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a b s t r a c t

Dopamine conjugated protoporphyrin, PPD, was prepared by the coupling reaction of protoporphyrin IX
and dopamine in the presence of dicyclohexylcarbodiimide (DCC) and N-hydroxysuccinimide (NHS) in
DMF. The crude product was washed with ethanol–cyclohexane (1:1) mixture to remove dicyclohexy-
lurea (DCU). Previously prepared Fe3O4 nanoparticles were coated with PPD (sub-7 nm monosize) by
sonication in the methanol. The porphyrin coated Fe3O4 nanoparticles, PPDNP were separated by perma-
nent magnet. The microstructure and magnetic properties of magnetic nanoparticles were characterized
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by XRD, TEM, FT-IR, and VSM. It is found that the nanoparticles have high crystallinity with distinct lat-
tices and the magnetic measurements reveal their well-defined superparamagnetic behavior at room
temperature.
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. Introduction

Protoporphyrin (PpIX) is the most reactive molecule among
he porphyrinic photosensitizers towards to conjugate formation
hich is commonly used in photodynamic therapy (PDT) [1]. An

pproach to PDT of cancer, in preclinical and clinical studies, is
ased on the endogenous accumulation of protoporphyrin IX used
s a precursor photosensitizer. Among them, protoporphyrin IX
which is a natural precursor of heme) as photosensitizer, binds to
hit protein (fragile histidine triad) and its mutants in the active site
n vitro inhibits the enzymatic activity of Fhit [2]. Kammerer et al.
3] have characterized the rescue response of human PC-3 prostate
ancer cells exposed in vitro to sublethal PDT after 5-aminolevulinic
cid-induced protoporphyrin IX sensitization at the transcriptome
evel using Affymetrix HG U133 Plus 2.0 oligonucleotide microar-
ays. To construct a molecular porphyrinic conjugate with the
PION (superparamagnetic iron nanoparticles) for potential appli-
ations in hyperthermia (HT) and PDT, protoporphyrin IX and
agnetite (paramagnetic Fe3O4) are indispensable building blocks

4,5]. The enhancement of the accumulation of porphyrin pho-

osynthesizers against biological substrates can be achieved by
he conjugate formation with biomolecules (e.g. amino acids, pro-
eins) [6,7]. For this purpose, ene-diol containing compounds (e.g.
opamine, catechol) are commonly in nature, playing important
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key roles in many biological reactions and in medical treatment
and also results in altered optical properties of nanoparticles [8]. It
is known that catechol acts as a chelating agent, forming tight bonds
with iron oxides by converting the under-coordinated cationic iron
surface sites to a bulk-like lattice structure [9]. Also, dopamine has
the ability to replace the original capping ligand, oleylamine, on the
Fe3O4 NPs surface and act as a robust anchor on the surface of Fe3O4
NPs. Moreover, the exceptional thermal stability of the dopamine-
based anchor on the iron oxide surfaces satisfies the requirement
of HT (hyperthermia) [10]. Xu et al. [11] used dopamine (DA) as a
stable anchor to present functional molecules on the surface of iron
oxide nanostructures.

Transition metal oxides have been of scientific and technological
interest for many decades due to their interesting optical, mag-
netic, electrical and catalytical properties. Among these, magnetite
(Fe3O4) is a common magnetic iron oxide that has a cubic inverse
spinel structure [12–15]. The use of surface functionalized aqueous
suspension of magnetite nanoparticles in clinical medicine has also
intensified [16–18].

Magnetic nanoparticles are also used extensively in the field
of biomagnetics for a broad range of applications, such as drug
delivery [11,19–20], cell labeling and sorting [21], magnetic reso-
nance imaging, sensing [22,23] as well as therapeutic applications

[24] such as an AC magnetic field-assisted cancer therapy, i.e.
hyperthermia, PDT [25]. Qu et al. [26] synthesized Fe3O4–chitosan
nanoparticles used for hyperthermia (in this study glutaraldehyde
was used to crosslink the chitosan). Gu et al. [9] reported the
synthesis and cellular uptake of the conjugate of porphyrin and
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Scheme 1. Schematic representation of the sy

ron oxide nanoparticles, which may lead to a bimodal anticancer
gent that can be used in the combinational treatment of photo-
ynamic therapy (PDT) and hyperthermia therapy (HT). All these
echnological and medical applications require that the nanopar-
icles are superparamagnetic with sizes smaller than 15 nm with
arrow-size distribution to have uniform physical and chemical
roperties [10].

