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Abstract: Background: The effectiveness of paclitaxel (PTX) in treating non-small-cell lung carcinoma
(NSCLC) is restricted by its poor pharmacokinetic profile and side effects. This limitation stems from
the lack of a suitable delivery vector to efficiently target cancer cells. Therefore, there is a critical need
to develop an efficient carrier for the optimised delivery of PTX in NSCLC therapy. Methods: The
present study describes the fabrication of mesoporous polydopamine (mPDA) nano-bowls via an
emulsion-induced interfacial anisotropic assembly method, designed for efficient entrapment of PTX
and pH-responsive release behaviour. Results: The nano-bowls depicted a typical bowl-like shape,
with connecting mesoporous channels and a central hollow cavity, allowing optimal loading of PTX.
The fabricated nanocarrier system, mPDA-PTX-nb, had a mean hydrodynamic bowl diameter of
200.4 ± 5.2 nm and a surface charge of −39.2 ± 1.3 mV. The entrapment efficiency of PTX within
the nano-bowls was found to be 95.7%, with a corresponding release of 85.1% achieved at the acidic
pH 5.9 (simulated tumour microenvironment) at 48 h. Drug release was best fitted to the Peppas–
Sahlin model, indicating the involvement of both diffusion and relaxation mechanisms. Treatment
with mPDA-PTX-nb significantly suppressed A549 lung cancer cell proliferation at 48 and 72 h,
resulting in cell viability of 14.0% and 9.3%, respectively, at the highest concentration (100 µg/mL).
Conclusions: These results highlight the potential of mPDA-PTX-nb as an effective nanocarrier for
PTX, promoting enhanced anti-proliferative effects in NSCLC therapy.

Keywords: mesoporous nanoparticles; polydopamine; paclitaxel; non-small-cell lung carcinoma;
anti-proliferation

1. Introduction

Effective treatment of non-small cell lung carcinoma (NSCLC) remains a global
challenge which contributes to the continuous increase in the number of lung cancer-
related deaths worldwide [1,2]. Approximately 85% of all lung cancer cases are diagnosed
as NSCLC.

Sadly, the current chemotherapeutics employed in NSCLC management, including
paclitaxel (PTX), and their conventional delivery strategies have been shown to be chal-
lenged with poor pharmacokinetic profiles owing to a short half-life, poor water solubility,
and non-specificity, causing inadequate delivery of chemotherapeutics to tumours and
further resulting in undesired cytotoxicity to healthy cells [3,4]. PTX is one of the first-line
anticancer drugs used in NSCLC intervention, and although the drug demonstrates notable

Pharmaceutics 2024, 16, 1536. https://doi.org/10.3390/pharmaceutics16121536 https://www.mdpi.com/journal/pharmaceutics

https://doi.org/10.3390/pharmaceutics16121536
https://doi.org/10.3390/pharmaceutics16121536
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/pharmaceutics
https://www.mdpi.com
https://orcid.org/0000-0003-4547-4392
https://orcid.org/0000-0001-7908-3870
https://orcid.org/0000-0002-4813-904X
https://orcid.org/0000-0003-1487-5273
https://orcid.org/0000-0003-4605-5405
https://orcid.org/0000-0002-3889-1529
https://doi.org/10.3390/pharmaceutics16121536
https://www.mdpi.com/journal/pharmaceutics
https://www.mdpi.com/article/10.3390/pharmaceutics16121536?type=check_update&version=2


Pharmaceutics 2024, 16, 1536 2 of 15

efficacy at the onset of intervention, its short half-life and non-specific binding limit its
therapeutic potency in NSCLC therapy [5,6].

As such, there is a growing appeal for the design of effective delivery systems for PTX
to enhance its therapeutic activity in NSCLC therapy and minimise side effects. Although
numerous drug delivery approaches have been explored for various anticancer drugs [7],
hydrophobic drugs are difficult to load and entrap using nanocarriers [8]. Essentially, an
ideal vehicle for PTX would need to fulfil a set of criteria, such as having high loading
capacity and entrapment efficiency for hydrophobic drugs, smaller size (i.e., 10–200 nm)
for tumour penetration, and site-specific release for drug deposition only at targeted
tumour sites [9]. Achieving a site-specific drug release is crucial in cancer therapy, and
by exploiting the characteristic features of the tumour microenvironment (TME), such as
its distinct acidic pH profile, environmentally responsive drug carriers are a promising
approach for achieving precise drug delivery to tumours [10].

Interestingly, mesoporous polydopamine (mPDA) nanoparticles, formed via self-
polymerisation of dopamine, have gained attention as a biocompatible nanocarrier for
cancer therapeutics [11,12]. Apart from their biocompatibility, mPDA nanoparticles present
other attractive properties, including high drug loading capacity, colloidal stability, robust
adhesion to cellular surfaces due to the bowl shape, and a relatively simple fabrication
approach [12]. Moreover, mPDA nanoparticles have been shown to exhibit adequate
loading capacity for doxorubicin (DOX), for combined chemo and photothermal cancer
therapy, with a demonstrated pH-triggered drug release and enhanced in vitro cellular
uptake [13,14]. However, not much has been reported on the ability of mPDA nanoparticles
to load hydrophobic anti-cancer drugs, particularly PTX, despite its interesting physico-
chemical features and promising advances in cancer therapy [15].

Previous studies have reported that the anisotropic morphology of mPDA nanoparti-
cles promote enhanced cellular internalisation via caveolin-dependent endocytosis, com-
pared to their spherical counterparts [12,13,16,17]. As such, in the present study, we report
on the fabrication of bowl-shaped mPDA nanoparticles (termed nano-bowls) and their
potency as a favourable nanocarrier for the effective delivery of PTX, with potential ap-
plication in NSCLC therapy. Accordingly, appropriate physicochemical characterisation
techniques for elucidating medically desired properties such as PTX entrapment efficiency
and drug release (including release modelling), particle size and charge, and chemical
composition, along with vital in vitro cellular analyses (i.e., antiproliferative activity and
biocompatibility) were undertaken to establish the therapeutic merits of the formulated
PTX-loaded mPDA nano-bowls (mPDA-PTX-nb) system.

