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Abstract: We present a lateral flow aptasensor for the visual detection of alpha-fetoprotein
(AFP) in human serum. Leveraging the precise molecular recognition capabilities of
aptamers and the distinct optical features of gold nanoparticles, a model system utilizing
AFP as the target analyte, along with a pair of aptamer probes, is implemented to establish
proof-of-concept on standard lateral flow test strips. It is the first report of an antibody-
free lateral flow assay using aptamers as recognition probes for the detection of AFP.
The analysis circumvents the numerous incubation and washing steps that are typically
involved in most current aptamer-based protein assays. Qualitative analysis involves
observing color changes in the test area, while quantitative data are obtained by measuring
the optical response in the test zone using a portable strip reader. The biosensor exhibits a
linear detection range for AFP concentrations between 10 and 100 ng/mL, with a minimum
detection limit of 10 ng/mL. Additionally, it has been successfully applied to detect AFP
in human serum samples. The use of aptamer-functionalized gold nanoparticle probes
in a lateral flow assay offers great promise for point-of-care applications and fast, on-
site detection.
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1. Introduction

Hepatocellular carcinoma (HCC), a common form of cancer globally, is frequently
the main cause of death in patients diagnosed with cirrhosis [1]. As is well known, early
diagnosis and early-stage treatment is the main method to reduce cancer mortality. The
majority of contemporary clinical techniques, including imaging and histology, are only
applicable in the context of advanced HCC. The use of serum tumor biomarker testing
techniques can facilitate more accurate diagnosis of associated tumors [2]. In recent years,
alpha-fetoprotein (AFP) has garnered significant attention and has emerged as the most
widely utilized protein biomarker for diagnosing hepatocellular carcinoma (HCC) [3,4].
AFP is primarily produced by the yolk sac during fetal development and later secreted
by the liver at around 7-8 months of gestation [5,6]. Its levels gradually decrease as fetal
development progresses. In healthy individuals, serum AFP concentrations typically
remain below 25 ng/mL [7]. However, approximately 75% of patients with hepatocellular
carcinoma (HCC) exhibit significantly elevated AFP levels, often reaching as high as
500 ng/mL. In adults, increased AFP levels in the bloodstream can serve as a biomarker for
various cancers, including those of the liver, stomach, pancreas, ovaries, and testicles [8,9].
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In recent years, the detection of AFP based on lateral flow biosensors has gained
significant attention and application [10,11]. A number of AFP test kits based on the
lateral flow assay have emerged domestically and internationally, with the detection limits
typically within the range of 10 to 25 ng/mL (see details in Table S1 of Supplementary
Materials). To improve the sensitivity of the detection, researchers have been developing
new nanomaterials to replace the traditional colloidal gold. Furthermore, fluorescence [12],
Raman [13], chemiluminescence [14], near-infrared light [15], and other methods have been
used as detectors to obtain a more sensitive signal than the traditional colorimetric method.
Given the distinctive attributes of cancer biomarkers, the receptor, serving as the recognition
element for the target molecule, is pivotal for the precise and sensitive detection of cancer
biomarkers. Nevertheless, the aforementioned AFP lateral flow test strips are all based
on the double-antibody sandwich-type method of antibody—antigen immunoreactions.
However, the instability of the antibody and the complexity of the manipulation result in
high costs and low efficiency. In this context, aptamers that can recognize a broad spectrum
of targets—including oligonucleotides, proteins, small molecules, exosomes, and even
entire cells—have been developed and are extensively used in biosensor design for the
early detection of various cancer biomarkers [16-18].

Nucleic acid aptamers are a class of oligonucleotide molecules that exhibit high affinity
and strict specificity for target molecules [19]. These were distinguished using the Expo-
nential Enrichment Ligand System Evolution (SELEX) method, which involves screening
artificially constructed oligonucleotide libraries [20]. The aptamer is maneuverable, re-
producible, easy to immobilize and regenerate, and shows consistency across different
batches. It has seen widespread applications in sensor technology. Huang et al. reported
a SELEX/microfluidic chip method to screen an AFP-specific aptamer [21]. Dong et al.
discovered an AFP-specific single-stranded DNA aptamer, AP273, through the SELEX
process combined with capillary electrophoresis [22]. A variety of aptamer-based biosen-
sors have been designed for AFP detection, employing methods like Raman spectroscopy,
dual-polarization interferometry, resonance light scattering, fluorescence, chemilumines-
cence, cyclic voltammetry, electrochemical impedance, and the giant magneto-resistive
technique [23]. However, those reported aptamer-based biosensors for the detecting of
AFP require multiple incubation and washing steps, expensive instruments, and skilled
personnel, which limit its applications in point-of-care testing [23]. In this paper, we report
a lateral flow aptasensor for the qualitative (visual) detection of AFP in 10 min. It is the
first report of an antibody-free lateral flow assay using aptamers as recognition probes for
the detection of AFP. The biosensor was successfully applied for the detection of AFP in
human whole serum samples with satisfactory results.

2. Results
2.1. Characterization of AuNP and AuNP-Det-Apt Conjugates

The synthesized AuNPs were characterized using transmission electron microscopy
(TEM), nanoparticle size and zeta potential analysis, and ultraviolet—visible spectroscopy
(UV-vis), respectively (Figure S1 in Supplementary Materials). Figure S1A depicts a repre-
sentative transmission electron microscopy (TEM) image of gold nanoparticles (AuNPs).
Figure S1B shows the particle size distribution of the AuNPs. Figure S1A,B demonstrate
the successful preparation of 25 nm gold nanoparticles. Figure S1C displays the ultraviolet
(UV) spectra of the gold nanoparticles before and after conjugation with the AFP aptamer.
The appearance of the characteristic peak of DNA at 263 nm indicates the successful conju-
gation of the AFP aptamer with AuNP [24]. Gel electrophoresis was also used to confirm
that the aptamer was conjugated with the AuNP (Figure S2 in Supplementary Materials).
The details of these characterizations can be found in Supplementary Materials.
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2.2. Working Principles of the AuNP-Based Lateral Flow Aptasensor

