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This article describes the design, synthesis and characterization of a sensor suitable for practical
measurement of ionized calcium in water samples and cancer cells. Calcium is an important ion in living
organs and works as a messenger in several cellular functions. A lack of Ca ions interrupts the immune
system and can lead to several diseases. A novel magnetic-polydopamine nanoparticle (PDNP)/
rhodamine B (RhB)/folic acid (FA) nanoparticle was developed for the determination of calcium ions in
MCF 7 cell lysates and water samples. Furthermore, the produced nanoparticle was employed for
bioimaging of folate receptor (FR)-overexpressed cancer cells. This nanoprobe displayed a bright
photoluminescence emission at 576 nm under an excitation wavelength of 420 nm. In the presence of
calcium ions, the fluorescence emission of the MNPs-PDNPs/RhB/FA probe was proportionally
decreased from 20 ng mL™ to 100 ng mL™* and 0.5 ug mL™ to 20 pg mL™* with a lower limit of

quantification (LLOQ) of about 20 ng mL™%. The developed sensor showed a low-interference manner in
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Accepted 20th October 2022 the presence of possible coexistence interfering ions. In addition, this nanomaterial showed excellent
biocompatibility with favorable differentiation ability to attach to the FR-positive cancer cells. The MNPs-
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1. Introduction

Calcium ions (Ca**) are the most ubiquitous signaling mole-
cules in living organisms, regulating numerous biological
functions. Calcium is a vital ion in living organs and elaborates
as an extracellular messenger in several cellular functions. Lack
of Ca®>" interrupts the immune system and leads to several
diseases.” The dysregulation of calcium concentration in cells is
related to some neurodegenerative disorders of Alzheimer's
disease (AD), Parkinson's disease (PD), and Huntington's
disease (HD).>* Furthermore, some evidence proposes that an
abnormal level of calcium is associated with the progress of
cancer. Also, the concentration of Ca*" in environmental sour-
ces must be controlled to regulate its concentrations in water
and soil.’
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Recently, monitoring of intracellular concentrations of
cationic and anionic ions has received great attention to be
employed as an indicator for early-stage detection of the cor-
responded disorders.*” Hence, the design of a calcium sensing
platform is extremely needed for its reliable detection in various
biological and environmental samples. To date, there have been
reported several analytical techniques for measuring and
detection of Ca** including electrochemical method, NMR
analysis, electrochemical, atomic spectroscopy, colorimetric
(UV), and photoluminescence methods in diverse samples
which offer specific, sensitive, and reliable detection.”™°
However, some disadvantages have been found for these tech-
niques such as laborious detection approaches, high-cost
instrumentation, and nonsufficient sensitivity and selectivity
associated with atomic spectroscopy-based methods, fragile
instrumentation and time consuming manipulations associ-
ated with electrochemical methods, the high detection limit
with colorimetric techniques, and etc. These restrictions limit
their uses for the fast detection of calcium ions. In recent years,
fluorescence and electrochemical-based sensor systems for Ca>*
detection have attracted great attentions owing to their opera-
tional simplicity and real-time detection, etc., that have been
widely utilized for the detection of various analytes due to their
favorable analytical performance of high sensitivity, fast anal-
ysis time, and non-destructive detection approaches.®™*
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Fluorescent materials not only showed potential fluorescent
probes for the determination of ions in live cells and they also
could be applied for the cancer cells bioimaging. There has
been a growing request to use these materials in bioimaging
applications alongside previously used techniques such as
computed tomography (CT), single-photon emission computed
tomography (SPECT), magnetic resonance imaging (MRI), etc.
for in vivo bioimaging. The fluorescence-based bioimaging
exhibited several beneficial features of high safety, simplicity,
sensitivity, and biocompatibility nature toward living cells.*®"”
The detection of biomolecular cellular functions using fluo-
rescent materials is becoming much easier owing to their
intensive development for biosensing and medical applica-
tions. Because, several human diseases, including various
cardiomyopathies, neurodegenerative diseases, and cancer are
known to be associated with altered Ca®>" concentration. There
is a strong need to develop Ca®" sensors capable of real-time
quantitative Ca®" concentration measurements in specific
subcellular environments. Current estimates of Ca>* have been
derived using major types of Ca*>" indicators and sensors like (1)
synthetic small molecule fluorescent indicators, (2) specifically
modified derivatives of the chemiluminescent protein, (3)
fluorescent indicators based on green fluorescence protein, and
(4) some small molecule dyes accumulate in certain cellular
compartments of cells.

