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ABSTRACT: The surface functionalization of quantum dots (QDs) is essential for their application as a label material in a
biological field. Here, a protein surface functionalization approach was introduced to combine with silica encapsulation for the
sustainable and stable synthesis of QDs nanobeads for biomarker detection. The formation of QDs nanobeads was achieved by
multiple mercapto groups in bovine serum albumin (BSA) macromolecules as multidentate ligands to replace hydrophobic ligands
on the surface of QDs and decompression. The resulting QDs nanobeads exhibited 20 times more photoluminescence than the
corresponding hydrophobic QDs and presented excellent stability under physiological conditions due to the protection of BSA and
silica. The nanobeads served as a robust signal-generating reagent to construct the lateral flow immunoassay (LFIA) biosensor for
the detection of glycosylated hemoglobin (HbA1c). The concentration of HbAlc was determined within 10 min with high specificity
using only 60 uL of whole blood samples collected clinically. The nanobeads-based LFIA biosensor exhibited linear detection of
HbAlc from 4.2% to 13.6%. The accuracy and stability of this approach in clinical utility was demonstrated by the detection of
HbAlIc after a long-term storage of test strips. This protein surface modification technology provides a new way for improving the
biological properties of QDs in clinical diagnosis.

1. INTRODUCTION functional agent for this purpose, and it can reduce the
influence of adverse environmental factors and prevent
nonspecific binding of various molecules.'”"" For example,
BSA was coated on the surfaces of gold nanoparticles to block
the nonspecific adsorption for chemiluminescence,'” and the
BSA-directed synthesis of MnO, was developed to realize the
detection of blood glucose.13 Therefore, BSA has been used as
an excellent biologically active surface reagent to endow
materials with better properties.

Quantum dots (QDs), as an excellent signal label for
producing and transducing the signal, have received increased

Biologically active surfaces and interfaces generally play an
important role in maintaining the properties of materials and
hold broad relevance for numerous applications ranging from
biomedicine imaging to diagnostics and therapy.'~ Therefore,
it is necessary to design an effective surface structure that not
only can endow materials with good biocompatibility but also
can prevent the influence of various complex matrices in the
biological environment and improve the stability. Proteins are
the basis of life, equipped with various activities and functions,
and they have proven to be powerful and versatile molecules.
In recent years, growing attention has been focused on
functionalizing nanomaterials with some specified proteins due Received:  February 16, 2022
to their simplicity and convenience as well as versatility."° Revised:  March 26, 2022
Great works were devoted to the direct synthesis of Published: April 12, 2022
nanoparticles in an aqueous solution by using protein, such

as bovine serum albumin (BSA), hemoglobin, transferrin, and

lysozyme.””” Among them, BSA is the most common
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attention for biological diagnosis applications.'*™'® The QDs-
based lateral-flow immunoassay (LFIA) can improve the
sensitivity and convenience on the basis of guaranteeing its
original speed and cost-effectiveness, which have become a
powerful biosensor for detecting a variety of biomolecules for
disease diagnosis.'”~'" Superior bright fluorescence and the
high chemical stability of QDs are essential for the sensitivity
and accuracy of LFIA. Silica coating can not only ensure the
fluorescence performance of QDs but also block the influence
of the external environment to a certain extent.”’™>* However,
the amorphous nature and mesoporous structure of silica still
cannot prevent the interaction between small molecules and
QDs even with a thicker silica shell, especially for the detection
of whole-blood samples.”’ Taking inspiration from protein
modification strategies, attaching biological groups to QDs
may make up this shortcoming to improve the stability of QDs
in complex matrix. Zhang et al. developed BSA-modified QDs
by a phase-transfer method for cell-targeted imaging, and the
water solubility and stability of QDs had been significantly
improved.” But it is inevitable that ligand exchange resulted in
the significant reduction of fluorescence performance for
hydrophobic QDs. The encapsulation of multiple-QDs into the
beads could be brighter than single QDs due to their greater
number,”® which weakened the influence of ligand substitution
and further amplified the detectable signal of the biomarkers.
Previously, our group prepared nanobeads with strong
luminescence and robustness by a chemical bond embedding
method and dual protecting strategy, which have been used to
build detection platforms with amplified signals and high
accuracy in clinical diagnostics.”®*” It is worthwhile to develop
QDs nanobeads by BSA for the quantitative and accurate
LFIA-biosensor detection of biomarkers.

