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A highly facile and feasible strategy on the fabrication of advanced intrinsic peroxidase mimetics based
on Mn?* doped mixed ferrite (Mn",Fe";_,Fe',0,) nanoparticles was demonstrated for the quantitative
and sensitive detection of mouse IgG (as a model analyte). Mn?* doped Fe;_yMn,Fe,04 nanoparticles
were synthesized using varying ratios of Mn?*:Fe?* ions and characterized by the well known comple-
mentary techniques. The increase of Mn2* proportion had remarkably enhanced the peroxidase activity
and magnetism. The catalytic activity of mixed ferrites was found to follow Michaelis-Menten kinet-

gﬁj’l"[v;xds" ics and was noticeably higher than native Fe;04. The calculated K, and K.,: exhibited strong affinity
ELISA with substrates which were remarkably higher than similar sized native magnetite nanoparticles and
1gG horseradish peroxidase (HRP). These findings stimulated us to develop carboxyl modified Fe;_xMnFe;04
HRP nanoparticles using phosphonomethyl immunodiacetic acid (PMIDA) to engineer PMIDA-Fe;_yMnyFe;04
Bioassays fabricated enzyme linked immunosorbent assay (ELISA). Results of both PMIDA-Fe;_xMnyFe;04 linked

ELISA revealed that the enhancements in absorbance during the catalysis of enzyme substrate were lin-
early proportional to the concentration of mouse IgG within the range between 0.1 wg/ml and 2.5 pg/ml.
Further, this detection was ten times lower than previous reports and the detection limit of mouse IgG
was 0.1 pg/ml. The advantages of our fabricated artificial peroxidase mimetics are combined of low cost,
easy to prepare, better stability and tunable catalytic activity. Moreover, this method provides a new
horizon for the development of promising analytical tools in the application of biocatalysis, bioassays,
and bioseparation.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction using designed nanostructures, which exhibit enzyme mimicking

property along with stability and robustness to environmental con-

Natural enzymes, due to high substrate specificity and high
efficiency under mild conditions, have significant practical appli-
cations as biological catalysts in medicine, chemical industry, food
processing and agriculture. However, they also have some intrinsic
drawbacks such as dependence of catalytic activity on environ-
mental conditions, time-consuming, expensive preparation as well
as purification, low stability due to denaturation and digestion.
These drawbacks have pushed the scientists to fabricate enzyme
mimetics.

Encouraged by the multifaceted applications of nanomateri-
als, ongoing efforts are in roads to fabricate enzyme mimetics
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ditions. Magnetic iron oxide nanoparticles (MNPs) have attracted
increasing prospects, mainly in the biomedical field, including
magnetic resonance imaging (MRI) [1-6], protein isolation and
purification [7,8], magnetic targeting and drug delivery [9,10], can-
cer hyperthermia [11,12] and so on. Of late, it was reported that
iron oxide nanoparticles have unexpected intrinsic-peroxidase like
enzyme mimicking activity, which paves the way of nanoparti-
cles as enzyme mimetics [13,14]. This surprising finding makes the
magnetic Fe304 NPs as abenign artificial peroxidase combined with
capture, separation and detection property. The peroxidase-like
activity originates mainly from the heterogeneous Fenton-like cat-
alytic activity of ferrous ions at the surface of Fe304 NPs [13]. These
peroxidase-like activities have instigated scientists of replacing
magnetic nanoparticles (MNPs) over horseradish peroxidase (HRP)
in the traditional enzyme linked immunosorbent assay (ELISA)
[15-19]. The advantages of substituting magnetic nanoparticles
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concerns with its explicit superiority regarding the consistent activ-
ity over wide ranges of temperature, pHs and it can be readily
synthesized in mass yield with relatively low cost [20-24]. How-
ever, it has been noticed that magnetite nanoparticles (MNPs) are
still facing a challenge because of their lower stability and higher
oxidizability, which hinders the peroxidase like activity of nanopar-
ticles. Therefore, the attempts for the fabrication of better artificial
peroxidase are on uprising, which can not only preserve its strong
superparamagnetism but also can improve its catalytic activity.

Concurrently, many groups have demonstrated their efforts on
the development of improved peroxidase mimicking Fenton like
systems utilizing heterogeneous iron oxide nanoparticles either
by optimizing their affinity towards substrates. This affinity could
be enhanced by increasing electrostatic interaction between sub-
strates and the nanoparticle surfaces or by introducing transition
metal ions into the nanoparticle structure [24,25]. Recently, Gu
et al. established a Prussian blue modified Fe,03 nanoparticles
with excellent electrochemical stability and higher catalytic activi-
ties arising from the electrostatic attraction between the positively
charged substrate (TMB) and the negatively charged NPs [26]. Fur-
thermore, some improved heterogeneous Fenton systems have
been developed using Co(Il) and Mn(II) ions as replacements of
Fe(I) into magnetite (Fe3*)[Fe2*Fe3*]0, structure that may strongly
promote the oxidative degradation of organic dyes in the presence
of Hy,0, [27]. It can be envisaged that the higher activity of these
Mn and Co (M2*) doped mixed ferrites compared to Fe304 was
due to the one electron transfer exhibiting by the thermodynami-
cally favorable reduction of Mgy,¢>* (Co®* and Mn3") by Feagnetite*
regenerating the active species M2* (Co%* and Mn?*) [27,28]. Very
recently, oxidative degradation of methyl orange in the presence of
H,0, was demonstrated using fabricated Fe,MO4 (M: Fe, Mn) acti-
vated carbons [29]. The incorporation of V and Ti into Fe3_,TixO4
and Fe3_,Vx04 nanostructures had prompted the adsorption as well
as oxidative degradation of methylene blue (MB) in the presence of
H,0, [30,31].

It is also a well-established fact that manganese (II) complexes
have been attracted considerable interest in the oxidative degra-
dation of aromatic azo compounds in the presence of H,0, [32,33].
There is scanty literature on the oxidative degradation of herbicide
exploiting the peroxidase activity of Mn2* ions in the presence of
H,0, [34]. It was assumed the peroxidase like activity of MnZ* ions
was aroused because of the Fenton like activity of Mn2* ions in the
presence of Hy05.

