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Abstract

A colorimetric turn-on chemosensor based on gold nanorods, Au NRs, has been developed to enable rapid, facile, and
simultaneous detection of hazardous metal ions. This study involved the functionalization of gold nanorods with (9,10-dioxo-
9,10-dihydro-anthracen-1-yl)-dithiocarbamic acid (DTAD) through the utilization of synthetic photo-irradiation and ultra-
sound techniques. Various spectroscopic methods were employed to characterize both the synthesized gold nanorods and the
chemosensor. The optical response of this sensor was investigated with respect to a range of metal ions, including Mg**, K™,
Ca’*, Mn**, Fe**, Co®*, Ni**, Cu®*, Zn?*, Cd**, and Pb**. The results reveal that the DTAD-functionalized gold nanorods
chemosensor effectively discriminates all the investigated metal ions, with Cd** ions exhibiting higher sensitivity and selec-
tivity compared to the other metal ions. Moreover, the anticancer impact of both gold nanorods and DTAD-functionalized
gold nanorods was investigated on a panel of cell lines as breast cancer (MCF-7), liver cancer (HepG-2), and colon cancer
(Caco-2) using MTT assay. Further, the morphological features and Annexin V using flow cytometry were carried. Compara-
tive analysis with a free chemosensor showed that fluorescence images of living cells were notably brighter in the presence of
Cd>*, highlighting the efficacy of DTAD-functionalized gold nanorods as a fluorescent biosensor for Cd** ions. Additionally,
the in vitro anticancer study showed that gold nanorods significantly inhibited the growth of all cancer cells than DTAD-
functionalized gold nanorods with best antiproliferative effect on HepG-2 hepatocellular carcinoma with ICs, values equal to
1.971 +1.28, 40.95 +2.56 ug/mL, respectively, compared to DOX. Also, the alteration in the HepG-2 morphological shape
and Annexin V results confirmed the great antineoplastic effect of Au NRs than DTAD-Au NRs.
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Introduction nanoparticles like gold nanorods allows them to absorb light

of different wavelengths. The collective oscillations of the

Owing to their distinctive optical and electrical character-
istics, gold nanorods (Au NRs) have garnered considerable
attention, primarily attributed to their shape and dimensions.
The confinement of electrons on the surface of gold nanorods
engenders shape- and size-dependent features that are not
observable in bulk particles [1, 2]. In brief, the formation
of plasmon resonances on the surface of respectable metal
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electrons surrounding the nanoparticles are represented by
these plasmons. These surface plasmon resonances (SPR)
exhibit extremely shape- and size-dependent intensity and
wavelength [3-5]. Gold nanorods exhibit two distinct SPR
depending on their width and length, known as the trans-
verse and longitudinal plasmon groups (LSPR), because of
their anisotropic form. While the LSPR varies significantly
depending on the number of nanorods and the overall size,
the TSPR is discovered at a fair distance over 500 nm. It
is possible to create single-crystalline gold nanorods with
LSPR anywhere from the visible to the near-IR region of the
electromagnetic spectrum by careful synthesis. Due to the
low absorption of surrounding tissue in this region and the
capacity of nanorods to absorb NIR light, these materials are
suitable for use in biomedical applications [6—8].
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However, functionalizing gold nanorods can be notably
challenging due to their unique surfactant coating present
during their initial synthesis. Typically, cetyltrimethylam-
monium bromide (CTAB), which strongly adheres to the
nanorod surface, is employed during the creation of gold
nanorods. Aggravating the CTAB layer can lead to partial
or complete aggregation during functionalization, result-
ing in the loss of desired optical properties.

Heavy metal contaminants in water, given their toxic-
ity, bioaccumulation potential, and persistence, pose a sig-
nificant threat to both human health and the environment,
even at low concentrations [9, 10]. Furthermore, they
are challenging to remove from natural and engineered
water systems [11]. Various analytical methods, including
inductively coupled plasma mass spectrometry, inductively
coupled plasma-atomic emission, graphite furnace atomic
absorption spectrometry, and fluorescence spectroscopy,
are used for the detection and quantification of heavy
metals in environmental and biological samples [12—-14].
Nevertheless, the cost and complexity of these approaches
hinder their use for timely investigations of metal ions.
Therefore, the development of user-friendly, cost-effective,
selective, and sensitive technologies remains essential to
meet environmental requirements and enable on-site real-
time monitoring of heavy metals [14, 15]. In our labora-
tory, we have focused on developing simple and affordable
fluorescent probes for the sensing of toxic metal ions due
to their high sensitivity even at low concentrations. Essen-
tial metal ions for human health, such as Mg?*, K*, Ca®",
Mn?*, Fe’*, Co?*, Ni**, Cu®*, Hg?*, Zn**, and Pb**, are
included in the metal ion detection repertoire [16-20].

