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Abstract Hydroxyapatite nanocrystals (HAp NCs) were pre-
pared that contain both a fluorescent label (fluorescein) and
the paramagnetic label Ho®" ion. Synthesis was performed by
a surfactant-free aqueous method using commonly available
precursors and dopants. The resulting HAp NCs display a
spindle like hexagonal phase morphology. Their average diam-
eter and length are 10 and 60 nm, respectively. The
photoluminescence of the HAp NCs displays substantial vari-
ation with concentration of the fluorophore. The co-dopant
Ho®" endows the nanocrystals with paramagnetism and has
little effect on the luminescence of the fluorescent label. The
surface of the nanocrystals was coated with polyethyleneimine
and the resulting particles were covalently conjugated to folic
acid in order to enable targeting of the folate receptor that is
over expressed in cancer cells. The HAp NCs are biocompatible
as proven by an MTT assay that revealed no apparent toxicity
in doses as high as 800 g mL ™" after a 48 h incubation period.
The HAp NCs were used as a fluorescent bioimaging probe for
in vitro imaging of HeLa cells. The characterization of the
magnetic properties indicates the paramagnetic nature of the
nanocrystals with a magnetization of 7.3118 emu g ', and this
property makes the system potentially suited for application as a
Ho>" based contrast agent for T2 magnetic resonance imaging.
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Introduction

Hydroxyapatite (HAp,Ca;o(PO4)s(OH),) is a green natural
material with good biocompatibility, biodegradability,
bioresorability, osteogenesis, osteoconductivity and
osteoinductivity. HAp is the most important constituent of
biological tissues such as bone and teeth. It is favoured in
many biological applications and plays inimitable role in the
field of bone tissue engineering [1, 2]. The design and syn-
thesis of multifunctional nano systems with high biocompat-
ibility are very significant for clinical applications. Several
bifunctional luminomagnetic nanocrystals based on HAp
have been fabricated and adapted for biological applications
including theranostics and multimodal imaging. In majority of
such systems, lanthanide dopants offer luminescence and
magnetism. For instance, Eu or Tb doping offers lumines-
cence and Gd offers magnetism to such systems [3—6].

Ho’" (magnetic moment 10.6 uB), the paramagnetic lan-
thanide ion with highest magnetic moment is seldom used to
obtain luminomagnetic nanoparticles and '®®Ho doped HAp is
employed for radiosynovectomy applications [7]. Several Ho-
doped nanocrystals were developed and most of them focused
on the upconverting luminescence properties and related bio-
logical applications [8—12]. In this context, our aim is to
develop Ho**doped luminomagnetic HAp NCs for biomedi-
cal applications. Ho®" doping can provide substantial para-
magnetic properties to HAp NCs. Innovations revealed that
Ho®* as such is luminescent and the near infrared Ho>" lumi-
nescence in solution is exceedingly weak with a quantum
yield of 107°. This low quantum yield limits the luminescent
bioanalytical applications of Ho®" doped nanocrystals
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[13—15]. Thus an additional fluorescent label is required to
develop Ho ** doped luminomagnetic HAp. Lanthanide ions
such as Eu, Tb etc. have interesting luminescence properties
are generally employed in bioimaging [16] and water dispers-
ible fluoridated HAp: Ln®>" (Ln = Eu or Tb) luminescent
nanoparticles are successfully employed in cell imaging
[17]. Surface PEGylated fluoridated hydroxyapatite with Eu
or Tb dopants also used in cellular imaging [18]. Tb*>" alone
can act as a fluorescent label for cellular imaging applications
[19]. However, Ho>" act as a quencher of lanthanide lumines-
cence during down conversion and hence another choice is
organic fluorophores. Organic dyes however, suffer from lack
of photostability and are prone to photobleaching due to
solvent effect. The photobleaching can be reduced by the
encapsulation of the dye inside a rigid matrix [20, 21]. Here
we select the organic fluorescent label fluorescein isothiocy-
anate (FITC), which is extensively utilised in bioimaging due
its desirable spectral characteristics [22]. HAp nanocrystals
functionalised with FITC were synthesized and used in cancer
cell imaging [23].

