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Abstract

Urine citrate analysis is relevant in the screening and monitoring of patients with prostate cancer
and calcium nephrolithiasis. =~ A  sensitive, fast, easy, and low-maintenance
electrochemiluminescence (ECL) method with conductivity detection for the analysis of urine
citrate is developed and validated by employing polymer of intrinsic microporosity-1
nanoparticles/nitrogen doped carbon quantum dots (nanoPIM-1/N-CQDs). Using the optimum
conditions, the sensor was applied for ECL experiments in the presence of different concentrations
of citrate ion. The ECL signals were quenched gradually by increasing of the citrate concentration.
The linear range of relationship between logarithm of citrate concentration and AECL (ECL of
blank — ECL of sample) was obtained between 1.0x10”7 M and 5.0x10™* M. Limit of detection
(LOD) was calculated to be 2.2x10® M (S/N = 3). The sensor was successfully applied in real

samples such as human serum and patient urine.
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1. Introduction

Citrate is one of the most important anions due to its vital role in the Krebs cycle, which plays the
essential roles in metabolism of aerobic organisms. Measurements of citrate can lead to a better
understanding of certain pathological state, for instance, the reduction of citrate in urine associated
with kidney dysfunction and prostate cancer. Citrate levels existing in the human serum have
concentrations ranging from 0.06 to 0.14 mM. While, they average 25.4 to 28.9 mM in seminal
fluid samples among healthy males. However, these levels are so much lower for the people
diagnosed with prostate cancer (1). To date, conventional methods have been used for citrate
detection include ion chromatography (2), electrochemistry (3), colorimetry (4) and fluorescence
(5). However, these methods usually involve specialized and expensive equipment, complicated
sample pretreatment and time consuming. Therefore, the development of simple, fast and selective

methods for citrate detection is of great significance.

Today sensing based on ECL technique is widely used in various areas because of its tangible
benefits in comparison with other analytical methods. In ECL, combination of light and current
signals, leads to low background noise, high selectivity and sensitivity, and cheap instrumental
determinations in environment, food, and health areas. Emitting materials, that sometimes are
called electrochemiluminophores, are the most important components of the ECL systems.
Therefore, many studies are performed to find and introduce the new types of luminophores due
to the need for firstly replacing with the traditional expensive or toxic ones like Ru(bpy)s** and

secondly improving sensitivity and selectivity for relevant analytes (6-10).

Carbon quantum dots (CQDs) are relatively new kind of carbon materials (discovered in 2004)
with unique features including low toxicity, low cost, and with useful physicochemical properties
such as electrochemiluminescence. In many cases, especially when doped with heteroatoms,
CQDs show enough ECL emission to be applicable as analytical electrochemiluminophores (11-
15). Many ECL sensors based on CQDs are studied and developed for determination of different
analytes starting from simple ions, like heavy metals, to human body complex materials and
disease biomarkers (16, 17). Nitrogen doped carbon quantum dots (N-CQDs) are used in ECL
sensors because of an intense cathodic and anodic ECL signal in comparison to emission from

pristine CQDs (18-20). Doping of nitrogen is performed using nitrogen-containing precursors.



This results not only in doping of N atom into the structure of CQDs, but also in the formation of
N-containing functional groups on the surface of CQDs that leads to more water-soluble and
electrochemically active CQDs. In consequence, depending on the precursors and synthesis
method (the amount and kind of doping/functional groups) in CQDs could have ECL quenching
(or enhancing) properties in the presence of target analytes. For example, synthesizing from urea,
citric acid and dimethylformamide precursors by solvothermal method resulted to N-CQDs that
showed cathodic ECL and had selectively quenching responses to ceftazidime (CFZ) (21). On the
other hand, in other studies, synthesizing CQDs from hydrazine hydrate, citric acid and
dimethylformamide using the same methodology, resulted in N-doped carbon dots (HNCDs) that
could be used for detection of cell-secreted hydrogen peroxide by anodic ECL (18). N-CQDs
synthesized by hydrothermal methods using glucosamine as the carbon and nitrogen source also
were used for determination of Cu?* ions. Here, the ECL strength of the N-CQDs/K>S,0s system
was increased with increasing of the Cu®" ion concentration (22). Practically, trial and error
methods are usually applied to find the appropriate analyte that newly synthesized CQDs are
responsive to. Another strategy is based on using an intermediate probe materials, like polymer
nanospheres, that interact simultaneously with both analyte and luminophore (CQDs) to be

sensitive to analyte producing relevant signal (23, 24).

