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Abstract
Coomassie Brilliant Blue (CBB) is widely used for protein staining, but its residues may pose
environmental and biological risks, creating a need for simple and sensitive detection methods. In this
work, a dual-emission ratiometric fluorescent probe was constructed from sulfur quantum dots (S-QDs;
blue emission at 430 nm) and BSA-templated gold nanoclusters (Au NCs; red emission at 640 nm). CBB
preferentially attenuated the Au NC emission through the inner filter effect (IFE). The fluorescence
intensity ratio(F430/F640) exhibited a linear correlation with CBB concentration from 0.1 to 100 µM (R2 = 
0.991). The limit of detection was calculated to be 0.01 µM (3σ), around six times lower than that of the
single-emission Au NC probe, accompanied by improved calibration sensitivity. The spectral overlap
between CBB absorption and Au NC emission, together with the nearly unchanged fluorescence lifetime,
supported IFE as the predominant sensing mechanism and indicated that dynamic quenching was not
dominant. The probe was applied to CBB determination in a BSA model matrix and two real samples,
and the results agreed well with those obtained by HPLC-MS/MS. By using the S-QD emission as an
internal reference, the ratiometric strategy reduced common-mode signal fluctuations and improved
measurement reliability, providing a potential approach for CBB determination in food-related and
biological matrices.

1. Introduction
Coomassie Brilliant Blue (CBB) was first synthesized in the 1960s by the German chemist Coomassie[1,

2]. Named after its inventor, CBB is primarily used for protein quantification. By the 1970s, it had become
a standard dye for visualizing proteins after gel electrophoresis because of its favorable affinity and high
sensitivity toward most proteins. Its widespread adoption has contributed substantially to research in
biochemistry and molecular biology[3, 4].

CBB is a triphenylmethane dye that is commercially available mainly as the G-250 and R-250 forms[7].
CBB G-250 appears red in acidic solution and turns blue upon binding to proteins, with a maximum
absorption wavelength of approximately 595 nm[9]. Its molecular formula is C47H48N3O7S2Na. The

molecule contains three nitrogen atoms in the forms of quaternary ammonium nitrogen (N+), a
secondary amine (-NH), and trivalent nitrogen, together with two sulfonic acid groups, one of which is
highly ionizable and associated with Na+. CBB G-250 was introduced for protein staining after sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) in the 1970s[1, 7]. Conventional
Coomassie staining uses methanol, acetic acid, and other reagents for fixation and destaining, resulting
in relatively cumbersome procedures and the use of irritant chemicals. More recent rapid-staining
formulations, including methanol-free systems, have shortened staining times and reduced background
interference.

Despite its extensive laboratory use, the potential hazards associated with CBB warrant attention[6]. As a
synthetic triphenylmethane dye rather than a conventional azo dye, CBB has raised concerns regarding
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possible metabolic toxicity and environmental risks[8]. Although its structure does not contain an azo
group (-N = N-), studies have suggested that its conjugated aromatic framework and sulfonic acid
substituents may generate toxicologically relevant products during biological metabolism or
environmental degradation[9]. Under reductive conditions, microbial enzymes may degrade the aromatic
structure of CBB to produce phthalates and sulfonated anilines. These aromatic amines may form DNA
adducts, contribute to genotoxic and carcinogenic effects, and interfere with estrogen-related endocrine
pathways. CBB-derived sulfonic groups may also promote sulfate-radical formation, increase reactive
oxygen species (ROS), reduce mitochondrial membrane potential, and cause cellular damage. The
metabolic and excretion profiles of CBB in organisms remain insufficiently understood. Its high water
solubility, enhanced by sulfonic acid groups, may retard environmental degradation and favor
bioaccumulation. Direct discharge of CBB-containing waste can contaminate aquatic environments,
inhibit embryonic development and enzymatic activity in aquatic organisms, induce subacute toxicity,
and disrupt ecological balance.

Because CBB is widely used as both a biological stain and an industrial dye, its environmental residues
and potential bioaccumulation have received increasing attention[6, 8]. Reported concentrations are
generally at trace levels in environmental water and biological samples. Nevertheless, possible toxicity
associated particularly with metabolized aromatic amine derivatives may pose long-term ecological and
human-health risks through food-chain biomagnification, even at low exposure levels. CBB
concentrations of 5–50 ng/mL have been reported in wastewater-treatment effluents and contaminated
surface water, whereas residual levels in biological fluids, including fish plasma and mammalian urine,
may be as low as 1–10 ng/mL. By comparison, conventional spectrophotometric methods represented
by the Bradford assay have an LOD of approximately 1 µg/mL (1000 ng/mL), which is insufficient for
trace-level analysis and may lead to underestimation or non-detection of low-level CBB exposure in
practical samples.

