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Abstract: Manganese (Mn), an essential trace element in the human body, plays critical roles in many 

biological processes. Recent studies have discovered that Mn2+ may promote or directly activate the 

cGAS-STING pathway, thereby subsequently initiating the natural immune response and augmenting 

antitumor therapy. However, the current lack of accurate methods for Mn2+ determination in cells 

significantly limits their mechanism investigation; hence, it is urgent to establish novel tools to detect 

Mn2+ in cells. In this study, the dual-emission carbon dots were initially synthesized via the one-pot 

hydrothermal method employing L-aspartic acid and p-phenylenediamine as raw materials. In the 

presence of Mn2+ , the emission peak centered at 350 nm exhibited significant enhancement, whereas 

another peak at 610 nm remained stable. Consequently, a ratiometric sensor for Mn2+ determination was 

established using the signal at 350 nm as the responsive signal and the signal at 610 nm as an internal 

reference. Under the optimal condition, a good linear relationship was achieved between the F350/F610 

value and Mn2+ concentration ranging from 0.9 to 15 μmol/L, with a calculated LOD of 61 nmol/L. 

Benefiting from the special Mn2+-induced ratiometric approach, this method demonstrates outstanding 

sensitivity, selectivity, and stability, rendering it applicable for Mn2+ determination in complex 

biological samples, as well as Mn2+ imaging in MKN-45 and LO2 cells.
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Manganese (Mn) is an essential trace element in 

the human body, and more than 95% of Mn in cells is 

stored in the mitochondria and Golgi apparatus with 

+2 form (Horning et al. , 2015).  Mn2+ plays a critical 

role in many biological processes.  For instance, Mn2+ 

can act as a cofactor for many enzymes, including 
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manganese superoxide dismutase, manganese catalase 

and peroxidase (Fan et al. , 2023).  Mn2+ also shows 

high importance for the nervous system and an excess 

of Mn2+ can cause irreversible damage, leading to vari‐

ous neurological diseases such as manganese poison‐

ing, Parkinson's syndrome, and cognitive dysfunction 

(Kwakye et al. , 2015; Li et al. , 2018).  Besides, as a 

natural agonist, Mn2+ could promote or directly acti‐

vate the cGAS-STING pathway (Lv et al. , 2020), sub‐

sequently activating the natural immune response and 

enhancing the antitumor therapy.  Based on its great 

potential for application in immunotherapy, an 

increasing number of Mn-based nanomaterials have 

been synthesized and applied for antitumor therapy 

(Cai et al. , 2023; Shi et al. , 2023).  However, due to 

the lack of specific probes for Mn2+ analysis, its 

detailed mechanism in immunotherapy is still 

unclear.  Therefore, it is urgent to establish sensitive 

and selective methods for Mn2+ analysis, which can be 

further applied to investigate the mechanism of Mn2+-

mediated immune regulation.

Currently, many methods have been established 

for Mn2+ determination, including atomic absorption 

spectrometry, colorimetric, and chemiluminescence 

method (Pourjavid et al. , 2016; Zhang et al. , 2022).  

Although these methods achieve accurate Mn2+ analy‐

sis in solution, they fail to probe the spatial location 

and distribution of Mn2+ in cells and biological sys‐

tems, thereby significantly limits their application in 

the mechanism investigation.  As a powerful tool for 

target analysis and cell imaging, fluorescence has 

received widespread attention due to its high sensitivity 

and selectivity (Wang et al. , 2024).  However, for the 

fluorescence probe of Mn2+ , a major challenge was 

that paramagnetic Mn2+ ions could efficiently quench 

fluorophores (Mizunuma et al. , 2023), which were 

not suitable for Mn2+ analysis in biological systems 

and cell imaging.  Besides, Mn2+ lies at the bottom of 

the Irving-Williams series (Mn2+<Fe2+<Co2+<Ni2+<

Cu2+>Zn2+), which means that the stability of forming 

Mn2+ complexes with common ligands is weaker than 

other divalent metal ions (Das et al. , 2019).  There‐

fore, it is still a great challenge to construct a specific 

fluorescence sensor to probe and analyze Mn2+ distri‐

bution in cells and biological systems.

