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Abstract
Synthesis and functionalization of magnetite nanoparticles (Fe3O4) was achieved with the view to covalently bind both choles-
terol oxidase and cholesterol esterase biorecognition agents for the development of free and total cholesterol biosensors. Prior to
enzyme attachment, Fe3O4 was functionalized with 3-aminopropyltriethoxysilane (APTES) and polyamidoamine (PAMAM)
dendrimer. Characterization of the material was performed by FT-IR and UV spectroscopy, SEM/EDX surface analysis and
electrochemical investigations. The response to cholesterol and its palmitate ester was examined using cyclic voltammetry.
Optimum analytical performance for the free cholesterol biosensor was obtained using APTES-functionalized magnetite with
a sensitivity of 101.9 μAmM−1 cm−2, linear range 0.1–1 mM and LOD of 80 μMwhen operated at 37 °C. In the case of the total
cholesterol biosensor, the best analytical performance was obtained using PAMAM dendrimer-modified magnetite with sensi-
tivity of 73.88 μA mM−1 cm−2 and linear range 0.1–1.5 mM, with LOD of 90 μM. A stability study indicated that the free
cholesterol biosensors retained average activity of 98% after 25 days while the total cholesterol biosensors retained 85% activity
upon storage over the same period.

Keywords Magnetite (Fe3O4) . APTES (3-aminopropyltriethoxysilane) . PAMAM (polyamidoamine dendrimer) . Cholesterol
oxidase . Cholesterol esterase . Cholesterol biosensor

Introduction

The clinical analysis of cholesterol in serum samples is impor-
tant in the diagnosis and prevention of a large number of
clinical disorders. In conditions such as atherosclerosis, hypo-
thyroidism, nephrosis, diabetes mellitus, myxedema and ob-
structive jaundice, the patient will have increased levels of
cholesterol and its esters above the physiological norm.
Decreased levels are found in patients suffering from hyper-
thyroidism, anaemia, malabsorbtion and wasting syndromes.
The desired total plasma cholesterol for an individual is less
than 5.2 mM (200mg dl−1), with a high level being considered
as greater than 6.2 mM (240 mg dl−1). Plasma cholesterol

levels increase with age and are generally less in women than
men [1].

In relation to biosensing, immobilization of cholesterol ox-
idase (ChOx) and/or cholesterol esterase (ChEs) enzymes on-
to suitable transducers is a selective means of cholesterol de-
termination though signals obtained that are usually very
small (a few nanoamperes), due to the low enzymatic activity
(typically 2.5 U mg−1 solid and 3.5 U mg−1 solid for ChOx
and ChEs, respectively) [2]. The sequence of the typical
bienzyme reaction is shown below, followed by electro-
oxidation of the so-produced hydrogen peroxide:

Cholesterol Estersþ H2O →
ChEs

Cholesterolþ Fatty Acids ð1Þ

Cholesterolþ O2 →
ChOx

Cholest−4−en−3−oneþ H2O2 ð2Þ

Motonaka et al. described the application of [Os
(bpy)3](PF6)2/acetylene black-teflon emulsion deposited on
Pt electrode for the development of free and total cholesterol
biosensors [3]. The resulting biosensors offered a narrow lin-
ear range for free cholesterol up to 0.47 mM, and to 1 mM for
the total cholesterol biosensor. Limited linear range resulted
for the free cholesterol biosensor described by Zhou et al., up
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to 50 μM respectively, based on Au nanoparticles-cysteamine
[4]. The use of cyclic voltammetry for the analysis of choles-
terol was reported by Kumar et al. and Aravamudhan et al.,
based on PPy-dodecylbenzene sulfonate polymer film on ITO
(indium tin oxide) and thioctic acid (SAM) on Au electrode
respectively [5, 6], with sensitivity of 69 nA mM−1.

Nanomaterials provide high surface areas and a biocom-
patible environment for enzyme loading with toxicity,
chemical stability and high electron transfer capability be-
ing of significance. In the last decade, the investigation of
magnetic particles has resulted in their usage in numerous
nanosensing devices, allowing ease of separation in solu-
tion. Functionalized magnetic nanoparticles can also be
directed by an external magnetic field to site-specific drug
delivery targets. Hasanzadeh et al. have reviewed iron and
iron oxide nanoparticles as signal amplification elements
in biosensing [7]. Among these materials, magnetite
(Fe3O4), a Fe

2+ and Fe3+ complex oxide, is one of the most
commonly studied super-paramagnetic nanoparticle. It has
unique mesoscopic physical and mechanical properties and
has many potential applications in several fields such as
microwave absorption [8] and cell separation [9]. Fe3O4

nanoparticles have been widely used for in vivo examina-
tion including magnetic resonance imaging, contrast en-
hancement, tissue specific release of therapeutic agents,
magnetic field assisted radionuclide therapy and surface
assisted laser desorption mass spectrometry [10], as well
as in vitro binding of proteins and enzymes [11].

