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Abstract: Alpha-fetoprotein (AFP) is a key marker for early cancer detection and assessment. How-
ever, the current detection methods struggle to balance accuracy with the need for decentralized
medical treatment. To address this issue, a new AFP analysis platform utilizing digital image col-
orimetry has been developed. Functionalized gold nanoparticles act as colorimetric agents, changing
from purple-red to light gray-blue when exposed to different AFP concentrations. A smartphone
app captures these color changes and calculates the AFP concentration in the sample. To improve
detection accuracy, a hardware device ensures uniform illumination. Testing has confirmed that this
system can quantitatively analyze AFP using colorimetry. The limit of detection reached 0.083 ng/mL,
and the average accuracy reached 90.81%. This innovative method enhances AFP testing by offering
portability, precision, and low cost, making it particularly suitable for resource-limited areas.

Keywords: biosensor; colorimetric detection; microfluidics

1. Introduction

Alpha-fetoprotein (AFP) is a glycoprotein that is primarily synthesized by the fetal
liver and yolk sac and is found in relatively low levels in other organs [1]. It is important to
note that AFP levels in a healthy person usually stabilize after the age of two. Nonetheless,
when liver cells become cancerous, the AFP concentration increases significantly [2]. AFP
is a commonly used biomarker for the detection of hepatocellular carcinoma and testicular
and ovarian tumors. Its clinical detection limits vary depending on the detection method
and equipment. In general, the normal reference range and clinical detection limits of
AFP are as follows: (1) Normal reference range: Normal serum AFP levels in adults are
usually below 10 ng/mL. (2) Clinical significance: (A) Mild elevation (10–200 ng/mL): may
be associated with chronic liver disease (such as hepatitis, cirrhosis), pregnancy, or other
benign diseases. (B) Significantly elevated (>200 ng/mL): highly suspected primary liver
cancer or germ cell tumor. In particular, when AFP levels exceed 500 ng/mL, hepatocellular
carcinoma can almost be diagnosed [3–6]. Therefore, AFP levels have become an important
marker for early liver cancer screening, assessing treatment effectiveness, and identifying
recurrence [7].

Nevertheless, common methods for detecting tumor markers include enzyme-linked
immunosorbent assay (ELISA), immunohistochemistry (IHC), radioimmunoassay (RIA),
chemiluminescent immunoassay (CLIA), electrochemiluminescence immunoassay (ECLIA),
and molecular biology methods (such as polymerase chain reaction (PCR) and next-
generation sequencing (NGS)). Each method has its advantages and disadvantages, and
the choice of method typically depends on the nature of the marker, the detection require-
ments, and the equipment and technical expertise available in the laboratory. Traditional
detection methods rely on expensive, bulky, benchtop analyzers operated by professionals,
and patients often face several days of waiting for test results. Consequently, traditional
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medical detection technology struggles to meet the needs of early cancer diagnosis and
prevention [8].

The development of point-of-care testing (POCT) technology based on smartphones of-
fers a promising solution to these challenges [9–11]. POCT emerged in the 20th century, with
early examples including test strips for detecting blood glucose and urine glucose [12–14].
Over time, the focus of POCT has become more defined, now representing the concept of
decentralized medicine. It is characterized by short testing times, low costs, and simple
operation. The advent of POCT has significantly alleviated the burden on hospitals and
laboratories. Additionally, POCT devices typically provide test results within a few hours,
reducing patient waiting times. Consequently, POCT serves as an effective alternative to
traditional lab-based testing, particularly in developing countries [15,16].

With the development of information technology and biotechnology, the practical
application of POCT involves collecting samples directly from patients in various settings
such as hospitals, clinics, community health centers, pharmacies, urgent care centers, and
even patients’ homes. The advantages of the wide application of POCT are mainly reflected
in the following aspects: (1) Enhanced medical efficiency; (2) Cost reduction; (3) Increased
accessibility; (4) Empowered patient self-management; (5) Immediate clinical decisions;
and (6) Support for public health initiatives.

Currently, there are four main methods used to detect POCT: brightfield, colorimetry,
fluorescence, and electrochemistry [17–21]. Brightfield detection is commonly used to
observe cell samples [22]. Fluorescence and electrochemical methods offer the advantage
of high accuracy and sensitivity. However, fluorescent reagents require careful storage and
experimental conditions, while the preparation and operation of electrochemical devices
are complex [20]. Colorimetric sensing is a method that detects the concentration or
presence of substances by observing color changes. It is widely used in biology, chemistry,
medicine, and environmental fields. Colorimetric sensing based on smartphone platforms
utilizes the camera, screen, processor, and other functions of smartphones for acquiring,
analyzing, displaying, and transmitting colorimetric sensing data. The advantages of
using smartphone-based colorimetric sensing include the following: (1) Portability: It can
be conducted anytime and anywhere without the need for professional instruments and
equipment, making it suitable for use in homes, hospitals, rural areas, remote locations, and
other settings. (2) Real-time monitoring: Smartphones can collect and process colorimetric
data in real-time, displaying the results on the screen or transmitting them wirelessly
to achieve quick decision-making. (3) Accuracy: The high-resolution cameras and high-
performance processors of smartphones help accurately identify and analyze contrast color
sensing images, minimizing human error and interference, and enhancing measurement
accuracy and reliability. (4) Versatility: Smartphones can combine different colorimetric
agents and software to achieve sensing of various substances for different detection needs
and applications. (5) Cost-effectiveness: They are more affordable and easier to obtain
compared to professional instruments and equipment. Colorimetric agents and software
can also be readily prepared and downloaded to achieve low-cost colorimetric sensing.

For the reasons mentioned above, many researchers have proposed AFP detection
methods based on colorimetric methods. C. Nietzold and F. Lisdat proposed a scheme for
detecting AFP based on the colorimetric principle [23]. In this method, the AFP antibody
was coupled to gold nanoparticles. After the corresponding antigen was added, the wine-
red colloidal gold would gradually turn gray-blue. Since then, Ying Sun et al. have further
improved this method [24]. The research team further improved the detection performance
by using lens culinaris agglutinin. In 2017, Qian Xiao proposed a new method [25]. The
gold nanoparticles (AuNPs) were employed to synthesize an ultrasensitive probe by dual-
film assembly with anti-AFP on the AuNP surface. The introduction of dual-film-modified
AuNPs to an enzyme-linked immunosorbent assay (ELISA) resulted in an ultrasensitive
signal amplification to quantitatively analyze AFP. Eda A. et al. immobilized functional-
ized AuNP on nitrocellulose membrane [26]. Then, Image J (V 1.8) was used to further
analyze the color change after adding AFP. This method solved the practical problem of
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AFP detection in POCT, which illustrated that paper-based sensors had good portability.
However, one drawback was that the sensor had a shelf life of only four days at room
temperature. Therefore, Xuewen Lu’s group presented a new method to reduce the detec-
tion limit of AFP using a spherical core-shell gold–silica nanoparticle (AuNP@SiO2 NP)
structure [27]. The nanoparticles could detect AFP as low as 300 pg/mL, which was 30-fold
more sensitive than traditional detection methods. Moreover, this method could detect
other cancer markers.