In the current study, we first put forward the fabrication of a
novel kind of QD nanobead with extraordinary stability by the
surface modification using the bio-macromolecule BSA and
SiO, to develop a more accurate and robust LFIA biosensor for
biomarker detection. BSA contains one cysteine and multiple
disulfide bonds, which preferentially replace the original
hydrophobic ligands on the surface of QDs and further wrap
the multiple QDs to form nanobeads under ultrasonication and
decompression conditions. The polydentate ligand of BSA is
not prone to a photoinduced dimerization of sulthydryl groups
on the particle surface, and the abundant water-soluble groups
increase the buffer capacity to the external environment and
the ability for growing thicker silica shells. Combined with the
silica coating, the obtained QDs@BSA@SiO,—COOH nano-
beads exhibited ~20 times brighter luminescence than the
corresponding hydrophobic QDs and displayed admirable
robustness against harsh conditions, such as acid etching, alkali
etching, and high temperature. The nanobeads were proposed
as a signal amplification probe of an LFIA biosensor for an
accurate detection of biomarkers. Glycated hemoglobin
(HbAlc) has been regarded as the gold standard®® ™ for
long-term glycemic control in diabetes mellitus, which was
used as the target analyte to evaluate the performance of
QDs@BSA@SiO,—COOH-based LFIA biosensor. The in-
troduction of BSA macromolecules effectively improved the
specific reaction efficiency. As expected, the excellent
quantitative detection ability of the nanobeads-based LFIA
was observed in a linear range of HbAlc from 4.2% to 13.6%
by detecting whole-blood samples collected clinically. The
correlation value of 0.973 was obtained by comparing the
results with the high-performance liquid chromatographic
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(HPLC) method, which verified the practicability and
effectiveness of QDs@BSA@SiO,—COOH-based LFIA bio-
sensor. Besides, the admirable stability of the QDs nanobeads
coated with thick silica shells and BSA also endowed high
accuracy for the detection of glycosylated hemoglobin after
long-term storage (Coefficient of variation (CV) < 8%), which
showed this new LFIA biosensor held promise as a potential
alternative method to analyze HbAlc clinically.

2. EXPERIMENTAL SECTION

2.1. Materials and Apparatus. The details for materials and
apparatus were shown in the Supporting Information.

2.2. Synthesis of QDs@BSA. The hydrophobic oleic acid
surfactant-capped CdSe/ZnS QDs (PL 620 nm) were synthesized
by procedures given in our previous reports,”*> and then they were
purified and redispersed in chloroform (3.3 X 107° M). The weighed
BSA was dissolved in 15 mL of ultrapure water. Then, the appropriate
amount of QD chloroform solution was added into the BSA solution
under the ultrasonication condition (The content of them was
adjusted according to the molar ratio of BSA and QDs in the range of
200—2000). The clear, light cyan color solution began to turn cloudy.
The emulsion-like solution reacted continuously for 20 min, and then
the organic solvent was quickly and completely removed under
vacuum decompression to form BSA-encapsulated quantum dot
nanobeads (QDs@BSA). The reaction system was centrifuged at
20 000 rpm for 15 min, and the resulting QDs@BSA nanobeads were
washed with deionized water to remove unreacted reagents and
redispersed in deionized water.

2.3. Synthesis of QDs@BSA@SiO,—COOH. QDs@BSA@SiO,—
COOH nanobeads were prepared according to the previously
reported procedures.**** The mixture of QDs@BSA nanobeads
solution, 20 mL of ethanol, and the appropriate amounts of ammonia
and tetraethyl orthosilicate (TEOS) was stirred for 24 h at room
temperature to form the silica shell Then, 300 uL of (3-
aminopropyl)triethoxysilane (APTES) was added the reaction system
to produce the silica surface functionalized with —NH, groups. For
modifying the carboxyl groups on the surface of nanobeads, the
obtained amino-functionalized QDs@BSA@SiO, was dispersed in
dimethyl sulfoxide (DMSO) and reacted with 0.05 g of glutaric
anhydride (GA) for 12 h. the resulting QDs@BSA@SiO,—COOH
was centrifuged and dialyzed in deionized water for 24 h. The QDs@
BSA@SiO,—COOH was collected by centrifugation and washed with
ethanol three times.

