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a b s t r a c t

Supply of safe drinking water is a challenging task requiring not only the availability of suitable 
devices but also satisfactory monitoring methods to ensure that the contaminants are present well 
within safe limits. In this context, microfluidic devices have recently emerged as promising technol-
ogies for point-of-use screening of water samples. These devices allow for easy interpretation, rapid 
and cost-effective analysis. The analytical approach employed in these devices for the detection of 
various water contaminants have different limits of detection that are bound by the nature and stoi-
chiometry of the underlying chemical reaction. These limitations need to be addressed to make these 
devices more applicable and relevant for field analysis. In this work, we report a simple and novel 
technique to enhance the limit of detection for determining iron content in contaminated water. We 
utilize the coffee-ring phenomenon induced by outward capillary flows and differential evaporation 
rates on paper-based microfluidic devices. On addition of coloring agent, the response is obtained as 
a brown ring, analogous to the coffee-ring stain. The color intensity and the width of the ring are pro-
portional to the concentration of iron in the water sample. The proposed scheme allowed a five-fold 
improvement in the limit of detection compared to the unmodified detection tests. The phenomenon 
can be utilized to enhance the signal from other heavy metal tests as well to enhance the limit of 
detection and bring these devices into their relevant market for widespread adoption.
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1. Introduction 

Water quality monitoring is essential to determine 
the suitability of water for consumption and other appli-
cations. Deployment of suitable water treatment strat-
egies and evaluation of their effectiveness rests upon 
analytical determination of concerned contaminants. 
Current established techniques include atomic absorp-
tion spectrophotometry [1,2], ion chromatography [3,4], 
inductively coupled plasma-mass spectrometry [5,6], 
potentiometry [7,8], UV-Vis spectrophotometry [9], and 

fluorescence spectroscopy [10]. Even though these state-
of-the-art methods are precise and accurate, most of them 
are time-consuming and expensive, and require special 
sample preparation procedures to be carried out by trained 
personnel. Furthermore, time delays caused due to trans-
portation of samples from the site of testing to analytical 
laboratories can also deteriorate the sample condition and 
impact the results. In this regard, scientific community 
has realized the need for development of low-cost, porta-
ble and on-the-spot detection methods [11]. Microfluidics 
based lab-on-a-chip platforms offer a promising alterna-
tive to address several of the aforementioned challenges. 
Particularly, microfluidic paper-based analytical devices 



R. Ghosh et al. / Desalination and Water Treatment 156 (2019) 316–322 317

(μ-PADs) have been explored for development of sensors 
for heavy metals, pathogens, and toxins. The usage of 
paper as a substrate offers unique advantages in terms of 
being inexpensive, disposable, portable, and amenable to 
surface modification. The fabrication methods involved in 
making paper-based devices are simple and do not require 
access to sophisticated equipment. Colorimetric reactions 
can be readily combined with μ-PADs to obtain qualitative 
or quantitative detection of target analytes of interest [12].

However, microfluidic paper-based analytical devices 
have still not received widespread implementation com-
pared to their sophisticated conventional counterparts due 
to certain limitations in capabilities. Many of the μ-PADs 
offer a higher limit of detection (LOD) compared to estab-
lished methods [13]. Attempts have been made to improve 
the detection capabilities by use of nanoparticles, structural 
modifications, and image processing techniques [14–16].

In this work, we employ ubiquitous phenomenon of 
coffee-ring effect along with a colorimetric based detection 
scheme and evaluate its effectiveness in improving limit of 
detection of target analyte. When a liquid solution droplet 
evaporates, it leaves behind deposits of suspended parti-
cles along the perimeter in a ring-like pattern, like a coffee 
stain. This phenomenon of coffee-ring effect is ascertained 
to capillary flow toward the edges caused by differential 
evaporation rates across the liquid region [17]. The mecha-
nism has been utilized for achieving biomolecular separa-
tion [18], creation of 3D patterns of micro and nanoparticle 
assembly [19] and signal amplification in biosensors [20]. 
We successfully demonstrate application of this phe-
nomena to drive analyte molecules toward the edges of 
detection zone, thereby improving the colorimetric signal 
output and enhancing limit of detection. The width of the 
ring serves as an additional signal output for determining 
concentration of analyte. The feasibility of the proposed 
strategy is shown using iron based colorimetric assay. The 
approach precludes usage of any other additives such as 
nanoparticles, surface modification protocols, peripheral 
equipment or sophisticated signal amplification methods. 
The strategy can prove to be viable for development of 
portable on-the-spot detection platforms with enhanced 
capabilities.