Due to its good biocompatibility, strong superparamagnetism,
low toxicity and easy preparation process, Fe3O4 has recently
been employed in biosensors for glucose, ethanol and acetamin-
ophen [12, 13] and in immobilization of many bioactive sub-
stances such as proteins, peptides, enzymes and antibodies [11,
14]. The binding of magnetic particles to bioactive substances
involves a number of interactions including interactions between
the organic ligand and between the amino acid side chains of
proteins and the metal centres [11]. Magnetic nanoparticles have
been functionalized with amino-silane and polyamidoamine
(PAMAM), the latter introducing a dense outer amine shell
through a cascade-type generation. Such bindings pave the
way for the coupling of biomolecular entities of enhanced stabil-
ity. Ahmad et al. reported cholesterol oxidase Pt incorporated
ZnO hybrid nanospheres, which were formed via electrodeposi-
tion and enzyme adsorption [15]. The material exhibited a rapid
sensitive response (1886 mAM−1 cm−2) up to 15 μM cholester-
ol. Recently, Huang et al. developed a cholesterol biosensor
based on enzyme modified gold nanoparticles with quantitation
enabled via reduction of silver ions by enzymatically generated
H2O2 [16]. Other examples of cholesterol biosensing which ex-
ploit nanoparticles include nanoscale Pt nanoparticles and
graphene [17]. Prussian blue encapsulated iron oxide nanostruc-
tures [18], a paper based cholesterol biosensor based on
graphene/polyvinylpyrroliidone/polyaniline nanocomposites

[19] and core shell silica nanocomposite, was used to immobilize
cholesterol oxidase, esterase and horseradish peroxidase [20].

In this article, the synthesis and functionalisation of mag-
netite nanoparticles with 3-aminopropyltriethoxysilane
(APTES) and PAMAM were achieved with subsequent cova-
lent attachment of both cholesterol oxidase and cholesterol
esterase. Enzyme binding confirmation involves the use of a
protein assay, surface analysis and electrochemical studies.
The functionalized nanomaterials prepared here provide a
new approach to electroanalysis of both cholesterol and cho-
lesterol esters, which to the best of our knowledge has not yet
been reported. The amino-silane initiator core provides for
dendrimer growth with multiple enzyme attachment sites per
Fe3O4 particle. Features such as excellent stability and flexible
preparation methodologies are advantageous properties (e.g.
control of dendrimer formation), enabling an extension of the
range of clinical targets for biosensing applications.

Experimental

Materials

Iron salts—FeCl2, FeCl3, ammonium hydroxide 30%, Triton
X 100, Nafion solution 5%, KCl, KH2PO4, K2HPO4, 3-
aminopropyltriethoxysilane (APTES), poly(amidoamine)
dendrimer (G4-PAMAM), methylacrylate, ethylenediamine,
methanol, ethanol, 25% aqueous glutaraldehyde, cholesterol,
cholesteryl palmitate, cholesterol oxidase (ChOx, 2.4 U mg-1
solid) and cholesterol esterase (ChEs, 3.6 U mg−1 solid), were
from Sigma-Aldrich (www.sigmaaldrich.com).

Apparatus

Cyclic voltammetry and amperometry experiments were car-
ried out using CH Instruments CHI 900. Platinum electrodes
(area = 0.0314 cm2), Ag/AgCl reference electrode for aqueous
solutions, a platinum counter electrode and a three compart-
ment cell were from CHI Instruments. Substrate solutions
were prepared using a thermostated bath, sonication was per-
formed using a Branson 2510 sonicator, drying of the func-
tionalized magnetite was carried out in a thermostated oven
WTB Binder from Germany, UV studies were carried out
using UV-160A (Shimadzu), IR analysis was carried out using
a Nicolet Avatar 320 FT-IR spectrometer and SEM images
were obtained using a Hitachi S-2400N system.