Our aim is to exploit the higher peroxidase activity of Mn2*
ions by fabricating a series of novel Mn doped mixed ferrite
(Mn'Fell; _,Fe'l,0,4) nanoparticles, which are expected to show
enhanced intrinsic peroxidase activity than previously investigated
Fe304 nanoparticles. In this contribution, we proposed an efficient,
facile and cost effective method of fabricating peroxidase mimetics
Mn!Fell;_,Felll; 04 nanoparticles: excellent enzyme mimics as a
replacement of HRP used in conventional ELISA. It was observed
that our synthesized Mn'yFell;_,Felll;04 nanoparticles showing
better catalytic activities followed typical Michaelis—Menten kinet-
ics. The observed Ky, and Kca¢ values from these Mn!!,Fell;_ Felll,0,4
nanoparticles demonstrated that these nanoparticles possess
higher peroxidase like activity towards the organic dye com-
pared to the native magnetite nanoparticles. This higher peroxidase
activity of Fe;_,MnxFe, 04 nanoparticles instigated us to fabricate
carboxyl decorated Fe;_yMnxFe,04 nanoparticles using phospho-
nomethyl iminodiacetic acid (PMIDA), a small inexpensive coupling
agent, to impart carboxyl functionalities for facile bioconjugation
with antibody. By employing the higher peroxidase properties
of the antibody-linked-PMIDA-Mn',5Felly sFel',0,4, both direct
and indirect immunosorbent assays are designed, using the
mouse IgG as model analyte, to confirm its potential applica-
tion in enzyme immunoassays. It was observed that the detection

limit obtained in indirect ELISA using our antibody-linked-
PMIDA-Mnly sFelly sFelll, 04 nanoparticles was lowest (0.1 pg/ml)
in comparison to previous reports [26,35]. Exploiting the higher
magnetic property and specific antibody-antigen interactions,
we have also pioneerly fabricated the magnetic biodetection as
well as separation of FITC-rabbit-anti-goat IgG. To the best of
our knowledge, till date no researchers have embarked on the
development and evaluation of peroxidase mimicking property of
Mn!y sFelly sFell,04 nanoparticles: an efficient catalyst exploited
for the detection, separation as well as quantification of mouse IgG
as a model analyte by this modified PMIDA-Mn!!, sFelly sFelll; 0,4
linked immunoassay. In a nutshell, this method holds great promise
in the field of sensitive biodetection, bioseparation as well as catal-
ysis of analytes to near future.

2. Experimental
2.1. Chemicals

Ferric chlorides (FeCl3), ferrous sulfate (FeSO4-7H,0), man-
ganese chloride (MnCl,-4H,0) were obtained from Merck,
Germany. Phosphonomethyl iminodiacetic acid (PMIDA),
1,10-P  henanthroline, = hydroxylamine-hydrochloride, = N-
hydroxyl-succinimide (NHS), 1-ethyl-3-(3-dimethylaminopropyl)
carbodiimide hydrochloride (EDC), sodium bicarbonate (NaHCO3),
sodium carbonate (Na;CO3), sodium azide (NaN3) and Tween-20
were purchased from Aldrich, USA. Na;HPO4, NaH,PO4 and NaCl
were purchased from Merck, Germany. Bovine serum albumin
(BSA), Z-morpholinoethanesulfonic acid (MES buffer), Tris buffer,
hydrogen peroxide (H,0,) (30%), 3,3,5,5-tetramethylbenzidine
(TMB), mouse IgG, goat antimouse IgG, rabbit anti goat IgG, rabbit
anti goat IgG-FITC, rabbit anti human IgG-FITC conjugate were
purchased from Sigma-Aldrich.

2.2. Synthesis of Fe30y4, Fe;_yMnyxFe;04 and PMIDA modified
Fe;_xMnyFe,04 nanoparticles

Superparamagnetic magnetite (Fe30,4) nanoparticles were pre-
pared by controlled chemical co-precipitation of Fe2* and Fe3* (1:2
weight ratio) ratio from ammoniacal solution under argon atmo-
sphere. Substituted ferrites (Fe;_yMnxFe,04) were prepared by
similar co-precipitation technique in N, atmosphere using milli-Q
water and ammonium hydroxide as a base [36]. For the synthe-
sis of (FegsMngsFe;04) magnetic nanoparticles, 0.324 g of FeCls,
0.140 g of FeSO4-7H,0 and 0.098 g of MnCl,-4H,0 were taken in
40 ml of absolutely deoxygenated milli-Q water in a 100 ml three
necked flask equipped with argon flow and a mechanical stirrer.
5ml of NH3 (25%) solution was added into it drop wise over a
period of 15 min during which black precipitates were formed. The
reaction mixture was then stirred for 2 h at 70°C. After comple-
tion of the reaction, black particles were separated and washed 5
times with milli-Q water using magnetic concentrator. For the syn-
thesis of (FeggsMng 15Fe;04) nanoparticles, same procedure was
repeated only the different amounts of reagents i.e. 0.320 g of FeCls,
0.236 g of FeSO4-7H,0 and 0.030 g of MnCl,-4H,0 were taken. For
the surface modification of magnetic ferrofluid (FegsMngsFe;04)
by PMIDA, mixed ferrite nanoparticles and PMIDA were taken in
1:2 molar ratio in an alkaline medium (pH 8-9). The solution was
again sonicated for 20 min and magnetically stirred for 24 h. The
particles were separated magnetically, and washed five times with
water followed by ethanol and dried in vacuum. Few drops of the
suspended particles in water were acidified with dilute acetic acid
(pH was maintained 4-5) and further dispersed in 10 ml of mil-
lipore water by ultrasonication. The magnetic nanoparticles were
recovered from the reaction mixture using a permanent magnet.
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2.3. Kinetic analysis of peroxidase like mixed ferrite nanoparticles

The steady-state kinetic assays were performed at room tem-
perature in a reaction system using 3.22 x 10-19 M of each Fe304,
Mng 5Feg5Fe; 04, and Mng 15Feq gsFe; 04 nanoparticles in 1 ml of
reaction buffer (0.1 M NaAc, pH 4) in the presence of H,O, and
TMB. The kinetic analysis of these nanoparticles with TMB as the
substrate was performed by adding 0.8 M of H,0, and different
amounts (0-800 M) of TMB solution. The kinetic analysis of these
nanoparticles with H,0, as the substrate was performed by adding
800 wM of TMB and different amounts (0-1.8 M) of 30% H,0,
solution. All the reactions were monitored in time scan mode at
652 nm using the Shimadzu UV 1700 spectrophotometer. Catalytic
parameters were determined by fitting the absorbance data to the
Michaelis—Menten equation (1). The apparent kinetic parameters
were determined by fitting the absorbance data according to the
Michaelis—Menten equation.

