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Abstract

Novel cinacalcet containing acrylamide hydrogel (CIN-gel) was fabricated by free radical photopolymerization of
acrylamide/N,N’-methylenebisacrylamide with cinacalcet hydrochloride as a photoinitiator. This hydrogel prepared by a
one-pot photo-induced polymerization system was characterized with respect to its morphological and fluorescence features
by means of SEM, UV-vis, and fluorescence spectroscopy. The CIN-gel displayed dual fluorescence emission when excited at
250 nm in water:acetonitrile (1:1, w/w) solution system owing to twisted intramolecular charge transfer between naphthalene
and dimethylamino units in the cinacalcet moiety. The prepared fluorophore containing CIN-gel was employed as a fluores-
cent probe towards certain specific heavy metal ions (HMISs) such as Pb**, Sn>*, Zn?* and nitroaromatic compounds (NACs)
such as 2-nitrotoluene, 2,4-dinitrophenol, 1,2-dinitrobenzene, 2,4,6-trinitrotoluene, 2,4,6-trinitrophenol, 4-nitrophenol, and
2.4-dinitrophenol. The use of cinacalcet hydrochloride as a photoinitiator and analyte for measuring HMIs and NACs during
the production of the hydrogel is being reported for the first time. Fluorescence intensity of CIN-gel was gradually reduced
upon the addition of NACs and HMIs. For all compounds, the highest quenching efficiencies were attained in the presence
of Zn** (35.93%), 2,4,6-trinitrotoluene (95.67%), and 2,4-dinitrophenol (94.96%). Because of its simplicity and sensitivity,
the proposed CIN-gel can be considered as potential chemical probe to detect the HMIs ions and NACs compounds.
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Introduction

For the last few decades, detection of heavy metal ions
(HMIs) such as mercury, cadmium lead, stannous and zinc,
and nitroaromatic compounds (NACs) like 2,4,6-trinitro-
toluene, 2,4,6-trinitrophenol and 2,4-dinitrotoluene have
attracted significant attention due to their serious negative
effects on human health, living organisms and environment
[1-4]. Great efforts have been made to find cheap, reliable
and simple ways to detect these species. Owing to sensitiv-
ity, selectivity and response time advantages, fluorescence
spectroscopy has been employed and the construction of
selective sensor materials containing fluorophore groups
has gained great importance [5-7].

Over the last decade, hydrogel sensors have gained con-
siderable recognition as a valuable tool for sensing appli-
cations [8—10]. Due to their three-dimensional network
structures and capability of swelling and retaining a sig-
nificant amount of water, these materials enable the detec-
tion of toxic or environmentally harmful compounds with
high selectivity, sensitivity, stability and reproducibility
[11-13]. The hydrogel sensors are designed by character-
izing the analyte-stimulated change in physical properties
of light emission, light diffraction and refraction, reso-
nance frequency, color and light absorbance. Two main
synthetic routes have been followed for the preparation of
hydrogel networks containing fluorophore sites. First route
is a one-pot synthesis of hydrogel sensors by polymeriza-
tion of suitable monomers and fluorophores [14, 15]. Sec-
ond route is initially the synthesis of the hydrogel matrix
and functionalization of the previously formed matrix with
fluorophore groups [16]. Generally, hydrogel sensors are
prepared via photo [17-19] or redox [20-22] polymeriza-
tion of water-soluble acrylamide monomers. Among them,
the photoinduced process is one of the effective and envi-
ronmentally friendly methods for the preparation of hydro-
gels [16, 23]. Different chromophore groups like coumarin
[24, 25], dansyl [26, 27], pyrene [16, 28], fluorescein [29,
30], 2-vinylnaphthalene [31], 9-vinyl anthracene [32], qui-
noline groups [33], 1,8-naphthalimide derivative [34] and
rhodamine [35, 36] are covalently or physically bonded to
hydrogels to construct sensor materials. Recently the cal-
cimimetic drug, as cinacalcet hydrochloride, was utilized
to bond calcium-sensing receptor of the parathyroid and
to lower the sensitivity for receptor activation by extracel-
lular calcium, thus decreasing the parathyroid hormone
[37-39].

