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An ultrasensitive colorimetric aptasensor for the detection of amoxicillin (AMO) based on the Tris-HCl buffer-
induced aggregation of gold nanoparticles (AuNPs) was developed. The AuNPs were aggregated by the addition
of Tris-HCl buffer. The adsorption of the aptamer on the AuNP surface increased its negative charge density,
leading to the enhancement of the electrostatic repulsion between the nanoparticles, thus protecting AuNPs from
aggregation in the Tris-HCl buffer. However, the specific binding of the aptamer with AMO induced confor-
mational changes in the aptamer, which reduced the adsorption of the aptamer on the AuNP surface, diminishing
the protective effect of the aptamer. This resulted in the aggregation of AuNPs by Tris-HCl buffer, and conse-
quently, color change of the solution containing AuNPs from red to blue. Under optimized conditions, a linear
relationship between the absorbance ratio variation (AAggo/Asz20) and the AMO concentration was observed in
the concentration range of 0.1-125 nM, with a detection limit of 67 pM. The developed biosensor exhibited high
selectivity toward AMO. Moreover, this strategy was successfully applied to the detection of AMO in lake water
samples. Thus, the present aptasensor is a promising alternative for the simple and ultrasensitive detection of

AMO in the environment.

1. Introduction

Amoxicillin (AMO) is a p-lactam antibiotic extensively used for
treating various bacterial infections in humans and animals by inhibit-
ing the growth of or killing both gram-negative and gram-positive bac-
teria [1-4]. However, the overuse of AMO in food-producing animals
can lead to the presence of residues in food and water sources, which can
cause unpleasant side effects in humans, such as hypersensitivity,
nausea, diarrhea, and dermatitis [2,5]. The residue of AMO can also
contribute to the emergence of antibiotic resistance in bacteria [1,6].
Thus, the monitoring and quantification of AMO in aqueous environ-
ments at low concentrations is an important application.

Existing techniques for AMO detection include surface plasmon
resonance [3,6], chromatography [1,7], electrochemistry [4,8,9], and
fluorescence [10]. However, these techniques have several limitations
mainly related to the requirement of sophisticated and expensive
equipment, complex sample preparation, and time-consuming proced-
ures [11]. Thus, it is necessary to develop simple, cost-effective, and
precise alternatives without using sophisticated instruments for the
detection of AMO.
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Recently, aptamer-based colorimetric biosensing assays have been
developed and widely applied to detect various target molecules
because of their simplicity, low cost, high sensitivity, and specific
detection without the requirement of sophisticated instruments [12]. In
these assays, gold nanoparticles (AuNPs) are extensively used as color-
imetric probes because of their excellent optical properties and the
ability to absorb aptamers (single-stranded DNA or RNA) through
electrostatic and non-covalent interactions [13,14]. The aggregation of
AuNPs increases the size of particles in solution, which affects the
wavelength of light absorbed by the nanoparticles, resulting in
remarkable color changes of the solution from wine-red (dispersed state)
to purple or blue (aggregated state) [12,15,16]. In addition to AuNPs,
aptamers are commonly used as recognition elements that improve the
specificity of biosensors owing to their ability to bind target molecules
with high affinity and specificity [17,18]. The unfolded aptamers can
easily adsorb onto the surface of negatively charged AuNPs via their
exposed nucleobases, thus protecting the AuNPs from salt-induced ag-
gregation by enhancing electrostatic repulsion between the nano-
particles [16]. However, the interaction of the aptamers with their
respective ligands induces conformational changes in the aptamers,
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leading to poor adsorption on the surface of AuNPs, resulting in the
aggregation of AuNPs under high-salt concentration; thus, the color of
the nanoparticle solution changes from wine-red to purple/blue [19,20].

