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Abstract Phthalocyanine-BODIPY dye (BODIPY = boron
dipyrromethene) was synthesized, fully characterized, and
used for molecular recognition of CYFRA 21-1, a lung cancer
biomarker, from whole blood samples. Thin films of three
magnesium oxides (MgO),,, where n = 8, 9, or 10)) were
deposited on a paper substrate, and they were immersed in a
solution of phthalocyanine-BODIPY dye (1.17 x 10~ mol/L)
for the design of stochastic sensors. Limits of determination of
picograms per milliliter magnitude order were recorded for the
proposed stochastic sensors. CYFRA 21-1 was reliably iden-
tified and determined with recoveries higher than 95% and
RSD lower than 1% in whole blood samples.

Keywords CYFRA 21-1 - Stochastic sensors - Lung cancer -
Phthalocyanine - BODIPY
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Introduction

CYFRA 21-1, a fragment of cytokeratin 19, is a tumor marker
relatively new in the laboratory practice since the 1990s. It
was first detected in nonsmall cell lung cancer, especially
squamous cell carcinoma [1-4]. After then, it has been intro-
duced as a potential marker for monitoring various types of
diseases, including head and neck carcinoma [5, 6], esopha-
geal cancer [7], bladder cancer [8], cervical cancer [9, 10],
preeclampsia [11], biliary tract cancer (BTC) [12], intrahepatic
cholangiocarcinoma (ICC) [13], breast cancer [14, 15], liver
cancer [16], thyroid cancer [17, 18], undifferentiated nasopha-
ryngeal carcinoma [19], and ovarian cancer [20-22].

Cytokeratins are part of the cytoskeleton of the epithelium.
Previous studies identified 20 different cytokeratins and clas-
sified them into type I (acidic) and type II (neutral to basic)
[13, 23, 24]. Serum CYFRA 21-1 is an acid-type cytokeratin
with a molecular weight of 40 kDa that is released out of cells
in the form of soluble fragments [25]. Expression of
cytokeratin is altered during epithelial differentiation, and it
is important for modulation and control of cell-cycle regula-
tion and tumor cell apoptosis [26, 27].

To date, there were several methods reported for the assay
of CYFRA 21-1 in biological fluids, including ELISA [5, 12,
22, 28], electrochemiluminescent immunoassay (ECLIA) [8,
11, 29], chemiluminescence immunoassay (CLIA) [30-32],
radioimunoassay (RIA) [33, 34], and immunoradiometric as-
say (IRMA) [18, 27] (Table 1). The main disadvantages of
these methods were laborious sampling, specialized equip-
ments and personal involvement needed, and longtime analy-
sis. Therefore, electrochemical methods that do not need any
or minimum sample preparation and require easy-to-use in-
strumentation are of high interest for biomedical analysis [37].

In this paper, we proposed three stochastic sensors based
on a phthalocyanine-BODIPY dye immobilized on ceramic
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Table 1  Other methods proposed to date for the assay of CYFRA 21-1
Reference Method Detection limit Linear concentration Type of sample
(ng/mL) range (ng/mL)

[30] CLIA 0.20 0.2-50 -

[8] ECLIA 0.10 1.18-460.7 Serum, urine

[32] CLIA 0.01 0.9-71.4 Serum

[28] ELISA 0.60 - Serum, pleural fluid

[18] IRMA 0.05 - Serum

[35] On-bacterium flow cytometric immunoassay 0.25 0-25 Serum

[36] Two-step sandwich immunoassay 0.10 - Serum
(streptavidin-biotin technique)

[37] Field effect transistor-based biosensor 1.00 1-1000 Serum

matrices, for the determination of CYFRA 21-1 from whole
blood samples. Stochastic sensors are promising tools for bio-
medical analysis providing an alternative to the classical
methods, due to their high reliability in identifying and quan-
tifying the analytes in complex samples. The principle of sto-
chastic sensors is based on channel/pore conductivity [38, 39]:
on the first stage, the molecule is entering the channel/pore
and is blocking it; the conductivity of the channel is dropping
to zero; the time taken by the molecule to enter the channel
(signature of the analyte) is depending only on the size, ge-
ometry of the molecule, and on its capability of unfolding and
its speed to enter the channel, and it is not depending on the
type and nature of the matrix; therefore, it is difficult to find
two molecules with the same signature (¢, value). The second
stage is strictly related to the quantitative measurements.
Because in biomedical analysis the first important issue is
to perform a reliable qualitative analysis, one should consider
the stochastic sensors as the best choice for this analysis, be-
cause they can perform (based on the signatures of the
analytes) a reliable qualitative analysis. Phthalocyanines are
excellent nanostructured materials, able to provide stable
channels/pores, and therefore are preferred versus other simi-
lar nanostructured materials for the design of such sensors.

