we report
a biphasic system (BPS) of these two constituents: (a) PEG-diacid coated GdPO,:Th*"/Ce**
nanorice and (b) glutamic acid coated IONPs. The potential applications of this biphasic
system were evaluated for chemotherapy and magnetic hyperthermia (Scheme 1). In addition,
it is expected that such a system has the potential to be used for imaging and may be explored
as T, and T, contrast agent in MR1.%>%

The individual components and their BPS are thoroughly characterized with X-ray
diffraction (XRD), Fourier transform infrared (FTIR), dynamic light scattering (DLS) and
electron microscopy. The fluorescence and thermal studies are employed to estimate the

entrapment efficiency of drug in the carrier. The drug release in both the mild acidic (pH =

4.3) and physiological environments (pH = 7.4) is monitored with the fluorescence from
3
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DOX. The cytotoxic effect of drug released from the DOX loaded PEG-NRs carrier (termed
as PEG-NRs+DOX) has been investigated in vitro with HeLa (Human cervical carcinoma
cells) and MCF-7 (breast cancer cell) cell lines. Further, the cytotoxicity effect due to chemo
and thermal therapy of BPS loaded with DOX (termed as BPS+DOX) on Hela cells has been

investigated towards the synergistic effect in killing the tumor cells.
2. Experimental section

2.1 Materials used

Analytical grade reagents were used as received. Gd,O3 (99.99%), Tb(NO3)3-6H,0O
(99.99%), Ce(NO3)3-6H,0 (99.99%), NH;H.PO, (99.999%), FeCl;-6H,O (97%) and
FeCl,-4H,0 (99%) and Poly(ethylene glycol)bis(carboxy methyl)ether (HOOC-PEG-COOH,
PEGD, M,, = 600) were purchased from Sigma-Aldrich Co. (St. Louis, MO, USA). Glutamic
acid (GA), ethylene glycol (EG) and hydrochloric acid (HCI) were obtained from Merck
India. MilliQ (18.2 MQ-cm) water was used throughout the experiment. Dulbecco’s modified
eagle medium (DMEM), antibiotic-antimycotic solution (penicillin/streptomycin, P/S),
Sulphorhodamine B (SRB), phosphate-buffered saline (PBS), Tris-buffered saline (TBS),
trypsin-EDTA solution and trypan blue were obtained from Hi-Media Ltd (Mumbai, India).
Acetic acid (glacial, 100%, Merck), paraformaldehyde (95%, Merck), trichloroacetic acid
(TCA, 20% WI/V, Loba Chemicals) and doxorubicin hydrochloride (DOX, >98%, Sigma
Aldrich) were used in the experiment. L929, HeLa and MCF-7 cell lines were procured from
the National Center of Cell Science (NCCS, Pune, India).
2.2 Synthesis of PEG-NRs, IONPs and BPS

The PEG-NRs were synthesized by a polyol method using EG as solvent following
the earlier reports.’ In a typical synthesis of the 5 at.% Ce** sensitized Th** (5 at.%) doped
GdPO, NRs, 350 mg of Gd,O3 and 49 mg of Tb(NO3)s;-6H,O along with 47 mg of

Ce(NO3)3-6H,0 were dissolved in 1 mL concentrated HCI (35 vol.%) to convert the oxide
4
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and nitrate precursors to their respective chloride counterparts. The excessive acid was
removed by evaporating the solution through successive addition of milliQ water. This is
repeated several times until the pH of the solution is nearly neutral. The above chloride
solution was mixed with 30 mL of EG, 10 g of PEGD and 250 mg of (NH;)H,PO, in a
reaction flask at 30 °C. The solution was magnetically stirred for 30 min and the temperature
was raised slowly to 150 °C and heated for 1 h resulting in the formation of white precipitate.
The precipitates were washed thoroughly with methanol and collected by centrifugation.

The IONPs were prepared by co-precipitation method. In a typical synthesis
procedure, 730 mg of FeCls-6H,0 and 270 mg of FeCl,-4H,0 were dissolved in 50 mL of
milliQ water in a round bottom flask and heated to 70 °C with constant mechanical stirring
(1000 rpm) under nitrogen atmosphere for 1 h. To this solution, 30 mL of ammonia
hydroxide was added drop wise through a burette resulting in the formation of black
precipitate. Then, 2 g of glutamic acid dissolved in 5 mL of water (previously prepared) was
added to the reaction flask and heated at 90 °C for another 1 h. Finally particles were washed
with water and ethanol and collected by magnetic separation.

