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Abstract

The development of green multifunctional nanoformulation has been given great attention with unique anticancer activity
and ultra-sensitive sensing properties in biomedical applications. This study investigated the smartphone-integrated colori-
metric dopamine sensing platform and the anticancer activity of Kappa Carrageenan/PEG-CuO nanoparticles (kCA/PEG-
CuO NPs). The characterization of the prepared kKCA/PEG-CuO NPs was conducted using scanning electron microscopy
(SEM), high-resolution transmission electron microscopy (HRTEM), X-ray diffraction analysis (XRD), zeta-potential, Fourier
transform infrared spectroscopy (FTIR), and ultraviolet—visible (UV-Vis) techniques. The surface characterization revealed
that the obtained NPs had a spherical surface in the particle-size range of 5-10 nm. With a high coefficient of correlation
(R*>=0.982), the digital colorimetric kCA/PEG-CuO NPs-based biosensor detected dopamine in a wide concentration range
of 0.1-100 uM and a low limit of detection (LOD) of 504 nM in 0.1 M phosphate buffer solution (PBS) (pH 7.4). In addi-
tion, the cytotoxicity of the prepared kCA/PEG-CuO NPs in living cells (HepG2 hepatocellular carcinoma), MIA PaCa-2
pancreatic cancer cells, and HUVEC (human umbilical vein endothelial cells) was investigated, which proved that kCA/
PEG-CuO NPs exhibited high anticancer activity against MIA PaCa-2 pancreatic cancer cells. In conclusion, experimental
results showed that multifunctional kCA/PEG-CuO NPs are both a promising biosensor for dopamine detection and an
effective nanocarrier for pancreatic cancer therapy.
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1 Introduction

Recent developments in the design of smart multifunc-
tional NPs have heightened the need for sensors and drug
delivery systems based on nanochemistry. These NPs have
a unique surface, biological, and physicochemical proper-
ties for the fabrication of therapeutic nanoagents and sensi-
tive electrodes in a small size range of 1-100 nm. Recent
trends in the synthesis of metal/metal oxide NPs have led to
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new studies in biomedical applications [1, 2]. A number of
researchers have reported to synthesizing multifunctional
Au nanostars [3], Fe;0,/Ag nanocomposites [4], ZnO@CuS
NPs [5], TiO,/ZnFe,0, nanospheres [6], and CuO NPs [7].
For this purpose, we designed kCA/PEG-CuO NPs that can
be developed as both digital colorimetric sensing platforms
and drug delivery systems. Smartphone supported personal-
ized point-of-care (POC) diagnostics are fast becoming key
devices in biomedical applications [8—11]. Nanostructure-
based biosensors are commonly preferred as POC devices
due to their portable, selective, sensitive, reliable, and rapid
detection of target analytes using smartphone cameras in
emerging technologies [12—14]. With this approach, scien-
tific studies focus on portable, rapid, and high-performance
digital colorimetric biosensors instead of high-cost tradi-
tional instruments such as chromatography and mass spec-
troscopy in sensor applications [15—18]. Furthermore, digital
colorimetric biosensors are a new generation of mobile sens-
ing platforms as a portable and easy-to-use device to detect
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biomolecules, store the experimental results in the cloud,
and provide wireless access for future sensor applications.
In digital colorimetric biosensing, the red, green, and blue
(RGB) color values of the digital image are a major factor
in sensor applications, and they play a key role in the detec-
tion of target biomolecules due to the particular color [0,0,0]
for the black channel and [255,255,255] for the white color
[19, 20]. The digital color image is commonly represented
by a bit depth ranging from 8 to 24 with RGB components.
The evaluation of RGB values of digital images has been
reported as a sign of colorimetric response in a different
pixel range from 8 to 24 bits in food and biomedical appli-
cations [21, 22].

Recently, digital colorimetric biosensors have become
the most potent and commonly used sensor platforms for
the monitoring of dopamine levels in media using the RGB
method. In a previous study, Chellasamy et al. developed
a novel smartphone-integrated colorimetric sensor for the
detection of dopamine in plasma of old men and geriatric
women using blue—green fluorescent carbon quantum dots
with a limit of detection (LOD) values in the range of 6 to
8 nM [12]. In another study, Wang et al. fabricated selective
boron and nitrogen co-doped silicon-carbon-dots-based col-
orimetric sensor for the detection of dopamine with an LOD
of 1.58 ng mL~'[23]. Razavi and co-workers reported that
bismuth ferrite oxide nanoparticle-based sensors achieved
high performance for the detection of dopamine with a linear
range from 0.15 to 50 pM and a detection limit of 51 nM
[24]. However, there are limited studies based on digital col-
orimetric nano-biosensors for the detection of dopamine to
overcome drawbacks such as the high cost of preparation,
difficult manufacturing process, low stability, biological
inertness, and low biocompatibility. For this reason, we pro-
posed an efficient and selective KCA/PEG-CuO NPs-based
digital colorimetric sensing system for dopamine in this
study. The kxCA/PEG-CuO NPs-based digital colorimetric
images were collected by a smartphone for the detection
of dopamine, and these images were analyzed using a sim-
ple and low-cost RGB method for quantitatively analyzing
dopamine concentrations. In this study, the cancer activity
of nanostructures was also investigated.