In the present work, we describe the facile synthesis of
opamine conjugated protoporphyrin and its coating on Fe3O4
anoparticles. All compounds have been characterized by TEM,
RD, NMR, FT-IR and magnetization studies.

. Experimental

.1. Materials

All commercial chemicals were used as supplied unless otherwise indi-
ated. Chemicals, protoporphyrin IX was purchased from Frontierscientific,
opamine, dimethylaminopyridine (DMAP), dicyclohexylcarbodiimide (DCC), N-
ydroxysuccinimide (NHS) were purchased from, Sigma and Alfa Aesar. The Fe3O4

anoparticles having particle size <7 nm were synthesized according to given in the
iterature [5].

.2. Instrumentation

X-ray powder diffraction (XRD) analysis was conducted on a Huber JSODe-
yeflex 1001 Diffractometer operated at 40 kV and 35 mA using Cu K� radiation
� = 1.54178 Å).

Fourier transform infrared (FT-IR) spectra were recorded in transmission
ode with a PerkinElmer BX FT-IR infrared spectrometer. The powder samples
ere ground with KBr and compressed into a pellet. FT-IR spectra in the range

000–400 cm−1 were recorded in order to investigate the nature of the chemical
onds formed.

1H NMR spectra were recorded using a Bruker 400 MHz NMR spectrometer in
MSO (d6-DMSO). Transmission electron microscopy (TEM) analysis was performed
sing a FEI Tecnai G2 Sphera microscope. A drop of diluted sample in alcohol was
ripped on the TEM grid. Following drying, the sample was loaded into a TEM col-
mn for analysis. Particle size distribution was obtained from three micrographs,
ounting a minimum of 100 particles.
VSM measurements were performed by using a Quantum Design Vibrating sam-
le magnetometer (QD-VSM). The sample was measured between ±5 kOe at room
emperature and 10 K. ZFC (zero-field cooling) and FC (field cooling) measurements
ere carried out at 100 Oe and the blocking temperature was determined as 284 K.
V–vis absorption measurements were carried out with UNICAM-Helios in quartz
ells.
s of PPD; i: NHS, DCC, DMAP in DMF at RT, 3 h.

2.3. Synthesis

2.3.1. Synthesis of dopamine conjugated protoporphyrin IX, PPD
The mixture of 100 mg of protoporphyrin IX (0.17 mmol), 100 mg DCC

(0.484 mmol), 50 mg NHS (0.434 mmol) and catalytic amount of DMAP (2 mg,
0.016 mmol) in 10 ml of DMF was stirred under nitrogen at room temperature for
about 3 h. 70 mg of dopamine (0.34 mmol) dissolved in 2 ml of DMF was added to
this mixture and continued to stirring overnight. The mixture was filtered and the
solvent was evaporated. The crude product was washed with ethanol–cyclohexane
(1:1) mixture (20 ml) to remove dicyclohexylurea (DCU), which was formed during
the coupling reaction, and excess dopamine and other reagents. The dark brownish
colored product was obtained in a good yield (65%) (Scheme 1). 1H NMR (d6-DMSO,
400 MHz): ı 6.45 (d, 4H), 6.40 (d, 2H), 4.35 (s, 4H), 3.61 (t, 4H), 3.49 (t, 4H), 3.23 (t,
4H), 3.12 (t, 4H), 1.24 (s, 12H). 13C NMR (d6-DMSO, 400 MHz): ı porphyrin molecule
(11.26, 25.23, 34.5, 119.00, 144.95, 172.81), dopamine (40.65, 115.3–115.8, 129.9,
143.38). MALDI-MS (m/e): calc.; 832.4, observed; 833.56.

2.3.2. Synthesis of porphyrin coated Fe3O4 nanoparticles, PPDNP
Monodisperse oleylamine-coated (particle size <7 nm) were synthesized by one-

pot high temperature method and stored in hexane [5]. To modify the capping ligand
on the Fe3O4 nanoparticles, 50 mg of protoporphyrin–dopamine conjugate was dis-
solved in 20 ml of chloroform–methanol (1:1) mixture was mixed with 300 mg
oleylamine-coated Fe3O4 nanoparticles and sonicated for 45 min. Then 10 ml of hex-
ane was added to the mixture and a permanent magnet was used to separate the
magnetic nanoparticles. After repeating the washing steps two more times with hex-
ane and followed by methanol the porphyrin coated nanoparticles were obtained
(yield % 45) (Scheme 2).