2. Materials and methods

2.1. Reagents and materials

Whatman® qualitative filter paper, grade 1 was sourced 
from Biogene life sciences, Chennai, India as a paper sub-
strate for all the experiments. Punching machine (Kangaro 
Industries, India) and ink were obtained from local com-
mercial store. Ammonium thiocyanate (NH4CNS) and 
ammonium ferric sulphate (NH4Fe(SO4)2·12H2O) were pur-
chased from Thermo Fisher Scientific India Pvt. Ltd., Mum-
bai, India.  Hydrochloric acid (HCl) was purchased from 
RFCL Ltd., New Delhi, India. Sulphuric acid was procured 
from Avantor Performance Materials India Limited, Mum-
bai, India. All chemical reagents used in the study were of 
analytical grade and used as received without further puri-
fication. Preparation of all salt solutions and dilutions was 
performed using deionized water.

2.2. Fabrication of devices

Paper-based devices used in this study comprise of 
hydrophilic paper adhered on a suitable support. Fig. 1 
illustrates the primary steps involved in the fabrication pro-
cedure. A sheet of Whatman filter paper was punched using 
a punching machine commonly available in office supplies. 
The punched paper discs were used as the test substrates. 
The diameter of paper discs was measured to be 6+/–0.03 
mm using a digital vernier calliper. The paper disc was 
adhered on a double sided adhesive tape that served as a 
support as well as prevented any leakage underneath the 
substrate. Five paper discs were adhered in an equidistant 
manner on a 6 cm long tape. The assembly was stored in a 
dry and airtight container for further use.

2.3. Contact angle measurements

The water contact angle was measured for the paper 
substrate using the sessile drop technique with an in-house 
fabricated setup. A water drop of 1 μL volume was gently 
placed on the surface of paper using a micropipette. The 
shape of drop was examined using a digital imaging device 
positioned perpendicular to the water-paper interface. Also, 
the imaging was done from the top to capture the spreading 
behavior of drop.

2.4. Experimental procedure

Stock solution of 1000 ppm of ammonium ferric sul-
phate (AFS) was prepared using 2N sulfuric acid and 
deionized water. Different aliquots of standard solution 
were prepared having iron concentration between 0 and 
500 ppm. The fabricated paper devices were tested for 
detection of iron in aqueous solutions using iron thiocya-
nate as the colorimetric receptor. 2 μL of the reagent solu-
tion was added to each paper disc and allowed to air dry 
for 5 min. Following this, 3 μL of the iron containing aque-
ous sample was added twice onto the chemically modified 
paper discs and the color formation was observed. The set 
up was left undisturbed for 1 min to allow for stabilization 
of the color. The colored paper disc was digitally photo-
graphed inside a light box. The sequence of addition of the 
sample and the reagent was investigated. While the addi-
tion of reagent as the first step in the sequence resulted in 
color formation on the entire disc, the vice versa sequence 
led to the induction of the coffee-ring effect near the 
periphery of paper disc. This phenomenon was utilized to 
concentrate the metallic ions at the periphery of the paper 
disc leading to strong colorimetric signal and enhanced 
limit of detection. For this, 3 μL of iron containing sam-
ple was added twice onto the paper discs followed by the 
addition of 2 μL of reagent solution. Sufficient time was 
allowed for drying of the paper discs after each volumetric 
addition and also to avoid flooding of the test region that 
could lead to erroneous results. Being only 6 mm in diam-
eter, the paper discs could be loaded with a limited vol-
ume (6 μL) of sample or reagent at a time. The paper discs 
were covered with a non-porous opaque sheet if there was 
any delay in acquiring images after performing reactions. 
The experiments were conducted in triplicates to ensure 
repeatability.
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2.5. Image acquisition and analysis

The detection of iron involves color changes on paper 
discs that need to be analyzed for quantification of data. This 
was accomplished by acquiring digital images of the paper 
discs, and analyzing them with image processing software 
tools. All images were captured using a smartphone cam-
era (Panasonic Eluga Note) at default camera settings with-
out flash. The imaging samples were placed in an in-house 
fabricated light box with uniform lighting while capturing 
the images. The light box had dimensions of 10×10×10 cm 
and was equipped with light-emitting diode (LED) lights 
amounting to 4000 lux lighting conditions. The images cap-
tured using the smartphone were transferred to a computer 
for further processing and interpretation. The image analy-
sis procedure using Adobe Photoshop software is described 
here briefly. The circular hydrophilic detection zone, our 
region of interest was demarcated with the help of quick 
selection tool. The color average tool was employed to aver-
age the color in the entire selected region. Eyedropper tool 
was then used to obtain primary color component (red, 
green and blue (RGB)) intensities for the specific image. The 
procedure was repeated for all images and RGB values were 
recorded. Average greyscale intensity (I) was calculated 
using RGB intensity values using the following formula.