In this research, one-pot preparation of hydrogels
containing cinacalcet fluorophore was described by pho-
topolymerization of acrylamide and N,N’-methylenebi-
sacrylamide initiated upon UV irradiation of cinacalcet
hydrochloride without any photoinitiator. This is the first
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report cinacalcet hydrochloride used in the synthesis of
the hydrogel as a photoinitiator and an analyte for sens-
ing HMIs and NACs. In this approach, photolysis of a
cinacalcet hydrochloride forms free radicals, which can
initiate the polymerization of acrylamide monomers. The
performance of the obtained hydrogel has been studied by
detecting HIMs and NACs in fluorescence spectroscopy.
Scanning electron microscopy (SEM) was also utilized to
prove the porous structures of the gels.

Experimental
Materials

Acrylamide (AAm, 99%, Alfa Aesar, Germany), cinacalcet
hydrochloride (CIN, Lupin, >99%, USA), N,N’-methylen-
ebisacrylamide (BAAm, 99.0%, AppliChem, USA), man-
ganese (II) chloride dihydrate (Merck, >99%, Germany),
mercury (IT) chloride (Alfa Aesar, >98%, Germany), cobalt
(II) chloride hexahydrate (Sigma-Aldrich, >97%, Germany),
lead (II) acetate trihydrate (Sigma-Aldrich, >99.5%, Ger-
many), zinc acetate (Aldrich, 99.99%, Germany), nickel (II)
chloride (Aldrich, 98%, Germany) and, acetonitrile (Merck
Millipore, 99.9 > %, Germany) were used as received.
1,2-Dinitrobenzene (1,2-DNB, >99%), 2.,4,6-trinitrophe-
nol (picric acid, PA,>98%), 2,4,6-trinitrotoluene (1 mg/
mL TNT solution), 4-nitrophenol (4-NP, >99%), 2,4-dini-
trotoluene (2,4-DNT, 97%), 4-nitrotoluene (4-NT, 99%),
2,4-dinitrophenol (2,4-DNP, >98%) were used as received
from Sigma-Aldrich (Germany).

Instrumentation

Ultraviolet—visible (UV—vis) spectrophotometry measure-
ments of the hydrogels were performed at ambient condi-
tions on a Shimadzu UV-2101 spectroscopy device and
fluorescence emission spectra of the gels were recorded
on a Varian Eclipse spectrofluoremeter. Both spectra were
measured using quartz within the cavity of a 1 cm path-
length cuvette. The morphology of the CIN hydrogels has
been examined by utilizing a scanning electron microscope
(FEI-Quanta FEG 200-Field Emission Scanning Electron
Microscope (FE-SEM) and energy dispersive X-ray spec-
trometer (EDX)). Fourier-transform infrared spectroscopy
(FTIR) was taken on Perkin—Elmer Paragon 1000 spectrom-
eter using the attenuated total reflectance (ATR) method at
frequencies ranging from 650 to 4000 cm™".

Synthesis of linear CIN-PMMA polymer

Linear cinacalcet-poly(methyl methacrylate) (CIN-PMMA)
was synthesized through free radical photopolymerization of
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methyl methacrylate (MMA) (30 mmol) monomer by utiliz-
ing cinacalcet hydrochloride (0.03 mmol) as a photoinitiator
in 3 mL chloroform. The samples are placed in quartz tubes
and the system is being flushed with nitrogen, sealed, and
then surrounded using 12 lamps having an emission maxi-
mum at 295 nm in a photoreactor to photocured at ambient
temperature for 1 h.

