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This article reports simple, green and efficient synthesis of y-Fe,03; nanoparticles (NPs) (maghemite)
through single-source precursor approach for colorimetric estimation of human glucose level. The
y-Fe; 05 NPs, having cubic morphology with an average particle size of 30 nm, exhibited effective perox-
idase-like activity through the catalytic oxidation of peroxidase substrate 3,3',5,5'-tetramethylbenzidine
(TMB) in the presence of H,0, producing a blue-colored solution. On the basis of this colored-reaction, we
have developed a simple, cheap, highly sensitive and selective colorimetric method for estimation of
glucose using y-Fe,03/TMB/glucose-glucose oxidase (GOx) system in the linear range from 1 to 80 uM
with detection limit of 0.21 uM. The proposed glucose sensor displays faster response, good stability,
reproducibility and anti-interference ability. Based on this simple reaction process, human blood and
urine glucose level can be monitored conveniently.
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1. Introduction

Glucose is the most abundant carbohydrate, and more
specifically, monosaccharide found in both plants and animals.
High or low level of glucose concentration from 80 to 120 mg/dL
(4.4-6.6 mM) [1-3] in human blood causes serious disease known
as hyper- and hypo-glycemia, respectively. According to the World
Health Organization, over 150 million people in the world were
affected with diabetes in the year 2004 and it is expected to climb
further to 366 million in 2030. So the patients must reduce
disease-associated complications through the tight control of
blood glucose levels [4]. So, convenient detection and quantitative
determination of glucose are of practical importance and affected
population has to be tested for blood glucose levels daily for an
effective treatment. The presence of glucose in urine is also more
dangerous for human body, as it is an indication of worsening of
diabetes. In order to avoid the inconveniences caused by drawing
blood intravenously or by hand pricking, a preliminary screening
of the patients with high level diabetes (having renal glycosuria)
[5,6] can be done instantly by checking their urine glucose levels.

Several analytical techniques are developed to measure glucose
concentrations such as fluorescence spectroscopy [7], near infrared
spectroscopy [8]|, Raman spectroscopy [9], nuclear magnetic
resonance spectroscopy [10], liquid chromatography-mass
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spectroscopy [11], high performance liquid chromatography [12],
capillary electrophoresis [13], polarography [14] and electrochem-
ical methods [15-19]. Among all these analytical techniques,
colorimetric method has received considerable attention owing
to their simplicity, improved sensitivity and high selectivity.
Moreover this method can be interpreted by the naked eyes and
involves naturally occurring peroxidase enzyme, horse-radish
peroxidase (HRP) [20,21]. But HRP suffers some serious disadvan-
tages due to lack of stability, difficult to produce in large quantities
and are easily denatured in strong acidic, basic medium and high
temperature. Therefore, the fabrication of efficient mimics of HRP
has been an increasingly important focus for the scientists and
various peroxidase mimics such as inorganic transition metal
complexes [22], carbon nanotubes [23], carboxyl-modified graph-
ene oxide [24], Fe304 nanoparticles [25], Graphene oxide-Fe304
[26], CoFe layered double hydroxide (CoFe-LDHs) nanoplates
[27], Au nanoparticles [28], AuNPs (H,0, triggered sol-gel transi-
tion) [29] e.t.c. have been applied for colorimetric determination
of glucose. Recently, Gao et al. [20] reported that Fes04 NPs have
an intrinsic enzyme mimetic activity similar to that of HRP, which
opened the door for the development of nano-scaled inorganic
materials in the biochemical field. However details studies on
colorimetric glucose determination even in human urine using
very simple, cost effective, environmental-friendly y-Fe,O3; NPs
has not been explored. On the other hand, this inorganic nano-
material is easy to obtained, cheap and more stable over wide
range of pH and temperature.


http://crossmark.crossref.org/dialog/?doi=10.1016/j.bbrc.2014.07.028&domain=pdf
http://dx.doi.org/10.1016/j.bbrc.2014.07.028
mailto:amtdtta@rediffmail.com
http://dx.doi.org/10.1016/j.bbrc.2014.07.028
http://www.sciencedirect.com/science/journal/0006291X
http://www.elsevier.com/locate/ybbrc