Greyscale intensity I = 0.2126R + 0.7152G + 0.0722B  (1)

where R, G, and B correspond to red, green and blue color 
intensities respectively. 

The values were subsequently inverted and compared 
for various detection experiments.

3. Results and discussion 

3.1. Punched paper discs as detection devices

The paper-based detection devices used here comprised 
of hydrophilic filter paper discs of 6 mm diameter. Creat-
ing hydrophilic zones or channels confined by hydropho-
bic boundaries is one of the most popular techniques for 
paper based analytical devices [21]. However, it typically 
needs access to wax printing. Furthermore, wax impregna-
tion through the paper needs to be optimized and such wax 
confined test zones and channels are not viable in presence 
of organic solvents surfactants that can dissolve wax [22]. 
An alternative approach of paper cutting has been adopted 
by researchers to fabricate paper-based devices of desired 
shapes and designs [23,24]. Our fabrication approach 
employs a simpler version of paper cutting by making use 
of commonly used punching machine. Unless very fine 
resolution features are required, using punched paper disc 
as detection zone for colorimetric reaction serves as a rel-
atively more user-friendly, simpler and easier method for 
fabrication and testing. The punched paper can be easily 
supported on various types of substrates without any spe-
cial bonding techniques. We used double-sided adhesive 
tape for holding the paper discs in fixed position. It allowed 
for easy handling while transport and storage.

3.2.Hydrophilicity

Hydrophilicity of the paper substrate is an important 
parameter for determining its viability as the detection zone 
in lab-on-a-chip devices. Contact angle measurement was 

Fig. 1. Schematic illustration of steps involved in the fabrication of microfluidic paper-based device. 
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used to quantify the hydrophilic characteristics of paper 
substrate. The liquid drop used for measuring the contact 
angle completely spread out on the solid surface suggest-
ing perfect wetting with contact angle nearly 0 degree. The 
behavior is depicted in schematic illustration (Fig. 2). The 
wettability was also visually confirmed by using a colored 
dye solution. When introduced at the center of the circular 
detection zone, the colored liquid was uniformly wicked in 
radially outward direction by capillary action.

3.3. Parameter optimization

The role of various experimental parameters and their 
possible interactions become important when working with 
minute amounts of reagents and samples in miniaturized 
devices [25]. The dimension of paper disc substrate used 
as the detection zone was kept fixed in all the experiments. 
Preliminary trials revealed a few factors that can affect the 
detection performance of the device. A brief summary of 
such factors is discussed here. The low volume of liquid 
used in the microfluidic devices is one of their attractive 
features. Hence it is important to optimize the volume 
such that the capability of device remains uncompromised. 
Excess volume could cause leakage or overflow from the 
paper disc, while too low volumes would not cover the 
detection zone completely hence affecting the performance. 
Hence volume must be appropriately selected as per the 
dimensions of detection zone. In our experiments, 2 μL 
was the minimum volume required to cover the complete 
detection zone and approximately 6 μL was the maximum 
volume that could be used without any overflow of liquid.

Furthermore, the volume ratios of reagent and sample 
used for colorimetric reaction are also important to achieve 
the best readout signal. It is necessary to maintain an appro-
priate ratio that would aid in achieving products with uni-
form and intense color in detection zone even at lower range 
of concentration. The optimal volume ratio for volume of 
reagent to that of analyte containing sample for our exper-
iments was observed to be 1:3. Lighting conditions have 
been reported to affect the signal readout and interpretation 
of results in portable microfluidic detection platforms [26]. 
To avoid any bias due to lighting, all images were acquired 
using an indigenous light box that maintained intensity 
around 4000 lux. The intensity was measured periodically 
to ensure stability of light conditions.

