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Abstract Hydroxyapatite (HAp) is the most important con-
stituent of biological tissues such as bone and teeth and ex-
hibits several characteristic features. HAp nanoparticles (NPs)
are good host materials and can be functionalized with various
kinds of dopants and substrates. By endowing HAp NPs with
desired properties in order to render them suitable for biomed-
ical applications including cellular imaging, non-invasive and
quantitative visualisation of molecular process occurring at
cellular and subcellular levels becomes possible. Depending
on their functional properties, HAp based nanoprobes can be
divided into three classes, i.e., luminescent HAp NPs (for both
downconversion and upconversion luminescence), magnetic
HAp NPs, and luminomagnetic HAp NPs. Luminomagnetic
HAp NPs are particularly attractive in terms of bimodal imag-
ing and even multimodal imaging by virtue of their lumines-
cence and magnetism. Functionalised HAp NPs are potential
candidates for targeted drug delivery applications. This
review (with 166 references) spotlights the cellular imag-
ing applications of three types of HAp NPs. Specific sec-
tions cover aspects of molecular imaging and the various
imaging modes, a comparison of the common types of
nanoprobes for bioimaging, synthetic methods for making
the various kinds of HAp NPs, followed by overviews on
fluorescent NPs for bioimaging (such as quantum dots,
gold nanoclusters, lanthanide-doped or fluorophore-doped
NPs), magnetic HAp NPs for use in magnetic resonance
imaging (MRI), luminomagnetic HAp NPs for bimodal
imaging, and sections on drug delivery as well as cellular

imaging applications of HAp based nanoprobes (including
targeted imaging).
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Introduction

Hydroxyapatite [HAp; Ca10(PO4)6(OH)2] is the main constit-
uent of biological tissues such as vertebrate bone and teeth.
HAp exhibits several characteristic features of an ideal natural
biomaterial such as excellent biocompatibility, biodegradabil-
ity, bioresorability, osteogenisis, osteoconductivity and
osteoinductivity [1–3]. Synthetic HAp has been preferred as
the material for hard tissue repair. It is effective in reducing
aseptic loosening associated with post-implant surgery [4].
Nanophase HAp possesses unique properties such as high
surface to volume ratio, reactivity and biomimetic morphol-
ogies compared to bulk counterpart due to quantum size effect
and surface phenomena at the nanolevel [5]. HAp
nanocrystals found enormous applications in the field of tissue
engineering, nanomedicine, industrial catalysis and in many
other disciplines [6, 7]. HAp nanoparticles are more
favourable in applications like orthopaedic implant coating.
It has been observed that HAp NPs can significantly enhance
the biocompatibility and bioactivity of synthetic biomaterials.

HAp nanospheres can act as carriers for controlled drug
delivery [8]. Encapsulation of drugs within HAp matrix or
coupled to HAp NPs enable targeted drug delivery.
Nanoparticulate carriers based on HAp are desirable for both
systemic and localised drug delivery particularly due to their
solubility in vivo and capacity to penetrate the cell membranes
[9]. However the difficulty associated with the loading of
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drugs that are insoluble in water may limit the application of
HAp as a nanocarrier [10]. HAp NPs exhibit considerable
anticancer activity, since studies revealed that HAp can inhibit
the growth of many kinds of cancer cells [6, 11, 12]. Several
reports on antimicrobial effects of HAp based nanoprobes are
available. Silver ions can offer antibacterial activity to HAp
NPs, due to the interaction of silver ions with the thiol func-
tional group in bacterial proteins [13, 14]. The biocompatibil-
ity of HAp NPs is widely accepted by the scientific commu-
nity with a little controversy. Very recently in vitro studies on
the interaction of HAp NPs with bone marrow mesenchymal
stem cells (BMSCs) revealed excellent biocompatibility of
HAp NPs [15]. Few reports about the cytotoxicity of HAp
nanocrystals are available and it has been observed that cyto-
toxicity of HAp NPs is shape and cell dependent [16]. Even
though HAp NPs are associated with several favourable fea-
tures for biomedical and other applications, the precise control
of size and shape to produce uniform NPs is a challenge and it
limit their applications.

HAp nanocrystals are good host for many materials and
can be doped with dyes, different metal ions including lantha-
nide ions and other substrates. HAp NPs doped with suitable
materials may exhibit different functional properties, which
make them adaptable for bioimaging and other applications.
Bioimaging is widely used in biomedical sciences for appli-
cations ranging from the morphological analysis of anatomi-
cal structures to sensitive measurements of intracellular mo-
lecular events [17, 18]. The function of HAp based
nanoprobes in bioimaging is highly promising and the present
review focuses on the bioimaging applications of HAp based
nanoprobes.

Molecular imaging and different imaging modes

In this section we shall consider various imaging modes in-
cluding multimodal imaging and nanoprobes commonly
employed in bioimaging. The two major applications of
nanomaterials in the biomedical field are imaging and therapy.
This is mainly because of the fact that nanomaterials can over-
come the shortcomings such as short-blood circulation time
and non-specific bio distribution associated with conventional
imaging and therapeutic probes. For instance the blood circu-
lation time can be increased by the control of size of
nanomaterials and specific bio distribution can be accom-
plished by conjugating nanomaterials with specific targeting
moieties [19, 20]. Molecular imaging is a rapidly emerging
tool in the clinical discipline and myriad advances have been
made to make this technique as a most powerful diagnostic
procedure. The molecular imaging aimed at non-invasive and
quantitative visualisation of molecular process occurring at
cellular and sub cellular levels.

The common imaging modes include magnetic resonance
imaging (MRI), X-ray computed tomography (CT), positron
emission tomography (PET), single photon emission comput-
ed tomography (SPECT), optical coherence tomography
(OCT), optical imaging (OI) including NIR and upconversion
(UC) luminescence imaging, ultrasound and photoacoustic
imaging [21]. It has been observed that various imaging
modes differ in key characteristic features such as spatial res-
olution, soft tissue contrast, tissue penetration limit, imaging
time and sensitivity. Various common imaging modes and
their characteristic features are given in Table 1.

It has been observed that the imaging modes CT, PET and
SPECT are radiodiagnostic techniques and are prone to radi-
ation risks. Compared to the radiodiagnostic techniques PET
and SPECT, MRI has significantly high spatial resolution but
MRI contrast agents (CA) should be used in large concentra-
tions (~ 10−5 M) to achieve desired contrast enhancement
[22].

Multimodal imaging (MMI)

MMI has emerged as a technology that utilises the strengths of
different modes and yields a hybrid imaging platform with
benefits superior to any of its individual components [34]. It
can offer complementary advantages like high spatial resolu-
tion and soft tissue contrast. Combination of different nano-
structured materials with different functional properties can
offer synergistic multifunctional properties, which enable
MMI. However incorporation of different modes in a single
probe may create difficulties such as targeting, different con-
centration requirements for different contrast agents, stability
and concern about biocompatibility. Recently, researchers fo-
cused on MMI combined with therapeutics to obtain
theranostic nano systems with wide applicability. It has been
observed that in most of the multimodal imaging systemsMR,
PET or optical imaging is one component and CT based sys-
tems are limited due to high concentration requirement of
contrast agents for CT. The area of MRI/optical imaging is
well developed in terms of dual-modality imaging [35, 36].
Several reports came on bimodal imaging modes like PET/CT
and PET/ MRI. Among these bimodal systems, PET/MRI is
more preferred due to the fact that MRI can provide more
robust imaging evaluation in clinical settings. Moreover
PET/CT systems fail to perform simultaneous data acquisition
and also limited by significant radiation dose contributed by
CT [37, 38]. Upconversion luminescence systems are recently
employed in multimodal imaging by combination with other
modes [39].

Nanoprobes for bioimaging

Awide variety of nanoparticles are used as bioimaging probes
and a large volume current research is emerging towards the
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prospecting of novel nanoprobes with improved performance
in bioimaging including multimodal imaging. Several nano-
particles as such employed in bioimaging by virtue of their
certain characteristic features like luminescence, magnetism
etc. For instance gold nanostructures (nanoparticle, nanorod,
nanoshell, nanocage, nanoclusters) are highly useful in optical
imaging due to their inherent luminescent properties; oxide
nanoparticles (Fe2O3, Gd2O3 etc.) used as contrast agents in
MRI due to inherent magnetism. However the incorporation
of several components into nanoparticle matrix enables the
formation of efficient nanoprobes for bioimaging. For in-
stance dye doped silica NPs can be used in optical imaging
due to the luminescence of the dye component; dendrimers
can be used as nanoprobes for bioimaging such as fluores-
cence imaging, CT, PET and MRI by the incorporation of
reporter moieties [40]. Figure 1 illustrates the important re-
porter moieties of nanoparticles as well as pristine nanoparti-
cles used as imaging probes in different modes.

Among various imaging modes,MRI and OI are very com-
mon methods that utilise a wide variety of nanoparticles as
imaging probes. Several reviews on nanoprobes for MRI are
available in literature. The nanoparticles commonly used for
optical imaging has been reviewed recently [41]. Table 2 gives
representative examples of particles other than HAp NPs for
use in OI and MRI.

Even though a large number of nanoprobes are developed
for the bioimaging applications, their practical utility is limited
by several factors. Such factors mainly include the stability,
hydrophilicity/ hydrophobicity, precise size control, biocom-
patibility, attachment of the targeting molecules and difficul-
ties associated with the fabrication of the nanoprobes. For
HAp based nanoprobes, most of the mentioned factors are
favourable in view point of bioimaging. Pristine HAp NPs
lack inherent functional features like luminescence or magne-
tism, essential for developing nanoprobes for bioimaging.
However, incorporation of reporter moieties into the HAp
nanomatrix either as dopant or as attachment can make HAp
NPs adaptable for cellular imaging.