2. Materials and Methods
2.1. Materials

Dopamine hydrochloride (98%), Pluronic F-127 (12.6 kDa), 1,3,5-trimethylbenzene
(TMB, 98%), ammonia solution (NH4OH, 28%), phosphate-buffered saline (PBS) tablets,
paclitaxel (PTX), tween 80, heparin solution, and 3-(4,5-dimethyldiazol-2-yl)-2,5-diphenylte
trazolium bromide (MTT) Cell Proliferation Kit I were purchased from Sigma-Aldrich (St.
Louis, MO, USA). SnakeSkin™ dialysis membrane (3500 MWCO), penicillin-streptomycin,
trypsin-EDTA, and 10X PBS were procured from Thermo Fisher Scientific (Waltham, MA,
USA). Lung adenocarcinoma cell line (A549), human umbilical vein endothelial cell line
(HUVEC), Foetal Bovine Serum (FBS), Dulbecco’s Modified Eagle’s Medium (DMEM), F-
12K medium, and endothelial cell growth supplement (ECGS) were procured from ATCC®

(Manassas, VA, USA). Reagents used for this study were of analytical reagents (ARs) grade
and used as received.

2.2. Methods
2.2.1. Fabrication of mPDA Nano-Bowls

A facile emulsion-induced interfacial anisotropic assembly method was employed
for the fabrication of mPDA nano-bowls [16]. Briefly, 0.1 g Pluronic F-127 and 0.15 g
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dopamine hydrochloride were dissolved in 10 mL water–ethanol (1:1). The mixture was
stirred at 600 rpm (MST Digital Magnetic Stirrer, VELP Scientifica, Inc., Deer Park, NY,
USA) till a clear solution formed. TMB (200 µL) was then added to the solution, which
was briefly sonicated for 2 min (Branson Ultrasonics™ SFX150, Fisher Scientific, Waltham,
MA, USA). To the resulting emulsion, the dropwise addition of NH4OH solution (375 µL)
was carried out, and the mixture was further stirred at 600 rpm for 2 h under monitoring.
The formulated PDA nano-bowls was centrifuged at 10,000 rpm at 10 ◦C for 20 min
(Eppendorf™ 5424R Microcentrifuge, Fisher Scientific, Waltham, MA, USA). The washing
step was repeated 3 times using water–ethanol, with the mPDA nano-bowls collected and
lyophilized (FreeZone 4.5 Plus Freeze Dryer Lyophilizer, Labconco Corporation, Kansas
City, MO, USA) for further use.

2.2.2. Loading of PTX and Determination of Entrapment Efficiency

An established drug loading approach was implemented [10], with modifications, to
load PTX onto the mPDA nano-bowls for exploitation of the nanoparticles as a nanocarrier.
Firstly, 30 mg of a lyophilized sample of mPDA nano-bowls was dispersed into 3 mL
methanol with subsequent sonication for 2 min (POWERSONIC™ Ultrasonic Cleaner
CP360HT, CREST Ultrasonics Corp., Ewing Township, NJ, USA). Secondly, a solution of
3 mg of PTX (10% w/w of mPDA nano-bowls) in 1 mL of 70% v/v methanol was prepared,
and this was added in a dropwise manner to the mPDA nano-bowl suspension. The
mixture was kept under continuous stirring overnight at 200 rpm (MST Digital Magnetic
Stirrer, VELP Scientifica, Inc., Deer Park, NY, USA) to allow for adequate drug entrapment.

The resulting suspension was centrifuged at 10,000 rpm (10 ◦C), for 10 min, with
subsequent washes (X3) with 70% methanol for the removal of unentrapped drug. The su-
pernatant, containing unentrapped PTX, was used for determining the drug’s entrapment
efficiency (%EE) and the drug loading capacity (%DLC) of mPDA via UV spectrophotome-
try (Cary™ 50, Varian Inc., Palo Alto, CA, USA) at 230 nm. A standard calibration curve of
PTX (2.5–20 µg/mL; 70% methanol; ε = 0.0451) was constructed prior, and the %EE and
%DLC was computed using the described Equations (1) and (2), respectively:

%EE =
Dl − Ds

Dl
× 100 (1)

%DLC =
Dl − Ds

W f
×100 (2)

where Dl, Ds, and Wf represent the actual amount of PTX loaded, the amount of PTX in the
supernatant (unentrapped), and the total weight of PTX-loaded mPDA nano-bowls, respectively.

2.2.3. Analysis of Chemical Bond Transformations and Structural Properties

Fourier Transform Infrared (FTIR) spectroscopy and powder X-ray diffraction (PXRD)
analysis were conducted for the assessment of chemical bond transformations and struc-
tural properties of the formulated mPDA nano-bowls, respectively. These were undertaken
to confirm the successful formulation of mPDA nano-bowls and further ascertain the
presence of PTX within mPDA, thus validating the drug loading procedure. Accordingly,
for FTIR analysis, dry powdered samples of blank mPDA nano-bowls, free PTX, and
mPDA-PTX-nb were comparatively analysed over 20 scans in a 4000–550 cm−1 range
at 120 psi pressure, on a PerkinElmer Spectrum 100 FTIR spectrometer (Waltham, MA,
USA). Meanwhile, for PXRD analysis, dried samples of mPDA and mPDA-PTX-nb were
analysed on a D8 ADVANCE, Bruker XRD Diffract. Suite Eva 2θ-θ (Bruker, MA, USA) set
at monochromatic Cu/Kα radiation (λ = 1.54180 Å), 40 kV/100 mA, 2θ range of 5–90◦, and
scan rate of 10◦/min.
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2.2.4. Analysis of Particle Size, Surface Charge, and Morphology

The average hydrodynamic size and surface charge (zeta potential) of the synthe-
sized blank mPDA nano-bowls and mPDA-PTX-nb were ascertained from dynamic light
scattering (DLS) and phase-analysis light scattering (PALS) measurements, respectively.

A dispersion of the lyophilized samples (~0.5 mg in 2 mL MilliQ water) was analysed
in disposable cuvettes on a NanoZS ZetaSizer machine (Malvern Panalytical, Malvern, UK).
The in vitro stability of the mPDA-PTX-nb was further assessed by monitoring possible
degradation and agglomeration over a 7-day period (in PBS, room temperature), through
size and surface charge measurements. Transmission electron and scanning electron mi-
croscopy (TEM and SEM) were both utilised to visualise the morphology of blank mPDA
nano-bowls on a FEI Talos F200X TEM, ThermoFischer Scientific, Waltham, MA, USA,
and ZEISS Electron Microscoep, Carl Zeiss Microscopy Ltd., Cambridge, UK, respectively.
An aliquot from the DLS sample was dispensed onto the carbon-coated copper grids for
TEM analysis, and on an aluminium specimen stub for SEM analysis, and then allowed to
completely dry before the analyses could be performed.