Synthesis of magnetic nanoparticles

Magnetic nanoparticles (MNP) were prepared by the chemical
co-precipitation method followed by treatment under hydro-
thermal conditions. Briefly, iron(II) chloride and iron(III)
chloride (1:2) were chemically precipitated at room
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temperature (25 °C) by adding ammonium hydroxide 30% at
a controlled pH = 10.0–10.4. The precipitates were heated at
80 °C for 35 min under continuous mixing and washed in
deionized water and in ethanol [11]. Surface hydroxyl groups
of the resultant nanoparticles enabled different approaches for
the coupling of biomolecular entities [21].

Synthesis of APTES-functionalized magnetite

A total of 1.3 g freshly synthesized magnetite was dissolved in
30 mL ethanol and sonicated for 30 min. Ten millilitre of the
dispersed magnetite was added to 0.5 mL APTES and soni-
cated for a further 10 min. The mixture was then stirred over-
night at room temperature. The APTES-functionalized mag-
netic nanoparticles were recovered from the reaction mixture
by placing the bottle on a permanent magnet with a strong
surface magnetisation. The precipitate was washed several
times with ethanol and then with deionized water and dried
in an oven [22]. A 50 mg sample of APTES-coated magnetite
nanoparticles was dispersed in 10 mL aqueous solution of 5%
glutaraldehyde (GA) and then stirred at room temperature
(25 °C) for 3 h. After settling, the APTES-glutaraldehyde-
modified magnetite nanoparticles were washed with deion-
ized water several times in order to remove unreacted GA.
The APTES-functionalized MNP were stored at 4 °C.

Synthesis of PAMAM-dendrimer functionalized
magnetite

A total of 20 mL of the ethanol-dispersed magnetite was
added to 4 mL APTES (3-aminopropyltriethoxysilane) and
sonicated for a further 10 min. The mixture was then stirred
for 3 h at room temperature. A 200 mL sample of 20% (v/v)
solution of methylacrylate in methanol was added to the dis-
persed APTES magnetite solution. This was stirred for 7 h in
order to enhance the binding, and the particles were collected
magnetically and washed with methanol five times by mag-
netic separation. After rinsing, 40 mL of 50% (v/v)
ethylenediamine methanol solution was added and the suspen-
sion was sonicated at room temperature for 3 h. The resulting
particles were rinsed with methanol five times by magnetic
separation. Stepwise growth using methylacrylate and
ethylenediamine was repeated five times until the PAMAM
dendrimer (five generation) was generated [23] (see
Scheme 1).

The final solution was washed with methanol (× 5) and then
with deionized water. The PAMAM-functionalized magnetite
nanoparticles were dispersed in 10 mL aqueous solution of 5%
glutaraldehyde (GA) and stirred at room temperature (25 °C)
for 3 h. After settling, the magnetite nanoparticles were washed
with deionized water several times in order to remove the
unreacted GA. The PAMAM dendrimer-functionalized MNP
(magnetic nanoparticles) were stored at 4 °C.

Enzyme binding

In the case of free cholesterol biosensor, 2.5 mg of cholesterol
oxidase (ChOx) was mixed with 30 μL of phosphate buffered
saline with 0.1 M KCl (PBS) and 10 μL of APTES or
PAMAM dendrimer-functionalized magnetic nanoparticles.
For the total cholesterol biosensor, 1 mg ChOx and 1 mg
ChEs (cholesterol esterase) were added to 20 μL of the
APTES or PAMAM dendrimer-modified magnetic nanoparti-
cles. The final mixtures were sonicated for approximately
30 min at 4 °C and then 5 μL was drop cast onto the Pt
transducer surface [24, 25].

The free and total cholesterol biosensors were analysed
with an additional thin layer of 5 μL Nafion solution (1% in
methanol), in order to provide further stability. As additional
controls, free and total cholesterol biosensors were also
formed in the absence of MNP, using the same amounts of
enzyme crosslinked with glutaraldehyde [22, 23]. All biosen-
sors were stored at 4 °C for 24 h before use.

