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Abstract: The sensitive and rapid detection of microsamples is crucial for early diagnosis of diseases.
The short response times and low sample volume requirements of microfluidic chips have shown
great potential in early diagnosis, but there are still shortcomings such as complex preparation
processes and high costs. We developed a low-cost smartphone-based fluorescence detection device
(Smartphone-BFDD) without precision equipment for rapid identification and quantification of
biomarkers on glass capillary. The device combines microfluidic technology with RGB image analysis,
effectively reducing the sample volume to 20 pL and detection time to only 30 min. For the sensitivity
of the device, we constructed a standard sandwich immunoassay (antibody-antigen—antibody) in
a glass capillary using the N-protein of SARS-CoV-2 as a biological model, realizing a low limit of
detection (LOD, 40 ng mL~!). This device provides potential applications for different biomarkers
and offers wide use for rapid biochemical analysis in biomedical research.

Keywords: smartphone; fluorescence; glass capillary; biomarkers; RGB

1. Introduction

Early diagnosis is recognized as an effective strategy for the prevention and con-
trol of disease progression [1]. Although traditional diagnostic methods such as liquid
biopsy [2-4], imaging examinations [5], and nucleic acid testing [6] have played a positive
role, they are still facing problems such as long time consumption, high cost, and poor
specificity. With the rapid development of detection technology, protein-based biomark-
ers [7-9], which are easier to isolate and can reflect more information about the actual
physiological state of cells or tissues, are becoming faster, more convenient, and more
cost-effective models for disease detection. The detection methods for protein biomark-
ers in the blood include enzyme-linked immunosorbent assay [10], chemiluminescence
immunoassay [11], radiometric analysis [12], immunofluorescence analysis [13,14], etc.
Among them, compared with other methods, immunofluorescence analysis has the ad-
vantages of convenient operation, stable signal, and no radioactive pollution. It is very
suitable for the rapid quantitative detection of biomarkers. Immunofluorescence analysis
is generally performed using fluorescence immunoassay analyzers [15] and fluorescence
microscopes [16,17], which have the advantages of sensitivity and accuracy. However,
there are problems such as large size, complex structure, and high price, which make it
unsuitable for diagnosis in many environments. Therefore, there is an urgent necessity to
develop a low-cost and portable fluorescence detection device.

With the rapid advances in imaging and sensing technology, smartphones have been
equipped with the ability to capture images clearly and quickly, and they have been em-
ployed as detectors in fields such as pathogen imaging [18], absorbance detection [19], and
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chemiluminescence [20]. Smartphone-based detection devices have been widely utilized
for biomedical applications [21,22], including disease diagnosis, bacteria detection, virus
detection, and food technology. The miniaturization and portability of smartphone-based
detection devices have allowed for the avoidance of large-scale equipment such as fluores-
cence spectrometers and microplate readers. Meanwhile, smartphones can store and share
data in real time, providing new opportunities for developing low-cost, portable fluores-
cence detection devices [23-25]. However, early disease diagnosis requires the detection of
low concentrations of biomarkers, which provides a challenge for smartphone-based fluo-
rescence devices [26]. Therefore, there is an urgent requirement for a detection technique
that can enhance its sensitivity. Fluorescence is light in a specific wavelength range, and
it exhibits a specific color, showing different gray values in the three RGB channels [27].
Therefore, analyzing the relationship between biomarkers and the gray values of the RGB
channels of the fluorescence image provides a new way for fluorescence quantification.
Some scholars utilized cost-effective functional components to fabricate multiple portable
detection devices. The sensitivity of fluorescence detection has been enhanced by using
methods such as image stacking image analysis and improved fluorescence detection
through capillary array, specifically targeting smartphones and webcams. Portable detec-
tion devices involve multiple functional components of different specifications, but the
limited flexibility in assembling these multifunctional components becomes a challenge in
achieving integrated devices. Burgeoning 3D-printing technology possesses the character-
istics of low cost and high flexibility, providing a new strategy for flexibly printing support
structures for functional components and manufacturing portable detection devices.

