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Colloidal gold lateral flow immunoassay strips (AuNPs-LFIS) have been widely applied as qualitative diag-
nostic tools for point-of-care tests (POCT). If strip readers were incorporated, their use could be extended
to quantitative analysis. However, their cost and non-portability render commercial strip readers unavail-
able for use in either home testing, community or rural hospital diagnosis. This is particularly true for
on-site testing. Here, a smartphone-based reader was designed and 3D-printed for quantitatively assess
AuNPs-LFIS. The basic principle of the devise was relying on a smartphone’s ambient light sensor (SPALS).
This sensor was harnessed to measure the transmitted light intensities originating from the T-lines on
the strips, the transmitted light intensities vary with concentration of AuNP on the T-lines. To validate
this approach, our newly developed smartphone’s ambient light sensor-based reader (SPALS-reader) was
used to readout AuNPs-LFIS of three analytical targets: cadmium ion (Cd?*; limit of detection (LOD) was
0.16 ng/mL), clenbuterol (CL; LOD was 0.046 ng/mL), and porcine epidemic diarrhea virus (PEDV; LOD
was 0.055 pg/mL). The result showed good consistency with the results of conventional image analysis
approaches, indicating that the smartphone-based device is appropriate for use in AuNPs-LFIS readouts.
Compared with the traditional analysis method, the developed AuNPs-LFIS reader is easier operated,
lower cost and more portable, which provided an on-site quantitative analysis tool for AuNPs-LFIS and
enhances the applied range of AuNPs-LFIS.
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1. Introduction

Modern sectors like health care, agriculture, environmental
monitoring, forensic diagnosis, food safety, and industrial applica-
tions depend heavily on low-cost, point-of-care tests (POCT) [1-4].
Across all areas, a variety of technologies and hybrid devices have
been extensively reported, indicating the rapid improvement and
spread of the point-of-care (POC) analysis. To this end, it is now
possible to perform rapid, efficient, inexpensive, and easy anal-
yses almost anywhere and at any time [5-9]. Over the past few
decades, lateral flow immunoassay strips (LFIS) have become an
increasingly popular diagnostic tool for use in POCT because of
their use-friendliness, rapidity, inexpensive nature, and specificity
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[10-14]. Currently, LFIS are considered to be one of the easiest
methods to commercialize for use as a POC diagnostic tool.

Given this, different signal material have been developed to
meet different detection requirements, including ones containing
colloidal gold [ 15], magnetic nanoparticles [16], quantum dots [17],
fluorescence [18], biological enzyme [19], Raman enhancement
probe [20] and nano-enzyme [21], etc. In addition, different types
of LFISs have been developed through conjunction with different
technologies to enable the detection of different analytes, such
as barcodes lateral flow strip [22,23], biochemical-immunological
hybrid biosensor [19], etc. Despite this variety, AuNPs-LFIS are one
of the most common types of LFIS due to its inexpensive cost
of production, ease of manufacture, stability, and simple read-
out. However, classic AuNPs-LFIS detection uses the naked eye,
only providing a “yes/no” result. If quantitative analysis is needed,
professional image analysis software and commercial instruments
would be required. This limits the wide application of AuNPs-LFIS
in homes or in on-site testing in resource-poor areas [24]. There-
fore, a simple, inexpensive, user friendly, and pocket-sized reader
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Fig. 1. AuNPs-LFIS and plastic housing schematic representations for the SPALS-based reading system: (a) LFIS section; (b) Plastic housing.

would be an extremely useful tool to further advance the usability
of the AuNPs-LFIS analytic technique.