Carbon dots (CDs) is a new member of carbon-

based photoluminescence materials which were first 

discovered in 2004.  Compared with traditional semi‐

conductor quantum dots and organic dyes, CDs have 

received considerable attention due to their numerous 

merits, such as excellent biological compatibility, 

fascinating optical properties and low toxicity (Tuer‐

hong et al. , 2017).  The surface of CDs contains a 

rich number of functional groups which can provide 

abundant binding sites for specific analytes (Chaud‐

hari et al. , 2024; Zhang et al. , 2024).  This property 

makes CDs one of the ideal materials for the sensing 

process.  Besides, the fluorescence properties of CDs 

are closely related to their surface structure, and the 

binding of analyte on the surface would directly 

change the surface structure, thus affecting the CDs 

emission spectrum, which could be further applied for 

analyte determination (Zhang et al. , 2021).  Based on 

this, Mohagheghpour et al.  (2022) synthesized the 

histidine-functionalized carbon quantum dots by using 

histidine and sodium citrate as raw materials.  In the 

presence of Mn2+ , the signal at 534 nm was signifi‐

cantly increased, thus the fluorescence "turn-on" 

responsive sensor was established.  By using a similar 

approach, Ngeontae et al. (2022) synthesized the N,S-

doped carbon dots and established a highly selective 

fluorescence sensor for Mn2+ analysis.  However, the 

sensing process of these methods only relies on the 

signal change from a single wavelength, which may 

be affected by different factors, including the local 

probe concentration, unstable light source and micro‐

environment (Wang et al. , 2016).  These factors may 

cause the inability of the quantitative determinations.  

The ratiometric approach is one of the best ways to 

overcome these problems by using the ratio of fluores‐

cence intensity from at least two well-resolved wave‐

lengths.  Through involving an internal reference, the 

ratiometric approach can effectively eliminate back‐

ground signals and environmental interference, thus 

providing an accurate quantitative and qualitative 

analysis (Goshisht et al. , 2023; Chen et al. , 2024).
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To construct the CDs-based ratiometric assay, 

one of the most effective approaches is to directly syn‐

thesize CDs with dual-emission properties.  Therefore, 

the dual-emissive CDs (DE-CDs) with unique dual-

emission properties were first synthesized in this work 

by using L-aspartic acid and p-phenylenediamine 

(p-PD) as raw materials.  As shown in Fig. 1, under 

the excitation of 290 nm, as-synthesized DE-CDs 

exhibit two well-resolved peaks centered at 350 and 

610 nm, respectively.  In the presence of Mn2+ , Mn2+ 
 specifically conjugated on the surface of DE-CDs, 

consequently enhanced the fluorescence signal at 

350 nm, while the intensity at 610 nm kept stable.  

Thus, a simple ratiometric approach for Mn2+ determi‐

nation was established by using the fluorescence sig‐

nal at 350 nm as the responsive signal and the signal 

at 610 nm as the internal reference.  Interestingly, the 

paramagnetic Mn2+ ions did not quench the signal; on 

the contrary, enhanced the signal at 350 nm.  To the 

best of our knowledge, this is the first time to estab‐

lish a CDs-based ratiometric Mn2+ sensor with an 

enhanced signal.  Benefiting from this special Mn2+-

induced ratiometric approach, this method exhibits 

excellent sensitivity, selectivity, and stability, which 

could be further applied for Mn2+ determination in 

complex biological samples and cellular imaging.

1　Materials and methods

1. 1　Chemical Reagents and Cells Culture

The p-PD, o-PD and m-PD were purchased from 

Aladdin Biochemical Technology Co. , Ltd (Shanghai, 

China).  L-aspartic acid was brought from Sangon 

Biotech Co. , Ltd.  (Shanghai, China).  MnSO4 was 

obtained from the Jiaozuo Chemical Factory (Jiaozuo, 

China).  Cell Counting Kit-8 (CCK-8) was purchased 

from Shandong Topscience Biotech Co. , Ltd.  (Rizhao, 

China).  The fetal bovine serum (FBS) and cell culture 

medium were obtained from Biological Industries Ltd.  

(Beit Haemek, Israel).  All other reagents used in this 

experiment were analytical grade and used as received, 

and the water was purified by a Milli-Q filtration 

system.  Human cell lines MKN-45 and LO2 were 

obtained from Procell Life Science & Technology Co. , 

Ltd. (Wuhan, China).  MKN-45 is a human gastric 

cancer cell line cultured in Dulbecco's Modified 

Eagle Medium (DMEM) supplemented with 10% FBS.  

LO2 is a human hepatic cell line cultured in Roswell 

Park Memorial Institute (RPMI) 1640 medium 

supplemented with 10% FBS.  Both cell lines were 

cultured at 37 ℃ with 5% CO2 in 100% humidity.

1. 2　Synthesis of DE-CDs and control CDs

The CDs were synthesized through the one-pot 

hydrothermal method.  Briefly, a mixture comprising 

L-aspartic acid (0. 005 3 g) and p-PD (0. 030 0 g) was 

Fig. 1　The scheme for synthesis of DE-CDs and their application in the determination of Mn2+
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homogenized and solubilized in 20 mL of aqueous 

solution.  Subsequently, the resulting mixture was 

transferred into a Teflon autoclave and subjected to 

heating at 200 ℃ for 12 h.  Upon reaching ambient 

temperature, the resultant dark-brown amalgamation 

underwent purification utilizing filter paper in con‐

junction with a 0. 22 μm filter to eliminate oversized 

particulates.  After that, this mixture was further 

diluted to 100 mL with ultrapure water and stored at 

4 ℃ for further use.  For control CDs synthesis, com‐

monly employed raw materials such as o-PD, m-PD, 

ethylenediamine, glutathione, and formamide were 

employed as precursors to substitute p-PD.  Apart 

from the altered precursors, all other synthesis condi‐

tions remained consistent with those of DE-CDs.

