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Abstract: Glioblastoma (GBM) is one of the most aggressive
and hard to treat cancers. Traditional anti-cancer treat-
ment methods have low efficiency and the lifespan after
diagnosis is only 12–18 months. Brain tumor cells overex-
press many proteins that play an important role in tumor
progression and can be used as therapeutic targets. One of
the promising approaches in cancer treatment is down-reg-
ulation of an extracellular matrix glycoprotein – Tenascin-C
(TN-C) through RNA interference therapy. However, the
effective delivery of double stranded RNA with one strand
complementary to TN-C mRNA sequence is difficult due to
rapid degradation by nucleases and low intracellular uptake.
Polydopamine (PDA), a biomimetic polymer characterized by
high biocompatibility and simple modification ability, is com-
monly used in nanobiomedicine to create a drug/gene delivery
vehicle. Furthermore, photothermal characteristics of this
polymer enable its application in photothermal therapy
(PTT), which is a great option for cancer treatment. Here we
synthesize PDA nanoparticles (NPs) coatedwith polyamidoamine

dendrimers generation 3.0 (DD3.0) for therapeutic anti-TN-C RNA
and doxorubicin delivery. As prepared PDA@DD3.0 NPs are then
used in combined drug delivery, gene silencing, and PTT of GBM.
The obtainedmaterials are analyzed in terms of physicochemical
and photothermal properties as well as their cytotoxicity, using
human GBM cells. The results demonstrate that the obtained
nanocarriers are effective non-viral vehicle for combined thera-
peutic approach for killing glioma cells via anti-TN-C RNA
delivery and combined chemo-PTT therapy (CT-PTT). The appli-
cation of PDA@DD3.0 NPs contributed to the 3-fold reduction in
the proliferation rate of GBM cells, a decrease in the level of TN-C
expression (by 30%) and a reduction in the number of viable cells
by up to 20%.
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1 Introduction

Glioblastoma (GBM) is the most commonly occurring high-
grade primary malignant brain tumor with very poor
prognosis [1,2]. Taking into account that currently approved
treatments for GBM are characterized by the low survival rate,
new therapeutic strategies are urgently needed. Despite
advances in neurosurgery, chemotherapy, and radiotherapy,
GBM remains one of the most treatment-resistant central ner-
vous system malignancies with an average survival time of
approximately 15 months, and a 5-year survival rate of only
5% [3]. Moreover, what makes GBM therapy truly complex is:
(i) tumor location and heterogeneity make its resection diffi-
cult; (ii) resistance to gold standard temozolomide (TMZ) treat-
ment, mostly due to over-expression of O6-methylguanine-DNA
methyltransferase which limits the cytotoxic effects of TMZ;
and (iii) inability of chemotherapeutics to cross blood-brain-
barriers (BBB) [2,4–7]. Together with the development of nano-
technology, nanoparticles (NPs) have been proposed as mate-
rials for preparation of a new drug delivery systems that are
supposed to improve the therapeutic outcome in oncological
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diseases and enhanced patient life quality during treatment.
The success of nanomaterials application in medicine (nano-
medicine) has been determined by their versatility and ability
to overcome some of the critical limitations of conventional
drugs such as the inability to cross the biological barriers, poor
accumulation at the targeted brain tumor site, and high sys-
temic side effects [8–13].

There are several requirements for nanocarriers to be
used in drug delivery to GBM. First of all, the particles should
be biocompatible and not harm healthy cells. Second, the
particle size should be below 200 nm so as not to cause
physical damage to the BBB and surrounding tissues.
Finally, the particles should rather exhibit positive charge
to interact with BBB, but the charge cannot be too high,
otherwise the carriers can be toxic [14]. Indeed, different
nanostructure types have been used to prepare drug delivery
systems capable of providing chemotherapeutics to GBM
[15–17]. The most common materials include poly(lactic-co-
glycolic acid), micelles, magnetic NPs, and dendrimers. In
addition to cytostatic drugs, the latest nanomaterials enable
the delivery of genetic materials including dsRNA or siRNA
to knock down genes responsible for appropriate protein
expression in GBM growth and migration via the RNA inter-
ference (RNAi) strategy [18–25]. Among the proteins that have
become a target for GBM treatment, Tenascin-C (TN-C) has
drawn considerable attention of many scientific groups. TN-C
is a large extracellular matrix glycoprotein with a mass of
about 180–250 kDa as an intact monomer and up to 1,800 kDa
when assembled into a hexamer [26]. In normal adult tissue,
TN-C expression is mainly restricted to the bone marrow,
thymus, spleen, and lymph nodes, especially in T-lympho-
cyte-dependent zones [27]. However, TN-C has been reported
to play a role in tumor-induced immunosuppression, because
it is highly expressed in most solid tumors, including those
arising in the breast, uterus, ovaries, prostate, pancreas,
colon, stomach, mouth, larynx, lung, liver, kidney, bladder,
skin, bone, soft tissues, and lymphomas [28]. Many reports
suggest an important role of TN-C in tumor growth, metastasis,
tumor angiogenesis, and inhibition of immune surveillance.
Furthermore, it has been reported that TN-C, an extracellular
matrix protein, is highly expressed in the tumor tissue of
most malignancies, including the brain [29–32]. Impor-
tantly, elevated TN-C level in high-grade gliomas
increases the invasiveness of glioma cells by promoting
endothelial cell migration [33,34]. Therefore, TN-C is the
dominant GBM epitope. However, the clinical application
of RNAi-based therapeutics, including dsRNA/siRNA, is
limited due to their susceptibility to intravascular degra-
dation and lack of tissue-penetrating ability. The solution
to this drawback was the use of magnetic NPs with poly-
etyleneimine (PEI), which acted as an effective drug

carrier of dsRNA with a sequence complementary to TN-
C, preventing its degradation and ensuring not only sig-
nificant TN-C expression level suppression, but also
impairing migration of the tumor cells [25].

