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Abstract—Iron ion, an essential element for environmen-
tal as well as biological systems, has to be present in a
controlled manner. Presence of excess iron and also the
deficiency of iron ions in environmental (groundwater) and
biological systems (blood serum and parts of the plant) is
an enduring concern. Here we have developed a nano-sensor
(FeNSOR) using a neutral micelle (TX-100) duly sensitized
by porphyrin. We have also fabricated an instrument called
“FeNSOR Device” (Iron sensor) based on the developednano-
sensor using a digital Pi-camera with associated hardware
and software. The device works on the principle of fluores-
cence spectrophotometry. The efficacy of the nano-sensor
and the device for the detection and estimation of iron ions in
groundwater as well as in human blood serum is found to be in sub-molar range, having minimum interference with other
ions. The limit of detectionand the standard deviationof the mean were found to be 0.07 µM and 0.016 µM, respectively.The
developed device is easy to handle, and has a higher sensitivity and repeatability than the commercially available ones.

Index Terms— Nano-sensor, spectroscopy, iron ions, image analysis, raspberry Pi.

I. INTRODUCTION

IRON is so important that life without it cannot be imagined.
It is the second most important trace element for biological
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as well as environmental systems. It is one of the essential
element to survive, grow and remain healthy for every living
being. Iron exists either in Fe2+ or Fe3+ oxidation states
and can readily combine with oxygen and sulphur-containing
compounds to form oxides, hydroxides, carbonates, and sul-
phides. It has been accounted that water with low levels
of iron, turns to insoluble ferric (Fe3+) iron from soluble
ferrous or bivalent form (Fe2+) due to oxidation [1]. Previous
studies depicted that the insoluble ferric ions create toxicity in
groundwater [2], [3] as well as in biological systems [4]–[6].
Water may contain different quantities of iron ions depending
on geographical location. However, in treated water, the cut-
off iron ions concentration is often below the official treatment
goal of 0.3 ppm, defined by the World Health Organization
(WHO) [7]. Disorders in iron metabolism [8] may lead to a
broad spectrum of diseases with diverse clinical manifesta-
tions, ranging from anemia [9] to iron overload [10]–[12],
and neurodegenerative diseases [13]. Not only in animals,
iron is one of the essential nutrients for plants also. It has
been well reported that plant growth depends upon the rate of
uptake and translocation of metal nutrients [14], [15]. Change
in concentration of iron ion disrupts the functioning of plants,
which results in the imbalance of environmental and biological
systems. Therefore, detection and estimation of iron ion con-
centration are important to investigate the cause of diseases in
plants and human beings along with controlling environmental
hazards. In contemporary time, different spectrophotometry
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Scheme 1. Working of the developed nano-sensor (FeNSOR).

techniques like atomic absorption spectrometry [16], induc-
tively coupled plasma mass spectrometry [17], [18], electro-
chemistry [18], [19] are extensively used in the detection of
iron ions in biological sample but limited by their high setup
cost and complexity in the sample preparation. For testing the
concentration of iron ions in water some chemical methods
dependent upon photometer and color comparator which are
low cost and portable. Moreover, the use of such devices are
restricted due to treatment of the sample with reductant, sur-
factant, and/or acid agents to prepare a homogeneous solution,
thus inapplicable to biological samples. Recently, different
types of fluorescence spectrophotometry [20] being low cost
and easy method for detection of metal ions are used, but their
studies are limited due to low LOD (limit of detection) values
[21].

In this paper, we have proposed a low-cost, portable
instrument based on self-developed nano-sensor (FeNSOR) as
shown in Scheme 1. The nano-sensor is developed on a neutral
micelle (Triton X-100) duly sensitized by porphyrin [22]. The
sensitized micelle upon interaction with iron ions quenches
the porphyrin fluorescence of the micelle. We have utilized
the fluorescence property of the sensor to fabricate a digital
pi-camera based device for the detection and estimation of
iron concentration in groundwater and confirmed its ability to
detect iron ions in the presence of a physiologically relevant
protein. We have also detected iron ions in different parts of
the plant (chickpea) grown in specific condition using our self-
developed sensor and instrument.

II. MATERIALS AND METHODS

The Triton X-100 micelles are the key factor of the present
study. It is a neutral surfactant with the polar head group and
a hydrophobic tail [23]. The photophysical investigations have
been well confirmed that hematoporphyrin (HP) fluoresces
[24], [25] with 405 nm excitation [24].