As is known, cancer is one of the most important health
problems in the world. While it is expected that there will
be more than 25 million cancer cases each year until 2025,
the incidence of cancer is expected to increase further in the
coming decades [25, 26]. Although there are many treatment
options such as surgery, radiotherapy, and chemotherapy in
cancer treatment, survival rates are still low in patients after
treatment. For these reasons, promising new strategies for
cancer therapy continue to be investigated [27-29]. There-
fore, nanostructure-based targeted drug delivery systems for
cancer therapy have attracted increasing attention to enhance
drug accumulation in cancer cells and therapeutic efficacy,
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and reduce side effects of drugs. Previous research has
shown that nanoparticles with particle sizes ranging from
20 to 100 nm tend to accumulate and remain in tumor tis-
sue. With this effect, called the enhanced permeability and
retention (EPR) effect, nanoparticles pass into the interstitial
space thanks to the increased permeability in the tumor vas-
culature, while suppressed lymphatic filtration allows them
to stay there [30]. A considerable amount of literature has
been published based on the penetration of multifunctional
NPs for therapeutic applications [31]. These studies showed
that the penetration of NPs into tumors could be easier due
to their excellent morphology and surface properties such
as size, surface charge, and shape [32]. In this study, we
also investigated the cytotoxicity activity of cisplatin-loaded
KCA/PEG-CuO NPs in living cells (HepG2 hepatocellu-
lar carcinoma), MIA PaCa-2 pancreatic cancer cells, and
HUVEC (human umbilical vein endothelial cells). In conclu-
sion, the experimental results showed that multifunctional
kCA/PEG-CuO NPs as an anticancer drug delivery system
and biosensor are a possibility for future applications in
healthcare.

2 Experimental section
2.1 Chemicals

Polyethylene glycol 400 (PEG400) (molecular weight:
400 kDa) was obtained from Fluka (Switzerland). The cell
lines were obtained from the American Type Culture Col-
lection (ATCC, USA). MTT cell proliferation assay Kkit,
Dulbecco’s Modified Eagle’s Medium (DMEM), dimethyl-
sulfoxide (DMSO), fetal bovine serum (FBS) penicillin,
streptomycin, trypsin, Copper (II) chloride anhydrous,
(purity > 99.99%), «kCA (sulfated plant polysaccharide),
glucose (D- (+)-Glucose monohydrate) (purity >99.0%),
lactose (a-Lactose monohydrate) (purity >99%), fructose
(D(—)Fructose) (purity >99%), maltose (D-(+)-Maltose
monohydrate) (purity >99%), and urea (purity >99%) were
provided from Sigma-Aldrich Company (Germany). Cispl-
atin was obtained from Kog¢ak Pharma Company (Turkey).
Ethanol (purity >99.5%), sodium hydroxide, ethyl alcohol
(purity > 99%), and isopropyl alcohol (purity > 99.5%) were
purchased from Merck Company (Germany). All samples
were filtered using 0.45- and 0.22-micron retention of sterile
syringe filters. All chemicals were analytical grade and used
as received without further purification.

2.2 Preparation of multifunctional kCA/PEG-CuO
NPs and drug-loaded KkCA/PEG-CuO NPs

The multifunctional kCA/PEG-CuO NPs were prepared
using a green ultrasonic method. 0.5 g of kCA was dissolved
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in 250 mL of distilled water (agitation speed: 500 rpm),
0.25 mL of PEG400 was added to the kCA solution. 0.84 g
of CuCl, was dissolved in 50 mL of distilled water at an
agitation speed of 200 rpm. 0.1 g of NaOH was dissolved in
50 mL of distilled water at an agitation speed of 200 rpm.
The 50 mL of CuCl, solution was added drop by drop into
the kCA/PEG solution, and 2 mL of NaOH solution was
added to the solution. Finally, the sample was sonicated
for 30 min at an amplitude frequency of 30% and filtered
using a 0.22-micron retention sterile syringe filter. To obtain
cisplatin-loaded kCA/PEG-CuO NPs, 0.05 mg/mL cisplatin
was added to the solution of kCA/PEG-CuO NPs, and it was
vortexed at maximum speed for 3 min and kept for 1.5 h. It
was kept in a black glass in the fridge at+4 °C until use.

