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Highly Sensitive and Visual Detection of VB,
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ABSTRACT: In this work, blue fluorescent silicon nanoparticles (SiNPs) were

- o
prepared by a simple one-step hydrothermal method using (3-aminopropyl) *&3-¢g 5+ }&Iz ey
triethoxy silane (APTES) and eriochrome black T as raw materials. The SiNPs . A T it ' VB

b4

showed favorable water solubility, thermal stability, pH stability, salt tolerance, APTES Eriochrome black T SiNPs

and photobleaching resistance. At an excitation wavelength of 376 nm, the e wnmn srem e o

SiNPs emitted bright blue fluorescence at 460 nm. In the presence of vitamin B, s

(VB,), the fluorescence intensity (FL intensity) of the SiNPs at 460 nm [5) ) /J,\/\
decreased obviously, and a new peak appeared at 521 nm. Based on this, a novel 00 —— Q0. i
ratiometric fluorescence method was established for VB, detection. There was a SINPs

@ (L+A+B)/L

good linear relationship between the fluorescence intensity ratio (Fs,;/F,g) and
VB, concentration from 0.5 to 60 M with a detection limit of 135 nM. This
method was successfully applied to detect VB, content in the samples of
vitamin B, drugs and beverages. Additionally, a simple paper sensor based on

the SiNPs was designed to visualize detection of VB,. With the support of color recognition software on a smartphone, the visual
quantitative analysis of VB, was realized, ranging from 40 to 800 yM.

1. INTRODUCTION

Vitamin B, (VB,), also known as riboflavin, is an essential
nutrient for the human body. As the precursor of flavin
mononucleotide (FMN) and flavin adenine dinucleotide
(FAD), VB, plays an important role in energy metabolism
and biological oxidation." VB, also promotes cell growth and
reduces eye strain. Moreover, it can effectively prevent oral
inflammation, skin inflammation, migraines, anemia, cancer,
and cardiovascular diseases.””” Since VB, cannot be
synthesized by the body itself, it needs to be taken from
supplements to meet the daily requirement. Most foods are
rich in VB, such as animal liver, kidney, heart, soy, and dairy
products. Besides, as a water-soluble vitamin, VB, is not easy to
store in the body.® The lack of VB, in daily life can cause
diseases such as sun sensitivity, glossitis, and seborrheic
dermatitis.”® Additionally, excessive intake of VB, can also
cause oxidative damage to tissues and DNA, which is also a
threat to human health.” In other words, both deficiency and
excess of VB, are harmful to human health. Therefore, it is of
great significance to establish an effective method to detect
VB,.