Over the past decade, mobile phones have seen rapid develop-
ment and gained ever-increasing levels of computational power.
Globally, there are more than 5 billion mobile phone subscriptions,
which is largely due to their ease of use and wide functional-
ity. Critically, this popularity provides a development opportunity
for their use in portable detection [25,26]. Due to their multi-
functional capacities (e.g. permanent, built-in physical sensors,
multi-core processors, digital cameras, USB ports, audio jacks, wire-
less transmission devices, and application software), smartphones
have potential application in a wide variety of biosensor platforms
[27,28]. In addition, the wireless telecommunication technologies
incorporated within them allows for data upload to the internet.
This could then help establish a ubiquitous platform for real-time,
on-site monitoring [29]. Given this, coupling smartphones with
LFIS could provide a portable, equipment-free, rapid, low-cost, and
user-friendly POCT platform. To this end, Mudanyali et al. designed
a cellphone-based reader platform that could work with various
LFISs and get instrument similar tests to sense the presence of target
analyte in samples. This platform could detect malaria, tuberculosis
and HIV RDTs by installing it on both Android-based smartphones
and iPhones [30]. Ling et al. reported a lateral flow-through strip
for use with a smartphone camera that could quantitatively detect
alkaline phosphatase activity in milk [31]. Hou et al. developed a
smartphone-based, dual-modality imaging system that quantita-
tively detected either color or fluorescent LFIS [32]. In previous
reports, smartphone-based LFIS readers were used directly with
smartphone cameras to capture images of the LFIS test results. The
data from these images were digitally processed using software.
However, this approach has limits to its accuracy, resulting from
the different pixilation and focal lengths between different smart-
phone’s cameras. To this end, the ambient light sensor on a given
smartphone is sensitive and accurate and offers a more consistent
starting point to develop a biosensor readout system. A microplate
reader based on smartphone’s ambient light sensor to measures
transmitted light intensities of liquid assay have been developed
in our laboratory [33-36]. The results were consistent with those
obtained from a professional microplate reader and demonstrated
its potential use in a variety of detection strategies for different
targets.

Here, we have developed a LFIS reader based on the ambi-
ent light sensor of a smartphone and have extended our initial

approach to now allow for the direct quantification of AuNPs-
LFIS. The analytical system comprised a smartphone with ambient
light sensor and an accessory (height 42 mm; width 30 mm; length
66 mm; weight 30 g) made by a 3D-printer. The principle behind
this approach is as follows: (1) AuNPs accumulate at the testing
zone positions, which decrease light transmittance through the NC
membrane. (2) When the reader’s switch is opened, the light emit-
ted from the light-emitting diode (LED) projects over the testing
zone positions and is then recorded by the ambient light sen-
sor. (3) The light intensity signal is displayed on the smartphone’s
screen using an app specifically designed to measure illuminance.
(4) Light intensity relies on the degree of AuNPs coloration, AuNPs
coloration is dependent on the concentration of the measured
substance. Given this relationship, the light transmittance inten-
sity can be used to directly quantify the tested sample (Fig. 1).
We then analyzed three different analytes (cadmium ion (Cd2*),
clenbuterol (CL), and porcine epidemic diarrhea virus (PEDV)) to
validate our newly developed smartphone-based colloidal gold LFIS
reader. Readout results were consistent with those obtained from
traditional approaches, demonstrating that our smartphone based-
reader could accurately quantify AuNPs-LFIS.

2. Materials and methods
2.1. Material

Goat anti-mouse immunoglobulins G (IgG) were obtained from
Sun gene Biotech Co., Ltd (Tianjin, China). Nitrocellulose (NC) mem-
branes were purchased from Millipore (Shanghai, China). Plastic
backing and absorbent pads, conjugation pads, and sample pads
were obtained from JN Bio Co., Ltd (Shanghai, China). Chloroau-
ric acid (HAuCl4), Bovine serum albumin (BSA), Trisodium citrate
(99.8%), polyethylene glycol (PEG, MW, 2000), polyvinylpyrroli-
done (PVP, MW 40,000), and S-17 (Rhoda surf ON-870) were
all purchased from Sigma-Aldrich. Isothiocyanate benzyl-EDTA
(iEDTA) was purchased from Dojindo Laboratories (Kumamoto,
Japan). All aqueous solutions were prepared with double-distilled
water (Milli-Q, Millipore). Cadmium chloride (99.99%) was pur-
chased from Aldrich Chemical (Milwaukee, WI, USA). All other
metal ions were purchased from Merck Chemical (Darmstadt,
Germany). All other chemicals were of analytical grade and used
without any further purification. The anti-Cd2*-EDTA monoclonal
antibody(mAb)and the coating antigen BSA-Cd?*-EDTA were pro-
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Fig. 2. Schematic illustration of the smartphone based AuNPs-LFIS reading system: (a) Three-dimensional structure of the AuNPs-LFIS reader installed on an Android-based

smartphone and placed LFIS; (b) Design of the smartphone-based AuNPs-LFIS reader.