Despite these advancements, a critical issue remains unaddressed: high-precision AFP
detection methods still require further processing in the laboratory. Methods operated
outside the laboratory can only provide a binary “Yes” or “No” answer. To tackle this, we
proposed a portable AFP colorimetric detection system based on a smartphone, combining
POCT with AFP detection. The system comprises both hardware and customized software.
The hardware platform shields external light interference and provides uniform illumina-
tion. The software, developed using Android Studio, calculates the AFP concentration and
saves the data. The entire detection process can be completed in 10 min.

2. Materials and Methods
2.1. Materials and Instruments

All chemicals were analytical-grade reagents and used as received without further
purification. Citrate-stabilized AuNP (diameter = 60 nm) was purchased from Nanjing Na-
noeast Biotech Co., Ltd. (Nanjing, China). Sodium phosphate buffer (SPB) was purchased
from Shanghai Yuanye Biotech Co., Ltd. (Shanghai, China). Phosphate-buffered saline
(PBS) was purchased from Suolaibo Biotech Co., Ltd. (Beijing, China). Mercaptopropionic
acid (MPA) was purchased from Beijing Bailingwei Technology Co., Ltd. (Beijing, China).
N-Hydroxy succinimide (NHS) and N-(3-dimethylaminopropyl)-N-ethylcarbodiimide hy-
drochloride (EDC) were purchased from Sigma-Aldrich (Shanghai, China). Anti-alpha
feta-protein (Anti-AFP) was purchased from Abcam (Cambridge, UK). Alpha-fetoprotein
antigen (AFP-antigen) was purchased from Creative BioMart (New York, NY, USA). A mini-
ultracentrifuge, mixer, and shaker were purchased from Dragon Laboratory Instruments
Limited Company (Beijing, China). Other materials were obtained locally at a market. The
spectrometer was purchased from Ocean Optics Company (Largo, FL, USA,).

2.2. Conjugation of Colloidal Gold with Antibodies

The process is as follows:

(1) Firstly, the pipette gun was used to absorb citrate-stabilized AuNPs (diameter = 60 nm,
1 mg/mL) of 200 µL into the centrifuge tube, and then the centrifuge tube was
centrifuged with a high-speed centrifuge (parameter: 9300 g, 10 min). Secondly,
150 µL supernatant was removed with a pipette; after this step, 150 µL MPA was
added into the centrifuge tube, and then a carboxyl mercaptan layer was introduced
with a high-speed centrifuge. Lastly, the sample was left to stand for more than 1 h at
23 ◦C.

(2) The excess MPA was removed with a high-speed centrifuge, 150 µL of the supernatant
was removed after each centrifugation, and the same volume of SPB was put into the
centrifuge tube. This step was repeated 2–3 times.

(3) After the last centrifugation, 50 µL EDC and 100 µL NHS were added to the original
volume of 200 µL, mixed in, and left for about 30 min.

(4) The excess EDC and NHS were removed with a pipette after centrifugation. This step
was repeated 2–3 times. Then, 150 µL of supernatant was absorbed out, and SPB of
the same volume was added each time. Then, 2 µL of configured AFP antibody was
added after centrifugation, and the centrifuge tube with the sample was placed in a
shaking table at 23 ◦C for 1.5 h.

(5) The excess antibodies were removed after centrifugation twice. Each time, 150 µL
of supernatant was taken out. The first time, 150 µL of SPB was added. The second
time, 50 µL of SPB was added. The last time, only 50 µL of SPB was added to improve
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the colloidal gold concentration, since colloidal gold will have a trace loss each time;
otherwise, the experimental phenomenon is not obvious.

(6) Finally, the functionalized AuNPs were resuspended in SPB after centrifugation and
stored at 4 ◦C until use.

2.3. AuNPs Surface Immune Reaction

The morphology of gold nanoparticles significantly influences their localized surface
plasmon resonance (LSPR) scattering spectrum, which in turn affects the color changes
observed in colorimetric reactions. Due to this property, many researchers have studied the
impact of gold nanostructures on sensing characteristics and the synthesis methods of gold
nanoparticles. Michael R. and colleagues have already provided a comprehensive review
of this research area [28]. Therefore, in this paper, we will focus on the practical aspects,
and we purchased commercially available gold nanoparticles instead of delving into their
synthesis methods (as described in Sections 2.1 and 3.1).

The colloidal-gold surface immune reaction was produced by mixing the functional-
ized AuNPs and the AFP antigen in a volume ratio of 9:1. The mixture was then incubated
for 10 min at approximately 23 ◦C.

Throughout the experiment, it was crucial to maintain a stable temperature of about
23 ◦C. Lower temperatures could result in insufficient antibody incubation, thereby affecting
the experiment’s outcomes. Additionally, maintaining appropriate reagent concentrations
was vital. Excessively high concentrations of reagents could lead to the direct accumulation
of gold nanoparticles.

The stability of the biochemical sensing experiment is a crucial factor. However, it
is important to note that the colorimetric reaction based on gold nanostructures has a
limited timeframe. All chemical reagents should be prepared within 2 weeks to ensure
the experiment can be replicated. The surface activation time of the gold nanostructure
should not exceed 1 h, and the bonding time of the antibody with the functionalized nano
should generally be less than 4 h and preferably carried out at 4 ◦C. The combination
of the antibody and antigen should be completed within 40 min, and the corresponding
colorimetric test should also be performed within a reasonable timeframe. The stability of
the chemical reaction time is crucial for the success of the experiment.

3. Result and Discussion
3.1. AuNPs as Colorimetric Agent

In this experiment, the AuNPs carry a negative charge and remain dispersed in
the liquid environment, making the Zeta potential crucial in this process. This directly
affects the dispersion, stability, and sensitivity of the nanoparticles, thereby influencing the
performance of the sensor [29–31]. The impact of the Zeta potential on colorimetric sensing
can be summarized as follows:

(i) Particle Dispersion and Stability:
A. Preventing Particle Aggregation: A high Zeta potential (negative value) helps gold

nanoparticles remain dispersed in the solution, preventing particle aggregation due to
insufficient electrostatic repulsion. A stable dispersion of nanoparticles is vital for the
sensitivity of the colorimetric sensor, as aggregation can alter the optical properties of the
nanoparticles, especially their localized surface plasmon resonance (LSPR) absorption peak.