Bradford assay

The colorimetric method was performed firstly on BSA (bo-
vine serum albumin) in order to obtain a calibration plot at
595 nm. Then 1 mg of ChOx was mixed with different quan-
tities of APTES/PAMAM-functionalized MNP (0.5, 1.0 and
1.5 mg mL−1). Following binding, the mixtures were washed

Scheme 1 PAMAM dendrimer formation at APTES-functionalized
Fe3O4 core. Coupling of terminal amine groups with glutaraldehyde sub-
sequently enabled enzyme attachment
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with deionized water and 1 mL of Bradford reagent was
added. The colorimetric assay was based on the observation
that the absorbance maximum for an acidic solution of
Coomassie Brilliant Blue G-250 shifted from 465 nm to
595 nm when binding to protein occured. Both hydrophobic
and ionic interactions stabilize the anionic form of the dye,
causing a visible colour change [11].

Preparation of stock solutions

Stock solutions of 10 mM cholesterol or cholesteryl palmitate
were employed. The stock solutions were made up in 50 mM
PBS (pH = 7.00) containing 10% (v/v) Triton X-100, in a
thermostated bath at 65 °C under continuous stirring for ap-
proximately 1 h. Both solutions were stored at 4 °C in the
dark, until a slight turbidity was observed.

Results and discussion

Spectroscopic characterization

In the case of pure magnetite, FTIR spectroscopy was used in
order to obtain information about the nature of surface hy-
droxyl groups and adsorbed water. Adsorbed water molecules
can result in a surface covered by hydroxyl groups coordinat-
ed to the underlying Fe atoms. Hydroxylation of iron oxides is
a fast reaction requiring minutes, and it is followed by further
adsorption of water molecules which interact via H bonding to
the surface OH groups. The surface hydroxyl groups, arising
from either adsorption of water or from structural OH, are the
functional groups of iron oxides [21].

An experiment was performed in order to confirm the iden-
tity of the peak at 1622 cm−1 as a surface OH group as per
literature [21]. It was confirmed that by drying the magnetite
at different temperatures (50 to 800 °C), the band at 1622 cm−1

gradually decreased in intensity and it disappeared completely
at temperatures higher than 800 °C (spectra not shown here).

Figure 1a shows the FTIR for APTES-modified magnetite
and enzyme-bound magnetite spectra. The Si–O stretch ap-
peared at typical frequencies of approximately 1080 cm−1 and
is probably influenced by neighbouring Fe atoms. Upon glu-
taraldehyde binding, the spectrum of MNP-APTES showed
an absorption band at 1640 cm−1, which was attributed to
C=O from glutaraldehyde or unbound primary amine N–H.
Following enzyme binding, the absorption band shifted from
1640 to 1643 cm−1 indicating attachment of the protein. The
spectrum of pure enzyme (ChOx) in deionized water showed
an absorption band at 1640 cm−1 attributed to amide I and
1554 cm−1 characteristic of amide II from proteins (spectrum
not shown here). Unfortunately, the amide II characteristic
band from proteins was not observed in the enzyme bound
MNP spectrum probably due to the low quantity of protein

present. The band at 2400 cm−1 was attributed to tertiary
amine, more visible in the MNP-APTES-ChOx spectrum.
The typical Fe–O signal from magnetite itself was observed
at 629 cm−1 and 571 cm−1 (Fig. 1a).

Figure 1b shows the overlaid spectra of pure dendrimer
G4-PAMAM (commercial ly available) , PAMAM-
functionalized MNP and cholesterol oxidase-PAMAM-
bound MNP. Both MNP-PAMAM and G4-PAMAM show
the carbonyl and amine absorption bands as one amide I
band—its position depends on the degree of hydrogen bond-
ing. Thus, the absorption band shifted from 1629 to
1638 cm−1 in the case of MNP-PAMAM-GA, and from
1646 to 1634 cm−1. In the case of G4-PAMAM-GA, the
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Fig. 1 a FT-IR spectra of pure MNP (3), 3-aminopropyltriethoxysilane
(APTES)-functionalized MNP (1) and APTES/Cholesterol oxidase
bound MNP (2). b FT-IR spectra of pure G4-PAMAM (1) and
PAMAM-functionalized MNP (2) after GA activation and the cholesterol
oxidase-PAMAM-bound MNP (3)
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amide II band was in the same position at 1561 cm−1. Binding
can also be confirmed by the shift in the band from 3405 to
3332 cm−1. Small shifts occurred also for Si–O stretching
vibrations, and the Fe–O bands disappeared completely or
shifted to lower frequencies possibly due to the influence of
neighbouring atoms such as Si. After enzyme attachment, the
characteristic absorption band for amide I shifted from 1638 to
1646 cm−1, confirming the immobilization of cholesterol ox-
idase on Fe3O4. The amide II band was not obvious, possibly
due to a hindrance caused by the broad amide I [23].