Experimental
Reagents and materials

Dimethyl formamide, ethanol, CuSO,4:5H,0, and sodium
ascorbate were purchased from Aldrich. Reaction was moni-
tored by thin layer chromatography (TLC) using 0.25 mm
silica gel plates with UV indicator (60F,s4). Column chroma-
tography was performed on silica gel 60 (0.04-0.063 mm),
and preparative thin layer chromatography was performed on
silica gel 60PF,s4. The polyoxy substituted zinc(II) phthalo-
cyanine (1) [40] and 4,4'-difluoro-8-(4-propynyloxy)-phenyl-
1,3,5,7-tetramethyl-4-bora-3a,4a—diaza-s-indacene (2) [41]

@ Springer

were synthesized and purified according to the literature
procedures.

CYFRA 21-1 (human cytokeratin 19 protein) was pur-
chased from Abcam (MA, USA). Deionized water obtained
from a Millipore Direct-Q 3 System (Molsheim, France) was
used for the preparation of all standard solutions. Standard
solution of different concentrations (2 x 10~ pg/mL to
20 pg/mL) was prepared by serial dilution method.

Instrumentation

Elemental analyses data were obtained from Thermo Finnigan
Flash 1112 Instrument. Infrared spectrum of compound 3 was
recorded on a Perkin Elmer Spectrum 100 spectrophotometer.
Electronic absorption spectra were measured on a Shimadzu
2101 UV-Vis spectrophotometer. Fluorescence excitation and
emission spectra were recorded on a Varian Eclipse spectroflu-
orometer using 1 cm path length cuvette at room temperature.
"H-NMR spectrum of compound 3 was recorded on a Varian
500-MHz spectrometer with tetramethylsilane (TMS) as an in-
ternal standard and chemical shifts () are given in parts per
million. The mass spectrum was obtained on a BRUKER
Microflex LT by matrix-assisted laser desorption ionization-
time-of-flight mass spectrometer (MALDI-TOF) technique
using 2,5-dihydroxybenzoic acid (DHB) as a matrix.

A PGSTAT 12 potentiostat/galvanostat was connected to a
three-electrode cell (working electrode—the new developed
stochastic sensor, Ag/AgCl—reference electrode, and Pt
wire—counter electrode) and linked to a computer via an
Eco Chemie (Metrohm, Switzerland) software version 4.9.
Chronoamperometry was employed for all measurements.

Synthesis
Phthalocyanine-BODIPY dye (3)

A mixture of compound 1 (15 mg, 7.11 x 1073 mmol), 4,4'-
difluoro-8-(4- propynyloxy)-phenyl-1,3,5,7-tetramethyl-4-
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(60°C/400W/45 min)

(3) N F

Fig. 1 Synthesis route of phthalocyanine-BODIPY dye 3

bora-3a,4a—diaza-s-indacene (2) (5.38 mg, 1.43 x 102 mmol),
CuS0,4:5H,0 (0.2 mg, 8.68 x 107 mmol), and sodium ascor-
bate (0.17 mg, 8.68 x 10°° mmol) ina 12:1:1 mixture of DMF,
ethanol, and water (5 mL) was stirred in a microwave oven at

400 W for 45 min (Fig. 1). After this time, the mixture was
extracted with dichloromethane/water mixture. The organic
phase was dried by anhydrous sodium sulfate and then fil-
tered. Dichloromethane was evaporated until dryness. The
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Table 2 Deposition parameters used for MgO coatings on paper by
TVA plasma