Synthesis of CIN-gel

The cinacalcet hydrogels (CIN-gels) were produced
by free radical photopolymerization of BAAm/AAm
(0.09/7.0 mmol) using cinacalcet chloride (0.08 mmol) in
1:1 water:acetonitrile (ACN) solution system (1.5 g). To
accomplish this aim, deaerated samples were prepared and
injected between two glass slides separated by a thick gasket
(1.5 mm) and were externally irradiated for 1 h at ambient
conditions in a photoreactor equipped with 12 lamps hav-
ing an emission maximum of 295 nm. A Delta Ohm model
HD-9021 radiometer (10.0 mW/cm?) was utilized to gauge
light intensities at the sample locations. After the fabrication
of CIN-gels, the gels were washed in solvent mixture [ACN/
water, (1:1, w/w)] three times. Lastly, hydrogels were stored
at room temperature for 24 h in a highly aqueous solution
at room conditions to eliminate residual reagents from the
CIN-gels. The efficiency was calculated by measuring the
weights of the dried CIN-gels (>96%).

Fluorescence sensing applications of CIN-gel
against NACs and HIMs

A certain weight quantity of CIN-gel was placed into a
quartz cell containing solvent mixture to supply the molar-
ity of the CIN group at 1.25x 107, Afterwards, CIN-gel was
treated with a defined amount of HMIs (Cd**, Co**, Hg?",
Pb>*, Mn?*, Ni**, and Zn**) and NACs (TNT, 2-NT, 2.4-
DNT, 3-NT, PA, 2,6-DNT, 2,4-DNP, 4-NP, and 1,2-DNB).
The performance of CIN-gel against different analytes was
determined using fluorescence spectroscopy at ambient
conditions.

Results and discussion

Cinacalcet hydrochloride is a key intermediate for calcimi-
metic drug that mimics the action of calcium in the body
[40-43]. It is a secondary amino compound containing a
naphthalene chromophore and a 3-[3-(trifluoromethyl)phe-
nyl]propyl group. The UV-vis spectrum of CIN displays a
strong absorption at 295 nm, the shoulder peaks at 282 nm
and 305 nm peculiar to naphthalene analogs [44, 45], in ace-
tonitrile/water, (1:1, w/w). The emission spectrum of CIN
shows a wide band having a primary peak at 351 nm, which

was ascribed to the interaction between the naphthalene
group and the amino group (Fig. 1) [44]

Recently, our group reported a one-pot synthesis of fluo-
rescent hydrogels via acrylamide, N,N’-methylenebisacryla-
mide and dansyl chloride as a monomer, a cross-linker and a
photoinitiator, respectively. In the previous study, the dansyl
chloride was directly used as a photoinitiator in the polym-
erization without any additional due to its photosensitive
chemical structure containing dimethylamino, naphthalene
and sulfonyl chloride group [15]. Since, the chemical struc-
ture of dansyl chloride and cinacalcet hydrochloride are very
similar, perhaps, the cinacalcet hydrochloride is a potential
photoinitiator for the one-pot synthesis of fluorescent hydro-
gels. Cinacalcet hydrochloride includes an electron accep-
tor unit consisting of a naphthalene chromophore, and an
electron donor unit consisting of a secondary amine. Upon
UV irradiation, the inter- or intra-electron-transfer reaction
between these units was responsible for the free radical gen-
eration [44, 46, 47]. Furthermore, the photodegradation of
cinacalcet hydrochloride in solution was studied in various
photolytic conditions (sunlight, UV-light and dark light irra-
diation) and found that it degraded by 65%, 18.2% and 11.2%
for 24 h, respectively [48]. In accordance with our previous
study, the cinacalcet functional gels were prepared via pho-
topolymerization and sensing properties were examined in
fluorescence spectroscopy. The presence of CIN groups in
the CIN-gel network was further demonstrated by a model
study synthesizing linear poly(methyl-methacrylate) under
identical experimental conditions. By comparing UV spectra
of PMMA with linear CIN-PMMA, the significant CIN band
between 235 and 320 nm is distinctly evident in Fig. 2.

