Characterization of cisplatin loaded hydrophilic glycol chitosan modified
eumelanin nanoparticles for potential controlled-release application
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ARTICLE INFO ABSTRACT

Keywords: Free liquid cytotoxic substances, such as cisplatin (CDDP), have been widely administered for the conventional
Natural ‘fldani“ nanoparticles chemotherapy treatment of cancer patients. However, this classical approach has several drawbacks, including
Eumelanin high dosage requirements, poor bioavailability, low therapeutic index, and geno-/cyto-toxicity resulting in
Glycol chitosan . . . . o .

Cisplatin several adverse side effects that constrain patient compliance and clinical outcomes. Such downsides can be

improved by replacing conventional drugs with advanced nanocomposite-drug conjugates. In line with this, our
study aimed to characterize a novel potential drug nano delivery system, so-called hydrophilic glycol chitosan
(HGC) coated melanin nanoparticles (MNPs), to improve the abovementioned constraints in the case of classical
chemotherapy drug cisplatin. Following the production of MNP-based nanocomplexes by a single-step mixing,
essential physical and chemical characterizations were performed. The nanoformulations generated here were
spherically shaped with an optimum size range (between 100 and 200 nm) and exhibited comparable drug
loading capacities (21.7% =+ 0.5 for the CDDP-MNPs and 24.7% =+ 0.4 for HGC/CDDP-MNPs) and remarkable
entrapment efficiencies (93.2% + 2.0 for CDDP-MNPs and 94.9% + 1.1 for HGC/CDDP-MNPs) as a biopolymer.
Notably, the cell viability assay showed that MNP-based nanocarriers could inhibit the proliferation of liver
cancer cells in a more prolonged fashion compared to free CDDP. The TGA and FTIR-ATR analyses confirmed the
compatibility between CDDP and its nanocarrier MNP. The Super Case II Transport was primarily in charge of
controlling CDDP release from both matrices as a result of polymer relaxation and swelling of HGC-CDDP-MNPs
and CDDP-MNPs, which is highly preferred because it enables simple manipulation of the nanocarrier properties
to suit the disease biology. All of these findings point to the natural MNP-based nanoformulation’s superiority as
a prospective and cutting-edge chemotherapeutic nano-delivery technology.

Nanoparticle drug delivery
Super Case II Transport

1. Introduction an effective option only at the early cancer stages; radiation therapy
damages healthy cells, organs, and tissues. Even though chemotherapy
reduces morbidity and mortality by killing fast-growing cancer cells,

such treatment can cause several adverse side effects because of

Cancer is the universal cause of death worldwide, and about 30.2
million new cases are estimated to be diagnosed by 2040 [1]. Due to the

high prevalence of this condition, extensive effort has been put into
improving existing cancer management strategies for facilitating all
stages of cancer diagnosis, site-specific screening, and therapy.
Surgery, chemotherapy, and radiotherapy are routinely used in
conventional cancer therapy [2]. While surgical removal of the tumors is
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damaging healthy cells while traveling throughout the body [3]. For
instance, cis-diamminedichloridoplatinum(II) (CDDP) is a potent and
extensively used chemotherapeutic agent owing to its broad-spectrum
antitumor activity against solid neoplasms by leading to cell apoptosis
[4-7]. It has been broadly applied for several advanced cancer
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treatments (i.e., breast, bladder, ovaries, and testicles) through intra-
venous administration of its free liquid dosage formulation [7-9], which
may cause several complications (i.e., fatigue, nausea, hair, and weight
loss) [9,10]. In addition to its cyto-, geno-toxicity [5,11,12], the drug
resistance [13] acquired by the cancer cells evades the efficacy and
bioavailability of CDDP-based chemotherapy, limiting its sole usage.
Although combinatory therapeutic strategies [4,7] were established to
minimize the drawbacks of CDDP and its several counterparts, these
approaches still yield overall clinical performance [7].