Microfluidic technology enables precise control and manipulation of samples through
minijaturized fluidic channels and microscale operations [28]. It has the significant advan-
tages of high accuracy, short time, and low cost, and it has great potential for early disease
diagnosis [29-31]. Furthermore, the integration of smartphones with advanced computing
capabilities and microfluidic technology allows for the integration and miniaturization of
laboratory functions, enabling real-time on-site analysis of samples. Currently, smartphone-
based detection devices incorporating microfluidic technology have been widely utilized
for the detection of various biomarkers [32-35]. Traditional microfluidic chips are mainly
made of materials such as PDMS and PMMA, which have good biocompatibility and high
light transmission [36]. Although these materials are suitable for immunofluorescence anal-
ysis, the preparation process is complex and requires the use of sophisticated equipment.
Therefore, it is necessary to find new microfluidic carriers with high light transmission and
low cost.

Hence, we developed a low-cost smartphone-based fluorescence detection device
(Smartphone-BFDD) without precision equipment for rapid identification and quantifica-
tion of biomarkers on glass capillaries. In the developed system, 3D-printing technology
and modular assembly strategy were used to miniaturize the detection system, mainly
consisting of four main modules: fluorescence detection, excitation, camera, and power.
The optical system of Smartphone-BFDD uses an orthogonal structure and optimizes the
angle between the light source and capillary to reduce the impact of excitation light on
fluorescence. Fluorescence images are captured using a smartphone (iPhone 11, Apple,
Cupertino, CA, USA) as a model, and image ] (version 1.53a) is used to analyze the gray
values of the three channels to determine their intensity. The cheap glass capillary was
employed as a carrier for microsamples, eliminating the need for preparing microfluidic
chips and enabling automatic sample injection by the capillary phenomenon. To evaluate
the optimal parameters of the smartphone for capturing fluorescent images, we tested the
effect of shutter speed and photosensitivity (ISO) on the signal-to-noise ratio (SNR) by
employing the BSA-FITC as a model. Meanwhile, the N-protein of SARS-CoV-2 was used
as a detection model to evaluate the actual detection performance of Smartphone-BFDD for
biomarkers under the optimal parameters.



Biosensors 2023, 13, 753 3o0f12

2. Materials and Methods
2.1. Materials

(3-Aminopropyl)triethoxysilane (APTES, 99%) was purchased from Shanghai Aladdin
Biochemical Technology Co., Ltd (Shanghai, China). N-Hydroxysuccinimide (NHS), H,O,
(30%), KOH, and glutaraldehyde (GA, 25%) was purchased from Sinopharm Chemical
Reagent Co., Ltd. HySO4 was purchased from Yantai Far East Fine Chemical Co., Ltd (Yantai,
China). Phosphate-buffered saline (PBS) solution was purchased from Cytiva. Bovine
serum albumin labelled with fluorescein isothiocyanate (BSA-FITC) was purchased from
Dalian Meilun Biotechnology Co., Ltd. Glass capillary (0.5 mm in diameter, 8 cm in length)
was purchased from the Instrument Plant of West China Medical University (Chengdu,
China). Mouse anti-SARS-CoV-2 NP monoclonal antibody-1 (Capture antibody), mouse
anti-SARS-CoV-2 NP monoclonal antibody-2 (detection antibody), and recombinant human
SARS-CoV-2 NP protein (N-protein) was purchased from Nanjing Baikang Biotechnology
Co., Ltd (Nanjing, China). Green fluorescent microspheres was purchased from Huge
Biotechnology Co., Ltd (Shanghai, China). MES, Free acid, HEPES was purchased from
Coolaber. EDCeHCL was purchased from Solarbio Life Science Co., Ltd (Beijing, China).
Green fluorescence microspheres (100 nm) were purchased from Huge Biotechnology.
Bovine serum albumin was purchased from Sigma-Aldrich (St. Louis, MO, USA).