Figure 1 provides a schematic overview of the structure and working principle of
lateral flow aptasensor, which comprises five components, a sample pad, a conjugate pad,
a nitrocellulose membrane, and an absorbent pad, that are all mounted on a common
substrate layer (typically a polyvinyl chloride material) (Figure 1A). Typically, an AFP
sample solution is added to the sample pad. Afterward, the solution is transported by
capillary action, enabling the rehydration of aptamer (AFP aptamer 1) on the AuNP-Det-
Apt conjugates (AuNP-Det-Apt refers to the complex formed by AuNPs and the aptamer
detection probe. “Det” is the abbreviation of “detection”. (The detection probe refers to
the aptamer probe that is conjugated with AuNP.) Subsequently, the AuNP-Det-Apt binds
to the AFP, forming a complex that migrates along the strip. When this complex reaches
the test zone, it is captured by the Cap-Apt (AFP aptamer 2), which is immobilized on
the test zone through the interaction of the biotinylated aptamer and streptavidin. The
accumulation of AuNPs in the test area results in the formation of a distinctive red band. The
phenomenon of capillary action then causes the liquid sample to migrate further. An excess
of the AuNP-Det-Apt conjugate is retained in the control region through hybridization
between the quality control DNA probe, pre-immobilized in this region, and Det-Apt. This
interaction produces the second red band. When AFP is absent, a red band appears only in
the control region, with no band forming in the test region. In this case, the presence of a
red band in the control zone (control line) verifies the proper operation of the biosensor.
Qualitative analysis was carried out by monitoring color changes specifically in the test
region, while quantitative analysis involved measuring the red band’s light intensity using
a portable colloidal gold analyzer. The peak intensity’s height is directly linked to the
quantity of AuNPs captured in the test region and correlates with the AFP concentration in
the sample. Figure 1B presents the typical photo images (top) and corresponding responses
from colloidal gold analyzer (bottom) of the tested strips in the absence (left) and presence
of AFP (right).
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Figure 1. (A) Schematic illustration of the structure and measurement principle of the lateral flow

aptasensor. (B) Pictures (top) and corresponding responses from colloidal gold analyzer (bottom) of
the tested strips in the absence (left) and presence of AFP (right).
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2.3. Optimization of Analytical Parameters

The preparation and experimental parameters of aptamer-based lateral flow biosensors
have a significant impact on its analytical performance. To achieve optimal reproducibility
and sensitivity, we optimized several parameters: (a) the AuNP concentration, (b) the
type of nitrocellulose membrane, (c) the concentration of aptamers during conjugation,
(d) the volume of AuNP-Det-Apt conjugates on the conjugate pad, (e) the volume of the
running buffer, and (f) the volume of streptavidin-biotinylated Cap-Apt (capture probe
aptamer) in the test zone. The analytical performance of lateral flow aptasensor was
assessed using the signal-to-noise ratio (5/N), with one condition optimized at a time while
keeping the others constant. A comprehensive analysis of the collected data, along with
the relevant graphs, is provided in Figure S3. The experimental conditions used to achieve
the best results were as follows: (a) the optimal concentration of AuNP is 16 OD, (b) VIVID
nitrocellulose membranes were found to be the most effective, (c) the optimal concentration
of the aptamer during conjugation is 8 umol, (d) the optimal volume of conjugate required
at each strip conjugate pad is 1.3 pL, (e) a volume of 50 uL of running buffer has been
found to be optimal, (f) the volume of streptavidin-biotinylated cap-DNA present within
the designated test area is 1.5 uL. A detailed discussion of the optimizations is provided in
the Supplementary Materials.

2.4. Analytical Performance

The analytical performance of the aptamer-based lateral flow biosensor was evalu-
ated by testing different AFP concentrations under the optimal experimental parameters.
Figure 2A presents the photo images and the corresponding optical responses of the tested
strips for the detection of different concentrations of AFP. One can see the captured AuNPs
aggregated in the test area, forming visible bands for qualitative analysis. The density of
the test bands increases with the increase in AFP concentration. The control group, which
served as the blank experimental group, had an AFP concentration of 0 ng/mL. The test
region of the control group exhibited no discernible color band, indicating that non-specific
adsorption was not a significant phenomenon under the optimized experimental conditions.
It is noted that even at an AFP concentration of only 10 ng/mL, a weak detection band
could still be discerned.
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Figure 2. (A) Displays photographs and corresponding profile plots of lateral flow aptasensors at
different AFP concentrations. (B) Dot plots and calibration curve (inset) for the detection of AFP
under optimal experimental conditions.
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For quantitative analysis, a portable colloidal gold analyzer was used to determine the
band density, which correlated with the concentration of AFP. Figure 2B illustrates that as the
concentration of the AFP increases, the signal-to-noise ratio (T/C) also increases gradually.
The inset illustrates the calibration curve of the lateral flow aptasensor for the detection of
AFP, demonstrating that the biosensor exhibits a satisfactory linear dynamic range between
0 and 100 ng/mL. The calibration equation, y = (0.00448)x + (0.05388 £ 0.01357), was derived
by linear fitting, where y represents the T/C ratio and x represents the AFP concentration.
The equation has a correlation coefficient R? of 0.99062 and a calculated detection limit of
7.08 ng/mL (S/N = 3).

2.5. Specificity Tests

In order to evaluate the specificity of the lateral flow aptasensor for AFP detection, a
series of high concentrations of proteins including bovine serum albumin (BSA), prostate
cancer antigen (PSA), carcinoembryonic antigen (CEA), ovarian cancer-associated antigen
(CA-125), breast cancer-associated antigen (CA15-3), and immunoglobulin G (IgG) were
selected for validation. Figure 3 presents the results of specificity tests. The pictures taken
during the experiment and the corresponding optical responses can be found in Figure 54
of Supplementary Materials. One can see that negligible response was obtained in the
presence of the selected proteins at high concentration. In addition, we measured the
responses of the mixture of AFP and the selected proteins on the lateral flow aptasensor.
AFP with a final concentration of 100 ng/mL was prepared by spiking AFP to each of the
selected protein. It can be seen that there is no significant difference of the response in the
presence and absence of the selected proteins, indicating the lateral flow aptasensor had

good specificity.
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Figure 3. Specificity test results of the lateral flow aptasensor.