2.3 Characterization part

The chemical and surface properties of the prepared kKCA/
PEG-CuO NPs and drug-loaded kCA/PEG-CuO NPs were
determined using various characterization techniques such
as scanning electron microscopy (SEM) (JEOL JMS-7001F)
with gold coating process at 20 kV of the accelerating volt-
age, high-resolution transmission electron microscopy
(HRTEM) (HighTech HT7700) with a 100 kV of accel-
eration voltage, X-ray diffraction analysis (XRD) (Rigaku
Miniflex 600) with Cu Ko radiation at 40 kV and 15 mA,
and Fourier transform infrared spectroscopy (FTIR) (Per-
kin Elmer) in the frequency range from 400 to 4000 cm™".
The prepared kCA/PEG-CuO NPs were examined using an
ultraviolet—visible (UV-Vis) spectrophotometer (TG + 80
Model) at 207 nm wavelength. The zeta-potential results
were performed on the Horiba SZ-100 nanoparticle analyzer
at room temperature. A smartphone (Casper VIA F20, Tur-
key) was used for the determination of RGB values of via
digital images using 48MP + 5MP + 2MP +2MP smartphone
cameras.

2.4 Cell culture studies

The cells were incubated in 5% CO, and 95% O, at 37 °C,
and when the cells were confluent 70-80%, they were
passaged. After, penicillin (100.000 U/L), streptomycin
(100.000 g/L), and 10% FBS were added to the medium of
the cell culture.

2.5 Evaluation of cell viability by MTT test

In the present study, HepG2 (hepatocellular carcinoma
cells), MiaPaCa-2 (pancreatic cancer cells), and normal
HUVEC cells (human umbilical vein endothelial cell lines)
were procured from the ATCC (American Type Culture Col-
lection, VA). Dulbecco’s-Modified-Eagle-Medium (DMEM)
added 10% FBS, streptomycin (100 pg/mL) and penicillin

(100 units/mL,) were used to culture the cells at 37 °C, in
95% O, and 5% CO, atmosphere. Cancer and normal cells
were passaged by trypsin when the cells reached certain
confluency. MTT assay (3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide) was used to evaluate the
cytotoxicity of the kCA/PEG-CuO NPs, Cis, and Cis-loaded
kCA/PEG-CuO NPs [33]. For this, the kCA/PEG-CuO NPs
were diluted to 1:2, 1:4, and 1:8 (v/v) ratios using DMEM
to perform the MTT test. Then, Cis was loaded on kCA/
PEG-CuO NPs with a Cis concentration of 0.5, 1, 2, 5, and
10 pg/mL. Accordingly, concentrations of kCA/PEG-CuO
NPs changed as 1/20, 1/10, 1/5, 1/2, and 1, respectively, in
the Cis-loaded kCA/PEG-CuO NPs. In addition, the cells
were seeded, and the number of cells for each cell group was
103/mL and 90 pL in 96-well plates. Then, 10 ul of prepared
sample concentration was added. The cells were incubated
at 37 °C, in 95% O,, and 5% CO, atmosphere for 72 h. After
72 h, 10 pL of MTT (5 mg/mL) solution was added to each
well and incubated for 3 h. Then, 100 pL. of DMSO was
added and, after shaking the plate, it was read in an ELISA
plate reader at 570 nm wavelength. All experiments were
repeated at least three times.

2.6 Evaluation of digital colorimetric kCA/PEG-CuO
NPs-based biosensor

For the analyte preparation process, the target analyte (dopa-
mine) was prepared in different concentrations ranging from
0.1 to 100 uM for the colorimetric detection of dopamine in
colorimetric smartphone measurements. All kCA/PEG-CuO
NPs-based biosensor measurements were carried out against
10 uM of glucose, lactose, maltose, fructose, urea, isopro-
pyl alcohol, ethyl alcohol, and dopamine using the RGB
method. All images of the smartphone camera supported
digital colorimetric kCA/PEG-CuO NPs-based biosensors
were used to investigate the detection of dopamine in 0.1 M
phosphate buffer solution (PBS) (pH="7.4) medium. For the
detection of the target analyte, 2 mL of kCA/PEG-CuO NPs
were placed in a sterile centrifuge tube and the target analyte
was dropped on the sample in a wide concentration range
from 0.1 to 100 pM and kept for 1 min at 25 °C. All images
of kxCA/PEG-CuO NPs-based biosensors were taken using
a Casper via F20 model smartphone camera with a resolu-
tion of 1600 x 1200 pixels using a screen size of 6.55 inches.
Then, all images of kKCA/PEG-CuO NPs-based biosensors
were analyzed using a color histogram software (Imagel
1.51q) corresponding to the differences of RGB values.
The euclidean distance (AE) (Eq. 1) and response (%) (S)
(Eq. 2) values of kCA/PEG-CuO NPs-based biosensors were
calculated for the quantitative colorimetric detection of the
target analyte using RGB data in the range from [0,0,0] black
channel and [255,255,255] white color [34, 35]. The limit of
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detection (LOD) of the biosensor was calculated using the
slope of the plot of Log(C)-S (%) (Eq. 3 and Eq. 4)

AE = \/(Ri = Ry)* + (G, — Gy)> + (B; — By)?, (D

where R; denotes the red color value of the sample, R, the
red color value of the reference, G; the green color value of
the sample, G, the green color value of the reference, B; the
blue color value of the sample, and B the blue color value
of the reference

Xe —Xp

S= 100xO T (%] @
S(%) = mLog(C) +n 3)
LOD = 3.3x0/m, )

where S (%): response (%), ¢: concentration, X,: Sensor
signal value, x,: blank signal value, o: the standard deviation
of the regression line, m: slope, and x,.¢: reference signal
value [36].

