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We report molecular functionalization of the promising manganite nanoparticles Lag 67519 33MnO;3
(LSMO) for their solubilization in aqueous environments. The functionalization of individual NPs with
the biocompatible citrate ligand, as confirmed by Fourier transform infrared (FTIR) spectroscopy,
reveals that citrates are covalently attached to the surface of the NPs. UV-VIS spectroscopic studies
on the citrate functionalized NPs reveals an optical band in the visible region. Uniform size selectivity
(2.6 nm) of the functionalization process is confirmed from high resolution transmission electron
microscope (HRTEM). In the present study we have used the optical band of the functionalized NPs to
monitor their interaction with other biologically important ligands. Forster resonance energy transfer
(FRET) of a covalently attached probe 4-nitrophenylanthranilate (NPA) with the capped NPs confirm
the attachment of the NPA ligands to the surface functional group (-OH) of the citrate ligand. The
FRET of a DNA base mimic, 2-aminopurine (2AP), with the NPs confirms the surface adsorption of
2AP. Our study may find relevance in the study of the interaction of individual manganite NPs with

drug/ligand molecules.

Introduction

Functionalization of magnetic nanoparticles is crucial for their
practical use in nanobiotechnology.' In particular, the use of
properly functionalized magnetic nanoparticles in clinical medi-
cine has intensified.*> With proper surface coating, these
magnetic nanoparticles can be dispersed into water, forming
monodisperse water-based suspensions.®® Formation of nano-
particles involving biological macromolecules is a very effective
route towards biocompatible magnetic materials.***> Mixed-
valent manganites have been recognized to be very useful magnetic
materials for their potential in colossal magnetoresistance®*'*
and spintronics.’ In recent times significant efforts have been
made to use manganite nanoparticles for prospective applica-
tions in cancer therapy involving the hyperthermal effect.’s In
this regard several attempts have been made to solubilize the
manganite nanoparticles in aqueous solution by biocompatible
macromolecules including dextran, bovine serum albumin and
fatty amines, resulting a suspension of the manganite nano-
particles in solution.'”-'® However, to date no attempt has been
made to functionalize individual manganite nanoparticles with
small biocompatible ligands. The individually functionalized
nanoparticles are important in order to study their interaction
with other biologically relevant ligand/drug molecules.'*°
Herein, we report the functionalization of one of the most
promising manganite nanoparticles (NPs), Lagg7Srg33MnO;
(called LSMO hereafter) with a biocompatible citrate ligand. The
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size selective solubilization of the functionalized NPs in aqueous
solution has also been demonstrated from HRTEM. UV-VIS
spectroscopic study of the functionalized NPs shows an intense
peak at the visible region as a consequence of electronic inter-
action of the citrate ligand with the surface atoms of the NPs. In
our studies we have exploited the visible band of the function-
alized NPs in order to study the interaction of the NPs with small
biologically relevant ligands namely 2-aminopurine (2AP) and
4-nitrophenylanthranilate (NPA). Picosecond time-resolved
Forster resonance energy transfer (FRET) studies on the ligands
with the functionalized NPs, confirm the dipolar interactions of
the ligands with the NPs and reveal the ligand binding sites of the
NPs in aqueous solution. The FRET distances from the attached
ligand to the host LSMO NPs also confirm the existence of the
isolated functionalized NPs in the aqueous solution.

Materials and methods

Trisodium citrate, 4-nitrophenylanthranilate (NPA), 2-amino-
purine (2AP), potassium bromide (KBr) and phosphate buffer,
were obtained from Sigma-Aldrich (USA) and were used as
received without further purification. All the aqueous solutions
were prepared in 10 mM phosphate buffer of pH 7 using water
from the Millipore system. The details of the preparation of
LSMO nanoparticles by using modified sol-gel technique are
described in the ESI.¥ The structural and magnetic character-
ization of the as-prepared nanoparticles are also described in the
ESI. The as-prepared LSMO nanoparticles were rendered water-
soluble using the reactivity of carboxylate group of citrate with
the Mn centre in LSMO, by two hours of extensive mixing using
the cyclo-mixer. The un-reacted NPs were filtered out.

