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ABSTRACT: Fluorescence of citrate-Cu?" was observed here. Citrate aqueous solution by itself showed
weak fluorescence, and the fluorescence intensified about eighth fold (quantum yield increased over eighty
fold) with the presence of appropriate Cu®" ion concentrations at two different pH conditions. Only a certain
specific ratio of citrate-Cu®>* generated homogenous particles of a particular size, which showed intensified
fluorescence. Intensified fluorescence of citrate-Cu?* complex was depressed by the presence of EDTA.
The coordination between Cu’?’ ion and citrate was probably through electrostatic chelation via the
carboxylate group of citrate, because the required amount of Cu?* ion decreased to obtain the fluorescent
citrate-Cu>" complex species, with the increase of pH; and the presence of ethanol disrupted the formation
of this strong fluorescent citrate-Cu?* complex species. This provides fresh insight into the molecular basis
of fluorescence characters of citrate-Cu®" complex, and into the microscopic mechanisms of charges’ and
polarity’s effect on the interaction between solutes within the multiple component solution. This study
reveals a fresh theoretical understanding of citrate for Cu®* ion detection, stabilization, and elimination.

Keywords: Ethanol aqueous solution; Citrate fluorescence; Soluble Cupric citrate complex; Particle size;
Copper elimination

1. Introduction

Copper ion is a physiologically important metal ion, and the need for biological detection and
monitoring is constantly there [1-8]. On one hand, copper (Cu) is an essential trace metal that plays critical
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roles in various biological processes, including oxidative metabolism (in like cytochrome c oxidase) [9],
neurotransmitter synthesis, ion homeostasis, connective tissue formation, and in the antioxidant defense
system enzymes like superoxide dismutase (SOD) [10,11]. To maintain optimal cellular function,
organisms have evolved tightly regulated copper trafficking and storage mechanisms [10]. On the other
hand, disruptions in copper homeostasis are implicated in numerous pathological conditions. For example,
elevated copper levels have been linked to neurodegenerative disorders such as Alzheimer’s disease and
Parkinson’s disease [12], where copper-mediated oxidative stress contributes to neuronal damage.
Conversely, copper deficiency can lead to hematological disorders [13], impaired neurodevelopment, and
connective tissue abnormalities [14—16]. Short term symptoms of Cu deficiency include fragile hair;
depigmentation of the skin; muscle weakness (myeloneuropathy); neurologic abnormalities (ataxia,
neuropathy); hepatosplenomegaly; osteoporosis; anemia (usually normocytic; sometimes macrocytic and
occasionally with microcytic cells) [17], neutropenia, and rarely thrombocytopenia [18].

Given the narrow concentration range at which copper is beneficial versus deleterious, sensitive,
specific, and biocompatible precise detection and monitoring of Cu®* ions in biological matrices is vital
[3,5,11,19-21]. Reliable quantification of Cu levels in tissues, blood serum, or even at the subcellular level
can guide the diagnosis of copper-related diseases, monitor disease progression, and evaluate therapeutic
[5,22,23]. Consequently, the development of sensitive, selective, and biocompatible probes and assays for
copper ion detection and downstream elimination remains a key focus in water treatment, bioanalytical
chemistry, and medicine [8,24-26].

A variety of analytical methods have been developed to detect and quantify copper ions in biological
and environmental samples. Traditional techniques such as atomic absorption spectroscopy (AAS),
inductively coupled plasma mass spectrometry (ICP-MS), X-ray Absorption Spectroscopy (XAS), NMR,
and electrochemical assays have provided foundational platforms [27-33]. However, these methods often
require complex sample preparation and expensive instrumentation and are not always amenable to real-
time or in situ measurements. Advances in polymeric nanomaterials [4,34], DNAzyme-based sensors [35],
and FRET-based (Forster Resonance Energy Transfer) probes have expanded the toolkit available for
copper detection [36,37].