We describes a facile surfactant free wet chemical method
to develop luminomagnetic FITC and Ho** dual-doped HAp
NCs as well as the successful application of the obtained
system in the in vitro cancer cell imaging of HeLa cells
through suitable surface conjugation using folic acid (FA).To
the best of our knowledge, the present system is the first Ho*"
doped HAp based luminomagnetic system for bioimaging.

Materials and methods
Chemical and reagents

Calcium hydroxide (Ca(OH),) and Ortho-phosphoric
acid(H3POy4) were purchased from Spectrum(www.
spectrumchemicals.com). Ammonium hydroxide (25 %
NHj3) was purchased from Qualigens (www.
qualigensfinechemicals.com). Holmium nitrate (Ho(NOs);.
5H,0), solid FITC, Poly ethyleneimine (PEI, MW 25 kDa),
Folic acid, N-(3-dimethylaminopropyl)-N’-ethylcarbodiimide
(EDC) and N-hydroxy succinimide (NHS) were purchased
from Sigma-Aldrich (www.sigmaaldrich.com). Human
cervical cancer (HeLa) cells and MCF-17 cells were procured
from NCCS, Pune, India (www.nccs.res.in). The phosphate
buffer (pH 7.4) was prepared freshly. All chemicals were used
as received without further purification. Deionised water was
used in the experiments throughout.

Apparatus
Powder X-ray diffraction (XRD) was obtained on wide angle

X-ray scattering, using a Bruker AXS D8 Advance X-ray
powder diffractometer (www. bruker.com) and the source of
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X-ray used is CuKx radiation(A =1.5406 A). Energy
dispersive X-ray spectrum (EDX) was recorded using
JEOL Model JED-2300 spectrometer (www.jeol.com).
Scanning electron microscopy (SEM) images were taken
using JEOL Model JSM-6390 LV scanning electron mi-
croscope. Atomic force microscopy (AFM) images were
taken by using a Bruker Dimension Edge atomic force
microscope. High resolution transmission electron micro-
scope (HRTEM) images were acquired with a FEI Tecnai
T 30 (www.fei.com) transmission electron microscope,
operating at 300 kV of acceleration voltage. Room
temperature photoluminescence (PL) of all the samples
were studied using Jasco FP-750 spectrofluorometer
(www.jascoinc.com). The magnetic properties (M-H
curve) were measured at room temperature using a
Lakeshore VSM 7410 (www.lakeshore.com). Fourier
transform infrared (FTIR) spectra were recorder with a
Shimadzu IR Prestige 21 spectrometer (www.shimadzu.

com) and the scanning range is from 4004000 cm .

Synthesis of FITC and Ho®* dual-doped HAp nanocrystals

FITC-Ho®>*-HAp nanocrystals were synthesised by a
reported protocol with adequate modifications [6]. In a
typical surfactant free aqueous wet chemical procedure,
20 mL of 0.5 M Ca(OH),(10 mmol) is heated to
100 °C in a 250 mL beaker, to which 20 mL of
0.3 M(6 mmol) ortho-phosphoric acid was added and
stirred. After 5 min, 3 mL of 0.1 M (0.3 mmol) holmi-
um nitrate, Ho(NO3)3.5H,O was added drop-wise at the
rate of 500 pL min ', with continuous stirring over a
period of 2 h at 80 °C and the pH was maintained at
7.4 using 1 M NH4OH throughout the reaction. 4 mg
(0.01 mmol) of solid FITC is then added to the reaction
mixture and stirred for another 3 h without heating, in
the dark. The reaction mixture is then incubated at room
temperature overnight, centrifuged and washed three
times with hot distilled water. It was then dried, pow-
dered using mortar and pestle and stored. Similar pro-
cedure repeated with varying amounts of dopants.

