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Abstract

We report a smartphone—paper-based sensor impregnated with cetyltrimethylammonium bromide modified silver nanoparticles
(AgNPs/CTAB) for determination of Fe** in water and blood plasma samples. The methodology for determination of Fe'* is
based on the change in signal intensity of AgNPs/CTAB fabricated on a paper substrate after the deposition of analyte, using a
smartphone followed by processing with ImageJ software. The mechanism of sensing for detection and determination of Fe** is
based on the discoloration of AgNPs which impregnated the paper substrate. The discoloration is attributed to the electron
transfer reaction taking place on the surface of NPs in the presence of CTAB. Fe>* was determined when the paper was
impregnated with 1 mM AgNPs for 5 min of reaction time and the substrate was kept under acidic conditions. The linear range
for determination of total iron in terms of Fe*™ was 50-900 ug L' with a limit of determination (LOD) of 20 pg L' and
coefficient of variation (CV) of 3.2%. The good relative recovery of 91.3-95.0% and interference studies showed the selectivity
of the method for determination of total iron in water and blood plasma samples. Smartphone—paper-based sensors have
advantages of simplicity, rapidity, user-friendliness, low cost, and miniaturization of the method for on-site determination of
total iron compared to methods that require sophisticated analytical instruments.
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Introduction drinking water is 0.3 mg L™". Iron is an essential trace element
that plays several roles in biochemical and intracellular pro-
Iron (Fe) is the most abundant transition metal in the earth’s  cesses like electron transport, DNA synthesis, and oxygen
crust, water, and food and vegetable samples. Iron naturally  transport through hemoglobin [1-4]. Excess intake of iron
occurs in the forms of Fe’* and Fe** in water and food sam-  through food and water may induce the formation of active
ples. The threshold limit value (TLV) of iron (Fe** and Fe®*)  oxygen species in the body which results in oxidation and
recommended by the World Health Organization (WHO) in  damage of proteins, nucleic acids, and lipids. This biochemi-
cal process results in conditions like carcinoma, Alzheimer’s,
_ _ — Parkinson’s, and Huntington’s diseases in human beings;
Electromg supplementary material The online version of this article however, deficiency of iron may result in anemia, fatigue,
(https://doi.org/10.1007/s00216-019-02385-x) contains supplementary . . . . . )
: e . and impaired immunity [5-7]. Hence, determination of iron
material, which is available to authorized users. ) . .
in water and plasma samples is of great interest to ensure
><{ Kamlesh Shrivas public health.
kshrivas @gmail.com Several analytical methods including spectrophotometry
[8—-10], voltammetry [11, 12], atomic absorption spectroscopy
(AAS) [13, 14], inductive coupled plasma—atomic emission
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instrumental analysis; however, these techniques are sensitive.
Spectrophotometry is simple and rapid for determination of iron
in a variety of samples through the formation of colored com-
plexes with chromophoric reagents and analyte present in the
sample. In addition, this technique can be applied at the sample
source for determination of iron owing to the small size of the
instrument. Woods and Mellon reported the determination of iron
via formation of a red-colored complex with thiocyanate ions in
the presence of hydrochloric acid. Spectrophotometric methods
are still in use for determination of iron in various samples owing
to their facile procedures, but the sensitivity of the methods is low
[8]. Other chromophoric reagents such as Tiron [10], leucoxylene
cyanol [17], 1,2-dihydroxy-3.,4-diketocyclobutene [18], and
morin [19] have been reported for determination of iron in var-
ious types of samples. The drawback of spectrophotometric
methods is the use of chromophoric reagents that are sometimes
not selective for determination of the target analyte. Therefore, an
alternative method is needed for determination of iron in water
samples at the sample source and it should be free from the
requirement of chromophoric reagents.

Recently, silver (Ag), gold (Au), and copper (Cu) metal
nanoparticles (NPs) have been widely used as colorimetric
sensors for determination of different types of chemical
substances [20, 21]. In addition, composite nanomaterials
are also exploited for efficient catalytic activity of pollut-
ants from environmental samples [22, 23]. In colorimetric
determination, the changes in color transition of AgNPs
from yellow to violet, and AuNPs from pink to blue, and
CuNPs from red to yellow followed by the red shift of
localized surface plasmon resonance (LSPR) of these NPs
in the visible region are exploited as chemical sensors for
determination of metal ions [24], pesticides [25-27],
bisphenol A [28], cationic surfactants [29], drugs [30,
31], and thymine [32] in environmental, food, biological,
and pharmaceutical samples. The drawbacks of these NP-
based colorimetric sensors are use of large volume (ca.
5 mL) of NP solution and use of expensive spectrophoto-
metric (colorimetric) instruments assisted by a computer
control unit. Thus, we developed a simple method in
which a smartphone is used for determination total iron
in water samples and that avoids the use of large amounts
of NP solution and a spectrophotometric instrument.