In various reported colorimetric biosensors, a high-concentration
solution of salt (e.g., sodium chloride) is commonly used to aggregate
AuNPs [19,21-23]. However, biosensors based on the salt-induced ag-
gregation of AuNPs are susceptible to the sensing environment (e.g.,
acidity) and may suffer from time-consuming and false-positive signal
readouts and higher detection limits [15,24,25]. In this study, we
exploited the application of a Tris-HCI buffer solution for the aggrega-
tion of AuNPs and aimed to develop a novel colorimetric platform for
AMO detection based on aptamers, AuNPs, and a Tris-HCl buffer instead
of a high-salt concentration solution. Neutral Tris molecules can easily
displace anionic citrate ions on the AuNP surface because of the strong
coordination interactions between the nitrogen atoms on the Tris mol-
ecules and AuNPs, which greatly reduces the electrostatic repulsion
force between nanoparticles, resulting in the aggregation of AuNPs [26,
27]. The use of Tris-HCI buffer offers significant advantages not only in
the aggregation of AuNPs, but also in controlling the pH of the solutions.
As illustrated in Scheme 1, the AMO-specific aptamer can adsorb onto
the surface of citrate-capped AuNPs via coordination interactions and
protect AuNPs from aggregation in the Tris-HCl buffer solution; thus, the
AuNPs maintain their dispersion state and remain wine-red. However, in
the presence of AMO, the specific interactions of the aptamer with AMO
induce a conformational change in the aptamers, which reduces the
adsorption of the aptamer on the surface of the AuNPs. Owing to the loss
of the protective effect of the aptamer, AuNPs are easily aggregated after
the addition of Tris-HCI buffer solution. Accordingly, the color of AuNPs
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changes from wine-red to blue, which can be easily observed by the
naked eye. By measuring the color and absorption change of the AuNP
solution, the concentration of AMO can be easily quantified. Our results
indicate that the proposed sensor is simple, inexpensive, easy to operate,
and highly sensitive and selective for the detection of AMO without the
requirement of any kind of sophisticated instrumentation. Moreover,
this method was successfully applied to the quantitative detection of
AMO in potential application environments, for example, lake water
samples, with satisfactory results.

2. Materials and methods
2.1. Chemicals and apparatus

The reagents, materials, and apparatus used in this study are listed in
the Supplementary Material.

2.2. Synthesis of gold nanoparticles

Citrate-capped AuNPs (~13 nm in diameter) were synthesized by the
citrate reduction method according to a previously reported protocol
[28]. Briefly, 50 mL of trisodium citrate (38.8 mM) was quickly added to
a boiling HAuCly solution (500 mL, 1 mM) under vigorous stirring and
the mixture was boiled for 20 min. Subsequently, the heater was
removed, and stirring was continued until the solution cooled to room
temperature. The resulting wine-red solution was centrifuged at 7000
rpm for 10 min to remove the aggregated particles. The obtained AuNP
solution was stored in a brown glass bottle at 4 °C before use. The
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Scheme 1. Schematic illustration of the colorimetric strategy for amoxicillin (AMO) detection based on Tris-HCl-induced aggregation of gold nanoparticles (AuNPs).
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concentration of the prepared AuNP solution was calculated to be 4 nM
using ultraviolet-visible (UV-vis) spectroscopy, according to previous
publications [13,22].

2.3. Fluorescence assays

To evaluate the effect of AMO on the adsorption of aptamer on the
AuNPs, 50 pL of FAM-aptamer (40 nM, in 10 mM phosphate buffer, pH
7.4) was incubated with 50 pL of AMO of various concentrations at 37 °C
for 30 min. Then, 100 pL of AuNPs was added and incubated at 25 °C for
another 2 h. The mixtures were centrifuged (14000 rpm, 15 min) and
washed with phosphate buffer (PB, pH 7.4) three times to remove the
nonadsorbed FAM-aptamer. Finally, the mixtures were dissolved in 200
pL PB (pH 7.4) containing 10 mM KCN. The fluorescence of the FAM-
aptamer was measured by excitation at 470 nm using a microplate
reader (Synergy H1, Biotek, USA).

2.4. Optimization of detection conditions

Various experimental conditions, including the concentration of Tris-
HC], the aggregation time of AuNPs in Tris-HCl solution, the effect of pH
value of Tris-HCl solution, the concentration of AMO-specific aptamer,
the incubation time of aptamer with AuNPs, and the incubation time of
aptamer with AMO, were optimized to identify the optimal conditions
for developing an ultrasensitive colorimetric aptasensor for AMO
detection. Details of the experimental procedures are provided in the
Supplementary Material.

2.5. Procedure for AMO detection

As in a typical experiment, 50 pL of aptamer was mixed with 50 pL of
AMO solution in a 1.5 mL centrifuge tube, and the mixtures were
incubated at 37 °C for 30 min. Then, 650 pL of AuNPs was added to a
centrifuge tube, mixed well, and incubated for another 2 h at 25 °C.
Finally, 750 pL of 40 mM Tris-HCl (pH 7) was added and incubated for
30 min at 25 °C. The final concentration of the aptamer was 40 nM. The
final concentrations of AMO were 0, 0.1, 1, 5, 10, 25, 50, 75, 100, 125,
150, 175, and 250 nM. The resulting solutions were transferred to a
quartz cell, and the absorbance spectra of each solution were recorded at
520 nm (As20) and 680 nm (Aggp). Then, the absorbance ratio variation,
AAggo/Asz0, was calculated (AAggo/Aszg = the absorbance ratio (Aggo/
Asg0) in the presence of AMO - the absorbance ratio (Aggo/Aszo) in the
absence of AMO).

