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This work demonstrates a smartphone-based automated fluorescence analysis system (SAFAS) for
point-of-care testing (POCT) of Hg(Il). This system consists of three modules. The smartphone
module is used to provide an excitation light source, and to collect and analyze fluorescent images.
The dark box module is applied to integrate the desired optical elements and offers a dark envi-
ronment. The cost of the integrated dark box mainly includes the upper cover, box body, lower
bottom, fixture and some optical elements which is about $109. The chip module is used for fluo-
rescence sensing, which is composed of an upper plate, bottom plate and cloth-based chip. Due to the
integration of multiple smartphone functions, the SAFAS eliminates the need for additional power
sources, light sources and analysis systems. The dark box and upper and bottom plates are made by
3D printer. The cloth-based chip (about $0.005 for each chip) is fabricated using the wax screen-
printing technique, with no need for expensive and complex fabrication equipments. To our
knowledge, the cloth-based microfluidic fluorescence detection method combined with smartphone
functions is first reported. By using optimal conditions, the designed system can realize the quan-
titative detection of Hg(IT), which has a linear range of 0.001-100 pugmL~! and a detection limit of
0.5ng mL~!. Additionally, the SAFAS has been successfully applied for detecting Hg(Il) in actual
water samples, with recoveries of 100.1%-111%, RSDs of 3.88%-9.74%, and fast detection time of
about 1 min. Obviously, the proposed SAFAS has the advantages of high sensitivity, wide dynamic
range, acceptable reproducibility, good stability and low cost. Therefore, it is believed that the
presented SAFAS has great potential to perform the POCT of Hg(IT) in different water samples.

Keywords: Smartphone; automated fluorescence detection; cloth-based chip; point-of-care testing;
Hg(1D).
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1. Introduction

Point-of-care testing (POCT) is a fast and conve-
nient detection technology that uses portable
instruments to test samples at sampling points.' It
has advantages of convenient operation, rapid de-
tection and low cost.?? Therefore, it has been ap-
plied in many areas, for instance, environmental
monitoring,* food safety inspection® and clinical
diagnosis.’ Over the past decades, researchers have
developed a number of POCT systems, but most of
them have not yet been widely accepted by the
market. One of the possible reasons for this situa-
tion is that these POCT systems are not integrated
and automated enough.” The advance of POCT is
greatly limited by large benchtop analyzers, harsh
experimental conditions and professionally trained
operators. However, the emergence of smartphones
has changed this situation. According to the sta-
tistics, the number of smartphone users throughout
the world has reached hundreds of millions.® The
smartphone not only has the essential function of
interpersonal communication, but also is endowed
with more special functions such as CMOS image
sensor, open-source operating system, flashlight and
wireless data transmission, making it adapt to the
needs of automated detection.” Therefore, the ap-
plication of smartphone to develop POCT systems
has great promise.

Nowadays, a number of detection methods for
smartphone-based POCT have been explored, such
as colorimetry,'’ fluorescence,'! electrochemistry,'?
electrochemiluminescence'® and  chemilumines-
cence.'* Among these methods, the fluorescence
detection approach is widely used because it has
high sensitivity, simple operation and strong speci-
ficity.” Within previously reported fluorescence
POCT systems, the tested sample is usually drop-
ped in a EP tube,'” glass chamber'® or cuvette.!”'®
The detection systems have some disadvantages
such as complex sample pretreatment, long detec-
tion time and high detection cost, and thus they are
difficult to be used in resource-poor environments.
To solve the problems, fiber-based microfluidic chip
technologies have attracted widespread attention
because of their superiorities of convenient opera-
tion, short analysis time and low cost. Recently, the
number of reports about microfluidic paper-based
analytical devices (uPADs) is increasing rapidly.
#PADs can be used to detect glucose and choles-
terol,'? norovirus,?’ heavy metal ions*! and so on.

However, uP ADs still have some problems including
narrow paper selection and poor “wet-strength”.??
Cloth is not only a widely existing material in our
daily life, but also has the advantage of good
mechanical property. Nowadays, it has been well
considered as a supporting material to fabricate
cloth-based chips (i.e., microfluidic cloth-based ana-
lytical devices (1CADs)).”* As is well known, there
are few reports about cloth-based chips used
for fluorescence detection. Recently, a cloth/paper
hybrid microfluidic device has been proposed for
fluorescence detection of Hg(I).?* However, this
analytical device needed an expensive detection in-
strument and had a narrow linear range. In addition,
the device had three layers of paper and one layer of
cloth. The three layers of paper materials were fixed
with a hollow rivet. Before the sensor was used for
fluorescence detection, its top paper layer needed to
be rotated, while the middle layer and the bottom
layer needed to be fixed. This increased the operation
complexity and the possibility of inaccurate detection.

