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GRAPHICAL ABSTRACT

ABSTRACT

Nanoscale materials continue to amaze researchers due to their fascinating versatile properties. One such inspir-
ing development in nanomaterials is the design of the nanocomposite materials for multifunctional purposes
from energy storage to biomedical applications. Magnetic hydroxyapatite [MHAp] nanoparticles have achieved
considerable attention during the last two decades and possess exceptional prospects in the field of
nanomedicine with improved multi-therapeutic approaches. The progress from controlled fabrication to ad-
vanced applications of MHAp nanocomposites is still in its infancy and few efforts have been devoted to this
cause. The hybrid structure of MHADp is anticipated to be an auspicious platform for biomedical applications par-
ticularly in cancer theranostics because of good stability and biocompatibility. In this review, recent exciting fea-
tures in the development of MHAp nanocomposite and promising applications in controlled drug/gene delivery
and magnetic hyperthermia treatment, tissue engineering and bone regeneration, antimicrobial activity, heavy
metals and toxic dyes removal, fire retardant behaviour, biosensors and the development of contrast agents for
magnetic resonance imaging are highlighted and explained in detail. In addition, this study provides a compre-
hensive assessment of the synthesis of MHAp nanocomposites by various preparation methods, the influence
of reaction parameters on the morphology and structure-property relationships based on recent studies. Finally,
novel perceptions are examined regarding the ability of MHAp nanoparticles to improve hybrid nanocarriers
with homogeneous structure to enhance multifunctional biomedical applications.
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1. Introduction

Magnetic nano-materials have been valuable for catalysis [1], colloi-
dal photonic crystals [2], magnetic particle imaging [3], nanofluids [4],
data storage [5], defect sensor [6], optical filters [7], and environmental
remediation [8]. Particularly, magnetic nanoparticles have potential use
in the biomedical industry because of their unique mechanical, thermal,
physical and chemical properties [9]. The most commonly used mag-
netic materials are based on iron, manganese, nickel, gadolinium, cobalt,
and their components. The oxides of iron, manganese and gadolinium
have attained significant interest in biomedical imaging owing to their
externally magnetic manipulated behaviour and low toxicity [10,11].
Due to the fascinating properties of magnetic nanoparticles, they have
been utilized in magnetic resonance imaging (MRI), controlled drug de-
livery to cancer/tumor cells, tissue growth, cell separation, molecular la-
beling and gene delivery [12,13]. The magnetic materials used in
biomedical research possess some advantages and disadvantages. For
example, magnetic materials having Gd, Sm and Nd require high exter-
nal field and controlled environment for their propagation. It is a fact
that magnetic materials give remarkable results for cancer diagnosis
and controlled drug delivery applications. However, some magnetic
based nanocomposites may not be directly applicable because of toxic-
ity concerns. Therefore, surface modification with biocompatible mate-
rials or polymers is used to reduce the toxicity and facilitate the coating
of secondary materials onto the surface of these magnetic nanocompos-
ites (MNCs).

Hydroxyapatite (HAp) is a highly biocompatible calcium and phos-
phorus containing bio ceramic material that has the same element
ratio (Ca:P =~ 1.67) as natural bones and teeth. Because of bioactivity,
osteo-inductive capability, non-immunogenic behaviour, diversity in
shapes and biodegradability, HAp has aroused extensive interest for bio-
medical applications [14]. Moreover, HAp has surface phenomena with
ion exchange and adsorption properties that leads to doping, grafting
and loading processes. Owing to the advancement in nanotechnology,
scientists have made great efforts to produce new morphologies of
HADp for the expansion of the HAp family and its applications [15].

Recently, researchers have paid much attention to the design of com-
posite nanostructures by mixing two or more components to synthesize
a single nano-system which delivers enhanced multifunctional proper-
ties because of its colloidal nature. The ability to prepare a variety of com-
posite nanomaterials is totally dependent on the physiochemical,
external and internal interfacing properties of individual components.
Nanocomposite (NC) materials are widely used in high power batteries,
lightweight sensors, conductive paper for flexible batteries and the
healing process of bones [16]. Therefore, it is a promising research area
to fabricate NCs for multi-purposes. However, it is always a challenge
to design NCs with expected homogeneous size and controlled structure
especially at the nanoscale. Meanwhile, the selection of materials is also
crucial to attain the desired properties for different application.
Consequently, researchers are working on integrating magnetic nano-
particles with other biocompatible materials (HAp) for enhanced multi-
functional applications. Another important factor involved in the design
of NCs is lattice geometry distribution. Some regular structures such as
core-shell composites have a centrosymmetric structure and it is usually
observed that the hybrid nanostructures are formed at same lattice
constants. Generally, lattice (matched/mismatched) experiences consid-
erable geometry distributions which are much sophisticated to keep it
restrain. Furthermore, the surface of these NCs is modified with biode-
gradable materials for improvement of their synergetic properties.

Interestingly, the physiochemical nature of HAp facilitates other spe-
cies to establish composites with it [17]. On the other hand, magnetic

nanoparticles have the ability to join with various kinds of proteins, spe-
cific enzymes, targeted drugs and many antibodies. Therefore, the inte-
gration of these two promising materials to design nanocomposites will
open a novel platform in the field of nano-biotechnology. Also, the dis-
tinct surface features provide multiple coatings such as antitumor and
anti-inflammatory agents and in tissue culturing [18]. Special shaped
structures (core-shell, liposomes, dumbbell) have the ability to improve
the functions and properties of nanomaterials. The properties like
catalytic activity, thermal stability, pH sensitivity, optical and magnetic
behaviour depends upon the composites/core-shell materials. Further-
more, these properties can be tunable by controlling the thickness,
size and shape of core-shell structures. In a true sense composites/
core-shells represent materials having two kinds of properties in one
system. By increasing the number of materials in composites, the prop-
erties may be altered and improved. So, there is a wide range of biolog-
ical features depending upon the type of magnetic nanoparticles and
composites/core-shells [19]. For example, if we use the Fe304 magnetic
nanoparticles and coat them with two different materials, such as silica
and ethylene glycol then these particles will represent the three types of
properties - magnetic properties, drug carrier agent and optical proper-
ties [20]. There are various kinds of polymeric materials used for surface
modifications to design shells or to stabilize magnetic-HAp NPs, e.g. chi-
tosan, dextran, N-(phosphonomethyl)-iminodiacetic acid (PM-IDA),
Poly (vinyl) alcohol (PVA), poly-ethylenimine, poly-ethylene glycol,
and silica [18].

In this review, recent advances in the use of magnetic HAp NCs as a
potential candidate for biomedical applications are reported. A variety
of synthetic approaches will be discussed and compared to develop bet-
ter understanding about how the size, shape, and crystal structure of
these NCs can be controlled. This review will also discuss the biocom-
patibility and improvements in biomedical applications of magnetic
HAp NCs in view of emerging challenges and modifications.

2. Synthesis of magnetic HAp nanocomposites

A variety of synthetic approaches was employed to design magneto
HAp NCs. The fabrication methods involve hydro/solvothermal method,
mechanochemical method, chemical precipitation methods including
coprecipitation and wet precipitation, ion exchange method, template
method and emulsion synthesis methods. Each method represents
unique and significant influence on morphologies, crystalline structure,
shape and size of the magnetic HAp NCs. The details are discussed below
and are summarized in Table 1.

2.1. Hydrothermal method

This is a common method for the synthesis of stoichiometrically reg-
ular and crystalline nanoparticles. In this fabrication process, the reac-
tant mixture is poured in the autoclave having a high pressure and
temperature environment.

There are many advantages of the hydrothermal method over con-
ventional as well as nonconventional systems. It is a cost effective,
easy and environmentally friendly technique. Moreover, the variety of
particle size and morphologies are an additional outcome of hydrother-
mal processes. Likewise, this method gives the final product in solution
form which is required for biomedical applications. A foremost advan-
tage of this technique is the hybridization with other techniques like ul-
trasound, microwaves, optical radiation, hot-pressing, electrochemistry,
and mechanochemistry.

