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This is most probably the first time that covalently binding of Human serum paraoxonase 1 (PON1)
to superparamagnetic magnetite nanoparticles via carbodiimide actiyatian was investigated and pre-
sented in this study. PON1 was purified from human serum using ammonium sulfate precipitation
and hydrophobic interaction chromatography (Sepharose 48, L-tyrosine, 1-Napthylamine) and mag-
netic iran oxide nanoparticles were prepared by co-precipitation Fe+2and Fe+3ions in an ammonia
solution at room temperature. X-ray diffraction (XRD) and the magnetic measurements showed
that the nanoparticles are magnetite and superparamagnetic, respectively. Direct measurements by
dynamic light scattering revealed that the hydrodynamic size was 16.76 nm with polydispersity index
(PDI: 0.234). The analysis of Fourier transform infrared spectroscopy revealed that the PON1 was
properly bound to magnetic nanoparticles replacing the characteristic band of -NH2 at 1629 cm-1
with the protein characteristic band at 1744 cm-1 and 1712 cm-1. Magnetic measurements deter-
mined that PON1-bound nanoparticles have alsa favorabre superparamagnetic properties with zero
coercivity and remanence though a slightly smailer saturalian magnetization due to the decrease
of magnetic moment in the volume friction. The kinetic measurements indicated the PON1-bound
nanoparticles retained 70% of its original activity and exhibited an improved stability lhan did the free
enzyme. The PON1 enzyme is seen to be quite convenient to bind superparamagnetic nanoparti-
cles as support materiai.

Keywords: Human Serum Paraoxonase, Superparamagnetic Nanoparticles, Immobilization,
Magnetite.

1. INTRODUCTION

Human serum paraoxonase 1 (PONl), primarily associ-
ated with HDL, is a member of a family of enzymes
that has the ability to catalyze the hydrolysis of a broad
range of earboxyl esters, eMboiiates, lactones, and toxic
organophosphates.1.2 In addition to its potential role in
detoxifieation of toxie organophosphates, an emerging
body of evidenee has shown that PONl possesses impor-
tani anti-atherogenie aetions.3 The anti-atherogenie role of
PONl is further supported by the studies using PONl-
knoekout mice,4 PONI is suggested to exhibit its anti-
atherogenie aetions through sevemI meehanisms induding
the attenilatIaDof macrophage oxidative stress,5 inhibition
of oxidized LDL-induced MCP-l procloctionin endothelial
cells,6 and stimulation of HDL-mediated cholesterol efflux
from macrophage.?

.Author to whom correspondence should be addressed.

7554 J. Nanosci. Nanotechnol. 2010, Vol. 10, No. 11

In the recent years, the nanosized magnetic partides
receive increasing attention with the rapid development of
nanostructured matenals and Danatechnology in the fields
of biotechnology and medicine.8,9 Magnetite (Fe304) is
one of the famous magnetic matenals dile to strong
magnetic property and law toxicity. Many bioactive sub-
stances such as enzymes, proteins, antihadies, and anti-
cancer agents have been bound to it.9,LOUsing magnetie
Danapartides as the support of immobilized enzymes has
the advantages of the higher specific surface area was
obtained for the binding of a larger amount of enzymes
and the lower mass transfer resistaiiee and less fouling, and
followed by the Immobilized enzymes can be selectively
separated from a reaction mixture by the application of a
magnetic field.LOThe binding is commonly accomplished
through the surface coating with polymers, the use of cou-
pling agents or crosslinking reagents, and encapsulation.
RecenHy,a new method for the direct binding of proteins
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) suchas boyine serum albumin via carbodiimide activation

was reported. io

Despite its traditional assignment as paraoxonase/
arylesterase,evidences have been accumulated to indi-
catePONl as lactonase. Previously, PANi was shown to
hydrolyzea variety of lactones.I1-13Meanwhile, there is
alsaa report that PONI catalyzes the formation of many
lactonesl4Structure-reactivity studiesl6 and directed evolu-
tionexperimentsISfurther support the view that the native
activityof PONl may be lactonage activity. Although the
physiologicalsubstrates of PONs are stilI unknown, they
arelikelyto iTIcIiidelactones consumed as food ingredients,
drugmetabolites(statins, spironolactone,and glucocorti-
coid'Ylactones), and derivatives of fatty acid oxidation
processes,13, 16 such as 5-HETEs lactane that resides
inHDL.