2.6. Selectivity test

To investigate the selectivity of the developed colorimetric apta-
sensor for AMO detection, common interfering substances, such as sul-
famethazine sodium salt (SMT), sulfamethoxazole (SMXZ),
trimethoprim (TMP), tetracycline hydrochloride (TET), chloramphen-
icol (CLP), norfloxacin (NFX), sulfamethizole (SMZ), ampicillin (AMP),
penicillin G (PEC), calcium chloride (CaCly), magnesium chloride
(MgCly), and potassium chloride (KCl), were added to the solutions and
tested under the same optimal conditions. The concentration of AMO
was maintained at 100 nM, while that of the interfering substances was
1 pM.

3. Results and discussion
3.1. Feasibility of the colorimetric assay for AMO detection

To prove the feasibility of the proposed aptasensor for the detection
of AMO, the UV-vis absorption spectra and the color change of AuNP
solutions after treatment with different substances were studied. As
shown in Fig. 1A and B, the prepared solution of AuNPs was red and had
a strong characteristic absorbance peak at 520 nm, demonstrating that
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Fig. 1. UV-visible absorption spectra (A), visual color changes (B), and
transmission electron microscopy (TEM) images (C) of gold nanoparticle
(AuNP) solutions after mixing and incubating with different substances: (1)
AuNPs, (2) AuNPs + Tris-HCl, (3) AuNPs + aptamer + Tris-HCl, and (4) AuNPs
+ aptamer + amoxicillin (AMO) + Tris-HCl. Experimental conditions: con-
centration (C)aunes = 4 NM, Capramer = 40 nM, Cryis.ct = 20 mM, Capo = 100
nM. (For interpretation of the references to color in this figure legend, the
reader is referred to the Web version of this article.)

the AuNPs were highly dispersed (sample 1). This was due to the elec-
trostatic repulsion produced by the negative charges of the citrate layer
that was weakly adsorbed on the surface of AuNPs, which enhanced the
stability of AuNPs in an aqueous solution [12,29]. Upon the addition of
Tris-HCl, a red-to-blue color change was observed, and the absorbance
peak at 520 nm (representing the dispersed AuNPs) dramatically
decreased, while a new peak appeared at 680 nm (representing the
aggregated AuNPs), implying that the AuNPs had aggregated (sample
2). This was because the displacement of anionic citrate ions on the
AuNP surface by neutral Tris reduced the electrostatic repulsion force
between the nanoparticles, resulting in the aggregation of AuNPs [26,
27]. When the AMO-specific aptamer was added, the color of the AuNP
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solution was still red and only one absorbance peak at 520 nm was
observed with an intensity almost as high as that of free AuNPs,
demonstrating that the AuNPs were still dispersed (sample 3). This was
due to the adsorption of the aptamer on the AuNP surface, which
increased the negative charge density on the AuNP surface, enhancing
the electrostatic repulsion between the nanoparticles, and thus pro-
tecting AuNPs from aggregation in Tris-HCI buffer solution [16,20,30].
However, after adding both AMO-specific aptamer and AMO, the solu-
tion changed from red to blue, and the absorbance at 520 nm dramati-
cally decreased, while the absorbance at 680 nm clearly increased,
indicating the aggregation of AuNPs (sample 4). This was because the
specific binding of the aptamer with AMO induced conformational
changes in the aptamer, which reduced the adsorption of the aptamer on
the AuNP surface, diminishing the protective effect of the aptamer, and
finally resulting in aggregation of AuNPs [1,19,20]. Accordingly, the
color of the solution changed from red to blue.

These results were further confirmed by transmission electron
spectroscopy (TEM; Fig. 1C). The prepared AuNPs had a spherical
morphology with a mean diameter of 13 nm and were monodispersed in
the solution (sample 1 in Fig. 1C). The addition of Tris-HCI buffer so-
lution caused the complete aggregation of AuNPs (sample 2 in Fig. 1C).
In the presence of the aptamer, the AuNPs aggregated slightly after in-
cubation with Tris-HCI (sample 3 in Fig. 1C). However, in the presence
of both aptamer and AMO, obvious aggregation of AuNPs was observed
after the addition of Tris-HCl (sample 4 in Fig. 1C). These results are
consistent with the results obtained from UV-vis absorption spectra.