Multifunctional magnetic HAp microspheres of CaCO3/Fe;0,4 were
prepared with open macropores size of 50-200 nm. There was the
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Table 1
Summary of different synthetic methods of magnetic HAp nanocomposites along with applications.
Sr Synthetic Route Material Application Advantage Disadvantage Ref.
#
1  Hydrothermal CaCOs/Fe304-HAp, Fe;04-HAp,  Bone regeneration, Homogeneous crystal Seed crystallization, uncontrolled 21-24,
method Co-HAP, Gd doped HAp Antimicrobial, Drug delivery, growth, large scale Growth 27.
Hyperthermia, MRI synthesis
2 Chemical Fe/Sr-HAp, Fe,03;@HAp, Bone regeneration, Tissue High degree of selectivity, Formation of silt and by products 32-35,
Precipitation lanthanum-doped HA/CS, engineering, Magnetic Suitable for core-shell 39.
method Fe304/SiO,-HAp Hyperthermia, Cell study, Drug  structures
delivery
3 Mechanochemical HAp/MgTiOs-MgO, HAp/Fe304, Magnetic Hyperthermia Suitable for production of Chance of inhomogeneity, induced 48,51,
method powder materials, Solvent  de-mixing while agitation 52.
free synthesis
4 Emulsion method Fe304-HAP, HAp@ CoFe,0,, Heavy metals and dyes removal, Appropriate for synthesis of Reaction of emulsifier leading to poor 53-55
Fe-HAp Tissue engineering microbeads, microsphere, clarity
Rapid poly-merization
5 Template method CoFe,0,4/ SiO,-HAp, Iron/HAp,  Drug delivery, Fluorescence Controlled size and Cracking and defects in products are 58, 59,

Fe304 or MnFe;04-HAp Sensors

6  Synergistic Antioxidant &

method

chitosan/collagen/Fe;04-nHAp,
Fe,03;@HAp-Ag

Anti-inflammatory, Catalysis

morphology possible while the removal of hard 62
templates, less stability of soft template
Useful to improve the Applicable for limited materials 66, 67
morphology and crystalline

structure of nanomaterial

formation of CaCO3/Fe;04 microspheres (Fig. 1 a, b) then transforma-
tion to magnetic HAp microspheres (Fig. 1 c-e). Due to the dispersion
of Fe304 particles in the microsphere, the material had good magnetic
strength with 3.98 emug ™. Results proved the biocompatibility, drug
delivery and antibacterial behaviour of magnetic HAp micospheres
[21]. Sahoo et al. reported the synthesis of magnetic HAp nanoparticles
for the removal of Eriochrome black T (EBT) in an aqueous medium. The
magnetic part of hexagonal particles of Fes04 was about 20 nm to 50 nm
[22]. Zhuang and coworkers synthesized monodisperse microspheres of
Fe;04/HAp NCs for lead(Il) removal by giving 440 mg/g sorption in 1 h
at 3.0 acidic pH [23]. Sarath Chandra et al. synthesized magneto HAp
nanoparticles by a hydrothermal method assisted with microwave
and the products presented strong magnetic properties due to the mag-
netic ions (Ni, Co, Fe). The special feature of Co*? in Co-HAp was the
change of morphology of monodispersed spheres from spherical to
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hexagonal rods with superparamagnetic properties. The size of the
monodispersed microspheres was 121 nm. By the addition of Co™?,
there was an increase in magnetic moment from 1.2 x 1072 to
6.1 x 1072 emug ™' with the value of dielectric constant 1-2476 [24].
In other work, HAp and Co-HAp powder was prepared. Morphology
and cell parameters were checked by known analytical techniques
and SEM results proved that there was an increase in the size of HAp
nanoparticles due to combination of Co [25]. Chen and co-workers fab-
ricated the magneto HAp nanorods and the nucleation rate of HAp
nanocrystals was improved by Fe304 coating up to 3 days after the reac-
tion. Furthermore, the biocompatibility was also checked [26].

Liu et al. worked on the HAp nanorods doped by gadolinium, having
magnetic resonance relaxation rate ry value 5.49 s~!'(mm)~! as shown
in Fig. 2 (a). The diameter and length of HAp-Gd nanorods were 9.2 +
2.4 nm and 29.1 4+ 6.2 nm respectively (Fig. 2 (b,c)). Additionally,

Na', PO;". HPO*, OH  ions

Ca’’, COy" ions

Fig. 1. Schematic illustration for the synthesis of magnetic HAp microspheres: (a) Fe304 NPs used as magnetic cores; (b) fabrication of CaCOs/Fe304 microspheres using precipitation
method; (c) immersion of CaCOs/Fes0,4 microspheres into a Na,HPO, solution; (d) deposition of CHA nanoparticles (yellow particles) on the surface of microspheres by hydrothermal
process, and development of mesopores (white circles) due to the aggregates of CHA nanoparticles; (e) construction of MHMs upon increasing the reaction time. Reprinted with the

permission of [21]. Copyright (2014) The Royal Society of Chemistry.
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nanorods were excellently disperesed in water having —23.7 mV zeta
potential. Furthermore, Sm-153 was post labeled with the in vitro stabil-
ity over 48 h and enhanced the dual-modality imaging in vivo for MRI
and SPECT [27]. Murakami and co-workers reported the modified hy-
drothermal synthesis of porous rod-shaped cages of megnatic Fe30,4-
HAp composites that can hold magnetite by 30 mass%. They blended
magnetite particles with the size of 1 pm with poly(L-lactic acid) fibers
(400 um). Moreover, temperature bearing ability up to 55 °C within
10 min proved the viability of composites for therapeutic environments
under controlled magnetic field [30]. Guo and his team designed meso-
porous magneto HAp carbonated microspheres and fabricated Fe304/
CaCOs as shown in Fig. 2 (d, e). The pore size of magnetic HAp micro-
spheres was 3.6-14.6 nm (Fig. 2 (f)). Moreover, magnetic properties,
hexagonal cystal growth and crystal orientation was influenced by
Fe304 [28]

Periyasamy et al. formed magneto HAp alginate beads with good
sorptive ability and sorption behaviour of these Fe30,@n-HApAlg
beads was studied by Dubinin-Radushkevich (D-R), Langmuir
and Freundlich isotherms. The kinetic study gave pseudo-first and
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pseudo-second-order data. These beads proved to be re-useable up
to 5 times by the use of NaOH eluent [31]. In another study, biocom-
patible and pH-sensitive hierarchically mesoporous magnetic HAp
hollow microspheres were synthesized resulting in 20 nm Fe304
magnetic particles. The average size of CaCO3/Fe304 hollow micro-
spheres was 0.75-0.96 um. The magnetic properties of composites
were controlled by the amount of Fe304. As compared to the HAp
particles, the magnetic and modified HAp composites presented ex-
cellent therapeutic and biocompatible features [29].

The above reports demonstrate promising control over rod and hol-
low shaped morphology with additional surface functionalities of mag-
netic particles to link drugs and biomolecules. This method is also
favorable for large scale synthesis of magnetic HAp NCs.

2.2. Chemical precipitation method
This is an easy method to control the composition, size of

nanomaterials, and useful for the preparation of homogeneous particles
as well as surface modification. Various potential morphologies of

Fig. 2. (a) TEM image of Gd*>* doped magnetic hydroxyapatite nanorods; (b) HR-TEM images of magnetic HAp nanorods; (c) Crystal lattice pattern of magnetic HAp nanorods. Reprinted
with the permission of [27]. Copyright (2013) Elsevier Ltd. (d) SEM image of CaCO3/Fe304-HAp microspheres; (e) SEM image of magnetic carbonated HAp microspheres; (f) TEM image of
CaCO0s/Fe304-HAp microspheres. Reprinted with the permission of [28]. Copyright (2011) The Royal Society of Chemistry. (g) High magnification image of CaCOs/Fe304-HAp hollow
microspheres; (h) SEM image of CaCO3/Fe;04-HAp hollow microsphere; (i) a. TEM, b. SAED, and c. HRTEM images of single particle taken from CaCOs3/Fe304-HAp hollow
microspheres. Reprinted with the permission of [29]. Copyright (2013) The Royal Society of Chemistry.
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magnetic-HAp NCs were synthesized and some excellent studies are
described hereafter.

Ullah et al. followed the aqueous chemical precipitation method
with sonication assistance to make Fe/Sr co-doped HAp bionano-
materials. The size of particles was 140-205 nm, surface area 186
m?g~! and pore size about 13-19 nm, representing relatively negative
zeta value at 7 pH. The thermal phase stability was shown to be lowered
by the substitution of Fe** in HAp as compared to the pure HAp and
Sr-HAp. Additionally, co-doping of Fe*™ and Sr>* imparted a synergistic
effect in improvement of alkaline phosphatase (ALP) activity and cal-
cium deposition [32]. In other work by same group, they reported Fe/
Sr modified HAp bioceramic composites and their biological activities
were checked by acid citerate dextrose (ACD) test for in vitro blood
compatibility, alkaline phosphatase test for osteoblastic cell dif-
ferentiation, and in vitro drug loading and release analysis resulted
the justification of NCs biocompatibility. The morphological study
presented structures of 0.8 um having polyphasic ability by co-
substituion of ions. There was a positive change in dielectric constant
by the addition of Fe/Sr in HAp. The scheme of study is presented in
Fig. 3 [33].

Ramos-guivar and co-workers reported the preparation of magnetic
nanoparticles of y-Fe,03 embedded into the matrix of nano HAp with
10-20 nm sizes with rod shape morphology as shown in Fig. 4 (a-c),
and the corresponding EDX results presented atomic composition asso-
ciated to y-Fe,03 @ HAp (Fig. 4, d). Furthermore, the magnified TEM
image (Fig. 4, e) showed the dispersion of y-Fe,03 NPs on the matrix
of HAp and superparamagnetic behaviour presented in Fig. 4 (f-g).
These y-Fe;03/HAp NCs presented no toxicity and were reported to be
biocompatible [34].