B. Controlling and Utilizing Aggregation: In some colorimetric sensing assays, con-
trolling the Zeta potential to induce particle aggregation and generate a color change is
central to the detection mechanism. The interaction between target molecules (such as AFP)
and the surface of gold nanoparticles can cause changes in the Zeta potential, leading to
nanoparticle aggregation and subsequent color changes. This color change can be used for
the quantitative detection of the target molecule’s concentration.

In the experiment, all AuNPs have an excess of negative charges on their surfaces,
allowing them to adsorb positively charged groups from macromolecules like AFP without
compromising the biological properties of the protein. AuNPs not only possess quantum
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size and surface effects but also exhibit good biocompatibility and low toxicity. The maxi-
mum absorption wavelength of gold nanoparticles (with a diameter range of 20–60 nm) lies
between 520 and 535 nm. Studies have shown that larger AuNPs exhibit more noticeable
color changes when interacting with the corresponding proteins. Therefore, 60 nm AuNPs
were chosen for further modification.

(ii) Sensitivity and Specificity:
A. Enhancing Detection Sensitivity: Changes in the Zeta potential can significantly

affect the optical properties of nanoparticles, such as the sensitivity of color changes. By
optimizing the Zeta potential, the response of the colorimetric sensor to the target analyte
can be enhanced. In this experiment, to ensure the repeatability of the results, the charge on
the gold nanoparticles used each time must remain consistent, and they must carry enough
negative charge to maintain their dispersion in the liquid environment.

B. Improving Specificity: Specific surface functionalization can adjust the Zeta po-
tential to selectively detect target molecules. This helps reduce nonspecific adsorption
and background noise, thereby improving the specificity of the sensor. In this experiment,
the focus is on effectively detecting AFP, which maintains a consistent positive charge,
significantly improving the reliability of the test results.

(iii) Signal Amplification and Visual Detection:
Amplification of Color Change: Nanoparticle aggregation is usually accompanied by

a noticeable color change, which forms the basis of visual detection in colorimetric sensors.
The change in the Zeta potential induces nanoparticle aggregation, thereby amplifying the
color signal and enabling the detection of low-concentration targets.

Through these mechanisms, the Zeta potential plays a crucial role in the colorimetric
sensing of AuNPs, ensuring the sensitivity, specificity, and visual detection effectiveness of
the sensor. However, the AuNPs used in this experiment were provided by the merchants,
and the results were obtained through repeated experiments. Therefore, AuNPs with a
suitable Zeta potential (about −33.2 mV) were selected in the experiment to ensure the
effective combination of them with AFP.

Following modification through the aforementioned steps, functionalized AuNPs
were combined with AFP, resulting in the gradual transition of the purple-red colloidal
gold to a light gray-blue hue, as depicted in Figure 1. This transformation occurs as discrete
AuNPs progressively aggregate under the influence of AFP, as illustrated in Figure 2.
Both the size and shape of nanoparticles influence the absorption peak. Electric dipole-
dipole interactions between neighboring nanoparticles cause color shifts as the interparticle
distance decreases (due to analyte conjugation or antibody binding) to less than the average
particle diameter, leading to a blue shift. With increasing AFP concentration, the absorbance
of the entire system diminishes due to gold nanoparticle aggregation, as demonstrated in
Figure 3A.

Micromachines 2024, 15, x FOR PEER REVIEW 5 of 14 
 

 

AFP) and the surface of gold nanoparticles can cause changes in the Zeta potential, lead-
ing to nanoparticle aggregation and subsequent color changes. This color change can be 
used for the quantitative detection of the target molecule’s concentration. 

In the experiment, all AuNPs have an excess of negative charges on their surfaces, 
allowing them to adsorb positively charged groups from macromolecules like AFP with-
out compromising the biological properties of the protein. AuNPs not only possess quan-
tum size and surface effects but also exhibit good biocompatibility and low toxicity. The 
maximum absorption wavelength of gold nanoparticles (with a diameter range of 20–60 
nm) lies between 520 and 535 nm. Studies have shown that larger AuNPs exhibit more 
noticeable color changes when interacting with the corresponding proteins. Therefore, 60 
nm AuNPs were chosen for further modification. 

(ⅱ) Sensitivity and Specificity: 
A. Enhancing Detection Sensitivity: Changes in the Zeta potential can significantly 

affect the optical properties of nanoparticles, such as the sensitivity of color changes. By 
optimizing the Zeta potential, the response of the colorimetric sensor to the target analyte 
can be enhanced. In this experiment, to ensure the repeatability of the results, the charge 
on the gold nanoparticles used each time must remain consistent, and they must carry 
enough negative charge to maintain their dispersion in the liquid environment. 

B. Improving Specificity: Specific surface functionalization can adjust the Zeta poten-
tial to selectively detect target molecules. This helps reduce nonspecific adsorption and 
background noise, thereby improving the specificity of the sensor. In this experiment, the 
focus is on effectively detecting AFP, which maintains a consistent positive charge, signif-
icantly improving the reliability of the test results. 

(ⅲ) Signal Amplification and Visual Detection: 
Amplification of Color Change: Nanoparticle aggregation is usually accompanied by 

a noticeable color change, which forms the basis of visual detection in colorimetric sen-
sors. The change in the Zeta potential induces nanoparticle aggregation, thereby amplify-
ing the color signal and enabling the detection of low-concentration targets.  

Through these mechanisms, the Zeta potential plays a crucial role in the colorimetric 
sensing of AuNPs, ensuring the sensitivity, specificity, and visual detection effectiveness 
of the sensor. However, the AuNPs used in this experiment were provided by the mer-
chants, and the results were obtained through repeated experiments. Therefore, AuNPs 
with a suitable Zeta potential (about −33.2 mV) were selected in the experiment to ensure 
the effective combination of them with AFP. 

Following modification through the aforementioned steps, functionalized AuNPs 
were combined with AFP, resulting in the gradual transition of the purple-red colloidal 
gold to a light gray-blue hue, as depicted in Figure 1. This transformation occurs as dis-
crete AuNPs progressively aggregate under the influence of AFP, as illustrated in Figure 
2. Both the size and shape of nanoparticles influence the absorption peak. Electric dipole-
dipole interactions between neighboring nanoparticles cause color shifts as the interparti-
cle distance decreases (due to analyte conjugation or antibody binding) to less than the 
average particle diameter, leading to a blue shift. With increasing AFP concentration, the 
absorbance of the entire system diminishes due to gold nanoparticle aggregation, as 
demonstrated in Figure 3A. 