A. Chemicals

For the present study we used, HP free base, chloride salt
of iron ions and bovine serum albumin (BSA) incurred from
Sigma Aldrich and the micelle Triton X-100 was obtained
from Merck. The organic solvents used were of spectro-
scopic grade. All other chemicals were commercially available
reagent-grade products.

B. Preparation of the Solution

10 mM Triton X-100 micelles were prepared using a lab-
grade Milli-Q® water system (from Merk) [26]. All samples

used for the fluorescence measurements were prepared by
suitable dilution of a stock HP solution (0.1 mM) in Triton
X-100. A 2.5 μM HP solution in Triton X-100 was obtained
by adding 50μl of the stock solution to 10mM of Triton X-100
for the development of the sensor. 100 μM of stock FeCl3 was
added in increasing concentration for the titration experiments.
A protein-iron solution was prepared by dissolving equal
concentration of BSA and Iron in a ratio of 1:1 and kept
in stirring condition overnight. This solution was added to
increasing concentration for the BSA-Iron titration experiment.

C. Preparation of the Sample

To investigate the iron ion distribution in the plant, Chickpea
(Cicer arietinum) was taken and made to be in sprout form by
wrapping it into tissue paper and watering it. The sprouts were
placed into the processed sand to eliminate all interferences
from micronutrients and watered it regularly for a week
[27]. All the parts of the plant were cut and acid-treated by
dissolving in HNO3 (9mL), H2SO4 (6mL), H2O2(3mL), and
kept for heating at 120◦C and then diluted by 20mL deionized
water separately [28].

D. Spectroscopic Studies of the Sensor

Absorption spectra were checked by a Shimadzu
UV2450 spectrophotometer using quartz cuvettes of 10 mm
optical path length. Different absorption spectra were recorded
at room temperature and the baselines were obtained by
measuring HP free solution of Triton X-100 as reference
spectra.

Fluorescence emission spectra were monitored at 25◦C
using Fluorolog®-3 (HORIBA Scientific). The emission was
observed at 90◦ to the incident beam using 1 nm slits for
both excitation and emission light. All measurements were
conducted with 405 nm excitation. The emission was recorded
from wavelength 425 nm to 720 nm. It was observed that the
fluorescence intensity of the HP solutions in Triton X-100 con-
taining systems quenched with the increased concentration of
iron ions.

E. Selection of Gold Standard

In the present study a commercially available AQUASOL
Drinking Water Test Kit, AE 103 was used as the gold
standard, with which the proposed device was calibrated.
AQUASOL test kit is based on standard and established ana-
lytical methods of chemical research for Examination of Water
and Waste Water prepared by American Public Health Associ-
ation (APHA), American Water Works Association (AWWA),
different pharmacopoeias and other standard methods.

III. DEVICE FABRICATION

In the present study, a prototype of the device has been
proposed to detect the concentration of Fe ions in terms of
the fluorescence intensity applying the developed sensor. The
description of the device is in the following section.



Fig. 1. Schematic of the working prototype.

Fig. 2. (a) Snapshot of the real working prototype with user interface
(b) images captured by the picamera for different concentrations (i to v)
of iron in water.

A. Hardware

The prototype comprised of a customized cuvette holder,
an LED of wavelength 405 nm and a Pi camera as detector
[29] as shown in Fig. 1. All the constituents are controlled
by Raspberry Pi. The LED has been mounted on one side of
the cuvette holder. The camera has been placed at 90◦ to the
LED and adjusted to improve the focal length. The cuvette
has been placed at the focal length of the camera lens. The
required powers for the Raspberry Pi and the LED have been
provided by a power bank with two output ports.

B. Software

A software is coded in Python 2.7 to execute the entire
operations. Tinker, a standard Python GUI toolkit, has been
used for developing the user interface (Fig. 2). The math-
ematical calculation from the saved image translated into
the concentration value according to the calibration equation
and displayed. The procedure of device operation is shown
the Fig. 3.

IV. RESULTS AND DISCUSSION

A. Fluorescence of Hematoporphyrin in Micellar Solution

The fluorescence intensity of hematoporphyrin was mea-
sured at increasing concentrations of iron (from 1 to 8 μM)

Fig. 3. Work flow chart of the entire operation for the determination of
the iron concentration.