Common VB, detection methods include high-performance
liquid chromatography (HPLC),'”"" electrochemical,'” and
colorimetric methods. * For example, Geng et al. developed a
liquid chromatography—tandem mass spectrometry (LC—MS/
MS) method for the detection of vitamins in human serum."'
Wang et al. modified the glassy carbon electrode with
nanoporous gold films to achieve the quantitative detection
of VB, and VBy'® Ma et al. established a riboflavin
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colorimetric sensor based on silver nanoparticles (AgNPs)
with a linear range of 0.1667—4.6667 uM."” In recent years,
fluorescence methods obtained more and more attention due
to their advantages of simple operation, rapid detection, high
selectivity, high repeatability, and low cost."*™'® Fluorescence
methods for detecting VB, have also been reported recently.
For example, Du et al. utilized dry carnation petals and
polyethylene imine as precursors to synthesize carbon dots for
detecting VB, with a linear range of 0.35—35.9 uM."” Wang et
al. synthesized carbon quantum dots co-doped with nitrogen,
phosphorus, and chlorine (NPCI-CQDs) as a probe to detect
VB, with detection ranges of 0.5—10.18 and 15.89—-27.76
uM."® The above methods showed a good response to VB, and
preliminarily provided a valuable reference for the detection of
VB,. Until now, only a few fluorescence methods for VB,
detection have been reported. The reported methods still have
some shortcomings such as being unfriendly to the environ-
ment and a narrow linear range. So, it is still urgent to establish
highly sensitive, simple, and environmentally friendly fluo-
rescence methods for VB, detection.
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Scheme 1. Synthesis of the SiNPs (A) and Dual-Platform Detection of VB, by Fluorescence and Visualization Methods (B)
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Nanomaterials are hyperfine particles with unique optical
and physical properties, which are widely used in the fields of
biological detection, biosensing, energy storage, etc.'””*° Water-
soluble fluorescent silicon nanoparticles (SiNPs) are typical
zero-dimensional nanomaterials with small-size structure
characteristics, visible properties, and phenomena different
from macroscopic substances, such as surface effects, quantum
size effects, and small-size effects. SiINPs usually have excellent
thermal stability, salt resistance, and photobleaching resistance,
which is a solid foundation for SiNPs to be excellent
fluorescent nanoprobes. There are various one-step methods
for preparing water-soluble SiNPs, including electrochemical
etching methods,”’ microwave-assisted methods,** ultraviolet
radiation methods,*® hydrothermal methods,”*** and so on.
Among them, hydrothermal methods are favored by
researchers because of their outstanding advantages of mild
experimental conditions, cheap equipment, and environmental
friendliness. Some researchers found that SiNPs could be
completely metabolized by the kidney through pharmacoki-
netic experiments.”® Green synthesis methods, sufficient silicon
raw materials, and environmentally friendly properties are
necessary conditions for the long-term development of SiNPs.
As novel fluorescent probes, SiNPs have attracted the interest
of researchers. In recent years, SiNPs have been used to detect
metal ions such as Cu®, Ag', Fe’*, Hg*, and Mn?*;>7730
tetracycline antibiotic drugs such as tetracycline and oxy-
tetracycline;”">> and essential nutrients for human body like
vitamins, amino acids, glucose, and cholesterol.>>™>¢ SiNPs
with excellent biocompatibility have also been successfully
applied in cell imaging and cell tracking.””*® The above reports
indicated that SiNPs have excellent application potential in the
field of analytical detection. So far, the fluorescence method
based on SiNPs for VB, detection has not been reported.
Therefore, it is feasible and meaningful to construct a
ratiometric fluorescence probe based on SiNPs for VB,
detection.

In this work, (3-aminopropyl) triethoxy silane (APTES) and
eriochrome black T were used as the silicon source and the
reducing agent to synthesize SiNPs with blue fluorescence by a
hydrothermal method (Scheme 1A). The prepared SiNPs
possessed good thermal stability, pH stability, salt tolerance,
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and photobleaching resistance. When VB, was added to the
SiNP solution, the emission peak at 460 nm weakened and, in
the meantime, the emission peak at 521 nm enhanced
gradually (Scheme 1B). Therefore, a novel ratiometric
fluorescence method based on the prepared SiNPs was
established for VB, detection. The method has been
successfully applied to detect VB, in the samples of vitamin
B, tablets, vitamin B, injection, compound vitamin B injection,
milk, and orange beverage. More importantly, the fluorescence
color of the SiNP solution changed from blue to yellow-green
with the addition of VB,. Hence, a visual quantitative detection
method for VB, detection was established based on a SiNP-
fluorescent paper sensor and smartphone (Scheme 1B), which
had the advantages of low cost and convenient visualization
detection.

2. EXPERIMENTAL SECTIONS

2.1. Synthesis of the SiNPs. First, 4.0 mL of ultrapure
water and 1.0 mL of APTES were successively added to a 10
mL round-bottomed flask and placed on a magnetic stirrer for
continuous stirring. Then, 5.0 mg of eriochrome black T was
added to the above solution. After stirring for 30 min, the
mixture solution was transferred to a Teflon-lined reactor.
Finally, the reaction was carried out at 160 °C for 4 h. After the
reaction, the prepared SiNP solution was dialyzed in a dialysis
bag with a molecular weight cutoff of 1000 Da. The obtained
SiNP solution was stored in a refrigerator at 4 °C for later use.
The purified SiNP solution was lyophilized in a freeze dryer,
which could be used for subsequent characterization.

