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a b s t r a c t

Lysine is one of the essential amino acids and plays a vital role in the growth, development and health of
pigs. Blood lysine concentration is a direct indication of lysine status; however, current methods can not
satisfy the demands for rapid and on-site lysine concentration measurement of swine serum. Here, we
developed blue-emissive nitrogen-doped carbon dots as a fluorescence probe for the determination of
lysine with high fluorescence quantum yield, stability, sensitivity and specificity. The carbon dots were
entrapped within hydrogel microstructures to fabricate microfluidic chips for rapid assay for lysine
quantification. We further developed an imaging attachment to integrate the microfluidic chip and a
smartphone into a portable point-of-care testing platform. This platform requires only 3 mL sample and
has a linear detection range of 25 to 300 mmol/L with a limit of detection less than 16 mmol/L, which
covers the normal range of lysine concentration in swine serum. We tested lysine concentration in swine
serum using this platform with high accuracy, low sample consumption, and within 3 min. Together,
these results may provide a rapid and portable platform for dynamic monitoring of swine lysine status
and contribute to precise feed formula modulation with low-protein diet strategy.
© 2023 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd.
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-

nc-nd/4.0/).
1. Introduction performance and health, and lysine requirement is a dynamic
Lysine is one of the essential amino acids and the first limiting
amino acid in corn-soybeanmeal based low-protein diets for swine
(Wang et al., 2018). Dietary deficiency of lysine will reduce the
growth performance, affect the metabolism of other nutrients,
impair the immunity and increase the susceptibility to infectious
diseases (Ettle and Roth, 2009; Liao et al., 2015; Yin et al., 2018).
Nevertheless, excess supplementation of lysine will result in waste
and affect the absorption and transport of other amino acids such as
arginine and histone (Wu et al., 2000; Yin et al., 2017). Because
lysine deficiency or excess has negative impact on swine growth
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variable that relates tomultiple factors, a simple and effective assay
for lysine status is needed. The blood free amino acid profile reflects
the amino acid profile of the consumed supplement (Regmi et al.,
2016) and serum amino acid levels can be used to validate the
estimated requirement (Roy et al., 2000; Wiltafsky et al., 2009;
Zeng et al., 2013). Hence, dynamic monitoring of serum lysine
status helps to apply ideal amino acid pattern to maximize the
advantages of low-protein diets and simultaneously reduce the cost
of supplemental lysine.

Conventional methods for the quantification of lysine, and more
generally, amino acids in biological samples include gas chroma-
tography/mass spectrometry (GC/MS) (Culea et al., 2015), high-
performance liquid chromatography (HPLC) (Dai et al., 2014),
liquid chromatographyetandem mass spectrometry (LCeMS/MS)
(Tu et al., 2012), and nuclear magnetic resonance spectroscopy
(NMR) (Armstrong et al., 2012). These methods have disadvantages
as they require complex sample pre-treatment, expensive in-
struments and skilled operators and are time consuming. Rapid
methods for the determination of lysine concentration have been
developed through the use of lysine probes such as gold nano-
particles (AuNPs) (Zhou et al., 2012), gold nanorods (AuNRs) (Wang
mmunications Co. Ltd. This is an open access article under the CC BY-NC-ND license
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et al., 2012), graphene quantum dots/gold nanoparticles (GQD/
AuNPs) (Chaicham et al., 2019), and Agþ oxidized 3,30,5,50-tetra-
methylbenzidine (TMB) (Xue et al., 2019) for colorimetric assays.
However, these metal-based nanosensors generally have the limi-
tations of being expensive or hard to prepare, and high toxicity.
Carbon dots (CDs) have received increasing attention as optical
sensors, owing to the low cost, low toxicity, high stability, and ease
of synthesis and functionalization (Baker and Baker, 2010; Morbioli
et al., 2017). Recently, fluorescent CDs have been synthesized for
lysine detection (Song et al., 2017; Sharma and Yun, 2020). How-
ever, the application of these CDs is still limited by photostability,
specificity and detection range.