Sample 1 filament I discharge Udischargc Anode-
A) (A) %) substrate
distance (cm)
(MgO)g 25 3 800 39
(MgO)o 30
MgO)o 20

green residue was purified by silica gel column chromatogra-
phy, using CH,Cl,/EtOH (20:1) solvent system as an eluent.
Yield: 10 mg, 67%. FT-IR (Umax/cm 1)z 3068 (aromatic CH),
2927-2865 (aliphatic CH), 1655 (C=C), 1492 (triazole), 1094
(C-0-C). Calc. for C;psH139B1F2N14054Zn C 60.41, H 6.65,
N 9.30%; found C 60.26, H 6.79, N 9.93%. 'H-NMR
(500 MHz, DMSO-dg) 6 ppm: 1.47 (6H, s, CHj), 2.09 (18H,
m, CH3), 2.40 (6H, s, CH3), 2.45 (8H, br, CH,), 2.68-3.02
(4H, d-d, CH,), 3.51-3.73 (72H, m, CH,), 4.39 (3H, m, CH),
5.21 (2H, br, CH,), 6.18 (2H, s, pyrrole-H), 7.07-7.31 (12H,
m, aromatic CH), 7.33 (1H, br, triazole-H), 7.48 (1H, br, NH),
7.67-8.32 (4H, m, aromatic CH). MALDI-TOF-MS m/z: calc.
2107.51; found 2223.60 [M-2F+DHB]". UV/Vis: (DMSO,
1 x 107> M), Ama/nm (log €): 685 (5.16), 617 (4.73), 504
(4.68), 348 (5.04). Fluorescence (DMSO, 2 x 10°¢ M), Aen/
nm: 508, 695.

Design of the stochastic sensors

Thin films of three magnesium oxides (MgO),,, where n = 8,
9, or 10) were deposited on a paper substrate with a length of
4 cm and a width of 2 mm, using the Thermionic Vacuum Arc
(TVA) technique. TVA is a plasma-based coating method
characterized by igniting a high voltage-high current dis-
charge between a hot filament (cathode) and an anode
consisting of the deposition material. In this case, the anode
consisted of a TiB, boat filled with MgO powder. Base

chamber pressure of 4 x 107> Torr was the same in all coating
runs along with the plasma electrical parameters, while the
only difference between them stands in the anode-substrate
distance as presented in Table 2.

These thin films (Fig. 2) were immersed in a solution of
phthalocyanine-BODIPY dye (1.17 x 10~ mol/L) for 10 min
and then left to dry at room temperature for 24 h. Before each
measurement, the sensors were cleaned with deionized water.
These sensors were stored in a dry and dark place at room
temperature when they were not used.

Stochastic method

A chronoamperometric technique was selected for the sto-
chastic sensing. All measurements were made at 125 mV ver-
sus Ag/AgCl. The electrodes were dipped into a cell contain-
ing standard solutions of different concentrations of CYFRA
21-1. The values of ¢, were read on the recorded diagrams,
and the equation of calibration 1/¢,, = f{conc.) was calculated
using statistics (linear regression method). The unknown con-
centrations of CYFRA 21-1 in whole blood samples were
determined by introducing the value of 1/¢,, obtained after
the measurements of samples in the equation of calibration.

Sample preparation

The University Emergency Hospital from the University of
Medicine and Pharmacy “Carol Davila” Bucharest provided
the whole blood samples from patients that were diagnosed
with lung cancer, and control samples (healthy patients). The
procedure for sample collection was in accordance with ethics
committee approval no. 11/2013; informed consent was ob-
tained from all patients. The samples did not need any pre-
treatment before the assay and were analyzed immediately
after they were collected from the patients. The apparatus cell
was filled with the whole blood sample, and the unknown
concentration of the biomarker in whole blood samples was
determined using the stochastic method described above.

Immersion of the working electrode

Unmodified working electrode

} |

N

Thin film of magnesium oxide clusters

(MgO)n where n=28,9 or 10
ﬁ Paper

Fig. 2 Design of the stochastic sensors
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Fig.3 UV-Vis absorption spectra
of phthalocyanine-BODIPY dye
(3)in DMSO (C =1 x 107 M)
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Results and discussion
Synthesis and characterizations

The asymmetrically polyoxy substituted zinc(I) phthalocya-
nine (1) [40] and 4,4'-difluoro-8-(4-propynyloxy)-phenyl-
1,3,5,7-tetramethyl-4-bora-3a,4a—diaza-s-indacene (2) [41]
were synthesized and purified according to the literature pro-
cedures. The asymmetrically substituted phthalocyanine com-
pound 1 was conjugated with a BODIPY compound 2 via
“click coupling” reaction using CuSO,4:5H,0 and sodium
ascorbate as catalysts (Fig. 1).