2.2. Fluorescence Detection of VB,. First, VB, was
dissolved in HCI solution (5 M) to prepare a 10 mM VB,
stock solution. Then, the stock solution was diluted with PBS
buffer solution (pH 5.0, 10 mM) to prepare a series of VB,
solutions with different concentrations. One hundred micro-
liters of SiNP solution was mixed with PBS buffer solution (pH
5.0, 10 mM). Afterward, different concentrations of the VB,
solution were added (the total volume of the solution was 2
mL). After incubation for 1 min, the fluorescence emission
spectra of the mixture solution were recorded (the excitation
wavelength was 376 nm). Each measurement was repeated
three times. The working curve was plotted from the log (Fs,,/
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Figure 1. (A) TEM image, (B) corresponding size distribution histogram, (C) PXRD spectrum, and (D) FT-IR spectrum of the SiNPs.

F,s) value and VB, concentration (F,q and Fq,, are the FL
intensities of the emission peaks at 460 and 521 nm,
respectively).

2.3. Analysis of VB, in Real Samples. To evaluate the
utility of SiNPs, vitamin B, tablets, vitamin B, injection,
compound vitamin B injection, milk, and orange beverage were
selected as real samples. The pretreatment process of the above
samples is as follows: ten vitamin B, tablets (m = 0.7783 g)
were ground into powder in a mortar, dissolved in 6.0 mL HCl
solution (1 M) to prepare a sample solution, and then
centrifuged at 15,000 rpm for 10 min to remove insoluble
substances. Finally, the supernatant was collected for detection.
Vitamin B, injection and compound vitamin B injection were
centrifuged at 15,000 rpm for 10 min. The orange beverage
was centrifuged at 8000 rpm for 10 min. Then, the supernatant
was passed through a 0.22 ym filter membrane. Four milliliters
of milk was diluted with 26 mL of ultrapure water; then, 3 mL
of ethanol, 3 mL of 1% potassium oxalate, and 1 mL of 20%
zinc acetate solution were added to destroy the fat structure of
the milk and precipitate the protein. After precipitation, the
precipitation was filtered with filter paper and the extraction
solution was collected. These pretreated sample solutions were
diluted to an appropriate concentration with PBS buffer
solution (10 mM, pH S5.0) for analysis. The fluorescence
emission spectra of the above samples were measured at 376
nm excitation. The measured FL intensity ratio (Fs,;/Fq) Was
taken into the linear equation to calculate the VB, content of
the samples. In addition, known amounts of the VB, solution
were added to the diluted sample solution for the recovery
experiment.

2.4. Preparation of Fluorescent Test Papers and
Visual Detection of VB,. Four milliliters of SiNP solution
was added to 16.0 mL of ethanol solution. The filter paper was
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put into the above solution and immersed for 2 min. After that,
the filter paper was removed from the solution. After natural
drying, it was cut to an appropriate size and flattened. Then, 30
L of VB, solution of different concentrations was added to
the prepared test papers. After the test papers were naturally
dried, photos were taken under 365 nm UV light. The values of
L, A, and B of the fluorescent images were read by color
recognition software on a smartphone. Each photo in the dark
environment was taken at the same distance and angle. To
ensure the accuracy of the experimental results, nine sites were
selected in three different regions of the central region, the
edge region, and the regions between the center and the edge
of each photo to read the corresponding L, A, and B values.
Finally, the average value was taken to draw a linear plot. The
working curve of (L + A + B)/L and the concentration of VB,
was drawn to establish the visual detection method of VB,.

3. RESULTS AND DISCUSSION

3.1. Optimization of Synthesis Conditions for the
SiNPs. To obtain the optimum synthesis condition of the
SiNPs, the reaction temperature, reaction time, and the
amount of reducing agent were investigated when the volume
of APTES was 1.0 mL. As shown in Figure S1A, the FL
intensity reached the maximum when the reaction was
performed at 160 °C. As shown in Figure S1B, the FL
intensity was significantly enhanced when the mass of
eriochrome black T increased from 2.5 to 5.0 mg. When the
mass of eriochrome black T was up to 15.0 mg, the FL
intensity was significantly reduced. As shown in Figure SIC,
the FL intensities of the reaction products for 4 h were
significantly higher than those for 2 and 8 h. In summary, when
APTES and eriochrome black T were used as raw materials to
synthesize SiNPs, the optimal conditions of eriochrome black
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Figure 2. High-resolution XPS spectra of the SiNPs: (A) full spectrum, (B) C 1s, (C) N 1s, (D) O 1s, (E) Si 2p, and (F) S 2p.