Currently, point-of-care testing (POCT) is rapidly emerging as an
alternative to the traditional laboratory-based testing. A consider-
able number of POCT devices use microfluidics. A microfluidic chip
is a small portable platform that can complete sample pre-
treatment, mixing and chemical reaction by fluid manipulation in
a singular devicewith increased speed and reduced consumption of
samples (Xie et al., 2022). A typical strategy is integrating hydrogel
microstructures mixed with probes serving as sensing elements
inside the microchannels (Lin et al., 2011; Jang et al., 2012). Due to
the rapid development and widespread use of smartphones, more
and more POCT devices are developed by using a smartphone as a
detector, a data processor and a result display (Liu et al., 2019).

Here we report a smartphone-based POCT platform for the
determination of lysine via a blue-emissive carbon dot-entrapped
microfluidic chip. The POCT platform was applied to a swine
serum sample to demonstrate its performance.

2. Materials and methods

2.1. Animal ethics statement

The experiment protocol was approved by the Animal Care and
Use Committee of Huazhong Agricultural University, Wuhan, China
(approval number: HZAUSW-2002-0009).

2.2. Materials

Tetraethylene glycol and acrylic acid were purchased from
Adamas-Beta Ltd. (Shanghai, China). Zinc chloride, methanol,
diethyl ether, sodium chloride and potassium chloride were pur-
chased from Sinopharm Chemical Reagent Co., Ltd. (Shanghai,
China). Poly (ethylene glycol) diacrylate (PEG-DA), photoinitiator 2-
hydroxy-2-methylpropiophenone (HOMPP), and lysine were pur-
chased from Sigma-Aldrich (St. Louis, MO, USA). Poly-
dimethylsiloxane (PDMS) prepolymer was obtained from Dow
Corning (Midland, MI, USA). All the other reagents were purchased
from Aladdin Chemistry Co. Ltd. (Shanghai, China). All the chem-
icals were analytical grade. Millipore water was used to prepare all
solutions. Swine serum samples (three-way hybrid pig, 20 d) were
obtained from College of Animal Sciences and Technology, Huaz-
hong Agricultural University.

2.3. Instruments

The fluorescence spectra were obtained using a spectrofluoro-
photometer (Shimadzu RF-6000, Japan). The ultravioletevisible
(UVevis) spectra were obtained using a UVevis spectrophotom-
eter (Shimadzu UV-1800, Japan). The Fourier transform infrared
(FTIR) spectra were obtained using a FTIR spectrometer (Thermo
Scientific Nicolet iS50, USA). Themorphologyandparticle size of the
nitrogen-doped carbon dots (N-CDs) were performed on a field-
emission transmission electron microscope (TEM; FEI Tecnai G2
F20 S-TWIN TEM, USA). X-ray power diffraction (XRD) pattern was
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obtained using an X-ray diffractometer (Bruker D8 Advance, Ger-
many) with Cu-Ka radiation (l ¼ 1.5418 Å). X-ray photoelectron
spectroscopy (XPS) was performed using an XPS spectrometer
(Thermo Scientific Escalab 250Xi, USA) equipped with an Al Ka X-
Ray source. Fluorescence images were obtained using an inverted
fluorescence microscope (Nikon Eclipse Ti2, Japan) with a halogen
lamp. The concentrations of free amino acids in swine serum sam-
ples were measured using an automatic amino acid analyzer
(Hitachi L-8900, Japan).

2.4. Synthesis of N-CDs

A 25-mL one-necked round bottom flask containing tetra-
ethylene glycol solution (5 mL) was charged with ZnCl2 (340 mg,
2.5 mmol), 2,3-diaminopyridine (55 mg, 0.5 mmol) and acrylic acid
(220 mg, 3.0 mmol). The resulting mixture was first stirred at
100 �C for 1 h under N2 atmosphere, and then the reactionwas kept
with magnetic stirring at 210 �C for another 4 h. After cooling, the
crude product was suspended in methanol (40 mL), and the su-
pernatant was collected by centrifugation. The solution was sub-
jected to vacuum concentration to a volume of about 20 mL, and
diethyl ether (50 mL) was added to precipitate the product. This
precipitation step was repeated twice to remove the residual ZnCl2
completely, and the obtained black solid was dried under vacuum
at 40 �C to obtain the final N-CD product.

