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Bio‑assisted preparation 
of efficiently architectured 
nanostructures of γ‑Fe2o3 
as a molecular recognition platform 
for simultaneous detection 
of biomarkers
Sasikala Sundar1 & V. Ganesh1,2*

Magnetic nanoparticles of iron oxide (γ‑Fe2o3) have been prepared using bio‑assisted method 
and their application in the field of biosensors is demonstrated. Particularly in this work, different 
nanostructures of γ‑Fe2o3 namely nanospheres (NS), nanograsses (NG) and nanowires (NW) are 
prepared using a bio‑surfactant namely Furostanol Saponin (FS) present in Fenugreek seeds extract 
through co‑precipitation method by following “green” route. Three distinct morphologies of iron 
oxide nanostructures possessing the same crystal structure, magnetic properties, and varied 
size distribution are prepared and characterized. The resultant materials are analyzed using field 
emission scanning electron microscopy, transmission electron microscopy, powder X‑ray diffraction, 
X‑ray photoelectron spectroscopy, vibrating sample magnetometer and Fourier transform infrared 
spectroscopy. Moreover, the effect of reaction time and concentration of FS on the resultant 
morphologies of γ‑Fe2o3 nanostructures are systematically investigated. Among different shapes, 
NWs and NSs of γ‑Fe2o3 are found to exhibit better sensing behaviour for both the individual and 
simultaneous electrochemical detection of most popular biomarkers namely dopamine (DA) and uric 
acid (UA). Electrochemical studies reveal that γ‑Fe2o3 NWs showed better sensing characteristics than 
γ‑Fe2o3 NSs and NGs in terms of distinguishable voltammetric signals for DA and UA with enhanced 
oxidation current values. Differential pulse voltammetric studies exhibit linear dependence on DA 
and UA concentrations in the range of 0.15–75 µM and 5 μM – 0.15 mM respectively. The detection 
limit values for DA and UA are determined to be 150 nM and 5 µM. In addition γ‑Fe2o3 NWs modified 
electrode showed higher sensitivity, reduced overpotential along with good selectivity towards the 
determination of DA and UA even in the presence of other common interferents. Thus the proposed 
biosensor electrode is very easy to fabricate, eco‑friendly, cheaper and possesses higher surface area 
suggesting the unique structural patterns of γ‑Fe2o3 nanostructures to be a promising candidate for 
electrochemical bio‑sensing and biomedical applications.

Magnetic nanoparticles attract a great deal of interest among researchers across the globe owing to their unique 
magnetic properties such as superparamagnetic characteristics, low Curie temperature, negligible coercivity 
and high magnetic susceptibility that lead to applications in various  fields1,2. Particularly, different forms of iron 
oxides such as magnetite  (Fe3O4), maghemite (γ-Fe2O3), hematite (α-Fe2O3) and their corresponding nanopar-
ticles are employed for many biological applications since they possess good biocompatibility. Among them, 
ferri-magnetic material namely, γ-Fe2O3 is very important for technological applications. Nanoscale γ-Fe2O3 has 
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been used in diverse areas including high-density magnetic  recording3, ferro-fluids4, drug  delivery5, magnetic 
resonance  imaging6,  biosensors7, bio-probes8, hyperthermia treatment of  cancer9,  spintronics10, magneto-optics11, 
chemical  catalysis12 and chemical  sensing13 etc. Iron oxide nanoparticles also possess tunable magnetic properties 
depending upon their  size14,15,  shape16–18 and crystalline  phase19.

Recent report suggests that on controlling the diameter and aspect ratio, nanowires (NWs) of γ-Fe2O3 were 
found to have tunable magnetic and optoelectronic  properties20. For example, high-aspect ratio γ-Fe2O3 NWs 
found to possess a larger magnetic coercivity than the corresponding nanoparticles of same volume due to a 
shape-induced energy barrier which hinders the thermal rotation of magnetic  moments21. Besides the shape, 
their crystallinity also has a profound effect on their magnetic and catalytic properties. It is reported that the 
rotation moment scales up against size of the energy barrier and the effect is directly correlated with the increas-
ing crystallite  volume22. For a given size of γ-Fe2O3 NWs, single crystal NW has the largest possible crystallite 
volume through which the energy barrier against thermal rotation moment is maximized. Therefore, it is highly 
desirable to synthesize single crystal γ-Fe2O3 NWs in order to take full advantage of their large aspect ratio, so 
that their coercivity values are enhanced for the specified applications. Conventionally, synthesis of γ-Fe2O3 NWs 
is carried out through the formation of intermediate NWs of other iron oxide phases (like α-Fe2O3, α-FeO(OH), 
or  Fe3O4) using toxic chemicals followed by either reduction, oxidation or transformation processes. These kinds 
of procedures are usually lengthy, time consuming and difficult to accomplish a good control over the crystal-
linity and phase purity of the resultant nanostructures.

To overcome the above stated limitations, Furostanol Saponin (FS) present in the Fenugreek seeds extract 
is utilized to synthesize iron oxides of size and shape-controlled nanostructures along with control over their 
growth direction. For the first time, this proposed methodology has been used to produce high yield and high 
quality of γ-Fe2O3 nanograsses (NGs), nanowires (NWs) and nanospheres (NSs) via biogenic (greener)  route23,24. 
The resultant γ-Fe2O3 nanostructures are characterized by using various spectroscopic and microscopic tech-
niques. Further these materials are explored for the simultaneous electrochemical detection of neurotransmit-
ters, the potential biomarkers of many diseases. Simultaneous electrochemical detection of analytes remains still 
a challenge and we have successfully demonstrated in this work the simultaneous electrochemical sensing of 
dopamine (DA) and uric acid (UA) using NWs and NSs of γ-Fe2O3. Such studies are performed by modifying 
glassy carbon electrode (GCE) with these materials that exhibit increased electrochemical sensing properties 
towards the detection of DA and UA. Although the basic materials are being self-assembled using chemicals that 
themselves are biologically unfriendly but the approach of directional self-assembly using a naturally available 
extract eliminates the need of some very toxic precursors and uneconomic lengthy processes that are otherwise 
indispensable for obtaining such directional self-assembly of nanomaterials.

Results and discussion
Morphological studies.  In order to understand the formation process of different nanostructures of iron 
oxide synthesized using varied volume % of FS extracts, time-dependent evolution of these iron oxide nano-
structures was analyzed by varying the time duration associated with the reaction. The samples were collected at 
different time intervals between 30 min and 3 h from the reaction mixture once the precipitate was formed and 
their corresponding FESEM images are shown in Fig. 1.

At the early stage of evolution process (30 min), it can be seen that the product is mainly composed of smaller 
spherical nanoparticles with an average particle size of about 10, 7 and 5 nm for 2%, 4% and 10% respectively. It 
is possible to obtain controlled sizes of spherical NSs of γ-Fe2O3 by controlling the volume % of FS extract (bio-
surfactant) from 2 to 10% at a shorter reaction time of 30 min. When the concentration of FS was reduced from 
10 to 2%, the size of the nanocrystals increased from 5 to 10 nm. It has been demonstrated that the spherical NSs 
are produced in all the volume % of FS (under the same reaction time of 30 min), indicating the homogeneity 
of the formation of NSs is increased with increasing concentration of FS. The reason is found to be, at a shorter 
period of reaction time (30 min) the dipolar attraction between these NSs is weaker and the steric repulsion is 
predominant. At this condition, only smaller particles of NSs are formed with almost no 1D nanostructures are 
generated.

To investigate the effect of surfactant concentration and evolution time on the growth of 1D γ-Fe2O3 nano-
structures, the ratio of iron precursors to FS concentration was varied at 2:1 ratio comprising of Fe and 2, 4, 10% 
of FS concentrations by allowing the reaction time of 3 h. Figure 2a–c show the corresponding FESEM images 
of γ-Fe2O3 grown at 2%, 4% and 10% concentrations for 3 h time duration. As the reaction time is increased, the 
spherical nanoparticles (observed for 30 min) are completely transformed to 1D nanostructures and found that 
the oriented aggregation has occurred when the reaction time is increased to 3 h.

From these images it is clear that the large number of γ-Fe2O3 NSs self-assembled into 1D nanostructures 
like NGs and NWs in case of 2% and 4% FS reaction medium respectively. At 2% FS concentration, γ-Fe2O3 NGs 
are formed with an average length and width of 2,500 nm and 100–300 nm. By increasing the concentration 
of FS from 2 to 4%, NWs are formed with an average length of 2000 nm and the diameter is determined to be 
90 nm. The average width of these NWs is narrowed. It is interesting to note that the NW structure is formed 
when explicit lateral growth of NG is stopped and the longitudinal growth begins. These results revealed that the 
increased FS extract (more –OH ions) causing the end to close and width to decrease, and most of the saponin 
(–OH ions) acts as a shape controller to induce anisotropic growth. Therefore, –OH ions play a much crucial role 
in the formation of 1D nanostructure because of their stronger adsorption effect. Conversely, it can be seen that 
the obtained products are spherical in shape (monodispersed and non-agglomerated spherical nanoparticles) 
at higher concentration (10% FS) of surfactant.