1. 3　Standard analysis procedure for Mn2+

Within the standardized Mn2+ analysis protocol, a 

1 mL amalgam comprising 200 μL of freshly synthesized 

DE-CDs, 30 μL of Tris-HCl buffer (pH=7. 00), and 

variable concentration of Mn2+ was incubated at room 

temperature for 10 mins.  Subsequently, the fluorescence 

emission spectrum was interrogated following 

excitation at 290 nm, with the fluorescence intensities 

at 350 and 610 nm being meticulously documented.

1. 4　Specificity test of the constructed ratiometric 

assay

The specificity of the constructed assay was 

tested with several different cations and anions, 

including Ca2+ , Mg2+ , Na+ , K+ , Zn2+ , Ba2+ , Pb2+ , Co2+ , 

Cd2+, F-, Br-, I- and ClO-.  These studies were carried 

out using similar procedures to the standard procedure 

for Mn2+ analysis stated above, except that 20 μmol/L 

interferent was added to the system instead of Mn2+ .  

Furthermore, to estimate the interference of cations 

and biomolecules commonly involved in cell medium 

and biological systems, Mn2+ coexisted with different 

interferents (fixed at 700 μmol/L) which is 100 times 

higher than that of Mn2+.

1. 5　In vitro cell viability by CCK-8 Assay

The human gastric cancer cell line MKN-45 was 

employed for the assessment of cellular viability.  

MKN-45 cells in logarithmic growth phase were enzy‐

matically dissociated with trypsin and subsequently 

reconstituted into a cell suspension.  Then, 3 000 cells/

well were seeded into 96 well plates.  Following a 

24-hour incubation period at 37 ℃ , varying concen‐

trations of DE-CDs were introduced into the respec‐

tive wells, with DE-CDs-free samples serving as con‐

trols.  At time points of 0, 24, and 48 hours, the plate 

was retrieved from the incubator, and 10 μL of CCK-8 

solution was meticulously dispensed into each well.  

Following a 2 h incubation period with CCK-8, the 

absorbance at 450 nm was quantified utilizing a 

microplate reader.

1. 6　Cell imaging

In order to assess the feasibility of Mn imaging 

within cellular contexts, both the human gastric can‐

cer cell line MKN-45 and hepatic cell line LO2 were 

cultured and subsequently harvested.  Subsequent to 

dual washes with PBS, the cells underwent fixation 

with 4% formaldehyde at room temperature for a 

duration of 10 min, succeeded by an additional two 

washes with PBS.  Thereafter, the cells were sub‐

jected to staining through incubation with a mixture 

comprising 7. 5×105 cells and 10 μL of freshly synthe‐

sized DE-CDs at 4 ℃ for a duration of 1 h.  Upon 

completion of the incubation period, the resultant 

cells underwent triple rinsing with PBS to eradicate 

any unbound DE-CDs.  Subsequently, the cells were 

resuspended in 20 μL of PBS and subjected to analy‐

sis utilizing confocal fluorescence microscopy 

(ZEISS Instruments, LSM 800).

2　Results and discussion

2. 1　Design principle of Mn2+-specific DE-CDs

To realize the detection of Mn2+ , a strategy was 

proposed for synthesizing DE-CDs and subsequently 

applied to investigate the cellular distribution of Mn2+.  

As is well established, the selection of appropriate 

raw materials plays a crucial role in constructing 

Mn2+-specific CDs endowed with distinctive dual-

emission properties.  Therefore, considering the way 

Mn2+ binds to various proteins in living organisms, 

L-aspartic acid was first selected as the candidate for 

CDs synthesis since the surface structure strongly 

depends on the raw materials used.  On the other 
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hand, directly synthesizing CDs with dual-emission 

properties can greatly simplify the process of con‐

structing a fluorescence ratiometric sensor.  Based on 

literature findings and our laboratory's prior experi‐

ence, the incorporation of p-PD can substantially 

enhance the efficiency of synthesizing CDs with 

dual-emission properties (Bai et al. , 2021).  Simulta‐

neously, employing p-PD as a raw material can effec‐

tively augment the nitrogen content of CDs, thereby 

significantly enhancing the binding affinity between 

carbon dots and Mn2+ , while also boosting the quan‐

tum yield of the synthesized CDs.  Thus, L-aspartic 

acid and p-PD were chosen as raw materials for 

synthesizing Mn-specific DE-CDs.