2.4. Preparation of QDs@BSA@SiO,—COOH-Antibodies
Probes. To prepare the QDs@BSA@SiO,—COOH-antibodies
probes, 1-ethyl-3-(3-(dimethylamino) propyl) carbodiimide (EDC)
and N-hydroxysulfosuccinimide (sulfo-NHS) activation technology
was used to activate the carboxyl group of nanobeads, and the
antibodies were conjugated to the surface of the nanobeads via a
covalent attachment. Generally, 75 uL of QDs@BSA@SiO,—COOH
(223 X 107° M) was dispersed in sodium borate buffer (BS, 5 mM,
pH 7.2) and followed by the addition of SO uL of 0.045 M EDC and
50 uL of 0.113 M sulfo-NHS. After ultrasonic activation at low
temperature for 5 min, the mixed solution was collected by
centrifugation and resuspended with 400 uL of BS buffer (S mM,
pH 8.0). Subsequently, 52.5 ug of sheep anti-human hemoglobin
polyclonal antibody (Hb) was slowly injected into the above solution
and incubated at 4 °C overnight. Then, 1% BSA solution and 2.4 uL
of ethanolamine were reacted with the QDs@BSA@SiO,—COOH-
Hb to reduce nonspecific adsorption. Afterward, the obtained QDs@
BSA@SiO,—COOH-HD probes were centrifuged and washed quintic
with BS (S mM, pH 9.0). Finally, the QDs@BSA@SiO,—COOH@
Hb (T probe) was resuspended in BS buffer solution (S mM, pH 7.4,
0.5% BSA) and stored at 4 °C for the following tests. The above
procedure was also used to prepare QDs@BSA@SiO,—COOH@
rabbit anti-deoxyribo-nucleoprotein antibody (DNP) (C probe).

2.5. Preparation of QDs@BSA@SiO,—COOH-Based LFIA.
Typically, the QDs@BSA@SiO,—COOH-based LFIA consisted of
sample pad, conjugate pad, nitrocellulose (NC) membrane, and
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Figure 1. Schematic illustrating the preparation of QDs@BSA@SiO,—COOH (above) and diagram of the surface-modified structure (below).

absorbent pad loaded on backing card from bottom to top. In order to
reduce nonspecific adsorption and increase the signal-to-noise ratio,
the sample pads were saturated with BS buffer (2 mM pH 8.0,
containing 0.25% casein (w/v) and 0.5% Tween-20 (w/v)). The
QDs@BSA@Si0,—COOH@HD (T probe) and QDs@BSA@SiO,—
COOH@rabbit anti-deoxyribo-nucleoprotein antibody (C probe)
were sprayed on the conjugation pad with an appropriate spraying
amount and dried at 37 °C in a vacuum drying oven. The test zone
and control zone were obtained, respectively, with the desired volume
of mouse anti-human HbAlc antibody (capture antibody, 1 mg
mL™") and anti-deoxyribo-nucleoprotein antibody-BSA (DNP-BSA,
0.5 mg mL™") diluted in phosphate buffer (PBS, 10 mM, pH 7.4) on
the nitrocellulose membrane. After 16 h of incubation at 37 °C, all of
the parts mentioned above were attached on the back plates
overlapping 2 mm on top of each other successively. Finally, the
assembly was cut into 4 mm wide strips and stored at room
temperature in the dry environment before use.

2.6. Clinical Sample. The clinical samples of HbAlc ranged from
4.2% to 13.6% were collected by using commercial collection tubes
containing anticoagulant (containing 3.7—S5.4 pmol/mL of ethyl-
enediaminetetraacetic acid (EDTA)) and heparin sodium (12—30
IU/mL). 34 clinical whole-blood samples from Taizhou People’s
Hospital were approved by the Biomedical Research Ethics
Committee of Henan University (HUSOM-2022-139). The sample
should be shook well and stored at 2—8 °C until further use. The
concentrations of HbAlc were determined and compared by using
QDs@BSA@SiO,—COOH-based LFIA and commercial HPLC.