 
Figure 1. Visual color change of functionalized AuNPs upon addition of AFP at different concentra-
tions. (A) 200 ng/mL; (B) 100 ng/mL; (C) 0 ng/mL.



Micromachines 2024, 15, 1116 6 of 14

Micromachines 2024, 15, x FOR PEER REVIEW 6 of 14 
 

 

Figure 1. Visual color change of functionalized AuNPs upon addition of AFP at different concentra-
tions. (A) 200 ng/mL; (B) 100 ng/mL; (C) 0 ng/mL. 

 
Figure 2. The scanning electron microscope (SEM) of functionalized AuNPs (diameter = 60 nm) on 
the silicon wafer; (A) The AuNPs are in a dispersed state without any modification; (B) AuNPs are 
still in a dispersed state (only a small amount of aggregation) after coupling of colloidal gold with 
antibodies steps; (C) AuNPs accumulated extensively after colloidal-gold surface immune reaction. 

 
Figure 3. UV/Vis spectra of AuNPs solutions after adding different concentrations of AFP MUC16 
and images of AFP experiments, the numbers 0, 10, 20, and 30 represent the addition of AFP antigens 
of 0, 10, 20, and 30 ng/mL, respectively; (A) Initial spectrum of testing AFP; (B) Normalized spec-
trum of testing AFP; (C) Normalized spectrum of testing MUC16; (D) Actual sample image with 
different AFP antigen concentrations of 0, 10, 20, and 30 ng/mL and color calculated by Matlab (20 
16) program, . 

To further validate the effect of AFP concentration on the sample’s color, the spectral 
map was converted into the corresponding color image using Matlab. As depicted in Fig-
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The results, along with the original sample image, are presented in Figure 3D. Samples 
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its a larger error. This discrepancy can be attributed to two factors. Firstly, there may be a 
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Figure 2. The scanning electron microscope (SEM) of functionalized AuNPs (diameter = 60 nm) on
the silicon wafer; (A) The AuNPs are in a dispersed state without any modification; (B) AuNPs are
still in a dispersed state (only a small amount of aggregation) after coupling of colloidal gold with
antibodies steps; (C) AuNPs accumulated extensively after colloidal-gold surface immune reaction.
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Figure 3. UV/Vis spectra of AuNPs solutions after adding different concentrations of AFP MUC16 and
images of AFP experiments, the numbers 0, 10, 20, and 30 represent the addition of AFP antigens of 0,
10, 20, and 30 ng/mL, respectively; (A) Initial spectrum of testing AFP; (B) Normalized spectrum of
testing AFP; (C) Normalized spectrum of testing MUC16; (D) Actual sample image with different AFP
antigen concentrations of 0, 10, 20, and 30 ng/mL and color calculated by Matlab (20 16) program.

To further validate the effect of AFP concentration on the sample’s color, the spectral
map was converted into the corresponding color image using Matlab. As depicted in
Figure 3, the spectrum in Figure 3A was normalized to obtain the image displayed in
Figure 3B, which was then imported into a custom Matlab program to generate a color
image. The results, along with the original sample image, are presented in Figure 3D.
Samples labeled 0, 10, and 20 correspond well with the calculated color; however, sample
30 exhibits a larger error. This discrepancy can be attributed to two factors. Firstly, there
may be a discrepancy between the actual sample color and the image captured under
external lighting conditions. Secondly, sample 30, having a higher antigen concentration,
yields lower peaks, making it challenging for the program to calculate the color accurately.
In smartphone-based colorimetric sensing, environmental factors significantly impact
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measurement results. These factors include lighting conditions, background color, and
the surface condition of the object. To improve measurement accuracy, it is generally
necessary to control these environmental factors during measurement or use algorithms
to compensate for these interferences. Therefore, a small hardware system for placing the
smartphone was developed.

To demonstrate the specific expression of the surface functionalization of colloidal
gold and the binding of AFP antigen, we used the non-specific binding experiments of
MUC-16 (purchased from Sigma-Aldrich (Shanghai, China)) with AFP antibodies and
compared them with the control group experiments. The concentration of MUC-16 is the
same as the concentration of the AFP antigen. MUC-16, also known as Mucin 16 or CA-125,
is a large membrane-bound glycoprotein that is part of the mucin family. Mucins are
known for their role in protecting epithelial cells and facilitating various cellular functions.
MUC-16 is particularly significant in the context of cancer biology, especially in ovarian
cancer. It is also used in the early diagnosis and monitoring of cancer.

Binding of functionalized colloidal gold with AFP antigen: The result is that the
functionalized colloidal gold nanoparticles should be highly specific to the AFP antigen
and show significant signal changes. When AFP antigens of varying concentrations bind
with AFP antibodies, a redshift in the spectral resonance peak is observed. The higher the
concentration of AFP antibodies, the more pronounced the redshift (greater ∆λ), indicating
effective binding between the AFP antibodies and antigens (as shown in Figure 3A,B).

Binding of functionalized colloidal gold with MUC-16: As a result, functionalized
colloidal gold nanoparticles should exhibit very low or nonspecific binding to MUC-
16 proteins, with weak or no significant changes in signaling (as shown in Figure 3C).

Control group: The results showed that there should be no specific binding between
the unfunctionalized gold nanoparticles and AFP and MUC-16 proteins, and the signal
changes should be weak.

3.2. Improving the Sensitivity and Portability of Digital Image-Based Colorimetry

The most significant interference factor for colorimetric detection is the influence
of external light. Variations in external lighting conditions during image collection can
introduce substantial interference, resulting in larger errors in the analysis results. To
mitigate this issue, a portable hardware platform was designed. This platform serves to
securely hold experimental samples, block out external light, and provide a consistent light
source, ensuring more accurate and reliable imaging results.

As depicted in Figure 4, the hardware platform, designed using SolidWorks, measures
210 mm in length, 110 mm in width, and 110 mm in height. Constructed from 5 mm thick
white polymethyl methacrylate materials, the platform is divided into several parts for
ease of processing and then assembled using acrylic glue. Inside the platform, there is a
sample placement slot where samples are positioned during experiments. A white LED is
situated behind the interior of the platform. The light passes through a diffuse reflection
plate in the middle, transforming non-parallel light into uniform illumination, thereby
preventing issues such as shadows and uneven lighting caused by point light sources. The
entire light source system is powered by 2 AAA batteries, with a switch located on the
side of the hardware platform. A smartphone is positioned above the hardware platform,
capturing the internal experimental setup through a circular aperture with a diameter of
about 1 cm. The left side of the hardware is designed with an “open the door from above”
style, facilitating the placement of experimental samples and battery replacement.