2. 2　Synthesis and characterization of DE-CDs

Based on the principle described above, the well-

designed DE-CDs were synthesized through the 

simple hydrothermal method by mixing L-aspartic 

acid and p-PD together and heated at 200 ℃ for 12 h.  

After cooling to room temperature, the obtained 

DE-CDs were sequentially purified with filter paper 

and 0. 22 μm membrane.  To study the nature of the 

prepared CDs, morphologies and size were first 

characterized by transmission electron microscopy 

(TEM).  As shown in Fig. 2a-c, synthesized DE-CDs 

are well dispersed in the solution and they exhibit 

quasi-spherical morphology with the particle size 

centered at 2. 35 nm.  The high-resolution TEM 

picture (Fig. 2b) reveals that the prepared DE-CDs 

contain a well-resolved lattice spacing of 0. 21 nm 

which corresponds to the graphite-like structure.  

Besides, the crystallinity of DE-CDs was investigated 

by X-ray diffraction (XRD).  As shown in Fig. 2d, a 

broad diffraction peak located around 2θ = 22. 4° was 

observed, demonstrating the (002) lattice spacing of a 

graphitic-like structure (Chen et al. , 2023), which 

agrees well with the HR-TEM imaging.

Afterwards, the functional groups exposed on the 

surface of DE-CDs were characterized by the Fourier 

transform infrared (FT-IR) spectrum.  As we can see from 

Fig. 2e, the broad and strong absorption at 3 135 cm−1 

is attributed to the stretching vibration of O—H and 

N—H; the absorption peak at 1 635 cm−1 belongs to the 

bending vibration of N—H; the absorption at 1 580 

and 824 cm−1 indicates the presence of C􀰗C, while 

the peak at 1370 cm-1 belongs to the stretching vibra‐

tion of C—N.  These results indicate that the surface 

of synthesized DE-CDs contains multiple hydrophilic 

functional groups, including carboxyl, hydroxyl, and 

amino groups, significantly enhancing the water solu‐

bility of synthesized DE-CDs.  In addition, X-ray pho‐

toelectron spectroscopy(XPS) was further used to 

study the surface composition and chemical state of 

the DE-CDs.  Fig. 2f exhibits the full-scan XPS 

spectrum of the DE-CDs and the peaks at 285, 400 

and 532 eV are consistent with C1s, N1s and O1s, 

indicating that as-synthesized DE-CDs are mainly 

composed of carbon, nitrogen and oxygen accounting 

for 72. 62%, 15. 45% and 11. 93%, respectively (Lin 

et al. , 2023).  The high-resolution XPS spectra of 

each element are displayed in Fig. 2g-i.  The high-

resolution C1s spectrum (Fig. 2g) was deconvoluted 

into three peaks at 285, 286 and 288 eV, which con‐

tributed to the C􀰗C, C—N, and C􀰗O bond, respec‐

tively.  Deconvolution of the high-resolution N1s 

spectrum yielded two peaks at 399 and 400 eV

(Fig. 2h), corresponding to the pyridinic nitrogen 

(C—N) and amino nitrogen (N—H), respectively.  

The high-resolution O1s spectrum shows two peaks 

(Fig. 2i).  One peak at 532 eV can be ascribed to 

C􀰗O, while another peak at 533 eV is attributed to 

C—O.  As expected, the XPS results were in agree‐

ment with the FTIR analysis.

Furthermore, the optical properties were system‐

atically characterized.  As shown in Fig. 3a, as-prepared 

DE-CDs show three UV-Vis absorption peaks at 240, 

280 and 500 nm.  The UV absorption peaks at 240 

and 280 nm can be attributed to the π-π* or n-π* 

transition, respectively, while the broad peak at 500 

nm may be related to the n-π* transition caused by 

the doping of heteroatoms (Yu et al. , 2012).  Because 

of this broad absorption peak at 500 nm, as-prepared 

DE-CDs appear to be orange (Fig. 3a insert).  The 

fluorescence properties were further studied.  Firstly, 

the synthesized DE-CDs were excited under different 

excitation wavelengths between 286-294 nm, and 
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two well-resolved peaks centered at 350 and 610 nm 

were observed, indicating the synthesized CDs 

have excellent dual-emission properties since p-PD 

has been involved as raw materials (Fig. 3b).  In‐

terestingly, as the excitation wavelength increases, the 

fluorescence intensity at 350 nm basically remains 

unchanged, while the fluorescence intensity at 610 nm 

decreases.  The position of the two peaks does not 

show any blue or red shift, demonstrating that the syn‐

thesized DE-CDs do not show wavelength depen‐

dence properties, which could be caused by the uni‐

formly distributed particle size.  Then, the excitation 

spectrum was scanned (Fig. 3c).  Two excitation 

peaks at 235 and 290 nm were observed, exhibiting a 

mirror image with the emission spectrum, and the 

optimal excitation wavelength was set as λex=290 nm 

for further use.  Afterwards, the quantum yield was 

detected to be 4. 98% by using quinine sulfate as a 

reference (see Appendix table 1), and the lifetime of 

synthesized DE-CDs was detected to be 1. 85 ns 

(Fig. 3d).  Based on these different characterizations 

stated above, the DE-CDs with excellent dual-

emission properties were successfully synthesized, 

which could be further applied to construct a ratiomet‐

ric sensor for the specific analytes.