_ Vmax x [S]
" Km +[S]

The Michaelis—-Menten equation describes the relationship
between the rates of substrate conversion by an enzyme and the
concentration of the substrate. In this equation, v is the rate of con-
version, Vimax is the maximum rate of conversion, [S]is the substrate
concentration, and Ky, is the Michaelis constant. The Michaelis con-
stant is equivalent to the substrate concentration at which the rate
of conversion is half of Vipax and Ky, approximates the affinity of
the enzyme for the substrate.

(1)

2.4. Functionalization of PMIDA-Mng sFeg 5Fe;04 with antibody
for implications in direct or indirect immunosorbent assay

The MNPs were functionalized with either goat antimouse IgG
or rabbit anti goat IgG through the crosslinking between the free
carboxylic groups on PMIDA-Mng 5Feg sFe; 04 nanoparticles with
the available NH, groups of antibodies. Approximately 1 mg of
PMIDA-Mng 5Fe( sFe; 04 nanoparticles were suspended in 1 ml of
0.1 M MES buffer (pH 5.5). Aqueous solutions of 10 mM NHS and
4mM of EDC dissolved in MES buffer were freshly prepared and
0.5ml of each solution was immediately added to the solution.
The nanoparticles were incubated at room temperature (RT) with
gentle shaking. After 2 h, these nanoparticles were centrifuged and
washed with 10 mM PBS (pH 7.4), and then resuspended in 1 ml
PBS followed by the addition of 100 1 of either goat-antimouse or
rabbit-antigoat antibody at a concentration of 5 mg/ml. The mix-
ture was incubated at RT for 12h with an end to end shaking.
These nanoparticles were repeatedly washed with 10 mM PBS (pH
7.4) and resuspended in quenching solution [40 mM Tris-HCI with
0.05% BSA] for 1h to block free carboxylic groups. Protein coated
nanoparticles were purified by magnetic separation and resus-
pended in PBS (1 ml) with 1% BSA and stored at 4 °C until use.

2.5. Detection of mouse IgG as a model by both direct and indirect
immunosorbent assay

The detection of mouse IgG using these antibody linked
PMIDA-Mng 5Feq s Fe;04 nanoconjugates was studied by perform-
ing both direct and indirect immunoassay [35]. For direct ELISA,
mouse IgG (0.2-2.5 wg/ml, total of six concentrations) was loaded
into the wells of a 96-well microtiter plate in 0.1 M NaHCOs3 at
4°C for overnight incubation. After the wells were washed with
PBST (0.05% Tween 20 in PBS) and PBS for 3 times, 100 .l of
1% BSA in PBS was added to the wells and incubated for 2h at
37°C. The wells were then washed with PBST and PBS three times
again. Then, 500 pg/ml goat-antimouse IgG (5 mg/ml) functional-
ized PMIDA-Mng 5Feq sFe;04s in PBS was added (5 g/100 wl) and

incubated for 2 h at 37 °C. The wells were then washed with PBST 3
times, followed by a PBS wash. Afterward, 100 .1 of reaction buffer
(0.1 M NaAc, pH 4, 0.8 M of 30% H,0,, 800 .M TMB) was added into
the wells. The absorbance of each well at 652 nm was measured
using a microplate reader (SpectraMax M5, Molecular Device).

For detection of the mouse IgG by an indirect ELISA method,
mouse IgG was first loaded into the wells from 0.1 pug/ml to
0.35 wg/ml. After rinsing with PBS, the wells were blocked by 1%
BSA in PBS (100 pl in each well). Goat anti-mouse IgG was then
added to the wells at a concentration of 100 ng/well and incu-
bated for 2 h at 37 °C. Then, 100 p.l solutions of rabbit anti goat-IgG
linked PMIDA-Mng sFegsFe;04s at a concentration of 500 pg/ml
were added to each well at 5 pg/well concentration and the mix-
ture was kept at 37°C for 1h. The wells were then washed with
PBST three times and with PBS once. Reaction buffer (100 1) con-
taining TMB and H,0, was added to each well, and absorbance at
652 nm was measured.

2.6. Bio-conjugation of PMIDA-Mny sFeg 5Fe;04s with goat
IgG-Ag and magnetic separation of the target antibody

For the qualitative detection and magnetic bioseparation of
the FITC labeled rabbit anti-goat IgG (FITC-rabbit anti-goat IgG,
concentration 1 mg/ml), a solution of goat anti-mouse IgG-linked
PMIDA-Mng 5Feg sFe; 045 (same procedure as reported in direct
ELISA, 100 wl, 1mg/ml) was incubated with a solution of FITC-
antigoat IgG in PBS (100 wl, 1 mg/ml) with overnight shaking at
RT [37]. The mixture was then thoroughly mixed and the fluores-
cence of the mixed solution (100 ul) was recorded immediately
before magnetic separation. The FITC-anti-goat IgG-linked mag-
netic nanocomposites was separated by magnetic separation and
washed with the PBS buffer solution (three times). The fluorescence
of the nanocomposites solution and the supernatant were mea-
sured after magnetic separation. The selectivity of this magnetic
separation method was accomplished by a control experiment with
FITC-rabbit-anti human IgG, following the same protocol, described
in the target experiment.