In recent decades, the problem of public envi-
ronmental pollution has aroused wide concern all
over the world. Mercury is currently recognized as
toxic and ubiquitous pollutants, causing serious
harm to biosafety.?”?% Mercury exists in a series of
forms such as organic complexes, metal oxides and
ionic state. Among them, ionic state is the most
stable form, and a very small amount of Hg(II) in
water can also pose a serious threat to human
health.'” As a heavy metal ion, Hg(II) has strong
affinity with mercaptan group in protein. The ac-
cumulation of Hg(II) in the human body may cause
damage to the digestive system, respiratory system
and nervous system.?’” 2 The WHO limits the
amount of Hg(Il) in drinking water to 6 ugL~1.%"
Traditionally, there are many detection methods for
Hg(II), such as atomic absorption/emission spec-
troscopy (AAS/AES),*! high performance liquid
chromatography (HPLC),*? ion chromatography
ultraviolet-visible spectroscopy'” and inductively
coupled plasma-mass spectrometry (ICP-MS).? Al-
though these detection methods have high accuracy
and sensitivity, they require an experienced staff,
professional laboratory, expensive instrument and
long detection time.'? Therefore, it is compelling to
develop a POCT system for Hg(II) detection.

In this work, a novel smartphone-based auto-
mated fluorescence analysis system (SAFAS) has
been developed for point-of-care detection of Hg(II),
which has a smartphone module, dark box module
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and chip module. The smartphone module can
provide the excitation light source, and collect and
analyze fluorescent images. The dark box module
provides a dark environment and integrates the
required optical elements. The chip module includes
a housing and a cloth-based chip. The proposed
SAFAS has the following attractive features. First,
the built-in LED lamp of the smartphone is used as
the excitation light source, without any external
light source and power supply, and thus the overall
energy consumption of the system is small. Second,
the fluorescence signal is collected, analyzed and
stored by the smartphone, so that the integration
level of the system is relatively high. Third, during
the test, the operator simply drops the test solution
on the chip module, without the need of any pre-
treatment. The integration of smartphone functions
makes the operation of the system simple and quick,
and can realize the “sample-to-answer” test in a
short time. Finally, the dark box and the housing of
cloth-based chip are fabricated by the 3D printing,
which have the advantages of small size, portability,
low cost and on-site use. Together with these fea-
tures, the SAFAS has been successfully applied to
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Detection zone Flow channel Sample zone

Upper plate
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the determination of Hg(II), with acceptable sensi-
tivity, wide dynamic range and good stability and
reproducibility. To verify the feasibility of the pro-
posed SAFAS, real sample detection has been per-
formed by using different water samples, proving
that the system can be applied for on-site detection
of water samples.

2. Materials and Methods

2.1. Design and assembly of the SAFAS
system

The SAFAS is mainly composed of a smartphone
module (Huawei TAS-ALO00), dark box module and
chip module. The smartphone module and the dark
box module are combined by a fixture. The chip
module is embedded into the dark box module by an
insertion track. Figure 1(a) illustrates the main
characteristics of the SAFAS and the coupling be-
tween the modules. The components of each module
and the connections between these components are
described as follows.

The smartphone module mainly includes a
smartphone LED lamp for providing an excitation

Upper cover

Emission filter
Excitation filter

Double convex lens

Insertion track

Plastic adhesive
supporting card

Smartphone-based automated fluorescence analysis system (SAFAS). (a) Photograph of the SAFAS. The footprint of the

system is 8.7cm X 8.5cm x 11 cm ([length] x [width] x [height]). (b) Overview of the dark box module. (c) Extended chip module
assembled from the upper plate, bottom plate and the cloth-based chip. (d) Schematic of the cloth-based chip.
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light source, a smartphone camera for collecting
fluorescent images and an image analysis APP. The
dark box module (size: 8.5cm x 1lcm X 8.7cm;
weight: ~380g) was made by the 3D printer. As
illustrated in Fig. 1(b), the integrated dark box
module mainly comprises the upper cover, box
body, lower bottom, fixture and as well some optical
elements. The upper cover and lower bottom can be
installed onto the box body by screws. An excita-
tion filter, emission filter, double convex lens, lens
sleeve and fixture can be assembled onto the upper
cover. On the lower bottom, an insertion track is
designed to provide a chip insertion port.

The box body is designed for providing a dark
environment, which can prevent an external light
from interfering with the internal environment to
improve the signal-to-noise ratio of fluorescence
detection. Additionally, it acts as a support for
upper cover and lower bottom.