The sensitivity of spectrophotometric determination is constrained by the limitations of the Lambert-
Beer law and the instrumental signal-to-noise ratio (SNR)[3, 4]. The molar extinction coefficient of CBB at
595 nm is approximately 4.3×10⁴ L·mol⁻¹·cm⁻¹. For a standard 1 cm cuvette, the theoretical minimum
detectable concentration is approximately 0.1 µM, equivalent to about 0.86 µg/mL for CBB G-250 with a
molecular weight of 854. In practical measurements, background scattering and additional absorbance
arising from sample turbidity and miscellaneous proteins further reduce the SNR, increasing the
practical LOD to above 1 µg/mL[2]. In addition, the binding kinetics of CBB with proteins may exhibit a lag
phase; incomplete binding at low concentrations can cause nonlinearity in the calibration curve and
compromise quantitative accuracy[5].

Environmental and biological matrices contain diverse interferents that can substantially impair the
specificity of conventional spectrophotometric measurements[2]. Colored contaminants in industrial
wastewater, such as azo dyes and humic acids, exhibit broad absorption across the visible region (400–
700 nm), which may overlap with the characteristic CBB absorption at 595 nm and produce false-positive
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responses. Experimental results have shown that 10 µg/mL Congo red can increase the apparent CBB
concentration by approximately 30%. High-salinity matrices, including seawater and cell lysates, may
also induce aggregation of CBB-protein complexes and cause nonlinear absorbance responses. When
the NaCl concentration exceeds 150 mM, the recovery of the Bradford assay reportedly decreases below
70%. Surfactants provide an additional source of interference: detergents such as Tween-20 and Triton
X-100 may competitively bind CBB or alter protein conformation, thereby suppressing the chromogenic
reaction.

Existing methods for CBB determination each have practical limitations. High-performance liquid
chromatography-tandem mass spectrometry (HPLC-MS/MS) provides high analytical accuracy but
requires costly instrumentation, relatively complex operation, and lengthy analysis, limiting its suitability
for rapid on-site screening. UV-Vis spectrophotometry is straightforward but has limited sensitivity and is
susceptible to matrix interference, making trace determination difficult. Single-emission Au NC probes
offer rapid responses, but their signals are more vulnerable to environmental and instrumental
fluctuations, which can compromise measurement stability and accuracy[10, 11, 14–16].

Fluorescence analysis is increasingly used for dye determination because it combines convenient
operation with comparatively simple instrumentation, high sensitivity, and favorable selectivity[12, 13]. In
recent years, sulfur quantum dots (S-QDs) have been applied in ratiometric fluorescence sensing of
analytes including tetracycline[23], heavy-metal ions[25, 28], ascorbic acid[26], and Cr(VI)[27], and have also
shown utility in environmental monitoring[31] and cellular imaging[29, 30]. Metal nanoclusters and quantum
dots have attracted broad interest because of their distinctive optical properties, low toxicity,
photostability, and biocompatibility[14]. Gold nanoclusters (Au NCs), in particular, exhibit good water
solubility, high quantum yield, and low toxicity. BSA-capped Au NCs have been used for the detection of
intracellular hydrogen peroxide[37], histidine[38], morin[39], and copper ions in water[40], and have also
demonstrated catalytic activity[41]. S-QDs can be prepared through relatively simple procedures and
exhibit stable fluorescence. Combining S-QDs and Au NCs in a dual-emission ratiometric probe enables
signal normalization and internal referencing, thereby improving measurement reliability[11].

In this study, a dual-emission ratiometric fluorescent probe composed of S-QDs and Au NCs was
developed for CBB determination[15]. Blue-emissive S-QDs with an emission maximum at 430 nm were
synthesized hydrothermally, while red-emissive Au NCs (λem = 640 nm) were prepared using bovine

serum albumin (BSA) as the template[32]. The two materials exhibited well-separated emission bands.
Meanwhile, the UV-visible absorption spectrum of CBB overlapped substantially with the Au NC emission
spectrum, providing the spectroscopic basis for an inner filter effect (IFE)-mediated response[35]. In the
resulting probe, the S-QD emission served as an internal reference for the CBB-responsive Au NC signal,
reducing common-mode fluctuations and supporting reliable determination of CBB residues in food-
related and biological samples[18].