Previously, it was reported that conversion of bulk Polymer of Intrinsic Microporosity-1 (PIM-1)
into nanoparticles can lead to ECL properties (25). PIM-1 has ion and molecule selective properties
because of a rigid molecular pore structure for sensing (26, 27). Therefore, it is suggested that
PIM-1 nanoparticles could be used for enhancing of both ECL of CQDs and introducing selectivity

to target analytes.

In this work, a bi-layer of PIM-1 nanoparticle/ N-CQDs was prepared and used for citrate
determination. Cathodic linear sweep voltammetry (-0.5 to -2.2 V vs. Ag/AgCl) was used to study
the ECL of sensors for determination of citrate ions. The prepared bi-layer luminophores on the
electrode showed very selective and sensitive ECL signal quenching in the presence of citrate ions
in human serum and in patients urine samples. The linear range was between 1.0x107 and 5.0x10-
4 M and reached to the detection limit of 2.2x10® M. This linearity is very compatible with the

normal amount of citrate ion in healthy male serum (at least 6x10° M) and its maximum amount



in urine of men diagnosed with prostate cancer (2 mM) (28, 29). However different methods have
been used to determine the citrate ion in human body fluids but electrochemiluminescence (ECL)
has not been reported so far (30-32). Therefore, the sensor that will be described in this work could
be applied for fast screening of citrate levels in human biological fluids, especially in urine, for

diagnosing of prostate cancer in early stages.

2. Experimental

2.1. Reagents and Chemicals

Chloroform, dimethylformamide (DMF), methanol, acetic acid (CH3COOH), phosphoric acid
(H3POy4), citric acid, ascorbic acid, uric acid, urea, glucose, potassium oxalate, potassium
persulphate (K2S20g), ammonium chloride, dipotassium hydrogen phosphate (K:HPOs),
potassium dihydrogen phosphate (KH>PO4), potassium acetate (CH3;COOK), potassium hydroxide
(KOH), potassium chloride (KCl), potassium citrate, and boric acid (H3;BO3) were purchased from
Merck. As these chemicals were of analytical grade, they were used without any further
purification. Powder form of PIM-1 that was synthesized previously (33, 34). A solution of
synthesized and well characterized N-CQDs from our previous study was used (21). Deionized
water was used as rinsing agent and solvent for preparation of all buffer solutions. Human serum
was kindly provided by Iranian Blood Transfusion Organization (IBTO) Ardabil, Iran. Urine

sample of a patient diagnosed with prostate cancer was obtained from local hospital, Zanjan, Iran.

2.2. Apparatus

A pStat ECL potentiostat instrument (DropSens, Spain) combined with a home-made three
electrode cell system and a dark box were employed as described in our previous study (21).
Morphology and size distribution of PIM-1 nanoparticles were determined by field emission
scanning electron microscopy (FESEM) images using a TESCAN MIRA3 LMH FE-SEM
instrument. Photoluminescence (PL) studies were performed by fluorescence spectrophotometer
(CARY, Varian). A Shimadzu IR Affinity spectrophotometer (Japan) was used for Fourier
transform infrared (FTIR) spectroscopy. For preventing the observation of the water peak in FTIR
spectra, bulk PIM-1/chloroform solution was mixed with KBr powder and after drying at 110 °C
for 60 min, used for preparation of pellets. Dynamic light scattering (DLS) curves and zeta

potentials were obtained using a Horiba nanoparticle analyzer SZ-100.