Enzyme binding efficiency was determined by assaying the
protein bound to magnetite using the Bradford assay (see
‘Bradford assay’). It can be concluded that the enzyme (ChOx)
bound more efficiently with APTES-functionalized magnetite,
with 96.6% binding efficiency, compared with the PAMAM-
modified magnetite, with 83% efficiency. The electroanalytical
performances of the biosensors as well as the SEM analysis
represent further evidence of successful enzyme binding.

SEM analysis

SEM analysis was performed on the magnetite nanoparticles in
order to determine their size and morphology. The size of the
magnetic nanoparticles varied from 10 to 100 nm, and they are
more likely to aggregate because of their large surface area to
volume ratio and strong magnetic dipole-dipole attractions be-
tween particles [10]. Figure 2 a and b show the SEM images
obtained for APTES-modified magnetite and the bound-enzyme
magnetite. In the case of the bound-enzyme image from Fig. 2b,
it was noticed that the immobilization of enzyme to the APTES-
functionalized nanoparticles resulted in aggregation into circular
microstructures with average diameters of approximately 1 μm.
The aggregation process could be explained by the fact that the
bindingmay involve several molecules of cholesterol oxidase on
a single Fe3O4 particle or that cholesterol oxidase molecules
were bonded to several magnetic nanoparticles [21].

Figure 2c shows the SEM analysis of enzyme loaded
PAMAM-modified magnetite indicating excellent binding effi-
ciency to the PAMAM-functionalized nanoparticles which re-
sulted in a regular dispersion of enzyme loaded microstructures.
The binding resulted in nicely dispersed particles of typically
500 nm (1 μm average diameter in the case of APTES-MNP).
It can be concluded that the presence of the dense outer amine
shell of the dendrimer contributed to more efficient enzyme
binding and possibly binding involved several magnetic nano-
particles [21]. Figure 2d shows the EDX spectrum for Fe3O4

indicating the dominance of Fe and O signals.

Electroanalytical characterization of cholesterol
biosensors

Cyclic voltammetry in PBS, pH = 7.00 solution, was used for
biocatalytic studies, performed in a 3 mL electrochemical cell

at both room temperature (Fig. 3a–d) and 37 °C (results not
shown here). The response from 0.6 V vs. Ag/AgCl was due
to direct oxidation of hydrogen peroxide produced as a result
of the enzyme-substrate reaction. The cyclic voltammograms
were obtained at the modified platinum electrodes vs. Ag/
AgCl at scan rate 5 mV/s, in the absence (solid line) and
presence (dotted line) of substrate.

Figure 3 a and b show cyclic voltammograms generated in
the presence of 1.5 mM cholesterol at room temperature, using
the APTES and PAMAM-functionalized magnetite on Pt elec-
trodes. The free cholesterol biosensors realized electro-
oxidation of hydrogen peroxide at a potential of approximate-
ly 0.65 V vs. Ag/AgCl, as a result of the conversion of cho-
lesterol to cholest-4-en-3-one and hydrogen peroxide.

Figure 3 c and d show cyclic voltammetric response to
increasing concentration of cholesteryl palmitate at room
temperature—APTES and PAMAM-functionalized magnetite
on Pt electrode. The total cholesterol biosensors resulted in
hydrogen peroxide oxidation at a potential of approximately
0.70 V vs. Ag/AgCl. The hydrolysis of cholesterol esters (in
this case cholesterol palmitate) is catalysed by the enzyme
cholesterol esterase in order to produce free cholesterol and
fatty acids. Subsequently, the free cholesterol was oxidized by
cholesterol oxidase to produce cholest-4-en-3-one and hydro-
gen peroxide (Eqs. (1) and (2)). The results indicate that the
peak currents were proportional to the concentration of
cholesteryl palmitate present in the electrochemical cell.