K. Mitra et al./Biochemical and Biophysical Research Communications 451 (2014) 30-35 31

In this work, we have synthesized y-Fe,0; NPs and were tested
as peroxidase-mimetic through the catalytic oxidation of peroxi-
dase substrate, TMB, in the presence of H,0,. Based on peroxidase
catalytic activity of the NPs, we have designed a very simple and
cheap colorimetric method for determination of glucose in human
blood and urine. The possible pathway of the glucose catalytic pro-
cess has been investigated.

2. Materials and methods
2.1. Materials

All the reagents are of analytical purity grade and have been
received from commercial sources. Fe(NO3)3-9H,0, CICH,COOH,
NaHCOs3, Na,HPO4-2H,0, orthophosphoric acid, anhydrous sodium
acetate, acetic acid, dimethyl sulfoxide (DMSO), terephthalic acid
and NaOH were purchased from commercial sources. 3,3',5,5'-
tetramethyibenzidine (TMB), hydrogen peroxide (30%), p-(+)-glu-
cose, glucose oxidase (from Aspergillus niger, GOXx), uric acid (UA),
ascorbic acid (AA), L-cysteine were purchased from Sigma-Aldrich.
De-ionized water was used to prepare the solutions throughout the
experiments. Acetate buffer solutions (0.1 M) with various pH
were prepared by mixing stock standard solutions of sodium ace-
tate and adjusted the pH with acetic acid or NaOH. Normal human
blood as well as urine were chosen as real samples for the determi-
nation of glucose in it and were subsequently used after suitable
dilution with phosphate buffer solution (PBS, pH 7.0) to reduce
the matrix complexity. Solvents were used as received. The precur-
sor complex, [Fes(3-0)(0,CCH,Cl)s(H20)3]NO3-H,0 has already
been synthesized and characterized in our previous report [30].

2.2. Preparation of y-Fe;03 NPs

440 mg precursor complex [Fes(p3-0)(0,CCH,Cl)s(H20)3]NO5
-H,0 [30] as taken in a quartz boat, placed inside a quartz tube
and was put in a horizontal tubular furnace. The complex was
heated under flow of nitrogen at 440 °C and kept at that temperature
for 1 h. After that the furnace was turned off and the product was
cooled to room temperature under the steady stream of nitrogen.

2.3. Peroxidase-like activity measurements

The peroxidase-like behavior of the y-Fe,03 NPs was investi-
gated spectrophotometrically through the catalytic oxidation of
the peroxidase substrate TMB in presence of H,0,. To examine
the capability of y-Fe,03 NPs as catalyst on the oxidation of TMB,
2.4 pL of 0.125 M TMB (dissolved in DMSO) in 3.0 mL NaOAc buffer
(0.1 M, pH 4.0) was successively treated with (i) 20 pg y-Fe,03 NPs
only, (ii) 4 pL of 30% H,0, only, (iii) 4 pL of 30% H,0,+20 pg y-Fe,03
NPs. All the reactions were monitored spectrophotometrically in
time-scan mode at 653 nm. The kinetic analysis with TMB as the
substrate was performed using 20 pg y-Fe,03 NPs with fixed con-
centration of H,0, (13 mM) and varying concentration of TMB (0,
8.3,10.4, 14.4, 20, 40, 60, 80, 120, 160 and 200 uM). Similarly, the
kinetic analysis with H,0, as the substrate was performed using
20 pg y-Fe,05 NPs with fixed concentration of TMB (100 pM) and
varying concentration of H,0, (0, 6.5, 9.8, 13, 16, 19, 26, 32, 39,
48, 58 and 68 mM). In each case, before absorbance spectra mea-
surement, the y-Fe,03 NPs were removed from the reaction solu-
tion by an external magnetic field. Apparent kinetic parameters
were calculated based on the Michaelis—-Menten equation [30].