More recently, paper-based analytical devices (PADs)
have drawn wide interest owing to their simplicity, porta-
bility, rapidity, cost-effectiveness, and low consumption
of reagents and sample. PADs are based on development
of color after chemical reaction between the analyte and
reagent fabricated on the paper substrate. This color
change is either measured by digital camera, smartphone,
or the unaided human eye [33, 34]. Ratnarathorn et al.
developed PADs for quantitative determination of copper
using homocysteine and dithiothreitol modified AgNPs
based on the formation of coordination complex between
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the analyte and capping agent that caused the color
change of NPs on the surface of the paper substrate
[35]. Apilux et al. demonstrated the use of a paper sensor
for determination of Hg** in real water samples based on
the color change of silver nanoplate after the introduction
of analyte on the test zone of the paper substrate [36].
Chen et al. illustrated the use of low-cost PADs for deter-
mination of the freshness of vegetables which depends on
the color change of dye deposited on the paper substrate
after the release of volatile organic compounds from food
samples [37]. On the basis of the use of PADs for analysis
of variety of chemical substances in biological, environ-
mental, and vegetable samples, we tried to integrate the
exploitation of a smartphone—paper-based sensor for de-
termination of iron at the sample source.

In the present work, a smartphone—paper-based sensor
impregnated with AgNPs/CTAB has been developed for
easy determination of ferric iron from water and blood
plasma samples. Here, smartphone is used to record an
image of the paper substrate after the deposition of ana-
lyte followed by processing with Imagel software for
quantitative determination of Fe**. The analytical factors
such stabilizing agent, concentration of NPs, pH, and re-
action time are optimized for determination of analyte
from sample solution. The sensing mechanism for deter-
mination of Fe’* using the smartphone coupled with
paper-based sensor has been illustrated and validated
using transmission electron microscopy (TEM), UV-
visible (UV-Vis) spectrophotometry, and Fourier trans-
forms infrared (FTIR) spectroscopy.

Experimental section
Reagents and solution preparations

All the chemicals were used of analytical grade reagent.
Silver nitrate (AgNO3), sodium borohydride (NaBH,),
1,10-phenanothroline, hydrochloric acid (HCl), sodium
hydroxide (NaOH), and metal salts were obtained from
Hi-media (Mumbai, India). Cetyltrimethylammonium bro-
mide (CTAB), cetyltrimethylammonium chloride (CPC),
trisodium citrate, and ferric ammonium sulfate were pur-
chased from Sigma Aldrich (MA, US). Stock standard
solutions of Fe*™ and other metal ions (100 pg mL™")
were prepared by dissolving an appropriate amount of
the respective chemical substance in separate glass vials
in distilled water (DW). Filter paper no. 1 was purchased
from Avantor Performance Materials Pvt. Ltd. (Thane,
India). The different pH of solutions was achieved using
0.1 M HCI and 0.1 M NaOH solutions. The working
standard solution of each metal ion was prepared by the
diluting the stock standard solution of metal ions.
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Sampling of water and blood plasma
for determination of Fe**

Samples of surface water (n =4), groundwater (n=3), and
industrial wastewater (n = 1) were collected from different lo-
cations of Raipur, Chhattisgarh during the month of March—
April, 2019 using polyethylene bottles. All the water samples
were acidified with 0.01 M HCI at the sampling site to avoid
the precipitation of Fe** during the exposure to ambient envi-
ronment including sunlight [38]. The samples were stored in a
refrigerator at 4 °C and filtered using Whatman filter paper
no. 42 prior to chemical analysis.

The blood plasma samples (n =2) were collected in poly-
ethylene bottle from healthy volunteers with the help of
trained personnel of a local hospital of Raipur city. Consent
was obtained from the concerned person for the performance
of the experiment. All the experiments were performed in
compliance with the relevant laws and institutional guidelines
as well as the approval from the research committee of the
university and hospital of Raipur city. A 1-mL aliquot of plas-
ma sample was added into a beaker containing 7 mL DW and
5 mL of 2 N HCI [39] and the mixture was heated on a water
bath for 3 min. The mixture was filtered with Whatman filter
paper no. 42 and the filtrate was used for determination of
Fe** using the smartphone—paper-based sensor.