Fig. 4. (a) Quenching of fluorescence with increasing concentration of
Iron (b) Stern-Volmer plot for fluorescence intensities and lifetimes with
increasing Iron concentration.

in a micellar environment with pH 7. Upon excitation at
405 nm, two characteristic emission maxima of hematopor-
phyrin were observed at 627 nm and 690 nm. In presence
of iron, the fluorescence showed significant quenching due to
interaction of iron ions with HP (Fig. 4 (a)). The phenom-
enon of fluorescence quenching can be attributed to several
molecular mechanisms including excited-state reactions, mole-
cular rearrangements, energy transfer, ground-state complex
formation, and collisional quenching [30]. In the case of
the nano-system, no discernible shift in emission maxima
(∼550 nm) or shape of the fluorescence spectrum accompanied
quenching and the quenching behavior generally adhered to
the Stern–Volmer equation.

F0

F
− 1 = K D [Q] = kqτ0 [Q] = τ0

τ
− 1 (1)



Here F0 and F are the fluorescence intensities of the Triton
X-100-HP complex in the absence and presence of iron ions
as the quencher (Q). K D is the dynamic quenching constant,
kq is the bimolecular quenching rate constant, τ0 and τ are
the fluorescence lifetimes of the fluorophore in the absence
and presence of the quencher respectively [31]. The linearity
in the Stern–Volmer plot (Fig. 4 (b)) indicates the existence
of a single type of quenching, either static or dynamic [30].
To get further insight into the phenomena, we measured the
excited-state fluorescence lifetime of the fluorophore (Triton
X-100-Hp) with increasing concentrations of the quencher,
[Iron] (Fig. 4 (b)). Herein, the conjugated system of HP with
iron ions showed dynamic quenching as it is well-known that
in the case of dynamic quenching, the fluorescence lifetime
decreases with increasing concentrations [30]. This was further
supported by the calculation of the bimolecular quenching
constant, kq = (K D/τ0), which was found to be ∼7.08 x
1012M−1s−1 higher than that of diffusion-controlled limit
(∼1010M−1s−1) [31].

B. Device Performance in Detection of Unbound Iron in
Aqueous Solution

In order to determine the efficacy of the developed device,
the fluorescence intensity of the Tx-100 with increasing con-
centration of Fe(III) atoms were checked as a function of the
area under the curve (AUC) [29] as captured by the Pi-camera;
using an LED source of wavelength 405 nm. A correlation
(Equation 2) was found between the concentration of the
iron (III) measured by the lab grade samples and the AUC
(instrument index) of the captured image (Fig. 5).

y = 676.95 ∗ exp

( −AUC

24411.72

)
+ 132.68

∗ exp

( −AUC

298862.19

)
− 18.3 (2)

The adjusted R square value obtained from the regression
curve was 0.991. The value indicates the efficacy of the
proposed device. The parameter y, indicates the output of
device measured in terms of μM. The device was validated
on triplicate of six samples of different concentration by
measuring a specific concentration of iron ions by the proposed
device with the lab grade samples. The regression was found
linear and the adjusted R square value obtained as 0.979.

The limit of blank (LOB), limit of detection (LOD) and
limit of quantification (LOQ) were calculated according to
[21] and were found to be -0.28 μM, 0.07 μM and 0.10 μM
respectively. The negative sign in LOB shows the efficacy of
the Pi-camera system in absence of iron ions. The lowest
concentration that the device could detect is 0.07 μM. The
LOQ value obtained greater than the LOD, which suggests
that the device can reliably measure a lowest concentration
of 0.10 μM with all predefined bias.

The reproducibility test of the device was performed by five
different users on five different concentrations of iron ions in
aqueous solution (Table 1) which confirms the efficacy of the
device. The repeatability test of the device was carried out on
concentration of 5 μM for ten times. It was observed that for

Fig. 5. (a) The calibration curve obtained by plotting AUC for the specific
iron concentration measured by the commercial method (b) the validation
curve obtained by measuring the same concentration by the proposed
device (Method 1) and the standard technique (Method 2). (c) The Bland
and Altman test.