2.2.5. Evaluation of pH-Responsive of In Vitro Release of PTX

The release behaviour of PTX from the mPDA nano-bowls was studied under two
different pH conditions. Accordingly, a normal pH buffered solution (physiological pH 7.4)
and an acidic pH buffered solution (mimicking lung TME; pH 5.9) were employed, and
PTX release kinetics were recorded over 48 h [18]. A sample of mPDA-PTX-nb equivalent to
0.609 mg PTX was dispersed in 2 mL of release media (0.1 M; 0.1% v/v tween), appropriately
enclosed in a SnakeSkin™ dialysis membrane and placed into the respective buffered
release media (30 mL). The samples, in their relevant buffers, were then incubated in a
shaking incubator at 37 ◦C (YIHDER LM-530, YIHDER Co., Ltd., Taipei, Taiwan) and
sampled (2 mL) over 48 h at predetermined intervals. The release buffer was replenished
after each sampling point with the same amount sampled, to maintain sink condition. The
quantity of PTX released was calculated using standard calibration methods using a UV
spectrophotometer (Cary™ 50, Varian Inc., Palo Alto, CA, USA) at 230 nm. The dissolution
results were modelled as outlined by Abdelgader and co-workers [19].

2.2.6. Assessment of In Vitro Cellular Cytotoxicity on A549 Cancer Cells and HUVEC

The model A549 cell line and HUVEC were procured from ATCC® (Manassas, VA,
USA) and appropriately cultured using standard cell culture protocols, for testing the anti-
proliferative activity and biocompatibility of the formulated mPDA-PTX-nb, respectively.
Briefly, the A549 cells were cultured in DMEM supplemented with 10% FBS and 1%
penicillin–streptomycin and incubated at 37 ◦C and 5% CO2. Meanwhile, HUVECs were
cultured in F-12K medium supplemented with 10% FBS, 0.1 mg/mL heparin solution, and
0.03 mg/mL ECGS and incubated at 37 ◦C and 5% CO2. The cells were allowed to reach
90% confluence and then seeded at a density of 2.5 × 104 cells/mL in 96-well plates, with
each well containing 90 µL cell suspension. The A549 cells were treated in triplicates (n = 3)
with mPDA-PTX-nb compared to PTX (positive control) at concentrations of 3.125, 6.25,
12.5, 25, 50, and 100 µg/mL for 48 h and 72 h, while HUVECs were only treated with mPDA
nano-bowls at similar predetermined concentrations for 72 h, to test the biocompatibility of
the nanoparticles. The MTT assay was then carried out using the Cell Proliferation Kit I
(Merck, Burlington, MA, USA) as per the manufacturer’s protocol, with the introduction
of 10 µL of MTT solution with a subsequent 4 h incubation of the plates, followed by the
addition of 100 µL solubilising agent to dissolve the formazan crystals. The plates were
incubated overnight at 37 ◦C, with blank wells containing only the solubilising agent and
medium. A multi-modal microplate reader (Victor X3, PerkinElmer, Waltham, MA, USA)



Pharmaceutics 2024, 16, 1536 5 of 15

was used to read the absorbance at 570 nm (reference = 620 nm) for computing the cell
viability (% CV) as shown in Equation (3).

%CV =
Atest − Ablank

Acontrol− Ablank
× 100 (3)

where Atest, Ablank, and Acontrol denote test absorbance, blank absorbance, and control
absorbance, respectively, in nm.

2.2.7. Statistical Analysis

Statistical analyses comprising a two-tailed Student’s unpaired t-test at a 95% confi-
dence interval were performed on GraphPad Prism (v9.5.1 GraphPad Software Inc., San
Diego, CA, SA). A value of p < 0.05 was denoted as statistically significant.

3. Results and Discussion
3.1. Fabrication of mPDA Nano-Bowls and the Assessment of PTX Entrapment Efficiency

Pristine mPDA nano-bowls were successfully synthesised through a simplistic
emulsion-induced interface anisotropic assembly method. This method is generally com-
mended for its various merits including time efficiency, high yield, and the ability to
produce uniform nanoparticles [13,20]. The synthesis of the mPDA nano-bowls begins
with the formation of an interface between the two immiscible liquids, trimethylbenzene
(TMB) and water, stabilised by the surfactant Pluronic F127. This stabilisation creates a
uniform emulsion, allowing for the growth of island-shaped polydopamine (PDA) seeds at
the interface between the TMB and water, creating Pluronic F-127-TMB-PDA composite
micelles. Following this, nucleation and anisotropic growth occur, resulting in mesoporous
bowl-shaped PDA nanoparticles [16]. Accordingly, the formulation method proved to be
apt, resulting in a high yield of stable mPDA nano-bowls.

In this study, the desired mPDA-PTX-nb system was achieved, with the nano-bowls
showing to favour the loading of hydrophobic PTX, with a recorded %EE of 95.7%. The
high %EE corresponded to the %DLC of 8.7%, which is close to the actual 10% (w/w) of PTX
that was loaded, indicative of the impeccable capacity of PDA nano-bowls to contain PTX.
The aromatic functionalities of both PDA and PTX were the driving force behind the high
entrapment of PTX into PDA nano-bowls. It is known that the aromatic systems between
unsaturated poly(cyclic) molecules can form non-covalent interactions, known as π-π
stacking, which can facilitate the loading of drugs into delivery systems [21–23]. Depicted
in Figure 1 is the simplistic overview of the drug loading process, with the depiction of
the chemical structures of both PTX and PDA, characterised by the aromatic rings, for π-π
interaction [23]. Moreover, the high %EE and %DLC obtained could be attributed to the
bowl-like shape (presenting with a central cavity) and the mesopores on the nanoparticles,
which allow sufficient room for maximal drug loading. While it has been reported that
loading hydrophobic drugs into carriers is conventionally challenging without the aid of a
hydrophobic polymer, this study successfully loaded PTX without the use of an additional
polymer [24]. Moreover, the recorded %EE is comparable to that of a previously formulated
nanosystem for delivering PTX which achieved a %EE of 98.5% [10].

3.2. Assessment of Particle Size and Surface Charge and Overall Morphology Characterisation

The average particle size and zeta potential (surface charge) of the synthesised pristine
mPDA nano-bowls were found to be 192.2 ± 4.6 nm (Figure 2a) and −38.0 ± 1.1 mV, (Figure 2b)
respectively, with the size recorded at a polydispersity index (PDI) of 0.19 ± 0.02. The
observed size and PDI are indicative of the robustness of the formulation method in
controlling the size and the dispersity of the nanoparticles. Essentially, mPDA nano-bowls
of sizes 180.0 nm and 267.7 nm, formulated via an emulsion-induced interface anisotropic
assembly method, have been reported in the literature, with corresponding PDI readings
around 0.20 [13,16]. Fundamentally, both TEM and SEM analyses confirmed the overall
morphology of the synthesised mPDA nano-bowls, particularly TEM, which revealed the
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connecting mesoporous channels (meso-channels) (Figure 2c), and with SEM revealing the
central hollow cavity and the bowl-like shape of the nanoparticles (Figure 2d).
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Figure 1. Schematic representation of drug loading into mPDA nano-bowls to formulate mPDA-PTX-
nb. The loading of PTX is facilitated through a π-π interaction between the aromatic rings of PTX
and mPDA.