2.7. Instrumentation

The exact compositions of these nanoparticles were analyzed by
the spectrophotometric determination of total Fe content and Fe(II)
content using standard 1,10-phenanthroline and the Mn(II) con-
tent was back-calculated from the total Fe content and it was well
matched with the exactamount of ions present in the nanoparticles.
(Details of the characterizations were incorporated in Supporting
Information.) The hydrodynamic size (HD) of the particle aggre-
gates was measured by laser light scattering using a Brookhaven
90 Plus particle size analyzer. The surface charge of the nanopar-
ticles was investigated through zeta potential 100 measurements
(Zetasizer 4, Malvern Instruments, UK). The surface chemistry of
the nanoparticles was performed by using a Thermo Nicolet Nexux
FTIR model 870 spectrometer. The X-ray photoelectron spectro-
scopic (XPS) data was collected using an Al Ka excitation source
in an ESCA-2000 Multilab apparatus (VG microtech). The catalytic
properties of the synthesized nanoparticles forimmunoassay appli-
cations were characterized by the color reaction of TMB with the
presence of H,O,. For the UV-vis absorption measurements of the
catalytic reaction, we used a Shimadzu absorption spectropho-
tometer (model no. UV-1700). For fluorescence measurement, a
Spexfluorolog-3 spectrofluorimeter (model no. FL3-11) was used
respectively. The phase analysis of the synthesized magnetite
nanopowder was performed on an X’pert Pro Phillips X-ray diffrac-
tometer. The sample for XRD was prepared by the deposition of
well dispersed nanoparticles on a glass slide and, after drying,
the analysis was performed by using cobalt as the target material.



340 D. Bhattacharya et al. / Talanta 86 (2011) 337-348

HO COOH
H \P/\NF
Ho wo' Y  \—coon
OH —
H Q@/COOH
Mixture of Fe™ Fe®* and Mn® in HOOC COOH

NH, medium at pH 9

HOOC

Mn, sFe, sFe,0,and Mn, 5Fe, ssFe,0, nanaparticles.

COOH
COOH

B
HOOC COOH
CHyCH, -N=C=N{CHy}sNHCH, NH,
HOOC COOH '
HOOC IL
CooH  © ‘| 0
COOH OH
H /—COOH ‘_me-oC’ -
QunCO0H = :>P<\ N
LU COOH

Rabbit anti goat lgG-labelled-PMIDA-Mn, sFe, 5Fe,0,

Scheme 1. Fabrication strategy of (A) PMIDA modified Mn2* doped MngsFeosFe;04 nanoparticles and (B) antibody (rabbit anti-goat IgG/goat-IgG) immobilization of
PMIDA-Mng 5FeqsFe;04 nanoparticles by standard EDC/NHS chemistry for implications of MNP-ELISA.

High-resolution transmission electron microscopy (HRTEM) (JEOL
3010, Japan) was employed to characterize the microstructure of
the nanoparticles at 200 kV. For direct and indirect ELISA as well
as antibody quantification, the absorbance at each well at 652 nm
was measured using a microplate reader.

3. Results and discussions

3.1. Synthesis of Mn?* doped mixed ferrite nanoparticles
(MnyFe;_xFe;04)

Three types of nanoparticles (Fe304, Mn'g 5FellygsFell,04
and Mn!(sFellysFel',0,4) were fabricated with varying compo-
sition of Mn2*:Fe2* jons to develop the peroxidase mimetics.
These nanoparticles were synthesized by co-precipitation method
with varying ratio of MnZ*: Fe2* in NH4OH solution at pH 9
under argon atmosphere [36]. The observed enhanced reactiv-
ity of the MnyFe;_yFe,04 nanoparticles compared to Fe;04 was
speculated due to the combined peroxidase like activity of both
surface active Fe2* and Mn2* atoms towards the decomposi-
tion of H,0, [28,38]. As our aim was to exploit the increased
peroxidase like activity to mimicking HRP in ELISA, the surface
of Mn!lysFelly sFe!ll;04 nanoparticles were further modified with
PMIDA to generate active carboxyl functionalities for further bio-
conjugations to antibodies. The synthesis of Mn'y sFell sFelll; 0,4
nanoparticles and the PMIDA modification strategy was shown
in Scheme 1A. The phosphonate groups of PMIDA strongly
anchored the nanoparticulate surface and the free carboxyl func-
tions of PMIDA exposed on the surface of the nanoparticles.
These free carboxyl functionalities induced electrostatic repul-
sion between the nanocrystals, developing a stable ferrofluid
for further bioapplications. Different antibodies (goat-anti-mouse
IgG and rabbit antigoat IgG) were conjugated on the surface of
the PMIDA-Mn' sFe'ly sFell,04 nanoparticles by the standard
EDC/NHS protocol at pH 5, as observed in Scheme 1B. Initially,
the carboxyl groups of PMIDA conjugated Mn!ly5FellysFelll;04
nanoparticles were activated by incubating with EDC/NHS at pH
5 in MES buffer for 2 h. The available NH, groups of the anti-
mouse IgG/rabbit antigoat IgGs were coupled with the activated

carboxyl groups of PMIDA-Mn!ly sFelly sFelll; 04 nanoparticles to
fabricate the detection tool for mouse IgG detection by mod-
ified PMIDA-Mngs"Fe'ly sFel',04 linked immunosorbent assay
(Scheme 2A).

In order to demonstrate their magnetic bio-separation
and concentration implications in immunoassays, the
PMIDA-Mn!lj sFelly sFelll0, nanoparticles were bio-conjugated
with goat-antimouse IgG to construct goat-IgG labeled
PMIDA-Mn!lj sFelly sFelll, 0, nanoparticles and then utilized
in the magnetic separation of FITC-labeled rabbit anti-goat IgG
antibody, according to the procedure shown in Scheme 2B.

