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Abstract It is reported the synthesis of magnetic nanoparticles via the chemical co-
precipitation of Fe3+ ions and their preparation by coating them with polyaniline. The
electronic micrograph analysis showed that the mean diameter for the nanoparticles is
∼15 nm. FTIR, powder X-ray diffraction and Mössbauer spectroscopy were used to under-
stand the chemical, crystallographic and 57Fe hyperfine structures for the two samples. The
nanoparticles, which exhibited magnetic behavior with relatively high spontaneous mag-
netization at room temperature, were identified as being mainly formed by maghemite
(γ Fe2O3). The coated magnetic nanoparticles (sample labeled “mPANI”) presented a real
ability to bind biological molecules such as trypsin, forming the magnetic enzyme derivative
(sample “mPANIG-Trypsin”). The amount of protein and specific activity of the immobi-
lized trypsin were found to be 13 ± 5 μg of protein/mg of mPANI (49.3 % of immobilized
protein) and 24.1 ± 0.7 U/mg of immobilized protein, respectively. After 48 days of stor-
age at 4 ◦C, the activity of the immobilized trypsin was found to be 89 % of its initial
activity. This simple, fast and low-cost procedure was revealed to be a promising way
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to prepare mPANI nanoparticles if technological applications addressed to covalently link
biomolecules are envisaged. This route yields chemically stable derivatives, which can be
easily recovered from the reaction mixture with a magnetic field and recyclable reused.

Keywords Magnetic nanoparticles · PANI · Trypsin · Biomedical applications

1 Introduction

Magnetic nanomaterials as magnetite, maghemite and metal ferrites has been widely used
in biomedicine and in heterogeneous catalysis, due to their unique magnetic properties and
multifunctional surface that can be chemically modified [1]. The functionalization of the
surface of magnetic iron oxides nanoparticles by organic molecules has been giving rise to
intensive searches addressed to biomedical applications such as magnetic drug targeting,
hyperthermia and enzyme immobilization [2]. The main interests are due to their unique
catalytic, magnetic and electrical behaviors [3]. Within this scope, magnetite (Fe3O4) and
maghemite (γ -Fe2O3) have become the main magnetic iron oxides nanoparticles present-
ing real potentiality for different technological applications. The main features of magnetite
nanoparticles are based on the chemical functionality of their active surface, their biocom-
patibility, low-cost and the relatively high saturation magnetization [4, 5]. The need for
combining the magnetic and electrical conduction properties leads to design and to develop
new materials such as magnetic particles anchoring a conductor polymer [6]. Polyaniline
(PANI) may be a special focus, among other conductor polymers, taking into account that it
may be more easily synthesized, starting from low-cost materials. PANI has good chemical
stability and significant ability to be electrically switched between its conductive and resis-
tive states [7]. The electric and magnetic properties of polyaniline can be modified by adding
inorganic fillers, as by the inclusion of magnetic particles, intended to improve the magnetic
and dielectric properties of host materials [8]. The production of monodisperse nanopow-
ders and the assessment of their composition and sizes distribution are therefore key-points
on those applications [9]. The main objective of this work was to produce magnetic nanopar-
ticles coated with PANI to be used as a support for enzyme immobilization, using trypsin
as molecule model. For this, magnetic nanoparticles were prepared via the co-precipitation
Fe2+ and Fe3+ ions in aqueous solution. The catalytic performance of the enzyme deriva-
tive was then evaluated. These magnetic nanoparticles were also characterized by electronic
micrographic observations, FTIR, X-ray diffraction analysis, 57Fe Mössbauer spectroscopy
and magnetization measurements.