2. Experimental Section
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2.1 Instruments and Reagents
The instruments used in this study included a collecting-type constant-temperature magnetic stirrer (DF-
10S, Shanghai Lichen Bangxi Instrument Technology Co., Ltd.); an electric thermostatic drying oven
(DHG-9030, Shanghai Yiheng Scientific Instrument Co., Ltd.); an electronic analytical balance (PX224ZH,
Ohaus Corporation, USA); a single-channel adjustable pipette (0.5-5 mL, Eppendorf AG, Germany); a
fluorescence spectrophotometer (F-7000 FL, Hitachi, Ltd.); a four-function dark-box UV analyzer (ZF-8,
Wenzhou Mingren Instrument Co., Ltd.); a benchtop high-speed centrifuge (BK-G165, Bickman
Biotechnology Co., Ltd.); a hydrothermal synthesis reactor (LC-KH-50, Shanghai Lichen Bangxi
Instrument Technology Co., Ltd.); a freeze-dryer (FD-1-50, Beijing Boyikang Experimental Instruments Co.,
Ltd., Beijing, China); and a UV-Vis spectrophotometer (UV-1801, Beijing Beifen Ruili Analytical Instrument
Co., Ltd.).

The reagents were bovine serum albumin (Component V, analytical grade, Shandong Shengyang Group
Co., Ltd.); sublimed sulfur (analytical grade, Sinopharm Chemical Reagent Co., Ltd.); ethylenediamine
(analytical grade, Sinopharm Chemical Reagent Co., Ltd.); Coomassie Brilliant Blue G-250 (analytical
grade, Tianjin Damao Chemical Reagent Factory); sodium hydroxide, chloroauric acid (HAuCl4·H2O),

sodium chloride, potassium chloride, ferrous sulfate, zinc sulfate, and cadmium nitrate (all analytical
grade, Sinopharm Chemical Reagent Co., Ltd.); D-fructose, ascorbic acid, Sudan I, bromocresol green,
cobalt chloride, and germanium sulfate (all analytical grade, Aladdin Reagent Co., Ltd.); and ultrapure
water (resistivity ≥ 18.2 MΩ·cm at 25°C).

2.2 Preparation of Sulfur Quantum Dots (S-QDs)
S-QDs were synthesized by a hydrothermal method. Dried sublimed sulfur powder (0.2000 g, weighed to
0.0001 g; purity ≥ 99.9%) was first dried at 60°C for 2 h to remove adsorbed water and then added to 20.0
mL of ethylenediamine (EDA; purity ≥ 99.5%)[32, 33]. The mixture was stirred in a fume hood at 500 rpm
and room temperature for 30 min and inspected at 5 min intervals. When visible sulfur particles
remained in suspension, as indicated by sediment formation upon tilting the beaker, sodium borohydride
(NaBH4; 0.0500 g, weighed to 0.0001 g; purity ≥ 98%) was added. Stirring was continued at 500 rpm for

10 min until a homogeneous pale-yellow turbid suspension without visible particles was obtained[34–36].

The entire mixture was transferred by pipette to a 50 mL polytetrafluoroethylene-lined autoclave. Before
use, the liner had been soaked in 10% nitric acid for 24 h, rinsed with deionized water to neutrality, and
dried at 60°C. The reaction mixture occupied 40% of the liner volume, within the recommended filling
range of 30%-80%. The sealed autoclave was placed in an electric thermostatic drying oven, heated to
170°C at 5°C/min, and maintained at this temperature for 8 h. After the reaction, the oven was switched
off and the autoclave was allowed to cool naturally to room temperature for approximately 4 h; rapid
cooling was avoided to prevent damage to the liner.

The reaction mixture was diluted to 50 mL with deionized water and transferred to a cellulose dialysis
bag with a molecular-weight cutoff of 3500 Da, which had been activated by boiling in deionized water
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for 10 min. The bag was immersed in 500 mL of deionized water and dialyzed at 25°C for 24 h. The
external water was replaced every 6 h, and its pH was measured before each replacement until it
stabilized at 7.0 ± 0.2, indicating removal of free EDA.

After dialysis, the solution was transferred to a 50 mL centrifuge tube and centrifuged at 12,000 rpm and
4°C for 15 min. The clear supernatant was carefully collected without disturbing the sediment and
filtered through a 0.22 µm aqueous microporous membrane that had been rinsed three times with
deionized water. The resulting filtrate was collected as the purified S-QD solution and stored at 4°C in the
dark until use.

2.3 Preparation of Gold Nanoclusters (Au NCs)
Protein-templated synthesis is a widely used route for preparing Au NCs. In this study, bovine serum
albumin (BSA) was used as the template for the facile preparation of red-emissive Au NCs. BSA and
HAuCl4·H2O were mixed under alkaline conditions. At pH 12.0 ± 0.1, reducing amino acid residues in

BSA, including tyrosine, tryptophan, and phenylalanine, reduced HAuCl4·H2O to gold atoms, yielding red-
fluorescent Au NCs.