Alternatively, nanomedicine offers advanced nanoformulations and
has the power to revolutionize cancer management by limiting the high
dose requirements, enabling the controlled release of chemotherapeu-
tics with improved bioavailability, and aiding patient compliance by
eliminating side effects [14-19]. So far, several chemotherapeutics
combined with liposomal [20], metallic [21,22], ceramic [23], bio-, and
synthetic-polymer [24,25] nanocarriers have been utilized to localize
drugs at the cancer site and to lower systemic toxicity, adverse side ef-
fects, and drug resistance. Among all, materials of biological origin are
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Fig. 1. SEM images of MNPs (a), CDDP-MNPs (b), HGC/MNPs (c) HGC/CDDP-MNPs (d), and their associated particle size distribution graph (n

100) (e). The

original magnification of the SEM images taken was 100,0000x. For data evaluation and statistical analyses, OriginLab© software was used.
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exceedingly demanded as nanocarriers due to their versatile features,
including biocompatibility, biodegradability, low cyto-, geno-toxicity,
and sustainability [26,27]. However, several issues related to scaling
up, low drug-loading capacity, and wide size distribution remain chal-
lenging [26,28].

In line with this, melanin nanoparticles (MNPs) extracted from nat-
ural resources [29,30] have gained increasing attention as sustainable
nanocarriers not only because of the biocompatibility but also because
of the added features such as radical scavenging [31], antioxidant ac-
tivity [32,33], and mainly, intrinsic photoacoustic properties and metal
chelation [34,35], which facilitates efficient prognosis through simul-
taneous site-specific imaging and therapy. Furthermore, MNPs per se do
not have any cytotoxic effect on healthy fibroblast cells [36]. Despite
various advantages of MNPs, they are subjected to aggregation and low
solubility in physiological conditions, which severely limited their
application in drug loading and biomedical application [37]. Thus,
surface modification of natural MNPs is needed. Lately, the method of
layer-by-layer technique that allows modification via electrostatic at-
tractions between opposite charges on the surface of each component
has generated great interest with its ease of apply [34]. Although the
layer-by-layer technique has been reported for the polyvinyl
alcohol-MNPs and glycol chitosan-MNPs couples [34,38], these in-
teractions were mainly focused on the thin film production not the
surface tailoring of nanoparticles. In line with this, for the first time,
surface coatings of negatively charged melanin nanoparticle-based drug
delivery systems with positively charged glycolic chitosan which is also
cell friendly and not cytotoxic [39,40] were studied.

In this study, we developed a natural melanin-based cisplatin
nanocomplex (CDDP-MNPs) by tailoring nanocarrier surfaces with hy-
drophilic glycol chitosan (HGC) with a layer-by-layer technique. The
sustainable nanoformulation herein has a comparable drug loading
performance (25%) to synthetic MNPs published in our previous finding
[28] (35%) and other studies utilizing natural melanin nanocarriers [41,
42]. In addition, achieving HGC coating resulted in a more sustained and
prolonged release of the loaded cisplatin without cytotoxicity than its
free form, suggesting that the developed nano-chemotherapeutic
formulation can be a safe alternative to its conventional counterpart
for further clinical applications that prioritize nanomedicine-mediated
effective cancer treatments.

2. Experimental
2.1. Materials

Food-grade cuttlefish ink paste was obtained from Nortindal Sea
Products Ltd. (Guiptizcoa, Spain). Hydrophilic glycol chitosan (MW:

190-310 KDa), acetic acid, ortho-phenylene diamine (o-phenylenedi-
amine, OPDA), dimethylformamide (DMF), and phosphate buffer saline

Entrapment efficiency (%) = The total amount of CDDP

The total amount of CDDP  Free amount of CDDP
X

Loading capacity (%) = Weight of MNPs

(PBS, pH: 7.4, 0.01 M) were purchased from Merck (St. Louis, MO, USA).
Cisplatin (CDDP, 50 mg/100 mL) was commercially obtained from
Kocak Farma (Istanbul, Turkey). CDDP was stored in DIW containing
sodium hydroxide (NaOH) and dilution of the drug was performed with
saline solution. All solutions were prepared with (Millipore Corp.,
Bedford, MA, USA) deionized water (DIW, 18.2 MQ cm b,

The total amount of CDDP  Free amount of CDDP
X

2.2. Preparation of melanin nanoparticles

Natural melanin nanoparticles (MNPs) were extracted from
commercially available Sepia Officinalis ink paste following a previous
method [43]. First, the ink paste was diluted using DIW, and the sus-
pension was centrifuged at 10,000 rpm for 20 min. The supernatant was
removed, and the obtained pellet was washed with DIW. This process
was repeated five times to remove salt and impurities. Then, the final
pellets were dried in the vacuum oven (MIPROLAB, Turkey) at 50 °C for
48 h [30]. The collected melanin powders were dispersed in 10 mL of
DIW to procure 5% (w:v) of colloidal MNP suspension and stored at
room temperature (25 °C) to be used for further experiments.