Small-molecule-based probes and sensors, particularly those that use fluorescence or colorimetric
changes upon binding metal ions, including Cu** ions, have gained significant attention for their simplicity,
rapid response, and high sensitivity [7,38,39]. The detection, examination, and binding of copper ions by
using small molecules are an important issue, both theoretically and practically. Generally, the metal probes
were divided into two types, binding- and activity-based fluorescence probes. Common fluorophore
scaffolds include 1,8-naphthalimide, 4,4-difluoro-4-bora-3a,4a diaza-s-indacene (BODIPY), cyanine,
coumarin [40], fluorescein, Serotonin [25] and rhodamine derivatives, efc. [2,6,22,41]. Meanwhile, the
identification process by using fluorescence probes involves various principles such as intramolecular
charge transfer (ICT), twisted intramolecular charge transfer (TICT), photoinduced electron transfer (PET),
aggregation-induced emission (AIE), excited state intramolecular proton transfer (ESIPT), or fluorescence
resonance energy transfer (FRET) [42]. Some of those fluorescent probes are difficult to synthesize, some
are not human body friendly, and may be difficult for excretion [2,6,22,43].

Citrate is a tricarboxylate anion, a sort of nutrient naturally present in certain fruits, certainly human
body friendly, and can be a kind of chelating agent. Citrate can bind to metal ions, including copper ions
(Cu?*, cupric ion), to form stable complexes [27,30,31,44—46], which is clinically applied in the formulation
of a medicine cuprocitrol. This chelation prevents metal precipitation, and stabilizes its ionic form in
solution [46,47]. Although interaction between Cupric ion and citrate and their crystals has been studied
before, the fluorescence and molecular mechanism of soluble citrate-copper complex remain elusive. Here,
this study examined the fluorescence of soluble citrate-copper complex, which laid the foundation for Cu**
ion detection in vitro or in vivo, stabilization, excretion, and elimination by using citrate.
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2. Results and Discussion
2.1. Fluorescence of Citrate-Cu®* (Cupric Citrate) Complex

Fluorescence of citrate-Cu?* (Cupric citrate) complex in aqueous solution was observed at two different
pHs, pHS and pHS, Figure 1. Citrate sodium aqueous solution by itself has weak fluorescence at pHS, pH7,
and pHS, and this weak fluorescence was not affected by the presence of EDTA, Figure S1. And the
presence of an appropriate amount of Cu?" ion increased the fluorescence significantly, about eighth fold
in intensity, Figure 1. The fluorescence quantum yield Q increased from ~0.000046 to ~0.0039 (pHS),
from ~0.000074 to ~0.0067 (pHS). It must be noted that the final concentration of Cu** ion required for
the generation of strong fluorescent citrate-Cu®" complex was different at pH5 and pH8, being 1.2 mM and
8.3 uM, respectively. And the fluorescence peak was at ~763 nm and ~756—758 nm for pH5 and pHS,
respectively. This relatively strong fluorescence of citrate-Cu** complex was depressed by the presence of
EDTA. The final concentration of the samples here, if present, were 50 mM citrate and 50 mM citrate plus
5 mM EDTA. Therefore, this observation indicates a kind of chelation-enhanced fluorescence.

Both citrate-Cu** complex and free citrate showed fluorescence. This meant that a fraction of citrate
ions in aqueous solution was in a structure and state with electrons distributed in a way that was probably
partially conjugated. And the presence of copper ion probably stabilized and promoted the conjugation
system, thus enhancing fluorescence. Although different in fluorescence intensity at the same citrate
concentrations, the emission wavelength was virtually the same for most Cu®* present and absent samples
at both pHs (~761-762 nm), Figures 1 and S1. Only when fluorescence was strongly enhanced by different
specific Cu?" concentrations at two pHs, did the fluorescence emission peak wavelength value seem to
diverge more greatly (~763 nm and ~756—758 nm at pHS5 and pHS, respectively).
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Figure 1. Light Spectrometry of citrate-Cu®** complex. (a) Fluorescence spectra of citrate-Cu?* complexes in aqueous solution
at pHS. (b) This relatively strong fluorescence was depressed by the presence of EDTA in aqueous solution at pH5. The two
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samples were 50 mM citrate, pH5, with 1.2 mM Cu?*, and 50 mM citrate, pH5, with 1.2 mM Cu?* plus 5 mM EDTA of pH5.
The fluorescence of citrate-Cu?>’-EDTA mixture was at a level similar to that of free citrate, or free citrate plus EDTA, as shown
in Figure S1. (¢) Fluorescence spectra of citrate-Cu?" complexes in aqueous solution at pH8. (d) Excitation spectra of citrate-
Cu?* complex. For both pH5 and pHS, the concentration of citrate is 50 mM.