A study by Qiyang Wang et al. involved the fabrication of bioactive
and biocompatible NCs based on magnetic lanthanum-doped hydroxy-
apatite chitosan (MLHAp@CS). Magnetic SrFe;,0,9 nanoparticles were
doped into LHAp/CS and the prepared NCs were in a plate shaped struc-
ture with 50-150 nm width and 30 nm thickness. MLHAp@CS NCs scaf-
folds offered very positive results for bone regenration without the help

(SHNOY,)

(FeCl,6H,0) ((NH,),HPO )

NH(OH), pH 9.2

So'Fe: HAp bieceramic

Sintering (1100°C)
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of external growth factors [35]. Adsorption behaviour of HAp/Fe304
nanocomosites was studied by Vahdat et al. with the change in concen-
tration, pH, contact time and temperature. An isothermal and kinetic
study was also carried out [36]. A study was reported on the synthesis
of CUO@HAp@+-Fe,05 hybrid magnetic nanoparticles via an ion ex-
change chemical precipitation method. The morphology was revealed
to be nanosheets of irregular shapes and various sizes [37].

Xiao et al. used the wet chemical method for the production of mag-
neto HAp nanostructures doped by Fe/y-Fe,03. These magnetic nano-
structures showed excellent adsorption properties as compared to
other HAp based adsorbents [38]. Other research reported by
Mortazavi-Derazkola and co-workers involved preparation of Fe304/
SiO,/HAp NCs by chemical precipitation with the assistance of ultrason-
ics. The MNCs possessed sphere like morphology with 13.37 nm pore
size and 55.88 m?g~! surface area. Furthermore, the effect of glucose
and fructose as a capping agent was also studied and modified by 3-
Aminoproyl triethoxy silane [39]. Wakiya et al. synthesized 0.5-3 um
round with dimple shaped magnetic composites of HAp-yFe,03/Fes0,4
by ultrasonic-assisted coprecipitation. The saturation magnetization of
biocompatible composites was 0.833 emug ™! [40]. Work by Yang and
companions involved the synthesis of superparamagnetic Fe;04 into
HAp nanoparticles by homogeneous precipitation technique. The mor-
phological study proved the spherical shape with 25 nm diameter
[41]. Zuo and the team used a coprecipitation technique for the forma-
tion of Fe doped HAp magnetic particles and also studied the effect of
temperature and concentration on magnetic property and morphology.
Results specified that iron ion doping lowered the crystallinity. The
composites with 10% and 50% iron ions were superparamagnetic but
with 30% showed little ferromagnetic behaviour [42].

Few studies have reported on the design of core-shell structure of
magnetic HAp using a coprecipitation method. Fe/Mn-HAp core-shell
structure was reported by Pon-On and co-workers. EDS results justified
that nanoparticles were amorphous at 500 °C and become crystalline at
1000 °C. Moreover size was also increased from 10 to 20 nm to approx-
imately 50 nm by the increase in temperature. TEM images proved the

Se/Fe:HAp

Fig. 3. Schematic presentation for the fabrication of Sr/Fe-HAp bioceramics materials by chemical precipitation method. Reprinted with the permission of [33]. Copyright (2014) The Royal

Society of Chemistry.
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Fig. 4. (a) TEM image of GFe NPs, (b, c, e) TEM images of GFe-HAp NCs, (d) EDX spectra of GFe-HAp NCs and (f, g) magnetic moment M-H loops for GFe and GFe HAp samples at room

temperature. Reprinted with the permission of [34]. Copyright (2020) Elsevier Ltd.

core-shell structure of Fe/Mn-HAp. ESR spectroscopy showed g-factor
values 4.23 and 2.01 for Fe>* and Mn?* respectively and presented
that Fe>* and Mn?* were entered into the Ca®* sites of HAp structure
[43]. Safaei et al. prepared Fe;04/HAp core-shell nanostructures and
iron oxide particles (26.3 nm) were coated by HAp resulted in rocky
material. At high pressure, fluid flow tests were performed and it
showed that wettability alteration reduced the pressure drop up to
32% Fe304-HAp/distilled water nanofluid [44]. A study by Petchsang
et al. involved the synthesis of 90 nm size cobalt-iron doped HAp core-
shell structures. These particles had a HAp shell and CoFe,04 core. A de-
crease of saturation magnetization was reported by the increase in the
doping level [45].

The outcomes from chemical precipitation method exhibited the ef-
fectiveness of the process. In the core-shell synthesis, this method rep-
resents significant results and in most of the cases the magnetic core
was covered by HAp shell. It is also observed that the formation of
core-shell depends upon the stirring time, temperature, and concentra-
tion of materials. Moreover, modifications like ultrasonics, temperature

assistance, wet method, and ion exchange offered virtuous effects to
control the morphology and size of NCs.

2.3. Mechanochemical method

Many nanomaterials are formed by a dry/solvent-free or liquid
assisted method called a mechanochemical method. Mechanochemical
synthesis is environmentally friendly, low cost and very simple opera-
tional technology [46]. This method is also used to prepare a variety of
heterogeneous nanoparticles and important variables such as precur-
sors, speed, time and milling medium used while grinding of material
for mechanochemical method are important. If milling is solvent-free
then it is called a dry method and if milling is solvent assisted then it
is called a wet method. In the wet mechanochemical method a very
small amount of solvent is utilized [47].

Fahami et al. synthesized NCs of HAp-20%wt Ti and ellipse like pow-
der was formed after milling for 20 h at 650 °C, 25 + 15 nm [49]. In an-
other work, they followed the mechanochemical method for 10 h with
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thermal assistance of 700 °C for the production of HAp/MgTiO3-MgO
nanopowder having 21 and 34 nm crystallite size. Furthermore, HAp
decomposition into tricalcium phosphate was also studied with the
change of temperature from 900 °C to 1100 °C and nanopowder of 3-
TCP/ MgTiO3-MgO formed [50]. Later, Fahami and Nasiri-Tabrizi devel-
oped the mechano-thermal technique for the preparation of HAp/
MgTiO3-MgO NCs powder with large agglomerates and spheroidal mor-
phology. Crystallite sizes were the same as in previous work (21 nm and
34 nm). This composite powder was obtained by milling for 10 h at
700 °C as presented in scheme of study (Fig. 5) [48].

Iwasaki developed a simple mechanochemical method for the for-
mation of HAp/Fe304 NCs. The synthesized material was investigated
morphologically, thermodynamically, magnetically and biologically.
Highly crystalline 16 nm median diameter Fe30,4 particles showed
super-paramagnetic behaviour with magnetization of 78emug™'
(Fig. 6) [51]. Sneha and Sundaram prepared superparamagnetic and
biocompatible NCs of HAp/Fes0, with ratio of 1.5:1 (w/w) by wet
mechanochemical method at 300 rpm for 5 h. The morphology of parti-
cles was spherical shape with size of 100-350 nm [52].

The mechanochemical method proved to be very useful for the syn-
thesis of magnetic HAp nanopowders. Moreover, high crystallinity of
particles was also observed. The mechanochemical method is limited
for magnetic HAp production due to non-homogeneous structures, ag-
gregation, and time involved.

2.4. Emulsion synthesis method

In the emulsion synthesis method, microemulsions are formed with
specific parameters like controlled size, specific morphology and low
aggregation of nanomaterials. The emulsion method is considered to
be safe as no high-pressure conditions are required. Microemulsions
are formed by two immiscible phases like water and oil, and stabiliza-
tion is achieved via surfactants. In this regard, Foroughi and co-
workers prepared nanopowders of CoFe,04 having core-shell of HAp
at 700 °C and core-shell morphology was confirmed by TEM. Maximum
magnetism was shown 7.8 emug ! and it was decreased by changing
the temperature from 700 °C-900 °C. The reason for the decrease in
magnetic power was the reaction between CoFe,0,4 and HAp [54].In an-
other work Zhang et al. synthesized microbeads of magnetic HAp/agar
NCs and the magnetic moiety was Fes04 having surface modification
with phosphonomethyl iminoacitic acid. According to the morphology,
these beads were 150 um spherical with a surface area of 90 m?g™!
(Fig. 7). Furthermore, these superparamagnetic large size microbeads
had more adsorption ability [53]. lafisco et al. formed the hollow
magnetic FeHAp nano-microspheres having size 500 nm-2 pum using
hybrid polymeric materials like poly L-lactic acid and CH,Cl, as an
emulsifier. The physical and chemical features of spheres were con-
trolled by the concentration of FeHAp. These microspheres showed
good biocompatiblility. The time for the formation of microspheres
from dichloromethane emulsion was 3 days at the temperature of
30 °C [55].
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This technique realises formation of magnetic HAp microbeads,
coreshells and microspheres with low aggregation of materials under
low pressure and temperature conditions.