The BPS of PEG-NRs and IONPs has been prepared by taking 2 mg of IONPs and
0.25 mg of PEG-NRs. Both the materials were dispersed thoroughly in two separate glass
vials containing 2 mL milliQ water. Then two dispersions were mixed in a single vial and put
in a shaker for 48 h. Finally, the materials termed as BPS were collected by centrifugation.
The IONPs, PEG-NRs and BPS are quite stable in the suspension as shown in the
photographic images of their respective dispersed solutions (ESI Fig. S1).

2.3 Preparation of PEG-NRs+DOX and BPS+DOX

To prepare DOX loaded PEG-NRs, 10 mg of the PEG-NRs was thoroughly dispersed

in 1 mL of water and later 50 pug of DOX solution (conc. 1 mg/mL) was added to the above

solution. The whole solution was incubated in a dark environment with constant shaking for
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24 h. The loaded part was separated from the supernatant through centrifugation. The
fluorescence spectra of the supernatant were recorded to calculate the entrapment efficacy.
For the preparation of BPS+DOX, same method was followed. The above prepared PEG-
NRs+DOX and BPS+DOX were used for in-vitro study.
2.4 Drug release studies

Drug release from PEG-NRs+DOX was performed at physiological pH (7.4) and mild
acidic pH (4.3) environments. DOX loaded PEG-NRs were dispersed in 1 ml of buffer
solution and transferred inside two separate membranes (Himedia, Dialysis membrane-150,
LA401) with phosphate-buffered saline (PBS) of pH = 7.4 and sodium acetate buffer of pH =
4.3, respectively. The membranes with the samples were kept in 20 mL PBS solution bath
separately with constant stirring. The drug released from membranes into the PBS solution
was collected at different time durations for analysis. The released DOX in the PBS was
measured from fluorescence emission spectrum and percentage of release was estimated from
fluorescence intensity. All the release experiments were performed in triplicate.
2.5 In vitro cell culture and cytotoxicity studies

The cell culture experiments were carried out using L929, HeLa and MCF-7 cell
lines. The cells were harvested in DMEM supplemented with 10% PBS and 1% P/S solution
at 37 °C in a saturated humidified environment of 5% CO, atmosphere (InCu-safe). In vitro
cytocompatibility of the NRs and BPS were evaluated by SRB assay using L929, Hela and
MCF-7 cell lines.®® In brief, the cells were seeded into 96-well plates (10,000 cells/well) and
allowed to grow for 24 h. The cells adhered loosely on the surface were washed with PBS.
The cells were then incubated with different concentrations of the samples. After 24 h the
plates were thoroughly washed with PBS and air-dried to remove excess water before
processing for SRB assay. For cell fixation, 100 pL of ice-cold 10% TCA was added into

each well at 4 °C for 1 h which were further washed with deionized water and air-dried. 100
6
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pL of 0.057% SRB was added and kept at room temperature for 20 min. Unbound SRB was
washed away with 1% acetic acid (100 pL). To solubilize the dye, 100 pL of 10 mM TBS
was added to each well and kept for 20 min. Thereafter, the plates were placed on a shaker to
allow mixing and the absorbance (optical density, OD) was measured using a microplate
spectrophotometer-at 560 nm. The experiment was performed in triplicates. The percentage

of viable cells was estimated using the formula:

OD of treated cells

%Cellviability:ODf ol call x
of control cells

2.6 Cellular uptake of NPs

Approximately 10,000 HelLa cells were seeded on glass cover-slip placed in a 24-well
culture plate and were allowed to grow overnight as a monolayer. The surface adhered cells
were then incubated with fresh media containing 0.1 mg per mL of PEG-NRs and PEG-
NRs+DOX for 24 h and later the cells were washed thoroughly with PBS and fixed with 300
pL of 10% paraformaldehyde. The excess paraformaldehyde was washed with PBS after 10
min. For confocal imaging the cover slips were placed on a glass slide and two-channel
optical images of DOX and GdPO,:Ce**/Tb*" were collected (470 and 435 nm excitation; 590
and 544 nm emission).
2.7 In Vitro Hyperthermia study

