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a b s t r a c t

Prostate cancer (PC) biomarker-citrate detection is clinically important to diagnose PC in early stages.

Methylquinolinium iodide (Q) conjugated indole-phenylboronic acid (IB) was designed as a red-emissive

QIB probe for the detection of citrate through Lewis acid–base reaction and intramolecular charge transfer

(ICT) sensing mechanisms. Boronic acid acts as Lewis acid as well as citrate (Lewis base) recognition

unit. The probe reacted with citrate, showing enhanced red emissions. Since the probe has excellent

water solubility and great biocompatibility, practical application in biological systems is possible. Citrate

was monitored precisely in the mitochondria organelle (in vitro) of living cells with a positive charge on

QIB. Also, endogenous (in situ) citrate was detected quantitatively to discriminate non-cancerous and PC

mice, observed strong and lower (negligible) emission intensity on non-cancerous and cancerous prostate

tissues, respectively. Because, the concentration of citrate is higher in healthy prostate compared with PC

prostate. Furthermore, the analysis of sliced prostate tissues can give PC-related information for clinical

diagnosis to prevent and treat PC in the initial stages. Therefore, we believe that the present probe is a

promising biochemical reagent in diagnosing PC.

© 2023 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Deficient citrate causes prostate cancer (PC) in men [1,2]. A

prostate-specific antigen (PSA) study is performed to diagnosis PC

in the early stage by examining the blood samples of patients

[1–5]. The drawbacks of lacking sensitivity and poor selectivity in

the elevation of the PSA levels results in a false diagnosis of PC

in one among four men displaying abnormal PSA levels [1,2,5].

Therefore, an appropriate analysis method should be developed to

avoid nonessential clinical tests to diagnosis PC in the early stages.

Usually, a malignant prostate has a 2–20 mmol/L citrate concen-

tration, which is much lower than that of healthy prostates (50–

200 mmol/L) [1,2,6,7]. Diagnosing the concentration of citrate in

biological experiments can provide PC-related signals for clinical

application. The existence of citrate in mitochondria can play an
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essential role in the Krebs cycle, cellular energy metabolism, kid-

ney stone disease, insulin secretion, and cancer (PC) [1,2,8–10].

Hence, monitoring citrate quantitatively in biological samples could

be a potential diagnostic method [11,12].

Fluorescent chemosensors are widely employed in detecting cit-

rate using indicator displacement assay (IDA) and non-IDA meth-

ods [1,2,13–15]. Recently, we developed two fluorophores including

boronate and boronic acid to detect the PC biomarker citrate with

the Lewis acid-base sensing phenomenon [1,2]. The boron atom

(Lewis base) in boronate and boronic acid probes possesses an

empty “p” orbital with a positive charge, including sp2 hybridiza-

tion and trigonal planar geometry [1,2]. Citrate (Lewis acid) can

donate the electrons to the empty “p” orbital of the boron atom

and prompt structural deformation from sp2 trigonal planar to sp3

tetrahedral as well as the formation of an alcohol as a final product

[1,2]. Accordingly, a boronic acid-incorporated fluorophore may re-

place the IDA sensing strategy and overcome the metal-probe com-

plexation. In early 2022, a rhodamine-conjugated indole-boronic
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Scheme 1. Synthetic representation of QIB.

acid probe was developed to monitor citrate in biosamples, which

secured greater water solubility and mitochondria-targeting ability

[1]. However, the present work is improved to detect citrate quan-

titatively in bioimaging systems to diagnose PC in the early stages.

Also, a 100% water-soluble fluorophore can be used in a wide range

of applications in biological experiments. Indeed, quinolinium ex-

hibits red emission, excellent water solubility, and great membrane

permeability in cell lines, and so has been drawing much attention

in the biosensor field [16,17].

