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Abstract
Introduction  The treatment of preinvasive lesions is more effective than treating invasive disease, hence detecting 
cancer at its early stages is crucial. However, currently, available screening methods show various limitations in terms 
of sensitivity, specificity, and practicality, thus novel markers complementing traditional cyto/histopathological 
assessments are needed. Alteration in choline metabolism is a hallmark of many malignancies, including cervical and 
breast cancers. Choline radiotracers are widely used for imaging purposes, even though many risks are associated 
with their radioactivity. Therefore, this work aimed to synthesise and characterise a non-radioactive choline tracer 
based on a fluorinated acridine scaffold (CFA) for the in vitro detection of cervical and breast cancer cells by 
fluorescence imaging.

Methods  CFA was fully characterised and tested for its cytotoxicity on breast (MCF-7), cervical (HeLa), glioblastoma 
(U-87 MG) and hepatoblastoma (HepG2) cancer cell lines and in normal cell lines (epithelial, HEK-293 and human 
dermal fibroblasts, HDFs). The cellular uptake of CFA was investigated by a confocal microscope and its accumulation 
was quantified over time. The specificity of CFA over mesenchymal origin cells (HDFs), as a model of cancer-associated 
fibroblasts was investigated by fluorescence microscopy.

Results  CFA was toxic at much higher concentrations (HeLa IC50 = 200 ± 18 µM and MCF-7 IC50 = 105 ± 3 µM) than 
needed for its detection in cancer cells (5 µM). CFA was not toxic in the other cell lines tested. The intensity of CFA in 
breast and cervical cancer cells was not significantly different at any time point, yet it was greater than HepG2 and 
U-87 MG (p ≤ 0.01 and p ≤ 0.0001, respectively) after 24 h incubation. A very weak signal intensity was recorded in HEK-
293 and HDFs (p ≤ 0.001 and p ≤ 0.0001, respectively). A selective ability of CFA to accumulate in HeLa and MCF-7 was 
recorded upon co-culture with fibroblasts.

Conclusions  The results showed that CFA preferentially accumulated in cancer cells rather than in normal cells. These 
findings suggest that CFA may be a potential diagnostic probe for discriminating healthy tissues from malignant 
tissues due to its specific and highly sensitive features; CFA may also represent a useful tool for in vitro/ex vivo 
investigations of choline metabolism in patients with cervical and breast cancers.
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Introduction
Cervical and breast cancers represent the leading causes 
of cancer-related deaths in women worldwide even 
though they are easily preventable [1]; cervical and 
breast screening programs are offered to all women aged 
between 25 and 50 years, respectively [2]. Cervical can-
cer starts from the uterine cervix and is mostly caused 
by an enduring infection with human papillomavirus 
(HPV), which activates oncogenes leading to the devel-
opment of preinvasive cervical intraepithelial neoplasia 
and invasive cervical carcinoma [3]. The detection of 
infection is considered a useful marker for its diagnosis 
[3, 4]. Breast cancer may be caused by multiple factors: 
the presence of steroid hormone receptors (HRs) and 
the presence of tumour-infiltrating lymphocytes (TILs) 
are the main prognostic factors [5]. Breast cancer is cur-
rently detected in clinics using several techniques, such 
as gene expression assays, the Breast Cancer Index (BCI) 
[6], and the Genomic Grade Index (GGI) [7]. In addition, 
mammography using low-dose X-rays is employed as a 
preventative measure; indeed, this technique can provide 
high-quality images, detecting breast cancer before it is 
palpable and has spread to the axillary nodes [8]. Ultra-
sound, X-rays and magnetic resonance are also some of 
the techniques used to detect other types of tumours 
such as those affecting the liver and brain [9, 10].

Early detection of cancer is crucial because the treat-
ment of preinvasive lesions is significantly more effec-
tive than treating the invasive disease. However, there 
is no screening method available that is highly sensitive, 
specific, affordable and practical. Consequently, there 
is a pressing need to identify markers that can comple-
ment traditional cyto/histopathological assessments and 
detect abnormal cells within a healthy tissue [11]. The 
latter is made of multiple cell types including adipocytes, 
and immune and mesenchymal cells, participating in 
the formation of the tumour microenvironment (TME), 
essential for tumour initiation and development. Cancer-
associated fibroblasts (CAFs), also called myofibroblasts, 
are a heterogeneous population of mesenchymal cells 
representing the most abundant cells in the TME. CAFs 
release various molecules such as metalloproteinases, 
growth factors, cytokines and extracellular matrix (ECM) 

promoting key events of cancer progression including 
proliferation, angiogenesis, migration, invasion, epithe-
lial-mesenchymal transition (EMT) and resistance to 
therapy [12, 13].