Synthesis of surface aminized FITC-Ho®*-HAp nanocrystals

The surface aminization is carried by using poly
ethyleneimine (PEI). In a typical procedure, 10 mg of the
FITC-Ho®"-HAp nanocrystals were taken in 50 mL RB flask
and 10 mL of 0.01 % PEI (MW 25 kDa) were added and
stirred for 12 h. After the reaction, the sample was centrifuged
and washed with distilled water twice to remove the uncon-
jugated polymer. The resultant surface aminized nanocrystals
were suspended in phosphate buffer.
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Folic acid (FA) conjugation of surface aminized
FITC-Ho®"-HAp nanocrystals

The covalent binding of FA to the surface aminized FITC-
Ho**-HAp nanocrystals was conducted using a modified
N-(3-dimethylaminopropyl)-N’-ethylcarbodiimide (EDC)/N-
hydroxy succinimide (NHS) reaction, in which FA, EDC
and NHS are used in the optimized molar ratio 1:1:2.5
[24]. In a typical procedure amine reactive and ester
activated FA was prepared by reacting 5 mg (1.1x
10° mmol) FA and 2.2 mg (1.1x107° mmol) EDC in
7 mL deionised water for 30 min in the dark at room
temperature. 3.2 mg (2.75x107° mmol) NHS was then
added to EDC-FA system and stirred well for 6 h under
same condition. The obtained FA-NHS ester was reacted
with 10 mg of surface aminized FITC-Ho’'-HAp
nanocrystals in phosphate buffer at pH 7.4 for 3 h at
room temperature, which resulted in FA conjugated sur-
face aminized FITC-Ho’*-HAp nanocrystals.

Cytotoxicity of FA conjugated surface aminized
FITC-Ho>"-HAp nanocrystals

In vitro cytotoxicity was measured by performing meth-
yl thiazolyl tetrazolium (MTT) assays on human cervi-
cal cancer HeLa cells. Cells were maintained in culture
in DMEM under standard culture conditions. 1x10*
cells/well were seeded in 96 well plates and allowed
to attach. After attachment, medium containing different
concentrations (10, 20, 30, 40 and 50 pg mLfl) of FA
conjugated surface aminized FITC-Ho’'-HAp
nanocrystals were added and incubated for different
time intervals (I, 2 and 4 h). After incubation, the
medium was removed and supplemented with fresh me-
dium containing MTT and incubated for 4 h. After
removing the medium containing MTT, the formazan
crystals formed were solubilised in DMSO and the
absorbance was measured at 570 nm. Same procedure
repeated with high concentration (800 pgmL™') of the
nanocrystals for different incubation time (12, 24 and
48 h).

Fluorescent microscopic studies for folate receptor targeted
imaging

HeLa cells were seeded on 96 well plates and maintained
in culture for 24 h for attachment. After removing the
unattached cells, medium containing 50 ugmL™" of FA
conjugated surface aminized FITC-Ho®*-HAp nanocrystals
were supplemented and incubated for another 4 h. After
removing the excess nanocrystals, images were captured
using a Live Cell Bioimager (BD pathway TM Bioimage
System, BD Biosciences).

Results and discussion
Choice of materials

In order to design and fabricate a new biocompatible nano-
system based on HAp, separate luminescent and paramagnetic
labels are selected as dopants. The magnetism aims at the
potential use of the system as MRI contrast agents. As a T1
contrast agent, Gd>" based nanosystems are widely explored.
Hence the paramagnetic lanthanide ion Ho®" with high mag-
netic moment than Gd** is selected and Ho*" can offer T2
contrast property as well. The luminescence of the system
aims at bioimaging and lanthanide ion labels are widely used
to provide luminescence. However Ho>" markedly quenches
the luminescence of Eu®* and Tb>" during down conversion.
Thus organic dyes are considered and FITC is selected as
fluorescent label due its promising fluorescence and wide
applicability in bioimaging. The luminescence and magnetism
together make the system adaptable for bimodal imaging.

Fabrication of FITC- Ho>*- HAp nanocrystals

Several synthetic methods have been developed for the fabri-
cation of monodispersed HAp NCs with and without dopants.
The structural diversity, crystallinity, phase purity, Ca/P ratio
and size of the HAp NCs depends on the synthetic procedure
adopted [25]. Here we employed an already reported surfac-
tant free aqueous wet chemical synthesis with suitable modi-
fication [6]. During the synthesis, the first dopant Ho®" is
added at a rate of 500 pL min ' and after which the second
dopant FITC was added with vigorous stirring at an optimum
pH of 7.4 throughout the reaction. This controlled and sepa-
rate addition of the dopants enhances the doping efficiency
and associated functional properties. The addition of the sec-
ond dopant FITC and subsequent reaction was carried out in
the dark at room temperature, which effectively prevents the
photobleaching of FITC.