3 Results and discussion
3.1 Characterizations

The surface and chemical properties of multifunctional kCA/
PEG-CuO NPs and Cis-loaded kCA/PEG-CuO NPs were
investigated by employing SEM, HRTEM, FTIR, zeta poten-
tial, and XRD techniques. In Fig. 1, SEM images of (a) kCA/
PEG-CuO NPs, HRTEM images of (b) kCA/PEG-CuO NPs,
(c) Cis-loaded kCA/PEG-CuO NPs (X 200 magnification),
(d) Cis-loaded xCA/PEG-CuO NPs (x 300 magnification),
and (e) particle-size distributions of Cis-loaded kCA/PEG-
CuO NPs were presented. To investigate the morphology of
CuO NPs in the polymer blend matrix, the SEM image of the
KCA/PEG-CuO NPs was evaluated. The SEM micrograph of
kKCA/PEG-CuO NPs revealed the heterogeneous structure of
the nanostructure with spherical particles depending on the
CuO particles (Fig. 1a).

The HRTEM technique was carried out to understand
the surface characteristics of the kCA/PEG-CuO NPs and
Cis-loaded kCA/PEG-CuO NPs with different magnifica-
tions such as X 200 and X 300 (Fig. 1.b-e). According to the
HRTEM images, the particle-size distributions of nano-
structures (n=>50) were determined using a simple Imagel
software. The kxCA/PEG-CuO NPs were observed to be
spherical in shape, and the particle size of the prepared
KCA/PEG-CuO NPs was found to be ~6 nm. Furthermore,
HRTEM images of the prepared Cis-loaded kCA/PEG-CuO
NPs revealed that the drug-loaded nanocarrier had spherical
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particles in particle sizes ranging from 7 to 10 nm. Distri-
bution of the primary particle size in kCA/PEG-CuO NPs
agglomerates. It was clear that the mean size was 6.77 nm
with a standard deviation of 1.48 nm from TEM images.
Consequently, we assumed that it occurred due to the pres-
ence of CuO NPs on the surface of nanocarriers which
electrostatically interact with cisplatin leading to control of
particle morphology and size. In a previous study, Cheni
et al. developed a novel CuO NPs@Starch based chemo-
therapeutic drug for the treatment of different cancers such
as gastric, pancreatic, and colon cancers, and they observed
similar spherical morphology of the nanostructure to our
results [37].

To determine the functional groups and crystalline
nature of nanostructures, FTIR spectra of (a) kCA/PEG,
(b) kxCA/PEG-CuO NPs, (c) cisplatin-loaded kCA/PEG-
CuO NPs, and (d) XRD graph of xCA/PEG-CuO NPs
are given in Fig. 2a-c. According to the FTIR graph of
kCA-PEG (Fig. 2a), it was observed at 3374.04 cm™!
(OH stretching), 2894.78 cm™! (CH symmetric stretching
band), 1638.52 cm™~! (OH stretching), 1451.90 cm~!(C-H
bending), 1352.41 cm™~! (C-H bending), 1246.39 cm™!
(sulfate stretching band), 1059.77 cm™! (C-O-stretching
vibrations), 923.25 cm™' (C-H bending), and 824.65 cm™'
(C-H bending) [38]. In Fig. 2b, from the FTIR result of
kCA/PEG-CuO NPs, it was found that the characteristic
bands at 3368.24 cm™' and 2892.65 cm™' were due to
the OH stretching and CH symmetric stretching bands,
respectively. The peaks at 1643.60 cm™!, 1527.42 cm™!,
1376.38 cm™', 1239.86 cm ™', 1065.60 cm ™', 929.06 cm™,
and 841.92 cm™! were attributed to the OH stretching,
asymmetric stretching vibrations of the carbonate ion,
C-H bending, sulfate stretching band, C—O-stretching
vibrations, C-C-stretching vibrations, and CH, rock-
ing mode, respectively [39]. In the FTIR graph of xCA/
PEG-CuO NPs, the weak peaks at 702.88 cm™! and
523.32 cm~! were attributed to the CuO-stretching
vibration, respectively [40]. In Fig. 2c, the characteristic
bands at 2870.82.65 cm™', 1750.35 cm™', 1457.71 cm™!,
1358.22 cm™', 1183.94 cm™', 1083.73 cm ™', 928.34 cm™!,
872.42 cm~!, and 754. 78 cm~' were due to the CH sym-
metric stretching band, C= O stretching, CH; surface
bending vibration, C-H bending, C = O-stretching vibra-
tion, C—O-stretching vibrations, C—C-stretching vibra-
tions, CH, rocking mode, and the CuO-stretching vibra-
tion, respectively. Moreover, the disappearance of the
characteristic peaks at 3368.24 cm™!, 1643.60 cm™', and
1239.86 cm™! corresponding to the OH group and sulfate
stretching band was observed, which could be related to
the electrostatic interaction between the anionic sulfonate
groups of PEGlayted kCA and cationic platin drug in the
presence of CuO NPs. According to the XRD results, we
observed that the prepared kxCA/PEG-CuO NPs showed
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Fig. 1 SEM image of a kCA/
PEG-CuO NPs, HRTEM
images of b kCA/PEG-CuO
NPs, c cisplatin-loaded kCA/
PEG-CuO NPs (x200k), d
cisplatin-loaded kCA/PEG-CuO
NPs(x300k), and e particle-size
distribution of kCA/PEG-CuO
NPs