2 Materials and methods

2.1 Materials

Trypsin (E.C.3.4.21.4) from porcine pancreas, bovine serum albumin (BSA), N -benzoyl-D-
L-arginine-p-nitroanilide (BAPNA), aniline (ACS reagent), potassium permanganate (ACS
reagent), Folin-Ciocalteu’s phenol reagent and, 25 % glutaraldehyde were purchased from
Sigma-Aldrich (USA). Dimethylsulfoxide (DMSO) and sodium hydroxide were from Vetec
Chemical (Brazil). Ferric chloride hexahydrate and ferrous chloride tetrahydrate were from
Merck (Germany). All other reagents were of analytical grade.
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2.2 Magnetic particles preparation

Solutions of 1.1 mol L1 FeCl3 .6H2O (5 mL) and of 0.6 mol L−1 FeCl2 .4H2O (5 mL)
were added to 50 mL of distilled water, under magnetic agitation, and 5.0 mol L−1 NaOH
was added dropwise up to pH 10 when black particles precipitated. The mixture was heated
at 50 ◦C for 30 min with vigorous stirring. The magnetic nanoparticles were thoroughly
washed with distilled water until neutral pH. The material was dried up and kept at 25 ◦C.

2.3 Coating with PANI

Oxidative polymerization of aniline was carried out in the presence of magnetic nanoparti-
cles (0.5 g), then treated with 0.1 mol L−1 KMnO4 (50 mL) solution at 25 ◦C for 1 h and
washed with distilled water. Then magnetic-KMnO4 nanoparticles were immersed into 50
mL of 0.5 mol L−1 aniline solution (in 1.0 mol L−1 HNO3). Polymerization was allowed
to occur at 4 ◦C for 1 h and after that the magnetic nanoparticles coated with polyaniline
(mPANI) were successively washed with distilled water, 0.1 M citric acid and rewashed
with distilled water, and finally the material was dried up and kept at 25 ◦C.

2.4 Trypsin immobilization

mPANI (0.01 g) was incubated with 2.0 % w/v glutaraldehyde (1.0 mL) at 25 ◦C for 2 h
under mild stirring, washed with distilled water and Tris-HCl buffer (0.1 mol L−1, pH 8.0)
to remove the glutaraldehyde excess. Then, it was activated with glutaraldehyde (mPANIG),
kept in buffer at 4 ◦C and finally incubated with trypsin (200 μ g/mL) for 16 h at 4 ◦C
under mild stirring. The enzymatic derivative (mPANIG-Trypsin) was collected by a mag-
netic field (Ciba corning; 0.6 T) and the supernatant and washings were used for protein
determination.

2.5 Activity assay

Amidase activity of trypsin was measured by using the artificial substrate BAPNA (4.0 mM
in DMSO). The mixture of reaction was incubated at 25 ◦C for 15 min. The hydrolyzed p-
nitroanilide was monitored in spectrophotometer at 440 nm and the activity of enzyme was
calculated. All assays were carried out in replicates and the results were expressed as “mean
±SD”. The activity of trypsin (unit) was defined as μ mol BAPNA hydrolyzed per minute
using an absorption coefficient of 9.100 M−1cm−1. The specific activity was calculated by
dividing the enzymatic activity (U) by the amount of protein (mg). For the residual specific
activity the specific activity of free enzyme was considered as 100 %.

2.6 Protein determination

The amount of immobilized protein was estimated by the difference between the offered
protein and that found in the supernatant and washing solutions measured according to the
method Lowry et al. [10] using bovine serum albumin (BSA) as a standard.

2.7 Magnetic nanoparticles characterization

The morphology and particle size of the nanoparticles were characterized using a Jeol
1200EXII 80 transmission electron microscope (TEM). The Fourier transform infrared
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(FTIR) spectra were obtained using an IFS–66 FTIR spectrometer (Bruker, Billerica, MA,
USA) in the range of 4000-400 cm−1 using KBr pellets. Typically, 100 scans were recorded
with a 4 cm−1 resolution.