Abnormal and uncontrolled cell proliferation are key 
features of cancer, mainly because of genetic and epigen-
etic changes regulating cell growth, differentiation and 
cell death [11]. A commonly used biomarker for cancer 
detection is choline, due to its high metabolism in cancer 
cells. Choline is an essential nutrient involved in several 
cellular functions, lipid metabolism, and cellular mem-
branes’ composition [14]. Morozov et al. [15] provided a 
review of the role of choline in cell life and its potential as 
a biomarker of different pathologies. Indeed, in the last 
20 years, much research has focused on targeting cancer 
cells through choline phospholipid metabolism [16–18]. 
However, the main drawback of choline metabolism 
research is the predominant use of radiotracers (11C-cho-
line or 18F-fluoromethylcholine). Radiotracers are highly 
specific and produce real-time and defined images; how-
ever, they have a short half-life and need to be stored and 
handled safely [19]. To overcome the problems associ-
ated with radioactivity, our group previously generated 
a non-radioactive choline tracer, using self-fluorescence 
for detecting living breast cancer cells, and demonstrated 
preferential accumulation in breast cancer cells com-
pared to normal cells [20].

In the present study, we synthesised a novel probe in 
which choline is linked to a fluorinated acridine (choline 
fluorinated acridine – CFA (1), Fig.  1), acting both as a 
fluorescent dye and a DNA intercalator. This enables its 
intracellular visualisation by fluorescence imaging (FI) 
while also being a powerful and selective cytotoxic agent 
[21–23]. We selected a fluorinated acridine scaffold 
to increase bioavailability since fluorination enhances 
the hydrophobic interactions with choline transporters 
[24]. Moreover, we sought to exploit the peculiar optical 
properties of fluorinated acridine systems [23, 25]. The 
effects of the choline derivative tracer on both cervical 
and breast tumour cells were tested in terms of cellular 
uptake and cytotoxicity. Other cancer cell lines (glioblas-
toma and hepatocellular carcinoma) were also tested for 
comparison. Finally, the specificity toward cancer cells 
was investigated against two normal cell lines of both epi-
thelial and mesenchymal origin to simulate the CAFs of 
the TME.

CFA is a water-soluble molecule, and the results 
showed that it was cytotoxic in a dose-dependent man-
ner. Its emission lies in the visible region; hence, it was 
easily visualised in tumour cells by FI. These results sug-
gested the potential role of CFA (1) as an in vitro/ex vivo 
tracer for cervical and breast cancer cells.

Fig. 1  Chemical structure of choline-based fluorinated acridine (CFA) 1
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Materials and methods
Materials
All reagents and solvents needed for the synthesis of CFA 
(1) were purchased from commercial sources (Fluoro-
chem Co.; Tokyo Chemical Industry Co. BLD Co. and 
Aldrich Chemical Co.) and used as received. Chromato-
graphic purifications were performed using Merck 9385 
silica gel (pore size 60 Å; 230–400 mesh). Dulbecco’s 
minimum essential medium (DMEM), penicillin/strep-
tomycin, phosphate-buffered saline (PBS), 3-(4,5-dimeth-
ylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT), 
dimethyl sulfoxide (DMSO), and fetal bovine serum 
(FBS) were purchased from Merck Millipore (UK).

Chemical characterisation
Melting points were measured with a Stanford Research 
Systems Optimelt apparatus. Infra-red (IR) spectra 
were recorded with a Perkin Elmer Spectrum 100 FT-IR 
spectrometer equipped with a universal ATR sampling 
accessory. 1H, 13C and 19F NMR were recorded with a 
Bruker AVANCE III HD 400  MHz spectrometer (1H: 
400 MHz, 13C: 101 MHz, 19F: 376 MHz). Chemical shifts 
(δ) are expressed in parts per million (ppm), and cou-
pling constants are given in Hz. Splitting patterns are 
indicated as follows: s = singlet, d = doublet, t = triplet, 
q = quartet, m = multiplet, br = broad. Elemental analyses 
were obtained with an Elementar Vario MICRO cube 
instrument.