The effect of AMO on the reduced aptamer adsorption on the AuNPs
was further evaluated. Here, the aptamer was labeled by carboxy-
fluorescein (FAM). We first incubated FAM-aptamer with AMO and then
added AuNPs. After washing away the nonadsorbed aptamer, KCN was
added to dissolve the AuNPs and release the adsorbed aptamer for
fluorescence quantification. The total adsorbed FAM-aptamer on the
AuNPs was calculated according to the standard curve (Fig. S1, Sup-
plementary Material). The results clearly showed that the adsorbed
aptamer decreased as the concentration of AMO increased (Fig. 2).
Therefore, the reduced aptamer adsorption on the AuNPs may have
resulted from the specific binding of the aptamer with AMO.

3.2. Optimization of the detection conditions

The reaction conditions strongly affect the performance of the bio-
sensors. Thus, to achieve the best sensing performance of the proposed
colorimetric assay for AMO detection, several experimental conditions,
including the concentration of Tris-HCl, the incubation time of AuNPs
with Tris-HCI, the pH value of the Tris-HCI solution, the concentration of
AMO-specific aptamer, the incubation time of aptamer with AuNPs, and
the incubation time of aptamer with AMO, were optimized. The value of
Aggo/As2o was selected to investigate the aggregation state of the AuNPs.
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The higher the value of Aggo/Aszg, the higher was the degree of aggre-
gation of the AuNPs. The respective data and figures are provided in the
Supplementary Material. After optimization, we found that the best
conditions for developing a sensitive colorimetric assay for AMO
detection were a Tris-HCl concentration of 20 mM (Fig. S2), an incu-
bation time of AuNPs with Tris-HCI of 30 min (Fig. S3), a pH value of 7.4
(Fig. S4), an AMO-specific aptamer of 40 nM (Fig. S5), an incubation
time of aptamer with AuNPs of 2 h (Fig. S6), and an incubation time of
aptamer with AMO of 30 min (Fig. S7).

3.3. Sensitivity and selectivity of the colorimetric assay for AMO detection

Under the optimal experimental conditions, the proposed colori-
metric aptasensor was applied to investigate the relationship between
the absorbance ratio variation and AMO concentration in the range of
0.1-250 nM. As presented in Fig. 3A, the absorbance at 520 nm grad-
ually decreased, while the absorbance at 680 nm gradually increased
with increasing AMO concentration, and the color of the corresponding
AuNP solutions gradually changed from red to purple and blue (inset of
Fig. 3A). The absorbance ratio variation (AAggo/As20) was linearly
proportional to the concentration of AMO (Cano) over the concentration
range of 0.1 nM-125 nM (Fig. 3B). The linear regression equation was
AAggo/Aszo = 0.01175 Cappo + 0.15996 with a linear correlation coef-
ficient (Rz) of 0.9912. The limit of detection (LOD) was calculated to be
67 pM using formula 3c/slope [17,30]. However, when the concentra-
tion of AMO was more than 125 nM, the AAggo/Aszg tended to saturate
(Fig. S8). Compared to other existing techniques for the detection of
AMO such as photoluminescence, high-performance liquid chromatog-
raphy, electrochemistry, fluorescence, and liquid crystal-based apta-
sensor, our proposed colorimetric assay exhibits a wider linear range
and a lower LOD, as summarized in Table 1.

In addition to sensitivity, selectivity is an important parameter of the
biosensor; thus, the selectivity of the proposed colorimetric aptasensor
for AMO detection was also investigated. To test selectivity, AMO and
other common interfering substances such as SMT, SMXZ, TMP, TET,
CLP, NFX, SMZ, AMP, PEC, K*, Ca?*, Mg?*, were added to the sensing
solutions under the same optimized experimental conditions. The con-
centration of AMO was maintained at 100 nM, while that of the inter-
fering substances was 1 pM. The absorption spectra of the solutions were
recorded, and the absorbance ratio variation (AAggo/As20) was then
calculated. As illustrated in Fig. 4A, only the solution containing AMO
changed color from red to blue, while solutions containing other inter-
ferents remained red. Moreover, as shown in Fig. 4B, a significant
change in the AAggo/Asgg ratio of the solution with added AMO, and a
negligible change in the solutions with other interferents were observed.
These results demonstrate that the proposed aptasensor has excellent
selectivity toward AMO, which can be attributed to the highly specific
binding of AMO aptamers to AMO.

A 16000
14000
12000
10000

8000

Fla.u.