For BSA-templated synthesis, bovine serum albumin (0.2000 g; purity ≥ 98%) was dried at 60°C for 2 h to
remove adsorbed water. After cooling, 20.0 mL of ultrapure water (resistivity ≥ 18.2 MΩ·cm at 25°C) was
added, and the mixture was stirred at 500 rpm for 15 min at room temperature until a homogeneous,
transparent pale-yellow solution was obtained. An absorbance of approximately 0.63 at 280 nm was
used to verify solution uniformity. A 10.0 mM HAuCl4·H2O solution was prepared by dissolving 0.0358 g
of HAuCl4·H2O and diluting to 10 mL with ultrapure water; the calibration error determined by ICP-OES
was controlled within 0.5%. The HAuCl4·H2O solution (10 mL) was mixed with 10 mL of the BSA solution
and stirred at 800 rpm for 2 min at room temperature. Subsequently, 0.50 mL of 1 M NaOH was added to
adjust the pH to 12.0 ± 0.1. The mixture was incubated at 80.0 ± 0.5°C for 120 min. During the reaction,
the solution gradually changed from pale yellow to light brown and finally to dark brown.

The crude product was transferred to a 3500 Da dialysis bag that had been activated by boiling for 10
min and dialyzed against ultrapure water at 25°C for 24 h. The external water was replaced repeatedly
until its conductivity decreased to ≤ 5 µS/cm. The dialyzed solution was then centrifuged at 12,000 rpm
and 4°C for 10 min. The dark-brown supernatant, containing the purified Au NCs, was collected and
stored at 4°C in the dark.

2.4 Preparation of CBB Solutions at Different
Concentrations
A 1 mM CBB stock solution was prepared accurately. Appropriate aliquots of this solution were then
combined with 400 µL of the probe and diluted to obtain final CBB concentrations of 0.1, 1, 10, 20, 30, 40,
50, 60, 70, 80, 90, and 100 µM for subsequent measurements.
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2.5 Detection of CBB Using the S-QDs/Au NCs Dual-
Emission Ratiometric Fluorescent Probe
Equal volumes of the S-QD and BSA-Au NC stock solutions (2.0 mL each) were mixed and vortexed for
30 s to prepare the S-QDs/Au NCs dual-emission ratiometric fluorescent probe. The probe was freshly
prepared and stored at 4°C in the dark.

For each assay, 400 µL of the probe mixture and an appropriate volume of CBB stock solution were
added, and the system was diluted to a final volume of 1000 µL with ultrapure water. In the blank, the
CBB solution was replaced with an equal volume of ultrapure water. After mixing for 20 s, the samples
were incubated at 25°C in the dark for 15 min to allow the fluorescence signal to stabilize.

Coexisting interferents were added at concentrations ten times that of CBB, and their effects were
evaluated from changes in the fluorescence intensity ratio. Signal stability was assessed by continuously
recording the ratiometric response over 0-120 min.

2.6 Pretreatment of Real Samples and Spiked-Recovery
Validation
A BSA model matrix and two real samples, commercial whey-protein powder and tap water, were used to
evaluate the practical applicability of the method.

For the BSA model matrix, 0.1000 g of BSA was dissolved in 10 mL of ultrapure water and vortexed for 5
min. After centrifugation at 12,000 rpm and 4°C for 10 min, the supernatant was filtered through a 0.22
µm aqueous membrane to obtain the blank-matrix filtrate. For whey-protein powder, 0.2000 g of powder
was dispersed in 10 mL of water, magnetically stirred for 30 min, and sonicated at 300 W and 25°C for
20 min. The mixture was then centrifuged at 12,000 rpm and 4°C for 15 min and filtered. Tap-water
samples were allowed to stand for 30 min and were then filtered directly through a 0.22 µm membrane.

For the spiked-recovery experiments, an appropriate volume of CBB standard solution was added to
each blank-matrix filtrate. Subsequently, 400 µL of the S-QDs/Au NCs probe and ultrapure water were
added to give a total volume of 1000 µL and final CBB concentrations of 0.1, 0.5, and 1.0 µM.
Corresponding blank samples without CBB were prepared in parallel. After incubation at room
temperature in the dark for 15 min, fluorescence measurements were performed under the conditions
described in Section 2.5.

3. Results and Discussion

3.1 Characterization of Gold Nanoclusters
Figure 1a presents the transmission electron microscopy (TEM) image and particle-size distribution of
the Au NCs[10, 11]. The particles were nearly spherical, uniformly dispersed, and relatively uniform in

Page 8/23



size[14]. Statistical analysis of the TEM image gave an average particle diameter of approximately 1.1
nm[16].