As a result of doping, the free sites in the crystal lattice of
HAp are occupied by dopants. This resulted in the slight
distortion of lattice structure of HAp. However, the stoichi-
ometry of HAp remains unaltered during doping. The inter-
action between the organic dye and HAp is probably through
the dipolar interaction between polar groups of the dye with
that of HAp. There is no covalent bond formation between
FITC and HAp, which is inferred from the IR spectra.

Characterisation of FITC- Ho> - HAp nanocrystals

X-Ray powder diffraction studies were carried out with per-
fectly dried and finely powdered FITC- Ho>*- HAp
nanocrystals. The XRD pattern obtained is shown in Fig. 1a.
The observed diffraction peaks clearly reveals the crystalline
nature of the sample. The data obtained are consistent with the

@ Springer



1216

S.S. Syamchand et al.

800
700
600 -
500
400
300
200
100+

(211)

(002)
(102)

Counts

—_—
> (210)

40 50 60

20(degree)

20 30

Counts

TaKa

Atom?
13.37
20.24

27.9
37.47

1.03

100

Element
CK
O K
P K
CakK
HolL
Total

(keV)
0.277
0.525
2.013

3.69
6.719

Mass%
5.32
10.72
28.61
49.73
5.62
100

PKat

HoMr

b
b

HoMa
r—CaKi
HoLa

3
S
z

i
[~
S
=

|
P —HoLb

| FToLbz

.
1.00 2.00 3.00 4.00 5.00 6.00 7.00 8.

KeV

—==HoL}

=

3

=
|
9.

|
.00 10.00

=3

0

Fig. 1 a X-diffraction spectrum and b Energy dispersive X-ray analysis spectrum of FITC-Ho®*-HAp nanocrystals

values in the JCPDS (09-0432) database for hexagonal
Ca;o(PO4)s(OH), in P63m space group. The lattice constants
of FITC- Ho>*- HAp nanocrystals were slightly deviated from
undoped HAp NCs and it is attributed to the distortion of the
HAp lattice structure in the presence of the dopants. Moreover
the broad nature of the peaks suggests the formation of
nanosized particles, because the peak broadening was normal-
ly caused by the finite size effect of the crystallites below a
certain limit.

The chemical purity and elemental compositions of FITC-
Ho*"- HAp nanocrystals were tested by energy dispersive X-
ray (EDX) analysis. The EDX spectrum of a typical HAp
nanocrystal synthesized by adding 3 % Ho®" and 0.4 % of
FITC (with respect to concentration of calcium) is shown in
Fig. 1b and the spectrum displays elemental peaks related to
Ca, P, O, C and Ho. This result confirms the detectable levels
of dopants within HAp matrix and the atomic percent of the
elemental dopant Ho®" is found to be 1.03.

AFM images of the FITC- Ho>'- HAp nanocrystals are
shown in Fig. 2a and b. The images were taken in the tapping
mode. From the 3D height sensor image (Fig. 2a), it is clear

Fig.2 AFM image (a) 3D height
sensor image and (b) phase image []
of FITC-Ho**-HAp nanocrystals

-7.4nm
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that nanocrystals exhibit spindle like morphology with con-
siderable polydispersity.

From the AFM data, the average diameter and length of the
nanocrystals were obtained and the values are 26 nm and
65 nm respectively. The phase image (Fig. 2b) confirms that
the crystal size is in the nano regime. The surface morphology
of the nanocrystals was further investigated by SEM. The
SEM images of the finely powdered nanocrystals are shown
in electronic supplementary material (Fig. S1, Electronic
Supplementary Material, ESM).

The HRTEM images of the FITC- Ho>*- HAp nanocrystals
are shown in Fig. 3a. From the HRTEM, it is clear that the
nanocrystals exhibit spindle like morphology with structural
diversity and polydispersity.