3. RESULTS AND DISCUSSION

3.1. Formation Mechanism of QDs@BSA Nanobeads.
Fabrication of the QDs@BSA@SiO,—COOH was illustrated
in Figure 1. The surface functionalization of QDs by BSA was
the key factor to the formation of nanobeads. The assumption
of the formation process of QDs@BSA nanobeads was put
forward as follows: Under the ultrasonic condition, the
chloroform solution containing QDs was dispersed in an
aqueous solution of BSA to form microemulsion droplets and
achieve a dynamically stable state. The amount of BSA was not
enough for effective ligand exchange between BSA and the
pendant fatty acid chains on the surface of QDs. One single
cysteine and eight pairs of disulfide bonds of BSA were
stretched and exposed, which preferentially replaced the
original organic ligands on the surface of QDs outside the
droplet. The chloroform of the droplet was rapidly volatilized
under reduced pressure, and thus the multiple QDs with the
original ligand were wrapped in BSA to form nanobeads. This
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hypothesis was verified by the following experimental results.
The TEM results of different mole ratios of BSA to QDs were
shown in Figure S1 (Supporting Information). When the
molar ratio of BSA to QDs was 2000:1, the QDs were
monodisperse without aggregation under the electron micro-
scope fleld, indicating that the content of BSA was sufficient to
modify all QDs. The prepared samples gradually aggregated
into beads with the proportion of QDs increased. The
explanation for this aggregation was that the hydrophobic
surfactants of QDs were not efficiently replaced by the limited
BSA macromolecules at low mole ratios of BSA/QD, and BSA
preferentially reacted with QDs on the outer layer of
hydrophobic droplets. With excess QDs addition, the degree
of aggregation of QDs was uncontrollable and showed no
longer water solubility. The TEM analysis further confirmed
that the less of BSA, the larger size and the more regular shape
of the nanobeads in a certain range. Ultrasonication was also a
prerequisite for the preparation of nanobeads, which was used
to promote the formation of an oil-in-water system and expose
the sulfhydryl and disulfide bonds of BSA to replace the oleic
acid ligand on the surface of QDs. Although magnetic stirring
could make the system bearing emulsion-like property by
dispersing QDs in the aqueous solution of BSA, the obtained
sample was not biocompatible, indicating that the importance
of ultrasound for BSA-modified QDs. Moreover, the changes
of ultrasonic power also affected the formation of nanobeads.
When the ultrasonic power was insufficient, the chloroform
solution containing QDs could not be completely dispersed in
the aqueous solution of BSA and presented a stratification
phenomenon. At the same time, the dynamic equilibrium of
microemulsion droplets was destroyed with the excessive
increase of ultrasonic power, resulting in partly modified single
QDs. As a result, the microemulsion droplets were formed and
achieved a dynamically stable state at 300—500 W ultrasound
power. The effect of decompression conditions on the
morphology of nanobeads was also monitored by TEM
(Figure S2, Supporting Information). Under the condition of
reduced pressure, the chloroform was volatilized rapidly, and
QDs without ligand exchange inside the droplet were confined
to form nanobeads (Figure S2a, Supporting Information). On
the contrary, QDs showed disorder without decompression
(Figure S2b, Supporting Information), indicating the necessity
of decompression conditions. The decompression condition
only needed to meet the requirement of accelerating
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Figure 2. TEM images of (a) QDs@BSA, (b) QDs@BSA@SiO,, (c) QDs@BSA@SiO,—COOH, (d) a single QDs@BSA, (e) a single QDs@
BSA@SiO,, and (f) a single QDs@BSA@ SiO,—COOH. (g) The DLS data and (h) zeta potential changes in the preparation of QDs@BSA@

SiO,—COOH nanobeads.

chloroform volatilization. The zeta potential of QDs@BSA and
BSA approached 0 at pH 5 attributable to the isoelectric point
of BSA in this pH range, and the values were almost consistent
at pH 7 and 9 (Figure S3, Supporting Information), indicating
that carboxyl and amino groups of BSA did not involve in the
surface modification of the QDs and endowed the nanobeads
with water solubility. The above conclusions verified the
assumption about the formation mechanism of QDs@BSA
nanobeads.