As shown in Fig. 1(c), the chip module (size:
6.5cm X 5.4cm x 0.6 cm; weight: 4.6 g), which is
used for fluorescence sensing, mainly consists of
cloth-based chip, upper plate and bottom plate. The
upper plate and bottom plate were made by the 3D
printer. The cloth-based chip is placed on the bot-
tom plate, and then the upper plate is stuck onto
the bottom plate. On the upper plate, the sample
hole and detection hole are designed for adding and
detecting the sample.

The layout of the cloth-based chip is shown in
Fig. 1(d). The chip consists of sample pad, detection
pad and plastic adhesive supporting card. The
sample zone (8mm in diameter) and the flow
channel (length x width: 6mm x 5mm) (Fig. S1)
are designed on the sample pad. The detection zone
(5mm in diameter) is devised on the detection pad.

O

Cloth

©

Wax screen

Fig. 2.

The right of the sample pad is glued to the right of
the supporting card, the left of the detection pad is
glued to the left of the supporting card and the right
side of the detection pad partially overlaps on the
sample pad. Notably, except for the smartphone,
the elements of the SAFAS cost less than $109
(Table S1).

2.2. Fabrication of the cloth-based chips

For the chip module, one of the main components is
the cloth-based chip which comprises of the detec-
tion pad and sample pad. The cloth was pre-
processed to get rid of the noncellulose impurities
(e.g. surface wax, pectin, etc.) and improve its hy-
drophilicity.?® Briefly, the cloth was tailored into
small pieces of equal size, and then they were put
into a empty beaker, and be soaked in 0.1% Tween 20.
Subsequently, the cloth pieces were placed in DI water
to remove the remaining Tween 20, followed by being
dried at room temperature. The preprocessed cloth
was used for the substrate material to manufacture
the cloth-based chip, unless otherwise noted.

The hydrophobic barrier patterns on the cloth-
based chip were designed by Adobe Illustrator CS5
and used for the production of the screen. Figure 2
shows the detailed production steps of the cloth-
based chip. First, the cloth and the wax screen were
placed in turn on the automatic wax screen-printing
machine, and then the machine was started. After
the machine stopped, the cloth and the wax screen
were placed on the heating board and then heated
for about 3s at 110°C so that the wax could
fully penetrate into the cloth. Finally, they were
separated from each other to get the desired cloth-
based chips (Steps 14 in Fig. 2).

Automatic wax screen-printing machine  Heating board

Schematic illustration of the screen-printing for fabrication of cloth-based chips. (1) The cloth and the wax screen are

placed in turn on the automatic wax screen-printing machine; (2) the automatic wax screen-printing machine is started; (3) the
cloth and the screen are placed on the heating board; and (4) the wax screen and cloth are separated from each other.
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After completion of wax screen-printing, the chip
modification was performed. First, the potassium
iodide (KI) solution was prepared by mixing of KI,
potassium hydrogen phthalate (CgH;04K) and so-
dium thiosulfate anhydrous (NayS;03) in DI water
and were stirred until all the reactants dissolved in
DI water completely, and then it mixed with ethy-
lenediaminetetraacetic acid (EDTA, pH 8.0) solu-
tion in a ratio of 5:2 (v/v). Second, 28 uL of mixed
solution was dropped into the sample channel and
10 4L of the Rhodamine 6G (Rh6G) solution was
modified onto the detection zone. Third, the
resulting cloth-based pads was placed at 37°C and
vacuum-dried for 8h. Finally, these cloth-based
pads were stored in vacuum at 4°C and protected
from light. As is shown in Table S2, it is necessary
to note that the as-assembled cloth-based chip was
very inexpensive (about $0.005 for each chip).

2.3. Development of the image
analysis APP

The color information of the collected images are
stored as R, G and B color channels, accepting the
value range between 0 and 255. To convert a
smartphone into a data processing system, the APP
based on the Android Studio development platform
was developed. The opensource library was used to
develop the APP based on the standard curve al-
gorithm. Briefly, the APP fixes the size of the
fluorescent image that is cropped each time to 70 x
70 px, and the fluorescent image is stored as Bitmap
format. Fixing the size of the picture is beneficial to
eliminate the error caused by the size problem.
Since the bitmaps contain rich image information
and almost do not need for compression, the images
in this format are usually more accurate in color
data than the images in JPG format. Subsequently,
the APP uses a double-layer “for” loop statement to
scan the pixels of the fluorescent image from the
origin of the bitmap, combines it with the Get Pixel
method in the Bitmap to extract the Red value of
each pixel of the fluorescent image and creates a
counter to record the accumulation of the Red value
of each pixel value. The average Red value is cal-
culated according to the value accumulated by the
Red value of each pixel of the fluorescent image
recorded in the counter and the average value for-
mula. The average Red value is displayed on the
APP interface. The average Red value of the image
is subtracted from the average Red value of the