2.5. Detection of lysine using N-CDs

For the detection of lysine, 100 mL of lysine solutions with
different concentrations were separately added into 2 mL phos-
phate buffer saline (PBS) solution containing N-CDs (CN-
CDs ¼ 0.05 mg/mL, pH ¼ 6.0). Then, the fluorescence emission
spectra were recorded. The selectivity of the N-CDs towards lysine
was verified by adding various interferences into the N-CDs solu-
tion under the same conditions as the detection of lysine. The final
concentration of amino acids was 500 mmol/L, except lysine was
200 mmol/L and Gly was 2,000 mmol/L. The concentrations of
glutathione (GSH) and glucose were 2,000 and 10,000 mmol/L,
respectively. The concentrations of metal ions were 10 mmol/L,
except Kþ and Naþ which were 100,000 mmol/L. The selected con-
centrations of the above potential interfering substances were
much higher than their typical concentrations in swine serum. To
test the photostability of the N-CDs, the N-CDs solution was under
continuous illumination of a 365-nm UV lamp and the fluorescence
intensity was measured every 15 min. All experiments were carried
out at room temperature.

2.6. Fabrication of the microfluidic chip

Themold of themicrofluidic chip was designed using SolidWorks
software (SolidWorks, USA) and fabricated by 3D printing with Pla-
sCLEAR material (Asiga, Australia) by a digital light processing 3D
printer (AsigaMAXX35, Australia). The inner surface of themoldwas
coated with mineral oil to facilitate stripping. Liquid PDMS pre-
polymer was poured onto the mold and cured at 65 �C for 4 h. The
shaped PDMS part was then peeled off from the mold and the open
channels were sealed by bonding the PDMS to a glass slide after
surface treatmentwith air plasma. Therewere2 identical channels on
each microfluidic chip, and each channel had an inlet and an outlet.

The N-CDs-entrapping hydrogel microstructures inside the
channels were fabricated by a photopatterning process (Jang et al.,
2012). To prepare the hydrogel precursor solution, 1.0 mL solution
composed of PEG-DA and PBS (50%, wt/vol), 200 mL solution of N-
CDs (0.1 mg/mL), and 10 mL HOMPP was mixed evenly. The mixture
was injected into both the detection and the reference channels in



Fig. 1. Synthetic routes of nitrogen-doped carbon dots (N-CDs).
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the microfluidic chip. The hydrogel was cured by UV exposure for
15 s with a photomask covered on the top of the microfluidic chip.
The channels were washed in PBS 3 times. The uncured hydrogel
solution was washed away, leaving cured hydrogel microstructures
entrapping N-CDs.
2.7. Smartphone-based imaging device

To provide a stable illumination and imaging condition and
avoid environmental light interference, an imaging box was
attached to the smartphone. A light-emitting diode (LED) light
source (LED375L, Thorlabs, USA), a condenser lens and a bandpass
filter (FGUV11, Thorlabs, USA) were used as an excitation source to
illuminate the microfluidic chip from the bottom. The microfluidic
chip was put on a slidable stage for input and output from the side
of box. A short pass filter (GCC-211005, Daheng Optics, China) was
used as an emission filter. The top plate contained a circular aper-
ture for docking the camera of the smartphone. An auxiliary
magnification lens (AC064-015-A, Thorlabs, USA) was embedded in
the aperture. The imaging box and slidable stage were designed
using SolidWorks software and fabricated by a selective laser sin-
tering 3D printer (HP Jet Fusion 4200 3D, USA) using black Poly-
amide 12 material. The LED, filters and lenses were then assembled
in the box. Three smartphones of different brands (Huawei Nova 7
Pro, China; Xiaomi Mi 10S, China and Apple iPhone 11, USA) were
used to test the viability of the imaging attachment. The images
were taken by the native camera application (Huawei, EMUI 10.1
based on Android 10; Xiaomi, MIUI 12 based on Android 11 and
Apple, iOS 7.1.1) and sent to a computer for further processing.
2.8. Data analysis

The fluorescent images of the microfluidic chips were taken by a
fluorescence microscope or a smartphone with an imaging
attachment. To quantify the fluorescence intensity, ImageJ software
(NIH, USA) was used to measure the intensity of the region of in-
terest in the image. The captured RGB (red, green, and blue) colored
images were converted to 8-bit grayscale images, converting raw
data into individual grayscale channel data of light intensity.
Changes in the fluorescence intensity were quantified by
comparing the mean light intensity (I) of the hydrogel region in the
detection channel (Idet) with that of the reference channel (Iref)
extracted using ImageJ software. In order to further reduce the
influence of background light, the mean light intensity of the blank
region (Ibg), i.e., where the light passed only through the PDMS and
glass slide, not the hydrogel, was subtracted from both Idet and Iref.
That is, we calculated the value of the relative light intensity I/
I0 ¼ (Idet e Ibg)/(Iref e Ibg) instead of the value of Idet/Iref. The rela-
tionship between I/I0 obtained by the inverted fluorescence mi-
croscope and CLys was studied. A linear equation with respect to I/I0
versus CLys was obtained by curve fitting and used as the calibration
equation. By using the equation, the lysine concentration of un-
known sample could be estimated following the above data pro-
cessing steps.
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3. Results

