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ABSTRACT

A gold nanoparticle (AuNP) aggregation-induced colorimetric aptasensing method for quantitative detec-
tion of sulfadimethoxine (SDM) with a smartphone was developed. AuNPs were complexed with aptamers
which protected AuNPs from aggregating in high-concentration salt solutions. In the presence of SDM,
SDM bound with the aptamer on the surface of AuNPs with higher affinity, which competitively des-
orbed the aptamer from the AuNP surface and resulted in AuNPs aggregation, accompanied with a color
change from red to purple-blue. The R, G and B values of images taken by a smartphone camera were
analyzed with an app on the smartphone, and were utilized for quantitative analysis of SDM. Under the
optimized conditions, the colorimetric aptasensing method using a smartphone showed high sensitivity
for SDM, with the limit of detection of 0.023 ppm, lower than the allowed maximum SDM residue limit.
This study provides a simple, fast, and easy to read method for on-site quantitative biochemical and cel-
lular analysis.

© 2021 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Antibiotics are widely used for treatment of human and animal
diseases caused by pathogenic microorganisms and have played
an important role in protecting human health and treatment of
diseases. For instance, sulfonamides (e.g., sulfadimethoxine, SDM)
are a class of antibiotics that are broadly effective antibacterials
to treat bacterial infections in human and animals. However, un-
controlled and incorrect use of sulfonamides antibiotics can lead
to residues in food and environment, resulting in serious threats
to human health [1]. The European Commission and China have
adopted a maximum SDM residue limit of 100 ng/mL (~0.1 ppm)
in foodstuffs of animal origin [2-5]. For accurate and sensitive de-
tection of SDM residues in food, a variety of methods have been
developed for the detection of SDM antibiotics, including high-
performance liquid chromatography (HPLC) [6-8], capillary elec-
trophoresis (CE) [9], enzyme-linked immunosorbent assay (ELISA)
[10,11] and surface plasmon resonance (SPR) [12]. However, these
methods are complicated and time-consuming, and require ex-
pensive equipment or highly trained personnel. Simple and rapid
methods for on-site quantitative detection of sulfonamide antibi-
otics with high sensitivity and specificity are greatly needed.

Aptamers are DNA- or RNA-based oligonucleotide segments
used for binding to various targets such as small ions, antibiotics,
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proteins, and cells with high affinity and specificity [13,14]. Com-
pared with antibodies used in immunosorbent methods, aptamers
are easy to synthesize, modify, and can be preserved for long a
term. Aptamers have been successfully used as excellent recogni-
tion probes in various bioanalytical applications such as molecu-
lar dynamics [15,16] and diseases diagnosis [17-20]. Apatmers spe-
cific to SDM were reported [21], and have been successfully ap-
plied to the detection of SDM, combined with photoelectrochemi-
cal and colorimetric detection methods [5,22-24]. However, bulky
and costly equipment is still required for the quantitative aptasens-
ing of SDM.

Gold nanoparticles (AuNPs) have been widely used in bioassays
as carriers or signal reporters owing to their unique physicochem-
ical properties such as UV-vis absorption, fluorescence, impedance
and excellent biocompatibility. In particular, the aggregation of
AuNPs [25] and the corresponding change in UV-vis absorption
spectra have enabled extensive applications in the detection of
enzyme activity [26], nucleic acids [27], ions [28] and other
biomolecules [29]. Due to high simplicity, cost-effectiveness, and
detection of its colorimetric signals with the naked eye [30-34],
aptamer-functionalized AuNP biosensors were developed for the
colorimetric detection of SDM [5,22]. However, the UV-vis spec-
troscopic quantitative detection still relies on a spectrophotometer
[5,22], which limits its application for on-site detection.

Owing to the powerful imaging function of modern smart-
phone cameras, smartphone-based analytical techniques have also
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attracted increasing attention [35-38]. For example, Hong and
Chang reported a smartphone app that digitizes the color of a col-
orimetric sensor array for the semi-quantitative detection of multi-
ple biomarkers in urine based on their difference colors under the
indoor fluorescent light and the outside sunlight [35]. Lopez-Ruiz
et al. reported the smartphone-based simultaneous pH and nitrite
colorimetric determination based on the H (hue) and S (satura-
tion) coordinates of HSV colors in the presence of corresponding
color indicators on paper-based microfluidic devices [36]. Current
smartphone-based colorimetric assays mostly target intrinsic col-
ors of analytes or simple color reactions after the addition of color
indicators such as pH indicators. Combined with nucleic acid probe
and AuNPs, Xu et al. developed a smartphone-based on-site nucleic
acid testing platform in point-of-care settings [38].

In this work, we developed a new smartphone-based colori-
metric aptasensing method based on AuNP aggregation for sim-
ple but quantitative detection of SDM. In the presence of SDM, the
aptamer bond with the target SDM, and the aptamers were des-
orbed from the surface of AuNPs. As a result, the AuNPs were ag-
gregated in high salt media, with a concomitant red-to-blue color
change. The R, G and B value of images taken by a smartphone
camera were analyzed by an app for quantitative bioanalysis, the R
value showed good linear relationship with the concentrations of
SDM, with the limit of detection (LOD) of 0.023 ppm, which was
lower than the maximum SDM residue limit (~0.1 ppm) allowed
by the European Commission and China. However, in the absence
of SDM, no AuNP aggregation as well as color changes occurred.
This smartphone-based colorimetric aptasensing method enables
simple, direct, and quantitative detection of antibiotics, without us-
ing costly and bulky equipment, especially for resource-limited set-
tings such as on-site and field detection.