Gold nanorods-based colorimetric assays have long
been of significant interest because they can selectively
and sensitively detect a wide array of chemical species
without the need for complex procedures, thanks to the
remarkably high extinction coefficients of gold nanoparti-
cles in the visible spectrum, which are distance-dependent
optical properties [21].

Furthermore, gold nanoparticles have found extensive
utility in various biological applications, including photo-
thermal therapy and drug delivery, due to their outstanding
stability and sensitivity [22]. Given the substantial global
impact of cancer, characterized by high mortality and
morbidity rates, the development of effective treatments
has become imperative. Nanomaterials offer a potential
revolution in cancer detection and treatment [23]. Also,
it is important to note that while gold nanoparticles show
promise in cancer therapy, more research is needed to
fully understand their safety and effectiveness. The field
of nanomedicine continues to evolve, with ongoing efforts
to develop gold nanoparticles and other nanomaterials into
viable treatments for various types of cancer [24].
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In this study, we have devised and synthesized a gold
nanorods-based colorimetric chemosensor designed for
the detection of multiple metal ions, including Mg**, K™,
Ca%*, Min**, Fe?*, Co?*, Ni**, Cu?*, Zn?*, Cd**, and Pb**
ions. Gold nanorods were functionalized with (9,10-dioxo-
9,10-dihydro-anthracen-1-yl)-dithiocarbamic acid, DTAD
to enable this application. Substantial enhancements in
selectivity and sensitivity have been achieved for specific
metal ions. Additionally, the chemosensor facilitated fluo-
rescent imaging of Cd>* particles within living cells. In vitro
assessments were also conducted to evaluate the anticancer
potential of gold nanorods against various cancer cell types.

Materials and methods
Chemicals

The chemical reagents employed in this study encompassed
I-amino-anthraquinone (AAQ), silver nitrate (AgNO,),
hydrogen tetrachloroaurate (HAuCl,-3H,0), magnesium
acetate (Mg(CH;COO),), potassium chloride (KCl), cal-
cium chloride (CaCl,), manganese chloride tetrahydrate
(MnCl,-4H,0), ferric chloride (FeCl;), cobalt chloride
hexahydrate (CoCl,-6H,0), nickel chloride hexahydrate
(NiCl,-6H,0), copper chloride dihydrate (CuCl,-2H,0),
cadmium chloride (CdCl,), zinc sulfate (ZnSO,), lead ace-
tate (Pb(CH;COO),), ethanol, carbon disulfide, and sodium
chloride. All chemicals were sourced from reputable suppli-
ers, namely Merck-Aldrich and Sigma-Aldrich, USA, and
were utilized in their as-received state without additional
purification. Double-distilled water served as the solvent for
sample preparation and solution formulation.

Synthesis of gold nanorods, Au NRs

For synthesis of Au nanoparticles, a reaction solution con-
taining 80 mM of CTAB, and 2.5 mM of tetrachloroauric
acid, HAuCl,. 3H,0, was mixed with 2.5 mL of acetone and
1.7 mL of cyclohexane. After that, 4.0 mL of 10 mM AgNO,
solution was added slowly to the reaction mixture. As a next
step, 7.5 mL of 40 mM ascorbic acid (AS) was added to the
reaction mixture (total volume =109.3 mL). Addition of the
AS solution results in instantaneous color change from pale
yellow to colorless by exposure to UV light (the irradiation
source was a UV lamp (model UVL-21, UVP, INC, San
Gabriel, California, USA, A =365 nm); this solution was
changed to blue.

Beyond the reduction step, UV radiation is essential for
the formation of Au NRs because the photons provide the
activation energy needed for the nucleation and growth. This
is seen by the increase in the rate of Au NR creation when
compared to particle generation in the dark.
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Scheme 1 The synthesis procedures of DTAD and the DTAD-Au NRs chemosensor

Synthesis of DTAD-Au NRs chemosensor

By subjecting 500 M of 1-aminoanthraquinone, AAQ, to
an equimolar mixture of ethanolic CS, and ultrasonic treat-
ment for one hour, the compound (9,10-dioxo-9,10-dihydro-
anthracen-1-yl)-dithiocarbamic acid, DTAD, was created
[25]. In total, 100 mL of Au NRs was combined with 10
mL of the synthesized DTAD. A reddish-brown solution
was produced when the mixture was sonicated for a further
hour at room temperature to allow DTAD molecules to self-
assemble on the surface of Au NRs. Prior to being used in
all experiments, this solution was stored in a refrigerator at
4°C. The production processes for the DTAD and DTAD-Au
NRs chemosensors are shown in Scheme 1.