2.2. Design of the Smartphone-BFDD

Cinema 4D R20 (Maxon, Bad Homburg, Germany) was used to design the Smartphone-
BFDD, which was printed by a 3D printer (i3 Mega S, Anycubic, Shenzhen, China). The
photograph of Smartphone-BFDD is shown in Figure 1a; the overall structure mimics an
orthogonal fluorescence microscope, and a smartphone was used to capture and display
fluorescent images. In the 3D schematic illustration of PBTD in Figure 1b, PBTD consisted of
alow-power LED lamp (1W, 470-475 nm), a collimating lens, a bandpass filter (500-700 nm,
1.7 mm), a macrolens, a battery case (3 V), a smartphone (iPhone 11, Apple, Cupertino, CA,
USA), and 3D-printed cases. The macrolens was used to assist the smartphone in capturing
fluorescent images and placed in a square groove (8 x 43 x 23.2 mm). The collimating lens
is used to convert the flood light into parallel light, which can effectively alleviate the light
interference and low light intensity in the area caused by the LED flood light. Meanwhile,
the parallel light is not perpendicular to the glass capillary but crosses it at 120°, which
reduces the generation of refracted light.

Battery case

Macro lgns

20 mm

2 mm I
:l:wmm 11mm | T 1.5mm
11 mm

32 mm
,,,,, ”__ L _ Band filter

Collimating lens Glass capillary

Figure 1. (a) Photograph of the smartphone-based fluorescence detection device (Smartphone-BFDD).
(b) Schematic illustration of the Smartphone-BFDD.

2.3. Fluorescence Quantification of BAS-FITC

The 7.16 mg mL~! BSA-FITC solution was diluted to a concentration range of
0~22.375 pg mL~! with PBS buffer solution. An amount of 20 uL of BSA-FITC dilution
was injected into a clean glass capillary, which was then placed in PBST for capturing
fluorescence images of the BSA-FITC dilution. The processing steps are shown in Figure 2b.
To capture high-quality fluorescent images, the smartphone needs to be adjusted for the
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right shutter speed and photosensitivity (ISO) before capturing the image. The fluorescent
image is then divided into three channels: blue, green, and red. Finally, an area is selected
in the green channel image for analyzing its fluorescence intensity.

Analyze with
ImageJ

400 450

T
500

RGB images
Split
j Take photo channels
T T
550 550 650
Wavelength (nm)

Blue Red Green

Figure 2. RGB image analysis: (a) Correspondence between RGB image and wavelength. (b) Schematic
of RGB image analysis.

2.4. Modification of Glass Capillary

The glass capillary was modified in three steps: (a) hydrophilic modification; (b) mod-
ification of APTES; and (c) modification of GA. The steps of modification are shown in
Figure S1. First, the glass capillary was immersed in piranha solution (HyO2:H,SO4 2:3) and
1 M KOH for 15 min, respectively. Then, the glass capillary was thoroughly cleaned with
ultrapure water three times and dried with nitrogen. The clean glass capillary produces a
large number of hydroxyl groups, and the APTES solution (ethanol: APTES 9:1) should be
injected in time. The glass capillary with APTES solution was heated at 50 °C. Aftera 3 h
reaction, the glass capillary was thoroughly cleaned by ethanol and crosslinked for 1 h at
125 °C. The 600 pL GA diluent (2.5%, PBS) is continuously injected into the glass capillary

using a syringe pump. The flow rate was 5 pL min ~1.

2.5. Preparation of Detection Antibody—Fluorescent Microsphere

To prepare the detection antibody—fluorescent microspheres, a small amount of green
fluorescent microspheres were added to 200 L. MES buffer solution (50 mM), and sonicated
for 3 min. Then, a 6.5 uL. EDC solution (5 mg mL~!) and a 28 pL. NHS solution (5 mg mL 1)
were added to the mixed solution and placed on a shaker bed for 60 min. After centrifuging
for 20 min, green fluorescent microspheres were thoroughly cleaned with ultrapure water
three times. Next, 0.2 mg of capture antibody and 2 mg of green fluorescent microsphere
were added to a 200 uL. HEPES buffer solution for 240 min. A 1% BSA solution was added
to the mixed solution for 120 min. After the mixed solution was centrifuged, the detection
antibody—fluorescent microsphere was thoroughly cleaned by HEPES buffer. Finally, the
detection antibody-fluorescent microspheres were placed in a storage buffer (25 mM HEPES
buffer, containing 0.1% Tween and 1% BSA).