2.6. Testing of Actual Samples

In order to assess the potential of the lateral flow aptasensor for clinical applications,
five healthy human serum samples and five liver cancer patient serum samples were
tested with the lateral flow aptasensors. All serum samples were provided by Linyi First
People’s Hospital with informed consent. Seventy microliters of whole serum samples
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were transferred to the sample wells of the lateral flow aptasensors, and the test results
were obtained after waiting 15 min. The pictures taken during the experiment and the
corresponding optical responses can be found in Figure S5 of the Supporting Information.
As illustrated in Figure 4, the responses of the biosensor from healthy individuals are
significantly lower than those from liver cancer patients. These findings highlight the
significant potential of the developed biosensor used for screening liver cancer.
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Figure 4. Test results of 10 serum samples.

3. Discussion

This article presents the successful development of a lateral flow aptasensor for the
detection of AFP with a limit of detection of 10 ng/mL by the naked eye. Furthermore,
the sensor has been successfully applied to the detection of human whole serum, which
can be attributed to the selection of a pair of aptamers with good affinity. The most
commonly reported and applied AFP aptamers in biosensing assays are AP-Taiwan [21],
AP-273 [22,25-28], and AP-3 [29,30], with the specific sequences presented in Table 1. In
2011, Huang et al. identified a specific aptamer (AP-Taiwan) with a Kd value of 2.37 nM [21].
This is comparable to the affinity of the AFP antibody (10~7~10~Y M) [31]. In 2015, Dong
et al. identified the aptamer (AP-273) and found that the sequence could be folded into
two conformations [22]. Subsequently, they calculated the Kd values of AP-273 and AP-
Taiwan with AFP. The Kd values of AP-273 and AP-Taiwan with AFP proteins were
17.41 &+ 4.32 nM and 18.89 + 5.44 nM, respectively. The sequence of AP-3 is identical to that
of the middle portion of AP-273 (see the bold section in Table 1), and thus it is frequently
employed for the detection of AFP proteins [29,30]. Accordingly, in the course of our
experiments, we employed a variety of combinations of the aptamers derived from these
three sequences and subjected them to compare their analytical performances. Each of
the three aptamers was conjugated with AuNP. Meanwhile, each of the three aptamers
was used as the test (T) line, forming nine different combinations. When AP-273 was used
both as the conjugate probe and the capture probe at the T line, AFP at a concentration of
100 ng/mL could be detected. For the other several combinations, there were no obvious
phenomena. Ultimately, we selected AP-273 as both the detection and capture probes for
subsequent exploration and optimization, likely due to its superior affinity and the fact
that it exhibits two conformations.
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Table 1. Sequences of AFP aptamers.

Note Sequence (5'-3')

GGCAGGAAGACAAACAAGCTTGGCGGCGGGAAGG
TGTTTAAATTCCCGGGTCTGCGTGGTCTGTGGTGCTGT
AP-273 GTGACGCTCCTAACGCTGACTCAGGTGCAGTTCTCGA
CTCGGTCTTGATGTGGGTCCTGTCCGTCCGAACCAATC
AP-3 TCAGGTGCAGTTCTCGACTCGGTCTTGATGTGGGT

The bold parts in the table represent the same sequences.

AP-Taiwan

Dong et al. identified the aptamer (AP-273) and found that the sequence of AP-273
could be folded into two conformations [22]. An aptamer with a different conformation
may specifically recognize and bind to spatially separated different sites on AFP. This
enables two aptamers to bind to AFP simultaneously, with each aptamer interacting with
its respective target site on the protein, thus forming a “sandwich-type” structure with
AFP in the middle. During conjugation, the phenomenon of induced fit may occur. The
initial interaction between aptamer and AFP leads to a conformational change in the
aptamer that enhances the binding affinity and specificity. This conformational change
can also enable the second aptamer to bind more effectively to its corresponding target
site on AFP, facilitating the formation of a stable “sandwich” complex. In addition, the
appearance of the characteristic peak at 263 nm in the ultraviolet absorption spectrum of the
conjugate of AuNP and aptamer shown in Figure S1C, as well as the pictures of the changes
before and after the conjugation of AuNP and aptamer in the agarose gel electrophoresis
test in Figure S2, can confirm the successful preparation of the AuNP-Apt conjugates.
Subsequently, the conjugate was sprayed onto the conjugate pad. Meanwhile, another
aptamer was immobilized at the test line (T line) of the test strip. When AFP is introduced,
AFP will first bind to the conjugate. Then, the same aptamer at the T line will bind to
the formed AuNP-Apt-AFP, forming a “sandwich-type” complex: AuNP-Apt-AFP-Apt.
Therefore, the color signal of the colloidal gold at the T line can confirm the formation of
the “sandwich-type” structure.

In the serum of healthy individuals, the concentration of AFP is less than 25 ng/mL [7].
Notably, in nearly 75% of HCC patients, the AFP concentration rises remarkably to
500 ng/mL [8]. Currently, the lateral flow biosensors reported for AFP detection all operate
on the principle of two antibodies capturing AFP (Table S2 in Supplementary Materials).
In the pursuit of enhanced sensitivity and specificity, researchers have been developing
antibody-based lateral flow AFP biosensors based on novel materials or signal readers in re-
cent years. However, the aptamer-based lateral flow biosensor for AFP detection has yet to
be documented. The antibody-based lateral flow assay for AFP detection has been widely
commercialized, with a detection limit typically ranging from 10 ng/mL to 25 ng/mL
(Table S1 in Supplementary Materials). The aptamer-based lateral flow biosensor developed
in this study has a detection limit of 10 ng/mL, which can fulfill the detection requirements.