2.3.Carbon quantum dots synthesis

A solvothermal method was used for the preparation of nitrogen-doped carbon quantum dots (N-
CQDs) based on literature methods [12-14, 21]. Citric acid (CA), urea and dimethylformamide
(DMF) were used as carbon source, nitrogen source and solvent, respectively. 2 g citric acid and
4 g urea were dissolved in 20 mL of DMF and stirred to obtain a transparent solution. Then the
solution was transferred into a 25 mL Teflon-lined stainless-steel reactor and the sealed reactor
was put into an oven and held at 160 °C for 5 h. The resulting a red-brown solution was cooled
down to room temperature and centrifuged at 4000 rpm for 15 min to remove precipitates. The
obtained supernatant was dialyzed for 3 days using a 2000 Da dialysis bag in deionized water
under magnetic stirring. The dialyzing water was changed every 12 h. The dark grey solution of

N-CQD was taken from the dialysis bag and stored at 4 °C for further application [21].

2.4. Preparation of PIM-1 nanoparticles

The re-precipitation method was used for synthesis of the PIM-1 nanoparticles according to a
previous study with some adjustments (25). 4 mL of PIM-1/chloroform solution (1 mg mL™!) was
added dropwise into 40 mL of methanol under vigorous stirring at room temperature. A yellow
opaque mixture was obtained and stirred for 12 h. Centrifugation for 30 min at 4000 rpm was used
for separation of nanoparticles. The product was then re-dispersed in 1 mL of methanol by ultra-

sonication for 30 min and stored at 4 °C.

2.5. Fabrication of the modified electrode

The glassy carbon electrode (GCE, diameter = 3 mm) was wet-polished firstly with 0.3 and then
with 0.05-micron alumina powder. After rinsing with deionized water, the electrode was dried
under airflow and 5 pL of 0.4 mg mL"! N-CQDs solution was drop-cast onto the electrode. N-
CQDs formed a film on the electrode surface after placing it in an oven at 65 °C for 10 min. After
that, 5 pL of 1.3 mg mL"! methanolic suspension of PIM-1 nanoparticles was drop-cast onto the
N-CQDs film. The drying step was repeated and then the modified electrode was equilibrated for

10 min at room temperature in the dark before being using in experiments (Scheme 1).
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Scheme 1. Schematically illustration of preparation of the sensor

2.6. Preparation of serum and urine samples

For the preparation of serum samples, 5 mL of human serum was mixed with 20 mL of methanol,
sonicated for 5 min for precipitating of proteins, and centrifuged for 15 min (4000 rpm). After
removing of the floating fats, the supernatant was diluted with PBS solution (pH = 7) to a final
volume of 50 mL and used for ECL tests. Spiking of citrate in serum sample before and after
removing protein was tested and there was no significant difference between results.

5 mL of urine samples was heated in a water bath at 70 °C for 15 min, centrifuged for 15 min at
4000 rpm and the clear supernatant was diluted with PBS solution (pH = 7) to a final volume of
50 mL and used for tests.

2.7. ECL experiments

Cathodic ECL studies were performed by applying cyclic voltammetry (CV) using Ag/AgCl (sat.
KClI) reference electrode, platinum rod as counter electrode and a modified or bare glassy carbon
electrode (GCE) as working electrode in a 25 mL ECL cell. Optimum conditions for measurements
were obtained by studying the effect of solutions pH, N-CQDs and nano-PIM-1 amounts on the

electrode, the co-reactant (K2S>Og) concentration, and the scan rate.