vided by our laboratory. The complete clenbuterol antigen (CL-BSA)
and anti-CL monoclonal antibody(mAb)was purchased from Fapon
Biotech Inc. (Shenzhen, China). The pierce TM BCA protein assay
kit was purchased from Thermo Scientific (Rockford, USA). The
PED Ag test kit was purchased from BioNote, Inc. (Gyeonggi-do,
Korea). PEDV solution (106 TCID50/ml) was isolated, identified, and
provided by Guangdong HAId Group Co., Ltd. LEDs (510 nm) were
purchased from Shenzhen OCtai Co., Ltd. A battery (3 V) was pur-
chased from VSAI while resistor (30,000 €2), switch, and wires were
collected from a local store.

2.2. Design of SPALS-based LFIS reader

The auxiliary device consisted of a switch, a 30,000 2 resis-
tor, three batteries (3v), and a 520 nm LED. All of these electrical
and optical elements were consolidated into a 3D printed, fixed
structure (66 x 30 x 42 mm?) weighing approximately 30 g. The 3D
printed, fixed structure was designed by SolidWorks 2016 software
and fabricated using an EinStart-S 3D printer (SHINING 3D Tech-
nology Co., LTD). The printing material was thermoplastic black
butadiene styrene (ABS) polymers, and was purchased from SHIN-
ING 3D Technology Co., LTD (Hangzhou, China).

2.3. AuNPs-LFISs preparation for use with SPALS-based reader

The AuNPs-LFIS structure was slightly altered when compared
with conventional LFIS for use specifically with the SPALS-based
reading system. Briefly, the bottom of the board was hollowed
under the T/C-lines (Fig. 1a). The plastic housing was specially
modified and equipped with a light transparent hole in the bot-
tom (Fig. 1b). These modifications were necessary to allow for
light transmission. Additional information regarding the prepara-
tion and fabrication process for the model AuNPs-LFIS, Cd2*-LFIS,
CL-LFIS, and PEDV-LFIS are provided in Supplementary Informa-
tion.

2.4. Quantitative reading of LFIS using both the SPALS-based
reader and traditional image analysis method

Briefly, the procedure for using the SPALS-based reader to assess
LFIS results was as follows: First, samples were added to sample ori-
fice. After the immunoreaction was completed, LFIS were placed
into the SPALS-based reader and the resulting, transmitted light
intensities were measured using the Light Meter App. Simultaneous
to light intensity measurements, a picture of the LFIS was obtained
using the smartphone’s camera. Images were then analyzed using
the free image analysis software Image | (NIH). Additional details
regarding these experiments are provided in Supplementary infor-
mation.

3. Results and discussion
3.1. Work principle behind the SPALS-based LFIS reader

In this study, we developed a battery powered, 3D-printed
attachment that could be connected to a smartphone’s ambient
light sensor (SPALS). This could then be used to quantitatively
read the results of colloidal gold lateral flow immunoassay strips
(Fig. 2a). Here, we chose an Android-based phone as the baseline
smartphone for fabricating the reader. However, the SPSLS-based
LFIS reader is easily adaptable to different mobile phones with
minor modifications to the accessory (e.g. XIAOMI Note or HUAWEI
P10). The attachment module included the LED, batteries, resistors,
switch, wires, and a 3D-printed structure (Fig. 2b). LED wave-
lengths were specifically matched with the maximum absorption
spectra of the AuNPs. The resistor (30,000 £2) was used to regu-
late the intensity of the excitation light. Three batteries (3 V) was
used to power the LED. The switch allowed the reader to turn on
and off while the wires were used to connect all of the electronic
components. The 3D-printed accessory held two light transpar-
ent holes of 2 mm diameter: The top hole was connected to the
LFIS’s light transparent hole, the following hole was connected to
the ambient light sensor. The 3D-printed accessory was equipped
with a holder cartridge (64 x 21 x 7mm?) as well as a holder slot
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Fig. 3. SPALS-based AuNPs-LFIS reading system schematic: (a) Image of the actual optical reader installed on the smartphone HUAWEI P10; (b) Work principle behind the
smartphone-based AuNPs-LFIS reading system. Light emitted by the LED was projected over the T-line of the strip, which was then record by the smartphone’s ambient light
sensor; (c) When AuNPs concentration on the NC membrane was high, transmitted light intensity as measured by the SPALS-based AuNPs-LFIS reader was low; (d) When
AuNPs concentration on the NC membrane was low, intensities of measured light transmittance by the SPALS-based AuNPs-LFIS reader was high.