3.2. Characterization of QDs@BSA@SiO,—COOH
Nanobeads. The synthesized CdSe/ZnS QDs through the
phosphine-free method showed good monodispersion and
uniformity in size with an average diameter of 14 + 1.5 nm
(Figure S4, Supporting Information). Modified with BSA, the
nanobeads with near-spherical shape were formed and well-
dispersed on the copper mesh, which was shown in Figure 2a.
Owing to the randomness of the droplet shape formed by
chloroform dispersing in the BSA aqueous solution, the
morphology of nanobeads was irregular, and the size also had a
certain distribution (78 + 20 nm). The higher-magnification
TEM image demonstrated that each nanobead was composed
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of loose-packed multiple QDs (the distance of QDs was ~2.5
nm) and the outer layer had obvious BSA boundaries (Figure
2d). Combined with the particle sizes of QDs themselves (14
+ 1.5 nm), the center-to-center distance between QDs in the
QDs@BSA was significantly greater than the distance of energy
resonance transmission (7—10 nm). As a bioactive group, BSA
could also protect the QDs in the nanobeads from the
influence of the external environment to a certain extent, and
thereby it make up for the defects of the porous structure of
silica. The nanobeads were further coated by silica shell to
enhance the stability. The amino and carboxyl groups of BSA
could endow the nanobeads with water solubility, which was
helpful to prepare the thick silica shell. As shown in Figure 2b,
by the encapsulation of SiO, layers on the nanobeads, QDs@
BSA@SiO, were successfully obtained with an average
diameter of 112 + 25 nm. Obviously, silica layers showed
lower contrast in the TEM image and completely surrounded
the surface of the nanobeads. The nanobeads displayed
nanoscale roughness and no obvious aggregation. The TEM
characterization of single QDs@BSA@SiO, nanobeads in
Figure 2e showed that silica was coated on the surface of the
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Figure 4. Hydrodynamic size and zeta potential of (a) QDs@BSA and (b) QDs@BSA@SiO,—COOH nanobeads in different pH values. effects of
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COOH.

nanobeads layer by layer, corresponding to the gradual

hydrolysis process of TEOS, indicating that the water solubility

of BSA effectively improved the hydrolysis ability of TEOS.
The thickness of the silica shell fluctuated in the range of 25—
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30 nm according to the hydrolysis degree of TEOS, which was
caused by the irregular shape of nanobeads. It can be seen from
Figure 2¢,f that the structure of the nanobeads with carboxyl
group modification was almost identical with those coated by
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silica. To further confirm the successful synthesis of QDs@
BSA@SiO,—COOH, dynamic light scattering (DLS) was
employed to monitor the hydrodynamic diameters and zeta
potentials during the process of synthesis. As shown in Figure
2g, the hydrodynamic size of QDs@BSA was larger than the
real particle size observed from TEM due to the swollen
corona of BSA macromolecules dispersing in the aqueous
solution. After silica coating, the hydrodynamic size of
nanobeads increased from 192.3 to 206.6 nm. The magnitude
of the increase was not completely consistent with the
thickness of silica shell in TEM image, indicating that the
coating of silica made the BSA macromolecules more compact.
The hydrodynamic size of QDs@BSA@SiO,—COOH further
increased to 216 nm, which proved the successful function-
alization of hydrophilic layers. The zeta potential changes of
QDs@BSA, QDs@BSA@SiO,, and QDs@BSA@SiO,—
COOH indicated the gradual increase in stability and also
confirmed the synthesis process of nanobeads (Figure 2h).
The comparison of PL emission peaks in the preparation of
QDs@BSA@SiO,—COOH nanobeads was shown in Figure
3a. The spectra were normalized to the emission maximum of
each sample. The identical fluorescence emission spectra
indicated that there was almost no QDs loss during the silicon
coating and carboxylation process, which proved the
reproducibility of the experimental scheme. Moreover, Figure
3b was to verify the changes of emission peak and full width at
half-maximum of nanobeads and hydrophobic QDs, and the
result was not easy to be observed because the nanobeads had
stronger photoluminescence than that of QDs. As a result, two
ordinates were established to make the emission peaks in the
same region. The result showed the nanobeads modified by
BSA had the same emission peak as hydrophobic QDs,
indicating that the construction of QDs@BSA@SiO,—COOH
did not affect the properties of QDs. Theoretically, ligand
exchange can usually cause the decrease of fluorescence
intensity due to the change of the original ligand of QDs.
During the formation of nanobeads, BSA preferentially
replaced the original hydrophobic ligands on the surface of
QD outside the droplet during the formation of nanobeads,
and the QDs inside still maintained the original luminous
efficiency. So the nanobead containing multiple QDs was
considered as a single particle to be compared with the
fluorescence properties of hydrophobic QDs at the same