Bioimaging of cancer cells is implemented by different
approaches that the targeted imaging is the best one to differ-
entiate cancer cells from normal cells. However, targeted bio-
imaging could be done by biological agents like antibody-
antigen, aptamers, etc., or by chemical moieties like folic acid
(FA), hyaluronic acid, etc. functionalized agents. Despite the
high specificity of the biological agents for bioimaging, these
substances are high-cost, low stable, and usually, severe
conditions are needed to be applied for the storing of them.
Employing simple techniques like fluorescence and electro-
chemical methods provide more versatile and facile approaches
for bioimaging aims.'®*

FA molecules have been utilized as labeling molecules for
the modification of various molecules and nanoparticles for
different medical aims.”*** FA-functionalized materials are very
selective toward folate receptor (FR) of the surface membrane of
some of the FRs-overexpressed cancer cells.”” To date, diverse
new materials including metallic (gold, silver, etc.)-based,
carbon-based, silica-based nanoparticles, etc. have been modi-
fied with FA molecules.”*?*

Herein, the use of the magnetic-poly dopamine nano-
particles (PDNPs)/rhodamine B (RhB)/FA was presented for the
facile determination of calcium ions in water samples, and cell
lysates. Furthermore, the MNPs-PDNPs/RhB/FA nanoparticles
were also employed for the bioimaging and measuring of
intracellular calcium ions at trace levels. The MNPs-PDNPs/
RhB/FA-based probe showed high selectivity towards calcium
ions in the presence of metal ions. The developed fluorescent
calcium sensor displayed good water dispersity and biocom-
patibility. Additionally, this novel nanoprobe has been utilized
for the determination of calcium ions in MCF 7 cell lysates as
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well as the detection of calcium ions in water samples from
different sources.

2. Experimental section

2.1. Materials

FA was obtained from Mehr Darou pharmaceutical company
(Iran). 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT), 1-ethyl-3-(3-dimethylaminopropyl)carbodii-
mide (EDC, 98.0%), rhodamine B (RhB, 98.0%), and N-hydrox-
ysuccinimide (NHS, 98.0%) were purchased from Sigma-Aldrich
(USA). Dimethylsulfoxide (DMSO, 98.3%), ammonia solution
(15%), sodium hydroxide (NaOH, 98.0%), and hydrochloric acid
(HCI, 35.5%) were provided from Merck company (Germany).
Also, sodium acetate, sodium dihydrogen phosphate, disodium
hydrogen phosphate, acetic acid, and trisaminomethane
hydrochloride (Tris-HCl) were purchased from Merck (Ger-
many). Cell culture materials i.e. Roswell Park Memorial Insti-
tute (RPMI) 1640, trypsin-EDTA (25%), fetal bovine serum
(FBS), and penicillin/streptomycin were obtained from Gibco
Co. (UK). MCF 7 and HEK 293 cell lines were obtained from
National Cell Bank of Iran (NCBI) (Iran).

2.2. Apparatus

Fourier transform infrared (FTIR) spectra were recorded using
Bruker model instrument (Billerica, Massachusetts, US). A
JASCO FP 750 spectrofluorometer (Tokyo, Japan) was employed
to record fluorescence emission spectra. The size and surface
charge of the MNPs-PDNPs/RhB/FA nanoparticles were charac-
terized by Malvern particle size analyzer (Malvern, UK). Field
emission scanning electron microscopy (FE-SEM, FEG-SEM
MIRA3 TESCAN, Brno, Czech Republic) was used to show the
morphology and analyze the energy dispersive X-ray (EDX)
spectrum of the MNPs-PDNPs/RhB/FA nanoparticles. Atomic
force microscopy (AFM) was employed to study surface topog-
raphy of the MNPs-PDNPs/RhB/FA through a Digital Instru-
ments nanosurf mobile S (Grammetstrasse, Switzerland).
Crystallographic structure of the MNPs-PDNPs/RhB/FA was
verified using X-ray diffraction (XRD) technique using Siemens
D 5000 X-ray diffractometer (Texas, USA) with a CuKe anode (2
=1.54 A, 40 kv, 30 mA). The magnetic property was determined
by MDKB (Kashan, Iran). The cellular internalization of the
MNPs-PDNPs/RhB/FA nanoparticles was recorded by fluores-
cent microscopy (Olympus BX64, Olympus, Japan) with U-
MWU?2 fluorescence filter (excitation filter BP 330e385, dichro-
matic mirror DM 400, emission filter LP 420). A microplate
reader (Awareness Technology, Florida, USA) was utilized to
measure absorbance of MTT assay.

2.3. Synthesis

2.3.1. Synthesis of magnetic particles (MNPs). Briefly,
3.24 g of FeCl; and 2.76 g of FeSO, were dissolved in 20 mL of
water. Then, 1.5 mL of HCl was added and stirred (6000 rpm) to
complete the dissolving process. Next, 100 mL of NaOH (1.25 M)
were added dropwise under stirring conditions for 30 min. Final
back color magnetic materials are collected by centrifuging, and
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several times were washed with pure water to remove to reach
pH=7.