2.6. Fluorescence Quantification of N-Protein

After washing the GA-modified glass capillary with PBS, 20 uL of 4 pg mL~! capture
antibody was injected into the GA-modified glass capillary and incubated for 20 min. Then,
the remaining binding sites of the glass capillary were blocked with 10% BSA solution for
20 min. Next, the 1.37 mg mL~! N-protein solution was diluted to a concentration range
of 0-400 ng mL~! with PBS. An amount of 20 uL of N-protein diluent was injected into a
glass capillary for 15 min. After washing with PBS, 20 uL of detection antibody—fluorescent
microspheres was injected into a glass capillary and combined with N-protein for 15 min.
Finally, the glass capillary was placed in Smartphone-BFDD to capture fluorescence images
of the N-protein diluent and to analyze its fluorescence intensity.
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3. Results
3.1. Design of Smartphone-BFDD

The Smartphone-BFDD was designed using a modular assembly approach, consisting
of four main modules: fluorescence detection, excitation, camera, and power. As shown in
Figure 1a, the device is compact and portable, similar in size to a smartphone. The optical
structure of the fluorescence detection module adopts an orthogonal design instead of a
confocal design, which can reduce complex optical components and effectively shrink the
size of the device. As shown in Figure 1b, the fluorescence detection module has a height
of 32 mm, a width of 29 mm, and a length of 46 mm, and it consists of macrolens, camera,
filter, detection chamber, optical path channel, etc., for miniaturization and integration.
Orthogonal fluorescence devices, in which the excitation light has less influence on the
emission light, are usually adapted for the detection of fluorescent substances where
sensitivity is not required. However, biomarker detection requires fluorescence devices
with high sensitivity and accuracy. To improve the detection sensitivity of Smartphone-
BFDD, the design of the device is considered from two aspects: on the one hand, by
minimizing the influence of reflected light and environmental light on fluorescence, and
on the other hand, by maximizing the collected fluorescence from the substance being
detected.

The camera module comprises a smartphone (iPhone 11) and a smartphone case,
which is utilized to take pictures of a glass capillary with microchip properties. However,
the proximity between the smartphone camera and the fluorescence detection module poses
a problem of blurry fluorescent images due to improper focusing by the smartphone camera.
In addition, the uncertainty of the location of the images captured by the smartphone also
affects the subsequent fluorescence image analysis. To resolve the blurring of the fluorescent
image, we added a macrolens with a magnification of 100 x between the smartphone camera
and the glass capillary. To test the optimal parameters of Smartphone-BFDD, BSA-FITC
was selected as the test sample in subsequent experiments. As shown in Figure S2, the
proper placement and distance between the three dramatically enhances the clarity of
the fluorescence image. Meanwhile, we printed a smartphone case that fits both the
fluorescence detection module and the smartphone, which ensures that the position of the
smartphone remains constant relative to the glass capillary for easy fluorescence image
analysis in subsequent steps.

The overlap of the excitation and emission wavelength ranges affects the accuracy
of fluorescence image analysis. The optimum excitation and emission peaks of BSA-FITC
are at 495 nm and 525 nm, respectively. To reduce the effect of the excitation light on the
emission light, an LED with a wavelength of 461 nm was chosen as the excitation light
source (See Figure S3). However, since LED lamps are floodlights, the light will radiate in all
directions, resulting in high background light. Meanwhile, the floodlight also has weak and
uneven radiation illumination intensity. To solve these problems, the Smartphone-BFDD
introduces a collimating lens to convert the floodlight into parallel light. As shown in
Figure 54, we ensured that the generated light spot irradiated the sample uniformly by
adjusting the distance between the LED lamp, collimating lens, and the inspection chamber.
Meanwhile, we observed that the light spot in touch with the glass capillary causes a strong
refracted light. To reduce the interference of reflected light, we added a 470-500 nm filter to
filter stray light. Furthermore, the optical path and the glass capillary were shifted from
90° to 120°, which effectively reduced the generation of refracted light (See Figure S5).