3.2. Structural and compositional characterization of coated and
uncoated ferrite nanoparticles

The XRD patterns of Fe;_yMnyFe,;04 (x=0.15 and 0.5) nanopar-
ticles in Fig. 1 showed that all the ferrites synthesized were
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Fig.1. XRD patterns of (A) FegsMngsFe;04,and (B) FegssMng 15Fe;04 nanoparticles.
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m — m—
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4

TMBMH,0,

Or

Absorbance of TMB catalyzed by Rabbit anti goat IgG-bound-PMIDA-Mn, sFe, sFe,0,
is directly proportional to the concentration of mouse IgG present in the system

B

Precipitated Rabbit FITC-lgG-goat-lgG
crosslinked nanoparticles

Scheme 2. (A)Schematic representation of the employed in PMIDA-Mng 5 Feq 5 Fe; 04-linked indirect immunosorbent assay. (B) Fabrication strategy of detection and magnetic
bioseparation of FITC-rabbit-anti-goat-IgG using goat-IgG-PMIDA-Mng s Feg sFe, 04 nanoparticles.

of single-phase cubic ferrite systems. The broadening of peaks
indicated small crystalline sizes of the nanoparticles, which was
translated into an average core size of about 8 nm using the
Debye-Scherrer formula for spherical particles. The relatively

low intensity and broadness of peaks produced were due to
nanocrystallinity of the ferrite particles. The crystallite sizes of
Fei1_xMnyFe;04 (x=0.15 and 0.5) nanoparticles were calculated
from the XRD line (311) broadening using Scherrer’s formula.

—

Fig. 2. Representative TEM micrographs of (A) FegpsMngsFe;04, (B) Feg.gsMng 15Fe;04, (C) PMIDA-FegsMng sFe;04, and (D) PMIDA-FegsMngsFe;04 in high resolution.
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Table 1

Hydrodynamic (HD) size, PDI and zeta potential of the Feg5MngsFe,04 and PMIDA-FeosMngsFe;04.

Nanoparticles (NPs) HD size (nm) at pH 7 PDI Zeta potential (mV) at pH 7 Zeta potential (mV) at pH 9 Zeta potential (mV) at pH 4
Feg.sMngsFe;04 450 nm 0.212 -76 -7.8 -7.6
PMIDA-FegsMngsFe;04 [2] 126 £9nm 0.119 -37.6 -41.4 -323

It had been observed that the crystallite sizes of Fe;_yMnyxFe;04
ferrite particles decreased from 10 to 8 nm with increased Mn2*
concentrations from 0.15 to 0.5 and this observation was simi-
lar as reported by Bahadur et al. [36] and Upadhayay et al. [39].
The representative TEM micrographs in Fig. 2 illustrated that the
uncoated Fe;_yMnyFe,04 (x=0.5and 0.15) nanoparticles had a par-
ticle size in the range of 7-9 nm respectively with a high amount of
agglomeration. After modification, the TEM images displayed that
the size of the PMIDA-Fe( 5sMng sFe; 04 (approximately 10-11 nm)
somewhat increased than uncoated particles. This increase was
due to the presence of adsorbed phosphonate layer on the mixed
ferrite nanoparticles. These PMIDA modified nanoparticles dis-
played higher dispersibility in the aqueous medium due to the
immense number of carboxyl groups on the surface and this dis-
persion remained stable for 1 month without any agglomeration.
In contrast, the bare mixed ferrite nanoparticles exhibited rapid
agglomeration after dispersing in aqueous medium and precip-
itated from the aqueous medium in less than 30 min (data not
shown).

The average hydrodynamic diameters (HDs) of uncoated
Feg.sMng 5Fe;04 and PMIDA-Fep s Mng 5Fe; 04 nanoparticles were
studied under different pH and the data was shown in Table 1. The
HD sizes of PMIDA-Feg sMng 5Fe; 04 nanoparticles, observed in the
range of 126-135 nm respectively at physiological pH, were con-
siderably smaller than uncoated Fey s Mng sFe; 04 (450 nm) one and
the diameter of these PMIDA-modified nanoparticles was found
to increase with decreasing pH. This increase might be attributed
from the protonation on PMIDA-modified mixed ferrite nanopar-
ticles at the lower range of pH. It was further observed that the
corresponding zeta potentials of the nanoparticles (Table 1) were in
good agreement with the dynamic laser light scattering (DLS) mea-
surements. The zeta potential values of both bare-mixed ferrites
and PMIDA modified mixed ferrites were observed at physiologi-
cal pH. The uncoated mixed ferrite exhibited zeta potential value
of —7.6mV at pH 7 due to the surface hydroxyl groups on the fer-
rite surface, whereas PMIDA modified mixed ferrites displayed a
higher zeta potential —37.8 mV at pH 7 and the value was observed
increasing with increasing pH. This high negative surface charge
at pH 7 confirmed the presence of carboxyl groups on the mag-
netite surface. On the contrary, the zeta potential value of modified
nanoparticles showed a less negative surface charge at pH 4 due to
the predominance of protonated carboxyl groups on the nanopar-
ticle surface.

The FT-IR spectrums of bare FegsMngsFe;04 and
PMIDA-FegsMngsFe;04 were illustrated in Fig. 3. For bare
FegsMngsFe,04 nanoparticles, a strong band appeared at
584 cm~! due to the presence of Fe-O vibration of magnetic core.
Besides the presence of 584 cm~! for Fe-O vibration, a broad band
around 1180-1034cm~! appeared in PMIDA-FeqsMngsFe;04
nanoparticles ascribing due to the presence of Fe-O-P and
P=0 stretching bands superimposed on one another. As com-
pared to unbound PMIDA (S1), the peak associated with the
C=0 stretching bands of carboxylic acids around 1736cm~! in
PMIDA (Supporting information S1) was shifted to 1624 cm™!
in PMIDA-FegsMngsFe;04, possibly due to the establishment
of intraparticle hydrogen bonding between the surface -CO,H
groups [40]. One very small peak compared to unbound PMIDA
appeared at 1736 cm~! which was due to the free CO,H groups on
the surface of the PMIDA-Feg 5sMng 5Fe;04 nanoparticles.

%T

4000 3200 2400 1800 1400 1000 600 450

cm-1

Fig. 3. FT-IR spectra of (A) PMIDA-Fey5MngsFe;04 and (B) bare FegsMngsFe;04.