2. 3　Constructing Mn2+-specific ratiometric sensor

Based on the superior intrinsic dual-emission 

properties and abundant functional groups exposed on 

the surface of the synthesized DE-CDs, the feasibility 

of constructing the ratiometric sensor for Mn2+ deter‐

mination has been explored.  Illustrated in Fig. 4a, the 

3D fluorescence emission map of DE-CDs was 

Fig. 2　Characterize the synthesized DE-CDs with different techniques
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scanned, revealing two emission peaks at 350 and 610 

nm, consistent with the emission spectrum.  Upon the 

introduction of Mn2+, the fluorescence intensity at 350 

nm experienced a notable increase, while the signal at 

610 nm remained stable.  Thus, by employing the 

fluorescence signal at 350 nm as the responsive signal 

and the intensity at 610 nm as an internal reference, a 

ratiometric sensor for Mn2+ detection can be estab‐

lished.  The F350 /F610 ratio exhibits a positive correla‐

tion with the concentration of Mn2+ within a defined 

range, enabling the determination of Mn2+ ions.

The potential sensing mechanism underlying the 

increase in fluorescence signal at 350 nm was further 

investigated.  This phenomenon may be caused by the 

conjugation between Mn2+ and the functional groups 

exposed on the surface of DE-CDs, thereby forming a 

structure with enhanced fluorescence efficiency.  To 

verify this hypothesis, the UV-Vis absorption spec‐

trum of the system was initially recorded both in the 

presence and absence of Mn2+.  As depicted in Fig. 4b, 

the UV absorption spectrum underwent significant 

changes upon the addition of Mn2+ .  The absorption 

peak at 280 nm exhibited an increase, while the peak 

at 240 nm experienced a blue shift to 233 nm with en‐

hanced absorption.  This result suggested an increase 

in the π-π* or n-π* transition, which was responsible 

for the enhancement of the observed fluorescence 

signal at 350 nm (Mohagheghpour et al. , 2022).  

Conversely, the broad absorption peak at 500 nm 

remains essentially unchanged after the addition of 

Mn2+ , possibly accounting for the stability of fluores‐

cence intensity at 610 nm.  Furthermore, the fluores‐

cence lifetime was applied to investigate the possible 

mechanism.  The fluorescence decay profile and its 

corresponding fitting parameters for the proposed sys‐

tem are illustrated in Appendix fig.1. The fluorescence 

lifetime of DE-CDs was determined to be 1.85 ns, 

markedly distinct from that of the system with Mn2+ 

(1.91 ns), indicating that the interaction between 

DE-CDs and Mn2+ may trigger the radiative recombi‐

nation of excitations. Based on the aforementioned 

results, we infer that Mn2+ may specifically conjugate 

with DE-CDs, thereby significantly altering the sur‐

face structure of DE-CDs and leading to fluorescence 

Fig. 3　Optical properties characterization of the synthesized DE-CDs
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enhancement at 350 nm.