Meanwhile, the size and surface charge of mPDA-PTX-nb were found to be
200.4 ± 5.2 nm and −39.2 ± 1.3 mV, respectively, and the PDI at which the size was
recorded was 0.24 ± 0.04. The size and PDI exhibited by mPDA-PTX-nb in aqueous solu-
tion make this nanocarrier suitable for application in NSCLC therapy, considering that the
nanoparticles around 100–200 nm in diameter can penetrate through lung tumours, with
less susceptibility to removal by alveolar macrophages [25]. Moreover, the zeta potential
(−39.2 ± 1.3 mV) of mPDA-PTX-nb suggests that the nanocarrier presents with colloidal
stability, as nanoparticles that exhibit zeta potential values further away from zero (0), rang-
ing between ±30 and ±40 mV in aqueous solutions, are regarded as stable nanoparticle
systems [26]. Likewise, mPDA nano-bowls with a zeta potential of −40 mV have been
previously reported, proving to be stable when dispersed in water or cell culture medium
and PBS [13]. Moreover, mPDA-PTX-nb showed adequate stability over 7 days of storage
in PBS at room temperature, as they maintained their average size and surface charge,
as presented in Table 1, with corresponding measurement curves provided in Figure S1.
Essentially, from the average size and surface charge measurements, it could be deduced
that there was no significant particle degradation and agglomeration over time, owing to
the colloidal stability of the nano-bowls, as afore mentioned.

Table 1. Average particle size, PDI, and zeta potential measurements for stability assessment over
7 days. Data presented as mean ± standard deviation (n = 3).

Average Size (nm) Polydispersity Index (PDI) Zeta Potential (mV)

Day 01 200.10 ± 0.30 0.29 ± 0.03 −38.90 ± 0.36

Day 03 199.97 ± 1.23 0.29 ± 0.02 −39.00 ± 1.05

Day 07 199.27 ± 0.21 0.28 ± 0.04 −38.33 ± 0.55
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Figure 2. A graphical representation of (a) average particle size and (b) zeta potential of the synthe-
sized mPDA nano-bowls, with corresponding (c) TEM (scale bar = 500 nm; magnification = 22,000×)
and (d) SEM (scale bar = 500 nm; magnification = 50,000×) images confirming the overall morphology.
The size was in an expected nano-diameter range, and the particles exhibited a bowl-like shape with
connecting mesoporous channels and a central cavity.

3.3. Confirmation of Chemical Composition of mPDA Nano-Bowls and PTX and Functional
Transformations Towards the Formation of mPDA-PTX-nb

The chemical composition of blank mPDA nano-bowls, PTX, and the resulting mPDA-
PTX-nb were confirmed through the mapping of the characteristic functional groups of
these compounds via FTIR spectroscopy (Figure 3). Primarily, FTIR spectroscopy is an
ideal technique for robust identification of chemical bonds within moieties [27]. The FTIR
spectrum of mPDA nano-bowls exhibited characteristic peaks associated with the primary
functional groups of PDA, specifically catechol, amine, quinone, and indole [28]. The
peak at 3228 cm−1 was attributed to the –OH stretch of the catechol group, and the peak
at 1560 cm−1 could be attributed to the primary amine (-NH2); meanwhile, the peak at



Pharmaceutics 2024, 16, 1536 8 of 15

1604 cm−1 belonged to the C=O of the quinone group. Additionally, molecular vibration at
1498 cm−1 was ascribed to C=C stretching of the indole group, indicative of polymerisation
of dopamine to PDA [28]. The FTIR spectrum of PTX displayed characteristic peaks at 3514,
2945, 1704, 1645, and 1240 cm−1, corresponding to the –OH stretch, CH stretch, C=O stretch-
ing, C=O stretching (amide), and C-O-O bending (ester), respectively (Figure 3). A distinct
band at 706 cm−1 is indicative of C-H bending vibrations for the three monosubstituted aro-
matic rings in the structure of PTX [29]. Interestingly, the FTIR spectrum of mPDA-PTX-nb
exhibited the characteristic peaks of both mPDA nano-bowls and encapsulated PTX with
minor shifts in the bands for PTX, thereby indicating the presence of PTX within the mPDA
nano-bowls. Primarily, in the spectrum of mPDA-PTX-nb, the appearance of a broad peak
centred around 3214 cm−1 (dotted square) most likely corresponded to the overlapping
–OH groups of mPDA nano-bowls and PTX. Evidently a downward shift from 2945 to
2927 cm−1 for C-H stretching and a slight shift to lower frequencies from 1704 to 1701 cm−1

for C=O (ketone) of PTX is indicative of drug loading. In the spectrum of PTX, the peaks
being compared are denoted in green rectangular markings.
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Lastly, the peaks at 1243 cm−1 and 704 cm−1 belonging to the ester and aromatic
rings of PTX, respectively, could still be observed in the spectrum of mPDA-PTX-nb,
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which shifted slightly from 1240 cm−1 and 706 cm−1, respectively. The shift to a lower
frequency of the C=C bands in mPDA-PTX-nb indicates modifications in its π-system upon
drug loading [30]. In the spectrum of mPDA-PTX-nb, bands at 1579 and 1447 cm−1 were
slightly upshifted relative to the corresponding–NH and C-H bending observed in the
spectrum of mPDA nano-bowls (1560 and 1438 cm−1). The peaks belonging to mPDA
nano-bowls are highlighted in red rectangular markings. There were no new major peaks
observed in the spectrum of mPDA-PTX-nb, as there were no new bonds formed between
mPDA nano-bowls and PTX, but only a π-π interaction, as evidenced by minor shifts
in the peaks of the groups involved, from higher to lower wavenumbers. Essentially,
the non-covalent interactions are not as strong as covalent bonding, which results in the
shift to lower wavenumbers, as opposed to stronger bonds which would absorb at higher
wavenumbers [31].

