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Introduction

Magnetic hydroxyapatite nanomaterial—
cyclodextrin tethered polymer hybrids as
anticancer drug carriers¥

Sivaraj Ramasamy,® Dinesh Dhamecha,” Kiruthiga Kaliyamoorthi,
Archana Sumohan Pillai,” Aleyamma Alexander,” Premnath Dhanaraj,®
Jyothi U. Menon {2 *° and Israel V. Muthu Vijayan Enoch (2 *9

Osteosarcoma, the most common bone cancer, leads to a poor survival rate of patients. Drug targeting
employing hydroxyapatite (HAp)-based nanocarriers represents a fascinating choice for non-invasive
treatment of osteosarcoma. Herein, we report strontium-doped (Sr-HAp) and iron- and strontium-co-
doped (Sr,Fe-HAp) hydroxyapatite nanoparticles as novel materials that deliver doxorubicin to bone
cancer cells. A platinum-complexed and cyclodextrin-functionalized chitosan derivative is utilized to
coat the NPs. Sr-HAp (aspect ratio ~20) and Sr,Fe-HAp (aspect ratio ~3) nanoparticles are formed as
nanowhiskers and nanorods, respectively, as revealed by transmission electron microscopy. Strontium
ferrite NPs are synthesized and their properties are compared with those of the Sr/Sr,Fe-doped HAp
NPs. These ferrite NPs show ferromagnetic behavior, as opposed to Sr-HAp and Sr,Fe-HAp. The latter
two respectively display paramagnetic and superparamagnetic behaviors. The loading percentage of the
anticancer drug, Doxorubicin (Dox), in the nanocarriers is high and the release of Dox is sustained at
physiological pH. The Dox-loaded nanocarriers are tested for their in vitro cytotoxicity against lung,
cervical, liver, and bone cancer cell lines. In general, the efficacy of Dox is not diminished on loading in
the nanocarriers. In addition, the Dox-carriers demonstrate a time- and dose-dependent cytotoxicity.
The efficacy is enhanced in the case of Dox-loaded carriers on MG-63 (osteosarcoma) cell lines. The
anticancer activity is tested in vivo on both male and female albino mice. Enhanced chemotherapeutic
potential is observed for Dox-loaded Sr,Fe-HAp in a metastatic model of MG-63. The platinum
derivative polymer possesses its own therapeutic effect and contributes to the general activity. The
novel polymer-HAp nanohybrid represents an effective nanocarrier for the treatment of osteosarcoma.

number is likely to elevate to 22.1 million by 2030." Lung,
cervical, liver, and bone cancers are a few of the most common

Cancer is a deadly disease capable of invading or spreading
from the site of origin to other parts of the body. From the
estimated 16 million cancer survivors in the US in 2021, the
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ones diagnosed. Finding an effective treatment for cancer
depends on improving the efficacy of chemotherapeutic drugs
by transporting them using nanocarriers to the target site. It
aims at enabling the targeted delivery of anticancer drugs
through enhanced bioavailability.” For enabling targeted delivery
of anticancer drugs, smart nanocarriers based on several types of
nanomaterials, namely, oxides, ferrites, and composites, have been
attempted. The requisite characteristics of the nanomaterials to
act as drug carriers are as follows: biocompatibility, response to an
external stimulus, suitable size and shape, enhanced uptake, and
capacity to accommodate drug molecules.

Bone cancer is a prevalent cancer posing a poor long-term
survival rate. Osteosarcoma is the most common type of bone
cancer. It is necessary to diagnose bone metastasis early because
the patients do not sense pain or lump of the tumor. In addition,
metastatic bone lesions are driven by breast cancer. This is
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difficult to overcome with surgical intervention or adjuvant
radiotherapy.® The bone tissue carries the bone-forming cells,
known as osteoblasts, abundantly within them and secretes
hydroxyapatite (HAp) for the construction of the bone matrix.?
Therefore, targeting osteoblasts through stereotactic techniques
utilizing HAp is intriguing in light of their uniqueness and ability
to abrogate cancer growth and invasiveness.*

HAp, Ca;o(PO,4)s(OH),, is one of the noteworthy choices as
a drug carrier, because of its compositional and structural
proximity to mineralized tissues.” It is a material that naturally
crystallizes in a sequential process during the process of bone
formation.® HAp NPs in combination with chitosan have been
employed as scaffolds for engineering bone tissues.” HAp has
been employed as a non-immunogenic transfection agent
owing to its cytophilicity and bio-resorbability.® Size miniatur-
ization of HAp, modifying the surface area-to-volume ratio and
altering the surface roughness lead to materials possessing
desired physicochemical properties and mimicking the native
tissues in terms of hierarchical structure.” Therefore, HAp
represents a good choice as a biocompatible material that can
be utilized for designing drug delivery vehicles.

To employ HAp NPs as smart nanocarriers that respond to a
magnetic field, magnetic elements are incorporated into it,
substituting Ca*" ions of the lattice.'® Substituting with elemental
iron can serve this purpose. Iron-substituted, engineered HAp
NPs do not affect the activity of healthy osteoblasts." It is well-
known that the presence of Fe** in hard tissues does not disturb
the structure of HAp. The incorporation of Fe** into the crystal of
HAp lowers its crystallinity."> Magnetic Fe-HAp NPs do not show
toxicity on the fibroblasts of mouse embryo (3T3)."* Doping
Fe**/Fe®* with HAp facilitates better cellular internalization and
magnetic field-guided transport."* Furthermore, the incorporation
of superparamagnetic NPs into HAp renders them stability in a
single phase up to a considerable high temperature and retains
their strong magnetism.” Although there have been attempts by
researchers to incorporate Fe into HAp, the mechanisms governing
the magnetic characteristics of doped HAps in correlation with their
structure are not investigated in-depth.'® Besides iron, another
intriguing choice for infusion in HAp as a dopant is strontium. It
is an essential and trace element with nutritional values and
anticancer properties. Cancers that have spread to the bone
can be treated with radioactive strontium."” Administration of
radioactive strontium chloride causes regression of cancer
metastasis from breast cancer."®"

Several nanocarriers consist of an inorganic NP core and a
polymer sheath around it. The polymer controls the stability,
biocompatibility, and circulation half-life of the nanocarrier.
Furthermore, it can be used to encapsulate the therapeutic
drug. Value addition to the polymer can be achieved by imparting
certain structural provisions to (i) accommodate the drug by
means of non-covalent interactions, (ii) pharmacophoric function-
alities for added therapeutic efficiency, and (iii) chemical deriva-
tization with targeting ligands like folate units.