Due to the ability of black material to absorb stray light, we printed the fluorescence
detection module and the power module with a black PLA material, which also reduces
the interference of environmental light and stray light to some extent. The power module
comprises two 1.5 V dry batteries and a battery case, which are connected in series to
provide a voltage of 3 V. This dry battery is easy to replace and does not require additional
charging equipment, while reducing the size, making the Smartphone-BFDD more portable
and suitable for various environments.
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3.2. Investigation of Camera Parameters for Smartphone-BFDD

RGB image analysis is a method of separating color images into three independent
color channel images and analyzing their gray values, including blue image, green image,
and red image. Fluorescence is light in a specific wavelength range, and it presents a stable
color; quantitative fluorescent substances are realized by analyzing the gray values of the
three channels. As shown in Figure S3, BSA-FITC has characteristic peaks at wavelengths
between 500 nm and 550 nm. Correspondingly, BSA-FITC shows a strong green fluores-
cence and presents a higher gray value in the green channel image, while the excitation
light is 460 nm, which presents a higher gray value in the blue channel (See Figure 2a). In
Figure 2b, we can observe that the fluorescence images captured by the Smartphone-BFDD
only show higher gray values in the green channel images but not in the blue channel,
which proves that the design of Smartphone-BFDD is capable of minimizing the effect of
the blue excitation light on the green fluorescence image. Thus, the quantitative detection of
different fluorescent substances can be achieved by adjusting the parameters of excitation
wavelength and filter. An example is TRITC, which has a maximum emission wavelength
of 620 nm, and the analysis of fluorescence intensity can be achieved by detecting the gray
value of the red channel.

To evaluate the optimal parameters of the smartphone for capturing fluorescent images,
we tested the effect of shutter speed and photosensitivity (ISO) on the signal-to-noise ratio
(SNR) by employing the BSA-FITC as a model. According to Figure 3a, we observe that in
the blue channel image, when the ISO is constant, the SNR does not change as the shutter
speed increases. According to Figure 3c, we observe that the high SNR is obtained at an
ISO of 1600. The gray value of the red channel image represents the light with wavelengths
between 575 nm and 700 nm, which affects the gray value of the green channel image.
Therefore, it is necessary to avoid the impact on other channels caused image by high ISO.
According to Figure 3b, we observed that the high SNR was obtained at an ISO of 800 and
a shutter speed of 2 s. However, the concentrations of biomarkers are usually very low,
resulting in weak fluorescence. The shutter speed is the duration of time required for the
camera shutter to open and close, which is the duration for light to enter the photosensitive
component. To obtain higher fluorescence intensity in fluorescence images, it is often
necessary to extend the shutter speed, which is accompanied by an increase in noise and
a decrease in the SNR. According to Figure S6, we observed a significant increase in the
fluorescence intensity of BSA-FITC with an increase in shutter speed, and the increase in
noise was not apparent. Thus, a shutter speed from 2 s to 4 s did not significantly affect the
fluorescence intensity of the fluorescence images. In consideration of this, we selected an
ISO of 800 and a shutter speed of 4 s as the optimal parameters for subsequent experiments.

b c

e -l 9 0" 00 e & e e ey e &
w2 , PP " Z , = w' &
1 2 4 8 15 30 1 2 4 8 15 30
Shutter speed (S) Shutter speed (S)
Green Channel Red Channel

Figure 3. Effects of smartphone camera parameters on SNR: (a) Blue channel. (b) Green channel.
(c) Red channel.
3.3. Detection of BSA-FITC Solution for Smartphone-BFDD