Frequency

no sharp XRD peaks. However, a small scattering was
found at 20 =31.9° corresponding to (110) planes of
the monoclinic CuO [41] and confirmed the amorphous
nature of kKCA/PEG-CuO NPs (Fig. 2d). In Fig. 2e, the
zeta-potential analysis graph of prepared kCA/PEG-
CuO NPs was presented. The zeta-potential values of
the prepared kCA/PEG-CuO NPs ranged from — 35 mV
to+ 10 mV, and were found to be at —0.18 mV due to the
electrostatic repulsive forces of nanoparticles and a small
degree of agglomeration. The negative value for the zeta
potential of the prepared kCA/PEG-CuO NPs enabled col-
loidal stability for the hydrophobic CuO NPs [42].

2 1 A4 A A4
.0 45 50 55 6.0 65 7.0 7.5 8.0 85 9.0 9.5 10.010.5 more

Particle size distribution (nm)

3.2 Detection of dopamine by the digital
colorimetric KCA/PEG-CUO NPs-based biosensor

In this study, the digital colorimetric detection of dopamine
was investigated, and the experimental results were analyzed
using naked eye observation and smartphone techniques. All
images of samples were subsequently quantified using the
RGB method.

In Fig. 3, all images of kCA/PEG-CuO NPs-based biosen-
sors (a) in a concentration range of 0.1-100 uM of dopamine
at pH="7.4, (b) in the presence of 10 uM of different ana-
lytes, (c) the graph of Log C-AE, (d) the graph of Log C-S
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Fig.2 FTIR spectra of a kCA/PEG, b kxCA/PEG-CuO NPs, c¢ cisplatin-loaded kCA/PEG-CuO NPs, d XRD graph of kCA/PEG-CuO NPs, and e

zeta-potential analysis graph of synthesized KCA/PEG-CuO NPs

(%), (e) the selectivity of biosensors (a: glucose, b:lactose,
c:maltose, d:fructose, e:urea, f:isopropyl alcohol, g:ethyl
alcohol, and h:dopamine), UV—Vis absorption spectrum of
(f) kxCA/PEG, and (g) xCA/PEG-CuO NPs were given. RGB
values of the prepared kKCA/PEG-CuO NPs-based biosensors
were calculated using the Image J software. The colorimetric
KCA/PEG-CuO NPs-based dopamine biosensor selectively
detected dopamine in the image with a color change from
blue to black using the naked eye observing method. When
dopamine in a concentration range of 0.1-100 pM was added
to the kKCA/PEG-CuO NPs solution, the blue color kCA/
PEG-CuO NPs changed to black in 5 min (Fig. 3a). Moreo-
ver, images of KCA/PEG-CuO NPs-based biosensors in dif-
ferent analytes were used, and the visible color change was
not observed by these biosensors in the presence of different
analytes such as glucose, lactose, maltose, fructose, urea,
isopropyl alcohol, and ethyl alcohol (Fig. 3b). According to
the RGB imaging analysis of target analytes, values of AE
of the k<CA/PEG-CuO NPs-based biosensor were found to
be 3.31, 5.61,4.06, 11.92, 6.11, 18.59, 35.62, and 266.87 for
glucose, lactose, maltose, fructose, urea, isopropyl alcohol,
and ethyl alcohol, respectively (Fig. 3c). However, the value
of AE of the kCA/PEG-CuO NPs-based biosensor was dras-
tically changed in the increase from 35 to 267 with a wide
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concentration range of 0.1-100 uM (Fig. 3d). The experi-
mental results of the digital colorimetric kCA/PEG-CuO
NPs-based biosensor revealed that the proposed biosensor
had a highly selective (Fig. 3e) and sensitive colorimetric
dopamine detection performance with an LOD of 504.2 nm
and a correlation coefficient value (R%) of 0.9824 in a wide
concentration range of 0.1-100 uM. We assumed that the
colorimetric sensing mechanism was based on the interac-
tion between the negative surface of CuO and the positively
charged dopamine. It was a sign of the increase of contact
time from O to 5 min. The RGB values changed, which could
be related to the reduction of Cu** to Cu. Furthermore, we
assumed that the digital colorimetric kCA/PEG-CuO NPs-
based biosensor had a high sensitivity for dopamine with
the oxidation reaction of dopamine, resulting in the forma-
tion of dopamine-o quinone by the two-electron two-proton
(2e7, 2H") redox mechanism of dopamine [43]. In addition,
the optical properties of the prepared kCA/PEG- and kCA/
PEG-CuO NPs were determined using an ultraviolet—visible
(UV-Vis) absorption spectrophotometer. According to the
UV-Vis results, we observed that there was a maximum
absorbance at 263 nm related to the CuO NPs and direct
optical bandgap was found to be 4.7 eV [44] (Fig. 3f-g).
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Fig.3 All images of kCA/PEG-CuO NPs-based biosensors a in a
concentration range of 0.1-100 uM of dopamine at pH="7.4, b in the
presence of 10 uM of different analytes, ¢ the graph of Log C- AE, d
the graph of Log C- S (%), e the selectivity of biosensors (a: glucose,