As we know, the surface structure of DE-CDs is 

closely related to the selected precursor.  The role of 

p-PD was examined by synthesizing control CDs, 

substituting p-PD with other commonly used raw 

materials.  Firstly, control oCDs and mCDs were syn‐

thesized by substituting p-PD with its isomers, 

o-PD and m-PD, respectively.  Apart from the altered 

precursors, all other synthesis conditions remained 

consistent with those of DE-CDs.  As depicted in 

Appendix fig. 2a-b, only a single emission peak was 

observed, and the fluorescence intensity was quenched 

in the presence of Mn2+ .  These results demonstrate 

that oCDs and mCDs could conjugate with Mn2+ ions, 

however, paramagnetic Mn2+ efficiently quenched the 

emission signals.  Additionally, commonly employed 

raw materials such as ethylenediamine, glutathione, 

and formamide were employed as precursors to substi‐

tute p-PD.  The results are shown in Appendix fig. 2c-e 

and none of these control CDs exhibit unique dual-

emission properties, proofing the high importance of 

involving p-PD as the precursor in this system.  More 

fascinatingly, these control CDs cannot even coordi‐

nate with Mn2+ and generate coordination-induced 

enhancing/decreasing signals.  Based on the afore‐

mentioned findings, it is proposed that Mn²⁺ can effi‐

ciently conjugate with the binding scaffolds exposed 

on the surface of DE-CDs.  The binding scaffolds are 

likely composed of carboxyl groups derived from 

L-aspartic acid and amino groups from p-PD, as the 

surface structure of DE-CDs is intrinsically linked to 

the chosen precursor.  Upon Mn² ⁺ conjugation, a 

structure with enhanced π -π* and n-π* transitions 

emerged, thereby significantly increasing the UV-Vis 

absorption at 280 nm.  Simultaneously, the fluores‐

cence lifetime extended from 1. 85 ns to 1. 91 ns.  In 

light of the presented findings, the hypothesized 

binding structure between Mn² ⁺ and the surface of 

DE-CDs is illustrated in Fig. 4c.

Since the analytical performance is closely re‐

lated to the reaction condition between as-synthesized 

DE-CDs and Mn2+ , the influence of pH, buffer type/

volume, and dosage of DE-CDs was investigated.  

Among these conditions, we first examined the influ‐

ence of pH value, as it can directly affect the intrinsic 

fluorescence properties of DE-CDs through surface 

protonation and deprotonation processes.  As the pH 

value decreased from 10. 0 to 6. 0, the fluorescence 

Fig. 4　The sensing mechanism of the proposed assay
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signal at 350 nm increased; however, the excess H+ in 

acidic conditions may also impede or compete with 

the Mn2+ coordination process, thereby potentially af‐

fecting signal enhancement.  As shown in Appendix 

fig. 3a-c, the highest ΔF350/F610 value was achieved at 

pH 7. 0, thus, 30 μL Tris-HCl buffer (pH 7. 0) was 

utilized in the following assay to achieve better detec‐

tion performance.  Additionally, the fluorescence signal 

is closely linked to the concentration of the as-prepared 

DE-CDs, which was further optimized.  As illustrated 

in Appendix fig. 3d, the ΔF350/F610 value markedly 

increases as the volume increases from 100 to 200 μL; 

however, the ΔF350/F610 value decreases upon further 

volume increase.  The most significant difference of 

ΔF350/F610 value is observed at 200 μL, thus 200 μL is 

selected in the following experiments.  Based on the 

aforementioned results, the Mn2+ determination pro‐

cess was performed in a system containing 200 μL of 

as-prepared DE-CDs and 30 μL of Tris-HCl buffer 

(pH 7. 0).

The analytical performance of this ratiometric 

assay was then investigated under optimal condi‐

tions.  The fluorescence emission spectra of DE-CDs 

were recorded in the presence of different concentra‐

tions of Mn2+ .  As shown in Fig. 5a, the fluorescence 

intensity at 350 nm is gradually raised with the 

increased concentration of Mn2+ , while the signal at 

610 nm remains stable.  Thus, by employing the fluo‐

rescence intensity at 350 nm as the responsive signal 

and 610 nm as the internal reference, a ratiometric 

sensor for Mn2+ analysis was established.  Fig. 5b illus‐

trates that the F350/F610 value exhibits a strong linear 

relationship with Mn2+ concentrations ranging from 

0. 9 to 15 μmol/L, with the linear equation deter‐

mined as y=0. 344 62x+2. 4 (R2=0. 992).  In this 

linear equation, x and y represent the concentration of 

Mn2+ and the signal ratio of DE-CQDs at 350 nm and 

610 nm, respectively.  Under the optimal conditions, 

the limit of detection (LOD) is calculated to be 

61 nmol/L based on the 3σ/k theory, which is compa‐

rable to other work (see Appendix table 2) and lower 

than the Mn2+ content in whole blood and cellular 

organelles.  These findings demonstrate that the pro‐

posed assay exhibits exceptional sensitivity, making it 

suitable for applications in biological systems and 

cellular imaging.

Subsequently, the stability of the proposed 

ratiometric assay was further explored.  To test the 

stability of the proposed assay, the constructed system 

was challenged with different concentrations of NaCl 

or KCl.  As shown in Appendix fig. 4, the ΔF350/F610 

value remained stable even when 30 mmol/L NaCl or 

KCl was added into the system, exhibiting a strong 

resistance to salt interference.  Additionally, the 

system's stability was assessed by subjecting it to 

varying incubation times.  The results are depicted in 

Fig. 5c, indicating a stable ΔF350/F610 value even as the 

incubation time extends from 10 mins to 480 mins 

(8 h).  This result also demonstrates that the reaction 

between Mn2+ and DE-CDs is fast and can be finished 

within 10 mins, which provides powerful evidence to 

construct a rapid analysis method for Mn2+.