Therefore, a red-emissive fluorophore consisting of methyl-

quinolinium iodide (Q) and indole-phenylboronic acid (IB) was de-

signed to fulfill the above purposes (Scheme 1). Indole was con-

jugated as a π-spacer between Q and phenylboronic acid, where

boronic acid acts as a citrate recognition moiety through a straight-

forward reaction of a Lewis acid-base sensing mechanism. After-

wards, methylphenol was eliminated and resonance stabilized into

a methylquinolinium-indole (QI) product on increasing citrate con-

centration. The probe secured a large Stokes shift of 134 nm and

obtained a lower LOD value of 38 nmol/L (S/N = 3). Citrate was

detected quantitatively in prostate tissue to discriminate normal

and cancer-affected prostates, which can signal the importance of

treatment of PC patients the early stages by virtue of the medical

applications. The QIB probe has the properties of being 100% wa-

ter soluble, with citrate recognition boronic acid, red emission, and

quantitative sensing performance in bio-experiments, and it acts as

a biochemical reagent in diagnosing PC.

Methylquinolinium iodide (Q) and indole-phenylboronic acid

(IB) were synthesized based on previous reports [1,18,19]. The QIB

probe was prepared by condensation of Q and IB as shown in

Scheme 1, and primary characterizations were carried out using

NMR and HR-MS (Figs. S3–S5 in Supporting information).

An absorption study was performed between the QIB probe

(5 μmol/L) and citrate. The probe exhibited the maximum absorp-

tion peak at 494 nm (Fig. 1A), which decreased with each addition

of citrate (1 μmol/L) up to 24 μmol/L, and the absorption peak fell

down at 488 nm.

The sensitivity of the probe was investigated in the emission

spectra against citrate biomolecule. The QIB probe (2 μmol/L)

showed a weak emission at 628 nm in the presence of boronic acid

upon excitation at 494 nm (Fig. 1B). The probe revealed the inhi-

bition of intramolecular charge transfer (ICT) from methylphenyl-

boronic acid to methylquinolinium iodide group. [20] The emis-

sion peak was enhanced and blue-shifted from 628 nm to 608 nm

with the gradual addition of citrate (0.5 μmol/L) up to 5 μmol/L

concentration (Fig. 1B). This strong emission is because of the

structural deformation from QIB to QI product as a result of the

straightforward reactions of Lewis acid-base followed by the elimi-

nation of quinone, besides the ICT-ON process [20]. The ICT process

in QIB facilitated the electron-pulling ability between the head-

terminal quinolinium and the tail-terminal indole, causing signifi-

cant changes in the emission spectra as a result of strong red emis-

sion. The probe exhibited a larger Stokes shift of 134 nm. The cor-

relation coefficient of the probe against citrate titration was found

to be 0.9854 and likewise secured the lowest limit of detection

(LOD) value 38 nmol/L (S/N) subject to a linear relation graph, as

depicted in Fig. S6 (Supporting information). The existing probes

for the detection of citrate were compared with QIB (Table S1 in

Supporting information). The QIB probe showed great water sol-

ubility, excellent selectivity, high sensitivity, and the lowest LOD

value in the detection of citrate.