X-ray photoelectron spectroscopy analysis was further used
to authenticate the successful modification with PMIDA on
these mixed ferrite nanoparticles (Fig. 4A-E). The high-resolution
C1s spectrum (Fig. 4A) displayed three peaks at 284.73, 284.5
and 288.14eV, attributed to C-C, C-0O and C=O0 (typical of
ester/carboxylic acid). The Fe2p doublet with binding energy val-
ues of 710.8 and 724.29 eV (Fig. 4B) implied the presence of Fe-O
bonds, typical for magnetite. The P2p spectrum (Fig. 4C) exhib-
ited two peaks at 132.26 and 138.9eV corresponding to P2psj;
and P2pq),, respectively. Furthermore, the high resolution O1s
spectrum (Fig. 4D) of PMIDA-coated magnetite displayed peaks at
530.15, 530.1, 531.9, and 532.4eV, which corresponded to pres-
ence of different oxygen atoms in four different environments as
P-0, C-0, Fe-0, and O-H. The presence of Mn2* was confirmed
in this PMIDA-FeqsMng sFe;04 by XPS analysis. The Mn2p3, and
Mn2p;, doublet with binding energy values of 640.2 and 651.97
(Fig. 4E) validated the presence of Mn-0 bonds in the sample [41].

3.3. Magnetism

Dopant dependent variation of magnetization of mixed ferrite
nanoparticles was measured by vibration sample magnetom-
etry (VSM) at room temperature. Fig. 5 showed variation of
room temperature specific extent of magnetization of bare
Fe304, Fe;_xMnyFe;04 (x=0.15 and 0.5) nanoparticles. The spe-
cific magnetization of Fe;_yMnyFe,0,4 ferrite particles initially
increased with increasing Mn2* concentration with ‘x’ up to
a value of 65.9emu/g for x=0.5. This observation was well
matched with the substituted ferrites reported by Bahadur et al.
Anhysteric M-H curve without any detectable coercivity and
remanence indicates a superparamagnetic behavior at room
temperature for all samples. The entire curve showed perfect
Langevin behavior without hysteresis. The saturation magnetiza-
tion value (Ms) for Feg sMng 5sFe;04 NPs was 65.9 emu/g while Ms
for FeggsMng 15Fe;04 and PMIDA-FegsMng sFe;04 nanoparticles
were decreased to 52.11 emu/g and 44.33 emu/g respectively. The
presence of organophosphono moiety on the surface of the mod-
ified nanoparticles leads to decrease of Ms compared to uncoated
nanoparticles.
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Fig. 4. High resolution ray photoelectron spectra of (A) C1s, (B) Fe2p, (C) P2p, (D) O1s, and (E) Mn2p of PMIDA-FeysMngsFe;04.

3.4. Peroxidase-like activity

It was already established that magnetite (Fe3O4) nanoparti-
cles (MNPs) possess an intrinsic peroxidase-like catalytic activity
towards the oxidative degradation of TMB in the presence of H,05.
This was aroused due to the heterogeneous Fenton like activity of
surface Fe2* atoms towards the degradation of hydrogen perox-
ide [13]. This catalytic property of MNPs was exploited previously
to replace the conventional enzyme (HRP) used in ELISA [35]. It
was previously observed that with the presence of doped Mn?2* in
the magnetite structure, the Fenton like activity of the nanocom-
posites was enhanced and this enhancement strongly favored the
hydrogen peroxide decomposition as well as organic dye oxidation.
The rate of the decomposition reaction was also increased with the

increasing Mn2* concentration in the mixed ferrite nanoparticles
[27,28]. This increased reactivity of Mn%* doped mixed ferrites over
bare magnetite could be envisaged due to the thermodynamically
favorable single electron transfer reduction of Mn3* by the surface
Fe2* jons as shown by the following reactions [27,42]:

Mngy 2+ +Hy0p — Mngye3t +OH™ + ¢ OH (2)

3)

This single electron reduction of Mn3* by Fe2* is feasible due to
the higher reduction potential of Mn3*/Mn?2* (E9 = 1.51 V) compared
to Fe3* [Fe2* (E®=0.77 V). It was predicted that high conductivity of
magnetite as a semiconductor nanoparticles [43,44] can catalyze
the efficient regeneration of the surface Mn?* species which would
be responsible for the remarkably increased activity of nanoparti-

FeZt + Mn3t — Fe3t + Mn2*, E9= 0.73V

80 — cles for H,O0, decomposition and organic dye oxidation.
70 1 Mn. "Fe "Fe.O Inspired by these facts, the peroxidase-like behaviors of bare
804 i Fe FeO Fe304 as well as all these mixed ferrites were observed using
50 1 TMB as a chromomeric substrate [45,46]. Fig. 6A represented
409 the catalytic reaction of TMB using bare Fe304 as well as all
301 these mixed ferrites after reaction for 25 min. In all the catalytic
— 20 degradations of TMB, two peaks were observed at 369 and
_S, 13'- 652 nm, indicating that TMB was oxidized by our nanoparticles.
S 401 Fig. 6B presented the time-course curves of the different reac-
g 20 ] tion systems catalyzed by bare Fe304, MnlgsFellggsFelll;0y,
= 304 PMIDA-Mn'( sFelly sFe';0, and Mn'ysFe''y5Fe",04 nanopar-
40 ticles within 25min keeping catalyst as well as substrate
50 concentration same. It was observed that the catalytic activ-
60 . . ity of MNPs towards TMB degradation displayed hyperbolic
.?g_‘ Coercive field~ 50-600e kinetics and the order was Mn!5FellysFelll;04 > PMIDA-
-80- MIIHO.5 Fe”05 Femz 04> Mn"o_15Fe”0,85 Femz 04 >Fe304 respec-

10
Field (Tesla)

Fig. 5. Magnetization curves of (A) Fe gsMng15Fe;04, (B) FegsMngsFe,04, and (C)
PMIDA—F60_5MI10_5 Fe204.

tively. This observation was comparable with the methylene blue
oxidation by Mn2* containing ferrites as reported by Lago et al.
[27]. They observed that Mn2* on the surface of mixed ferrites
exhibited the possibility of forming redox couple Mn2*/Mn3*, aim-
ing to produce hydroxyl radicals which can catalyze the oxidative
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degradation of TMB in H,O,. Based on the higher catalytic activity
of Mn!ly sFelly sFelll, 04 compared to previously discussed nanopar-
ticles, Mn!'y sFe!ly sFel',04 and PMIDA-Mn! sFe!l sFell', 04 were
chosen for the further kinetic analysis as well as immunoassay
applications.