The magnetic particles structural properties were characterized by X-ray powder diffrac-
tion, which was carried out in a ray-X diffractometer Shimadzu model XDR 7000, using Cu
Kα radiation (λ = 0.154 nm) at a scanning speed of 0.1◦ s−1 in the range of 2θ = 10–90◦
with a 0.02◦ step.

Mössbauer spectra were recorded with a constant acceleration transmission mode setup,
at room temperature, using a 10 mCi 57Co (Rh-matrix) source. The Doppler velocity scale
of the Mössbauer spectrometer (model MB500) was calibrated by using a thin α-Fe foil as
absorber. Data analysis was performed using the computer program WinNormos for IGOR
Pro 6.36 assuming Lorentzian functions, through the least-square convergence fitting.

Magnetization measurements were obtained at 298 K and 323 K in ˜5 T applied field
using a SQUID magnetometer (Quantum Design Model MPMS-5S).

2.8 Chemical stability during storage and reuse

The mPANIG-Trypsin was stored in Tris-HCl buffer at 4 ◦C. The remaining activity of
immobilized trypsin (item 2.5) was evaluated for 6 subsequent cycles during 55 days mea-
suring its activity followed by Tris-HCl buffer washing and storage again in the buffer at
4 ◦C.

3 Results and discussion

3.1 Synthesis of magnetic nanoparticles and PANI coating

According to Sun et al. [11], the synthesis of magnetic particles with sizes around 10 nm
was achieved using a reaction temperature of 50 ◦C, a solution at pH 10–11 and a high
stirring rate (above 800 rpm). According to those authors, temperatures above 50 ◦C pro-
duce larger particles. At pH values between 10 and 11, smaller magnetic nanoparticles are
obtained. This can be explained by means of the chemical mechanism to form the magnetic
particles [12]. In order to obtain nanoparticles, the synthesis protocol of magnetic parti-
cles [11], which is generally used in our laboratory was modified so to use the incubation
time of 30 min, at 50 ◦C, with the final pH of the mixture reaching 10, and NaOH as the
co-precipitation agent.

NaOH was chosen as the precipitating agent instead of NH4·OH as used by Carneiro
Leão et al. [11], as according to Hong et al. [13] the magnetite nanoparticles shows minor
agglomeration and smaller diameter if NaOH is used. The magnetic nanoparticles produced
in this work (mean diameter, ˜15 nm) have dimensions much smaller than those obtained
by Neri et al. [14] (10–100 μm) who followed the protocol reported by Carneiro Leão et al.
[11]. Roth et al. [15] performed the synthesis of superparamagnetic nanoparticles by the
co-precipitation of Fe2+ and Fe3+ in aqueous alkaline environment (NaOH) and obtained
nanoparticles between 3 and 17 nm, a particle size range comparable to that found in this
study (Fig. 1).

The magnetic nanoparticles produced were coated with PANI (mPANI) by the oxida-
tion of aniline with potassium permanganate, producing PANI in form of emeraldine, that
is the most stable and conductive [7]. It is well known that, under certain synthesis condi-
tions, PANI forms a sub-micrometer film on the surface of the objects immersed into the
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Fig. 1 Electron microscopic images. TEM image of magnetic nanoparticles and mPANI. The circle on the
figures indicate isolated magnetic nanoparticle