The selectivity parameter was investigated to evaluate the

performance of the probe using various interference analytes

(10 mmol/L). The fluorescence response was monitored only for

the citrate biomolecule, whereas other analytes failed to show sig-

nificant changes in the emission spectra (Fig. S7A in Supporting

information). However, the emission changes occurred remarkably

with the mixtures of interference analytes and citrate (5 μmol/L) as

shown in Fig. S7A, because citrate can react with QIB and be con-

verted into QI. The effect of pH was evaluated using HCl and NaOH

solutions, and the emission responses were recorded, as shown

in Figs. S7C and D (Supporting information). The emission signals

were nearly unchanged at various pH (3.0–10.0), which suggested

that the probe is stable at various pH ranges (Fig. S7C). Including

citrate, the fluorescence intensity remained constant for acidic pH

(3.0–6.0). However, after the addition of citrate (5 μmol/L) to the

probe solutions of pH (7.0–10.0), there was stronger emission be-

havior and a blue-shift from 628 nm to 608 nm was seen by reason

of the Lewis acid–base reaction mechanism and development of

QI (Fig. S7C). Therefore, all experiments were performed at physio-

logical pH (7.0) towards citrate. Following that, the stability of the

probe was evaluated using the fluorescence spectra at various time

periods such as fresh solution, after 24 h, and after seven days. Ac-

cordingly, the emission peaks revealed that QIB has excellent sta-

bility with time (Fig. S8A in Supporting information). Also, the flu-

Fig. 1. UV–vis spectra obtained for 5 μmol/L QIB (a) with each addition of (A) 2 μmol/L citrate (“b to y”). Fluorescence emission responses for 2 μmol/L QIB (a) with each

addition of (B) 0.5 μmol/L citrate (“b to k”), excitation at 494 nm.
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Fig. 2. Sensing mechanism of QIB and citrate.

orescence intensity of QIB was examined using various amounts of

citrate (0, 0.5, 3.5, and 5 μmol/L) to determine the reaction time,

and the enhanced emission was saturated at ca. 3 min (Fig. S8B

in Supporting information). The fluorescence quantum yield of the

probe was determined as 0.49 and 0.80 before and after reaction

with citrate, respectively (Table S2 in Supporting information).

The Lewis acid–base reaction between QIB and citrate was eval-

uated through the emission spectra (Fig. 1). Also, 1H NMR and

HR-MS titration experiments were performed to verify the pro-

posed sensing mechanism, as shown in Fig. 3, Figs. S3, S5 and S9

(Supporting information). The QIB probe exhibited a weak emis-

sion peak at 628 nm, which gradually increased with every ad-

dition of citrate up to 5 μmol/L, along with a blue shift from

628 nm to 608 nm (Fig. 1). This was because the boronic acid in

the QIB probe was modified to corresponding indole product of

QI, caused by the Lewis acid–base reaction followed by a quinone

resonance stabilized structure. Boron atom in boronic acid has an

empty “p” orbital, which acts as Lewis acid and readily accepts

the electrons from citrate (Lewis base) (Fig. 2) [1,2]. It is a well-

known fact that boron in boronic acid possesses a trigonal pla-

nar with sp2 hybridization geometry, which converts to tetrahedral

sp3 hybridization after accepting the electrons from citrate. In fact,

the carbon–boron (C–B) bond was polarized and formed an alco-

hol product of QI-OH. Surprisingly, the basicity of citrate induced

the quinone structure and resonance stabilized into QI as well as

enhanced red emission with the ICT-ON process (Figs. 2 and 3).

These structural alterations were shown in 1H NMR and HR-MS

with proton appearance/shifts, and mass value differences, respec-

tively (Fig. 3 and Fig. S9). The phenylboronic acid (pink arrows-HB)

and methylene (blue box-HM) protons of QIB disappeared at δ val-

ues of 7.74, 7.26, and 5.56, ppm, respectively, as shown in Fig. 3.

Also, an “NH” proton appeared at δ = 12.14 ppm (red circle) due to

newly formed methylquinolinium iodide-indole (QI) (Fig. 3C). After

being titrated with citrate, the aromatic protons of methylquinolin-

ium iodide and indole shifted up- and down-field, as depicted in

the green dotted box (Figs. 3B and C). These structural conversions

were again confirmed through HR-MS m/z: calculated for C20H17N2,

[M-I]+ = 285.1386, and found [M-I]+ = 285.1459 (Fig. S9).

DFT calculations were performed to predict the minimum-

energy conformations of QIB, QI, and QI-OH theoretically to un-

derstand the origin of the spectral variations among the QIB, QI,

and QI-OH at the molecular level (Fig. 4). The experimental UV–

vis spectral changes within the QIB and QI were identical to the

Fig. 3. (A) Conversion of QIB to QI, 1H NMR spectra of the QIB probe (B) before

and (C) after reacting with citrate.

calculated results (Figs. 1 and 4). In detail, the calculated spectrum

of QIB has a peak in slightly longer than 500 nm region, but that of

QI has a peak in slightly less than 500 nm region with weakened

intensity compared with QIB, which coincides with the experimen-

tally observed UV–vis absorption spectra (Figs. 1 and 4). However,

we reason that quinone cleavage takes place soon, since the calcu-

lated UV–vis spectrum of QI-OH does not show either weakened

intensity or a slight blue-shift of the peak near 500 nm (Fig. 4C).