The morphology of fluorescent hydrogels was also crucial
to determine their sensor capacity to work in physiologi-
cal conditions. For this purpose, the CIN-gel sample was
frozen in liquid nitrogen and finally freeze-dried and coated
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Fig.1 UV-Visible (black) and fluorescence (red) spectra of cinacal-
cet HCl in acetonitrile/water (1:1, w/w)
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Fig.2 Comparision of UV-visible absorption spectra of linear-
PMMA and linear-CIN-PMMA and (2.0 x 10.75 M in DCM)

with gold prior to the scanning electron microscopy (SEM)
observation. As can be seen from SEM images, the CIN-gel
has sponge-like and microporous structures along its entire
volume with reciprocally connected pores in the size range
of 8-30 um (Fig. 3). The EDX spectra of the CIN-gel are
reported in Fig. 4. The dispersion of the initiator in CIN-gel
was investigated by EDX mapping method, in which F atom
spots from the photoinitiator were marked with blue color
and the remaining matrix was black. The dispersion of F
atoms was homogeneous indicating a homogeneous disper-
sion of the fluorescent group in CIN-gel matrix.

The FTIR spectra of CIN-gel (Fig. 5) exhibit the pres-
ence of absorption bands characteristic to cross-linking
bridges. Characteristic absorption peaks of the cross-
linked polyacrylamide attribution were made in agree-
ment with the values given in the literature [49-52]. A
broad band at 3400-3200 cm™! in the spectrum of CIN-
gel is assigned attributed to the stretching of N—H groups

from the cross-linking bridges, while the aliphatic asym-
metric valence vibration bands from 2926 and 2884 cm™!
are attributed to the CH, groups included in cross-linking
bridges and the macromolecular chains. The absorption
band at 2857 cm™! is assigned to the -N-CH,-bonds from
the cross-linking bridges. In the spectrum, other absorption
peaks at 1123 cm™! (C-N and N-H bonds), 1318-1321 cm™!
(stretching vibration of -NH groups), 1403-1422 cm™" and
1171-1193 cm™! (deformation vibration of -NH groups),
1453 cm™! (-CH,), 160 cm™! (deformation vibration of
—-NH, group) and 1667 cm™! (C=0 group of amide) are
present.

Fluorescence properties of CIN-gel in different solvents
including acetonitrile (ACN), water and their mixtures (3:1,
1:1 and 1:3, w/w) have been also studied. Although the CIN-
gel has presented high fluorescence intensity in all the stud-
ied solvents, the ACN/water (1:1, w/w) solvent system has
been chosen due to the optimum solubility of both HMIs
and NAC:s (Fig. 6).

The sensing and binding behavior of the CIN-gel were
examined by fluorescence spectroscopy measurements using
several NACs and HMIs compounds in a mixed solvent sys-
tem (ACN/water) at 250 nm excitation wavelength (4,,) at
room temperature. Cinacalcet fluorophore of the obtained
hydrogels depicted strong emission spectra in the absence
of NACs and HMIs owing to photoinduced electron trans-
fer or to exciplex formation from dialkylamine atom moiety
(donor) to naphthalene moiety (acceptor). Related emis-
sion spectra and quenching efficiency for NACs and HMIs
are represented in Fig. 7. When CIN-gel was titrated with
4.55 equivalents of HMIs (Sn**, Pb**, and Zn**) and NACs
(4-NT, 4-NP, 1,2-DNB, 2,4-DNT, 2,4-DNP, PA and TNT)
fluorescence emission of CIN-gel was quenched significantly
with slight blue-shifting of the band maxima. The stronger
quenching ability of CIN-gel was related to photoinduced

Fig. 3 SEM micrographs of the CIN-gel at 2000 X magnification

gglppl @ Springer



Iranian Polymer Journal (2023) 32:1359-1366 1363
e 3 o ™
) o =~
Z ) 4 =
o 9 w v
m (@] [0} o
[ 4 > =)
< E X -
(&) zZ (@) T8
C K +——i20pm N K +——20pm O K +——i20pm F K +——20pm
2000x  kV:30.0 Tilt:0 2000x kV:30.0 Tilt:0 2000x kV:30.0 Tilt:0 2000x kV:30.0 Tilt:0
c
N
o :
‘ SE CN F
2000%,——20um
40 80 120 160 200 240 280 320 360  keV
Fig.4 The EDX spectra and EDX maps of CIN-gel
—— ACN
1000 —— ACN-Water (3:1)
—— ACN-Water (1:1)
——— ACN-Water (1:3)
800 Water