Optical absorption of the resulting greenish-yellow solution
was measured with Shimadzu Model UV-2450 spectrophotom-
eter. Steady-state emissions were measured with a Jobin Yvon
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Model Fluoromax-3 fluorimeter. Picosecond-resolved fluores-
cence transients were measured by using a commercially avail-
able spectrophotometer (Life Spec-ps) from Edinburgh
Instruments, UK for 375 nm excitation (80 ps instrument
response function, IRF). For 300 nm excitation we used the third
harmonic laser beam of 900 nm (0.5 nJ per pulse) using a mode
locked Ti-sapphire laser with an 80 MHz repetition rate
(Tsunami, Spectra Physics), pumped by a 10 W Millennia
(Spectra Physics) followed by a pulse-picker (rate 8 MHz) and
a third harmonic generator (Spectra Physics, model 3980). The
third harmonic beam is used for excitation of the sample inside
the Time-Correlated-Single-Photon-Counting (TCSPC) instru-
ment (IRF = 50 ps) and the second harmonic beam is collected
for the start pulse. A JEOL JEM-2100 high-resolution trans-
mission electron microscopy (HRTEM) equipped with an energy
dispersive X-ray (EDAX) spectrometer was used to characterize
the particle size and individual structure of the water solubilized
NPs and to analyse their elemental composition. TEM samples
were prepared by dropping sample stock solutions onto a
300-mesh carbon coated copper grid and dried overnight in air.
A JASCO FT/IR-6300 spectrometer was used for the Fourier
transform infrared spectroscopy (FTIR) to confirm the covalent
attachment of the citrate molecules with the nanoparticle. For
FTIR measurements, powdered citrate—-LSMO samples were
mixed with KBr powder and pelletized. The background
correction was made by using a reference blank of KBr pellet.

By ligation with 4-nitrophenylanthranilate (NPA) chromo-
phore, we establish that there is a free citrate -OH group avail-
able for further functionalization, after capping the LSMO NPs.
Because NPA has an active p-nitrophenyl ester group that can
react with nucleophiles, it is expected to react with the free -OH
group of the citrate capped LSMO. In a 2 mL 0.50 M citrate—
LSMO solution, 250 uLL of 1 mM NPA (in acetonitrile) was
added at room temperature with stirring, in five aliquots with an
interval of 30 min. The yellow solution was filtered to remove the
side product p-nitrophenol and excess NPA. The filtered solution
was washed extensively by chloroform to remove excess soluble
NPA and the side product. A DNA base (adenine) mimic,
2-aminopurine (2AP) has been used to investigate non-covalent
surface adsorption of a ligand on the functionalized NPs. 2AP,
an analogue of guanine and adenine, is a fluorescent molecular
marker used in nucleic acid research.?! It pairs most commonly
with thymine as an adenine-analogue, but can also pair with
cytosine as a guanine-analogue,?* for this reason it is often used
in the laboratory for mutagenesis. Adsorption of 2AP to the
surface of citrate-LSMO was done by mixing 2AP ([2AP] =
20 puM) and citrate-LSMO, with a concentration ratio
[2AP] : [citrate—LSMO] = 1: 1000, for at least 2 h, and then
using this for FRET studies. Details of the picosecond time-
resolved FRET studies and the parameters involved in the
equations are described in the ESI.T Once the value of the Forster
distance (Ry) is known, the donor—acceptor distance (r) can be
easily calculated using the formula,

r* =Ryl — E)JE (D

Here E is FRET efficiency. The energy transfer efficiency is
measured using the relative fluorescence intensity of the donor in
absence (Fp) and presence (Fpy) of the acceptor. The efficiency E

is also calculated from the lifetimes under these respective
conditions (tp and Tpa):

E=1 - (Fpal/fp) (2a)

E =1~ (1paltp) (2b)

The distance measured using eqn (2a) and (2b) are expressed as
rss (steady state measurement) and rrg (time-resolved measure-
ment), respectively. The potential danger of using eqn (2a) for
the estimation of donor-acceptor distance has been discussed in
our earlier literature.”® We have used amplitude weighted

<t> =3 a;; lifetimes where «; is the relative amplitude
i

contribution to the lifetime 7;.