The nanocrystals dimensions obtained from HRTEM are
more accurate and values are less than that obtained from the
AFM data. The average diameter and length are 10 nm and
60 nm respectively. The careful analysis of the image reveals
the existence of ordered lattice planes (marked portion of the
inset of Fig. 3a). The HRTEM image of FA conjugated surface
aminized FITC-Ho*"-HAp nanocrystals (Fig. 3b) confirmed

12.8°

250 nm
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Fig. 3 HRTEM image of (a)
FITC-Ho>*-HAp nanocrystals
(magnified image is shown in
inset) and (b) FA conjugated
surface aminized FITC-Ho>"-
HAp nanocrystals

100 1
——

the existence of the nanosized particles after conjugation with
FA.

Photoluminescence properties of FITC- Ho>*- HAp
nanocrystals

HAp NCs with different concentrations of FITC and fixed
concentration of Ho®>" were prepared by similar procedure.
The concentration of FITC and Ho®" were expressed with
respect to the concentration of calcium, which is initially used
for the synthesis of HAp NCs . The fluorescence emission
properties of all the samples were recorded at room tempera-
ture and the spectra obtained is shown in Fig. 4a. The
photoluminescence (PL) studies of the present system reveals
that the paramagnetic dopant Ho>" has little effect on the
emission properties of the fluorophore, FITC. However the
incorporation of the Ho®" ions causes a slight red shift, which
can be inferred by comparing the PL spectra of HAp NCs
doped with FITC alone (inset of Fig. 4a) and HAp NCs with
both FITC and Ho>". In the former case the emission maxima
is observed at 519 and in the latter case it is observed at
528 nm. The slight red shift confirms the incorporation of
Ho®" into the lattice structure of HAp NCs. The luminescence

100
| S—

emission intensity increases with increase in concentration of
FITC (from 0.1 to 0.4 %) and for a concentration of 0.5 % of
FITC, a marked quenching effect is observed with substantial
red shift. As the concentration of the dye increases the inter-
action between the neighbouring molecules also increases.
This interaction lowers excited state energy levels of the
molecules and causes a red shift. The decrease in intensity
observed at high concentration of FITC is due to the self-
quenching [22]. Thus the concentration of FITC for maximum
luminescence intensity is optimized as 0.4 %.

Magnetic properties of FITC- Ho**- HAp nanocrystals

The lanthanide ion dopant Ho®" ion imparts magnetism to
FITC-Ho®"-HAp nanocrystals. The magnetic properties of the
said nanocrystals were studied by using VSM. The room
temperature magnetisation (M-H) curve of HAp NCs synthe-
sized by using 3 % of Ho>* and 0.4 % of FITC (with respect to
concentration of Ca) is shown in Fig. 4b. The M-H curve
clearly indicates the paramagnetic nature of the nanocrystals
with a magnetization value of 7.3118 emu g~ '. Biocompatible
and paramagnetic nanoparticles are extensively used as con-
trast agents in MRI. Most of such contrast agents are based on

Fig. 4 a Fluorescence emission a 39 Ho™ and 0.1% FITC b
spectra of FITC- Ho™- HAp —— 3% Ho® and 0.2% FITC | 519 nm
nanocrystals (inset shows the 3% Ho™ and 0.3% FITC
spectrum of FITC-HAp —— 3% Ho™ and 0.4% FITC
nanocrystals without Ho®" 400d = 3% Ho™ and 0.5% FITC 5
dopant) and (b) the room temper- 6
ature magnetisation Vs = T
field (M-H) curve i o0 2
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= 3 ]
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= : v -6
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Scheme 1 Schematic illustration of surface aminization and FA conjugation of FITC-Ho>*-HAp nanocrystals

Gd (T1 contrast agents) and Fe (T2 contrast agents) [26].
Recently, T2 contrast agents based on paramagnetic lantha-
nide ions such as Dy, Ho, Tb and Er have been developed [27,
28]. The Dy*" and Ho>" have very short electronic relaxation
time due their highly anisotropic ground state and hence they
are efficient T2 contrast agents in intermediate and high
magnetic field strengths. The present system can be explored
for their potential application as holmium based T2 MRI
contrast agents.