Characterization

FT-IR-4100 (JASCO, Japan) spectrophotometer is used to
record the FT-IR spectra using KBr pellets within the range
4000-400 cm™! with a resolution of 2 cm™!.The 'H-NMR
spectra were recorded in DMSO using Bruker DPX 200
spectrometer. The morphology was examined by transmis-
sion electronic microscopy (TEM) using JEOL (Jem-2100)

electron microscope/HT 200 eV/Resolution 0.1432 nm/
Option 1.5 million. Zeta potential was measured employ-
ing a Brookhaven zeta potential/particle size analyzer. The
UV-Vis absorption and emission spectra were recorded uti-
lizing Shimadzu double-beam UV-Vis Scanning (UV-3101
PC) and Agilent Cary Eclipse Fluorescence Spectrophotom-
eters using quartz cuvettes.

Cell probing studies

Fresh peripheral blood was taken with anticoagulants (Hep-
arin). The fresh blood was diluted with equal volume of
phosphate buffer saline (PBS) without Ca>* and Mg>* ions.
Diluted blood was carefully added over Ficoll in the ratio 2:1
in a 50-mL falcon tube and then centrifuged at 2000 rpm for
25 min. The middle puffy layer was slowly aspirated by a
pipette and then evacuated into 50-mL falcon tube followed
washing twice by PBS at 1300 rpm for 10 min [26]. The
cell pellet was suspended and spread over glass slides and
left to dry. Mononuclear cells were settled by absolute cold
methanol and then left to dry. The AAQ dye, Au NRs, and
DTAD-Au NRs in the presence of Cd** were included to
the cells for 5 min in dark, then washed with distilled water,
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and left to dry. Slides were examined under Olympus BX50
fluorescent microscope equipped with Olympus BH2-RFL-
T3 mercury vapor lamp as illuminator. Imaging was done
utilizing an Olympus camera (c-7070).

In vitro anticancer activity of Au NRs and DTAD-Au
NRs

Cell culture

Human colon cancer (Caco), liver cancer (HepG-2), and
breast cancer (MCF-7) cells were obtained from Excel-
lence for Research in Regenerative Medicine and Applica-
tions Center (Alexandria, Egypt). The cells were cultured
and maintained in Dulbecco's modified Eagle's medium
(DMEM) supplemented with 10% heat-inactivated fetal
bovine serum (Sigma-Aldrich Chemical Co., St. Louis, MO,
USA) in humified 5% CO, incubator at 37°C. The cells were
passaged every 3 days after confluency [27].

Cell proliferation assay

The cell proliferation was assessed using MTT assay [28].
Briefly, 1x 10*/mL cells were seeded in 96-well plate and
incubated for 24 h before treatment. On the next day, the old
medium was removed and replaced with fresh one contain-
ing different concentrations of Au NRs and DTAD-Au NRs
and the cells were incubated in CO, incubator. After 48 h,
0.5 mg/mL MTT solution (Sigma-Aldrich Chemical Co., St.
Louis, MO, USA) was added to each well and the cells were
incubated for further 4h at 37 °C. Finally, MTT solution
was replaced with 150 uLL DMSO to dissolve the formazan
crystals. Microplate reader (Bio-Rad, Hercules, CA, USA)
was used to measure the optical density at 570 nm. The con-
centration of drugs that inhibit 50% of cell growth was then
calculated.

Cell morphology assessments

An inverted light microscope (Olympus, USA) was used to
observe and capture the morphological changes of apoptotic
cells. In brief, 5x 10° HepG-2 cells were incubated in six-
well plate with or without ICs, of Au NRs and DTAD-Au
NRs for 48 h. Then, the medium was removed, and the cells
were washed with PBS. The morphological differences of
treated and untreated cells were captured [29].

Apoptosis measurement by flow cytometry
Flow cytometric measurements were taken to assess the cells
undergoing early and late apoptosis after incubation with

Au NRs and DTAD-Au NRs. HepG-2 cells were seeded in
six-well plate at density of 1 x 10%well. After 24h, the cells
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were treated with ICs, of Au NRs and DTAD-Au NRs and
incubated at 37 °C for 48 h. Then the cells were harvested
and washed with cold PBS. Using an Annexin V-FITC kit
(Becton-Dickinson), treated cells were tested for phosphati-
dylserine exposure according to the manufacturer’s instruc-
tions. BD FACS Calibur flow cytometer was used for meas-
uring apoptosis in stained cells and Cell Quest™ software
for data analysis [30].

Results and discussion
Mechanism of Au NRs Growth

To achieve the development of Au NRs, it is necessary to
comprehend the method by which they are produced. This
was done by examining the roles that each reactant plays in
the creation of Au NRs. The growing procedure for creating
Au NRs is shown in detail in Scheme 2.