Synthesis and characterization of HAp based
nanoprobes

In this section we shall mainly consider the synthetic strategies
adopted for the fabrication of nanocrystalline HAp with dif-
ferent functional properties like luminescence and magnetism,
for biomedical applications such as drug delivery and
bioimaging. HAp is the thermodynamically more stable form
of calcium phosphate in the physical environment (pH ≥ 5.4)
[51]. The features of HAp nanocrystals like bioresorability,
strength, toxicity etc. depend on the morphology, stoichiome-
try (Ca/P ratio) and phase purity. Various methods employed
for the preparation of nanometric HAp as well as theT
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advantages and disadvantage of such methods have been
reviewed [52]. The size, morphology, degree of crystallinity,
phase purity and Ca/P ratio depends on the method adopted
for the synthesis as well as synthesis conditions. One of the
noticeable features of the nanocrystalline HAp is their diverse
morphology. Figure 2 represents common morphologies of
nanocrystalline HAp. The common morphologies of HAp
nanocrystals include nanorods, nanospheres, nanospindles,
nanoflakes, nanoflowers and porous/mesoporous nano-
spheres. In majority of cases HAp NPs exhibit rod -like mor-
phology and this structure is common for HAp NPs for bio-
logical applications.

The Ca/P ratio is an important parameter, which has strong
implication on the biological applications of HAp NPs. Natu-
ral HAp exhibits a Ca/P ratio of 1.67 and calcium phosphate
can be present in other important chemical phases also. Some
important phases are octacalcium phosphate (Ca/P=1.3),
dicalcium phosphate (Ca/P=1), β-tricalcium phosphate (Ca/
P=1.5) and amorphous calcium phosphate (Ca/P=1.2–2.2)
[5]. The Ca/P ratio of HAp NPs may vary with method of
synthesis.

The common methods of synthesis of HAp NPs are (a) wet
chemical synthesis (b) dry synthesis and (c) high temperature
synthesis.

Wet chemical synthesis

Wet chemical methods are the most promising method for the
fabrication of nanocrystalline HAp, since we can control the
morphology as well as the size of the NPs. Low crystallinity of
the NPs is a main disadvantage of this method. Most of the
NPs included in the biological applications are synthesized by
this method. The wet chemical method involves chemical pre-
cipitation (co-precipitation), hydrolysis, sol–gel synthesis,
emulsionmethod and sonochemical synthesis [53]. It has been
observed that in the wet chemical synthesis a lower processing

temperature and higher stirring rate yields smaller HAp NPs
[54].

Dry synthesis

Dry method involves solid-state method and mechanochemi-
cal synthesis. The dry methods produce NPs with diverse
structure and high crystallinity. These methods do not require
precisely controlled conditions, because such methods are al-
most independent of processing conditions.

High temperature synthesis

The high temperature synthesis can be by combustion and
pyrolysis. High temperature syntheses also produce NPs with
diverse structure in nanometric dimensions.

In addition to the mentioned methods, HAp nanocrystals
can also be prepared by combination methods and from bio-
genic sources. In the combination method, two or more gen-
eral methods are combined to get more efficiency in the syn-
thesis. For instance sol–gel and combustion methods can be
combined t get a synergistic effect in synthesis [55, 56]. HAp
NPs can be obtained from various biogenic resources like
bone waste, egg shell etc. But the resultants HAp NPs have
large particle size [57]. The elemental composition and crys-
tallinity of the synthesized HAp NPs can be characterised by
routine methods, energy dispersive X-ray (EDX) analysis and
X-ray powder diffraction (XRD) studies. The morphologies of
HAp NPs synthesized by various methods can be analysed by
using common nanometric characterisation methods like
atomic force microscopy (AFM), scanning electron microsco-
py (SEM) and transmission electron microscopy (TEM).

The mesoporous HAp NPs with controlled pore size are
highly useful in drug delivery applications. The porous struc-
ture enables the efficient drug loading in HAp NPs. The drug
loaded mesoporous HAp NPs are efficient nanoprobes for
controlled drug release triggered by different external factors

Fig. 1 Imaging probes/reporter
moieties used in different imaging
modes

1570 S.S. Syamchand, G. Sony



T
ab

le
2

R
ep
re
se
nt
at
iv
e
ki
nd
s
of

na
no
pa
rt
ic
le
s
fo
r
us
e
in

op
tic
al
im

ag
in
g
(O

I)
an
d
m
ag
ne
tic

re
so
na
nc
e
im

ag
in
g
(M

R
I)
,a
nd

th
ei
r
ch
ar
ac
te
ri
st
ic
fe
at
ur
es

N
an
os
ys
te
m
s

U
se
d
in

K
ey

fe
at
ur
es

R
ef
.

F
lu
or
es
ce
nt

si
lic
a
N
Ps

O
pt
ic
al
im

ag
in
g

N
Ps

w
ith

co
nt
ro
lle
d
si
ze

ca
n
be

pr
ep
ar
ed

by
si
m
pl
e
m
et
ho
ds
;l
ow

cy
to
to
xi
ci
ty

an
d
go
od

bi
oc
om

pa
tib

ili
ty
;

ca
n
be

do
pe
d
w
ith

a
nu
m
be
r
of

fl
uo
re
sc
en
tl
ab
el
s
su
ch

as
m
et
al
lic
,m

et
a-
or
ga
ni
c
an
d
or
ga
ni
c
fl
uo
ro
ph
or
es
;

su
rf
ac
e
m
od
if
ic
at
io
n
is
po
ss
ib
le
;e
xc
el
le
nt

ce
ll
im

ag
in
g
ca
pa
bi
lit
y

[4
1,
42
]

H
yd
ro
ph
ili
c
po
ly
m
er
s
an
d
hy
dr
op
ho
bi
c

or
ga
ni
c
po
ly
m
er
s

O
pt
ic
al
im

ag
in
g

T
he

em
is
si
on

w
av
el
en
gt
h
of

hy
dr
op
hi
lic

po
ly
m
er

N
Ps

ca
n
be

tu
ne
d
be
tw
ee
n
30
0
an
d
10
00

nm
by

ch
an
gi
ng

do
pa
nt
s;

tu
na
bl
e
de
ca
y
tim

e
an
d
si
ze
;N

P
s
un
de
rg
o
sw

el
lin

g
in

w
at
er

bu
tn

ot
te
nd

to
ag
gr
eg
at
e;
ce
rt
ai
n
hy
dr
og
el
s
ar
e
hi
gh
ly

pr
om

is
in
g
na
no
se
ns
or
s
fo
r
fl
uo
re
sc
en
ti
m
ag
in
g
of

ph
ys
io
lo
gi
ca
lp

H
.

H
yd
ro
ph
ob
ic
or
ga
ni
c
po
ly
m
er
s
su
ch

as
po
ly
st
yr
en
e
N
Ps

ca
n
be

do
pe
d
w
ith

lip
op
hi
lic

m
at
er
ia
ls
;s
iz
e
an
d
de
ca
y
tim

e
ar
e
tu
na
bl
e;
go
od

ce
ll
pe
rm

ea
bi
lit
y
an
d
lo
w
cy
to
to
xi
ci
ty

[4
1,
43
]

Po
ly
m
er

do
ts
(P
-d
ot
s)
,c
ar
bo
n
do
ts
(C
-d
ot
s)

an
d
qu
an
tu
m

do
ts
(Q

-d
ot
s)

O
pt
ic
al
im

ag
in
g

P
-d
ot
s
ar
e
pr
ep
ar
ed

fr
om

ar
om

at
ic
pr
ec
ur
so
rs
;t
he

ba
ck
bo
ne

of
co
nj
ug
at
ed

po
ly
m
er
s
ac
ta
s
lig

ht
ha
rv
es
tin

g
un
its
;

do
pi
ng

w
ith

fl
uo
ro
ph
or
es

is
no
tr
eq
ui
re
d;

fl
uo
re
sc
en
ce

ra
ng
es

to
N
IR

re
gi
on
;h

ig
hl
y
in
er
ta
nd

do
no
ts
w
el
li
n
w
at
er
.

C
-d
ot
s
ar
e
th
e
cl
us
te
rs
of

ca
rb
on

at
om

s
w
ith

di
am

et
er

le
ss

th
an

8
nm

;c
an

be
m
ad
e
fl
uo
re
sc
en
ta
nd

ne
ed

no
tb

e
do
pe
d;

em
is
si
on

co
lo
ur

ca
n
be

tu
ne
d

Q
-d
ot
s
ar
e
di
sc
us
se
d
in

th
e
se
ct
io
n
‘F
lu
or
es
ce
nt

la
be
ls
fo
r
fa
br
ic
at
io
n
of

N
P
s
fo
r
bi
oi
m
ag
in
g’

[4
1,
44
,4
5]

U
pc
on
ve
rs
io
n
na
no
pa
rt
ic
le
s
(U

C
N
Ps
)

O
pt
ic
al
im

ag
in
g

U
C
N
Ps

ge
ne
ra
lly

ob
ta
in
ed

fr
om

N
aY

F
4
na
no
cr
ys
ta
ls
du
ly

do
pe
d
w
ith

la
nt
ha
ni
de

io
ns
;d

op
in
g
w
ith

fl
ur
op
ho
re

no
t

re
qu
ir
ed
;d

is
pl
ay

se
ve
ra
le
m
is
si
on

co
lo
ur
s;
si
ze

is
tu
na
bl
e

[4
6]

N
ob
le
m
et
al
(A

g
an
d
A
u)

N
Ps

an
d
na
no
cl
us
te
rs

O
pt
ic
al
im

ag
in
g

A
g
an
d
A
u
N
Ps

di
sp
la
y
w
ee
k
fl
uo
re
sc
en
ce
;t
he

cl
us
te
rs
ar
e
lu
m
in
es
ce
nt

an
d
go
od

ca
nd
id
at
es

fo
r
fl
uo
re
sc
en
ti
m
ag
in
g;

th
ey

pr
ef
er
re
d
in

bi
oi
m
ag
in
g
du
e
to

in
er
tn
es
s;
m
od
if
ie
d
na
no
cl
us
te
rs
en
ab
le
ta
rg
et
ed

im
ag
in
g

[4
1,
47
]

G
ad
ol
in
iu
m

ch
el
at
es

M
ag
ne
tic

re
so
na
nc
e

im
ag
in
g

M
os
tw

id
el
y
us
ed

co
nt
ra
st
ag
en
ts
ba
se
d
on

T
1
re
la
xa
tio

n;
nu
m
be
r
of

ch
el
at
es

ar
e
av
ai
la
bl
e
an
d
la
rg
el
y
us
ed

on
e

is
G
d-
D
T
PA

ch
el
at
e(
D
T
PA

-
di
et
hy
ltr
ia
m
in
e
pe
nt
aa
ce
tic

ac
id
);
G
d
its
el
f
is
to
xi
c
in

io
ni
c
fo
rm

;w
he
n

ad
m
in
is
tr
at
ed

in
a
co
m
pl
ex

fo
rm

its
st
ab
ili
ty

is
in
fl
ue
nc
ed

by
te
m
pe
ra
tu
re
,p
H
,c
on
ce
nt
ra
tio

n
of

su
rr
ou
nd
in
g

io
ns

an
d
lig

an
ds
.