2.3.2. Preparation of PDNPs. 500 mg of as-prepared
magnetic particles were dispersed in 25 mL of PBS buffers at
PH = 8.5 and sonicated for at least 30 min to obtain a homog-
enized dispersion. At the end of the dispersion period, the pH of
the solution was controlled and adjusted to pH 8.5. Then, an
appropriate amount of dopamine (DA) (47.5 mg) was added to
reach the concentration of 10 mM. The mixture is mechanically
agitated for 3 h to complete the polymerization of DA on the
surface of magnetic nanoparticles. After then, 200 pL of ethyl-
enediamine was added to the mixture to change the magnetic
microparticles of DA to the MNPs-PDNPs. The EDA molecules
induce the degradation of PDA non-fluorescent particles to the
highly florescent PDNPs. These molecules showed reductive
properties which made high yields PDNPs. Degradation of PDA
particles not only decreases their final sizes but can enhance the
water solubility and dispersibility of particles. It is proposed
that degradation of the aggregated PDA particles causes to
a reduction the -7 interactions between PDA particles.?”*®
Finally, as-prepared MNPs-PDNPs were washed several times
with water and stored in a refrigerator for further use.

2.3.3. Synthesis RhB-NHS and FA-NHS. The carboxylic
groups of the RhB molecules are activated by EDC/NHS-
coupling method. Briefly, 3 mg of RhB, 5 mg of NHS, and
4 mg of EDC were dissolved in 10 mL of PBS buffer solution with
a pH of 7.0 and stirred (600 rpm) for 12 h at room temperature.
Finally, the RhB-NHS molecules were used to attach to the
amine groups of the PDNPs. The same approach was applied to
the activation of FA molecules.

2.3.4. Synthesis of MNPs-PDNPs/RhB/FA. 5 mg of MNPs-
PDNPs was added to 5 mL of RhB-NHS and then another
5 mL of FA-NHS was supplemented and stirred (600 rpm) at
room temperature for 6 h. A competition was initiated between
RhB-NHS and FA-NHS molecules to attach to the amine groups
of PDNPs. The as-produced MNPs-PDNPs/RhB/FA nanoparticles
were purified using a dialysis bag (molecular weight cutoff 3
kDa) against distilled water to remove the unreacted reagents.
The as-prepared MNPs-PDNPs/RhB/FA nanoparticles are stored
in a refrigerator for the next uses. All synthesis approaches are
demonstrated in Scheme 1.

2.4. Biological section

2.4.1. Cell culture. The cell lines were cultured in the RPMI
1640 medium (10% of FBS and 1% penicillin/streptomycin) at
the 25 mL flasks and then incubated for days to grow. Upon
reaching the cell population of 80%, the RPMI media was dis-
carded and washed with phosphate buffer solution (PBS, pH
7.4). Next, EDTA-trypsin solution was poured into the flask to
detach the cells from the bottom of the flasks. Then, the cell
suspension was transported to a tube and centrifuged to sepa-
rate the cells. Finally, fresh FBS-supplemented RPMI was added
to the cells.

2.4.2. Cell viability. The cell viability of MNPs-PDNPs/RhB/
FA nanoparticles towards the cell lines was measured by MTT
assay. 10* of MCF 7 cancer cells were added into the wells of
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a 96-well plate and then incubated for 24 h. Next, different
concentrations of the MNPs-PDNPs/RhB/FA nanoparticles (5-
500 ug mL ") were added to the wells and incubated for 6, 24,
and 48 h. Then, the MTT reagent (20 uL of 3 mg mL™") was
added to the wells and incubated for 4 h. Next, the wells media
were poured out and 200 pL of absolute DMSO were added and
incubated for 30 min. Finally, the absorbances of the wells were
recorded at 570 nm and the relative cell viabilities were calcu-
lated against the control groups.

2.4.3. Cell uptake. The cell internalization of the MNPs-
PDNPs/RhB/FA nanoparticles to the FR-positive (MCF 7) and
negative (HEK-293) cell lines was investigated with various
concentrations of nanoparticles. 5 x 10° of the cells were added
to a 6-wells plate. After 24 h, the MNPs-PDNPs/RhB/FA nano-
particles were added to the wells. Next, the internalization value
was evaluated by fluorescence microscopy.

2.4.4. Bioimaging of calcium ions in live cells. Fluores-
cence bioimages of the MNPs-PDNPs/RhB/FA nanoparticles
treated MCF 7 cells that incubated with different concentrations
of Ca ions were recorded. 5 x 10° of MCF 7 cells were added into
the wells of a 6-well plate and subsequently incubated for 24 h.
Next, the cells were incubated with various concentration of
calcium ions (5, 20, and 50 pg mL™ ') for 6 h. Next, MNPs-
PDNPs/RhB/FA nanoparticles were added to the wells and
incubated for 4 h. Then, fluorescence images were captured in
the absence and presence of calcium ions.