In addition to sensitivity and stability, specificity 

stands as another critical property inherent in analytical 

methodologies.  In order to assess its specificity, the 

proposed assay underwent initial testing with various 

metal cations and anions, including Ca2+ , Mg2+ , Na+ , 

K+, Zn2+, Ba2+, Pb2+, Co2+, Cd2+, F-, Br-, I- and ClO-.  As 

depicted in Fig. 5d, solely Mn2+ elicited a fluorescence 

signal enhancement at 350 nm, whereas all other 

specimens manifested a signal akin to that of the 

blank sample.  These results demonstrate that the 

proposed ratiometric assay is highly specific towards 

Mn2+ over other interferents, showing great potential 

for analysis in real samples.

To further validate the anti-interference capability 

of the proposed system in intricate biological settings, 

we examined the signal response of the system 

through the mixing of Mn2+ with various metal ions 

and biomolecules, including Ca2+ , Mg2+ , Zn2+ , Ba2+ , 

Na+ , K+ , Ag+ , glycine, serine, leucine, threonine, me‐

thionine, valine and glucose.  The concentration of 

these interferents is fixed at 700 μmol/L, which is 

100 times higher than Mn2+.  As illustrated in Table 1, 

the observed relative error falls within the range of 

±5. 0%, unequivocally indicating that the presence of 
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these interfering substances does not impede the deter‐

mination of Mn2+ , despite their concentration being 

100 times that of Mn2+ .  Based on these analytical 

performance evaluations tested above, this proposed 

ratiometric assay exhibits high sensitivity, strong 

stability, and excellent specificity towards Mn2+ , 

rendering it suitable for Mn2+ analysis in biological 

specimens.

2. 4　Real sample application and cell imaging

A practical assay should be applicable for target 

analysis in complex environments.  In this section, 

the Mn2+ content in river sample were initially evalu‐

ated using the proposed assay, followed by a compara‐

tive analysis with the results derived from the 

national standard method, formaldehyde oxime spec‐

trophotometry (HJ/T344-2007).  The river samples 

were collected from the Yan River, a significant fluvial 

system in the region.  Large particulate impurities in 

the river sample were initially removed using a 

double layer of filter paper.  Subsequently, a 0. 22 μm 

filter was employed to eliminate finer particulate 

impurities, thereby ensuring the samples' purity.  

Table 1　Effect of interfering ions and biomolecules on the proposed system

Interferent

Ca2+

Mg2+

Na+

K+

Zn2+

Ba2+

Ag+

Interference folds

100

100

100

100

100

100

100

Err. /%

-1. 4

-0. 96

-0. 24

-2. 2

3. 6

2. 7

0. 74

Interferent

Glycine

Serine

Leucine

Threonine

Methionine

Valine

Glucose

Interference folds

100

100

100

100

100

100

100

Err. /%

0. 63

-0. 32

4. 30

-0. 84

4. 20

-3. 30

3. 20

Fig. 5　Analytical performance of the proposed ratiometric assay
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Probably due to the exceedingly low concentration, 

both methods failed to detect Mn2+ in the river 

sample.  To further evaluate the accuracy of the pro‐

posed assay, 1. 60, 2. 00 and 3. 00 μmol/L of standard 

Mn2+ was added into the real sample and the addi‐

tional concentrations were tested to be 1. 57, 2. 07 

and 2. 96 μmol/L, respectively, with a good recovery 

ranging from 98. 12% to 103. 50%, which indicate 

the high accuracy and reliability of the proposed assay 

(Table 2).  Subsequently, the DMEM cell culture 

medium, containing a high concentration of amino 

acids, salt, and various biomolecules, was used as the 

model to mimic the complex biological fluid.  The 

analytical performance of the constructed assay was 

evaluated in this mimic biological fluid by adding 

diluted DMEM into the detection system containing 

various concentrations of Mn2+.  The results shown in 

Table 2 suggest that the proposed assay works well in 

this complex DMEM matrix.  Based on the calibration 

curve constructed at the same time, the content of 

spiked Mn2+ was tested to be 1. 61, 2. 01 and 

3. 08 μ mol/L, respectively, with the calculated 

recovery ranging from 100. 50% to 102. 70%.  More 

fascinatingly, even if complete cell culture (DMEM + 

10% FBS) was used as the mimicked biological 

fluid, the analytical performance was not affected.  

These results demonstrate that the proposed ratio‐

metric assay shows high reliability and accuracy 

which could be successfully applied for Mn2+ analysis 

in complex biological samples.