[4
8,
49
]

Ir
on

ox
id
e
N
Ps

M
ag
ne
tic

re
so
na
nc
e

im
ag
in
g

T
he
y
ar
e
de
si
gn
at
ed

ac
co
rd
in
g
to

th
ei
r
si
ze

an
d
th
ey

m
ay

be
su
pe
rp
ar
am

ag
ne
tic

ir
on

ox
id
e
N
P
s(
S
P
IO

)
w
ith

pa
rt
ic
le

si
ze

>
50

nm
an
d
ul
tr
a
sm

al
ls
up
er
pa
ra
m
ag
ne
tic

ir
on

ox
id
e
N
Ps
(U

SP
IO

)
w
ith

pa
rt
ic
le
si
ze

<
50

nm
;t
he
y
ac
ta
s

co
nt
ra
st
ag
en
ts
ba
se
d
on

T
2
re
la
xa
tio

n

[5
0]

D
ys
pr
os
iu
m

an
d
ho
lm

iu
m

co
m
pl
ex
es

M
ag
ne
tic

re
so
na
nc
e

im
ag
in
g

D
y3

+
an
d
H
o3

+
ha
ve

ve
ry

sh
or
te
le
ct
ro
ni
c
re
la
xa
tio

n
tim

e
du
e
to

th
ei
r
hi
gh
ly

an
is
ot
ro
pi
c
gr
ou
nd

st
at
e;
D
y3

+
an
d
H
o3

+

co
m
pl
ex
es

ar
e
ef
fi
ci
en
tT

2
co
nt
ra
st
ag
en
ts
in

in
te
rm

ed
ia
te
an
d
hi
gh

m
ag
ne
tic

fi
el
d
st
re
ng
th
s.

[2
2]

Multifunctional hydroxyapatite nanoparticles for drug delivery and bioimaging 1571



like pH. It has been observed that hydrothermal method and
combustion method are generally employed for the prepara-
tion of porous HAp NPs [52].

Whatever may be the synthetic method adopted the precise
control of size and morphology of the HAp NPs is difficult.
Moreover, every synthetic procedure has advantages and dis-
advantages in connection with particle agglomeration, size
distribution, phase impurities that may occur in crystal struc-
ture, diverse materials needed and economy in procedure.
Therefore these factors should be considered while adopting
a typical procedure for the synthesis of HAp NPs.

HAp based nanoprobes for drug delivery
and cellular imaging

It has been observed that HAp NPs with different functional
properties are employed as potential candidates for drug de-
livery applications. The drug delivery applications of HAp
based nanoprobes are discussed in a separate section. HAp
based nanoprobes can be conveniently divided into three
types: luminescent HAp, magnetic HAp and luminomagnetic
HAp nanoparticles (NPs) depending on the properties that are
being explored in bioimaging. These three kinds of NPs shall
be discussed in the following.

Luminescent HAp nanoparticles

The incorporation of at least one fluorescent label in the HAp
matrix enables the formation of luminescent HAp NPs. For
expediency, it is more appropriate to run through the advan-
tages and shortcomings of various fluorescent labels as well as
the mechanism of luminescence in luminescent NPs prior to
the detailed discussion on luminescent HAp NPs.

Fluorescent labels for fabrication of NPs for bioimaging

The common fluorescent labels used in the fabrication of lu-
minescent NPs for bioimaging include (a) organic dyes (b)
quantum dots (c) gold nanoclusters and (d) lanthanide ion
dopants. The conventional organic dyes are associated with
several limitations like photobleaching, limited possibility of
multicolour imaging, autofluorescence and dependence of
emission on chemical environment [50]. The photobleaching
can be reduced by the encapsulation of the dye inside a rigid
matrix and autofluorescence can be reduced to a greater extent
by the usage of NIR emitting dyes instead of conventional
dyes [58].

Quantum dots (QDs) provide a class of biomarkers that
could overcome the limitations of organic dyes. The emission
spectra of QDs can be tuned by changing the size as well as
composition. QDs in general, are resistant to metabolic deg-
radation and privileged by high extinction coefficients as well
as conjugation ability. The broad excitation and narrow emis-
sion spectra of QDs are favourable for bioimaging, since such
spectral behaviour effectively reduces the spectral overlap.
The broad excitation spectrum implies the usage of single
excitation wavelength to excite QDs of different colours. This
is an important advantage of QDs over organic dyes. Howev-
er, in most of the cases the bare QDs are susceptible to photo-
oxidation. This can be prevented by capping the QDs with a
protective shell [59]. The potential toxicity of QDs limit their
biological applications [60].

In contrast to QDs, gold nanoclusters (Au NCs) exhibit low
toxicity, good water solubility, high biocompatibility, ultra
fine size, and tunable photostability. They can be easily fabri-
cated and surface functionalised. Such properties make them
promising for bioimaging applications [47]. When the metal
NP size approaches below 2 nm, the continuous band struc-
tures break up into discrete energy levels and exhibit an elec-
tronic transition, which leads to photoluminescence. The fluo-
rescence of Au NCs originates as a result of electronic excita-
tion from the valence band (filled 5d10) to the conduction band
(6sp1) by HOMO-LUMO interband transition.

The lanthanide ion doped NPs have an edge over quantum
dots (QDs) by virtue of their stable luminescence, sharp emis-
sion peaks with narrow band width, lack of blinking and bio-
compatibility. The optical properties of the trivalent lanthanide
ions, Ln(III) are characteristics of their electronic energy
levels, generated by the electronic configurations [Xe]4fn

(n=0–14). The transitions in Ln(III) ions range over UV, vis-
ible and near-infrared (NIR) regions [61]. The three types of
transitions that are involved in Ln(III) ions are ligand to metal
charge transition (L-MCT), 4f-5d and intra configurational 4f-
4f. Among these the last transition is more relevant for the
bioapplications [62]. The 4f-4f transitions in Ln(III) ions
may be magnetic dipole transitions or electric dipole transi-
tions [63, 64]. 4f-5d transitions are highly energetic and

Fig. 2 Common morphologies of HAp nanocrystals
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broader than 4f-4f transitions and are commonly observed in
trivalent ions of Ce, Pr and Tb [65]. In Ln(III) complexes, the
forbidden f-f transitions leads to weak intrinsic luminescence
due to low molar absorptivity [63, 66]. Thus intense light
source like lasers are required to populate the excited states
of Ln(III) ions in complexes, which makes them impractical
for majority of biological imaging [67]. However, the attach-
ment of a light-harvesting antenna ligand can circumvent this
problem by sensitizing the Ln(III) ions through the so called
antenna effect [68].

Downconversion and upconversion luminescence

Based on the mechanism of luminescence, luminescent
nanomaterials are classified into upconversion NPs (UCNPs)
and downconversion NPs (DCNPs) [69]. Downconversion
(DC) is a non-linear optical phenomenon in which a high
energy photon is absorbed followed by the emission of two
low energy photons. The high energy photon is generally
absorbed from the UVregion and the emission is in the visible
or IR region. A number of host materials including hydroxy-
apatite have been synthesized with DC luminescence [65]. It
can be generalized that trivalent Eu, Dy, Tb, Sm and Nd are
used in DC. Eu and Sm produces red emission, Dy causes blue
or yellow emission, Tb provides green emission and Nd
causes NIR emissions [70, 71]. A detailed mechanism of
DC luminescence is appeared in [72].

The term upconversion (UC) relates to an effect by which
low energy NIR radiation is converted to high energy visible
light by sequential multi photon NIR absorption and subse-
quent emission of shorter wave luminescence [73]. In lantha-
nide base UCNPs, Ln(III) ions are dispersed in a dielectric
host material with a dimension less than 100 nm. The Ln(III)
ion dopant produces luminescence upon excitation [74]. There
are five basic mechanisms for UC. They are (a) excited state
absorption (ESA) (b) energy transfer upconversion (ETU) (c)
co-operative sensitization upconversion (CSU) (d) cross re-
laxation (CR) and (e) photon avalanche (PA). Complete de-
scriptions of all theUC mechanistic pathways are appeared in
[46, 74–76]. The major challenge associated with the UCNPs
is to increase their UC efficiency. Selection of host materials
with low phonon energy is a best method for achieving high
UC efficiency. This is because systems with low phonon en-
ergy can minimise non-radiative loss and enhance radiative
emission. Lanthanide fluorides are often selected as host ma-
terials for developing UCNPs because of their low phonon
energy and chemical stability [65]. Several methods are
employed to enhance the efficiency of UCNPs. They involve
process like plasmonic enhancement of upconversion, tailor-
ing of local crystal field around Ln(III), nanoscopic control of
energy transfer process, incorporation of metal shell etc.[65,
74].

Types of luminescent HAp NPs

We shall discuss various luminescent HApNPs that have been
fabricated and explored for bioimaging applications. Among
various fluorescent labels described earlier, lanthanide ion
dopants and organic dyes are mainly used as fluorescent labels
in the fabrication of luminescent HAp NPs. Figure 3 shows
various fluorescent labels used in the fabrication of lumines-
cent HAp NPs. It has been observed that most of the lumines-
cent HAp NPs are based on Eu-dopant as a fluorescent label
and hence it is more convenient to consider them separately.

Eu-doped luminescent HAp NPs

Among various luminescent Ln(III)-complexes, Eu(III) and
Tb(III) have received a great deal of interest because of several
desirable factors like biologically appropriate emission in the
visible region, long luminescent life time and less sensitivity
to quenching by singlet oxygen [77]. Luminescent 4f-4f tran-
sitions of Eu(III) and Tb(III) ions leads to the emission of red
and green light respectively. Among the Ln(III) ions, the
Eu(III) ion is considered to be the most useful spectroscopic
probe in view of its non-degenerate emissive state of 5D0 and
the ground state of 7F0. Eu(III) is the most widely used lan-
thanide ion to fabricate luminescent HAp.