T amount, reaction time, and temperature were 5.0 mg, 4 h,
and 160 °C, respectively.

As shown in Figure SID, when the reaction followed the
steps described above to prepare SiNPs, the FL intensities of
eriochrome black T and APTES reacted alone were very low
and negligible. Only when APTES and eriochrome black T
reacted together, the FL intensity increased significantly,
indicating that a fluorescent substance was generated.

3.2. Characterization of the SiNPs. Transmission
electron microscopy (TEM) was used to characterize the
morphology of the SiNPs. As shown in Figure 1A, the SiNPs
were irregular spherical particles with good dispersion. The
particle size of the SiNPs ranged from 3.41 to 8.35 nm, with an
average diameter of around 5.35 nm (Figure 1B). X-ray
powder diffraction (PXRD) results displayed that the structure
of the SiNPs was amorphous (Figure 1C). Figure 1D shows
the Fourier transform infrared (FT-IR) spectra of the SiNPs, in
which the medium-strong absorption band at 3439 cm™" was
the stretching vibration of the N—H bond and O—H bond.*”
The absorption band at 2936 cm™" was the stretching vibration
of the C—H bond.** The absorption bands at 1567 and 1490
cm™" were the stretching vibrations of the aromatic ring.*' The
absorption band at 1329 cm™" was attributed to the stretching
vibration of the C—N bond.* The absorption peak at 1127
cm ™" was the stretching vibration of the Si—O—Si bond.”” The
vibration peak of the Si—C bond was 1029 cm™.** The
absorption bands at 750 and 694 cm™' were the wagging
vibration of the N—H bond and the characteristic absorption
peaks of the ammonium bond, respectively.*” The results of
FT-IR suggested that —OH and —NH, may exist on the
surface of the SiNPs. In addition, X-ray photoelectron
spectroscopy (XPS) was used to further analyze the elemental
composition and bonding state of the SiNPs. Figure 2A shows
the six main peaks of the full spectrum of the SiNPs attributed
to Si 2p (101.48 eV), Si 2s (152.48 eV), S 2p (163.13 V), C
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1s (305.48 eV), N 1s (398.48 V), and O 1s (531.48 eV). The
high-resolution XPS spectrum of C 1s (Figure 2B) included
four fitting peaks, which belonged to C—C (284.60 V), C—O
(285.75 eV), C—Si (284.22 €V), and C—N (285.48 ¢V)."" The
high-resolution XPS spectrum of N 1s (Figure 2C) included
three fitting peaks, which belonged to Si—N—Si (398.09 eV),
C—N—C (399.44 eV), and N—H (400.55 €V).**** Three
fitted peaks of the high-resolution XPS spectrum of O 1s
(Figure 2D) were assigned to O—Si (531.40 eV), O-Si
(530.32 eV), and C—O—C/C—OH (53237 eV).* Three
fitting peaks of the high-resolution XPS spectrum of Si 2p
(Figure 2E) were attributed to Si—N (101.23 eV), Si—O
(101.93 eV), and Si—C (100.58 eV).* The high-resolution
XPS spectrum of S 2p (Figure 2F) presented four fitting peaks,
which were assigned to S 2p;,, C—S (162.89 eV), S 2p,, C—S
(164.04 eV), S 2p;;, S=O0 (167.24 eV), and S 2p;,, S=O
(168.43 eV).*