Surface modification and FA conjugation of FITC-Ho®-HAp
nanocrystals

In order to make the FITC-Ho>*-HAp nanocrystals adaptable
for in vitro cancer cell imaging, they are surface aminized and
then conjugated with FA. The selection of FA is due to the fact
that it is a promising cancer targeting ligand that can targets
the folate receptors (FR) over expressed in most of the cancer
cells. Scheme 1 illustrates the surface aminization and FA
conjugation of FITC-Ho®*-HAp nanocrystals.

The surface aminization is carried out by coating with PEI,
which is an amine rich dendrigraft polymer. The obtained
surface aminized nanocrystals is then subjected to FA conju-
gation through the well established EDC coupling route using
FA, EDC and NHS in a specified ratio(1:1:2.5). In this meth-
od, the FA is made amine reactive by connecting with EDC,
which reacts with y-COOH group of FA to form a
succinimidyl ester. NHS was then added to get FA-NHS ester,
which is finally reacted with surface aminized nanocrystals to
get FA conjugated surface aminized FITC-Ho>"-HAp
nanocrystals and the FA conjugation is happened through
the amide linkage.

The surface aminization and FA conjugation steps were
analytically confirmed by using FTIR spectroscopy. Figure Sa
shows the FTIR spectrum of bare FITC-Ho> -HAp
nanocrystals. The bands at 3570 and 634 cm ™" are respective-
ly attributed to v(OH) stretching vibration and v(OH)
liberational vibration of hydroxyl group of the lattice. The
broad band around 3440 cm ! is assigned to hydrogen bonded
—O-H group in absorbed water. The weak bands at 1460 and
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877 cm ' are attributed to vibration modes of v,(CO5”") and
v3(CO5%) respectively. The carbonates are produced from
atmospheric CO,, during the course of the reaction. The band
at 1037 cm™ ' corresponds to 'v5 antisymmetric stretching of P-
O bond. The bands at 604 and 567 cm ™' is due to v, vibration
of O-P-O bond of phosphate group [29]. The incorporation of
FITC in HAp is indicated by the formation of a band at
3163 cm '(due to aromatic —OH group) and bands at
2333 cm', 2359 cm ' (characteristic of -N=C=S). FITC con-
tains an aromatic keto group and it can be manifested by a

(=n
1037

U T L T T T L T
4000 3500 3000 2500 2000 1500 1000 500
Wavenumber (cm)

Fig. 5 FTIR spectra of (a) FITC-Ho>"-HAp nanocrystals () PEI coated
FITC-Ho>*-HAp nanocrystals and (¢) FA conjugated PEI coated FITC-
Ho?"-HAp nanocrystals
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Fig. 6 MTT assay showing the a b
non-toxicity of (a) FA conjugated mlhr m2hr m4hr 100 -

- 34 120 90 2 z I
surface aminized FITC-Ho™ " -

HAp nanocrystals and (b) FA
conjugated surface aminized
FITC-Ho>*-HAp nanocrystals at
high concentration of

800 pg mL™"

% of viable cells

0 10 20 30
Concentration (ug.mL?)

peak near 1700 cm'. In the present spectrum this peak is
merged with acidic carbonyl peak at 1697 cm ™' and v, bend-
ing band of H,O to form a broad peak at 1640 cm'. The
functional group peaks of HAp as well as FITC remain intact
and this is a clear indication of the fact that there is no covalent
linkage between FITC and HAp.

The FTIR spectrum of PEI coated FITC-Ho®'-HAp
nanocrystals (Fig. 5b) contain characteristic bands at
1475 ¢cm™' (bending vibration of C-H bond),
1575 cm '(bending vibration of N-H bond of primary and
secondary amine), 2852 cm ™' and 2924 cm™" (both due to C-
H stretching). PEI is a dendrigraft polymer with primary
(25 %), secondary (50 %) and tertiary amine (25 %) moieties
[30]. It forms electrostatic interpenetrating linkages with HAp
at the surface. As the peaks for the functional groups of HAp
and PEI remain intact in the IR spectrum, there is no evidence
of covalent linkage between PEI and HAp. As a result of PEI
coating, a thin shell is formed on the surface of HAp [31].