3.2 Fluorescence Spectroscopic Analysis
The fluorescence spectra of the S-QDs, Au NCs, and their mixed system are shown in Fig. 1b[15]. Under
excitation at 360 nm, the S-QDs exhibited a blue-emission maximum at 430 nm, whereas the Au NCs
displayed a red-emission maximum at 640 nm. The mixed system retained two distinct emission peaks
at 430 and 640 nm and appeared pink under UV irradiation[11].

3.3 Sensing Mechanism for CBB Detection
The inner filter effect (IFE) is an important source of signal attenuation in fluorescence analysis[32]. It
arises when the absorption spectrum of a light-absorbing species overlaps with the excitation spectrum,
emission spectrum, or both, of a fluorophore. Absorption of the incident excitation light reduces the
energy reaching the fluorophore, while reabsorption of emitted photons during their passage to the
detector further decreases the measured fluorescence intensity. The latter process is commonly
described as the emission-side inner filter effect.

IFE is typically evaluated by comparing fluorescence intensities between blank and analyte-containing
samples and, when appropriate, by applying mathematical correction models. The Lambert-Beer law is
commonly used with absorbance data to estimate and correct signal deviations caused by IFE.

The magnitude of IFE depends on several experimental variables[19, 20]. An increase in the concentration
of the absorbing species strengthens attenuation of both excitation and emission light. Optical path
length is also important: a longer propagation distance increases the probability of photon absorption
and therefore enhances the observed IFE[21, 22].

Spectral overlap is another determining factor; a broader overlap between the absorber and the
fluorophore excitation or emission band generally produces a more pronounced effect. Instrumental
settings may also influence the measured response. For example, slit width controls the amount of light
entering the detection system, while detector sensitivity affects signal collection efficiency. Coexisting
light-absorbing substances may compete with the target analyte for excitation or emission photons and
thereby interfere with IFE-based measurements. In addition, the intrinsic quantum yield of the
fluorophore and changes in pH or ionic strength may alter the initial fluorescence intensity, the chemical
form of the absorber, or the spectral properties of the fluorophore, indirectly affecting the observed IFE.

In the present system, the strong UV-Vis absorption of CBB overlapped with both the excitation and
emission regions of the Au NCs, allowing attenuation of the Au NC fluorescence through excitation-side
and emission-side IFE pathways.

For excitation-side attenuation, CBB absorbed part of the incident excitation light before it reached the
Au NCs, thereby decreasing the effective excitation intensity. According to the Lambert-Beer calculation,
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when the CBB concentration reached 10 µM, excitation-light transmittance decreased to 34% of its initial
value, with a corresponding reduction in Au NC emission. Blank controls and the Lakowicz correction
Eq. (1) were used to quantify and correct the signal deviation associated with IFE:

1

For emission-side attenuation, fluorescence photons emitted by the Au NCs at approximately 640 nm
were partially reabsorbed by CBB during propagation to the detector. This emission-side inner filter
effect (Em-IFE) accounted for 28% of the total signal loss according to the experimental analysis,
providing an additional contribution to the observed fluorescence attenuation.

The extent of spectral overlap and the fractional contribution to total fluorescence attenuation are
distinct parameters. As shown by the fluorescence and absorption spectra in Fig. 1c, the CBB absorption
band overlapped substantially with the Au NC emission over 550–700 nm, supporting the occurrence of
Em-IFE through reabsorption of emitted photons[13, 14]. This overlap provides the principal spectroscopic

basis for the IFE-mediated ratiometric sensing system[15]. Nevertheless, the broad emission-band
overlap did not necessarily indicate that Em-IFE dominated the overall response, because Ex-IFE
produced stronger multiplicative attenuation at the excitation stage.

The Au NC fluorescence differed between the single-component and mixed systems. Au NCs alone
exhibited a 640 nm emission intensity of approximately 3500 a.u., whereas the corresponding intensity
in the S-QDs/Au NCs mixture decreased to approximately 3000 a.u.[11]. Quantitative analysis using the
Lakowicz equation indicated that the signal attenuation in the mixed system was governed
predominantly by the overall IFE[10, 11].

Time-resolved fluorescence measurements were used to evaluate whether other quenching pathways
dominated the response[13]. As shown in Fig. 1d, the Au NC fluorescence lifetime changed only slightly,
from 1.57 µs without CBB to 1.60 µs after addition of 50 µM CBB, corresponding to a variation of less
than 5%. Over the same concentration change, the fluorescence intensity decreased by more than 70%.
The nearly unchanged lifetime indicates that dynamic quenching was not the dominant pathway and,
together with the spectral-overlap results, supports IFE as the principal cause of fluorescence
attenuation[15]. Static quenching associated with electrostatic interactions between the Au NCs and CBB
cannot be completely excluded.