2.4.5. Detection of Ca ions in cell lysates. Different
amounts of calcium ions were added to the MCF 7 cells and
incubated for 24 h to sufficient uptake to the cells. Then
supernatant RPMI was poured out and the cells were placed in
a centrifuge tube to lysate the cancer cells at the high centri-
fuging speed (10 000 rpm). Then, the solution was treated with
HCI (1 M). Finally, the supernatant was separated by a centri-
fuge and the amount of calcium was determined with the
designed probe.

2.5. Pretreatment of water samples

Tap water, commercial mineral, and Aras river water samples
were collected from the local sources and then filtrated to delete
possible particles. Then, suitable volumes were added to the
probe i.e. the MNPs-PDNPs/RhB/FA nanoparticles at the opti-
mized condition and fluorescence emissions were recorded by
a fluorescence technique. The final concentrations of calcium
ions were determined using a previously plotted calibration
curve which was already provided in water media.

3. Results and discussion

3.1. Characterization of MNPs-PDNPs/RhB/FA
nanomaterials

Fig. 1 displays the TEM and FE-SEM images of MNPs-PDNPs/
RhB/FA nanoparticles. It is clear that the general shape of the
MNPs-PDNPs/RhB/FA nanoparticles is spherical. The MNPs-
PDNPs/RhB/FA nanoparticles size were computed from TEM
and FE-SEM images using Image]J 21.1 + 6.3. Also, AFM analysis
confirmed the topography of the nanoparticles as determined

RSC Adv, 2022, 12, 31535-31545 | 31537
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Scheme 1 Synthesis approach of the MNPs-PDNPs/RhB/FA nanoparticles.

Fig. 1 (a) TEM, and (b) FE-SEM images of the MNPs-PDNPs/RhB/FA
nanoparticles (scale bar = 50 nm).

by FE-SEM and TEM techniques (Fig. S11). The size of MNPs-
PDNPs/RhB/FA nanoparticles is inconsistent with the
hydrated diameter obtained by dynamic light scattering (DLS)
techniques (Fig. S2at). To observe the surface charge, the MNPs-
PDNPs/RhB/FA zeta potential was determined as +17.9 mV
(Fig. S2bt) which is largely affected by PDNPs with a zeta
potential of +102.0 mV.?® Generally, amine groups turned to
their cationic forms at low and neutral pHs. Also, the addition
of FA molecules with negative zeta potential, influenced the
final zeta potential to the negative values. The +17.9 mV zeta
potential shows how stable during the colloidal phase. Stable

31538 | RSC Adv,, 2022, 12, 31535-31545

colloidal dispersions are obtained at relatively high zeta. In
other words, if the particles in any suspension possess large zeta
potential values (negative or positive) then they tend to repulse
each other with no desire to produce coagulation.

The elemental composition analysis of the MNPs-PDNPs/
RhB/FA nanoparticles was carried out using energy dispersive
X-ray (EDX) analysis equipped with FE-SEM, and showed that
the percentages of carbon, nitrogen, oxygen, and ferric/ferrous
ions of 20.21%, 25.19%, 31.75%, and 22.85%, respectively
(Fig. S3 and Table S1t}). The obtained results confirm the pres-
ence of the elements which must be available on the final
structure of the MNPs-PDNPs/RhB/FA nanoparticles.

The surface functional groups of the MNPs-PDNPs/RhB/FA
nanoparticles and FA molecules were detected by FTIR
(Fig. S41). An absorption peak at around 550 cm™" confirms the
presence of the Fe-O bonds.*® The attachment of FA and RhB
molecules to the surface of PDNPs could be observed between
1200-1800 cm ™' and 100-500 cm ™", respectively. The presence
of amide groups is confirmed by the 3350 and 1651 cm "
spectra which confirms the attachment of RhB and FA mole-
cules to the amine-functionalized PDNPs.*>** It is noteworthy
that the formation of amide bonds is one of the main confir-
mations in the EDC/NHS coupling reactions.*

Magnetic property of the MNPs-PDNPs/RhB/FA was
measured and shown in Fig. S5.1 The saturation magnetization
of the nanocomposite was found equal to 3.0 emu g ', showing
favorable magnetic property of the MNPs-PDNPs/RhB/FA. In