To realize the above-mentioned design, the B-cyclodextrin
(B-CD)-functionalized polymer is an appreciable choice. B-CD-based
polymers have demonstrated pharmaceutical and biomedical
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applications including the transport of drugs that are complexed
by host:guest-type of association.”® B-CD consists of seven o-p-
glucopyranose units that form a truncated cone-shaped molecule.
Its hydrophobic cavity holds space to engulf organic drug
molecules of appropriate size.”* Hydrophobic and van der
Waals interactions contribute largely to the driving force for
the formation of host:guest complexes by B-CD.*° Therefore,
B-CD was chosen as a host molecule and tethered with the
biocompatible polymer, ie., chitosan. Chitosan (Chi) is a
cationic polymer derived from natural chitin. It is non-toxic
and carries p-glucosamine and N-acetyl-p-gluocosamines. Chi
has been employed in drug delivery systems.”* Furthermore,
Chi has the ability to form metal complexes.>* These complexes
interact with DNA and display suppression of the growth of the
tumor. In addition, other apoptotic pathways for cells have
been reported.>® Of various types of metal complexes, platinum
complexes are noteworthy that are effective against various
forms of cancer.* Therefore, we complexed Pt with the polymer.
In addition to the above-mentioned structural design strategies,
tethering a folate unit is an additional requirement to enable
receptor-mediated cell internalization. Cancer cells are over-
expressed with folate receptors and actively take up folate-
derivatized molecules.** Thus, folate modification is considered
as a Trojan horse strategy of folate-targeted chemotherapy and
involves delivery of therapeutic molecules into living cells
through folate-receptor-mediated endocytosis.>* Interlinking
B-CD and Chi is a clever strategy to attain the first one of the
three-prongs of design-strategy discussed in the previous para-
graph. Formation of the Chi-Pt complex meets the second
requirement for the foreseen smart carrier. Chemical tethering
of a folate unit to the Chi polymer presents the third prong of
the designed carrier.

The need for Fe- and Se-incorporated HAp and the design of
smart polymeric material in the above line of discussion prompt to
develop nanocarriers with a HAp core and a Chi-based polymeric
coating. In this paper, we discuss novel hybrids of strontium ferrite
(SrFe), Sr-doped HAp (Sr-HAp), and Sr- and Fe-doped HAp (Sr,Fe-
HAp) NPs with chitosan-B-CD-platinum-folate as a carrier for
doxorubicin (a model anticancer agent) anticancer drug carriers.
Doxorubicin (Dox), a popular chemotherapeutic drug, known as
anthracycline, is active against cancer cells by slowing or stopping
their growth by blocking topoisomerase 2, an enzyme that is
essential for cancer cells to divide and grow. Therefore, we apply
Dox as a model drug in this work.

Results and discussion
Synthesis of coating polymer

The chemical structure of Chi-CD-fol is presented in Scheme 1.
To synthesize the derivative of chitosan, a tosylation reaction
between B-CD-folate and chitosan was carried out. This step
was followed by the conjugation of the aminoethylamino group
of the B-CD with the carboxylic acid group of folate through a
coupling aided by dicyclohehylcarbodiimide. The Chi-CD-
fol product was purified by gel permeation chromatography

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Scheme 1 The chemical structure of Chi-CD-fol.

(Mw: 44.8 kDa). The IR spectra of the Chi-CD-Pt-fol were
recorded (see the ESILt S1). The major and essential informa-
tion derived from the IR spectra are (i) the appearance of
vibration frequencies corresponding to the amide carbonyl
group of the folate unit and (ii) the Pt-N bond in the case of
Chi-CD-Pt-fol. The amide bond through the conjugation of
folate and carboxyl group of Chi-CD shows absorption bands
at 1656 (C—=O str.) and 3465 cm ™' (NH str.). These bands get
shifted to a shorter wavenumber in the Pt-complexed form,
ie., Chi-CD-Pt-fol. In addition, the Pt-N str. is observed at
540 cm ' It shows evidence for the formation of the Pt
complex. To investigate the structure of the compound
Chi-CD-fol in detail, "H and **C NMR spectra were recorded.
The proton and carbon signals confirm the structure of the
compound. The interpretation of the spectra is presented in
detail in the ESI,{ Fig. S2A and S2B.
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Synthesis of magnetic ferrite and hydroxyapatites

The nanomaterials were synthesized, as explained in the ‘Experi-
mental’ section, employing a hydrothermal method from the
nitrate precursors of strontium and iron. Fig. 1A(a—c) depicts the
XRD patterns of Sr-Fe, Sr-HAp, and Sr,Fe-HAp NPs. The sharp
peaks observed for Sr-Fe are due to its pronounced crystallinity.
The diffractions corresponding to the crystal planes, namely,
(220),(002),(241),(420),and (52 0), appear at 20 positions
of 24.2, 32.8, 33.9, 46.3, and 54.4° respectively. Apparently, these
peaks arise from the spinel ferrite structure possessing a hexagonal
crystal system. In addition, the XRD represents a pattern similar to
PDF No. 48-0156 of JSPDS data. The determined lattice parameters
of the SrFe,O, are a = 8.032, b = 18.209, and ¢ = 5.453 nm. The
peaks appear considerably broad, i.e., ~2° (20), suggesting a small
size of the crystallites. The crystallite size was calculated employing
the Scherrer equation assuming a spherical shape of similar
diameter as follows:

0942 )
" Bcos O

where / represents the Cu (Ko)'s wavelength, f is the full-width at
half-maximum (radians), 6 represents the angle of the most
intense peak, and D is the crystallite size expressed in nm. The
calculated D values of Sr-Fe, Sr-HAp, and Sr-Fe-HAp are 84.4, 86.5,
and 70.3 nm, respectively.