2.4. Colorimetric glucose measurements

Glucose detection was performed as follows: (a) 20 uL of
20 mg/mL glucose oxidase (GOx) and 200 pL of p-glucose with

different concentrations in 10 mM phosphate buffer solution
(PBS, pH 7.0) were incubated at 40 °C for 40 min; (b) 2.4 pL of
0.125M TMB, 20 pL of 5 mg/mL y-Fe,03 NPs and 2 mL of 0.1 M
acetate buffer (pH 4.0) were added into the above 220 pL GOx-glu-
cose reaction system; (c) the mixed solution was incubated at
40 °C for 15 min to terminate the reaction; (d) the y-Fe,O3 NPs
were then removed from the reaction solution by an external mag-
netic field; (e) the resulting solution was used to perform the
absorption spectroscopy measurement.

In order to investigate the mechanism of the glucose catalytic
reaction where hydroxyl radical may be produced from the
decomposition of H,0,, the commonly used terephthalic acid
(TA) photoluminescence probing technique [31] was adopted. In
this experiment, 2 x 107> M sodium terephthalate, 0.045 M glu-
cose, 3 mL of 20 mg/mL GOx in aqueous PBS (0.01 M, pH 7.00)
and three different amounts (0,15 and 25 mg) of y-Fe,03 NPs were
incubated at 40 °C for 10 h. Then the luminescence spectrum was
measured between 330 and 540 nm using 315 nm as the excitation
wavelength.

2.5. Determination of glucose in real sample using y-Fe;03 NPs

The blood and urine samples were collected from a normal
healthy male volunteer. For glucose determination in blood, the
collected samples were centrifuged at 12,000 rpm for 40 min. After
that, the supernatants were diluted with PBS (0.01 M, pH 7.0)
before subsequent use. These diluted supernatants were then used
with GOx for glucose catalyzed reaction as stated above instead of
glucose aqueous solution and the corresponding absorbance values
were measured at a wavelength of 653 nm. Similarly the collected
urine samples were diluted with PBS (0.01 M, pH 7.0) and contin-
ued spectrophotometric measurements as stated above with GOx.
Reference determinations were made by standard GOD-POD or
hexokinase method in pathological laboratory.

3. Results and discussion
3.1. Synthesis and characterization of the y-Fe,O3 NPs

The y-Fe,O3; NPs were synthesized according to Scheme 1
through simple thermal decomposition of the single source precur-
sor complex [Fes(p3-0)(02CCH,Cl)(Ho0)3]NO3-H,O at 440 °C
which was synthesized by reacting Fe(NO3)3-9H,0 with two equiv-
alents of chloroacetic acid, previously neutralized by NaHCO3, in
aqueous medium according to our previous report [30]. The ther-
mogravimetric analysis (TGA) of the precursor complex (Fig. S1)
revealed that the total weight loss agrees satisfactorily for the for-
mation of Fe,03 as the final product.

The crystallinity and phase purities of the Fe,03 NPs were first
examined by the X-ray diffraction (XRD) technique. The diffraction
pattern of the crystalline product (Fig. 1A) matches quite well with
the standard diffraction data for the pure primitive phase of cubic
maghemite (Fe;03) (JCPDS ID. 391346). In Fig. 1A, the peaks at 20
values of 30.18, 35.54, 43.26, 53.67, 57.24 and 62.84 can be
indexed to the (220),(311),(400),(422),(511) and (440) planes
of Fe,0s, respectively. The relative broad feature of the peaks
(FWHM) indicates the presence of smaller crystallites. The average
grain size of the NPs, as calculated by the Debye-Scherrer equation
(D =0.92/(B Cos 0)), where D is the crystallite size (diameter), 4 the
wave length of X-ray (4 = 1.540598 A), B the value of FWHM of the
most intense peak (after correcting the instrumental broadening)
and 0 the Bragg’s angle, was found to be around 24 nm.