image at 0gL~! Hg(II) to obtain the A Red value.
Then, the obtained A Red values are imported into
Origin8.5 (MicroCal Software Inc., MA, USA) to
make the related plots for further analysis. A cali-
bration equation has been obtained by recording the
fluorescence emission from standard sample solu-
tions. After that, Hg(II) concentration of unknown
samples can be estimated through the A Red
channel intensity in the calibration equation. The
home page, detection and data recording interfaces
of the APP are shown in Fig. S2. A user needs to
press the ‘Photo’ tab in the home page of the APP
to select the measured photo. After selecting this
photo, a new panel will pop-up and the user can
select the zone to be detected. Finally, the user only
needs to click “Yes” and the concentration of Hg(IT)
is displayed on the data recording interface.

2.4. Analytical procedure

After the construction of the SAFAS, the system
could be carried out to detect Hg(II) concentration.
The detailed operation procedures are as follows.
The tested sample solution was dropped into the
sample hole. After that, due to the action of capil-
lary force, the sample solution quickly flowed lat-
erally through the sample channel and then into the
detection zone to trigger the fluorescence reaction.
After a length of reaction time, the chip module was
well embedded into the box module. Next, the
fluorescence signals could be captured by the
smartphone camera, and the APP could automati-
cally analyze the captured image to determine the
concentration of Hg(IT). The image capture settings
of the camera were set as follows: £/400 aperture,
ISO ~6400, 1x focal length of the camera lens and
WB ~4000.

3. Results and Discussion
3.1. Detection principle of the SAFAS

For the presented analysis, a previously reported
chemical protocol'® was applied for detecting the
concentration of Hg(II). The tested sample solution
containing Hg(II) was dropped into the sample
zone. During lateral flow, Hg(IT) reacted with excess
KI on the sample pad and generated KCI and tetra-
iodomercurate (IT) (HgI%") ions. The solution con-
taining Hgl%~ further flowed into the detection zone
and reacted with Rh6G to generate a complex
ternary compound. This substance did not emit
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fluorescence, and the fluorescence property of Rh6G
was gradually quenched as the concentration of
Hg(II) increased.

As shown in Fig. S3, the fluorescence of Rh6G
was excited by the smartphone LED. The excitation
light was filtered by a 500-540 nm band-pass filter
and then converged through a double convex lens
to form a small green bean spot to stimulate the
fluorescent substance in the detection area of the
cloth-based chip. By optimally selecting the double
convex lens (i.e., focal length of 25 mm and lens
diameter of 12.5mm), the distances between the
lens and the light source and as well between the
lens and the detection zone were about 25 mm and
30 mm, respectively. As a result, the diameter of
bean spot was set as about 5 mm, which could well
excite the whole detection zone. The light emitted
from the detection area passed through a 545nm
emission filter and was collected by the smartphone
camera to form a yellow-green fluorescent image. In
the proposed SAFAS, the intensity of fluorescence
emission from the Rh6G could be well correlated
with the concentration of Hg(II).

3.2. Optimization of the cloth-based

chip
For the chips, the tested sample solution can flow
into the detection zone by capillary force, without
the need for additional pumping equipment.

Therefore, the size of the suitable flow channel
should be devised to acquire the desired fluorescence

75

70-
65-
2 601
2 551
E 5
451
40 4
354 _—

30 4

3 4 5 6 7
Channel width / mm

(a)

Fig. 3.

determination. Figure 3(a) shows the effect of
channel width on the flow time. The flow time was
defined as the time when the detection zone was
filled with the sample solution. Obviously, the
width of the flow channel greatly affected the flow
time required for the dye liquid to flow throughout
the detection zone. Based on the shortest flow time
and the resulting reduction of detection time, the
width of the flow channel was selected to be 5 mm.

Additionally, the length of the flow channel was
also very much linked with the fluorescence inten-
sity. Figure 3(b) shows the dependence of the fluo-
rescent signal on the flow channel length in the
range of 1-26 mm. As seen from Fig. 3(b), a maxi-
mum A Red channel intensity was obtained at
6 mm, as such the length of 6 mm as the best length
for this work. In short, the flow channel with 5 mm
width and 6 mm length was chosen for all late
experiments.