3.1. Characterization of N-CDs

To develop a simple method for the determination of lysine, we
first synthesized blue-emissiveN-CDs as afluorescence probe via an
ionothermal method in organic solvents as described in the Syn-
thesis of the N-CDs section (Fig. 1). The morphology, surface func-
tionalities, structure and chemical composition of the N-CDs were
characterized by TEM, FTIR, UVevis, XRD and XPS. The TEM image
(Fig. 2A) revealed that the N-CDs were nearly spherical and well
dispersed, with the size ranging from4 to 8 nm. The high-resolution
TEM (HRTEM) image indicated that N-CDs exhibited lattice fringes
with a typical interplanar spacing of 0.21 nm, corresponding to the
(100) in-plane lattice of graphene (Chen et al., 2016). The histogram
of the particle-size distribution was plotted according to the TEM
images. The UVevis absorption spectrum (Fig. 2B) exhibited 2
distinct absorption peaks at 240 and 281 nm, corresponding to the
pep* transitions of C]C bonds and the nep* transitions of CeN
bonds (Ju et al., 2014; Long et al., 2018). The characteristic absorp-
tion bands in the FTIR spectrum (Fig. 2C) appeared at approximately
3,650 to 3,100 cm�1 (OeH and NeH stretching vibrations), 3,000 to
2,800 cm�1 (CeH stretching vibration), 1,790 to 1,365 cm�1 (C]O
and COOH stretching vibration) and 1,080 cm�1 (CeOeC stretching
vibration). The XRD pattern of N-CDs (Fig. 2D) exhibited a broad
peak at 22.6�, corresponding to a d-spacing of 3.93 Å, indicating that
the N-CDs contain a graphite-like structure (Yuan et al., 2018). The
XPS survey (Fig. 2E) revealed that the N-CDs mainly contained 4
elements: C, O, N and Zn. A small amount of Cl element was also
observed. The element contents of C, O, N and Zn determined byXPS
were 68.05 % (wt/wt), 20.82% (wt/wt), 7.63% (wt/wt) and 3.51% (wt/
wt), respectively. The high-resolution C 1s spectrum could be
deconvoluted into 5 peaks, at 284.5 eV (C]C/CeC), 285.8 eV (CeN),
286.2 eV (CeOH), 287.1 eV (C]O) and 288.7 eV (COOH). The N 1s
spectrumwas deconvoluted into 3 peaks, at 398.4 eV (pyridinic N),
399.1 eV (pyrrolic N) and 400.2 eV (graphitic N). The O 1s spectrum
was deconvoluted into 2 peaks at 532.0 eV (C]O) and 533.0 eV
(CeO).
3.2. Optical response of N-CDs for lysine detection

The fluorescence response of the N-CDs for lysine detection was
investigated. The optimal excitation wavelength (lex) of N-CDs was
380 nm and the fluorescence peak (lem) was 436 nm. The fluo-
rescence emission increased continuously and dramatically with
increasing lysine concentration (Fig. 3A). A linear relationship be-
tween the fluorescence intensity I/I0 and lysine concentration was
achieved (I/I0 ¼ 0.00458CLys þ 1.01319, R2 ¼ 0.99693), where I and
I0 were the fluorescence intensities of the N-CDs solution at
lem ¼ 436 nm after and before adding lysine, respectively. The N-
CDs exhibited stronger blue fluorescence intensity in the presence
of lysine under UV irradiation (Fig. 3B). The linear detection range
was from 5 to 300 mmol/L. The limit of detection (LOD) was
calculated to be 1.7 mmol/L based on 3dblank, where dblank was the