BSA-FITC is a fluorescence protein in which bovine serum albumin is directly labeled
with fluorescein (fluorescein isothiocyanate, FITC) through covalent binding. To evaluate
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the actual detection performance of Smartphone-BFDD for fluorescent substances, we
conducted a fluorescence quantitative test using BSA-FITC as a model under the optimal
parameters. As shown in Figure 4a, the blank control image of the PBS solution does not
show green fluorescence, which shows a low background level. As the concentration of
BSA-FITC increased, the fluorescence intensity increased rapidly with the naked eye. To
reduce the effect of noise generated by background superimposition on the analysis of
weak fluorescence, we selected a fixed area on the captured fluorescence image and read
the average fluorescence intensity within the area by utilizing image J.
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Figure 4. Fluorescence quantitative test of BSA-FITC: (a) Fluorescence images of BSA-FITC. (b) Fitting
relationship between the mean fluorescence intensity and concentration of BSA-FITC in the range of
0-22.375 pug mL 1. The red line is the fitting relationship between BSA-FITC concentration and mean
fluorescence intensity. (c) Fitting linear relationship between the mean fluorescence intensity and
concentration of BSA-FITC in the range of 1.4-7.16 pg mL ™.

A well-fitting curve between the concentration of BSA-FITC is shown in Figure 4b. We
observe that the fitted curve of the mean fluorescence intensity of BSA-FITC at different con-
centrations shows an “S-shaped” pattern, which approaches the peak of the measurement
at 11.785 ug mL~1. However, as we continued to increase the concentration of BSA-FITC,
the mean fluorescence intensity remained unchanged. This phenomenon can be attributed
to the maximum grayscale value limit of 255 in the image. Once the grayscale value of
the fluorescence image reaches this limit, further increments in the concentration of the
fluorescent substance no longer enable precise identification of its fluorescence intensity.
The fitting linear relationship between the mean fluorescence intensity and concentration
of BSA-FITC in the range of 1.4-7.16 ug mL~! was obtained. After calculation, the linear
equation is y = 39.334x— 29.07, R? = 0.9871. The limit of detection (LOD) refers to the mini-
mum concentration or minimum amount of the analyte that can be detected in a sample
analysis. Based on the linear relationship, we can observe that the minimum detection point
for BSA-FITC is 1.4 pg mL~!. Therefore, Smartphone-BFDD can be utilized to determine
the concentration of fluorescent substances directly with the naked eye, which has the
advantages of simplicity and speed. Meanwhile, the use of glass capillaries as containers
for testing samples not only reduces costs but also allows the capillary phenomenon to be
utilized to inject samples directly without the assistance of other instruments.

3.4. Characterization of the Biological Function of Glass Capillary

To achieve immobilization of capture antibodies to capture biomarkers, it is necessary
to modify the inner wall of the glass capillary with functional groups that covalently bind
to capture antibodies. The steps are shown in Figure S1, and the main processes are di-
vided into hydroxyl modifications, amino modifications, and aldehyde modifications. The
hydroxyl modification of the glass capillary was carried out by a two-step soaking process,
which can generate a large amount of highly hydrophilic Si-OH on the surface. Compared
with the equipment required for traditional plasma and ultraviolet technologies, the two-
step soaking method simplifies and accelerates the entire modification process and enables
large-scale one-time preparation. Then, a Si-O-5i bond is formed between Si-OH and
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APTES to realize the modification of the amino group. However, it is difficult for the amino
group to undergo an amidation reaction with the carboxyl group of the capture antibody
at room temperature. To solve this problem, we introduced GA as a linker to covalently
attach the captured antibodies onto the APTES-modified layer. According to Figure S7,
we observe a new peak in the 1650-1750 range after GA modification, which is attributed
to the stretching and vibration of -C=O-, which confirms the success of GA modification.
To verify the feasibility of the immobilization strategy, we used an electronic scanning
microscope to observe the inner wall of capillaries after BSA immobilization. According
to Figure S8, we used Smartphone-BFDD to observe the glass capillary immobilized with
BSA-FITC and found that the surface of the capillary showed strong fluorescence, which
also proved the feasibility of our immobilization strategy.