3.3. Optimization of the test

parameters

Further, the concentration of KI ([KI]), concentra-
tion of EDTA ([EDTA]), concentration of Rh6G
([Rh6G]) and the time from sampling to detection
(t,.4) should be optimized. As is well known, the [KI]
has an important influence on the presented fluo-
rescent detection. In our case, its values were ex-
amined in the range of 2-40gL~!. As shown in
Fig. 4(a), the A Red channel intensity was increased
as the [KI] was enhanced. However, at higher
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A Red channeLintensity (a.uw)
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(b)

Effect of channel width on the flow time (a) and effect of channel length on the A Red channel intensity (b). In panel

(a), carmine volum-40 pL, channel length-11 mm, channel width-3—-7 mm. In panel (b), [Hg(I)]-50 ug mL~!, sample volum-40 uL,
channel width-5 mm, channel length-1-26 mm, [KI-10gL !, [EDTA]-15gL !, [Rh6G]-0.2gL~! and ¢,.; — 2 min.
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Fig. 4. Effects of concentration of KI ([KI]), (a) concentration of EDTA ([EDTA]), (b) concentration of Rh6G ([Rh6G]), (c) and
t,q (d) on the A Red channel intensity. In panel (a), [Hg(II)]-50 ug mL~!, sample volume-40 L, channel width-5 mm, channel
length-6 mm, [KI-2-40g L%, [EDTA]-15gL~!, [Rh6G]-0.2g Lt and ¢, ;-2 min. In panel (b), [Hg(II)]-50 ug mL !, sample volume-
40 uL, channel width-5mm, channel length-6 mm, [KI]-10gL~!, [EDTA]-0-30gL !, [Rh6G]-0.2gL~! and ¢, 4;-2min. In panel
(), [Hg(I)]-50 ug mL !, sample volume-40 uL, channel width-5 mm, channel length-6 mm, [KI}-10gL~!, [EDTAJ-12g L1, [Rh6G]-
0.05-0.8 gL' and ¢, ;-2 min. In panel (d), [Hg(I[)]-50 ug mL !, sample volume-40 uL, channel width-5 mm, channel length-6 mm,
[K[-10gL-!, [EDTA]-12gL~!, [Rh6G]-0.3gL~! and #, ; — 10-120s. The error bars represent the standard deviations of five

independent measurements.

concentrations greater than 10gL~!, the A Red
channel intensity appeared to have reached a pla-
teau. The possible reason for this phenomenon is
that at low concentrations of 7, I~ combines with
Hg(II) to form Hgl; which is very weak in nature,
and the more stable species is HgI3~ formed at high
concentrations of I=.%* Therefore, 10gL ! KI was
selected as the optimized concentration.

The effect of [EDTA] on the A Red channel in-
tensity was evaluated by adding EDTA to the KI
solution. Figure 4(b) shows that in the presence of 5,
12 or 15gL~! EDTA, the A Red channel intensity
did not decrease significantly. However, the fluores-
cence signal was observed to decrease obviously

when the [EDTA] values were great than or equal to
18 gL~ Therefore, in samples with different in-
terference levels, 5-15 gL~ EDTA may be selected
to mask metal ions.

For the SAFAS, Rh6G served as a fluorescent
reagent, and thus the A Red channel intensity is
greatly related to the [Rh6G]. As shown in Fig. 4(c),
the A Red channel intensity gradually enhanced in
the range of 0.05-0.3gL~!. However, when the
[Rh6G] value ranged from 0.3 to 0.8gL~!, the
fluorescence signal gradually decreased, possibly
because the quenching occurred due to the collision
mechanism between the excited state molecules and
ground state molecules.*”
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For the cloth-based fluorescence detection, the
time when the sample solution flowed through the
hydrophilic zone until the fluorescence signal was
measured might be an important parameter affect-
ing the A Red channel intensity. For evaluating this
time, the values of t,_; were optimized in the range
of 10-120s. It can be seen from Fig. 4(d) that the A
Red channel intensity was enhanced step by step
when the t,,; varied from 10 to 60s, and then
reached a plateau at time lengths longer than 60s.
This phenomenon might be explained by the fact
that the sample solution could be well filled with the
detection zone and the fluorescence reaction per-
formed enough. Therefore, the optimal t,; value
was chosen to be 60s.

3.4. Analytical sensitivity,
reproducibility and selectivity

The analytical performance of the SAFAS for
Hg(IT) was investigated under optimized conditions.
Figure 5 shows the relationship between the A Red
channel intensity and Hg(II) concentration. Obvi-
ously, the A Red channel intensity increased with
Hg(Il) concentration in the range of 0.001-
100 pug mL 1, implying that the SAFAS could per-
form quantitative Hg(Il) measurement (Fig. 5(a)).
The corresponding typical fluorescent images are
shown in Fig. S4. It was observed that the fluores-
cence signal varied linearly with the logarithms of
the Hg(II) concentration ranging from 0.001 to