3.4. Iron detection

The formation of colored complex Fe(III)-ammonium 
thiocyanate formed the basis of detection of iron. Fig. 3 
shows the experimental observations for various concen-
trations of iron in water. The color in detection zone became 
more intense as iron concentration was increased. The 
data was used for quantification of iron concentration and 
generation of calibration chart for estimation of iron. The 
colour intensity was obtained from RGB analysis of each 
colored image. The calibration chart is plotted for iron con-
centration in sample ranging from 0 to 500 ppm as shown 
in Fig. 4. The error bars indicate standard deviations (SD) 
for multiple experimental data points. The data is fitted and 
y = 70.807x0.1978 is found to be the best fit with coefficient 

of determination R2 of 0.9635, where y and x represent the 
average grey intensity and the concentration of iron, respec-
tively. The non-linear trend of calibration plot is in agree-
ment with observations reported for colorimetric assays on 
paper-based platforms. The observed behavior is attributed 
to the fact that with the increase in analyte concentration, 
the surface of detection zone becomes saturated resulting in 
flattening of the plot at higher concentrations.

Estimation of iron is of practical interest due to its role 
in chemical and biological processes. Even though iron 
intake is crucial for human beings due to its involvement 
in hemoglobin synthesis, a chronic consumption of iron 
overdose can pose health problems. Iron occurs naturally 
in groundwater in small proportions, but its concentration 

Fig. 2. Schematic representation of complete wetting on paper 
substrate.

Fig. 3. Effect of change in concentration of iron on the color in-
tensity. All the concentration values (ppm) are indicated in the 
center of digital image of each paper disc. Blank corresponds to 
zero ppm iron solution.

Fig. 4. Calibration curve for average grey intensity versus iron 
concentration. The values represent mean ± standard deviation 
(SD) of triplicates.
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is increased in certain regions due to various natural and 
anthropogenic factors including leaching of iron salts from 
rocks, corrosion of pipes, and release from solid wastes [27]. 
The well-established methods of iron estimation involve 
use of sophisticated equipment. However, in order to 
make analysis accessible for common populace living in 
regions of concern, it is essential to have on-the-spot tests 
to quickly estimate iron content in water and ensure its via-
bility for consumption. Asano et al. have demonstrated a 
paper-based device for iron assay using iron-phenanthro-
line chemistry [28]. Although the devices fabricated by their 
approach had high resolution and stability, the fabrication 
procedure involved photolithographic technique that is 
expensive, largely inaccessible and needs trained profes-
sionals for operation. The fabrication method and detection 
procedure used here can be easily adopted with minimal 
resource availability.

3.5. Coffee-ring effect analysis

The modified experimental procedure induced accu-
mulation of iron species in peripheral region that resulted 
in colored ring formation by Fe-thiocyanate colorimetric 
reaction. The digital image data collected for various con-
centration of iron with induced coffee-ring effect is shown 
in Fig. 5. The color tone varied with increment in iron con-
centration. The sample for 500 ppm iron concentration was 
not included in this analysis as the major portion of paper 
disc was saturated with high intensity color complex and 
coffee-ring was not visually prominent. The water sample 
with 1 ppm iron concentration also exhibited a thin brown 
ring near the periphery. This was a five-fold improvement 
in limit of detection compared to unmodified procedure (5 
ppm). 

The mechanism of coffee-ring effect (Fig. 6) can be 
explained as follows. The rate of evaporation is highest at 
the edges. As the liquid evaporates, it induces capillary flow 
from the center toward the edges to replenish the evapo-
rating liquid. It brings along the suspended particles (here 
iron) toward the edges. Once a colored complex is formed 
by reaction between reactants, relatively higher color inten-
sification is observed in the peripheral region in compari-
son to that at the central region.

In order to quantify the data obtained from images, 
three methods of image analyses were investigated. In the 
first method, color was averaged over the entire detection 
zone as done for the unmodified experimental data and 
subsequently used for RGB intensity analysis. The calibra-
tion chart for iron using the first method is illustrated in Fig. 
7a. The calibration curve followed a non-linear equation y 
= 125.09x0.0873 with a coefficient of determination of 0.9485, 
where y and x represent the average grey intensity and 
the concentration of iron, respectively. Our experimental 
results indicated that width of the colored ring also varied 
with concentration of iron. The second method employed 
color averaging only in the respective ring widths for each 
image. The approach helped in eliminating white or less 
intense color from being used in averaging and intensity 
calculations. The calibration curve (Fig. 7b) generated by 
this method followed the equation y = 145.87x0.0678 with R2 

