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Abstract: As the most widely used disposable paper-based diagnostic tool in the world, immunochro-
matographic test strips (ICTS) have occupied more and more positions in the field of rapid diagnosis
due to their ease of operation and affordability. Therefore, the development of an easily prepared,
sensitive, and accurate signal reporter is of great significance for the detection of some low-abundance
biomarkers in clinical diagnosis. Herein, Mg/Fe layered double hydroxide nanoflowers (MF NFs)
were selected as adsorption templates and sulfhydryl-functionalized, followed by one-step loading
of hydrophobic CdSe/ZnS quantum dots in the organic phase via a metal-thiol covalent bond. After
coating the reporter with branched polyethyleneimine (PEI), a novel ICTS fluorescent reporter was
prepared. The modification of PEI not only improved the hydrophilicity of MF@CdSe/ZnS NFs but
also introduced amino functional groups on the surface of the reporter for subsequent conjugation
with antibodies. X-ray photoelectron spectroscopy, UV-vis absorption, X-ray diffraction, fluorescence
spectroscopy, and infrared spectroscopy were used to characterize the composition of MF@CdSe/ZnS
NFs. Under the optimal experimental conditions, the detection range of MF@CdSe/ZnS@PEI-ICTS
for the model analyte HCG was 0.1-500 mIU/mL, and the limit of detection (LOD) reached was
0.1 mIU/mL. The potential for practical application was validated by the detection of HCG in spiked
healthy human serum, showing overall recoveries between 90.48 and 116.1% with coefficients of
variation that ranged from 3.66 to 12.91%.

Keywords: layered double hydroxide nanoflowers; immunochromatography test strip; hydrophobic
CdSe/ZnS QDs; human chorionic gonadotropin

1. Introduction

POCT (point-of-care testing) is a test that can be performed on site or nearby, according
to medical and individual patient needs, without the constraints of place, time, testing
environment, and testing facilities. POCT currently facilitates in vitro testing of various
biological indicators, reduces the volume of samples tested, greatly shortens the turnaround
time of samples tested, and allows for flexible and versatile application scenarios. As a well-
known disposable paper-based diagnostic tool, immunochromatography test strips (ICTS)
occupy an increasingly high position in the field of rapid diagnosis, so they are widely used
in the qualitative, semi-quantitative, and even quantitative detection of various proteins
and small molecules [1,2]. The initial design of ICTS was first reported by Plotz and Singer
in 1956 and was widely employed in urine-based pregnancy recognition [3,4]. However,
due to the limited detection sensitivity of colloidal gold-based ICTS, they are usually used
to qualitatively detect some high-abundance biomarkers (>10~1? M), which largely limits
the application of ICTS in the field of low-abundance biomarker detection. In the case of
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the recent global COVID-19 pandemic, testing a single serological antibody or antigen can
only indicate a person’s past or recent exposure to SARS-CoV-2 and cannot identify the
“hot spot” of infection and effectively control the disease in a timely manner. Therefore,
multiple and extensive tests are necessary. Ideally, close contacts should be tested weekly
or daily to be promptly isolated and to minimize the spread of the virus in the community.
The main disadvantages of ICTS based on colloidal gold are low sensitivities, limited
precision quantification abilities, and low detection sensitivities. As a result, some false-
negative cases can be mistaken for being non-infectious, creating a significant risk of further
spreading in the community. In addition to colorimetric methods, signal types used in
ICTS include fluorescent reporters [5], phosphorescence reporters [6], magnetic signals [7],
and electrochemical signals [8]. Among them, the fluorescent reporter provides better
signal contrast and lower background interference, making it have higher sensitivity and
lower detection limits for the same detection time. Therefore, the development of higher
performance fluorescent labels will be of great benefit to ICTS in dealing with multiple and
complex detection.