The characteristic peaks of Sr-Fe are observed in the XRD of
Sr-Fe-Hap, particularly those due to the reflection planes,
namely, (0 0 2), (2 4 1), and (4 2 0). The additional peaks
arising from the HAp component are indicated in Fig. 1A(c).
The broad (2 1 1) and the accompanying (3 0 0) peaks are the
characteristics of the crystal planes of HAp.?® The other obvious
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Fig. 1 A. X-ray diffractograms of (a) Sr—Fe, (b) Sr-Hap, and (c) Sr,Fe-HAp NPs. The TEM images of Sr,Fe-, Sr-HAp-, and Sr,Fe-HAp- NPs are displayed in
panels B, C, and D respectively. The morphology of the NPs is altered at the substitution of elements in HAp.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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peaks arise from the (2 1 0), (2 2 2), and (3 1 0) planes. The
doping of magnetic ferrite with HAp is identified from the XRD.

The dimensions and morphologies of the Chi-CD-Pt-fol-
coated Sr-Fe, Sr-HAp, and Sr-Fe-HAp were determined using
recording bright-field TEM images of the samples (shown in
Fig. 1B-D). The Sr-Fe NPs are perceived as single-crystalline
distorted hexagonal structures. The size of the NPs is in the
range of 90 (+20) nm and 60 (+10) nm across, as observed from
the TEM images. Due to the high and low contrasts respectively
of the Sr-Fe NPs and Chi-CD-Pt-fol between them and the grid,
the polymer coating is not clearly seen on the nanostructures.
The size and shape of the Sr-HAp NPs are strikingly different
from those of the Sr-Fe NPs as shown in Fig. 1C. The structure
is formed as nanowhiskers of length 160 (+20) nm and width
8 (£2) nm. The polymer coating is observed in this nano-
structure. Furthermore, the Sr-Fe-HAp appears as straight
and thicker nanorods, 120 (+20) nm long and 40 (+10) nm
wide, as shown in Fig. 1C. In addition, these nanorods are
relatively homogeneous and appreciably regular in shape.
Nanoparticles of undoped and Sr-doped HAp have been
reported in the literature, as possessing rod shapes of varying
lengths and breadths.>*™° In these reports, either the Sr-HAp is
larger or the size is of a broader distribution than the NPs
reported here. The ~8 nm wide Sr-HAp in the present case is
much smaller than the previously reported ones. The literature
reports present various procedures for the synthesis of NPs,
namely, sonochemical,?® hydrothermal,”” and reflux”® methods.
While different methods can yield various sized NPs, the
common formation of rod-shaped structures depends on the
precursors and saturation of the reaction systems.*® Similarly,
the Sr-Fe-HAp reported here for the first time possesses a width
of ~40 nm. The sizes of all the synthesized NPs, namely,
Chi-CD-Pt-fol-coated Sr-Fe, Sr-HAp, and Sr-Fe-Hap, fall in the
size range of 10-200 nm that is appropriate for targeted
drug delivery.*"** In addition, rod-shaped NPs, compared to
spherical ones, are better suitable for selection as drug-delivery
vehicles owing to their high aspect ratio and hence the larger
circulation time.*® The Sr-HAp and Sr-Fe-HAp NPs possess
aspect ratios of ~20 and 3, respectively, revealing themselves
as good candidates for targeted delivery.

Fig. 2 depicts the FT-IR spectra of various Chi-CD-Pt-fol-
coated NPs. In each of the spectra of the coated NPs, the C—=0
str. band is centered at 1626 cm™ ' that has shifted to a lower
wavenumber compared to that of the as-synthesized polymers
(discussed in the ‘Materials’ section). In addition to the bond
vibrations corresponding to the Chi-CD-Pt-fol and the Pt-N str.
(546-560 cm™ '), the bond stretching of CO,;*>" is observed at
1450 cm™ ' in the case of Sr-HAp. In both the spectra of Sr-HAp
and Sr-Fe-HAp, the PO,’” vibration bands® are observed at
1159 and 1120 cm ™, respectively. The 643 and 662 cm ™" bands
corresponding to the PO,’” vibrations are apparently seen.
These results suggest the formation of the NPs and the intact
coating of Chi-CD-Pt-fol on the surface. The IR spectral band of
C=O0 str. in the case of Chr-CD-Pt-fol at 1640 cm ™" (S1) shifts
to a smaller wavenumber, and a broader band centered at
1626 cm ' is observed (Fig. 2) for the polymer-coated NPs.
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Fig. 2 FT-IR spectra of (a) Sr,Fe-HAp, (b) Sr-HAp, and (c) Sr—Fe NPs.

This implies that the carbonyl group of chitosan is involved in
the physical adsorption of the polymer on the NPs.

The Chi-CD-Pt-fol-coated Sr-Fe, Sr-HAp, and Sr,Fe-HAp NPs
were subjected to thermal degradation at a heating rate of 30 °C
per minute. The TG curves are displayed in Fig. 3A-C. The
initial loss of weight is due to evaporation and loss of water of
hydration on the surface of the NPs up to 150 °C. The weight
loss step that extends up to the temperature of 300 °C occurs
because of the thermal degradation of the coated polymer. It
appears to take place smoothly, indicating the degradation as a
one-step reaction. In the case of Sr-Fe, the next weight loss
starts at ~850 °C due to the phase change of the ferrite NPs.
For Sr-HAp and Sr,Fe-HAp, the degradation step corresponding
to the HAp matrix is observed at around 980 °C. The curve is
smooth, assumed to be due to the gradual dehydroxylation of
the HAp structures shown as below:

Sr.Fe,Cayo_x(PO4)e(OH), — SrFe,Casg_r(PO4)s(OH),_ 2,0, + ZH,O

2)

The percentage weight loss of Chi-CD-Pt-fol in all three samples
is around 30%, which indicates the extent of coating of the
polymer. A complete degradation of HAp leads to the formation
of a graphite-like structure, as reported in the literature.>***