The average particle size of these iron oxide nanospheres is found to be 12 nm. These results demonstrate that 
the FS concentration significantly influences the morphology of resultant iron oxide nanostructures. In case of 
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Figure 1.  Morphological characteristics analyzed through FESEM images of γ-Fe2O3 nanostructures 
synthesized at 30 min using different volume % of FS namely, (a) 2% FS, (b) 4% FS and (c) 10% FS respectively.
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Figure 2.  Structure and morphological characteristics analyzed using FESEM images of γ-Fe2O3 nanostructures 
synthesized at 3 h using different volume % of FS viz., (a) 2% FS, (b) 4% FS and (c) 10% FS respectively.
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spherical, crystalline γ-Fe2O3 NSs prepared using 10% FS, the lack of central symmetry due to the distribution 
of polar facets may result in dipolar attraction along the polar faces of these NSs. For γ-Fe2O3 nanocrystals, (311) 
plane is polarized which leads to dipolar attraction of γ-Fe2O3 nanoparticles along this  axis25,26. It is well known 
that the dipole–dipole attraction favored the oriented attachment, but there is another steric or electrostatic 
repulsion which prevents them from aggregation. The steric repulsion originates from the stabilizing molecules 
(such as FS) on the surface of NSs, resulting in the repulsion of spherical particles within each other (10% FS). 
On the other hand, the stabilizing molecules maintain a dynamic equilibrium on the surface of these particles 
during the adsorption and desorption processes under certain conducive reaction conditions. Increasing the FS 
concentration in the reaction medium is more favourable for the formation of NSs and to prevent the formation 
of 1D nanostructures of γ-Fe2O3. Based on these results, it can be reasonably understood that 1D nanostructures 
are formed through the aggregation of NSs during the synthesis process, which is usually termed as “oriented 
attachment”. This mechanism involves a two-stage process including the formation of spherical nanoparticles 
and subsequently the aggregation of a string of these  NSs27.

More detailed morphological analysis on the formation of γ-Fe2O3 nanostructures synthesized using vari-
ous volume % of FS extract for 3 h time duration is illustrated by TEM images along with their corresponding 
selected area electron diffraction pattern shown in Fig. 3. These TEM images revealed that all the nanostructures 
synthesized using different % of FS concentrations are in different shapes but uniform in size. The NG and NW 
like morphology are observed for the iron oxide samples synthesized using 2% and 4% FS medium respectively. 
In contrast, for 10% FS concentration, non-agglomerated spherical nanoparticles are produced with homogenous 
dispersion and their respective size is found to be 12 nm. These results are also well matched with the FESEM 
images of the same nanostructures discussed earlier. The corresponding SAED patterns attained from the large 
area of particles are shown in Fig. 3b, d, f. Formation of rings in these patterns also reveal the existence of cubic 
spinel structure of γ-Fe2O3 and well correlated to the hkl (220), (311), (400), (422), (511) and (440) planes of 
X-ray diffraction study discussed later.

Bio‑surfactant  assisted  formation  of  0D  and  1D  iron  oxide  nanostructures.  The formation 
mechanism of 1D nanostructured γ-Fe2O3 is proposed mainly based on the chemical structure of FS (capping 
agent/bio-surfactant) (Supplementary Fig.  S1). It seems that the growth of 1D nanostructure in a particular 
direction is predominantly due to two factors. The first one is the probability of adsorption of FS on the surface 
of these nanoparticles building blocks rendering a preferential assembly along a certain  direction28 and secondly, 
the concentration of  OH− ions present in FS assists the growth of NGs or NWs of γ-Fe2O3. It is reported that a 
slow hydrolysis of the transition metal salts helps to control the branching of the building blocks and leads to a 
guided  growth29–31. On the other hand, the presence of higher  OH− concentration enhances the agglomeration 
of nanocrystals to a greater extent by ascertaining the metal–oxygen–metal bonds at many different sites and 
locations which eventually leads to an unguided  growth32,33.

Interestingly the inherent anisotropy of crystal structure or crystal surface reactivity is investigated in the 
previous  reports34,35, and this has been identified as the driving force for the growth of 1D nanostructures. G. 
Michael et al. showed that well defined facets of Ag nanoparticles may have different polarizability and reactivity, 
which leads to the oriented formation of Ag  nanowires36. In our work, under a certain reaction condition (2% 
and 4% FS), the adsorption and detachment rate of the stabilizing agent (FS) molecules on the surface of NSs 
is accelerated. The acceleration of these adsorption and detachment rate of FS molecules reduces the mutual 
electrostatic repulsion between the nanoparticles. When the attraction force between these NSs dominates over 
the steric repulsion, the oriented attachment of NSs occurs during the synthesis process. Thus, the product 
is determined by the repulsion and attractive forces between these nanoparticles. Hence it can be reasonably 
concluded that the competition between dipolar attraction and steric repulsion influences the growth of these 
nanocrystals and hence the resultant nanostructures.

On the other hand, higher concentration (10%) of the bio-surfactant strongly competes with the iron oxide 
nanostructures and helps to retain the nanospherical structure, where only homogeneous sphere shaped nan-
oparticles are formed. These bio-surfactant molecules form repulsive forces between the nucleated particles 
and subsequently prohibiting the further growth. The ability of these micelles to prevent the growth of these 
particles becomes stronger at higher surfactant concentrations and hence the average particle size decreases, 
finally leading to the homogeneous dispersal of the spherical nanoparticles. It also means that the distribution 
of bio-surfactant in various directions on the surface of these nanoparticles is highly isotropic, hence, the bet-
ter size distribution of the crystal growth in the process could be obtained with more befitting amount of the 
surfactant used in the  reaction37. These idiosyncratic properties of the saponin rich bio-surfactants are not only 
play a vital role in designing the morphology of iron oxide nanostructures and also facilitate the formation of 
various phases of iron oxides.

Structural characteristics.  Further to confirm the crystalline structure of resultant γ-Fe2O3 samples syn-
thesized at different volume % (2%, 4% and 10%) of FS and for 30 min and then for 3 h time duration, XRD stud-
ies are carried out. The corresponding XRD patterns are shown in Fig. 4. Typical XRD characteristics observed 
for the synthesized iron oxide NSs correlate very well with the cubic inverse spinel phase of γ-Fe2O3. Figure 4a 
represents the XRD patterns of NSs of γ-Fe2O3 prepared for 30 min, where all the diffraction peaks appeared at 
2θ values of 30.2, 35.4, 43.5, 57.3 and 62.1º corresponding to hkl planes of (220), (311), (400), (511) and (440) 
that can be indexed to the pure form of γ-Fe2O3 (JCPDS No. 89-5892) as shown in the standard XRD data (Sup-
plementary Fig. S2). Formation of the intense peaks in XRD patterns indicates the pure crystalline nature of 
resultant γ-Fe2O3 products. In addition, these samples are phase pure, as the spectra did not show any traces of 
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other impurity phase peaks of iron oxide such as α, β or δ phases or any other phases of iron oxy hydroxides, such 
as FeOOH, or Fe(OH)3 and only γ-Fe2O3 peaks are observed in XRD.

Interestingly XRD patterns of all these samples are very similar to each other, except a negligible variation 
in the intensity values, indicating the increased crystallinity without any phase changes. The broad nature of 

Figure 3.  TEM images and selected area electron diffraction (SAED) patterns of γ-Fe2O3 nanostructures 
synthesized at 3 h using different volume % of FS viz., (a, b) 2% FS, (c, d) 4% FS, and (e, f) 10% FS respectively.
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diffraction patterns is an indication of the formation of smaller sized particles. Figure 4b shows the XRD patterns 
of γ-Fe2O3 nanocrystals with three different shapes (NGs—2%, NWs—4% and NSs—10%) synthesized using 
different volume % of FS for 3 h, where all the spectral lines can be assigned to the pure form of cubic inverse 
spinel of γ-Fe2O3 (maghemite) structure (JCPDS No. 89-5892 as shown in Supplementary Fig. S2). These nano-
structures of γ-Fe2O3 exhibited well-resolved diffraction peaks at 2θ values of 30.0°, 35.4°, 43.2°, and 62.7°, which 
are attributed to (220), (311), (400), (511), and (440) reflections corresponding to γ-Fe2O3  phase38.

Further XRD results showed that NGs and NWs are preferentially oriented along (311) plane. Moreover, for 
the increased FS content in the reaction mixture (at 10%) the structure uniformity is maintained but did not 
form 1D γ-Fe2O3 nanostructures as like in the samples synthesized using 2% (NGs) and 4% (NWs) FS. This can 
be inferred from the fact that increased number of spheroid-shaped nanoparticles is observed under FESEM 
and TEM analyses (Figs. 2, 3). This is also reflected from the increased height of particularly maghemite peaks 
in XRD studies, while the intensity values of the wires and grass shaped maghemite nanoparticles are decreased. 
The broad nature of these diffraction bands observed in XRD pattern recorded for 10% FS is an indication of the 
formation of smaller sized particles with an average size of 12 nm. It is also explained and reiterates that the use 
of bio-surfactant (FS) did not result in the phase change of γ-Fe2O3, but only controlled the size and shape of 
the resultant  particles39. FTIR spectra of pure FS extract and different samples (NGs, NWs and NSs of γ-Fe2O3) 
synthesized using various volume % of FS for 30 min and 3 h time duration have been recorded to confirm 
the formation of Fe–O bond in these samples. FTIR spectra (Supplementary Figs. S3, S4) of all the iron oxide 
nanostructures consisting of the characteristic –OH stretching (ν OH) and –HOH bending (δ OH) and vibra-
tional bands in the region between 3,100 and 3,400 cm−1 respectively. This could be attributed to the stretching 
vibrations of adsorbed moisture and the surface hydroxyl groups present on the surface of iron oxide. The sharp 
peaks centered at 1,100 cm−1 in all these spectra could be assigned to (δ C–O–H) stretching vibration of saponin 
molecule present in the FS extract and the peak at ~ 1,620 cm−1 represents pure –CH2 group vibration of sugar 
moieties found in FS. Similarly the band appeared at ~ 1,370 cm−1 could be attributed to the deformation vibra-
tion of C-H bond of alkane present in the FS extract. Similarly, appearance of a transmittance peak at 604 cm−1 
corresponds to the stretching vibration of tetrahedral iron atoms (ν Fe–O).