Among the fluorescence reporter molecules, colloidal quantum dots (QDs) have the
advantages of wide absorption, a narrow emission band, size/shape, composition, and
surface properties that can be controlled artificially and accurately, and their luminous effi-
ciency is better than that of conjugated molecules (polymers) or inorganic phosphors [9,10].
Its applications in biomarkers, photovoltaic devices, and light-emitting diodes have been
extensively and deeply studied [11-13]. Foubert et al. conducted a comparative study of
colloidal gold and QDs as labels for multiplex screening assays for toxins, and the results
showed that QDs-based ICTS consume fewer immunological reagents, have a lower-false
negative rate (<5%), higher sensitivity, and better economic efficiency [14]. Deng et al. used
QD:s to detect miRNAs rapidly and sensitively, and the results showed that the detection
method was also 10 times more sensitive than traditional colloidal gold-based miRNA de-
tection test strips [15]. Although studies have pointed out that ICTS based on QDs is more
sensitive than colloidal gold-based ICTS, it is still difficult to detect many low-abundance
biomarkers [16,17]. Embedding QDs in large numbers into individual nanoparticles is a use-
ful strategy for improving sensitivity [10,18,19]. At present, there are four main approaches:
in situ self-assembly [20,21], in situ polymerization [22], layer-by-layer assembly [23],
and porous nanoparticle-based incorporation [10,18]. Due to the presence of many alkyl
stabilizers on the surface of QDs, this type of quantum dot can only be dispersed in
non-polar solvents (chloroform, hexane, etc.). However, either in situ or template-based
assembly processes require pre-capped ligand exchange for nanocrystals because these lig-
ands on the surface of oil-soluble quantum dots are usually hydrophobic and lack reactive
functional groups [24,25]. This process may cause irreversible physicochemical damage to
QDs. Compared with the other three methods, the porous nanoparticle-based incorporation
strategy has the advantages of high loading capacity, good uniformity, and reduced aggre-
gation [26,27]. Several previous papers have demonstrated that nanoassemblies with high
homogeneity and surface loading density can be prepared directly in the organic phase by
ligand-driven assembly of metal-containing nanocrystals with thiol-capped colloids using
metal-thiol covalent bonding [28-30]. For instance, Hu et al. fully used dendritic SiO; as
templates to enrich high-density hydrophobic QDs for the ultrasensitive determination of
C-reactive proteins [10].

Layered double hydroxides (LDHs) consist of stacked, positively charged, brucite-
like octahedral metal hydroxide layers and interlayer anions and water molecules. It is
a class of layered materials with positively charged metal hydroxide layers and charge-
balancing anions [31]. In recent years, due to its low toxicity, unique layered structure,
good biocompatibility, high anion exchange capacity, adjustable particle size, and other
advantages, have been widely studied in the field of biomedicine [32,33]. LDH nanopar-
ticles, especially spherical LDH particles with porous structures, have been proven to be
excellent adsorbents due to their low cost, large specific surface area, and strong adsorption
capacity [34-36]. Herein, for the first time, surface thiol-functionalized MF NFs (SH-MF)
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were employed as adsorption templates to load hydrophobic CdSe/ZnS QDs in an oil-
phase solvent. As illustrated in Figure 1, MF NFs were used as adsorption templates, and
many hydrophobic CdSe/ZnS QDs were loaded via thiol-metal covalent bonding. It is
necessary to transfer the MF@CdSe/ZnS NFs from the oil phase to the water phase. Some
studies have shown that coating or embedding oil-phase nanocrystals with hydrophilic
polymers is a feasible method to solve the above problems [37,38]. For example, Chen et al.
developed a novel ICTS system of QDs-doped polystyrene nanoparticles with satisfactory
recovery and reproducibility. The test strip can simultaneously detect cytokeratin-19 frag-
ments and carcinoembryonic antigens in human serum, with limits of detection of 0.16 and
0.35 ng/mL, respectively. Therefore, it is completely feasible to use an optimized amount
of branched polyethyleneimine (PEI) to modify the fluorescent reporter in this work. Fi-
nally, a novel high-density oil-phase CdSe/ZnS QD that incorporated MF NFs fluorescent
signal reporters (MF@CdSe /ZnS@PEI) was successfully prepared. These nanoflowers were
further bound to antibodies and successfully applied to the ICTS for the highly sensitive
detection of HCG.
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Figure 1. Schematic illustration of MF@CdSe /ZnS@PEI-ICTS for HCG detection.