2.2. Fluorescent Citrate-Cu®" Species Exhibited Distinct Soluble Oligomerization State

To further characterize citrate-Cu?* complex, particle sizes of samples in aqueous solution were tested
at different conditions by using Malvern Panalytical Zetasizer Pro instrument. The particle size of the
fluorescent citrate-Cu?" species, as obtained from dynamic light scattering, was different from that of the
citrate-Cu>" solutions at other ratios; although the particle sizes of the most fluorescent citrate-Cu>" species
at pH5 (Figure 2a) and pHS8 (Figure 2b) were not the same either.

The ~0.2~0.3 um particle was probably responsible for the fluorescence of citrate-Cu?>* complexes at
pHS5 (50 mM citrate with 1.2 mM Cu?"), in the homogeneous solution. Homogeneous complex formed
between citrate and Cu?’, as suggested by the regression analysis and curve fitting of the dynamic light
scattering result of the complex; there is a good fit between the simulated curve (~258 nm) and
experimental data (Figure S2). And this soluble homogeneously distributed ~0.2~0.3 um particle was the
major component detected in the aqueous solution (Figures 2 and S2). The absorption spectra of citrate
with various Cu®" concentrations in aqueous solution were also examined at pH5, pH7, and pHS, Figure
S3, which were in agreement with published results.

The core of the fluorescent citrate-Cu>* complex particle was proposed, Figure S4. Although it’s
possible that the hydroxyl group of citrate might be involved in coordination with metal ions, as found in
citrate-Ni** complex crystal and citrate-Fe?" complex crystals [48], Figure S4a,b; it’s more likely that the
Cu** ion was chelated by the carboxylate group of citrate, Figure S4c,d, considering the ratio and
characteristics of the interaction.

Charges and polarities affected the formation of fluorescent citrate-Cu®" complex species, which
supported the proposed chelation profile, Figure S4c,d. As the deprotonated carboxylate group was more
likely to attract Cu®* ions based on electrostatic interaction [49], it’s very likely that the depression of
deprotonation of citrate might affect the interaction between citrate and Cu?>* ion and thus the formation of
fluorescent citrate-Cu®" complex core. Indeed, with the increase of pH, the required amount of Cu** ion
decreased to obtain the brightly fluorescent citrate-Cu®>" complex species. Additionally, the presence of
ethanol in citrate aqueous solutions disrupted the emergence of sharply elevated fluorescence at any
concentration of Cu?" ions in all the about a hundred samples tested, Figures S5 and S6. Therefore, the
polarity of the solutes in the solution system and the protonation and/or dehydration of citrate affected the
formation of strongly fluorescent citrate-Cu?" complex species. So, the strongly fluorescent citrate-Cu®*
species was probably a weakly associated soluble particle originated from citrate oligomers. The
coordination of the core of the fluorescent citrate-Cu" particle was strongly dependent on the charges of
citrate, and the polarity features of the solutes might affect the propagation of the core into the large
fluorescent particle.

This observation suggested that citrate could not only be used to detect the presence of Cu®* ion, to
solubilize, stabilize, separate, and isolate Cu?" ion from aqueous solutions, it may be used for the
quantification of Cu** ions at certain conditions as well. Citrate has been used to chelate Cu*" ion and
remove it from aqueous solutions through ultrafilter membrane [50—53], and here, the detailed mechanism
behind this separation based on size difference was explicitly indicated. Here, it’s quite clear that the soluble
particle size of citrate-Cu?* complex depends critically on the ratio between these two components. And
therefore, the use of citrate for the coordination and elimination of Cu?>" ion can be better tuned for
purification and excretion purposes.
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Figure 2. Particle size of free citrate and citrate-Cu** complexes. The particle size as obtained from dynamic light scattering, of
the strong fluorescent citrate-Cu®" species formed was different from that of the citrate-Cu?" solutions observed at other ratios,
at both pH5 (a) and pHS (b).