polymerization mixture. These films are formed on various types of substrates: conducting,
insulating, hydrophobic, and hydrophilic. The parameters of the film (thickness, uniformity,
and morphology) depend both on the chemical nature of the coated surface and on the syn-
thesis conditions [16]. While hydrophobic materials are covered by a more or less uniform
PANI film, the film relief on hydrophilic microparticles has often a discontinuous patchy
character [17]. In this work it was observed that besides the covering process a PANI pre-
cipitate was produced. This residue was easily removed from the magnetic nanoparticles
surface by washing under a magnetic field. The ratio between the amounts of precipitate
and film depends on the synthesis conditions [18]. Previous mechanism [14] was used to
produce particles composed of a magnetic core (iron oxide) and an organic shell (PANI).
Here, the optimal conditions of the coating process were established by using an experi-
mental design (results not shown). These conditions were: 0.1 M KMnO4, 0.5 M aniline,
contact time of KMnO4 of 1 h, polymerization time of 1 h and polymerization tempera-
ture at 4 ◦C. The concentrations of the oxidizing agent and aniline were identical to the
protocol; however, the contact time of KMnO4 was reduced from overnight to 1 h, the
polymerization time from 2 to 1 h and, the polymerization temperature from 25 to 4 ◦C.
The morphology, shape and size distribution of magnetic nanoparticles and mPANI were
examined by transmission electron microscopy (TEM) and typical images are shown in
Fig. 1. The magnetic nanoparticles exhibited agglomerates with apparently regular mor-
phology, nearly spherical/ellipsoidal shape, dimensions around 15 nm, and narrow particle
size distribution (Fig. 1).

3.2 FTIR spectra

The emeraldine salt is the partly oxidized form of polyaniline where six benzene rings
and two quinoid rings are present in an eight-ring repeating unit. The conductivity of the
emeraldine form of polyaniline can be changed by about 10 orders of magnitude by doping
[19]. The FTIR spectra of magnetic nanoparticles and mPANI are shown in Fig. 2. It was
found that mPANI had characteristic peaks at around 1494 cm−1 (C = C stretching of
benzenoid ring), 1398 cm−1 (Q = N–B stretching deformation, Q refers to the quinoid ring
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Fig. 2 FTIR spectra (a) and absorption bands of 750 – 400 cm−1 (b) of magnetic nanoparticles and mPANI

and B to the benzenoid ring), 1305 and 1260 cm−1 (C–N stretching benzenoid ring) and
805 cm−1 (out-of-plane deformation of C–H in the 1, 4-disubstitued benzene ring), which
was similar with polyaniline [14, 20, 21].

Polymerization proceeds initially on the surface of these oxide particles in the presence
of KMnO4. The adsorption of polymer to the magnetic nanoparticles results in constrained
chain growth around the particles. Such adsorption and constrained motion of the chains
will restrict the modes of vibration in polyaniline, which in turn lead to the reduction in
intensity in the FTIR spectra [19, 22]. The presence of Fe–O bond in particles can be seen
by two strong absorption bands at around 635 and 590 cm−1. These bands result from split
of the ν1 band at 570 cm−1, which corresponds to the Fe–O bond of bulk magnetite [23–
26]. The absorption bands of Fe–O bond were observed around 631 and 588 cm−1 for
magnetic nanoparticles and 630 and 580 cm−1 for mPANI. A principal effect of finite size
of nanoparticles is the breaking of large number of bonds for surface atoms, resulting in the
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Fig. 3 XRD patterns of magnetic nanoparticles and mPANI

rearrangement of electrons on the particle surface [23]. The FTIR spectra in the range 750–
450 cm−1 for magnetic nanoparticles and mPANI are shown in the Fig. 2b. These spectra
are compared with the spectrum of maghemite (not shown) confirming the oxidation and its
increase after coating (Fig. 2b). The spectra exhibit absorption bands around the 570 cm−1

characteristic of magnetite [9]. Moreover, the bandwidth increases, and small shoulders
in the 600–750 cm−1 range as well as a band at 450 cm−1 appear with greater intensity
after coating of the magnetic particles. The appearance of the characteristic maghemite
peaks seems to promote coating. So, FTIR spectra indicate the presence of magnetite and/or
maghemite in the samples.