Figure 4 a and b show increased currents generated by the
free cholesterol biosensor as a function of the concentration of
cholesterol at 37 °C using the APTES and PAMAM-
functionalized magnetite on Pt electrode. Figure 4 c and d
show cyclic voltammograms for the total cholesterol biosen-
sor response to cholesteryl palmitate at 37 °C using both types
of functionalized magnetic nanoparticles on Pt electrode. The
corresponding calibration plots for free cholesterol using the
MNP-APTES, MNP-PAMAM and the control electrode (at
room temperature and 37 °C) are shown in Fig. 5 a and b.
We can conclude that the widest linear range was obtained for
the biosensor prepared using cholesterol oxidase bound to
APTES-functionalized magnetite at room temperature and at
37 °C. The activity of enzyme was calculated taking into ac-
count the efficiency of binding. The control sensor represents
the direct binding of cholesterol oxidase (0.75 U) through
glutaraldehyde in the absence of magnetite. The increased
linear range of the MNP bound enzyme relative to the control
electrode indicated a more heterogeneous surface with more
controlled diffusion of substrate to the biocatalytic layer. In
both cases, sensitivity was enhanced for the APTES-MNP
relative to the PAMAM reflecting the lower enzyme activity.

Figure 5 c and d show the performance of the total cholesterol
using the MNP-APTES, MNP-PAMAM and the control elec-
trode at room temperature and 37 °C, respectively. Due to the
different binding affinities of the materials, there is a difference
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Fig. 3 a Cyclic voltammograms
obtained for free cholesterol
biosensor at R.T. using the
APTES-functionalized nanoparti-
cles in PBS at scan rate 5 mV/s vs.
Ag/AgCl in the absence (solid
line) and presence of 1.5 mM
cholesterol (dotted line). b CVs
for free cholesterol biosensor at
R.T. using the PAMAM
dendrimer-functionalized nano-
particles under the same condi-
tions as a in the absence (solid
line) and presence of 1.5 mM
cholesterol (dotted line). c CVs
obtained for total cholesterol bio-
sensor at R.T. using the APTES-
functionalized nanoparticles
(conditions as a) in the absence
(solid line) and presence of
0.8 mM Cholesteryl palmitate
(dotted line). d CVs for total cho-
lesterol biosensor at R.T. using
the PAMAM-functionalized
nanoparticles in the absence (solid
line) and presence of 1.2 mM
Cholesteryl palmitate (dotted line)
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Fig. 2 a SEM image of APTES-
MNP, magnification × 20 K,
accelerating voltage of 10 kV,
resolution 2 μm. b SEM image of
APTES-MNP bound to choles-
terol oxidase, magnification X10
K, accelerating voltage of 18 kV,
resolution 5 μm. c SEM image of
PAMAM-MNP, magnification ×
30 K, accelerating voltage of
18 kV, resolution 1 μm. d EDX of
Fe3O4 indicating the dominance
of Fe and O signals
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in surface enzyme activity of cholesterol oxidase and esterase.
From the above data, we can conclude that the best linear range
was obtained for the biosensors prepared using cholesterol oxi-
dase and cholesterol esterase bound to PAMAM-functionalized
magnetite at both, room temperature and 37 °C. Normal values
for free cholesterol in blood are between 1.00 and 2.00 mM,
while abnormal values are > 2.00 mM. As the desired total
plasma cholesterol for a patient is less than 5.2 mM, and a high
level is considered as greater than 6.2mM. Therefore, in the case
of these sensing surfaces, real samples will require dilution prior
to analysis. Mediator attachment to the Fe3O4 particles coupled
with outer/inner layer polymeric selectivity configurations could
possibly improve the linear range, and at the same time eliminate
direct electrochemical interference from other species present in
blood samples.

In relation to reproducibility, the free cholesterol response
to 1.5 mM cholesterol resulted in 0.4% coefficient of variation
(n = 3) while total cholesterol (response to 0.5 mM cholesterol
palmitate) gave a coefficient of variation of 15.3% (n = 3) the
difference possibly due to the bienzyme cascade and lower
concentration used.

Table 1 summarizes analytical parameters obtained at both
room temperature and 37 °C. The enhanced analytical perfor-
mance of the PAMAM-functionalized magnetite is possibly due

to the high surface area material on the electrode surface with
multiple binding sites available for protein attachment. The low-
est linear range (0.1–0.5 mM) was obtained for the control bio-
sensors prepared in the absence of magnetite (enzyme attach-
ment via GA only). With respect to sensitivity, the best perfor-
mance was obtained for the free cholesterol biosensor using the
APTES-MNP, with a sensitivity value of 102 μA mM−1 cm−2,
R2 of 0.9960 when operated at 37 °C, followed by comparable
results obtained for total cholesterol biosensors, using APTES
(78.66 μA mM−1 cm−2 R2 = 0.9832) and PAMAM-
functionalized magnetite (73.88 μA mM−1 cm−2 R2 = 0.9974)
both opera ted at 37 °C. A lower sens i t iv i ty of
68.15 μA mM−1 cm−2 was obtained for the direct binding with
GA, in the absence of MNP, although the activity of enzyme
was higher compared with the functionalized materials.