The potential synergistic effect of BPS loaded with DOX (BPS+DOX) on adherent
HeLa cells was investigated in presence/absence of ACMF. The detail mechanism of heat
generation with magnetic nanoparticles under ACMF is given in the ESI. The viability of
treated cells was determined by the trypan blue method.** Approximately, one million cells
were cultivated in 30 mm petridish with 1 mL of DMEM supplemented by 10% PBS and 1%
P/S at 37 °C under 5% CO, atmosphere. After 24 h, cells were thoroughly washed with PBS

and incubated with 1 mL sample of BPS+DOX (concentration 2.25 mg mL™ which contains
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2 mg of IONPs and 0.25 mg PEG-NRs) and maintained at 37 °C for 6 h along with negative
and positive controls in triplicates. The cell petridishes were then exposed to ACMF (250
kHz, 460 Oe) for 25 min and thus treated cells were maintained inside incubator for 24 h. To
count the number of dead cells with hemocytometer, the petridishes were washed with PBS
and trypsinized to collect in a micro-centrifuge tube. The obtained cell pellets after
centrifugation at 2000 rpm were suspended in 900 pL of PBS and 100 pL of 0.4% trypan
blue was added to stain the dead cells. The percentage of viability was estimated by the

formula:

Livecells

% Viability ==~ " x
Otal cells

2.8 Characterizations

The identification and purity of the phase was confirmed by XRD using PANalytical
diffractometer (X’pert PRO) with CuK,, radiation (1 = 1.5405 A) and a Ni filter. FTIR spectra
were recorded using Nicolet Instruments (Magna550) by KBr pellet technique. The field
emission scanning electron microscopy (FESEM) and transmission electron microscopy
(TEM) images were recorded using JEOL JEM-7600F and JEM-2011F, respectively. Zeta
potentials and hydrodynamic diameters (using dynamic light scattering) were measured in
DelsaNano C, Beckman coulter Inc. The specific surface area, pore volume and pore size
distribution of the PEG-NRs were measured by Micromeritics instrument (ASAP 2020). The
specific surface area is measured using multipoint Brunauer-Emmet-Teller (BET) method
whereas, pore size distribution and total pore volume were determined by the Brunauer
Joyner—Hallenda (BJH) method. Prior to measurements, the samples were outgassed at 90 °C
with a heating rate of 10 °C/min for 1 h and then the temperature was raised up to 140 °C and
maintained overnight. The magnetization versus field (M-H) and zero field cooled-field

cooled (ZFC-FC) measurements were carried out using magnetic properties measurement
8
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system (MPMS, Quantum Design). Hyperthermia studies were carried in Easy Heat 8310
(Ambrell, UK). Photoluminescence spectra were recorded at room temperature with a Hitachi
F-4500 fluorescence spectrometer with a 150 W Xe lamp as the excitation source. For DOX
loading and release experiment, the Varian Cary Eclipse Fluorimeter was used. Confocal
laser scanning microscopy (CLSM) images were recorded in Olympus Inverted Confocal

Microscope (Model 1X-81). The live/dead cells counting were performed in hemocytometer.
3. Results and discussion

3.1 Structural and microstructure Studies

The indexed XRD patterns of as-synthesized PEG-NRs, IONPs and BPS are shown in
Fig. 1. The PEG-NRs crystallizes in monoclinic phase of GdPO, (JCPDS#32-0386) whereas
that of IONPs in inverse spinel Fe;O4 (JCPDS#19-0629). The estimated lattice parameter of
IONPs is 8.378 A and that of PEG-NRs are: a =6.67 A, b =6.86 A and c = 6.31 A and p =
104.14°. The estimated crystallite size of IONPs and PEG-NRs using Scherrer formula by
considering most intense peak in XRD patterns are ~9.4 and 14.7 nm, respectively. The BPS
exhibits the peaks of the above two phases. The surface chemical structure of the PEGylated
NRs and glutamic acid coated IONPs were characterized by FTIR spectroscopy (Fig. 2). The
characteristic bands of HOOC-PEG-COOH at 1092 cm™ (C-O-C stretch) and 1412 cm™
(CH; scissor) appear in the spectrum (Fig. 2a). A red shift in the above two bands are
observed from that of the sole PEGD which may be attributed to the attachment of PEGD on
the surface of GAPO,:Th**/Ce**. The carboxyl band at 1746 cm™ in the spectrum of PEGD is
shifted to 1626 cm™ in NRs. This spectral change indicates the binding of carboxylate groups
to the metal ions of GAPO,:Th*"/Ce** via the interaction of one or two oxygen atoms with the
metal ions on the surface through covalent bond.*> 3 % The presence of these organic
functional groups on the surface of particles has also been confirmed from thermal studies