Further XPS analysis is carried out to examine the chemical environment of the elements and the oxidation 
state of iron in these resultant nanostructures (NGs, NWs and NSs) since the core electron lines of both ferrous 
and ferric ions can be detected and are distinguishable from each other using XPS studies, which is not possible 
with XRD analysis. The corresponding results are shown in Fig. 5. The binding energy peaks emerged at 710.7 eV 
and 724.6 eV for γ-Fe2O3 NGs produced from 2% FS; 710.4 eV and 724.5 eV for the NWs prepared from 4% FS 
and 710.5 eV and 724.8 eV for the NSs synthesized from 10% FS concentrations are the characteristic doublet 
peak of Fe 2p3/2 and Fe 2p1/2 core-level electrons respectively. Formation of these core level peaks indicates the 
presence of + 3 oxidation state in γ-Fe2O3. Moreover, the well-resolved satellite peaks appeared at a higher binding 
energy side of the main doublet peaks are noted at 719.1 eV, 719.3 eV and 719.4 eV for the iron oxide samples 
synthesized from 2%, 4% and 10% of FS respectively. These peaks represent the fingerprints of the electronic 
structure of  Fe3+ (indirectly indicates the absence of + 2 ion)40,41. Thus XPS results revealed that the charge trans-
fer screening can be solely attributed to the presence of  Fe3+ ions in γ-Fe2O3. All the above experimental results 
confirm that the synthesized samples are in pure form of γ-Fe2O3 rather than  Fe3O4  phase42. Therefore, on the 
basis of colour, FESEM, TEM, XRD, and XPS analyses, the synthesized nanostructures are identified to be a phase 
pure form of cubic γ-Fe2O3 with their preferential growth oriented along (311) and (220) planes of the crystal.

Figure 4.  (a) XRD patterns of γ-Fe2O3 nanostructures synthesized at different volume % of FS using 30 min time 
duration. (b) XRD patterns of γ-Fe2O3 nanostructures synthesized at different volume % (2% , 4% and 10% )  
of FS for 3 h time duration.
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TGA/DTA analysis.  Thermal gravimetric analysis (TGA) and differential thermal analysis (DTA) provide 
insight information about thermal and structural stability of these resultant γ-Fe2O3 nanostructures. γ-Fe2O3 
NWs and NSs have been analyzed for the structural stability through TGA/DTA analysis from 30 to 800 °C 
under  N2 atmosphere and their corresponding curves are displayed in Fig. 6A, B. TGA curve undergoes a three 
stage weight losses and the first one occurs below 110 °C due to the removal of adsorbed water (surface –OH 
groups) which is more (20%) for γ-Fe2O3 NSs (b) compared to γ-Fe2O3 NWs (a), where only 15% weight loss is 
noted. However this higher percentage weight loss observed for NSs suggested the conversion of oxyhydroxide 
forms to oxide of iron. The second comparatively smaller weight loss of 1.93% can be attributed to the structural 
arrangement of iron oxide. Consequently, 2nd and 3rd stage weight loss can be attributed to the decomposition 
of organic moieties present in the FS and phase transformation of γ-Fe2O3, where higher weight loss for the NSs 
can be seen because of the more amounts of organic moieties present in the extract (10% FS) adsorbed on the 
surface of these NSs.

Figure 6B represents the broad endothermic peaks at around 120 °C observed in both the DTA curves and 
is mainly ascribed to the removal of physically bounded water molecules. The above mentioned characteristics 
arises from the finite size effect, where the surface availability on the nanostructures for the anchoring of water 
molecules (–OH) play a vital role. On increasing the temperature, the noticeable endothermic peak observed 
between 600 and 700 °C in the DTA curve is also associated with the transformation of nanosized γ-Fe2O3 
phase. This implies that the thermal stability of the synthesized γ-Fe2O3 nanostructure is very high; usually the 

Figure 5.  XPS spectra of γ-Fe2O3 nanostructures synthesized using different volume % (2% NGs, 4% NWs and 
10% NSs) of FS for 3 h time duration.

Figure 6.  (A) TGA and (B) DTA curves of (a) γ-Fe2O3 NWs synthesized using 4% FS and (b) γ-Fe2O3 NSs 
synthesized using 10% FS for 3 h time duration.
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transformation occurs between 450 and 550 °C for the bulk samples. However, the disappearance of obvious 
exothermic peak at around 640 °C in the DTA curve of both these samples, representing no phase transition 
occurs from γ-Fe2O3 to α-Fe2O3

43. Thus, the present bio-surfactant assisted co-precipitation method elucidated 
its uniqueness by tailoring the stable phase of γ-Fe2O3 nanostructures under simple experimental conditions.

Investigation of magnetic properties.  Furthermore, the effects of size and shape modulation of the 
resultant nanostructured materials of γ-Fe2O3 on their magnetic properties are investigated for the synthesized 
samples and their corresponding hysteresis loops are depicted in Fig. 7. The room-temperature hysteresis loops 
for a series of samples synthesized from various volume % (2%, 4% and 10%) of FS extract for 30 min (Fig. 7a) 
and for 3 h (Fig. 7b) time duration have been recorded. These curves exhibit neither remanence nor coercivity, 
regardless of the nanocrystal size and shape and therefore indicate a superparamagnetic behaviour. The satura-
tion magnetization  (Ms) values of all these synthesized γ-Fe2O3 samples fall below that of bulk γ-Fe2O3 value of 
74 emu/g, which provide further evidence for the phase purity of these  materials44. The room temperature  Ms 
values of different nanostructured materials synthesized at 2%, 4% and 10% of FS using 30 min are measured to 
be 57, 41 and 34 emu/g respectively. On the other hand, the measured  Ms values for γ-Fe2O3 NGs, γ-Fe2O3 NWs 
synthesized using 2% and 4% of FS for 3 h time duration are determined to be 39 and 28 emu/g respectively. The 
slope of the magnetization is positive even at larger applied fields with an unending hysteresis. This is attributed 
mainly to the formation of 1D nanostructures that are finite, non-ellipsoidal particles and cannot be saturated 
by a homogeneous applied field. For γ-Fe2O3 NSs produced from 10% FS, the  Ms value is further reduced to 
16 emu/g as the size decreased nearing to that of quantum  dots45–47.

These results indicate the single domain magnetic characteristics of the nanoparticles that remained same for 
the NSs synthesized using 30 min and 3 h (10% FS) time duration. Since the amount of all these samples used for 
the measurement of magnetic properties was kept constant, the decrease of saturation magnetization is mainly 
ascribed to the increased amount of bio-surfactant (FS) covered over the maghemite nanoparticles that hinders 
the magnetic susceptibility. Hence, the notable decrease in the saturation magnetization is most likely due to 
the existence of FS on the surface of γ-Fe2O3 nanoparticles which may create a magnetically dead layer. With a 
significant fraction of surface atoms on these nanoparticles and any crystalline disorder within the surface layer 
may also lead to a significant decrease in the saturation magnetization values of these  nanoparticles46. Thus the 
magnetic characteristics of these synthesized iron oxide nanostructures could be influenced by the shape, size 
and concentration of the bio-surfactant used for the preparation.

Electrochemical sensing of DA and UA using nanostructures of γ‑Fe2o3. Different nanostruc-
tures of γ-Fe2O3 viz., NGs, NWs and NSs are explored further for the electrochemical sensing application for 
the simultaneous detection of DA and UA. The effects of shape and size of these nanostructures on the electro-
chemical sensing characteristics are also investigated. Electrocatalytic activity of these γ-Fe2O3 nanostructures 
was studied by coating these materials onto pre-cleaned glassy carbon electrode (GCE) surface and their elec-
trochemical oxidation capability towards DA and UA was analyzed. These studies are carried out using γ-Fe2O3/
GCE through cyclic voltammetry (CV) technique within the potential range of − 0.2 V to + 0.8 V in aqueous 
phosphate buffer solution (PBS) having pH = 7.4. Among the different nanostructures studied in this work, NWs 
and NSs of γ-Fe2O3 found to exhibit better electrochemical sensing capability for DA and UA (Supplementary 
Fig. S5). Hence the subsequent studies were carried out with these nanostructures. The corresponding cyclic 
voltammograms recorded for 0.5 mM DA and 0.5 mM UA using NWs and NSs of γ-Fe2O3 are shown in Fig. 8A, 
B respectively and for comparison similar studies performed using bare GCE were also shown in the figure. The 

Figure 7.  (a) M-H curves of γ-Fe2O3 nanostructures synthesized at different volume % (2, 4 and 10%) of FS 
for 30 min time duration. (b) M-H curves of γ-Fe2O3 nanostructures synthesized using different volume % (2% 
NGs, 4% NWs and 10% NSs) of FS for 3 h time duration.
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individual electrochemical oxidation of both DA (Fig. 8A) and UA (Fig. 8B) on γ-Fe2O3 nanostructures modi-
fied GCE exhibited negative shift of anodic potentials with increased current response when compared to bare 
GCE. The electrocatalytic oxidation of DA is evident from the oxidation peak appeared at 290 mV, 250 mV and 
300 mV for NSs and NWs of γ-Fe2O3 modified GCEs along with a bare GCE, respectively. For the electrochemi-
cal detection of UA, the oxidation peaks appeared at 350 mV and 330 mV for NSs and NWs of γ-Fe2O3 modi-
fied GCEs, whereas in the case of bare GCE the voltammetric response for UA appeared at a higher potential of 
520 mV and no obvious cathodic peak potential are observed in all these cases, suggesting the irreversibility of 
the electrochemical  process36,48,49. Various electrochemical characteristic parameters are determined for these 
electrodes from their corresponding CVs (Supplementary Table S1).

Interestingly the current response observed for the electrocatalytic activity of DA and UA at γ-Fe2O3 NSs 
modified GCE is slightly lower than that of γ-Fe2O3 NWs modified GCE. On the other hand, oxidation peak 
current values noted at γ-Fe2O3 NSs and NWs modified GCEs are greater than that of bare GCE. These results 
indicate the fast electron transfer kinetics of DA and UA on γ-Fe2O3 nanostructures coated GCEs. The major 
reason is that the synthesized γ-Fe2O3 NWs can act as a catalyst to increase the rate of electron transfer and lower 
the overpotential for oxidation of DA and UA. Moreover the fast response resulted from the excess electro-active 
sites provided by γ-Fe2O3 NWs as well as the good conductivity between the coated film and GCE substrate. The 
reason for this improved electrocatalytic activity is mainly attributed to the 1D structure of γ-Fe2O3 NW, which 
acts as an “electron wire”, wherein the electron diffusion occurs at a faster rate that aids in increased sensitivity 
towards the sensing of DA and UA. Such a nanostructure is more favourable for providing a large contact area 
between the sensing materials and the analyte species than non-hierarchical nanoparticles or bulk  Fe2O3 powders. 
Furthermore, due to the small size of these NWs, the charge distribution on the surface may lead to less resistance 
to the diffusion of probe ions onto the electrode surface than that of the bulk  Fe2O3.