Synthesis of bare, CTAB, citrate, and CPC-capped
AgNPs

Bare, CTAB, CPC, and citrate-capped AgNPs were prepared
by the reduction of AgNO; with NaBH, in the presence of the
respective stabilizing agents [40]. The bare AgNPs were syn-
thesized by the reduction of AgNO; using NaBH, as a reduc-
ing agent. For this, 10 mL of 1.0 x 10> M AgNO; was added
into a 50-mL conical flask and kept in an ice bath for 10 min
whilst constantly stirring followed by the introduction of 1 mL
0of 0.01 M NaBH, solution. Similarly, CTAB-capped AgNPs
were synthesized in the presence of NaBH, as a reducing
agent and CTAB as a capping agent. For this, 10 mL of
1.0x 10 M AgNO; was added into a conical flask along
with 1 mL of 0.03 M CTAB; the mixture was stirred for
20 min in an ice bath followed by addition of 1 mL of
0.01 M NaBH,. After complete addition of NaBH,4, the mix-
ture was further stirred for 20 min and a color change was
observed from colorless to yellow, indicating the formation
of CTAB-capped AgNPs. Consequently, CPC-capped
AgNPs were prepared in the presence of CPC as a stabilizing
agent. For this, 10 mL of 1.0 x 10°M AgNO; and 1 mL of
0.03 M CPC were added into a conical flask and the mixture
was stirred for 20 min. After, 1 mL of 0.01 M NaBH, was
added dropwise and the appearance of yellow color indicated
the formation of CPC-capped AgNPs. Citrate-capped AgNPs
were prepared by adding 10 mL of 1.0 x 10> M AgNO; and

I mL of 0.03 M CPC into a conical flask and the mixture was
stirred for 20 min. After, 1 mL of 0.01 M NaBH, was added
dropwise and the appearance of yellow color indicated the
formation of citrate-capped AgNPs. The concentration of
bare, CTAB, CPC, and citrate-capped AgNPs used for fabri-
cation of the paper-based device was 1.0 mM.

Preparation of paper-based sensor impregnated
with AgNPs

Filter paper no. 1 was punched into 1.0-cm-diameter circular
discs for preparation of the AgNPs-impregnated paper-based
sensor. The circular discs were stacked on the paper which had
a hydrophobic surface to prevent the spreading of solution
from the test zones. Next, 50 uL of 1 mM AgNPs was depos-
ited on each test zone of the paper disc and dried at room
temperature. The impregnated paper with AgNPs was further
used for determination of ferric irons from sample solutions.

Apparatus

An Evolution 300 UV—-visible (UV—Vis) spectrophotometer
(Thermo Scientific, USA) equipped with a quartz cell of path
length 1 cm was used for measurement of the absorbance of
AgNPs solutions. A Nicolet 10 FTIR spectrometer (Thermo
Scientific, USA) was used for measurement of IR spectra of
pure CTAB, AgNPs/CTAB, and solution mixture of AgNPs/
CTAB with Fe’*. A Tecnai F30 FEG TEM instrument was
applied at an accelerating voltage of 300 kV for determination
of the size and shape of AgNPs/CTAB in the presence and
absence of analyte.

Determination of total iron in terms of Fe** using
smartphone-paper-based sensor impregnated
with AgNPs

Aliquots (50 uL) of Fe** standard solutions (50-900 pg L)
were deposited on test zones of the filter paper and dried at
room temperature. The color of AgNPs changed from yellow
to colorless depending on the amount of deposition of analyte.
An image of the paper substrate was recorded using a
smartphone followed by processing in ImageJ software to
determine the color intensity versus the different concentra-
tions of analyte. A calibration curve was prepared between
different concentrations of Fe** and signal intensity obtained
by the Image] software. Similarly, the total iron present in
water was determined by depositing water/blood plasma sam-
ples (50 uL) on the paper substrate, adding 1.0 x 10> M
KMnOy, (10 pL) to oxidize the ferrous ions (Fe**) in the water
samples to ferric ions (Fe**), and drying at room temperature.
A smartphone was used to record the color and ImageJ soft-
ware was used to calculate the color intensity after addition of
sample solution. A 1.0-cm® sample size area was selected for
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determination of signal intensity for different sets of experi-
ments. The calibration curve was used for determination of
total iron in terms of Fe** in samples. The processing of signal
intensity of analyte on the paper substrate was done by con-
sidering the background signal processing and S/N ratios for
negative control for accuracy of the method. Figure 1 shows a
schematic diagram for determination of total iron using the
smartphone—paper-based sensor.