2. Materials and Methods
2.1. Reagents and Characterization

Mg (OAc),-4H;0, FeCl;-6H,0, ethylene glycol, Cd (Ac)y, Zn (Ac),, ethanol, am-
monia water, oleic acid (OA), selenium powder, sulfur powder, 1-octadecene KH,POy,
Nap,HPO4-12H,0, NaCl, KCl, Tween-20, and CHCl3 were purchased from Sinopharm
Chemical Reagent Co., Ltd. Tri-n-octyl phosphine, y-mercaptopropyltrimethoxysilane, EDC-HCI
and Sulfo-NHS were purchased from Shanghai Aladdin Biochemical Technology Co., Ltd.
(Shanghai, China). Carbohydrate antigen 125 (CA125), alpha fetoprotein (AFP), carbohydrate
antigen 199 (CA199), and carcinoembryonic antigen (CEA) were purchased from Shanghai
Linc-Bio Science Co., Ltd (Shanghai, China). The anti-a-HCG (Ab;), anti-B-HCG (Aby),
goat anti-mouse IgG antibodies, and the parts that make up the ICTS were purchased
from Shanghai Joey Biotechnology Co. Ltd (city, country). All buffers in this work
were prepared fresh at the time of use. A Bruker ASCENDTM 400WB spectrometer
(Bruker, Newark, DE, USA) was used to characterize the 13C CP/MAS NMR spectra of
thiol-modified MF NFs at 400 MHz, reported in parts per million (ppm). UV-vis absorp-
tion spectra were obtained on a Shimadzu UV 2600 spectropolarimeter (Kyoto, Japan)
and were used to characterize the absorbance values of hydrophobic CdSe/ZnS QDs,
MF@CdSe/ZnS NFs, and MF@CdSe /ZnS@PEI NFs. Scanning electron microscope (SEM)
photographs were taken under a field emission scanning electron microscope (Thermo
Scientific, Waltham, MA, USA) operating at 20 kV to characterize MF NFs. Transmission
electron microscopy (TEM) images were taken under a field emission high-resolution trans-
mission electron microscope Talos F200X (Thermo Scientific, Waltham, MA, USA) for the
characterization of hydrophobic CdSe/ZnS QDs, MF@CdSe/ZnS NFs, and MF@CdSe/ZnS
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@PEI NFs, and elemental analysis. Fourier transform infrared (FI-IR) spectra were collected
from a Nicolet 5700 (Thermo Nicolet Corporation, Waltham, MA, USA) infrared spectrome-
ter with a characterization range of 4000-400 cm~! for the characterization of Mg/Fe NFs,
MF@CdSe/ZnS NFs, and MF@CdSe/ZnS@PEI NFs. Here, the surface potential character-
ization of hydrophobic CdSe/ZnS QDs, MF@CdSe/ZnS NFs, and MF@CdSe /ZnS@PEI
NFs at 25 °C was performed using a Zetasizer Nano-ZS from Malvern Instruments
(Malvern, UK). Powder X-ray diffraction (XRD) analysis of MF NFs and MF@CdSe/ZnS
NFs was performed using a Rigaku Ultima IV multifunctional horizontal X-ray diffractometer
(Rigaku, Tokyo, Japan). X-ray photoelectron spectroscopy (XPS, PreVac, Rogow, Poland)
studies were performed using the XPS-2 system to characterize the elemental composition
of MF NFs and MF@CdSe/ZnS NFs.

2.2. Preparation Procedures of the Red-Emitting Hydrophobic CdSe/ZnS QDs

The synthesis procedures for CdSe/ZnS QDs are based on previously reported litera-
ture with some minor changes [39]. An amount of 1.0 mmol Cd (Ac); (Sinopharm Chemical,
Shanghai, China) and 4.0 mmol Zn (Ac); (Sinopharm Chemical) were placed in a four neck
round bottom flask that contained 9 mL of OA (Sinopharm Chemical) and 10 mL of ODE
(Sinopharm Chemical). The mixture was first heated to 180 °C to form a homogeneous
solution, and after degassing at 150 °C, the mixture was heated to 300 °C. Then 0.4 mL of
TOP-Se solution (1 M) was rapidly injected into the mixture solution first, and then 4 mL of
TOP-S solution (1 M) was injected continuously at 30 s intervals. Finally, the temperature
was set at 280 °C for subsequent growth.