XPS spectra were recorded to evaluate the chemical state of
various elements in the samples, as shown in Fig. 3D-T. In the
XPS spectra of polymer-coated Sr-Fe NPs, the C-C, C-O-C, and
O-C=0 bonds show peaks at 284.7, 285.9, and 287.1 eV,
respectively (Fig. 3D). These peaks arise because of the 1s
photoelectrons of carbon. The O 1s peaks of Fe-O oxygen and
the C-O are observed at 529.9 and 532.8 eV, respectively. The
Fe-O peak arises from the ferrite core of the NPs. This is further
seen in Fig. 3F that shows the binding energy of the Sr electrons
of configurations 3d;/, and 3ds,. In addition, the corona of the
Sr-Fe NPs containing Chi-CD-Pt-fol has a co-ordinate Pt. This is
revealed by the 4f electron peaks as shown in Fig. 3G. In the XPS
of Sr-HAp, additional peaks corresponding to P (Fig. 3L) and Ca
(Fig. 3M) arise due to the HAp. The 2p,,, and 2p;/, electrons of
P show peaks with a binding energy of 133.8 eV. The Sr 3d and

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 A-C show the TG profiles of Sr—Fe, Sr-HAp, and Sr—Fe-HAp NPs, respectively. X-Ray photoelectron spectra of elements present in Sr—Fe NPs (C,
O, Sr, and Pt shown, respectively, from D to G); Sr-HAp NPs (C, O, Sr, Pt, P, and Ca presented in order, respectively, from H to M); and Sr-Fe-HAp NPs (Ca,

C, O, Sr, Fe, P, and Pt shown, respectively, from N to T).

the P 2p peaks are close to each other because of the close
proximity of the Sr 3d and P 2p lines that fall in the range of
132-133 eV. As observed in Fig. 3M, the binding energies of
Ca 2p appear at 348.6 and 352.5 eV. These peaks have shifted
from the respective reported binding energy values of 346.8

© 2021 The Author(s). Published by the Royal Society of Chemistry

and 347.3 eV.%® This result is due to the substitution of Sr in
HAp. In the case of Sr,Fe-HAp, the Fe 2p electron shows peaks
at 711.1 and 724.4 eV, respectively, for 2p;, and 2p,.,. These
peaks appear shifted from the typical values of Fe** reported for
ferrites.’”*® The difference in binding energy is attributed to
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the variation in the co-ordination of the Fe ion in the lattice of
ferrite and HAp. It further leads to the variation in the stabili-
zation of the ion. The Sr 3d peaks of Sr-HAp (134.3 eV) and
Sr,Fe-HAp (133.3 eV) differ slightly in binding energies due to
the additional substitution of Fe in the latter. Thus, the XP
spectra provide clear evidence for the various states of elements
in the Sr-Fe, Sr-HAp, and Sr,Fe-HAp samples. Furthermore, the
EXD spectra of the as-synthesized NPs were recorded (see the
ESL,¥ Fig. S3). The spectra show the presence of various
elements, namely, Sr, Fe, Ca, P, and O, in the samples. Notably,
the Fe and Sr peaks appear in the spectrum of Sr-Fe-HAp and
are absent in that of Sr-HAp.

Magnetic properties of NPs

The magnetic properties of the Chi-CD-Pt-fol-coated Sr-Fe,
Sr-HAp, and Sr-Fe-HAp were investigated using vibrating sample
magnetometry. The room temperature coercive field and remanent
magnetization were determined from the magnetization vs. field
curves (Fig. 4). Sr-Fe shows a broad hysteresis curve with a
coercivity of 714 Oe, characteristic of ferromagnetic materials.
Ferromagnetic behavior with broad hysteresis loops for strontium
hexaferrite has been reported in the literature.*>*° The coercivity
values exceed 4000 Oe usually for the ferrites. Nevertheless, in the
present case, the H,. value is smaller than usual. Furthermore, the
saturation magnetization (Ms) is not reached by Sr-Fe NPs up to
the maximum applied field of 15 kOe. Therefore, the Mg value was
determined employing the ‘law of approach to saturation’ (LAS):*!

A B
MZMS lfﬁ*m +XH (3)

where A is a constant representing the microstates in the sample, B
represents the magnetocrystalline anisotropy, and yH represents
the forced magnetization. The plot of M vs. 1/H” yields linearity
indicating a dominant magnetocrystalline anisotropy. The
M; value, determined from the intercept of the straight line,
is 34 emu g .

30
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Fig. 4 Magnetization curves of Sr—Fe, Sr-HAp, and Sr—Fe-HAp NPs at
room temperature.
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The magnetic behavior of Sr-HAp shows a paramagnetic
nature as it is observed from the straight line of magnetization
passing through the origin. Contrary to the behavior of the
Sr-Fe and Sr-HAp, the Sr,Fe-HAp NPs show a sigmoidal curve with
an Mg value of 4.3 emu g~ . It represents a superparamagnetic
behavior suitable for magnetic field-assisted drug delivery.*> The
three different magnetic characteristics of the Sr-Fe, Sr-HAp, and
Sr,Fe-HAp suggest that the material of choice from them can be
utilized for the desired biomedical application. Furthermore, the
Sr-HAp attains a magnetic property stronger than paramagnetism
with the incorporation of Fe in Sr-HAp, i.e., St,Fe-HAp. The smaller
saturation magnetization value of Sr,Fe-HAp compared to that of
the Sr-Fe is due to the large diamagnetic contribution of the
HAp in the former while the Sr-Fe is a typical substituted
magnetic iron oxide.