Results and discussions

To obtain direct evidence for the functionalization of LSMO
NPs, FTIR measurements were performed on both the as-
prepared and functionalized samples. The FTIR spectra of
LSMO NPs, citrate-LSMO conjugates and trisodium citrate are
shown in Fig. la. For trisodium citrate the characteristic bands
(centre of gravity at 1417 cm™') correspond to the symmetric
stretching of -COO~, at 1592 cm™' for the antisymmetric
stretching of -COO~,**?7 and at 3455 cm™' due to stretching
vibration of ~-OH?® are clearly shown in Fig. la(I). When the
citrate ligand bound to NPs surface (Fig. la(Il)) the antisym-
metric stretching of COO™ at 1595 cm™' almost remain same but
the symmetric COO™ stretching mode of citrate becomes red-
shifted and appears sharply at 1398 cm™'. It has been shown that
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Fig.1 (a)shows FTIR spectra of (I) pure tri-sodium citrate crystals, (I1I)
functionalized citrate-LSMO and (I1I) as-prepared bulk LSMO, recor-
ded with a KBr pellet. (b) shows UV-VIS spectra of citrate functionalized
LSMO NPs in solution.
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Mn remains in the form of Mn(1m) at the surface of LSMO NPs.*
The red-shifted symmetric COO~ stretching mode clearly
confirms the bi-dentate binding of two carboxylate oxygens with
the surface Mn** ions of LSMO NPs. In order to confirm that
Mn is the main interacting species, we have studied the interac-
tions of the citrate ligands with La,O; and LaMnOj;, which
reveals a visible band only for LaMnOj;. Our observation is
consistent with the fact that Mn is the main interacting species
which can interact with the ligand. It is also evident that the
position of —~OH stretching vibration of citrate remains same but
become more broaden after interacting with the NPs surface. So,
from FTIR study it is evident that the COO~ functional group/
groups present in citrate are covalently bonded to the NPs
surface and the remaining polar functional groups make the NPs
water soluble. Since LSMO is a stable oxide® in water and due to
the presence of citrate as capping agent, there will be no change
to the surface property of LSMO upon solubilization into water.

Fig. 1b illustrates the UV-VIS spectrum of the citrate capped
LSMO. A high intensity broad band centred at 430 nm is clearly
shown, along with a smaller band centred at 742 nm. The near
visible absorption of Lag¢Sro ;MnO; single crystal has been
reported in the literature,® to be at 1.75 eV (710 nm). The near
visible band with a peak at 1.75 eV is attributed to an e', (Mn**)—
e”,(Mn’") transition between states split by Jahn—Teller interac-
tion. The smaller band at 742 nm for citrate-LSMO arises
because of the above (d-d) transition and is shifted towards
lower energy (compared to Lag oSro ;MnOj single crystal at 710
nm) due to the presence of COO~ (of citrate), which is a low field
ligand compared to** O*~ (of LSMO). The origin of the high
intensity band at 430 nm is attributed to ligand (citrate) to metal
(Mn**) charge transfer (LMCT), and the transition occurs from
filled ligand p orbitals to empty metal (Mn**) 3d orbitals.3*33

The magnetic properties of citrate-LSMO were studied by
using standard field dependent magnetization measurements.
The starting as-prepared NP is a room temperature ferromag-
netic material.3! The details of the magnetic measurements of the
as-prepared bulk NPs are described in the ESI.t The M(H) curve
of the functionalized NPs in water at room temperature and at 80
K shows a linear behaviour with low magnetization values,
indicative of paramagnetic behaviour. So, the ferromagnetic NPs
(as-prepared) become paramagnetic upon size selective (av. 2.6
nm) functionalization (see below) and consequent solubilization
by citrate ligand.?***

Fig. 2a represents the TEM image of the solubilized citrate—
LSMO NPs. The image reveals that the solubilized NPs are
almost spherical in shape and follow a uniform size distribution.
The average sizes of the solubilized NPs, as estimated from the
TEM image, has been found to be 2.6 nm. The corresponding
HRTEM image (upper inset of Fig. 2a) confirms the crystallinity
of the NPs in their structure. The interplanar distance of the
fringes is measured to be about 0.29 nm, corresponding to the
distance between (104) planes of the LSMO crystal lattice. The
selective area electron diffraction (SAED) pattern simulta-
neously obtained from the TEM measurements (lower inset of
Fig. 2a) suggests the single crystalline structure of citrate—
LSMO. The elemental composition of the -citrate-LSMO
conjugates was examined using an EDAX spectrometer attached
to TEM operated at 200 kV. EDAX spectrum (Fig. 2b) of the
solubilized NPs confirms the presence of La, Sr and Mn as

Fig. 2 (a) TEM image of citrate-LSMO NPs, upper inset shows
a HRTEM image of the crystalline structure of citrate-LSMO NPs, lower
inset shows the selective area electron diffraction (SAED) pattern of the
citrate-LSMO NPs. (b) shows EDAX spectrum of the citrate-LSMO
NPs, an FFT image of the funtionalized NPs is shown in the inset.