The size and morphology of the powder material was also ana-
lyzed by transmission electron microscopy (TEM). Typical TEM
image (Fig. 1B(i)) illustrates that the sample is composed of simple
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Scheme 1. Synthesis of single source precursor complex [Fe;(1t3-0)(0,CCH,Cl)s(H20)3]NO3-H,0 and y-Fe,03 nanoparticles.
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Fig. 1. (A) Powder XRD pattern of y-Fe,03; NPs and (B) (i) TEM (ii) HRTEM and (iii)
Live FFT image of y-Fe,O3 NPs.

cubic y-Fe,03 with an average particle size of about 30 nm. The
size obtained from XRD pattern is the grain size, while the size
observed from the TEM image is the particle size. Since one particle
may contain one or several grains, therefore, the size obtained from
the TEM image can be greater than that calculated from XRD pat-
tern. From the HRTEM image (Fig. 1B(ii)), it is obvious that the sur-
face in an individual y-Fe,03 NPs is single crystalline with a lattice
fringe spacing of 0.27 nm corresponding to (31 1) plane. The corre-
sponding Fast Fourier Transform (Live FFT) image (Fig. 1B(iii)) also
supports the single-crystalline nature of the y-Fe,O5 NPs.

3.2. Peroxidase-like behavior of y-Fe;03 NPs

Peroxidase-like behavior of the as-synthesized y-Fe,03; NPs was
investigated spectrophotometrically through the catalytic oxida-
tion of a peroxidase substrate, TMB, in presence of H,0,. This cat-
alytic reaction was monitored by measuring the augmentation of
TMB absorbance at 653 nm (Fig. 2A) producing a blue colored prod-
uct which is originated from the oxidation product of TMB. This
behavior is similar to the phenomenon observed for the commonly

used horse radish peroxidase enzyme [20] and follows Michaelis-
Menten kinetics (Fig. S2).

Another controlled experiments were carried out to compare
the catalytic efficiency of the y-Fe,03; NPs by examining the time
course process over 122 s run. Fig. 2B exhibits that the rate of
the TMB-H,0,-y-Fe,05 system is much higher than that of TMB-
H,0, system, where as in presence of TMB-y-Fe,03 system, the rate
is inferior. This indicates that the interactions among the nanopar-
ticles, H,0, and TMB are essential to enhance the catalytic process.

3.3. Colorimetric glucose estimation

On the basis of the intrinsic peroxidase-like property of the
y-Fe,03 NPs i.e., TMB-H,0, catalyzed color reaction; we have
designed a colorimetric method for the detection and estimation
of glucose which were easily understood by naked eye. When the
above TMB-H,0, catalytic reaction is coupled with the glucose
catalytic reaction by glucose oxidase (GOx), the colorimetric detec-
tion of glucose could be eagerly understood because H,0, is the
main product of the GOx-catalyzed reaction.

In these cases, experiments need to be carried out in two steps
viz. catalytic reaction of glucose with glucose oxidase (GOx) at pH
7.0 [phosphate buffer solution, (PBS) 10 mM, pH 7.0] (Eq.(1)), fol-
lowed by the reaction of the liberated H,0, with the peroxidase
substrate, TMB, in presence of y-Fe,03; NPs at pH 4.0 (acetate buf-
fer, 0.1 M, pH 4.0) (Eq.(2)) resulting in the development of a blue
color (details in Supporting Information) as GOx is denatured in
acidic condition.

Glucose + 0O, % H,0, + Gluconic acid (1)
pH7.
H,0, + TMB(Colorless) V'FEZH—TBNPS 2H,0
pH4.
+ oxidized TMB(Blue color) 2)

Therefore, the color change for the oxidized TMB was employed
to measure glucose content indirectly. Fig. 3 illustrates a typical
absorbance (at 653 nm) versus glucose concentration response
plot, where the response is linearly correlated to glucose concen-
tration from 1 uM to 80 pM with a detection limit of 0.21 uM (sig-
nal to noise ratio = 3). These analytical results are also compared
with several previously reported glucose sensors [24-29,32] in
Table 1 and it can be concluded that the y-Fe,03 NPs shows either
comparable or even better response towards glucose.