Further the material exhibits a facile redox process associated with Fe within this potential window that 
might result in enhanced conductivity both in terms of ionic and electronic transport phenomena. Such kind of 
redox process involving Fe(III)/Fe(II) centers of γ-Fe2O3 accelerates the electrocatalytic mechanism behind the 
sensing of these bio-analytes. Consequently, γ-Fe2O3 NWs modified GCE projected as a sensing platform for 
the oxidation of DA and UA exhibits more electro-active sites and strong adhesion onto the surface, resulting in 
the enhanced sensitivity and shows a lower overpotential for the sensor. Finally, from these results it is clear that 
γ-Fe2O3 NWs aid in more effective transportation and accessibility of bio-analytes and subsequently facilitates 
the electron transfer process that ultimately leads to less non-faradaic behaviour with pronounced  sensitivity50.

optimization of pH. It is found that pH values affect the electrochemical signals of DA and UA at γ-Fe2O3 
NWs modified GCEs and hence the optimization studies were carried out over different pH values ranging 
from 5.4 to 9.4 and the corresponding results are shown in Figs. 9 and 10. These studies are performed to deter-
mine the optimum pH value at which the highest electrochemical responses for the oxidation of DA and UA 
are achieved. From these results it is found that the oxidation peak current of DA reaches the maximum value 
at pH 7.4 and then drops quickly and finally decreases with increasing pH. Similarly, the peak current of UA 
also initially goes up gradually with increasing pH (5.4–7.4), and then it decreases with increasing pH (> 7.4). 
In addition, Figs. 9B and 10B show the variation of peak potentials of both DA and UA oxidation with pH and 
these plots exhibit a pH dependency. The oxidation peak potential shifted to less negative value when the pH 
of the solution is increased, which indicates that the electrocatalytic oxidation of DA and UA at these modified 
electrodes involves equal number of electrons and  protons51,52. Meanwhile, increasing pH also leads to a sharp 
decrease in the oxidation current when pH is more than 7.4 (Figs. 9A, 10A). Moreover, the maximum oxidation 
current response is observed at pH of 7.4 for the determination of DA and UA at γ-Fe2O3 NWs modified elec-
trodes and hence it is adopted as the optimum pH for further experiments.

Figure 8.  Cyclic voltammetric responses obtained using (1) bare GCE, (2) γ-Fe2O3 NSs and (3) γ-Fe2O3 NWs 
modified GCEs in PBS (pH = 7.4) at a fixed scan rate of 50 mV s−1 for (A) 0.5 mM DA and (B) 0.5 mM UA 
respectively.
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Effect of scan rate.  The influence of scan rate on the oxidation potential and subsequently the kinetics of 
electron transfer associated with oxidation of DA and UA is investigated using γ-Fe2O3 NWs modified GCEs. 
These studies are carried out for a wide range of scan rate varying from 10 mV/s to 100 mV/s using CV within 
the potential range of − 0.2 V to + 0.8 V. Figures 11 and 12 show the respective CV curves of 0.5 mM DA and 
0.5 mM UA recorded using γ-Fe2O3 NWs modified GCEs at different scan rates. It can be seen that the anodic 
peak current values of DA are proportional to the square root of scan rate in the range from 10 to 100 mV/s with 
a correlation coefficient of  R2 = 0.9859 (Fig. 11b). Meanwhile, the anodic peak current values of UA also showed 
an excellent linear relationship with the square root of scan rate in the range from 10 to 100 mV/s with a correla-
tion coefficient of  R2 = 0.9779 (Fig. 12b). As shown in these figures, with increasing scan rate, the redox current 
values increased and good linear relationships are established between the peak current values and the square 
root of scan rate, respectively, indicating that the oxidation of DA and UA on γ-Fe2O3 NWs modified GCE is a 
diffusion controlled  process53.

Electrochemical sensing of DA using DPV studies.  Differential pulse voltammetry (DPV) technique 
provides a higher sensitive current and better detection limit when compared to CV and hence the determina-
tion of DA was carried out by using DPV. Figure 13a depicts the DPV responses of γ-Fe2O3 NWs modified 
GCE for the addition of different concentrations of DA from 0.15 μM to 75 μM. It can be seen that a sharp DPV 
response is observed for the addition of 0.15 μM DA and the current response increased linearly with increasing 

Figure 9.  (A) Cyclic voltammograms recorded at a fixed scan rate of 50 mV s−1 using 0.5 mM DA at different 
pH values namely, (a) 5.4, (b) 6.4, (c) 7.4, (d) 8.4 and (e) 9.4 respectively at γ-Fe2O3 NWs modified GCEs. (B) 
Change in DA oxidation potential with respect to pH of the solution.

Figure 10.  (A) Cyclic voltammograms recorded at a fixed scan rate of 50 mV s−1 using 0.5 mM UA at different 
pH values namely, (a) 5.4, (b) 6.4, (c) 7.4, (d) 8.4 and (e) 9.4 respectively at γ-Fe2O3 NWs modified GCEs. (B) 
Change in UA oxidation potential with respect to pH of the solution.
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concentrations of DA. Interestingly DPV response of γ-Fe2O3 NWs/GCE is linear over the concentration of DA 
ranging from 0.15 μM to 75 μM (Fig. 13b) with the correlation coefficient of  R2 = 0.9898. This study displayed a 
highest linear range of detection for DA and the detection limit is determined to be 0.1 μM. The sensor charac-
teristic parameters of the fabricated system have also been compared with the other reported DA sensors and 
the comparative results are shown in Table 1. The analytical comparison of our proposed sensor clearly reveals 
that γ-Fe2O3 NWs modified GCE exhibits a lower detection limit and better linear concentration range for the 
detection of DA on comparison to many other modified  electrodes54–64.

This electrocatalytic effect of DA is mainly attributed to the larger available surface area of the modifying layer 
due to the nanometer size of the sample and free surface –OH groups of γ-Fe2O3 as seen in FTIR studies, which 
could form hydrogen bonding with the –OH group of DA. It essentially contributes to the weakening of hydroxyl 
bond to facilitate the electron transfer through (hydroxyl group of DA) O—H–O (surface hydroxyl groups of 
γ-Fe2O3). Additionally, the induced magnetization of γ-Fe2O3 nanoparticles domains on applying potential results 
in increased magnitude of current response when compared to that of bare  GCE65. On the other hand, γ-Fe2O3 
NWs can act as an electron transfer mediator and enhances electron transfer during electrochemical oxidation of 
DA, as a result it becomes easier. The introduction of γ-Fe2O3 NWs onto the GCE surface facilitates the conduc-
tion pathway at the modified electrode surface. It is also reported that the redox process of DA proceeds via  2e−, 

Figure 11.  (a) Cyclic voltammograms recorded using 0.5 mM DA in PBS (pH—7.4) solution over different 
scan rate values ranging from 10 mV/s to 100 mV/s at γ-Fe2O3 NWs modified GCEs. (b) Calibration curve of 
the anodic oxidation peak current response with respect to square root of scan rate. In this figure the arrow 
indicates the direction of increasing scan rate.

Figure 12.  (a) Cyclic voltammograms recorded using 0.5 mM UA in PBS (pH—7.4) solution over different 
scan rate values ranging from 10 mV/s to 100 mV/s at γ-Fe2O3 NWs modified GCEs. (b) Calibration curve of 
the anodic oxidation peak current response with respect to square root of scan rate. In this figure the arrow 
indicates the direction of increasing scan rate.
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 2H+  process66. Based on the above discussion and the previous reports, the electrochemical redox mechanism 
of DA at γ-Fe2O3 NWs modified GCE can be explained as shown in Scheme 1.

Electrochemical sensing of UA using DPV studies.  Further DPV curves were also recorded for vari-
ous concentrations of UA using γ-Fe2O3 NWs modified GCE and subsequently to determine the calibration 
curve for UA sensor. The corresponding DPV responses are shown in Fig. 14a for the addition of various con-
centrations of UA ranging from 5 μM to 0.15 mM. Figure 14b represents the calibration curve for the determi-
nation of UA at γ-Fe2O3 NWs modified GCE. From these figures it is found that the response for UA oxidation 
increases with the increasing concentration of UA. Linear dependency could be witnessed between the oxidation 

Figure 13.  (a) DPV responses obtained for various concentrations of DA (0.15–75 µM) in PBS (pH—7.4) 
solution at a fixed scan rate of 50 mV s−1 using γ-Fe2O3 NWs modified GCE and (b) Calibration curve of the 
anodic peak current response with respect to the concentrations of DA.

Table 1.  Comparison of sensor characteristics of dopamine sensor proposed in this work based on γ-Fe2O3 
NWs with that of other electrode materials reported in literature.

