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Abstract

As a core component of vitamin B12, Co? is closely associated with the health, life perfor-
mance, and productivity of ruminants. Therefore, the selective and sensitive detection of
Co? is of great significance. In this work, using the Au-S bond as an “anchor”, a ternary
nanocomposite (CDs-AuNPs-GSH) with synergistic functions was constructed by com-
bining gold nanoparticles (AuNPs) with glutathione (GSH) through hydrogen bonding
and electrostatic interactions with functional groups on the surface of carbon dots (CDs).
The resulting nanocomposite was employed as a fluorescence sensor for Co?* detection.
Under optimal conditions at pH 6.0, the sensor exhibited a good linear relationship over
the Co?" concentration range of 0.5-125.0 mM, with a limit of detection (LOD) of 0.38 mM.
The interaction mechanism between Co?*" and the composite was systematically investi-
gated using various characterization methods. The results indicated that Co?, owing to
its strong coordination ability, enriches on the surface of the composite, subsequently trig-
gering dynamic fluorescence quenching via an electron transfer pathway. The sensor was
successfully applied to determine Co?* in mixed livestock and poultry feed samples, with
recovery rates ranging from 89.4% to 103.9%, demonstrating its potential for on-site de-
tection in feed analysis.

Keywords: fluorescence detection; fluorescence quenching; detection of Co?; carbon dots

1. Introduction

Cobaltions (Co?), as typical transition metal ions, are widely present in various fields
such as battery manufacturing, metallurgical processing, catalytic materials, the pharma-
ceutical industry, and livestock and poultry feed [1-3]. Although cobalt is one of the es-
sential trace elements for the human body, its excessive presence in the environment poses
potential risks to ecosystems and human health, including neurological damage, cardio-
vascular diseases, and cytotoxic effects [4,5]. Feed is the primary source of Co? intake for
animals. Excessive Co?" content in feed not only endangers the health of livestock and
poultry but may also affect human safety through the food chain [6]. Therefore, the detec-
tion of Co?* in feed is of critical importance.

Conventional detection techniques for Co?* mainly include atomic absorption spec-
trometry (AAS), inductively coupled plasma mass spectrometry (ICP-MS), electrochemi-
cal analysis, and spectrophotometry [7,8]. Although these methods offer high detection
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accuracy, they generally suffer from drawbacks such as expensive instrumentation, com-
plicated operation, and long detection cycles, making it difficult to meet the requirements
for on-site rapid screening [9]. In recent years, fluorescence analysis technology has
emerged as a new technical route for the on-site screening of metal ions, owing to its ad-
vantages of high sensitivity, rapid response, simple operation, low sample consumption,
and easy realization of visual detection [10,11].

Among various fluorescent materials, carbon dots (CDs), as a novel class of zero-
dimensional carbon nanomaterials, are rich in functional groups such as carboxyl, hy-
droxyl, and amino groups on their surface and exhibit stable fluorescence emission prop-
erties, making them promising for a wide range of applications including fluorescence
sensing, bioimaging, drug delivery, and optoelectronic devices [12,13]. However, the lim-
ited types and quantities of surface functional groups on pristine CDs often render their
detection sensitivity for specific metal ions insufficient for practical requirements [14]. To
overcome this limitation, researchers have increasingly focused on constructing compo-
site systems by integrating CDs with other functional materials, such as metal nanoparti-
cles, polymers, metal-organic frameworks (MOFs), and coordination compounds [15].

Co?" possesses partially filled d orbitals and readily forms coordination bonds with
oxygen- or nitrogen-containing donor atoms, thereby producing a significant quenching
effect on the fluorescence of CDs [16,17]. The surface structure, particle size distribution,
and electronic state characteristics of CDs in different composite systems can greatly in-
fluence their fluorescence response behavior [18]. Introducing functional molecules or
polymers with specific coordination sites can enhance the selective recognition of Co?.
Meanwhile, tuning the surface defect states of CDs helps to optimize their fluorescence
quantum yield and response sensitivity [19]. Therefore, an in-depth investigation of the
fluorescence quenching mechanism based on surface complexation, from the perspectives
of both material structural design and mechanistic study, is of great guiding significance
for the development of high-performance CD-based fluorescence sensing systems for Co?".