2.3. Preparation Procedures of MF@CdSe/ZnS@PEI NFs [36]

An amount of 50.0 mg of MF NFs were uniformly dispersed in absolute ethanol,
followed by 0.5 mL of ammonia water and 0.5 mL of y-mercaptopropyltrimethoxysilane,
and the mixture was homogeneously sonicated and vigorously stirred at room temperature
for 6 hours. After the reaction, thiol-modified MF NFs (SH-MF) can be obtained by cen-
trifugation. The SH-MF product was thoroughly washed alternately with absolute ethanol
and deionized water to remove unreacted reagents and impurities, then redispersed in
50 mL of CHCl3, to which excess red-emitting hydrophobic CdSe/ZnS QD dispersion
was added, and the mixture was sonicated for 30 min to obtain a clear and transparent
solution. The complex was washed repeatedly with chloroform to remove unattached
CdSe/ZnS QDs. Afterwards, the obtained MF@CdSe/ZnS NFs were properly dried un-
der N flow and redispersed in 20 mL of CHCl3, which contained 2 mg of branched PEI,
under sonication for 30 min. After centrifugation and washing in deionized water, the
MF@CdSe/ZnS@PEI NFs were dispersed in the PBS solution (0.01 M, pH = 7.4) and stored
in a refrigerator for later use.

2.4. Preparation Procedures of Ab,-MF@CdSe/ZnS@PEI

Anti-p-HCG was assembled to form bioconjugates with MF@CdSe/ZnS@PEI via
EDC/NHS chemical cross-linking. Firstly, the freshly prepared MF@CdSe /ZnS@PEI NFs
(1 mg/mL) were dispersed in PBS solution (0.01 M, pH = 7.4), and a Sulfo-NHS solution
with a concentration of 5 mg/mL was added and shaken at room temperature for 4 h.
After the reaction was completed, MF@CdSe /ZnS@PEI NFs were washed several times
with ethanol and water to remove excess PEIl and impurities and then redispersed in MES
buffer solution (0.01 M, pH = 6.0) for use. Next, the carboxyl-modified MF@CdSe /ZnS@PEI
NFs were dispersed into a 0.5 mL MES buffer solution (0.01 M, pH = 6.0) to prepare
a concentration of 2 mg/mL, followed by adding 4 mg EDC (Energy Chemical) and
6 mg Sulfo-NHS (Energy Chemical). The above mixture was shaken and reacted at room
temperature for half an hour. Afterwards, 100 nug of Anti-3-HCG (Ab;) was added and
incubated at 4 °C overnight. Finally, the Ab,-MF@CdSe/ZnS@PEI bioconjugates were col-
lected by centrifugation and washed several times with HEPES buffer solution (0.01 M,
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pH = 7.4) containing 1% BSA to remove unbound proteins. It was then redispersed in
HEPES buffer solution and stored in the refrigerator.

2.5. Fabrication Procedures of the MF@CdSe/ZnS@PEI-ICTS

The pretreatment steps and preparation processes of MF@CdSe /ZnS@PEI-ICTS are
basically consistent with those reported in our previous literature [40,41]. The test strip
is mainly composed of four parts: a pre-treated sample pad, an NC membrane, an ab-
sorbent pad, and a black polyvinyl chloride (PVC) back card. Anti-«-HCG (Linc-Bio, Aby,
1.5 mg/mL) and goat anti-mouse IgG antibodies (Linc-Bio, 1 mg/mL) were applied to
NC membranes by fiber pen to constitute the test (T) and control (C) lines, respectively.
The prepared NC membranes were then dried at 37 °C overnight. Finally, the sample pad,
NC membrane, and absorbent pad were sequentially connected and laid on a black PVC
backing card, each adjacent section overlapping about 1-2 mm, and finally cut into pieces
with a width of about 3.9 mm by a chopper.