3.3 XRD analysis

Colors of iron oxide may be very dependent on grain size and chemical composition and
this feature is a first auxiliary attribute in their identification [27]. The magnetic nanopar-
ticles and mPANI were very dark and magnetic, suggesting that magnetite could be the
dominant phase, although maghemite may not be excluded. Figure 3 shows XRD patterns
for magnetic nanoparticles and mPANI. The 2θ peaks at 18.44, 30.30, 35.67, 43.37, 53.80,
57.35, 62.97, 71.43 and 74.48◦ [3, 28–31] are attributed to the crystal planes at (111), (220),
(311), (400), (422), (511), (440), (620) and (533) [32], which can refers to both, magnetite
and maghemite, according to the International Center for Diffraction Data (reference code:
ICDD 019-0629). As observed by Andrade et al. [27] no clear reflection peak due to other
crystalline phase, which could occur as impurity, was observed, indicating that final prod-
ucts were pure enough, from this point of view, consisting essentially of binary mixture of
the two spinel magnetic iron oxides, meaning magnetite and maghemite. In this way, XRD
results confirm FTIR results. Furthermore, the results show broadened lines that can be
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Fig. 4 298 K-Mössbauer spectra for the (a) magnetic nanoparticles and (b) mPANI samples

due to the magnetization relaxation from superparamagnetism and matrix constritions for
nanosized particles [33].

3.4 Mössbauer spectroscopy (MS)

Magnetite ([Fe3+]{Fe2+Fe3+}O4, where [ ] and { } stand for tetrahedral and octahe-
dral symmetries of the coordination polyhedral Fe-O) and maghemite (ideal formula,

[Fe3+]
{

Fe3+
5
3

⊕ 1
3

}
O4, where ⊕ = cation vacancy; stoichiometrically, it corresponds to the

γ Fe2O3) have cubic unit cells with close dimensions. These circumstances render very sim-
ilar XRD patterns. On the other hand, maghemite contains only Fe3+ whereas magnetite
has Fe3+ and Fe2+ in the spinel structure. Mössbauer spectroscopy can thus give a direct
assessment of the chemical state of iron, which may distinguish between the two iron oxides
nanoparticles. The used fitting model for these Mössbauer patterns (Fig. 4), with relatively
asymmetric resonance lines, was mainly based on two sextets (subspectral areas of 81.4
and 82.9 % for the sample containing the sole magnetic nanoparticles and for the mag-
netic nanoparticles coated with with polyaniline—the mPANI sample, respectively) with
Lorentzian lines (fitted spectra are shown in Fig. 4; corresponding Mössbauer parameters
are presented in Table 1). The remaining area of the two spectra (18.6 and 17.1 % for the
sole magnetic and for the polyaniline coated magnetic nanoparticles, respectively) were
completed by fitting them with model-independent hyperfine field distributions. Figures
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Table 1 Fitted hyperfineparameters for the 298 K-Mössbauer spectra

Sample 57Fe site δ /mm s −1 2εQ /mm s −1 	/mm s −1 Bhf /T RA/%

Magnetic nanoparticles [Fe3+] 0.329(2) −0.010(5) 0.86(2) 45.45(5) 47.0

{Fe3+} 0.319(2) −0.001(1) 0.57(1) 48.49(3) 34.4

mPANI [Fe3+] 0.321(2) −0.0075(5) 0.85(2) 45.28(5) 45.6

{Fe3+} 0.319(2) −0.001(1) 0.60(1) 48 × (3) 37.3

δ = isomer shift relative to αFe; 2εQ = quadrupole shift; 	 = resonance linewidth; Bhf = hyperfine field;
RA = relative subspectral area. [ ] and { } denotes tetrahedral and octahedral symmetries, respectively, for
the Fe-O coordination sites. Numbers in parentheses are uncertainties over the last significant digit of the
numerical value, as output by the least squares fitting computer program

of the corresponding hyperfine field probability profiles are not shown. The found isomer
shift values are characteristic of high spin Fe3+. The fitted values of quadrupole shift are
consistent with those expected for iron spinels. The hyperfine field relative to the two sex-
tets for each sample correspond to the tetrahedral and octahedral Fe3+ sites in nanosized
maghemite. The decrease in the fitted hyperfine field Bhf for both sites (45.3 and 48.4 T)
relatively to pure oxide (nearly 50 T) is consistent with the expected effect due to the collec-
tive magnetic excitations [34]. From these Mössbauer data, the occurrence of magnetite can
be safely discarded in these two samples. Moreover, Mössbauer results indicate that coating
with mPANI does not significantly alter the chemical nature of the produced oxide [35].