(ESI, Fig. S2). The bands at 2880 and 2940 cm™ correspond to the symmetric and
9
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asymmetric stretching vibrations of the CH, group respectively. The O-H stretching vibration
of carboxyl group is observed at 3458 cm™. The IR active bands of (PO4)* group (v4) are
observed at 540 and 637 while the vs is found to be merged with the C—O-C stretching band.

The FTIR spectra of GA coated IONPs along with the bare GA is presented in Fig.
2b. The bands at 1630 and 1421 cm™ correspond to the carboxylate group and indicate the
coating of glutamic acid on surface of IONPs.”® The bands centered at 588 cm™ is due to
vibration of Fe-O of Fe;04 and 618 cm™ is probably assigned to the existence of maghemite
(y-Fe,03) phase due to surface oxidation.* Additionally, the enhanced peaks at 2935 and
2844 cm™ observed are due to the symmetric and asymmetric CH. stretching vibrations
respectively.** A broad band centered at 3415 cm™ is assigned to the merge of the
asymmetric stretching modes of NH, group and O-H stretching vibration of the carboxyl
group present in the glutamic acid.*®

The nitrogen (N2) adsorption—desorption isotherm indicates the mesoporous nature of
PEG-NRs (Fig. 3a). It possesses a specific surface area of 88 m? g™* and pore size distribution
of average pore diameter ~16 nm. The porous nature of PEG-NRs assemblies is derived from
swelling of polymeric PEG corona which is confirmed by the disappearance of pores in the
sample when heated at 450 °C for 2 h (Fig. 3b). The mesoporous nature and large specific
surface area of PEG-NRs make it an ideal nanocarrier for drug delivery applications.

Fig. 4a,b display the FESEM and TEM images of the PEG-NRs. The images show the
presence of the nanorice shaped GdPO,: Th*"/Ce** nanoparticles. The NRs are of uniform size
with average diameter and length of 10 and 60 nm, respectively. The selected area electron
diffraction (SAED) pattern shows that the samples are crystalline in nature. The indexed
planes from SAED and the calculated d-spacing of 0.30 nm measured from HRTEM image
matched with the (120) plane of monoclinic GdPO, and are shown in supplementary

information (ESI, Fig. S3a,b). Fig. 4c shows the TEM image of IONPs indicating the
10
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presence of dispersed nanoparticles with a size of ~12 nm. The SAED pattern is well indexed
with the inverse spinel structure and characteristic d-spacing of 0.30 nm which is related to
the (220) plane (ESI Fig. S3c,d). Fig. 4d shows the TEM image of the BPS of PEG-NRs and
IONPs. We do not see a clear evidence of attachment of IONPs on PEG-NRs in TEM. In fact,
it more looks like a biphasic system of the two phases. However, some of the other results
such as hydrodynamic diameter, change in zeta potential and EDX mapping suggest that
some amount of iron oxide might be conjugated/adsorbed on PEG-NRs surface discussed
later in the text. The EDX mapping shows the uniform distribution of Gd, Ce, Th and Fe
throughout the sample area scanned (ESI Fig. S4). As glutamic acid (2-aminopentanedioic
acid) is coated on IONP, the -NH;" group available on the surface might have helped for such
uniformity as it may get attached to the negative carboxyl group on the surface of NRs.
However, the extent of attachment may not be significant as the surface of IONPS also
contains abundant of negatively charged functional group (-COQ"). If both the species will be
oppositely charged they may get attached through ionic interaction but the colloidal stability
IS a measure concern due to charge neutrality which is not happen in BPS and hence more
advantageous (ESI Fig. S1).
3.2 Magnetic properties