2.3. Chemotherapeutic drug loading

The CDDP conjugation to the MNPs was achieved via single-step
mixing. First, 1 mL of CDDP was mixed with 2 mL of MNPs suspension
and stirred for 24 h with a magnetic stirrer. Then, the mixture was
centrifuged at 10,000 rpm for 20 min, and CDDP-MNPs were obtained.

Next, hydrophilic glycol chitosan (HGC) modification was achieved
for increased bioavailability of CDDP-MNPs following a previous
method [44]. Briefly, 1% (w:v) CDDP-MNPs were mixed with the chi-
tosan solution (1% w:v) and centrifuged (5000 rpm, 15 min) to acquire
HGC/CDDP-MNPs. The supernatants were collected and stored at 4 °C
until further analyses were carried out. To remove excessive substances
on the MNPs’ surface, the modified samples were washed three times
with DIW.

2.4. Drug loading capacity and entrapment efficiency

Cisplatin has a low molar absorptivity in the UV region of the elec-
tromagnetic spectrum [45]. However, it consists of platinum (Pt) that
can be tracked in the visible range upon reaction with o-phenylenedi-
amine (OPDA) in the presence of dimethylformamide (DMF) at pH 6.8.
Using the maximum absorption peak obtained at 704 nm by UV-vis
spectroscopy device (UV-1280, Shimadzu Corp., Kyoto, Japan), a cali-
bration curve (Fig. S1) was plotted using the absorbance data obtained
for various CDDP concentrations (Supplementary Material). To deter-
mine the exact CDDP concentration within produced CDDP-conjugated
nanoformulations (CDDP-MNPs, HGC/CDDP-MNPs), 1 mL of the su-
pernatant was taken and mixed with an equal volume of OPDA solution
(1.2 mg/mL in DMF). Then, the mixture was heated in a 100 °C water
bath for 10 min before recording the absorbance values. Due to the
possibility of interference that an MNPs leakage can cause, the baseline
correction was applied at 600 and 800 nm absorbance values. The drug
entrapment efficiency (Equation (1)) and the loading capacity (Equa-
tion (2)) of each nanoformulation were calculated using the following
equations:

100 (€3]

100 (2)

2.5. Characterization of nanoparticles

Scanning electron microscopy (SEM, FEI Quanta 400F, Hillsboro,
OR, USA) was performed for the morphological characterization of the
MNPs, HGC/MNPs, CDDP-MNPs, and HGC/CDDP-MNPs. Before the
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examination, the samples were sputter-coated with a gold-palladium
(Au-Pd) mixture, and the SEM images were taken at a 7.5 kV acceler-
ating voltage. The average nanoparticle diameter for each formulation
was determined by measuring the particle diameters from the collected
SEM images using ImageJ® software (NIH, MD, USA). All data presented
as the mean + SD (n = 100).

The chemical groups on the produced particles (MNPs, CDDP, CDDP-
MNPs, HGC/MNPs, HGC/CDDP-MNPs) and possible interaction be-
tween components were characterized using attenuated total reflectance
Fourier transform infrared spectroscopy (ATR-FTIR) device (Perki-
nElmer Spectrum Two, Waltham, MH, USA), and performed within a
wavenumber range of 4000 1000 cm 1.

Thermal characteristics and the compatibility between components
of nanocomplexes were examined using thermal gravimetric analysis
(TGA, TA Instruments Co., DE, USA). Samples weighed about 5 mg were
placed into aluminum pans and heated from 30 to 600 °C at a heating
rate of 10 °C/min under an inert nitrogen atmosphere.