3. Results and discussion

3.1. Characterization

The N-CQDs were synthesized according to previous reports with a small modification (35). The
product was characterized using different techniques; the results are described by details in our
previous work (21). FESEM images of nano-PIM-1 show the morphology of drop cast suspension
on a glass substrate (Fig. 1A). Using image analyzer software, spherical shapes with well-defined
size distribution and average diameter of 19.7 nm of nanoparticles were observed. Zeta potentials
of nano-PIM-1 and N-CQDs are shown in Fig. 1B. Low negative zeta potential of nano-PIM-1 (-
4.5 mV) indicate a weak negative charge of the slightly hydrophobic particles (36). It may some
aggregations during drying with nano-PIM-1 layer deposition onto N-CQDs, prevent the
loss/erosion of highly soluble and negatively charged CQDs (zeta potential = -32.8 mV) during
the analysis. This could improve the stability of the sensor. It is noteworthy that as both zeta
potentials were negative. There were no significant electrostatic interactions between N-CQDs and
nano-PIM-1 particles. However, hydrophobic interactions are possible and could contribute to

quenching or enhancing the ECL properties (37).

? Ll N-CQDs Nano PIM-1
' [—
10
-10 -4.5mV
»—8 T
______ Eﬁ ]
220 4 z
Za
-~ £
- ]
E24
E _30 -
_____________ = 0 . : .
E 3 -100 -5 0 50 100
‘g 40 _ 2.5 1 32.8 mV Zeta potential (mV)
= i
o
N 215
Mean: 19.7 nm -50 ‘2 1]
9 é 0.5 4
‘5 -60 - 0 T T T
5 -100 50 0 50 100
Zeta potential (mV)
-70 -
4 16 18 20 2 24 26 28 Substances
Di: (nm)

Fig. 1. FESEM and size distribution of nano-PIM-1 (A), zeta potentials of N-CQDs and nano-
PIM-1 (B).



FTIR spectra of PIM-1 confirm the presence of —C=N (2242 cm™'), C—O—C (1738 cm™), C=C
(1600 cm™), and C—H (1460 cm™) bonds in the polymer structure (Fig. 2A) (38, 39). Optical

properties of synthesized nano-PIM-1 were studied by PL spectroscopy. Fig. 2B illustrates the

survey scan of excitation wavelengths for both bulk and nanoparticle forms of the polymer. As

shown, the emissions of nano-PIM-1 are slightly shifted in comparison with the bulk signal. For

nano-PIM-1, a new emission also is seen at higher wavelengths. As emission wavelengths of bulk

polymer were not changed with different excitation wavelengths (Fig. 2C), nanoparticles showed

completely different property of so-called excitation-dependent emission (Fig. 2D and inset). As

ECL and PL are related to each other in most cases, especially in the case of nanostructures, these

results could be related to the ECL of the nano-PIM-1 in contrast to the bulk PIM-1.
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3.2. ECL properties of nano-PIM-1 and nano-PIM-1/N-CQODs

Cathodic ECL responses of bulk PIM-1, nano-PIM-1, N-CQDs and nano-PIM-1/N-CQDs in the
presence of K»S>0g co-reactant are shown in Fig. 3A. Curves clearly show that although in the
case of bulk PIM-1 there is no ECL signal, for nano-PIM-1 a significant ECL peak is present at a
potential of about -1.7 V vs. Ag/AgCl. In the case of layered nano-PIM-1/N-CQDs, the ECL signal
is considerably enhanced because of the synergic effect of nano-PIM-1 on N-CQDs. ECL stability
of the layered luminophore was studied and the result showed that the ECL sensor has almost
invariable/stable signals in several continues experiments (Fig. 3B). By comparing the ECL curves
of the N-CQDs and nano-PIM-1 (see Fig. 3A), it can be concluded that there are different
mechanisms of ECL for each one from the different excited state energy levels (see the arrow
direction and peak potentials) (40). Proposed ECL mechanism for nano-PIM-1 film on GCE is
illustrated in Fig. 3C. It was shown earlier that surface functional groups of nano-PIM-1 play a
key role in reagentless ECL (25). Here, because of the application of co-reactant and cathodic
current, it is proposed that radical species were created on the nano-PIM-1 surface to form the
nano-PIM-1"" intermediate. These particles may then react with SO4™ radicals to form the excited
states (nano-PIM-1") and finally relaxation leads to ECL emission. The proposed mechanism for
enhanced ECL of nano-PIM-1/N-CQDs is also shown in Fig. 3D. As it is schematically explained,
simultaneous ECL of N-CQDs and nano-PIM-1 produce a total enhanced ECL signal. It is better
to mention that ECL mechanism of N-CQDs are well-known (15, 16, 41) and here this synergic
effect comes from the similar ECL mechanisms of both luminophores that take place in the
presence of persulphate coreactant at the vicinity of the cathode. Similar ECL signal amplifications