In the FT-IR spectrum of phthalocyanine-BODIPY dye 3
(see Electronic supplementary material (ESM) Fig. S1), the

Wavelength (nm)

aromatic CH vibration peaks were observed at 3068 cm ! and

the aliphatic CH vibration peaks were observed between 2927
and 2865 cm . The characteristic C-O-C vibration peak of
polyoxy groups was observed at 1094 cm ™' The Nj stretching
peak of the phthalocyanine compound 1 at 2096 cm ' disap-
peared after the reaction of this phthalocyanine with BODIPY
derivative 2 by the “click reaction.” On the other hand, a novel
vibration peak was observed at 1492 cm™ ' for triazole ring on
the phthalocyanine-BODIPY dye 3.

The molecular ion peak of phthalocyanine-BODIPY con-
jugate (3) was observed at m/z 2226.60 as [M+3K+2H]" in the
MALDI-TOF spectrum of this compound.

The presence of phthalocyanine aggregation at the concen-
trations used for the NMR measurements may lead to

Fig. 4 Fluorescence emission 250 1
spectrum of phthalocyanine-
BODIPY dye (3) in DMSO (ex-
citation wavelength = 450 nm)
200 A
s
L‘: 150 A
z
"
3
g 100 A
50 A
0
460

510 560 610 660 710 760
Wavelength (nm)
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Table 3  Response characteristics of the stochastic sensors used for the screening of CYFRA 21-1

Sensor based on phthalocyanine- togr (S) Linear concentration Sensitivity Equation of calibration®

BODIPY dye (3) and range (mg/mL) (s mgﬁl mL)

(MgO)g 26 2x10*t02 % 1072 1.26 1/ton = 0.042 + 1.26 x C; = 0.9999
(MgO)y 2.1 2x10°t02x10* 1.88 x 10% 1ton = 0.030 + 1.88 x 10" x C; r = 0.9999
(MgO)y0 1.5 2x10"0t02x 1077 261 x 10° Uty = 0.056 + 2.61 x 10° x C; r = 0.9999

<C>=mg/mL; <t,,>=s

broadening of the aromatic signals. In the "H-NMR spectra of
phthalocyanine-BODIPY conjugate (3) in DMSO-dg, the ar-
omatic protons of BODIPY unit were observed between 7.67
and 8.32 ppm. The proton signals on the amide and triazole
groups were observed at 7.48 and 7.33 ppm as broad peaks,
respectively. The protons belonging to the phthalocyanine
core were observed between 7.07 and 7.31 ppm. The pyrrolic
protons were observed at 6.18 ppm as a singlet band. The CH
protons on the bridge of the polyoxy group were observed at
4.39 ppm. The aliphatic CH, protons were observed between
5.21 and 2.45 ppm. The aliphatic CH3 protons of polyoxy
groups were observed at 2.09 ppm as a multiplet peak. The
aliphatic CH3 protons on the BODIPY moiety were observed
at 2.40 and 1.47 ppm as singlet peaks.

The characteristic absorption bands for both BODIPY and
phthalocyanine moieties on the phthalocyanine-BODIPY dye
3 were observed at 504 and 685 nm which is an indication of
the conjugation of phthalocyanine and BODIPY groups.
Additionally, a broad peak was observed at around 348 nm
due to the superimposition of the BODIPY absorption and B
band absorption of the phthalocyanine core (Fig. 3). The fluo-
rescence emission behavior of phthalocyanine-BODIPY dye
3 conjugate was determined in DMSO, and two emission
maxima were observed at 508 and 695 nm for BODIPY and
phthalocyanine moieties, respectively, when it excited at
450 nm (Fig. 4).

Response characteristics of the stochastic sensors used
for the screening of CYFRA 21-1

Three stochastic sensors based on phthalocyanine-BODIPY
dye 3 were used for the screening of whole blood samples
for CYFRA 21-1. The response of the sensors was based on
current conductivity: on the first stage, CYFRA 21-1 is
blocking the channel and the current is dropping to zero until
the molecule is entering the channel—the time spent on the
first stage is called the signature (¢,5) of CYFRA 21-1. The
second stage is related to quantitative measurement of the
concentration of CYFRA 21-1—and the binding process with
the wall of the channel is taking place:

Ch) + CYFRA21-1(;<Ch*CYFRA21-1;

where Ch is the channel and i is the interface, followed by

@ Springer

redox processes; the time spent in the channel by CYFRA 21-
1 is called ¢,, and its value is used for the quantitative evalu-
ation of it in whole blood samples (Fig. 4). The response
characteristics of the sensors used for the screening of
CYFRA 21-1 are presented in Table 3. The best response
was shown by the sensor based on (MgO);(-3 with a linear
domain from 0.20 to 200 pg/mL, reaching a determination
limit of 0.20 pg/mL. The proposed sensors were stable over
a period of 6 months, when they were used daily for measure-
ments; the RSD values recorded for the slopes of the calibra-
tion graphs were lower than 1.00%.