2.6. Detection of HCG Standard Samples with the MF@CdSe/ZnS@PEI-ICTS

Firstly, HCG standard solutions of different concentrations (0, 0.01, 0.1, 1, 10, 50, 100,
200, and 500 mIU/mL) were prepared, and 40 pL of each concentration solution and
20 pL of Aby,-MF@CdSe/ZnS@PEI NFs were premixed. After that, the mixture was added
dropwise to the sample pad of the test strip. Each concentration was tested 3 times in
parallel. After 15 min, under the excitation of a 365 nm UV lamp, qualitative results can be
obtained by observing the red band on the test strip. Photographs were taken with a mobile
phone camera for qualitative measurement, and the captured images were processed using
Image] software version 1.50d to obtain the intensities of the T- and C-lines [42,43].

3. Results and Discussion
3.1. Preparation and Characterization of MF@CdSe/ZnS@PEI NFs

As shown in Figure 2a,b, the MF NFs prepared in this work consist of many nanosheets,
which are interconnected to form an open structure with a size of about 260 nm. Mg (OAc),-4H,O
and FeCl3-6H,O were used as precursors, and ethylene glycol was used as a solvent. MF
NFs were synthesized by the solvothermal method in an autoclave [44-46]. In addition,
we applied Fourier transform-infrared spectroscopy (FI-IR), X-ray diffraction (XRD), and
X-ray photoelectron spectroscopy (XPS) methods (Figure 3a,c and Figure S5) to characterize
the MF NFs prepared in this work, and the results showed that they were consistent with
the basic characteristics of LDH-like materials [35,36]. MF@CdSe/ZnS NFs can be obtained
by sonicating oil-soluble CdSe/ZnS quantum dots (7 nm, Figure S1) of uniform size with
SH-MF in chloroform solution for 30 min. As shown in Figure 2c, MF NFs as carriers
can bond high-density loaded hydrophobic CdSe/ZnS QDs via Cd-S covalent bonding.
After the MF@CdSe/ZnS NFs were modified with an optimized amount of branched
PEI, we employed energy dispersive X-ray spectroscopy (EDS) elemental mapping to
investigate its elemental composition. From Figure 2d-1, the elements contained in the
MF@CdSe/ZnS@PEI NFs composite were all determined, which can prove the success-
ful preparation of MF@CdSe/ZnS@PEI In Figure 3a, the characteristic peaks located at
2920 cm~! (-CHy), 1458 cm™! (-CH}), and 1380 cm~! (-CHj3) are consistent with bare
CdSe/ZnS QDs (Figure S2), indicating that MF@CdSe/ZnS NFs were successfully prepared.
For MF@CdSe/ZnS@PE], the characteristic peaks of amino groups at 3448 cm ! and 1640 cm ™!
indicate that PEI exists on the surface of MF@CdSe/ZnS NFs, implying the successful
introduction of amino functional groups. The UV-vis absorption data in Figure 3b show
that the absorption peaks of CdSe/ZnS QDs, MF@CdSe/ZnS, and MF@CdSe /ZnS@PEI
are all around 625 nm, which indicates that QDs loaded into MF NFs do not exhibit an
obvious absorption peak shift, and the properties are not affected. As shown in Figure 3c,
XRD measurements were applied to characterize the crystal composition of MF NFs and
MF@CdSe/ZnS NFs. As indicated by the black lines in Figure 3c, MF NFs have five main
peaks located at 9.26°, 22.1°, 34.1°, 38.0°, and 59.7°, respectively, and the corresponding
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crystal planes are (003), (006), (012), (015), and (110) [36]. The three broad peaks located
at 26.1°, 43.3°, and 50.6° in the figure correspond to the (111), (220), and (311) plane
diffractions, respectively. These crystal plane data are generally consistent with the cubic
sphalerite structure of bulk CdSe (JCPDS file No. 88-2346) [47-49]. By observing Figure S3,
the chemical shift peaks of the methylene belonging to 3-MPTMS can be determined, which
are 17.30, 20.48, and 32.92 ppm, respectively, which indicates that PEI has been successfully
modified to the MF@CdSe/ZnS NFs. Meanwhile, it can be seen from Figure S4 that with
the loading of hydrophobic QDs, the zeta potential value changes from negative to positive;
this result further proves that the loading of hydrophobic QDs changes the surface potential
of MF NFs. We performed fluorescence characterization of hydrophobic CdSe/ZnS QDs,
MF@CdSe/ZnS, and MF@CdSe/ZnS@PEI NFs using a spectrofluorometer. Characteriza-
tion results show that the emission wavelength of CdSe/ZnS QDs is 642 nm, while the
emission wavelengths of MF@CdSe /ZnS and MF@CdSe/ZnS@PEI NFs are 658 and 662 nm,
respectively. Compared with CdSe/ZnS QDs, the emission wavelengths of MF@CdSe/ZnS
and MF@CdSe/ZnS@PEI NFs are about 20 nm redshifted we think this may be caused by
the larger overall particle size of oily quantum dots loaded by MF NFs. XPS was used to
characterize the main elemental composition of MF@CdSe/ZnS NFs, and it can be seen
from Figure 4a that C, O, Mg, Cd, and Zn elements were determined. High-resolution XPS
spectra of C 1s, O 1s, Mg 2p, Cd 3d, and Zn 2p are recorded in Figure 4b—f. Among them,
three peaks with binding energies of about 284.6 eV, 286.1 eV, and 288.0 eV can be seen in the
C 1s spectrum, which correspond to the C-C coordination of the surface adventitious carbon
and the C-O and C = O in the acetate anion, respectively. For O 1s, the peak at 531.4 eV
in the spectrum can be attributed to the C-O and C=0O bonds of oleic acid, while 532.0 eV
corresponds to the bidentate carboxylate. Two peaks belonging to the Mg-OH (49.0 eV)
and Mg-O (50.0 eV) bonds can be found in the spectrum of Mg 2p, respectively. Figure 4e
shows that the characteristic doublets of the Cd 3d spectrum at 404.8 eV and 411.7 eV
come from Cd 3ds5/, and Cd 3d3/,, respectively. Among them, the binding energy of
Cd 3ds5/; is consistent with the value reported in the literature (the binding energy of bulk
CdSe is 405.6 eV). Figure 4f shows the noisy signal of Zn 2p, which was deconvolved into
two components. The peak at 1020.6 eV is related to Zn 2p3/,, and 1044.0 eV is related
to Zn 2pq sp.