(49 x 30 x 8.4mm?3), which were used to place the LFIS and fix the
accessory in the cell phone, respectively. The holder slot is easily
modifiable to fit any smartphone. The smartphone application for
light intensity signal acquisition and data display was a free android
app, Light Meter App. Collectively, the SPALS-based reader acces-
sory weighed approximately 30g, was manufactured in 2 h, and
only cost $1.30 (Table S1).

3.2. Work principle behind the SPALS-based LFIS reader

The working principle behind the SPALS-based LFIS readers is
diagrammed and displayed in Fig. 3. The immunoreaction on the NC
membrane was completed by the sample, AuNPs-immunoreagents,
and T-line’s immunoreagents. AuNPs-colored bands were formed
since the label accumulated at specific positions on the NC mem-
brane. The degree of the analyte concentration was then displayed
as its corresponding color intensity. AuNPs have specific optical
properties; as such, AuNPs color can decrease light transmittance
through the NC membrane. When the LFIS assay was completed, the
LFIS was put into the SPALS-based LFIS reader. The reader’s switch
was opened and the light emitted by the LED was projected over the
NC membrane. This was then measured by the ambient light sen-
sor of the smartphone. The light intensity signals were displayed on
the smartphone’s screen using the Light Meter app. When AuNPs
concentration on the NC membrane was low, measured transmit-
ted light intensity was high. Conversely, when AuNPs concentration
on the NC membrane was high, measured transmitted light inten-
sity was low. Given this relationship, it is clear that the transmitted
light intensity depends on AuNPs concentration.

In order to study the accuracy of the smart phone based LFIS
reader, we prepared a simple AuNPs-LFIS model. When the goat
anti-mouse IgG-AuNPs and mouse IgG immunoreactions are per-
formed on the T-line, the AuNPs colored bands will result. The
transmitted light intensities of the LFIS were then record by
the SPALS-based reader. Simultaneous to this, color images were
obtained by the smartphone’s camera and were analyzed using the
image analysis software Image J. As shown in Fig. 4a and b, increas-

ing AuNPs concentrations resulted in decreasing transmitted light
intensities. To quantitatively determine the agreement between
our SPALS-based reader and more conventional image analy-
sis, we then performed a linear correlation. Results between the
SPALS-based reader and image analysis showed strong agreement
(R2=0.992, Fig. 4c). Transmitted light intensities were obtained
from 10 runs of the quantitative AuNPs LFISs assays and each had
nearly identical results (Fig. 4d). Taken together, these findings
demonstrate the smartphone-based LFIS reader’s feasible and sta-
bility.

3.3. Performance of the SPALS-based LFIS reader for quantitative
detection of Cd* and CL

Small analytes are one of the most commonly used indicators to
test for environmental pollution, pesticide residue, food safety, and
drug inspection [37]. Due to their smaller molecular mass and sin-
gle antigenic determinant, competitive format lateral flow assay
has been widely employed for testing for the presence of small
analytes. Cadmium (Cd?*) and clenbuterol (CL) have been impor-
tant testing targets for both environmental pollutants and food
safety, respectively. As established by the World Health Organi-
zation (WHO), the maximum contaminant level (MCL) for Cd%* in
drinking water is 3 ng/mL[38,39]. Detecting Cd2* in either drinking
water or agricultural irrigation water has been shown to be a very
effective way to reduce cadmium pollution. Clenbuterol (CL) is a
synthesized (32-agonist/antagonist and is used to promote animal
growth and decrease fat synthesis. Poisoning symptoms can occur
in individuals who consume food containing CL residues. Although
many countries have banned the use CL in livestock, CL poisoning
has been frequently reported [14,40,41].