The cationic surfactant CTAB plays a role in the devel-
opment of Au NRs because, when dissolved in water at a
concentration higher than its critical micelle concentration,
it forms micellar or vesicular structures CTA* and Br™ ions
as shown below:

CH3(CH2)15N+(CH3)3Br — CH,4 (CH2)15N+(CH3)3 +Br~

CTAB - CTA* +Br~

For Au NR to develop, bromide ions must be present as
the surfactant counter ion. The CTAB solution undergoes
a multi-step ligand exchange when HAuCl, is introduced,
replacing the C1™ ions with Br™ ions. A crucial part of con-
trolling the mechanism of Au NRs' production is played by
silver ions.

H*[Au"'Cl,|” +Br~ — CTA*[Au"Br,| +4 CI”

AgNO; +Br™ + CAT' — CTA*[Ag'Br,| + NOj

A competitive reduction between Au(III) and Ag(I)
complexes takes place after ascorbic acid is added to the
surfactant-stabilized gold and silver complexes. Accord-
ing to the following equations, [AullIBr,]” not [AgIBr1,] is
reduced, which causes the produced yellow-orange color to
disappear:

AS
CTA*[Au"Br,]” + CTA*[Ag'Br,]” — CTA*[Au'Br,]~ + 2Br~

Strong electrostatic forces between the reduced particles
are produced by the positively charged part of the surfactant
CTA™*. Due of these electrostatic forces, particles adhere
end-to-end rather than side-by-side, which drives the soft
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Scheme 2 The mechanism of Au NRs growth

template for developing Au NR particles. Wherein silver's
role is to regulate or facilitate the aggregation of the particles
before being phase-separated from the resulting Au NRs.

Beyond the reduction step, UV photons are the primary
factor in the creation of AuNPs. The activation energy
required for the nucleation and growth is provided by the
photons. Acetone is thought of as the photoinitiator and the
source of the ketyl radicals R,C* that are produced under UV
illumination through its excitation and subsequent hydrogen
abstraction from CTA™ as follows [31]:

(CH;),C =0 +hv — (CH;),C = O* Excited acetone

(CH;),C=0" +RH — (CH;),C’ —OH+R’

where RH and R* denote CTA* and its alkyl radical gener-
ated by hydrogen abstraction. The generated radicals could
be responsible for the reduction of Au' to Au®. Also, the
presence of cyclohexane is essential for gold nanorod syn-
thesis, where it swells the aliphatic part of the micelles and

promotes elongation. Without the use of cyclohexane, ani-
sotropic AuNPs with extremely wide sizes and aspect ratio
distributions spontaneously arise throughout the synthesis
process [32], while the reduction of Ag* ions by microscopic
Ag(0) clusters and/or islands should be expected to occur
more readily by the uptake of electrons at the surface of the
first nucleated Au seeds [33]. Although other writers have
suggested that AgBr could develop and be adsorbed onto the
surface of Au NP [34]. On the other hand, in the presence of
Au(I) species, Ag(0) could reoxidize to Ag [35, 36].

The absorption spectra were recorded after adding all
aspects with the observable color changes in order to follow
the growth of Au NRs at each stage, as shown in Fig. 1. The
yellow color of the aqueous HAuCl,.3H,O solution absorbs
at 309 nm, as seen in Fig. 1a. A new absorption band at
397 nm with a shoulder around 472 nm has been noticed
when HAuCl, is added to the CTAB solution with the help
of acetone, cyclohexane, and AgNO;. The surface plasmon
spectra of Ag'NPs disappear, indicating that Ag* ions are
not reduced at this stage, and the yellow-orange colored
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Fig. 1 Absorption spectra of 1.2
a aqueous HAuCl,, b solu-
tion containing HAuCl,.3H,0, 1
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solution becomes colorless after ascorbic acid is added to
the surfactant-stabilized gold and silver complexes.

The blue color of the Au NRs was created by exposing
the formed solution to a UV lamp for 5 min, as shown in
Fig. lc. Two peaks at 522 and 659 nm may be observed
in the Au NRs' absorption spectra. The transverse plasmon
band, with its short-wavelength peak at 522 nm, is associ-
ated with oscillations parallel to the major axis of the rod,

T ¥
500 800

Wavelength (nm)

600 700

while the longitudinal plasmon band, with its long-wave-
length peak at 659 nm, is associated with oscillations along
the long axis of the rod. While the longitudinal plasmon
band may be shifted to the NIR region as the aspect ratio of
the nanorods grows, the transverse plasmon band is rather
immune to changes in the aspect ratio of nanorods.

