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Anaplastic thyroid cancer (ATC) is highly aggressive and tends to develop drug resistance to standard chemotherapies. To overcome
the drug resistance of ATC, we synthesized dopamine-melanin nanoparticles (MNPs) loaded with doxorubicin (Dox) molecules.
The Dox-loaded MNPs (Dox-MNPs) developed exhibited increased cellular uptake and enhanced therapeutic efficacy in drug-
resistant ATC cell line HTh74R, compared with free Dox. The native MNPs were found to have excellent biocompatibility, which
suggests that Dox-MNPs may have potential in the treatment of ATC.

1. Introduction

Anaplastic thyroid cancer (ATC) is a form of thyroid cancer
that has one of the highest mortality rates of any cancer [1].
The overall 5-year survival rate of patients with ATC is as low
as 7% [2]. The standard treatment for this highly aggressive
cancer is a combination of doxorubicin (Dox) chemotherapy
and radiation therapy [3]. However, malignant ATC cells
often develop resistance to Dox, resulting in failure of the
treatment [4, 5]. Overcoming the drug resistance of cells is
therefore essential for improving the prognosis of ATC.

A key mechanism in the drug resistance of ATC is
related to the expression of multidrug-resistant 1 (MDRI)
transporters [6]. MDRI transporters pump Dox molecules
out of cells, reducing the intracellular concentration of the
drug and inhibiting the chemotherapeutic efficacy [4, 7].
Recently, significant effort has been directed towards over-
coming the drug resistance of cancer cells using nanoparticles
as drug carriers [8, 9]. Nanoparticles can deliver drugs with
high efficacy and boost intracellular drug concentration by
increasing cellular uptake or by inhibiting drug efflux. Several
reports have recently demonstrated the feasibility of using

nanocarriers, such as liposomes [10] and nanosponges [11],
to deliver drugs to enhance their therapeutic efficacy towards
ATC. However, to the best of our knowledge, there are no
reports demonstrating the potential of using nanoparticles to
overcome drug resistance in ATC.

In this work, we synthesized dopamine-melanin
nanoparticles (MNPs) for Dox loading. Melanin is a pigment
present in a number of human tissues, such as skin, hair,
and eyes and has excellent biocompatibility [12-15]. Dox
molecules can be adsorbed onto the surface of MNPs by
electrostatic interaction and/or 7z-7r stacking [16]. The cellular
uptake and therapeutic efficacy of the obtained Dox-loaded
MNPs (Dox-MNPs) were investigated in two ATC cells lines:
drug-sensitive HTh74 and drug-resistant HTh74R cells.

2. Materials and Methods

2.1. Materials. Dopamine hydrochloride, ethanol, and 2,5-
diphenyltetrazolium bromide (MTT) were purchased from
Sigma-Aldrich. Doxorubicin, aqueous ammonia (28%-30%),
and dimethyl sulfoxide (DMSO) were purchased from
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(a)
FIGURE 1: TEM image of (a) MNPs and (b) Dox-MNPs.

Aladdin Reagent. UltraCruz mounting medium with 4',6-
diamidino-2-phenylindole (DAPI) was purchased from Santa
Cruz. Cells were cultured in F-12 medium with 1% 100x
minimum essential medium (MEM), 1% amphotericin, 1%
500x penicillin and streptomycin, and 10% fetal calf serum.
Phosphate buffered saline (PBS) was purchased from Keygen-
tec.

2.2. Synthesis of MNPs. The MNPs were synthesized as
previously reported. Briefly, 8 mL of ethanol and 0.6 mL of
aqueous ammonia were mixed with 18 mL of ultrapure water
and stirred in a water bath at 30°C for at least 30 min. 2 mL
of 50 mg/mL dopamine hydrochloride was then added to the
mixture and stirring was continued for 24 h. The solution was
subsequently centrifuged three times (15min, 10000 rpm).
The supernatant was carefully discarded after each cycle of
centrifugation and the sedimented particles were collected
and redispersed in ultrapure water at a concentration of
1 mg/mL for further use.