2.5. Template method

The template method is a new material fabrication strategy and has
gain attraction in recent years with control of the structure, morphology
and particle size of nanomaterials [56,57].

For the preparation of magnetic-HAp NCs by template assisted
method, Mir and co-workers used nano templates of aqueous
ferrofluids with different concentrations (20, 40, 60 and 80 pl) and sta-
bilized them with polyvinyl alcohol. Polyvinyl alcohol ferrofluids were
incorporated on the HAp matrix resulting in biologically active magnetic
materials [59]. Singh et al. synthesized the magneto HAp nanotubes by
using a template of composite of polycaprolactone-magnetite NPs. The
surface activation was done in alkaline pH and deposition of apatite
minerals occurs. According to the morphology, the outer surface was
HAp shell with 137 nm thickness and 650 nm dimensions. The ferro-
magnetic behaviour of the product was shown with 27.20 emug ™'
[60]. In an another work, the HAp template was used to produce the
NCs by CoFe,0,4 having a coating of SiO, with core-shell about 50 nm.
The use of HAp template prevented the aggregation of nanosized mag-
netic particles. Moreover, pore size of sturctures was reported
10-20 nm with 212.8 m?g~! surface area. Additionally the magnetic
composites were used in excellent drug delivery as presented in Fig. 8
[58]. Ali and coworkers synthesized magneto HAp NCs with a molecu-
larly imprinted polymer using dibenzothiophene templates. The prod-
uct had a surface area of 961 m?g~! and 0.398 cm®g™! pore volume.
Additionally, thermodynamic and kinetic studies were accomplished
[61]. Another work reported by Cui et al. involved a template of
water-soluble magnetic nanoparticles of Fe304 or MnFe304 stabilized
by Al(OH); to synthesize fluorescent and magneto HAp nano-
particles. Furthermore, polymers of bisphosphonate polyethylene glycol
were applied for the better colloidal stability in aqueous medium and
64Cu was incorporated effectively [62].

The modern template method has proven to be very suitable for the
controlled synthesis of magnetic nanoparticles and especially in con-
trolled drug delivery to targeted cell lines.

2.6. Synergistic synthesis method

A synergistic method is the combination of two or more synthesis
methodologies like mechanochemical-hydro/solvothermal, and
microemulsion-hydro/solvothermal. A synergistic method is used to
improve the properties, morphology and the crystalline nature of the
nanomaterials. Mondal et al. used a synergistic method (solvothermal-
chemical precipitation) for the preparation of magnetic HAp nanoparti-
cles in which iron oxide was coated with HAp. These coated particles
presented 40.6 emug~' magnetic saturation under 1.5 T magnetic
field and 300 K temperature [63]. Xu and co-workers synthesized Pt

63wt% CaHPO, +17wt% CaO i

12wt% TiO, + 8 Wt% Mg I

Fig. 5. Graphical representation of the formation of HAp-magnesium titanate nanocomposite by mechanochemical process and subsequent thermal treatment. Regenerated with the

permission of [48]. Copyright (2013) Springer Nature.
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Fig. 6. (a) SEM image, (b) distribution of particle sizes, (c) XRD pattern and (d) magnetization-magnetic field hysteretic loop of Fe;04 NPs [51].

loaded HAp NCs with sodium citrate, sodium dodecyl sulphate and
hexamethylenetetramine by hydrothermal-chemical reduction pro-
cesses. These catalytic magnetic HAp materials were used for the
absorbance of oxygen active molecules such as HCHO [64]. Gu and com-
panions reported a green method for the preparation of Fes04/HAp
mesoporous NCs by the combination of chemical precipitation-
hydrothermal and resulted in 100-150 nm length and 20 nm width
mesoporous NCs with 2.0 nm pore size having superparamagnetic
behaviour with 16.20 emug ™' [65]. Yao Zhao et al. synthesized chi-
tosan/collagen/Fe304/nHAP organic-inorganic combinations of mag-
netic scaffold. These composites were reported to be biologically
active having good biocompetability in vitro and in vivo with signifi-
cant potential for tissue and bone regenration [66]. Abbasi et al. used
a synergistic method with the assistance of spray drying techniques
to make Fe,03@HAp-Ag NCs. HAp core-shell was supported by Ag.
These magnetically recyclable catalysts were utilized efficiently in
the Pechmann condensation of phenols and -ketoesters. This
method was suitable to have a good yield, eco-friendly, being less
time consuming with minimum work up procedure, and easy recov-
ery from solution with the help of an external magnet [67].

From the above discussion about the synthesis methodology of
magnetic HAp NCs, it is concluded that most reports presented non-
homogeneous structures with biomedical properties, but a few reports
showed highly crystalline, regular and good structures with enhanced
biomedical properties. Moreover, in most of the cases there are rod
shaped and core-shell magnetic HAp NCs offered better properties
with remarkable results as compared to the rough and irregular
particles.

3. Applications of magnetic HAp nanocomposites

Magnetic HAp NCs can be defined as a mixture of these two compo-
nents embedded together to form a single system which delivers en-
hanced multifunctional properties because of hybridization nature.
These versatile properties are strongly dependent on the size, structure

and concentration of the composites. For example, in magnetic HAp
core-shell NCs, the core material is encapsulated by another outer
shell material and they are expected to demonstrate multifunctional
properties that change from the intrinsic properties of individual mate-
rials. These materials possess high surface area, good biocompatibility
and strong mechanical strength. Because of the distinct surface func-
tionalities and synergetic properties of magnetic HAp NCs, these NCs
have obtained great interest in biological applications like drug delivery,
tissue engineering/bone regeneration, environmental remediation
(heavy metals & dyes removal), catalysis, antimicrobial, biosensors
and fire resistance materials as shown in Fig. 9. The magnetic ability of
these materials makes them useful in purification properties and bio-
sensors and electrical conductivity help in the transmission of signals.
Furthermore, they have promising features in targeted drug delivery be-
cause external electric and magnetic fields control the response of stim-
uli and drug can be delivered to the desired area. Magnetic HAp NCs are
also utilized in multimodal imaging therapeutics and diagnosis of can-
cers [68].

In the following section, we will discuss the structure property rela-
tionship, surface functionalities and potential applications of magnetic
HAp NCs in the biomedical field.

3.1. Drug delivery

Significant progress has been made in controlled drug delivery system
during the last seven decades. Oral and transdermal sustained release sys-
tems were established during the 1st generation (1950-1980) of drug de-
livery. In the 2nd generation (1980-2010), research was focused on the
development of self-regulated drug delivery systems, and nanoparticle-
based targeted delivery systems. In controlled and targeted drug delivery
mechanism, drug carriers play a key role in the drug delivery system for
the release and efficiency of the system [69,70]. A good drug carrier pos-
sesses easy attachment and easy release of the drug, large surface area
for drug loading and biocompatibility [71]. Many researchers reported
that magnetic HAp NCs have proved to be suitable for controlled drug
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delivery system. Because HAp retains an additional feature of high capac-
ity of drug loading and unloading due to OH group in HAp and it can make
hydrogen bond to OH containing drug and the magnetic part in composite
helps to target the cell lines with the help of an external field. Further-
more, HAp coating protects the agglomeration of polymers, has high bio-
compatibility and offers stability with respect to temperature and pH.
Drug loading and unloading can be calculated by following formulas;

Drug initial— Druginsupernatant

Drugentrapmentefficiency = Druginitial x 100%

Druginitial— Druginsupernatant
Amountofcompositematerial x 100%

Drugloadingcontent =

A study was reported to show the anti-tumor ability of lamellar
magnetic HAp (LM-HAp) and lamellar HAp (L-HAp) with various con-
centrations targeting the MDA-MB-231 cell line of breast cancer in
human. The results obtained from scratch and adhesion assays sug-
gested that magnetic nanoparticles incorporated with HAp showed
stronger capabilities to impair the migration and adhesion of MDA-
MB-231 cells than L-HAp because the superparamagnetic nanoparticles
have the ability to impair the endothelial progenitor cell (EPC) migra-
tion. These materials showed low cytotoxicity and efficiently decreased
the adhesion and mobility of the cell. Results proved that magneto HAp

material showed greater inhibition on adhesion and mobility of cancer
cells as compared to other material and was safe for gene vectors. West-
ern blotting results proved the impact of magnetic HAp material on
phosphorylation of integrin 31 [72].