Eu(III) doped HAp NPs have been prepared by common
synthetic strategies like co-precipitation method [78–81], hy-
drothermal synthesis [82], thermal decomposition method
[83] and microwave assisted hydrothermal method [84]. In
each case, the nanocrystals exhibit different morphology and
different aspect ratio (length to diameter ratio). They however,
show nanometric dimensions around 100 nm. In most of the
cases, the luminescence is due to the 5D0-

7FJ (J=0, 1, 2, 3, 4)
transitions of Eu(III). The luminescence intensity keeps on
increasing with concentration of the dopant up to certain level
and above which concentration quenching is observed. Thus
the concentration of Eu(III) at which high luminescence inten-
sity is observed can be optimised. The 5D0-

7F2 transition (red
emission) of Eu(III) ion is of an electric - dipole (ED) nature
and very sensitive to its site symmetry. However, 5D0-

7F1
transition (orange emission) is of a magnetic - dipole (MD)
nature and insensitive to site symmetry [85]. It has been ob-
served that the ratio of the red emission to the orange emission
shows size dependence [81]. Eu(II) and Eu(III) doped calcium
deficient hydroxyapatite (Ca-D HAp) NPs were also fabricat-
ed by co-precipitation[86] and combustion synthesis [87]. The
emission spectra shows a broad peak with centre at 450 nm
corresponds to 4f6 5d1→ 4f7 transition of Eu(II) ion and sharp
peaks due to 5D0-

7FJ of Eu(III) [86]. It has been observed that
the luminescent properties are different in Eu(III) doped HAp
and calcium deficient HAp (Ca-D HAp), even though they
possess similar crystallite size [87]. Eu(III) doped fluorapatite
(FAp) NPs were synthesized by hydrothermal method [88].
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They exhibit spherical morphology and Eu(III) ions are
centred at FAp lattice. Arginine modified Eu-doped HAp
NPs are obtained by hydrothermal synthesis [89]. They exhib-
it no cytotoxicity in human epithelial cells and endothelial
cells. Eu-doped HAp NPs embedded in PMMA matrix [90]
have been reported.

In the mentioned systems the researchers explored the lu-
minescent properties, biocompatibility as well as other char-
acteristics of nanometric HAp. But biomedical applications
including bioimaging have not been focused or explored.
However several reports on bioimaging and drug delivery
applications of Eu-doped luminescent HAp NPs are available.
The Eu-doped HAp based nanomaterials for use in lumines-
cent bioimaging as well as drug delivery are detailed in
Table 3.

From Fig. 3 it is clear that several dopants can make HAp
NPs luminescent and most of such dopants are lanthanide
ions. In addition to Eu-doped HAp, luminescent HAp NPs
can also be derived by doping with Tb, Nd, Cr, organic dyes,
Eu/Tb, Eu /La, Eu and Y, CePO4 and Tb and finally Gd and Pr.
Most of such HAp NPs are explored for bioimaging and re-
lated applications. The luminescent HAp NPs with dopants
other than Eu and having biomedical applications are detailed
in Table 4.

The Tb-doped HAp NPs [103, 104] exhibit green emission
and it has been observed that Tb-doped FAp shows more
green fluorescence intensity than Tb-doped HAp [103]. This
is probably due to the presence of OH− quenchers in HAp. In
Tb-doped HAp, the emission is observed due to the 5D4-

7F3–6
transition of Tb(III) [105]. Cr doped HAp NPs have been

fab r i ca t ed and the luminescence i s due to the
4T1(F)→

4A2(F) transitions of the Cr ions[112]. Gd and Pr
co-doped HAp NPs have been prepared by co-precipitation
method. Here the PL emission shows a narrow band at
313 nm, which is due to the 6P7/2 →

8S7/2 transition in Gd3+

ion. The intensity of this emission can be enhanced by Pr3+

doping [118]. It should be noted that strontium hydroxyapatite
(Sr5(PO4)3OH, SrHAp) in nanometric dimensions also exhibit
luminescence (blue emission) [119, 120]. This arise from
CO2

.- radical impurities in the crystal lattice. These systems
are not yet explored for the bioimaging applications.

Lanthanide doped upconversion nanoparticles are highly
useful and widely accepted imaging probes [121]. Such
probes can be incorporated into HAp to yield upconversion
nanosystems for bioimaging. HAp nanorods functionalised
with YVO4:Yb

3+, Er3+ upconverting NPs have been synthe-
sized by the sol–gel synthesis and the obtained system found
potential application in bioimaging [122]. Flurophore doped
calcium phosphate NPs were prepared and employed in non-
toxic biomedical applications including bioimaging [123].

Magnetic HAp nanoparticles

Themagnetic HApNPs can be fabricated by the incorporation
of paramagnetic, ferromagnetic or super paramagnetic labels
into the nano matrix of HAp. The commonly used paramag-
netic labels are trivalent lanthanide ions or transition metal
ions. Ferromagnetic and superparamagnetic labels include
Fe(II), Fe(III), magnetite (Fe3O4) or maghemite (γ-Fe2O3)
[124]. The paramagnetism in trivalent lanthanide ions and
transition metal ions aroused from the unpaired electrons of
f-orbitals of anti penultimate shell and d-orbitals of penulti-
mate shell respectively. The common paramagnetic labels and
related magnetic moments are shown in Table 5.

The magnetic nanoparticles are characterised by
magnetisation (M), coercivity (Hc) and magnetocrystalline an-
isotropy constant (K). The term magnetisation represents the
extent to which the substance is magnetised under a given
magnetic field. The highest value of M is known as saturation
magnetisation (Ms). Coercivity is the strength of external mag-
netic field required to make the magnetisation of a nanoparti-
cle zero. Magnetocrystalline anisotropy constant reflects the
energy required to change the direction of magnetisation from
easy to hard axis [125]. Iron oxide nanoparticles exhibit the
phenomenon of superparamagnetism, in which NPs have zero
coercivity and retentivity [126]. The zero coercivity of
superparamagnetic iron oxide nanoparticles (SPION) is a
favourable feature for biomedical applications. This is because
zero residual magnetisation prevents their coagulation and
helps in sustaining a long period of circulation in the body
[127]. Magnetic NPs including HAp based magnetic nanopar-
ticles have been synthesized, modified and explored for bio-
medical applications including bioimaging [128–130].

Fig. 3 Fluorescent labels in luminescent HAp NPs

1574 S.S. Syamchand, G. Sony



T
ab

le
3

R
ep
re
se
nt
at
iv
e
hy
dr
ox
ya
pa
tit
e
ba
se
d
na
no
m
at
er
ia
ls
fo
r
us
e
in

lu
m
in
es
ce
nt

bi
oi
m
ag
in
g
(E
u-
do
pa
nt

as
fl
uo
re
sc
en
tl
ab
el
)
an
d
dr
ug

de
liv

er
y

N
an
os
ys
te
m
/D

op
an
t

Pr
op
er
tie
s

A
pp
lic
at
io
ns

Sy
nt
he
si
s

R
ef
.

E
u-
do
pe
d
H
A
p

N
P
s
ex
hi
bi
tn

an
om

et
ri
c
di
m
en
si
on
s
an
d
m
es
op
or
ou
s
st
ru
ct
ur
e

Fl
uo
re
sc
en
ce

im
ag
in
g
of

H
E
K
29
3
ce
lls

an
d
fu
rt
he
r

bi
oi
m
ag
in
g
as

w
el
la
s
dr
ug

de
liv

er
y
ap
pl
ic
at
io
ns

C
o-
pr
ec
ip
ita
tio

n
m
et
ho
d

[9
1]

E
u-
do
pe
d
H
A
p

T
he

pa
rt
ic
le
si
ze

ra
ng
es

be
tw
ee
n
30

an
d
10
0
nm

an
d
th
e
em

is
si
on

de
ca
y
de
pe
nd
s
on

th
e
pe
rc
en
ta
ge

of
E
u3

+
C
an

be
ex
pl
or
ed

in
op
tic
al
im

ag
in
g

C
o-
pr
ec
ip
ita
tio

n
m
et
ho
d

[9
2]

E
u-
do
pe
d
H
A
p

T
he

lu
m
in
es
ce
nc
e
is
en
ha
nc
ed

by
th
e
th
er
m
al
tr
ea
tm

en
ta
nd

in
cr
ea
se

in
E
u3

+
co
nc
en
tr
at
io
n;

pa
rt
ic
le
di
am

et
er

20
–4
0
nm

Pr
om

is
in
g
na
no
pr
ob
es

fo
r
fl
uo
re
sc
en
tl
ab
el
lin

g
U
ltr
as
ou
nd

as
si
st
ed

pr
ec
ip
ita
tio

n
m
et
ho
d

[9
3]

E
u-
do
pe
d
H
A
p

T
he

av
er
ag
e
pa
rt
ic
le
si
ze

is
13

nm
;l
um

in
es
ce
nt

in
te
ns
ity

in
cr
ea
se
s
w
ith

in
cr
ea
se

in
E
u3

+
co
nc
en
tr
at
io
n
up

to
12

%
;

co
nc
en
tr
at
io
n
qu
en
ch
in
g
is
ob
se
rv
ed

ab
ov
e
15

%

T
he

N
Ps

ca
n
be

us
ed

fo
r
th
e
im

ag
in
g
of

th
e
tu
m
ou
r

ce
lls

an
d
liv

in
g
ce
lls

an
d
al
so

fo
r
th
e
ta
rg
et
ed

dr
ug

de
liv

er
y

L
iq
ui
d
ph
as
e
la
se
r
ab
la
tio

n
m
et
ho
d

[9
4]

E
u-
do
pe
d
H
A
p
na
no
w
hi
sk
er
s

N
an
ow

hi
sk
er
s
w
ith

an
ap
pr
ox
im

at
e
di
am

et
er

of
80

nm
.