The optical properties of the SiNPs were analyzed by
ultraviolet—visible (UV—vis) and fluorescence spectra. As seen
in Figure S2, the UV—vis spectra showed two characteristic
absorption peaks at 239 and 340 nm, which could be attributed
to the 7—7* transition and n—z* transition, respectively."”**
When the excitation wavelength was 376 nm, the FL intensity
of the SiNPs reached the strongest at 460 nm. Figure S3A
shows the fluorescence emission spectra of the SiNPs at
different excitation wavelengths of 310—430 nm. When the
excitation wavelength was changed, the fluorescence emission
wavelength also changed, indicating that the SiNPs were
excitation wavelength-dependent. Excitation wavelength de-
pendence was thought to be caused by the different sizes and
surface states of nanoparticles.”” Figure S3B shows that the
variation range of the fluorescence emission wavelength was
small, which demonstrated that the size of the prepared SiNPs
was relatively consistent. The relative fluorescence quantum
yield of the SiNPs was calculated to be 4.98% (Figure S4 and

https://doi.org/10.1021/acsomega.3c00025
ACS Omega 2023, 8, 14499—-14508


https://pubs.acs.org/doi/suppl/10.1021/acsomega.3c00025/suppl_file/ao3c00025_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.3c00025/suppl_file/ao3c00025_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.3c00025/suppl_file/ao3c00025_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.3c00025/suppl_file/ao3c00025_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.3c00025/suppl_file/ao3c00025_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c00025?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c00025?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c00025?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c00025?fig=fig2&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c00025?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega

http://pubs.acs.org/journal/acsodf

>
.

e
=
N

15 25 35 45 55 65 75 85
Temperature (°C)

Fd
W
1

Normalized FL intensity
=
=)

e
=
M

5

@]
-
9

e o
=)} o
1 1

Normalized FL intensity
>
W

bl
=]
1

0 20 40 60 80 100
Concentration of NaCl (mM)

FL intensity (a.u.)

B
0.30

0.24
0.18-
" 0.121

0.06

0.00

500

—

>

=]
1

w

=

=]
1

4

>

=]
1

100

0 T T T
0 15 30 . 45 60
Time (min)

Figure 3. (A) Normalized FL intensity of the SiNPs after 10 min incubation at different temperatures. (B) FL intensity ratio (Fs,;/F,e) of the
SiNPs in PBS buffer solution (10 mM) of different pH values. (C) Normalized FL intensity of the SiNPs in NaCl solution with different
concentrations. (D) FL intensity of the SiNPs exposed to a 376 nm light source for 60 min (the error bar is the standard deviation of three

measurements).

0~60 uM

£3001

Y =0.0223 X - 0.5599
R*=0.9989

-0.6

400 450 500 550 600
Wavelength (nm)

0 10 20 30 40 50 60
Concentration of VB, (uM)

Figure 4. (A) Fluorescence emission spectra of the SiNP solution after addition of different concentrations of VB, (0, 0.5, 1, 2, 3.5, S, 10, 20, 30,
40, 50, and 60 M); the inset shows the SiNP solution without (left) and with (right) VB, under 365 nm UV light. (B) Linear relationship between

log(Fs,1/Fse0) of the SiNPs and 0.5—60 uM VB,.

Table S1). The excellent fluorescence properties of the SiNPs
may be related to the rigid plane introduced by reducing agent
eriochrome black T.>°

3.3. Stability of the SiNPs. In this work, the stability of
the SiNPs was investigated by studying the changes of the FL
intensity of the SiNPs under different conditions. As shown in
Figure 3A—C, when the temperature increased from 5 to 85
°C, the pH increased from 4.0 to 10.0, and when the NaCl
concentration was as high as 100 mM, the FL intensity of the
SiNPs remained basically unchanged. As can be seen from
Figure 3D, when the SiNPs were continuously irradiated by
the light source (4, = 376 nm) for 60 min, the change of FL
intensity was negligible. These results showed the excellent
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thermal stability, pH stability, salt tolerance, and photo-
bleaching resistance of the SiNPs.