Another study involved the targeted anticancer drug delivery by
cobalt doped HAp NCs. The presence of a magnetic part (Co™2)
showed some prominent features for HAp in attachment and re-
lease of the drug. Zeta potential examination showed that Co-HAp
had a good ability for adsorption of protein due to positive surface
potential by Co™2. Furthermore, Co™2 enhanced the ability of HAp
in the release of 5-Fluorouracil (an anticancer drug) and haemo-
compatibility. This sustained drug delivery was associated with
the covalent bonding of Co?* and HAp with the drug molecules.
The results demonstrated the efficiency of Co-HAp NCs in drug de-
livery proposed to be effective for bone growth, wound healing
and treatment of tumor cells due to it promising magnetic and
drug loading/unloading characteristics [24]. Currently, mesoporous
hollow structures attain potential interest because of high specific
area for drug loading capacity. In this context, mesoporous magneto
HAp hierarchical microspheres were reported with high drug-
loading efficacy and pH responsive drug release ability. The de-
signed structure showed high loading amount/efficiency of hydro-
philic antibiotic vancomycin which is attributed to hollow and
mesoporous structures, H-bond interactions between HAp and OH
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group of vancomycin. The sustained drug release phenomena were
observed in the hollow magnetic HAp microspheres as compared
the conventional HAp nanoparticles. This study revealed that
Fe;0,4 slowed down the process of degradation of HAp and en-
hanced bone cell proliferation activity and the expression of multi-
ple osteogenic genes, leading to the successful implementation in
bone regeneration therapy [29]. In other research, ferrofluids HAp

Magnetic
HAp Nano-
composites

Biosensors
/ uoneaauadoy]

&
€ .

Bio-Catalysis

Fig. 9. A representation about the applications of magnetic HAp nanocomposites.
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NCs were prepared as drug delivery vehicles. Polyvinyl alcohol
was used for the stabilization of ferrofluid templates. Vibrating
sample magnetometry proved the superparamagnetic behaviour
of the sample due to iron particles, and HAp provided biocompati-
bility and a porous surface for the drug attachment [59].

It is well known that the silica coating improves biocompatibility. In-
domethacin (IMC) drug loaded on NCs of CoFe,0,4 with the coat of SiO,
and template of Hap has been reported and the results showed that
drug release was high at 4 pH relative to neutral pH. Furthermore
upon aging about 50 h the concentration of magnetic iron and cobalt
ions release was decreased [58]. Mesoporous Fe304/HAp NCs were
also used for targeted chemotherapy of cancer using doxorubicin
(DOX). DOX release was controlled by pH response and results showed
that gradual decrease in pH value gave the slow and safe release of the
drug (43% in 100 h). The presence of magnetic particles in DOX-loaded
Fe304/HA nanocomposite are responsible for sustained drug release due
to the low degradation of IONPs [65]. Work on targeted cancer drug de-
livery was carried out and iron oxide (I0) with HAp NCs were proven to
be very efficient magnetic hyperthermia after incubated with osteosar-
coma MG-63 cells (Fig. 10 a, b). The 10 and I0-HAp NCs heated to 65 °C
and 54 °C in 10 min, respectively, under an alternating magnetic field.
The HAp coating onto the surface of 10 acts as an insulator to decrease
the temperature. However, this temperature (42-47 °C) is enough to
kill the cancer cells without impacting normal cells.

The in vitro killing behaviour of osteosarcoma MG-63 cells lasted for
30 min as shown in Fig. 10 (¢, d) [63].

Another study was reported regarding the biocompatibility of
v-Fes04 in HAp nanoparticles and investigated for cancer therapy by
magnetic hyperthermia. Cytotoxicity effects were checked by the expo-
sure of the sample to sarcoma osteogenic (SAOS-2) human cell lines.
The study showed that the magnetic- nano HAp matrix endorsed higher
adhesion ability to SAOS-2 cells, when compared to individual mate-
rials, resulting in the treatment of osteosarcoma cells by magnetic
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hyperthermia [34]. 3-Aminopropyl triethoxy silane (APTES) modified
Fe30,4/Si0,/HAp NCs were designed to investigate the drug release
mechanism in the gastrointestinal tract. The surface area of APTES@
Fe30,4/SiO,/HAp is less than Fe30,4/SiO,/HAp. However, the drug loading
capacity of APTES@Fe30,4/SiO,/HAp is better because of amino groups
strongly attached to the OH of HAp. These composites showed signifi-
cant drug release 100% and 15.6% behaviour in the gastrointestinal
tract at pH 6.8 and pH 1.2 respectively and the aging time was 30 h [39].

One promising work for the treatment of lung cancer by Pt-Fe-HAp
dual-functional chemo-hyperthermic NCs was presented by Ching-Li
Tseng et al., in which anticancer behaviour and biocompatibility were
checked against 3 T3 cells. The hyperthermia effect on adenocarcinoma
cells (A549) of human lung was obtained by the test method of lactate
dehydrogenase. Generally, HAp is good drug transporter as it is stable
at neutral atmosphere but unstable at lower pH. Therefore, degradation
of HAp easily takes place in endosomes because of low pH value and NPs
(Pt?*) escape from the assembly to produce toxicity in the nucleus
leading to cell death. Also, Pt-Fe-HAp NCs produce enough heat under
the alternating magnetic field to kill the tumor cells. These NCs were ex-
tremely toxic to adenocarcinoma cells (A549) with no harm for fibro-
blast cells. It proved the efficiency of Pt-Fe-HAp dual functional
chemo-hyper thermic NCs to treat lung cancer [73]. Targeted drug de-
livery behaviour of magnetic Fe;04/HAp nanorod shaped composites
was studied due to the excellent magnetic properties, mesoporous
structure, and high surface area. Andrographolide drug was loaded on
magnetic NCs and targeted the cancer cells (A431) of human skin epi-
dermis. The magnetic part of the composites helped in the targeted de-
livery and release of the drug. Results were concluded by apoptosis and
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antiproliferative activities and proved the biocompatibility and suitabil-
ity of Fe304/HAp MNCs for targeted drug delivery applications [74].
These reports all enlighten the effectiveness, suitability and biocom-
patibility of magnetic HAp NCs for targeted drug delivery applications
with sustained drug release to cancer cells under suitable and controlled
conditions of pH, concentration, magnetic field and temperature.

3.2. Tissue engineering

The tissue engineering can deliver substitute tissue for medical use
[75]. Various reports are available to showed that magnetic HAp NCs
are useful for tissue engineering as compared with HAp composites
scaffolds [76]. This is because of magnetic entities have the ability to
control the position and drug release process by external magnetic
field with active bioimaging. In addition, magnetic nanoparticles show
the significant effect of osteoinduction to enhance the growth of tissues.

In this regard, superparamagnetic Fe-HAp NCs modified by
polylactic acid were used for tissue engineering application reported
by Michele Iafisco et al. These MNCs showed effective behaviour to-
wards mesenchymal tissues and especially large amount of Fe-HAp
(30 wt%) exhibited good cell proliferation results as compared to the
lower amount (1 wt%). [55]. Other research was published regarding
the suitability of Fe/Sr co-substituted HAp composites for tissue engi-
neering. These composites were appropriated for a human mesenchy-
mal cell having high compatibility with blood and magnetic particles
enhanced the drug release capability and rate tissue repair profile of
the magnetic HAp NCs [33]. MNCs of poly(1-caprolactone)/iron doped
HAp (PCL/FeHAp) were used for tissue engineering. The inclusion of
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Fe-HAp gave good mechanical characterization, improved substrate hy-
drophobicity and showed superparamagnetic behaviour lowering the
coercive field. Furthermore, magnetization was proportional to the tem-
perature sweeps. Biological effectiveness against mesenchymal cells
was approved by AlamarBlue test and LSM (laser scanning microscopy).
In vitro cell adhesion study was carried out by using human mesenchy-
mal stem cells (hMSCs) and results predicted the good spread and ex-
cellent adherence of hMSCs on PCL/FeHAp as compared to the PCL
[77]. A study was reported about the development of Fe*?/Fe ™>-HAp
fused biomimetic frameworks and investigated their influence on
osteoblast-like cells. Results showed that magnetic HAp NCs possessed
superparamagnetic nature and super-paramagnetic scaffolds were
more suitable for cell proliferation as compared to non-magnetic scaf-
folds. Iron induced superparamagnetic behaviour under an external
static magnetic field improved the cell adhesion and proliferation pro-
cess. [78]. One previous work was about tissue engineering using iron-
HAp MNCs via marrow of rat. Magnetic nanoparticles showed excellent
DNA affinity and a considerable increase in transverse section in mesen-
chymal cells having the gene of glial cell line-derived neurotrophic fac-
tor (GDNF) as compared to non-magnetic nanoparticles [79].

In the field of tissue engineering, magnetic HAp NCs showed appeal-
ing possibilities due to their unique physio-chemical features that en-
hance their range of applications. The above discussion testifies that
MNCs are promising in cell proliferation, cell adhesion, and faster differ-
entiation of osteoblast cells for tissue engineering as compared to non-
magnetic composites.