elemental composition. The image in the inset of Fig. 2b repre-
sents the corresponding fast Fourier transform (FFT) pattern.
The direct bonding of citrate ligands to the LSMO NPs
surfaces ensured that the overall size of the NPs remain small,
with a thin solubilizing shell. The ~OH functional groups of
citrate-LSMO  were labelled covalently with 4-nitro-
phenylanthranilate (NPA) chromophore®*® and an efficient
FRET occurs. The chromophore, NPA, has an active p-nitro-
phenyl ester group that can react with nucleophiles.? NPA was
reacted with the hydroxyl groups of the citrate ligands anchored
on the LSMO NPs surface, where the hydroxyl groups have been
used as nucleophiles. Fig. 3a reveals a huge spectral overlap
between the emission spectrum of citrate-NPA (donor) and the
absorption spectrum of citrate—-LSMO (acceptor) suggesting an
efficient Forster resonance energy transfer (FRET) between the
donor and acceptor. Inset of Fig. 3b, represents the steady state
photo-luminescence (PL) spectra of both citrate-LSMO-NPA,
and citrate-NPA and it is found that the NPA emission
undergoes drastic quenching in presence of the LSMO NPs, that
clearly indicates the energy transfer occurs between the chro-
mophore (NPA) and the nanoparticles. We further confirm the
FRET, measuring the excited state lifetime of NPA from pico-
second time-resolved study. Fig. 3b shows the picosecond time-
resolved PL transients of citrate-NPA and citrate-LSMO-NPA
at 450 nm. The picosecond time-resolved fluorescence decay of
citrate-NPA (donor) revealed multi exponential time constants
of 0.99 ns (21%), 7.16 ns (32%), 0.07 ns (46%) giving an average
time constant (<t>) of 2.53 ns as shown in Table 1. For the
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Fig. 3 (a) shows the spectral overlap between donor (citrate-NPA)
emission and acceptor (citrate-LSMO) absorption, (b) shows quenching
of the donors excitation lifetime in the presence of the acceptor, inset
shows steady-state quenching of the donor emission. An excitation
wavelength of 320 nm and 375 nm is used for steady state and time
resolved experiments, respectively.

donor—acceptor system (citrate-LSMO-NPA) the time
constants obtained as 0.94 ns (20%), 5.14 ns (10%) and 0.08 ns
(69%) giving an average time constant (<t>) of 0.75 ns (Table 1).
The substantial shortening in the NPA fluorescence lifetime upon
conjugation with NPs indicates conclusively that efficient FRET
occurs from the NPA donor to the citrate-LSMO acceptor. We
have estimated the extinction coefficient (3827.58 mol™' cm™') of
the acceptor Ci-LSMO using the UV-VIS absorption (at 430 nm)
of the functionalized NPs in water. Taking quantum yield of
NPA?% in absence of acceptor as 0.51 and based on the spectral

Table 1 Fluorescence lifetimes (7;), FRET efficiency from time resolved
experiment (Etr), FRET efficiency from steady state experiment (Esg),
donor-acceptor distance from time resolved experiment (rrr) and steady
state experiment (rss). Numbers in parentheses in the lifetime column
signify the relative percentage of the components in the total lifetime, 7,
is the average lifetime

Err Ess

Systems Lifetimes/ns (%)  rrr/mm (%)  rgg/nm
Citrate-NPA 71 =099 21%) — — — —

T, = 7.16 (32%)

13 = 0.07 (46%)

Tay = 2.53
Citrate-LSMO-NPA 1; = 0.94 (20%) 70.00 2.51 80.00 2.31

7, = 5.14 (10%)

73 = 0.08 (69%)

Tay = 0.75
Citrate-2AP 7, = 8.03 (100%) — — — —
Citrate-LSMO-2AP = 10.50 (14%) 80.60 2.24 96.00 1.66

T =
7, = 0.11 (86%)
Tyy = 1.55

overlap, we have estimated a FRET efficiency of 70% in our
FRET system using eqn (2b). The calculated Forster distance Ry,
for the NPA—(citrate-LSMO) complex is 2.90 nm. The donor—
acceptor distance (r) calculated using eqn (1) is 2.51 nm (Table 1).
The distance is consistent with the covalent attachment of NPA
ligand with —OH group of the citrate at the surface of LSMO
NPs.

Fig. 4a shows the spectral overlap between the emission
spectrum of citrate-2AP (donor) and the absorption spectrum of
citrate-LSMO (acceptor) suggesting the possibility of efficient
Forster resonance energy transfer (FRET) between the donor
and the acceptor, when 2AP becomes adsorbed at the surface of
the citrate-LSMO NPs. Inset of Fig. 4b represents the steady
state photo luminescence (PL) quenching of the donor (citrate—
2AP) in presence of LSMO NPs. Picosecond time- resolved PL
transients (Fig. 4b) of both donor and donor—acceptor systems
monitored at 400 nm, shows significant shortening in the 2AP
fluoresence lifetime upon adsorption at the NPs surface. The
picosecond time-resolved fluorescence decay of citrate-2AP
(donor) revealed single exponential time constant of 8.03 ns. For
the donor-acceptor system (citrate-LSMO-2AP) the time
constants are obtained as 10.5 ns (14%), 0.11 ns (86%) giving an
average time constant (<t>) of 1.55 ns (Table 1). The extensive
quenching in the 2AP fluorescence lifetime upon surface
adsorption conclusively indicates that efficient FRET occurs
from the 2AP donor to the citrate-LSMO acceptor.