The entire hardware platform not only effectively mitigates external light interference
but also boasts a low cost. The total cost of the hardware equipment can be kept within
USD 5. Additionally, the hardware is convenient, compact, and easy to carry. Importantly,
the required components do not necessitate precise devices, making it more conducive to
dissemination in areas with limited resources.
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Figure 4. Overall structure diagram of the hardware platform. (A,B): Design drawing of the hardware
platform; the overall structure is cubic, with LED, diffuse reflector sample slot, etc.; (C,D): Optical
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In addition to the hardware platform, a custom app developed using Android Studio
was utilized. This app calculates the concentration in the sample by analyzing the color
change after the addition of AFP. The functionalized AuNPs transitioned from magenta to
light gray-blue, resulting in a decrease in color depth. Consequently, the gray space was
utilized to establish the relationship between color and sample concentration.

Grayscale utilizes black as the reference color, with the object color represented by
varying degrees of black saturation, as illustrated in Figure 5. Grayscale values are typi-
cally expressed as percentages, ranging from 0% (black) to 100% (white). Each pixel in a
grayscale image is stored with an 8-bit non-linear scale, allowing for the representation
of 256 grayscale values. This method of saving enables accurate representation without
band distortion. Moreover, grayscale images contain only brightness information, elimi-
nating irrelevant color data present in the original image. Consequently, image processing
computations are significantly reduced, resulting in faster processing times.
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While a smartphone can directly acquire the RGB values of an image, grayscale values
need to be derived using the following Formula (1):

Gray value = 0.299 × R + 0.587 × G + 0.114 × B (1)

The functional relationship between the gray value and sample concentration to be
measured was fitted by the least-square method. The least-square method finds the best
matching function by the least-square value of error. The mathematical definition of the
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least-square method is yi = axi + b + ei, i ∈ [1, n]. ei acts as the sample, (xi, yi) is the real
value of yi = axi + b + ei, and y′i = axi + b is an error value. The square loss function Q is

Q = e2
i =

n

∑
i=1

(yi − y′i)
2
=

n

∑
i=1

(yi − axi − b)2 (2)

Take variables a and b as the independent variables to find the minimum value of
Q—that is, take the derivative of a and b, respectively, and set them to 0.

∂Q
∂a

= 2(a
n

∑
i=1

x2
i −

n

∑
i=1

(yi − b)xi) = 0 (3)

∂Q
∂b

= 2(nb −
n

∑
i=1

(yi − axi)) = 0 (4)

Finally, the value of a and b can be found by solving the equations:

a =
∑n

i=1 yi(xi −
1
n ∑n

i=1 xi)

∑n
i=1 x2

i −
1
n
(∑n

i=1 xi)2
(5)

b =
1
n

n

∑
i=1

(yi − axi) (6)

In the experimental process, the user inputs relevant information and proceeds to the
image acquisition interface to capture the sample image, as depicted in Figure 6A. The
green box represents the viewfinder, where the custom app analyzes and calculates the
color values within this area. To minimize errors introduced by human modifications,
the first five sample images captured are standard products used to establish the color-
concentration equation. The concentration of the sample to be measured is then calculated
using this equation, as illustrated in Figure 6B.

Figure 6. The custom smartphone app 1.1. (A) Image capture interface—the green rectangular frame
is the framing frame, and the custom app analyzes and calculates the color value in the framing frame;
(B) The image display interface, which includes the fitted concentration–color equation, equation
formula, and concentration value of the sample to be measured; (C) Set framing parameters, including
number, size, and other information.

In regions with limited medical resources, standard laboratory equipment may not
be readily available. To address this issue, the app dynamically adjusts the size of the
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viewfinder frame to accommodate various experimental conditions, as shown in Figure 6C.
This flexibility allows for the adaptation of different experimental devices, including slit
cuvettes, centrifuge tubes, and even syringe-needle protective sleeves. Experimental results
obtained using these diverse utensils have proven to be satisfactory.

3.3. Sample Testing

(i) Comparison of smartphone test results.
To validate the proposed method, gradient concentrations of AFP were added to the

prepared functionalized AuNPs, as detailed in Table 1. AFP concentrations were configured
in the range of 50–200 ng/mL in increments of 50 ng/mL. The left column represents the
prepared standards, while the right column shows the corresponding results obtained
from the app test. Overall, the colorimetric detection method yielded results within an
acceptable range. However, a relatively large error occurred in the test results when the
standard concentration was 150 ng/mL. This discrepancy was attributed to vibrations
generated by the hardware platform during testing, causing the position of the sample to
shift. As a result, part of the white hardware material was captured by the viewfinder, and
its gray value (white) was close to 255. This led the app to overestimate the actual AFP
concentration value during calculation.

Table 1. Comparison of smartphone test results with actual calibration concentrations.

AFP Concentration
(ng/mL)

Testing Result
(ng/mL)

Deviation Value
(ng/mL) Accuracy

50 56.2 6.2 87.6%

100 107.2 7.2 92.8%

150 162.3 12.3 91.8%

200 217.9 17.9 91.05%

Two improvement measures can be implemented to address this issue. Firstly, the
hardware platform could be enhanced by incorporating a slot to securely hold the sample
in place. This would minimize the shift of the sample caused by vibrations. Additionally,
new image-recognition algorithms could be developed to automatically identify sample
images. In actual experimental images, the gray value of the background color (white)
was significantly higher than the range of gray values for the sample (70–130). Therefore,
during the calculation process, a threshold could be applied to determine whether a pixel
belongs to the sample image or the background image. For instance, pixels with a gray
value less than 150 could be considered part of the sample image, while those with higher
gray values would be categorized as background pixels and not included in the calculation.
This improved method would further enhance the accuracy of the algorithm during the
calculation process.

(ii) Limit of detection (LOD).
The detection accuracy and the limit of detection are important parameters for mea-

suring colorimetric sensing based on a smartphone. To obtain the minimum fluctuation
deviation, in the absence of detection samples, the spectrum of non-functionalized gold col-
loidal nanoparticles was tested, and it was found that the resonance wavelength fluctuation
was only 0.025 nm under the interference of PBS. The limit of detection can be obtained by
fitting the slope of the curve together with Figure 6B.

According to the definition of IUPAC [32], the SNR (signal-to-noise ratio) method is
used in this study to calculate the detection limit, which is calculated by dividing the slope
by three times the standard deviation of multiple blank solutions. The formula is shown
as follows:

LOD = 3σ/s (7)

where σ is the standard deviation and s is the slope of the fitted working curve.
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When σ = 0.025 nm and s = 0.9, the LOD = 0.083 ng/mL.
The detection process for the AFP antigen varies depending on the method used, with

differences in detection limits and linear ranges, as shown in Table 2. In this experiment,
a smartphone-based colorimetric detection method was employed, which has a much
lower detection limit (0.083 ng/mL) compared to the traditional ELISA method (2 ng/mL).
Additionally, the detection process is relatively simpler, and the cost is significantly lower.