Selectivity of the sensors

The signatures obtained for different biomarkers (analytes) are
given the selectivity of the proposed method. Therefore, other
biomarkers used for lung cancer diagnosis, such as NSE,
HER-1, HER-2, CA 199, and CEA, were measured, and dif-
ferent values for . (signatures) were obtained compared with
the signature of CYFRA 21-1 reported in Table 3. Therefore,
one can say that the proposed sensors are selective versus
biomarkers that may interfere in the assay of CYFRA 21-1
in whole blood samples.

Analytical applications

The proposed stochastic sensors based on phthalocyanine-
BODIPY dye 3 were used for the screening of whole blood
samples for CYFRA 21-1 (Fig. 5). Qualitative assay of
CYFRA 21-1 was performed based on its signature (¢,
values), and the quantitative assay was done by introducing
the values of #,, in the equations of calibration presented in
Table 3.

Recovery tests were performed as the first step of method
validation. Well-known volumes from solutions containing
CYFRA 21-1 were added to 1 mL whole blood sample so that
the concentrations are situated in the linear concentration
range. Diagrams were recorded before and after the addition
of the well-known volumes of the standard solution, and the
concentrations found for CYFRA 21-1 were compared
(Table 4) and reported as percentage from the added concen-
tration. The obtained values show that the proposed sensors



Phthalocyanine-BODIPY dye: synthesis, characterization, and utilization for pattern recognition of CYFRA... 6201

Fig. 5 Examples of diagrams
recorded for the assay of CYFRA
21-1 in whole blood samples
using stochastic sensors based on 150x102
a (MgO)s-3, b (Mg0)y-3, and ¢
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Table 4 Assay and recovery test

results for determination of Sample no. CYFRA 21-1, recovery in whole blood samples, ng/mL

CYFRA 21-1 in whole blood

samples Sensor based on phthalocyanine-BODIPY dye (3) and ELISA®

(MgO)s (MgO)o MgO)1o

Control 1-10 -° - -° -°
1 27.75+0.03 27.50 +£0.02 27.48 +£0.05 27.20 +0.48
2 69.60 + 0.04 70.90 £+ 0.03 70.03 + 0.05 65.65 +0.45
3 8.86 +0.01 8.94 +0.02 8.95+0.02 8.20+0.43
4 154.10 £ 0.05 154.40 = 0.08 153.82 £ 0.07 153.00 £0.48
5 107.30 = 0.05 108.00 = 0.05 108.33 £0.03 107.50 £ 0.53
6 14.95 £0.03 15.34+0.03 15.18 £ 0.01 15.20 £0.75
7 22.60 +0.03 21.30 £ 0.02 21.53 +£0.03 21.23+0.53
8 88.75 +£0.04 87.87 +0.04 87.96 + 0.04 87.20 +0.43
9 41.90 +0.04 40.97 +0.02 41.82 +0.02 41.20 +0.55
10 195.52 +0.08 195.00 = 0.05 195.05 +0.07 195.45 +0.75
11 8.91+0.02 8.95+0.01 8.81 +0.01 8.00 +0.57
12 27.90 +0.03 27.50 +0.02 27.41 +0.03 26.95 +0.70
Recovery, % 97.75 +0.02 99.96 +0.03 96.25 +0.03 -

# Standard method (N = 5)

® CYFRA 21-1 was not found in any control sample tested

can be used reliably for the assay of CYFRA 21-1 in blood
samples.

A control sample (from a healthy patient) as well as whole
blood samples from patients diagnosed with lung cancer was
screened using the proposed sensors. CYFRA 21-1 was not
found in the whole blood sample. The obtained results showed
a good correlation among the results obtained using the three
sensors (Table 4) as well as between these values and those
obtained using a standard method (ELISA).

Conclusions

Phthalocyanine-BODIPY dye was synthesized and used as a
modifier for magnesium oxide-free films. Immobilization of
phthalocyanine-BODIPY dye 3 on magnesium oxides proved
to produce reliable surfaces for the design of stochastic sen-
sors with features for early detection of lung cancer. High
sensitivity and low limit of determination were recorded using
these sensors. The proposed sensors were designed to be dis-
posable in order to avoid suspicion of cross contamination
from one patient to another.
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