The experiment revealed that combining the up-sampling buffer with healthy human
serum and introducing it into the spiking wells resulted in a false-positive background
signal. As the ionic strength of the up-sampling buffer was increased, the background
signal was subsequently reduced, and the sensitivity was also decreased. However, when
only healthy human serum is added without buffer, no false-positive signal is observed,
indicating that the addition of serum has an interfering effect on the buffer system. Conse-
quently, during real sample testing, the decision was taken to test whole serum without the
addition of buffer. Further investigation is required to elucidate the impact of serum on the
buffer, with a view to addressing this issue in future research.

Additionally, we observed that the test strip exhibited purple-black bands rather
than the traditional red bands associated with 25 nm AuNPs. This phenomenon may
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be attributed to the aggregation of AuNPs following the resuspension of the AuNP-Apt
conjugate in the resuspension buffer. Initially, we observed a color change when the AuNP-
Apt conjugate was suspended in various aqueous solutions. As depicted in Figure S6A, the
AuNP-Apt conjugate appeared red when suspended in water but turned purple-black upon
suspension in the resuspension buffer. The alteration in the conjugate solution indicates
the aggregation of AuNP-Apt. We measured the particle size of the AuNP-Apt conjugate
using a nanoparticle size and zeta potential analyzer. Figure S6B illustrates that the average
particle size of AuNPs increased to 99 nm after the AuNP-Apt conjugate was resuspended
in the buffer. The aggregation of the AuNP-Apt conjugate in the resuspension buffer was
further confirmed using transmission electron microscopy (TEM). As shown in Figure S6C,
the AuNPs had agglomerated. Concurrently, we optimized the loading buffer during
the lateral flow assay. As depicted in Figure S7, black bands appeared in various buffer
systems, including HEPES, PBS, Tris-HCl, and SSC. Moreover, the 250 ng/mL AFP was
only detected in the HEPES buffer system. The aforementioned results indicate that the
black bands on the test strip result from agglomeration and increased particle size of the
AuNPs. This also suggests that the conjugation between AFP and the aptamer necessitates
a specific environment.

4. Materials and Methods
4.1. Apparatus

An X-Y-Z three-dimensional film spraying instrument (HM3035), microcomputer au-
tomatic chopper (ZQ2002), and CNC strip cutting machine (CTS300) were purchased from
Shanghai Gold Standard Biotechnology Co., Ltd. (Shanghai, China); freezing centrifuge
(DH-20KR) was purchased from GallopTech Co., Ltd. (Shanghai, China); nanoparticle
size and zeta potential analyzer (BeNano 90 Zeta) was bought from Dandong Better size
Instruments Ltd. (Dandong, China); gel imaging system was purchased from (GS-500)
GallopTech Instruments Shanghai Co., Ltd. (Shanghai, China); ultrapure water analyzer
(Simple Q30) was bought from ZhiAng Instruments Shanghai Co., Ltd. (Shanghai, China);
high-temperature oven (DHG9023A) was purchased from Shanghai Qixin Scientific Instru-
ments Co., Ltd. (Shanghai, China); ultraviolet spectrophotometer (UV-6100) was bought
from Shanghai Metash Instruments Co., Ltd. (Shanghai, China); and colloidal gold analyzer
(GIC-5100) was purchased from Suzhou Hexiang Instruments Co., Ltd. The transmission
electron microscope used in the article was purchased from Hitachi (HT7800).

4.2. Reagents and Materials

All reagents used in this study were of analytical grade, and all solutions were pre-
pared with ultrapure water possessing a resistivity of 18.25 MQ)-cm. Gold(III) chloride
trihydrate (HAuCly-3H0, 99.9%) was obtained from Sigma-Aldrich, Inc. (St. Louis, MO,
USA). Triton X-100, magnesium chloride (MgCl,), Tween-20, trisodium citrate (NazCt),
n-butanol, sodium phosphate dodecahydrate (NazPO4-12H,0), and 6-mercapto-1-hexanol
(MCH) were purchased from Shanghai Macklin Biochemical Science and Technology Co.,
Shanghai, China. Sodium chloride, dextrose, and sucrose were purchased from Sinopharm
Chemical Reagent Co., Beijing, China. Bovine serum albumin (BSA), Tris-hydrochloric acid
(Tris-HCl), and 4-hydroxyethylpiperazine ethane sulfonic acid (HEPES) were purchased
from Beijing Solarbio Technology Co., Beijing, China. Absorbent paper was purchased from
Shanghai Goldbio technology Co. Ltd., Shanghai, China, and glass fiber and nitrocellulose
membranes were purchased from Shanghai Jinning Biotechnology Co., (Shanghai, China).

All oligonucleotides used in this study were purchased from Sangon Biotech
(Shanghai, China). The nucleotide sequence of the aptamer detection probe (Det-Apt)
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was as follows: SH-GTGACGCTCCTAACGCTGACTCAGGTGCAGTTCTCGACTCGG
TCTTGATGTGGGTCCTGTCCGTCCGAACCAATC.

The sequence of the capture probe (Cap-Apt) was as follows: Biotin-GTGACGCTCCTA
ACGCTGACTCAGGTGCAGTTCTCGACTCGGTCTTGATGTGGGTCCTGTCCGTCCGAA
CCAATC.

The quality control probe DNA sequence was Biotin-GATTGGTTCGGACG.

4.3. Preparation of Gold Nanoparticles (AuNPs)

AuNPs were prepared at a concentration of 4 parts per million, in accordance with
the methodology previously outlined in the literature with minor modification [32]. All
glassware used in the experiments was soaked in aqua regia overnight before use and
rinsed with double-distilled water until clean. In a conical flask, 192 mL of ultrapure water
(18.25 MQ-cm) was added into 8 mL of a 1% gold (III) chloride trihydrate solution. The
solution was heated and stirred until boiling point was reached. A single rapid addition
of 4.7 mL of a 2% trisodium citrate solution was made, resulting in a change from a light
yellow to a blue-black and finally burgundy coloration. After the solution was boiled for
additional ten minutes, the heat source was removed. When the temperature reached room
temperature, the colloidal gold solution obtained was kept at 4 °C.