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. S5,T it clear that by increasing the magnetic field —10 to +10
T, the magnetization enhanced severely with forming an S-like
curve. Usually, materials with large magnetic properties
showed higher magnetization value, however, the magnetic
properties of the MNPs-PDNPs/RhB/FA is logically limited as
compared with bare MNPs with magnetization value of around
39.5 emu g '.** The crystallographic structure of the MNPs-
PDNPs/RhB/FA was also checked by the XRD technique at the
260 range from 4-80° Fig. S6.1 It is evidently observed that the
MNPs-PDNPs/RhB/FA do not have sharp diffraction peaks
which is a typical spectrum for amorphous or ultrafine crystal-
line materials. Hence, it is concluded that the iron oxide formed
in the polymer-like structure which were the desired form of
Fe;0, particles.*®

3.2. Study of spectrophotometric and fluorescence spectra of
the MNPs-PDNPs/RhB/FA nanoparticles

Spectrophotometric and fluorescence spectra of the MNPs-
PDNPs/RhB and MNPs-PDNPs/RhB/FA nanoparticles are pre-
sented in Fig. 2. The MNPs-PDNPs/RhB have two shape
absorption peaks at 259 nm and 555 nm and three broad peaks
at 354 nm, 400 nm, and 513 nm. Peaks around 257 nm, 353 nm,
and 553 nm are regarded as the characteristic absorption peaks

of RhB molecules. However, the MNPs-PDNPs/RhB/FA
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Fig. 2 (a) Absorbance, and (b) fluorescence emission spectra of the
MNPs-PDNPs/RhB and MNPs-PDNPs/RhB/FA nanoparticles.
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nanoparticles showed absorption bands around 259 nm,
366 nm, 513 nm, and 555 nm. The absorbance band of 259 nm
is arisen by the n-m* transition whereas the m-m* electron
transition is produced a fluorescence peak at 553 nm (Fig. 2a). It
seems that a sharp peak of RhB at the 259 nm overlaps the FA
absorbance band and another technique (i.e. FTIR) is needed to
confirm the attachment of FA to the MNPs-PDNPs/RhB
(Fig. S47).

As above-mentioned, the w—7t* electron transition with an
absorbance wavelength of 555 nm is responsible for the pho-
toluminescence of the MNPs-PDNPs/RhB/FA nanoparticles. The
fluorescence spectra of MNPs-PDNPs/RhB/FA nanoparticles
have two main peaks at 520 nm and 576 nm corresponding to
the FA and RhB molecules, respectively. However, the RhB
maximum peak was remained unchanged at both MNPs-
PDNPs/RhB and MNPs-PDNPs/RhB/FA nanoparticles (Fig. 2b).
The excitation and emission spectra of the MNPs-PDNPs/RhB/
FA nanoparticles are presented in Fig. S7.f By altering the
excitation wavelength in the range of 380 nm to 470 nm, the
photoluminescence emission MNPs-PDNPs/RhB/FA nano-
particles were decreased and the maximum intensity was ob-
tained at 420 nm. Furthermore, the emission peak of the MNPs-
PDNPs/RhB/FA nanoparticles was 60 nm shifted to shorter
wavelengths (Fig. S81). Multiple excited states and the lower
relaxation rates of the environments can result in the alteration
of emission wavelength.?**”

3.3. Effect of pH value on the fluorescence and absorbance
spectra of the MNPs-PDNPs/RhB/FA

The presence of different functional groups on the surface of
MNPs-PDNPs/RhB/FA makes them be affected by the pH
condition of the media. Therefore, both fluorescent and
absorption spectra of MNPs-PDNPs/RhB/FA are changed by pH
alerting (Fig. 3). The absorbances of MNPs-PDNPs/RhB/FA are
enhanced upon increasing pHs up to 7.5 and then was constant
up to about pH 9.5. However, a 10 nm blue shift was obtained at
the maxima of 259 nm of the MNPs-PDNPs/RhB/FA, showing
the participation of the functional groups in the formation of
hydrogen bonds. In addition, fluorescence spectra of the MNPs-
PDNPs/RhB/FA were influenced by pH. Fig. 3b and S9f show
that the fluorescence emissions were enhanced up to pH 7.5,
while the emission wavelength remained constant at all pHs.
This trend is the same for both absorbance and fluorescence
emission spectra. The m-m interactions are dominated at low
pH values is a result of the amine groups protonation of the
PDNPs. However, at the higher pHs, the w—m interactions are
blocked at large scale by the free amine groups.*®

3.4. Analytical performance of the established probe for
calcium sensing

3.4.1. Influence of some factors on the fluorescence emis-
sion of nanomaterial. In this work, the effect of the pH, buffer
type, buffer concentration, time of incubation, and the
concentration of MNPs-PDNPs/RhB/FA was tested on the
quenching intensity by Ca ions.* Fig. S10at shows that the

quenching effect of the Ca ions is at the maximum levels at pH

RSC Adv, 2022, 12, 31535-31545 | 31539
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Fig.3 Effect of pH on the (a) absorbance and (b) fluorescence spectra
of the MNPs-PDNPs/RhB/FA.