C
an

be
us
ed

in
bi
oi
m
ag
in
g

M
ic
ro
w
av
e
as
si
st
ed

so
lu
tio

n
co
m
bu
st
io
n
sy
nt
he
si
s

[9
5]

L
um

in
es
ce
nt

an
d

m
es
op
or
ou
s
E
u-
do
pe
d
H
A
p

R
od
-l
ik
e
m
or
ph
ol
og
y;

pa
rt
ic
le
si
ze

of
20
–4
0
nm

in
w
id
th

an
d

10
0–
20
0
nm

in
le
ng
th

C
an

be
us
ed

as
lu
m
in
es
ce
nt

dr
ug

ca
rr
ie
r

an
d
in

bi
oi
m
ag
in
g

C
at
io
ni
c
su
rf
ac
ta
nt

te
m
pl
at
e

as
si
st
ed

sy
nt
he
si
s

[9
6]

A
rg
in
in
e
fu
nc
tio

na
lis
ed

E
u-

do
pe
d
H
A
p

A
dd
iti
on

of
ar
gi
ni
ne

to
H
A
p
N
Ps

ca
us
es

th
e
di
m
in
is
hi
ng

of
N
P
si
ze
;

ca
n
be

in
te
rn
al
is
ed

in
to

th
e
cy
to
pl
as
m

an
d

pe
ri
nu
cl
ea
r
of

hu
m
an

lu
ng

ep
ith

el
ia
lc
el
ls

Fo
un
d
po
te
nt
ia
la
pp
lic
at
io
n
in

bi
oi
m
ag
in
g

H
yd
ro
th
er
m
al
sy
nt
he
si
s

[9
7]

E
u-
do
pe
d
fl
uo
ri
ne
-s
ub
st
itu

te
d
H
A
p

R
od
-l
ik
e
m
or
ph
ol
og
y;

as
pe
ct
ra
tio

s
dr
op
pe
d
w
ith

in
cr
ea
se

in
pH

of
th
e

so
lu
tio

n;
lu
m
in
es
ce
nc
e
in
te
ns
ity

in
cr
ea
se
d
w
ith

in
cr
ea
se

in
su
bs
tit
ut
io
n
of

O
H
−
w
ith

F−

A
pp
lic
ab
le
fo
r
ce
ll
la
be
lli
ng

of
ce
lls

lik
e
H
eL

a
ce
lls

or
tr
ac
in
g
th
em

in
si
tu

H
yd
ro
th
er
m
al
m
et
ho
d

[9
8]

E
u-
do
pe
d
H
A
p
an
d
fl
uo
ro
ap
at
ite

fu
nc
tio

na
liz
ed

w
ith

po
ly

(a
cr
yl
ic
ac
id
)

Sp
in
dl
e
lik
e
m
or
ph
ol
og
y;

sh
ow

ed
th
e
ty
pi
ca
lr
ed

lu
m
in
es
ce
nc
e
of

E
u3

+
,

w
hi
ch

is
m
or
e
ef
fi
ci
en
tf
or

th
e

fl
uo
ro
ap
at
ite

N
Ps

th
an

fo
r
th
e
H
A
p.

C
an

be
us
ed

in
bi
om

ed
ic
al
im

ag
in
g

M
ic
ro
w
av
e
as
si
st
ed

hy
dr
ot
he
rm

al
sy
nt
he
si
s

[9
9]

E
u-
do
pe
d
ap
at
iti
c
ca
lc
iu
m

ph
os
ph
at
e

C
al
ci
um

-d
ef
ic
ie
nt

an
d
ri
ch

in
hy
dr
og
en

ph
os
ph
at
e
io
ns
;n

an
om

et
ri
c

si
ze
d
cr
ys
ta
lli
te
s;
in
te
rn
al
iz
ab
le
by

hu
m
an

pa
nc
re
at
ic
ce
lls

C
an

be
us
ed

in
bi
oi
m
ag
in
g

W
et
ch
em

ic
al
sy
nt
he
si
s

[1
00
]

E
u-
do
pe
d
am

or
ph
ou
s
ca
lc
iu
m

ph
os
ph
at
e

po
ro
us

na
no
sp
he
re
s

M
os
ti
nt
en
se

lu
m
in
es
ce
nc
e
pe
ak

(a
t6

12
nm

)
is
ob
se
rv
ed

at
5
m
ol
%

E
u3

+
;

pa
rt
ic
le
di
am

et
er
s
in

th
e
ra
ng
e
of

10
–6
0
nm

C
an

be
us
ed

as
lu
m
in
es
ce
nt

dr
ug

ca
rr
ie
rs

an
d
fo
r
bi
oi
m
ag
in
g

M
ic
ro
w
av
e
as
si
st
ed

so
lv
ot
he
rm

al
sy
nt
he
si
s

[1
01
]

Si
O
2
/c
al
ci
um

ph
os
ph
at
e:
E
u3

+

co
re
-s
he
ll
N
Ps

Si
O
2
co
re
s
w
ith

a
pa
rt
ic
le
di
am

et
er

of
46

nm
co
at
ed

w
ith

~
6-
nm

-t
hi
ck

E
u3

+
-
do
pe
d
ca
lc
iu
m

ph
os
ph
at
e
sh
el
l

Po
te
nt
ia
la
pp
lic
at
io
n
in

bi
oi
m
ag
in
g

So
l–
ge
lr
ou
te
fo
llo
w
ed

by
an
ne
al
in
g

[1
02
]

Multifunctional hydroxyapatite nanoparticles for drug delivery and bioimaging 1575



T
ab

le
4

R
ep
re
se
nt
at
iv
e
hy
dr
ox
ya
pa
tit
e
ba
se
d
na
no
m
at
er
ia
ls
fo
r
us
e
in

lu
m
in
es
ce
nt

bi
oi
m
ag
in
g
(E
u
an
d
/o
r
ot
he
r
do
pa
nt

as
fl
uo
re
sc
en
tl
ab
el
)
an
d
dr
ug

de
liv

er
y

N
an
os
ys
te
m
/D

op
an
t

Pr
op
er
tie
s

A
pp
lic
at
io
ns

Sy
nt
he
si
s

R
ef
.

T
b-
do
pe
d
fl
uo
ra
pa
tit
e
(F
A
p)

an
d
H
A
p

U
ni
fo
rm

sl
en
de
r
m
or
ph
ol
og
y;

do
pi
ng

of
T
b3

+
io
ns

pr
om

ot
e
th
e

pr
ef
er
en
tia
lg

ro
w
th

of
ap
at
ite

al
on
g
th
e
c-
ax
is
(0
02
)

di
re
ct
io
n;

FA
p
sh
ow

s
m
or
e
gr
ee
n
fl
uo
re
sc
en
ce

in
te
ns
ity

th
an

H
A
p

U
se
d
in

ce
ll
im

ag
in
g
as

w
el
l

as
th
e
tr
ac
ki
ng

of
ce
lls

H
yd
ro
th
er
m
al
sy
nt
he
si
s

[1
03
]

T
b-
do
pe
d
H
A
p

20
nm

-s
iz
ed

H
A
p
na
no
pa
rt
ic
le
s;
pa
rt
ia
lly

do
pe
d
w
ith

a
sm

al
l

am
ou
nt

of
T
b;

ex
ce
lle
nt

bi
oc
om

pa
tib

ili
ty

N
an
o
in
or
ga
ni
c
im

ag
in
g
pr
ob
e

fo
r
liv
in
g
ce
lls

C
o-
pr
ec
ip
ita
tio

n
m
et
ho
d

[1
04
]

L
n
(E
u3

+
,T

b3
+
)
do
pe
d
H
A
p

R
od
-l
ik
e
m
or
ph
ol
og
y;

w
el
ld

is
pe
rs
ed

an
d
no
n-
ag
gr
eg
at
ed

si
ze

di
st
ri
bu
tio

n;
ph
ot
ol
um

in
es
ce
nc
e
of

E
u3

+
an
d
T
b3

+
ca
n
be

tu
ne
d
by

al
te
ri
ng

th
e

so
lv
ot
he
rm

al
te
m
pe
ra
tu
re

an
d
th
e
do
pa
nt

co
nc
en
tr
at
io
n

U
se
d
as

lu
m
in
es
ce
nt

dr
ug

ca
rr
ie
rs
an
d

ca
n
be

ex
pl
or
ed

fo
r
bi
oi
m
ag
in
g

So
lv
ot
he
rm

al
sy
nt
he
si
s

[1
05
]

Fl
uo
ri
da
te
d
H
A
p:
L
n3

+
(L
n
=
E
u
or

T
b)

N
Ps

R
od

lik
e
m
or
ph
ol
og
y;

di
am

et
er

le
ss

th
an

20
nm

C
el
li
m
ag
in
g
ap
pl
ic
at
io
ns

hy
dr
op
ho
bi
c/
hy
dr
op
hi
lic

tr
an
sf
or
m
at
io
n
w
ith

su
rf
ac
ta
nt
s
(P
lu
ro
ni
c
F1

27
)

[1
06
]

L
n3

+
(E
u,
T
b)

do
pe
d
ap
at
iti
c
ca
lc
iu
m

ph
os
ph
at
e

M
on
od
is
pe
rs
e
na
no
ro
ds

of
12

nm
in

av
er
ag
e
le
ng
th

an
d
ar
ou
nd

4
nm

in
w
id
th

C
an

be
us
ed

as
a
fl
uo
re
sc
en
tp

ro
be

fo
r
bi
om

ed
ic
al
im

ag
in
g

W
et
ch
em

ic
al
sy
nt
he
si
s

[1
07
]

PE
G
yl
at
ed

hy
dr
op
ho
bi
c
fl
uo
ri
da
te
d

FA
p:
L
n3

+
(L
n
=
E
u
or

T
b)

M
or
ph
ol
og
y
an
d
fl
uo
re
sc
en
tp

ro
pe
rt
ie
s
of

th
e
FA

p
na
no
ro
ds

ar
e
no
ts
ig
ni
fi
ca
nt
ly

ch
an
ge
d
by

th
e
PE

G
yl
at
io
n;

th
e

na
no
ro
ds

ar
e
st
ab
le
in

aq
ue
ou
s
so
lu
tio

n.