In this work, a carbon dot-based fluorescent composite probe was constructed using
CDs, gold nanoparticles (AuNPs), and glutathione (GSH) for the rapid and sensitive de-
tection of Co* in feed. As illustrated in Figure 1, the CDs prepared via a microwave
method were assembled with AuNPs and GSH through electrostatic adsorption and Au-
S bonds. The resulting composite then coordinates with Co%, leading to fluorescence
quenching. Thus, a simple and rapid detection system for Co?* was developed, and its
linear range, recovery, and specificity were evaluated.
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Figure 1. Schematic diagram of the synthesis of CDs and the construction of Co?* fluorescence sen-
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2. Experimental Materials and Methods
2.1. Materials and Methods

L-Serine, Glutathione, MnClz, ZnClz2 and Glycerol were obtained from the Macklin
Biochemical Co., Ltd. (Shanghai, China). Poly(ethylene glycol) (Mn 1500), Sodium citrate
dihydrate, HAuCls+3H20, CoCl2 and ZrCls were obtained from the Aladdin Biochemical
Technology Co., Ltd. (Shanghai, China). NaCl, CaCl:, FeSOs+-7H20, Ni(NOs)2-6H-0, Hy-
drochloric acid and Ethanol were obtained from the Sinopharm Chemical Reagent Co.,
Ltd. (Shanghai, China). MgCl>:6H20 and KCl were obtained from Xilong Scientific Co.,
Ltd. (Guangdong, China). All the reagents were applied directly without further purifica-
tion.

The morphology was acquired using a Talos F200X G2 transmission electron micro-
scope (TEM, Thermo Fisher Scientific, Brno, Czech Republic) at an acceleration voltage of
200 kV. The crystal structure was characterized via X-ray diffraction (XRD), and the data
were collected on a Rigaku Smart Lab-3Kw X-ray diffractometer (Rigaku Corporation,
Akishima, Tokyo, Japan). The surface functional groups of NCDs were measured using a
NICOLET iS 50 Fourier transform infrared spectrometer (FT-IR, Thermo Fisher Scientific,
Madison, WI, USA). The fluorescence spectroscopy (FL) and ultraviolet-visible absorption
spectroscopy (UV-Vis) were measured on a Hitachi F-7000 fluorescence spectrometer (Hi-
tachi High-Technologies Corporation, Minato, Tokyo, Japan) and a Molecular De-
vices/SpectraMax iD5 (Molecular Devices, LLC, San Jose, CA, USA), respectively. The flu-
orescence lifetime was measured using an Edinburgh FLS1000 steady state and lifetime
fluorescence spectrometer (Edinburgh Instruments Ltd., Livingston, UK). The zeta poten-
tial was measured using a nanobrook omni multi-angle particle size and high-sensitivity
zeta potential analyzer (Brookhaven Instruments Corporation, Holtsville, NY, USA).

2.2. Synthesis of CDs

A mixture of 1 g PEG (Mn = 1500) and 1 g L-serine was fully dissolved in 15 mL
glycerol. The mixture was transferred to a flask and heated in a microwave oven at high
power for 10 min. The resulting crude CDs solution was allowed to cool to room temper-
ature and stored in the dark. A portion of the crude solution was dialyzed against deion-
ized water using a 1000 Da dialysis bag for 48 h. After dialysis, the solution was freeze-
dried under vacuum to obtain CDs powder, which was then stored in the dark for further
use.

2.3. Synthesis of AuNPs

Using a previously reported method [20], 20 mL of 38.8 mM sodium citrate solution
was added to 200 mL of a boiling 1.0 mM HAuCls solution under rapid stirring. The mix-
ture was kept boiling for another 15 min. After naturally cooling to room temperature, the
solution was filtered through a 0.22 um Millipore membrane filter. The as-prepared
AuNPs (approximately 20 nm in diameter) were stored at 4 °C.

2.4. Pre-Treatment of the Feed Sample

According to the national standard (GB/T 13884-2018) [21], the feed samples were
pretreated as follows: 2 g of feed was weighed into a beaker, and 100 mL of 0.1 M hydro-
chloric acid solution was added. The mixture was stirred for 30 min for extraction, then
centrifuged at 5000 r/min for 5 min. The obtained supernatant was filtered through a 0.22
um membrane. After filtration, the extract was concentrated to one-tenth of its original
volume using a rotary evaporator.
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2.5. Preparation of Co?* Fluorescence Sensor and Detection of Co?*

The as-prepared CD stock solution was diluted 100-fold with deionized water to ob-
tain the working concentration. A 1.0 M GSH solution was prepared using deionized wa-
ter. The CDs, AuNPs, and GSH were then mixed at a volume ratio of 10:0.5:1 to form the
CD-based fluorescent composite (CDs-AuNPs-GSH), which was stored in the dark. For
Co? detection, the above CDs-AuNPs-GSH composite was mixed with different concen-
trations of Co? at a volume ratio of 1: 99 and incubated at room temperature for 10 min.
Fluorescence measurements were then performed with an excitation wavelength of 350
nm and an emission wavelength of 436 nm. The signal was expressed as (Fo—F)/F, where
Fo is the fluorescence intensity of the CDs-AuNPs-GSH composite without Co?, and F is
the fluorescence intensity of the composite in the presence of different concentrations of
Co?.