As shown in Fig. 5a and d, we conducted an analysis for Cd%*
and CL levels using our SPALS-based reader. Results indicated that
increasing Cd2* analyte concentration corresponded to increas-
ing transmitted light intensities, with a strong linear correlation
between the two (R%=0.989). Cd?* concentrations were found to
be within the range of 0.1953-50 ng/mL and the limit of detection
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(LOD) was 0.16 ng/mL. To detect CL, results indicated a good linear
correlation (RZ=0.978) between the transmitted light intensities
and CL concentration. The range obtained was 0.0625-1 ng/mL and
the LOD for the CL assay was 0.046 ng/mL. As shown in Fig. 5b
and e, the two reading methods for Cd%*-LIFS and CL-LIFS showed
excellent correlations. We next validated the feasibility of using the
SPALS-based reader for the analysis of spiked Cd2* tap water sam-
ples and separate samples from the Pearl River (Guangzhou, China,
see Fig. 5d). CL in swine urine samples was measured using LFIS
and result were read using the SPALS-based reader (Fig. 5f). These
results indicated that the SPALS reader had a high reliability and
could successfully determine LFIS in water and urine samples.

3.4. Performance of SPSLS-based LFIS reader for quantitative
detection of PEDV

Large analytes are one of the most common testing markers
used in health care, including enzymes, protein markers, bacte-
ria, and viruses. Due to their large molecular mass and multiple
antigenic determinants, double antibody sandwich LFIS has been
widely employed in testing for the presence of large analytes [37].
Porcine epidemic diarrhoea virus (PEDV) is a member of the corona-
virus family that destroys that epithelial cells of the small intestine.
This results in the development of an acute intestinal infectious
disease in piglets and fattening pigs known as porcine epidemic
diarrhoea (PED). A diagnosis of PED is conclusively made by detect-
ing PEDV in pig waste [42,43]. Currently, the colloidal gold LFIS is
one of the most common, qualitative detection methods used in
veterinary diagnostics for on-site PEDV detection.

Here, quantitative analyte of PEDV-LFIS was obtained using both
the conventional image analysis approach and our newly devel-

oped SPALS-based reader. The results from these two methods
are shown in Fi. 6a and 6b. The image analysis system enabled
discrimination of PEDV over a linear range of 0.078-20 pug/mL
with a LOD of 0.062 pg/mL. The linear detection range for CL-LIFS
using the SPALS-based reader was 0.078-20 wg/mL with a LOD
of 0.055 pg/mL. As shown in Fig. 6¢c, the results from these two
methods had good agreement. The swine faecal samples were then
spiked with different concentrations of PEDV and detected using
the PEDV-LFIS. These results were then measured using the SPALS-
based reader (Fig. 6d). Taken together, these results demonstrate
the feasibility of using our smartphone reader in clinical samples.

4. Conclusions

In summary, we have development a novel SPALS-based detec-
tion device that can quantitatively read colloidal gold lateral flow
immunoassay strips (AuNPs-LFIS). We illustrated the performance
of the SPALS-based AuNPs-LFIS reader by quantifying the detected
AuNPs concentrations on the NC membrane. First, the linear-
ity results for the AuNP quantification showed good correlation
(R2=0.992) between transmitted light intensity analysis and the
image analysis, indicating the device was validated with good
sensitivity and stability. In addition, our technological evaluation
analyzed three types AuNPs-LFIS and showed good agreement
between the SPALS-based AuNPs-LFIS reader and the traditional
image analysis method (Table S5). Additional evaluation the device
with spiked samples revealed excellent recovery rates (Table S2,3
and 4). Compared with the conventional analysis system, our read-
ing system has following advantages: 1) our reader operated more
easily, the result could be directly obtained did not required addi-
tional data analysis; 2) our approach can be implemented on