The smartphone-based colorimetric aptasensing method for
quantitative detection of SDM is based on the target-triggered
AuNP aggregation, while using the SDM-specific aptamer as the
recognition element, and analyzed R, G, or B values from captured
images for quantitative analysis. Fig. 1 shows the principle of the
smartphone-based colorimetric aptasensing method. As illustrated
in Fig. 1a, in the absence of SDM, the aggregation of AuNPs can be
induced by high-concentration salt. However, when adding the ap-
tamer, the aptamer can be easily adsorbed on the surface of AuNPs
by the electrostatic interaction between the bases of ssDNA of ap-
tamer and AuNPs, which prevents the strong van der Waals attrac-
tion and enhances the stability of AuNPs. Thus, no AuNP aggrega-
tion happens, the color of AuNPs still remains red and the absorp-
tion wavelength maximum stays at 522 nm in the UV-vis spec-
tra. Upon the addition of SDM, the aptamer binds to SDM with
higher affinity, which induces the adsorbed aptamers to be de-
tached from AuNPs and leads to the aggregation of AuNPs. During
this process, the color changes from red to purple-blue. As shown
in Fig. 1b, a smartphone is arranged to capture images and ana-
lyze their R, G or B values to determine the concentration of SDM.
The transmission electron microscopy (TEM) images in Fig. 1c
show the morphology changes of AuNPs before and after the
aggregation.

AuNPs were prepared by citrate reduction of HAuCl,. The AuNPs
were prepared at room temperature by adding 1.0 mL of a 1%
sodium citrate solution to 0.01% of 100 mL HAuCl, with vigor-
ous stirring. After 1 min, 1.0 mL 0.075% of NaBH,4 (dissolved in 1%
sodium citrate solution) was added. The mixture was not stopped
from stirring until its color turned red. The average diameter of
AuNPs showed by TEM was about 10 nm (Fig. 1c¢). The concen-
tration of the AuNPs was about 1.3 nmol/L, which was deter-
mined according to Beer’s law by using the extinction coefficient of
6.15 x 107 L mol~! cm~! for 10 nm AuNPs in diameter at 450 nm
[39]. The prepared dispersed AuNPs solution was very stable for
several months.
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Fig. 1. Principle (a) and setup (b) of quantitative colorimetric detection of SDM
based on AuNP aggregation with a smartphone. (c) TEM images of dispersed AuNPs
and aggregated AuNPs induced by the target in high-concentration of NaCl solutions
(0.04 mol/L).

Prior to the colorimetric aptasensing of the target, the effects
of several key factors were investigated and optimized, including
the concentration of NaCl and the concentration of the aptamer.
AuNPs can aggregate in high-concentration NaCl solutions and the
concentrations of NaCl solutions influence the degree of aggrega-
tion. Therefore, the salt concentration (NaCl) is particularly impor-
tant and firstly investigated. The spectra changes of the mixture af-
ter adding different concentrations of NaCl were shown in Fig. 2a.
Since high-concentration NaCl can induce the aggregation of AuNPs
and the aggregated AuNPs show weaker absorbance at 522 nm
compared with the dispersed AuNPs, with the increase of the
NaCl concentrations, the absorption peak at 522 nm, a presentative
peak for dispersed AuNPs, kept decreasing. As shown in Fig. 2b,
when the NaCl concentration was greater than 0.04 mol/L, the ab-
sorbance at 522 nm did not change significantly, which indicates
that almost all of AuNPs were aggregated. Therefore, 0.04 mol/L of
NaCl was determined as the optimal salt concentration in our as-
say system.

Since SDM competes with AuNPs for binding to aptamers, the
concentration of the aptamer affects the aggregation of AuNPs. If
the aptamer concentration is too high, when NaCl is added to the
solution, less aggregation of AuNPs will be observed, and this will
affect the detection of SDM. Hence, the aptamer concentration was
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Fig. 2. The effect of different concentrations of NaCl on AuNPs aggregation. (a) The absorbance spectra of AuNPs solutions in different concentrations of NaCl. (b) UV-vis

absorbance of AuNPs at 522 nm with different concentrations of NaCl.
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Fig. 3. Optimization of aptamer concentrations. (a) The absorbance spectra of AuNPs solutions at various concentrations of the aptamer. (b) UV-vis absorbance of AuNP
solutions at 522 nm along with the changes of aptamer concentrations. NaCl concentration, 0.04 mol/L.

also optimized. The spectra changes of the mixture with different
concentrations of the aptamer is shown in Fig. 3.