2.6. In vitro drug release

The in vitro drug release of CDDP from CDDP-MNPs and HGC/CDDP-
MNPs was evaluated in physiologic buffer (PBS, pH: 7.4). Briefly, all
MNP formulations (MNP, HGC/MNPs, and HGC/CDDP-MNPs) were
resuspended in PBS (pH: 7.4, 1 mg/mL) and incubated at 37 °C at 300
rpm speed. At predetermined time points, 1 mL of samples were
collected and then centrifuged (10,000 rpm for 20 min). The released
concentration of CDDP in the collected supernatants was measured at
704 nm wavelength using a UV-vis spectrophotometer.

To evaluate the mechanism of the CDDP release from prepared
nanoformulations, obtained release data were fitted to four distinct ki-
netic models: zero-order, first-order, simplified Higuchi, and Korsmeyer-
Peppas. A more detailed explanation of these kinetic models and their
respected equations are given in the Supplementary Material. The data
were shown as the mean + SD of three replicated measurements for each
nanoformulation. OriginLab© software was used to evaluate repeated
measures using a multivariate approach (multivariate analysis of vari-
ance, MANOVA). The data are summarized numerically, and 95% con-
fidence intervals for the differences in the mean dissolution profiles at
each dissolution time point are evaluated [46,47].

2.7. Invitro cytotoxicity assay

The in vitro cytotoxicity effect of each nanoformulation was tested by
subjecting them to the hepatocarcinoma cell line (Huh7). For the MTT
assay [48], the cells were seeded in 96-well plates containing 100 pL of
DMEM low glucose medium supplemented with 10% FCS, 50 units/mL
penicillin, and 50 pg/mL streptomycin. The cellular density was
adjusted to be 5000 cells per well (n = 3). After cell seeding, the medium
was replaced with a fresh medium containing the drug and incubated
overnight. In detail, 15 pL of MTT solution (5 mg/mL, BioBasic-0793)
was supplied to each well, and the cells were further incubated at
37 °C for 4 h. To dissolve the formazan crystals, 100 puL of DMSO was
added after removing all media, and the absorbance values were
recorded at 570 nm using a microplate reader (Multiskan FC, Thermo-
Fisher Sci., Waltham, MA, USA). Furthermore, cell viability, prolifera-
tion, and toxicity that varied after subjecting with various free and
nanocarrier-bound drug concentrations (0.1, 0.3, 0.5, 1, 2.5, 5, and
10 pg/mL) for 72 h were investigated.

3. Results and discussion
3.1. Characterization of nanoparticles
The size and shape of nanoparticles are critical for obtaining a

controlled release profile of the loaded drug within the nanoformulation
[49,50]. In a physiological environment, nanoparticles smaller than 10

nm were excreted by renal clearance, and those larger than 300 nm were
caught by the components of the reticuloendothelial system [50,51].
Additionally, the nanoparticles sized within the 100-200 nm range
could escape from phagocytosis, enhancing their circulation and reten-
tion time within the physiological environment, resulting in increased
bioavailability. On the other hand, rigid and spherical nanoparticles
have shown a shorter blood circulation time but are highly uptaken by
tumor cells compared to elongated and soft particles [52]. For that
reason, the spherical-shaped nanoparticles having a size of 100-200 nm
have been accepted as an optimum for enhanced therapeutic efficacy
[53].

SEM analyses were conducted to evaluate the prepared nano-
formulations” morphological structure and their related size distribu-
tion. The SEM images revealed that MNPs with uniform spherical shapes
having an average size of 132 + 18 nm (Fig. 1a) were produced. Upon
CDDP loading and solely HGC coating, the mean diameters were not
altered significantly and were calculated as 128 + 22 nm and 139 + 23
nm (Fig. 1b and c). On the contrary, a slight increment in particle
diameter was observed (167 + 26 nm) upon HGC-conjugation to the
CDDP-MNPs (Fig. 1d). Moreover, produced particles were spherically
shaped, and the mean diameters were smaller than 200 nm, satisfying
optimum shape/diameter needs for an increased bioavailability when
applied in vivo.