Because IFE depends strongly on absorbance, its characteristics should be considered when optimizing
analytical performance[14]. At excessively high CBB concentrations beyond the linear range (> 100 µM),
the system absorbance would exceed the linear response range of the instrument. Such IFE overload
could be reduced by sample predilution or by shortening the optical path from 1 cm to 0.1 cm, for
example using a microfluidic chip. In the present design, the S-QD emission at 430 nm was introduced as
an internal reference to improve analytical sensitivity. The F430/F640 ratio mitigates interferences

Fcorrect=Fobserved×10(Acx+Acm)/2
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originating from light-source fluctuations and matrix effects, delivering an LOD of 0.01 µM,
approximately six times lower than that of the conventional single-emission Au NC probe. Since the IFE
mechanism does not demand covalent conjugation between fluorophores and absorbers, it offers a
relatively facile strategy for constructing ratiometric fluorescent sensors and has been widely applied for
the detection of diverse analytes[17].

Overall, CBB-induced fluorescence attenuation in this system involved coupled excitation- and emission-
side inner filter effects. Characterizing these contributions and incorporating an internal reference were
important for achieving sensitive and reliable CBB determination.

3.4 Effect of CBB Concentration on the Fluorescence of Au
NCs
As shown in Fig. 2a, each fluorescence spectrum corresponds to a different CBB concentration[15]. As
the CBB concentration increased, the Au NC emission at 640 nm was progressively quenched, and the
peak intensity decreased from approximately 6000 to 3500 a.u. This concentration-dependent
attenuation indicates that CBB effectively reduces Au NC fluorescence through the proposed IFE
mechanism. The 640 nm emission continued to decrease as the CBB concentration increased.

3.5 Effect of CBB Concentration on the Fluorescence
Response of the S-QDs/Au NCs Probe
As shown in Fig. 2c, the short-wavelength emission band was centered at 430 nm, with an intensity of
approximately 3500–5000 a.u., consistent with the characteristic blue emission of S-QDs[2].
Hydrothermally prepared S-QDs have been reported to emit within 400–500 nm as a result of quantum-
confinement effects and to exhibit relatively high quantum yields and narrow emission bands. The
symmetric profile and comparatively stable intensity of the 430 nm peak further support its assignment
to S-QD emission. The long-wavelength band was located in the orange-red region and exhibited a broad
profile with a full width at half maximum of approximately 50 nm, consistent with Au NC emission[4].
BSA-templated Au NCs have been reported to emit within 610–650 nm because of surface-plasmon-
resonance and size-related effects[10]. As the CBB concentration increased, the long-wavelength peak
decreased from approximately 3000 a.u. for the red curve to 1000 a.u. for the blue curve, whereas the S-
QD emission remained comparatively stable. These results indicate that CBB primarily modulated the Au
NC response channel without substantially affecting the S-QD reference signal[11].

3.6 Analytical Performance of the Dual-Emission
Ratiometric Fluorescent Probe

3.6.1 Calculation of Probe Sensitivity
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As shown in Fig. 2b, the relative fluorescence intensity of the single-emission Au NC probe (F/F0)
decreased linearly as the CBB concentration increased, with an absolute calibration slope of 0.00968
µM⁻¹. At 40 µM CBB, F/F0 reached 0.761, corresponding to a fluorescence-quenching efficiency of 23.9%.
For a single-emission sensing system, calibration sensitivity is represented quantitatively by the absolute
slope of the calibration curve.

By comparison, the dual-emission ratiometric probe used F430/F640 as the analytical response, and this

ratio was positively correlated with CBB concentration:

 =0.05817 c(CBB) + 1.37699, R²=0.991 (2)

The calibration sensitivity, S, was obtained from the derivative of the analytical response with respect to
CBB concentration, c:

3

Accordingly, the slope of the regression equation gave a calibration sensitivity of 0.05817 µM⁻¹[12].

The improved analytical performance of the dual-emission probe arose mainly from normalization of the
CBB-responsive Au NC signal against the S-QD reference signal. The ratio measurement mapped the
broad CBB concentration range of 0.1–100 µM onto a compact response window, helping to reduce
signal saturation at high analyte concentrations and improve discrimination of small fluorescence
changes at trace concentrations[14].