The absorbance at 522 nm increased with the increased con-
centrations of the aptamer over the range from O to 1.0 pwmol/L,
which indicates that the aptamer was adsorbed to the AuNPs sur-
face and inhibited the aggregation of AuNPs. However, the ab-
sorbance plateaued when the concentration of the aptamer was
higher than 0.5 wmol/L. Thus, 0.5 pmol/L aptamer was determined
as the optimal aptamer concentration.

After condition optimization, different concentrations of the tar-
get SDM were mixed with the AuNP/aptamer solutions and mea-
sured using the AuNPs-aggregation based colorimetric aptasensing
method with a smartphone. Compared with AuNPs, SDM possesses
a higher affinity to the aptamer. Therefore, the presence of the
SDM can desorb the aptamer from AuNPs, which further leads to
the aggregation of the AuNPs in the presence of high-concentration
NaCl. As shown in images taken by a smartphone camera in Fig. 4a,
after the addition of SDM, an obvious color change from red to
purple blue was observed with the increase of the concentration
of SDM from 0 to 5 ppm.

The R, G, B values of these images were further analyzed by a
smartphone app and the relationships between the R, G, B value
and the concentration of SDM were investigated. Fig. S1 (Support-
ing information) shows that the R values decreased with the in-

creasing concentrations of SDM in the concentration range of 0-
1.0 ppm. When the concentration of SDM was higher than 1.0 ppm,
the R values increased slightly and then became plateaued. Since
the solution shows a color change from red to purple-blue, this
nonmonotonic variation of R value can be attributed to the hue
change of the solution. G and B values show a similar rela-
tionship with the concentrations of SDM. As shown in Fig. 4b,
linear relationships were derived between the R, G and B val-
ues and the concentrations of SDM in the range of 0-0.6 ppm,
respectively. The linear regression equations for R, G, and B
curves are y = —121.26C + 139.75, y = —102.90C + 112.55, and
y = —100.01C + 150.49, where C represents the concentration of
SDM (ppm), y represents R, G and B values, respectively. Their cor-
responding squared correlation coefficients (R?) are 0.9921, 0.9791,
and 0.9963, respectively. The R vs. C curve exhibits the largest
slope of the fitted lines, indicating the highest sensitivity among R,
G, and B. Therefore, the R value was utilized to quantify the con-
centration of SDM. In addition, the limit of detection (LOD) was
calculated to be 0.023 ppm based on the 30 method, which is
lower than maximum residue limit of ~0.1 ppm in foodstuffs of
animal origin. The comparison of the LOD of SDM in this study
with other methods is summarized in Table S1 (Supporting infor-
mation). It can be seen that although our method provides a higher
LOD than that from some costly instruments, it has a comparable
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Fig. 4. (a) Images of the assay solutions taken by a smartphone camera with different concentrations of SDM. (b) The linear correlation between R, G and B values and SDM
concentrations from 0 to 0.6 ppm, respectively. (c) Specificity investigation of the colorimetric aptasensing method, compared to various antibiotics (3.5 wmol/L), including
chloramphenicol (CHL), ampicillin (AMP), tetracycline (TET), cephradine (CEP), oxcytetracycline dehydrate (OTC), ofloxacin (OFL), sulfadimethoxine (SDM), and Blank. For a
better presentation (i.e., positive peaks for the target, relative to other antibiotics), the corrected R value that is defined as 255 minus the R value of different antibiotics

assay solutions was used in (c).

or even lower LOD than other label-free aptasensor methods even
using spectrophotometers. Since this smartphone-based quantita-
tive aptasensing method does not require conventional costly in-
struments, and thus provides a simple, fast, and easy to read
method for on-site SDM analysis with high sensitivity.

The specificity of the method was also investigated. 100 L
of various concentrations of other antibiotics (3.5 wmol/L) were
added to the above AuNPs/aptamer solutions and measured using
the colorimetric aptasensing method, following the same protocol
for the measurement of SDM. As shown in Fig. 4c, only SDM re-
sulted in significant changes in corrected R values, and no notice-
able color changes were observed in all other antibiotic solutions.
Furthermore, their UV-vis spectra were recorded and shown in Fig.
S2 (Supporting information). Similarly, only SDM led to a signif-
icant wavelength shift, an indication of different status of AuNPs
from the dispersed status to aggregated status, while all other an-
tibiotics only resulted in negligible changes in wavelength shift,
further confirming the high specificity of our method.

In summary, we developed a smartphone-based colorimetric
aptasensing method based on AuNP aggregation for quantitative
detection of SDM at the point of care. Aptamer-AuNPs were used
to combine the high selectivity and affinity of aptamers and the
spectroscopic advantages of AuNPs to allow for simple, rapid and
sensitive detection of SDM. The red-to-blue color change of AuNPs
in the presence of SDM was captured by a smartphone camera and
the R Value was digitalized for quantitative detection of SDM. The
LOD was calculated to be 0.023 ppm, lower than the maximum
SDM residue limit. This colorimetric aptasensing method provides
a powerful tool for on-site screening of antibiotic residues. By
changing different aptamers [40-42] and combining with microflu-
idic platforms [43-45], this smartphone-based colorimetric method
has great potential for simple and quantitative biochemical and
cellular analysis at various low-resource settings such as on-site
detection [46-50].
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