3. Results and Discussions
3.1. Characterization of CDs and CDs-AuNPs-GSH
3.1.1. Characterization of CDs

The morphology and size of CDs were characterized via transmission electron mi-
croscopy (TEM). As shown in Figure 2a, the CDs exhibit nearly spherical particle shapes
with uniform dispersion, with particle sizes ranging from 1.37 to 7.81 nm and an average
diameter of 2.87 nm (Figure 2b), showing no obvious aggregation. Under white light, the
aqueous solution of CDs appears pale yellow, and under excitation at 365 nm, it emits
strong blue fluorescence. High-resolution TEM further reveals clear lattice fringes spaced
at 0.2 nm, corresponding to the (101) plane of graphitic carbon or the (100) plane of gra-
phene, indicating the presence of certain graphitic microdomains within the synthesized
CDs [22]. XRD analysis, as shown in Figure 2c, reveals a broad and intense diffraction
peak at 20°, which is attributed to the highly disordered carbon framework or amorphous
carbon characteristics introduced by abundant surface functional groups (such as oxygen-
and nitrogen-containing groups); meanwhile, a weaker diffraction peak observed at 43°
confirms the existence of short-range ordered graphitic structures within the CDs, corre-
sponding to the (101) or (100) reflections of graphite, consistent with the 0.2 nm lattice
spacing observed in TEM [23]. Combining TEM and XRD results, it can be inferred that
the synthesized CDs are primarily composed of an amorphous carbon matrix embedded
with nanoscale graphitic microdomains. This partially graphitized structure provides
conjugated sp?-hybridized carbon domains and defect-related emission centers, forming
the structural basis for their strong fluorescent emission.

Infrared spectroscopy was used to identify the surface functional groups on the CDs,
revealing the presence of various oxygen- and nitrogen-containing groups, as shown in
Figure 2d. A broad and strong absorption peak between 3200 and 3400 cm™ corresponds
to the stretching vibrations of -OH and —-NH groups, indicating abundant hydroxyl and
amino groups on the CDs surface, closely related to the introduction of PEG, glycerol, and
L-serine. An absorption peak near 2920 cm™ corresponds to the stretching vibration of
aliphatic C-H bonds, suggesting that some alkyl structures remain on the CDs’ surface.
The absorption band in the range of 1600-1650 cm™ is assigned to the stretching vibration
of C=0, while the characteristic peak at 1550-1600 cm~! may be associated with N-H bend-
ing or C=N/C=C vibrations, confirming successful nitrogen doping into the CDs structure.
Strong absorption peaks in the region of 1000-1200 cm™ mainly originate from the stretch-
ing vibrations of C-O-C and C-O bonds, reflecting ether linkages and hydroxyl groups
derived from PEG and glycerol. These results indicate that the CDs synthesized via the
microwave-assisted method possess abundant hydrophilic functional groups such as hy-
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droxyl, carboxyl, amino, and ether groups, which contribute to their excellent dispersibil-
ity in aqueous media and facilitate subsequent functionalization.