Synthesis
2-[Ethyl(5,6,7,8-tetrafluoroacridin-2-yl)amino]etha-
nol (3). A solution of pentafluorobenzaldehyde (2) (0.7 g, 
3.6 mmol), DABCO (1.6  g, 14.4 mmol) and 2-[(4-ami-
nophenyl)(ethyl)amino]ethanol sulfate (2.0  g, 7.2 mmol) 
in decahydronaphthalene (40 mL) was heated at 175  °C 
for 72  h under a nitrogen atmosphere. After cooling to 
room temperature (rt), the crude mixture was purified 
by column chromatography (SiO2, CH2Cl2/EtOH 98:2) 
to afford 3 (650 mg, 53%). Orange solid; mp 184  °C; 1H 
NMR (400 MHz, CDCl3) δ 8.59 (s, 1H), 8.14 (d, J = 9.7 Hz, 
1H), 7.64 (dd, J = 9.7, 2.9 Hz, 1H), 6.90 (d, J = 2.8 Hz, 1H), 
3.94 (t, J = 5.8 Hz, 2 H), 3.67 (t, J = 5.8 Hz, 2 H), 3.61 (q, 
J = 7.1 Hz, 2 H), 1.84 (br, 1H), 1.29 (t, J = 7.1 Hz, 3 H); 13C 
NMR (101  MHz, CDCl3) δ 146.4 (s), 144.9 (s), 143.6–
142.9 (m), 141.7–140.3 (m), 139.1–137.7 (m), 130.5 (s), 
128.5 (s), 124.7 (s), 124.0 (s), 122.9–122.3 (m), 115.4 (d, 
J = 15.9  Hz), 113.3 (s), 101.8 (s), 60.3 (s), 52.4 (s), 45.7 
(s), 12.1 (s); 19F NMR (376  MHz, CDCl3) δ -152.17 (t, 
J = 16.4 Hz), -153.00 (t, J = 15.8 Hz), -157.28 (t, J = 16.2 Hz), 
-159.35 (t, J = 17.0 Hz); IR (ATR) 3315, 2979, 2955, 2893, 
1679, 1615, 1593, 1501, 1491, 1463, 1426, 1367, 1339, 
1286, 1250, 1238, 1163, 1127, 1082, 1058, 1025, 998, 950, 
901, 822, 806, 774, 665, 603, 575 cm− 1; Anal. Calcd. For 

C17H14F4N2O: C, 60.36; H, 4.17; N, 8.28. Found: C, 60.58; 
H, 4.12; N, 8.19. (Additional file 1)

N-(2-bromoethyl)-N-ethyl-5,6,7,8-tetrafluoroac-
ridin-2-amine (4). 2-[ethyl(5,6,7,8-tetrafluoroacridin-
2-yl)amino]ethanol (3) (650  mg, 1.92 mmol) and CBr4 
(776  mg, 2.34 mmol) were dissolved in dry CH2Cl2 
(33 mL) under a nitrogen atmosphere. The solution 
was cooled to 0  °C and PPh3 (613  mg, 2.34 mmol) was 
added. After stirring for 10 min, the reaction mixture was 
allowed to warm to rt and left under stirring overnight. 
The solvent was then removed under reduced pressure, 
and the residue was purified by column chromatogra-
phy (SiO2, first CH2Cl2/heptane 1:1, then CH2Cl2) to 
afford 4 (473 mg, 61%). Yellow solid; mp 172 °C; 1H NMR 
(400 MHz, CDCl3) δ 8.51 (s, 1H), 8.10 (d, J = 9.7 Hz, 1H), 
7.52 (dd, J = 9.7, 2.9 Hz, 1H), 6.80 (d, J = 2.8 Hz, 1H), 3.85 
(t, J = 7.8  Hz, 2H), 3.71–3.45 (m, 4H), 1.31 (t, J = 7.1  Hz, 
3H); 13C NMR (101 MHz, CDCl3) δ 145.1 (s), 144.7 (s), 
143.3–140.4 (m), 141.5–138.6 (m), 138.5–137.6 (m), 135.5 
(t, J = 16.3 Hz), 132.4 (d, J = 10.7 Hz), 130.8 (s), 128.2 (s), 
124.8 (d, J = 6.1 Hz), 123.0 (s), 115.2 (d, J = 14.7 Hz), 101.6 
(s), 52.3 (s), 45.6 (s), 27.9 (s), 12.7 (s); 19F NMR (376 MHz, 
CDCl3) δ -151.99 (t, J = 16.7 Hz), -152.89 (t, J = 16.0 Hz), 
-157.05 (t, J = 16.5 Hz), -159.16 (t, J = 17.2 Hz).; IR (ATR) 
3083, 3060, 3038, 2986, 2927, 2870, 1682, 1618, 1593, 
1495, 1459, 1424, 1358, 1342, 1262, 1218, 1202, 1150, 
1103, 1072, 1026, 994, 941, 904, 816, 658, 643, 541 cm− 1; 
Anal. Calcd. For C17H13BrF4N2: C, 50.89; H, 3.27; N, 6.98. 
Found: C, 50.82; H, 3.30; N, 7.01. (Additional file 2)