In previous studies, many biosensors were focused on
colorimetric measurements of different electrodes, such
as ionic liquid tuned titanium dioxide nanostructures [45],
multilayer Ti3C2 MXene, graphitized multi-walled carbon
nanotubes and ZnO nanospheres [46], carbon quantum dots/
copper oxide nanocomposite [47], core—shell polypara-
phenylenediamine/titanium dioxide/multi-walled carbon
nanotube nanocomposite [48], hollow zeolitic imidazolate

b:lactose, c:maltose, d:fructose, e:urea, f:isopropyl alcohol, g:ethyl
alcohol, and h:dopamine), UV-Vis absorption spectrum of f kCA/
PEG, and g k<CA/PEG-CuO NPs

framework [49], and CuO nanoparticle [50], ionic liquid
functionalized drug-mediated silver nanostructures [51], and
bismuth ferrite oxide NPs [24] for the detection of dopamine
(Table 1). This study provided an exciting opportunity to
advance our knowledge of digital selective and sensitive
colorimetric kCA/PEG-CuO NPs-based dopamine biosen-
sors using portable and simple smartphone algorithms for
biomedical applications. Consequently, with colorimetric
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Table 1 The comparison of
colorimetric/electrochemical

performance of the various
electrodes for the dopamine
detection

Electrodes Experimental results Ref
Tonic liquid tuned titanium dioxide nanostructures LOD: 2.55% 107" M and [45]
7.67x107% M

Multilayer Ti3C2 MXene, graphitized multi-walled carbon ~ LOD: 3.3 nM [46]
nanotubes and ZnO nanospheres

Carbon quantum dots/copper oxide nanocomposite LOD: 25.40 uM [47]

Core-shell polyparaphenylenediamine/titanium dioxide/ LOD: 9.45x 10712 M [48]
multi-walled carbon nanotube nanocomposite

Hollow zeolitic imidazolate framework LOD: 0.012 pM [49]

CuO nanoparticle LOD: 5.5x 1078 M [50]

kKCA/PEG-CuO NPs LOD: 504 nM This study

experimental results, the proposed biosensor is a promising
green, low-cost and effective kCA/PEG-CuO NPs biosensor
for monitoring of dopamine due to the occurrence of the
redox mechanism (from Cu?* to Cu).

3.3 Cytotoxic effects of kKCA/PEG-CuO NPs

In this study, the cytotoxic activity of kKCA/PEG-CuO NPs
and Cis-loaded kCA/PEG-CuO NPs was determined using
the MTT colorimetric test. HepG2 hepatocellular cancer
cells and MIA Paca-2 pancreatic cancer cells were used.
The mechanism underlying cytotoxicity of nanoparticles
may differ. Due to their small size, nanoparticles can more
easily enter many tissues in the body. Size, shape, surface
charge, and modifications play an important role in the

Fig.4 The cytotoxic effects

of kCA/PEG-CuO NPs (a),
Cisplatin (b), and cisplatin-
loaded kCA/PEG-CuO NPs

(c) on HepG2 cancer cells.