The overall performance of both materials compared very
favourably in relation to sensitivity relative to total cholesterol
reports based on similar nanomaterials (see Table 2) for ana-
lytical comparison with relevant literature. Two articles have
been published which reported similar results in terms of lin-
ear ranges to those described here, but with lower sensitivities.
Ruiz et al. applied poly-diaminonaphthalene on a Pt disk and
cholesterol oxidase as well as cholesterol esterase in order to
develop an amperometric biosensor [24]. The working
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Fig. 4 a Cyclic voltammograms
obtained for free cholesterol
biosensor at 37 °C using the
APTES-functionalized nanoparti-
cles in PBS vs. Ag/AgCl at scan
rate 5 mV/s, in the absence (solid
line) and presence of 1.5 mM
cholesterol (dotted line). b CVs
for the free cholesterol biosensor
at 37 °C using PAMAM
dendrimer-functionalized nano-
particles under same conditions as
a, in the absence (solid line) and
presence of 1.2 mM Cholesterol
(dotted line). c CVs obtained for
total cholesterol biosensor at
37 °C using the APTES-
functionalized nanoparticles un-
der same conditions as a, in the
absence (solid line) and presence
of 0.7 mM cholesteryl palmitate
(dotted line). d Cyclic voltammo-
grams obtained for total choles-
terol biosensor at 37 °C using the
PAMAM-functionalized nano-
particles under same conditions as
a, in the absence (solid line) and
presence of 1.5 mM cholesteryl
palmitate (dotted line)
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Fig. 5 a Calibration curves for free cholesterol biosensors obtained using
ChOx bound to APTES-functionalized magnetite, PAMAM-
functionalized magnetite and control ChOx sensor at R.T. in PBS, stan-
dard additions of 0.1 mM cholesterol. error bars are standard deviation for
n = 3. b Calibration curves for free cholesterol biosensors obtained using
ChOx bound to APTES-functionalized magnetite, PAMAM-
functionalized magnetite and control ChOx sensor at 37 °C in PBS, stan-
dard additions of 0.1 mM cholesterol. Error bars are standard deviation
for n = 3. c Calibration curves for total cholesterol biosensors obtained

using ChOx and ChEs bound to APTES-functionalized magnetite,
PAMAM-functionalized magnetite and control sensor at R.T. in PBS,
standard additions of 0.1 mM cholesterol. Error bars are standard devia-
tion for n = 3. d Calibration curves for total cholesterol biosensors obtain-
ed using ChOx and ChEs bound to APTES-functionalized magnetite,
PAMAM-functionalized magnetite and control sensor at 37 °C in PBS,
standard additions of 0.1 mM cholesterol. Error bars are standard devia-
tion for n = 3

Table 1 Analytical parameters
for free and total cholesterol
biosensors using APTES- and
PAMAM-functionalized MNP, at
both room temperature and 37 °C

Analytical parameter Fe3O4@APTES (0.72 U) Fe3O4@PAMAM (0.62 U)

Room temperature 37 °C Room temperature 37 °C

Linear range (mM) *0.1–1.0 0.1-1.0 0.1–1.5 0.1–1.0
&0.1-0.5 0.1-0.7 0.1–0.8 0.1–1.5

Sensitivity
(μA mM−1 cm−2) n = 3

*28 ± 1.27 *101.9 ± 2.8 *15.6 ± 0.32 *56.36 ± 1.68

&25.47 ± 0.73 &78.66 ± 3.44 &52.55 ± 2.86 &73.88 ± 2.48

LoD (μM) *100 80 80 90
&80 100 100 100

R2 *0.9889 0.9960 0.9983 0.9965
&0.9882 0.9832 0.9834 0.9974

* Free cholesterol
& Total cholesterol
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potential was 0.7 V vs. Ag/AgCl, up to 0.8 mM with a sensi-
tivity of 0.39 nA mM−1. The total cholesterol sensor devel-
oped by Salinas et al. consisted of a rotating disk with both
enzymes entrapped into 3-aminopropyl-modified controlled-
pore glass, operated at − 0.15 V vs. Ag/AgCl, over the range
1.2–1000 μM, with sensitivity of approximately 70 nAmM−1

[25]. Overall, the novel approach exploited and demonstrated
herein provides for a sensitive robust response to both choles-
terol and its ester, having its foundation in functionalizedmag-
netic nanoparticles, enabling enzyme loading with improved
dispersion of resultant nanocomposite materials.