Taking quantum yield of 2AP* in absence of acceptor as 0.66
and based on the spectral overlap, here also we have estimated
a FRET efficiency of 80.60% using eqn (2b). The measured
Forster distance, R, for the (citrate-LSMO-2AP) complex is
2.84 nm. The donor-acceptor distance (r) calculated using eqn
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Fig. 4 (a) shows the spectral overlap between donor (citrate—2AP)
emission and acceptor (citrate—-LSMO) absorption, (b) shows quenching
of the donors excitation lifetime in the presence of the acceptor, inset
shows steady-state quenching of the donor emission. An excitation
wavelength of 300 nm is used for both experiments.

This journal is © The Royal Society of Chemistry 2010
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Citrate

Scheme 1 Functionalization of the manganite nanoparticles (NPs) with
citrate ligands is shown. Covalent attachment of the fluorescent probe
NPA and non-covalent adduction of one of DNA base mimics 2AP are
also shown. The efficient energy transfer (FRET) from the fluorescent
ligands to the NPs and corresponding donor-acceptor distances is also
indicated.

(1) is 2.24 nm (Table 1), which indicates a very high efficiency of
energy transfer and clearly supports the idea that 2AP was in
close proximity to the solubilized LSMO NP surface. Despite the
fact that the area integral of the donor—acceptor overlap (J value)
is much larger for NPA, 2AP shows more efficient energy
transfer. As the rate of energy transfer strongly depends upon the
donor-acceptor distance (kgrgr ®© 1/r6), 2AP (r = 2.24 nm)
shows more efficient energy transfer with the functionalized NPs
than NPA (r = 2.51 nm). It has to be noted that the fluorescence
quenching mechanism of 2AP and NPA could be due to electron
transfer in the system, which normally demands surface-to-
surface contact of the donor and acceptor.****! However in our
system the donors are separated (~1 nm) from the surface of the
acceptor NPs. Moreover, there are several reports regarding the
fluorescence quenching of 2AP caused by charge transfer with
other DNA bases, however the associated fluorescence life times
are much shorter (21-35 ps)34243 compared to an observed value
of 110 ps (Table 1). Again NPA is a well known resonance energy
transferring probe®*”* and there is no report of electron transfer
or charge transfer involving NPA. The overall picture that is
revealed from our studies is schematically shown in Scheme 1.
It has to be noted that a number of applications of the FRET
model in the dye-nanoparticle system have been evidenced in
recent literature.*>*” Rationalization of the nonradiative energy
transfer from fluorescent ligands to the nanoparticles is also
tricky, as the measured distances are often comparable to the
diameter of the nanoparticles, and a more appropriate model is
nano surface energy transfer (NSET*¥). However, the physical
parameters [Fermi frequency (wy) and Fermi wavevector (k) of
acceptor metal NPs] to incorporate the NSET model in the
present system are not available in the published literature.

Conclusions

In summary, we have functionalized individual LSMO nano-
particles (NPs) by using citrate ligands as capping agents. While

FTIR spectroscopy confirms the covalent attachment of the
citrate ligand to the surface of the NPs, UV-VIS spectroscopy
reveals strong electronic interaction of the ligands with the
electronic states of the NPs, resulting in a strong absorption band
in the visible region. The uniform size selection (av. 2.6 nm) upon
functionalization of the LSMO NPs in the aqueous solutions has
been confirmed from HRTEM. The magnetic property of the
NPs in aqueous solutions shows significant change compared to
that of the as-prepared material. The FRET from a covalently
attached ligand NPA to the core of the NPs reveals a distance of
2.51 nm, indicating the covalent attachment of the fluorescent
ligand with the ~OH functional group of the capped citrate—
LSMO. A fluorescent analogue of adenine, 2AP also shows
drastic quenching of its excited state lifetime in presence of the
solubilized NPs and the calculated FRET distance (2.24 nm)
indicates its surface adsorption at the NPs. The functionalized
manganite NPs may find applications in the field of nano-
biotechnology, as the solubilizing layer (citrate) provides
multiple functional groups (hydroxyl and carboxylic acids) for
covalent conjugation with other biological macromolecules such
as small peptides, DNA, RNA and biocompatible polymers etc.
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