The comparatively stable F430 reference signal also compensated for common fluctuations in excitation
intensity and instrumental response, making small changes in the F640 response easier to distinguish

and thereby improving the effective signal-to-noise ratio[13]. Related S-QD-based dual-emission
ratiometric strategies have been reported for the determination of iron(II) and hydrogen peroxide in food
samples[24].

The regression equation in Fig. 2d was rearranged to express CBB concentration as a function of the
measured fluorescence ratio:

c(CBB)=  (4)

The standard deviation of the blank F430/F640 ratio was σR = 0.0002, calculated from replicate

measurements of samples containing no CBB.

The LOD was calculated using the 3σR/k criterion:

F430/F640

S = = 0.05817
d(F430/F640)

dc

(F430/F640)−1.37699

0.05817
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LOD=3σR/k = 0.0006/0.05817 ≈ 0.01 µM (5)

These calculations demonstrate the improvement in calibration sensitivity and LOD provided by the
ratiometric probe.

At 20 µM CBB, the single-emission Au NC probe exhibited a fluorescence-quenching amplitude of 0.239
(F/F0 = 0.761), corresponding to a calibration sensitivity of 0.00968 µM⁻¹. By comparison, the ratiometric
probe produced a response change of Δ(F430/F640) ≈ 1.16, from a baseline ratio of 1.38 to 2.54 at 20 µM

CBB, as calculated from the regression equation. Its calibration sensitivity was 0.05817 µM⁻¹,
approximately six times that of the single-emission Au NC probe.

This improvement was attributed primarily to self-calibration by the 430 nm internal-reference signal,
which reduced the influence of baseline noise. The dual-wavelength ratio also enhanced the visibility of
small fluorescence changes at low CBB concentrations. Across the linear range of 0.1–100 µM, the
calibration sensitivity was approximately sixfold higher than that of the single-emission Au NC probe.

Unlike the single-emission Au NC probe, the ratiometric system used two emission channels for internal
correction, reducing susceptibility to common instrumental and environmental fluctuations. Together
with its preferential response to CBB, this feature supports the reliability of the method in the tested
complex matrices.

3.6.2 Selectivity of the Detection Method
The selectivity of the method was evaluated against common potential interferents. As shown in Fig. 3a,
the responses to 10 and 20 µM CBB were compared with those produced by 20 µM D-fructose, ascorbic
acid (AA), Zn²⁺, Fe²⁺, Ge⁴⁺, K⁺, Cd²⁺, Cl⁻, and Sudan I These interferents caused only minor changes in
F430/F640, whereas CBB produced a pronounced fluorescence response. The results indicate satisfactory
selectivity for CBB under the tested conditions.

3.6.3 Fluorescence-Signal Stability of the Probe
As shown in Fig. 3b, under 360 nm ultraviolet irradiation, F430/F640 remained approximately between 1.2
and 1.4 during the 0-120 minute measurement period, with an overall fluctuation of about 0.2 and no
significant upward or downward trend. The near-zero overall slope indicates that the S-QDs/Au NCs
probe maintained acceptable ratiometric signal stability throughout the 120 minute test.

3.7 Comparison with Other CBB Detection Methods
A representative HPLC-UV method reported for CBB determination used a C18 reversed-phase column
(4.6 mm×250 mm, 5 µm) and gradient elution with methanol and 0.1% aqueous formic acid at a flow rate
of 1.0 mL/min. The column temperature was 30°C, the injection volume was 20 µL, and UV detection
was performed at 595 nm, the characteristic absorption wavelength of CBB G-250. The reported method
provided a linear range of 0.1–100 µM and an LOD of 0.01 µM[42, 43]. In the same work, the UV-Vis
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spectrophotometric method for free CBB determination was also validated as a reference, providing a
linear range of 1–50 µM and an LOD of approximately 0.5 µM under optimal conditions[42].The key
performance parameters of various CBB testing methods are compared in Table 1.

Table 1
Comparison of representative methods for CBB determination.

Method Linear range (µM) Limit of detection (µM) Ref

Spectrophotometry 1–50 0.5 [42]

HPLC-UV 0.1–100 0.01 [42]

Probe method 1-100 0.062 This work

This method 0.1–100 0.01 This work

3.8 Real-Sample Analysis
The practical applicability of the method was evaluated by spiked-recovery experiments using a BSA
model matrix, commercial whey-protein powder, and tap water. As summarized in Table 2, recoveries for
the BSA model matrix ranged from 98.5% to 102.6%, with RSD values below 2.8%. Recoveries for whey-
protein powder ranged from 97.3% to 103.8%, with RSD values below 4.1%, while those for tap water
ranged from 98.0% to 101.6%, with RSD values no greater than 2.6%.