3. Experimental Procedures, Materials and Methods

UV-Vis spectroscopy, fluorescence spectroscopy, and particle size analysis were employed to study
the influence of varying copper ion concentrations and pH on the citrate solution system’s optical properties
and nanostructure.

3.1. Light Spectrophotometry (Fluorescence Spectrometry and UV-Vis Spectrometry) of Citrate-Cu’* Solution

Fluorescence spectrometry was tested by using an RF-5301PC fluorescence spectrometer from the
Shimadzu company (Kyoto, Japan). UV-Vis spectrometry was tested by using a UV-2600 UV-Vis
spectrophotometer from Shimadzu (Kyoto, Japan). Fluorescence spectrometry was collected by using
LabSolutions RF software (V2.04). UV-Vis spectra were collected using Shimadzu LabSolutions UV-Vis
software (UV Prob v2.70). Light spectrometry was carried out at ambient temperature.

3.1.1. UV-Vis Light Spectrometry

UV-Vis absorption spectra of citrate-copper complex at various conditions were tested by using a
buffer system of 50 mM sodium citrate (pH 5, 7, 8), 0.15 M NaCl, with copper ion gradient of 0 uM, 1 uM,
10 uM, 100 puM, 1 mM, 10 mM. The final concentration of sodium citrate in the system was 50 mM. The
scanning range was set to 200-800 nm. The corresponding empty buffer (without copper) was used as a
reference, respectively, Table S1.

3.1.2. Fluorescence Spectrometry

For fluorescence spectrometry of sodium citrate at various copper ion concentrations, the slit width
was set to EX: 10 nm, and EM: 5 nm. The excitation wavelength was set to 380 nm, and the scanning speed
was set to slow. The fluorescence spectrometry of citrate-copper complex was examined at two different
pHs, pHS and pHS8. The aqueous buffer solution used for fluorescence at pH 5 was 50 mM citrate pHS, 0.15
M NaCl with copper ion gradients of: 0 uM, 1 uM, 10 uM, 100 pM, 200 uM, 800 uM, 1.0 mM, 1.2 mM,
1.5 mM, 2.0 mM, 5.0 mM; The aqueous buffer solution used for fluorescence at pH 8 was 50 mM citrate
pHS&, 0.15 M NaCl with copper ion gradients of: 0 uM, 1 uM, 2 uM, 5 uM, 7 uM, 8.3 uM, 10 uM, 20 uM,
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50 uM, 100 pM, 1.0 mM, 5.0 mM. Table S2. And then fluorescence spectra of citrate aqueous solutions in
the presence of 10 mM Cu?" ions, Figure S7.

To verify the specific role of copper ions, and to confirm the specificity of copper ions, pH-matched
EDTA (5 mM final concentration, if present) was introduced into the sodium citrate-copper solution (pH
5.0/7.0/8.0), and fluorescence spectra were recorded. The detailed experimental methodology is outlined
below. To obtain the excitation spectra, the most fluorescent citrate-copper samples were selected (with
copper ion concentration listed as follows, pH 5.0, 1.2 mM; pH 8.0, 8.3 uM). The excitation spectra were
obtained via setting the examined characteristic emission wavelength at 758 nm (pH 5.0), and 756 nm (pH
8.0), respectively. The excitation wavelength was found to be mainly at 380 nm. These samples were
selected, citrate solution without copper ion sample (0 pM) and the two most fluorescent citrate-copper
samples (pH 5.0, 1.2 mM; pH 8.0, 8.3 uM), for the addition of pH-matched EDTA (final concentration 5
mM). Then, the fluorescence spectroscopy was performed, and EDTA significantly decreased the
fluorescence of these two citrate-copper samples (pH 5.0, 1.2 mM; pH 8.0, 8.3 uM). For citrate solution
without copper ion samples (0 pM), the addition of EDTA did not extinguish the fluorescence, in fact with
little change, Figure S1.