2 - [ E t h y l ( 5 , 6 , 7 , 8 - t e t r a f l u o r o a c r i d i n - 2 - y l )
amino]-N-(2-hydroxyethyl)-N,N-dimethylethanamin-
ium bromide (1). Dimethylethanolamine (200  mg, 2.24 
mmol) was slowly added to a 0 °C solution of 4 (450 mg, 
1.12 mmol) in dry THF (5 mL) under a nitrogen atmo-
sphere. The mixture was allowed to reach rt and then 
stirred at 50 °C overnight. The solid formed was filtered 
and washed extensively with cold diethyl ether to afford 
1 (200 mg, 41%). Brown solid; 1H NMR (400 MHz, D2O) 
δ 7.64 (s, 1H), 7.40–7.23 (m, 2 H), 6.34 (d, J = 1.4 Hz, 1H), 
4.10 (s, 2H), 3.88–3.81 (m, 2 H), 3.66–3.54 (m, 4H), 3.40 
(dd, J = 13.8, 6.7 Hz, 2H), 3.29 (s, 6 H), 1.18 (t, J = 7.0 Hz, 
3  H); 13C NMR (101  MHz, D2O) δ 144.7 (s), 141.4 (s), 
141.0–138.1 (m), 139.9–137.1 (m), 139.4–136.3 (m), 
136.2–133.2 (m), 128.9 (d, J = 9.0 Hz), 127.2 (s), 126.2 (s), 
124.0 (s), 123.1 (s), 113.3–112.3 (m), 100.6 (s), 65.5 (s), 
58.7 (s), 55.4 (s), 55.1 (s), 51.9 (s), 42.6 (s), 11.3 (s); 19F 
NMR (376 MHz, D2O) δ -151.94 (s), -154.37 (s), -156.97 
(s), -159.66 (s); IR (ATR) 3302, 3033, 2977, 1682, 1618, 
1591, 1503, 1488, 1427, 1367, 1342, 1250, 1184, 1158, 
1077, 1026, 997, 961, 945, 917, 825, 817, 776, 656, 603, 
562 cm− 1; Anal. Calcd. For C21H24BrF4N3O: C, 51.44; H, 
4.93; N, 8.57. Found: C, 51.33; H, 4.98; N, 8.64. (Addi-
tional file 3)
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Characterisation of spectral properties
The absorption spectra of CFA (1) in PBS (100 µM) 
were recorded using an Agilent Cary Ultra visible (UV‒
Vis) spectrophotometer. Photoluminescence measure-
ments were carried out on a Cary Eclipse Fluorescence 
Spectrophotometer.

Cell culture
HeLa (human cervical cancer), MCF-7 (adenocarci-
noma, human breast cancer), U-87 MG (glioma, human), 
HepG2 (hepatoblastoma, human), HEK-293 (human 
embryonic kidney) and HDFs (human dermal fibroblasts) 
were obtained from De Montfort University. All cell lines 
were maintained in DMEM supplemented with 10% FBS, 
100 µg/mL penicillin/streptomycin and grown at 37 °C in 
a 5% CO2 humidified atmosphere.

In vitro cell toxicity study
Cells were seeded in a 96-wells plate at 0.05 × 106 cells/
mL in a supplemented medium (100 µL) and grown 
overnight. The cells were then incubated with increasing 
concentrations of CFA (1) (5, 12.5, 25, 50, 100 and 200 
µM) for 72  h. The cell viability was then assessed using 
the MTT assay: water-soluble MTT is converted into 
water-insoluble purple formazan in metabolically active 
cells by the action of mitochondrial reductase, and the 
amount of formazan produced is directly proportional 
to the number of living cells [26]. Briefly, MTT (20 µL, 
final concentration of 0.5 mg/mL) was added to each well 
and incubated for 4 h at 37 °C in the dark. After discard-
ing the medium, the cells were carefully washed with PBS 
to remove any residual fluorescent compound, and the 
formazan products were dissolved in DMSO (100 µL). 
The plate was then shaken for 15  min at rt in the dark, 
after which the absorbance was measured at 550 nm with 
a reference at 690  nm [26]. The experiment was run in 
triplicate. The cell viability was expressed as a percent-
age (%) and calculated by dividing the absorbance of the 
cells treated with CFA (1) by the absorbance of the con-
trol (cells treated with medium only). IC50 values were 
extrapolated from the graph generated by plotting cell 
viability data against concentrations of CFA [27].

Cellular uptake of CFA by cells over time
Cells were plated onto 24 wells optically clear tissue cul-
ture plate at 0.1 × 106 cells/well and grown overnight. The 
cells were then incubated with 5 µM of CFA (1) for 0, 2, 
4, 6, 16 and 24 h. The experiment was run in triplicate. 
At each time point, the cells were washed with PBS, fixed 
with paraformaldehyde (4%) for 20 min and rehydrated in 
PBS for 1 h at rt. The specimens were stored at 4 °C until 
examination, performed using a confocal microscope 
(Zeiss Axiovert 200 M, Oberkochen, Germany) equipped 
with a 20× objective and a laser scanning microscope 

(LSM) 5 image browser (Carl Zeiss, Oberkochen, Ger-
many). To allow a direct comparison of the absolute 
intensity of different time points, imaging setup was 
kept constant throughout all the experiments: a 488 nm 
laser with 0.2% power and 28 μm pinhole was employed; 
with the help of the “range indicator” feature of ZEN, the 
threshold of detection was adjusted so to ensure a linear 
range of detection [28]: the sensitivity of the detectors 
(Master Gain) was set at 700 V and the noise was mini-
mised by setting the Digital Offset at 0 and the Digital 
Gain at 1.