2.3. Loading Dox onto MNPs. To load Dox onto the surface
of the obtained MNPs, a solution of Dox (0.5mg/mL) was
mixed with the MNP suspension detailed in Section 2.2, at
various mass ratios from 0.167:1 to 2:1 (Dox to MNPs).
The mixtures were stirred vigorously for 24 h at room tem-
perature, followed by two centrifugation and resuspension
steps (15 min, 13000 rpm). The amount of free Dox in the
supernatant was determined by UV-Vis spectroscopy to
establish the loading efficiency and capacity of MNPs at
different mass ratios of Dox to MNPs. Dox-MNPs were
redispersed in ultrapure water for further use.

2.4. Characterization of Nanoparticles. Transmission elec-
tron microscopy (TEM) images of the MNPs were acquired
using a JEOL JEM-2100 microscope. UV-Vis spectra of the
MNPs were measured using a PerkinElmer Lambda 35 UV-
Vis spectrophotometer. The size and zeta potential of the
nanoparticles were measured using a Brookhaven Zeta PALS
analyzer.

(b)

2.5. MTT Assays. HTh74 and HTh74R cells were cultured in
96-well plates at 37°C in 5% CO, for 24 h. The cells were
subsequently incubated with various concentrations of free
Dox, MNPs, and Dox-MNPs for a further 24 h. Following
incubation cells were washed three times with cold PBS,
cultured with 0.5mg/mL MTT for 4h, and suspended in
DMSO. The cell viability was determined by the absorbance
of dissolved formazan at 570 nm.

2.6. Flow Cytometry Studies. HTh74, HTh74R, and HEK 293
cells were cultured in 12-well plates at 37°C in 5% CO, for
24 h and subsequently incubated with free Dox (40 yg/mL) or
Dox-MNPs with the equivalent effective Dox concentration,
for 6 h. The cells were then washed three times with cold PBS
and collected and redispersed in PBS. The Dox fluorescence
signal was recorded using a Cytoflow cytometer.

2.7. Statistical Analysis. Data were analyzed using GraphPad
Prism 7.0. The difference in viability between two groups of
cells was compared using Student’s t-test. A p value of 0.05
was considered the significant threshold.

3. Results and Discussion

The MNPs were successfully synthesized according to
method described in Section 2.2. The TEM images show that
the obtained MNPs were quasispherical nanoparticles with
a diameter of 148.9 + 13.3nm (Figure 1(a)). The size and
morphology of the obtained MNPs were similar to those of
melanin particles produced in the human body. The hydro-
dynamic diameter was found to be 215.7 + 5.8 nm, which is
slightly larger than the size measured from the TEM images.
Dynamic light scattering (DLS) measurement showed that
the MNPs had a negative zeta potential of —25.3 + 3.2mV,
which is suitable for loading of the positively charged Dox
molecules.

It has been reported that Dox molecules can adhere
to the surface of MNPs through strong 7-7m stacking and
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FIGURE 2: Loading efficiency and loading capacity of Dox-MNPs at different mass ratios of Dox to MNPs.

,30 —_
= 0 1
=
5 T
2
oy
<
g 104 T
N
T
0
T T T T T T
0 0.1667 0.25 0.5 1 2

Dox/melanin mass ratio

()

800 —

600 —_

400

Diameter (nm)

200

0 T T T T T T
0 0.1667  0.25 0.5 1 2

Dox/melanin mass ratio

(®)

FIGURE 3: Zeta potential and hydrodynamic diameter of Dox-MNPs at different mass ratios of Dox to MNPs.

hydrogen bonding interactions. To determine their drug
loading capability, the MNPs were mixed with Dox at various
mass ratios. As shown in Figure 2, the loading efficiency of
Dox-MNPs decreased with the increasing mass ratio of Dox
to MNPs. The loading efficacy peaked at 93.45% when the
mass ratio was 0.167 : 1. However, the loading capacity of Dox-
MNPs stabilized between 12.64 and 19.43% regardless of the
change in mass ratios.