3. Results and discussion

3.1. Characterization of dopamine conjugated protoporphyrin IX,
PPD

In this study the dopamine conjugated protoporphyrin IX, PPD
was obtained by the DCC coupling according to literature [9]. In the
IR spectrum of PPD, the disappearance of C O stretching peak of
carboxylic acidic groups of protoporphyrin IX at 1695 cm−1 and
appearance of the amide peaks of PPD at 1617 and 1519 cm−1

clearly indicate the conjugate formation. The amide N–H stretching
bond (which is overlapping with the N–H stretching of porphyrin

core) and the aromatic CH stretching peaks of the dopamine
appeared at 3307 and 3090 cm−1, respectively. In 1H NMR spec-
tra, many of the nuclei of protoporphyrin IX (PpIX) and dopamine
were also observed in the spectrum of PPD. The vinylic and meso
CH–protons of the PPD (which overlapped with the aromatic pro-
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Scheme 2. Porphyrin

ons of dopamine groups) have approximately same shielding
ithin the PpIX and appeared in the region of 6.40–6.45 ppm.

he methyl groups of the porphyrin ring appeared at 24 ppm
nd CH2 groups of ethyl chains in both porphyrin and dopamine
ppeared at 3.6 (t, 4H), 3.49 (t, 4H) and 3.23 (t, 4H), 3.2 (t, 4H)
pm, respectively. In 13C NMR of the PPD, the peaks belonging
o benzene group of the dopamine were realized in the ranges
f 115.80–119.10 and 144.01–145.28 ppm. In the MALDI-MS spec-
rum of PPD, the molecular ion peak was seen at; 833.5 m/e (calc.
32.4 m/e). In the electronic absorption spectrum of PPD there

s no any shifting in the absorption maxima since the dopamine
onjugation does not affect the electronic absorption of the por-
hyrin core (Fig. 1). The B-band absorptions of protoporphyrin

X and PPD at around 404 nm indicate the identical porphyrinic
ores.

.2. Characterization of porphyrin coated Fe3O4 nanoparticles
SPION), PPDNP
.2.1. XRD analysis
Phase investigation of the crystallized product was performed

y XRD and the pattern is shown in Fig. 4. The XRD pattern indi-
ates that the product is iron oxide, Fe3O4, and the diffraction peaks

Fig. 1. Electronic absorption spectrum of PPD in DMSO.
Fe3O4 nanoparticles.

are broadened owing to small crystallite size. All the observed
diffraction peaks could be indexed by the cubic structure of Fe3O4
(JCPDS no. 19-629) indicating a high phase purity of iron oxide. The
broadening of the peaks in the present investigation is primarily
attributed to the finite size of the ultra-small nanocrystals. On the
basis of the Scherrer equation [27], using the width of most intense
diffraction line, the average crystallite size for Fe3O4 was found as
∼6 nm (Fig. 2 ).

3.2.2. FT-IR analysis
FT-IR spectra of oleylamine-coated SPION and porphyrin coated

SPION (PPDNP) and PPD are shown in Fig. 3. Fig. 3a and b represents
the characteristic peaks of SPION that are: metal–oxygen band, v1,
observed at 590 cm−1 corresponds to intrinsic stretching vibrations
of the metal at tetrahedral site (Fetetra ↔ O), whereas metal–oxygen
band observed at 445 cm−1, v2, is assigned to octahedral-metal
stretching (Feocta ↔ O) [28–31]. Characteristic peaks for maghemite
are not observed probably due to the overlap with wide absorption
peaks of dominant magnetite phase. The spectral features of por-
phyrin are observed on porphyrin coated SPION by the presence of

vibration bands at 1519, 1617, 1695, 3090 and 3307 cm−1, respec-
tively. These bands are absent in the spectrum of uncoated mag-
netite particles and confirm the presence of porphyrin on SPION.

Fig. 2. X-ray powder diffraction pattern of porphyrin coated SPION.
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ig. 3. FT-IR spectrum of (a) oleylamine-coated SPION, (b) porphyrin coated SPION
PPDNP), and (c) protoporphyrin–dopamine conjugate (PPD).

.2.3. TEM analysis
The Fe3O4 nanoparticles coated with dopamine conjugated pro-

oporphyrin IX were inspected by the TEM analysis (Fig. 4). In order

o analyze the size distribution quantitatively, the particle size
istribution was fitted using a log-normal function [32]. A mean
iameter D0, of 6.9 ± 0.2 nm was showing a good agreement with
he crystallite size obtained from XRD peak broadening.