were also reported before (42, 43).
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Fig. 3. ECL curves of bulk PIM-1, nano-PIM-1, N-CQDs and nano-PIM-1/N-CQDs in 0.1 M PBS
K2S:08 0.1 M at pH=7 (A), ECL stability curves of nano-PIM-1/N-CQDs (B), proposed ECL
mechanism of nano-PIM-1 film on glassy carbon electrode (C), and proposed ECL mechanism of

layered film of nano-PIM-1/N-CQDs on glassy carbon electrode (D).

3.3. Optimized ECL conditions for prepared sensor

Three different conditions of luminophore settlement on the electrode including (i) bilayer of nano-
PIM-1/N-CQDs/GCE, (i) bilayer of N-CQDs/nano-PIM-1/GCE and (iii) single layer of composite
CQDs-nano-PIM-1 composite/GCE were tested and optimized. ECL results show that the bilayer
with the order of nano-PIM-1/N-CQDs/GCE provides the best ECL signal and the highest
sensitivity to the citrate ion (Fig. 4A inset). Therefore, this was used for all further experiments.
Other experimental conditions that are very effective to ECL intensity including pH of cell
solution, nano-PIM-1 and N-CQD solution concentrations (used for drop casting on the electrode),

potential scan rate of CV, and co-reactant concentration were optimized. As shown in Fig. 4A and



Fig. 4B and Fig. 4B inset, pH = 7, nano-PIM-1 concentration of 1.33 mg mL™' and N-CQDs
concentration of 0.43 mg mL™! were the best conditions and selected for all further experiments.
Fig. 4C shows that the ECL intensity of the sensor was decreased by increasing of the scan rate.
This is opposite to current that usually shows direct relationship with scan rate in CV, and shows
that at slow scan rates, ECL reactions have enough time to occur. A scan rate of 0.05 V s was
selected for experiments. Fig.4D illustrates that by increasing the K>S>Os concentration, ECL
increases until about 0.1 M. This is because the solubility of K2S>Og in 0.1 M buffer solution is
limited and reaches to saturation. Therefore, 0.1 M was selected as optimum concentration of
persulphate (co-reactant).

A B

14

0.8 1

ECL intensity (a.u.)

0.6 1

035 an os 0e
N-CQDsConcentration (mg/ml)

0.4

ECL intensity (a. u.)

0.2

0 0.8 1 1.33 2 4
PIM-1 Concentration (mg/ml)

a

—
—

e

%

e

)
L

e
N
L

=]
'S

ECL intensity (a.u.)
= =
- =

ECL intensity (a. u.)

=3
N
=
[N}

| mmmm 

0.02 0.05 0.08 0.1 0.15 0.2 0 0.02 0.04 006  0.08 0.1 0.12 0.14
Scan rate (V/s) Persulphate concentration (M)

Fig. 4. ECL optimum amounts in different conditions of pH (A), luminophores positions (A inset)

nano-PIM-1 and N-CQDs solutions concentrations (B and inset), scan rate (C) and K»S>Os

concentration (D).