4.4. Preparation of AuNP-Det-Apt Conjugates

Before conjugation, the colloidal gold solution was concentrated to one-eighth of its
original volume using a centrifuge at a speed of 8000 revolutions per minute. Specifically,
400 pL of the colloidal gold solution was taken, and after centrifugation to remove the
supernatant, 50 pL of water was added for resuspension. The concentrated was then
conjugated with a sulfhydryl-modified Det-Apt using a butanol dehydration method [33],
using the following procedure: The concentrated colloidal gold solution (50 uL) was
mixed with the Det-Apt (4 uL, 100 utM) and n-butanol solution (900 uL). The mixture
was then shaken for 20-30 s using a palmtop centrifuge until it became transparent. A
black precipitate was obtained on the bottom of centrifuge tube, and the supernatant was
removed. Ultrapure water (50 uL) was added to redissolve the burgundy colloidal gold.
The above solution was centrifuged for 8 min at 6000 rpm under 4 °C. The upper phase was
removed and 50 pL of ultrapure water was added. After that, 1 uL of MCH solution was
added for blocking for 20 min. After blocking, the solution was centrifuged and washed
three times. Finally, 50 uL of resuspension buffer was added. The resuspension buffer
was prepared by weighing 40 mg of Na3zPO4-12H,0, 200 mg of bovine serum albumin,
600 mg of sucrose, followed by the addition of 10 pL of Tween-20, and finally the addition
of ultrapure water to achieve a total volume of 10 mL.

4.5. Preparation of Streptavidin-Biotinylated Cap-Apt and Streptavidin-Biotinylated
Con-DNA Conjugates

The procedure involves taking 12 uL of an 80 umol biotin-modified aptamer capture
probe and adding it to 18 uL of a streptavidin (1 mg/mL) solution. The total volume is
30 uL, and the mixture is shaken at 25 °C for 2 h. Similarly, 12 uL of an 80 umol biotin-
Con-DNA is added to 18 pL of a streptavidin (1 mg/mL) solution. The total volume is also
30 pL, and this mixture is shaken at 25 °C for 2 h [34].

4.6. Preparation of Lateral Flow Aptasensors

The lateral flow aptasensor comprises four components: an absorbent pad, a nitro-
cellulose membrane, a conjugate pad, and a sample pad. The absorbent pad was cut into
18 mm x 300 mm, the conjugate pad was cut into 12 mm x 300 mm, and the sample pad
was cut into 14 mm X 300 mm. The sample pad and conjugate pad were soaked in a buffer
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containing 2.5% Tween-20, 0.25% Triton X-100, and 0.05 M Tris-HCI. After treatment, they
were dried at 37 °C for 12 h and stored at 4 °C. The control and test zones of the lateral
flow aptasensors were prepared by spraying specified volumes of streptavidin-biotinylated
Con-DNA (Con-DNA refers to the Control Probe DNA immobilized at the control zone)
and streptavidin-biotinylated Cap-aptamer (test zone) solutions onto 25 mm x 300 mm
nitrocellulose membranes, respectively. This means that assuming the volumes of both
the streptavidin-biotinylated Con-DNA (control zone) and streptavidin-biotinylated Cap-
aptamer (test zone) solutions are 30 puL, then there is 1 pL of the streptavidin-biotinylated
Con-DNA (control zone) and streptavidin-biotinylated Cap-aptamer (test zone) solution,
respectively, on each centimeter of the nitrocellulose membranes. The test and control
zones were separated by approximately 4 mm, with the control zone positioned near
the absorbent pad. Following this, the nitrocellulose membrane was dried at 37 °C for a
duration of 2 h. Subsequently, it was affixed to a PVC bottom plate (60 mm x 300 mm).
The conjugate pad, sample pad, and absorbent pad were then fixed sequentially, with each
section overlapping by approximately 2 mm to ensure the sample solution could flow
through all sections. Finally, the strips were cut into 3.0 mm widths using a CNC strip
cutter CTS 300. There is 0.3 puL of the streptavidin-biotinylated Con-DNA (control zone)
solution and streptavidin-biotinylated Cap-aptamer (test zone) solution on each test strip.

4.7. Assay Procedure

The AFP antigen was diluted with running buffer (10 mM HEPES, 100 mM NaCl,
5 mM glucose, 2 mM MgCl,, 0.1% BSA) to varying concentrations, and 70 pL of the solution
was applied to the sample pad of the lateral flow aptasensor. Capillary action allows for the
sample solution to flow along the test strip, making the detection and control bands visible
to the naked eye within 10 min. For quantitative analysis, the intensities of the detection
and control bands were assessed using a portable colloidal gold analyzer.

5. Conclusions

In this study, a lateral flow aptasensor was developed for rapid detection of the liver
cancer tumor marker alpha-fetoprotein (AFP) with a naked-eye detection limit of 10 ng/mL.
It is the first report of an antibody-free lateral flow assay using aptamers as recognition
probes for the detection of AFP. The biosensor is capable of differentiating the serum
samples of healthy individuals from those of patients with liver cancer, which is of great
significance for biomedical diagnostics and clinical applications. The subsequent phase of
this study will concentrate on enhancing the sensitivity of the assay and selecting a greater
number of serum samples from patients and healthy donors for testing, with the objective
of increasing the potential for clinical diagnosis.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390 /molecules30030484/s1, Figure S1: Characterization of AuNP; Figure S2:
Gel electrophoresis image of AuNP before and after conjugation with Det-Apt; Figure S3: The
optimization of experimental conditions. Figure S4: Pictures and corresponding responses of the
tested strips in the specificity test. Figure S5: Pictures and corresponding responses of the tested
strips in the detection of real samples. Figure S6: (A) Actual images of the conjugate. The conjugate
is dispersed in water (left), and the conjugate is dispersed in the resuspension (right). (B) Particle
size diagram of the conjugate dispersed in the resuspension. (C) Electron microscopy image of
the conjugate dispersed in the resuspension. Figure S7: Detection of Alpha-fetoprotein (AFP) in
Different Loading Buffer Systems. Table S1: Commercial lateral flow AFP test strips. Table S2:
Summary of AFP detection by lateral flow biosensors. References [35-41] are referenced in the
Supplementary Materials.