Transmittance (%)

50 1 I 1 I 1 U
4000 3500 3000 2500 2000 1500 1000

Wavenumber (cm™')

Fig.5 FTIR spectrum of CIN-gel

electron transfer from the excited CIN to nearby NACs and
HMIs (which is a typical process in naphthalene derivatives)
[6, 53] or to exciplex formation [41, 54]. The fluorescence
quenching efficiency (FQE) of NACs and HMIs can be cal-
culated in accordance with the following equation:

(IO_I)

I

o

QE = x 100. (1)

The obtained results for quenching efficiency ratios
(QERs) of all compounds are shown in Fig. 7. The strong-
est QERs among the studied NACs and HMIs were detected
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Fig.6 Fluorescence spectral response of CIN-gel (containing
1.25% 10 M CIN) in ACN, water, ACN:water mixtures with differ-
ent ratios w/w (3:1), (1:1) and (1:3), respectively

for TNT (95.67%), 2,4-DNP (94.96%) and Zn** (35.93%),
respectively.

Among the NACs, the CIN-gel displayed the strongest
quenching capacity for TNT. Therefore, the influence of
TNT amounts on the fluorescence emission of the CIN-gel
was evaluated by adding 0.06 to 4.55 equivalent ratios of
TNT. At different concentrations of TNT, the fluorescence
emission intensity of the CIN-gel was essentially linearly
proportional to the concentration (Fig. 8). Besides, the cor-
relation coefficient was calculated as RZ=0.999, and the
fluorescence emission of CIN-gel completely disappeared
by the addition of TNT up to 4.55 eq.

gBlPPI @ Springer
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Fig. 8 Fluorescence emission spectra of CIN-gel (1.25x 107> M) in
ACN:water (1:1, w/w) in the presence of TNT at 0.06, 0.11, 0.17,
0.34, 0.45, 0.57, 0.68, 0.80, 0.91, 1.02, 1.14, 1.25, 1.36, 1.48, 1.70,
1.93, 2.05, 2.27, 2.50, 3.07 and 4.55 equivalent ratios

Among all heavy metal cations, Zn** was detected as
the highest value for quenching efficiency (35.93%). As
shown in Fig. 9, since other background HMIs (except
for Sn>* and Pb>*) had small interferences for fluorogenic
detection, the CIN-gel offered that could be utilized as a
potential chemical probe for Zn>* ion. According to these
results as well as its high sensitivity, the prepared CIN-gel
can be utilized as a fluorescence chemical probe for TNT,
2,4-DNP and Zn** ion.
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Fig. 9 Quenching efficiency ratios of the cinacalcet-modified CIN-gel
upon the addition of 4.5 eq. targeted NACs and HMIs

Conclusion

The cinacalcet functional was synthesized via one-
pot photopolymerization of acrylamide/N,N’-
methylenebisacrylamide, utilizing cinacalcet chloride as a
photoinitiator. The SEM, UV-vis, and fluorescence spec-
troscopy data verified the accomplished synthesis of the
gel. Then, CIN-gel was used as a fluorescence sensor probe
for different NACs and HMIs. Fluorescence emissions of
CIN-gel were markedly quenched upon titration of NACs
and HMIs. The strongest QERs for HMIs and NACs were
observed for Zn?* (35.93%), TNT (95.67%) and 2,4-DNP
(94.96%), respectively. In addition, the CIN-gel showed a
highly linear plot to the titration of TNT by 4.55 equivalent.
Therefore, CIN-gel as a potentially chemical probe could be
utilized as a fluorescent sensor for the determination of Zn>*
cation for HMIs and TNT and 2,4-DNP for NACs.
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