Electrode material Potential (V) Detection limit (µM) Linear range (µM) Electrolyte (pH) References

3D-GN@WO3 nanowires 0.30 238 10,000–15,000 7.2 54

Graphene/EPPG 0.29 3.78 5.0–50 7.0 55

PA6/PAH_MWCNTs nanofibers 0.19 0.15 1.0–7.0 7.0 56

Au–graphene 0.28 1,860 5,000–10,000 6.0 57

CS − GS/GCE 0.16 0.14 1.0–700 7.4 58

S-Fe2O3 − GCE 0.16 0.20 0.2–1.07 7.0 59

3DGH-Au NPs/GCE 0.29 1.0 1.0–60 7.0 60

Ag − Pt/pCNFs/ GCE 0.20 0.11 10–500 7.0 61

N-doped graphene 0.28 0.25 0.5–170 6.0 62

Au-AGR-MWCNT/GCE 0.29 1.4 2.0–120 7.0 63

2D hexagonal boron nitride/GCE 0.26 0.65 3.0–75 7.4 64

γ-Fe2O3 nanowires/GCE 0.25 0.15 0.15–75 7.4 This work

Scheme 1.  A possible mechanism proposed for the oxidation of DA using γ-Fe2O3 NWs modified GCE.
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current response and the concentration of UA in the range of 5 µM–0.15 mM with a correlation coefficient of 
 R2 = 0.9909, suggesting a potential application of γ-Fe2O3 NWs modified GCE in the quantitative determination 
of UA. In comparison with the other values reported in literature, this enzyme-free electrode exhibits a wider 
linear concentration range than the other modified electrodes (Table 2). Furthermore, a lower detection limit of 
0.5 μM UA is determined at a signal-to-noise ratio of 3 and also stipulates the minimum detectable amount of 
analyte using the developed  sensor67–77. 

Thus the experimental results suggested that γ-Fe2O3 NWs can enhance the electron transfer rate and lower 
the overpotential of UA oxidation. This enhanced electrochemical sensing property is mainly attributed to 
the larger electro-active sites of the modifying layer due to the large number of NWs on the sample as evident 
from FESEM and TEM analyses. Furthermore, γ-Fe2O3 layer contains free surface –OH groups that could form 
hydrogen bonding with UA. It is well known that hydrogen bond acceptor strength of amide group is stronger 
than the ester group and it facilitates easier oxidation of UA at γ-Fe2O3 NWs modified electrode surface. Hence, 
the carbonyl group at C-8 of UA forms a hydrogen bonding with surface –OH groups of γ-Fe2O3 NWs. It is also 
evident that only  Fe2+/Fe3+ redox couple is electro-active and hence Fe site plays a vital role in the electrocata-
lytic oxidation of UA. Recall that the oxidation of UA is irreversible at these electrodes and the oxidation of UA 
proceeds via  2e−,  2H+  process68. According to the previous reports, the electrochemical oxidation mechanism 
of UA at γ-Fe2O3 NWs/GCE can be explained as depicted in Scheme 2.

As shown in Tables 1 and 2, γ-Fe2O3 NWs modified sensor exhibits a better detection limit and a wider linear 
concentration range of detection in comparison to most of the other reported sensors. Even though the detection 
limit of our modified electrode is not as low as few other reported sensors, this particular one displayed accept-
able results with a positive gain in the potential shift and sufficient enough to detect the physiologically relevant 
concentrations of the target analytes. Moreover, the synthesis protocol reported here for the preparation of iron 

Figure 14.  (a) DPV responses obtained for various concentrations of UA (5 μM–0.15 mM) in PBS (pH—7.4) 
solution at a fixed scan rate of 50 mV s−1 using γ-Fe2O3 NWs modified GCE and (b) Calibration curve of the 
anodic peak current response with respect to the concentrations of UA.

Table 2.  Comparison of sensor parameters of uric acid sensor proposed in this work based on γ-Fe2O3 NWs 
with that of other electrode materials reported in literature.

Electrode material Potential (V) Detection limit (µM) Linear range (µM) Electrolyte (pH) References

CoTe/GP electrode 0.43 0.895 10–120 6.0 67

MoS2/PEDOT/GCE 0.39 0.95 2–25 7.4 68

AuNPs@MoS2/GCE 0.29 10.0 10–7,000 7.0 69

Graphene flowers/CFE 0.36 3.98 3.98–371.4 7.0 70

GOU/GCE 0.47 3.45 20–154 6.5 71

Nafion/Uricase/ZnO NSs/Ag/Si 
electrode 0.40 50.0 50–500 7.0 72

Pd@Fe3O4 electrode 0.42 0.41 0.96–107 6.8 73

PAYR/CPE electrode 0.40 9.50 27.8–304.4 7.0 74

Au–Ag NPs/GO/TH@GCE 0.45 0.30 1.0–100 7.0 75

GONRs + PEDOT:PSS electrode 0.33 0.50 0.5–1,200 7.0 76

Graphene/SnO2/GCE 0.40 3.0 3–21 6.8 77

γ-Fe2O3 nanowires/GCE 0.33 0.50 5–150 7.4 This work
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oxide nanostructures is facile, environmentally benign method when compared to others, which are mainly 
based on hazardous chemical reactions.

Simultaneous  electrochemical  determination  of  DA  and  UA  using  nanostructures  of 
γ‑Fe2o3. Furthermore to demonstrate the potential utility of these γ-Fe2O3 nanostructures coated GCEs in 
sensing application, the simultaneous electrochemical detection of DA and UA is performed in PBS (pH—7.4) 
solution. These studies are carried out in a mixture of 0.5 mM DA and 0.5 mM UA and their respective cyclic 
voltammograms are shown in Fig. 15. It can be seen from these CVs that for a binary mixture of DA and UA, 
a well-defined, two separate anodic peaks corresponding to oxidation of DA and UA are observed at γ-Fe2O3 
nanostructures modified GCEs. The presence of functional groups on iron oxide (γ-Fe2O3) nanostructures are 
able to resolve the mixed voltammetric response of these species (DA and UA) into two well resolved voltam-
metric peaks at the potential of 220 mV and 450 mV on γ-Fe2O3 NSs along with 200 mV and 430 mV on γ-Fe2O3 
NWs modified GCEs respectively. These CV results are analyzed, and various electrochemical sensor parameters 
are determined (Supplementary Table S2). Further the anodic peak potential separation between DA and UA is 
estimated to be 230 mV and is sufficient enough to identify them as a well-defined two separate peaks. Among 
different samples, γ-Fe2O3 NWs showed better performance in terms of better peak separation and enhanced 
current values. Thus the simultaneous oxidation of DA and UA shows that γ-Fe2O3 nanostructures coated GCEs 
exhibit excellent electrocatalytic behavior of these species.

Selectivity studies for the detection of DA and UA using γ‑Fe2o3 NWs modified GCE.  Selec-
tivity of the proposed electrochemical sensor towards the detection of DA and UA using γ-Fe2O3 NWs modi-
fied GCEs is examined in presence of several other possible interference species such as glucose, ascorbic acid, 
hydrogen peroxide  (H2O2), acetaminophenon (AP), urea and sodium chloride. These studies are performed 
by monitoring amperometric responses of DA (A) and UA (B) in presence of the aforementioned species and 
the corresponding results are shown in Fig. 16A, B. The concentration values of these interfering species were 
kept at 10 times higher than the target analyte (0.3 mM DA and 0.3 mM UA) in PBS (pH—7.4) solution. It is 

Scheme 2.  A possible mechanism proposed for the oxidation of UA on γ-Fe2O3 NWs modified GCE.

Figure 15.  Cyclic voltammograms corresponding to the simultaneous determination of DA and UA using (a) 
bare GCE, (b) γ-Fe2O3 NSs and (c) γ-Fe2O3 NWs modified GCEs. Electrolyte: 0.5 mM DA and 0.5 mM UA in 
PBS (pH = 7.4) aqueous solution at a fixed sweep rate of 50 mV s−1.
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clear that no obvious interference is observed, demonstrating the good selectivity of as-fabricated γ-Fe2O3 NWs 
coated GCE. From these results, it is understood that tenfold physiological and 100-fold common ion interfer-
ence concentrations did not significantly affect the detection of DA and UA; manifesting a higher selectivity of 
the proposed  biosensor78–81. These results vividly suggest that γ-Fe2O3 NWs modified GCE is highly selective 
towards DA and UA sensing when compared to the aforementioned interfering compounds.

Stability of γ‑Fe2o3 NWs/GCE.  Finally to prove the stability of γ-Fe2O3 NWs/GCE towards the electro-
chemical sensing performance, CV curves were recorded for different time intervals viz., 10, 20 and 30 days 
towards 0.2 mM DA and UA at a scan rate of 50 mV s−1. These studies were carried out by recording CV for 50 
cycles by monitoring the change in peak current values and the corresponding CVs are shown in Fig. 17a–c. It 
can be noted from these CVs that mere a 2% decrease in peak current value was observed even after 50 cycles, 
indicating a good stability of the electrode.

Thus, these modified electrodes are successfully used for the simultaneous determination of DA and UA with 
excellent sensitivity and selectivity. Finally, from these electrochemical results, it can be concluded that γ-Fe2O3 
nanostructures modified GCEs can act as a suitable redox mediator and shows potentially efficient electrocatalytic 
activity for the simultaneous determination of potential biomarkers such as DA and UA. Also, it overcomes the 
interest of using other film modified GCEs and found as a novel and economically viable one for the simultane-
ous determination of DA and UA. This study constitutes a simple and versatile protocol which can be used in an 
effective way to develop electrochemical sensors and biosensors.

Experimental section
Chemicals.  Reagent grades of iron (III) chloride hexahydrate  (FeCl3.6H2O), iron (II) sulphate heptahydrate 
 (FeSO4·7H2O), sodium hydroxide (NaOH), uric acid and dopamine are purchased from E-Merck specialties 
products, India and were used as such without any further purification. Fenugreek seeds were purchased from 
the local market in Karaikudi, Tamilnadu, India. Double distilled water was used as a solvent to prepare the 
extract.

Preparation of Fenugreek seed extract.  Fenugreek (Trigonella foenum-graecum) is basically a spice 
crop belongs to the family of Fabaceae. It is a semi-arid plant and cultivated worldwide. Generally their pods 
contain 10 − 20 seeds that are cuboid in shape and yellow to amber in colour. They are mainly used to prepare 
extracts or powders for cuisines and for medicinal applications. For the preparation of extract, about 10 g of Fen-
ugreek seeds were washed several times with distilled water to remove the surface impurities and then immersed 
in 50 mL of distilled water for about 12 h at room temperature. These seeds were grinded well and the extract was 
filtered using filter paper (Whatmann grade no. 10) and then centrifuged at 8,000 rpm for 15 min. Finally, the 
supernatant was separated and stored at 4 °C for further use. FTIR spectroscopy is used for the analysis of purity 
of such extract. In a typical experimental procedure, about 0.9, 1.8 and 4.5 mL of FS extracts were used to prepare 
2%, 4% and 10% (v/v %) of FS utilized for the synthesis of various nanostructures of iron oxide.