3.3. Bone regeneration

Bone regeneration is a hot topic of research for the modern era. Sci-
entists have been working in this field by using various organic, inor-
ganic and composite nanomaterials [80-84]. However, MHAp NCs are
taking considerable intentions owing to their special physical and
chemical features, magnetic behaviour and biocompatibility. Bone re-
generation using magnetic HAp coating with magnetic bio-glass (CaO-
Si0,-P,05-Fe304) has been reported. The presence of Fe304 enhanced
the perpendicular growth of HAp nanorods and HAp particles changed
into bulky particles in the absence of Fe304. Additionally, bone marrow
cells were used to examine biological feasibility and fitness and resulted
in healthier adhesion of cell, proliferation and spreading for MHAp (HA)
coatings as compared to other composites. These excellent results rec-
ommended magnetic HAp NCs as potential candidate for bone implants
[26]. MHA mesoporous NCs were also utilized for the treatment of bone
disorders. Cell tests were performed in vitro on stromal cells of human
bone marrow and it showed the efficiency of magnetic HAp NCs by
cell proliferation, cell adhesion and the stimulation of osteogenic differ-
entiation. Similarly, as discussed above, Fe;04 NPs inside the mesopo-
rous structure revealed a positive influence on the human bone
marrow stromal cells by stimulating adhesion, proliferation and the os-
teogenic differentiation. The results indicated the potential of magnetic
HAp NCs for the cure of complex bone ailments [21]. [ron-doped HAp
NCs for the applications in the field of bone tissue regeneration was re-
ported and the in vitro study was carried out on the human osteoblast
cells Saos-2 for the time period of 1, 3 and 7 days in the presence and ab-
sence of 320 mT magnetic field and the results were compared with the
commercially available HAp particles. Osteoblast cell proliferation activ-
ities were significantly increased in the presence of a magnetic field as
compared to no magnetic field and HAp material. This study supported
the efficiency and biocompatibility of Fe-HAp NCs for bone regenera-
tion, and also may have future platform for molecular imaging for diag-
nosis and therapeutic applications [85]. In a recent work, Fe/Sr co-doped
HAp NCs reported as a bone substitute. The study proved the effective-
ness of magnetic nanocomposite in osteogenic differentiation and oste-
oblast proliferation. Fe/Sr doping in HAp possessed synergetic effects
and improved the deposition of calcium, ALP activity, and RUNX2 ex-
pression. The results of osteocalcin and osteopontin proteins for
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MC3T3-ET1 cells proved the suitability and biocompatibility of Fe/Sr co-
doped HAp NCs as a substitute of bone [32]. A study was reported
about the effectiveness of chitosan/collagen/Fe;04/nHAp (CS/Col/
Fe304/nHAp) magnetic scaffolds in bone regeneration. The in vitro
study showed higher cell adhesion, proliferation and osteogenic distinc-
tion. Excellent bioactivity and in situ biomimetic mineralization was
verified by mineralization tests. Furthermore, in vivo skull defect
model of rat, the magnetic composites provided an improved bone re-
generation effect then the control (CS/Col/nHAp) as presented in
Fig. 11 [66]. In a related work, firstly HAp/chitosan with hexagonal mag-
netic SrFe;,019 was merged to the bone scaffolds to combine with en-
dogenous stem cells. After this, lanthanum was incorporated for
immune response of host cells. This magnetic lanthanum doped HAp/
chitosan (MLHAp/CS) composites demonstrated good biocompatibility
and enhanced the osteogenic differentiation of rat bone marrow mesen-
chymal stem cells for bone repair applications [35].

The advances of magnetic HAp NCs in the field of bone regeneration
are justified from above discussion. The results of this work enable us to
understand that magnetic HAp NCs presents promising scaffolds for
bone regeneration, bone substitution and detection of defects in bones
by accelerating the cellular proliferation and adhesion properties

3.4. Antimicrobial agent

The inhibition or assassination of disease-causing microbes (fungus,
bacteria and viruses) is associated with antimicrobial activity [86]. Hy-
droxyapatite by nature possesses limited antimicrobial behaviour, so
to enhance its antimicrobial activity, researchers performed doping of
magnetic ions into HAp to design hybrid nanoparticles [87,88]. Many
pieces of research showed the efficient antimicrobial behaviour of mag-
netic HAp NCs.

Work was carried out on the synthesis of multifunctional Sr/Fe co-
doped HAp NCs and their comparative antimicrobial behaviour was
assessed against two bacterial strains of Staphylococcus aureus (Gram pos-
itive) and Escherichia coli (Gram negative) with variable concentrations as
of NCs presented in Fig. 12. The results demonstrated excellent behaviour
of all the samples against S. aureus with high zone of inhibition (Fig. 12
(a-f) S. aureus) as compared to the E. coli (Fig. 12 (a-f) E.coli). Further, the
NCs with maximum concentration of Fe showed remarkable results in
comparison to the pure HAp (Fig. 12 g) [32]. In another study, Fe;04-
HAp NCs were used against Micrococcus luteus (Gram-positive) and
Escherichia coli (Gram-negative) bacterial strains. Gram-negative bacteria
were affected suddenly, and after 2 h of incubation there was a rapid de-
cline in the viability of cells. According to Gram-positive bacteria, hour
there was the resistance by cells up to 4th then rapid effect noted in 5th
hour. Results concluded that Escherichia coli surrendered earlier as com-
pared to Micrococcus luteus in the presence of magnetic HAp NCs [22].
Amir Seyfoori et al. prepared ZnFe,04/HAp NCs and were used as an anti-
bacterial agent against Staphylococcus aureus resulted in a positive effect
even at concentration. An excellent inhibitory outcome was shown at
0.078 mg/L optimal dose. Ultra-small iron nanoparticles can easily enter
into the bacteria cells and stimulate the bacterial proliferation [89]. In
another reported work Fe-HAp nanoparticle within polylactic acid were
prepared and antibacterial analysis was performed against Bacillus
thuringiensis and Pseudomonas aeruginosa bacterial strains. These iron-
doped HAp NCs showed excellent results against both bacterial strains
using the disc diffusion method. The results of MNCs were prominent
as pure polylactic acid [90].

From this literature, it is obvious that magnetic HAp NCs possess excel-
lent antimicrobial activity as compared to pure HAp. The efficiency de-
pends upon the type of magnetic particle and concentration of composites.

3.5. Bio-catalysis

In modern research, biocatalysts have a role in the manufacturing of
pharmaceutical products. There are many materials that act as a
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promoter for the enzymes or boost the activity of a catalyst [91]. Mag-
netic HAp NCs are also playing an important role in the field of bio-
catalysis. In a study, yFe,03-HAp NCs were utilized as a bio-catalysis.
Lipase was tied to magnetic materials by covalent linkage without dam-
aging the structure. A magnetic response was shown by restrained
lipase while soybean oil inter-esterification. Results presented the pre-
dictable change in positional differences of triacylglycerols and fatty
acids after enzymatic action [92]. Other work was reported in which
metal ions (Cu?*, Ni**) modified HAp was used for the immobilization
of xylanase enzyme in bio-catalysis. The immobilization of xylanase
made it reusable several times. The results represented that xylanase
had a good affinity for HAp-Cu®™ as compared to HAp-Ni?™. Further-
more, HAp-Cu?™ gave 80% recovery of xylanase even in second cycle
[93]. Takeshi Yabutsuka et al. synthesized yFe,05 coated by Apatite Nu-
cleus assembly and then covered by simulated body fluid containing
various elements including Ca>* and HPOZ~. The magnetic apatite mi-
crocapsules were immobilized using urease. The prepared magnetic as-
sembly coated by bone like apatite revealed urea decomposition ability
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in water and appropriate for enzyme immobilization [94]. An interesting
research was reported for the recovery of lipase enzyme by using mag-
netic CoFe,04/HAp NCs (Fig. 13). The general scheme for enzyme immo-
bilization is presented in (Fig. 13 a). Additionally, the effect of solvent on
trans-esterification (1 h, 35 °C) was also studied as shown in (Fig. 13 b,
). The capability of enzyme recovery depended upon the CoFe,04
core. These bio-NCs proved to be very effective for trans-esterification
of (R, S)-1-phenyl ethanol enantiomeric racemic mixture and converted
into (R)-1-phenyl ethanol completely (Fig. 13 d, e). The magnetic part of
composites supported the easy recovery of the enzyme by applying the
magnetic field externally (Fig. 13 f). Results represented several cycle
stability and utility of lipase by using magnetic HAp NCs [95].