Results and discussion

Assay for determination of Fe** using
smartphone-paper-based sensor impregnated
with AgNPs/CTAB

The screening of metals ions (Na*, K*, AI’*, Mg?*, Cr**,
C32+, Fe3+, Ni2+, C02+, Cu2+, ZIl2+, Ba2+’ Cd2+, AS3+, La3+,
Yb**, Pb**, Hg**, Tb**, and Gd**) was performed for selec-
tive determination by depositing 50 pL of different metal ions
(1 ug mL™") on test zones of filter paper impregnated with
AgNPs/CTAB. The results are shown in Fig. 2A. The discol-
oration of NPs was obtained only with Fe** and not with other
metal ions deposited on the paper substrate. The deposition of
different metal ions on the paper substrate exhibited the same
color as the silver NPs showing that there might not be any
interaction of these metal ions with NPs. However, the

discoloration was observed with Fe? *, illustrating the interac-
tion of analyte with AgNPs. Further, the color change with
ferric iron not with other metal ions was verified by recording
their images with a smartphone. The results are shown in Fig.
2B. The yellow colored bar diagram shows the color intensity
of AgNPs before and after addition of different metal ions
obtained by Image] software. Bars of same color intensity
were found for all metal ions except the ferric iron which
showed a decrease in signal intensity. In addition, the control
experiment was performed to determine the variation of signal
intensity after the deposition of AgNPs on several paper discs.
The result is shown in Fig. S1 (see Electronic Supplementary
Material, ESM). The SD value of 9.2 and CV value of 2.1%
demonstrated that there is no significant change in the varia-
tion of signal intensity between different discs for analysis of
Fe’t. Thus, the results from ImagelJ software confirmed the
qualitative data for determination of ferric iron using the
smartphone—paper-based sensor.

Next, the results obtained by ImagelJ software were verified
using colorimetric measurements by spiking different concen-
trations of metal ions (1 ug mL™") into a glass vial containing
1 mL of AgNPs/CTAB and the total volume of the solution
was made up to 3 mL with DW. The results are shown in ESM
Fig. S2a—u. The color change of AgNPs from yellow to col-
orless was observed only with Fe** ion (ESM Fig. S3h) and
not with other metal ions (ESM Fig. S2b—g and i—u) which
illustrated the selectivity for determination of target analyte

y =0.7674x + 97.526
600 R?*=0.9947

400

200 /

0

0 200 400 600 800
Concentration of iron, pgL-!

Processing with ImageJ

Image of paper substrate with
Smartphone camera

software

Ironin environmental and
biological samples

PN ;

il R
BT IS e _AQNPs
e ST

-V

e oty S},ﬁ S - ,\______ s
s E . {“'1,“: I i | i
soifreet (G ()
T N/ \_/|

Dispersed o : il ! Aggregated

CTAAB ﬁappped Deposition of different concentration of Analyte on paper AgNPs
gNPs

Fig. 1 Schematic diagram to demonstrate the use of smartphone—paper-based sensor followed by processing in ImageJ software to determine the
calibration curve and total iron in unknown environmental water and biological samples
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Fig. 2 A Test zone of filter paper
with deposition of AgNPs/CTAB
and different metal ions showing
yellow color as the NPs and only
AgNPs with Fe** showed the
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from sample solutions. Therefore, AgNPs capped with CTAB
were exploited as a sensing probe for selective determination
of target analyte from sample solution. The LSPR absorption
peak (at 400 nm) obtained for different metals ions was similar
to that for AgNPs/CTAB which demonstrated that there might
be no interaction after the addition of metal ions into the NPs
solution. The discoloration and hypochromic shift of the
LSPR band were observed only with ferric iron. The color
change of AgNPs from yellow to colorless is due to the inter-
action between Fe* with CTAB-capped AgNPs. Therefore,
we tried to develop a novel smartphone—paper-based sensor
for selective determination of ferric irons from sample
solutions.

The role of stabilizing agent present on the surface of
AgNPs was checked by analyzing Fe* with bare, CTAB,
CPC, and citrate-capped AgNPs. Here, bare, CTAB, CPC,
and citrate-capped AgNPs were placed separately on the paper
substrate followed by the addition of Fe’*. The deposition of
ferric iron on the paper substrate impregnated with AgNPs/
CTAB showed the discoloration; and CPC, citrate, and bare
NPs did not show any change after addition of analyte, as
shown in ESM Fig. S3a—d. In addition, the color intensity of
paper substrate impregnated with CTAB, CPC, citrate, and
bare NPs was determined using ImagelJ software and their
respective bar diagrams are shown in ESM Fig. S3a—d. The
same color intensity was acquired when the ferric iron was
placed on the paper substrate impregnated with CPC, citrate,
and bare AgNPs. The decrease in signal intensity was ob-
served only with CTAB-capped AgNPs. These results dem-
onstrated that the stabilization of AgNPs with CTAB is essen-
tial for interaction with ferric iron. Hence, the paper substrate

impregnated with CTAB-capped AgNPs was further exploited
for determination of ferric irons from sample solutions.