Figure 2 shows UV-Vis absorption spectra of gold
nanorods formed with various irradiation times. Two surface

Fig.2 The effect of irradiation
times on the formation of Au
NRs
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T
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plasmon resonance absorption peaks can be seen in all of
the spectra: one at about 522 nm, which corresponds to the
transverse electronic oscillation, and the other between 592
and 659 nm, which corresponds to the longitudinal elec-
tronic oscillation. This figure illustrates how the position
of the transverse electronic oscillation absorption peak is
nearly constant, while the longitudinal electronic oscilla-
tion absorption peak substantially depends on the irradia-
tion time. The longitudinal electronic oscillation-induced
absorption peak is red-shifted from 592 to 659 nm when the
irradiation time is increased from 1 to 5 min, indicating the
increase in aspect ratio of the nanorods.

Characterization of the investigated materials
"H-NMR Spectra

The '"H-NMR spectra of 1-aminoanthraquinone, AAQ and
(9,10-dioxo-9,10-dihydro-anthracen-1-yl)-dithiocarbamic
acid, DTAD are shown in Fig. 3. The aromatic protons of
AAQ can be identified by the peaks at 7.19 and 8.19 ppm.
The proton of the AAQ's -NH, group, however, is what
makes up the peak at 3.77 ppm. In addition, the broad
peak at 4.31 ppm is the result of the integration of DTAD's

(a)
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15 14 13 12 11 9 8 7 (-] 5 4 3 2 1 1] ppm
]
|
| |
A
| il
| \ | ‘ \
) VUl /AL
) | f
! | A g | ’LA—;\*, - N .
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15 14 13 12 11 10 9 8 T 6 5 4 3 2 1 ppm

Fig.3 'H-NMR spectra of a 1-aminoanthraquinone, AAQ, and b (9,10-diox0-9,10-dihydro-anthracen-1-yl)-dithiocarbamic acid, DTAD in

DMSO
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-NH. Due to the synthesis of DTAD, the new peak that was
identified at 2.51 ppm assigned to the —SH group.

FT-IR spectral analysis

The FT-IR spectra of AAQ, DTAD, and the DTAD-Au NRs
chemosensor are shown in Fig. 4. Two distinctive bands at
3429 and 3300 cm™', which correspond to the NH, group,
may be seen in the FT-IR spectrum of AAQ. The stretch-
ing mode of C-N is responsible for the absorption band
at 1279 cm™!. The stretching of the aromatic C—H is what
causes the band at 709 cm™!. The stretching vibrations of
the C=0 group are attributed to the band at 1616 cm™'. The
FT-IR spectrum of DTAD exhibits new peaks characteris-
tic to the stretching vibrations of C—S, —S—H, -N-H, and
CS-NH groups at 1080, 2397, 3423, and 1374 cm~!, respec-
tively. The FT-IR spectrum of DTAD-Au NRs reveals that
—S—H group stretching and bending modes are not observed
at 2397 cm™! due to the successful attachment of DTAD on
the surface of Au NRs via thiolate linkage.

TEM analysis

TEM images of Au NRs and DTAD-Au NRs are shown
in Fig. 5a, b. As seen in Fig. 5a, Au NRs contains combi-
nations of particle populations with varied aspect ratios
(width to length ratios), primarily nanorods and partially
nanocubes. The nanocubes are thought to be artifacts of
the synthesis process. But Fig. 5b displays TEM images
of DTAD-Au NRs, demonstrating that DTAD molecules
are present on Au NRs. The DTAD molecules on Au NRs

reduce the effects of the chemical interface on the plasmon
resonance, preventing the Au NRs from aggregating, and
lowering the surface energy to balance the thermodynamic
driving forces. This enables more direct control and effec-
tive dispersion of particle size in aqueous media. [25]

Steady-state absorption and emission spectra

The absorption spectra of DTAD, free AAQ dye,
and DTAD-Au NRs are displayed in Fig. 6. As can be
observed, the presence of CS, confirmed the formation of
the DTAD compound because the free AAQ dye's absorp-
tion spectrum, which was at 489 nm, was red-shifted by 13
nm. The absorption spectra of DTAD-Au NRs, however,
are shown in Fig. 6¢, where two absorption peaks at 495
and 650 nm were observed.

The stability of DTAD-Au NRs was examined by meas-
uring its absorption spectra over a range of time periods.
As seen in Fig. 7, the absorption peak positions of DTAD-
Au NRs at 502 and 650 nm were the same from the first
to the seventh day, demonstrating that DTAD-Au NRs
remain stable for a long time, confirming that the surface
modification of Au NRs with DTAD prevents Au NRs
aggregation.

Figure 8 displays zeta potential measurements for solu-
tions of Au NRs and DTAD-Au NRs. The spectra for Au
NRs and DTAD-Au NRs show negatively charged particles
at—27 and — 40 mV, respectively. The stability of the col-
loidal dispersions in water is confirmed by these negative
findings.