Further progress in nanotechnology have resulted in
the development of materials capable of co-delivery of
chemotherapeutic agents and nucleic acids for GBM treat-
ment [35–37]. So far, several research groups have reported
the synergistic effects of this approach. For example, co-
delivery of doxorubicin (DOX) and siRNA using a genera-
tion-3 (G3) poly(L-lysine) OAS dendrimers to U-87 GBM cells
has been shown to result in significantly high gene silen-
cing in U87-Luc cells due to the combined effects of cyto-
toxicity and RNAi activity [38]. Polymeric NPs made of PEI
and polycaprolactone were also used to deliver DOX and
siRNA downregulating BCl-2 and upregulating BAX to C6
rat glioma cells [39].

Another important therapeutic approach in cancer treat-
ment using NPs is photothermal therapy (PTT) [40–44]. In this
strategy, nanomaterials are applied as smart nanophotothermal
agents to convert light into heat, which generates hyperthermia
inside cancer cells leading to their death. The most common
light source is near-infrared (NIR) laser beam that operates in
the range of 650–1,000 nm. This region is called the “I biological
window,” inwhich light has themaximumdepth of penetration
into the tissue and is not disturbed by water absorption, which
takes place at a longer wavelength. On the other hand, light is
also one of the promising triggering mechanisms used as
external stimuli to trigger drug release from the photo-respon-
sive nanocarriers. The NIR light-responsivity of nanomaterials
enables on-demand elevated drug release in cancer photo-che-
motherapy [45,46]. The PTT belongs to rapidly emerging areas
of NPs-based GBM treatment.

There is an urgent need to synthesize nanocarriers for
cancer therapy capable of combining different modalities
in a single nanoplatform, as these materials appear to
have advantages over lower-generation materials allowing
the application of only single modality. Indeed, combined
chemo- and PTT is a newly explored route in GBM treat-
ment, which can be used to eradicate glioma cells. For this
purpose, materials for the preparation of nanocarriers
should be carefully selected, as the material itself may
provide the desired feature, e.g., photothermal properties.
Polydopamine (PDA) is an excellent example of a material
that, due to its versatility, has found application in the
synthesis of multifunctional nanostructures for oncology
[11,47–52]. This substance structurally resembles the natu-
rally occurring black pigment in the human body and
other animals. It exhibits strong adhesive properties, often
comparable to those of mussels [53,54]. What makes PDA a
suitable material for preparing hybrid nanostructures for
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cancer treatment is its proven biocompatibility, simple sur-
face functionalization with amines, thiols, or via ring
opening polymerization, one of the highest values of photo-
thermal conversion efficiency and relatively good absorp-
tion in the first biological window. Thus, PDA-based hybrid
materials with access to multiple “functions” are consid-
ered “game changer” in the field of NPs for oncological
purposes [55–57].

Recent reports show that hybrid materials composed
of polyamidoamine (PAMAM) dendrimers coated PDA NPs
(PDA@PAMAM) can be used as carriers for combined
chemo- and PTT of liver cancer [58]. Moreover, the merging
of PAMAM dendrimers with PDA and magnetic NPs led to
the creation of multifunctional NPs capable of killing
cancer cells while maintaining MRI contrast properties
[59]. Combining PDA with nanodiamonds resulted in suc-
cessful removal of glioma cells, while the nanodiamonds
retained their fluorescent tracking properties [60,61]. Recently,
the application of PDA-based nanostructures in GBM therapy
has been extensively reviewed [62]. The gathered results indi-
cate that indeed PDA-basedmaterials are either used in PTT or
drug delivery only, while their application in combined mod-
alities, including RNAi, remains an unexplored area.

Here we present the application of PDA@PAMAM hybrid
material that meets all the key requirements, such as biocom-
patibility, positive zeta potential, size below 200 nm, and
strong photothermal properties, to be used in GBM therapy.
The presented platform can encapsulate a chemotherapeutic
drug and additionally has the ability to bind and deliver
dsRNA, which makes the carrier suitable for photothermal,
gene-, and chemotherapy (Figure 1). Our results demonstrate
a new path in the development of PDA-based materials for
GBM therapy, meeting the requirements of modern multi-
functional nanostructures.

2 Materials and methods

2.1 Reagents and cells

Dopamine hydrochloride (purity: 99%, MW: 189.64) was
acquired from Alfa Aesar (Poland). DOX and hydrochloride
salt were obtained from LC Laboratories (USA). PAMAM den-
drimers G 3.0, tris(hydroxymethyl) aminomethane (TRIS)
tablets, Triton X-100, fetal bovine serum (FBS), penicillin 100
U/mL, streptomycin 100 µg/mL, MUSE® count and viability
kit, WST-1 cell proliferation kit, and Transcriptor High Fidelity
complementary DNA (cDNA) synthesis kit were acquired from
Merck Millipore (USA). Dulbecco’s Modified Eagle’s Medium

(DMEM), Calcein AM, ethidium homodimer-2 (EthD-2),
formaldehyde, Trizol, Hoechst 33342, Dulbecco's phos-
phate-buffered saline with and without Ca2+ and Mg2+, and
DNA-free DNA removal kit were obtained from Thermo
Fisher Scientific (USA). ClickTech EdU cell proliferation
assay was purchased from Baseclick GmbH (Germany).