Fig. 6. Repeatability test on the measured concentration of iron.

each time the device produces the value that falls in 5% error
range (Fig. 6) with standard deviation of the mean (SDM)
of 0.016. To check the efficacy and the interference of other



TABLE I
REPRODUCIBILITY TEST OF THE DEVICE

Fig. 7. Cations have least interference to the FeNSOR. Note the
interaction of different cations with the sensor is insignificant.

cations present in ground water the fluorescence response
of hematoporphyrin in Triton X-100 was monitored. It was
observed that other metal cations including Cd2+, Ca2+, Co2+,
Cu2+, Pb2+, Li+, Mg2+, Ni2+, K+, Na+ and Zn2+ do not
have any significant effect on the fluorescence intensity of
hematoporphyrin in Triton X solution (Fig. 7). Thus, the sensor
is far superior to other metal−HP complexes as iron ion sensor.

C. Device Performance in Detection of Protein-Bound
Iron in Aqueous Solution

On addition of increasing concentration of protein bound
to iron ions in 1:1 ratio the system quenched to a much
lesser extent. Thus, the sensor response in the presence of
unbound and bound iron ions to a protein respectively. The
spectroscopic data obtained from Fluorolog®-3 are shown
in Fig. 8 (a & b). The figures show the fluorescence of the
sensor decreases with increase in the concentration of iron ions
included in serum protein. As reported earlier the iron ions
strongly interact with serum protein very efficiently [32]–[34].
The Fig. 8c distinctly shows the difference in the rate of fall in
the fluorescence intensity for iron in complexation with protein
compared to that in aqueous solution. The rate of fall in the
fluorescence intensity in the case of the aqueous solution was
found to be 0.02799 count per μM, which is much higher
compared to that of the iron ions in a protein complex, where
the rate of fall was found to be 0.00993 counts per μM.
We have also detected the rate of fall in the fluorescence
using our developed device (FeNSOR) as shown in Fig. 8d.

Fig. 8. (a & b) the spectra of bound and unbound iron to the sensor.
(c) A distinct change in the slopes of the bound and unbound iron were
observed in Fluorolog®-3, (d) the changes between the slopes were also
observed in the developed device.

Fig. 9. The pictorial depiction of the iron concentration found in
the different parts of the plant (Chickpeas). The striped and the solid
horizontal bars indicate the iron concentration measured by AquaSOL
and FeNSOR device, respectively. Note that the leaf contains maximum
iron concentration as reported in literature.

Here the rate of fall in fluorescence intensities were found
to be 0.0104 and 0.0017 count per μM for iron ions in
aqueous solution and iron in protein complex respectively.
The relatively lesser rate in the case of iron protein complex
as revealed in our device compare to that obtained from
commercially available fluorimeter could be due to the limited
sensitivity of the CCD associated with the camera compare to
that of PMT inside the commercially available fluorimeter.

D. Determination of Iron in Different Parts of the Plant

The iron concentration, in different parts of the plant,
were tested using our developed device and compared with
a commercial iron estimation kit (AquaSOL, Code AE-103,
Rakiro Biotech System Pvt. Ltd, India). It was well reported



that the leaf has the highest concentration of iron compared to
root and stem [35], [36]. It was observed that the developed
FeNSOR device also able to detect the same (Fig. 9). The
device can also be useful to detect the iron deficient-chlorosis
of different types of plants. The iron concentration for normal
and iron deficient-chlorosis plants [37], [38] is shown to be
estimated with our developed device after several dilution.

V. CONCLUSION

In the present study, an iron detection and quantifica-
tion device has been developed depending on the interac-
tion between the iron ion and Triton X-100-hematoporphyrin
micelle complex (FeNSOR). The fabricated device exhibits
a good efficacy in the detection of iron in aqueous solution
and also in a protein complex. The working principle of the
device is simple and driven by a self-developed software.
The Pi camera based device can detect the iron ions up to
120 μM. The ability of the device to detect the unbound
iron in protein explored the possibility to screen iron loading.
The device could also detect the iron concentration in the
different parts of the plant. The device is shown to predict
the iron requirement and subsequent application to plant in
the detection of iron deficient-chlorosis. To our understanding,
the device with the FeNSOR would be an ideal iron screening
tool for environmental as well as biological systems for
economically challenging countries.

REFERENCES

[1] W. H. Organization, Guidelines for Drinking-Water Quality, vol. 1.
Geneva, Switzerland: World Health Organization, 2004.

[2] American Public Health Association, American Water Works Associ-
ation, and Water Environment Federation, Standard Methods for the
Examination of Water and Wastewater, vol. 2. Washington, DC, USA:
American Public Health Association, 1915.