3.2. Solvated Particle Size Examination

Particle sizes of samples in aqueous solution were tested at different conditions by using the Malvern
Panalytical Zetasizer Pro instrument (Malvern Panalytical Ltd., Grovewood Road, Enigma Business Park,
Malvern, Worcestershire, WR14 1XZ, UK). The sample volume was about 1 mL. The software used for
data collection was ZS XPLORER—4.2.0.

Prepare solution systems with a final concentration of sodium citrate of 50 mM (pH 5.0, or 8.0) in 0.15
M NaCl, with a final concentration gradient of copper sulfate (0—5 mM). After equilibration at 4 °C, 1 mL
of the sample (with 50 mM sodium citrate, pH 5.0 or pH 8.0 and copper ion gradient in 0.15 M NaCl) was
analyzed at ambient pressure, with ultrapure water as the reference. Measurements were conducted in
ascending order of copper ion concentration, sequentially assessing the pH 5.0 groups (0 uM, 1 uM, 10 uM,
100 uM, 200 pM, 500 uM, 800 uM, 1.0 mM, 1.2 mM, 1.5 mM, 2.0 mM, 5.0 mM) and then the pH 8.0
groups (0 uM, 1 uM, 2 uM, 5 uM, 7 uM, 8 uM, 10 pM, 20 pM, 50 uM, 100 uM, 1.0 mM, 5.0 mM). The
dynamic light scattering experiment was carried out in batch runs, and the sample chamber temperature
was set at 4 °C. Table S3.

3.3. Fluorescence Spectrum of Sodium Citrate-Copper-Ethanol System

Fluorescence spectrometry was employed to investigate the effect of varying concentrations of copper
ion (Cu?") and ethanol (EtOH) on the fluorescence characteristics of citrate. Sometimes, ethanol decreases
the solubility of metal ions in aqueous solution and promotes the interaction with ligands [54-60]. Prepare
solutions with sodium citrate at a final concentration of 50 mM in 0.15 M NaCl system. Different
concentration gradients of ethanol (1%, 2%, 5%, 10%, 20% w/v) and copper ions were established, and
tests were conducted under two pH conditions (pH 5.0 and pH 8.0).

Fluorescence spectrometry was tested by using an RF-5301PC fluorescence spectrometer from the
Shimadzu company (Kyoto, Japan). Fluorescence spectrometry was collected by using LabSolutions RF
software (V2.04). Light spectrometry was carried out at ambient temperature.

For fluorescence spectrometry of sodium citrate at various copper ion concentrations, the slit width
was set to EX: 10 nm, and EM: 5 nm. The excitation wavelength was set to 380 nm, and the scanning speed
was set to fast. The aqueous solution used for fluorescence was 50 mM sodium citrate, 0.15 M NaCl and
different concentration gradients of ethanol (1%, 2%, 5%, 10%, 20% w/v). The Cu** ion gradient at pH 5.0
was set as follows, 0 uM, 1 uM, 10 uM, 100 uM, 200 uM, 500 uM, 800 uM, 1.0 mM, 1.2 mM, 1.5 mM,
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2.0 mM, 5.0 mM; The Cu** ion gradient at pH 8 was set as follows, 0 uM, 1 pM, 2 uM, 5 uM, 7 uM, 8 uM,
10 uM, 20 uM, 50 uM, 100 uM, 1.0 mM, 5.0 mM.

3.4. Examination of Fluorescence Quantum Yield

A reference fluorescent protein with known quantum yield (mRuby, QY = 0.35), was chosen as a
quantum yield standard to calibrate the quantum yield of Sodium citrate and copper complex under two pH
conditions (pH 5 and pH 8).