The GBM multiforme-derived human U-118 MG cell line
as well as human fibroblast MRC-5 cell line were obtained
from the American Type Culture Collection (ATCC, USA).
Cells were maintained in DMEM supplemented with 10%
FBS and 1% antibiotics (penicillin 100 U/mL, streptomycin
100 µg/mL) under standard conditions (37°C, 5% CO2).

2.2 Synthesis and functionalization of PDA
NPs with PAMAM dendrimers G 3.0

200 mg dopamine hydrochloride dissolved in 100 mL of
Milli-Q water in a round-bottom flask was placed on a
magnetic stirrer and heated up to 50°C. Then, different
volumes of 1M NaOH solution (0.8, 0.7, 0.5, 0.2) were added
at 48°C. After 3 h of mixing, the particles were collected and
purified by centrifugation (22,000 rpm, 20 min) and washed
three times with Milli-Q water. To functionalize the NPs, 10
mg of PDA NPs were added to 30 mL of 10 mM TRIS buffer
(pH 8.5) in a locked flat bottom flask. The solution was soni-
cated and placed on a magnetic stirrer. During the mixing,
213.6 μL of PAMAM dendrimers G 3.0 were slowly dropped
into the solution at room temperature (RT). After overnight
incubation, the particles were collected by centrifugation
(22,000 rpm, 15 min) and washed three times with Milli-Q
water. The obtained NPs were hereafter referred to as
PDA@DD3.0.

Figure 1: Schematic presentation of PDA@DD3.0 nanocarrier application
in combined chemo-, photo-, and gene therapy of GBM cells.
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2.3 Characterization of dendrimer coated
PDA NPs

The electrokinetic potentials of PDA NPs were measured
using Malvern Zetasizer Nano-ZS Dynamic Light Scattering
Analyzer (Malvern Instruments Ltd., Malvern, UK). The
dispersion status and morphology of the samples were
visualized with high-resolution transmission electron micro-
scopy (HRTEM; JEM-ARM200F, JEOL, Tokyo, Japan). Fourier-
transform infrared spectroscopy (FTIR) of the materials was
carried out on a Bruker Tensor II (Bruker, Germany) spec-
trometer. The NPs were dried, ground with KBr, and pressed
into a pellet.

2.4 Photothermal measurements

Photothermal measurements were conducted in a 1 cm
square quartz cuvette with a 10 mm optical path length
(high precision Quartz SUPRASIL cell [Hellma Analytics]).
The distance between the laser and the cuvette was 10 cm.
Various concentrations of PDA NPs ranging from 5 to
100 µg/mL were prepared in a total volume of 1 mL of
water. Water was used as a control sample. To avoid sedi-
mentation of NPs, the solution was constantly mixed during
the experiment. The temperature was recorded at 10 s inter-
vals over 10 min of irradiation with 808 nm wavelength laser
light (Changchun New Industries Optoelectronics Tech. Co.,
Ltd, China) and laser power of 3 W. The photostability of PDA
NPs with a concentration of 50 µg/mL was measured in five
on/off irradiation cycles for 5 min The temperature of the
solutions was recorded by a digital thermometer with a
thermocouple sensor and thermal camera. Thermal imaging
was conducted using KT-650 thermal camera (SONEL,
Poland).

2.5 DOX loading and release

1 mg of PDA@DD3.0 was dispersed in 1 mL of PBS buffer
(pH 7.5) containing DOX at a concentration of 1 mg/mL and
constantly mixed in a thermal shaker at 25°C for 24 h. Then,
the particles were collected by centrifugation (13,400 rpm,
4 min) and purified with PBS buffer to achieve a clear
solution. After each centrifugation step, the PBS buffer
was collected and analyzed by UV-Vis spectroscopy. All
measurements were conducted in triplicate. The achieved
NPs are hereafter referred to as PDA@DD3.0@DOX.

The encapsulation efficiency (EE%) and loading capa-
city (LC%) were calculated according to following for-
mulas, respectively:

=
−

×

EE%
Total mass of added drug Mass of free non entrapted drug

Total mass of added drug

100%,

= ×LC%
Mass of entraped drug in nanoparticles

Mass of nanoparticles
100%.

The DOX release from the PDA@DD3.0@DOX sample
was examined in three different buffers: citric acid (CA)
buffer at pH 4.5 and pH 5.5, and PBS buffer at pH 7.5. 1 mg of
NPs was dispersed in 1 mL of appropriate solutions with
different pH and placed in a thermal shaker at 37°C
(human body temperature) for 1, 2, 3, 4, 5, 6, 24, and 48 h.
Next the particles were collected at given time intervals by
centrifugation (13,400 rpm, 4 min) and supernatant was
analyzed by UV-Vis spectroscopy. All measurements were
conducted in triplicate.