Drug loading and release

The percent encapsulation efficiencies of Dox in various NPs
were estimated using equation (1) as explained in the section
‘Doxorubicin-loading and encapsulation efficiency’. The percent
adsorption values are 89.2 + 3.2, 91.1 £+ 2.2, and 92.3 + 2.8,
respectively, for Chi-CD-Pt-fol-coated Sr-Fe, Sr-HAp, and Sr-HAp
NPs. The drug loading contents were 3.2 £+ 0.8, 3.4 + 0.6, and
3.6 £ 0.9, respectively, for Chi-CD-Pt-fol-coated Sr-Fe, Sr-HAp, and
Sr-HAp NPs. These results imply a high amount of drug loaded on
the NPs that is enabled by the cyclodextrin-tethered polymer,
which aids the inclusion by complex formation with Dox.* The
release profile of loaded Dox from the NPs reveals that it extends
well over a period of 45 hours at pH 7.4 and room temperature
(Fig. 5). The cumulative release of Dox at 48 hours is 70, 63, and
60%, respectively, from Sr-Fe, Sr-HAp, and Sr,Fe-HAp NPs at
pH 7.4. The sustained release is essential for the maintenance
of therapeutic efficiency and defying the acquisition of drug
resistance by the tumor. The results reveal that NPs are good
candidates for drug delivery.
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Fig. 5 Cumulative amount of Dox released in vitro as a function of time
from the nanocarriers namely, Sr—Fe, Sr-HAp, and Sr,Fe-HAp NPs.
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In vitro cytotoxicity assay

The nanocarriers, namely, the polymer-coated Sr-Fe, Sr-HAp,
and Sr,Fe-HAp NPs, (concentration range of 100-2000 pg mL ™)
were evaluated for their cyto-compatibility against human
cancer cell lines such as A549, HUH7, HeLa, and MG-63 using
MTT colorimetric assay. The cytotoxicities are shown in Fig. 6.
Overall, Sr-Fe and Sr-HAp NPs were found to be nontoxic when
exposed to all cancer cell lines. The Sr-Fe NPs showed greater
cyto-compatibility as compared to Sr-HAp NPs. Nevertheless,
the difference was not statistically significant. With respect
to Sr-Fe-HAp NPs, although the percent cell viability was
comparatively nontoxic to the control group at 100 pg mL ",
it displayed a dose-dependent toxicity at higher concentrations
against A549, HUH7 and HeLa cancer cells. On the other hand,
Sr-Fe-HAp demonstrated a drastic increase in the percent cell
viability against MG-63 osteoblast-like cancer cells at 100 ug
mL ™", which then gradually reduced with the increase in the
concentrations of the NPs. The unique behavior of Sr-Fe-HAp
NPs against MG-63 cells as compared to other cancer cells
could be attributed to the selective sensitivity towards MG-63
cells.**> Denry et al.** showed that calcium phosphate ceramic
scaffolds consisting of hydroxyapatite and beta tri-calcium
phosphate have osteointegration potential. Similarly, Pallazo
et al.*® have explained that biomimetic HAp-drug conjugates
can act as potential bone substitutes with simultaneous anti-
cancer effects. Furthermore, Ortolani et al.*® and Nielsen et al.*’
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have demonstrated the role of Sr in the treatment of osteo-
porotic patients. Sr is well known for its therapeutic potential in
osteoporotic patients. Kumar et al.*® have demonstrated that
strontium-tagged graphene oxide nanoparticles demonstrate
increased osteointegration in the in vitro 3D bone tissue model.
Sangeetha et al.* further showed that treatment of osteoblast-
like MG-63 cells with Sr-HAp leads to an increase in the cell
viability and associated alkaline phosphatase activity.>® These
data suggest that Sr, HAp and Fe play a different role when
treated with MG-63 osteoblast-like cells. The main skeleton of
the developed nanoconjugates is the complex of chitosan,
cyclodextrin and folate as shown in Fig. 1. These 3 components
are well known for their biocompatible nature®* and are currently
in use in drug delivery systems.”" Furthermore, a combination of
folate and cyclodextrin allows targeting cancer cells.>®

In vitro anticancer potential of Dox-loaded nanocarriers

The anticancer potential of free Dox and dox-loaded polymer-
coated NPs (Sr,Fe-HAp-Dox) in the concentration range of 0.1-
2.5 ug mL™", and equivalent amounts of unloaded Sr,Fe-HAp
NPs against A549, HUH7, HeLa and MG-63 human cancer cells
was estimated using the MTT assay. The anticancer assays
carried out after 48 and 72 hours of administration of Dox-
carrying NPs in various cell lines are depicted in Fig. 7. The results
indicate that the Dox-loaded carriers and the free Dox displayed
a similar anticancer effect in all the concentration ranges,
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Fig. 6 Cytotoxicity of Chi-CD-Pt-fol-coated Sr—Fe, Sr-HAp, and Sr,Fe-HAp NPs on various cell lines, namely, (a) A549 (lung), (b) Hela (cervical),
(c) HUH-7 (liver), and (d) MG63 (bone). All the results are expressed as mean + SD and the percent cell viability of all the groups (nanoparticles) was
compared to that of controls. Outcomes were statistically analyzed by using one-way ANOVA with Dunnett's multiple comparison test, where *

represents P < 0.05, # represents P < 0.01 and @ represents P < 0.001.
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Fig. 7 Anticancer assay carried out after 48 and 72 hours of administration of Dox-carrying Chi-CD-Pt-fol-coated Sr,Fe-HAp NPs in various cell lines.
(a) and (b) A549, (c) and (d) Hela, (e) and (f) HUH-7, and (g) and (h) MG63. All the results are expressed as mean + SD and the outcomes were statistically
analyzed by using one-way ANOVA with Tukey’s multiple comparison test, where * represents P < 0.05, # represents P < 0.01 and @ represents

P < 0.001.
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whereas blank NPs remained inert against all cancer cells except
for MG-63 cells. In addition, it was observed that the test samples
displayed time- and dose-dependent toxicity at 48 and 72 h against
A549, HeLa and HUH?7 cells. Interestingly, the blank- and Dox-
loaded NPs demonstrated enhanced anticancer activity against
MG-63 cell lines compared to the free Dox. The reason for this
increase in the cytotoxic effect of blank- and Dox-loaded NPs could
be attributed to the presence of platinum, shape of the NPs,
selective inhibition of bone marrow osteoblast-like cells, and the
time of exposure. Clinically, surgical resection of the bone tumor
tissue remains the gold standard method for the treatment of
bone cancer. Nevertheless, it often results in a huge bone defect
following surgery that demands a novel treatment strategy. The
strategy incorporates not only an anticancer agent aiming to
reduce the recurrence but also an effective osteopromotive agent
to regain the lost bone tissue. Based on the experiments, it can be
stated that the biomaterial composite consisting of Sr,Fe-HAp may
act as an osteopromotive agent and platinum and Dox act as
potential anticancer agents.>