In another work, Fe30,/HAp MNCs were formed and modified by (-
cyclodextrin grafted on the surface and used for the immobilization of
lipase during ethyl valerate synthesis. These results confirmed that li-
pase on magnetic composites was stable, reusable and had the potential
for synthesis in the organic phase [96]. A green and efficient catalyst was
synthesized by magnetic HAp with propyl-sulfamic acid and y-Fe,05-
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- Diameter of inhibition zone

| Samples

E. coli (£ 0.3 mm) S. aureus (= 0.4 mm)

HAp 16.6 18.5
Sr10:HAp 17:2" 18.6

I Sr7.5/Fe2.5:HAp 17.5"% 19.07
Sr5/FeS:HAp 17.6* 19.5°
Sr2.5/Fe7.5:HAp 1697 18.8
FelO:HAp 17.2 18.6

Fig. 12. The antibacterial properties of the AMX impregnated with various HAp bionanomaterials: (a) pure HAp; (b) Sr10:HAp; (c) Sr7.5/Fe2.5:HAp; (d) Sr5/Fe5:HAp; (e) Sr2.5/Fe7.5:HAp;
(f) Fe10:HAp; (g) zone of inhibition measurement of. Reprinted with the permission of [32]. Copyright (2020) Elsevier B.V.

HAp-(CH,)3-NHSOsH was reported to be the excellent green catalyst
with at least ten times reusability. Furthermore, it was recoverable by
applying an external magnetic field [97].

Such works prove the efficiency of magnetic HAp NCs in the modern
field of bio-catalysis. These are environment friendly, reusable, cost-
effective, competent and magnetically controlled composites for bio-
catalysis.

3.6. Heavy metals & dyes removal

Industrial wastewater contains toxic contaminating regents includ-
ing inorganic and organic materials such as heavy metals and dyes
and produce serious health effects on ecology. These poisonous pollut-
ants are generated from textile and paint industries. Recently, various
treatment procedures such as precipitation, ion exchange, ultrafiltration
and phytoextraction have been employed to eliminate these dyes and
heavy metals from the waste. However, these methods are expensive,
consume high energy, and cause secondary and tertiary pollutants.
Therefore, it is required to find cheap, efficient and eco-friendly method
for the removal of heavy metals and toxic dyes [98]. Some researchers
reported about the efficient and eco-friendly use of magnetic HAp NCs
for the removal of heavy metals as well as toxic dyes. HAp/Fe304 mag-
netic microspheres were used efficiently for the removal of Pb(II)
from aqueous solution. The ion exchange method was used for sorption
of Pb?* on magnetic composites at 3.0-6.0 pH value and for the removal
of Pb®>" from magnetic composites was done at 3.0-2.0 pH by the
precipitation-dissolution method. The separation mechanism of heavy
metal ions from HAp/Fe304 magnetic microspheres was easy and con-
venient [23].

Industrial dyes are also agents of environmental pollution especially
water pollution, so there is the need for removal of dyes along with
heavy metals. Various reports have been showing the magnetic HAp
NCs for toxic dyes removal. Removal of Congo red, Reactive orange 16
and Reactive orange 5 dyes from aqueous solution was reported by
using NCs based on magnetic zeolite-HAp. The maximum adsorption
of dyes was shown after 30 min at 2.0 pH with a concentration of dyes
80 ppm. These results showed adsorption capacities, 104.05 mg/g for
Congo red, 88.31 mg/g for Reactive orange 16 and 92.45 mg/g for Reac-
tive orange 5. Furthermore, the thermodynamic study proved the max-
imum adsorption at 40 °C. The magnetic zeolite/HAp NCs was efficient
for the removal of these cationic dyes [100]. In another study, the mag-
netic HAp nano-powder (SrsyBasx(PO4)3(OH)/Fe30, was used to
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remove Congo red (anionic dye) and Malachite green (cationic dye)
from their solution in water. The highest adsorption capacities were
526 mg/g for Malachite green and 417 mg/g for Congo red. Finally,
magnetic HAp nano-powder was regenerated easily by an external
magnetic field and it was useful up to five cycles [101]. Magnetic HAp-
immobilized oxides multiwalled carbon nanotubes were used for
water treatment and removal of Methylene blue dye and Pb(II) ions
(Fig. 14). The adsorption capacities were reported 328.4 mg/g and
698.4 mg/g for Methylene blue and Pb(II) respectively and the compar-
ative study proved an excellent performance of magnetic HAp NCs as
compared to the pure components. Furthermore, the magnetic ability
of composites facilitated the liquid-solid separation [99].

Removal of Cr(VI) from groundwater using magnetic HAp alginate
beads was reported and these Fe;0,@n-HApAlg beads were reusable
about five times with great efficiency by using NaOH as eluent. The mag-
netic NCs improved the sorption capacity of Cr(VI) up to 29.14 g/g as
compared to separate components [31]. Fe30,4-SiO,-SrHAp microspheres
were also used as an efficient sorption of Pb(II) acidic solutions in water
with the highest immobilization of 345 mg/g at 3.0 pH (Fig. 15). The ad-
vantage of MNCs was to separate loaded Pb(II) easily with the help of a
permanent magnet [102]. The removal of Pb?>*, Cu®>™ and Co®™ from
wastewater was carried out by using phosphonomethyl iminodiacetic
acid modified Fe304-HAp/Agar composite and adsorption capacity of
magnetic composites was increased by the large size of beads. Results
showed promising sorption as 842.6, 105.1, and 71.6 mg/g for Pb>™",
Co®*, and Cu?* respectively. Due to the superparamagnetic behaviour
and large size of Fe;04-HAp/Agar composite beads, the recovery from
the solution became easy [53]. HAp/Fe304 NCs and simple HAp were
used for the removal of lead ions from solution in water by applying an
external magnetic field [36].

In a report about wastewater treatment, nanostructures of magnetic
v-Fe;03/Fe-doped hydroxyapatite (HAp) were used for the removal of
Cd(I). The determined adsorption was 258 mg/g at equilibrium, and it
was much higher than pure HAp [38]. Heavy metal ions such as Zn(II)
can also be removed from an aqueous mixture using core-shell of
CoFe,;04-HAp NCs [103]. The magnetic HAp-chitosan/Fes0, NCs
presented remarkable results about 95% removal of AY220 and the
degradation of AY220 was also higher than the pure components. More-
over, magnetic composites gave significant adsorption of Co>™ released
by the degradation of AY220 and after 5 cycles of reusable magnetic
composites, the degradation reached 25.1% - 45.6% [104]. Various liter-
atures reported about the removal of Methylene blue by using magnetic
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Fig. 13. (a) i) Enzyme immobilization showing time and temperature of reaction; ii) Enantioselective transesterification reaction of (R,S)-1-phenylethanol catalyzed by the bio-
nanocomposite CoFe,0,/HAp/Lipase and CoFe,0,/HAp-APTES-Lipase. (b) Effect of solvent on Lipase adsorbed to CoFe,04/HAp; (c) effect of solvent on Lipase covalently bonded to
CoFe,04/HAp-APTES. Conversion of (R,S)-1-phenylethanol: (d) Lipase adsorbed to CoFe,04/HAp; (e) Lipase covalently bonded to CoFe,04/HAp-APTES. (f) Enzyme activity on the
transesterification of (RS)-1-phenylethanol in heptane at 35 °C after several cycles of catalyst recovery and reuse. (g) SEM image of CoFe,04/HAp core-shell nanocomposite. Reprinted

with the permission of [95]. Copyright (2020) Elsevier B.V.

HAp NCs. The high adsorption performance due to the presence of mag-
netic oxides as compared to pure HAp [105-107].

These reported works demonstrate excellent sorption ability of
magnetic HAp NCs for the removal of heavy metal ions as well as toxic
dyes. An additional feature is the reusability of magnetic composites
even after several cycles with remarkable efficiency.

3.7. Biosensors & molecular imaging
In the modern era of biomedical science, there are some challenging

issues for accurate detection and measurements of microbes in biological
samples, protein biomarkers and cell analysis. Many methods have been
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developed for biomolecule measurements with high sensitivity for diag-
nostics. Magnetic nanoparticles are used in molecular imaging, biosensors
and magnetic separations [108,109]. Magnetic HAp NCs are reported to
be suitable for biosensors, MRI (magnetic resonance imaging), molecular
and cellular imaging [110].

In this context, Gd doped Sr-HAp mesoporous rods were used for
targeted MRI. These NCs showed good paramagnetic behaviour and
auto fluorescence in blue. Furthermore, due to the magnetic nature,
the composites showed controlled targeting against MCF-7 cell line. Re-
sults proved the effectiveness of magnetic HAp NCs in controlled
targeted delivery with autofluorescence and MR-imaging [111]. In
other research, carbon paste electrodes modified by NCs of y-Fe,0;@
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Fig. 14. Schematic description of heavy metal/dyes removal by using magnetic HAp NCs.
Reprinted with the permission of [99]. Copyright (2017) Elsevier Inc.

hydroxyapatite/Cu(Il) was applied as an electrochemical sensor for
metformin. The outcomes of this research represented the effective in-
crease in electrochemical recognition of metformin oxidation using
magnetic HAp NCs. This sensor showed remarkable results in detection,
quantification of metformin and was also useful for direct tests of urine
and pharmaceutical samples [112]. Luminescence magnetic composites
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are favorable in multifunctional applications such as optical/magnetic
resonance imaging, biosensing and targeted drug delivery [113].