2.6 Attachment of dsRNA

1 µg of double-stranded RNA (dsRNA) with a length of 163
nucleotides and a sequence complementary to mRNA of
TN-C (ATN-RNA) (US Patent US 8946400 B2) was complexed
with a series of PDA@DD3.0 or PDA@DD3.0@DOX weight
ratios (1:1, 5:1, 10:1, 15:1, 20:1, and 30:1 NPs to RNA wt/wt
ratio) in 50 µL of water and incubated for 30 min in RT. For
biological assays, the water was replaced with Opti-MEM
medium. The electrophoretic separation was conducted at
70 V for 20 min. The gel was then visualized under UV light
in a transilluminator.

2.7 Cell viability assays

2.7.1 WST-1 cell proliferation assay

WST-1 cell proliferation assay (Clontech, USA) was con-
ducted to evaluate the cytotoxicity of NPs. The WST-1 cell
proliferation assay involves the enzymatic cleavage of the
tetrazolium salt WST-1 to a water-soluble formazan dye
by living cells, which can be determined by measuring
absorbance at 420–480 nm. U-118 MG and MRC-5 cells
were seeded at a density of 8 × 103 and 5 × 103 cells per
well, respectively, in a 96-well plate for 24 h. Then, the
increasing concentrations of tested NPs (1.125, 2.5, 5,
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10 µg/mL) were added to each well, and the cells were
incubated for another 48 h. Next 10 µL of the WST-1 cell
proliferation reagent was added to each well and incu-
bated for 4 h. Finally, 100 µL of the medium was transferred
to new wells and the absorbance was recorded at 450 nm
(reference wavelength 620 nm) against the background control,
using an Anthos Zenyth 340rtmultiwell-plate reader (Biochrom,
UK). The cell viability was expressed as the respiration activity
normalized to untreated cells. All experiments were carried out
in triplicate.

2.7.2 Live/dead assay

After 48 h incubation of cells with NPs, 100 μL of a dye
mixture containing 2 μM calcein, 2 μM EthD, and 8 μM
Hoechst 33342 in PBS buffer was added per well for
30 min at 37°C. Next the analysis was conducted using the
In Cell Analyzer 2000 bioimager. Live cells were visualized
using a green emission filter (FITC), dead cells with a red
emission filter (TexasRed), and DAPI filter was used to
image the blue signal of the nucleus. Image acquisition of
20 randomly selected fields within one well were performed
at 20× magnification. Evaluation of archived images was
carried out using the IN Cell Developer Toolbox software.
DAPI channel images determined the total number of cells.
The number of live cells was established from images in the
FITC channel, while images in the TexasRed channel deter-
mined the number of dead cells.

2.7.3 EdU cell proliferation assay

To differentiate between cells that are actively dividing and those
that are quiescent after incubation with PDA@DD3.0@DOX NPs,
the ClickTech EdU cell proliferation assay was performed. In this
test, themodified thymidine analogue EdU is effectively built into
newly synthesized DNA and fluorescently labeled with a bright,
photostable Eterneon-Red 645 dye azide in a rapid, highly specific
click reaction. Briefly, 100 µL of 2× EdU working solution con-
taining 5-ethynyl-deoxyuridine (5-EdU) was added to the well
containing 100 µL of cell medium and incubated for 24 h. After
this time, the cellswerefixedwith 4% formaldehyde solution and
permeabilized with 0.5% Triton X-100. Next the permeabilization
solution was removed and the reaction cocktail containing
Eterneon-Red 645 Azide was added for 30 min to detect EdU.
Additionally, the cell nuclei were labeled with 8 μM Hoechst
33342. The cells were imaged using the IN Cell Analyzer 2000.
Proliferating cells were imaged using the Cy5/Cy5 ex/em filters
while the DAPI/DAPI ex/em filters were applied for all cells.
Twenty fields of view were taken per well with a 20×

magnification. The obtained images were evaluated using the
IN Cell Developer Toolbox software (GE Healthcare Life
Sciences) using an in-house developed protocol. In the first
step, the total cell number was calculated from the DAPI images.
Finally, the number of proliferating cells from the Cy5 images
was established.

2.7.4 Viability assay after PTT

In order to evaluate the efficacy of the achieved materials
in PTT after NIR irradiation, U-118 MG cells were seeded at
a density of 8 × 103 cells per well in 96-well plates. Next the
cells were incubated with an increasing (1.125, 2.5, 5, and
10 µg/mL) concentration of NPs. After 24 h, the cells were
irradiated with a laser with a wavelength of 808 nm and a
power of 3 W for 5 min. The cells were then incubated for
another 24 h and flow cytometric analysis using the MUSE®
count and viability kit was conducted. In the MUSE® count
and viability assay, both viable and nonviable cells were
stained differentially based on their permeability to the
DNA-binding dyes. Briefly, cells were trypsinized and trans-
ferred to 1.5 mL centrifuge tube. Due to observed detach-
ment of the cells upon laser irradiation, supernatant as
well as PBS buffer used for washing of cells were transferred
to the same tube. The resulting mixture was centrifuged for
5 min at 1,200 rpm and the supernatant was discarded. The
sediment was washed with PBS and centrifuged under the
same conditions. In the end, cells were suspended in 10 µL of
PBS and mixed with 190 µL of the MUSE® count and viabi-
lity reagent, followed by 10min incubation at RT in the dark.
The stained cells were examined using the MUSE® cell ana-
lyzer (Merck Millipore). Non-irradiated cells incubated with
NPs were used as a control.