3.2. Drug compatibility analyses

The compatibility between drugs and nanoparticles forming nano-
drug formulations is essential to minimize the burst release [54].
Therefore, the ATR-FTIR spectrum analyses of each component (Fig. 2a)
and their produced nanoformulations were carried out as sketched in
Fig. 2b. Firstly, the spectrum of MNPs was obtained. A broad peak from
3620 cm ! to 2660 cm ! comes from —~OH and NH;, vibrations from the
carboxylic acid and phenolic and aromatic amino functions in the
indolic and pyrrolic systems. Additionally, bands at 2920 cm ! (the
stretching of —CH band), 1630 cm 1 (the stretching of C=0 in COO ,
quinone, or ketone), 1453 cm L (the vibration of C=C aromatic ring
vibration/the symmetric stretching of COO ) and 1388 cm 1 (the
stretching of pyrrole ring), 1248 cm ! ( CH in-plane deformation) and
1164 cm ! (pyrrole -NH in-plane deformation/ring breathing) were
detected. In the spectrum of hydrophilic glycol chitosan, a broad peak
was observed at 3310 cm !, indicating ~OH and NH, stretching. The
C=0 stretching of the acetyl group (amide-I) band was seen at 1642
em ! [44,55,56]. After HGC coating of MNPs, the intensity decrement of
the —OH stretching band and a shift on the primary amine band (ami-
de-II) from 1642 to 1526 cm ! were formed. These changes could be
linked to the hydrogen bond formation or secondary interactions be-
tween the -OH (MNPs) and NH; groups (chitosan) in n-conjugated
structures (i.e., dihydroxyindole, indolequinone) [57,58].

In the CDDP spectrum, the broadband at 3500 cm ‘- 3000 cm !
indicates formation of aquated CDDP because of the ~OH stretching and
the sharp peak at 1637 cm ! (C=0) disguised the amine peaks of the
CDDP. After the CDDP was conjugated with MNPs, the peaks arose at
3310 ecm ! and 1635 cm !, indicating O-H and -C=O stretching of
the acetyl group (amide-I) [44]. The carboxylate peak at 1630 cm 1
were shifted to 1635 cm . This shift could be arisen from the linkage
between carboxylated and platinum hydroxide of aquated cisplatin
[59-61]. Following HGC coating, the physical interaction (H-bonding or
van der Waals force) between HGC and the remaining functional sides of
CDDP-MNPs after CDDP interaction caused a large shift of carboxylate
peak ( 14 cm 1 [44].

The thermal behavior of the nanocomplexes and their forming con-
stituents were investigated with TGA to evaluate the possible interaction
between components when heated each up to 600 °C. At first, the
building block powders used to construct nanocarrier systems were
analyzed. As shown in Fig. 2¢, the thermogravimetric spectrum of CDDP
showed a single-step decomposition at 92 °C with a total weight loss of
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Fig. 2. The molecular representation of the eumelanin (MNPs), hydrophilic glycol chitosan (HGC), and cisplatin (CDDP) (a) ATR-FTIR (b) and thermogravimetric

spectra (c) of HGC/CDDP-MNPs, HGC/MNPs, CDDP-MNPs nanocomplexes, and MN

about 98%. On the other hand, the weight loss of natural melanin
nanoparticles took place in two steps. The first degradation step was
observed between 34 °C and 224 °C, corresponding to the loss of free
water and/or bound water in melanin equivalent to around 15% of the
total mass. The second thermal decomposition started at 224 °C as COy

Ps, HGC, and CDDP powders.

was evaporated. Although TGA analyses were carried out up to 600 °C,
only about 51% of the initial melanin mass was lost at this temperature
range suggesting good thermal stability of melanin due to its graphite-
like structure [62]. Hydrophilic glycol chitosan exhibited three-step
weight loss at 70 °C, 280 °C, and 538 °C. The initial weight decrement
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indicates the loss of (un)bound water, whereas the second corresponds
to the chitosan backbone’s thermal degradation [63], and the total char
yield was 35%. The intra- and inter-molecular hydrogen bonds within
the MNP and HGC structures make them highly thermal stable. How-
ever, upon nanohybrid formation, the initial degradation temperatures
decreased for the MNP composites (HGC/MNPs, CDDP-MNPs, and
HGC/CDDP-MNPs). This decrement indicates the weakening of
hydrogen bonds in MNP and HGC because of the possibly formed in-
teractions between the components. This suggests that compatibility
between drug/coating material and nanoparticles aligns with the
ATR-FTIR analyses.