3.4. Optimization of VB, Detection Conditions. To
obtain the optimum detection results and improve the
sensitivity of detection, the pH of the PBS buffer solution
and response time in the detection process were investigated.
As shown in Figure SSA, the FL intensity ratio (Fsy;/Fu6) of
SiNPs remained stable in the PBS buffer solution (10 mM)
with pH 4.0—10.0. The pH stability of SiNPs may be due to
the fact that the protonation or deprotonation of the functional
groups on the surface of SiNPs under different pH conditions
did not cause obvious changes in the surface state. After
addition of the quencher (VB,), it was found that VB, had the
highest response efficiency in the buffer solution with pH S.0.
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Table 1. Comparison of VB, Detection Methods

applied material method linear range LOD ref
LC-MS/MS 5—40 ng/mL 11
NPG electrochemical 5—250 uM 0.10 uM 12
AgNPs colorimetric 0.1667—4.6667 uM 167 nM 13
CDs fluorescence 0.35—-35.9 uM 37.20 nM 17
NPCI-CQDs fluorescence 0.5-10.18 and 15.89-27.76 uM 3.50 nM 18
NPCDs fluorescence 0.5—50 uM 0.17 uM 51
SiNPs fluorescence 0.5—60 uM 135 nM this work
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Figure 5. (A) FL intensity ratio (Fsy,/Fyq) of the SiNPs after addition of 200 #M (the concentration of Cd**, Sn**, Cr**, Co*", Ag*, Mn**, Ni*,
and Hg** was 50 M) inorganic ions (orange bar) and the subsequent addition of 20 M VB, (purple bar). (B) FL intensity ratio (Fs,1/F,e) of the
SiNPs after addition of 200 M organic substances (the concentration of VB, and VB, was 100 M) and the subsequent addition of 20 uM VB,
(1, blank; 2, VB,; 3, Gly; 4, Ala; S, L-Cys; 6, L-Glu; 7, L-Ser; 8, Val; 9, VC; 10, VBy; 11, VB5; 12, dextropantothenate sodium salts; 13, VBg; 14, VBy;

1S, VB,,; 16, nicotinamide; 17, soluble starch; 18, sucrose).
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Figure 6. (A) UV—vis spectra of the SiNPs and VB, and the theoretical and experimental UV—vis spectra of the mixture of SiNPs and VB,. (B)
UV—vis spectra of VB, and the fluorescence excitation and emission spectra of the SiNPs.

Therefore, the optimal pH of the PBS buffer solution in this
experiment was S5.0. As seen in Figure SSB, SiNPs and VB, (50
uM) reacted rapidly. The reaction reached stability within 1
min. In summary, PBS buffer solution with pH 5.0 and 1 min
response time were selected as the optimum detection
conditions in the following experiment.

3.5. Fluorescence Detection of VB,. As shown in Figure
4A, with the increase of VB, concentration, the FL intensity of
the SiNPs at 460 nm decreased continuously, while the FL
intensity of the emission peak at 521 nm increased
continuously. The new peak was consistent with the emission
peak of VB, excited at 376 nm (Figure S6). Figure 4B shows a
good linear relationship between log(Fs,,/F4) and VB,
concentration (0.5—60 uM) with a limit of detection (LOD)
of 135 nM (30/K, where o is the standard deviation of ten
blank solutions and K is the slope of the linear equation).
Compared with the VB, self-fluorescence detection method,
the proposed method had higher sensitivity and a wider linear
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range (Figure S7). The LOD and linear range of this method
were comparable to the VB, detection methods listed in Table
1MTIBI7I8SE 1y addition, the established method also
exhibited the following advantages: (1) the preparation process
of the SiNPs was simple, environmentally friendly, and did not
require postmodification processes; (2) the ratiometric
fluorescence method could effectively eliminate the influence
of common factors and improve the accuracy of detection; and
(3) the paper sensor provided a convenient visual detection
platform for VB, detection without expensive equipment.
3.6. Selectivity of the SiNPs for VB,. In this work, some
common cations (K*, Na*, Zn**, Ca*", Mg*', AI**, Ba**, Fe*",
Pb*, Cd*, Sn**, Cr’*, Co*, Ag’, Mn*", Ni*, and Hg*),
organic molecules (Gly, Ala, L-Cys, L-Glu, L-Ser, Val, starch,
and sucrose), and vitamin drugs (nicotinamide, VC, VB,, VB;,
dextropantothenate sodium salts, VB, VB, and VB,,) were
used as potential interference substances to investigate the
selectivity of SiNPs for VB,. Fluorescence detection of the
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above interferences was carried out according to the method of
VB, detection. Figure 5 shows that these interferences did not
significantly quench the FL intensity of the SiNPs, which
indicated that the SiNPs have superior selectivity for VB,. In
addition, interferences and VB, were added to the SiNP
solution simultaneously to study the anti-interference ability of
the established fluorescence method. The FL intensity of the
SiNP solution with only VB, and the SiNP solution with both
VB, and interferences did not change significantly, which
indicated that the SiNPs have good anti-interference ability.
The above results provided a basis for the detection of VB, in
practical samples.