The optical properties of CDs were investigated using UV-Vis and fluorescence spec-
troscopy. The UV-Vis spectrum of CDs is shown in Figure 2e, exhibiting distinct absorp-
tion features in the ultraviolet region. The absorption near 250-300 nm is attributed to mt—
mt* transitions of C=C bonds in the sp? carbon structure, while the shoulder or weak ab-
sorption in the 300-350 nm region is associated with n—mt* transitions caused by oxygen-
and nitrogen-containing functional groups such as C=O and C-N. This suggests that dur-
ing the microwave synthesis process, precursors including PEG, L-serine, and glycerol
underwent carbonization and condensation reactions, resulting in a CDs structure con-
taining conjugated carbon cores and rich surface functional groups. The fluorescence
emission behavior of CDs under different excitation wavelengths is shown in Figure 2f.
As the excitation wavelength increases from 320 nm to 420 nm, the maximum emission
peak of the CDs redshifts by 60 nm, while the fluorescence intensity gradually decreases
from enhancement, exhibiting typical excitation-wavelength-dependent emission charac-
teristics. This phenomenon is likely attributed to the non-uniform size distribution and
diverse surface state energy levels of the CDs, where different excitation wavelengths se-
lectively activate distinct emitting centers at various energy levels, thereby causing shifts
in emission wavelength. These results indicate that both core-state and surface-state emis-
sion mechanisms coexist in the synthesized CDs, and surface functional groups (such as
carboxyl and amino groups) play a significant role in their photoluminescence process.
Furthermore, the emission spectra exhibit consistent redshifts with increasing excitation
wavelength, showing good correspondence with each other, suggesting stable emitting
centers within this CDs system [24]. The strongest emission peak of the CDs lies in the
blue region (approximately 430470 nm), and combined with their strong and broad ab-
sorption in the ultraviolet region, it can be inferred that the fluorescence emission primar-
ily arises from radiative recombination processes associated with surface states [25]. The
above optical properties demonstrate that the CDs synthesized via this method possess
excellent UV-vis responsiveness and tunable emission behavior, offering promising po-
tential applications in fluorescent probes, bioimaging, and optoelectronic functional ma-
terials.
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Figure 2. Characterization of CDs: (a) HRTEM image of CDs; (b) Size distribution of CDs and the
physical images of CDs aqueous solutions under white light and 365 nm excitation light; (c) XRD
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spectra of CDs; (d) FTIR spectra of CDs; (e) UV-vis absorption spectra and Fluorescence spectra of

CDs; (f) Fluorescence spectra of CDs at different excitation wavelengths.

3.1.2. Characterization of AuNPs

The morphology and particle size distribution of the prepared AuNPs were analyzed
via TEM. As shown in Figure 3a,b, the AuNPs were nearly spherical, with clear particle
contours and high contrast. The particle size of the AuNPs was analyzed, and it was found
to be in the range of 11.13 to 26.90 nm, with an average size of 17.35 nm. It was observed
that there was a certain degree of agglomeration of the AuNPs, which might be related to
the high surface energy of the nanoparticles or the enhanced interaction between the par-
ticles during the drying process. Although there was a slight agglomeration, most of the
particles still maintained the independent nanoparticle morphology, without obvious
shape collapse or irregular structure, indicating that the synthesis method adopted could
effectively control the nucleation and growth process of AuNPs.

The UV-vis test of AuNPs showed that there was a clear absorption peak at 520 nm
in the AuNPs (as shown in Figure 3c), which was caused by the localized surface plasmon
resonance, causing the AuNPs to strongly absorb light at 520 nm, and the solution color
was wine red. Combined with the literature report [26], the absorption peak of spherical
gold nanoparticles with diameters in the range of 10 to 30 nm was also located at 520 nm,
which proved the successful synthesis of AuNPs.
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Figure 3. Characterization of AuNPs: (a) TEM image of AuNPs; (b) Size distribution of AuNPs; (c)
UV-vis absorption spectra of AuNPs.

3.1.3. Characterization of CDs-AuNPs-GSH

As shown in Figure 4, under white light, the CDs-AuNPs-GSH fluorescent complex
changes color to yellowish-gray compared to CDs. However, under 365 nm excitation
light, strong blue fluorescence can still be observed. The CDs-AuNPs-GSH fluorescent
complex retains obvious absorption characteristics in the ultraviolet region, indicating
that the conjugated carbon core structure of CDs has not been disrupted during the com-
plexation process. Meanwhile, the absorption intensity changes in the visible light region,
which is speculated to be related to the introduction of AuNPs and their surface plasmon
resonance effect. The GSH molecule forms stable Au-S bonds with the surface of AuNPs
through the thiol group, enabling CDs, AuNPs, and GSH to form a relatively stable com-
posite structure, thereby regulating the optical response of the system. From the fluores-
cence spectrum, it can be seen that the CDs-AuNPs-GSH fluorescent complex still exhibits
a clear fluorescence emission peak in the blue light region, with the maximum emission
wavelength being basically the same as that of the pure CDs system, but the fluorescence
intensity has undergone a certain degree of change. Compared to pure CDs, the fluores-
cence intensity of the CDs-AuNPs-GSH fluorescent complex is overall reduced, indicating
that the introduction of AuNPs has caused a fluorescence quenching effect to some extent.
This quenching behavior may originate from the non-radiative transfer process of AuNPs’
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excited-state energy, such as energy transfer or electron transfer, reflecting the effective
interface interaction between CDs and AuNPs. Additionally, the fluorescence emission
spectra under different excitation wavelengths show that the CDs-AuNPs-GSH fluores-
cent complex still exhibits obvious excitation wavelength-dependent emission character-
istics. As the excitation wavelength increases from 320 nm to 420 nm, the emission peak
gradually shifts to the red and the fluorescence intensity gradually weakens. This behav-
ior is similar to that of the pure CDs system, indicating that the surface state luminescence
mechanism of CDs still dominates after the complexation, while the introduction of
AuNPs and GSH mainly regulates its luminescence intensity through interface coupling,
without changing its basic luminescence nature.
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Figure 4. Characterization of CDs-AuNPs-GSH: (a) UV-vis and FL spectra of CDs-AuNPs-GSH and
its physical images under white light and 365 nm excitation light; (b) Fluorescence spectra of CDs-

AuNPs-GSH at different excitation wavelengths.