100 ug mL~! with a squared correlation coefficient
(R? =0.9901, n =5) (Fig. 5(b)). The limit of de-
tection of (LOD) was estimated to be 0.5ngmL~!.
Here, the LOD was defined as the lowest Hg(II)
concentration that generated a signal three stan-
dard deviations higher than the background signal.
Thus, the detection sensitivity allowed the mea-
surement of allowable concentration of Hg(II) in
drinking water (2ngmL~! and 6 ngmL ! fixed by
U.S. Environmental Protection Agency and the
World Health Organization, respectively’’). Re-
producibility of the SAFAS’s fluorescence response
was assessed as the relative standard deviation
(RSD) of five independent measurements of 0.001,
0.005 and 0.01 ugmL ! Hg(II). The corresponding
RSD values were determined to be 12.07%, 7.02%
and 4.31%. These results showed that the SAFAS
could be used for the accurate and sensitive deter-
mination of Hg(Il) in environmental water samples
in the future.

It is fundamental to have good anti-interference
capability for a reliable and applicable detection
system. In the present case, the anti-interference
capability of the SAFAS has been evaluated by
testing several common potential interfering ions
(Na+, K*, Zn2+, CuZJr7 Fez+’ Mg2+, Ca2+, F63+,
Cr3*). The A Red channel intensity of the Hg(II)
solution containing a certain foreign species was
compared with that without any foreign species.
The foreign metal ions were regarded as noninter-
ference when the influence of the foreign metal ions

E-so- E-\so- ;
540- E 40
R= R=
"3 30+ T 30-
= £
< <
S S
220 2 2 Y=314+717X
& & R>=0.9901
= 10 < 104
0 0 40 60 | 80 100 4 3 2 a0 '1_1 2 3
[Hg(D]/ pg mL Lg{[Hg(ID] / pg mL"}

(a)
Fig. 5.

(b)

(a) Calibration curve for determination of [Hg(II)] using the SAFAS ([Hg(II)]-0, 0.001, 0.005, 0.01, 0.1, 0.5, 1, 5, 10, 30, 50

and 100 ugmL~1). (b) Linear relationship between A Red channel intensity and logarithms of [Hg(II)]. Experimental conditions:
Sample volume-40 pL, channel width-5 mm, channel length-6 mm, [KI]-10gL !, [EDTAJ]-12gL~!, [Rh6G]-0.3gL ! and ¢, ;-60s.
The error bars represent the standard deviations of five independent measurements.

2250028-8



A smartphone-based automated fluorescence analysis system for point-of-care testing

W
(=)

[ Interference ]

[Hg(ID)]
=L A

[ Jo[]1 5

‘%I% T Tl
Q

SO0

N
()

S
;_l.q
}_|_4

—_ = N W W
wn O S W

ARed channel intensity (a.u)
N
(=) W

S W

Fig. 6. Evaluation of selectivity of the SAFAS. Experimental
conditions: Sample volume-40 pL, [Hg(I)]-10 ug mL~!, channel
width-5mm, channel length-6mm, [KI-10gL~!, [EDTA]-
12gL~!, [Rh6G]-0.3g L and ¢, ;-60s. The error bars represent
the standard deviations of five independent measurements.

on Red value was less than 3s (s represented the
standard deviation of the assay of Hg(II) solution in
the absence of interfering ion). Figure 6 shows the
detection of 10pgmL~! Hg(Il) in the EDTA
(12gL~!)-modified cloth-based chip. Obviously, it
was considered noninterference when the concen-
tration ratio of foreign ions and Hg(II) was 1:1.
And, even when the concentration ratio of foreign
ions and Hg(II) was 5:1, it did not interfere with the
corresponding analysis of the system. Therefore,
the proposed SAFAS can provide highly selective
determination of Hg(II) in water samples with
different pollution levels.

3.5. Determination of Hg(II) in real
water sample

To prove the feasibility of the SAFAS, the SAFAS
was assessed for detecting Hg(II) in actual samples

Table 1.

including tap water, polluted water and sea water
samples. Two Hg(II) concentrations of 0.1 yg mL !
and 10 ug mL~! were spiked to the actual samples,
and tested using the SAFAS and ICP-MS in par-
allel. According to Table 1, Hg(II) in three different
water samples could be detected. The recovery
experiments by the SAFAS demonstrated the re-
ceivable data of the different water samples, with
recoveries of 106-111% for 0.1 uygmL~! Hg(II)
(6.56-9.74% RSD), and of 100.1-103.9% for
10 ug mL~t Hg(II) (5.77-9.74% RSD). Water sam-
ples were also subjected to ICP-MS detection of
Hg?* as a reference, and it revealed that the SAFAS
results had a good agreement with that of the
ICP-MS. Therefore, the developed SAFAS had
an acceptable feasibility for detection of Hg(II)
concentration, with advantages of small size, por-
tability, low cost and on-site use.