One challenge of successful drug loading is to identify
the appropriate mass ratio of drug to carrier, such that the
nanoparticles can retain colloidal stability after drug loading,
with minimal interparticle bridging [17]. To optimize the
mass ratio for drug loading, the hydrodynamic diameter
and zeta potential of Dox-MNPs obtained at different mass
ratios were measured. As shown in Figure 3(a), the zeta
potential of Dox-MNPs decreased with the increasing mass
ratio of Dox to MNPs. At mass ratios greater than 0.25:1,
the zeta potential of the obtained Dox-MNPs tended from
negative to neutral. In parallel with the change in zeta poten-
tial, the hydrodynamic diameters of Dox-MNPs increased
with the rising mass ratio of Dox to MNPs (Figure 3(b)).
Taken together, these results indicate that the Dox-MNPs

showed aggregation at the higher mass ratios of Dox to
MNPs because the repulsive force between the negatively
charged nanoparticles weakened when positively charged
Dox molecules were loaded. Since colloidal stability is crucial
for the biomedical application of nanoparticles, the mass ratio
of Dox to MNPs was optimized at 0.167 : 1 for the subsequent
experiments. TEM images showed that, at this mass ratio,
the obtained Dox-MNPs had similar morphology to MNPs
(Figure 1(b)). DLS measurement revealed the zeta potential
and size distribution of Dox-MNPs were —13.79 mV and
241.1 + 4.8 nm, respectively, at this optimized mass ratio.

Since melanin is the pigment that colors human skin,
hair, and eyes, the MNPs were expected to have good bio-
compatibility. To estimate MNP biocompatibility, HTh74 and
HTh74R cells were incubated with various concentrations of
MNPs for 24 h. The MTT assays demonstrated that MNPs did
not cause significant cytotoxicity at concentrations lower than
450 mg/L (Figure 4).

After establishing the biocompatibility of MNPs, the ther-
apeutic efficacy of free Dox was compared with that of Dox-
MNPs in HTh74 and HTh74R cells, based on a constant Dox
concentration. As shown in Figure 5, the viability of HTh74
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FIGURE 5: Cell viability of HTh74 and HTh74R after incubation with various concentrations of Dox-MNPs for 24 h.

cells was similar after incubation with free Dox and Dox-
MNPs at the equivalent Dox concentration. This indicates
that the Dox-MNPs did not enhance the therapeutic efficacy
of Dox for drug-sensitive ATC cells. In contrast, for HTh74R
cells, Dox-MNPs induced significantly higher therapeutic
efficacy than the same amount of free Dox, at concentrations
higher than 20 mg/L. At the highest tested concentration
(160 mg/L), the viability of HTh74R cells incubated with
free Dox was 72.3 + 6.5%, whereas the viability of HTh74R
cells incubated with Dox-MNPs decreased to 34.6 + 5.4%,
suggesting that Dox-MNPs could significantly inhibit the
drug resistance of HTh74R cells.

To understand the mechanisms of the enhanced thera-
peutic efficacy of Dox-MNPs, the cellular uptake of free Dox
and Dox-MNPs was compared between HTh74 and HTh74R
cells. The fluorescence-activated cell sorting (FACS) results
showed that the degree of uptake of free Dox and Dox-MNPs
was similar in HTh74 cells (Figure 6(a)). When incubated
with HTh74R cells, the uptake of free Dox was lower than
when incubated with HTh74 cells, indicating that the drug

resistance of HTh74R cells was related to poor Dox internal-
ization. It is noted that the degree of uptake of Dox-MNPs in
HTh74R cells was similar to that in HTh74 cells (Figure 6(b)),
suggesting that Dox-MNPs could be internalized by HTh74R
cells more efficiently than free Dox, resulting in enhanced
chemotherapeutic efficacy. To further exclude the possibility
that Dox-MNPs would enhance the cell uptake of Dox in
normal cells, the cellular uptake of free Dox and Dox-MNPs
in HEK 293 cells was also determined. The FACS data show
that the degree of uptake of free Dox and Dox-MNPs was
similar in HEK 293 cells (Figure 7), indicating that the drug-
induced toxicity for normal cells would not be enhanced by
the MNP drug delivery system.

4. Conclusions

In summary, we constructed dopamine-melanin nanoparti-
cles for high efficiency loading of Dox (93.45%). The cellular
uptake and therapeutic efficacy of the Dox-loaded dopamine-
melanin nanoparticles were significantly higher than those of
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FIGURE 7: Intracellular Dox fluorescent signal of control cells and
cells incubated with free Dox or Dox-MNPs for 6 h in HEK 293 cells.

free Dox at the same drug concentration, in drug-resistant
HTh74R cells. To the best of our knowledge, this is the first
report demonstrating that dopamine-melanin nanoparticles
could be used to overcome the drug resistance of anaplastic
thyroid cancer cells.
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