Fig. 5 shows the plot of magnetization versus applied field (M-H) for PEG-NRs,
IONPs and BPS. The PEG-NRs shows paramagnetic behavior due to half-filled 4f’ outermost
orbital of Gd*". IONPs show a typical superparamagnetic behavior with a magnetization of
62 emu/g measured at 20 KOe. The superparamagnetic nature is further confirmed by ZFC-
FC measurement (applied field = 100 Oe) with a blocking temperature at 150 K (inset of Fig.
5). The BPS shows a similar behavior with lower magnetization value (30 emu/g). The highly
paramagnetic nature of PEG-NRs and the superparamagnetic nature of IONPs can be

efficiently utilized for longitudinal (Ti-weighted) and transverse (T,-weighted) relaxation
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contrast agents in MRI respectively.* Also, the advantage of this system is that even if they
are not forming core-shell or composite type structure, still they can be localized to the
specific target site with the application of magnetic field as both are highly magnetic
(paramagnetic/superparamagnetic) in nature.
3.3 Photoluminescence study

Excitation spectrum of PEG-NRs with a monitoring emission at 544 nm (green) is
shown in supplementary information (Fig. S5). Absorption peaks are observed at 245, 280
and 315 nm. The first and second peaks are associated with the spin allowed 4f-5d transitions
in Ce®" from °Fs;, ground state of 4f to two different excited state levels of 5d whereas the
third one is related to 4f-4f transition of Ce**. The excitation peaks observed at 'Fe—°Gs (355
nm), ‘Fe—"L1o (373 nm) and "Fe—°Gg (380 nm) are related to the f-f transition absorptions of
Tb*". The peak of Gd* ion at ~ 278 nm which is due to ®S;,—°l11, transition is not observed
as it is merged with the spin allowed Ce®* 4f-5d transitions. The presence of strong absorption
peak (~280 nm) compared to 4f-4f transitions which are of spin forbidden nature indicates the
occurrence of strong energy transfer from Ce**/Gd®" to the excited energy states of Th**. Fig.
6 shows the emission spectra of PEG-NRs and BPS after excitation at 280 nm. An enhanced
emission from PEG-NRs is observed with strongest peak at 544 nm (green) due to
sensitization with Ce**.*> The emission bands at 490, 544, 585 and 620 nm in the spectrum
are related to °D;—'Fs, °Ds—'Fs, *Ds—'F4 and °Ds—'F3 transitions, respectively. Among
these, 544 nm is strongest one giving intense green emission. Similarly, the spectrum of BPS
also shows the characteristic emission peaks of Th*". However, the intensity of luminescence
is reduced due to the presence of IONPs since the magnetic particles quench the

luminescence to a certain extent.’

12
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3.4 Drug loading and release properties

Due to biocompatible nature of PEG-NRs and BPS with three different sets of cell
lines viz. L929, MCF-7 and HelLa (more than 80% cell viability in the cases studied as
illustrated in ESI, Fig. S6), these functionalized particles can be promising candidates for use
as drug delivery host to carry a high payload of drug molecules. The entrapment efficiency of
drug in PEG-NRs has been monitored with fluorescence intensity of DOX (supernatant)
separated from loaded sample. A very high entrapment efficiency of ~94% is primarily due to
porous nature and significant specific surface area of PEG-NRs. In addition they possess a
large number of free carboxyl groups (-COQ") on the surface which can bind electrostatically
with amine groups of DOX. The polymeric nature of PEG-diacid also plays an additional role
for higher entrapment. This can be realized from TGA data (Fig. S2). The number of PEG
molecules grafted on 10 mg of the PEG-NRSs is estimated as ~1.3x10"® which is more than
~5.5x10% of DOX molecules present in 50 pg loaded. There is an additional loss of weight
(~2.5%) above ~420 °C in PEG-NRs+DOX compared to PEG-NRs. The high payload of
drug molecules in different carriers has also been reported earlier.> * It has also been
observed that when GdPO, nanoparticles are coated with PEG-3000 (ESI Fig. S7) instead of
PEG-diacid, the loading efficiency achieved is ~30 wt.% only. This has been clearly
indicated in the decrease profile of fluorescence intensity of DOX (unloaded part) after
loading with the above materials (ESI Fig. S8). It may be mentioned that the attachment of
DOX on to the surface of IONPs is very small as is evident from the fluorescence spectra
(ESI Fig. S8).