To image live and dead cells, U-118 MG cells seeded at
the density of 8 × 103 cells per well in 96-well plate were
incubated with an increasing (1.125, 2.5, 5, and 10 µg/mL)
concentration of NPs. After 24 h, the cells were irradiated
with 808 nm laser with a power of 3 W for 5 min. 24 h later,
the cells were stained with 2 µM calcein AM and 2 µM EthD-2
containing PBS (100 µL/well) for 30min at 37°C. Eventually,
the cells were visualized with the IN Cell Analyzer 2000 (GE
Healthcare Life Sciences, USA). Live cells were imaged using
a green emission filter (FITC), while the dead cells were
visualized with a red emission filter (TexasRed).

2.8 mRNA expression measurements

Total RNA was isolated from cell lines with TRIZOL reagent.
RNA was then purified from residual DNA using a DNA-free
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DNA Removal Kit according to the manufacturer’s instruc-
tions. The procedure ended with analysis of the quantity
and quality of the resulting RNA solution. The RNA concen-
tration was determined spectrophotometrically at a wave-
length of λ = 260 nm using Nano-Drop 2000. The degree of
possible degradation of the material was checked by elec-
trophoretic separation in a 1% agarose gel. The purified RNA
was a template for the synthesis of cDNA. Reverse transcrip-
tion was conducted using 500 ng of material with the
Transcriptor High Fidelity cDNA Synthesis Kit according to
the manufacturer’s procedure.

The expression level of TN-C mRNA was tested by
quantitative real-time PCR (qRT-PCR) using the CFX96 ther-
mocycler (BioRad). The following primer sequences were
used: TNC_L CCGGACCAAAACCATCAGT; TNC_R GGGATTAA
TGTCGGAAATGGT. The qRT-PCR was conducted under the
following conditions: an initial 5 min preincubation at 95°C,
45 cycles of denaturation in 95°C for 10 s, annealing at 55°C
for 30 s, and extension at 72°C for 10 s. Hypoxanthine phos-
phoribosyltransferase (HPRT) was used as the endogenous
control. Primer sequences were: HPRT_L TGACCTTGATTT
ATTTTGCATACC; HPRT_R CGAGCAAGACGTTCAGTCCT. The
CFX Maestro software allowed for an analysis of expres-
sion level using delta Ct method.

2.9 Cellular uptake

To image uptake of DOX, U-118 MG cells were plated at
the density of 2.5 × 104 cells/well onto an 8-well Nunc®
Lab-Tek® Chamber Slide (Thermo Fischer Scientific) and
cultured for 24 h. Then, 50 µL of the sample at the concentra-
tion of 9 µg/mL per well was added and cells were incubated
for 4 h. Next the cells were fixed with 4% formaldehyde in
PBS buffer for 15 min. The cell nuclei were labeled with
Hoechst 33342 at a concentration of 8 µM. Cells were visua-
lized using a confocal laser scanning microscope
(Olympus FV1000, Japan). Image acquisition and ana-
lysis were carried out with a 60× objective, a 1.4 oil
immersion lens, and FV10-ASW software (Olympus).
DOX fluorescence was detected using 488 nm excitation
and 560–590 nm emission filters. The Hoechst 33342
fluorescence was visualized using 405 nm excitation
source and 425–475 nm emission filters.

2.10 Statistical analysis

All experiments were conducted in triplicate and the
results are presented as mean values ± standard devia-
tion. Differences between mean values of the tested

samples and controls were compared using analysis of
variance extended with post-hoc Tukey or Bonferroni
tests. Statistically significant results were achieved at
the level of: * for p < 0.05; ** for p < 0.01; *** for p <

0.001; no statistical significance for p ≥ 0.05.

3 Results and discussion

3.1 PDA NPs functionalization and
characterization

The PDA NPs were synthesized by oxidative polymeriza-
tion of dopamine hydrochloride under alkaline conditions
according to a previously reported protocol [63]. The most
important factors affecting the size of the PDA NPs during
the synthesis process involve NaOH concentration, dopa-
mine concentration, polymerization temperature, and the
mixing time. In this study, different NaOH concentrations
in the solution were added to manipulate the size of NPs
whereas other parameters were kept constant. The parti-
cles obtained under different conditions were imaged by
TEM.We demonstrated the relation between the amount of
NaOH used and the size of NPs. A higher concentration of
NaOH in the solution resulted in a smaller NPs diameter
and more homogeneous sample. As shown in Figure 2a, the
addition of 0.8 mL of NaOH resulted in population of par-
ticles with the size of 80 ± 18 nm in diameter while after
adding 0.7 mL of NaOH, we obtained PDA NPs of size 92 ± 8
nm (Figure 2b). The synthesis performed with smaller
volumes of NaOH resulted in achieving fractions of smaller
and bigger NPs (Figure 2c and d). TEM investigation also
demonstrated differences in the shape of PDA NPs. As the
particle size increases, the shape of NPs becomes more
defined and their surface is clearer and smoother. More-
over, their shape is not ideally spherical, and a large devia-
tion in the NP sizes is apparent. As the size decreases, the
surface of the particles became rougher, but they are still
spherical in shape.