7. These results caused by the protonation of amine groups in
the acidic media, decreasing the interactions between Ca ions
and the MNPs-PDNPs/RhB/FA. In higher pHs, calcium ions are
partially or completely converted to their hydrolyzed forms
(Ca(OH),). Regarding all of the obtained results, pH 7 was
selected as the optimized condition to maximize the interaction
between both amine groups and calcium ions (Fig. S10at).
The type of buffer and its concertation has a massive effect
on the amount of the quenched fluorescence intensity. Findings
proposed that Tris buffer with a concentration of 25 mM is the
best choice for the calcium ions and MNPs-PDNPs/RhB/FA
interactions (Fig. S10b and cf). Fig. S10df demonstrates the
effects of the MNPs-PDNPs/RhB/FA concentrations on the
measuring of Ca. The interactions between MNPs-PDNPs/RhB/
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FA and Ca ions may be decreased at the low concentrations of
the nanoparticles.

3.4.2. Analytical figures-of-merit. The calibration curve of
the quenching effect of the Ca ions on the MNPs-PDNPs/RhB/FA
was plotted. For this aim, different amounts of calcium ions
were added to the MNPs-PDNPs/RhB/FA under the optimized
conditions and then the AF values were recorded as the differ-
ence between the fluorescence intensity in the presence and the
absence of different levels of calcium ions. AF (=F, — F,) is the
analytical final that F, and F; denote to the fluorescence emis-
sion of MNPs-PDNPs/RhB/FA in the absence and presence of
the calcium ions, respectively.

The calibration curve of the calcium determination is pre-
sented in Fig. 4 in which the fluorescence emission of the
MNPs-PDNPs/RhB/FA has decreased upon the addition of
calcium ions from 20 ng mL ™" to 100 ng mL™" and 0.5 pg mL ™"
to 20 pg mL ™. The calibration equations of the probe at the
obtained two ranges are AF = 197.4 (£9.327) C (ug mL™ ") +
7.007 (£0.5479) (p-value < 0.0022) and AF = 2.558 (£0.0969) C
(ug mL™") + 30.37 (£1.058) (p-value < 0.0001) with correlation
coefficients (R*) of 0.9956 and 0.9943, respectively. The lower
limit of detection of the probe is 20 ng mL~" which covers the
concentration of Ca in environmental samples. Also, the limit of
detection (LOD) and limit of quantification (LOQ) of the probe
were estimated to be 0.01 ng mL™' and 0.033 ng mL ",
respectively, based on their classical definition as LOD = 354/
a and LOQ = 10S4/a. Here, “Sq4” and “a” are the slope of the
calibration curve and standard deviation of the blank, respec-
tively. The quenched fluorescence of the MNPs-PDNPs/RhB/FA
probe is proportionally quenched with calcium concentra-
tions. Table S27 lists the figures-of-merits of some of the spec-
troscopic probes for calcium measurement.***® As seen, the
developed MNPs-PDNPs/RhB/FA-based probe can detect
calcium ions at a wide dynamic range with acceptable

120 L T T T

100} /

Y=197.40*X+7.01
R?=0.996

AF

Y=2.56*X+30.37
201 R2=0.994 T

0 'l

0 5 10 15 20 25
Conc. (ng/mL)

Fig. 4 Calibration curve for the determination of Ca ions in cell lysates
and water samples. (Conditions; pH = 7, concentration of Tris buffer =
25 mM, time = 15 s, room temperature, and volume of the nano-
particles = 150 pl).

© 2022 The Author(s). Published by the Royal Society of Chemistry
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sensitivity. However, the developed method is able to detect
calcium ions in live-cell media.

Table 1 collects the repeatability accuracy and recovery
finding of the developed probe for the determination of calcium
ions. These tests were investigated at three concentration levels
of 0.02, 5, and 15 pg mL™". The repeatability of the probe is
between 6.7-16.0% as the relative standard deviation (RSD%).
However, the accuracy of the developed method ranged from
83.0 to 99.8%. In this work, all validations were done using the
food and drug administration (FDA) guidelines.*

3.5. Specificity investigation

The specificity of the developed method was checked regarding
FDA guidelines.*® Based on the FDA guidelines, the signal of the
probe was recorded in the presence and absence of the con-
existing agents and reported as RSD%. The effect of some
agents of AI**, Hg*", Cd**, zn**, Se'*, Cr**, Ni**, Fe**, Cu®*, and
Co®" was investigated on the signal of the MNPs-PDNPs/RhB/FA
probe to check the selectivity of the established method
(Fig. S1171). The selectivity of the developed probe was measured
by comparing the fluorescent intensity of the probe in the
presence and absence of the interfering agents. Obtained
results revealed that the fluorescence emission of the MNPs-
PDNPs/RhB/FA probe was not significantly affected by the
tested agents and all RSD% values are in the FDA-permitted
range. The high specificity of the MNPs-PDNPs/RhB/FA probe
toward calcium ions could be a consequence of interactions
between the surface carboxylic acid and amine groups of MNPs-
PDNPs/RhB/FA and vacant orbitals of calcium ions. Also, the
size of ions and the type of vacant orbitals are other factors that
affect the interaction between ions and nanoparticles.