The selectivity for determination of Fe>* was done by an-
alyzing Fe** with the paper-based sensor under the same ex-
perimental conditions. For this, CTAB-capped AgNPs were
deposited on five test zones of the paper substrate followed by
addition of (a) AgNPs, (b) AgNPs + Fe**, (c) AgNPs + Fe?*,
(d) AgNPs +Fe?* + KMnOy, and (¢) AgNPs +KMnO,
(Fig. 3). The introduction of Fe** on the paper substrate
showed the color change from yellow to colorless (Fig. 3b).
No color change was observed when Fe* was added onto the
paper containing AgNPs/CTAB because Fe** may not interact
with CTAB-capped NPs (Fig. 3¢). However, the paper sub-
strate containing Fe** followed by the addition of KMnO,
exhibited the discoloration of NPs (Fig. 3d) because the
KMnO, oxidized Fe** to Fe>* and the latter interacted with
CTAB. Further, the control blank experiment was performed
by depositing AgNPs and KMnO, on the paper substrate
without the introduction of analyte to check whether the ad-
dition of KMnOQ, affected the determination of iron (Fig. 3e).
Thus, the paper-based sensor impregnated with AgNPs/CTAB
was used for determination of total iron (Fe** and Fe**) pres-
ent in water sample solutions.

Optimization of smartphone-paper-based sensor
impregnated with AgNPs/CTAB for determination
of Fe**

The pH of the paper-based sensor was optimized by placing
the 50 uL of solutions of different pH (3.0, 5.0, 7.0, 9.0, and
11.0) on the paper substrate containing NPs and Fe’™.
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Fig. 3 Paper substrate containing
a AgNPs, b AgNPs + Fe*, ¢
AgNPs + Fe**, d AgNPs +

Fe’* + KMnOy, and e AgNPs + 500 -
KMnQy, along with the respective =
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Discoloration of the spot and the maximum difference in sig-
nal intensity (AS) were found when the pH was between 3.0
and 5.0 (ESM Fig. S4A). Better results were obtained under
acidic conditions because the chemical reaction is favored at
this pH range [41]; however, when the pH of the paper sub-
strate was varied from 7.0 to 11.0, no color change was ob-
tained. This is due to the formation of ferric hydroxide com-
plex in the pH range of 7.0-11.0 which reduces the concen-
tration of freely available Fe** [42] and thus all the experi-
ments were performed under acidic conditions. The reaction
time was optimized by depositing the standard solution of
ferric ions on the paper substrate and the maximum discolor-
ation of AgNPs was monitored. The maximum AS value was
acquired when the reaction time was 5 min and this value used
for further experiments (ESM Fig. S4B). Finally, the concen-
tration of AgNPs was evaluated for determination of target
analyte using the paper-based sensor. For this, 50 pL of
0.1 mM, 0.3 mM, 0.5 mM, and 1 mM AgNPs solution was
deposited on the paper substrate and dried at room tempera-
ture. Better AS values were observed when the concentration
of AgNPs was 1 mM AgNPs and this value was further
exploited for determination of target analyte from sample
solution.

Mechanism for selective determination of Fe** using
smartphone-paper-based sensor impregnated
with AgNPs/CTAB

The principle of the sensing mechanism for determination of
Fe** is based on discoloration of CTAB-capped AgNPs which
impregnated the paper substrate. The color of AgNPs/CTAB
is yellow and addition of analyte on the paper substrate result-
ed in the discoloration of NPs. The discoloration of AgNPs is
due the to aggregation of particles after the addition of analyte
on the paper substrate. The preliminary investigation was
done by measuring the LSPR absorption band of aqueous
solution of CTAB-capped AgNPs in UV—Vis spectrophotom-
etry. The results are shown in ESM Fig. S5. The LSPR
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absorption band of AgNPs was found at around 400 nm be-
fore the addition of analyte (ESM Fig. S5a), illustrating that
the size of the AgNPs was in the range of 10-50 nm [31, 32].
However, broadening and quenching of the absorption band
were observed after the addition of analyte into the AgNPs/
CTAB as a result of the aggregation of particles (ESM
Fig. S5b). Introduction of the analyte into the NP solution
caused the aggregation of particles followed by the hypochro-
mic shifts of the absorption peak. There are several reports
showing the decrease in absorption of the LPSR band in the
visible region after addition of analyte in colorimetric deter-
mination of a variety of analytes from different types of sam-
ples [23, 24, 28, 29]. The size and shape of NPs were con-
firmed with TEM before and after the addition of Fe** into the
AgNPs/CTAB solution. Good dispersion of AgNPs could be
observed before the addition of analyte (ESM Fig. S5¢) and
aggregation of particles was observed when NPs were mixed
with analyte (ESM Fig. S5d). The lattice structure of of
AgNPs is given in ESM Fig. S5e.