Well-defined PDA NPs with a size of 92 ± 8 nm in
diameter were chosen for further steps to develop the
multifunctional carrier. The structure of PDA particles
was investigated by FTIR. The data obtained were consis-
tent with those reported in the literature. As shown in
Figure 2e, a large signal corresponding to the stretching
vibrations of hydroxyl (−OH) and amine (N–H) groups,
due to the hydroxyl and amine groups in the PDA struc-
ture, is visible in a range of 3,700–2,500 cm−1, and the
maximum value is about 3,400 cm−1. The bending vibra-
tion of N–H bond was determined to be 1,628 cm−1 and
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was assigned to the vibration of primary and secondary
amine groups. The peak at 1,290 cm−1 indicates the pre-
sence of a C–O bond, while the signal at 1,472 cm−1 is
attributed to the C]C ring stretching band overlapping
with the −CH2 scissoring band. Next PDA NPs underwent
reaction with PAMAM dendrimers generation 3.0 (DD3.0).
The selected dendrimers are characterized by a diameter
of 3.2 nm and 32 surface amine group and ethylenedia-
mine core. The dendrimers were connected to the PDA
NPs surfaces via a Michael reaction between the periph-
eral amine groups present in DD3.0 and the quinone
groups in the PDA structure [58,59,64]. We linked PDA
particles to dendrimers to ensure high drug loading capa-
city and the positive zeta potential for further dsRNA
binding. To confirm the efficacy of functionalization of
PDA NPs, zeta potential measurements were conducted.
The surface charge of mere PDA NPs was approximately
–30 mV. This result was in agreement with literature
reports showing the zeta potential value for mere PDA
particles in a range between −4.58 and −39 mV [65–69].

The surface charge of PDA particles after functionaliza-
tion with PAMAM dendrimers was enhanced to +44 mV
due to the presence of amine group in the PAMAM structure
(Figure 2f). These results clearly indicate that PAMAM den-
drimers were linked to the surface of NPs. Next the stability
of PDA@DD3.0 in time was assessed. We found out that
obtained material PDA@DD3.0 remains stable in water for
at least 21 days since we did not observe the changes in zeta
potential value (Figure 2g).

3.2 Cytotoxicity of PDA NPs

In order to assess the effect of PDA@DD3.0 on the viability
of U-118 MG GBM cells, WST-1 and live/dead assays were
carried out as complementary methods. The same tests
were performed on MRC-5 fibroblasts to evaluate the influ-
ence of the carrier on proliferation of normal cells. The
WST-1 assay results reveal a slight decrease in cell viability
of both cell types at the highest PDA@DD3.0 concentration.

Figure 2: TEM images and histograms of PDA particles after synthesis with the addition of (a) 0.8 mL, (b) 0.7 mL, (c) 0.5 mL and (d) 0.2 mL NaOH; (e) FT-
IR spectrum of PDA particles; (f) zeta potential value of PDA particles before and after functionalization with PAMAM dendrimers and loaded with DOX
and RNA; and (g) stability of PDA@DD3.0 in time.
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In this case, cell viability reached approximately 70% for U-
118 MG cells and 80% for MRC-5 cells (Figure 3a). The
results achieved using high content screening with the IN
Cell Analyzer show no significant changes in the viability of
U-118 MG and MRC-5 cells after incubation with PDA@DD3.0
(Figure 3b). No difference in cell viability is also confirmed by
the images presented in Figure 3c. The images show mostly
green signals from live cells and only a few red spots from
dead cells. Therefore, PDA@DD3.0 can be considered nontoxic,
because it does not negatively affect normal and cancer cells in
the tested concentration range.

3.3 Chemotherapy

DOX, a model chemotherapeutic drug, is commonly used in
cancer therapy. Lately, it has found application as an

anticancer agent in GBM therapy [70,71]. Therefore, DOX
was loaded on the PDA@DD3.0 at a 1:1 NPs to DOX ratio.
UV-Vis experiments were used to specify the total amount
of loaded DOX (EE% and LC%) according to the formula
presented in Section 2. The calculated EE% and LC% DOX
on NPs were 99% in both cases. The values are the same
due to the high loading capacity of particles functionalized
with dendrimers on PDA NPs surface.

The DOX release from the PDA@DD3.0 was analyzed in
three different buffers mimicking the internal environ-
ment of different cellular compartments in cancer cells.
The CA at pH 4.5 and 5.5 were used to recreate conditions
found in lysosomes while PBS buffer pH 7.5 served as
medium mimicking the physiological conditions found in
the bloodstream and cells. The drug release was tested
every hour for the first 6 h and then after 24 and 48 h using

Figure 3: Proliferation level of U-118 MG and MRC-5 cells determined by WST-1 assay (a); cell viability of U-118 MG and MRC-5 cells determined by live/
dead assay (b). The images of U-118 MG cells (upper row) and MRC-5 cells (lower row) obtained using IN Cell Analyzer after live/dead assay (c). Calcein-
AM stains for live cell (green); PI stains for dead cells (red).
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a UV-Vis spectrophotometer. The results are shown in
Figure 4a. It is visible that the most intense DOX release
appears within the first few hours for all samples and then
reaches a plateau. The highest cumulative DOX release
occurs for the sample incubated in CA at pH 4.5. The lower
value of cumulative release was recorded at pH 5.5 and the
lowest at pH 7.4. It is known that weak non-covalent bonds
can be destabilized by an acid environment and result in
drug release. These experiments showed that the most effi-
cient release occurred under conditions simulating the
lowest pH in cancer cells. Moreover, the drug release phe-
nomenon can be assigned to protonation of amine groups
from PAMAM dendrimers and their electrical repulsion in
acidic pH causing release of the drug from PAMAM cav-
ities. Furthermore, the acidic conditions enhance the DOX
solubility in aqua solution. The presented data confirm that
DOX was released from the nanocarriers in a pH-depen-
dent manner, as the highest release was observed at acidic
pH and negligible at neutral pH.