Quantification of microscope fluorescence intensity (MFI)
ImageJ software (NIH, USA) was used to quantify the 
signal intensity corresponding to CFA as described by 
Shihan et al. [28]. Briefly, an external drawing pen was 
used to circle the desired area (Region of Interest, ROI); 
the software automatically generated a pixel value corre-
sponding to the microscope fluorescence intensity (MFI). 
The MFI of samples was normalised by subtracting the 
background MFI (non-fluorescent area of the negative 
control) from the MFI of the ROI using Excel.

Detection limit
The detection limit was obtained from the fluorescence 
titration data based on a previous report [29]. Briefly, 
each cell line was plated in a 24-well plate at increasing 
cell density (1300, 2600, 7800, 14000, 21000 and 56000 
cells/cm2) and grown overnight. Cells were then incu-
bated at 37 °C in a 5% CO2 humidified atmosphere with 
5 µM of CFA (1) for 24  h, to allow maximum cellular 
uptake. The experiment was run in triplicate. The fluo-
rescence intensity of the supernatant was then measured 
using the Cary Eclipse Fluorescence Spectrophotometer, 
at 566 nm. The amount of CFA accumulated by the cells 
was calculated by subtracting the values of fluorescence 
intensity of the supernatant from the medium contain-
ing the initial concentration of CFA. The fluorescence 
spectrum of the medium only (blank) was measured five 
times and the standard deviation was calculated. To gain 
the slope, the fluorescent intensity data at 566  nm was 
plotted as cell density (cells/cm2). The detection limit of 
CFA for each cell line was obtained using Eq. (1):

	
Detection limit =

3σ

K
� (1)

Where “σ” is the standard deviation of blank measure-
ment, and “K” is the slope between the fluorescence 
intensity versus cell densities (cells/cm2).
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CFA selectivity toward cancer cells in a co-culture with 
normal fibroblasts
To investigate the ability of CFA to selectively accumulate 
in breast and cervical cancer cells, normal HDFs were 
plated in a 24-wells plate at 0.1 × 106 cells/well and grown 
overnight; HeLa and MCF-7 cells were then plated at a 
density corresponding to their respective limit of detec-
tion and allow to adhere overnight. The co-culture was 
then treated with 5 µM of CFA for 24 h, to achieve the 
maximum cellular uptake. Images were taken using a 
Leica DM750 Fluorescence Microscope, equipped with a 
10× objective. The following settings were used: transmit-
ted light channel at 33%, blue channel at 41% and green 
channel at 43%. Fibroblasts only were taken as negative 
control and employed to adjust the settings.

Statistical analysis
The data are expressed as the mean ± standard deviation 
(SD). Statistical analyses were performed using one-
way analysis of variance (ANOVA) with significance set 
at p ≤ 0.05. A post-hoc test (Tukey multiple comparison 

test) was performed to determine differences between 
groups. All the statistical analyses were carried out using 
GraphPad Prism 9.3.1 (GraphPad Software, Inc.).

Results
Synthesis and characterisation of CFA (1)
CFA (1) was synthesised starting from pentafluoro-
benzaldehyde (2) (Scheme 1). Tandem nucleophilic 
aromatic substitution/thermal promoted electrocycliza-
tion-aromatisation by treatment with in-situ prepared 
2-[(4-aminophenyl)(ethyl)amino]ethanol in decahydro-
naphthalene at 175  °C afforded 2-[ethyl(5,6,7,8-tetraflu-
oroacridin-2-yl)amino]ethanol (3) [30, 31]. 3 was then 
converted into N-(2-bromoethyl)-N-ethyl-5,6,7,8-tet-
rafluoroacridin-2-amine (4) by reaction with CBr4 and 
triphenylphosphine [32]. Finally, treatment of 4 with 
2-(dimethylamino)ethanol allowed the formation of 1.

Figure  2 shows the absorption–emission spectra of 
CFA (1), with a Stokes shift (116 nm (0.57 eV)) between 
the absorption and emission maxima (450  nm and 
566 nm, respectively).

Dose-dependent cell toxicity of CFA toward cervical and 
breast cancer cells
The ability of CFA (1) to inhibit the cellular metabolic 
activity in a dose-dependent manner was determined 
using the MTT assay (Fig. 3). The viability was above 80% 
when a concentration of CFA up to 12.5 µM was used 
after an incubation time of 72 h, while a sharp decrease 
in cell viability was recorded at higher concentrations for 
the cell lines under investigation, except HepG2 whose 
viability remained above 90% when concentrations of 
CFA up to 200 µM were used. The IC50 values determined 
for HEK-293 and HDFs (Fig. 3A), U-87 MG and HepG2 
(Fig. 3B) were above the tested range of concentrations. 
The IC50 values determined for HeLa and MCF-7 cells 
(Fig. 3C) were 200 ± 18 µM and 105 ± 3 µM, respectively, 
suggesting that MCF-7 cells were more susceptible to the 
cytotoxic action of CFA than HeLa cells.