Moreover, the feasibility of applying synthesized 

DE-CDs as an effective probe for Mn2+ imaging in 

cells was investigated.  Before the cell imaging, CCK8 

assays were performed to estimate the cytotoxicity of 

the prepared DE-CDs.  As shown in Appendix fig. 5, 

the survival rate of the MKN-45 cells is over 90%, 

which indicates low toxicity and excellent biocom‐

patibility of the synthesized particles.  Afterwards, 

MKN-45 and LO2 cells were treated with DE-CDs 

followed by confocal microscope imaging (Fig. 6).  It 

is obvious that blue fluorescence could be observed, 

demonstrating the as-prepared DE-CDs could be 

applied for cell imaging.  When 5 μmol/L Mn² ⁺ was 

introduced and incubated with the above-stated 

imaging system, Mn²⁺ could efficiently conjugate to the 

surface of DE-CDs, thereby modifying their surface 

structure and markedly enhancing their fluorescence 

emission.  Fig. 6 clearly demonstrates that the blue 

fluorescence emission from MKN-45 and LO2 cells is 

significantly enhanced upon the addition of DE-CDs 

and Mn²⁺ to the system, likely due to the conjugation 

of Mn²⁺ with DE-CDs.  It should be noted that the pre‐

pared DE-CDs can be excited across a quite broad 

wavelength range (Fig. 4a), consequently, in cases 

where some biomolecules including tryptophan, and 

tyrosine cause interference in the determination, an 

Table 2　Recovery results of the determination of Mn2+ in real sample （n = 5）

Sample

River sample

DMEM

DMEM

+10% FBS

Spectrophotometry/

（μmol·L-1）

ND

ND

ND

This method

Content/（μmol·L-1）

ND

ND

ND

Added/（μmol·L-1）

1. 60

2. 00

3. 00

1. 60

2. 00

3. 00

1. 60

2. 00

3. 00

Found/（μmol·L-1）

1. 57

2. 07

2. 96

1. 61

2. 01

3. 08

1. 60

2. 04

2. 98

Recovery/%

98. 12

103. 50

98. 67

100. 60

100. 50

102. 70

100. 00

102. 00

99. 33

RSD/%

3. 1

1. 5

2. 9

1. 8

1. 5

1. 0

1. 2

1. 0

1. 5

Note：“ND” represent “Not Detected”.
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alternative excitation wavelength can be selected.  In 

addition, the quantification process was performed 

according to the fluorescence enhancement caused by 

the coordination between DE-CDs and Mn2+ cation, 

therefore, the autofluorescence signal from cells can 

be regarded as background signals and adjusted 

through the blank sample.  Based on the results pre‐

sented and discussed above, the prepared DE-CDs 

could be successfully applied for Mn2+ imaging and 

quantification in cells.

3　Conclusions

In summary, we successfully synthesized the 

DE-CDs and constructed a simple, rapid, and practi‐

cal ratiometric approach to selectively detect Mn2+ .  

The DE-CDs with unique dual-emission properties 

were first synthesized through the simple hydrother‐

mal method by using L-aspartic acid and p-PD as 

raw materials.  In the presence of Mn2+ , the fluores‐

cence intensity of the DE-CDs at 350 nm was signifi‐

cantly enhanced while the signal at 610 nm remained 

stable.  Therefore, a ratiometric sensor for Mn2+ deter‐

mination was constructed and the sensing mechanism 

was further investigated.  Based on this special Mn2+-

induced ratiometric sensing approach, this sensor 

achieved excellent linear relationship and outstanding 

sensitivity, selectivity, and stability, which could be 

further applied in complex biological samples and cel‐

lular imaging.  We believe that the present data and 

method considerably extend the current knowledge 

and provide us with a novel route in establishing the 

DE-CDs-based ratiometric sensor for Mn2+ analysis.
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基于双发射碳量子点的比率型荧光探针在

Mn2+传感与细胞成像中的应用
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摘要：Mn作为一种人体必需的微量元素，在众多生命过程中都发挥着重要作用。近期研究发现，Mn2+可独立

激活 cGAS-STING 通路，显著提高免疫治疗效果。但由于 Mn2+特异性分子探针的缺失，导致 Mn2+介导 cGAS-

STING通路免疫调控分子机制的相关研究滞后。因此，急需构建活细胞内Mn2+的检测与成像方法。本文使用天

冬氨酸与对苯二胺为原材料，通过一步水热法合成了具有双发射特性的碳量子点。当Mn2+加入碳量子点溶液时，

碳量子点在 350 nm 处的荧光发射峰显著增强，而其在 610 nm 处的发射强度基本保持不变。因此，使用 350、

610 nm处的信号值分别作为响应信号与参比信号，便可构建特异性识别Mn2+的比率型荧光探针。在最优的条件

下，该探针在0.9~15 μmol/L之间具有良好的线性范围，检出限为61 nmol/L。该探针得益于Mn2+介导的比率型荧

光信号响应，使其具有出色的灵敏度、特异性以及稳定性，能进一步应用复杂生物样品中Mn2+的分析检测与细

胞成像，对Mn2+介导 cGAS-STING通路免疫调控分子机制的研究具有潜在的应用价值。

关键词：Mn2+；碳量子点；比率型；细胞成像；荧光
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