3.6. Application of the probe

3.6.1. Detection of calcium in water samples. The devel-
oped MNPs-PDNPs/RhB/FA-based probe was used for the water
samples determination from various sources. Table 2 collects
the measured concentrations of calcium ions in the water
samples from diverse sources (such as tap water, mineral water,
and Aras river). It is noteworthy that all water samples were
filtered before determination wit.

3.6.2. Detection of calcium ions in cell lysate samples. The
use of the MNPs-PDNPs/RhB/FA-based probe was also checked
in cell lysates. Briefly, MCF 7 cells were incubated with different
calcium concentrations of 1, 10, 15, 25, and 50 pg mL ™. After
about 4 h incubation, the uptake of calcium ions was measured
by the developed probe after a digestion step. From Fig. S12,F it
is obvious that the uptake percentage was enhanced by
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Table 2 Determination of calcium levels in real samples using MNPs-
PDNPs/RhB/FA-based probe

Obtained concentration

Type of water (ng mL™)

Tap 1 22.92 (+1.8)
Tap 2 24.68 (£7.4)
Mineral 24.68 (£1.3)
Aras river 19.12 (+4.6)

increasing the incubated concentrations. The obtained results
are in agreement with the fluorescence images. The fluores-
cence emission of the MNPs-PDNPs/RhB/FA was quenched by
the uptake of calcium ions and the intensity of the captured
images was decreased by an increase of the calcium ions. Any
increase in the concentration of the calcium ions makes more
interaction between the ions and nanoparticles, resulting in the
diminished fluorescence intensity of the nanoparticles. It is
noteworthy that the obtained quenching data points are
provided at room temperature.

3.7. Bioimaging of cancer cells

3.7.1. Cytotoxicity and bio-imaging. The well-known 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetra-zolium bromide assay
(MTT assay) was used to determine the cytotoxicity of MNPs-
PDNPs/RhB/FA in MCF 7 cancer lines (as a FR-positive cell). A
dose and time-dependent study were carried out by incubating
MCEF 7 cell line with (5, 10, 50, 100, 250, and 500 ug mL~") NPs
for 6, 24, and 48 h, and changes in cell viability are displayed in
Fig. S13.7 First, it can be noticed that no significant decline in
cell viability up to the NPs concentration of 500 pg mL ™" with
respect to control. However, the increasing incubation time to
48 h minimal decreased the survival rate of cells, which was
around 87% (£1.8). Overall, these results clearly demonstrated
that prepared NPs show non-toxicity up to 500 pg mL™" in MCF
7 cells. Thus, this study concludes that as-synthesized MNPs-
PDNPs/RhB/FA nanoparticles had good biocompatibility
behavior against MCF 7 cells and could be utilized for further
investigations in vivo tests.

In addition, exclusively fluorescence bio-imaging of MCF 7
cells was carried out with NPs and obtained images are dis-
played in Fig. 5. The attachment of the FA molecules on the
surface of MNPs-PDNPs/RhB makes them as a smart material
that attaches to the FRs of the cancer cell membrane. This
ability was evaluated by incubation of the cells at various
concentrations and times. No fluorescence emission was
observed for cells without treatment. Further, the addition of

Table 1 Repeatability and recovery of the developed approach for the Ca ion detection

Nominal concentration Intraday precision

Interday precision

Intraday accuracy Interday accuracy

(ng mL ™) (RSD%) (RSD%) (RE%) (RE%)
0.02 6.7 16.0 85.0 83.0
5.0 1.0 13.0 98.8 88.0
15.0 10.5 15.0 99.8 93.0

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig.5 Effect of the concertation of the MNPs-PDNPs/RhB/FA ((a) control, (b) 25 ng mL~2 (c) 50 ng mL~2, (d) 100 ng mL™%, (e) 150 ng mL~2 and (f)

225 pg mL™Y (scale bar = 100 pm).