The immobilisation of PONl on silica gel support
hasbeen investigated using biosensor.17However, to oor
knowledge,its immobilization on magnetite naDopartides
hasnot been studied. The ilim of this work is to immobi-
!izethe PONl to superparamagnetic naDopartides so that
paraoxonasewith variety different enzyme activities could
maintainits activity in longee time periods in use of variety
ofapplicationssuch as chemical synthesis, detoxification
ofwaterreservoir. The properties, stability and activity of
thecovalentlybinding of PAN1 to naDopartides via car-
hadiimideactivation were examined and also compared
withtheactivity of free PAN1enzyme. The results showed
thatmagnetic naDopartides can be effectively used as a
supportfor immobilization of PONl enzyme.

2. EXPERIMENTAL DETAILS

2.1. Chemicals

Thematerialsinduding sepharose 4B, L-tyrosine, Inapthy-
lamine, paraoxon, protein assay reagents and chemi-
calsfor electrophoresis and carbodiimide were obtained
from Sigma Chem. Co. Ferric chloride hexahydrate
(FeCI3.6H2O, >99%), aqueous ammonia (25% NH3 in
water,w/w),perchloricacid (HCIO4,%60)were obtained
fromMerck. Ferrous chloride tetrahydrate (FeCI2.4H2O,
>99%)were purchased from Fluka. All other ehemicals
werethe guaranteedor analyticgrade reagents commer-
ciallyavailable and used wirboot further purification.

2.2. Preparation of Magnetic Nanoparticles

Magneticuanapartides were prepared by co-precipitating
Fe+2and Fe+3 ions by ammonia solution. 40 ml of a 1 M
FeCI3.6H2O solution in water was combined with a 10 ml
solutionof 2 M FeCl2 .4H2O in 2 M HCL The chloride
solutionswere prepared quickly, then added to 500 ml of
0.7 M NH4OH (purged initially with N2 gas for 1 hour
beforeadding salts) in an üren vessel stirring at 1800 rpm
for30 milinres under a continuous flow of N2. Magnetite
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precipitate formed in the reaction was deposited with a
magnet placed under the vessel of the solution, and super-
natant liquid was removed. The preciritale was washed
several times with water finally dried in an oven at 75 oc.

2.3. Characterizations

The crystalline of magnetic partides was analyzed by
using powder X-ray diffraction (XRD) of PANalytical's
X'Pert PRO diffractometer using Cu-K" radiation with a
wavelength of 0.154 ilm. Dynamic light scattering (DLS)
was used in order to dereemine the meali partide diam-
eter and size distribution (polydispersity index, PDI) of
magnetite nanopartides. To do that, magnetic sol was
prepared using HCIO4 as depicted in the paper.17 The
measurement was performed by an ALV/CGS-3 Malvem,
compact goniometer system. High resolution transmis-
sion electron microscope (HRTEM, PEl TECNAl G2 F30
model) with an accelerating yollage of 300 kV was used
for micrograph. The magnetic properties of naDopartides
were studied by vibrating sample magnetometer (VSM-
ADE EV9 Model). The direct binding of PONl to the
magnetic naDopartides was checked using Perkin-Elmer
FT-IR Spectrometer. All measurements were carried out at
room temperature.

2.4. Purification of Paraoxonase from Human Serum
by Hydrophobic Interaction Chromatography

Human serum was isolared from 35 ml fresh human blood
and pul into a dry tube. Serum paraoxonase was firstly iso-
lated by ammaDilim soifale precipitation (60-80%). The
precipitate was collected by centrifugation at 15,000 rpm
for 20 min, and redissolved in 100 mM Tris-HCl buffer
(pH 8.0). Next, we synthesized the hydrophobic gel,
induding Sephar~ge 4B, L-tyrosine and I-Napthylamine,
for the purification of human serum paraoxonase.16 The
columu was equilibrated with 0.1 M of a Na2HPO4buffer
(pH 8.00) induding i M ammaDilim sulfate. The paraox-
onase was ellired with an ammonium soifale gradient
using 0.1 M Na2HPO4buffer with and wirboot ammonium
sulfate (pH 8.00).

2.5. SDS Polyacrylamide Gel Electrophoresis

Polacrylamide gel slab electrophoresis of purified enzyme
was carried out according to the method of Laemmli.18

2.6. Binding of PONl to Magnetic Nanoparticles

For the binding of PONl, 20-100 mg of magnetic
naDopartides were first added to 2 ml of buffer A (0.003 M
phosphate, pH 6, 0.1 M NaCl). Then, the reaction mixture
was sonicated for 10 min after adding 0.5 ml of carbodi-
imide solution (0.025 glml in buffer A). Finally, 2 ml of
PAN1 solution (0.4-13.6 mg/ml in buffer A) was added
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and the reaction miktlife was sonicated for 30 min. The

supematant was used for the protein analysis. The precip-
itates were washed with buffer A, then buffer B (0.1 M
Tris, pH 8.0, 0.1 M NaCl), and then directly used for the
measurements of activity and stability.