Fig.4 FT-IR spectra of AAQ,
DTAD, and DTAD-Au NRs
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DTAD-Au NRs
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Fig.6 Absorption spectra of 1.2
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Fig.7 Absorption spectra of 2.0
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Sensing response of DTAD-Au NRs chemosensor to metal
ions

Using the steady-state absorption technique, the sensitivity
of the DTAD-Au NRs chemosensor to various metal ions,
including Mg>*, K*, Ca**, Mn?*, Fe’*, Co**, Ni**, Cu**,
Zn>*, Cd**, and Pb>*, was examined. The absorption spec-
tra of DTAD-Au NRs after the addition of various metal
ions are shown in Fig. 9. The findings demonstrate that
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DTAD-Au NRs still exhibit high sensitivity to the studied
metal ions.

Figure 10 displays the chemosensor's absorption spec-
tra in the absence and presence of various concentrations
of the used metal ions (0.0-1.6x 107> M). It is evident
that when Mg?*, K*, Ca?*, and Cu®" ions are added to the
DTAD-Au NRs solution, the absorption spectra gradually
decrease as the concentrations of the aforementioned metal
ions increase. However, upon adding Co?* salt solutions,
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Fig.9 The absorption spectra
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Fig. 10 The absorption spectra
of DTAD-Au NRs chemosensor
in the absence and presence of
different concentrations of the
mentioned metal ions

@ Springer

Absorbance

Absorbance

0.8
[Fe*Ix10° M
1 0.0
0.6
15
0.4 l
0.2-
0.0 r . . T . T . -
500 600 700 800
Wavelength (nm)
0.6
[Co™Ix10° M
0.0

Absorbance

L} v v
500 600
Wavelength (nm)

0.5

1 [Ni*Ix10° M
0.4 0.0
0.3 4 l

1.17

N\ /X

N\ 2%
0.1 /

N
0.0 T T S T T ’
400 500 600 700 800

Wavelength (nm)



Journal of the Iranian Chemical Society (2024) 21:699-718

71

the DTAD-Au NRs chemosensor's absorption maximum at
495 and 650 nm decreased and a new band with the creation
of an isosbestic point at 440 nm was generated at 502 nm.

After addition of Fe3* ions to DTAD-Au NRs solution,
the absorption maximum was decreased with formation of
an isosbestic point at 440 nm. A new band around 395 nm
was also developed when Ni%* salt solutions were added
to the chemosensor, and the absorption band at 650 nm
was shifted to a longer wavelength with the formation of
an isosbestic point at 423 nm at higher concentrations of
Ni?* ions (6.2x 107*=1.17 x 10~> M). The absorption band
of DTAD-Au NRs gradually increased with the develop-
ment of a shoulder around 469 nm after the addition of Pb**
ions, whereas with Cd** ions, the absorption band decreased
with the formation of a shoulder at greater concentrations.
In case of adding Zn?" ions, the absorption spectra decrease
gradually with formation of two isosbestic points at 433 and
576 nm, at higher concentrations.

The impact of adding various metal ion concentrations
on the emission spectra of the chemosensor is depicted in
Fig. 11. When adding various metal ion concentrations, the
free chemosensor DTAD-Au NRs (located at 590 nm) typi-
cally experience a steady increase in fluorescence intensity
without a discernible shift in the emission maxima. Since the
intensity of the fluorescence spectrum of the chemosensor
molecules has increased, the spectral alterations prove that
the free chemosensor and the metal ions have complexed.
Additionally, the spectrum behavior suggests that the studied
chemical may be employed as 'off—on' switchable chemosen-
sor for metal ion detection.

The binding constants based on the fluorescence measure-
ments were calculated using modified Benesi—Hildebrand
equation [37];

1/(F—F0) = 1/Kb(Fmax _Fo) [Mn+] + 1/(Fmax _F")

The K, values derived from the slopes of the straight
line of 1/(F — F,) vs. [M"*], Fig. 12, are summarized in
Table 1. A cursory glance at the reported data reveals
found that K, values follow the order; Cd**> Fe’*
> 7Zn**t > Mg?*t > Cu?* > Co?* > Ni?* > Mn?* > Ca®*
> K*>Pb**. This order confirms that DTAD-Au NRs have
strongest binding tendency toward Cd** ions compared to
the other metal ions, which was attributed to strong chela-
tion of Cd**ion with the free chemosensor. Additionally, it
is found that, in comparison with other ions, the DTAD-Au
NRs chemosensor has a high level of specificity in recogniz-
ing Cd** ions.