In another study, glassy carbon electrodes were modified by Fe304-
HAp-molecularly imprinted poly-pyrrole and used as the photoche-
mical biosensor for bilirubin. The sensitivity of this biosensor was high
towards solutions of bilirubin with notable selectivity and the linear
range was 0.1-17 uM with 0.007 pM detection limit. [114]. Detection
of L-tyrosine is also possible by using biosensor of Fe-HAp and tyrosi-
nase NCs with glassy carbon electrode modification. The amperometry
and cyclic voltammetry were followed for the L-tyrosine detection. At
pH 7.0, the linear range was 1.0 x 10~7-107> M with 245 nM detection
limit. The results showed the reproducibility, selectivity, stability with
no interference while determining the L-tyrosine using the fabricated
magnetic Fe-HAp biosensor [115]. In other reported work, Tb-HAp mag-
netic luminescent nanoparticles were prepared and a cellular study was
carried out. These luminescent NCs were observable at 488 nm. Further-
more, the luminescent NCs were observed in mesenchymal cells of bone
marrow in the rabbit by using a fluorescent microscope [116].

A study involving the promising behaviour of Gd** and indocyanine
green doped HAp for molecular imaging was reported. Adsorption of X-
rays and paramagnetic ability of doped NCs make them suitable for
near-infrared, magnetic resonance and X-ray imaging. An in vitro
study of doped HAp on human lymphocytes showed no harmful effect
which proved the biocompatibility and multimode imaging agents
[117]. Another work involved the multimodal imaging by using Eu>*-
Gd3* co-doped HAp NCs. The magnetization was increased by Gd>™
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Fig. 15. (a) TEM image of Fe;04 — SiO, — SrHAp microspheres; (b) Effect of pH on the immobilization capacity of microspheres towards Pb?™ ions; (c) Effect of contact time on Pb? ™"
immobilization (d) Effect of initial concentration on Pb?>* immobilization. Reprinted with the permission of [102]. Copyright (2014) American Chemical Society.
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and luminescence was shown by Eu>* concentration in designed com-
posites with HAp. Moreover, these multifunctional MNCs had drug-
releasing ability proved by a diffusion process. Results presented the
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potential of Eu>*- Gd>** co-doped HAp NCs in MRI, photoluminescence
and computed tomography (Fig. 16). Imaging results before and after
the injection clearly demonstrated the diagnostic ability of MRI, PL,
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Fig. 16. (a) The magnetization loops of Eu**/Gd>*-HAp nanorods; (b, ¢) T, and T; relaxivity of Eu>*/Gd**-HAp nanorods; (d) T; and T, weighted CT images of Eu>*/ Gd**-HAp nanorods
aqueous dispersed with various concentrations. (e, f) In vivo MR images of the nude mouse before and after injection with Eu®>*/Gd*"-HAp (Eu**/Gd** = 1:2). (g, h) In vivo PL imaging of
the mice before and after subcutaneous injection of nanorods. (i) PL emission images of Eu>*/Gd>*-HAp nanorods at different concentrations. The excitation wavelength was 430 nm.
Reprinted with the permission of [118]. Copyright (2011) Elsevier Ltd.
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and CT techniques, enhanced using magnetic materials with HAp [118].
There are some other reports also which revealed that magnetic HAp
NCs possess high magnetic moments which are suitable for magnetic
resonance imaging [119,120].

In a recent work, Dy>* and Eu®* co-doped HAp were used for mul-
timodal imaging (MRI, Photoluminescence). Eu>" doped HAp showed
the ability of photoluminescence and Dy** doped HAp possessed
5paramagnetic properties that lead to magnetic resonance imaging. Re-
sults showed the multimodal imaging of Dy-Eu-HAp co-doped
composites [121].

The ability of magnetic HAp NCs to contribute to the field of biosen-
sors as well as molecular imaging is clear. Due to the high photoelectric
activity, fast transfer of electrons, high surface/volume ratio and selec-
tivity of the magnetic HAp composites proved to be feasible for photo-
chemical sensors, molecular imaging agents, and diagnostics in living
systems.

3.8. Fire resistance

Fire-resistant paper-wood based materials are very important types
of materials widely used in daily life. Hydroxyapatite based papers has
shown excellent fire retardant ability [122]. Few reports were described
the magnetic HAp NCs having fire resistance, magnetic, recyclable,
superhydrophobic and environmentally friendly abilities. Magnetic
Ln>* doped HAp nanowires were reported based on composite paper
having fire resistance, luminescent and waterproof properties. Further-
more, the composite paper showed flexibility, excellent process ability
and tunable colour emission, and the pattern on the paper can be visible
under UV light. Moreover, the composite paper represented a preserva-
tive ability even in fire and soaking in water [123]. In an alternative re-
port, the manufacturing of thermally stable, fire-resistant, porous and
permeable large-sized paper by using Fe;04-HAp ultralong nanowires
was reported. Moreover, the oil collecting device (mini boat) was
made by this fire-resistant and permeable paper and was driven
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magnetically in the oil-polluted region. The results indicated the selec-
tivity of separation about >99.0%, permeation flux about 2924.3
Lm~—2 h~!, and the ability of recycling was minimum 10 times. Fire re-
sistance test was performed in comparison to the common paper and
HAp@Fe;0,@PDMS paper gave excellent results even burning for
2 min (Fig. 17). These results verified the efficiency of magnetic HAp
NCs paper as fire retardant, oil spillage treatment and survival of marine
life [124].

Another study was reported regarding formation of fire-resistant
magnetic wood using CoFe;04-HAp NCs. The mechanical performance,
magnetic ability, thermal behaviour and UV resistance were investi-
gated experimentally. The outcomes predicted the use of CoFe,04-
HAp NCs modified magnetic wood in adsorption of heavy metals and
electromagnetic waves as well as fire-resistant materials [125].

From these studies, it is proved that magnetic HAp NCs possess ex-
cellent fire-resistant properties and can be used in heat resistant devices
and fire-retardant materials.

4. Conclusion and future prospective

Composite nanoparticles possess fascinating and unique characteris-
tics owing to their hybrid nature, which expand their use in potential
applications particularly in bio-nanotechnology. Nanomaterials of hy-
droxyapatite, magnetic materials have had prime attention of the bio-
material research society in recent decades. The ability to facilitate
different ion-substitution into HAp has promoted design of new multi-
functional and dual responsive nanomaterials for the betterment of bio-
materials. This review presents important features of multidimensional
ongoing research work on MHAp NCs which rarely have been reported
before.

After the precise introduction of both materials, we have reviewed
the various synthesis approaches such as hydrothermal, chemical pre-
cipitation, mechanochemical, emulsion synthesis, and template pro-
cesses to substitute the magnetic component into the HAp configuring

Fig. 17. (a) First row shows the fire-resistance tests of the common cellulose printing paper and second row illustrates the HAp@Fe;0,@PDMS paper. (b) Digital images of the common
cellulose printing paper (first row) and the HAP@Fe;0,@PDMS paper (second row) after the fire resistance test. Reprinted with the permission of [124]. Copyright (2018 ) American Chem-

ical Society.
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MHAp NCs. Hydrothermal and modern template methods are suitable
for the synthesis of nano MHAp materials with good control over
shape and size as compared to other fabrication methods. It was also ob-
served that synergetic techniques, combination of various synthetic
routes, have promoted a better capability to regulate chemical composi-
tions, dimensions and morphology of the MHAp nanoparticles. Al-
though many reports have been available on the synthesis of MHAp
there is plenty of room for improvement. The homogeneous formation
of MHAp nanocrystals with controlled shape (core-shell) and size is re-
quired to be improved for commercialization of MHAp nanoparticles.
Also, growth mechanism and a comprehensive study about the compos-
ite structure formation of MHAp is still in its infancy.

The excellent biocompatibility of these materials has made them
promising for numerous medical applications but only few studies
have been presented. Magnetic nanoparticles incorporated with HAp
significantly increased the activity of HAp in regenerative implants.
The drug loading/unloading ability of MHAp can be directly monitored
by magnetic resonance imaging and improved the delivery under pH
control. The MHAp NCs also showed exciting potential in detection or
magnetic separation and cell labeling. The adsorption of heavy metal
ion increased using MHAp rather than individual HAp because of
superparamagnetic component in HAp. There are still many challenges
such as rapid aggregation of particles, structure property relationship,
long term safety, and critical evaluation in vitro (cell-particles interac-
tion) and in vivo are required to attain the commercialization chances
in the medical sector. The appropriate coating of HAp onto the magnetic
nanoparticles or magnetic coating over HAp is highly desired to provide
extensive advantages such as distinct surface functionalities to link var-
ious drugs and antibodies, protection from aggregation, and pH respon-
sive nano MHAp assembly. Overall, we believe that MHAp-based
diagnostics and therapeutics will make an exciting contribution in
next generation medicine.
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