3.4. Assessment of Chemical and Structural Properties of mPDA and mPDA-PTX-nb

The chemical fingerprint of blank mPDA nano-bowls and the formulated mPDA-PTX-
nb was ascertained through the tracing of the π-π stacking assemblies, envisaged from
the π-π interactions between PDA and π-electron-rich TMB to form mPDA, as well as
the π-π interactions between PTX and mPDA, forming mPDA-PTX-nb. The diffraction
patterns are presented in Figure 4 below. Accordingly, a diffraction pattern from mPDA
showing a broad peak at 2θ = 23◦ was obtained, which corresponds to the π-stacking
in polydopamine that emanates from the orderly assembly of dopamine oligomers [23].
Similarly, a comparative PXRD pattern of mPDA nanoparticles has been reported by Chen
et al., 2016 [23]. Meanwhile, a diffraction pattern of mPDA-PTX-nb also showed a broad
peak at 2θ = 23◦ with an increased intensity than that of blank mPDA. The peak at 2θ = 23◦

corresponds to the π-π stacking assembly as observed from the mPDA pattern, with the
increase in intensity signifying the multiplicity of the π-π plane, attributed to the additional
π-π interaction between mPDA and PTX. This correlates with the FTIR data and further
confirms that the loading of PTX onto mPDA nano-bowls is indeed via a π-π interaction,
as previously reported [13,21,22]. Moreover, the observed peaks further confirmed the
amorphous state of mPDA [23], and it could be concluded that PTX was encapsulated in
the amorphous state, since no apparent PTX peaks could be observed from the diffraction
pattern of mPDA-PTX-nb [32].
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3.5. Assessment of In Vitro pH-Responsive Release of PTX from mPDA-PTX-nb

To investigate the influence of pH on the release of PTX from the mPDA nanocarrier,
in vitro drug release studies were conducted. Accordingly, presented in Figure 5 is the
cumulative release profile of PTX at an acidic pH of 5.9 and physiological pH of 7.4 over
48 h. The release of PTX at pH 5.9, which simulates the tumour microenvironment (TME),
was significantly higher than the release observed at physiological pH 7.4. This indicates
that the acidic conditions favour the release of PTX. Essentially, a sustained release of
PTX could be observed over time at pH 5.9, with an optimal release of 85.1% reached at
48 h. This elevated and sustained release of PTX is attributed to the disruption of π-π
stacking/interaction between mPDA nano-bowls and PTX over time, as the amine group
of PDA gets protonated in an acidic environment [13,33]. A similar drug release profile has
been reported in the literature for docetaxel, where over 80% of the drug was released from
PDA nano-bowls at an acidic pH of 5.0–6.0 [13,15,33].
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Figure 5. Cumulative in vitro release of PTX at pH 5.9 and pH 7.4 over 48 h. Optimal drug release of
85.1% (48 h) was recorded at acidic pH 5.9, and only 36.5% (48 h) was recorded at the physiological
pH (7.4). The data are expressed as mean ± standard deviation (SD) with a sample size of n = 3.

Meanwhile, the release of PTX at pH 7.4 was relatively lower, achieving a maximum
release of 36.5% after 48 h. A previous study has also reported a comparable release
performance of PTX from poly (ethylene) glycol-modified PDA nanoparticles, where about
only 20% of PTX was released from the nanocarrier in PBS over 24 h [34]. In the present
study, the limited release of PTX recorded at pH 7.4, in contrast to the higher release
recorded at pH 5.9, signifies the ability of mPDA nano-bowls to facilitate a controlled
and site-specific release of PTX, which is crucial in targeted cancer therapy for enhanced
therapeutic outcomes and limited side effects. Essentially, the pH-stimulated drug release
performance observed in the present study suggests that our nanocarrier can potentially
deliver PTX directly into tumours, with adequate PTX release triggered by the acidic pH of
the TME, while ensuring minimal unwanted drug release into healthy cells.
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Dissolution data modelling of the obtained drug release profiles (Table 2) noted different re-
lease mechanisms employed at the pHs evaluated. Under both lung tumour microenvironment
(TME) conditions (pH 5.9) and normal physiological conditions (pH 7.4), the release of PTX
from mPDA-PTX-nb was best described by the Peppas–Sahlin model and subsequently
the Korsmeyer–Peppas model. This suggests that the release mechanism involves both
diffusional and relaxation behaviour [19]. This was confirmed in the disparity between
the “n” value in the Korsmeyer–Peppas model (0.322) and the “m” value in the Peppas–
Sahlin model (0.563) at pH 5.9, noting relaxation of the system, while the ‘n’ value from the
Korsmeyer–Peppas model further noted a release corresponding to Fickian diffusion [35,36].
Additionally, the large difference in K1 and K2 in the Peppas–Sahlin model confirmed that
the mechanism of PTX release displayed Fickian kinetics at pH 5.9. At pH 7.4, the high
‘n’ value in the Korsmeyer–Peppas model (0.909) was indicative of super case II transport,
indicating that drug release at pH 7.4 was not dependent primarily on diffusion but due to
compressive stress on the system leading to drug release [36,37]. These results, therefore,
validated the pH-responsive nature of the mPDA-PTX-nb system at both lung TME and
normal physiological conditions.

Table 2. Modelling and release kinetics of PTX release from mPDA-PTX-nb at pH 5.9 and pH 7.4.

pH
Zero Order First Order Higuchi Korsmeyer–Peppas Peppas–Sahlin

R2 K0 R2 K1 R2 KH R2 n KKP R2 K1 K2

pH 5.9 0.1223 2.514 0.8803 0.091 0.8471 15.297 0.9512 0.322 27.005 0.9804 21.491 −1.342
pH 7.4 0.9528 0.762 0.9483 0.009 0.8548 4.142 0.9559 0.909 1.052 0.9661 1.370 0.143

3.6. Assessment of In Vitro Anti-Proliferative Activity of mPDA-PTX-nb on A549 Lung
Adenocarcinoma Cells and Biocompatibility of mPDA Nano-Bowls on HUVEC

The anti-proliferative activity of the formulated mPDA-PTX-nb was aptly deduced
in vitro from the % cell viability of A549 cells after 48 h and 72 h of treatment at varying
concentrations (Figure 6a,b). Primarily, the cell viability was found to be dose-dependent,
with a lower cell viability with increasing concentrations. Briefly, at 48 h, mPDA-PTX-nb
resulted in a significantly lower cell viability compared to PTX (control drug), with the
maximum treatment dose of mPDA-PTX-nb (100 µg/mL) yielding a cell viability of 14.0%
compared to 25.8% recorded from PTX at the same treatment dose. Likewise, the lowest
concentration of mPDA-PTX-nb (3.125 µg/mL) yielded a significantly lower cell viability
of 59.9%, compared to the 70.5% cell viability recorded from the PTX treatment at an
equivalent concentration.