Fig. 2  Normalised absorption and emission spectra of CFA (1) in PBS (100 
µM)

 

Scheme 1  Synthesis of 1. Reagents and conditions: [a] 2-((4-aminophenyl)(ethyl)amino)ethanol sulfate (2 equiv), DABCO (4 equiv), decahydronaphtha-
lene, 175 °C, 72 h, N2; [b] CBr4 (1.2 equiv), PPh3 (1.2 equiv), CH2Cl2, 0 °C to rt, 16 h, N2; [c] 2-(dimethylamino)ethanol (1.5 equiv), THF, 50 °C, 72 h, N2
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Time-dependent cellular uptake of CFA
The cellular uptake of CFA (1) by each cell line was tested 
over time (from 0 to 24 h): at each time point, cells were 
washed and fixed before being observed using a confo-
cal microscope. The excitation of the fluorescent dye was 
carried out at a wavelength within the absorption band of 

the fluorinated acridine moiety (488  nm laser), keeping 
the confocal microscope settings constant throughout 
the observations. The cellular uptake of CFA was quan-
tified and expressed as MFI values. Before 6  h incuba-
tion, a low signal of CFA (1) was observed in HeLa cells 
(Fig.  4A), becoming more evident after 6  h (p ≤ 0.0001, 

Fig. 4  Confocal images of cell lines treated with CFA (5 µM) at increasing incubation time. A) HeLa, B) MCF-7, C) HepG2, D) U-87 MG, E) HEK-293 and 
F) HDF cells. After each time point (0, 2, 4, 6, 16 and 24 h), cells were washed with PBS, and fixed with paraformaldehyde before being observed under 
a confocal microscope using a 20x objective. To allow a direct comparison of the absolute intensity of different time points, imaging setups were kept 
constant throughout all the experiments. Images are representative of three fields of vision taken from the same sample. Scale bar: 20 μm

 

Fig. 3  Cell viability (%) of the tested cell lines. A) Normal cell lines: HEK-293 and HDF; B) Other types of cancer cell lines: HepG2 and U-87 MG; C) Cancer 
cell lines of interest: HeLa and MCF-7. Cells were incubated with increasing concentrations (5, 12.5, 25, 50, 100 and 200 µM) of CFA (1) for 72 h. Cell viability 
was determined using the MTT colourimetric assay. The data are presented as the mean of three independent experiments. The lines shown are error bars
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Fig.  5A), increasing up to 24  h incubation (p ≤ 0.05). 
The cellular uptake of CFA in MCF-7 cells (Fig. 4B) fol-
lowed a similar pattern of HeLa cells up to 6 h incubation 
(p ≤ 0.0001, Fig.  5B), showing a sharp increase following 
16 h incubation (p ≤ 0.0001) with no significant difference 
following 24 h incubation. No significant difference in the 
MFI values was recorded at any time point in HeLa cells 
compared to MCF-7 cells (Fig. 6A). Figure 4C shows the 

cellular uptake of CFA in HepG2 cells at increasing time 
points. The MFI of CFA became evident after 2 h incu-
bation, but it was slightly lower than HeLa and MCF-7 
cells following 24 h incubation (p ≤ 0.01, Fig. 6B). The cel-
lular uptake of CFA was less evident in U-87 MG cells 
at any time point (Fig.  4D), even after 24  h incubation 
(p ≤ 0.0001, Fig. 6B). In HEK-293, the MFI of CFA become 
evident after 2 h of incubation while HDFs show a very 

Fig. 6  Mean fluorescence intensity (MFI). A) MFI in HeLa vs. MCF-7 cells treated with 5 µM of CFA over 0, 2, 4, 6, 16 and 24 h. B) MFI in HeLa or MCF-7 
versus other types of cancer cell lines (HepG2 and U-87 MG) and normal cell lines (HEK-293 and HDF) after 24 h incubation with 5 µM of CFA. MFI can 
be translated to the amount of CFA taken up by cells: the cellular uptake of CFA was time-dependent and significantly lower in other types of tumour 
cells (HepG2 and U-87 MG) and normal cells. The MFI of samples was normalised by subtracting the background MFI (non-fluorescent area of the nega-
tive control) from the MFI of the ROI using Excel. The data are presented as the mean of three independent experiments. The lines shown are error bars. 
Asterisks indicate statistical significance: **p ≤ 0.01, ***p ≤ 0.001 and ****p ≤ 0.0001; ns, non-significant

 

Fig. 5  Mean fluorescence intensity (MFI) at increasing incubation time (h) upon incubation with CFA (5 µM). A) MFI of CFA in HeLa cells; B) MFI of CFA 
in MCF-7 cells. The MFI of samples was normalised by subtracting the background MFI (non-fluorescent area of the negative control) from the MFI of 
the ROI using Excel. The data are presented as the mean of three independent experiments. The lines shown are error bars. Asterisks indicate statistical 
significance: *p ≤ 0.05 and ****p ≤ 0.0001; ns, non-significant
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low cellular uptake at increasing time points (Fig. 4E and 
F, respectively). Indeed, significantly lower MFI values of 
CFA were recorded after 24 h incubation in both normal 
cell lines, HEK-293 (p ≤ 0.001) and HDF (p ≤ 0.0001) com-
pared to HeLa and MCF-7 cells (Fig. 6B).