In vivo anticancer study of Dox-loaded nanocarriers

Our study shows that MG-63 tumor cells grow in the pleural
cavity and invade contiguous structures. Taken together, these
data show that the growth patterns of cancer cells implanted
intra-medullary were similar to those encountered in bone
cancer patients.” The Dox-loaded nanoformulations were char-
acterized by observing the induced bone tumor cells. In the
distal tumor cells, after the administration with formulation of
polymer-coated and Dox-loaded NPs, namely, Sr-HAp-Dox and
Sr,Fe-HAp-Dox, the observed cells were loosely arranged (Fig. 8).
A few red blood cells appeared in the case of Sr-HAp-Dox,
Sr-HAp, and Sr,Fe-Hap, respectively. In the cases of Dox,
Sr-Fe, and Sr,Fe-HAp-Dox, the red blood cells were found to
disappear. In contrast to the histopathology experiment, the stan-
dard drug Dox was identified as being moderately active against
tumor cells. Finally, the antitumor activity of Sr,Fe-HAp-Dox against
highly metastatic models of MG-63 delineates interesting chemo-
therapeutic potential for this formulation in this disease alone and
in combination with other active chemotherapeutic agents.

Experimental
Materials

AnalaR reagents of p-toluenesulfonic chloride, ethylene diamine,
and chitosan (My 33000) were procured from Merck, India.
Mono-6-deoxy-6-aminoethylamino-B-cyclodextrin and potassium
tetrachloroplatinate(u) were purchased from Hi-Media and Alfa
Aesar (India), respectively. Analytical reagent (AR) grade solvents
were employed for the synthesis and spectral grade for UV-vis
spectroscopy. These reagents were obtained from TCI, India. The
reagents utilized for preparing strontium ferrite, strontium
hydroxyapatite and strontium ferrite- hydroxyapatite composite,
namely, strontium nitrate, ferric nitrate, diammonium hydrogen
phosphate, and cetyltrimethylammonium bromide (CTAB),
were procured from Merck, India. All the chemicals were of

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 Immunohistochemical controlled bone marrow tissue section of
mice. Samples labelled with a Dox tag refer to the Dox-loaded NPs. The
others are nanocarriers without the drug in them. The association of NPs
with the cancer tissue and the Dox-loaded nanocarriers’ efficacy are
indicated with arrow marks.

above 98% purity. Dialysis membranes were the products of
Hi-Media, India (diameter 14.33 mm, LA387-1MT).

Synthesis of compounds

B-Cyclodextrin-folate. The f-cyclodextrin-folate derivative
was synthesized employing a procedure reported by Vortherms
et al.> Folic acid (0.2 g, 1 eq.) and N-hydroxysuccinimde (0.057 g,
1.1 eq.) were stirred in 25 mL of DMSO for 30 min. Dicyclo-
hexylcarbodiimide (0.105 g, 1.1 eq.) was added, and the mixture
was stirred at room temperature for 12 h under dark conditions.
The by-product (dicyclohexyl urea) was removed by filtration.
Mono-6-deoxy-6-aminoethylamino-B-cyclodextrin (0.59 g, 1.1 eq.)
was dissolved in 5 mL of DMSO and added to the filtrate
(activated folic acid) and stirred for 6 hours at room temperature.
B-Cyclodextrin-folate (B-CD-fol) precipitated as the final product.

Tosylated B-cyclodextrin folate (CD-fol-Ts)

CD-fol-Ts was synthesized employing a reported method. In a
typical procedure, CD-fol (0.5 g) in 3 mL of thrice distilled water
(DW) and p-toluenesulfonic chloride (0.059 g) in 3 mL of
acetonitrile were mixed. 5 mL of 10% NaOH solution was added
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to maintain the pH at 8. The mixture was stirred at 35 °C for
2 h. It was then freeze-dried to collect the white color product.

Chitosan-f-cyclodextrin folate conjugate (Chi-CD-fol)

Solutions of 1 g of chitosan in 10 mL of hydrofluoric acid and
0.035 g of CD-fol-Ts in 5 mL of DW were prepared. They were then
mixed and refluxed at 80 °C for 5 h. The contents of the reaction
vessel were then allowed to cool to room temperature, dialyzed with
avisking tube (Myy cut off:) for 24 h to separate the product from the
unreacted CD-fol-Ts, and freeze-dried to collect the product.>®

Platinum complex of chitosan-f-cyclodextrin folate (Chi-CD-Pt-fol)

To a suspension of Chi-CD-fol (0.5 g) in DW, potassium tetra-
chloroplatinate (0.004 g) was added. The mixture was stirred for
3 hours using a magnetic stir bar. The solution was then
refrigerated for about 48 hours. The brown crystals obtained
were separated by recrystallization and dried.””

Strontium ferrite nanoparticles (Sr-Fe NPs)

In a reported elegant synthesis approach,®® strontium nitrate
(1 M) and iron(m) nitrate (2 M) were mixed. To this nitrate
aggregate, 5 mL of ethylene diamine solution was added along
with distilled water. The solution was continuously stirred at
RT for an hour. Then, the blended solution was transferred into
a stainless-steel autoclave containing a Teflon case of 100 mL
capacity and maintained at 150 °C for 16 hours. It was allowed to
cool down to 35 °C. The brown color precipitate was separated by
centrifuging at the rate of 15000 rpm and dried at 80 °C. The
product was finally calcined at 700 °C for 3 hours.

Strontium-doped hydroxyapatite nanoparticles (Sr-HAp NPs)

In a fashionable synthesis technique, 0.3 mole of calcium
nitrate (0.705 g), 1 mole of CTAB (3.6 g) and 0.1 molar of
diammonium hydrogen phosphate (0.131g) were mixed. To this
mixture, 0.1 mole of strontium nitrate (0.5 g) was added
dropwise under constant stirring at RT for 1 hour. The solution
was then transferred to the autoclave and maintained at 150 °C
for 16 h. It was then allowed to cool to room temperature when
the white colored solid precipitated. The solid was separated by
centrifuging (15 000 rpm) and dried at 65 °C.