Figure 2. (a,b) Field emission scanning electron microscope (SEM) and transmission electron microscope
(TEM) images of Mg/Fe LDH NFs. (c) TEM images of MF@CdSe/ZnS@PEI NFs. (d-1) EDS elemental
mapping images of MF@CdSe/ZnS@PEI NFs.
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Figure 3. (a) Fourier transform-infrared spectra of Mg/Fe LDH NFs, MF@CdSe/ZnS NFs,
and MF@CdSe/ZnS@PEI NFs. (b) UV-vis absorption spectra of hydrophobic CdSe/ZnS QDs,
MF@CdSe/ZnS NFs, and MF@CdSe/ZnS@PEI NFs. (c¢) XRD patterns of Mg/Fe LDH NFs and
MF@CdSe/ZnS NFs. (d) Fluorescence spectra of hydrophobic CdSe/ZnS QDs, MF@CdSe/ZnS, and
MF@CdSe/ZnS@PEI NFs. (Inset is the fluorescence photo of MF@CdSe /ZnS@PEI NFs solid and
dispersed in water).
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Figure 4. (a) XPS survey spectrum of MF@CdSe/ZnS NFs. (b-f) High-resolution XPS spectra of C 1s,
O 1s, Mg 2p, Cd 3d, and Zn 2p.