3.5. Detection of N-Protein for Smartphone-BFDD

The LOD for biomarkers is crucial for early disease diagnosis. To evaluate the actual
detection performance of Smartphone-BFDD for biomarkers, we used the N-protein of
SARS-CoV-2 as a detection model. The level of biomarkers in the body is low, resulting
in low fluorescence intensity. To improve the sensitivity of detecting biomarkers, we used
a fluorescent microsphere for the detection of N-protein. Fluorescent microspheres can
carry many fluorescent molecules, and a weaker stimulus can trigger a stronger signal.
Following the scheme shown in Figure 5, we pre-immobilized the capture protein on the
inner wall of the glass capillary, employed BSA to block any unbound site, and sequentially
injected 0-400 ng mL~! N-protein diluent and detection antibody—fluorescent microspheres.
Ultimately, an immunofluorescent double-sandwich structure is formed on the inner surface
of the glass capillary. We analyzed the fluorescence intensity of different concentrations of
N-protein using a smartphone-based fluorescence detection platform and plotted the mean
fluorescence curve. According to Figure 6a, as the concentration of N-protein increased, the
fluorescence intensity increased rapidly with the naked eye. Similarly, we selected a fixed
area of the fluorescent photo and analyzed the average fluorescence intensity of the region
by utilizing image J. According to Figure 6b, the fitted curve of the mean fluorescence
intensity approaches the peak of the measurement at 200 ng mL~!. The fitting linear
relationship between the mean fluorescence intensity and concentration of N-protein in the
range of 0-120 ng mL~! was obtained. After calculation, the linear equation is y = 0.0807x
+20.541, R = 0.9898. Based on the linear relationship, we can observe that the minimum
detection point for N-protein is 40 ng mL~!. The Smartphone-BFDD realized a low limit of
detection (LOD, 40 ng/mL), which demonstrated the high sensitivity that can be provided
for biomarker detection.

Blocking protein (BSA) N-protein

Glass capillary

Modified layer Detection antibody-fluorescent microsphere

Figure 5. Schematic of glass capillary fluorescence immunoassay.
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relationship between the mean fluorescence intensity and concentration of N-protein in the range
of 0-400 ng mL~!. (c) Fitting linear relationship between the mean fluorescence intensity and
concentration of N-protein in the range of 0-120 ng mL .

4. Conclusions

In summary, we developed a low-cost smartphone-based fluorescence detection device
without large equipment for rapid identification and quantification of biomarkers based on
glass capillary. The Smartphone-BFDD was designed using a modular assembly approach,
realizing the integration and miniaturization of multifunctional modules, portable and
suitable for various environments. By optimizing the Smartphone-BFDD structure and
smartphone parameters, we greatly reduce the interference of excitation light on fluores-
cence and enhance the visualization of fluorescent images. Some scholars have constructed
important smartphone-based fluorescence detection devices [37,38]. The sensitivity of
fluorescence detection has been enhanced by using methods such as image stacking image
analysis and improved fluorescence detection through capillary array, specifically targeting
smartphones and webcams [39-41]. Portable detection devices involve multiple functional
components of different specifications. Our system employs 3D-printing technology to
print component holders, enabling the flexible and integrated assembly of multifunctional
components. This approach effectively reduces the size and cost of the device, while facil-
itating the development of a handheld smartphone-based fluorescence detection device
with broad applicability. To evaluate the performance of Smartphone-BFDD on biomarkers,
we constructed an immunofluorescent sandwich structure for testing using the N-protein
of SARS-CoV-2 as a biological model. Traditional SARS-CoV-2 fluorescence immunochro-
matographic test strips achieved fast and sensitive detection, which successfully obtained
a low LOD of 100 ng mL~! using 60 pL of sample [42]. Compared with these test strips,
our device also has the same excellent speed and sensitivity, successfully obtaining a low
LOD of 40 ng mL~!. This demonstrates that using this method can quickly detect the
fluorescence intensity of biomarkers with only a small amount of samples (20 uL).

This work employs computer software (image J) as a means to analyze fluorescent
images. However, the reliance on software for the analysis of fluorescent images (image J) is
inconvenient in real-time detection. The development of smartphone software that enables
integrated capture and quantitative analysis of fluorescence images will provide portability
to the detection devices, allowing users to perform quick detection. In the future, we
will develop RGB analysis software compatible with Smartphone-BFDD and smartphones
to achieve real-time visualization and quantitative analysis. This device will inspire the
detection of biomarkers and the development of novel instant diagnostic devices.
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