3.4. Mechanism of the reactions involve in glucose determination
process

The glucose catalytic reaction may originate from the genera-
tion of hydroxyl radical (OH’) from the decomposition of H,0,.
Actually, the glucose determination reaction is performed in two
steps-in the first step, the glucose is oxidized by dissolved oxygen
in presence of GOx (Eq. (3)) to produce H,0, while in the second
step this H,0, oxidizes the TMB substrate in presence of NPs:
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Fig. 2. (A) Time dependent UV-Vis spectral changes of TMB-H,0, system catalyzed by y-Fe,03 NPs. Inset: Typical photography of TMB reaction system (a) with only catalyst
NPs (colorless), (b) with H,0,, after catalytic reaction in presence of NPs (blue color) (B) UV-Vis absorption-time course curve of TMB using y-Fe,03; NPs under different
conditions. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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Fig. 3. Glucose concentration-response curve for glucose detection using GOx/TMB/
y-Fe,05 system. Inset: corresponding linear calibration plot for glucose. Error bar
represent the standard deviation of three measurements.

Table 1
Comparison of glucose response parameters for y-Fe,O3 NPs with other glucose
Sensors.

Catalyst Linear Detection Refs.
range (M)  limit (uM)
y-Fe,03 NPs 1-80 uM 0.21 This
work

Carboxyl-modified graphene oxide 1-20 1 [24]

Fe304 nanoparticles 50-1000 30 [25]

Graphene oxide-Fe304 2-200 0.74 [26]

CoFe layered double hydroxide 1-10 0.6 [27]
(CoFe-LDHs) nanoplates

Gold nanoparticles 18-1100 4 [28]

AuNPs (H,0, triggered sol-gel 0-131 1 [29]
transition)

FeSe film 2-30 0.5 [32]

During the second step, the H,O, molecules were adsorbed on the
surface of y-Fe,03 NPs and then activated by the bound Fe?* ion to
generate the OH' (Eq. (4)), and the generated OH' was stabilized by
y-Fe;03 NPs via partial electron exchange interaction [33]. TMB
was then quantitatively oxidized by OH' to form a blue color prod-
uct according to Eq. (5).
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Fig. 4. During interference study, the corresponding bar diagram for the spectro-
photometric response of TMB at 653 nm in presence of GOx for the addition of (a)
0.5mM glucose only, (b) 0.5mM glucose+5mM ascorbic acid, (c) 0.5 mM
glucose + 5 mM uric acid and (d) 0.5 mM glucose + 5 mM L-cysteine.

0, + Glucose -<®*. H,0, + Gluconic acid (3)
H,0, 212" Hon: (4)
OH" + TMB(Colorless)———oxidized TMB(blue) (5)

The formation of OH' was confirmed by terephthalic acid
(TA) photoluminescence probing techniques, which is highly
sensitive and selective method and widely used in detection of
hydroxyl radicals [31]. In presence of glucose reacting system,
non-luminescent terephthalic acid reacted with OH' to produce
strongly luminescent 2-hydroxy terephthalic acid (HTA) according
He et al. [34] (Eq.(6)).

COOH COOH
OH
+ 'OH ———
(6)
COOH COOH
(TA) (HTA)
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Table 2
Determination of glucose in real samples.