3.2. Performance of MF@CdSe/ZnS@PEI-ICTS for HCG Detection

Before using MF@CdSe/ZnS@PEI-ICTS to detect different concentrations of HCG
standards, optimizing the concentration of branched PEI coated with MF@CdSe/ZnS is
critical to achieve the detection. It can be seen from Figure S6 that when the concentration
exceeds 0.5 mg/mL, it will cause the MF@CdSe /ZnS NFs to exhibit mutual adhesion. The
branched PEI concentration used in this work was finally determined to be 0.1 mg/mL.
MF@CdSe/ZnS@PEI-ICTS is based on the independent immunoreactions of T and C probes
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to realize the fluorescence detection of HCG with different concentration gradients. The
capture antibody Ab;, which specifically reacts with the antigen HCG, is painted on the
T-line, and goat anti-mouse immunoglobulin is painted on the C-line. The reaction on
the T-line is based on a probe-coupled antibody-antigen-coated antibody double-antibody
sandwich immunoreaction (i.e., Ab,-MF@CdSe/ZnS@PEI-HCG-Abq), and the reaction
on the C-line is based on direct immunoreactivity with probe-conjugated secondary anti-
body and goat anti-mouse immunoglobulin (i.e., Ab,-MF@CdSe/ZnS@PEI-IgG). When
Aby-MF@CdSe/ZnS@PEI was mixed with HCG samples of different concentrations and
then dropped on the sample pad, the droplets were chromatographed on the NC membrane
under capillary action. If there is HCG in the solution, Ab,-MF@CdSe /ZnS@PEI-HCG will
react with Ab; to form Ab,-MF@CdSe/ZnS@PEI-HCG-Ab;. When the droplet continued
to flow to the C-line, Ab,-MF@CdSe/ZnS@PEI that was not bound to Ab; would have a
direct immune reaction with goat anti-mouse IgG to form Ab,-MF@CdSe/ZnS@PEI-IgG.
The qualitative results of MF@CdSe/ZnS@PEI-ICTS were obtained based on the visual
observation of the line color on the NC membrane under a 365 nm UV lamp. After about
15 min, as shown in Figure 5a, the NC membranes of all test strips can display the C-line
normally, which proves that the detection results are valid. Visual inspection of the test
strips under UV light gives a limit of detection (LOD) of approximately 0.1 mIU/mL. At
the same time, with the increase in the concentration of HCG standard solution, the red
fluorescence color of the T-line on the NC membranes gradually deepened, which means
that more Ab,-MF@CdSe/ZnS@PEI was captured on the T-line. With the assistance of
Image]J software version 1.50d, we can obtain the grayscale signal intensities of the detection
and control lines on the NC membrane. To compensate for potential intensity variations
caused by acquisition conditions such as lighting and camera settings, background sub-
traction is required, and the ratio of T-line intensity to C-line intensity (T/C) is used in
this work to quantify the signal (Figure S7). First, the RGB image taken by the phone
is converted to an 8-bit grayscale image type and inverted. Then, the rectangular box
tool is used to measure the average intensity of the T-line, C-line, and background areas.
Subtract the average intensity of the background area from the average intensity of the
T- and C-lines, take the T/C value as the ordinate, and take the HCG concentration as
the abscissa, and a linear relationship between the two can be fitted (Figure 5b). The
linear regression equation is y = 0.0957 x —0.139 (R? = 0.98). In addition, we also veri-
fied the potential of MF@CdSe/ZnS@PEI-ICTS in clinical application by HCG standard
sample addition and recovery experiments. Healthy human serum was spiked with differ-
ent concentrations of HCG (10, 50, and 100 mIU/mL), and the experiment was repeated
three times on test strips. We selected a batch of serum from healthy people, added different
concentrations of HCG standard samples (i.e., 10, 50, and 100 mIU/mL) to them, and after
incubation with Aby-MF@CdSe/ZnS@PE]I, applied them to MF@CdSe/ZnS@PEI-ICTS to
detect the recovery rate of standard addition. As shown in Table S1, the spiked recov-
eries were between 90.48 and 116.1%, and the coefficient of variation was below 15%,
which indicated that MF@CdSe /ZnS@PEI-ICTS has the potential to be used in the analysis
of clinical samples [50]. In addition, we list and compare the analytical performance of
different HCG detection methods in Table S2. Compared with electrochemical and elec-
trochemiluminescence methods, the sensitivity of MF@CdSe /ZnS@PEI-ICTS appears to
be poor. However, as a POCT tool, MF@CdSe/ZnS@PEI-ICTS still has the advantages
of being fast and convenient, and it has a wider linear range and a lower detection limit
than similar testing methods. Finally, we selected four biomarkers (AFP, CA125, CA199,
and CEA) at a concentration of 1 ug/mL to evaluate and validate the cross-reactivity of
MF@CdSe/ZnS@PEI-ICTS. The results are shown in Figure S8. Except for HCG, other
biomarkers could not generate corresponding red fluorescence on the T-line, which proves
that MF@CdSe /ZnS@PEI-ICTS has good selectivity and low cross-reactivity.
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Figure 5. (a) Image of the MF@CdSe/ZnS@PEI-ICTS when detecting HCG standard solution
0, 0.01, 0.1, 1, 10, 50, 100, 200, and 500 mIU/mL). (b) Linear response of MF@CdSe /ZnS@PEI-
ICTS for detection of HCG.