The cell viability at 72 h was significantly reduced, with only 9.3% viable cells recorded
from the treatment with the highest concentration (100 µg/mL) of mPDA-PTX-nb, and
26.1% cell viability from the lowest treatment dose (3.125 µg/mL). These were significantly
lower than the cell viability recorded from treatment with pristine PTX at equivalent concen-
trations. The performance of mPDA-PTX-nb thus evidenced the ability of the nanocarrier
to improve the bioactivity of PTX, resulting in enhanced inhibition of proliferation of A549
cells. Essentially, the enhanced anti-proliferative activity observed from mPDA-PTX-nb is
attributed to the sustained release of PTX, which actively suppresses the proliferation of
A549 cells over time, as opposed to the pristine drug which may only elicit effects at the
onset of treatment, but limited activity over time, particularly at extended periods like 48 h
and 72 h. Likewise, the enhanced anti-proliferative activity demonstrated by mPDA-PTX-
nb is further linked to the morphology of the nanoparticles, which enable robust cellular
internalisation via endocytosis, as previously reported in our preliminary studies by Acter
et al., [16,17]. It is reported that the shape and size of mPDA nanoparticles are known to
play a crucial role in their cellular uptake efficiency. These factors also significantly impact
the nanoparticles’ intracellular trafficking [17].
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Figure 6. Graph showing presentation of cell viability of A549 cells after (a) 48 h and (b) 72 h of
treatment with mPDA-PTX-nb and PTX (control) at varying concentrations and (c) cell viability of
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deviation (SD) with a sample size of n = 3, where * is p < 0.05, ** p < 0.01, and *** p < 0.001, indicating
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Essentially, the anisotropic bowl-like shape of mPDA nanoparticles with increased
surface area allow for strong cellular adherence and caveolin-mediated endocytosis [16,17].
Accordingly, the bowl-shaped mPDA nanoparticles get widely distributed within the cells,
with less aggregation, in contrast to their spherical counterparts [17]. This is illustrated
in Figure S2. Additionally, the biocompatibility of the mPDA nano-bowls was confirmed
after 72 h, and the results are presented in Figure 6c. Biocompatibility is one of the crucial
characteristics that a drug delivery system must possess, particularly in cancer therapy,
in order to eliminate any unwanted cytotoxicity to healthy cells when the drug is in
transit [38]. Interestingly, mPDA nano-bowls did not show any signs of toxicity to HUVEC,
with different concentrations all yielding a cell viability comparable to the untreated control,
indicative of undisturbed cell proliferation. Endothelial cells are essential components
of blood vessels and play a vital role in supporting the proliferation of healthy cells [39].
Therefore, HUVECs served as an ideal model system for assessing the effects of mPDA
nano-bowls on normal cell function.

4. Conclusions

In this study, bowl-shaped mesoporous PDA nanoparticles were efficiently fabricated
using the emulsion-induced interfacial anisotropic assembly method. The synthesized
mPDA nano-bowls demonstrated the desired aptness for loading PTX, a hydrophobic
anticancer drug, yielding a potent PTX delivery nanosystem, mPDA-PTX-nb, with a pH-
stimulated drug release and a significant growth inhibition of lung adenocarcinoma cells
in vitro. These attributes, in addition to the known robust cellular adherence and uptake
provided by the anisotropic morphology of mPDA nanoparticles, make mPDA-PTX-nb
more efficient as a PTX carrier, relative to spherical nanoparticles. Given the fact that it is
generally challenging to efficiently load hydrophobic drugs and control their release, the
high entrapment efficiency and the pH-stimulated release of PTX demonstrated by mPDA
nano-bowls is a testament of the nanoparticles’ suitability to function as an alternative
avenue for the effective loading of PTX for application in treating NSCLC. The mPDA-PTX-
nb did not only enhance the activity of PTX, but further exhibited desirable physicochemical
properties, such as aqueous stability and smaller size, which are generally favourable for
the design of effective lung cancer nanomedicines, for evading physiological barriers and
allowing adequate tumour penetration. Further in vivo studies can ascertain the efficacy of
mPDA-PTX-nb in suppressing tumour growth.

Supplementary Materials: The following supporting information can be downloaded at https:
//www.mdpi.com/article/10.3390/pharmaceutics16121536/s1: Figure S1: Size and zeta potential
measurements for stability testing over 7 days in PBS at room temperature. The raw DLS and PALS
readings are recorded in triplicates (n = 3), from which the mean and standard deviation are computed.
The representative frequency curves show the size (top) and zeta potential (bottom) distribution
at day 01, 03, and 07. Figure S2: Graphical illustration of the favoured cellular adherence and
caveolin-mediated endocytosis of bowl-shaped mesoporous polydopamine (mPDA) nanoparticles in
comparison to their spherical counterparts. The anisotropic bowl-like shape of mPDA nanoparticles
with increased surface area allow for strong cellular.
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Pembrolizumab plus chemotherapy for squamous non–small-cell lung cancer. N. Engl. J. Med. 2018, 379, 2040–2051. [CrossRef]

7. Chandrakala, V.; Aruna, V.; Angajala, G. Review on metal nanoparticles as nanocarriers: Current challenges and perspectives in
drug delivery systems. Emergent Mater. 2022, 5, 1593–1615. [CrossRef]

8. Zhang, C.; Zhao, Y.; Zhang, E.; Jiang, M.; Zhi, D.; Chen, H.; Cui, S.; Zhen, Y.; Cui, J.; Zhang, S. Co-delivery of paclitaxel and
anti-VEGF siRNA by tripeptide lipid nanoparticle to enhance the anti-tumor activity for lung cancer therapy. Drug Deliv. 2020, 27,
1397–1411. [CrossRef] [PubMed]

9. Ma, Y.; Yu, S.; Ni, S.; Zhang, B.; Kung, A.C.F.; Gao, J.; Lu, A.; Zhang, G. Targeting strategies for enhancing paclitaxel specificity in
chemotherapy. Front. Cell Dev. Biol. 2021, 9, 626910. [CrossRef] [PubMed]

10. Ngema, L.M.; Adeyemi, S.A.; Marimuthu, T.; Ubanako, P.; Wamwangi, D.; Choonara, Y.E. Synthesis of novel conjugated linoleic
acid (CLA)-coated superparamagnetic iron oxide nanoparticles (SPIONs) for the delivery of paclitaxel with enhanced in vitro
anti-proliferative activity on A549 lung cancer cells. Pharmaceutics 2022, 14, 829. [CrossRef]

11. Li, J.; Zhang, Z.; Deng, H.; Zheng, Z. Cinobufagin-loaded and folic acid-modified polydopamine nanomedicine combined with
photothermal therapy for the treatment of lung cancer. Front. Chem. 2021, 9, 637754. [CrossRef] [PubMed]