value of 0.9738, where y and x represent the average grey 
intensity and the concentration of iron, respectively. The 

third approach of image analysis employed dimensional 
measurements instead of intensity calculations as adopted 
by other researchers for immunoassay quantification [17]. 
In this case, width of ring was directly correlated to corre-
sponding iron concentration. The calibration curve (Fig. 7c) 
obtained using the dimensional measurement approach also 
fits the data well in a non-linear expression y = 0.0737x0.4276 

with R2 = 0.9622, where y and x represent the width of the 
ring and the concentration of iron, respectively. The good-
ness of fit indicates that either of the above mentioned three 
approaches could be used for the estimation of concentra-
tion of iron. 

Our method offers two simultaneous visual signals that 
can be used to quantify concentration of unknown species 
in sample. Firstly, the formation of colored iron thiocyanate 
complex gives a visible colorimetric signal. The color inten-
sity varies as a function of Fe concentration in the sample as 
shown in the calibration charts (Figs. 7a,b) that can be used 
for analysis by image processing and intensity calculations. 
Additionally, the colored complex forms a ring of specific 
width for a fixed concentration. As observed in Fig. 5, cof-
fee-ring type patterns of different widths are formed for 
different iron concentration and corresponding calibration 
curve shown in Fig. 7c can used for quantitative analysis.

The coffee-ring pattern width can be a function of sev-
eral parameters including liquid drop volume, contact 
angle, humidity and concentration. In all experiments, 
same paper substrate was used and liquid droplets were 
primarily aqueous. Thus the contact angle remained fixed 
for liquid-solid interface. Under constant humidity condi-
tions and fixed liquid volumes, coffee-ring pattern width 
was primarily a function of concentration of iron species 
in the sample. The selection of paper as a substrate offers 
unique benefits for performing coffee-ring effect-based 
experiments. Earlier research has shown that porous sub-
strates are preferred to smooth planar solid substrates for 
quantification of signal obtained from coffee ring effect [18]. 

Fig. 5. Effect of change in concentration of iron on the color 
intensity with coffee-ring effect. All the concentration values 
(ppm) are indicated in the center of digital image of each paper 
disc. Blank corresponds to zero ppm iron solution.

Fig. 6. Schematic representation of color intensification due to 
coffee-ring effect. W – represents the width of the ring. 
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The unrestricted motion of solid particles towards the edges 
of evaporating liquid on smooth surfaces is hindered due to 
porous matrix in paper. As the particles get adsorbed in the 
matrix during their edgeward motion, the ring is no lon-
ger restricted to the periphery. It expands radially inward 
making the quantification easier. The increasing width of 
coffee-ring pattern with increase in concentration of iron in 
liquid samples (Fig. 5) agree with the similar phenomena 
observed for enzyme-linked immunosorbent assays [18]. 
Dual signal output from same experiment allows the user 
to select the appropriate method depending on one’s acces-
sibility to imaging and image processing facilities. 

A qualitative point-of-use detection assay requires 
naked eye visualization for a “yes” or “no” answer to infer 
presence or absence of contaminant of concern. However, 
a quantitative assay requires image acquisition, processing, 
analysis and interpretation of data by comparing to a cali-
bration chart. The assay demonstrated here can be utilized 
for either of the types of detection as per resource availabil-
ity and requirements. It must be noted that the qualitative 
application is limited to visual interpretation of results. The 
development of color or lack of it on bringing together sam-
ple and reagent serves as a rapid and on-the-spot naked 
eye readout for identification of iron in water sample. Both 
qualitative and quantitative analyses would benefit from 
improving the limit of detection.

4. Conclusion 

We have presented a simple strategy to enhance the 
limit of detection in microfluidic paper-based analyt-
ical devices and demonstrated it for estimation of iron 
contamination in water. The mechanism is based on the 
differential evaporation phenomenon on the surface of 
the paper that induces coffee-ring pattern formation on 
the substrate and amplifies the colorimetric signal. It is 
clear from the study that two forms of optical signals on 
the substrate, namely color intensity and width of the 
colored ring are obtained as a function of analyte con-
centration. The visual data can be readily used for quali-
tative and/or quantitative interpretation of results using 
minimal or no specialized data analysis resources. The 
approach demonstrated here is likely to propel develop-
ment of portable and low-cost environmental monitoring 
platforms with improved capabilities for applications in 
resource limited settings.
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