The potential interferences by the co-existing metal ions,
Mg**, K*, Ca?t, Mn2*, Fe**, Co?*, Ni**, Cu?*, Zn**, and
Pb>* in the presence of Cd** ions, were investigated in order
to assess the practical applicability of DTAD-Au NRs as
a selective chemosensor. The fluorescence changes of the
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Fig. 11 The fluorescence spectra of DTAD-Au NRs chemosensor in
the absence and presence of different concentrations of the mentioned
metal ions

chemosensor were measured using 1.3 X 1073 M Cd*™, in the
presence of the following interfering metal ions: Mg?*, K,
Ca®*, Mn**, Fe’*, Co**, Ni**, Cu**, Zn**, and Pb**. The
emission intensities of the examined interfering metal ions
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Table 1 Spectroscopic parameters and the excited state binding con-
stant for DTAD-Au NRs chemosensor with the used metal ions

Metal ion A nm AL nm Kyx10° (M)
Free DTAD-AuNRs 478, 660 589 -
Mg* 481, 642 595 1.66
K* 486,657 592 0.55
Ca* 504, 657 593 0.56
Mn?* 481, 662 592 0.64
Fe** 500, 644 594 2.05
Co** 499, 664 593 1.11
Ni** 391,482,674 589 0.73
Cu?* 502, 659 592 1.36
Ccd* 468, 669 591 3.16
Zn** 482, 648 592 1.87
Pb** 468, 633 592 0.53

did not significantly vary during the detection of Cd>* ion,
as seen in Fig. 13. The same concentration of the other metal
ions does not, in fact, have any impact on the DTAD-Au
NRs' fluorescence enhancement response for Cd**. These
findings demonstrate the potential of using DTAD-Au NRs
for real-sample applications including the selective detection
of Cd>* ions.

Bio-imaging studies

In the presence of Cd** ions, the synthesized substances
DTAD, Au NRs, and DTAD-Au NRs were examined for
cell staining and imaging using a fluorescent microscope,
as shown in Fig. 14. The current study's findings show that
both DTAD and Au NRs are less effective staining agents
for the nucleus as well as some focused cytoplasmic regions
that might be mitochondrial DNA. For DTAD-Au NRs and
DTAD-Au NRs/Cd?*, however, only the nuclei were stained,

Fig. 13 Selectivity of DTAD-

resulting in a strong green fluorescence and bright field from
the intercellular region. This confirms that both DTAD-Au
NRs and DTAD-Au NRs/Cd** could effectively stain the
nuclei as well as some focal cytoplasmic areas that were
thought to be mitochondrial DNA.

It has been hypothesized that DTAD-Au NRs in the pres-
ence of Cd** ions are more effective and may even be similar
to DAPI (4,6-diamidino-2-phenylindole), which has been
used successfully for decades to stain DNA [38]. According
to the results of the fluorescence microscopic investigation,
the DTAD-Au NRs chemosensor has good cell permeability,
is capable of binding with Cd** ions in living cells, and has
high fluorescence imaging. The acquired results agree well
with the aforementioned emission studies. As a result, it can
be suggested to use this chemosensor as a probe for Cd>*
ions in biological systems.

In vitro studies

Effect of Au NRs and DTAD-Au NRs on cancer cell
proliferation

Gold nanorods are now recognized as a potent nanoagent
for the diagnosis and treatment of cancer. Three cancer cell
lines were subjected to the MTT assay to evaluate the impact
of AuNPs and DTAD-Au NRs concentrations on cell viabil-
ity as shown in Fig. 15. As the concentrations of AuNPs
and DTAD-Au NRs increase, the percentage of HepG-2,
MCF-7, and Caco-2 cells death steadily increase, where
Au NRs had ICs, values of 1.971 +1.28, 3.752+2.12, and
27.33 +2.86, ug/mL for the HepG-2, MCF-7, and Caco-2
cell lines, respectively. Additionally, DTAD-Au NRs had
ICs values of 40.95+2.56,51.72 +3.53, and 79.38 +3.5 ug/
mL for the HepG-2, MCF-7, and Caco-2 cell lines, respec-
tively. Our results demonstrated that Au NRs significantly
inhibited the growth of all cancer cells than DTAD-Au
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Fig. 14 1 Fluorescent photo-
micrograph of free AAQ dye
showing weak nuclear and cyto-
plasmic staining (arrows), while
2 fluorescent photomicrograph
of Au NRs showing moder-

ate nuclear and cytoplasmic
staining (arrows) in different
mononuclear cells, and 3, 4
fluorescent photomicrographs of
DTAD-Au NRs and DTAD-