4974

particle concentration. It can be seen from Figure 3c that
QDs@BSA@SiO,—COOH nanobeads exhibited much stron-
ger fluorescence intensity (~20 times) than the hydrophobic
QDs. The above results showed that the water-soluble QDs@
BSA@SiO,—COOH nanobeads with high fluorescence were
successfully prepared by using the biological macromolecule
BSA.

3.3. Colloidal Stability of QDs@BSA@SiO,—COOH
Nanobeads. Colloidal stability is a key factor to guarantee
the ability of BSA-modified nanobeads to be used in in vitro
diagnosis. Figure 4ab showed the hydrodynamic diameters
and zeta potentials of QDs@BSA and QDs@BSA@SiO,—
COOH at various pH values. It is well-known that BSA has an
effective buffering capacity in acidic and alkaline solutions due
to its amino and carboxyl groups. Therefore, the particle size of
the BSA-modified nanobeads remained basically unchanged in
the range of pH 4—9. The zeta potentials of QDs@BSA
showed that the large quantity of amino and carboxyl groups
on BSA macromolecules rendered QDs@BSA with strong
stability (>30 mV or <30 mV) in the range of pH <5 and pH
>6. The electrical neutrality was observed at pH §, attributable
to the isoelectric point of BSA in this pH value. The
phenomenon disappeared after modification with the silica
shell and carboxyl group, and QDs@BSA@SiO,—COOH
nanobeads preserved high stability over the wide pH range of
4—12. In order to further verify the stability of QDs@BSA@
SiO,—COOH, the fluorescence stability of QDs@BSA@
SiO,—COOH at various biological environments was carefully
monitored. The result of photostability was shown in Figure
4c, and the fluorescence of QDs@BSA@SiO,—COOH still
maintained more than 90% by illuminating with a 365 nm
ultraviolet lamp in 300 h. When the QDs@BSA@SiO,—
COOH were stored at 60 °C for 300 h, a little change in the
photoluminescence intensity was observed (<5%), indicating
that long-term storage had almost no effect on the fluorescence
performance of QDs@BSA@SiO,—COOH (Figure 4d). The
results of the PL intensity of nanobeads in different
temperatures were shown in Figure 4e, and it can be seen
that the dual protection of silica shell and BSA endowed the
QDs@BSA@SiO,—COOH nanobeads stronger thermal stabil-
ity. Figure 4f exhibited the fluorescence properties of QDs@
BSA@Si0,—COOH, QDs@SiO,, and SiO,@QDs@SiO,—
COOH nanobeads (prepared according to procedures given
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in ref 35) after being preserved for 1 h at various pH
conditions. The silica shell could block the influence of the
external environment to a certain extent. In some case, the
amorphous nature of the silica shell and their mesopores
provided channel for small molecules to damage the properties
of QDs. The QDs@BSA@SiO,—COOH nanobeads were
much less vulnerable to strong acids and alkali conditions than
others. Such great improvement of the pH stability was
attributable to the distinctive buffer capability of BSA, which
demonstrated that the introduction of BSA had a positive
effect on the stability of the QDs@BSA@SiO,—COOH
nanobeads. The above results showed that the combination
of BSA and SiO, protection endowed QDs@BSA@SiO,—
COOH nanobeads with strong stability.