To investigate the toxicity of
kCA/PEG-CuO NPs (a) and
Cis-loaded kCA/PEG-CuO
NPs were prepared as 1/20,
1/10, 1/5, 1/2, and 1 dilution
ratio, respectively. The same
Cis concentration was used in
the compounds in graphs (b)
and (c). Statistical significance
is shown with **p <0.05 com-
pared to the control group. All
tests were repeated three times.
The samples were evaluated
with Student’s 7 test analysis and
differences were considered sig-
nificant at p <0.05. GraphPad
software was used

Cell viability%

Cis

1504

100 ¢ **

504

Cell viability%

Control 0.5 1

Concentrations (ug/mL)
HepG2
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cytotoxicity of nanoparticles. It is thought that NPs cause
oxidative stress, especially with the production of reactive
oxygen species, and as a result, cell functions are disrupted
and cell death is caused [52]. ROS production may be one
of the cytotoxicity mechanisms of nanoparticles, which can
cause inflammation, oxidative stress, and as a result, damage
to the cell membrane, proteins, and DNA [53]. Additionally,
it has been reported that nanoparticles induce apoptosis by
mediating various cellular pathways [54].

Figure 4 shows that kKCA/PEG-CuO NPs alone are highly
cytotoxic to HepG2 cancer cells. It is clearly seen that cyto-
toxicity of undiluted kCA/PEG-CuO NPs was 77% on
HepG2 cells. Furthermore, it caused cell death at a rate of
58% with a 1:2 dilution rate. The ICs, value of kKCA/PEG-
CuO NPs, the concentration that inhibited half of HepG2

a
15

100

kCA/PEG-CuO NPs

50

Control 1:8 1:4 1:2 1
Dilution rate

HepG2
c Cis Loaded
kCA/PEG-CuO NPs
1504
** p<0.005 3 100 ** p<0.005
3
8
: *%
> 50
© =
1

Control 0.5
Cis concentrations (ug/mL)

HepG2
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cells, was nearly a 1:3 dilution ratio. That is, kCA/PEG-
CuO NPs had strong cytotoxicity in hepatocellular cancer
cells even when diluted nearly threefold. Considering the
pancreatic cancer MIA PaCa-2 cells, which are known to be
highly aggressive, it was cytotoxic on 42% of the cells with
undiluted kCA/PEG-CuO NPs (Fig. 3). More importantly,
when we evaluated non-cancer HUVEC cells, undiluted
kKCA/PEG-CuO NPs showed only a 28% cytotoxic effect
on normal HUVEC. In this case, the kxCA/PEG-CuO NPs
demonstrated specific cytotoxicity against HepG2 and MIA
PaCa-2 cancer cells (Fig. 4, 5, 6). In addition, the IC, of
free Cis was 2.9 ug/ml in HepG?2 cells, while the ICs, value
of Cis-loaded kxCA/PEG-CuO NPs was 0.9 pg/ml, despite
containing less Cis. Regarding MIA PaCa-2 cells, the ICs, of
Cis was found to be 12.8, while the IC of Cis-loaded kCA/
PEG-CuO NPs was found to be 3.5. In HUVEC cells, kCA/
PEG-CuO NPs had an ICy, value of 4.8 pg/ml. As a result,
kCA/PEG-CuO NPs significantly increased the effect of Cis
3.22-fold with Cis-loaded kCA/PEG-CuO NPs on HepG2
cells and 3.65-fold on MiaPaCa cells (Table 2, Fig. 3, 4,
5, 6). As known, nanocarriers increase the biocompatibil-
ity and therapeutic effect of anticancer drugs. In the litera-
ture, it was reported that there was a significant decrease in
side effects. With these advantages, CuO NPs are to solve

Fig.5 The cytotoxic effects

of kCA/PEG-CuO NPs (a),
Cisplatin (b), and cisplatin-
loaded kCA/PEG-CuO NPs

(¢) on normal HUVEC cells.
To investigate the toxicity of
kCA/PEG-CuO NPs (A) and
Cis-loaded kxCA/PEG-CuO NPs
were prepared as 1/20, 1/10,
1/5, 1/2, and 1 dilution ratio,
respectively. The same Cis con-
centration was used in the com-
pounds in graphs (b) and (c).
Statistical significance is shown
with **p <0.05 compared to
the control group. All tests were
repeated 3 times. The samples
were evaluated with student
t-test analysis and differences
were considered significant at
p<0.05. GraphPad software b
was used

Cell viability%

Cis

1501

100

50

Cell viability%

problems related to dose-dependent [55-57]. For this reason,
the synthesized kCA/PEG-CuO was used as an anticancer
nanoagent for the Cis delivery system. Therefore, the drug
can more effectively be accumulated in cancer cells and
nanocarriers can improve the bioavailability and therapeu-
tic effect of anticancer drugs [58]. Accordingly, Cis-loaded
kCA/PEG-CuO is expected to have a lower ICs, than Cis.
As a result, the kCA/PEG-CuO NPs were most cytotoxic in
HepG?2 cells, while it had low cytotoxicity in HUVEC cells.
In addition, it was observed that when cisplatin was loaded
to kCA/PEG-CuO NPs, it increased the effect of cisplatin
exponentially in both cancer cell groups. In the light of these
findings, it seems possible to reduce the side effects of cis-
platin using kCA/PEG-CuO nanocarrier and lower doses of
cisplatin.