3.7. Fluorescence Detection Mechanism of VB, by
the SiNPs. The fluorescence detection mechanism in this
work was studied through the following experiment.

First, the UV—vis spectra of the SiNP solution, VB, solution,
and their mixture were measured. As shown in Figure 6A, the
theoretical UV—vis curve of the mixture solution basically
coincided with the experimental UV—vis curve, indicating that
no new substances were generated. Subsequently, the
excitation and emission spectra of the SiNPs were measured.
It was discovered that the UV—vis spectra of VB, partially
overlapped with both the excitation and emission spectra of
the SiNPs (Figure 6B), which speculated that the quenching
mechanism of the system may be the internal filtration effect
(IFE) and Forster resonance energy transfer (FRET). To
further validate the above speculation, the following experi-
ments were conducted. First, the existence of the IFE
mechanism was verified by fluorescence and UV—vis spectra
of the SiNP solution with different concentrations of VB,. The
correction factor (CF) was calculated by eq 1 to correct the
detected FL intensity, which was used to calculate the IFE
proportion later. Figure S8 shows the parameters related to eq
1. The proportion of IFE calculated based on the values in
Table S2 was 48.38% (to ensure the reliability of the

calculation results, the CF value cannot be greater than 3).*’
E:or — 2'3dAex logAem 2“3sjaem
Fog 1—10%= 1 — 107 (1)

Then, the mechanism of FRET was also studied. FRET is a
fluorescence quenching process that occurs between the donor
and the acceptor. Resonance dipole occurs when the emission
spectra of the donor and the absorption spectra of the acceptor
partially overlap, and the acceptor produces fluorescence under
excitation conditions of the donor. The efficiency of energy
transfer depends largely on the degree of the overlap between
the emission spectra of the donor (SiNPs) and the UV—vis
spectra of the acceptor (VB,)."” Moreover, the fluorescence
lifetime (7) of the donor is significantly reduced in the
presence of FRET. Figure S9 shows the spectra of the
fluorescence decay curves of the SiNPs and SiNPs mixed with
different concentrations of VB,. The 7 values in Table S3 were
calculated by fitting the fluorescence decay curves with second-
order exponential decay. With the increase of VB, concen-
tration, the fluorescence lifetime of the SiNPs decreased
significantly from 10.89 to 7.34 ns, which further proved the
existence of the FRET mechanism.

Additionally, the Stern—Volmer equation (eq 2)°* was used
to study the dynamic quenching effect (DQE) and static
quenching effect (SQE) in the system.

Eor,O/Eor =1+ I<SV[Q] (2)

where F,, and F,

or are the corrected FL intensities of the
SiNPs solution without and with VB,, respectively. K, is the
Stern—Volmer constant. [Q] is the concentration of VB,. It
can be seen from Figure S10 that F, o/F,, was not linearly
related to the concentration of VB,, indicating that there were
no SQE and DQE in the system.

In conclusion, the mechanism of VB, detection by the
fluorescent SiNPs was IFE and FRET.