https://www.mdpi.com/article/10.3390/molecules30030484/s1
https://www.mdpi.com/article/10.3390/molecules30030484/s1

Molecules 2025, 30, 484 11 of 12

Author Contributions: Methodology, M.M.; validation, M.Z. and ].W.; formal analysis, ] W. and Y.Z.;
software, M.M.; investigation, M.M. and M.Z.; data curation, M.M. and M.Z.; writing—original draft
preparation, M.M.; writing—review and editing, X.Z. and G.L. All authors have read and agreed to
the published version of the manuscript.

Funding: This research was supported by the National Key Research and Development Program
of the Ministry of Science and Technology, China (Grant number: 2022YFB3207200), and Startup
Foundation for Advanced Talents of Linyi University, China (Grant number: Z6122047).

Institutional Review Board Statement: This study was conducted in accordance with the Declaration
of Helsinki and approved by the Institutional Review Board (or Ethics Committee) of Linyi University
(protocol code LYU20230201 and date of approval 20 March 2023).

Informed Consent Statement: Informed consent was obtained from all subjects involved in this
study. Written informed consent was obtained from the patient(s) to publish this paper.

Data Availability Statement: The data that support the findings of this study are available from the
corresponding authors upon reasonable request.

Conflicts of Interest: The authors declare no conflicts of interest.

References

1.  Siegel, R.L.; Miller, K.D.; Fuchs, H.E.; Jemal, A. Cancer statistics, 2021. CA Cancer |. Clin. 2021, 71, 7-33. [CrossRef] [PubMed]

2. Wu,J,;Fu, Z; Yan, F; Ju, H. Biomedical and clinical applications of immunoassays and immunosensors for tumor markers. TrAC
Trends Anal. Chem. 2007, 26, 679-688. [CrossRef]

3. Rizzo, GEM,; Cabibbo, G.; Craxi, A. Hepatitis B virus-associated hepatocellular carcinoma. Viruses 2022, 14, 986. [CrossRef] [PubMed]

4. Parikh, N.D.; Tayob, N.; Singal, A.G. Blood-based biomarkers for hepatocellular carcinoma screening: Approaching the end of
the ultrasound era? J. Hepatol. 2023, 78, 207-216. [CrossRef]

5. Lakhi, N.A; Mizejewski, G.J. Alpha-fetoprotein and Fanconi anemia: Relevance to DNA repair and breast cancer susceptibility.
Fetal Pediatr. Pathol. 2017, 36, 49-61. [CrossRef]

6. Klink, F; Grosspietzsch, R.; Conte, N.; Vallerino, G.; Diani, F. Alpha-fetoprotein and beta-human chorionic gonadotropin in
amniotic fluid. Int. J. Biol. Res. Pregnancy 1981, 2, 99-101.

7. Ruoslahti, E.; Seppala, M. Development of radioimmunoassay for alpha-fetoprotein. Demonstration of alpha-fetoprotein in
healthy human adults. Int. ]. Cancer 1971, 8, 374. [CrossRef]

8. Naz, Z.; Usman, S.; Saleem, K.; Ahmed, S.; Bashir, H.; Bilal, M.; Sumrin, A. Alpha-fetoprotein: A fabulous biomarker in
hepatocellular, gastric and rectal cancer diagnosis. Biomed. Res 2018, 29, 2478-2483. [CrossRef]

9.  Giannini, E.G.; Sammito, G.; Farinati, F.; Ciccarese, F; Pecorelli, A.; Rapaccini, G.L.; Di Marco, M.; Caturelli, E.; Zoli, M.; Borzio, F.
Determinants of alpha-fetoprotein levels in patients with hepatocellular carcinoma: Implications for its clinical use. Cancer 2014,
120, 2150-2157. [CrossRef]

10. Kal-Koshvandi, A.T. Recent advances in optical biosensors for the detection of cancer biomarker x-fetoprotein (AFP). TrAC Trends
Anal. Chem. 2020, 128, 115920. [CrossRef]

11.  Gumus, E.; Bingol, H.; Zor, E. Lateral flow assays for detection of disease biomarkers. J. Pharm. Biomed. Anal. 2023, 225, 115206.
[CrossRef] [PubMed]

12.  Bai, Y.; Tian, C.; Wei, X.; Wang, Y.; Wang, D.; Shi, X. A sensitive lateral flow test strip based on silica nanoparticle/CdTe quantum
dot composite reporter probes. RSC Adv. 2012, 2, 1778-1781. [CrossRef]

13. Lu, L; Yu, J; Liu, X;; Yang, X.; Zhou, Z,; Jin, Q.; Xiao, R.; Wang, C. Rapid, quantitative and ultra-sensitive detection of cancer
biomarker by a SERRS-based lateral flow immunoassay using bovine serum albumin coated Au nanorods. RSC Adv. 2020, 10,
271-281. [CrossRef] [PubMed]

14. Deng, J.; Yang, M.; Wu, J.; Zhang, W.; Jiang, X. A self-contained chemiluminescent lateral flow assay for point-of-care testing.
Anal. Chem. 2018, 90, 9132-9137. [CrossRef]

15. Liu, Q.; Cheng, S.; Chen, R.; Ke, J.; Liu, Y.; Li, Y.; Feng, W.; Li, F. Near-infrared lanthanide-doped nanoparticles for a low
interference lateral flow immunoassay test. ACS Appl. Mater. Interfaces 2020, 12, 4358-4365. [CrossRef]

16. Negahdary, M. Aptamers in nanostructure-based electrochemical biosensors for cardiac biomarkers and cancer biomarkers: A
review. Biosens. Bioelectron. 2020, 152, 112018. [CrossRef]

17.  Mehmood, S.; Khan, A; Bilal, M.; Sohail, A.; Igbal, H. Aptamer-based biosensors: A novel toolkit for early diagnosis of cancer.