HPLC-MS/MS was used as the reference method for CBB quantification in the real samples, following a
general protocol for triphenylmethane dyes[44]. Separation was performed on a C18 column (4.6
mm×250 mm, 5 µm) using gradient elution with methanol and 0.1% aqueous formic acid at a flow rate of
1.0 mL/min, a column temperature of 30°C, and an injection volume of 15 µL. Mass-spectrometric
detection was conducted in positive electrospray-ionization multiple-reaction-monitoring (ESI + MRM)
mode. The [M-Na]+ parent ion of CBB G-250 was fragmented, and characteristic product ions were
selected for qualitative and quantitative analysis after optimization of the collision energy, sheath-gas
temperature, and capillary voltage.

The CBB concentrations determined with the probe agreed closely with the HPLC-MS/MS results for all
three sample types. A t-test showed no significant difference between the two methods, supporting the
accuracy and reliability of the proposed probe in the tested matrices[45, 46].

Page 14/23



Table 2
Determination of CBB in the BSA model matrix and real samples

Real Sample Spiked
Amount(µM)

Detected
Amount(µM)

Recovery(%) Relative
Standard
Deviation(%)
(n = 3)

HPLC-
MS/MS
Detected
Amount
(µM)

BSA matrix
sample

0.1 0.0985 98.5 2.1 0.0978

0.5 0.5130 102.6 1.8 0.5090

1.0 0.9970 99.7 2.5 0.9920

Commercially
available whey
protein powder

0.1 0.0973 97.3 3.2 0.0968

0.5 0.5190 103.8 2.8 0.5150

1.0 0.9890 98.9 4.1 0.9820

Tap water 0.1 0.0980 98.0 2.3 0.0970

0.5 0.5080 101.6 2.0 0.5050

1.0 0.9950 99.5 2.6 0.9900

4. Conclusion
A dual-emission ratiometric fluorescent probe composed of sulfur quantum dots (S-QDs) and BSA-
templated gold nanoclusters (Au NCs) was developed for sensitive CBB determination. The response
was based primarily on IFE: the CBB absorption band overlapped strongly with the Au NC emission
spectrum but only minimally with the S-QD emission. Consequently, CBB preferentially attenuated the red
Au NC fluorescence, while the blue S-QD emission served as an internal reference for ratiometric
normalization. Under the optimized conditions, the F430/F640 ratio exhibited a linear response to CBB

ranging from 0.1 to 100 µM (R2 = 0.991), with a calculated LOD of 0.01 µM. Compared with the single-
emission Au NC probe, the ratiometric platform achieves an approximately sixfold enhancement in
calibration sensitivity and a corresponding reduction in the limit of detection. The probe also showed
satisfactory selectivity toward CBB in the presence of the tested metal ions, biomolecules, and food
dyes.

The S-QDs/Au NCs probe demonstrated potential for CBB determination in food-related and biological
matrices. Its broad linear range, low LOD, and resistance to the tested interferents supported rapid
screening of trace CBB in the evaluated samples. Future work may integrate the IFE-based probe with
fluorescent films, test strips, or microfluidic devices. Coupling such formats with smartphone-assisted
image acquisition and data processing could enable portable, visual, and rapid quantitative analysis of
dye contaminants. Further validation in a wider range of matrices will be required before routine
applications in food-safety monitoring or biomedical analysis.
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Scheme 1
Scheme 1 is available in the supplementary files section

Figures

Figure 1

(a) TEM image and particle-size distribution of Au NCs. (b) Fluorescence spectra of the S-QDs, Au NCs,
and S-QDs/Au NCs mixed system. (c) Spectral evidence for the inner filter effect in the S-QDs/Au NCs
system. (d)Fluorescence-lifetime decay of the Au NC emission before and after CBB addition.
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Figure 2

(a) TEM image and particle-size distribution of Au NCs. (b) Fluorescence spectra of the S-QDs, Au NCs,
and S-QDs/Au NCs mixed system. (c) Spectral evidence for the inner filter effect in the S-QDs/Au NCs
system. (d)Fluorescence-lifetime decay of the Au NC emission before and after CBB addition.
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Figure 3

(a) Au NC fluorescence spectra at different CBB concentrations. (b) Calibration curve for Au NC
fluorescence quenching. (c) S-QDs/Au NCs fluorescence spectra at different CBB concentrations. (d)
Calibration curve of F430/F640 versus CBB concentration.
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Figure 4

(a) Selectivity of the S-QDs/Au NCs probe toward CBB in the presence of potential interferents. (b)
Stability of F430/F640 signals under 360 nm UV light for 120 min.
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