Selective CFA uptake by cancer cells at their respective 
detection limit
The detection limit of each cell line toward CFA (1) is 
shown in Table  1. There was a good linearity between 
fluorescent intensity data at 566  nm and cell density 
ranging from 1300 to 56000 cells/cm2, indicating that 
the probe can detect low cell density of HeLa and MCF-7 
cells (2000 ± 145 and 5000 ± 362 cells/cm2, respectively). 
A similar detection limit was found for other cancer 
cell lines such as HepG2 and U-87 MG (4000 ± 767 and 
3000 ± 300 cells/cm2, respectively). A higher detec-
tion limit was found for the normal cell lines: HEK-293 
cells showed a detection limit of 14000 ± 300 cells/cm2; 
the detection limit was considerably higher for HDFs 
(53000 ± 625 cells/cm2). The linear equations for each cell 
line are shown in Additional File 4.

The selective cellular uptake of CFA (1) of HeLa and 
MCF-7 cells was qualitatively assessed in a co-culture 

with normal HDFs, plating MCF-7 and HeLa at their 
detection limit on top of the monolayer of HDFs. Images 
were taken by fluorescence microscopy (Fig. 7): data were 
normalised by setting the power of the green channel in 
a range that minimised the fluorescence emitted by HDFs 
only (control). A strong fluorescence green signal corre-
sponding to CFA (1) was observed in some points (indi-
cated by red arrows) which presumably corresponded to 
HeLa and MCF-7 cells (A. II and B. II, respectively), sug-
gesting that CFA (1) was able to detect a small number of 
cancer cells embedded in a bed of fibroblasts, simulating 
the CAFs population.

Discussion
This study aimed to investigate the ability of a novel 
choline derivative (CFA) to act as a fluorescent choline 
tracer for tumours characterised by an increased metabo-
lism of choline, such as cervical and breast cancer. The 
tracer was successfully synthesised, and its optical prop-
erties were characterised; the relatively large Stokes shift 
between the absorption and emission maxima of CFA 
(116 nm) is evidence of the charge-transfer nature of the 
transition. Since the transitions responsible for the emis-
sion and absorption reside on the acridine moiety, the 
tertiary amine can participate in the acridine conjugated 
system in the excited state, consequently increasing the 
extent of conjugation and effectively lowering the emis-
sion transition energy. Such a large Stokes shift minimises 
interference between the excitation and the fluorescence 
emission, prevents self-quenching and is highly suited 
for bioimaging. Indeed, CFA (1) possesses efficient opti-
cal properties that allow its intracellular detection at very 
low concentrations (5 µM) and incubation times with 
no induction of cell toxicity. Since acridine derivatives 

Table 1  The detection limit (cells/cm2) of the tested cell lines 
toward CFA (1)
Cell line Detection limit (cells/cm2)
HeLa 2000 ± 145
MCF-7 5000 ± 363
HepG2 4000 ± 767
U-87 MG 3000 ± 300
HEK-293 14000 ± 300
HDF 53000 ± 625

Fig. 7  Fluorescence microscopy images of HDFs along with cancerous cells. A) HeLa cells and B) MCF-7 cells, incubated with 5 µM CFA for 16 h. The 
surface of the cells was then washed twice to reduce nonspecific signals, and fluorescence images were taken using a 10× objective. (I) Nuclear staining 
using Hoechst 33342. (II) Green spots associated with cells that accumulated CFA, indicated by red arrows. (III) Transmitted light overlapped with Hoechst 
33342 and CFA. Images are representative of three fields of vision taken from the same sample. Scale bar: 400 μm

 



Page 9 of 12Caprifico et al. BMC Medical Imaging          (2024) 24:316 

generally have good inhibitory effects on topoisomerase 
I/II, cytotoxicity may be related to the inhibition of these 
enzymes. Several studies have explored acridine deriva-
tives for their excellent anticancer activity [23, 33, 34]. As 
an acridine derivative, CFA (1) was screened for its cyto-
toxicity toward tumours and normal cells; the cytotoxic 
effects are expressed as the growth inhibitory concentra-
tion (IC50), which represents the concentration needed to 
achieve 50% inhibition of cell growth after 72 h of incu-
bation [35]. The IC50 values of CFA (1) indicated excel-
lent growth inhibition of MCF-7 cells (100 µM), which 
was similar to that of other acridine derivatives com-
pared to the reference drug doxorubicin (IC50 = 65  µg/
mL) [35]. The growth inhibitory effects of CFA (1) on 
HeLa cells were within the tested concentrations but 
lower than those on MCF-7 cells or other acridine deriv-
atives and camptothecin [27, 36]. Other types of cancer 
cells (HepG2 and U-87 MG) and normal cell lines (HEK-
293 and HDFs) showed a cell viability of over 60% upon 
treatment with CFA (1) at its highest concentration (200 
µM). The selectivity in cell toxicity might be related to 
the higher uptake of CFA (1) after 24  h by MCF-7 and 
HeLa cells compared to the other cell lines tested. MCF-7 
cells are a well-established cell line for studying altered 
phospholipid metabolism in breast cancer [20, 37, 38] 
since high choline levels were detected in these cancer 
cells [39]. However, previous studies also demonstrated 
high choline uptake by HeLa cells [40–42]. By compari-
son, this preliminary study suggested that choline uptake 
is greater in breast and cervical cancer compared to liver 
cancer and glioblastoma.