3.8. Analysis of VB, in Real Samples. To explore the
practicability of the established fluorescence method, the VB,
contents in vitamin B, tablets, vitamin B, injection, compound
vitamin B injection, orange beverage, and milk were detected,
respectively. After calculations, the VB, contents of vitamin B,
tablets, vitamin B, injection, and compound vitamin B
injection were 66.49 mg/g, 5.98 mg/mL, and 1.40 mg/mL,
respectively. VB, was not detected in the orange beverage and
milk based on this method. As shown in Table 2, the recoveries

Table 2. Results of the Detection of VB, in Real Samples

initial VB, RSD

content  spiked recovery (%,
sample (uM) uM) found (M) (%) n=3)
vitamin B, 4.44 10.00 14.09 + 0.04 96.58 0.39

tablets 2000 2370 + 0.68 9630  3.52

40.00  42.00 + 0.15 9390  0.40
vitamin B, 9.93 1000 2045+ 0.15 10519 146
injection 2000 3062 +0.19 10343 091
4000 4978 + 0.61 99.62 153

compound 9.32 10.00 19.08 + 0.08 97.62 0.83
vitamin B 20.00 2831 + 0.27 94.93 1.45
injection

40.00 4639 + 0.78 92.67 2.10

orange nd“ 10.00 9.76 + 0.18 97.56 1.88

beverage 20.00  18.88 + 0.54 94.40 2.87

40.00 36.35 + 0.21 90.86 0.58
milk nd” 10.00 10.25 + 0.03 102.50 2.93
20.00 20.11 + 0.02 100.57 1.84
40.00 36.57 + 0.01 91.43 1.21

“Not detected.

were in the range of 90.86—105.19%, with relative standard
deviations (RSDs) of 0.39—3.52%. These results showed the
application prospect of the proposed fluorescence method in
practical sample determination.

3.9. Visual Detection of VB,. In this work, a portable,
economical, and rapid detection method for VB, visual
detection was established using a SiNP-based paper sensor.
As shown in Figure 7, the paper sensor showed blue
fluorescence under a 365 nm UV lamp. As the concentration
of VB, increased, the fluorescence color of the paper sensor
gradually changed from blue to yellow-green. The fluorescence
color of the picture could be identified by color recognition
software, and the values of L, A, and B were read. Finally, a
linear equation was established according to the value of (L +
A + B)/L and the concentration of VB,. The linear range and
LOD were 40—800 and 28.00 uM, respectively. The developed
SiNP-based paper sensor was simple, cheap, and had good
significance in visual detection of VB,. Reproducibility was an
important factor in the evaluation of the method. The
reproducibility was investigated by parallel measurements of
test papers containing different concentrations of VB, (the VB,
concentrations were 200, 400, and 600 yM). The RSDs of
three parallel measurements were less than 5% (RSDs were
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Figure 7. Process of visual detection of VB,.

1.45, 0.87, and 3.25%), indicating the good reproducibility of
the developed paper sensor. In addition, the paper sensor was
used to detect the VB, content in the real samples of VB,
injection and milk. The recoveries were in the range of 86.68—
107.36%, and the RSDs were 1.06—6.21% (Table S4).

4. CONCLUSIONS

In summary, the blue fluorescent SiNPs were prepared by a
hydrothermal reaction of APTES and eriochrome black T. The
synthesis process of the SiNPs was simple, green, low-cost, and
did not require complex modification processes. Moreover, the
synthesized SiNPs had good thermal stability, pH stability, salt
tolerance, and photobleaching resistance. Based on the IFE
and FRET mechanisms, the quantitative detection of VB, by
the SiNPs could be realized. In the meantime, satisfactory
results were also obtained in the analysis of samples of vitamin
B, drugs and beverages. The recoveries were in the range of
90.86—105.19%. In addition, the SiNPs were also successfully
utilized for the visual quantitative detection of VB, using a
smartphone as a portable tool. The SiNP-based paper sensor
provided a convenient and economical visual detection method
for VB, detection without expensive equipment. Nonetheless,
it is worth noting that the detection method designed in this
experiment also has some limitations. The sensitivity of this
method still needs to be further improved. Additionally, the
fluorescence color of the ratiometric fluorescence method
changed from blue to yellow-green. The change in the color of
fluorescent probes from blue to longer-wavelength orange-red
should be considered in the later design of the experiment.
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