different concentrations of NPs with MCF 7 cells exhibits the
difference in the fluorescence image (Fig. 5). Fig. 5 depicts the
uptake of the MNPs-PDNPs/RhB/FA with concentrations of 25,
50, 100, 150, and 225 pug mL ™. From the results, it is clear that
after incubation of the cells with 225 ug mL™" of the MNPs-
PDNPs/RhB/FA, the fluorescence intensity of the images
reached its highest level. Fig. 6 shows the fluorescence bio-
images of MCF 7 cells after contact with MNPs-PDNPs/RhB/FA
nanoparticles in a time-dependent study. The 4 h of the incu-
bation time shows bright fluorescence cell images when
compared to 1 and 3 h of the incubation due to the high
penetration NPs into the MCF 7 cells. The efficiency of MNPs-
PDNPs/RhB/FA uptake to FR-positive cells was increased by
the time of incubation. Bright red emission of MNPs-PDNPs/
RhB/FA was mainly observed in the surface membrane of
MCEF 7 cells and cytoplasm, whole the nucleus was not signifi-
cantly affected by the materials, demonstrating that the MNPs-
PDNPs/RhB/FA is firstly attached to FRs and then gradually
enter into the cells' cytoplasm of cells. These results confirmed
that FRs are placed at the surface membrane of the FR-
overexpressed cells. As seen, the cell morphology was not
significantly affected by the MNPs-PDNPs/RhB/FA.

31542 | RSC Adv, 2022, 12, 31535-31545

The targeting specificity of the MNPs-PDNPs/RhB/FA was
also studied by incubation of the HEK 293 cells with nano-
particles.*” Results proposed that the MNPs-PDNPs/RhB/FA
failed to attach to the FR-negative cells due to the lower
expression of FRs on the membrane of HEK 293 than MCF 7
cells (Fig. S1471). The extraordinary affinity of MNPs-PDNPs/
RhB/FA to the MCF 7 cells is predominantly triggered by the
high formation constant of FA/FR (10*® to 10*° M~").*® The high
formation constants enhance the targeted interactions and the
specificity of the bioimaging of the cells.

3.7.2. Quantification of Ca ions intracellular levels in live
cells. To determine the intracellular levels of calcium ions, the
MCF 7 cancer cells were incubated with different concentra-
tions of calcium ions (5, 20, and 50 ug mL~") for 6 h. After
washing with PBS to remove the remaining calcium ions, the
treated cells were incubated with MNPs-PDNPs/RhB/FA nano-
particles in culture media for 4 h at 37 °C. The incubated cells
were imaged by fluorescence microscopy (Fig. 7). The intensity
of the images was compared with the control groups which only
incubated with the MNPs-PDNPs/RhB/FA nanoparticles.
Generally, the calcium-treated cells exhibited lower emitted
fluorescence due to the quenching effect of calcium ions. These
results established that the MNPs-PDNPs/RhB/FA-based probe

© 2022 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2ra04815a

Open Access Article. Published on 03 November 2022. Downloaded on 10/25/2025 1:21:53 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercia 3.0 Unported Licence.

(cc)

Paper
K}
5
i
-t
=
2
S
m
]
o
c
@
o
a
L
o
3
(™
Fig. 6 Effect of the time of incubation (a) 1 h, (b) 3 h,

Bright Field

Fluorescence

View Article Online

RSC Advances

and (c) 4 h on the amount the cell uptake value (scale bar = 100 pm).

Fig.7 Detection of the intracellular concertation of Ca ions (a) control group, (b) 5 ug mL™2, (c) 20 ug mL™% and (d) 50 ng mL™* (scale bar = 100

pum).

can detect the intracellular calcium ions in live cells with
favorable accuracy.

4. Conclusion

A novel MNPs-PDNPs/RhB/FA nanocomposite was produced
and used for the quantification of calcium ions in water
samples and live cells. Also, it was employed for the targeting of
FR-positive MCF 7 cancer cells. The cell viability of MNPs-
PDNPs/RhB/FA nanoparticles was tested by the MTT assay
with a biocompatible nature even at the 225 pg mL™" concen-
tration. Obtained results confirmed that the MNPs-PDNPs/RhB/
FA nanoparticles can be uptake into the FR-positive cancer cells
through FA/FR interactions with exceptional selectivity. In
addition, the MNPs-PDNPs/RhB/FA was utilized for the detec-
tion of calcium ions in water samples and live cells with LLOQ

© 2022 The Author(s). Published by the Royal Society of Chemistry

of as low as around 20 ng mL~". Bright and high fluorescence
emission of the probe provides a more sensitive method for Ca
detection. Furthermore, the emission wavelength is in the
visible area, reducing the self-absorption of the fluorescence
emission of the nanoparticles. Also, low-emission wavelengths
reduce photobleaching and enhance the stability of the nano-
particles. In addition, high energy wavelengths may be harmful
to the living cell. The applicability of this sensor was checked in
the detection of calcium ions in the real samples which are
collected from various sources and the detection of calcium
ions in live cells. However, the application of this sensor may be
limited in presence of some ions as studied in the main text.
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