Moreover, both a slight blue-shift and slight strengthened intensity

of the peak near 300 nm in the reaction were also seen in the the-

oretical UV–vis spectra at the molecular level. An investigation of

molecular orbitals related to the electronic transition showed that

the main origin of the peak near 500 nm is a local electronic tran-

sition between the molecular orbitals on methylquinolinium io-

dide, and the changed chemical environment, such as eliminated

methylphenyl boronic acid, is expected to result in UV–vis spectral

changes (Fig. 4) [1,21–23].

QIB was employed to evaluate the level of citrate in urine sam-

ples, which were collected from different people. To investigate

the lower concentration of citrate, the urine samples were di-

luted 100 times with distilled water, then treated with the QIB

probe (0.5 mmol/L) solution to determine the amount of citrate

in the urine samples. The efficiency of the probe was investigated

in determining the noted amounts of citrate. The fluorimetric and

HPLC results were compared as shown in Table S3 (Supporting in-

formation). The relative standard deviation (RSD) was calculated

with measurements of urine samples repeated five times (n = 5).

The fluorimetric sensing and HPLC methods were used together

to evaluate the concentration of citrate in the urine samples. An

MTT assay was conducted to evaluate the biocompatibility of QIB

with PC3 cells. The cell survivability was found to be >85% using

200 μmol/L of QIB in PC3 live cells (Fig. S10 in Supporting infor-

mation). Next, the fluorescence imaging of QIB in detecting citrate

was tested. A control experiment was carried out in PC3 cells be-

fore incubation of the probe solutions for reference (Figs. 5A–C).

The cells were incubated with QIB (2 μmol/L) for nearly 30 min,

and weak red emission was observed as shown in Figs. 5D–F. The

addition of citrate (2.5 μmol/L) to the pre-treated cells showed a

moderate red fluorescence (Figs. 5G–I). On increasing the amount
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Fig. 4. Optimized structures and their energies (Hartree) of (A) QIB, (B) QI and (C) QI-OH, their UV–vis absorption spectra, and their molecular orbital shapes related to the

electronic transitions corresponding to the main peaks near the 500 nm region.

Fig. 5. Confocal images of PC 3 cells. (A–C) representation of control tests of cells;

(D–F) incubated with QIB (2 μmol/L) nearly 30 min. The probe pre-treated cells

with citrate (G–I) 2.5 μmol/L and (J–L) 5 μmol/L.

Fig. 6. Confocal images obtained for (A) QIB-bright-field, (B) probe pre-treated cells

reacted with 5 μmol/L citrate, (C) Mito-tracker dye, (D, E) overlapping images, and

(F) fluorescence intensities of the red and green interest areas in (B, C).

of citrate (5 μmol/L) in the probe-treated cells, the cell images ex-

hibited an intense red emission (Figs. 5J–L).

After the cell images were observed with the dotted red emis-

sions (Fig. 5), the mitochondria targeting ability of QIB was investi-

gated for the detection of citrate using Mito-Tracker Green dye for

reference (Fig. 6) [1]. The QIB probe was mixed with citrate and in-

cluded Mito-targeting dye, showing green fluorescence images for

the reference dye in the green channel and a red fluorescence im-

age was observed for the probe after reacting with citrate in the

red channel (Fig. 6). The cell images in the bright field, red, and

green channels were merged as shown in Figs. 6A–E. The Pearson’s

co-localization coefficient value was determined to be 0.95 through

overlapping of the red and green images (Figs. 6B–D).
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Fig. 7. Confocal images of Kunming mice administrated tail vein injection of QIB

(500 μL, 30 μmol/L) for 0–15 min (A) non-cancerous; (B) prostate cancer. Dissection

images of the heart, liver, spleen, lung, kidney, and prostate from mice (C) non-

cancerous; (D) prostate cancer. (E) Quantitative evaluation of (C) and (D), reflect-

ing fluorescence efficiency evolved from an area of interest around the prostate.