3.3. Drug loading capacity and entrapment efficiency

Drug loading and entrapment efficiency depend on drug solubility,
drug affinity with the nanoparticles, and the nanocomplex production
process. Although a limited number of studies were conducted using
natural MNPs as drug nanocarriers, we can state that with the herein
presented work, we successfully enhanced both entrapment efficiency
and loading capacity of the natural MNPs compared to previously
published studies [41,42]. The drug entrapment efficiency and loading
capacity of MNPs were calculated as 93.2% + 2.0 and 21.7% =+ 0.5 for
the CDDP-MNPs. The HGC modification did not affect encapsulation
efficiency or loading capacity (94.9% + 1.1 and 24.7% + 0.4) as ex-
pected. This is because the surface coating process was performed
immediately following CDDP loading into MNPs and the removal of
unloaded drugs by washing and centrifugation.

3.4. Invitro drug release

The release profiles of CDDP from CDDP-MNPs and HGC/CDDP-
MNPs matrices were obtained at the predetermined time points from 1
to 264 h via UV-vis spectrophotometric measurements after incubating
these nanoformulations in a physiological buffer solution (PBS, pH: 7.4).
The release behavior was examined by plotting the data obtained from in
vitro drug release studies as the cumulative amount of drug released (%)
versus time (Fig. 3). According to the release profiles of CDDP-MNPs and
HGC/CDDP-MNPs, three types of release behaviors were seen (Fig. 3a).
In the first region (1-6 h), the rate of drug delivery was controlled by the
swelling and osmotic pressure differences for HGC/CDDP-MNPs. The
polymer relaxation occurs as the HGC absorbs buffer solution while
osmotic pressure differences regulate swelling [64]. Such swelling
behavior is highly preferred to obtain a controllable solute release
through modulating the swelling ratio by simply adjusting the physi-
cochemical features of the nanocarrier. However, for MNP-CDDPs, only
the concentration gradients dominate for the CDDP release due to the
non-swellable and non-erodible nature, which explains the difference
between the released CDPP amounts for each nanoformulation.

The second phase of the release curves (6-24 h for both CDDP-MNPs
and HGC/CDDP-MNPs) showed a sustained release up to 24 h until the
lag period began (24-264 h) (Fig. 3b). The sustained release behavior
can be explained by the n-r stacking interaction that causes firm contact
between aromatic rings in CDDP and MNPs [42]. In addition, the TGA
and ATR-FTIR analyses indicated compatibility between MNPs and
CDDP and HGC and CDDP; hence slower release of the drug from the
CDDP-MNPs and the HGC/CDDP-MNPs nanocomplexes can be
explained. Moreover, 30% and 36% of CDDP remained unreleased at the
264th h for CDDP-MNPs and HGC/CDDP-MNPs, which the hydrogen
bonding can describe.

For kinetic model analyses, the in vitro drug release data were fitted
into four different kinetic models explained in the Supporting Informa-
tion document with the data obtained from the respected equations
(Table S1). The best fitted kinetic models describing CDDP release from
CDDP-MNPs and HGC/CDDP-MNPs were determined by considering the
highest coefficient of determination (R?) obtained. It was found that the
time course release data for both nanoformulations were best fitted with
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Fig. 3. The cumulative released drug amount (%) from CDDP-MNPs and HGC/
CDDP-MNPs matrices versus time. Time course data are given in full range (a)
and for the first 48 h (b).

the Korsmeyer-Peppas model; the diffusional exponents (n) were
calculated as 0.89 and 0.97 for CDDP-MNPs and HGC/CDDP-MNPs,
indicative of Super Case II Transport (n > 0.89). Although melanin is
known to be a non-swellable and erodible material in physiological
buffer [28], hydrophilic chitosan coating would have altered the resul-
tant physicochemical properties, notably upon physiological buffer up-
take. Therefore, the release of the CDDPs from HGC/CDDP-MNPs was
dominated by molecular polymer relaxation of the HGC polymeric chain
and swelling. In contrast, in the CDDP-MNPs case, only osmotic forces
were taking place [64].