12. Zhu, M.; Shi, Y.; Shan, Y.; Guo, J.; Song, X.; Wu, Y.; Wu, M.; Lu, Y.; Chen, W.; Xu, X.; et al. Recent developments in mesoporous
polydopamine-derived nanoplatforms for cancer theranostics. J. Nanobiotechnol. 2021, 19, 387. [CrossRef] [PubMed]

13. Acter, S.; Jahan, N.; Vidallon, M.L.P.; Teo, B.M.; Tabor, R.F. Mesoporous polydopamine nanobowls toward combined chemo- and
photothermal cancer therapy. Part. Part. Syst. Charact. 2022, 39, 2200015. [CrossRef]

14. Zhang, L.; Qin, Y.; Zhang, Z.; Fan, F.; Huang, C.; Lu, L.; Wang, H.; Jin, X.; Zhao, H.; Kong, D.; et al. Dual pH/reduction-responsive
hybrid polymeric micelles for targeted chemo-photothermal combination therapy. Acta Biomater. 2018, 75, 371–385. [CrossRef]
[PubMed]

15. Chen, H.; Chen, H.; Wang, Y.; Bai, Y.; Yuan, P.; Che, Z.; Zhang, L. A novel self-coated polydopamine nanoparticle for synergistic
photothermal-chemotherapy. Colloids Surf. B Biointerfaces 2021, 200, 111596. [CrossRef]

16. Acter, S.; Vidallon, M.L.P.; Crawford, S.; Tabor, R.F.; Teo, B.M. Bowl-shaped mesoporous polydopamine nanoparticles for
size-dependent endocytosis into HeLa cells. ACS Appl. Nano Mater. 2021, 4, 9536–9546. [CrossRef]

17. Acter, S.; Vidallon, M.L.P.; Crawford, S.; Tabor, R.F.; Teo, B.M. Efficient cellular internalization and transport of bowl-shaped
polydopamine particles. Part. Part. Syst. Charact. 2020, 37, 2000166. [CrossRef]

18. Lin, B.; Chen, H.; Liang, D.; Lin, W.; Qi, X.; Liu, H.; Deng, X. Acidic pH and high-H2O2 dual tumor microenvironment-responsive
nanocatalytic graphene oxide for cancer selective therapy and recognition. ACS Appl. Mater. Interfaces 2019, 11, 11157–11166.
[CrossRef] [PubMed]

19. Abdelgader, A.; Govender, M.; Kumar, P.; Choonara, Y.E. A novel intrauterine device for the spatio-temporal release of
norethindrone acetate as a counter-estrogenic intervention in the genitourinary syndrome of menopause. Pharmaceutics 2024, 16,
587. [CrossRef]

20. Guan, B.Y.; Yu, L.; Lou, X.W. Formation of asymmetric bowl-like mesoporous particles via emulsion-induced interface anisotropic
assembly. J. Am. Chem. Soc. 2016, 138, 11306–11311. [CrossRef]

https://doi.org/10.1016/j.ebiom.2022.103951
https://www.ncbi.nlm.nih.gov/pubmed/35313216
https://doi.org/10.1016/S0140-6736(22)01438-6
https://www.ncbi.nlm.nih.gov/pubmed/35988567
https://doi.org/10.1016/j.biopha.2020.111079
https://www.ncbi.nlm.nih.gov/pubmed/33378976
https://doi.org/10.1016/j.ijpharm.2021.120870
https://www.ncbi.nlm.nih.gov/pubmed/34245844
https://doi.org/10.1038/s41598-017-11404-9
https://doi.org/10.1056/NEJMoa1810865
https://doi.org/10.1007/s42247-021-00335-x
https://doi.org/10.1080/10717544.2020.1827085
https://www.ncbi.nlm.nih.gov/pubmed/33096948
https://doi.org/10.3389/fcell.2021.626910
https://www.ncbi.nlm.nih.gov/pubmed/33855017
https://doi.org/10.3390/pharmaceutics14040829
https://doi.org/10.3389/fchem.2021.637754
https://www.ncbi.nlm.nih.gov/pubmed/33855009
https://doi.org/10.1186/s12951-021-01131-9
https://www.ncbi.nlm.nih.gov/pubmed/34819084
https://doi.org/10.1002/ppsc.202200015
https://doi.org/10.1016/j.actbio.2018.05.026
https://www.ncbi.nlm.nih.gov/pubmed/29777957
https://doi.org/10.1016/j.colsurfb.2021.111596
https://doi.org/10.1021/acsanm.1c01897
https://doi.org/10.1002/ppsc.202000166
https://doi.org/10.1021/acsami.8b22487
https://www.ncbi.nlm.nih.gov/pubmed/30869853
https://doi.org/10.3390/pharmaceutics16050587
https://doi.org/10.1021/jacs.6b06558


Pharmaceutics 2024, 16, 1536 15 of 15

21. Thakuria, R.; Nath, N.K.; Saha, B.K. The nature and applications of π–π interactions: A perspective. Cryst. Growth Des. 2019, 19,
523–528. [CrossRef]

22. Zhuang, W.-R.; Wang, Y.; Cui, P.-F.; Xing, L.; Lee, J.; Kim, D.; Jiang, H.-L.; Oh, Y.-K. Applications of π-π stacking interactions in the
design of drug-delivery systems. J. Control. Release 2019, 294, 311–326. [CrossRef] [PubMed]

23. Chen, F.; Xing, Y.; Wang, Z.; Zheng, X.; Zhang, J.; Cai, K. Nanoscale polydopamine (PDA) meets π–π interactions: An interface-
directed coassembly approach for mesoporous nanoparticles. Langmuir 2016, 32, 12119–12128. [CrossRef] [PubMed]

24. Ghosh, S.; Banerjee, M. A smart viral vector for targeted delivery of hydrophobic drugs. Sci. Rep. 2021, 11, 7030. [CrossRef]
[PubMed]

25. Carrasco-Esteban, E.; Domínguez-Rullán, J.A.; Barrionuevo-Castillo, P.; Pelari-Mici, L.; Leaman, O.; Sastre-Gallego, S.; López-
Campos, F. Current role of nanoparticles in the treatment of lung cancer. J. Clin. Transl. Res. 2021, 7, 140–155. [PubMed]

26. Pochapski, D.J.; Carvalho dos Santos, C.; Leite, G.W.; Pulcinelli, S.H.; Santilli, C.V. Zeta potential and colloidal stability predictions
for inorganic nanoparticle dispersions: Effects of experimental conditions and electrokinetic models on the interpretation of
results. Langmuir 2021, 37, 13379–13389. [CrossRef]

27. Barnes, M.; Sulé-Suso, J.; Millett, J.; Roach, P. Fourier transform infrared spectroscopy as a non-destructive method for analysing
herbarium specimens. Biol. Lett. 2023, 19, 20220546. [CrossRef]