6000

4000

2000

0

=

] 8

Adsorbed FAM-aptamer (nM)
.

500 520 540 560 580 600 620 640
Wavelength (nm)

0 20 40 60 80 100 120 140 160
Concentration of AMO (nM)

Fig. 2. (A) Fluorescence spectra of adsorbed FAM-aptamer on the AuNPs prepared in the presence of various concentrations of amoxicillin (AMO). (B) Relationship
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Fig. 3. (A) The UV-visible absorption spectra of the gold nanoparticle (AuNP) solutions in the presence of mixtures of 40 nM aptamer and various concentrations of
amoxicillin (AMO). (B) Linear calibration curve showing the variation of absorbance ratio (AAego/Asz0) versus concentration of AMO. Inset shows the visible color
changes of the corresponding AuNP solutions. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of

this article.)

Table 1
Comparison of the proposed aptamer-based colorimetric assay with other
existing techniques for amoxicillin detection.

Techniques Linear range LOD Reference
Photoluminescence 0.547-163.8 0.383 [2]

pM nM
Electrochemistry 0.5-3 nM 200 pM [5]
Chemosensor 100 pM-8 M 73 pM [6]
High-performance liquid 0.137-1368 yM 43.8 nM [7]

chromatography

Electrochemistry 0.9-69 pM 50 nM [8]
Fluorescence 1.43-429.12 825 nM [10]

pM
Qt AgNPs-based colorimetry” 10-95 pM 4.46 pM [11]
Liquid crystal-based aptasensor 10-800 nM 3.5nM [31]
Colorimetric aptasensor 0.1-125 nM 67 pM This work

& Qt AgNPs, quercetagetin coated silver nanoparticles.

3.4. Analysis of AMO in actual samples

The applicability of the developed colorimetric aptasensor for the
detection of AMO in real samples was evaluated. Natural water sample
was collected from a local lake (Shin Dae Lake, Suwon City, Republic of
Korea) and filtered through a 0.22 pm membrane filter. Four different
AMO concentrations were spiked into the samples, followed by analysis
using the developed colorimetric assay. The results are summarized in
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Table 2. The recoveries were in the range of 90.42%-109.21%, and the
relative standard deviation (RSD) was between 3.83% and 7.56%. These
results illustrate that the developed aptasensor has acceptable accuracy
and satisfactory reproducibility, indicating its potential application for
monitoring AMO in environmental water samples.

The proposed colorimetric method was validated using conventional
high-performance liquid chromatography (HPLC). The spiked lake
water samples were analyzed using both the developed method and
HPLC. Table 2 shows a comparison of the results obtained by the two
methods. These results demonstrate that there is no significant differ-
ence between the obtained results of the developed sensor and HPLC.

4. Conclusions

In summary, a simple and ultrasensitive colorimetric aptasensor for
the detection of AMO was developed based on the color change of AuNPs
induced by Tris-HCI buffer, which was controlled by the specific inter-
action between the aptamer, AuNPs, and AMO. Under the optimal
experimental conditions, the relationship between the colorimetric
response and AMO concentration was linear in the concentration range
of 0.1-125 nM. The proposed biosensor exhibited a wide linear detec-
tion range and a low LOD of 67 pM, as well as high selectivity toward
AMO than other interferents. Moreover, the developed method was
successfully applied for AMO determination in real lake water samples
with a high recovery. This simple and ultrasensitive colorimetric apta-
sensor shows great potential for AMO detection in the environment
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Fig. 4. Specificity of the proposed colorimetric aptasensor for amoxicillin (AMO). (A) The UV-visible absorption spectra of the gold nanoparticle (AuNP) solutions in
the presence of various antibiotics and metal ions (inset: visible color changes of the corresponding AuNP solutions). (B) The absorbance ratio variation (AAggo/As20)
of the AuNP solutions in the presence of AMO and potential interferents. The concentration of AMO was maintained at 100 nM, while that of the interfering
substances was 1 pM. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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Table 2
Analysis of amoxicillin (AMO) concentration in spiked lake water samples (n = 3).

Analytical Biochemistry 645 (2022) 114634

Samples Added AMO (nM) Determined AMO (nM) Recovery (%) RSD (biosensor, %)
Proposed method HPLC Proposed method HPLC

Lake water 1 5 4.271 4.763 90.42 95.26 7.56

Lake water 2 10 10.921 10.584 109.21 105.84 6.53

Lake water 3 75 73.528 76.705 98.037 102.27 3.83

Lake water 4 125 126.317 122.325 101.054 97.86 4.41
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