Fig. 4. TEM micrograph (a) porphyrin coate
Fig. 5. Magnetization (M) versus temperature (T) measured in both FC and ZFC mode
for porphyrin coated SPION.

3.2.4. VSM analysis
Fig. 5 shows the temperature dependence of magnetization in

both field cooling (FC) and zero-field cooling (ZFC) mode for Fe3O4
composite nanoparticles. These two curves coincide initially and
start separate from each other and follow different behaviors as the

temperature decreasing from 300 to 10 K. The shape of FC and ZFC
curves is the result of dipole–dipole interaction between the Fe3O4
nanoparticles. As shown in Fig. 5 the variation of the magnetization
in FC and ZFC mode indicates the superparamagnetic behavior. The

d SPION and (b) calculated histogram.
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Fig. 6. Magnetization (M) as a function of magnetic fie

aximum of the ZFC curves define the blocking temperature TB
118 K), where the thermal energy becomes comparable with the
nisotropy energy. For temperature below to TB magnetization of
ach nanoparticle align in easy axis of their anisotropy. Due to the
andom orientation of easy axes of nanoparticles, the total magne-
ization approaches zero at low temperature. However when the
ample warmed up to 300 K with small amount of field the par-
icles gain thermal energy comparable to the anisotropy energy.
o the magnetization switches to the direction of applied exter-
al field. This leads to increase in the magnetization of the sample.
he value of blocking temperature was found as 118 K for Fe3O4
anoparticles. The magnetic anisotropy constant was calculated
y using KV = 25kBT (where kB = Boltzman constant, V = volume of
anoparticle, and TB = blocking temperature) and was found as
0.5 × 105 erg/cm3. In the literature [33] Fe3O4 nanoparticles with
size of 8 and 11 nm have blocking temperature of 180 and 225 K,
nd corresponding magnetic anisotropy constants of 23.2 × 105 and
.6 × 105 erg/cm3, respectively. The different blocking temperature

s attributed to the different size and the existence of a broad-
ned distribution of energy barriers. In nanoparticles especially
elow 10 nm the magnetic anisotropy constant increases drasti-
ally while decreasing sizes. Large values of K in nanoparticles may
e attributed to dipolar interactions for concentrated systems and
urface effects mainly in diluted systems [34,35] (Fig. 5).

The M–H curve of nanoparticles shows nonhysteric character-
stics at the temperature of 50, 100, 150, and 200 K (Fig. 6b) and at
oom temperature, 300 K (Fig. 6c) as expected for superparamag-
etic systems. As it can be seen from Fig. 6a, when temperature has
ecreased to 10 K, a hysteric curve with a coercivity of 220 Oe and
lack of saturation were also observed at such a high magnetic

eld of 5 kOe. The extrapolated values of saturation magnetiza-
ions from M vs. 1/H curves while 1/H goes to zero decreases with
ncreasing temperature and this behavior implies the co-existence
f ferromagnetic interactions with saturation tendency and anti-
erromagnetic interactions with non-saturation tendency at high
elds [36].

Nanoparticles with giant magnetic moment �, can be repre-

ented by a Langevin function L(x) of argument x = �H/kBT. Based
n the log-normal distribution of particle sizes obtained from
EM data, we use a distribution-weighted sum of Langevin func-
ions [37]. From the fitting the particle size, standard deviation
nd saturation magnetization are found as 6.20 nm, 0.68 and
at different temperature for porphyrin coated SPION.

45.2 emu/g (234.5 emu/cm3), respectively. The obtained particle
size by Langevin fit, 6.2 nm is in close agreement with the size
obtained from TEM micrographs, 6.89 nm. Yielded saturation value
M = 45.2 emu/g, much smaller than the expected 85–95 emu/g for
bulk magnetite which may be attributed to the spin canting effect
as discussed above.

4. Conclusion

We have obtained monosize sub-7 nm porphyrin coated
magnetite nanoparticles. The results from the structural charac-
terization and magnetic measurements show that the magnetic
nanoparticles have high crystallinity with distinct lattices and well-
defined superparamagnetic behavior at room temperature. These
monodispersed porphyrin coated Fe3O4 nanoparticles with tai-
lorable size and tunable magnetic properties are promising for
biomedical applications such as MRI and biosensors. Biological
application of synthesized product is now in progress and results
will be published as separate study.
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