Mater. Today Chem. 2019, 12, 353-360. [CrossRef]


https://doi.org/10.3322/caac.21654
https://www.ncbi.nlm.nih.gov/pubmed/33433946
https://doi.org/10.1016/j.trac.2007.05.007
https://doi.org/10.3390/v14050986
https://www.ncbi.nlm.nih.gov/pubmed/35632728
https://doi.org/10.1016/j.jhep.2022.08.036
https://doi.org/10.1080/15513815.2016.1225873
https://doi.org/10.1002/ijc.2910080304
https://doi.org/10.4066/biomedicalresearch.29-17-1550
https://doi.org/10.1002/cncr.28706
https://doi.org/10.1016/j.trac.2020.115920
https://doi.org/10.1016/j.jpba.2022.115206
https://www.ncbi.nlm.nih.gov/pubmed/36586382
https://doi.org/10.1039/c2ra00976e
https://doi.org/10.1039/C9RA09471G
https://www.ncbi.nlm.nih.gov/pubmed/35492524
https://doi.org/10.1021/acs.analchem.8b01543
https://doi.org/10.1021/acsami.9b22449
https://doi.org/10.1016/j.bios.2020.112018
https://doi.org/10.1016/j.mtchem.2019.04.005

Molecules 2025, 30, 484 12 of 12

18.

19.

20.

21.

22.

23.

24.
25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

Sousa, D.A.; Carneiro, M.; Ferreira, D.; Moreira, ET.; Sales, M.G.F,; Rodrigues, L.R. Recent advances in the selection of cancer-
specific aptamers for the development of biosensors. Curr. Med. Chem. 2022, 29, 5850-5880. [CrossRef]

McKeague, M.; DeRosa, M.C. Challenges and opportunities for small molecule aptamer development. |. Nucleic Acids 2012,
2012, 748913. [CrossRef]

Darmostuk, M.; Rimpelova, S.; Gbelcova, H.; Ruml, T. Current approaches in SELEX: An update to aptamer selection technology.
Biotechnol. Adv. 2015, 33, 1141-1161. [CrossRef]

Huang, C.-J.; Lin, H.-I; Shiesh, S.-C.; Lee, G.-B. An integrated microfluidic system for rapid screening of alpha-fetoprotein-specific
aptamers. Biosens. Bioelectron. 2012, 35, 50-55. [CrossRef] [PubMed]

Dong, L.; Tan, Q.; Ye, W.; Liu, D.; Chen, H.; Hu, H.; Wen, D.; Liu, Y.; Cao, Y.; Kang, J. Screening and identifying a novel ssDNA
aptamer against alpha-fetoprotein using CE-SELEX. Sci. Rep. 2015, 5, 15552. [CrossRef] [PubMed]

Liu, L.; Wang, H.; Xie, B.; Zhang, B.; Lin, Y.; Gao, L. Detection of alpha-fetoprotein using aptamer-based sensors. Biosensors 2022,
12, 780. [CrossRef]

Schmid, EX. Biological Macromolecules: UV-visible Spectrophotometry. Encycl. Life Sci. 2001. [CrossRef]

Hu, D.; Cui, H.; Wang, X.; Luo, F; Qiu, B.; Cai, W.; Huang, H.; Wang, J.; Lin, Z. Highly sensitive and selective photoelectrochemical
aptasensors for cancer biomarkers based on MoS2/Au/GaN photoelectrodes. Anal. Chem. 2021, 93, 7341-7347. [CrossRef]
Wang, Q.; Hu, Y,; Jiang, N.; Wang, ].; Yu, M.; Zhuang, X. Preparation of aptamer responsive DNA functionalized hydrogels for the
sensitive detection of o-fetoprotein using SERS method. Bioconjug. Chem. 2020, 31, 813-820. [CrossRef]

Li, W,; Chen, M,; Liang, ].; Lu, C.; Zhang, M.; Hu, E; Zhou, Z.; Li, G. Electrochemical aptasensor for analyzing alpha-fetoprotein
using RGO-CS-Fc nanocomposites integrated with gold—platinum nanoparticles. Anal. Methods 2020, 12, 4956-4966. [CrossRef]
Li, G.; Zeng, J.; Liu, H; Ding, P; Liang, J.; Nie, X.; Zhou, Z. A fluorometric aptamer nanoprobe for alpha-fetoprotein by exploiting
the FRET between 5-carboxyfluorescein and palladium nanoparticles. Microchim. Acta 2019, 186, 1-9. [CrossRef]

Chen, F; Zhang, E; Liu, Y.; Cai, C. Simply and sensitively simultaneous detection hepatocellular carcinoma markers AFP and
miRNA-122 by a label-free resonance light scattering sensor. Talanta 2018, 186, 473—480. [CrossRef]

Duong, D.S.T.; Jang, C.-H. Highly sensitive label-free liquid crystal-based aptasensor to detect alpha-fetoprotein. Lig. Cryst. 2022,
49,709-718. [CrossRef]

Daigo, K.; Sugita, S.; Mochizuki, Y.; Iwanari, H.; Hiraishi, K.; Miyano, K.; Kodama, T.; Hamakubo, T. A simple hybridoma
screening method for high-affinity monoclonal antibodies using the signal ratio obtained from time-resolved fluorescence assay.
Anal. Biochem. 2006, 351, 219-228. [CrossRef] [PubMed]