Regarding the detection limit of CFA (1), a very low 
cell density (ranging from 2000 to 5000 cells/cm2) was 
needed to detect CFA (1) in the cancer cells, while a 
2-fold and 10-fold higher cell density was needed to 
detect CFA (1) in normal epithelial cells (HEK-293) and 
fibroblasts (HDFs), respectively. HDFs were chosen in 
this study as a model of CAFs which interact with can-
cer cells in the tumour matrix. In the TME, normal fibro-
blasts act as tumour suppressor cells but, as the tumour 
advances, cancer cells turn fibroblasts into allies through 
the secretion of cytokines and growth factors, allow-
ing fibroblasts to assist with proliferation, migration and 
invasion [43]. Wessels et al. [44] demonstrated that nor-
mal HDFs were able to turn themselves into CAFs upon 
treatment with a medium conditioned by a breast cancer 
cell line; cancer cells released fibroblast activation factors 
and cytokines such as IL-6 that activated HDFs. The pop-
ulation of CAFs originating from HDFs showed a shape, 
motility and gene expression similar to the CAF popula-
tion originating from human primary mammary fibro-
blasts [44]. CAFs are characterised by an increased ability 
to proliferate and migrate compared to normal fibro-
blasts [13], hence, to employ CFA (1) in later stages of the 

disease, further studies are needed to establish a potential 
increased uptake of CFA (1) in activated HDFs. In this 
study, HDFs were not turned into CAFs, since the aim 
was to assess the selective accumulation of CFA (1) by 
cancer cells at an early stage of the disease, characterised 
by lower cancer cell density, while CAFs develop during 
cancer progression [13]. To this end, normal HDFs were 
successfully employed to show the selective ability of CFA 
(1) to preferentially accumulate in cancer cells rather 
than in normal ones. However, the TME is composed of 
a heterogeneous population of CAFs, made not only by 
fibroblasts but also by epithelial and endothelial cells con-
verting themselves into CAFs via epithelial-mesenchymal 
transition (EMT) and endothelial–mesenchymal transi-
tion, respectively [45]. HEK-293 cells were employed as 
a model of normal epithelial cells and the cellular uptake 
of CFA (1) was compared to the tested cancer cell lines 
(p ≤ 0.001). HEK-293 is an established normal cell line, 
characterised by high reliability and fast growth and is 
widely used in research to compare the effects of novel 
therapeutic agents with cancer cells [46]. Results showed 
a significantly lower cellular uptake of CFA (1) in HEK-
293 cells compared to cancer cells. However, HEK-293 
cells’ high proliferation rate may lead to a higher cellular 
uptake of CFA (1) compared to normal epithelial cells of 
non-embryonic origin, suggesting that cellular uptake of 
CFA (1) in normal cells may be even lower. These results 
correlate well with our previous study [20] showing that 
choline and phosphatidylcholine fluorescent derivatives 
accumulated preferentially in malignant breast cells, in 
which choline uptake and metabolism were augmented 
[47, 48]. This feature is key for intravenous administra-
tion of the tracer since it allows specific accumulation 
in malignant cells while averting healthy cells. However, 
CFA (1) is suitable for in vitro or ex vivo studies or in vivo 
using specific instrumentation able to reach the area of 
interest since the UV‒Vis light (100–800 nm) shows poor 
penetration depth (up to 2.5 mm) in biological tissues.

Conclusion
A novel fluorescent tracer based on choline was synthe-
sised for the in vitro detection of cervical and breast can-
cers. The interaction of choline with fluorinated acridine 
(CFA) was tracked by self-fluorescence, and the com-
pound was preferentially taken up by cancer cells com-
pared to healthy cells (p ≤ 0.0001). These results suggest 
that CFA (1) could be used as a potential biomarker in 
the context of early diagnosis of cancerogenic lesions. 
However, further ex-vivo studies that more closely simu-
late the cellular population of TME are needed. Due to its 
high sensitivity, specificity, and relatively ease of synthe-
sis CFA has the potential to become a practical screen-
ing tool to complement existing diagnostic techniques in 
the context of cervical and breast cancer. To pursue this 
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goal, future studies will involve the application of CFA in 
tumoural in vivo tissues.
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