T
he

PE
G
yl
at
ed

N
Ps

ar
e
hi
gh
ly

bi
oc
om

pa
tib

le
an
d
ca
n

be
us
ed

in
ce
llu

la
r
im

ag
in
g

R
ev
er
si
bl
e
ad
di
tio

n-
fr
ag
m
en
ta
tio
n

ch
ai
n
tr
an
sf
er

(R
A
FT

)
po
ly
m
er
iz
at
io
n

[1
08
]

E
u3

+
an
d
Y
3+

co
-d
op
ed

H
A
p/

si
lic
a

co
re

sh
el
ln

an
or
od
s

N
an
or
od
s
ar
e
50
–1
00

nm
in

le
ng
th

an
d
30

nm
in

w
id
th
;Y

3+

do
pi
ng
,h
yd
ro
th
er
m
al
tr
ea
tm

en
ta
nd

T
E
O
S
co
at
in
g

in
cr
ea
se
s
th
e
em

is
si
on

in
te
ns
ity

C
an

be
us
ed

fo
r
bi
om

ed
ic
al

ap
pl
ic
at
io
ns

in
cl
ud
in
g
bi
oi
m
ag
in
g

C
o-
pr
ec
ip
ita
tio

n
m
et
ho
d

[1
09
]

L
an
th
an
id
e-
do
pe
d
H
A
p

(E
u:

H
A
an
d
E
u–
L
a:
H
A
)

Sp
he
re
-l
ik
e
m
or
ph
ol
og
y;

w
el
ld

is
pe
rs
ed

an
d

no
n-
ag
gr
eg
at
ed

si
ze
;P

L
em

is
si
on

in
te
ns
ity

of
E
u3

+

ca
n
be

tu
ne
d
by

im
po
rt
in
g
L
a3

+
io
ns

in
to

E
u:

H
A
p

an
d
al
te
ri
ng

th
e
co
nc
en
tr
at
io
n
of

E
u3

+

C
an

be
ex
pl
or
ed

fo
r

bi
oi
m
ag
in
g
ap
pl
ic
at
io
ns

m
ic
ro
em

ul
si
on

m
ed
ia
te
d

hy
dr
ot
he
rm

al
pr
oc
es
s

[1
10
]

C
eP
O
4:
T
b
do
pe
d
H
A
p

N
ee
dl
e
lik

e
na
no
pa
rt
ic
le
s
of

50
–1
00

nm
le
ng
th

an
d
5–
10

nm
w
id
th

C
an

ac
ta
s
re
do
x
lu
m
in
es
ce
nt

sw
itc
h
as

w
el
la
s
bi
oi
m
ag
in
g
pr
ob
es

C
o-
de
po
si
tio

n
of

N
a 2

H
PO

4.
12
H
2O

an
d
C
aC

l 2
in

th
e

pr
es
en
ce

of
C
eP
O
4
:T
b
at
R
T

[1
11
]

C
r3
+
-d
op
ed

H
A
p

T
he

av
er
ag
e
pa
rt
ic
le
si
ze

ra
ng
es

fr
om

40
to

10
0
nm

;P
L

em
is
si
on

is
as
so
ci
at
ed

to
th
e
4
T
1
(F
)→

4 A
2
(F
)
tr
an
si
tio

ns
of

th
e
C
r
io
ns
.

T
he

lu
m
in
es
ce
nt

pr
op
er
ty

ca
n
be

ex
pl
or
ed

in
bi
oi
m
ag
in
g
/b

io
se
ns
in
g

C
o-
pr
ec
ip
ita
tio

n
m
et
ho
d

[1
12
]

N
d
-d
op
ed

H
A
p

H
ig
h
as
pe
ct
ra
tio

;n
ee
dl
e-
lik

e
m
or
ph
ol
og
y;

th
e
em

is
si
on

fr
om

N
d3

+

is
ca
us
ed

by
4f

el
ec
tr
on
s
th
at
ar
e
sh
ie
ld
ed

fr
om

th
e

su
rr
ou
nd
in
g
by

5
s
an
d
5p

sh
el
ls

pr
om

is
in
g
as

m
ul
tif
un
ct
io
na
ld

ru
g

de
liv

er
y
sy
st
em

s
fo
r
si
m
ul
ta
ne
ou
s

ta
rg
et
ed

dr
ug

de
liv
er
y
an
d
N
IR

fl
uo
re
sc
en
ce

im
ag
in
g

C
o-
pr
ec
ip
ita
tio

n
m
et
ho
d

[1
13
]

D
ye

(F
IT
C
)
fu
nc
tio

na
liz
ed

H
A
p

N
ee
dl
e
lik

e
m
or
ph
ol
og
y
w
ith

50
–1
00

nm
le
ng
th
;

in
te
rn
al
iz
ab
le
by

H
eL

A
ce
lls

C
an

be
ex
pl
or
ed

fo
r
ce
llu

la
r
im

ag
in
g,

dr
ug

de
liv

er
y
an
d
dr
ug

re
le
as
e

Te
m
pl
at
e
as
si
st
ed

sy
nt
he
si
s,

us
in
g
Si
O
2

[1
14
]

M
et
hy
le
ne

bl
ue

(M
B
)
dy
e
en
ca
ps
ul
at
ed

H
A
p/
si
lic
a
co
re
-s
he
ll
st
ru
ct
ur
es

L
ar
ge

si
ze

of
ab
ou
t1

00
nm

;d
ua
ll
um

in
es
ce
nc
e
in

th
e
PL

sp
ec
tr
a

du
e
to

th
e
pr
es
en
ce

of
m
on
om

er
an
d
di
m
m
er
s
of

M
B

C
an

be
ex
pl
or
ed

fo
r
bi
oi
m
ag
in
g
an
d
or

th
er
an
os
tic

ap
pl
ic
at
io
ns

W
et
-c
he
m
ic
al
pr
ec
ip
ita
tio

n
te
ch
ni
qu
e

[1
15
]

O
rg
an
ic
dy
es
(C
as
ca
de

B
lu
e,
SA

B
,f
lu
or
es
ce
in

so
di
um

sa
lt,

rh
od
am

in
e
W
T,

an
d
C
y3

am
id
ite
)
en
ca
ps
ul
at
ed

ca
lc
iu
m

ph
os
ph
at
e

or
ga
ni
ca
lly

do
pe
d
ca
lc
iu
m

ph
os
ph
at
e
sp
he
ri
ca
ln

an
op
ar
tic
le
s;

20
–3
0
nm

in
di
am

et
er

Pr
om

is
in
g
lu
m
in
es
ce
nc
e
an
d
ca
pa
bi
lit
y
to

be
ar

or
ga
ni
c
m
ol
ec
ul
es

m
ak
es

th
e
sy
st
em

ad
ap
ta
bl
e
fo
r

dr
ug

de
liv

er
as

w
el
la
s

im
ag
in
g
ap
pl
ic
at
io
ns
.

R
ev
er
se

m
ic
ro
em

ul
si
on

pr
oc
ed
ur
e

[1
16
]

C
al
ci
um

ph
os
ph
at
e
na
no
pa
rt
ic
le
s
in

w
hi
ch

m
ol
ec
ul
es

of
N
IR

em
itt
in
g
fl
uo
ro
ph
or
e,

in
do
cy
an
in
e
gr
ee
n
(I
C
G
),
ar
e
em

be
dd
ed

C
ol
lo
id
al
pa
rt
ic
le
s
w
ith

av
er
ag
e
di
am

et
er

16
nm

;c
ol
lo
id
al
ly

st
ab
le
in

ph
ys
io
lo
gi
ca
ls
ol
ut
io
ns

(P
B
S)

w
ith

ca
rb
ox
yl
at
e

or
PE

G
su
rf
ac
e
fu
nc
tio
na
lit
y

In
-v
iv
o
im

ag
in
g
of

hu
m
an

br
ea
st
ca
nc
er

R
ev
er
se

m
ic
ro

em
ul
si
on

sy
nt
he
si
s

[1
17
]

1576 S.S. Syamchand, G. Sony



Most of the magnetic HAp NPs are based on Fe(II), Fe(III)
or iron oxides. However magnetic HAp NPs based on other
dopants are also reported. Different magnetic HAp NPs
categorised based on the magnetic labels are shown in
Fig. 4. The magnetic HAp NPs include eight different catego-
ries such as (i) Fe-doped, (ii) Fe and Pt co-doped, (iii) Nd and
Gd co-doped (iv)Co ferrite doped, (v) iron oxide doped, (vi)
Mn and Fe doped, (vii) 153Sm and Gd incorporated and (viii)
iron oxide, Fe and Cu doped HAp NPs.

Fe-doped HAp nanocrystals with different morphology
and different nanometric dimensions have been fabricated by
conventional methods like sol–gel synthesis [131], co-
precipitation method [132] and ion-exchange method [133].
It has been observed that the particle size decreases as the
concentration of iron dopant increases [131]. In this case si-
multaneous changes in the crystallinity degree, lattice param-
eters, unit cell volume and the phase composition are also
observed. Nd(III) and Gd(III) substituted HAp has been pre-
pared by ion-exchange method [134]. Here the electrical con-
ductivity of HAp is improved because of the high polarizabil-
ity of Nd(III) and Gd(III). Cobalt ferrite doped ferromagnetic
HAp NPs with core-shell structure have been prepared devel-
oped by co-precipitation method [135]. Here HAp is in the
shell and Coferrite(CoFe2O4) is in the core. Iron oxide (both

magnetite and maghemite) incorporated HAp NPs have been
prepared by co-precipitation method [136–138]. Mn and Fe
incorporated HAp nanocrystals have been prepare by wet
chemical method coupled with ion exchange mechanism
[139]. Compared with Mn2+ions, Fe3+ ions were more active
in replacing Ca2+ in HAp lattice. The mentioned magnetic
HApNPs are not explored for imaging applications. However,
several magnetic HAp NPs have been reported for biomedical
applications including bioimaging and drug delivery. They are
detailed in Table 6.

Luminomagnetic HAp NPs

Incorporation of fluorescent and magnetic labels in nanocrys-
talline HAp enables the formation of luminomagnetic bifunc-
tional HAp NPs. The important advantage of such bifunction-
al systems is that both magnetism as well as luminescence can
be simultaneously explored for biomedical applications. This
strategy is very useful in developing bimodal or multimodal
imaging probes. Several bifunctional lumino magnetic sys-
tems have been fabricated and explored for bimodal or multi-
modal imaging applications as well as drug delivery (Table 7).

Drug delivery and molecular imaging applications
of HAp based nanoprobes

In this section we shall describe the drug delivery and molec-
ular imaging applications of HAp based nanoprobes. It is clear
from the preceding sections that luminescent, magnetic and
luminomagnetic HAp NPs are explored for various imaging
as well as drug delivery applications. For biomedical applica-
tions such as drug delivery and bioimaging, it is necessary to
target the nanoprobes into relevant biological sites of thera-
peutic and diagnostic importance.