68

)
3

g

g

g

[}
S

Transmitted Light Intensity (lux)
=
o

=3

¥=1324+19.4 Log (x)
R'=0.99

W. Xiao et al. / Sensors and Actuators B 266 (2018) 63-70

) o
3
=

160-
150
5140

130

120+

Transmitted Light Intensity (lux

=

210
200

—_ - y
=) = ©
S o t=3
n n n

Transmitted Light Intensity (Lux) Q.
3 =

-
r~
=3

10

Concentration of Cd**

y=15.024Log,(x)+206.5
R=0.98

-
pury
o

100 ng/mL 0
Peak Arca

Transmitted Light Intensity

006250.125 025 05

1 2

Concentration of CL

25|00 50.00 75'00 10600 12500 15600 17%00

4 gngml 0 4000 6000 8000

Peak Arca

2000

10000

J I Detected by the ICP-MS
25+ [ Detected by the SPAL-based AuNPs- LFIS reader

20

Concentration of Cd** (ng/mL) ©
>

12 3 4
Tap water samples

7 8

5 6 Samples
Pearl River samples P

| [ Detected by the traditional image analysis method
[ Dctected by the SPAL-based AuNPs-LFIS reader
] 0 !

1 2 3 4 5 Samples

Fig. 5. Evaluation of SPALS-based AuNPs-LFIS reader for quantitative detection of Cd?* and CL: (a) AuNPs-LIFS transmitted light intensities for quantitative detection of
different Cd?* concentrations; (b) Agreement between Cd?* results obtained by both the SPALS-based reader and image analysis; (c) Cd?* results from spiked samples
obtained using the SPALS-based AuNPs-LFIS reader; (d) AuNPs-LIFS transmitted light intensities for quantitative detection of different CL concentrations; (e) Agreement
between CL results obtained by both the SPALS-based reader and image analysis; (f) CL results in spiked samples obtained by the SPALS-based AuNPs-LFIS reader. Each value
represents the mean of three independent experiments (n=3).

b

16000 -
2220+
14000 E
12000 - .._>=~.200 1
— o w
s10000] Y7071 8'3:5445'3 Logx S350 y=164.2-40.7 Logx
< 80001 e = 0 R>=0.99
.x =]
S 6000 1% i 21007 o
= :: T :;] 160
4000 - o] £ 140
sow = 140
= E .
2000 - G120] ™
0 A s 1004 .
- — t SRR E_‘ s 10 15 20
T T T - 100 T T
0.1 1 10 ng/mL 0.1 1 pg/mL
Concentration of PEDV Concentration of PEDV
C -
d B Dctected by the BCA kit
oy 220+ 312 1 - Detected by the SPAL-based AuNPs-LFIS reader
= g
2200+ ?1 0-
: S
& 180 o 84
= 5
&h 160 “ 6.
B 15}
RS -
= o
B 140+ S 4
£ £
£ 120 g 2.
= o |
100 T : T T T T T U
0 2500 5000 7500 10000 12500 15000 0 T T ’
Peak Area 1 2 3 4 5 Samples

Fig. 6. Performance of SPALS-based AuNPs-LFIS reader for the quantitative detecting of PEDV: (a) AuNPs-LIFS PEDV results obtained by image analysis; (b) AuNPs-LIFS PEDV
results obtained using the SPALS-based reader; (c) Agreement between the detected results obtained by the SPALS-based reader and image analysis; (d) Detected results of
PEDV in spiked samples obtained using the SPALS-based AuNPs-LFIS reader. Each value represents the mean of three independent experiments (n=3).



W. Xiao et al. / Sensors and Actuators B 266 (2018) 63-70 69

different smartphones and would only require an adjustment to
the size of the holder slot for better fixation of the accessory;
3) our device is favored since ambient sensors do not require
a focal adjustment; 4) the ambient light sensors do not require
a large dark field, thus minimizing the size of accessory (height
42 mm; width 30 mm; length 66 mm; weight 30g), even it can be
put it in pocket; 5) our device doesn’t require expensive optical
component to improve the performance of the sensor, thus the
production cost of the instrument are cheaper (about 1.3 $, Table
S1). Taken together, our new smartphone-based device provides a
quantitative analysis tool for AuNPs-LFIS and enhances the applied
range of AuNPs-LFIS. This approach will have wide-ranging applica-
tions prospect s, including in environmental testing, public health
monitoring, and disease prevention. In future studies, to reduce
fabrication difficulty of the LFIS, more advanced materials and man-
ufactures is essential, such as transparent bottom board. On the
side, a higher resolution smartphone application should be used to
improve the accuracy and stability of SPALS-based detection device.
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