Fig. 7 shows the DOX release profiles from bare DOX (control) during 6 h and PEG-
NRs+DOX over a period of 150 h at physiological pH = 7.4 and mild acidic pH = 4.3 which
mimics the endosomal environment of cancer cells. The overall release of DOX from PEG-

NRs+DOX in both environments show essentially sustained release pattern. The drug release
13
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profiles have two distinct linear rates. The initial stage of burst release up to 14 h (inset of
Fig. 7), during which 16.4 + 2.4 % and 46.1 £ 1.4 % of DOX were released from the sample
at pH 7.4 and 4.3, respectively can be attributed to the release of surface adsorbed drug
molecules.” Moreover, the faster diffusion rate at initial stage may be due to the higher
concentration gradient of drug from matrix to the release medium which slows down steadily
with passage of time as the equilibrium is attained. The release beyond 14 h is much slower.
It is worthwhile to mention that similar results are reported in several publications.* % 4" 8
We believe that the role of concentration gradient is very important and such an explanation
is given in literature.” To understand this kind of behavior, a detailed study is required
considering the viscosity and concentration of ions in the reservoir and the sink in the drug
release experiment. Also, pH plays an important role in the release; as the DOX is attached
ionically with the surface carboxyl group of PEG-NRs. These bonds get cleaved faster in
lower pH condition. This is in accordance with Higuchi drug release model confirming that
the DOX release process is diffusion-controlled.” However, bare DOX is released in a rapid
manner in both the conditions with marginally faster rate if the pH = 4.3. This supports our
statement of drug entrapment/attachment on the particle surface in the previous paragraph. It
is further observed that pH does not have any impact on fluorescence intensity of DOX as
given in Fig. S9 (supplementary information). Hence, it is indicated that the mechanism of
drug loading and release is dependent on the change in the nature of the chemical bonding of
the drug molecule with the functionalized nanoparticles in different pH environments.
Interestingly, the overall release efficiency of the drug from PEG-NRs+DOX is higher
at pH = 4.3 than at pH = 7.4 which is important for the killing of relatively acidic tumor cells.
At pH = 4.3, nearly 45% of DOX is released during first 20 h and afterwards there is a
gradual release with an overall cumulative release efficiency of 64% over a period of 170 h.

On the other hand, the rate of release is much slower in physiological environment (pH = 7.4)
14
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with ~15% release during first 20 h. The cumulative drug release efficiency over a period of
170 h is found to be 21%. This is because of the fact that in the acidic conditions, -COO™ has
the higher affinity towards abundant H* than -NH5" thereby partially neutralizing the -COO
group and eventually weakening the electrostatic interaction between the DOX and -COO™ on
the surface of PEG-NRs. Moreover, the pKa value of carboxylate group is about ~4.8. So,
carboxylate group may be dissociated in the solution (~ pH = 4.3) which helps in the
weakening of bond between DOX and PEG-NRs. Also, if pH is decreased, increase
protonation of —NH, groups on DOX may lead to enhanced drug release. Thus, the release is
favored in acidic pH condition. These overall comparative results reveal the pH sensitivity of

drug release and such observations have been reported in many different systems.® %

3.5 In-vitro cytotoxicity study for PEG-NRs+DOX in HeLa and MCF-7 cells

The cytotoxicity effect of DOX released from PEG-NRs+DOX on two different
human cancerous cell lines (HeLa and MCF-7) due to DOX release from PEG-NRs+DOX
was investigated. The cytotoxicity due to different concentrations of PEG-NRs+DOX along
with PEG-NRs as control is demonstrated in Fig. 8. The bare PEG-NRs show hardly any
adverse effect against both the cell lines after 24 h of treatment (Fig. S6). However, a clear
cytotoxic effect could be observed in the case of PEG-NRs+DOX due to the release of DOX
in the cells. For both the cell lines, cytotoxic effect sequentially increases with the increase in
concentration with maximum effect of ~70% (HeLa) and 68% (MCF-7) at 0.5 mg/mL of
PEG-NRs+DOX (DOX content ~2.4 ug). The enhanced cytotoxicity with the increase in
concentration thus resulted eventually more release of DOX inside the cells inducing cell
death.