3.5. Invitro cell viability assay

Huh7 cells are a well-established and differentiated hepatocyte-
derived cellular carcinoma cell line, where CDDP is widely used for
chemotherapeutic treatment [65]. In this work, Huh7 cells were exposed
to both nanocomplex-bound CDDPs and free CDDP for 72 h to evaluate
the effect of produced nanoformulations compared to free CDPP. Ulti-
mately, an MTT assay was performed to assess cell viability,
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Fig. 4. Drug concentration and formulation influence on cell viability obtained
for free CDDPs and the CDDP-loaded nanoformulations (CDDP-MNPs and HGC/
CDDP-MNPs) (n  3).

proliferation as well as cytotoxicity, and the obtained data are sketched
in Fig. 4 and Fig. S2 (given in Supplementary Materials).

A drug response curve was generated after 72 h of treatment with
each formulation: free CDDP, CDDP-MNPs, and HGC/CDDP-MNPs. ICsq
values for CDDP-MNPs and HGC/CDDP-MNPs were calculated as 10.25
pg/mL and 13.03 pg/mL, respectively. The higher ICs( values obtained
for CDDP-MNPs and HGC/CDDP-MNPs nanoformulations correlated to
the sustained release behaviors of nanocarrier-bound CDDPs while
inhibiting the proliferation of Huh7 cells. On the other hand, ICsq for
CDDP was 0.11 pg/mL, suggesting that when free dosage format CDDP
are utilized for chemotherapy, they yield much higher cytotoxicity even
at ng/mL concentration level than its herein proposed nano-
formulations, which also lines up with the previous findings [6,38,66].

4. Conclusion

In this work, we presented a eumelanin-based nanocomplex as an
alternative chemotherapeutic agent for highly cytotoxic free liquid
dosage format cisplatin that is widely applied in clinics for several
cancer treatments. Cisplatin could be easily conjugated with melanin
nanocarrier through single-step mixing. The resultant nanocomplexes
showed high drug loading/entrapment performance, which also
exhibited sustained release obeying Super Case II Transport, as
confirmed in vitro. The cell viability results demonstrated that the CDDP-
loaded nanocarriers showed distinctly higher ICsg values than the free
CDDP, fulfilling low dosage requirements while sustainably destroying
liver cancer cells, as expected from a promising controlled release sys-
tem for the formulation of nanomedicine. The approach we undertook in
this study with MNPs and HGC/MNPs could be exploited further for
cellular organelle and junction targeting. Interestingly, melanin-like and
chitosan comprising nanoparticles were shown to be instrumental in
mitochondrial targeting [67,68] and/or cell-cell junction modulation
[69].

In the future, these nanoparticles will be investigated in vivo for their
targeting capability and effectiveness. Additionally, the effect of other
biocompatible and biodegradable materials like nanostructured lipid
carriers, mesoporous silica on drug delivery and cell viability could be
evaluated [70-72]. Additionally, it is noteworthy to mention that
melanin nanoparticles can show photothermal behavior under light
irradiation [73,74] and may act as MRI contrast agents, which facilitates
imaging of cancer sites and therapy simultaneously. Recently, Yan et al.
were conducted a tremendous study for the preparation of

C60-decorated natural melanin nanoparticles conjugated with hyal-
uronic acid and to monitor the effectiveness of their multimodal treat-
ment strategy including photodynamic therapy, photothermal therapy
and immunotherapy [75]. Several studies have investigated hyaluronic
acid modified carriers for active targeting of tumor cells and discrimi-
nating tumor cells from healthy cells since hyaluronic acid is the primary
CD44 binding molecule [75-80]. These CD44 receptors highly expressed
on tumor cell membranes and can allow nanoparticles to enter cells
through phagocytosis. Therefore, application adaptability by evaluating
of synergistic effect of hyaluronic acid modified proposed nanocomplex
for such a combinatory theragnostic approach may constitute a hopeful
strategy for future applications in liver cancer cells.
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