Further, the IR spectra of pure CTAB, AgNPs/CTAB, pure
iron solution, and mixture of AgNPs/CTAB with iron were
recorded in the range of 4000—650 cm ™' using FTIR. The
results are shown in ESM Fig. S6a—d. The intense peaks ob-
served at 2924 cm™' and 2850 cm ' corresponded to asym-
metric and symmetric stretching of CH, groups of the aliphat-
ic carbon chain of CTAB. The symmetric stretching vibration
of the ammonium group (CH3-N") appeared at 1408 cm !
and asymmetric stretching vibration of CH3;-N* appeared at
1485 ¢cm ' and 1645 cm™ ! in the spectrum [43] (ESM
Fig. S6a, b). The decrease and shift of bands at 1408 cm!
and 1485 cm ™! for CH;~N* demonstrated the interaction of
CTAB with AgNPs. This is due to the attachment CH3-N* of
CTAB molecules to the surface of NPs through the physical
adsorption forces. ESM Fig. S6¢ shows the FTIR spectra of
ferric iron solution; the bands at 1211 crn_l, 1005 cm_l, and
880 cm ' are assigned to asymmetric and symmetric
stretching of sulfate groups (SO4°") from the standard Fe*
solution prepared from ferric ammonium sulfate [44]. ESM
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Fig. S6d shows the IR spectra of AgNPs/CTAB with Fe**
solution; most of the signals are shifted and absorption bands
decrease after the addition of analyte into the NP solution
because the removal of CTAB molecules from the surface
NPs results in the aggregation of AgNPs. Thus, the data ob-
tained from FTIR analysis illustrated the surface modification
of NPs with CTAB; and the introduction of analyte perturbing
the stability of NPs followed by the color change and hypo-
chromic shift of absorption peak. This phenomenon is further
used for determination of Fe** from sample solution using the
smartphone—paper-based sensor.

The aggregation of AgNPs is attributed to the electron
transfer reaction taking place on the surface of the AgNPs in
the presence of CTAB. Here, the function of CTAB is to sta-
bilize the surface of AgNPs and prevent it from agglomera-
tion. However, the addition of Fe** into NPs caused the cata-
lytic etching of CTAB from the surface of NPs under acidic
conditions which further perturbed the stability of NPs and
was followed by aggregation and discoloration of AgNPs.
Actually the addition of Fe** into NPs results in the conver-
sion of Fe** to Fe** through the electron transfer reaction from
the surface of NPs in the presence of CTAB under acidic
conditions. Ganesharajah and Koneswaran also demonstrated
the determination of ferric ions from water samples through
the electron transfer reaction on the surface of NPs [42] where
the reduction of ferric to ferrous ions is demonstrated. In the
present work, the conversion of Fe** to Fe** through the elec-
tron transfer reaction on the surface of NPs is verified by
performing different sets of experiments. For this, AgNPs/
CTAB was deposited on three test zones of the paper substrate
(ESM Fig. S7a—c) and dried at room temperature. The paper
substrate containing AgNPs/CTAB and Fe’* exhibited the
discoloration because of etching of CTAB from the surface
of NPs as well the reduction of Fe*™ to Fe** through the elec-
tron transfer reaction (ESM Fig. S7b). This is further con-
firmed by the addition of 1,10-phenanothroline onto the paper
substrate containing converted Fe** ions (ESM Fig. S7¢). The
formation of a red-colored Fe(Il) complex [Fe(phen);]** on
the paper substrate confirmed the formation of ferrous ion
after gaining an electron from the NP surface. This discolor-
ation was also observed when ferric irons were added into the
CTAB-capped AgNPs. Hence, the sensing mechanism for de-
termination of iron is based on electron transfer reaction using
AgNPs/CTAB as a sensing probe under the applied
conditions.

Analytical evaluation for determination of total iron
using smartphone-paper-based sensor

Analytical validation is a very important part of any newly
developed method for determination of a target chemical sub-
stance from a sample matrix. Thus, linearity range, limit of
detection (LOD), limit of quantitation (LOQ), precision,