The efficiency of drug delivery via synthesized nanocar-
riers to glioma cells was determined by EdU cell prolifera-
tion assay. For this purpose, U-118 MG cells were incubated
with PDA@DD3.0@DOX at a concentration range between 9

and 1.125 µg/mL for 48 h. The percentage of proliferating
U-118 MG cells was assessed using IN Cell Analyzer. In this
test, modified thymidine analogue EdU was built into the
newly created DNA of proliferating cells, while DOX inhibits
proliferation of cells. As demonstrated in Figure 4b, treat-
ment of glioma cells with this type of NPs is very efficient,
even at the lowest concentration of NPs. The proliferation
ratio for control U-118 MG cells (without DOX loaded NPs)
was nearly 60% after 24 h incubation with EdU. The reduc-
tion in proliferating cell rate induced by the PDA@DD3.0@
DOX was observed over the entire concentration range. For
the lowest concentration of PDA@DD3.0@DOX, proliferation
was reduced by almost half, while at the highest concentra-
tion we noticed a 3-fold reduction in the level of cell
proliferation.

3.4 Gene therapy

To investigate the effectiveness of synthesized nanocarriers
in gene therapy, we loaded double stranded RNA (dsRNA) com-
plementary to TN-C mRNA sequence on PDA@DD3.0 via elec-
trostatic interactions between positively charged surface of

Figure 4: Release profile of DOX from PDA@DD3.0@DOX for 48 h at 37°C at different pH (a). Proliferation ratio of U-118 MG cells after incubation with
PDA@DD3.0@DOX over 48 h determined by EdU cell proliferation assay (b). The images of U-118 MG cells obtained using IN Cell Analyzer after EdU cell
proliferation assay (c). Hoechst 33342 stains for all nuclei (blue); Eterneon-Red 645 dye azide stains for proliferating cells (red).
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PAMAM and negatively charged dsRNA. Non-covalent binding
simplifies the detachment of dsRNA from the NPs and allows
further downregulation of TN-C protein expression. We
assessed different weight ratios between dsRNA and PDA@DD3.0
ranging from 1:1 to 30:1 to find condition for the highest
loading of ATN-RNA. We evaluated the binding capacity of
our material using agarose gel electrophoresis. The results
are presented in Figure 5a. As can be seen, the intensity of
the dsRNA signal decreases as the ratio of nanomaterials to
dsRNA increases. At a ratio of 30:1, we did not observe a
signal from the unbound dsRNA, indicating that the nucleic
acids were fully loaded onto the nanocarrier. Here we also
evaluated the binding capacity of PDA@DD3.0@DOX toward
ATN-RNA. The performed experiments revealed a difference in
binding efficiency between PDA@DD3.0 and PDA@DD3.0@DOX.
In the case of PDA@DD3.0, the highest binding capacity was
observed at a ratio of 30:1, whereas the sample with DOX
required a ratio of 10:1 to fully bind ATN-RNA. This indicates
that the presence of DOX in the dendrimers may improve the
binding of the dsRNA to the vehicle, possibly as a result of the
interaction of the dsRNA strands with DOX.

Next we also evaluated the zeta potential of the obtained
materials after dsRNA binding (Figure 2f). The zeta potential
value changed after the DOX loading from +40 mV to
around +36 mV. Due to the location of DOX inside the
dendrimer structure, the reduction in surface charge is
minimal. The electrokinetic potential of the final product
after dsRNA binding (PDA@DD3.0@DOX@ATN-RNA) at a

ratio of 30:1 (NPs to dsRNA wt/wt ratio) was around −20
mV which is a result of negatively charged dsRNA
attached to the nanoparticles.

We then tested the ability of ourmaterial for RNAi therapy
by incubating U-118 MG cells with PDA@DD3.0@DOX@ATN-
RNA carrying different concentrations of ATN-RNA (12.5, 25,
50, and 100 nM) to reduce expression of TN-C transcript. We
used PDA@DD3.0@DOX at 30:1 material to ATN-RNA wt/wt
ratio. Then, the qRT-PCR was conducted after 24 h of cell incu-
bation with the particles to determine the expression level of
TN-C. The silencing of TN-C mRNA expression was investigated
by comparing PDA@DD3.0@DOX NPs without dsRNA. As
demonstrated in Figure 5b, the decrease in the TN-C expression
level was observed at higher concentrations of used material.
TN-C level decreased from 80% at 50 nMdsRNA to 70% for cells
treated with 100 nM dsRNA, while this effect was not visible at
25 nM. There is no apparent alteration in TN-C expression in
the case of dsRNA free NPs. It can therefore be concluded that
under the conditions used, our carrier was able to deliver
dsRNA and downregulate TN-C in U-118 MG cells at concentra-
tions higher than 50 nM dsRNA.