3.2. Fluorescence Sensing of Co*

The fluorescence responses of the CDs-AuNPs-GSH fluorescent composite to various
other metal ions, including Na*, K, Ca?, Mg?, Mn¥, Zn%, Zr*, Ni*, and Fe%, were inves-
tigated. As shown in Figure 5a, upon the addition of Co?, the fluorescence intensity of the
CDs-AuNPs-GSH composite was significantly quenched, and the quenching amplitude
was much larger than that observed for the other tested ions. Common main-group metal
ions such as Na*, K+, Ca%*, and Mg? caused almost no fluorescence change. Transition
metal ions including Mn?, Zn?, Ni?, and Fe?, induced only extremely weak fluorescence
fluctuations. Even Zr#, though a high-valence cation, did not produce an obvious quench-
ing effect. Collectively, the CDs-AuNPs-GSH fluorescent composite exhibited excellent
selective recognition toward Co?". Considering that real samples may contain various co-
existing metal ions, the anti-interference capability of the fluorescent composite was fur-
ther evaluated. The above metal ions were selected as interferents and individually mixed
with Co?, and the resulting mixtures were then added to the CDs-AuNPs-GSH fluores-
cent composite. The fluorescence intensities of the mixed systems were measured. As
shown in Figure 5b, after mixing different metal ions with Co?, the fluorescence was still
effectively quenched, demonstrating that the fluorescent composite possesses good anti-
interference ability for Co? detection.

Considering that the surface of CDs is rich in oxygen- and nitrogen-containing func-
tional groups such as hydroxyl, carboxyl, and amino groups, different pH conditions can
affect the protonation/deprotonation states of these groups, thereby influencing the fluo-
rescence emission efficiency of the CDs. The fluorescence intensities of the CDs, the CDs-
AuNPs-GSH fluorescent composite, and the CDs-AuNPs-GSH composite after the addi-
tion of Co? were examined over a pH range of 2-12. As shown in Figure 5c, the fluores-
cence intensity of the CDs alone remained relatively stable in the pH range of 4-10, indi-
cating good pH stability. The CDs-AuNPs-GSH composite and the composite after Co?*
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addition also exhibited stable fluorescence intensities within the pH range of 4-10, sug-
gesting that neither the assembly of CDs with AuNPs and GSH nor the recognition inter-
action between Co? and the composite impaired the fluorescence emission of the CDs.
Thus, the CDs-AuNPs-GSH fluorescent composite maintained reliable fluorescence re-
sponses in the pH range of 4-10. Considering that actual sample pretreatment requires
acid digestion, pH = 6 was selected for subsequent experiments. Furthermore, the reaction
kinetics between the CDs-AuNPs-GSH fluorescent composite and Co?* were investigated.
As shown in Figure 5d, the fluorescence intensity of the composite decreased slightly
within the first 5 min after Co? addition and then became stable after 5 min. Therefore, 5
min was chosen as the optimal incubation time for subsequent fluorescence detection ex-

periments.
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Figure 5. Fluorescence sensing of Co?": (a) The selectivity of the CDs-AuNPs-GSH for detecting Co?;
(b) The anti-interference property of the CDs-AuNPs-GSH for detecting Co?; (c) The FL Intensity
of CDs and CDs-AuNPs-GSH with or without Co? in different pH environments; (d) The FL Inten-
sity of CDs-AuNPs-GSH with reaction time after adding Co?" (Data are presented as mean + SD (n

=3, error bars represent SD).