2.7. Paraoxonase Enzyme Assay

Paraoxonase enzyme activity towards paraokan was quan-
tified spectrophotometrically by the method described by
Gan et al.19The reaction was followed for 2 min at 37 oC
by monitaring the appearance of p-nitrophenol at 412 nm
in Biotek automated recording spectrophotometer.

2.8. Stability Measurements

The storage stabilities of bound and free PONl stored at
4 oC were examined by assaying their residual activities
in buffer B at 37 oc. The stabilities of bound and free
PONl (4 oc) were investigated by measuring their residual
activities up to 550 hours.

3. RESULTS AND DISCUSSION

3.1. Comparative Characterizations of the Magnetite
and PONI-Bound Nanoparticles

Crystalline structure of XRD pattem of the mag-
netic uanapartides is shown in Figure 1. Experimental
d-spacings obtained from the peaks are very similar to
the ASTM-XRD graphics of magnetite (JCPOS 19-0629),
which corresponds to the same inverse spinal sirilettife.
Therefore, it can be said that the iran oxide partides is most
probably composed of magnetite. With the XRD pattem,
the average core size of the partides can be evaluated from
Scherrer equation20

0.94'\
L=

B(28) cas 8

where L is equivalent to the average core diameter of
the partides, ,\ is the wavelength of the incident X-ray,
B(28) denotes the full width in radian subtended by the
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Fig. 1. X-ray powder diffraction pattem of the synthesized magnetic
nanoparticles.
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(1)

half maximum intensity width of the powder peak, for
instaiiee (311), and 8 corresponds to the angle of the (311)
peat. For the (311) peat in the XRD pattem shown in
Figure 1, 28 is observed as 35.7153, and B(28) is 0.6788.
With ,\ being 0.154 nin, L is obtained as 12.29 nm via
Eq. (1). The size distribution of the resultant magnetic
uanapartides was measured. The hydrodynamic diameter
of uanapartides and PDI value was found to be 16.76 nm
and 0.234, respectively. it is worth noting that the value for
the partide diameter obtained from XRD pattem means
the partide core size whereas the size detected using
DLS system refers to a hydrodynamic diameter of par-
tides. For TEM, the magnetite uanapartides produced
under the same experimental conditions were used and
their micrograph was showed in Figure 2. The average
partide diameter was found as 1O.57::!:2.03 nm which is
consistent with the size values from obtained XRD and
VSM (see below) as alsa reported many times.21-23PONl
was purified from human serum as indicated in material
methods. The purity of enzyme was checked by SDS gel
electrophoresis. Figure 3 indicates the pure PONl that
corresponds to 43 kDA. Figure 4 presented a compari-
son of FT-IR spectra's for the magnetite uanapartides and
PONl-bound uanapartides. Main characteristic peak24of
Fe-O is seen at 589 cm-I in both spectra's. In the spec-
tra of magnetite uanapartides, a characteristic band of
-NH2 at 1629 cm-I was observed dile to the NH3 used in
co-precipitation but disappeared at PONl-bound partides
because of the binding of PONl to uanapartides. LOOn
the side, the characteristic bands25of protein at 1744 and
1712 cm-l that appeared in the PONl-bound magnetite
uanapartides verified the binding of PONl to magnetite
uanapartides. However, the weak characteristic bands of
proteins for the PONl bound magnetite may be owing to
the law enzyme loading. To study the magnetic proper-
ties, magnetization curves of the magnetic uanapartides
and PONl-bound uanapartides measured are illustrated in
Figure 5. As seen in the inset of magnetite uanapartides,
the typical characteristics of superparamagnetic behavior
are observed showing zero coercivity and femaiience. The
saturation magnetization, Ms that is 54.81 emu/g is sig-
nificantly less than 92 emu/g of the bulk magnetization

Fig. 2. TEM micrograph of magnetic nanoparticles.
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PON1 MW(kDa)

1- 116.0

66.2

45.0

35.0

18.4

14.4

Fig.3. SDS-PAGE of human serum PONi. The pooled fractions

[rom ammanium sulfate precipitation and hydrophobic interaction

chromatagraphy(sepharose-4B, L-tyrosine, I-napthylamine) were ana-
lyzedby SDS-PAGE(12% and 3%) and revealed by Coomassie Blue
staining.Experimental conditions were as described in the method. Lane

1hPONI:Lane 2 contained 3 /Lg of variolis molecularmass standards:

fi-ga1aetasidase,(118.0), bavine serum albumin (79.0), ovalbumin (47.0),
carbonieanhydrase, (33), j3-lactoglobulin (25.0), Iysozyme (19.5). Thirty

microgramaf purified bavine serum paraoxonase (lane i) migrated with

amobilityearrespondingto an apparent Mw 43.0 illa.