Fig. 2. Structural characterization of nitrogen-doped carbon dots (N-CDs). (A) Transmission electron microscopy (TEM), high-resolution TEM (HRTEM) images, and particle-size
distribution for N-CDs. (B) Ultravioletevisible (UVevis) absorption spectrum. (C) Fourier transform infrared (FTIR) spectrum. (D) X-ray power diffraction (XRD) pattern
(2q ¼ 22.6� , d-spacing ¼ 3.93 Å). (E) X-ray photoelectron spectroscopy (XPS) survey and deconvoluted high-resolution XPS spectra of C 1s, N 1s, O 1s and Zn 2p for N-CDs.
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standard deviation of background (n ¼ 3). Fig. 3C proved that po-
tential interferers have a negligible effect on lysine detection. The
error bars represented the standard deviation of 3 measurements.
The fluorescence intensity of the N-CDs was stable under UV irra-
diation (Fig. 3D).

Moreover, the fluorescence quantum yield (QY) of N-CDs was
determined following the relative determination procedure by us-
ing quinine sulfate (QY ¼ 0.54 in water) as the standard sample
(Würth et al., 2013; Ju et al., 2014). The QY of N-CDs solution was
measured to be 24.8% and 34.8% before and after addition of
100 mmol/L lysine with excitation at 380 nm. A high QY lead to the
emission of bright blue fluorescence from the N-CDs solution and
the significant increase in QYafter addition of lysine also confirmed
the sensitivity. The above experimental results suggest that the N-
CDs can serve as a fluorescence probe for the determination of
lysine.

3.3. Microfluidic chip-based lysine detection using fluorescence
microscope

Then, we fabricated the microfluidic chips following the pro-
cessing steps described in the fabrication of the microfluidic
chip section (Fig. 4). Each microfluidic chip was about
12 mm � 10 mm � 3 mm (length � width � height) containing 2
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channels: the detection channel and the reference channel. The
main channels were 0.8 � 0.3 mm in width and depth and
approximately 6.5 mm long with an inlet and an outlet. The resul-
tant hydrogel microstructures were about 0.73 mm � 0.94 mm in
width and length and 0.14 mm in height. The width and height of
the microstructures were smaller than that of the channels, leaving
enough space for the sample fluid to flow through the channel. The
highly cross-linked hydrogels allowed rapid diffusion of the target
molecules (Lee et al., 2008). By entrapping the N-CDs, the hydrogel
microstructures were fluorescently responsive to lysine.

Images were recorded by an inverted fluorescence microscope
immediately after the injection of lysine. As shown in Fig. 5, the
fluorescence of the microstructures intensified with increasing
lysine. A linear relationship between the relative light intensity, I/
I0 ¼ (Idet e Ibg)/(Iref e Ibg) and lysine concentration was achieved (I/
I0 ¼ 0.00471CLys þ 1.01184, R2 ¼ 0.99546). The LOD was calculated
to be 9.7 mmol/L.

3.4. Microfluidic chip-based lysine detection using smartphone

As shown in Fig. 6A, the 3D-printed imaging attachment had
overall dimensions of 45 mm � 40 mm � 65 mm (length �
width� height). The LED, filters, and lenses were then assembled in
the box as illustrated in Fig. 6B. The magnification lens used in the



Fig. 3. Optical response of nitrogen-doped carbon dots (N-CDs) for lysine detection. (A) Fluorescence emission spectra of N-CDs in the presence of different concentration of lysine
(lex ¼ 380 nm). (B) Linear fitting curve of the relative light intensity (I/I0) versus the concentration of lysine (lem ¼ 436 nm) and image of N-CDs solution under 365 nm UV
irradiation. (C) Fluorescence response I/I0 in the presence of different analytes (lex ¼ 380 nm, lem ¼ 436 nm). (D) Fluorescence stability under UV illumination. FL ¼ fluorescence;
a.u. ¼ arbitrary units; GSH ¼ glutathione.