Stability studies

The use of a biosensor is normally limited to the lifetime of the
immobilized enzyme and therefore electrodes were tested for a
period of 50 days. The free cholesterol biosensor was prepared
using APTES-functionalized magnetite and the total cholesterol
biosensor using PAMAM dendrimer-functionalized magnetite.
Two electrodes were employed: one stored at room temperature
and one at 4 °C. Cyclic voltammograms were carried out at
37 °C in PBS with addition of 0.5 mM cholesterol and
0.8 mM cholesteryl palmitate. The free cholesterol biosensor
stored at room temperature and 4 °C resulted in the highest
stability, retaining an impressive average of 98% activity after
25 days. The total cholesterol biosensors stored at room temper-
ature and 4 °C showed slightly lower stability of 85%, probably
due to the dual enzyme component of the total cholesterol de-
vice. In comparison to literature, variations in long-term stability
are reported with Malik et al. [29], Kumar et al. [5] and
Marazuela et al. [30], demonstrating that the cholesterol biosen-
sors developed were stable for 1–3 months. The biosensors were
based on acrylamine glass beads, tetraethylorthosilicate-derived
sol gel and ruthenium (II) complex (3 months), respectively.

Conclusions

Magnetic nanoparticles were synthesized by the thermal co-
precipitation method using ferric and ferrous chlorides and

functionalized using APTES and PAMAM with subsequent
covalent attachment of cholesterol esterase and cholesterol
oxidase. The binding efficiency of the enzyme was analysed
by FT-IR and UV spectroscopy and confirmed by SEM sur-
face analysis and electrochemical investigations.
Determination of free cholesterol and total cholesterol using
the magnetite-modified biosensors offers the possibility of
clinical analysis of cholesterol in serum samples based on this
novel method of enzyme immobilization on magnetite. The
sensors resulted in improved or comparable analytical perfor-
mance with respect to current methods possibly due to en-
hanced access and diffusion of substrates to the enzyme’s
active site, together with conformational stability and activity
of immobilized enzymes. The 3-aminopropyltriethoxysilane
and especially the polyamidoamine dendrimer’s ability to
form a dense outer amine shell resulted in an efficient enzyme
binding as confirmed by SEM, Bradford assay and biocatalyt-
ic response.

The optimum analytical performance for the free cholester-
ol biosensor was obtained using APTES-functionalized mag-
netite with a sensitivity of 101.9 μA mM−1 cm−2, linear range
of 0.1–1 mM and R2 of 0.9960 when operated at 37 °C. For
the total cholesterol biosensor, the best analytical performance
was obtained using PAMAM dendrimer-modified magnetite
with a sensitivity of 73.88 μA mM−1 cm−2 linear range 0.1–
1.5 mM, with R2 of 0.9974. The stability study showed that
the free cholesterol biosensors were more stable than the total
cholesterol biosensors with retained activity of 98% after
25 days. In conclusion, this research demonstrates the ability
to covalently attach enzymes to functionalized materials with
specific response to cholesterol and its ester which demon-
strates improved stability, linearity and comparable sensitivity
to existing methods. Further work will examine the
entrapment/attachment of mediators for development of a sec-
ond or third generation device.
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Table 2 Comparative
performance study for reported
cholesterol biosensors (total
cholesterol oxidase and esterase
bienzyme systems)

Electrode Sensitivity (μA mM−1 cm−2) Linear range (mM) Reference

Fe3O4@C@AgNPs
(total cholesterol bienzyme)

0.0346 0.5–22.5 [20]

Graphene-Pt nanoparticle hybrid
(total cholesterol bienzyme)

2.07 0.05–0.030 [17]

PANI 4.9 × 10−5 (μA mM−1) 0.76–7.67 [26]

Ti/NPAu 29.33 1.04–7.8 [27]

SPE/Fe3O4 100.2 (μA mM−1) 1.5–6.14 [28]

Fe3O4@APTES-MNP 25.49 0.1–0.7 This work

Fe3O4@PAMAM-MNP 52.55 0.1–0.8 This work
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