3.4. Fabrication of QDs@BSA@SiO,—COOH-Based
LFIA for HbA1c Detection. The principle assay of QDs@
BSA@SiO,—COOH-based LFIA for a quantitative detection
of HbAlc was depicted in Figure Sa. The detection of HbAlc
by the LFIA was performed based on the formation of the T
probe/HbAlc/antibody sandwich structure. The whole-blood
sample after dilution was added to the sample pad, and the
capillary force generated by the high hydrophilicity and porous
structure of NC membrane will make it flow along the test
strip. Generally, if the HbAlc antigen was contained in the
sample, it combined with T probe on the conjugated pad and
then was captured by the coating antibody (HbAlc antibody)
on the test line via an antigen—antibody reaction to generate a
positive signal. The control line was formed by the migration
of the C probe along the NC membrane and combination
specifically with the coating antibody (DNP-BSA). If there was
no HbAlc antigen in the sample, the negative result was
determined because only the signal of the control line can be
detected. The signal values of T and C lines could be obtained
by the NepQD-Infinity-V1 (excited by 365 UV light-emitting
diode (LED) light) because of the high fluorescence intensity
and signal-to-noise ratio of nanobeads. The signal value of the
T line increased with the increase of HbAlc concentration.
Consequently, the qualitative detection of HbAlc in the
sample could be achieved by calculating the fluorescence
intensity ratio between the test line and the control line (T/
C).

3.5. Analytical Performance of QDs@BSA@SiO,—
COOH-Based LFIA. To achieve the best detection perform-
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ance, the mole ratio of nanobeads to antibodies was optimized
and shown in Figure SSa (Supporting Information). Because
the insufficient amount of antibody on the surface of
nanobeads (the coupling ratio was 1:1) cannot fully bind to
the antigen in the sample, the T/C value was relatively low.
With the increase of antibody coupling ratio, the detection
results showed the higher T/C value under different HbAlc
concentration conditions. When the antibody coupling ratio
was 1:2, the fold ratio of T/C was consistent with the fold ratio
of HbAlc concentration, which had a better linear relationship.
Thus, 1:2 was selected as the optimal mole ratio. Furthermore,
a certain amount of probes was sprayed on the conjugated pad
in the test strip and combined with the antigen in the simple to
realize quantitative detection. As shown in Figure SSb
(Supporting Information), insufficient T probes (0.03 uL
cm™!) resulted in lower T/C values, and 0.08 uL cm™ of
sufficient probes showed the highest T/C values. However, too
much addition of the spraying amount caused the weakening
release ability and flow capacity of the fluorescence probes. It
can be seen that a few T probes were remained on the
conjugate pad and NC membrane when the T probe spraying
amount was 0.08 yL cm™', which could result in a higher
background noise (Figure SSb inset, Supporting Information).
As a result, the optimum spraying amount of the T probe was
0.06 uL cm™". The effective reaction time, ranging from 6 to 15
min, was determined by using the whole-blood samples
containing different concentrations of HbAlc. As displayed in
Figure SSc (Supporting Information), the T/C value increased
gradually with the extension of detection time, which reached
the highest value in 10 min and remained basically constant.
Thus, the quantitative detection time of HbAlc was chosen as
10 min.

After optimizing the detection conditions, the analytical
performance of LFIA based on QDs@BSA@SiO,—COOH
was evaluated by the quantitative detection of HbAlc antigen.
HbAlc whole-blood samples with different concentrations
(4.2%, 5.0%, 6.2%, 7.6%, 8.6%, 10.1%, 13.6%) were diluted 100
times with sample dilution (2 mM boric acid, pH 6.3, 1%
Tritonx-100, 1% tween 20), and the T/C values were obtained
after 10 min of immune reaction time by loading 60 uL of the
diluted whole-blood sample onto the sample pad of LFIA.
Figure Sb revealed that the higher the concentration of
glycosylated hemoglobin, the stronger the signal value of the T
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zone. The corresponding T/C ratios also increased obviously.
There was no probe remained on the surface of the test strip,
indicating that the whole-blood sample did not cause the
increase of background signal. As indicated in Figure Sc, the
calibration curve exhibited an excellent linear range from 4.2%
to 13.6% with a reliable correlation coefficient (R? = 0.993).
The regression equation could be represented by Y
0.007 73X — 0.0013, where Y was the T/C, and X was the
HbAlc concentration. Error bars expressed the standard
deviation of the mean over the three duplicate measurements
at different HbAlc concentrations. Such an excellent linear
relationship showed that the dual protecting strategy of BSA
and silica effectively blocked the influence of the complex
matrix in whole-blood samples and effectively ensured the
accurate and quantitative detection of HbAlc in whole-blood
samples. The intra- and interassays were conducted to evaluate
the accuracy and precision of QDs@BSA@SiO,—COOH-
LFIA by analyzing 6.0% and 7.2% HbAlc whole-blood
samples. As the results show in Table S1 (Supporting
Information), the intra-assay CV and interassay CV of the
two samples detected by QDs@BSA@Si0,—COOH-LFIA was
4.22—7.21% and 5.15—5.95% respectively, which confirmed
the high reproducibility and good precision of the assay for the
HbAlc analysis. Moreover, compared with the other methods
for HbAlc detection,®®>® this work had demonstrated
obvious advantages in linear range, detection time, and
stability (shown in Table S2, Supporting Information).