3.5 Magnetization measurements

The magnetic properties of the magnetic nanoparticles and mPANI were investigated in the
applied magnetic field sweeping from −60 to 60 kOe at 298 K and 323 K as shown in Fig. 5.
It is well-known that the size [36], structure and shape may affect the magnetic proper-
ties of the products [37]. Under applied magnetic field, magnetic nanoparticles and mPANI
showed the positive magnetizations and there is no hysteresis (Fig. 5). It indicates the super-
paramagnetic behavior [25]. The difference between the magnetic behavior of small and
medium sized particles can also be observed in their hysteresis loops [9].

Figure 5 shows the field dependent magnetization curves of magnetic nanoparticles and
mPANI. The saturation magnetization (Ms) for the magnetic nanoparticles has value equal
to 60.51 emu g−1, which is lower than that of bulk magnetite (Ms = 92 emu g−1) [38],
and mPANI has value equal to 59.05 emu g−1 (Fig. 5). The reduction in the saturation
magnetization values signifies the decrease in the particles size [39] and can be attributed
to surface effects such as magnetically inactive layer containing spins that are not collinear
with the magnetic field. These discrepancies in the saturation values of magnetization may
be explained by variations in the methods employed to synthesize magnetite, which can
generate different particle sizes, magnetite surfaces and chemical compositions [40].

3.6 Stability during storage and reuse

Data of operational stability showed that after 5 cycles combining storage and reuse,
mPANIG-Trypsin maintained 89 % of its initial activity (Fig. 6). An 11 % decrease in
activity was detected during this period. The immobilized trypsin on polyaniline supports
retained 50 % its original activity after 21 days when stored at 4 ◦C in phosphate buffer
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Fig. 5 Magnetization curves of magnetic nanoparticles and mPANI at 298 and 323 K

Fig. 6 Shelf life of mPANIG-Trypsin at 4 ◦C stored in Tris-HCl buffer

[41], 58 % its original activity after 49 days when stored at 4 ◦C in glycine buffer contain-
ing CaCl2 [42] and 80 % its original activity after 44 days (approximately) when stored
in glycine buffer containing CaCl2 [43]. Sun et al. [44] conducted the immobilization of
trypsin onto the superparamagnetic carboxymethyl chitosan and the immobilized enzyme
exhibited stability for six times reuse, holding 76.3 % of its initial activity. In our study, we
observed better results. Moreover, Chellapandian [45] reported that immobilized trypsin on
vermiculite retained 84 % its original activity after 60 days when stored in borate buffer.
The enzymatic derivative obtained this study was more stable during the period of 48 days,
however its activity after 55 days was 77 % of initial value. This result indicates that the
mPANIG-Trypsin may be stored in buffer only (no stabilizer, e.g. CaCl2) for approximately
50 days, retaining about 90 % of its initial activity.
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4 Conclusions

In conclusion, magnetic nanoparticles were obtained from modifications of the experimen-
tal protocol used routinely by our research group. These nanoparticles showed dimensions
smaller than those obtained by original the protocol, corroborating the advantages of the
optimization process. The FTIR, XRD and Mössbauer spectroscopy analysis of the nanopar-
ticles confirmed the presence of maghemite. Furthermore, after PANI coating, nanoparticles
preserved good magnetization, an increase in the surface area and showed to be an excellent
support for trypsin immobilization. The major benefits of the magnetic enzymatic deriva-
tive (mPANIG-Trypsin) are its operational stability, high activity, simple method and low
cost of production.
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