Fig. 4. Illustration of fabrication procedures for the microfluidic chip. (A) The 3D design (upper) and photos of the mold and microfluidic chip with red and blue dyes added in the
channels for better visual effect (lower). (B) Schematic illustration (upper) and brightfield and fluorescence microscopy images (lower) of fabrication of the nitrogen-doped carbon
dots (N-CDs)-entrapping hydrogel microstructures inside the channels. PEG-DA ¼ poly (ethylene glycol) diacrylate; HOMPP ¼ photoinitiator 2-hydroxy-2-methylpropiophenone.
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imaging attachment had a focal length, f ¼ 15.0 mm, providing a
magnification factor of 16.7 according to the magnification factor
formula, G ¼ 250/f (Chen et al., 2018). The built-in camera of the
smartphone also provided enhanced magnification. Three smart-
phones of different brands and models were used in the experi-
ments. The exposure time varied from 0.2 to 1.1 s. As shown in
Fig. 7A, the color of the photographs captured by the microscope
and smartphones was slightly different mainly due to the differ-
ence in the transmission spectra of the filters, the color tempera-
ture settings of the cameras and the exposure time. However, the
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relative light intensity I/I0 for the same lysine concentration ob-
tained by the 3 smartphones was almost the same. A good linear
relationship between I/I0 and CLys could be achieved by each
smartphone (Fig. 7B) and the linear equations derived from the 3
smartphones were nearly identical. By using the linear relationship
derived from the Apple smartphone (I/I0 ¼ 0.00455CLys þ 1.01985,
R2 ¼ 0.99537) as the calibration equation, each smartphone gave
satisfactory measurement results (Fig. 7C). The LODs were calcu-
lated to be 7.4, 5.2 and 15.8 mmol/L for the Apple, Huawei and
Xiaomi smartphones, respectively.



Fig. 5. Images captured by the inverted fluorescence microscope and the linear fitting
curve of I/I0 versus lysine concentration. I/I0 ¼ the relative light intensity.
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3.5. Application in swine serum

To demonstrate its performance, the POCT platformwas applied
to a swine serum sample. As illustrated in Fig. 8, after collecting
blood from a pig and centrifuging to obtain serum, only 3 steps are
needed for lysine concentration determination: (1) add the serum
sample into the detection channel of the microfluidic chip, (2) put
the microfluidic chip into the box and take a photo with a smart-
phone, and (3) read the light intensity values and calculate the
result using a predetermined equation.

Lysine concentration of the same swine serum sample was
tested using different methods. The results of fluorescence assays
using the developed N-CDs, including fluorescence detection using
a spectrofluorophotometer, microfluidic chip-based detection us-
ing a fluorescence microscope and POCT using smartphones, are
Fig. 6. The (A) photo and (B) schematic illustrati
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listed in Table 1. The measurement results obtained by
smartphone-based POCT devices were calculated according to the
calibration equation obtained by the Apple smartphone. All of these
results matched well to the result obtained by the amino acid
analyzer which was 46.8 mmol/L.
4. Discussion

To achieve sensitive and specific lysine detection, the first step is
to synthesize high-performing sensors. We chose CDs as fluores-
cence probes because of their unique optical properties. The fluo-
rescence intensity of CDs may be enhanced by lysine due to surface
passivation (Liu et al., 2012; Song et al., 2017). However, the
quantum yield of CDs is often less than 10%, limiting their practical
application, especially in trace detection (Qu et al., 2012). Inspired
by Wei et al. (2020), we utilized ZnCl2 as the pyrolysis-promoting
agent to increase the quantum yield. We then further improved
the optical properties of synthesized CDs by doping CDs with
electron-rich nitrogen atoms, which provide fluorescence-
enhancing effects and offer more active sites (Zhang et al., 2014).
The resulting N-CDs have high fluorescence quantum yield (24.8%),
good photostability, sensitivity and specificity to lysine with a
linear detection range of 5 to 300 mmol/L and LOD of 1.7 mmol/L. The
detection range covers the typical range of lysine concentration in
swine serum.

Then, in order to simplify the process and reduce the sample
consumption, the fluorescence assay was incorporated into a
microfluidic chip. Experiments have demonstrated that the fluo-
rescence intensity of the N-CDs is stable under UV irradiation for
60 min. The hydrogel curing requires only 15 s of UV exposure and
will not affect the fluorescence properties of the N-CDs. Compared
with microfluidic paper-based analytical devices (mPADs), another
commonly used POCT device, using hydrogel microstructures
entrapping N-CDs as sensing elements provides better color in-
tensity and uniformity and thus higher detection accuracy (Evans
et al., 2014; Yang et al., 2019). As the images may be affected by
fluctuations in excitation light intensity and emission collection
efficiency, a reference channel with the same hydrogel sensing el-
ements was set close to the detection channel and the relative
fluorescence intensity I/I0 was used as an indicator. The measure-
ment was first carried out using a standard laboratory fluorescence
on of the imaging attachment to the phone.