28. Batul, R.; Bhave, M.J.; Mahon, P.; Yu, A. Polydopamine nanosphere with in-situ loaded gentamicin and its antimicrobial activity.
Molecules 2020, 25, 2090. [CrossRef]

29. Martins, K.F.; Messias, A.D.; Leite, F.L.; Duek, E.A. Preparation and characterization of paclitaxel-loaded PLDLA microspheres.
Mater. Res. 2014, 17, 650–656. [CrossRef]

30. Zhang, P.; Huang, Y.; Liu, H.; Marquez, R.T.; Lu, J.; Zhao, W.; Zhang, X.; Gao, X.; Li, J.; Venkataramanan, R.; et al. A PEG-Fmoc
conjugate as a nanocarrier for paclitaxel. Biomaterials 2014, 35, 7146–7156. [CrossRef]

31. Medimagh, M.; Issaoui, N.; Gatfaoui, S.; Antonia Brandán, S.; Al-Dossary, O.; Marouani, H.; Wojcik, M.J. Impact of non-covalent
interactions on FT-IR spectrum and properties of 4-methylbenzylammonium nitrate. A DFT and molecular docking study. Heliyon
2021, 7, e08204. [CrossRef] [PubMed]

32. Bikiaris, N.D.; Ainali, N.M.; Christodoulou, E.; Kostoglou, M.; Kehagias, T.; Papasouli, E.; Koukaras, E.N.; Nanaki, S.G. Dissolution
enhancement and controlled release of paclitaxel drug via a hybrid nanocarrier based on mPEG-PCL amphiphilic copolymer and
fe-BTC porous metal-organic framework. Nanomaterials 2020, 10, 2490. [CrossRef] [PubMed]

33. Shah, S.; Famta, P.; Kumar, R.; Sharma, A.; Vambhurkar, G.; Pandey, G.; Singh, G.; Kumar, P.; Mehra, A.; Mourya, A.; et al. Quality
by design fostered fabrication of cabazitaxel loaded pH-responsive improved nanotherapeutics against prostate cancer. Colloids
Surf. B Biointerfaces 2024, 234, 113732. [CrossRef] [PubMed]

34. Zhang, L.; Yang, P.; Guo, R.; Sun, J.; Xie, R.; Yang, W. Multifunctional mesoporous polydopamine with hydrophobic paclitaxel
for photoacoustic imaging-guided chemo-photothermal synergistic therapy. Int. J. Nanomed. 2019, 14, 8647–8663. [CrossRef]
[PubMed]

35. Unagolla, J.M.; Jayasuriya, A.C. Drug transport mechanisms and in vitro release kinetics of vancomycin encapsulated chitosan-
alginate polyelectrolyte microparticles as a controlled drug delivery system. Eur. J. Pharm. Sci. 2018, 114, 199–209. [CrossRef]

36. Levit, S.L.; Gade, N.R.; Roper, T.D.; Yang, H.; Tang, C. Self-assembly of pH-labile polymer nanoparticles for paclitaxel prodrug
delivery: Formulation, characterization, and evaluation. Int. J. Mol. Sci. 2020, 21, 9292. [CrossRef]

37. Ritger, P.L.; Peppas, N.A. A simple equation for description of solute release II. Fickian and anomalous release from swellable
devices. J. Control. Release 1987, 5, 37–42. [CrossRef]

38. Cheng, Z.; Li, M.; Dey, R.; Chen, Y. Nanomaterials for cancer therapy: Current progress and perspectives. J. Hematol. Oncol. 2021,
14, 85. [CrossRef]

39. Krüger-Genge, A.; Blocki, A.; Franke, R.-P.; Jung, F. Vascular endothelial cell biology: An update. Int. J. Mol. Sci. 2019, 20, 4411.
[CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1021/acs.cgd.8b01630
https://doi.org/10.1016/j.jconrel.2018.12.014
https://www.ncbi.nlm.nih.gov/pubmed/30550939
https://doi.org/10.1021/acs.langmuir.6b03294
https://www.ncbi.nlm.nih.gov/pubmed/27933877
https://doi.org/10.1038/s41598-021-86198-y
https://www.ncbi.nlm.nih.gov/pubmed/33782428
https://www.ncbi.nlm.nih.gov/pubmed/34104817
https://doi.org/10.1021/acs.langmuir.1c02056
https://doi.org/10.1098/rsbl.2022.0546
https://doi.org/10.3390/molecules25092090
https://doi.org/10.1590/S1516-14392014005000028
https://doi.org/10.1016/j.biomaterials.2014.04.108
https://doi.org/10.1016/j.heliyon.2021.e08204
https://www.ncbi.nlm.nih.gov/pubmed/34754970
https://doi.org/10.3390/nano10122490
https://www.ncbi.nlm.nih.gov/pubmed/33322372
https://doi.org/10.1016/j.colsurfb.2023.113732
https://www.ncbi.nlm.nih.gov/pubmed/38181691
https://doi.org/10.2147/IJN.S218632
https://www.ncbi.nlm.nih.gov/pubmed/31806962
https://doi.org/10.1016/j.ejps.2017.12.012
https://doi.org/10.3390/ijms21239292
https://doi.org/10.1016/0168-3659(87)90035-6
https://doi.org/10.1186/s13045-021-01096-0
https://doi.org/10.3390/ijms20184411

	Introduction 
	Materials and Methods 
	Materials 
	Methods 
	Fabrication of mPDA Nano-Bowls 
	Loading of PTX and Determination of Entrapment Efficiency 
	Analysis of Chemical Bond Transformations and Structural Properties 
	Analysis of Particle Size, Surface Charge, and Morphology 
	Evaluation of pH-Responsive of In Vitro Release of PTX 
	Assessment of In Vitro Cellular Cytotoxicity on A549 Cancer Cells and HUVEC 
	Statistical Analysis 


	Results and Discussion 
	Fabrication of mPDA Nano-Bowls and the Assessment of PTX Entrapment Efficiency 
	Assessment of Particle Size and Surface Charge and Overall Morphology Characterisation 
	Confirmation of Chemical Composition of mPDA Nano-Bowls and PTX and Functional Transformations Towards the Formation of mPDA-PTX-nb 
	Assessment of Chemical and Structural Properties of mPDA and mPDA-PTX-nb 
	Assessment of In Vitro pH-Responsive Release of PTX from mPDA-PTX-nb 
	Assessment of In Vitro Anti-Proliferative Activity of mPDA-PTX-nb on A549 Lung Adenocarcinoma Cells and Biocompatibility of mPDA Nano-Bowls on HUVEC 

	Conclusions 
	References