3.5 Photothermal properties and therapy

The photothermal characteristics of pristine PDA NPs were
analyzed by temperature measurement at 10 s intervals

Figure 5: Agarose gel electrophoresis of PDA@DD3.0 and PDA@DD3.0@DOX complexes with dsRNA at different mass ratios (a). Quantification of
mRNA TN-C expression level on U-118 MG cells after incubation with PDA@DD3.0@DOX@ATN-RNA (b).
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Figure 6: Temperature increase (a), photothermal stability (b), and thermographic camera images (c) of the PDA NPs solution after irradiation with
808 nm laser beam. Cell viability (d) calculated from flow cytometry dot plots (e) and images obtained using IN Cell Analyzer of U-118 MG cells
incubated with PDA@DD3.0@DOX@ATN-RNA with (+PTT) and without (−PTT) 808 nm laser irradiation using live/dead assay (f). Calcein-AM staining for
living cells (green); PI staining for dead cells (red).
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during 10 min of irradiation with laser light at 808 nm
wavelength and a laser power of 3 W (Figure 6a). The
temperature change of the solution varied in a concentra-
tion-dependent manner. The most significant temperature
growth is demonstrated within the first few minutes of irra-
diation and then slowly saturates. The highest temperature
change of the NPs solution was obtained at 100 µg/mL par-
ticles concentration subjected to NIR laser irradiation. The
recorded temperature change was 47°C. As observed in the
graph, the temperature change in the control sample is
hardly visible. Another critical aspect of PTT is the stability
of the material used to rise the temperature. The photo-
stability measurements showed that these NPs could be
applied in at least five on/off laser irradiation cycles, which
confirms that this material is highly stable over time (Figure
6b). We also imaged temperature change using a thermo-
graphic camera. The camera focus was aimed at the center
of the cuvette containing 50 µg/mL of PDA NPs in water.
Images were taken every 30 s during 5 min of exposure to
laser light. The temperature rise is represented based on the
color intensity according to the thermal scale, and the spe-
cific temperature value in the cuvette is also demonstrated
numerically in the photo (Figure 6c). The maximum value
after 300 s corresponds to the value shown in Figure 6a. The
data obtained from both techniques were consistent.

Finally, the efficiency of PTT using live/dead cell viabi-
lity assay was assessed. To avoid the influence of DOX on
cell survivability, U-118 MG cells were incubated for 24 h
with PDA@DD3.0@ATN-RNA in the concentration range
from 9 to 1.125 µg/mL, and then irradiated with a laser
beam at 808 nm. The number of live and dead cells was
measured by flow cytometry after another 24 h (Figure 6d
and e). Data analysis revealed that there was no difference
in cell viability compared to control cells when the cells
were not irradiated with laser beam. However, after laser
irradiation at the two highest concentrations, we noticed a
significant decrease in cell viability. This confirmed the
high efficacy of PTT, which at the highest concentration
reduced the number of living cells to 20%. The PTT effect
is also demonstrated as microscopic images (Figure 6f).

3.6 Imaging

Confocal imaging was carried out to demonstrate the
release of DOX from PDA@DD3.0@DOX@ATN-RNA inside
U-118 MG cells. Cells were incubated with PDA@DD3.0@
DOX@ATN-RNA at concentrations of 9 µg/mL (with respect
to NPs concentration) for 4 h. After this time, the cells were
fixed and photos were taken using a fluorescence micro-
scope. As it is observed in Figure 7, high uptake efficacy of
PDA@DD3.0@DOX@ATN-RNA resulting in DOX release
(red color) after 4 h of incubation with U-118 MG cells
was noticed. We also showed cell nuclei stained with
Hoechst 33342 dye (blue). Combining the acquired images
revealed that DOX enters the cell and accumulates in the
nuclear region. Thus, these results proved that DOX is able
to provide effective chemotherapeutic therapy (as shown
in Figure 3b) by intercalating in the DNA structure, inhi-
biting cell proliferation.

4 Conclusion

In this study, we demonstrated that PDA-based nanocar-
riers are promising drug/gene delivery platforms that can
find application in combined anticancer therapies. The size
of PDA NPs can be easily controlled by the concentration of
NaOH in the solution. The use of PAMAM dendrimers on
PDA NPs allows for high DOX loading efficiency and effec-
tive anti-TN-C RNA binding. The biggest cumulative release
of DOX from PDA@DD3.0 is observed at pH 4.5, analogously
to the environment inside cancer cells. The synthesized
material possesses strong photothermal characteristics suf-
ficient for PTT. PDA NPs are characterized by high PT sta-
bility within five on/off irradiation cycles, which confirms
that they could be irradiated repeatedly. Confocal imaging
proves effective DOX delivery using PDA@DD3.0 NPs into
U-118 MG cells. DOX accumulation is demonstrated near
the nuclei. The obtained PDA NPs do not show significant
cytotoxic effects in normal MRC-5 and cancer U-118 MG

Figure 7: Confocal laser scanning microscopy images demonstrating the presence of DOX delivered by NPs in U-118 MG cells. Imaging was conducted
after 4 h of incubation with PDA@DD3.0@DOX@ATN-RNA at a concentration of 9 µg/mL. Hoechst 33342 staining for nuclei (blue); DOX (red).
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cells after incubation for 48 h. The chemotherapeutic effect
of PDA@DD3.0@DOX is confirmed by reducing prolifera-
tion of U-118 MG cells. The phototherapeutic effect of
PDA@DD3.0 NPs is demonstrated by a decrease in the via-
bility of U-118 MG cells, especially at the highest concentra-
tion of NPs, whereas the gene therapy effect of PDA@DD3.0
NPs is proved by a decrease in the expression of TN-C in U-
118 MG cells.
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