3.5. Steady state kinetics study

In order to authenticate the dependence of catalytic activ-
ity of the Mn'ysFe!lysFe!';0,4 on pH, temperature and substrate
concentration, the peroxidase activity of Mn!! sFell sFelll, 04 was
evaluated with varying parameters similar with Fe304 and HRP
respectively (Fig. 7A-C). Results revealed that the best catalytic
activity of nanoparticle towards TMB oxidation was observed at pH
4 and 40 °C similar to the previous reports [13]. Thus, to investigate
the mechanism of the peroxidase activity of Mn!l5Felly sFelll; 04
nanoparticles, pH 4 and 40°C was adopted as the apparent
steady-state kinetic parameters for the catalytic reaction. Apparent
steady-state reaction rates at different concentrations of sub-
strate were obtained by calculating the slopes of initial absorbance
changes with time at a fixed concentration of catalyst. The oxida-
tion of TMB catalyzed by Mn" sFel!y sFel',0,4 shown in Fig. 8A and
B displayed typical Michaelis-Menten kinetics. The datas were fit-
ted to the Michaelis-Menten model (curves shown in Fig. 8C-D)
and the catalytic parameters were obtained (Table 2). The Ky
value of the TMB degradation by Mn'(sFel'ysFe,0,4 consid-
ering H,O, as the substrate was significantly higher than that
for HRP. This result concluded that a much higher concentra-
tion of H,O, was required to obtain maximal reaction velocity
for Mn!ly 5Felly sFelll;04. The Ky, value of the Mn! sFelly sFelll,0,4
with TMB as the substrate was comparatively lower than for HRP
(Table 2), suggesting that the Mn!! sFelly sFelll,04 have a consid-
erably higher affinity for TMB than HRP. The K¢at/Km, value of the
Mn!y sFelly sFel’,0, compared to HRP considering TMB as sub-
strate appeared significantly higher at the same concentration of
nanoparticles and HRP. This enhancement was due to the lower
Km value of Mn!sFelly sFell'l;0, taking TMB as a substrate. The
Kcat/Km value of the Mn'y sFelly sFelll;04 with H,O, as the sub-
strate was significantly smaller than that for HRP, corresponding
to the larger Ky, value for H,O,. So it can be concluded that as a
catalytic agent, Mn!( sFelly sFelll, 04 exhibits greater catalytic effi-
ciency than HRP considering TMB as a substrate but lower efficiency
for HyO,. The similar catalytic activity was generated due to the

presence of a huge number of Mn2* as well as Fe* jons on the
surface, providing active sites for catalysis. It was also observed
from Fig. 6B that the catalytic property of Mn!l( sFelly sFelll, 04 was
higher than the normal magnetite as reported by Yans group [13].
The catalytic power of our nanoparticles is even greater than the
most advanced catalyst as reported by Gu et al. [26] which was pre-
dicted for the effect of Mn2* substitution in the magnetite structure.
As the catalytic activity also depends on the size of nanopar-
ticles, it was also expected that so our 8-10nm nanoparticles
showed greater catalytic activity compared to 200 nm nanoparti-
cles as reported by Gao et al. due to the combined effect of size
and Mn?* doping [35]. In general, the high catalytic efficiency of
Mn!ly sFelly sFell; 04 was speculated due to (i) combined Fenton
like activity of Fe2* & Mn2* ions in the Mn!!y 5Felly sFe!ll, 04 exhibit-
ing a dominant role in the catalytic peroxidase like activity, (ii)
higher surface area due to small size (iii) the strong affinity of two
-NH, groups of TMB towards the surface of negatively charged
PMIDA-Mn! sFelly sFel',0, nanoparticles. (Zeta potential mea-
sured —35 to —39mV.)

The  dependence of  peroxidase-like  activity  of
Mn!lysFelly sFell; 04 on the nanoparticle concentrations was
established in Fig. 9. It was shown in the graph that there
is a linear correlation between the absorbance with increas-
ing Mn'ysFellysFel',0, concentration indicating that the
nanoparticles can be used as a mimic enzyme label in bioanalysis.

3.6. Detection of mouse IgG by PMIDA-Mn!l, sFe!l, sFe ,0,4
linked immunoassay

Encouraged by its peroxidase-like catalytic properties, we
exploited the fabricated PMIDA-Mn!sFelly sFel';04 in enzyme
linked immunosorbent assay (Fig. 10) using mouse IgG as the
detection analyte. PMIDA-Mn" sFe!ly sFe', 04 nanoparticles were
selected for the immunoassay applications because of the amenable
-CO,H groups on the surface which can be utilized for the immobi-
lization with specific antibodies/biomolecules. The performance of
PMIDA-Mn! sFelly sFelll,0,4 as a substitute for HRP was evaluated
by both direct and indirect ELISA method. In both direct and indirect
immunoassays protocol (Fig. 10A and B), the mouse IgG was directly
immobilized on the microtiter plate wells through nonspecific
interaction, and the PMIDA-Mn!ly sFelly sFelll, 0, was functional-
ized with antimouse IgG/anti-goat IgG. From the results obtained
(the results given in the graphs are the averages of three repetitive
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Fig. 7. The dependence of peroxidase-like activity of the FegsMng5Fe;04 MNPs is pH, temperature, and H,0, concentration.
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Table 2

Comparison of kinetic parameters of MngsFegsFe;04 and HRP. [E] is nanoparticle and HRP concentration, Ky, is the Michaelis constant, Vinax is the maximal reaction
velocity and K is the catalytic constant, where Kca = Vimax/[E]. Here Kcar value shows the catalytic efficiency per nanoparticle. (These data is the average of three repetitive

measurements.) The values of HRP were taken from the previous standard reports [13].