Table 2. Comparison of AFP detection ability of different methods.

Method Detection Element Linear Range LOD Sample Ref

Paper-based colorimetry Antibody 0.1–100 ng/mL 1.054 ng/mL Serum [33]
Two-site ELISA # Affibody 6–100 ng/mL 2 ng/mL Serum [34]

LSPR combined immunoassay Antibody 20–200 ng/mL 24 ng/mL Serum [28]
Fluorescence immunoassay Antibody 1.0–4.0 ng/mL 41 pg/mL Serum [35]

Photoelectrochemical immunoassay Antibody 0.01–50 ng/mL 1.2 pg/mL Serum [36]
Colorimetric ELISA Antibody 15–600 ng/mL 0.82 ng/mL Serum [37]

Smartphone colorimetry Antigen 10–300 ng/mL 0.083 ng/mL Serum This work

#ELISA: Enzyme-linked immunosorbent assay.

(iii) Accuracy.
According to Table 1, it can be calculated that the average detection accuracy of

smartphone-based colorimetric sensing can reach 90.81%. In practice, the detection accuracy
of smartphone-based specific sensor components and systems is related to many factors.
This is mainly reflected in the following points:

A. Sensor performance: The sensitivity and response speed of the sensor are important
factors affecting the detection accuracy. High-performance sensors enable the more accurate
detection of small color changes.

B. Detection instrument: The accuracy and camera resolution of the detection instru-
ment (smartphone) used to read the color change will directly affect the accuracy of the
detection results.

C. Sample preparation: The preparation process, volume, and uniformity of the
sample will affect the accuracy of the test. The purity and consistency of the sample are
also key factors.

D. Environmental conditions: Environmental light, temperature, humidity, and other
factors will affect the performance of the colorimetric sensor, thus affecting the detection
accuracy. When used, it is necessary to measure under stable environmental conditions.

E. Data processing: Data processing methods (such as correction, standardization, etc.)
are also very important for improving detection accuracy. Accurate data processing can
effectively reduce noise and error.

F. Repeatability.
For biochemical sensors, repeatability is an important index. In colorimetric sensing

based on gold nanoparticles, the repeatability can reach more than 90% within 2 weeks of
reagent preparation, according to the limitation of reaction time. When the gold nanostruc-
ture is functionalized and binds to the antibody for too long (more than 4 h), the gold–sulfur
bond on the surface of the gold nanostructure will dissociate, which will eventually lead to
the failure of the experiment, and the repeatability will become poor. Factors that affect the
repeatability of test results are as follows:

A. Preparation of gold nanoparticles: Considering the consistency of particle size and
shape, the size and shape of gold nanoparticles have a significant effect on their optical
properties. Therefore, the size and shape of the particles need to be strictly controlled
during the preparation process to ensure the consistency of the sensing results.

B. Surface modification and functionalization: The modifiers and functionalized
molecules on the surface of gold nanoparticles have a great influence on their colori-
metric response. Variations in the surface modification process may lead to differences
in repeatability.
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C. pH value of the solution: The pH value of the solution can affect the dispersion and
stability of the gold nanoparticles, thus affecting the results of colorimetric sensing.

D. Sample preparation process: The sample preparation process needs to be strictly
standardized to reduce human error and variation.

E. Calibration of optical testing instruments: The optical testing instruments used
need to be calibrated regularly to ensure the accuracy and consistency of the test results.

F. Light source stability: The instability of the light source may lead to fluctuations in
the detection signal, thus affecting repeatability.

G. Consistency of data processing methods: Data processing and analysis methods
need to be standardized to ensure comparability between different experimental results.

H. Signal-to-noise ratio: A higher signal-to-noise ratio can improve the reliability and
repeatability of the test results.

By strictly controlling the above factors, the repeatability and reliability of colorimetric
sensing based on gold nanoparticles can be improved. Developing and following stan-
dardized operating procedures (Sops) is key to ensuring repeatability during experimental
design and operation.

4. Conclusions

Using smartphones for the quantitative detection of target analytes is an economical
and efficient approach. In this study, smartphones were employed for the quantitative
detection of target analytes, particularly by using colorimetry to analyze color changes
resulting from variations in analyte concentration. A custom hardware platform and mobile
application were developed to work in tandem, detecting the color change of functionalized
gold nanoparticles (AuNPs) after the addition of alpha-fetoprotein (AFP). The hardware
platform provided uniform illumination, thereby enhancing the accuracy of the detection
process. The mobile application included a dynamically adjustable viewfinder, allowing
it to adapt to various experimental setups. Compared to traditional ELISA methods,
this approach achieved a detection limit as low as 0.083 ng/mL, which is lower than the
traditional ELISA detection limit.

This smartphone-based colorimetric sensing method offers several advantages: (1) low
cost—the method is economical, making it accessible for widespread use; (2) high
efficiency—the process is designed to be fast, reducing the time required for analysis;
(3) user-friendly—the method is easy to use, which is crucial for application in various
environments; and (4) strong portability—the system is compact and easy to carry, making
it highly suitable for use in remote or resource-limited areas.

Despite these advantages, there is still room for further improvement. Future enhance-
ments may include reducing the size of the hardware platform and improving accuracy.
The design of a new hardware platform has already begun, with the size reduced by
approximately half through modifications to the light source. As previously mentioned,
improving the accuracy of the algorithm by implementing a threshold mechanism remains
a key focus for further optimization.

Author Contributions: Conceptualization, Z.G.; methodology, J.L. and Q.G.; software, J.L. and Q.G.;
writing—original draft preparation, Z.G., Q.G. and J.L.; writing—review and editing, Z.G., J.L. and
Q.G.; visualization, Q.G.; supervision, Z.G.; project administration, Z.G.; funding acquisition, Z.G.
All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the National Key Research and Development Plan of China,
grant number 2023YFB3210400, the National Natural Science Foundation of China, grant number
62274191, the Beijing Natural Science Foundation, grant number 4232075, the Project Application of
Minzu University of China, grant number URTP2024110369 and GC Project Business Plan of Minzu
University of China, grant number MCYX2024110001.

Data Availability Statement: The original contributions presented in the study are included in the
article, further inquiries can be directed to the corresponding author.



Micromachines 2024, 15, 1116 13 of 14

Acknowledgments: We like to acknowledge Shicai Wang, Yue Su, and Xiaoqing Lv from the Chinese
Academy of Sciences for useful discussions, suggestions, and biological reagent selection. This work
was carried out partly in the Institute of semiconductor, Chinese Academy of Sciences.