3.6. On-site detection of Hg(II)

To prove the POCT of Hg(II) by the SAFAS, the
SAFAS was assessed for detecting Hg(II) at three
different areas including the South China Normal
University, Pearl River and Jiang Men Zhong Huan
Detection Technology Co., Ltd. Figure S5 shows
on-site locations for monitoring the contamination
of Hg(IT) by the SAFAS. Water samples collected at
those three locations were also subjected to the
atomic fluorescence spectrometer (AFS) for detec-
tion of Hg(Il) as a reference. As shown in Table 2,
no Hg(II) was detected in tap water from South
China Normal University and water in the Pearl
River, which verified that these two water samples
were not polluted. However, the concentration of
Hg(II) in the sample of Jiang Men Zhong Huan
Detection Technology Co., Ltd. was in the range of
0.0132 £ 0.0025 pg mL~!. Importantly, the results

Determination of Hg(II) in three water samples.

Hg(II) added (ug mL~

1) Hg(II) found (ug mL~1) Recovery (%) RSD (%, n=5) ICP-MS results (ug mL 1)

Tap water 0.1 0.11
10 10.01
Sea water 0.1 0.106
10 10.39
Polluted water 0.1 0.11
10 10.34

111 7.83 0.102
100.1 5.77 10.093
106 6.56 0.101
103.9 3.88 10.009
110 9.74 0.114
103.4 7.54 10.121

Note: The assay conditions were as follows: Sample volume-40 pL, channel width-5 mm, channel length-6 mm, [KI-10gL~!, [EDTAJ-
12gL1, [Rh6G]-0.3gL ! and ¢, ;-60s. The RSD was from five independent measurements.
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Table 2. Determination of Hg(Il) in water samples in three
different areas.

Table 3. Differences in performance between highly trained
users and fully untrained users.

Detected Detected
by the by the
Metal SAFAS RSD AFS
Area ion (ug mL~Y) (%, n=5) (ug mL~1)
South China  Hg(II) ND ND
Normal
University
Pearl River ~ Hg(II) ND ND
Jiang Men Hg(II) 0.0132 £ 0.0025 19.27 0.014
Zhong Huan
Detection
Technology
Co., Ltd

Note: The assay conditions were as follows: Sample volume-
40 pL, channel width-5mm, channel length-6 mm, [KIJ-
10gL~! [EDTAJ-12g L1, [Rh6G]-0.3 gL}, and ¢, 4-60s. The
relative standard deviation (RSD) was from five independent
measurements.

obtained by the SAFAS had a good agreement with
that of the AFS. Therefore, the proposed SAFAS
had the potential for on-site detection of Hg(II) in
water samples.

3.7. Differences in performance
between highly trained users
and fully untrained users

To prove the SAFAS was user friendly and did not
need complex sample preparation, three fully un-
trained users (people who lack scientific training,
but can read an instruction manual on how to op-
erate the device) were invited to perform the
SAFAS for detection of Hg(II). Each volunteer was
given an instruction manual which is shown in the
Supporting Information. As shown in Table 3, the
results detected by the author and volunteers were
highly consistent. In addition, there was no obvious
difference in total detection time. Therefore, the
developed SAFAS was user friendly, with no need of
experienced operation staff.

3.8.

The storage stability of the chip module is an im-
portant factor affecting its application and devel-
opment. To assess this, the cloth-based chips were
vacuum-packed in a foil bag and stored at 4°C. In
this study, the chips were tested every week for

Storage stability of the chip module

Result RSD Average RSD
Operator (ug mL1) (%)  testing time (s) (%)
Author 0.108 13.76 74.8 1.11
Volunteer 1 0.112 15.67 75.6 1.50
Volunteer 2 0.114 14.85 76.4 1.49
Volunteer 3 0.117 15.38 75.4 1.51
Note: The assay conditions were as follows: [Hg(II)]-

0.1 pgmL~!, sample volume-40pL, channel width-5mm,
channel length-6 mm, [KI]-10gL~!, [EDTAJ]-12gL~!, [Rh6G]-
0.3gL~! and t, 4-60s. The relative standard deviation (RSD)
was from five independent measurements.

—_ [\ N W ) B
W S wn o (") S
1 1 1 1 1 1

A Red channel intensity (a.u)

(e} W
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Fig. 7. Storage stability of the chip module. Experimental
conditions: Sample volume-40 uL, [Hg(I)-10 ugmL~!, channel
width-5mm, channel length-6 mm, [KI-10gL~!, [EDTAJ-
12gL~1, [Rh6G]-0.3gL ! and ¢, ;-60s. The error bars represent
the standard deviations of five independent measurements.

about three months. Figure 7 shows that the signal
intensities could retain 95.13%, 91.77% and 82.67%
of their initial signal after three, six and twelve
weeks, respectively. These data indicated that the
chip module had an acceptable storage stability.