[3] A. bin Jusoh, W. Cheng, W. Low, A. Nora’aini, and M. M. M. Noor,
“Study on the removal of iron and manganese in groundwater by gran-
ular activated carbon,” Desalination, vol. 182, pp. 347–353, Nov. 2005.

[4] M. E. Letelier, S. Sánchez-Jofré, L. Peredo-Silva, J. Cortés-Troncoso,
and P. Aracena-Parks, “Mechanisms underlying iron and copper ions
toxicity in biological systems: Pro-oxidant activity and protein-binding
effects,” Chemico-Biol. Interact., vol. 188, pp. 220–227, Oct. 2010.

[5] H. U. Rehman, “Methemoglobinemia,” Western J. Med., vol. 175,
pp. 193–196, Sep. 2001.

[6] H. Puy, L. Gouya, and J.-C. Deybach, “Porphyrias,” Lancet, vol. 375,
pp. 924–937, Mar. 2010.

[7] D. Chakraborti, B. Das, and M. T. Murrill, “Examining India’s ground-
water quality management,” Environ. Sci. Technol., vol. 45, pp. 27–33,
Nov. 2011.

[8] N. Abbaspour, R. Hurrell, and R. Kelishadi, “Review on iron and its
importance for human health,” J. Res. Med. Sci., vol. 19, pp. 164–174,
Feb. 2014.

[9] B. A. Haider, I. Olofin, M. Wang, D. Spiegelman, M. Ezzati, and
W. W. Fawzi, “Anaemia, prenatal iron use, and risk of adverse preg-
nancy outcomes: Systematic review and meta-analysis,” BMJ, vol. 346,
p. f3443, Jun. 2013.

[10] K. J. Allen et al., “Iron-overload–related disease in HFE hereditary
hemochromatosis,” New England J. Med., vol. 358, pp. 221–230,
Jan. 2008.

[11] D. S. Kalinowski and D. R. Richardson, “The evolution of iron chelators
for the treatment of iron overload disease and cancer,” Pharmacol. Rev.,
vol. 57, pp. 547–583, Dec. 2005.

[12] J. Prieto, M. Barry, and S. Sherlock, “Serum ferritin in patients with iron
overload and with acute and chronic liver diseases,” Gastroenterology,
vol. 68, pp. 525–533, Mar. 1975.

[13] O. Weinreb, S. Mandel, M. B. H. Youdim, and T. Amit, “Targeting
dysregulation of brain iron homeostasis in Parkinson’s disease by iron
chelators,” Free Radical Biol. Med., vol. 62, pp. 52–64, Sep. 2013.

[14] J. Morrissey and M. L. Guerinot, “Iron uptake and transport in
plants: The good, the bad, and the ionome,” Chem. Rev., vol. 109,
pp. 4553–4567, Oct. 2009.

[15] S. Lee et al., “Disruption of OsYSL15 leads to iron inefficiency in rice
plants,” Plant Physiol., vol. 150, pp. 786–800, Jun. 2009.

[16] J. M. Gutteridge, D. A. Rowley, and B. Halliwell, “Superoxide-
dependent formation of hydroxyl radicals in the presence of iron salts.
Detection of ’free’ iron in biological systems by using bleomycin-
dependent degradation of DNA,” Biochem. J., vol. 199, pp. 263–265,
Oct. 1981.

[17] R. M. Boiteau, J. N. Fitzsimmons, D. J. Repeta, and E. A. Boyle, “Detec-
tion of iron ligands in seawater and marine cyanobacteria cultures by
high-performance liquid chromatography–inductively coupled plasma-
mass spectrometry,” Anal. Chem., vol. 85, pp. 4357–4362, Apr. 2013.

[18] L. Stuhne-Sekalec, S. X. Xu, J. G. Parkes, N. F. Olivieri, and
D. M. Templeton, “Speciation of tissue and cellular iron with on-
line detection by inductively coupled plasma-mass spectrometry,” Anal.
Biochem., vol. 205, pp. 278–284, Sep. 1992.

[19] P. Croot and M. Johansson, “Determination of iron speciation by
cathodic stripping voltammetry in seawater using the competing ligand
2-(2-Thiazolylazo)-p-cresol (TAC),” Electroanal., Int. J. Devoted Fun-
dam. Practical Aspects Electroanal., vol. 12, pp. 565–576, May 2000.
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