Strontium and iron-doped hydroxyapatite nanoparticles
(Sr,Fe-HAp NPs)

The Sr-Fe-HAp NPs were synthesized using a hydrothermal approach.
0.3 mole of calcium nitrate (0.705 g), 1 mole of CTAB (3.6 g), and
0.1 mole of diammonium hydrogen phosphate (0.131 g) were mixed.
Then, 0.1 g of Sr-Fe dispersed in 10 mL of distilled water was added
dropwise and stirred at RT for 1 h. Then the solution was
transferred to a Teflon stainless-steel autoclave and maintained at
150 °C for 16 h. After cooling down to RT, the brown color precipitate
was centrifuged, separated, and dried in an oven at 65 °C.

Coating of Chi-CD-Pt-fol on NPs

The NPs and Chi-CD-Pt-fol (10 mg) were mixed together in a
0.5 M NaOH solution. Probe sonication was carried out to
obtain the polymer-coated MNPs.

3324 | Mater. Adv., 2021, 2, 3315-3327

View Article Online

Materials Advances

Instrumental methods

Gel permeation chromatographic (GPC) analysis was carried
out employing a PerkinElmer (USA) equipment. The equipment
possesses a Series 200 LC-290 AT pump, Rheodyne injector, and
a SPD-6 AV UV-vis detector. Standard pullulans were employed
for analysis. An X-stream H,O Mixed Bed 50 x 4.6 mm column
was used. Acetate buffer (0.5 M) was the mobile phase. X-ray
diffraction patterns were recorded using a Shimadzu XRD 6000
instrument. The radiation source employed was Cu Ko possessing
J = 1.5418 A. The generator was operated at 40 kv and 30 mA in
Bragg-Brentano focusing mode. The size and morphology of the
NPs were investigated using a JEOL JSM 2100 HR transmission
electron microscope (TEM), with a 200 kV acceleration voltage. A
JEOL JSM 6390 device assisted in determining the elements of the
NPs by collecting energy-dispersive X-ray (EDX) data. The weight
percentages of Sr and Fe in the strontium ferrite sample were
estimated using an ARCOS inductively-coupled plasmon resonance-
atomic emission spectrometer, ICP-AES. The estimation of various
elements in the samples of Sr-Fe, Sr-HAp, and Sr-Fe-HAp NPs was
carried out employing a Phi 5000 versa probe II X-ray photoelectron
spectrometer. A Shimadzu FT-IR spectrophotometer was utilized to
record FT-IR spectra. For recording IR spectra, the samples were
made as pellets after mixing with KBr. The spectral range was kept
at 450-4000 cm™ ", Thermogravimetric analysis (TGA) was carried
out employing a Netzsch STA 449 F3 Jupiter thermal analyzer. The
thermogravimetric profile was recorded setting up a heating rate of
5 °C per minute under a nitrogen flow (50 mL min '). The
temperature range of measurement was 100-1200 °C. The device
was built with a Pt-Rh wire sensor. The magnetic properties of the
polymer-coated Sr-Fe, Sr-HAp, and Sr,Fe-HAp NPs were determined
using a lake shore 7410 vibrating sample magnetometer (VSM).
Room temperature M-H curves were obtained. Chi-CD-Pt-fol was
characterized using "H NMR spectroscopy (Bruker AVANCE III
spectrometer, 400 MHz).

Doxorubicin-loading and encapsulation efficiency

Doxorubicin (Dox) in Chi-CD-Pt-fol-coated Sr-Fe, Sr-HAp, and
Sr,Fe-HAp NPs was loaded by measuring the weight and pre-
determining the measure of freeze-dried Dox-loaded NPs using
a microbalance and dispersing in a 10 mL buffer of PBS at pH
7.4. The concentration of the loaded Dox was resolved utilizing
UV-vis absorption spectrophotometry at 480 nm. The percen-
tage of drug loading and the adsorption efficiency were deter-
mined respectively employing the following equations:*°

Weight of Dox in the NPs

Loadi f DOX = 1
%Loading of DO Weight of NPs 00%
(4)
. - Weight of Dox in the NPs
Ad t ff] = 100
%Adsorption efficiency Weight of the feed drug x %
(5)

In vitro drug release

Dialysis bags of 20 000 molecular weight cut-off were utilized
for suspending the Dox-loaded NPs and the in vitro release of
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Dox was analyzed in PBS solution maintained at pH 7.4. These
bags were kept shaking in a water bath at 35 °C. The solutions
diffusing out from inside the bags were fetched at regular time
intervals and the amount of released Dox was determined. The
volume of solutions was kept consistent by adding fresh PBS. The
concentration of Dox was determined by measuring UV-vis absorp-
tion at 480 nm and the concentration was calculated by standard
calibration curve equation. For each time-point, three independent
estimations were carried out. The mean values are presented.

Cell culture

Human cancer cell lines such as A549 (lung adenocarcinoma),
HUH?7 (hepatocellular carcinoma), HeLa (cervical carcinoma)
and MG-63 (bone osteosarcoma) were maintained in a T75 flask
using DMEM (Dulbecco’s Modified Eagle Medium) supplemented
with 10% fetal bovine serum (FBS) and 1% penicillin-streptomycin
at 37 °C in a CO, incubator. Cells were trypsinized using 0.25%
trypsin-EDTA to seed cells in a 96-well plate for cytotoxicity and
anticancer assay.