Sample Pharmacopoeia method Colorimetric method
Serum 1 5.94 mM (107.0 mg/dl) (GOD-POD method) 6.21 mM (112.0 mg/dl)
Serum 2 5.16 mM (93.0 mg/dl) (Hexokinase method) 5.38 mM (97.0 mg/dl)
Urine 1 4.91 mM (88.46 mg/dl) (Hexokinase method) 4.73 mM (85.22 mg/dl)
Urine 2 5.23 mM (94.23 mg/dl) (Hexokinase method) 5.06 mM (91.17 mg/dl)

Fig. S4 shows that the addition of different amount of y-Fe,03
NPs to a solution of glucose-GOx/TA at pH 7.0, where the fluores-
cence intensity of the solution (/Anax =425 nm for HTA) increases
continuously as the concentration of the y-Fe,O3; NPs increased.
This phenomenon suggests that the amount of generated "OH is
also increased. However, there was no fluorescence intensity
observed in the absence of Glucose/GOx system (Fig. S4). These
results indicated that y-Fe,03 NPs could decompose in situ forma-
tion of H,0, from Glucose/GOx system to generate the ‘OH radical.

3.5. Interference study of the y-Fe;03 bio-sensor

One of the most important analytical factors for a biosensor is
the selectivity of the sensor to target analyte. It is well known
that, some electro-active species in serum such as ascorbic acid
(AA), uric acid (UA), L-cysteine (1-Cys) may influence the perfor-
mance of glucose biosensor. Therefore, the selectivity and anti-
interference ability of the biosensor was investigated by addition
of specified amount UA (5 mM), AA (5 mM) and 1-Cys (5 mM) dur-
ing the spectrophotometric response measurement of 0.5 mM
glucose. The corresponding bar diagram for the intensities of
absorbance at 653 nm for all samples is shown in Fig. 4. No obvi-
ous absorbance responses were observed with the addition of
certain amount of those electro-active interfering chemicals even
if the concentration is increased up to 10-fold than that of glu-
cose. All these observations indicate that the proposed glucose
biosensor has high selectivity towards glucose i.e., good anti-
interference ability.

3.6. The stability and reproducibility of the y-Fe,03 bio-sensor

The reproducibility of the proposed bio-sensor was studied by
adding a fixed amount of glucose (50 uM) to PBS (10 mM, pH
7.0) containing GOx and the reaction is coupled with the same
TMB-H,0, catalytic reaction. As the y-Fe,O3 NPs is an inorganic
material, therefore it is expected to be more thermally and
chemically stable than HRP based glucose bio-sensor. The relative
standard deviation (RSD) of the sensor response was 3.6% for five
successive measurements for the same electrode. When the
y-Fe;03 NPs were stored at 4 °C for 1 week, the spectrophotometric
response remained 96% of its original value, suggesting the long-
term stability of the electrode.

3.7. Real sample analysis

A literature survey reveals that a considerable amount of glu-
cose is excreted in normal human urine [35,36]. Urine contains
auto-oxidizable molecule, which on exposure to O,, undergo rapid
auto-oxidation reaction to generate H,O,. Therefore, an attempt
has been made to determine the concentration of glucose in
excreted human urine as well as a blood using the above glucose
determination technique. Instead of glucose, the diluted human
urine and serum samples were used with glucose oxidase (GOx)
for glucose catalyzed reaction as stated above and the correspond-
ing absorbance values were measured at a wavelength of 653 nm.
According to the calibration curve, the concentration of glucose in

the normal human serum and urine samples agreed well with that
measured through standard GOD-POD or hexokinase method in
pathological laboratory (Table 2). This novel finding may allow
y-Fe;03 NPs to become a new candidate for monitoring blood
and urine glucose level in diabetic patients.

In summary, cubic y-Fe,03 NPs, with average crystal size of
30 nm, were investigated as an artificial peroxidase-mimic like
HRP, which show high affinity to both TMB and H,0, producing
blue-colored reaction. Based on this catalyzed colored reaction,
glucose has been estimated in the linear range from 1 to 80 pM
with detection limit of 0.21 pM. It also possesses good reproduc-
ibility and long-term stability. Finally, we have measured blood
glucose and urine glucose level of normal human volunteers
through the same catalyzed colored-reaction in presence of
y-Fe;03 NPs based sensor. All these studies suggest that our
as-synthesized easily recoverable and environmental friendly
y-Fe,03 NPs is attractive material which will facilitate the utiliza-
tion in the field of medical diagnostic and biotechnology.
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