3.4. Analytical performance of the sensor for detection of citrate ion
Using the optimum conditions, the sensor was applied for ECL experiments in the presence of

different concentrations of citrate ions. As shown in Fig. SA,
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ECL signals were quenched gradually by increasing of the citrate concentration. Presence of nano-
PIM-1 and N-CQDs together resulted higher signals and higher sensitivity, which leads to citrate
lower concentration determination compare to employing N-CQDs alone. PIM-1 as a microporous
material (pore size typically 1 nm) was used as selective gas separation membrane in early studies
(44, 45). The compatibility of the pore sizes of the membrane and radius of the gas molecules was
reported as one of the important factors for the selective permeation and separation. On the other

hand, physicochemical behaviour of PIM-1 micropores in aqueous solution leading to its size-



sieving effect has been used in electrochemical applications (46). It could be proposed that the
selectivity of the sensor is related to citrate ion size and its interaction with micropores that lead to

quenching of both nano-PIM-1 and N-CQDs ECL signals.

An acceptable linear range of relationship between logarithm of citrate concentration and delta
ECL (ECL of blank — ECL of sample) was obtained between 107 M and 5x10™* M (Fig. SA inset).
This linear range meets the analytical challenge for citrate concentration detection in human serum
and in urine and therefore the sensor could be applied directly to analysis of these real samples
(28, 29). The regression equation (R? = 0.992) was used for calculation of citrate concentration in
real samples. Limit of detection (LOD) and limit of quantification (LOQ) were calculated to be
2.22x108 M and 2.23x10°® M respectively (S/N = 3). Analytical parameters for the proposed ECL
sensor were compared with other sensing methods in the literature and results are shown in Table

1.

Table 1. Comparison of sensing parameters of this work with other methods for determination of citrate.

Method Real sample Linear range LOD (M) Reference
(M)
Colorimetric Human urine 5x107 =107 107 (28)
Colorimetric Fruit juice 1.67x107 — 2.0x108 4)
1.22x107
Fluorescence Artificial urine 107 = 5x10° 107 (31)
Fluorescence Artificial urine and bovine 107 — 4x107 1.8x1077 (32)
serum
Fluorescence Human urine 5x107 =107 1.23x10® 47)
Colorimetric and fluorescence Human urine 107 - 5x107 2.5x108 (48)
Colorimetric and fluorescence Fruit juices and human urine 5.3x10°8 - 6x107° 49)
8.3x1077
Capillary Zone Electrophoresis Blood Plasma - ~10* (50)
Nuclear magnetic resonance Human serum and plasma 7.4x107 — 4x10°3 (51)
spectroscopy 2.3x10*

Ion-Chromatography Human urine 8x10° - 1072 3x107 (2)
Electrochemical Human urine 108 - 10! 1.7x10° 29)
Electrochemical Drug 8x107 - 1072 5x107 (3)

Electrochemiluminescence Patient urine and human 107 -5%x10%  2.22x10®  This work

serum




3.5. Real sample analysis

The capability of the sensor for determination of citrate ion in real samples was tested by analyzing
the healthy human serum and urine from a man diagnosed with prostate cancer. Standard addition
method using dilute real samples was applied for this aim. Resulted curves are depicted in Fig. SD
comparing with the calibration curve. The results show that recoveries for serum and urine samples
were 100.93 % and 111.62 %, respectively. Using calibration curve, the amount of citrate ion in
the urine of the man diagnosed with prostate cancer was calculated to be 3.14x10™* M, which is
consistent with extrapolating of standard addition method. Citrate amount in urine was less than

minimum amount of normal citrate level (2x10~ M) supporting the diagnosis (28).

4. Conclusion

It has been shown that both N-CQDs and nano-PIM-1 particles show ECL activity. A layer of N-
CQDs coated with nano-PIM-1 shows significantly improved ECL. ECL signals were quenched
gradually by increasing of the citrate concentration. Presence of nano-PIM-1 and N-CQDs together
resulted higher signals and higher sensitivity, which leads to citrate lower concentration
determination compare to employing N-CQDs alone. As citrate is one of the most important anions
in biological fluids that can be used as biomarker in prostate cancer. The presented sensor was

applied to human serum and patient urine to determine citrate successfully.
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