Furthermore, the response of the CDs-AuNPs-GSH fluorescent composite to various
concentrations of Co? was investigated under the optimal detection conditions to evalu-
ate the quantitative detection capability of this method. Figure 6a shows the fluorescence
spectra of the composite upon addition of different concentrations of Co? in the range of
0.5-125.0 mM. As the Co?* concentration gradually increased, the fluorescence intensity of
the composite exhibited a continuous decrease, indicating that the coordination-induced
dynamic quenching process between Co?*" and the composite is concentration-dependent.
To establish a quantitative analysis model, (FO-F)/F was plotted against the Co?* concen-
tration for linear fitting. As shown in Figure 6b, (FO-F)/F exhibited a good linear relation-
ship with the Co?> concentration, with a correlation coefficient R? = 0.997, demonstrating
the excellent linear response of this method within the tested concentration range. The
corresponding linear equation was (FO-F)/F = 0.016x + 0.080 (where x denotes the concen-
tration of Co? in mM), and the LOD was calculated to be 0.38 mM.
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Figure 6. The sensitivity of fluorescence sensing: (a) Fluorescence spectra of the system at different
Co? concentrations; (b) Linear fitting and the fluorescence quenching effect of CDs-AuNPs-GSH at

0 to 125 mM Co?* (Data are presented as mean + SD (n = 3, error bars represent SD).

It is important to contextualize the analytical performance of our sensor against the
reported probes summarized in Table 1. Detection ranges are listed using the original
units reported in the corresponding references (UM or mM) to preserve consistency with
the literature. While those methods often achieve lower detection limits in the micromolar
range, they are typically designed for environmental or biological samples where Co? is
present at trace levels. In stark contrast, the primary application scenario of our sensor is
the on-site quality control of livestock and poultry feed additives (e.g., cobalt chloride
premixes), where the Co? concentration is intrinsically high. In this context, the wide lin-
ear range (0.5-125.0 mM) of our sensor is not a drawback but a deliberate design ad-
vantage. Although the LOD (0.38 mM) is higher than that of some other probes, it is fully
sufficient for the direct analysis of feed extracts without the need for cumbersome and
error-prone serial dilutions, thereby simplifying the operation procedure and reducing
potential errors. This focus on practical “fitness-for-purpose” over absolute sensitivity un-
derscores the utility of our sensor as a practical and cost-effective tool for rapid, high-
throughput screening in industrial production lines.

Table 1. Comparison of the detection of Co?".

Material Method Detection Rage LOD
N,S-CD [27] Fluorescence enhancement 1.5~5.0mM  0.86 mM
B,N-CD [28] Fluorescence quenching 10~100 uM 549 uM

PEI-MCDs [29] Fluorescence quenching 20~180 uM 1.10 pM
Si QDs [30] Fluorescence quenching 1~120 uM 0.37 uM
Fluorescence resonance en-

0z-SQDs [31] 19.6~56.6 uM  2.44 uM

ergy transfer (FRET)
CDs-AuNPs-GSH (This article)  Fluorescence quenching  0.5~125.0 mM  0.38 mM

3.3. Effect of AuNPs and GSH Modification on Co? Sensing Performance

To verify the contribution of each component in the sensing system, the fluorescence
responses of CDs, CDs—AuNPs, CDs-GSH, and CDs-AuNPs-GSH toward Co?*" were sys-
tematically compared. As shown in Figure 7, the pristine CDs exhibited fluorescence
quenching only at relatively high Co? concentrations (5-125 mM). Similar sensing behav-
ior was observed for both CDs—AuNPs and CDs-GSH, indicating that introducing either
AuNPs or GSH alone did not significantly improve the sensing performance. In contrast,
the CDs-AuNPs-GSH composite responded to Co* over a much lower concentration
range (0.5-125 mM), demonstrating a markedly enhanced sensitivity. This improvement
suggests that the synergistic integration of AuNPs and GSH effectively enriches Co?*
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around the fluorescent CDs through abundant coordination sites, thereby facilitating
more efficient fluorescence quenching.
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Figure 7. Linear fitting and the fluorescence quenching effect of (a) CDs; (b) CDs-AuNPs; (c¢) CDs-
GSH; (d) CDs-AuNPs-GSH at 0 to 125 mM Co?* (Data are presented as mean + SD (1 = 3, error bars
represent SD).

3.4. Actual Feed Sample

A commercially available mixed livestock and poultry feed additive, cobalt chloride,
was pretreated according to the method described in Section 2.4. Using the standard ad-
dition method, 0, 20, 40, and 60 mM of Co?* were spiked into the pretreated samples. Flu-
orescence intensity measurements were performed at an excitation wavelength of 350 nm,
and the obtained data were processed. The results are summarized in Table 2. The recov-
ery rates ranged from 89.4% to 103.9%, with low relative standard deviations (RSD). These
results indicate that the proposed method can be successfully applied to the detection of
cobalt chloride in spiked feed samples.

Table 2. Detection of Co?* in actual samples (1 = 3).