The FTIR spectra of FA conjugated PEI coated FITC-
Ho®*-HAp nanocrystals (Fig. 5¢) contain characteristic bands
of FA at 3416 cm ™' (N-H stretching of amines), 3321 cm ™ '(N-
H stretching of amides) and 1612 cm™ ' (stretching vibration of
C=0 in amide linkage). Thus the FIIR study confirms suc-
cessful surface aminization and subsequent FA conjugation.

Cytotoxicity of FA conjugated surface aminized
FITC-Ho®"-HAp nanocrystals

In order to explore the immense application of nano particles
in the field biomedical imaging, the bio compatibility of the
particles under consideration should be ensured. Before the
usage of FA conjugated surface aminized FITC-Ho>"-HAp

Fig. 7 Fluorescent microscopic
images showing the interaction of
FA conjugated surface aminized
FITC-Ho**-HAp nanocrystals
with HeLa cells (a) phase contrast
image (b) fluorescent image and
(c) merged image

% of viable cells
w
o

40 50

12 hr 24 hr

Incubation Time

48 hr

nanocrystals as bioimaging probes, their toxicity is tested
using MTT assay in HeLa cells. The said nanocrystals were
found to be nontoxic up to 50 ug mL ™" for 4 h incubation and
the results are given in Fig. 6a. The toxicity is also tested at
high concentration of the nanocrystals (800 g mL ") for high
incubation time (12, 24 and 48 h) and the results again proved
their non toxic nature (Fig. 6b).

The effect of FA conjugated surface aminized FITC-
Ho’*-HAp nanocrystals on the morphology of MCF-7
cells were also tested using standard procedures and the
results are given in electronic supplementary material
(Fig. S2, ESM). The results indicated that up to
800 pg mL™'concentration, the morphology of the cells
remains the same. On the basis of the MTT and cell
morphological analysis, it can be inferred that the said
nanocrystals are biocompatible and nontoxic to live
cells and hence promising candidates for bioimaging.

Folate receptor targeted in vitro cancer cell imaging

The receptor targeted delivery of FA conjugated surface
aminized FITC-Ho®"-HAp nanocrystals on HeLa cells was
studied by incubating the nanocrystals for 4 h and the fluo-
rescence is monitored by a fluorescence microscope. The
images obtained are shown in Fig. 7a, b and c.

The studies revealed that the said nanocrystals were able to
recognise the cell surface folate receptor and appeared as
green fluorescence around the plasma membrane. The cell
imaging is through the specific interaction between FA and
the FR on the cell surface [32]. Thus the said nanocrystals
were successfully employed as a bioimaging probe in the
in vitro cancer cell imaging.
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Conclusion

Luminomagnetic FITC and Ho®" dual- doped HAp nano
crystals with spindle like morphology have been synthesised
by wet chemical method without the aid of surfactants. The
nanocrystals were characterised and their luminescent and
magnetic properties were explored. The variation in lumines-
cence observed with the change in concentration of the
fluorophore (FITC) was studied and the concentration for
which, maximum luminescence intensity is optimised.
Except marginal red shift, the Ho** doping does not influence
the luminescence intensity of nanocrystals. The Ho** doping
imparts paramagnetism to the system. The prepared
nanocrystals were surface aminized by PEI coating and con-
jugated with FA. The nanocrystals were analysed for toxicity
through MTT assay and the effect of nanocrystals on cell
morphology were also tested. The result revealed that the
nanocrystals are nontoxic as well as have no effect on mor-
phology of cells even at high concentration of 800 pg mL ™.
The FA conjugation enabled the nanocrystals to target cancer
cells through FA-FR interaction. The luminomagnetic
nanocrystals were successfully employed in the in vitro cell
imaging of HeLa cells. In future, the magnetic properties can
be explored for the potential use of the nanocrystals as Ho-
based MRI contrasting agents and the present system can also
be employed for targeted drug delivery.
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