3.6. Robustness of QDs@BSA@SiO,—COOH-Based
LFIA for Clinical Application. To evaluate the potential
clinical application of the QDs@BSA@SiO,—COOH-based
LFIA, the results from the new LFIA platform were compared
with the HPLC method by analyzing 34 HbAlc whole-blood
samples. As shown in Figure 6a, two methods exhibited good
agreement with a highly significant correlation of R* = 0.973
(>0.95). And the proposed LFIA could complete the sample
analysis in 10 min, which was more convenient and effective.
HbAlc has been used as a diagnostic indicator for diabetes,
which is more reproducible, provides a better reflection of
chronic glucose exposure, and correlates well with diabetes-
related complications. Several studies showed that the optimal
HbAlc cutoff for diagnosing diabetes was between 5.6% and
6.0% in Asian patients, and 6% was set as the optimal HbAlc
cutoff values for diabetes and prediabetes by doctors in a
clinical diagnosis.””** For a clinical application, it is very
important that the QDs@BSA@SiO,—COOH-based LFIA can
accurately distinguish the negative or positive samples of HbA1
above and below 6%, and so the stability of the detection
results was essential to its accuracy. In order to verify that the
nanobeads with BSA and silica dual encapsulation strategy had
a positive effect on the stability of the LFIA platform, clinical
HbAlc samples with around cutoff value (5.5%, 5.6%, 5.7%,
5.8%, 5.9%, and 6.3% respectively) were determined by QDs@
BSA@SiO,—COOH-based LFIA and the QDs@SiO,-based
LFIA strips at room temperature for 70 d storage (Figure 6b).
The results of QDs@BSA@SiO,—COOH-based LFIA were
almost unchanged, while QDs@SiO,-based LFIA showed the
decrease in assay results, which indicated that the BSA-
protected nanobeads endowed a good repeatability and storage
stability for the test strips. Therefore, the above results showed
that QDs@BSA@SiO,—COOH-based LFIA demonstrated
promise for the quantitative detection of HbAlc in clinical
applications.
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4. CONCLUSIONS

In this study, fluorescent nanobeads were successfully prepared
by biomacromolecule BSA modification and SiO, coating.
BSA, as a protective layer, made up for the porous defects of
silica and improved the stability of QDs, and the rich amino
and carboxyl groups of BSA also maintained the optical
properties of QDs even in harsh conditions and promoted the
growth of silica shell. The obtained QDs@BSA@SiO,—
COOH nanobeads showed advantages of highly luminescence,
strong pH buffer capacity and colloidal stability, which have
great potential in fields of clinical diagnosis. The resulting
nanobeads were used as an excellent signal probe to develop
the LFIA for the accurate and quantitative detection of HbAlc,
and the detection range of 4.2%—13.6% was successfully
realized for the whole-blood samples. And even after a long
time of preservation, the detection results of clinical samples
detected by the QDs@BSA@SiO,—COOH-based LFIA
biosensor also demonstrated the acceptable accuracy,
precision, and stability due to the dual protection of BSA
and SiO,. Given the above, the biomolecular surface
modification method endowed high fluorescence, high
stability, and excellent label performance for QDs, which
opened up a new approach for the surface functionalization of
nanoparticles in biological fields.
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