Sample Add (mM) Found (mM) Recovery (%) RSD (%)
0 44.99 - 0.07
Chloride cobalt 20 62.87 89.4 0.09
feed additive 40 84.36 98.4 0.06
60 107.34 103.9 0.13

3.5. Fluorescence Quenching Mechanism of CDs-AuNPs-GSH and Co? Surface Complexation

To clarify the fluorescence quenching mechanism of the CDs—AuNPs—-GSH sensing
system toward Co¥, possible quenching pathways including inner-filter effects (IFE),
static quenching arising from ground-state complex formation and dynamic quenching
were systematically investigated using UV-vis absorption, zeta potential, FTIR and fluo-
rescence lifetime analyses.

As shown in Figure 8a, the UV-vis absorption spectrum of Co? was compared with
both the excitation and emission spectra of the CDs—AuNPs-GSH composite. Partial spec-
tral overlap is observed between the absorption of Co* and the excitation spectrum in the
300-380 nm region, indicating that a weak primary inner-filter effect may exist. However,
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little overlap is observed with the emission spectrum centered at approximately 436 nm,
suggesting that secondary inner-filter effects are negligible. Therefore, although optical
attenuation may contribute slightly to fluorescence reduction, IFE is unlikely to be the
dominant origin of the observed quenching.

To determine whether Co?* directly interacts with the sensing interface, zeta potential
and FTIR analyses were performed. As shown in Figure 8b, the zeta potential of the CDs
alone was 10.99 mV. At pH = 6, the carboxyl groups on the CD surface lose protons to
form negatively charged carboxylate ions (~COO-), while the amino groups are proto-
nated (-NHzs*), making the CDs positively charged overall. This indicates that the number
of amino groups on the CDs’ surface is higher than that of carboxyl groups. The AuNPs
are negatively charged due to the abundant carboxyl groups on their surface. Upon the
addition of AuNPs, the positively charged CDs and negatively charged AuNPs attract
each other, resulting in a zeta potential of 5.79 mV for the mixture. With the subsequent
addition of GSH, the thiol groups (-SH) of GSH form Au-S bonds with AuNPs, introduc-
ing more protonated amino groups. Consequently, the zeta potential of the CDs-AuNPs-
GSH composite further increased to 17.58 mV. The zeta potential of the CDs—AuNPs-GSH
composite changed after the addition of Co?, indicating surface charge redistribution
caused by coordination interactions. To further verify the formation of coordination bonds,
the FTIR spectra of the CDs, the CDs-AuNPs-GSH composite, and the CDs-AuNPs-GSH-
Co? system were compared. As shown in Figure 8¢, the overall peak shape of the CDs-
AuNPs-GSH composite is similar to that of the CDs, indicating that the CDs’ structure
was not disrupted. The narrowing of the peak at ~3400 cm™ may be attributed to changes
in the hydrogen bonding environment of the surface groups due to the introduction of
GSH and AuNPs. No obvious absorption peak is observed at ~2550 cm™, indicating the
absence of free —-SH groups from GSH, confirming the formation of Au-S bonds between
—SH and AuNPs. The peaks between 1650 and 1550 cm™ show slight shifts, reflecting the
interaction of the amide groups of GSH with the CDs. In the FTIR spectrum of the CDs-
AuNPs-GSH-Co? system, the peak at ~3400 cm™ changes further, likely due to the coor-
dination of Co> with -OH/-NH groups, which alters the hydrogen bonding network. The
amide peaks at ~1650 and ~1550 cm™ exhibit shifts or intensity changes, indicating that
Co? may coordinate with the carboxyl or amino groups of GSH. Additionally, a new peak
appears in the region of 500-600 cm™, which may be assigned to the vibrational peaks of
Co-O or Co-N coordination bonds. These results demonstrate the existence of coordina-
tion interactions but do not by themselves distinguish between static and dynamic
quenching.