Verma, H.N.; Singh, P.; Chavan, R. Gold nanoparticle: Synthesis and characterization. Vet. World 2014, 7, 72. [CrossRef]

Wu, Y; Yu, Q.; Joung, Y.; Jeon, C.S;; Lee, S.; Pyun, S.H.; Joo, S.-W.; Chen, L.; Choo, J. Highly uniform self-assembly of gold
nanoparticles by butanol-induced dehydration and its sers applications in SARS-CoV-2 detection. Anal. Chem. 2023, 95,
12710-12718. [CrossRef] [PubMed]

Zhang, ].; Tang, L.; Yu, Q.; Qiu, W,; Li, K,; Cheng, L.; Zhang, T.; Qian, L.; Zhang, X.; Liu, G. Gold-platinum nanoflowers as colored
and catalytic labels for ultrasensitive lateral flow MicroRNA-21 assay. Sens. Actuators B Chem. 2021, 344, 130325. [CrossRef]
Liang, R.-L.; Xu, X.-P; Liu, T.-C.; Zhou, J.-W.; Wang, X.-G.; Ren, Z.-Q.; Hao, F.; Wu, Y.-S. Rapid and sensitive lateral flow
immunoassay method for determining alpha fetoprotein in serum using europium (III) chelate microparticles-based lateral flow
test strips. Anal. Chim. Acta 2015, 891, 277-283. [CrossRef] [PubMed]

Chen, Y;; Sun, ].; Xianyu, Y.; Yin, B.; Niu, Y.;; Wang, S.; Cao, F; Zhang, X.,; Wang, Y.; Jiang, X. A dual-readout chemiluminescent-gold lateral
flow test for multiplex and ultrasensitive detection of disease biomarkers in real samples. Nanoscale 2016, 8, 15205-15212. [CrossRef]
Lu, X.; Mei, T,; Guo, Q.; Zhou, W.; Li, X.; Chen, J.; Zhou, X.; Sun, N.; Fang, Z. Improved performance of lateral flow immunoassays
for alpha-fetoprotein and vanillin by using silica shell-stabilized gold nanoparticles. Microchim. Acta 2019, 186, 1-7. [CrossRef]
Shen, W.; Wang, C.; Yang, X.; Wang, C.; Zhou, Z,; Liu, X,; Xiao, R.; Gu, B.; Wang, S. Synthesis of raspberry-like nanogapped
Fe30,@Au nanocomposites for SERS-based lateral flow detection of multiple tumor biomarkers. ]J. Mater. Chem. C 2020, 8,
12854-12864. [CrossRef]

Li, Y;; Ke, J.; Liu, Q.; Yuan, W.; Su, Q.; Kong, M.; Wu, N.; Feng, W.; Huang, C.; Li, F. NIR-II emitting rare-earth nanoparticles for a
lateral flow immunoassay in hemolysis. Sens. Actuators B Chem. 2021, 345, 130380. [CrossRef]

Chen, R.; Zhou, X.; Wu, Y;; Liu, Q.; Liu, Q.; Huang, J.; Li, F. NIR-II emissive lateral flow immunoassay for accurate determination
of tumor marker in hemolysis. Sens. Actuators B Chem. 2021, 328, 129050. [CrossRef]

Hu, X.; Wan, J.; Peng, X.; Zhao, H.; Shi, D.; Mai, L.; Yang, H.; Zhao, Y.; Yang, X. Calorimetric lateral flow immunoassay detection
platform based on the photothermal effect of gold nanocages with high sensitivity, specificity, and accuracy. Int. J. Nanomed. 2019,
14,7695-7705. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual

author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to

people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.2174/0929867329666220224155037
https://doi.org/10.1155/2012/748913
https://doi.org/10.1016/j.biotechadv.2015.02.008
https://doi.org/10.1016/j.bios.2012.02.024
https://www.ncbi.nlm.nih.gov/pubmed/22410487
https://doi.org/10.1038/srep15552
https://www.ncbi.nlm.nih.gov/pubmed/26497223
https://doi.org/10.3390/bios12100780
https://doi.org/10.1038/npg.els.0003142
https://doi.org/10.1021/acs.analchem.1c01197
https://doi.org/10.1021/acs.bioconjchem.9b00874
https://doi.org/10.1039/D0AY01465F
https://doi.org/10.1007/s00604-019-3403-z
https://doi.org/10.1016/j.talanta.2018.04.060
https://doi.org/10.1080/02678292.2021.2005165
https://doi.org/10.1016/j.ab.2005.12.007
https://www.ncbi.nlm.nih.gov/pubmed/16455037
https://doi.org/10.14202/vetworld.2014.72-77
https://doi.org/10.1021/acs.analchem.3c01348
https://www.ncbi.nlm.nih.gov/pubmed/37594054
https://doi.org/10.1016/j.snb.2021.130325
https://doi.org/10.1016/j.aca.2015.07.053
https://www.ncbi.nlm.nih.gov/pubmed/26388387
https://doi.org/10.1039/C6NR04017A
https://doi.org/10.1007/s00604-018-3107-9
https://doi.org/10.1039/D0TC03129A
https://doi.org/10.1016/j.snb.2021.130380
https://doi.org/10.1016/j.snb.2020.129050
https://doi.org/10.2147/IJN.S218834

	Introduction 
	Results 
	Characterization of AuNP and AuNP-Det-Apt Conjugates 
	Working Principles of the AuNP-Based Lateral Flow Aptasensor 
	Optimization of Analytical Parameters 
	Analytical Performance 
	Specificity Tests 
	Testing of Actual Samples 

	Discussion 
	Materials and Methods 
	Apparatus 
	Reagents and Materials 
	Preparation of Gold Nanoparticles (AuNPs) 
	Preparation of AuNP-Det-Apt Conjugates 
	Preparation of Streptavidin-Biotinylated Cap-Apt and Streptavidin-Biotinylated Con-DNA Conjugates 
	Preparation of Lateral Flow Aptasensors 
	Assay Procedure 

	Conclusions 
	References