Targeting of HAp based nanoprobes for drug delivery
and bioimaging

Modification of the imaging probes with targeting ligands
leads to specific interaction of the probes with the receptors
on the target cell. As a result of this specific interaction the
imaging probes selectively accumulate at the target site for a
long period of time and produces images with high spatial
resolution. The imaging probes with targeting moieties can
produce high quality images even at low concentration com-
pared to the same nanoparticles without targeting moieties
[16]. The targeting moieties may be proteins, carbohydrates,
lipids, vitamins or polymers. Such moieties can be conjugated
to the nanoprobes using various conjugation methods includ-
ing host-guest physical interactions [159]. The correct choice
of the conjugation method avoids the deterioration of the im-
aging resolution and ameliorates high quality diagnosis [160].

Table 5 Magnetic moment paramagnetic labels

Paramagentic
ion label

Electronic
arrangement

Unpaired
electrons

Magnetic moment(μB)

Mn(II) 3d5 5 5.91(spin only moment)

Co(II) 3d7 3 3.87(spin only moment)

Gd (III) 4f7 7 7.94(effective moment)

Dy(III) 4f9 5 10.6(effective moment)

Ho(III) 4f10 4 10.64(effective moment)

Tm(III) 4f12 2 7.56(effective moment)

Fig. 4 Types of magnetic HAp NPs
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Figure 5 schematically represents the targeting of HAp based
nanoprobes for bioimaging and drug delivery.

HAp nanoprobes can be conjugated with different targeting
moieties to enable targeted cellular imaging. Amino acids like
arginine [97], proteins like albumin [105], vitamins like folic
acid [151, 158] etc. can be used as targeting moieties. The
targeting moieties can be anchored through surface coating
of the HAp NPs with poly acrylic acid (PAA), poly lactic acid
(PLA), poly ethylene glycol (PEG) or poly ethylene imine
(PEI). It is a well established fact that folic acid conjugated
HAp NPs produces targeted imaging through interaction with
the folate receptors over expressed in many cancer cells. The
folate receptor based targeted drug delivery is highly promis-
ing in cancer therapy.

Drug delivery applications

Precise drug release into highly specified targets involvesmin-
iaturizing the delivery systems to become much smaller than
their targets. These minute drug delivery systems can be real-
ized through the advances in the nano biotechnology. Awide
variety of nanosystems have been developed for targeted drug
delivery applications. Biocompatible and biodegradable HAp
NPs mesoporous structures have great potential in drug deliv-
ery systems. HAp NPs are used as drug delivery systems for
various classes of drugs, protein drugs, enzymes, ibuprofen,
antibiotics, 5- fluorouracil and Adriamycin. Folic acid modi-
fied poly ethylene glycol functionalised HAp NPs are used in
the paclitaxel drug delivery [161]. Hollow mesoporous HAp
NPs exhibit enhanced drug loading efficiency and pH respon-
sive release for the drug doxorubicin (DOX) [162]. HAp mi-
crospheres act as vehicles for sustained delivery of small mo-
lecular drugs like doxycycline hydrochloride [163]. Thus the
usage of HAp NPs for drug delivery is promising. In this
section we shall consider the drug delivery applications of
luminescent, magnetic and luminomagnetic HAp NPs.

Luminescent Nd-doped HAp NPs complexed with cyclo-
dextrin were prepared by co-precipitation method and suc-
cessfully demonstrated in drug delivery applications. The said
NIR emitting NPs exhibit needle-like morphology and the
in vitro loading and releasing studies were performed by using

DOX as a model drug [113]. Organic dyes incorporated lumi-
nescent calcium phosphate NPs were used in the in vitro de-
livery of the chemotherapeutic drug, ceramide to human vas-
cular cells [116]. Eu-doped amorphous calcium phosphate
NPs were used as luminescent drug carriers for the drug ibu-
profen [101]. Magnetic HAp NPs doped with varying levels
of Fe3+ was synthesized by hydrothermal and microwave
assisted method. These NPs showed sustained release for the
drugs amoxicillin and 5- fluorouracil at lowest concentration
of Fe3+ [150]. Fe3O4 doped ferromagnetic HAp NPs found
potential application in targeted delivery of drugs [147].

Several multifunctional HAp NPs with luminescence and
magnetism are also demonstrated for drug delivery applica-
tions. Sm3+ and Fe3+ co-doped magnetic and luminescent
mesoporous HAp nanocrystals were prepared by template
assisted synthesis. The nanospindles thus obtained have a
large pore volume, high surface area and high drug payload
ratio which made them highly suitable for drug delivery [164].
Eu3+ and Gd3+ dual doped luminomagnetic HAp nanorods
were prepared by microwave assisted synthesis and the ob-
tained nanorods showed high drug adsorption capacity as well
as sustained drug release [154]. Porous HAp composite
functionalised with upconversion luminescent and magnetic
nanocrystals were fabricated by electrospinning method. The
said nanocomposite found potential application as a drug car-
rier [157]. Aptamer caped multifunctional strontium substitut-
ed HAp NPs were demonstrated for cancer cell responsive
drug delivery applications [153]. Sustained drug releasing ca-
pability of Eu3+ and Gd3+ dual doped multifunctional calcium
phosphate nanospheres were demonstrated by using ibuprofen
as a model drug [156]. The difficulties associated with the
preparation of stable nanoscaled HAp NPs with and without
porous structures limit the application of HAp NPs in drug
delivery and other biomedical applications.

Molecular imaging applications

Luminescent HAp NPs are employed in optical imaging in-
cluding NIR and upconversion luminescence imaging, by vir-
tue of their luminescence. Magnetic HAp NPs are good can-
didates for MRI applications. Luminomagnetic systems are

Fig. 5 Schematic representation
of targeting of HAp based
nanoprobes for bioimaging and
drug delivery
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useful in bimodal or multimodal imaging by making use of
their functional properties. Thus the imaging capability HAp
based nanoprobes depends on the nature of the dopants or
attaching moieties as reporters for bioimaging. Figure 6 rep-
resents the consolidation of imaging applications of HAp
based nanoprobes.

Optical imaging using luminescent HAp NPs

The HAp NPs with luminescent properties can be used as
imaging probes in luminescence imaging. This imaging may
be simple fluorescence imaging, NIR imaging or UC lumines-
cence imaging. It has been observed that a wide variety of
cancer cells can be imaged using luminescent HAp NPs as
optical imaging probes.

Imaging of human embryonic kidney cells (HEK293) was
performed by using mesoporous Eu-doped HAp NPs. The
lack of cytotoxic effects of the nanoparticles were analysed
by focusing the F-actin filament pattern and heat shock pro-
teins expression in HEK293 cell line [91]. Bel-7402 human
liver cancer cells are labelled by using HAp NPs doped with
2 % of Eu3+ ion. The NPs are internalized by the cancer cells
through endocytosis. The said NPs exhibit a temporally stable
luminescence with life time of 19.ms, which enables their
function as a promising luminescent imaging probe [93].
The applicability of Eu-doped nanowhiskers in bioimaging
is illustrated by confocal microscopic studies of 7F2 cells
incubated with the nanowhiskers[95]. Arginine functionalised
Eu-doped HAp NPs were successfully employed for optical
imaging applications. The biocompatibility and cellular

uptake of the said NPs were proved by using human epithelial
lung cancer cell line (A549). Arginine functionalisation effec-
tively changes the zeta potential of Eu-HAp NPs to positive
values and this enables the specific binding of the NPs to
plasmid DNA of cell lines [97]. Eu-doped fluorine substituted
HAp NPs are effective imaging probes as proved by fluores-
cence imaging studies on human cervical cancer (HeLa) cells
[98]. Eu-doped HAp NPs were successfully employed in the
imaging of human cancerous epithelial pancreatic cells
(Capan-1 cell line). Here the confocal microscopic analysis
confirmed the internalization of the nanoprobes by the cancer
cells, since the luminescent NPs are located around the nucle-
us of the cell [100].

HAp NPs doped with small amount of Tb is used as a
bioimaging probe for cellular imaging. The nanoprobes ex-
plore the luminescence of Tb3+, which produce a green emis-
sion after excitation with visible light of wavelength 488 nm.
The imaging studies were performed on rabbit bone marrow
mesenchymal stem cells (MSCs) [104]. Luminescent Nd-
doped HAp NPs complexed with cyclodextrin (CD) were
used in the drug delivery system as well as for bioimaging.
The applicability of the system in bioimaging is confirmed by
the cellular uptake and imaging studies performed using C6
glioma cells. The said NPs exhibit a strong NIR emission at
680 nm after excitation at 420 nm. The coating of NPs with
CD enables the preferential adsorption of albumin, which im-
plies selective targeting [113].

HAp NPs prepared by using silica template are surface
functionalised with FITC dye and are used in the live cell
imaging of HeLa cells. The said NPs (THA-FITC) at different
concentration (100, 300 and 500 μg.mL−1) were allowed to
interact with HeLa cells for a period of 2 h at 37 °C and
confocal fluorescent images are taken (Fig. 7a, b and c). The
green fluorescence of FITC, which is proportional to the con-
centration of THA-FITC NPs, indicates that the NPs are inter-
nalized into the cells. Multilabelling laser scanning confocal
microscope studies were performed to confirm the intracellu-
lar localisation of FITC. For this cytoplasm of HeLa cells was
stained with red dye (rhodamine 6G) after incubation of NPs
and images were taken for THA-FITC colour and cytoplasmic
red colour (Fig. 7c and d). The merged image (Fig. 7f) con-
firms the intracellular localisation of THA-FITC. The said
NPs exhibit low cytotoxicity and are good bioimaging probes
[114].

MR imaging using magnetic HAp NPs

The major role of magnetic HAp NPs in cellular imaging is as
the contrast agents (CAs) for MRI. The administration of CAs
can improve the applicability of MRI as a valuable diagnostic
tool by providing high quality images. The contrast in MR
images is generated by the difference in the proton density
between tissues and the difference in T1 and T2 relaxationFig. 6 Molecular imaging applications of HAp based nanoprobes
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times. The CAs can be positive (T1) or negative (T2) based on
their capability to produce a brightening or darkening effect
on the MR image, respectively. The commonly used CAs are
based on Gd (T1 CAs) and Fe (T2 CAs) [49]. Other paramag-
netic lanthanide ions (Dy3+, Ho3+, Tb3+ and Er3+) are also
used in CAs [22, 165]. T1 and T2 CAs have been developed
frommagnetic HApNPs and T1 or T2 contrasting activities of
those systems depend on the magnetic label used.