Au NRs/Cd**, respectively,
showing strong nuclear and
cytoplasmic staining in different
mononuclear cells (arrows)
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Fig. 15 Anticancer effects of Au NRs, DTAD-Au NRs, and doxorubicin on HepG-2, MCF-7, and Caco-2 cell lines. Cells were treated for 48 h,
and results were expressed as mean + SE. The experiment done in triplicate
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NRs with best antiproliferative effect on HepG-2 hepato-
cellular carcinoma compared to DOX, the standard chemo-
therapeutic drug on HepG-2, MCF-7, and Caco-2 cell lines
(IC5,=1.036+1.02, 0.852+0.9, and 3.430+ 1.7 ug/mL),
respectively. Thus, HepG-2 cancer cells were chosen for fur-
ther analysis. According to the previous studies our results
were in line with Muthukumar et al. [39], who study the
effect of gold nanoparticles and their enhanced synergis-
tic antitumor activity using HepG2 and MCF7 cells. Also,
Nandhini et al. [40], Mousavi-Koubhi et al. [41], and Kong
et al. [42] elucidated the effect of Au NRs on HepG2, MCF-
7, and Caco-2 cells. Moreover, Shakerimanesh et al. [43,
44] observed the effectiveness of the Au NPs on the mouse
breast cancer cells with lesser toxicity.

Cellular morphology changes

Apoptosis is essential for controlling the development and
spread of cancer cells [45]. Morphological changes are the
first line of evidence for a drug's ability to induce apop-
tosis. As well, gold nanorods alter cancer cell morphol-
ogy, decrease in cell quantity, and increase in amount of
cell debris. Here, HepG-2 hepatocellular carcinoma treated
with Au NRs showed visible morphological signs of apop-
tosis in its IC;, concentration including cytoplasmic con-
densation, and cell detachment than IC5, of DTAD-Au NRs
that showed moderate apoptotic effect compared with the
untreated cells that has normal morphological appearance,
spindle, and confluent as shown in Fig. 16.

Annexin V flow cytometry apoptotic evaluations

Specific morphological characteristics, including as loss of
plasma membrane asymmetry, plasma membrane blebbing,
DNA inter-nucleosomal cleavage, and condensation of the
cytoplasm, were defined the apoptotic process. Therefore, to
distinguish between early and late apoptotic cells, Annexin
V labeling is frequently combined with a crucial dye, such as
propidium iodide (PI), whereas dead cell membranes allow

PI through, while healthy cell membranes keep out PI [46].
The results showed that the incubation of HepG-2 cells with
the ICs;, of Au NRs for 48 h observed a good apoptotic effect
as 13.26% of cells being in early apoptosis, 1.65% of cells
being in late apoptosis, and 10.23% of cells were necrotic
compared with the untreated control cells. While the incuba-
tion of cells with the IC5, of DTAD-Au NRs shows moderate
apoptotic effect as it examined only 4.21% of cells being in
early apoptosis, 0.25% of cells being in late apoptosis and
6.57% of cells were necrotic compared with the untreated
control cells (Fig. 17). There are several reports studied the
apoptotic effect of gold nanorod on the proliferation of dif-
ferent types of cancer cells. For instance, Chen et al. [47]
showed the apoptotic effect of gold nanorods conjugated
with doxorubicin using annexin V in vivo. Furthermore,
Qin et al. [48] studied the apoptotic effect of gold nanorods
in vivo and in vitro using annexin V. From the previous view,
we elucidated that gold nanorod inhibits the proliferation of
cancer cells by inducing apoptosis.

Conclusion

In summary, a novel gold nanorods-based colorimetric
chemosensor has been fabricated using functionalized gold
nanorods with (9,10-dioxo-9,10-dihydro-anthracen-1-yl)-
dithiocarbamic acid, DTAD for simple, rapid, and simul-
taneous detection of toxic metal ions. The optical sensing
response toward Mg?*, K*, Ca?*, Mn**, Fe**, Co**, Ni?™,
Cu?*, Zn**, Cd**, and Pb** ions was investigated. The
results indicate that the investigated chemosensor can be
used efficiently to identify all of the investigated metal ions,
with high sensitivity and selectivity to Cd** ions, compared
to the others. Furthermore, the biological chemosensing
applications of the novel investigated chemosensor to Cd**
ions was demonstrated for fluorescence imaging experiments
in living cells. The fluorescence images grew brighter with
Cd*, compared to that recorded with the free chemosensor,
supporting that compound is an effective fluorescent sensor

Fig. 16 Morphological alterations of Au NRs and DTAD-Au NRs on HepG-2 cancer cells after treated for 48 h
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Fig. 17 Apoptotic features of Au NRs and DTAD-Au NRs on HepG-2 cancer cells after treated for 48 h using Annexin V flow cytometry

for Cd** metal ion. Moreover, this study elucidated that Au
NRs have a potent inhibitory effect on the proliferation of
HepG-2 hepatocellular carcinoma, while DTAD-Au NRs
have a moderate effect. The apoptotic effect of Au NRs and
DTAD-Au NRs was confirmed by the loss of plasma mem-
brane asymmetry which leads to increasing the apoptotic
cells percentage that detected using Annexin V flow cyto-
metric analysis. As a result of these findings, gold nanorods
may one day be employed to treat human liver cancer.
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