It is important to evaluate whether the carrier is internalized inside the cell or not. Fig.

9 shows the CLSM images of HeLa cells after incubating with PEG-NRs+DOX for 4 h.
15
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While Fig. 9a shows the bright field image, the green and red fluorescence is obtained from
the PEG-NRs (Fig. 9b) and DOX (Fig. 9c), respectively. The merged image (Fig. 9d)
confirms the internalization of both carrier and DOX inside the cell through endocytosis and
DOX accumulation inside the nucleus. A close observation shows that the presence of DOX
(red fluorescence) is comparatively more in cytoplasm than inside the nuclei. This suggests
that the DOX is released via cytoplasm to the nucleus suggesting the sustained release of
DOX from the carrier.
3.6 Synergistic effect of PEG-NRs-IONPs+DOX

BPS which contains 2 mg of IONPs along with 0.25 mg PEG-NRs was loaded with
DOX (DOX content ~1.2 ug). It is envisaged that such a biphasic system would be useful as
a multimodal platform providing probe for imaging as well as advantageous for a
combination therapy. While the porous PEG-NRs with its abundant negatively charged
carboxyl ions on its surface is capable to load DOX, the GA coated IONPs by virtue of the
negatively charged carboxyl groups may also attach to the positively charged -NHs" groups
of DOX to a certain extent. As it is indicated from the fluorescence spectra (Fig. S8), the
loading of DOX on IONPs is very small, while most DOX is loaded on porous PEG-NRs. As
discussed earlier in the text, the IONPs (2 mg) present in the system is able to generate the
hyperthermia temperature (>42 °C) under an applied ACMF (250 kHz, 460 Oe) which is due
to Néel and Brownian relaxation losses (ESI, Fig. S10). On the other hand, most of the drug
release occurs from PEG-NRs. Such a biphasic suspension (BPS) is very useful for a
combination therapy.®®®* Thus, the synergistic effect of chemotherapy and magnetic
hyperthermia was further evaluated for HeLa and MCF-7 cell lines with BPS.

The viability (%) of HeLa and MCF-7 cells incubated with DOX in different
formulation and conditions show the cell viability of ~ 48 +3.5 and 49 +4.7 %, respectively

with chemotherapy alone using 0.25 mg of PEG-NRs+DOX (DOX content ~1.2 ug) (Fig.
16
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10). Similarly, nearly the same level of toxicity to the cells is seen even with BPS+DOX in
the absence of ACMF. However, the viability of ~10 +3.7% (in HeLa) and 15 +3.1% (in
MCEF-7) (~ 90% killing) is observed under the application of ACMF (250 kHz, 460 QOe)
during 10 min exposure at 42 °C (took extra 16 min to reach 42 °C initially). It may be
pointed out that with the DOX alone, ~20% (~80% killing) viability is observed. It may not
be of much significance as the DOX is released instantly if it is bare (see Fig. 7). Thus, the
presence of IONPs along with DOX has contributed to more cell death under the applied
ACMF. This is because of the fact that cancer cells are more vulnerable and sensitive to the
heat than normal cells as confirmed from the comparative cell viability of L292 and HelLa
cells with or without the exposure of hyperthermia temperature (ESI, Fig. S11, S12). Also,
the applied ACMF helps diffusion of drugs through bond breaking by the strong mechanical
force generated by the magnetic particles under AC field thereby enhancing the drug release.
Thus the enhanced effect towards the cancer therapy due to the synergistic effect of thermal
and chemotherapy is evident. Fig. 11 shows the optical microscopic images of the HelLa cells
in control and after treatment with and without the application of ACMF. The density of live
cells is observed to decrease considerably compared to control (Fig. 11a) with the treatment
of chemotherapy only with bare DOX (Fig. 11b) and BPS+DOX (Fig. 11c). A significant
change in morphology is clearly seen. However, the density is substantially reduced when the
same treatment was performed under the application of ACMF (Fig. 11d) due to the
synergistic effect of both chemo and thermal therapy.
4. Conclusion