accuracy, and selectivity for determination of Fe** were inves-
tigated. The linearity range for determination of substance was
determined by drawing the calibration curve by spiking dif-
ferent concentrations of analyte from 50 to 900 ug L' on the
paper substrate impregnated with silver NPs and color inten-
sity was measured using ImageJ software. The color intensity
of NPs decreases with increasing concentration of analyte be-
cause the discoloration is dependent on the concentration of
the analyte on the substrate (Fig. 4A). The linear least-squares
equation (y = mx + ¢) was constructed by plotting the AS value
of signal intensity on the y-axis versus the concentration of
analyte on the x-axis (Fig. 4B). A good linear range (50—
900 pg L") with correlation coefficient of 0.995 () was
acquired for determination of Fe** using the smartphone—pa-
per-based sensor. The linear least-squares equation (y =
0.7674x + 97.526) obtained was used to determine the total
iron present in unknown samples. The LOD was calculated
by spiking the lowest concentration of analyte on the paper
substrate and calculating the standard deviation (n = 6). Three
times the standard deviation gives the LOD value when the
lowest concentration of analyte is deposited on the paper sub-
strate and gives a change in the color intensity of the paper
substrate. The LOD value calculated for determination of iron
using the smartphone—paper-based sensor was 20 pg L.
Similarly, LOQ was calculated as ten times the standard devi-
ation when the lowest concentration of analyte was deposited
on the paper substrate and gave a change in the signal inten-
sity. The LOQ value for determination of iron using the paper-
based sensor was 65 pg L', Thus, the linear range, LOD, and
LOQ values of the method were estimated for determination
of iron in water samples.

Intra-day and inter-day precision of the method is deter-
mined by calculating the coefficient of variation (CV) of sig-
nal intensity at different concentrations of Fe* (20, 50,

a AgNPs 50 ugmL-' 100 300 400 500 600 700 800 900 1000

-
A A A A A ACACANVINGINY,
b 1000

800+ y =0.7674x + 97.526
R2=0.9947

600

400

AS (Sp-Ske)

2004

0 T T T T 1
0 200 400 600 800 1000

Concentration of iron, pugL-1
Fig. 4 A Test zones of filter paper deposited with AgNPs (1 mM) and
different concentrations of iron (50, 100, 300, 400, 500, 600, 700, 800,
and 900 pg L™"). B Calibration curve plotting signal intensity of color
developed by ImageJ software versus concentration of ferric iron
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100 pg LY. Intra-day precision is determined by analyzing
the particular concentration of analyte at six times in the same
day; the inter-day precision is estimated for the same concen-
tration of analyte on six consecutive days. ESM Table S1
shows the value of CV for intra-day and inter-day precision
for determination of ferric iron. The better intra-day and inter-
day precision values obtained with the present method showed
the utility of the smartphone—paper-based sensor for determi-
nation of Fe** from samples.

Accuracy and selectivity of the paper-based sensor were
determined by calculating the percentage recovery after the
deposition of two different concentrations of Fe®* (100 and
200 ug L") on the paper substrate. The relative percentage
recovery was calculated by the ratio of concentration of ana-
lyte found (calculated using linear least-squares equation) to
the amount of analyte added on the paper substrate. Here, the
difference in AS value was also considered for determination
of analyte concentration. The results are given in ESM
Table S2. The relative percentage recovery in the range of
91.3-95.0% showed the better accuracy of the proposed meth-
od for determination of Fe** from complex samples. In addi-
tion, the good percentage recovery demonstrated the selectiv-
ity of the smartphone—paper-based sensor for determination of
ferric iron from complex sample matrixes.

Effect of interferents on selective determination
of Fe** using smartphone-paper-based sensor

The selectivity of the smartphone—paper-based sensor impreg-
nated with AgNPs/CTAB was also tested by depositing dif-
ferent metal ions and anions on the paper substrate until the
color intensity of NPs changed, a point that was considered
the tolerance limit. Thus, metal ions and anions of different
concentrations were deposited on the paper substrate and no
color change was observed for their given tolerance limit:
Na*, Mg®*, Ba?*, Ca®*, Hg?*, NO;~ (600 mg L'); Zn**,
AP, Mn?*, As®*, Ni**, Co**, CO;~, SO4% (700 mg L™y,
Pb**, Cu?*, Cd**, and K*, Cr*, CI” (800 mg L™"); and PO,>"

(400 mg L"), The experimental results demonstrated that
the presence of these diverse chemical substances in complex
sample matrixes did not affect the determination of F e3+, illus-
trating the selectivity of the smartphone—paper-based sensor.

Application of smartphone-paper-based sensor
for determination of iron in environmental water
and blood plasma samples

The validity of the method was tested by determining the total
iron in terms of Fe>* in water and blood plasma samples using
the paper-based sensor under the optimized conditions. The
filtered water or pretreated water/blood plasma samples
(50 uL) were deposited on the paper substrate followed by
the addition of KMnO, and change in color intensity of paper
after the deposition of analyte was recorded using ImagelJ
software. The difference in AS (S, — Sg.) value was estimated
and the linear least-squares equation was used to determine
the concentration of iron present in water/blood plasma sam-
ples. Table 1 presents the concentration of iron present in river,
pond, tube well water and blood plasma samples. Therefore,
the smartphone—paper-based sensor was successfully demon-
strated for determination of iron in environmental and biolog-
ical samples.