In Fig. 7, HepG2 cells in the control group have cell den-
sity and the cells form large groups in connection with each
other. Morphological changes are remarkable in all treated
kCA/PEG-CuO NPs, Cis, and Cis-loaded kxCA/PEG-CuO
NPs groups. In particular, it is seen that the intercellular
connections have decreased, the number and density of
cells have decreased by about half, and the cell groups
have become smaller. MIA PaCa-2 cells have denser, more
numerous spindle-shaped cells than in the control group.

kCA/PEG-CuO NPs
150+

1004

50

= .l. = T T
1:8 1:4 1:2 1
Dilution rate

HUVEC

Cis Loaded
kCA/PEG-CuO NPs

1504

Cell viability%

0
Control 0.5 1 2 5 10

Cis concentrations (ug/mL) Cis concentrations (ug/mL)

HUVEC HUVEC
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Fig.6 The cytotoxic effects

of kCA/PEG-CuO NPs (a),
Cisplatin (b), and Cisplatin
loaded kCA/PEG-CuO NPs (¢)
on MIA Paca-2 cancer cells.
To investigate the toxicity of
kCA/PEG-CuO NPs (a) and
Cis Loaded kCA/PEG-CuO
NPs were prepared as 1/20,
1/10, 1/5, 1/2, and 1 dilution
ratio, respectively. The same
Cis concentration was used in
the compounds in graphs (b)
and (c). Statistical significance
is shown with **p <0.05 com-
pared to the control group. All
tests were repeated three times.
The samples were evaluated
with student t-test analysis and
differences were considered sig-
nificant at p <0.05. GraphPad
software was used

Cell viability%

b Cis

1501

100

50

Cell viability%

1

Control 0.5

Cis concentrations (ng/mL)

MIA PaCa-2

It is noteworthy that in the treated groups, the intercellular
connections were lost, the cells shrank, and their numbers
decreased significantly. In Fig. 7, it is seen that the morpho-
logical changes are consistent with the cytotoxic findings.
In addition, the effects of Cis-loaded kCA/PEG-CuO NPs
on in vitro drug profiles were studied at tumor pH 5.5. We
assumed that the novel CuO NPs as smart pH-responsive
drug nanocarriers could have a role in the in vivo release
profiles of the anticancer drug Cis at different mediums
such as gastrointestinal pH (1.2 and 7.4) and tumor pH (5.5)
mediums in oral chemotherapies.

Table2 ICs, values of kCA/PEG-CuO NPs, and Cis-loaded kCA/
PEG-CuO NPs on HepG2, MiaPaCa, and HUVEC cells

1Csy* values

Cis (ug/mL) Cis-loaded kCA/
PEG-CuO NPs (ug/
mL)
HepG2 29 0.9
MiaPaCa 12.8 35
HUVEC >10 4.8

Proliferation was evaluated by MTT, and ICj, values were taken after
72 h.

*ICs,: Concentration that inhibited cell growth by 50%

@ Springer

a
kCA/PEG-CuO NPs
1504
1004 p<0.005
*%
s =
504 o
ol .' '
Control 1:8 1:4 1:2 1
Dilution rate
MIA PaCa-2
c Cis Loaded
kCA/PEG-CuO NPs
150+

1004

50+

Cell viability%

5 10 Control 0.5 2 5 10
Cis concentrations (ug/mL)
MIA PaCa-2

4 Conclusion

In this study, the novel kCA/PEG-CuO NPs was synthe-
sized using a simple and cost-effective ultrasonic-assisted
method at a room temperature of 25 °C. The green digi-
tal selective and sensitive kCA/PEG-CuO NPs-based
dopamine biosensor was fabricated for their colorimetric
dopamine detection and anticancer drug delivery systems.
The proposed biosensor was investigated as an effective
sensor for the detection of dopamine in biomedical appli-
cations. The digital colorimetric results showed that the
dopamine biosensor had emerging high-performance
characteristics, such as selectivity, sensitivity, and rapid
detection. According to in vitro cytotoxicity results, it was
observed that Cis-loaded kCA/PEG-CuO NPs had lower
ICs, values than free Cis and showed selective cytotoxicity
against cancer cells compared to control cells (HUVEC).
These experimental findings confirm the multifunctional
function of kCA/PEG-CuO NPs as drug carriers and sen-
sors, demonstrating that they can be used in biomedical
applications.
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HepG2 =

MIAPaCa_j;; N

Fig.7 a Light microscope (Magnification: X100) kCA/PEG-CuO
NPs was used with 1:3 dilution rate on HepG2 cells and without
dilution MIA PaCa-2 cells. Cis and Cis-loaded k<CA/PEG-CuO NPs
were used in ICs, values on HepG2 and MIA PaCa-2 cells. Morpho-
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