of magnetite.20The decrease in the saturation may be
ascribedto the size effect as similar in the reports.26, 27The
magneticpartide size and the standard deviation can alsa
beobtainedfrom the fitting of the hysteresis curve using
thefoIlowingformula.28

=
[

18kT

j
Xi

]

1/3

DMag
7Tms 3MsHo

(T=1/3[ln(~ / ~J l/2

whereMs and ms are the saturation magnetization of the
nangpartidesand the bulk phase, respectively. Xi is the
Initialsusceptibility calculated at law fields, in the region
wherethe variation of M against H is line ar and 1/Ho
isobtainedby extrapolating M to O at high fields, in the
regionwhere the relationship between M and 1/H is a
straightline. Hence, the mean magnetic partide size was
calculated as 11.70 nm ((T = :1:0.42),which is smaIler than
thatobserved from XRD measuremenL Since a number

ofalternatemechanisms could result in the demagnetiza-
tionof the partides, it was simplest to asstimethat the
surfarelayer of magnetite atoms does not contribute to
themagneticproperties of the partide. In magnetization

J.Nanosci.NElnotechnol. 10, 7554-7559, 2010
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Fig.4. FT-IR spectra of the magnetite and PONI-bound magnetite
nanoparticles.

curve of PON1-bound nangpartides, Ms are obtained to
be 49.25 emu/g and theyare alsa superparamagnetic with
zero coercivity and femanence, which provided that the
PON1 bound nangpartides has the same magnetic advan-
tages as free nangpartides. it should alsa be noted that
the PON1-bound nangpartides is so smaIl that they may
alsa be considered to have a single magnetic domain for
both samples. As accepted, Ms obtained from the curves
decreased with the PONl binding to the nanopartides.
This could be attributed to the binding of PONl to the
partide surface led to redilee the number of magnetic
moment per weight in the voltime friction measured by
VSM and hence calised around 10% decrease in the Ms of
free nanopartides.

3.2. Binding Efficiency

(2)

By assaying the unbound protein in the supernatant after
binding process, it was found that, with increasing the
amatint of Fe304 added at a constant PONl amatint of
3.4 mg/ml, the percentage of bound PON1 increased and
then remained at approximately 100% when the amatint of
Fe304 added was above 25 mg/ml as indicated in Figure 6.
Accordingly, the maximum weight ratio of bound PON1

56
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Fig.5. The magnetization plots of the magnetite and the PON1-bound

magnetite uanapartides. Insets show the zero coercivity and femaiience,

which is the indicatian of superparamagnetism.
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Fig. 6. Effect of the amount of nanopartides added on the percentage

of PONl bindingo [PONI] = 3.4 mg/ml.
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Fig.7. Stürage stabi1itiesof the bound and the free PONl at 4 oc.

to Fe304 naTIopartides could be determined to be 0.136.
When the weight ratio of PANi to Fe304 was below 0.136,
PANi could be completely bound to Fe304 naTIopartides.
The binding of PANi to Fe304 naTIopartides in this work
has been achieved at a level of monomolecular bindilig.

3.3. Activity and Stabi1ity

Figure 7 indicates the activities of PANi bound on 30 mg
Fe304 naTIopartides. Under this condition, PONI was
completely bound according to investigation on binding
efficiency. The activity of immobilized PONI was two
times higher than that of free enzyme. Figure 7 also shows
that the stürage stabilities of bound and free PONI at 4 oC
in semi-Iog pIOLAfter the incubation time of 250 h, while
the residual activity of the free enzyme was decreased to
10 EV/ml per min, the activity of the bound PONI retained
near1y70% at 4 oC.This revealed that the stürage stability
of PONI was improved significantly after being bound to
Fe304 nanopartides.

4. CONCLUSIONS

PAN i enzyme was directly bound to them via carbodi-
imide activation, which may be the first immobilization
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in literature to our knowledge. The magnetite nanoparti-
des and PONI-bound magnetite naTIopartideswere com-
paratively studied and also the enzyme activity towards
paraoxon was spectrophotometrical1yquantified. Magnetic
measurements showed that the PONI-bound naTIopartides
have the same benefits of superparamagnetic properties of
zero coercivity and remanence. It is seen that the PONI
bound naTIopartides retained 70% of its original activity
of free enzyme and exhibited significantly better stürage
and stability. Hence, the use of magnetic naTIopartidesas
support material was realized successful1y.Since immobi-
lized PONI can be selectively separated from a reaction
mixture by the application of a magnetic field produced
by a permanent magnet, the results of the study has a sig-
nificant importance to use in diyeTsepotential application
of PONI enzyme.
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