[E] (M) Substrate Km (mM) Vimax (MS™") Kear (S71) Keae[Km (M1 S571)
MNP 3.2x10°10 TMB 0.139+0.02 45x10°° 1.4062 x 104 10.1165 x 107
3.2x10°1° H;0, 3104+0.01 3.63x10°° 1.134 x 10* 3.65x 104
HRP 2.5%x 101 TMB 0.434 10x10°8 4x10% 9.2 x 106
25x 101 H,0, 3.7 8.71x 1078 3.48 x 10° 9.4 x 10°
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Fig.9. Concentration dependency of peroxidase-like activity for FegsMngsFe;04 in
presence of H,0, and TMB.

configurations), a significant correlation was noticed between the
concentrations of the mouse IgG with the detected absorbance val-
ues. The correlation coefficient obtained were 0.9981 and 0.9942
(Fig. 10A and B) and this suggesting that peroxidase mimetics
PMIDA-Mn!lj sFelly sFelll, 04 could efficiently detect the amount of
mouse IgG immobilized at titre plates. The data of Fig. 10A and
B specified a detection limit of 0.1 ug/ml and the linear range of
our biodetection probe was found from 0.1 pg/ml to 2.2 pug/ml. The
linear increase of the absorbance as a function of IgG concentra-
tion corroborated the significance for biological detection by our
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synthesized immunoassay toolbox. The detection limit obtained
in our PMIDA-Mnl!ly s Felly sFelll, 04, modified immunosorbent assay
was found to be superior as compared to the method reported by
Gu et al. [26].

It was also assumed that the amenable carboxyl groups in
PMIDA provide convenient sites for linkage with IgGs to the MNPs
through linking their amino groups using covalent conjugation. As a
demonstration, we functionalized the PMIDA-Mn!!y 5 Fellj sFelll; 04
nanoparticles with anti-mouse IgG. A back ELISA protocol was
established to estimate the concentration of residual IgG after bind-
ing to nanoparticles (Fig. S3). It was observed that approximately
32% of the antibodies were immobilized on MNPs by using the
current experimental procedure.

3.7. Bioseparation of FITC-rabbit anti goat IgG using
PMIDA-Mn"ly sFel sFe ,0,4

In order to evaluate the efficiency of
PMIDA-Mn! sFelly sFell,0, for magnetic-bioseparation of
FITC-rabbit-anti-goat IgG, the antigens were attached to the
surface of the MNPs through the covalent conjugation between the
available NH, groups of the antigens and the activated carboxyl
groups on the nanoparticle surface. This antigen labeled MNPs
were further used in the magnetic separation and detection of
FITC-antigen. Based on the specific antigen-antibody interaction
between FITC-anti-goat IgG and goat-IgG labeled MNPs, FITC-
anti-goat IgG was magnetically concentrated and separated from
the solution. Fig. 11A showed the fluorescence spectra of the
free antibody, the PMIDA-linked anti-goat IgG nanocomposites
solution, the supernatant after the magnetic separation and
PMIDA-nanocomposites (unmodified) respectively. As compared
to the free antibody, the fluorescence of the supernatant was very
weak while that of the nanocomposites solution was very strong;
corroborating that FITC-anti-goat IgG was bound to the antibody
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Fig. 10. Results of PMIDA-Fe(5MngsFe;04-linked immunosorbent assay for detection of (A) mouse IgG as a model analyte using the direct (B) mouse IgG as a model analyte
using indirect ELISA configurations respectively. Error bars shown represent the standard error derived from three repeated measurements.
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Fig. 11. Representations of fluorescence spectra of the immunoassay systems (A) target experiment performed using FITC-rabbit anti-goat IgG and goat-anti mouse IgG
system: (1) FITC-labeled rabbit anti-goat IgG solution, (2) PMIDA-MngFeq sFe;04-goat-IgG-FITC-rabbit IgG, and (3) supernatant solution after magnetic separation. (B)
Control experiment based on the FITC-rabbit anti-human IgG and goat-antimouse IgG system: (4) FITC-rabbit anti-human IgG solution, (5) supernatant solution after

magnetic separation, (6) PMIDA-Mng 5Feq 5 Fe, 04-goat-IgG-FITC-rabbit anti human IgG.

linked nanocomposites and got separated [37]. Fig. 11B showed the
selectivity of the magnetic separation method, testified by the con-
trol experiment following a similar strategy. In brief, the antibody
used for magnetic bio-separation in the control experiment was
FITC-labeled rabbit antihuman IgG antibody instead of the anti-
goat antibody. The fluorescence intensity of the supernatant was
virtually unchanged after the magnetic separation. Meanwhile, the
magnetic nanoparticle solution hardly exhibited any fluorescence,
which revealed that FITC-rabbit-anti-human IgG was not bound
to the antibody modified magnetic nanoparticles. The results
demonstrated the excellent selectivity of the present magnetic
bio-separation technology based on the carboxyl functionalized
MNPs.

4. Conclusions

In a nutshell, a series of Mn!yFe!l;_,Fe!;0, nanoparticles
were synthesized by a simple and cheap method and possessed
intrinsic peroxidase-like catalytic activity under harsh conditions.
It was thoroughly observed that the peroxidase activity was
enhanced as a function of Mn2* concentration and showed typical
Michaelis—Menten kinetics exhibiting higher efficiency compared
to Fe304 nanoparticles. Furthermore, these nanoparticles can play
the role of novel enzyme mimetics exhibiting higher K.y value
compared to magnetite nanoparticles. Exploiting the enhanced
peroxidase properties, a modified immunoassay was employed for
the detection of IgGs using PMIDA-Mn!ly s Fell sFe!ll; 04 nanoparti-
cles, mimicking the typical role of HRP utilized in ELISA. The results
showed better efficacy exhibiting lower detection limit (0.1 g/ml)
of mouse IgG compared to previous reports and this detection level
was ten times lower than previous reports of magnetite-linked
ELISA. By employing the combined magnetism and functionalities
on antibody labeled PMIDA-Mn"( sFel'y sFel',0, nanoparticles,
this system showed efficacy as a potential analytical tool for the
magnetic bioseparation as well as detection of FITC-labeled rabbit
IgG. Stimulated by the positive attributes of the low detection limit,
cost effectiveness, enhanced selectivity, we expect that this method
will be a promising multifunctional tool for enzyme mimetics,
catalysis, biodetection and bioseparation.
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