Fluorescence lifetime measurements provide the key evidence for distinguishing the
quenching pathway. Figure 8d shows the fluorescence lifetime decay curves of the CDs,
CDs-AuNPs-GSH composite, and CDs-AuNPs-GSH composite with Co?. Fitting with a
single-exponential function yielded fluorescence lifetimes of 7.76 ns for CDs, 7.18 ns for
CDs-AuNPs-GSH composite, and 2.65 ns for CDs-AuNPs-GSH-Co?* mixture. In a purely
static quenching process, fluorophores that remain emissive retain essentially unchanged
excited-state lifetimes because quenching occurs through the formation of non-emissive
ground-state complexes. In contrast, the significant lifetime shortening observed here in-
dicates accelerated excited-state deactivation. The introduction of AuNPs and GSH al-
ready slightly altered the electronic transition and exciton relaxation behavior on the CDs’
surface. Upon Co?* addition, a strong interaction between Co?* and CDs-AuNPs-GSH
composite occurred, increasing the non-radiative transition pathways of the excited elec-
trons in CDs, thereby promoting rapid energy dissipation of the excited excitons and sup-
pressing radiative fluorescence emission. Therefore, the fluorescence quenching is domi-
nated by a dynamic quenching process.
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Upon excitation at the excitation wavelength, the CDs—-AuNPs-GSH fluorescent
composite absorbs photon energy and is promoted from the ground state to the excited
state, producing the excited species (CDs—AuNPs-GSH¥), as described in Equation (1). In
the absence of Co?, the excited fluorophore returns to the ground state through a radiative
transition, accompanied by fluorescence emission, as expressed in Equation (2). After the
introduction of Co%, coordination interactions occur between Co?" and the amino/carboxyl
functional groups on the surface of the CDs—AuNPs-GSH composite, leading to the en-
richment of Co?" at the fluorophore interface (Figure 8e). These coordination interactions
facilitate excited-state non-radiative relaxation and accelerate energy dissipation in the
form of heat, thereby effectively suppressing fluorescence emission, as illustrated in Equa-
tion (3). Collectively, these results indicate that coordination between Co?" and the surface
functional groups of the CDs—AuNPs-GSH composite provides the structural basis for
fluorescence quenching by enriching Co?* at the fluorophore interface. The significant de-
crease in fluorescence lifetime demonstrates that this coordination mainly promotes ex-
cited-state non-radiative relaxation rather than the formation of stable non-emissive
ground-state complexes. Therefore, the fluorescence response toward Co?* is dominated
by a coordination-assisted dynamic quenching mechanism, while the contribution of the
inner-filter effect is considered to be minor under the present experimental conditions.

CDs — AuNPs - GSH + hvex — CDs — AuNPs - GSH* )
CDs — AuNPs - GSH* — CDs — AuNPs - GSH + FL. (2)
CDs — AuNPs - GSH* + Co?* — CDs - AuNPs — GSH+Co?* + heat 3)
a b
JE—————— 20
: 0.6 —:E‘:(CI):?AH;?;-(;SH) 800,7 >
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Figure 8. The research of fluorescence quenching mechanism: (a) UV-vis of Co?*and FL spectra of
CDs-AuNPs-GSH; (b) Zeta potential (1: CDs; 2: CDs-AuNPs; 3: CDs-AuNPs-GSH; 4: CDs-AuNPs-
GSH + low concentration Co?*; 5: CDs-AuNPs-GSH + medium concentration Co?*; 6: CDs-AuNDPs-
GSH + high concentration Co%); (c) FTIR spectra of CDs and CDs-AuNPs-GSH before and after Co?*
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addition; (d) Fluorescence lifetime of CDs-AuNPs-GSH before and after Co?* addition; (e) Schematic
diagram of the fluorescence quenching mechanism of Co?* by the CD-AuNPs-GSH.

4. Conclusions

In this study, CDs with abundant amino groups on their surface were rapidly syn-
thesized via a microwave method. A fluorescent composite, CDs-AuNPs-GSH, was sub-
sequently constructed by introducing AuNPs and GSH. The fluorescence detection per-
formance of the CDs-AuNPs-GSH composite for Co* was systematically investigated.
The results showed that the fluorescence intensity of the CDs-AuNPs-GSH composite de-
creased significantly in the presence of Co?, exhibiting excellent response characteristics.
Under the optimal conditions (pH = 6), the LOD for Co? was determined to be 0.38 mM.
To elucidate the fluorescence quenching mechanism, fluorescence lifetime, UV-vis ab-
sorption, zeta potential, and FTIR analyses were comprehensively performed. The results
demonstrate that Co? coordinates with the amino- and carboxyl-containing functional
groups on the surface of the CDs—AuNPs-GSH composite, providing the structural basis
for the quenching process. Fluorescence lifetime measurements further revealed a signif-
icant shortening of the excited-state lifetime after the addition of Co?, indicating that the
fluorescence quenching is dominated by a coordination-assisted dynamic quenching
mechanism. Meanwhile, comparison of the UV-vis absorption spectrum of Co?* with the
excitation and emission spectra of the fluorescent probe suggests that the inner-filter effect
contributes only marginally to the observed fluorescence attenuation under the present
experimental conditions. Overall, this work provides a simple and effective fluorescent
sensing platform for Co?" detection and offers a more comprehensive understanding of
the quenching mechanism, which may facilitate the rational design of carbon-dot-based
fluorescent probes for metal ion sensing.
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