Multifunctional PEGylated Ce®* sensitized and Tb** activated GdPO, nanorice has
been synthesized using polyol method and used as a potential carrier of anticancer
therapeutic. The biphasic system of PEG-NRs and IONPs has been formulated and

investigated for simultaneous chemo-thermal therapy of HeLa and MCF-7 cells. The PEG-
17
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NRs and BPS show the potential for carrying the DOX with high entrapment efficiency.
CLSM images confirm the substantial internalization of drug loaded carrier into the cell. The
drug release from PEG-NRs+DOX is pH sensitive and a better efficiency in tumor condition
is seen. The cell death is ~50-55% in both HeLa and MCF-7 cells when treated with 0.25 mg
of PEG-NRs+DOX which increases to more than 90% with BPS+DOX in hyperthermic
condition. The synergistic effect of combined chemo and thermal therapy is evident. Hence,
this system could efficiently be utilized as a multifunctional platform for pH stimulated drug
delivery, bioimaging and chemothermal therapy for the treatment of cancer. In addition, it is

expected that it may exhibit the potential to be used as MRI contrast agent.

Supplementary materials:

T Electronic supplementary information (ESI) available: TGA, TEM, EDX,
Photoluminescence spectra, cell biocompatibility study, zeta potential and hydrodynamic
diameter, hyperthermia etc. are described.
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Scheme 1. Schematic representation of carboxyl enriched PEGylated Ce** sensitized

GdPO,: Th** nanorice (PEG-NRs) and its biphasic system (BPS) with glutamic acid coated

iron oxide nanoparticles (IONPs) for the evaluation of their efficiency for chemo-thermal

treatment against cancer cells.
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Fig. 1 XRD patterns of as-synthesized (a) IONPs, (b) PEG-NRs and (c) BPS. Symbol (*) and

(#) in (c) represents FesO, and GdPO,: Th**/Ce™* phases, respectively.
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Fig. 2 FTIR spectra of (a-i) PEGD, (a-ii) PEG-NRs, (b
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Fig. 3 Nitrogen adsorption/desorption isotherm of (a) as-synthesized and (b) 450 °C heated
PEG-NRs. Inset of (a) shows the pore size distribution. The square (=) and circle () symbols

indicate adsorption and desorption branches.
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Fig. 4 (a) FESEM of the PEG-NRs. TEM images of (b) PEG-NRs, (c) IONPs and (d) BPS.

Respective particle size distributions are shown in the insets of figure (b) and (c).
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Fig. 5 M versus H plots of (a) IONPs, (b) PEG-NRs and (c) BPS. ZFC-FC plot of IONPs is

shown in the inset.
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Fig. 6 Emission spectra of PEG-NRs and BPS after UV excitation (Aex = 280 nm).
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Fig. 7 Cumulative drug release profile from PEG-NRs+DOX and bare DOX at pH 7.4 and
4.3 in cell mimicking environment with PBS solution taken as reservoir. Inset: expanded

view of the DOX release at pH 7.4 and 4.3 in 20 hour’s duration.
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Fig. 8 In vitro cytotoxicity of HeLa and MCF-7 cells after incubating with different

concentrations of PEG-NRs+DOX. Incubation period was 24 h in all cases.
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Fig. 9 CLSM images of HelLa cells showing the cellular uptake of PEG-NRs+DOX after
incubation for 4h: (a) bright field image, (b) fluorescence from PEG-NRs (green), (c)
fluorescence from DOX (red), (d) merged image of all the three fluorescence fields (a, b and

c). All scale bars are 20 pm.
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Fig. 10 In vitro cytotoxicity to HeLa and MCF-7 cell lines with PEG-NRs+DOX, BPS+DOX

(No ACMF), bare DOX (1.2 ug) and BPS+DOX (with ACMF) during 24 h.
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Fig. 11 Microscopic images of HelLa cells: (a) control, (b) after treatment with bare DOX, (c)
after treatment with BPS+DOX and (d) after treatment with BPS+DOX in presence of

ACMEF. All scale bars are 200 pm.
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Scheme 1 Schematic representation of carboxyl enriched PEGylated Ce®" sensitized GdPO4:Tb>*

nanorice (PEG-NRs) and its biphasic system (BPS) with glutamic acid coated iron oxide

nanoparticles (IONPs) for the evaluation of their efficiency for chemo-thermal treatment against

cancer cells.