Fig. 7. The smartphone-based point-of-care testing (POCT) of lysine concentration. (A) Parts of the images captured by Huawei, Apple, and Xiaomi smartphones. (B) Linear fitting
curves of the relative light intensity (I/I0) versus the concentration of lysine. (C) Concentrations of lysine measured by Huawei, Apple, and Xiaomi smartphones versus the con-
centration of lysine, where the calibration equation obtained by the Apple smartphone was used. CLys ¼ the concentration of lysine.

Fig. 8. Flowchart of the smartphone-based point-of-care testing (POCT) of lysine concentration.

Table 1
Lysine detection by different methods in swine serum.

Methods Detected concentration,
mmol/L

RSD, %
(n ¼ 3)

Fluorescence spectra 44.2 3.19
Microfluidic chip-based POCT
Fluorescence microscope 49.1 3.90
Smartphone 1 (Huawei Nova 7 Pro) 46.0 6.57
Smartphone 2 (Apple iPhone 11) 47.9 2.05
Smartphone 3 (Xiaomi Mi 10S) 44.4 4.56

Amino acid analyzer 46.8

POCT ¼ point-of-care testing; RSD ¼ relative standard deviation.
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microscope. Experimental results demonstrated that it is feasible to
use a fluorescence microscope for lysine determination with high
accuracy.

Finally, in order to use smartphones as an alternative to
benchtop microscopes, an imaging attachment was designed to
block light from the surrounding environment, providing a stable
excitation illumination, and keeping a uniform relative positioning
between the microfluidic chip and the smartphone. Current
smartphone built-in cameras are not designed for precise analytical
measurements. The integrated auto white balance function in
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smartphones, which decides the relative ratio of RGB signals, differs
across smartphone brands and models leading to inconsistent
colors of photos taken by different cameras for the same scene
(Kong et al., 2019). Fortunately, in this work, it is the relative light
intensity I/I0, not the color information, which is used for calcula-
tions. The relative intensity I/I0 for the same lysine concentration
obtained by 3 smartphones from 3 popular brands was nearly
identical and the same calibration equation could be used for the 3
smartphones. This suggests that POCT of lysine using different
smartphones may be convenient, without requiring re-calibration
each time and the smartphone-based imaging device may pro-
vide a universal portable platform to quantify the relative fluores-
cence intensity.

In summary, by synthesizing the N-CDs as lysine probes, fabri-
cating the microfluidic chips, and designing a smartphone-based
fluorescence imaging box, we have created a POCT platform for
lysine determination. This platform requires only 3 mL serum
sample and the testing can be done within 3 min. The conventional
analysis of lysine mainly relies on HPLC (Dai et al., 2014; Regmi
et al., 2016), which is limited by complicated sample pretreat-
ment, time-consuming steps and high-cost instruments. The POCT
platform can achieve consistent detection results with HPLC, while
overcoming these disadvantages. However, HPLC can
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simultaneously determine several different amino acid concentra-
tions, which may be achieved by the POCT platform with various
sensors added, but further studies are still needed.

The current POCT platform still has certain limitations. First,
swine serum is needed. In future research, assays for whole blood
could be developed by adding a plasma separation section to the
microfluidic chip (Dimov et al., 2011; Yeh et al., 2017), which would
eliminate the need for a centrifuge and further improve the testing
speed. Second, a computer is needed for data processing. Although
the light intensity in the captured image can be read by a smart-
phone app, such as Swatches (Guo et al., 2021), and then the results
obtained manually using a calculator, the data processing is
inconvenient. In future research, a smartphone app could be
developed to enable automatic image and data processing and
display the results with a user-friendly interface (Xu et al., 2020).
Furthermore, the app could detect lysine nutrition deficiency or
excess according to the test result and the pre-set upper and lower
limits of normal values.

5. Conclusion

In summary, we developed a smartphone-based POCT platform
for lysine determination using self-developed N-CDs as the fluo-
rescence probe. The platform requires only 3 mL sample and 3 min
to complete a test. It has been applied to swine serum samples and
achieved high accuracy. It has the advantages of simple operation,
rapid response, low cost, reduced blood collection volume and
reduced swine stress. It may provide a rapid and portable platform
for dynamic monitoring of swine lysine status and contribute to
precise feed formula modulation with low-protein diet strategy.
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