Gd doped magnetic HAp nanorods labelled with radioac-
tive species Sm-153 is employed as the dual modal contrast
agent for SPECTandMR imaging in vivo. The high magnetic
moment possessed by the Gd3+ ion is explored in MRI appli-
cation and γ- emission from Sm-153 is explored in SPECT
imaging [140]. The said nanorods (153 Sm-HA: Gd) exhibit
excellent biocompatibility as revealed by the methyl thiazolyl

tetrazolium (MTT) assay and TEM analysis. T1 weighted im-
ages and relaxivity of the nanorods were measured using a 3 T
MRI scanner. It has been observed that the T1 weighted MRI
signal intensity showed a proportionate increase with nanorod
concentration and relaxivity parameter (r1) at 3 T is calculated
experimentally as 5.49 s−1 (mM)−1. For in vivo MR imaging
studies, the nanorods at 15 mg/kg were intravenously injected
into BALB/c mice (20 g) and anatomical images were taken.
Comparison of pre and post-contrast T1weighted images
(Fig. 8a and b respectively) revealed the contrast enhancement
in organs like liver and spleen, 60 min after injection. The
colour map images of the MR signal showed that the region
of the liver and spleen appeared blue and green before injec-
tion became yellow and red, 60min after injection (Fig. 8c and
d respectively). The MR images clearly depicted that the

Fig. 7 Confocal fluorescent
images of HeLa cells incubated
with THA- FITC nanoparticles
with concentrations (a)
100 μg.mL−1 (b) 300 μg.mL−1

and (c) 500 μg.mL−1 for 2 h.
Multilabelling laser scanning
confocal microscope of HeLa
cells incubated with THA- FITC
nanoparticles with concentration
300 μg.mL−1 for 2 h: (d) image
showing THA-FITC colour only
(e) image of cytoplasm
illuminated with red dye and (f)
overlaid image of HeLa cells.
(Reprinted with permission from
ref. [114]. Copyright 2011
American Chemical Society)

Fig. 8 In vivo MR images (a, b)
and the colour-mapped images (c,
d) of the transversal cross-
sectional images of the liver and
spleen of mice at pre-injection (a,
c) and at 60 min post injection of
HA:Gd nanorods at 15 mg/kg.
(Reprinted with permission from
ref. [140]. Copyright 2013,
Elsevier)
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nanorods were readily taken up by the mononuclear phago-
cytic systems (liver and spleen). The said nanorods are ex-
plored for SPECT imaging in vivo. The SPECT images also
revealed the uptake of the nanorods by the mononuclear
phagocytic systems.

Even though a number of magnetic HAP NPs were devel-
oped by doping with different magnetic label ions such as
Gd3+, Mn2+, Fe2+, Fe3+ etc. only few are found relevant in
imaging applications like MRI [142, 145] . This may be prob-
ably due to vast availability of other CAs (based on substrates
other than HAp) and the wide popularity of T1 CAs (contain
Gd) over T2 CAs (contain Fe). A number of the magnetic
HAp NPs are explored for other biomedical applications such
as targeted drug delivery, magnetic hyperthermia, biosensing
and theranostics [143, 144, 146, 148–150]. However, multi-
functional HAp NPs are extensively used in multimodality
imaging recently.

Multimodal imaging using luminomagnetic HAp NPs

Bifunctional HAp NPs that incorporate luminescence as well
as magnetism are highly promising bimodal or multimodal
imaging probes. HAp NPs doped with Eu3+ and Gd3+ is used
as a multi modal contrast agent for MRI, X-ray imaging and
NIR fluorescence imaging [151]. The said NPs exhibit hexag-
onal phase with spherical morphology and average particle
size is 30 nm. The nanotoxicity analysis of the NPs using
different type of cancer cells revealed excellent biocompati-
bility. The NPs are made suitable for receptor targeted imaging
by surface conjugation with folic acid. The T1MR contrasting
activity of the NPs is tested by using 1.5 TclinicalMRI system
by echo-spin method. The said NPs exhibited high longitudi-
nal realxivity (r1=12 s−1 (mM)−1) compared to commercial
Gd-DTPA complex. The NPs have nearly 80 % X-ray atten-
uation, which is suitable for X-ray imaging. The Eu3+ dopant
caused emission at 700 nm, which made the system adaptable
for NIR fluorescence imaging. It has been observed that

strontium substituted HAp (SHAp) has similar stoichiometry
to that of HAp and leads to enhancement of in vitro bioactivity
[166]. Aptamer caped Gd-doped luminescent andmesoporous
SrHAp NPs were successfully used as dual modal imaging
probe for fluorescence imaging and MRI, by virtue of their
blue autofluorescence and paramagnetism. The said NPs are
also useful for cancer cell responsive drug delivery [153].

Eu3+ and Gd3+ dual doped HAp nanorods fabricated by
microwave assisted synthesis were used as a multiple imaging
agent for MRI, photoluminescence (PL) and CT imaging
[154]. These biocompatible nanorods are highly useful for
drug delivery applications also. In vitro MR imaging studies
revealed the potential applicability of the system as a T1 con-
trast agent. The in vivo PL imaging capability of the nanorods
was demonstrated by the subcutaneous injection of the NPs to
mice at an optimum concentration of 1 mg. mL−1 per animal.
The mice were imaged and the obtained images (Fig. 9a
and b) clearly depicted the applicability of the nanorods
in PL imaging. It has been observed that the solution of
the said nanorods produced an intense red emission
(Fig. 9c).

For in vivo CT imaging the nanorods were injected to the
mice and the mice were imaged by a clinical CT. The in vivo
whole body images of the mouse before and after injection at
two different injection sites (back of the mouse and buttock of
the mouse) produced clearly distinguished CT signals. The
signals were obtained because of the attenuation of strong
X-rays by the nanorods.

HAp nano composite functionalized with up-conversion
(UC) luminescent and magnetic Na(Y/Gd)F4: Yb

3+,Er3+

nanocrystals were used as dual modal imaging probe in MRI
and UC luminescence imaging [157]. In vitro MR imaging
studies revealed the applicability of the said composite as T1
CAs. Upconversion luminescence microscopy was used to
detect the interaction of the MC 3T3-E1 cells with the com-
posite, under NIR laser excitation (980 nm) and the produced
images clearly proved the applicability of the said system in

Fig. 9 In vivo PL imaging of the
mice after subcutaneous injection
(a) without Eu3+/Gd3+−HAp
nanorods (b) with Eu3+/Gd3+
−HAp nanorods. (c) PL emission
images of Eu3+/Gd3+−HAp
nanorods at different
concentrations. The excitation
wavelength was 430 nm.
(Reprinted with permission from
ref. [154]. Copyright 2011,
Elsevier)
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UC luminescence imaging. These nanocomposites were also
used in drug delivery.

Calcium phosphate doped with indigocyanin green (ICG),
Gd and labelled with 99 m Technetium methylene
diphosphonate (99mTc-MDP) is employed as trimodal contrast
agent [155]. Here the fluorescence from ICG is explored for
NIR imaging, magnetism of Gd utilised for MRI contast and
99mTc-MDP is exploited for nuclear imaging. Multifunctional
Eu3+ and Gd3+ dual doped calcium phosphate vesicle like
nanospheres were employed for multimodal imaging (MRI
and NIR luminescence imaging) and sustained drug release
[156]. Recently, our research group developed a
luminomagnetic HAp nanocrystalline system by doping
HAp with paramagnetic label (Ho3+) and fluorescent label
(organic dye, FITC). The present system is employed in the
fluorescence imaging of cancer cells (HeLa cells) and can be
used for MRI contrast by exploring the luminescence of FITC
and magnetism of Ho3+ respectively [158].

Conclusion

The main objective of this review is to explain state-of-the -art
bioimaging applications of HAp based nanoprobes, especially
the luminescent and magnetic cellular imaging. HAp
nanocrystals can be doped with a variety of dopants like lan-
thanide ions or can be modified with other substrates and
reporter moieties to achieve desirable functional properties.
The HAp NPs functionalised in this manner can serve as po-
tential nanoprobes for cellular imaging. Based on the func-
tional properties that explored in bioimaging, HAp NPs are
conveniently grouped into luminescent, magnetic and
luminomagnetic HAp NPs. The studies on luminescent and
magnetic HAp NPs demonstrated their usefulness as potential
imaging probes in optical imaging and MRI respectively. The
luminomagnetic HAp NPs are good candidates for multimod-
al imaging, where two or more imaging modes are combined
to produce a synergistic effect in diagnostic imaging. The
functionalised HAp NPs proved their efficacy as potential
nanoprobes for targeted drug delivery. Even though several
reports on bioimaging applications of HAp based nanoprobes
are available, the exploration of HAp NPs as bioimaging
probe is least in comparison with other biomedical applica-
tions such as bone tissue engineering, nanomedicine and ca-
talysis. This is probably due to many challenges which hinder
the potential applications of HAp NPs as bioimaging probes.

The main challenge is the precise size and morphological
control of HAp NPs. Nanometric size with suitable range is
essential for the successful application in bioimaging as well
as drug delivery. A number of methods are available to syn-
thesise nanocrystalline HAp with different morphologies and
any of such method is not completely successful in offering
uniform size distribution and morphology. Cell viability

studies and toxicity analysis revealed excellent biocompatibil-
ity of HAp NPs. However, the effect of functionalised HAp
based nanoprobes for long time in vivo is still not known with
certainty and need much more systematic investigation. An-
other challenge is in designing the targeted multimodal imag-
ing system based on HAp. Factors like appropriate choice of
targeting moiety, conjugation method of the targeting moiety
and selection of surface coating materials for HAp should be
considered during the designing such systems. In designing
multimodal imaging systems including PET or SPECT, radi-
ation hazards should also be taken into account. The control of
pore size in mesoporous HAp NPs has a crucial role in
targeted drug delivery applications. More focus is needed to
address these challenges to develop highly promising HAp
based nanoprobes for imaging as well as drug delivery.

Most of the luminescent and magnetic HAp NPs are fabri-
cated by doping with lanthanide ion labels. Incorporation of
other fluorescent labels (organic dyes, gold nanoclusters, UC
phosphors etc.) and different magnetic labels (transition metal
ions) can enable the design and fabrication novel luminescent
as well as magnetic HAp nanoprobes. Derivatives of HAp,
like fluorine or strontium substituted HAp can also be
employed for the fabrication of bioimaging as well as drug
delivery nanoprobes in future.
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