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

References
1. Wu, J.T.; Book, L.; Sudar, K. Serum Alpha Fetoprotein (AFP) Levels in Normal Infants. Pediatr. Res. 1981, 15, 50–52. [CrossRef]

[PubMed]
2. Yeo, Y.H.; Lee, Y.-T.; Tseng, H.-R.; Zhu, Y.; You, S.; Agopian, V.G.; Yang, J.D. Alpha-Fetoprotein: Past, Present, and Future. Hepatol.

Commun. 2024, 8, e0422. [CrossRef]
3. Smith, C.J.P.; Kelleher, P.C. Alpha-Fetoprotein Molecular Heterogeneity: Physiologic Correlations with Normal Growth, Carcino-

genesis and Tumor Growth. Biochim. Biophys. Acta (BBA)-Rev. Cancer 1980, 605, 1–32. [CrossRef]
4. Glowska-Ciemny, J.; Pankiewicz, J.; Malewski, Z.; Von Kaisenberg, C.; Kocylowski, R. Alpha-Fetoprotein (AFP)—New Aspects of

a Well-Known Marker in Perinatology. Ginekol. Pol. 2022, 93, 70–75. [CrossRef] [PubMed]
5. Sauzay, C.; Petit, A.; Bourgeois, A.-M.; Barbare, J.-C.; Chauffert, B.; Galmiche, A.; Houessinon, A. Alpha-Foetoprotein (AFP): A

Multi-Purpose Marker in Hepatocellular Carcinoma. Clin. Chim. Acta 2016, 463, 39–44. [CrossRef]
6. Mizejewski, G.J. Physiology of Alpha-Fetoprotein as a Biomarker for Perinatal Distress: Relevance to Adverse Pregnancy Outcome.

Exp. Biol. Med. 2007, 232, 993–1004. [CrossRef]
7. Matonóg, A.; Drosdzol-Cop, A. Alpha-Fetoprotein Level in Fetuses, Infants, and Children with Ovarian Masses: A Literature

Review. Front. Endocrinol. 2024, 15, 1307619. [CrossRef]
8. Kew, M. Alpha-Fetoprotein in Primary Liver Cancer and Other Diseases. Gut 1974, 15, 814–821. [CrossRef]
9. Warsinke, A. Point-of-Care Testing of Proteins. Anal. Bioanal. Chem. 2009, 393, 1393–1405. [CrossRef] [PubMed]
10. Bhardwaj, P.; Arora, B.; Saxena, S.; Singh, S.; Palkar, P.; Goda, J.S.; Banerjee, R. Paper-Based Point of Care Diagnostics for Cancer

Biomarkers. Sens. Diagn. 2024, 3, 504–535. [CrossRef]
11. Jin, B.; Zhang, C.; Ma, C.; Yin, H.; Li, S.; Du, Z.; Zhao, G.; Huang, H.; Li, Z. Innovative Strategies and Approaches for Enhancing

Performance in Optical Probe-Based Biosensors for Point-of-Care Testing. TrAC Trends Anal. Chem. 2024, 176, 117775. [CrossRef]
12. Yang, S.-M.; Lv, S.; Zhang, W.; Cui, Y. Microfluidic Point-of-Care (POC) Devices in Early Diagnosis: A Review of Opportunities

and Challenges. Sensors 2022, 22, 1620. [CrossRef] [PubMed]
13. Antabe, R.; Ziegler, B.R. Diseases, Emerging and Infectious. Int. Encycl. Hum. Geogr. 2020, 389–391. [CrossRef]
14. Zhang, Y.-P.; Bu, J.-W.; Shu, R.-X.; Liu, S.-L. Advances in Rapid Point-of-Care Virus Testing. Analyst 2024, 149, 2507–2525.

[CrossRef] [PubMed]
15. Stranieri, A.; Venkatraman, S.; Minicz, J.; Zarnegar, A.; Firmin, S.; Balasubramanian, V.; Jelinek, H.F. Emerging Point of Care

Devices and Artificial Intelligence: Prospects and Challenges for Public Health. Smart Health 2022, 24, 100279. [CrossRef]
16. Sachdeva, A. Point-of-Care Diagnosis in Pediatric Practice. Indian Pediatr. 2017, 54, 539–540. [CrossRef] [PubMed]
17. Wang, L.-J.; Chang, Y.-C.; Sun, R.; Li, L. A Multichannel Smartphone Optical Biosensor for High-Throughput Point-of-Care

Diagnostics. Biosens. Bioelectron. 2017, 87, 686–692. [CrossRef]
18. Son, M.H.; Park, S.W.; Sagong, H.Y.; Jung, Y.K. Recent Advances in Electrochemical and Optical Biosensors for Cancer Biomarker

Detection. BioChip J. 2023, 17, 44–67. [CrossRef]
19. Zong, H.; Zhang, Y.; Liu, X.; Xu, Z.; Ye, J.; Lu, S.; Guo, X.; Yang, Z.; Zhang, X.; Chai, M.; et al. Recent Trends in Smartphone-Based

Optical Imaging Biosensors for Genetic Testing: A Review. VIEW 2023, 4, 20220062. [CrossRef]
20. Pour, S.R.S.; Calabria, D.; Emamiamin, A.; Lazzarini, E.; Pace, A.; Guardigli, M.; Zangheri, M.; Mirasoli, M. Electrochemical vs.

Optical Biosensors for Point-of-Care Applications: A Critical Review. Chemosensors 2023, 11, 546. [CrossRef]
21. Geng, Z.; Zhang, X.; Fan, Z.; Lv, X.; Su, Y.; Chen, H. Recent Progress in Optical Biosensors Based on Smartphone Platforms.