3.9. Comparison of the proposed
method and other smartphone-
based methods for detection
of Hg(II)

In recent years, different smartphone-based detec-

tion methods have been designed for Hg(II) detec-

tion (Table S3). For instance, Chen’s group
developed a paper-based analytical devices using
gold nanoparticles as a colorimetric sensing strategy,
where the determination of Hg(II) with a detec-
tion limit of 10ngmL~! was obtained in 40 min.*¢

2250028-10
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Nguyen and coworkers presented the smartphone-
based nano colorimetry for detection of Hg(II),
where the glass-PDMS microfluidic device was con-
structed and the detection limit of 1.4ngmL~! was
obtained in 10 min.?” Different from the smartphone-
based colorimetric systems, a smartphone-based
electrochemical POCT system has been proposed by
Xu et al. for detection of Hg(II), which has a detec-
tion limit of 7.0ngmL~! and detection time of
12 min.'? This system consisted of a handheld elec-
trochemical analyzer, a smartphone installed with an
APP DHMI and a customized screen-printed carbon
electrode. Recently, the smartphone-based fluores-
cent POCT systems also attract much attention.
Hatiboruah’s group developed a fluorescent sensing
system for determination of Hg(II),'* where the de-
tection limit of 32ngmL~! and detection time of
15min were achieved. A smartphone-based optical
fiber fluorescence sensor has been proposed by Liu
and coworkers, and it has a detection limit of
0.2ngmL ! and needs 3 min for Hg(Il) detection.'”
The cost of a single test is about $2.29, which is much
higher than the SAFAS’s cost per test. Although this
fluorescence sensor has a slightly lower detection
limit than the SAFAS, the modification processes of
the fiber probes are complex. First, the fabricated
combination tapered fiber probes were immersed
into the piranha solution for 30min, then they
needed to be washed and air-dried. Second, they
were salinized into the triethoxysilane/isopropyl al-
cohol for 2h and dried in the oven at 80°C for 2h.
Third, the fiber probes were immersed into the spe-
cific mixture for 4 h, and kept in dark. Finally, they
needed to be immersed into bovine serum albumin
(BSA) solution for 1h. These operations undoubt-
edly increase the labor and time cost. Shan and
coworkers described a smartphone-based method for
Hg(II) detection,'® which had a detection limit of
0.2ngmL~!' and needed at least 30 min. For this
method, the test solution was mixed with two dif-
ferent reagents and incubated at room temperature
for 20 min. Next, the incubated products needed to
be cleaned three times with a magnetic separation
device. Finally, the precipitate was suspended with a
buffer and applied to the glass sample chamber for
collection of fluorescence signals. Obviously, the de-
tection processes of this method are relatively com-
plex. In short, the above-mentioned smartphone-
based detection methods have been desirably used
for Hg(II) determination. However, they still have
several disadvantages including: (1) All of them

require relatively complex preprocesses, which
increases the difficulty in sample and data processing
and the detection time; (2) most of them have a high
detection limit, which is not sensitive to Hg(II) de-
tection; (3) the sensor interfaces for these systems are
usually high in cost or complex in preparation. On
the contrary, the proposed SAFAS for point-of-care
testing of Hg(Il) can effectively overcome these
shortcomings. It only requires a simple operation,
and can perform the sample-to-answer detection in
1 min. Additionally, it just needs the ultra-cheap and
easy-to-prepare cloth-based chip (about $0.005 for
each chip), and as well inexpensive components (less
than $109 except the smartphone). As described
above, the SAFAS can offer a lower detection limit
and high specificity. Therefore, the SAFAS has the
great potential for accurate, rapid and sensitive on-site
Hg(IT) monitoring in resources-limited environments.

4. Conclusions

In summary, the presented work has realized the
integration of fluorescence detection, cloth-based
microfluidics and smartphone-based light excitation
and collection to build a SAFAS for point-of-care
detection of Hg(II). A custom designed APP has
been developed, which can analyze fluorescent
images and convert them into corresponding Hg(II)
concentrations. By using this SAFAS, the con-
centrations of Hg(II) in water can be detected on
site in real time. The detection limit of Hg(II) is low
to be 0.5ngmL~!, and the testing process can be
completed in about 1min. Importantly, the detec-
tion results on the SAFAS are consistent with those
by using the traditional instrument. Looking to the
future, the SAFAS should have the potential to
provide POCT for Hg(II) in different water samples.
In addition, we believe the SAFAS is an enabling
system, which can find broad applications in point-
of-care medical diagnostics, environmental testing
and food safety inspection.
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