Fluorescence images of resected prostate tissues using QIB (100 μL, 10 μmol/L) for

0–15 min (F) non-cancerous tissues and (G) cancerous tissues (excited at 514 nm;

emitted at 535–590 nm).

Normal and cancerous Kunming mice groups were selected to

examine citrate with in vivo models using QIB. The QIB probe

(500 μL, 30 μmol/L) was injected into the tail vein of non-

cancerous and cancerous mice to evaluate the concentration of cit-

rate endogenously (in situ) in terms of the fluorescence intensity

fluctuations over time from 0 to 15 min, as shown in Figs. 7A

and B. The concentration of citrate in the non-cancerous mice was

higher than that of cancerous mice; therefore, the fluorescence

changes ranged from weak to strong red emissions for normal mice

and extremely weak red emissions for cancer-affected mice (Fig. 7)

[1,2]. Following this, the internal organs were dissected and im-

aged, and strong and weak red emissions on the prostate parts of

the non-cancerous and cancerous mice in terms of citrate concen-

tration, respectively, were observed (Figs. 7C and D). These results

suggested that the concentration of citrate plays a significant role

in the emission changes of the probe. These quantitative evalua-

tion results are based on the relative fluorescence efficiency of the

prostate organs, as shown in Fig. 7E. In addition, the prostate spec-

imens were sliced and treated with the probe (100 μL, 10 μmol/L),

observing a weak to strong red fluorescence over 15 mins for non-

cancerous prostate tissues, as shown in Fig. 7F, whereas, cancer-

affected prostate tissues had weak emissions in the red region

(Fig. 7G), because the concentration of citrate was higher in the

normal prostate compared with the cancerous prostate [1,2]. More-

over, other organ tissues of non-cancerous and cancerous mice

were dissected and imaged, as shown in Figs. S11 and S12 (Sup-

porting information). The data revealed that there were no obvious

changes in the fluorescence of the probe even after a 15 min time

duration.

The QIB probe demonstrated excellent selectivity, great wa-

ter solubility, achievable sensitivity, strong red emission, and out-

standing biocompatibility in detecting citrate biomolecules. Also,

the probe achieved a possible reaction mechanism that was ver-

ified through 1H NMR, HR-MS, and DFT. The practical utility of the

probe was investigated in cell bioimaging, and showed mitochon-

dria targeting ability. Next, quantitative measurements of citrate

were performed using the non-cancerous and cancerous mice an-

imal models, anatomized organs, and sliced prostate tissue imag-

ing. Based on this, we envision that the probe can act as a feasi-

ble biochemical reagent for diagnosing PC assisted by healthcare

centers and obtaining results for prevention and early stage treat-

ment for PC patients. Since the normal prostate has higher citrate

compared with that in the cancerous prostate, the cancer tissue

with the surrounding normal tissue may observe a low or negli-

gible fluorescence intensity. Thus, further investigations could be

performed subject to these primary findings in clinical centers.

A newly designed QIB probe demonstrated Lewis acid–base and

ICT sensing pathways for monitoring citrate in biological samples.

The probe exhibited enhanced red emissions on reacting with cit-

rate biomolecules. The properties of high water solubility and great

biocompatibility can promote the extended application of QIB in

biological experiments. Also, the probe secured mitochondria tar-

geting ability for the detection of citrate in living cells. A quanti-

tative evaluation of citrate was performed in animal models, anat-

omized organs, and sliced prostate tissues to distinguish the non-

cancerous and cancerous mice by recording intense and weak red

emissions, respectively. Therefore, we believe that QIB can perform

as a reliable bio-analytical reagent in clinical centers to diagnose

PC and treat it at an earlier stage based on our findings.
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