Synthesis of iron oxide nanostructures.  Different nanostructures of iron oxide were prepared by an 
aqueous co-precipitation method using  FeCl3·6H2O and  FeSO4·7H2O as the primary sources of iron. In a system-
atic experimental procedure, 30 mL of 0.1 M  FeCl3·6H2O solution was mixed with 15 mL of 0.1 M  FeSO4.7H2O 
solution in a clean three-necked round bottom  flask25. Appropriate amounts of saponin rich bio-surfactant, 
Fenugreek seed extracts were added into the above reaction mixture and allowed to react for an hour. After that, 
10 M NaOH aqueous solution was slowly added into the above solution under vigorous stirring to bring the pH 

Figure 16.  Amperometric (i–t) response of γ-Fe2O3 NWs modified GCE with the successive addition 
of 0.3 mM DA (A) and 0.3 mM UA (B) in presence of 3 mM (tenfold) concentrations of other potential 
interferences in PBS (pH—7.4) solution at an applied potential of + 0.25 V vs. SCE for DA and + 0.35 V vs. SCE 
for UA respectively.
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upto13 and the stirring was continued for another 2 h for the completion of reaction. Interestingly the colour 
of this particular solution turned from orange to black, consequently a reddish-brown precipitate was formed. 
The resulting solid product was removed; washed very well with double distilled water and dried at room tem-
perature in atmospheric air. Following the above procedure, the experiments were carried out under various 
volume percentage values such as 2%, 4% and 10% of FS extract in the pre-fixed iron precursor’s ratio and also 
at different time intervals. This procedure yields different nanostructures of iron oxide as discussed in the results 
and discussion part.

Characterization of iron oxide nanostructures.  Formation of different nanostructures of synthesized 
γ-Fe2O3 and their structural and morphological characteristics were examined initially using field emission 
scanning electron microscope (FESEM, Hitachi MODEL S-4800)18,25. Similarly, transmission electron micro-
scope (TEM) images were obtained using JEOL TEM 2010 microscope operated at 200 kV18,25. X-ray diffraction 
studies (XPERT-PRO with Cu Kα radiation [λ = 0.154060 nm], PANlytical X’Pert Pro-diffractometer) were car-
ried out to evaluate the crystalline structure, phases and phase purity of the resultant iron oxide  samples25,39–42. 
Fourier transform infrared spectrometer (FTIR, Nicolet 5700) was used to analyze the surface characteristics 
and the presence of chemical functionalities in the synthesized γ-Fe2O3 nanostructures. X-ray photoelectron 
spectroscopy (XPS) was recorded for different nanostructures of γ-Fe2O3 using Kratos ASIS-HS instrument 
equipped with a standard monochromatic source (Al  Kα) operated at 150 W (15 kV, 10 mA) to confirm the pres-
ence of elements along with their oxidation states and nature of the formed  products18,25. Finally the magneti-
zation hysteresis loops of different nanostructures were also characterized using a Lake model 7,300 vibrating 
sample magnetometer (VSM).

Fabrication  of  sensor  matrix  using  iron  oxide  nanostructures  modified  GCE.  Synthesized 
γ-Fe2O3 nanostructures by employing different weight % of FS extracts were utilized further for the electro-
chemical detection of DA and UA by modifying GCEs with these materials. Prior to modification, GCE was 
polished to a mirror-like surface with progressively decreasing 1 μm, 0.3 μm and 0.05 μm alumina slurries and 
rinsed with double distilled water thoroughly between each polishing  step25,49,50. Then it was washed successively 

Figure 17.  CVs of γ-Fe2O3 NWs/GCE recorded for 50 cycles in presence of 0.2 mM DA and UA for different 
time intervals of (a) 10 days, (b) 20 days and (c) 30 days respectively at a scan rate of 50 mV s−1.
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with double distilled water in an ultrasonic bath and dried in air at room temperature. About 1 mg of a particular 
nanostructure of γ-Fe2O3 was dispersed in 3 mL of ethanol under ultrasonication. Subsequently γ-Fe2O3 modi-
fied GCEs were obtained by drop casting 5 μL of these suspensions onto the surface of pre-cleaned  GCE49,50. 
Finally the modified GCE was activated in phosphate buffer solution (PBS) having pH 7.4 by successive cyclic 
scans between –0.2 and + 0.8 V54–60. Before and after each experiment, the modified GCE was washed well with 
distilled water and reactivated in PBS as mentioned above.

Electrochemical sensing of DA and UA using Iron oxide Modified GCEs.  Electrochemical sens-
ing studies of DA and UA were performed using different nanostructures of γ-Fe2O3 modified GCEs and bare 
GCE without any coating (for comparison) in an aqueous solution consisting of 0.5 mM DA and UA.  N2 gas 
was purged into the freshly prepared DA and UA solutions for about 5 min to eliminate the dissolved oxygen 
and overflowed to avoid the atmospheric oxygen interference during the electrochemical oxidation of target 
 analyte49,50,62–64. All the electrochemical measurements such as cyclic voltammetry (CV), differential pulse vol-
tammetry (DPV), and chronoamperometry (CA) were carried out using CHI 6131D Electrochemical Imped-
ance Analyzer procured from USA using either the modified GCE or bare GCE as a working electrode, a plati-
num wire was used as a counter electrode, and saturated calomel electrode (SCE) was used as the reference 
electrode  respectively18,25,62–64,68. Other details and necessary parameters were mentioned in the respective dia-
gram provided in the results and discussion part.

Conclusions
In conclusion, a distinct type of preparation of zero dimensional and 1D γ-Fe2O3 nanostructures with tunable 
sizes and shapes using fenugreek seeds extract as a new bio-surfactant has been reported. By careful tuning of 
the reaction parameters, pure phase of cubic spinel, superparamagnetic structures of γ-Fe2O3 NGs, NWs and 
NSs have been successfully synthesized using a simple one-pot process. XRD, XPS and FTIR results confirmed 
that the synthesized nanostructures posses pure crystalline phase of cubic spinel γ-Fe2O3. FESEM and TEM 
analyses showed that the obtained morphologies are in 0D and 1D iron oxide nanostructures with an average 
particle size in the range of 12 nm (0D) and width of 230–250 nm (1D) respectively. Furthermore, γ-Fe2O3 
modified GCE shows efficient electrocatalytic activity for the simultaneous determination of DA and UA by 
significantly decreasing their oxidation overpotential values and enhancing the peak current values when com-
pared to bare GCE without any modification. The proposed electrode is very easy to fabricate and eco-friendly 
for the simultaneous determination of biomolecules like DA and UA. A large value of peak separation observed 
between DA and UA also facilitates the simultaneous determination using γ-Fe2O3 coated GCE. Among the 
different nanostructures of γ-Fe2O3 studied in this work, NWs modified GCE showed an excellent selectivity 
and higher sensitivity for DA and UA detection, along with higher current response when compared to other 
nanostructures. It is also found that the other potentially interfering species showed negligible interference 
towards selective detection of DA and UA revealing a good selectivity of γ-Fe2O3. The relatively smaller sized 
unique nanostructures, higher surface area and the presence of surface hydroxyl groups are responsible for the 
enhanced electrocatalytic activity of γ-Fe2O3 NWs modified GCE. Many outstanding advantages, like appreciable 
sensitivity, wide linear concentration range, lower detection limit and selectivity of the modified electrodes con-
firmed that γ-Fe2O3 NWs possesses an excellent analytical performance by making them a promising candidate 
for electrochemical sensing applications. Our investigation provides an environmentally benign synthetic route 
for the preparation of iron oxide nanostructures, and the proposed method is eco-friendly, facile and novel that 
could be used for large scale production.

Received: 16 March 2020; Accepted: 24 August 2020

References
 1. Wu, A., Ou, P. & Zeng, L. Biomedical applications of magnetic nanoparticles. NANO 5, 245–270 (2010).
 2. Beveridge, J. S., Stephens, J. R. & Williams, M. E. The use of magnetic nanoparticles in analytical chemistry. Annu. Rev. Anal. Chem. 

4, 251–273 (2011).
 3. Dronskowski, R. The little maghemite story: A classic functional material. Adv. Funct. Mater. 11, 27–29 (2001).
 4. Holm, C. & Weis, J. J. The structure of ferrofluids: A status report. Curr. Opin. Colloid Interface Sci. 10, 133–140 (2005).
 5. Dobson, J. Magnetic nanoparticles for drug delivery. Drug Dev. Res. 67, 55–60 (2006).
 6. Taboada, E., Solanas, R., Rodriguez, E., Weissleder, R. & Roig, A. Supercritical-fluid-assisted one-pot synthesis of biocompatible 

core(γ-Fe2O3)/shell(SiO2) nanoparticles as high relaxivity T2-contrast agents for magnetic resonance imaging. Adv. Funct. Mater. 
19, 2319–2324 (2009).

 7. Ghoshal, S. et al. Superparamagnetic iron oxide nanoparticle attachment on array of micro test tubes and microbeakers formed 
on p-type silicon substrate for biosensor applications. Nanoscale Res. Lett. 6m, 1–8 (2011).

 8. DeNardo, J. et al. Development of tumor targeting bioprobes ((111) In-chimeric L6 monoclonal antibody nanoparticles) for 
alternating magnetic field cancer therapy. Clin. Cancer Res. 11, 7087s–7092s (2005).

 9. Levy, M. et al. Magnetically induced hyperthermia: size-dependent heating power of γ-Fe2O3 nanoparticles. J Phys. Condensed 
Matter. 20, 1–5 (2008).