Using a fluorescence spectrophotometer, the fluorescence emission spectra of both the target sample
(Sodium citrate and copper) and reference protein (mRuby) were recorded with identical parameters (slit
widths: excitation 10 nm, emission 5 nm; scan range covering the full emission peak of the target sample:
220-900 nm). Peak areas of the two most fluorescent samples were obtained through integration by using
Origin software (Origin Student Version/Learning Edition, version number Origin2021, denoted as Fsodium
citrate and copper and FR) It was found that Fsodium citrate and copper ~ 3858 (pHS), FSodium citrate and copper = 1769 (pHS),
Fmruby = 21,302. Data Processing and Quantum Yield Calculation was based on the function below,

Dsodium citrate and copper = DR X (FSodium citrate and copper/FR) X (AR/ASodium citrate and copper) X (DZSOdium citrate and Copper/an)

The quantum yield of the sample is obtained by using the reference protein’s quantum yield (®r) and
the ratio of their absorbance at the excitation wavelength and the integrated emission peak areas. The
absorbance at the excitation wavelength and the emission peak area for both the sample and reference
protein are used to determine the quantum yield of the sample relative to the reference. Fsodium citrate and
copper/FmRuby = (0.18115 (pHS), Fsodium citrate and copper/FmRuby = 0.08308 (pHS), AmRuby/ASodium citrate and copper —
0.06122 (pHS), AmRuby/ASodium citrate and copper = 0.23077 (pH8), then the intensified fluorescence Qsodium citrate
and copper =~ 0.0039 (pHS5), Qsodium citrate and copper = 0.0067 (pH8). And the fluorescence Q = 0.000046 (pHS, 10
mM Cu*"), Q = 0.000074 (pHS, 10 mM Cu*").

Fluorescence spectrometry was tested by using an RF-5301PC fluorescence spectrometer from the
Shimadzu company (Kyoto, Japan). Fluorescence spectrometry was collected by using LabSolutions RF
software (V2.04). Light spectrometry was carried out at ambient temperature. Performed by Piaopiao Zhu
in 2025.

Chemical reagents used in this work are summarized below. Sodium citrate, West Asia Chemical Co.,
Ltd. (Xiya reagent, Qingdao, China), Lot number, Y28617. Copper Sulfate, Tianjin Damao Chemical
Reagent Factory (Tianjin, China), Lot number, 20210504. Ethylenediaminetetraacetic Acid Disodium Salt
(EDTA-2Na), West Asia Chemical Co., Ltd. (Xiya reagent, Shandong, China), Lot number, B3127. Ethanol,
Tianjin Zhiyuan Chemical Reagent Co, Ltd. (Tianjin, China), Lot number, 20241201.

Supplementary Materials

The following supporting information can be found at: https://www.sciepublish.com/article/pii/1104,
Figure S1: Citrate sodium aqueous solution by itself has weak fluorescence, Figure 1, and this weak
fluorescence was not affected by the presence of EDTA. Experimental conditions, 50 mM citrate at pHS,
pH7, and pHS, plus 5 mM pH matched EDTA. This spectrophotometry was performed in the same batch
run with that of Figure 1. For free citrate (50 mM), it was shown in Figure 1a,c. Figure S2: Dynamic light
scattering result of the citrate-Cu** complex, the regression analysis and curve fitting showed good fit
between the simulated curve and experimental data, which suggested homogeneous composition in the
examined sample. Figure S3: Absorption spectra of citrate-Cu®" complexes in aqueous solution at pHS5,
pH7, and pHS. Figure S4: The proposed core of the citrate-Cu?* particle. Figure S5: The fluorescence
spectra of citrate aqueous solutions in the presence of ethanol at various concentrations of Cu®* ions. Figure
S6: The fluorescence spectra of citrate aqueous solutions in the presence of ethanol at various
concentrations of Cu®* ions. Figure S7: The fluorescence spectra of citrate aqueous solutions in the presence
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of 10 mM Cu** ions. Table S1: SUV-Vis spectra of copper at various concentrations in sodium citrate.
Table S2. Fluorescence spectra of copper at various concentrations in sodium citrate. Table S3. Dynamic
light scattering of citrate at different.

Statement of the Use of Generative Al and Al-Assisted Technologies in the Writing Process

During the preparation of this manuscript, the authors used DeepSeek-V3.1 and bohrium AI4S in order
to summarize the biological role of copper, to summarize analytical methods to detect and quantify copper
ions in samples, to summarize copper probes and sensors, and to collect related references. After using
these tools/services, the authors reviewed and edited the content as needed and take full responsibility for
the content of the published article.
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