Comparison of smartphone-paper-based sensor
for determination of iron with other reported
methods

The potential of the smartphone—paper-based sensor for deter-
mination of iron is compared in terms of linearity range and
LOD with other NP-based colorimetric methods such as
AuNRs/CTAB [41], AgNPs/citrate [42], AgNPs/agar [45],
AuNPs/salicylic acid [3], AuNPs-CTAB + H,0, [7], and
MgO NPs [2] (Table 2). A better LOD value for determination
of iron is obtained with the present method compared to most
of the reported methods except AuNPs—salicylic acid [3] and
AuNPs-CTAB + H,0, [7]. The advantages of present work

Table 1 Application of

smartphone—paper-based sensor Samples/places AgNPs/CTAB CV (%) ICP-AES CV (%)

to determination of iron in water Iron (ng L) n=3 Iron (ng L) n=3

and blood plasma samples
River 1/Raipur 137 32 129 4.0
River 2/Durg 250 2.8 242 3.1
Pond 1/Raipur 205 2.1 200 3.5
Pond 2/Durg 177 3.0 165 4.1
Tube well 1/Raipur 68 2.6 74 2.5
Tube well 2/Durg 300 33 293 35
Tube well 3/Dhamtari 105 2.7 109 3.0
Industrial waste water/Raipur 450 35 458 2.8
Blood plasma 1 530 2.5 524 34
Blood plasma 2 470 34 466 4.1
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Table 2 Comparison of the paper

based sensor for determination of ~ Methods Iron (M) Samples Ref.

iron with other NPs-based colori-

metric methods Linearity range LOD
AuNRs/CTAB—colorimetry 1.7-178.0 1.7 Water [40]
AgNPs/citrate—olorimetry 400-1000 130 Water [41]
AgNPs/agar—colorimetry 0-90 0.54 Water [42]
AuNPs—salicylic acid—colorimetry 0.3-2.1 0.051 River [3]
AuNPs-CTAB + H,0,—colorimetry 0.20-30 0.067 Blood [7]
MgO NPs—colorimetry 0-500 23 Water [2]
PADs-AgNPs/CTAB—smartphone 1.7-16 0.35 Water, blood Present method

are also compared with those in the work by Ratnarathorn
et al. [35] and Apilux et al. [36], who reported paper-based
devices for determination of copper and mercury, respectively,
using AgNPs as a sensing probe. Here, the sensitivity for
determination of mercury using PADs is shown to be low
but lack in demonstrating the precision, accuracy, and matrix
effects for determination of the target analyte from samples.
However, all the methods utilize colorimetry which is expen-
sive compared to our smartphone—paper-based sensor. Here,
the smartphone is used for determination of iron and is found
to be economic, portable, and can be applied at the sample
source.

Further, F test and Student ¢ test were performed to
determine the statistical significance difference in the re-
sults obtained with paper-based sensor and ICP-AES
methods [46]. The formula used for calculation of F test
and Student ¢ test is given in ESM. For this, one river
water (water 1) and one blood plasma sample (plasma 1)
were selected and analyzed using the paper-based sensor
and ICP-AES, respectively. The results are given in ESM
Tables S3 and S4. The calculated F values for water
(1.55) and blood plasma (1.49) samples were lower than
the tabulated value (6.26) when the degree of freedom
v =5 and vy =4 at the 95% confidence level. In addition,
the values of Student ¢ test (£f) for water (1.29) and blood
plasma (0.93) were lower than the calculated ¢ test
(2.262). Since the calculated F and +¢ values were less
than their respective tabulated values, there is no signifi-
cant difference in the results of paper sensor and ICP-AES
for determination of iron.

Conclusions

A smartphone—paper-based sensor was successfully demon-
strated for determination of total iron in water (river, tube well,
pond) and blood plasma samples. The routine analysis of iron
is done with sophisticated instruments like AAS, XRF, ICP-
AES, ICP-MS, and spectrophotometry which are generally
large in size, need trained personnel, require large amounts

of chemical substances, and need time-consuming sample
preparation processes. However, the smartphone is portable,
user-friendly, economic, and can be applied at the sample
source for determination of iron in environmental and biolog-
ical samples. A development of our paper-based chemical
sensor coupled with a smartphone will be miniaturization of
the instrument as well as lightweight, cost-effective, flexible,
durable devices and can be applied at the sample source. In the
near future, smartphone—paper-based chemical sensors can be
highly useful for determination of iron in environmental, veg-
etable, and biological samples.
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