Cell viability assay

Cytocompatibility of the nanocomposites, namely, Sr-Fe-Ch,
Sr-HAp-Ch and Sr-Fe-HAp-Ch (concentration range of 100-
2000 pg mL™ "), was evaluated against cancer cell lines such
as A549, HUH7, HeLa and MG-63 using MTT colorimetric assay.
Cells were seeded (5000 cells per well) in a flat-bottomed 96-well
plate and incubated for 24 h in a CO, incubator for cell attach-
ment. The sterilized nanoparticle sample was diluted in a 1%
dimethylsulfoxide (DMSO)-DMEM mixture and added to the wells
followed by incubation for 24 h in the CO, incubator. After 24 h,
the supernatant medium was discarded and the wells were washed
thrice with PBS. After washing, 100 pL of media and 10 pL of MTT
(5 mg mL™") were added to all the wells followed by incubation for
1h in the CO, incubator. After 1h of incubation, the medium was
discarded and 100 pL of DMSO was added to all the wells to
solubilize the formazan crystals. The plate was protected from light
and kept on the shaker for 10 min. The absorbance of the sample
was estimated using a microplate reader at 540 nm. Percent cell
viability was calculated using a control in comparison with others.
A graph was plotted using GraphPad Prism software and the
statistical analysis was carried out by applying the paired Student
t-test to evaluate the significant differences.

The anticancer potential of free Dox and Dox-loaded NPs
(Sr-Fe-Hap-Ch-Dox) in the concentration range of 0.1-2.5 ug mL ™",
and equivalent amounts of unloaded NPs (Sr-Fe-Hap-Ch) against
A549, HUH7, HeLa and MG-63 human cancer cells was estimated
by MTT assay. All the steps were similar as mentioned in the above
section except for some minor modifications. In this experiment,
the samples were incubated for 48 h and 72 h before the addition
of MTT to evaluate the anticancer effect over a long time duration.

In vivo anticancer studies

The protocol approved by the Institutional Animal Ethics Commit-
tee, Karunya University, Coimbatore, India (Registration No. 158/
99/CPCSEA) was employed for the in vivo anticancer studies.
Healthy adult albino mice of both sex, aged 6-8 weeks, and weight
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22 + 5 g were used. They were housed in polypropylene cages at
25 £ 30 °C, a humidity of 60 £+ 5%, and a 12 h light/dark cycle.
During the experimental time, the mice were provided with a
standard pellet diet and water. To evaluate oral toxicity, Dox-loaded
nanoparticles were intended through intra-medullary administra-
tion with an initial dosage of 300 g kg™ . The mice were observed
for 12 days to check the toxicity by monitoring their mortality.
Concurrently, the same protocols were followed to confirm
acute toxicity by gradually increasing the dosage from 600 to
2000 pg kg~ *. The experimental procedure was followed as per
the Economic Co-operation and Development (OECD) guidelines.

Human osteosarcoma cell lines MG-63 were obtained from
NCCS India. Cells were sub-cultured in an RPMI medium with
10% heat-inactivated FBS and 1% of penicillin-streptomycin.
The cells were maintained at 37 °C in 5% CO,. The healthy cells
at 80% confluence cells were analyzed by their morphology and
cell growth pattern. The healthy cells were washed with 1% PBS
and revived by using trypsin EDTA buffer solution. The harvested
cells were maintained in RPMI medium. To investigate the cell
viability, trypan blue assay was performed. More than 96% of cells
exhibited good viability. The mice were anesthetized with Zoletil
100 at 30 mg kg~ ' and 2% Rompun at 5 mg kg™ ". The chemical
agents were administered through an intra-peritoneal route. Osteo-
sarcoma cells (10° cells), 50 pL, were intended through the chest
wall through the intra-peritoneal route using 26-gauge needles.
The mice were returned to their cages until they recovered to their
standard conditions under the animal body temperature. The
development and growth of the tumor were characterized. As an
extension of the in vivo studies, 24 mice were subjected to a similar
experimental procedure. The tumor cells were administrated and
the mice were sacrificed and autopsied at intervals of 7, 14, 21, and
28 days. The bone-marrow cells were separated and fixed within
5% phosphate buffered formalin and stained in paraffin. The
tissues were examined under a microscope.

All Dox-carrying NPs were administered 2 doses through the
intra-peritoneal route. The formulation doses causing death
and sudden changes in the mice body weight are considered as
drug-induced toxicity. The treated and control groups consisted of
5-6 mice. The drug treatment was initiated after tumor developed
on the tissues. The femur organ was dissected from the specimens
and maintained in a less than 10% formalin buffer solution.
The organ specimens were decalcified with hydrochloride buffer
solution. Images were obtained using high-resolution micro-
imaging computer systems.

Conclusions

The search for agents that effectively deliver anticancer drugs is
a special operation against the deadly disease. Strontium- and
iron-incorporated hydroxyapatite nanoparticles are suitable
candidates for targeted anticancer drug delivery. While the
monodoping of either Sr or Fe has been reported in HAp,
Sr,Fe-co-doped HAp have not been utilized for the treatment
of cancer. In addition, the size, form, and function of these NPs
are intriguing and nevertheless poorly studied. We report
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Sr-doped HAp nanowhiskers and Sr, Fe-co-doped HAp nanorods
in this study. These engineered nanomaterials vary in size
depending on the presence of iron. On the incorporation of
both Sr and Fe, the nanomaterials become superparamagnetic.
These nanomaterials are coated with a novel designed polymer,
i.e., p-CD, folate, and Pt-containing conjugate. It enables the
loading of Dox and thus receptor-mediated drug-targeting. The
nanocarriers possess a size in the range suitable for prolonged
residence in the circulatory system. The proven enhanced
loading and sustained release of Dox is another advantage of
nanocarriers. Tested on multiple cell lines, the nanocarrier, i.e.,
polymer-coated Sr,Fe-Hap, proves itself as a more effective
Dox-carrier and demonstrates high activity particularly against
bone cancer cells. When the in vivo metastatic anticancer
activity is investigated on MG63 cell-infused mice, the Dox-
loaded Sr,Fe-HAp reveals enhanced activity. The high aspect
ratio of the nanorods, biocompatibility of the modified chitosan,
ability of B-CD cavity to encapsulate Dox, and targeting ligand
(folate) attachment can work in unison to selectively destroy
cancer cells. Thus, the Sr,Fe-HAp nanorods are a promising
candidate for targeted delivery of Dox. In addition, since the
cavity of B-CD is capable of accommodating several anticancer
drugs of appropriate size, the nanocarrier can encapsulate other
drugs also. Being superparamagnetic, the Sr,Fe-HAp nanorods
respond well to the magnetic field, and can thus be controlled by
the application of an externally applied field.
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