Sensors 2017, 17, 2449. [CrossRef] [PubMed]
22. Chu, S.-L.; Sudo, K.; Yokota, H.; Abe, K.; Nakamura, Y.; Tsai, M.-D. Human Induced Pluripotent Stem Cell Formation and

Morphology Prediction during Reprogramming with Time-Lapse Bright-Field Microscopy Images Using Deep Learning Methods.
Comput. Methods Programs Biomed. 2023, 229, 107264. [CrossRef]

23. Jia, X.; Ma, P.; Tarwa, K.; Wang, Q. Machine Vision-Based Colorimetric Sensor Systems for Food Applications. J. Agric. Food Res.
2023, 11, 100503. [CrossRef]

24. Singh, R.; Mehra, R.; Walia, A.; Gupta, S.; Chawla, P.; Kumar, H.; Thakur, A.; Kaushik, R.; Kumar, N. Colorimetric Sensing
Approaches Based on Silver Nanoparticles Aggregation for Determination of Toxic Metal Ions in Water Sample: A Review. Int. J.
Environ. Anal. Chem. 2023, 103, 1361–1376. [CrossRef]

25. Nietzold, C.; Lisdat, F. Fast Protein Detection Using Absorption Properties of Gold Nanoparticles. Analyst 2012, 137, 2821.
[CrossRef] [PubMed]

26. Sun, Y.; Qin, L.; Liu, D.; Liu, C.; Sun, Y.; Duan, Y. Fast Detection of Alpha-Fetoprotein-L3 Using Lens Culinaris Agglutinin
Immobilized Gold Nanoparticles. J. Nanosci. Nanotechnol. 2014, 14, 4078–4081. [CrossRef]

27. Xiao, Q.; Zheng, Y.; Liu, J.; Wang, S.; Feng, B. Enzyme–Antibody Dual-Film Modified Gold Nanoparticle Probe for Ultrasensitive
Detection of Alpha Fetoprotein. Biologicals 2017, 47, 46–51. [CrossRef] [PubMed]

https://doi.org/10.1203/00006450-198101000-00012
https://www.ncbi.nlm.nih.gov/pubmed/6163129
https://doi.org/10.1097/HC9.0000000000000422
https://doi.org/10.1016/0304-419X(80)90020-7
https://doi.org/10.5603/GP.a2021.0226
https://www.ncbi.nlm.nih.gov/pubmed/35072257
https://doi.org/10.1016/j.cca.2016.10.006
https://doi.org/10.3181/0612-MR-291
https://doi.org/10.3389/fendo.2024.1307619
https://doi.org/10.1136/gut.15.10.814
https://doi.org/10.1007/s00216-008-2572-0
https://www.ncbi.nlm.nih.gov/pubmed/19130044
https://doi.org/10.1039/D3SD00340J
https://doi.org/10.1016/j.trac.2024.117775
https://doi.org/10.3390/s22041620
https://www.ncbi.nlm.nih.gov/pubmed/35214519
https://doi.org/10.1016/B978-0-08-102295-5.10439-1
https://doi.org/10.1039/D4AN00238E
https://www.ncbi.nlm.nih.gov/pubmed/38630498
https://doi.org/10.1016/j.smhl.2022.100279
https://doi.org/10.1007/s13312-017-1063-9
https://www.ncbi.nlm.nih.gov/pubmed/28737137
https://doi.org/10.1016/j.bios.2016.09.021
https://doi.org/10.1007/s13206-022-00089-6
https://doi.org/10.1002/VIW.20220062
https://doi.org/10.3390/chemosensors11100546
https://doi.org/10.3390/s17112449
https://www.ncbi.nlm.nih.gov/pubmed/29068375
https://doi.org/10.1016/j.cmpb.2022.107264
https://doi.org/10.1016/j.jafr.2023.100503
https://doi.org/10.1080/03067319.2021.1873315
https://doi.org/10.1039/c2an35054h
https://www.ncbi.nlm.nih.gov/pubmed/22569135
https://doi.org/10.1166/jnn.2014.8652
https://doi.org/10.1016/j.biologicals.2017.02.008
https://www.ncbi.nlm.nih.gov/pubmed/28284570


Micromachines 2024, 15, 1116 14 of 14

28. Aydindogan, E.; Ceylan, A.E.; Timur, S. Paper-Based Colorimetric Spot Test Utilizing Smartphone Sensing for Detection of
Biomarkers. Talanta 2020, 208, 120446.

29. 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 2018, 186, 2. [CrossRef]

30. Zare, I.; Yaraki, M.T.; Speranza, G.; Najafabadi, A.H.; Shourangiz-Haghighi, A.; Nik, A.B.; Manshian, B.B.; Saraiva, C.; Soenen,
S.J.; Kogan, M.J.; et al. Gold Nanostructures: Synthesis, Properties, and Neurological Applications. Chem. Soc. Rev. 2022, 51,
2601–2680. [CrossRef]

31. Xu, R. Progress in Nanoparticles Characterization: Sizing and Zeta Potential Measurement. Particuology 2008, 6, 112–115.
[CrossRef]

32. Lunardi, C.N.; Gomes, A.J.; Rocha, F.S.; De Tommaso, J.; Patience, G.S. Experimental Methods in Chemical Engineering: Zeta
Potential. Can. J. Chem. Eng. 2021, 99, 627–639. [CrossRef]

33. Tantra, R.; Schulze, P.; Quincey, P. Effect of Nanoparticle Concentration on Zeta-Potential Measurement Results and Reproducibil-
ity. Particuology 2010, 8, 279–285. [CrossRef]

34. Long, G.L.; Winefordner, J.D. Limit of Detection A Closer Look at the IUPAC Definition. Anal. Chem. 1983, 55, 712A–724A.
35. Liu, J.; Cui, D.; Jiang, Y.; Li, Y.; Liu, Z.; Tao, L.; Zhao, Q.; Diao, A. Selection and Characterization of a Novel Affibody Peptide and

Its Application in a Two-Site ELISA for the Detection of Cancer Biomarker 4Alpha-Fetoprotein. Int. J. Biol. Macromol. 2021, 166,
884–892. [CrossRef] [PubMed]

36. Li, W.; Jiang, X.; Xue, J.; Zhou, Z.; Zhou, J. Antibody Modified Gold Nano-Mushroom Arrays for Rapid Detection of Alpha-
Fetoprotein. Biosens. Bioelectron. 2015, 68, 468–474. [CrossRef]

37. Chen, C.; Zhao, J.; Lu, Y.; Sun, J. Fluorescence Immunoassay Based on the Phosphate-Triggered Fluorescence Turn-on Detection
of Alkaline Phosphatase. Anal. Chem. 2018, 90, 3505–3511. [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/10.1007/s00604-018-3107-9
https://doi.org/10.1039/D1CS01111A
https://doi.org/10.1016/j.partic.2007.12.002
https://doi.org/10.1002/cjce.23914
https://doi.org/10.1016/j.partic.2010.01.003
https://doi.org/10.1016/j.ijbiomac.2020.10.245
https://www.ncbi.nlm.nih.gov/pubmed/33157139
https://doi.org/10.1016/j.bios.2015.01.033
https://doi.org/10.1021/acs.analchem.7b05325

	Introduction 
	Materials and Methods 
	Materials and Instruments 
	Conjugation of Colloidal Gold with Antibodies 
	AuNPs Surface Immune Reaction 

	Result and Discussion 
	AuNPs as Colorimetric Agent 
	Improving the Sensitivity and Portability of Digital Image-Based Colorimetry 
	Sample Testing 

	Conclusions 
	References