4. Conclusions

In conclusion, a novel fluorescent signal reporter that can be used in ICTS was pre-
pared by implanting hydrophobic CdSe/ZnS QDs into Mg/Fe LDH nanoflowers in one
step through the metal-thiol covalent bonds in the organic phase. By modifying the
MF@ CdSe/ZnS with branched PEI, which not only improved its dispersion in the buffer
but also introduced amino functional groups on the surface of the reporter to facilitate
subsequent antibody conjugation. Under optimal experimental conditions, HCG was used
as the model analyte with a linear detection range from 0.1 to 500 mIU/mL and a visual
limit of detection of 0.1 mIU/mL. Compared with commercial pregnancy diagnostic strips,
the addition of high-density hydrophobic CdSe/ZnS QDs greatly improved the detection
sensitivity of HCG. The potential for practical application was validated by detecting HCG
in spiked healthy human serum, showing overall recoveries of between 90.48 and 116.1%
with coefficients of variation between 3.66 and 12.91%. Moreover, the experimental results
found that MF@CdSe /ZnS@PEI-ICTS has good selectivity and little cross-reactivity with
AFP, CA125, CA199, and CEA. This work preliminarily explores the possibility of Mg/Fe
LDH NFs as signal carriers in ICTS, which greatly improves the practicality of ICTS.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/chemosensors11020114/s1, Figure S1: TEM images of oil-soluble,
red-emitting CdSe/ZnS QDs. Figure S2: FT-IR spectra of oil-soluble, red-emitting CdSe/ZnS QDs.
Figure S3: Solid-state 13C CP/MAS NMR spectrum of SH-MF NFs. Figure S4: {-potential results of
MEF NFs, hydrophobic CdSe/ZnS QDs, MF@CdSe/ZnS, and MF@CdSe / ZnS@PEI NFs. Figure S5:
XPS spectra of (a) C 1s, (b) Mg 2p, (c) Fe 2p, and (d) O 1s of MF NFs. Figure S6: MF@CdSe/ZnS
NFs coated with different concentrations of branched PEIL Figure S7. Image processing procedures
of MF@CdSe/ZnS@PEI-ICTS. Step 1: convert the photo taken by the mobile phone into an 8-bit
grayscale image. Step 2: obtain the inverse image of the grayscale image by using the Invert option.
Step 3: define the average intensity of the T-line, C-line, and background regions in the inverse image.
Figure S8: Cross-reactivity of MF@CdSe /ZnS@PEI-ICTS for different biomarkers. Table S1: Recovery
efficiency and coefficient of variation (CV) for the MF@CdSe/ZnS@PEI-ICTS for HCG (mIU/mL)
to be detected in human serum samples (1 = 3). Table S2. Summary of HCG detection with some
different detection methods [51-56].
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