 10. Wiemann, J. A. et al. Magnetoresistance of a (γ-Fe2O3)80Ag20 nanocomposite prepared in reverse micelles. J. Appl. Phys. 87, 
7001–7003 (2000).

 11. Bentivegna, F. et al. Magnetically textured γ-Fe2O3 nanoparticles in a silica gel matrix: optical and magneto-optical properties. J 
Appl. Phys. 85, 2270–2278 (1999).

 12. Garade, A. C., Bharadwaj, M., Bhagwat, S. V., Athawale, A. A. & Rode, C. V. Αn efficient γ-Fe2O3 catalyst for liquid phase air oxida-
tion of p-hydroxybenzyl alcohol under mild conditions. Catal. Commun. 10, 485–489 (2009).



19

Vol.:(0123456789)

Scientific RepoRtS |        (2020) 10:15071  | https://doi.org/10.1038/s41598-020-71934-7

www.nature.com/scientificreports/

 13. Reddy, C. V. G., Seela, K. K. & Manorama, S. V. Preparation of γ-Fe2O3 by the hydrazine method: application as an alcohol sensor. 
Int. J. Inorg. Mater. 2, 301–307 (2000).

 14. Park, J. et al. One-nanometer-scale size-controlled synthesis of monodisperse magnetic iron oxide nanoparticles. Angew. Chem. 
Int. Ed. 44, 2873–2877 (2005).

 15. Hyeon, T., Lee, S. S., Park, J., Chung, Y. & Na, H. B. Synthesis of highly crystalline and monodisperse maghemite nanocrystallites 
without a size-selection process. J Am. Chem. Soc. 123, 12798–12801 (2001).

 16. Chalasani, R. & Vasudevan, S. Form, content, and magnetism in iron oxide nanocrystals. J Phys. Chem. C 115, 18088–18093 (2011).
 17. Salazar-Alvarez, G. et al. Cubic versus spherical magnetic nanoparticles: the role of surface anisotropy. J Am. Chem. Soc. 130, 

13234–13239 (2008).
 18. Shakkthivel, P., Sasikala, S., Ramalakshmi, M., Kim, Y. Y. & Min, K. Nanospheres and nanoleaves of γ-Fe2O3 architecturing for 

magnetic and biomolecule sensing applications. Sens. Actuat. B Chem. 234, 386–394 (2016).
 19. Xiyan, L. et al. Synthesis of 3D hierarchical  Fe3O4/graphene composites with high lithium storage capacity and for controlled drug 

delivery. J. Phys. Chem. C 115, 21567–21573 (2011).
 20. Sun, L., Hao, Y., Chien, C. L. & Searson, P. C. Tuning the properties of magnetic nanowires. IBM J. Res. Dev. 49, 79–102 (2005).
 21. Law, M., Goldberger, J. & Yang, P. D. Semiconductor nanowires and nanotubes. Annu. Rev. Mater. Res. 34, 83–122 (2004).
 22. Leslie Pelecky, D. L. & Rieke, R. D. Magnetic properties of nanostructured materials. Chem. Mater. 8, 1770–1783 (1996).
 23. Kasote, D. M., Lee, J. H. J., Jayaprakasha, G. K. & Patil, B. S. Seed priming with iron oxide nanoparticles modulate antioxidant 

potential and defense-linked hormones in watermelon seedlings. ACS Sustain. Chem. Eng. 7, 5142–5151 (2019).
 24. Kaushik, S. et al. In situ biosynthesized superparamagnetic iron oxide nanoparticles (SPIONS) induce efficient hyperthermia in 

cancer cells. ACS Appl. Bio Mater. 3, 779–788 (2020).
 25. Sasikala, S., Ramalakshmi, M. & Shakkthivel, P. Synthesis and characterization of amine modified magnetite nanoparticles as 

carriers of curcumin-anticancer drug. Powder Technol. 266, 321–328 (2014).
 26. Myrovali, E. et al. Arrangement at the nanoscale: effect on magnetic particle hyperthermia. Sci. Rep. 6, 1–11 (2016).
 27. Li, Z., Sui, J., Li, X. & Cai, W. Oriented attachment growth of quantum-sized CdS nanorods by direct thermolysis of single-source 

precursor. Langmuir 27, 2258–2264 (2011).
 28. Manna, L., Scher, E. C. & Alivisatos, A. P. Synthesis of soluble and processable rod-, arrow-, teardrop-, and tetrapod-shaped CdSe 

nanocrystals. J. Am. Chem. Soc. 122, 12700–12706 (2000).
 29. Zhong, Z., Ang, T. P., Luo, J., Gan, H. C. & Gedanken, A. Synthesis of one-dimensional and porous  TiO2 nanostructures by con-

trolled hydrolysis of titanium alkoxide via coupling with an esterification reaction. Chem. Mater. 17, 6814–6818 (2005).
 30. Zhong, Z. et al. Impact of growth kinetics on morphology and pore structure of  TiO2-one-pot synthesis of macroporous  TiO2 

microspheres. Inorg. Chem. 45, 4619–4625 (2006).
 31. Peng, Z., Wu, M., Xiong, Y. & Wang, J. Q. Synthesis of magnetite nanorods through reduction of β-FeOOH. Chin. Chem. Lett. 34, 

634–636 (2005).
 32. Zhang, D. F., Sun, L. D., Yin, J. L. & Yan, C. H. Low-temperature fabrication of highly crystalline  SnO2 nanorods. Adv. Mater. 15, 

1022–1025 (2003).
 33. Das, S., Kar, S. & Chaudhuri, S. Optical properties of  SnO2 nanoparticles and nanorods synthesized by solvothermal process. J. 

Appl. Phys. 99, 114303–114307 (2006).
 34. Tang, Z., Kotov, N. A. & Giersig, M. Spontaneous organization of single CdTe nanoparticles into luminescent nanowires. Science 

297, 237–240 (2002).
 35. Tang, Z., Ozturk, B., Wang, Y. & Kotov, N. A. Simple preparation strategy and one-dimensional energy transfer in CdTe nanoparticle 

chains. J. Phys. Chem. B 108, 6927–6931 (2004).
 36. Michael, G., Isabel, P. S. & Luis, M. L. Evidence of an aggregative mechanism during the formation of silver nanowires in N,N-

dimethylformamide. J. Mater. Chem. 14, 607–610 (2004).
 37. Yan, H. et al. Influences of different synthesis conditions on properties of  Fe3O4 nanoparticles. Mat. Chem. Phys. 113, 46–52 (2009).
 38. Zhong, L. S. et al. Self-assembled 3D flower like iron oxide nanostructures and their application in water treatment. Adv. Mater. 

18, 2426–2431 (2006).
 39. Wiogo, H., Lim, M., Munroe, P. & Amal, R. Understanding the formation of iron oxide nanoparticles with acicular structure from 

iron(III) chloride and hydrazine monohydrate. Cryst. Growth Des. 11, 1689–1696 (2011).
 40. McIntyre, N. S. & Zetaruk, D. G. X-ray photoelectron spectroscopic studies of iron oxides. Anal. Chem. 49, 1521–1529 (1977).
 41. Sasikala, S., Ramalakshmi, M., Min, K. & Shakkthivel, P. Facile biosurfactant assisted biocompatible α-Fe2O3 nanorods and 

nanospheres synthesis, magneto physicochemical characteristics and their enhanced biomolecules sensing ability. RSC Adv. 6, 
77133–77142 (2016).

 42. Teng, X. & Yang, H. Effects of surfactants and synthetic conditions on the sizes and self-assembly of monodispersed iron oxide 
nanoparticles. J Mater. Chem. 14, 774–779 (2004).

 43. Zhu, H. Y., Jiang, R., Xiao, L. & Li, W. A novel magnetically separable γ-Fe2O3/crosslinked chitosan adsorbent: preparation, char-
acterization and adsorption application for removal of hazardous azo dye. J Hazard. Mater. 179, 251–257 (2010).

 44. Park, J. et al. Ultra-large-scale syntheses of monodispersed nanocrystals. Nat. Mater. 3, 891–895 (2004).
 45. Jianhui, Z., Linpo, L., Zuhong, X., Yeqian, H. & Jian, J. Evolution of useless iron rust into uniform α-Fe2O3 nanospheres: a smart 

way to make sustainable anodes for hybrid Ni–Fe cell devices. ACS Sustain. Chem. Eng. 5, 269–276 (2017).
 46. Zijian, Z. et al. Anisotropic shaped iron oxide nanostructures: controlled synthesis and proton relaxation shortening effects. Chem. 

Mater. 27, 3505–3515 (2015).
 47. Wang, J., Chen, Q., Zeng, C. & Hou, B. Magnetic-field-induced growth of single-crystalline  Fe3O4 nanowires. Adv. Mater. 16, 

137–140 (2004).
 48. Chandra, U., Kumaraswamy, B., Gilbert, O., Reddy, S. & Sherigara, B. Determination of dopamine in presence of uric acid at 

poly(Eriochrome black T) film modified graphite pencil electrode. Am. J. Anal. Chem. 2, 262–269 (2011).
 49. Suresh, R. et al. Fabrication of α-Fe2O3 nanoparticles for the electrochemical detection of uric acid. Synth. Reactivity Inorganic 

Met. Organ. Nano-Metal Chem. 42, 303–307 (2012).
 50. Cao, X. & Wang, N. A novel non-enzymatic glucose sensor modified with  Fe2O3 nanowire arrays. Analyst 136, 4241–4246 (2011).
 51. Lia, S. et al. Enhanced TA determination on 3D flower-like ZnO-Pt nanocomposites under ultraviolet light illumination. Sens. 

Actuator B Chem. 252, 717–724 (2017).
 52. Wang, J. et al. Plasmonic and photo-electrochemical enhancements of the AuAg@ Au/RGO–C3N4 nanocomposite for the detection 

of dopamine. Analyst 142, 4852–4861 (2017).
 53. Wang, J. et al. Enhanced photo-electrochemical response of reduced graphene oxide and  C3N4 nanosheets for rutin detection. J. 

Colloid Interface Sci. 506, 329–337 (2017).
 54. Ma, Y. et al. 3D graphene network@WO3 nanowire composites: a multifunctional colorimetric and electrochemical biosensing 

platform. Chem. Commun. 50, 11135–11138 (2014).
 55. Brownson, D. A. C., Foster, C. W. & Banks, C. E. The electrochemical performance of graphene modified electrodes: an analytical 

perspective. Analyst 137, 1815–1823 (2012).
 56. Luiza, A. M. et al. Electrospun polyamide 6/poly(allylamine hydrochloride) nanofibers functionalized with carbon nanotubes for 

electrochemical detection of dopamine. ACS Appl. Mater. Interfaces 7, 4784–4790 (2015).



20

Vol:.(1234567890)

Scientific RepoRtS |        (2020) 10:15071  | https://doi.org/10.1038/s41598-020-71934-7

www.nature.com/scientificreports/

 57. Li, J. et al. Graphene–Au nanoparticles nanocomposite film for selective electrochemical determination of dopamine. Anal. Methods 
4, 1725–1728 (2012).

 58. Halima, B., Mohammad, S. A. & Seungwon, J. New approach for porous chitosan−graphene matrix preparation through enhanced 
amidation for synergic detection of dopamine and uric acid. ACS Omega 2, 3043–3054 (2017).

 59. Anran, C., Liang, X., Xiaojing, Z., Zhimao, Y. & Shengchun, Y. Improving surface adsorption via shape control of hematite α-Fe2O3 
nanoparticles for sensitive dopamine sensors. ACS Appl. Mater. Interfaces 8, 33765–33774 (2016).

 60. Zhu, Q. et al. 3D graphene hydrogel–gold nanoparticles nanocomposite modified glassy carbon electrode for the simultaneous 
determination of ascorbic acid, dopamine and uric acid. Sens. Actuator B Chem. 238, 1316–1323 (2017).

 61. Yunpeng, H., Yue-E, M., Shanshan, J., Weng, W. T. & Tianxi, L. Electrospun carbon nanofibers decorated with Ag−Pt bimetallic 
nanoparticles for selective detection of dopamine. ACS Appl. Mater. Interfaces 6, 12449–12456 (2014).

 62. Sheng, Z. H. et al. Electrochemical sensor based on nitrogen doped graphene: simultaneous determination of ascorbic acid, 
dopamine and uric acid. Biosens. Bioelectron. 34, 125–131 (2012).

 63. Abdelwahab, A. A. & Shim, Y. Simultaneous determination of ascorbic acid, dopamine, uric acid and folic acid based on activated 
graphene/MWCNT nanocomposite loaded Au nanoclusters. Sens. Actuator B: Chem. 221, 659–665 (2015).

 64. Khan, A. F., Brownson, D. A. C., Randviir, E. P., Smith, G. C. & Banks, C. E. 2D hexagonal boron nitride (2D-hBN) explored for 
the electrochemical sensing of dopamine. Anal. Chem. 88, 9729–9737 (2016).

 65. Pandikumar, A. et al. RSC Adv. 4, 63296–63323 (2014).
 66. Yang, Z., Liu, X., Zheng, X. & Zheng, J. Synthesis of Au@Pt nanoflowers supported on graphene oxide for enhanced electrochemical 

sensing of dopamine. J. Electroanal. Chem. 817, 48–54 (2018).
 67. Pradhan, S. et al. Chemical synthesis of nanoparticles of nickel telluride and cobalt telluride and its electrochemical applications 

for determination of uric acid and adenine. Electrochim. Acta 238, 185–193 (2017).
 68. Li, Y., Lin, H., Peng, H., Qi, R. & Luo, C. A glassy carbon electrode modified with  MoS2 nanosheets and poly(3,4-ethylenedioxy-

thiophene) for simultaneous electrochemical detection of ascorbic acid, dopamine and uric acid. Microchim. Acta 183, 2517–2523 
(2016).

 69. Sun, H. et al. Gold nanoparticle-decorated  MoS2 nanosheets for simultaneous detection of ascorbic acid, dopamine and uric acid. 
RSC Adv. 4, 27625–27629 (2014).

 70. Du, J. et al. Novel graphene flowers modified carbon fibers for simultaneous determination of ascorbic acid, dopamine and uric 
acid. Biosens. Bioelectron. 53, 220–224 (2014).

 71. Omar, M. N., Salleh, A. B., Lim, H. N. & Tajudin, A. A. Electrochemical detection of uric acid via uricase-immobilized graphene 
oxide. Anal. Biochem. 509, 135–141 (2016).

 72. Ahmad, R., Tripathy, N., Jang, N. K., Khang, B. & Hahn, Y. B. Fabrication of highly sensitive uric acid biosensor based on directly 
grown ZnO nanosheets on electrode surface. Sens. Actuator B Chem. 206, 146–151 (2015).

 73. Liu, Y., Zhu, W., Wu, D. & Wei, Q. Electrochemical determination of dopamine in the presence of uric acid using palladium-loaded 
mesoporous  Fe3O4 nanoparticles. Measurement 60, 1–5 (2015).

 74. Yuanzhen, Z. et al. Selective determination of dopamine and uric acid using electrochemical sensor based on poly(alizarin yellow 
R) film-modified electrode. Anal. Methods 6, 3474–3481 (2014).

 75. Xiaohui, G. et al. A bimetallic nanoparticle/graphene oxide/thionine composite-modified glassy carbon electrode used as a facile 
ratiometric electrochemical sensor for sensitive uric acid determination. New J. Chem. 42, 14796–14804 (2018).

 76. Chun, H. S., Chia, L. S. & Ying, C. L. Printed combinatorial sensors for simultaneous detection of ascorbic acid, uric acid, dopamine 
and nitrite. ACS Omega 2, 4245–4252 (2017).

 77. Xie, Y. L., Yuan, J., Ye, H. L., Song, P. & Hu, S. Q. Facile ultrasonic synthesis of graphene/SnO2 nanocomposite and its application 
to the simultaneous electrochemical determination of dopamine, ascorbic acid, and uric acid. J. Electroanal. Chem. 749, 26–30 
(2015).

 78. Wang, Z. et al. Simultaneous and selective measurement of dopamine and uric acid using glassy carbon electrodes modified with 
a complex of gold nanoparticles and multiwall carbon nanotubes. Sens. Actuator B Chem. 255, 2069–2077 (2018).

 79. Karthikeyan, C. et al. Pigeon-excreta-mediated synthesis of reduced graphene oxide (rGO)/CuFe2O4 nanocomposite and its 
catalytic activity toward sensitive and selective hydrogen peroxide detection. ACS Sustain. Chem. Eng. 5, 4897–4905 (2017).

 80. Wang, J. et al. Dopamine and uric acid electrochemical sensor based on a glassy carbon electrode modified with cubic Pd and 
reduced graphene oxide nanocomposite. J. Colloid Interface Sci. 497, 172–180 (2017).

 81. Zhang, K. et al. Au-Pt bimetallic nanoparticles decorated on sulfonated nitrogen sulfur co-doped graphene for simultaneous 
determination of dopamine and uric acid. Talanta 178, 315–323 (2018).

Acknowledgements
Authors would like to acknowledge the financial support received from Department of Science and Technol-
ogy (DST), India through National Postdoctoral Fellowship (N-PDF) scheme under the project number GAP 
23/16. VG is thankful to Council of Scientific and Industrial Research (CSIR), India for providing a financial 
support through Young Scientist Award scheme having a project number IHP 0094. Central Instrumentation 
Facility (CIF) of CSIR–CECRI, Karaikudi is duly acknowledged for providing the necessary equipments for 
characterization and analyses.

Author contributions
V.G. proposed the research idea. S.S. and V.G. designed the experiments for execution of the research work. S.S. 
carried out the experimental work and prepared the figures. S.S. and V.G. wrote the manuscript text. Finally all 
the authors reviewed the manuscript.

Competing interests 
The authors declare no competing interests.

Additional information
Supplementary information is available for this paper at https ://doi.org/10.1038/s4159 8-020-71934 -7.

Correspondence and requests for materials should be addressed to V.G.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

https://doi.org/10.1038/s41598-020-71934-7
www.nature.com/reprints


21

Vol.:(0123456789)

Scientific RepoRtS |        (2020) 10:15071  | https://doi.org/10.1038/s41598-020-71934-7

www.nature.com/scientificreports/

Open Access  This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http://creat iveco mmons .org/licen ses/by/4.0/.

© The Author(s) 2020

http://creativecommons.org/licenses/by/4.0/

	Bio-assisted preparation of efficiently architectured nanostructures of γ-Fe2O3 as a molecular recognition platform for simultaneous detection of biomarkers
	Anchor 2
	Anchor 3
	Results and discussion
	Morphological studies. 
	Bio-surfactant assisted formation of 0D and 1D iron oxide nanostructures. 
	Structural characteristics. 
	TGADTA analysis. 
	Investigation of magnetic properties. 
	Electrochemical sensing of DA and UA using nanostructures of γ-Fe2O3. 
	Optimization of pH. 
	Effect of scan rate. 
	Electrochemical sensing of DA using DPV studies. 
	Electrochemical sensing of UA using DPV studies. 
	Simultaneous electrochemical determination of DA and UA using nanostructures of γ-Fe2O3. 
	Selectivity studies for the detection of DA and UA using γ-Fe2O3 NWs modified GCE. 
	Stability of γ-Fe2O3 NWsGCE. 

	Experimental section
	Chemicals. 
	Preparation of Fenugreek seed extract. 
	Synthesis of iron oxide nanostructures. 
	Characterization of iron oxide nanostructures. 
	Fabrication of sensor matrix using iron oxide nanostructures modified GCE. 
	Electrochemical sensing of DA and UA using Iron oxide Modified GCEs. 

	Conclusions
	References
	Acknowledgements


